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Evodiamine is a major ingredient of the plant Evodia rutaecarpa, which has long been
used for treating infection-related diseases including diarrhea, beriberi and oral ulcer,
but the underlying mechanism is unclear. Here we aimed to explore whether evodiamine
influenced NLRP3 (NLR family, pyrin containing domain 3) inflammasome activation in
macrophages, which is a critical mechanism for defending the host against pathogenic
infections. We uncovered that evodiamine dose-dependently enhanced NLRP3
inflammasome activation in lipopolysaccharide-primed macrophages, as indicated
by increased interleukin (IL)-1β production and caspase-1 cleavage, accompanied
by increased ASC speck formation and pyroptosis. Mechanistically, evodiamine
induced acetylation of α-tubulin around the microtubule organization center (indicated
by γ-tubulin) in lipopolysaccharide-primed macrophages. Such evodiamine-mediated
increases in NLRP3 activation and pyroptosis were attenuated by activators of α-tubulin
deacetylase, resveratrol and NAD+, or dynein-specific inhibitor ciliobrevin A. Small
interfering RNA knockdown of αTAT1 (the gene encoding α-tubulin N-acetyltransferase)
expression, which reduced α-tubulin acetylation, also diminished evodiamine-mediated
augmentation of NLRP3 activation and pyroptosis. Evodiamine also enhanced NLRP3-
mediated production of IL-1β and neutrophil recruitment in vivo. Moreover, evodiamine
administration evidently improved survival of mice with lethal bacterial infection,
accompanied by increased production of IL-1β and interferon-γ, decreased bacterial
load, and dampened liver inflammation. Resveratrol treatment reversed evodiamine-
induced increases of IL-1β and interferon-γ, and decreased bacterial clearance in mice.
Collectively, our results indicated that evodiamine augmented the NLRP3 inflammasome
activation through inducing α-tubulin acetylation, thereby conferring intensified innate
immunity against bacterial infection.
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INTRODUCTION

Macrophages are critical innate immune cells in tissues to
sense pathogenic infections or tissue damages through multiple
cytosolic pattern recognition receptors (PRRs) leading to the
formation of inflammasomes, which are multimeric protein
complexes that are induced in the cytosol as a platform for the
activation of caspase-1 (Broz and Dixit, 2016). Several types of
inflammasomes including AIM2, NLRP1, NLRP3 (NLR family,
pyrin containing domain 3), NLRC4, and pyrin inflammasomes,
have been reported (Broz and Dixit, 2016). Among them, the
NLRP3 inflammasome is the most extensively investigated one
(Jo et al., 2016). It is believed that NLRP3 inflammasome
activation requires two signals (Jo et al., 2016). The first is
the priming signal, which is provided by binding of pathogen-
associated molecular patterns (PAMPs) to PRRs, culminating
in the expression of critical components of inflammasomes
including NLRP3, pro-interleukin (IL)-1β, and pro-IL-18. The
second signal is provided by a broad spectrum of stimuli
including extracellular ATP, pore-forming toxins (e.g., nigericin),
particulates (e.g., uric acid crystals, silica, and alum), and
pathogens (bacteria, fungi, protozoan, and virus) (Martinon
et al., 2006; Iwasaki and Medzhitov, 2015; Man and Kanneganti,
2015). Upon such second stimulation, NLRP3 recruits the
adaptor protein ASC (apoptosis-associated speck-like protein
containing a caspase recruitment domain), which in turn
interacts with pro-caspase-1, leading to the formation of NLRP3
inflammasome. The assembly of NLRP3 inflammasome triggers
the autocatalytic cleavage and activation of caspase-1 (Jo et al.,
2016). Biologically active caspase-1 then processes pro-IL-1β and
pro-IL-18 into their mature forms, which can be released from
the cell (Jo et al., 2016). NLRP3 inflammasome activation is
therefore regarded as a critical host defense mechanism against
pathogenic infections.

As an infection/damage-sensing protein, NLRP3 can be
regulated by many post-translational modifications including
ubiquitination (Song et al., 2016) and phosphorylation (Guo
et al., 2016, 2017). Its activation pathway is also regulated by
many regulatory proteins (Bryant and Fitzgerald, 2009; He
et al., 2016; Jo et al., 2016). Interestingly, recent studies have
showed that microtubules play important roles in regulating
NLRP3 inflammasome activation. For example, the trafficking
of NLRP3 inflammasome components and their assembly
rely on the microtubule-mediated transport machinery within
macrophages (Misawa et al., 2013; Li et al., 2017c). It has
been demonstrated that α-tubulin acetylation increases the
flexibility of microtubules and accelerates the movement
of motor molecules (Balabanian et al., 2017). Importantly,
acetylated α-tubulin promotes dynein-mediated trafficking of
mitochondria (a cargo of NLRP3 inflammasome adapter ASC)
along microtubules to the minus end (i.e., the perinuclear
region), thus enhancing the apposition of ASC with NLRP3
on the endoplasmic reticulum (ER) and the assembly of the
NLRP3 inflammasome (Misawa et al., 2013). α-Tubulin in
microtubules can be acetylated by α-tubulin N-acetyltransferase
(αTAT1/MEC-17), and deacetylated by NAD+-dependent
α-tubulin deacetylase sirtuin 2 (SIRT2) or histone deacetylase

6 (HDAC6) (Hubbert et al., 2002; Akella et al., 2010; Kalebic
et al., 2013), though HDAC6 is not involved in NLRP3
inflammasome activation (Misawa et al., 2013). Consistent with
these reports, NLRP3 inflammasome inducers (such as ATP
and nigericin) induce α-tubulin acetylation by inactivating
SIRT2, whereas SIRT2 activators resveratrol and NAD+ suppress
α-tubulin acetylation, thus inhibiting ASC-mediated NLRP3
inflammasome assembly and activation (Misawa et al., 2013,
2015). Therefore, microtubules act as tracks for the rapid
subcellular transport of ASC and other NLRP3 inflammasome
components, and α-tubulin acetylation may affect their
trafficking thus controlling NLRP3 inflammasome activation,
highlighting the microtubule cytoskeleton as an important target
for discovering drugs to regulate NLRP3 activation.

Evodiamine is an indoloquinazoline alkaloid isolated from
the fruits of Evodia rutaecarpa (Chinese name: Wu-Zhu-Yu), a
plant belonging to the family of Rutaceae (Shoji et al., 1986).
Evodia fruits have been used in traditional Chinese and Japanese
medicine for the treatment of various infection-related diseases
including diarrhea, beriberi, and oral ulcer (Liao et al., 2011).
Recent studies have shown that evodiamine possesses a variety
of pharmacological activities. For example, evodiamine has been
reported to inhibit hypoxia-induced inflammatory responses in
murine macrophages via suppressing the activation of hypoxia
inducible factor-α (Liu et al., 2009). A more recent study
using interactomics approach has identified ABC transporter
A1 (ABCA1) as the direct target of evodiamine (Wang et al.,
2018). Mechanistic studies showed that evodiamine directly
bound ABCA1, and increased the stability of ABCA1 protein,
thereby promoting cholesterol efflux from human macrophages
(Wang et al., 2018). Evodiamine may also be an agonist of
TRPV1 (Pearce et al., 2004). Moreover, evodiamine prevents
platelet-derived growth factor-induced migration of vascular
smooth muscle cells by activating PPAR-γ (Ge et al., 2015). It
also ameliorates liver and cardiac fibrosis (Jiang et al., 2017;
Yang D. et al., 2018) as well as colitis (Shen et al., 2019). Besides,
evodiamine has been reported to have anti-tumor activities:
it induces apoptosis in many kinds of tumor cells, including
hepatic carcinoma (Qiu et al., 2016), lung cancer (Mohan et al.,
2016), colorectal cancer (Zhou et al., 2019), osteosarcoma (Meng
et al., 2015), and glioma (Wu et al., 2017), thus preventing their
proliferation and migration.

Interestingly, it has been shown that evodiamine can
target microtubules by increasing tubulin polymerization or by
inhibiting microtubule polymerization in a variety of human
cancer cells (Huang et al., 2004, 2005; Liao et al., 2005).
As microtubules play important roles in mediating NLRP3
inflammasome activation (Misawa et al., 2013; Li et al., 2017c),
it is of great interest to know whether and how the microtubule-
targeting agent evodiamine affects the activation of the NLRP3
inflammasome in macrophages. We found in the present study
that evodiamine was able to enhance NLRP3 inflammasome
activation by promoting the accumulation of acetylated α-tubulin
in macrophages. Moreover, evodiamine administration markedly
augmented the innate immune responses in a mouse model
of bacterial infection thereby enhancing bacterial clearance and
improving animal survival. Our results highlight evodiamine as
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a novel agent for promoting NLRP3 inflammasome activation to
intensify antibacterial responses.

MATERIALS AND METHODS

Reagents and Antibodies
Evodiamine (E101966; purity ≥ 99%; formula: C19H17N3O;
formula weight: 303.36; structure: see Figure 1A) was purchased
from Aladdin (Shanghai, China), dissolved in DMSO at 50 mM
and stored at −20◦C. Ciliobrevin A (S8249) was obtained from
Selleck (Houston, TX, United States). Resveratrol (R5010),
NAD+ (β-nicotinamide adenine dinucleotide hydrate) (N7004),
ATP (A6419), lipopolysaccharide (LPS) (Escherichia coli
O111:B4) (L4391), disuccinimidyl suberate (S1885), Hoechst
33342 (B2261), propidium iodide (PI) (P4170), anti-γ-tubulin
(T5326), dimethyl sulfoxide (DMSO) (D8418), Tween-80

(P8074) and Tween-20 (P1379) were bought from Sigma-
Aldrich (St. Louis, MO, United States). NAD+/NADH assay kit
with WST-8 (S0175), Phorbol-12-myristate-13-acetate (PMA)
(S1819), cell lysis buffer (P0013) and phenylmethanesulfonyl
fluoride (PMSF) (ST505) were obtained from Beyotime
(Shanghai, China). Nigericin (#tlrl-nig), monosodium urate
crystal (MSU) (#tlrl-msu), Pam3CSK4 (#tlrl-pms), Poly(dA:dT)
(#tlrl-patn) and FLA-PA Ultrapure (purified flagellin from
Pseudomonas aeruginosa) (#tlrl-pafla) were obtained from
InvivoGen (San Diego, CA, United States). Lipofectamine 2000
(11668-030), Lipofectamine RNAiMAX (13778-075), Dulbecco’s
Modified Eagle’s Medium (DMEM) medium with high glucose,
RPMI-1640, Opti-MEM, fetal bovine serum (FBS), streptomycin
and penicillin were products of Thermo Fisher/Invitrogen
(Carlsbad, CA, United States). FuGENE HD transfection reagent
(E2311) was from Promega (Madison, WI, United States).
The anti-NLRP3 antibody (AG-20B-0014) was purchased

FIGURE 1 | Evodiamine specifically promoted NLRP3 inflammasome activation in macrophages. (A) The chemical strcuture of evodiamine. (B–D) J774A.1 cells (B)
and bone marrow-derived macrophages (BMDMs) (C,D) were treated as described in Section “Materials and Methods.” Western blotting was used to assess the
expression levels of indicated proteins in the cell lysates and culture supernatants, respectively. Actin was used as a loading control for cell lysates. (E) Human THP-1
macrophages were induced by PMA (500 nM) treatment for 16 h. The cells were then primed with LPS (1 µg/ml) for 4 h, and pre-treated with series concentrations
of evodiamine for 1 h, followed by incubation with nigericin (20 µM) for 1 h in the absence of LPS. The levels of soluble IL-1β in the culture supernatants were
detected by cytometric bead array (CBA) assay. Data are shown as mean ± SD (n = 5). One-way analysis of variance (ANOVA): P < 0.0001; Tukey’s post hoc test:
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. (F) BMDMs were treated as in (C). Representative immunofluorescence images showing ASC (red) subcellular distribution.
Nuclei (blue) were revealed by Hoechst 33342. Yellow arrows indicate ASC specks and the enlarged inset showing cells with an ASC speck. Scale bars, 20 µm. (G)
Percentages of cells with an ASC speck relative to the total number of cells from 5 random fields (one field per well) each containing ∼50 cells. Data are shown as
mean ± SD (n = 5). One-way ANOVA: P < 0.0001; Tukey’s post hoc test: ∗∗∗P < 0.001. (H) Western blot analysis for ASC in Triton-X 100 insoluble cytosolic pellets
cross-linked with disuccinimidyl suberate. (I) J774A.1 cells were primed with Pam3CSK4 (1 µg/ml) for 4 h, then pre-treated with evodiamine 1 h, and followed by
transfection with 2 µg/ml Poly(dA:dT), 0.5 µg/ml flagellin or 2.5 µg/ml LPS for 16 h, respectively. Soluble IL-1β levels in the culture supernatants was quantified by
CBA assay. Data are shown as mean ± SD (n = 5). The experiments were performed three times independently. ∗∗∗P < 0.001, ns, not significant, by two-tailed
Student’s t-test. EVO, evodiamine; Pam, Pam3CSK4.
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from Adipogen AG (Liestal, Switzerland). The antibody
against actin (sc-1616-R) was purchased from Santa Cruz
Biotechnology (Dallas, TX, United States). Specific antibodies
against IL-1β (#12242), ASC (#67824), ASC-AlexaFluor488
(#17507), α-tubulin (#3873), acetyl(lysine40)-α-tubulin (#5335),
horse-radish peroxidase (HRP)-linked horse anti-mouse
IgG (#7076) and HRP-linked goat anti-rabbit IgG (#7074)
were products of Cell Signaling Technology (Danvers, MA,
United States). The antibodies against pro-caspase1+p10+p12
(ab179515), GSDMD (ab209845), αTAT1 (MEC-17) (ab58742),
TOM20 (ab75985), and anti-Armenian hamster IgG H&L
(HRP) (ab5745) were purchased from Abcam (Cambridge,
United Kingdom). CF568 goat-anti-rabbit IgG (H+L), highly
cross-adsorbed (#20103) and CF488A-conjugated goat-anti-
mouse IgG, highly cross-adsorbed (#20018) were obtained from
Biotium (Hayward, CA, United States). Anti-mouse CD11b
FITC (#11-0112) and anti-mouse Ly-6G PE (#12-9668) were
obtained from eBioscience (San Diego, CA, United States).

Animals
Female C57BL/6 mice (6–8 weeks of age with weight between
18–20 g) were bought from the Experimental Animal Center of
Southern Medical University (Guangzhou, China). All animals
were acclimatized for 1 week before experiments and maintained
under a strict 12 h/12 h dark/light cycle condition, with free
access to water and food. Mice were divided randomly into
different groups and the investigators were not blind to the
experimental groups. All animal experiments were performed in
accordance with the institutional guidelines for the care and use
of animals of Jinan University. The protocol was approved by
the Committee on the Ethics of Animal Experiments of Jinan
University (JNU20170305).

Cell Culture and Differentiation
Mouse macrophage cell line J774A.1 was obtained from the
Kunming Cell Bank of Type Culture Collection Chinese
Academy of Sciences (Kunming, China). The cells were
maintained in complete DMEM medium (containing 10% FBS,
100 IU/ml penicillin, 100 µg/ml streptomycin, and 2 mM
L-glutamine) and cultured at 37◦C in a humidified incubator
with 5% CO2. The cells were sub-cultured every 2–3 days by
using a cell scraper to split cells. THP-1 cells (kindly provided
by Dr. Yao Wang of Sun Yat-sen University, Guangzhou)
were cultured in RPMI-1640 supplemented with 10% FBS and
50 µM β-mercaptoethanol. THP-1 cells were differentiated into
macrophages by adding 500 nM of PMA for 16 h. Bone marrow-
derived macrophages (BMDMs) from mice were harvested
and differentiated as previously described (Kayagaki et al.,
2011; Li et al., 2017b). Briefly, mice were sacrificed and bone
marrow cells were collected from the femurs. Bone marrow cells
were re-suspended in BM-Mac medium (80% DMEM medium
containing 10% FBS plus 20% M-CSF-conditioned medium from
L929 cells). Subsequently, the cells were seeded in 10-cm petri
dishes with 10 ml BM-Mac medium and cultured at 37◦C in
a humidified incubator of 5% CO2. BMDMs were ready for
experiments after 6 days.

Inflammasome Activation
J774A.1 cells were seeded in 24-well plates at 8 × 104 cells/well
or in 6-well plates at 3 × 105 cells/well, and BMDMs were
cultured in 24-well plates at 1.5 × 105 cells/well or in 6-well
plates at 1.2 × 106 cells/well, and cultured at 37◦C overnight.
Before inflammasome activation, cells were primed in Opti-MEM
with 500 ng/ml LPS for 4 h, and then the cells were pre-treated
with the following reagents: 5 µM of resveratrol for 30 min;
10 µM of NAD+ for 30 min; or 30 µM of ciliobrevin A for
30 min before incubation with indicated doses of evodiamine
for 1 h. Canonical NLRP3 inflammasome activation was induced
by the following treatment as indicated: 3 mM ATP for 1 h
in J774A.1 cells; 2 mM ATP for 30 min or 5 µM of nigericin
for 1 h in BMDMs; 20 µM of nigericin for 2 h in THP-1
cells. For non-canonical inflammasome activation, cells were
primed with 1 µg/ml Pam3CSK4 for 4 h, and after that the
medium was replaced with 2.5 µg/ml LPS plus 0.25% v/v
FuGENE HD for 16 h. To trigger the activation of NLRC4
and AIM2 inflammasome, the cells were primed with 1 µg/ml
Pam3CSK4 for 4 h, and then transfected with 0.5 µg/ml flagellin
plus 0.25% v/v FuGENE HD for 16 h; or 2 µg/ml Poly(dA:dT)
plus 0.1% v/v Lipofectamine 2000 for 16 h. Supernatants were
collected for analyzing IL-1β by cytometric bead array (CBA).

Cell Death Assay
Cell death was measured by PI incorporation as described
previously (Py et al., 2014; Li et al., 2017b). Cells were cultured
in 24-well plates and primed with 500 ng/ml LPS in Opti-
MEM for 4 h. Subsequently, cells were treated with indicated
concentrations of evodiamine in Opti-MEM for 1 h followed by
stimulation with ATP or nigericin for indicated time periods. The
cells were stained with PI solution (2 µg/ml PI plus 5 µg/ml
Hoechst 33342) for 10 min at room temperature and observed
immediately by live imaging using Zeiss Axio Observer D1
microscope equipped with a Zeiss LD Plan-Neofluar 20 × /0.4
Korr M27 objective lens (Carl Zeiss MicroImaging GmbH,
Göttingen, Germany). Fluorescence images were captured with a
Zeiss AxioCam MR R3 cooled CCD camera controlled with ZEN
software (Carl Zeiss).

Immunofluorescence Microscopy
Immunofluorescence analysis was performed as previously
described (Zha et al., 2016; Li et al., 2017c). In brief, cells were
seeded in glass-bottomed dishes (1× 105 cells/dish) and cultured
at 37◦C overnight. Cells were primed with 500 ng/ml LPS in Opti-
MEM for 4 h. Then the cells were treated with evodiamine for
1 h, followed by treatment with ATP or nigericin for indicated
time periods in Opti-MEM. After fixation, permeabilization and
blocking, the cells were incubated with primary antibodies,
followed by staining with CF568-conjugated goat-anti-rabbit IgG
and CF488A-conjugated goat-anti-mouse IgG. After staining
with Hoechst 33342 solution (5 µg/ml in PBS) to reveal the
nuclei, the cells were observed under a Zeiss Axio Observer
D1 microscope with a Zeiss LD Plan-Neofluar 40 × /0.6 Korr
M27 objective lens or with a Zeiss LD Plan-Neofluar 100 × /0.6
Korr M27 objective lens (Carl Zeiss MicroImaging GmbH,
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Göttingen, Germany). Fluorescence images were captured by a
Zeiss AxioCam MR R3 cooled CCD camera controlled with ZEN
software (Carl Zeiss).

Precipitation of Soluble Proteins
in Supernatants
Soluble proteins in culture supernatants were precipitated as
previously described (Kayagaki et al., 2011; Liu et al., 2017).
The precipitated proteins were dissolved in equal volume of 2×
sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample loading buffer and subjected to Western blot
analysis of mature IL-1β and caspase-1p10.

Western Blot Analysis
Western blotting was performed essentially as previously
described (Li et al., 2017a). Briefly, total proteins were separated
by SDS-PAGE and electro-transferred to PVDF membranes
(#03010040001; Roche Diagnostics GmbH, Mannheim,
Germany). The membranes were blocked by blocking buffer
(PBS containing 3% FBS and 0.1% Tween-20) for 1 h and
incubated with indicated primary antibody overnight at 4◦C,
followed by incubation with appropriate HRP-linked secondary
antibody (horse anti-mouse or goat anti-rabbit IgG). Bands were
revealed with an enhanced chemiluminescence kit (BeyoECL
Plus; Beyotime, Shanghai, China) and recorded by X-ray films
(Carestream, Xiamen, China). The blot images were captured
by FluorChem8000 imaging system (AlphaInnotech, San
Leandro, CA, United States). The gray values were analyzed by
AlphaEaseFC 4.0 (AlphaInnotech).

ASC Oligomer Cross-Linking
To determine the formation of ASC oligomer, chemical cross-
linking assay using disuccinimidyl suberate (DSS) was performed
as described previously (He et al., 2014; Coll et al., 2015). Briefly,
BMDMs were seeded in 6-well plates at 1 × 106 cells/well. After
appropriate treatments, cells were lysed with cold PBS containing
0.5% Triton X-100, and the cell lysates were centrifuged at
6000 × g for 15 min at 4◦C. The Triton X-100 insoluble pellets
were washed twice with PBS and then re-suspended in 200 ml
PBS. Freshly prepared disuccinimidyl suberate (2 mM) was added
to the re-suspended pellets and the suspension was incubated
at room temperature for 30 min with rotation. The cross-linked
pellets were collected by centrifugation at 6000 × g for 15 min
at 4◦C and re-dissolved in 25 µl of 2× SDS-PAGE sample
loading buffer. Samples were boiled for 5 min and subjected to
Western blot analysis.

Small Interfering RNA (siRNA)
The siRNA (5′-GGA TAC AAG AAG CTC TTT G-3′) duplexes
targeting mouse αTAT1 (αTAT1 siRNA) was based on published
study (Misawa et al., 2013) and negative control (NC) siRNA
was designed and synthesized by RiboBio (Guangzhou, China).
The siRNA transfection was performed using transfection
reagent Lipofectamine RNAiMAX (Invitrogen) according to the
instruction provided by the manufacturers. Briefly, the siRNA
was added to each well at a final concentration of 100 nM. Six

hours later, media was replaced with DMEM containing 10% FBS
and the cells were incubated for 72 h. αTAT1 expression levels
were determined by using Western blotting.

NAD+ Measurement
After appropriate treatments, J774A.1 cells (1× 106 cells/sample)
were collected and intracellular NAD+ levels were determined
by using NAD+/NADH assay kit with WST-8 according to the
manufacturer’s instructions. In brief, cells were lysed with 200 µl
of cold lysis buffer. To measure total NAD+/NADH, 20 µl of
cell lysates was added to a 96-well plate. To measure NADH,
the lysed cell suspension was incubated at 60◦C for 30 min
and 20 µl was added to a 96-well plate. Subsequently, 90 µl
of alcohol dehydrogenase was added and incubated at 37◦C for
10 min. Finally, 10 µl of chromogenic solution was added to
the plate and the mixture was incubated at 37◦C for 30 min.
Standard curve was generated and measured at the same time as
the samples. The absorbance values were measured at 450 nm
and analyzed on a plate reader (Multiskan FC; Thermo Fisher
Scientific, Carlsbad, CA, United States). The amount of NAD+
was derived by subtracting NADH from total NAD+/NADH.

MSU-Induced Mouse Peritonitis
Mouse intraperitoneally injected with MSU is a well-established
peritonitis animal model that has been described previously
(Martinon et al., 2006). Eight-week-old mice were randomly
assigned into two independent groups (group size: n = 5): MSU
group and MSU + evodiamine group. They were administered
intragastrically (i.g.) with evodiamine (20 mg/kg body weight)
or vehicle (2% Tween-80 in PBS) for 1 h, respectively, before
intraperitoneally injected with MSU in 0.5 ml sterile PBS (1 mg
per mouse). After 6 h, the mice were sacrificed by cervical
dislocation and the peritoneal cavity were lavaged with 1.5 ml
cold PBS. IL-1β in the peritoneal lavage fluids was determined
by using CBA. Neutrophils in the peritoneal exudate cells were
stained with anti-mouse CD11b FITC and anti-mouse Ly-6G PE
and analyzed by flow cytometry.

Mouse Model of Bacterial Infection
The mouse model of bacterial infection was established with
reference to previous reports (Chung et al., 2008; Wegiel et al.,
2014). In brief, E. coli (DH5α strain) was grown in lysogeny
broth (LB) media at 37◦C overnight, and then re-inoculated
into fresh LB media and grown for 4 h at 37◦C. The viable
bacteria were collected by centrifugation at 2 600× g for 10 min,
washed with PBS, and then re-suspended in appropriate volume
of PBS. Mice were randomly divided into three groups (group
size: n = 10), which were administered intragastrically (i.g.) once
with evodiamine solution (10 or 20 mg/kg body weight) or
vehicle (2% Tween-80 in PBS), respectively. Three hours later,
viable E. coli cells (2 × 109 CFU/mouse) in 0.5 mL of PBS
were injected into the peritoneal cavity of each mouse, and 1 h
later, they were administered (i.g.) once again with evodiamine
solution or vehicle, respectively. Mouse survival was monitored
every 6 h for five consecutive days. In a parallel experiment,
mice were treated similarly and were anesthetized by sodium
pentobarbital (40 mg/kg; i.p.) for blood collection at 4 and 8 h
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post bacterial infection. The bacterial loads were measured as
described previously (Pan et al., 2015). Their anti-coagulated
peripheral blood and sera were collected, respectively, and
cytokine levels in the sera were measure by CBA. For blocking
the in vivo effects of evodiamine, mice were administered (i.g.)
with resveratrol solution (50 or 100 mg/kg body weight) or
vehicle (2% Tween-80 in PBS). After 30 min, mice were gavaged
with evodiamine solution (20 mg/kg body weight) or vehicle,
respectively. Three hours later, viable E. coli cells (1 × 109

CFU/mouse) in 0.5 ml of PBS were injected into the peritoneal
cavity of each mouse. The mice were administered (i.g.) once
again with evodiamine solution or vehicle 1 h after bacterial
infection. Eight hours later, the mice were anesthetized by
sodium pentobarbital (40 mg/kg; i.p.) and their anti-coagulated
peripheral blood and sera were collected, respectively, and
cytokines levels were measured by CBA. The livers were removed
for histopathological analysis.

Histopathology
Mice were sacrificed 8 h after bacterial infection. The livers were
isolated and fixed in 4% neutral formaldehyde and embedded
in paraffin. Paraffin slices of the tissues were stained with
hematoxylin and eosin. Images were captured under the Zeiss
Axio Observer D1 microscope armed with a color CCD (Zeiss).

Flow Cytometry
For phenotyping analysis, anti-coagulated peripheral blood cells
were collected and washed with PBS-F (PBS containing 0.1%
NaN3 and 3% FBS), followed by staining with FITC-labeled
anti-mouse CD11b and PE-labeled anti-mouse Ly-6G at 4◦C
for 30 min. Red blood cells were lysed. After washing with
PBS-F, cells were fixed with 4% paraformaldehyde in PBS
and then analyzed on a flow cytometer (Attune NxT acoustic
focusing cytometer; Thermo Fisher Scientific, Carlsbad, CA,
United States). Data were acquired and analyzed by using the
Attune NxT software (Thermo Fisher Scientific).

Detection of Soluble Cytokines
Soluble cytokines in mouse sera and in cell culture supernatants
were collected and measured by cytometric bead array (CBA)
mouse IL-1β Flex Set (#558266), mouse inflammation kit
(#552364) and human inflammatory cytokines kit (#551811)
(BD Biosciences, San Jose, CA, United States) according to
the manufacturer’s instructions. Briefly, 50 µl of each standard
mix and serum samples were added to flow cytometric tubes,
respectively, followed by adding 50 µl of phycoerythrin detection
reagent. The mixtures were incubated at room temperature
for 2 h. After washing, the bead pellets were resuspended
in 300 µl of wash buffer and analyzed on a flow cytometer
(Attune NxT acoustic focusing cytometer). Data were acquired
and analyzed by using the Attune NxT software (Thermo
Fisher Scientific).

Statistical Analysis
All experiments were performed three times independently.
The data were expressed as mean ± standard deviation (SD),

and analyzed for statistical significance using GraphPad Prism
7.0 (GraphPad Software Inc, San Diego, CA, United States).
One-way analysis of variance (ANOVA) followed by Tukey
post hoc test was used to analyze the statistical significance among
multiple groups. Two-tailed Student’s t-test was performed to
analyze the statistical significance between two groups. Kaplan–
Meier survival curves were adopted for analysis of mouse
survival, and the log-rank (Mantel-Cox) test was used to assess
for differences in survival. P-values < 0.05 were considered
statistically significant.

RESULTS

NLRP3 Inflammasome Activation in
Macrophages Is Specifically Augmented
by Evodiamine Pre-treatment
Although it has been reported that evodiamine can target
microtubules (Huang et al., 2004, 2005; Liao et al., 2005), it is
still unknown whether this phytochemical affects inflammasome
activation. To address this issue, we initially assessed the
influence of evodiamine on the activation of the canonical
NLRP3 inflammasome in LPS-primed mouse macrophage
J774A.1 cell line and BMDMs, using ATP or nigericin as
second stimulators. Western blotting showed that LPS priming
induced the expression of NLRP3 and pro-IL-1β proteins,
whereas pro-caspase-1 and ASC were constitutively expressed
in macrophages irrespective of LPS priming, which is consistent
with previous studies (Kayagaki et al., 2013). Upon ATP
or nigericin triggering, both caspase-1p10 (the cleaved form
of caspase-1; 10 kDa) and mature IL-1β (17 kDa) were
released into the culture supernatants. Notably, evodiamine pre-
treatment dose-dependently increased the release of caspase-
1p10 and mature IL-1β, indicative of enhanced activation
of the NLRP3 inflammasome. Without ATP or nigericin
triggering, however, evodiamine alone did not induce the
release of these contents into supernatants (Figures 1B–D
and Supplementary Figure S1). Similarly, evodiamine dose-
dependently increased nigericin-induced IL-1β secretion in
the supernatants of THP-1-derivied human macrophages, as
assayed by CBA (Figure 1E). Immunofluorescence microscopy
revealed that evodiamine significantly increased the formation
of ASC specks (one in each cell) in the cytosol (Figures 1F,G),
which is another marker of NLRP3 inflammasome activation.
Consistent with the increase of ASC specks by evodiamine, ATP-
induced formation of ASC oligomers was markedly increased by
evodiamine, as detected by ASC cross-linking assay (Figure 1H).
Together, these results indicated that evodiamine promoted
NLRP3 inflammasome activation probably by enhancing ASC
polymerization and the inflammasome assembly in both murine
and human macrophages.

We next explored whether it could affect the activation of
non-canonical NLRP3 inflammasome or other inflammasomes
including NLRC4 and AIM2 inflammasomes. NLRC4, AIM2,
and non-canonical NLRP3 inflammasome activation was
induced by transfecting flagellin, poly(dA:dT), and LPS,
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respectively, into Pam3CSK4-primed macrophages. The results
showed that evodiamine pre-treatment increased IL-1β secretion
upon LPS transfecting, indicative of enhanced non-canonical
NLRP3 inflammasome activation (Figure 1I). However,
evodiamine did not influence the secretion of IL-1β in response
to flagellin or poly(dA:dT) transfection (Figure 1I). These
results demonstrated that evodiamine promoted NLRP3,
but not NLRC4 and AIM2, inflammasome activation. All
together, these results demonstrated that evodiamine specifically
augmented NLRP3 inflammasome activation in both mouse and
human macrophages.

NLRP3-Mediated Pyroptosis Is
Enhanced in Macrophages Treated
With Evodiamine
NLRP3 inflammasome provides a platform for the autocatalytic
activation of caspase-1, which not only causes IL-1β maturation
but also cleaves gasdermin D (GSDMD) to generate its
N-terminal fragment (GSDMD-NT) to mediate pyroptosis—a
rapid proinflammatory programmed cell death (Shi et al.,
2015). Western blot analysis showed that evodiamine
markedly increased GSDMD-NT levels in ATP-treated
J774A.1 cells (Figure 2A) and in ATP- or nigericin-treated
BMDMs (Figures 2B,C). In agreement with the pore-forming
activity of GSDMD-NT in the plasma membrane that can be
assessed by PI incorporation (He et al., 2015), evodiamine
pre-treatment significantly increased lytic cell death in a dose-
dependent manner in ATP- or nigericin-treated macrophages
(Figures 2D–F). Morphologically, evodiamine-enhanced cell
death was similar to ATP- or nigericin-induced pyroptosis
with rapid cellular swelling, but not membrane blebbing
observed in apoptosis (Figure 2G). Consistent with the results
that evodiamine failed to influence IL-1β release upon the
stimuli for NLRC4 and AIM2 inflammasome activation as
mentioned above (Figure 1I), evodiamine pre-treatment
did not affect pyroptosis in these cells (Supplementary
Figures S2A,B). However, evodiamine markedly enhanced
non-canonical NLRP3-mediated pyroptosis by LPS transfection
(Supplementary Figures S2A,B). Taken together, these results
indicated that evodiamine pre-treatment specifically promoted
NLRP3, but not NLRC4 or AIM2, inflammasome-mediated
pyroptosis in macrophages.

Evodiamine Induces α-Tubulin
Acetylation and Mitochondrial
Re-distribution
In light of the cell morphological change (i.e., pseudopodia
shrinkage) upon evodiamine treatment in LPS-primed cells,
as observed above (Figure 2G), and previous findings that the
microtubule transport machinery including α-tubulin acetylation
has critical roles in regulating NLRP3 inflammasome activation
(Misawa et al., 2013), we focused our investigation on whether
evodiamine enhanced NLRP3 inflammasome activation by
affecting the microtubule cytoskeleton. Immunofluorescence
microscopy showed that evodiamine strikingly induced
α-tubulin acetylation in LPS-primed macrophages, and the

acetylated α-tubulin formed bundles in the perinuclear region
of cells (Figure 3A). While nigericin stimulation also induced a
bundle of acetylated α-tubulin in perinuclear region, evodiamine
pre-treatment appeared to make this bundle more concentrated.
Western blotting verified that evodiamine dose-dependently
and rapidly induced α-tubulin acetylation in LPS-primed and
unprimed macrophages (Figures 3B,C and Supplementary
Figures S3A–C). Interestingly, evodiamine further increased
the acetylation of α-tubulin in ATP- or nigericin-treated
BMDMs (Supplementary Figures S4A,B). Considering the
role of acetylated α-tubulin in cargo trafficking and NLRP3
inflammasome assembly [e.g., carrying ASC by mitochondria
(Misawa et al., 2013)], we assessed whether evodiamine
affected mitochondrial distribution. Immunofluorescence
microscopy showed that the mitochondria distributed all
over the cytosol in vehicle group, but upon evodiamine
treatment, they were concentrated around the nucleus.
Intriguingly, pre-treatment with evodiamine followed by
nigericin treatment further promoted the aggregation of
mitochondria, being located at one side of the perinuclear region
(Figure 3D), suggesting that evodiamine had promoted the
mitochondrial transport. Accompanying the re-distribution
of mitochondria, evenly-distributed ASC (as observed in
vehicle group) moved toward the microtubule organizing
center (MTOCs, indicated by γ-tubulin) and concentrated
into one or more specks upon ATP treatment, although
most of the cells harbored only one ASC speck near the
MTOC (Figure 3E). In line with previous studies showing
the co-localization of NLRP3 specks with the MTOCs in
PMA-differentiated THP-1 cells (Li et al., 2017c), evodiamine-
induced bundles of acetylated α-tubulin were highly co-localized
with the MTOCs (Figure 3F). Interestingly, several dots of
γ-tubulin together with acetylated α-tubulin were observed in
evodiamine-treated cells. Together, these results indicated that
evodiamine induced α-tubulin acetylation, which might facilitate
mitochondrion-mediated transport of ASC toward the minus
end of the microtubules to enhance NLRP3 inflammasome
assembly and activation.

Blockade of α-Tubulin Acetylation
Attenuates Evodiamine-Mediated
Augmentation of NLRP3 Inflammasome
Activation and Pyroptosis
in Macrophages
To corroborate the role of acetylated α-tubulin in mediating
evodiamine’s effects on NLRP3 activation, we used resveratrol
and NAD+ (nicotinamide adenine dinucleotide) to block
the acetylation of α-tubulin in macrophages. Consistent with
published studies (Misawa et al., 2013; Misawa et al., 2015),
both resveratrol and NAD+ supplementations were able to
suppress α-tubulin acetylation induced by either evodiamine,
nigericin or their combination (Figure 4A). In agreement with
the attenuation of acetylated α-tubulin, evodiamine-mediated
enhancement of ASC speck formation upon ATP or nigericin
stimulation was abrogated by resveratrol (Figures 4B,C and
Supplementary Figures S5A,B). ATP-induced formation of ASC
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FIGURE 2 | Evodiamine promoted ATP- or nigericin-induced pyroptosis in LPS-primed macrophages. J774A.1 cells (A,D) were treated as in Figure 1B. BMDMs in
(B,E,G) were treated as in Figure 1C, and other BMDMs (C,F) were treated as in Figure 1D. (A–C) Western blotting was used to assess the expression levels of
indicated proteins in the cell lysates. Actin was used as a loading control for cell lysates. (D–G) Cell death was measured by staining with propidium iodide (PI) (red,
staining dead cells) for 10 min. The images were captured by fluorescence microscopy, the merged images show PI fluorescence with bright-field images. One set of
representative images of three independent experiments are shown (G). Scale bars, 20 µm. PI-positive cells were quantified by counting 5 randomly chosen fields
(one field per well) containing around 100 cells each. Data are shown as mean ± SD (n = 5). One-way analysis of variance (ANOVA): P < 0.0001 (D–F); Tukey
post hoc test: ∗∗P < 0.01, ∗∗∗P < 0.001. GSDMD-FL, full-length GSDMD; GSDMD-NT, GSDMD N-terminal fragment; EVO, evodiamine.

speck was also attenuated by resveratrol, in agreement with
published studies (Misawa et al., 2013). Bead-based assay showed
that evodiamine-induced increase in IL-1β release from the
cells stimulated with ATP or nigericin was also abrogated by
either resveratrol or NAD+ (Figure 4D). Since the activity of
α-tubulin deacetylase SIRT2 is dependent on NAD+, we detected
whether evodiamine decreased the intracellular NAD+ levels
by using the NAD+/NADH assay kit. The results showed that
evodiamine, either in the presence or absence of LPS, did not
significantly change NAD+ levels (Supplementary Figure S6).
As the trafficking of ASC on mitochondria along the microtubule
track toward the minus end was mediated by the motor protein
dynein (Kardon and Vale, 2009; Misawa et al., 2013), we
next investigated the involvement of dynein in evodiamine-
enhanced activation of the NLRP3 inflammasome by using
ciliobrevin-A, a specific inhibitor of dynein (Firestone et al.,
2012). As shown in Figure 4D, ciliobrevin-A pre-treatment
not only suppressed nigericin-induced release of IL-1β but also
abrogated evodiamine’s effect on enhancing IL-1β release from

the macrophages upon nigericin stimulation, although it did
not alter α-tubulin acetylation (Figure 4A). Taken together,
these results indicated that evodiamine-induced augmentation
of NLRP3 inflammasome activation was mediated by induction
of α-tubulin acetylation thus facilitating dynein-mediated cargo
transport of NLRP3 inflammasome components along the
microtubule track.

Knockdown of α-Tubulin
N-Acetyltransferase αTAT1 Attenuates
Evodiamine-Mediated Augmentation of
NLRP3 Inflammasome Activation
and Pyroptosis
To further confirm the role of acetylated α-tubulin in mediating
evodiamine’s effect on enhancing NLRP3 activation, siRNA was
recruited to knock down the expression of αTAT1 (MEC-17),
the acetyltransferase responsible for α-tubulin acetylation
(Akella et al., 2010; Kalebic et al., 2013; Misawa et al., 2013).
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FIGURE 3 | Evodiamine increased α-tubulin acetylation. BMDMs were primed with LPS (500 ng/ml) for 4 h, then treated with evodiamine (5 µM) for 1 h, followed by
incubation with nigericin (5 µM) for 1 h (A,D,E) or ATP (2 mM) for 30 min (F) in the absence of LPS. (A) Representative immunofluorescence images showing
α-tubulin (green) and acetylated (K40) α-tubulin (red) subcellular distributions. Nuclei (blue) were stained with Hoechst 33342. Scale bars, 2 µm. (B,C) LPS-primed
BMDMs were treated with a grade does of evodiamine for 1 h (B) or evodiamine (5 µM) for indicated time periods (C) in the absence of LPS. Acetylated and total
α-tubulin expression levels were determined by Western blotting. Actin was recruited as a loading control. (D) Representative images showing TOM20 (green)
subcellular distribution. Scale bars, 2 µm. (E) Representative images showing acetylated α-tubulin (red) and γ-tubulin (green) subcellular distribution. The enlarged
insets show the co-localization of acetylated α-tubulin and γ-tubulin in the perinuclear region. Scale bars, 10 µm. (F) Representative immunofluorescence images
showing ASC (red) and γ-tubulin (green) subcellular distributions. The enlarged insets show the ASC and γ-tubulin in the perinuclear region. Scale bars, 10 µm. EVO,
evodiamine.

Western blotting and immunofluorescence microscopy
showed that αTAT1 expression was markedly decreased by
αTAT1-specific siRNA compared to the negative control
(Figures 5A,B and Supplementary Figure S7A). Knockdown
of αTAT1 abrogated evodiamine-induced increase in
α-tubulin acetylation in both J774A.1 cells and BMDMs
(Figures 5C,D). Meanwhile, in the absence of evodiamine
stimulation, the basal acetylation level of α-tubulin was
also decreased after αTAT1 knockdown (Supplementary

Figures S7B,C). In agreement with the abrogation of
α-tubulin acetylation, αTAT1 knockdown significantly
attenuated the effects of evodiamine in augmentation of
ATP- or nigericin-induced pyroptosis (Figures 5E,F) and
IL-1β release (Figures 5G,H). Altogether, these results
indicated that αTAT1 and α-tubulin acetylation had been
involved in evodiamine-mediated augmentation of NLRP3
inflammasome activation and pyroptosis by ATP or nigericin
treatment in macrophages.
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FIGURE 4 | Evodiamine-mediated enhancement of ATP- or nigericin-induced NLRP3 inflammasome activation was attenuated by blocking acetylation of α-tubulin.
(A) LPS-primed BMDMs were pre-treated with resveratrol (5 µM), NAD+ (10 µM) or ciliobrevin A (30 µM) for 30 min, and then incubated with evodiamine (5 µM) for
1 h, or followed by stimulation with nigericin (5 µM) for 1 h. Representative immunofluorescence images showing acetylated α-tubulin (red) subcellular distribution.
Nuclei (blue) were revealed by Hoechst 33342. The images for acetylated α-tubulin and nuclei were captured, respectively, and merged together. Scale bars, 10 µm.
(B) LPS-primed BMDMs were pre-treated with resveratrol (5 µM) for 30 min, and then incubated with indicated dose of evodiamine for 1 h, followed by stimulation
with ATP (2 mM) for 30 min. Representative images showing ASC (green) subcellular distribution. The images for ASC and nuclei were captured, respectively, and
merged together. Yellow arrows indicate ASC specks and the enlarged inset showing cells with an ASC speck. Scale bars, 20 µm. (C) Percentages of cells with an
ASC speck relative to the total number of cells from 5 random fields (one field per well) each containing ∼200 cells. Data are shown as mean ± SD (n = 5).
∗P < 0.05, ∗∗∗P < 0.001, two-tailed Student’s t-test. (D) BMDMs were treated as in Figure 4A. The levels of soluble IL-1β in culture supernatants were measured
by cytometric bead array (CBA) assay. The experiments were performed three times independently. Data are shown as mean ± SD (n = 5). One-way ANOVA:
P < 0.0001; Tukey post hoc test: ∗∗P < 0.01, ∗∗∗P < 0.001; RSV, resveratrol; EVO, evodiamine; Nig, nigericin.

Evodiamine Enhances NLRP3
Inflammasome Activation in vivo and
Protects Mice Against Bacterial Infection
We next assessed whether evodiamine could enhance NLRP3-
dependent inflammation in vivo. Intraperitoneal injection

of MSU crystals elicits NLRP3-dependent inflammatory
responses in mouse peritoneal cavity, characterized by IL-1β

production and massive neutrophil influx (Martinon et al., 2006;
Misawa et al., 2015). Consistent with the results observed in
macrophages in vitro, evodiamine administration significantly
enhanced MSU-induced IL-1β production (Figure 6A) and
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FIGURE 5 | Knockdown of αTAT1 attenuated evodiamine-mediated enhancement of ATP- or nigericin-induced NLRP3 inflammasome activation and pyroptosis in
macrophages. (A–D) J774A.1 cells and BMDMs were knocked down by small-interfering RNA (siRNA) targeting αTAT1 gene (αTAT1 siRNA). Negative control siRNA
(NC siRNA) was recruited as a knockdown control. 72 h after knockdown, J774A.1 cells (A) and BMDMs (B) were lysed and analyzed by Western blotting. Actin
was used as a loading control for cell lysates. After αTAT1 knockdown, J774A.1 cells (C) and BMDMs (D) were primed with LPS (500 ng/ml) for 4 h, then treated
with evodiamine (5 µM) for 1 h. Representative immunofluorescence images showing acetylated α-tubulin (red) subcellular distribution. Nuclei (blue) were revealed by
Hoechst 33342. The images for acetylated α-tubulin and nuclei were captured, respectively, and merged together. Scale bars, 10 µm. (E–H) J774A.1 cells (E,G) and
BMDMs (F,H) were treated with αTAT1 siRNA as in a. Cells were primed with LPS (500 ng/ml) for 4 h and then pre-treated with evodiamine (5 µM) for 1 h, followed
by incubation with ATP (3 mM) for 1 h (E) or nigericin (5 µM) for 1 h (F) in the absence of LPS. (E,F) Cell death was measured by staining with propidium iodide (PI)
(red, staining dead cells) and Hoechst 33342 (blue, staining total cells) together for 10 min. PI-positive cells were quantified by counting 5 randomly chosen fields
(one field per well) containing around 100 cells each. (G,H) The levels of soluble IL-1β in the culture supernatants were detected by cytometric bead array assay. The
experiments were performed three times independently. Data are shown as mean ± SD (n = 5). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, by two-tailed Student’s t-test.
EVO, evodiamine.
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neutrophil recruitment in vivo (Figures 6B–D), indicating
that evodiamine was able to promote NLRP3 inflammasome
activation in mice in vivo.

As published studies have shown that enhanced caspase-1
activation and IL-1β production play critical roles in antibacterial
defenses (Joshi et al., 2002; Saleh et al., 2006; Yang F.M.
et al., 2018), we next explored the functional relevance of
evodiamine in enhancing the innate immunity in a mouse
model of bacterial infection. Mice were administered
intragastrically with evodiamine or vehicle followed by
intraperitoneal injection with a lethal dose of viable E. coli
(2 × 109 CFU/mouse). Evodiamine or vehicle was given
once again after the bacterial infection. Survival analysis
showed that all vehicle-treated mice succumbed to such a
lethal dose of E. coli infection within 30 h, whereas 20% and
40% of evodiamine-administered mice survived the period of
observation (120 h), respectively (Figure 6E). In a paralleled
experiment, evodiamine significantly decreased the bacterial
load (CFUs) in the peritoneal cavity when compared with
vehicle (Figure 6F), indicating enhanced clearance of bacteria
by evodiamine treatment. The serum IL-1β levels were markedly
increased both at 4 h and 8 h post infection as compared
with vehicle (Figure 6G), suggesting that evodiamine had
promoted NLRP3 activation in the mouse model. Notably,
evodiamine administration also markedly increased serum
production of IFN-γ and TNF-α at 8 h post infection although
their levels were unchanged (IFN-γ) or slightly decreased
(TNF-α) at 4 h post infection as compared with vehicle
treatment (Figure 6H and Supplementary Figure S8A).
Besides, evodiamine administration had weakly affected serum
IL-10, IL-6, CCL2 (MCP-1), and IL-12p70 (Supplementary
Figures S8B–E). Accompanying increased production of IL-1β,
the percentages of neutrophils (CD11b+ Ly-6G+) in the blood
of evodiamine group were significantly increased at 4 h post
infection as compared with those in vehicle group (Figures 6I,J).
However, the percentages of neutrophils were markedly reduced
by evodiamine at 8 h post infection (Figures 6I,J), which was
likely due to clearance of bacteria (Figure 6F) thus dampening
the inflammatory response. In addition, histopathological
analysis revealed that bacterial infection resulted in overt
infiltration of inflammatory cells in the liver in vehicle group
whereas evodiamine-administered mice did not have apparent
infiltration of inflammatory cells (Figure 6K), suggesting that
evodiamine had improved systemic injury caused by bacterial
infection. Together, these results suggested that evodiamine
conferred antibacterial defenses by promoting NLRP3-mediated
production of IL-1β and other inflammatory cytokines (such as
IFN-γ and TNF-α).

Resveratrol Treatment Abrogates
Evodiamine-Mediated Augmentation of
Antibacterial Defenses in Mice in vivo
As resveratrol treatment counteracted the effect of evodiamine
in inducing α-tubulin acetylation and augmenting NLRP3
inflammasome activation in vitro, we finally explored whether
resveratrol could reverse evodiamine-mediated augmentation of

innate immune responses against bacterial infection in vivo. To
this end, mice were gavaged with resveratrol solution or vehicle
followed by evodiamine administration and bacterial infection.
The results showed that evodiamine-mediated reduction of
bacterial burden in the peritoneal cavity was attenuated by
resveratrol pre-treatment (Figure 7A). Notably, mice pre-treated
with resveratrol reversed evodiamine-enhanced production
of serum IL-1β, IFN-γ (Figures 7B–C), TNF-α and IL-10
(Supplementary Figures S9A,B). However, treatment with
resveratrol did not change the levels CCL2 and IL-12p70 or
slightly changed the levels of IL-6, upon bacterial infection
(Supplementary Figures S9C–E). Histopathological analysis also
demonstrated that resveratrol weakened the protective effect of
evodiamine in attenuating the infiltration of inflammatory cells
in the liver of bacterial infected mice. Together, these results
indicated that evodiamine-mediated augmentation of innate
immune responses and antibacterial defenses was abrogated by
resveratrol in vivo.

DISCUSSION

The microtubule cytoskeleton has critical roles in regulating
NLRP3 inflammasome activation by controlling the spatial
rearrangement and transport of NLRP3 inflammasome
components (Misawa et al., 2013; Li et al., 2017c). Accordingly,
microtubule-destabilizing agents, such as colchicine (Gigant
et al., 2009), suppress the activation of NLRP3 inflammasome
both in vitro and in vivo (Martinon et al., 2006; Dalbeth et al.,
2014), which may explain the underlying mechanism for
colchicine’s application in the treatment of NLRP3 activation
related diseases such as gout and familial Mediterranean fever
(Kiraz et al., 1998; Martinon et al., 2006). However, it is unknown
whether evodiamine, an agent stabilizing microtubules (Huang
et al., 2004; Liao et al., 2005), influences NLRP3 inflammasome.
In this study, we found that evodiamine augmented the
activation of NLRP3 inflammasome in macrophages induced
by extracellular ATP, nigericin or intracellularly transfected
LPS. It also enhanced MSU-induced NLRP3 activation in vivo.
Moreover, evodiamine administration conferred intensified
innate defense against bacterial infection, thereby increasing
the survival rate of mice infected with a lethal dose of E. coli.
Thus, in contrast to microtubule-destabilizing agents like
colchicine, the phytochemical evodiamine, likely acting as
microtubule-stabilizing agent in macrophages, promoted NLRP3
inflammasome activation leading to augmented antibacterial
innate immune responses.

One major concern of this study is the underlying
mechanism(s) for evodiamine-mediated enhancement of
NLRP3 inflammasome activation. It has been shown that
acetylation of α-tubulin in the microtubule cytoskeleton
facilitates transport of NLRP3 inflammasome components (e.g.,
ASC) on mitochondria to the perinuclear region of the cell to
promote the inflammasome assembly and activation (Misawa
et al., 2013; Li et al., 2017c). Considering that evodiamine
can bind to and stabilize the microtubule cytoskeleton (Liao
et al., 2005), we hypothesized that microtubules might have
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FIGURE 6 | Evodiamine enhanced NLRP3 inflammasome activation in vivo and protected mice against bacterial infection. (A) C57BL/6 mice were administered
intragastrically (i.g.) with evodiamine (20 mg/kg body weight) or vehicle (2% Tween-80 in PBS) for 1 h before intraperitoneally injected with MSU (1 mg per mouse).
After 6 h, peritoneal levels of IL-1β were measured by cytometric bead array assay (five mice per group). (B–D) Neutrophils (CD11b+Ly-6G+) in the peritoneal cavity
after MSU challenge were analyzed by flow cytometry. Representative set of flow cytometric dot-plots are shown in (B). (C) Quantification of CD11b+Ly-6G+ cells in
(B). (D) The numbers of neutrophils were calculated by their percentages times the total peritoneal cell numbers (determined by a hemocytometer), respectively.
Data are expressed as mean ± SD (n = 5). One-way analysis of variance (ANOVA): P < 0.0001 (A,C,D); Tukey post hoc test: ∗∗P < 0.01, ∗∗∗P < 0.001. (E) Mice
were administered (i.g.) with evodiamine (10 or 20 mg/kg body weight) or vehicle (2% Tween-80 in PBS) once 3 h before intraperitoneal injection with viable E. coli
(2 × 109 CFU/mouse). One hour after the bacterial infection, mice were intragastrically administered with evodiamine or vehicle once again. Mouse survival was
monitored every 6 h for five consecutive days. Kaplan–Meier survival curves were used to analyze the data (10 mice per group). The significance was evaluated by
the log-rank test. ∗∗P < 0.01, ∗∗∗P < 0.001, versus vehicle. (F) Bacterial counts in the peritoneal cavity at 4 and 8 h post bacterial infection were measured by using
an ultraviolet-visible spectrophotometer, and the corresponding colony-forming units (CFUs) were determined on lysogeny broth (LB) media agar plates. (G,H) The
serum levels of IL-1β and IFN-γ at 4 and 8 h post bacterial infection was measured by cytometric bead array assay (five mice per group).

(continued)
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FIGURE 6 | Continued
(I,J) Neutrophils (CD11b+Ly-6G+) in the peripheral blood after bacterial infection were analyzed by flow cytometry as did in (B,C) (n = 5 mice). One-way ANOVA:
P < 0.0001 (F–J); Tukey post hoc test: ∗∗∗P < 0.001. EVO, evodiamine. (K) Hematoxylin and eosin staining of the liver sections of mice infected with live E. coli for
8 h. Representative images from each mouse were presented and arrowheads indicated infiltrated inflammatory cells. The numbers at the bottom indicate mouse
number. Scale bars, 100 µm.

FIGURE 7 | Resveratrol treatment reversed evodiamine-mediated antibacterial effects in vivo. Mice were administered intragastrically (i.g.) with resveratrol solution
(50 or 100 mg/kg body weight) or vehicle (2% Tween-80 in PBS). After 30 min, mice were administered (i.g.) with evodiamine (20 mg/kg body weight) or vehicle (2%
Tween-80 in PBS) once 3 h before intraperitoneal injection with viable E. coli (1 × 109 CFU/mouse). One hour after the bacterial infection, mice were administered
(i.g.) with evodiamine or vehicle once again. (A) Bacterial counts in the peritoneal cavity at 8 h post bacterial infection was measured by using an ultraviolet-visible
spectrophotometer, and the corresponding colony-forming units (CFUs) were determined on lysogeny broth (LB) media agar plates. (B,C) The serum levels of IL-1β

and IFN-γ at 8 h post bacterial infection was measured by cytometric bead array assay (five mice per group). Data are expressed as mean ± SD (n = 5). One-way
ANOVA: P < 0.0001 (A–C); Tukey post hoc test: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. EVO, evodiamine; RSV, resveratrol. (D) Hematoxylin and eosin staining of
the livers sections of mice infected with live E. coli for 8 h. Representative images from each mouse were presented and arrowheads indicated infiltrated
inflammatory cells. The numbers at the bottom indicate mouse number. Scale bars, 100 µm.

been involved in evodiamine-mediated enhancement of
NLRP3 inflammasome activation. In support of this notion,
we found that evodiamine induced the rearrangement of
microtubules, consistent with previous study (Liao et al.,
2005). Interestingly, evodiamine treatment alone markedly
increased the acetylation of α-tubulin in microtubules to

form two or more bundles co-localized with the MTOCs
(indicated by γ-tubulin) within the cell, and evodiamine
combined with NLRP3 inflammasome inducer further increased
α-tubulin acetylation to form one acetylated α-tubulin bundle
co-localized with the MTOC, concurrent with enhanced
aggregation of mitochondria in the perinuclear region during
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the NLRP3 activation. Induction of multiple MTOCs together
with highly acetylated microtubules by evodiamine might
have accelerated the cargo (e.g., mitochondrion) trafficking
of NLRP3 inflammasome components, carrying the evenly-
distributed ASC from several routes to move toward the MTOCs
and concentrate into specks upon NLRP3 inflammasome
stimuli, even though finally only one ASC speck could be
observed. It seemed that the MTOC-oriented trafficking
of ASC thus forming into a speck is necessary for NLRP3
inflammasome activation. Supporting this, previous studies
have demonstrated that the proper positioning of ASC and
NLRP3 can be regulated by microtubule-affinity regulating
kinase 4 (MARK4), and the apposition of NLRP3, MARK4
and γ-tubulin has been observed upon NLRP3 inflammasome
activation (Li et al., 2017c). Therefore, evodiamine is likely to
augment NLRP3 inflammasome activation through inducing
α-tubulin acetylation.

To further support the role of α-tubulin acetylation in
mediating enhanced NLRP3 activation by evodiamine, we used
pharmacological agents or genetic knockdown to block the
α-tubulin acetylation. Published studies have shown that NAD+
or resveratrol can efficiently suppress α-tubulin acetylation in
macrophages during NLRP3 activation (Misawa et al., 2013,
2015). Consistently, we showed that NAD+ or resveratrol
not only significantly attenuated ATP- or nigericin-induced
NLRP3 activation but also diminished evodiamine-mediated
enhancement of NLRP3 activation, concomitant with the
markedly-decreased acetylation of α-tubulin in microtubules.
However, our experiments showed that evodiamine did not
change the intracellular NAD+ levels, suggesting that, although
NAD+-dependent α-tubulin deacetylase takes part in the
balance of α-tubulin acetylation, it might not be regulated by
evodiamine via affecting intracellular NAD+ levels. Besides,
dynein-specific inhibitor ciliobrevin A (Firestone et al., 2012)
abrogated nigericin-induced release of IL-1β, either in the
presence or absence of evodiamine. Moreover, knockdown
of αTAT1 expression also diminished evodiamine-mediated
augmentation of NLRP3 activation and pyroptosis, concurrent
with reduced α-tubulin acetylation, suggesting the involvement
of αTAT1 in these events. All these results indicated that
evodiamine augmented NLRP3 inflammasome activation by
increasing the acetylation of α-tubulin thereby facilitating
transport of NLRP3 inflammasome components along the
microtubule tracks.

Inflammasome activation is a critical defense mechanism of
the innate immune system against microbial infection (Lamkanfi
and Dixit, 2014). One of the outcomes of the inflammasome
activation is the maturation and release of IL-1β, as well as
other inflammatory cytokines. These cytokines not only promote
the functions of phagocytes by increasing their phagocytic
and bacterial killing abilities (Piccini et al., 2008), but also
are necessary for the recruitment of other immune cells
including neutrophils and monocytes/macrophages (Bauman
et al., 2009; Guarda et al., 2011). Consequently, induction
of inflammasome activation and IL-1β release can intensify
the host defense against bacterial infection in murine models
(Guarda et al., 2011; Descamps et al., 2012; Wegiel et al., 2014).

Consistent with enhanced activation of NLRP3 inflammasome
in vitro, evodiamine treatment efficiently enhanced MSU-
induced IL-1β production and neutrophil influx in vivo in
mice. In the mouse model of bacterial infection, evodiamine
efficiently increased the serum levels of IL-1β, TNF-α and
IFN-γ, thus potentiating the innate immune responses to
enhance the clearance of bacteria and dampening the infiltration
of inflammatory cells in the liver. Consistent with these
observations, evodiamine administration significantly improved
the survival of mice infected with a lethal dose of live E. coli.
Interestingly, resveratrol administration antagonized the action
of evodiamine in increasing IL-1β, TNF-α and IFN-γ production,
accompanied by decreased bacterial clearance in mice. Our
findings are in agreement with published studies showing
that unleashing innate immune signaling confers enhanced
bacterial clearance and bacterial sepsis resistance by increased
secretion of IL-1β and IFN-γ in serum (Saleh et al., 2006;
Yang F.M. et al., 2018). Other studies have shown that the
IFN-γ pathway has a crucial role in mediating the survival
advantage of septic caspase-12-deficient mice with unleashed
innate responses (Guarda et al., 2011). IFN-γ is an established
survival factor in sepsis of both humans and mice (Zantl
et al., 1998; Hotchkiss et al., 2003; Prass et al., 2003). Although
additional investigation is needed to clarify the role INF-γ in
the current experimental setting, our findings indicated that
evodiamine endowed an intensified innate response against
bacterial infection likely by enhancing NLRP3 inflammasome
activation in mice.

In summary, we found in this study that the phytochemical
evodiamine was able to target the microtubule cytoskeleton
by inducing acetylation at K40 residue of α-tubulin, thereby
facilitating the transportation of inflammasome components
along the microtubules and potentiating the activation of
NLRP3 inflammasome activation both in vitro and in vivo
in mice. We also found that evodiamine administration
was able to confer enhanced innate responses in mice
against bacterial infection. Further investigations are needed
to elucidate the precise mechanism for evodiamine-mediated
action on microtubules. Nevertheless, our findings highlight the
potential application of evodiamine, by induction of microtubule
acetylation, in enhancing antimicrobial responses in patients with
pathogen infection.
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