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a-Mangostin suppresses NLRP3 inflammasome activation
via promoting autophagy in LPS-stimulated murine macrophages
and protects against CLP-induced sepsis in mice
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Abstract

Background The major mechanism of sepsis is immunosuppression caused by host response dysfunction. It has been found
that a-Mangostin (a-M) is a potential candidate as a treatment for multiple inflammatory and immune disorders. To date,
the role of a-M in host response during sepsis remains unexplored.

Methods and results Herein, we examined the effect of a-M on macrophages-mediated host response in the presence of
lipopolysaccharide (LPS), and the vital organ function, inflammatory response, and survival rate in septic mice. In murine
peritoneal macrophages, a-M induced autophagy and then inhibited LPS-stimulated NLRP3 inflammasome activation, as
well as interleukin-1p (IL-1p) production. Moreover, a-M improved phagocytosis and killing of macrophages, and increased
M2 macrophages numbers after LPS stimulation. Furthermore, in vivo experiment suggested that a-M reduced serum levels
of tumor necrosis factor-o (TNF-a), interferon-y (IFN-y), IL-1p, alanine transaminase (ALT), aspartate transaminase (AST),
and creatinine (Cr), whilst increased that of interleukin-10 (IL-10) in caecal ligation and puncture (CLP) mice.

Conclusion Taken together, these findings showed that «-M-mediated macrophages autophagy contributed to NLRP3 inflam-

masome inactivation and o-M exerted organ protection in septic mice.
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Introduction

Sepsis is redefined to the life-threatening organ dysfunc-
tion caused by a dysregulated host response to infection [1,
2]. Despite decades of scientific advances, the prognosis of
severe sepsis and septic shock remain poor [3, 4]. Sepsis
leads to the imbalance of pro-inflammatory and anti-inflam-
matory responses and cell-mediated immunosupression
plays a central role in this process [5-9]. Importantly, mac-
rophages can recognize and remove the invading pathogens
at the early stage of sepsis. However, impaired macrophages
can lead to dysfunction of innate immunity and then aggra-
vate sepsis.
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With the improved understanding of the mechanisms
underlying this immune dysfunction, researchers suggested
that the regulation of immune status might be useful in
patients with sepsis [10-16]. a-Mangostin (x-M), a poly-
phenolic xanthone extracted from the pericarp and bark,
has extensive biological activities and pharmacological
properties, including anti-inflammation, antibacterial, anti-
malarial, anti-tumor and anti-oxidation [17-24]. a-M can
protect and improve the survival of cerebral cortical neu-
rons and inhibit the migration and invasion of cancer cells
without obvious cytotoxic effects [25, 26]. a-M was usually
used as a common medicine against dysentery, suppurative
wound infection and ulcer in several tropical countries [17].
Furthermore, a-M could attenuate dextran sulfate sodium
(DSS)-induced colitis by inhibiting NF-kB and MAPK path-
ways [22]. Recently, You et al. reported that a-M exerted
anti-biofilm effects on multidrug-resistance staphylococci
[24]. However, the effects of a-M on macrophages in sep-
sis were still unclear. In the current study, we explored the
effects of a-M on LPS-treated macrophages and the vital
organ function in septic mice with underlying mechanism.
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Materials and methods
Animals and reagents

BALB/c mice (male, 6—8 weeks old, 20-25 g) were
obtained from Experimental Animal Center, Zheji-
ang University, Hangzhou, China (Assurance Number:
SCXK2014-0004). All animals were bred and housed in
separate cages under pathogen-free conditions, as well as
appropriate temperature and a 12-h light/12-h dark cycle.
All of the experimental procedures were performed in
accordance with the Zhejiang University Guidelines for
the Welfare of Experimental Animals Hangzhou, Zhejiang
province China.

a-Mangostin (a-M) was obtained from Hangzhou Bomai
MediTech Co., Ltd., Hangzhou, China. LPS and Bafilomy-
cin Al were purchased from Sigma-Aldrich, St. Louis, MO.
Rabbit polyclonal antibodies against LC3II, Beclinl, P62,
NLPR3, ASC, Caspase 1, p-actin, and IL-1p were obtained
from Cell Signaling Technology Inc., Beverly, MA, USA.
Anti-mouse F4/80 PE-Cyanine 7, anti-mouse CD11c APC,
anti-mouse CD206 PE were purchased from eBioscience,
San Diego, CA. ELISA kits for mouse IL-1f, IFN-y, TNF-
o, IL-10, TGF-B1, ALT, AST, and Creatinine were obtained
from ExCell Biology Inc., Shanghai, China. Beclinl siRNA
and control siRNA were purchased from Shanghai Gene-
chem Co., Ltd., Shanghai, China. The L1210 cell line was
purchased from the Cell Resource Center of Shanghai Insti-
tutes of Biological Sciences, Shanghai, China.

Cell isolation, cell culture and treatment

Briefly, mice were injected intraperitoneally of 5 ml cold
PBS. After shaking, macrophages were harvested from
peritoneal lavage by plastic adherence. All cell counts
were performed on a hemocytometer using trypan blue
exclusion assay. Macrophages were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum. After
2-h incubation, floating cells were removed and adher-
ent macrophages were used for experiments. For in vitro
treatment, macrophages were pretreated with or without
a-M (40 pmol/L) for 2 h, and treated with LPS (1 pg/mL).

Lentiviral infection

According to the manufacturer’s instructions, macrophages
were transfected with 100 nM of either Beclinl RNA inter-
ference silence (siRNA) or control siRNA. Then, the trans-
fected cells were incubated for 12 h in medium. Next, the
cells were washed and used for experiments.
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Flow cytometric analysis

Macrophages in different groups were stained by anti-
mouse F4/80 PE-Cyanine 7, anti-mouse CD11c APC, or
anti-mouse CD206 PE. Then, flow cytometry analysis was
determined by a FACScan flow cytometer. Data were ana-
lyzed by FlowJo software (Tree Star, Ashland, OR, USA).
Each sample was at least 10,000 events.

Laser scanning confocal microscopy (LSCM)

Macrophages in different groups were incubated with poly-
clonal rabbit anti-LC3II antibody. The secondary antibod-
ies, FITC-conjugated affinipure goat anti-rabbit IgG (1:100),
were used and then applied at 37 °C for 1 h followed by
staining with the nuclei with 4, 6-diamidino-2-phenylindole
(DAPI). Macrophages were photographed using a laser scan-
ning confocal microscopy.

Cell viability assay

Cell Counting Kit-8 (CCKS8) was applied to assess the num-
ber of viable cells. The peritoneal macrophages were plated
in 96-well plates at a density of 2 10° cells/well and then
cultured in complete medium in the presence or absence
of LPS and o-M (10, 20, 40, 80 pmol/L). The OD450 was
tested at 24 h using a microtiter plate reader (Molecular
Devices, Menlo Park, CA).

Phagocytosis assay

2% 10° peritoneal macrophages were incubated with neutral
red dye for 30 min at 37 °C. Cells were then washed by PBS
buffer, followed by visualization using microscopy and the
OD540 test.

Bacterial killing assays analysis

For the determination of bacterial killing by macrophages,
peritoneal macrophages (1 x 10° cells) were intubated with
L1210 cell (macrophages:1.1210 cell=5:1) at 37 °C for 24 h,
and the OD450 was then analyzed by CCK8 method.

Quantitative reverse transcription PCR (q-PCR)
analysis

Macrophages mRNA was isolated by RNeasy Mini Kit
(Qiagen, Valencia, CA) and then reverse transcribed by a
iScript™ kit (BioRad, Hercules, CA) according to the man-
ufacturer’s instructions. The Concentration of mRNA was
determined using absorbance at 260 and 280 nm. cDNAs
was synthesized using a High-Capacity cDNA Reverse
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Transcription Kit (Life Technologies, USA). q-PCR was
performed using a CFX96TM Real-Time PCR Detection
System (BioRad, Hercules, CA). SYBR Green Master Mix
(Bio-Rad) was used for all g-PCR reactions. p-actin was
used as an endogenous control. The amplification efficiency
was 0.90-0.99.

Western blot analysis

Cells were lysed with lysis buffer on ice and then centrifuged
at 13,200 rpm for 20 min at 4 °C. The protein concentration
was determined by the bicinchoninic acid (BCA) method.
Next, proteins were separated by sodium dodecyl sulfate
poly-acrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene fluoride (PVDF) membranes.
The membranes were blocked and subsequently incubated
with polyclonal rabbit anti-LC3II (1:1000), anti-Beclinl
(1:1000), anti-P62 (1:1000), anti-NLPR3 (1:500), anti-
ASC (1:1000), anti-IL-1p (1:500) or anti-B-actin (1:1000)
overnight. Next, PVDF members were incubated with
horseradish peroxidase-conjugated polyclonal goat anti-
rabbit (1:5000) or monoclonal rabbit anti-mouse second-
ary antibodies (1:5000) at room temperature for 1 h. The
western blot bands were visualized by ECLP"" (Amersham
Biosciences, Piscataway, NJ) and analyzed by the Image-
QuantTM LAS 4000 biomolecular imager (GE Healthcare
Life Sciences, Waukesha, WI), as well as ImageJ software
(Image Processing and Analysis in Java software, National
Institutes of Health, MD).

Transmission electron microscopy (TEM)

After being collected, macrophages were fixed with 2.5%
glutaraldehyde and stored at 4 °C. According to the manu-
facturer’s instructions, each specimen was performed by
a series of manipulation, including fixation, dehydration,
embedding, curing, biopsy, and dyeing. The autophagic
vacuoles were observed by TEM (JEOL, Tokyo).

Animal sepsis model and treatment

BALB/c mice were subjected to Cecal ligation and puncture
(CLP) to establish a model of polymicrobial sepsis. In brief,
mice were anesthetized intraperitoneally with 0.3% pento-
barbital sodium and the cecum was exposed, ligatured at its
external third, and punctured through with a 22-gauge nee-
dle. Luminal content was pressed out via puncture sites to
ensure patency. Next, the cecum was returned and incisions
were closed. Mice in sham group underwent the same proce-
dure without ligation and puncture of the cecum. Postopera-
tively, mice were injected subcutaneously with 1 mL normal
saline (NS). For record of survival rate, mice were observed
twice daily for 7 days. In the first 6 h, mice presented with

piloerection, lethargy and diarrhea, suggesting the successful
establishment of sepsis model.

Each mouse was injected intravenously with 3 mg/kg of
a-M 2 h before CLP, immediately, or 2 h after CLP. NS was
administrated in a similar fashion as a control. At the end
of the survival experiment, all live mice were euthanized by
0.3% pentobarbital sodium followed by cervical dislocation.

Serum biochemistry serum and inflammatory
markers assay

Analysis of inflammatory cytokines including IL-1p, IFN-
v, TNF-a, IL-10, TGF-p1 ALT, AST, and Creatinine was
performed using ELISA kits according to the manufacturers’
instructions.

Tissue histology

Lungs, livers, and kidneys were harvested and fixed in 4%
formalin, stained with hematoxylin—eosin (H&E), and tested
by light microscopy. Pathology scores were analyzed by a
pathologist blinded for groups.

Statistical analysis

All data are presented as mean + standard deviation at least
three experiments. Statistical analysis was performed using
SPSS software (SPSS Inc., Chicago, IL). The differences
between groups were analyzed by the Brown-Forsythe test
and, when appropriate, by one-way ANOVA followed by
Dunnett’s test. Survival was analyzed with Kaplan—Meier
survival curves and compared with the log-rank test. A p
value of less than 0.05 was considered significant.

Results

a-Mangostin attenuated LPS-stimulated
inflammasome activation in murine peritoneal
macrophages

a-Mangostin was extracted from fruit Gracinia Manostatna
(Fig. 1a). The structure formula of or Mangostin was shown
in Fig. 1b. To identify the effects of a-M on LPS-stimulated
inflammasome activation in murine peritoneal macrophages,
we first determined NLRP3 inflammasome activation in the
absence or presence of LPS. As shown in Fig. 1, LPS (1 pg/
ml) priming greatly improved mRNA and protein expres-
sions of NLRP3, ASC, Caspasel, IL-1f in macrophages at
24 h, compared with the PBS control group. Next, to evalu-
ate the inhibitory effect of a-M on NLRP?3 activation in the
presence or absence of LPS were treated a-M (10, 20, 40,
80 pmol/L) for 24 h. a-M inhibited increased mRNA levels
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Fig.2 o-M inhibited LPS-induced NLRP3 inflammasome activation. a The changes of mRNA levels of NLRP3, ASC, Caspasel, and IL-18
induced by LPS. b, ¢ The changes of protein levels of NLRP3, ASC, Caspasel, and IL-1p induced by LPS

of NLRP3, ASC, Caspasel, and IL-1p induced by LPS
(Fig. 2a). Moreover, the increased protein levels of these
genes were also reversed by a-M treatment(Fig. 2b, c).

a-Mangostin led to autophagy induction in murine
peritoneal macrophages

To illuminate the effects of a-M (10, 20, 40, 80 pmol/L) on
autophagy activity, we treated the murine peritoneal mac-
rophages with a-M from O to 24 h and determined the lev-
els of LC3-II/LC3-II, the autophagic flux, the subcellular
localization of LC3-II and formation of autophagosomes.
On the basal autophagy, the ratio LC3-II/LC3-I, Beclinl,
and P62 levels were low in macrophages (Fig. 3a). Mac-
rophages treated with o-M represented elevated levels of the
ratio LC3-II/LC3-1, Beclinl, and P62, especially 40 mM at
24 h. Besides that, we determined LC3 punctuation (Fig. 3c)
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and autophagic vacuoles (Fig. 3d) to monitor autophago-
some formation, which showed an increase after a-M treat-
ment for 24 h.

To further investigate a potential role for a-M-induced
autophagy, we examined the autophagic flux. Generally,
bafilomycin A1 (Baf A1) was used to block the autophago-
some degradation for measurement of autophagic flux. As
expected, the expression of LC3-1I/LC3-I, Beclinl, P62 and
the number of LC3II-positive cells were further enhanced by
o-M treatment combined with Baf A1 (Fig. 3b, c).

Macrophage autophagy deficiency abrogated
the effect of a-Mangostin in LPS-stimulated
inflammasome inactivation

As described above, o-M reversed LPS-induced increased
expression of NLRP3, ASC, Caspasel, and IL-1p
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in murine peritoneal macrophages. Next, we further
explored the role of autophagy in LPS-stimulated NLRP3
inflammasome inactivation in the presence or absence
of Beclinl RNA interference silence (siRNA) (Fig. 4a).
Autophagy inhibition by Beclinl siRNA significantly
enhanced protein expression of NLRP3, ASC, Caspase
1, and IL-1pB, compared with LPS + a-M group (Fig. 4b).
As expected, the above result suggested that autophagy

significantly abolished the effect of a-M in the LPS-
induced inactivation.

a-Mangostin enhanced phagocytosis and regulated
M2 macrophages polarization after LPS stimulation

Here, we examined whether a-M could regulate the intrin-
sic antibacterial functions and viability of murine peritoneal
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Fig.5 Effects of a-M on viability and function of macrophages combined with LPS stimulation. a The effects of a-M on phagocytosis, killing
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macrophages after LPS stimulation. a-M had no effect on
survival and function of normal macrophages. After LPS
stimulation, the viability and immune functions of mac-
rophages were decreased. In vitro, pretreatment with a-M
significantly enhanced phagocytosis and killing of peritoneal
macrophages (Fig. 5a). However, o-M had little effect on
the viability of macrophages (Fig. 5a). Moreover, we iso-
lated murine peritoneal macrophages, sorted them into M1
(F4/80% CD11c*) into M2 (F4/80" CD206%) populations.
After LPS stimulation, M1 macrophages numbers obviously
increased and the number of M2 populations were low. In
contrast, the numbers of M2 populations were much higher
that of M1 macrophages in LPS + a-M group, compared
with LPS +PBS group (Fig. 5b, ¢).

a-Mangostin inhibited inflammation and protects
organ function in sepsis

In vitro, we further evaluated whether a-M exerted a protec-
tive effect on septic mice. At 24 h after CLP, pre-treatment
(2 h before surgery) with a-M reduced circulating levels of
TNF-a, IFN-y, and IL-1p, whilst elevated levels of IL-10,
which was also reflected by decreased pathology scores
compared with PBS-treated mice (Fig. 6a). In addition,
o-M-treated mice revealed markedly decreased serum lev-
els of creatinine, a marker for renal dysfunction (Fig. 6a).
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The markers for hepatocellular injury, serum levels of ALT
and AST were also reduced after a-M pretreatment in mice
(Fig. 6b, ¢).

The effect of a-Mangostin on septic animal survival

Furthermore, we also studied the survival rate of septic
mice after a-M treatment. The mortality rate was 50-70%
in the CLP group. In vivo, pre-treatment (2 h prior to CLP
or immediately) with «-M significantly improved survival
rate (Fig. 7), compared with the normal saline (NS) control
group. However, treatment (2 h post CLP) had little effect on
the survival rate of CLP. Therefore, these results indicated
that early treatment of a-M could promote the prognosis of
septic mice.

Discussion

Immunosuppression refers to dysregulated host response to
infection in sepsis, resulting in multiple organ dysfunction
and high mortality in these patients. Thus, immunosuppres-
sion is a promising therapeutic target in the management of
septic patients [27-30]. Impaired function of macrophages
was associated with increased severity and mortality in sep-
sis [31-34]. Linch et al. reported that the protection effects
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Fig. 7 Effects of a-M on the 7-day survival rate of septic mice

of IL-5 against polymicrobial sepsis were mediated by mac-
rophages [35]. In addition, macrophages were required for
the protective effect of leukocyte cell-derived chemotaxin 2
(LECT?2) in sepsis [36]. Conversely, inhibition of peritoneal
macrophage phagocytosis would aggravate sepsis. In the
current study, we identified the a-M could induce autophagy
and then inhibit NLRP3 inflammasome signaling. Moreo-
ver, pretreatment of a-M protected vital organ function and
inhibited inflammatory cytokines.

a-M, a traditional Chinese medicine, was the major con-
stituent of the fruit hull of the Garcinia Mangostana [18, 19].
More importantly, a-M was well known for a wide range of
biological activities and pharmacological effects, such as
anti-inflammation, anti-oxidation effects, antitumor effects
and COX-2 inhibition [20-24]. It was reported that a-M

days post CLP

days post CLP

inhibited brain inflammation and improved the survival of
cerebral cortical neurons against Af oligomers-induced tox-
icity in rats [37]. Recently, it was reported that a-M protects
against LPS induced cytotoxicity through the regulation
of SIRT-1/NF-xB Signaling [23]. Although a«-M had been
used commonly as a curative agent in diverse disorders, the
mechanism of its effects was still unclear. In particular, the
effects of a-Mangostin on macrophages in sepsis had not
yet been reported.

In this study, we examined the effects of a-M on the
expression of the components of NLRP3 inflammasome in
LPS-stimulated macrophages. We evaluated the cytotoxic
effect of a-M on primary murine macrophages, imply-
ing that a-M (concentration from 10 to 80 pmol/L) did
not significantly influence cell survival. Previous studies
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had shown that LPS strongly activated NLRP3 inflam-
mation signaling and then promoted pro-inflammatory
cytokines release, leading to the innate immune dysfunc-
tion. Moreover, NLRP3 inflammasome activation was
strongly associated with sepsis-induced multiple organ
injuries and immune dysfunction [38—40]. Therefore,
NLRP3 inflammasome was a key player in innate immu-
nity of sepsis. Consistent to the previous studies, stimula-
tion of LPS (1 pg/mL) obviously enhanced the expres-
sions of NLRP3, ASC, Caspase 1 and IL-1p in primary
murine macrophages at 24 h. Meanwhile, we also found
that phagocytosis and killing of macrophages decreased,
implying partly inhibition of innate immune functions.
Our results further indicated that a-M pretreatment signifi-
cantly reduced LPS-induced expression of NLRP3, ASC,
Caspase 1 and IL-1p, as well as increased phagocytosis
and killing of macrophages.

Autophagy was homoeostasis process through invading
microorganism as well as degradation of dysfunctional or
unnecessary cellular components [13, 14]. Among various
essential regulators of autophagy, Beclinl was required for
the initiation of autophagy. LC3II was often used to demon-
strate active autophagy. P62 as a LC3-binding protein and
modulated the formation of the protein aggregates [16, 41,
42]. To date, it had been shown that NLRP3 inflammasome
activation was associated with the regulation of autophagy.
Our findings showed that genetic deletion of Beclinl could
abolish NLRP3 inflammasome inactivation caused by a-M
pretreatment in LPS-stimulated macrophages. These results
indicated that inhibition of NLRP3 inflammasome by a-M
was mediated by autophagy induction in macrophages,
which offered a new target for inflammatory and immune
homoeostasis in sepsis.

The current study also identified «-M as a negative regu-
lator of CLP-induced inflammation and vital organ injuries.
Pretreatment of «a-M blunted circulatory TNF-a, IFN-y, and
IL-1, whilst enhanced systemic IL-10 and TGF-f1 at 24 h
after CLP. Moreover, a-M downregulated the systemic lev-
els of ALT, AST, and Cr at 24 h in CLP mice, suggesting a
protective effect on sepsis. However, the detailed regulatory
mechanism of a-M on the expression of cytokines and organ
protection during sepsis required further studies.

Taken together, «-M could improve organ injury and
prevented from sepsis-induced lethality. The study pro-
vided novel insights into the a-M mediated protective
effect via autophagy induction and NLPR3 inactivation in
macrophages.
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