Suppression of NLRP3 inflammasome by y-tocotrienol
ameliorates type 2 diabetes®
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Abstract The Nod-like receptor 3 (NLRP3) inflammasome
is an intracellular sensor that sets off the innate immune
system in response to microbial-derived and endogenous
metabolic danger signals. We previously reported that
v-tocotrienol (yT3) attenuated adipose tissue inflammation
and insulin resistance in diet-induced obesity, but the under-
lying mechanism remained elusive. Here, we investigated
the effects of yT3 on NLRP3 inflammasome activation and
attendant consequences on type 2 diabetes. yT3 repressed
inflammasome activation, caspase-1 cleavage, and interleukin
(IL) 1B secretion in murine macrophages, implicating the
inhibition of NLRP3 inflammasome in the anti-inflammatory
and antipyroptotic properties of yT3. Furthermore, supple-
mentation of leptin-receptor KO mice with yT3 attenuated
immune cell infiltration into adipose tissue, decreased cir-
culating IL-18 levels, preserved pancreatic 3-cells, and im-
proved insulin sensitivity. Mechanistically, yT3 regulated
the NLRP3 inflammasome via a two-pronged mechanism: 1)
the induction of A20/TNF-« interacting protein 3 leading to
the inhibition of the TNF receptor-associated factor 6 /nuclear
factor kB pathway and 2) the activation of AMP-activated
protein kinase /autophagy axis leading to the attenuation of
caspase-1 cleavage. Collectively, we demonstrated, for the
first time, that yT3 inhibits the NLRP3 inflammasome
thereby delaying the progression of type 2 diabetes.Hl This
study also provides an insight into the novel therapeutic val-
ues of yT3 for treating NLRP3 inflammasome-associated
chronic diseases.—Kim, Y., W. Wang, M. OKkla, I. Kang, R.
Moreau, and S. Chung. Suppression of NLRP3 inflamma-
some by <y-tocotrienol ameliorates type 2 diabetes. J. Lipid
Res. 2016. 57: 66-76.
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v-Tocotrienol (yT3) is an isomer of unsaturated vitamin
E known to exert potent anti-inflammatory functions in
various cell types including macrophages, adipocytes, and
several cancerous cells (1). There is emerging evidence
suggesting that yT'3 promotes insulin sensitivity, attenuates
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adipose inflammation, and decreases hepatosteatosis (2-5).
The inhibition of nuclear factor kB (NFkB) signaling has
been implicated in the underlying mechanism by which
vT3 regulates cellular processes from cell proliferation to
insulin sensitization (5-7). However, the fundamental
molecular mechanism whereby yI'3 modulates inflam-
mation in diverse cell types and mitigates the accompa-
nying pathophysiological sequelae is unknown.
Inflammasomes are multiprotein cytosolic receptors
that detect damage signals triggered by invasion of patho-
gens or by metabolic stresses leading to production of type
1 interferons and proinflammatory cytokines. Excessive
activation of inflammasomes is frequently associated with
the prevalence of various chronic inflammatory diseases
including multiple sclerosis, Alzheimer’s disease, athero-
sclerosis, age-related macular degeneration, and type 1
and 2 diabetes (8). Notably, a critical role of the NOD-like
receptor protein 3 (NLRP3) inflammasome has been es-
tablished in the progression of insulin resistance to type 2
diabetes (9-11). The assembly of inflammasomes is initi-
ated by scaffolding proteins, either NLR (NOD-like re-
ceptor proteins) or AIM2 (absent in melanoma 2). It
subsequently recruits adaptor protein ASC (apoptosis-as-
sociated speck-like protein containing a caspase recruit-
ment domain) and pro-caspase-1. Upon assembly of the
inflammasome, caspase-1 becomes active and in turn acti-
vates proinflammatory cytokines pro-interleukin (IL)-1
and pro-IL-18 through proteolytic cleavage, resulting in
the secretion of IL-13 and IL-18 and cell pyroptosis (re-
viewed in Ref. 12). Activation of the NLRP3 inflammasome
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is regulated by two discrete signaling cues: the priming
and assembly of the inflammasome. The priming of
NLRP3 inflammasome consists of the transcription of in-
flammasome components and requires NFkB-mediated
transcription of pro-Il-1B, pro-Il-18, and Nhp3 (13). Subse-
quently, the inflammasome assembles in response to the
engagement of pattern recognition receptors by pathogen-
associated molecular pattern (PAMP) or damage-associated
molecular pattern (DAMP) endogenous signals (sterile
inflammation); the latter include FFA, free cholesterol,
uric acid, and ATP. One of the key mechanisms by which
inflammasome assembly can be repressed is autophagic
degradation of these deleterious molecular factors (re-
viewed in Ref. 14).

Our previous work as well as others has shown that yT3
can block NFkB activation (5-7) and stimulate AMP-
activated protein kinase (AMPK) and autophagy in a variety
of cell types (15-18). In the present study, we ask whether
YT3 represses the NLRP3 inflammasome and associated
inflammatory processes in type 2 diabetes by modulating
NFkB, AMPK, and autophagy signaling pathways. Using
murine macrophages and leptin receptor knockout (db/db)
mice, we clearly show that yT'3 blocks NLRP3 inflamma-
some activation and ameliorates type 2 diabetes.

RESEARCH DESIGN AND METHODS

Chemicals and reagents

¥T3 (with 90% purity) was kindly provided by Carotech. yT3
was prepared as previously described (18). Compound C was pur-
chased from Calbiochem. All other chemicals and reagents were
purchased from Sigma Chemical Co., unless otherwise stated.

Animals

All animal experimental procedures were approved by the
Institutional Animal Care and Use Committee at the University
of Nebraska-Lincoln. Male BKS.Cg-Dock7m+/ +Leprdb/J mice (re-
ferred to as db/db mice) were obtained from Jackson Laboratory.
Animals were housed in a specific pathogen-free facility and
given free access to food and water. Mice (6 weeks old) were fed
a standard AIN93G diet (control) or the AIN93G containing
0.1% (w/w) yT3 for 8 weeks. Mice were given fresh rations daily.
Food and water consumption were measured every day for 3 days
during the last week of feeding before euthanasia. Individual
body weights were measured weekly.

Preparation of bone marrow-derived macrophages
and stimulation for inflammasome

Primary bone marrow cells were isolated from the femurs of
6- to 10-week-old C57BL/6 mice and stimulated to differentiate for
7-10 days in L-cell conditioned medium (CM) as we described pre-
viously (5). The resulting differentiated bone marrow-derived
macrophages (BMDMs) were pretreated with yT3 or vehicle
(DMSO) for 24 h, then primed with lipopolysaccharide (LPS)
(100 ng/ml) for 1 h, and stimulated either with nigericin (Ng;
6.5 uM, a K'/H" ionophore) for 1 h or palmitate (PA; 400 uM
complexed with BSA) for 12 h.

Pro-IL-1B-Gaussia luciferase reporter assay

The J774 macrophages stably expressing pro-IL-1B-Gaussia lu-
ciferase (iGLuc) fusion construct (Fig. 1A) were a generous gift
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Fig. 1. T3 suppressed NLRP3 inflammasome procaspase re-
porter activity in iJ774 macrophages. iJ774 macrophages were
preincubated with yT3 (0-5 uM) for 24 h before LPS priming
(100 ng/ml for 1 h) and subsequent Ng stimulation. A: Structure
of the iGLuc (NLRP3 inflammasome and caspase activity reporter
constructs). B: Relative GLuc activity was quantified by luminome-
ter. C: IL-1 secretion (in medium) quantified by ELISA. Results in
B and C are shown as the mean = SEM (n = 6). Values not sharing
a common letter differ significantly (P < 0.05) by one-way ANOVA.
D: Cleavage of caspase-1 in cell extract and supernatant. Results in
D are representative of triplicate samples.

from Dr. Hornung (hereafter referred to as iJ774 macrophages)
(19). iJ774 macrophages were cultured in DMEM supplemented
with 1-glutamine, sodium pyruvate, and 10% (v/v) FBS (Gibco).
To determine Gaussia luciferase (GLuc) activity, the BioLux
GLuc assay kit (NEB Inc.) was used and read with a Synergy H1
multimode reader (BioTek). The cleavage product of the pro-IL-
1B-iGLuc fusion protein was detected in the media by Western
blot analysis using anti-GLuc antibody (NEB Inc.).

Glucose and insulin tolerance tests

A glucose tolerance test (GTT) was performed on fasted
(overnight) db/db mice by intraperitoneal injection of 10%
p-glucose solution [0.5 g/kg body weight (BW)]. Blood glucose
levels (mg/dl) were measured at 0, 15, 30, 60, and 120 min after
injection using a glucometer (Bayer, Contuor). Plasma insulin
levels at basal and 30 min after glucose intraperitoneal injection
were determined by ELISA (Crystal Chem). For insulin tolerance
test (ITT), fasted (4 h) db/db mice were administered 1 U/kg
BW of insulin (Novolin R); blood glucose levels were measured
at 0, 15, 30, and 60 min after injection.

Quantitative real-time PCR

Gene expression analysis was performed as described previ-
ously (18). Relative gene expression was determined based on
the 27**“" method with normalization of the raw data to either
36b4 or Gapdh (see primer sequences in supplementary Table 1).
For PCR microarray analysis, RT? profiler PCR array for mouse
inflammasome (PAMM-097ZD) was used according to the man-
ufacturer’s instruction (Qiagen). For each treatment, equal
amounts of total mRNA obtained from four mice were pooled.
The results were analyzed using software provided by Qiagen.
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Immunoblotting, immunoprecipitation, and ELISA

Total cell and tissue extract preparation and Western blot
procedures were conducted as we described previously (5). The
antibodies recognizing phospho(p)-p38(Thr180/182), TNF-a
interacting protein 3 (A20/TNFAIP3), ATG5, p-IKKa/
(Ser176/180), K63-linkage polyubiquitin, K48-linkage polyubiqg-
uitin, p-p44/42-ERK1/2 (Thr202/204), total (t)-ERK, p-AMPKa
(Thr 172), tAMPK, B-actin, LC3, p62, Beclin-1, IkBa, and p-IkBa
(Ser32/36) were purchased from Cell Signaling Technology. Anti-
bodies against NLRP3, TNF receptor-associated factor 6 (TRAF6),
and caspase-1 (p20) were purchased from R&D Systems, Santa
Cruz Biotechnology, and AdipoGen, respectively. For the immu-
noprecipitation of ubiquitinated-TRAF6, protein A/G magnetic
beads (Pierce) were used according to the manufacturer’s in-
struction. Plasma levels of adiponectin, IL-18, and IL-13 were
quantified by using commercial ELISA kits from R&D Systems.

Isolation of stromal vascular cells and flow cytometric
analysis

Epididymal fat pads were collected at the time of necropsy and
used for stromal vascular (SV) cell isolation by following the pro-
tocol of Orr et al. (20). For cell surface staining, cells were stained
for 30 min at room temperature in FCS-PBS buffer (1%) with the
following antibodies: FITC-CD4, PE-CD8, and APC/Cy7 CD45
and relative isotypes (BioLegend). SV cells were gated using for-
ward and side scatter characteristics for lymlli)hocytes on the basis
of at least 10,000 events using a FACSCalibur " flow cytometer (BD
Biosciences). Data were analyzed using FlowJo software (Treestar).

Hematoxylin and eosin staining, islet size determination,
and insulin staining

Paraffin-embedded epididymal adipose tissues from mice were
sectioned (10 wm) for hematoxylin and eosin (H&E) staining.
Paraffin-embedded pancreases were serially sectioned (5 pm) at
50 pm intervals and used for H&E staining and insulin immunos-
taining. For determination of average islet size, ~150-200 islets
were counted per mouse pancreas from the six serial sections of
H and E-stained paraffin block (using Image ] software). For in-
sulin staining, pancreas sections were incubated with a primary
insulin antibody (dilution 1:50, Dako), followed by incubation
with EnVision-AP™ (Dako) and visualized using a SIGMA-FAST™'
Fast Red system with hematoxylin counterstaining.

siRNA transfection

siRNAs (On-Target smart pool) targeting mouse A20 (7n-
Jfaip3) or nontargeting siRNA control were transfected into 1] 774
macrophages at a final concentration of 100 nM using Dharma-
FECT4 transfection reagent (GE Dharmacon). Forty-eight hours
after transfection, cells were washed and stimulated as indicated
in the figure legends.

Statistics

The two-tailed Student’s #test was used for statistical analyses
of two-group comparisons. Multigroup comparisons were per-
formed by a one-way ANOVA followed by Tukey’s multiple com-
parison test. All statistical analyses were performed using GraphPad
Prism 6 (version 6.02).

RESULTS

vT3 Inhibited NLRP3 inflammasome activation
in macrophages

To test whether yT3 suppresses NRLP3-inflammasome
activation, we first performed the iGLuc reporter assay for
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inflammasome and protease activity (Fig. 1A) in iJ774
macrophages. The yT3 (0-5 wM) dose-dependently de-
creased Gaussia luminescence upon Ng stimulation of
LPS-primed iJ774 macrophages (Fig. 1B). Similarly, IL-13
secretion in the medium decreased gradually with increas-
ing dose of yT'3 (Fig. 1C). In addition, we observed a step-
wise decrease of cleaved caspase-1, a surrogate marker for
caspase-1 activation, in both cell extracts and supernatants
upon treatment with graded dose of yI3 (Fig. 1D). We
confirmed these results in primary BMDMs where pre-
treatment with 1 uM yT3 repressed the secretion of IL-13
and IL-18 in LPS-primed Ng-stimulated cells (Fig. 2A).
The mRNA levels of II-1B, II-18, and Nlrp3 were also mark-
edly decreased by yT3 (Fig. 2B), suggesting that yT'3 sup-
presses the priming of NLRP3 inflammasome. Additionally,
the abundance of NLRP3 protein and caspase-1 cleavage
were decreased, whereas LC3II and p-AMPKa (Thrl72)
were increased by yT3 (Fig. 2C). To determine whether
¥T3 is able to suppress DAMP-triggered inflammasome ac-
tivation, LPS-primed BMDMs were stimulated with 400 uM
of PA. yT3 pretreatment (1 wM) remarkably reduced:
1) the secretion of IL-13 and IL-18 in the medium (Fig.
2D); 2) the mRNA levels of 1I-1B, Il-18, and Nirp3 (Fig. 2E);
and 3) the protein abundance of NLRP3 and cleaved cas-
pase-1 (Fig. 2F). yT3 concomitantly induced LC3II accu-
mulation and AMPK phosphorylation (Fig. 2F) implying
that the AMP kinase/autophagy axis was stimulated.

vT3 ameliorated the progression of type 2 diabetes
in db/db mice

To determine the effectiveness of yT'3 supplementation
in preventing the progression of type 2 diabetes, db/db
mice were fed either an AIN93G diet devoid of yT3 (con-
trol) or an AIN93 diet containing 0.1% yT3 (1 g/kg diet) for
8 weeks. Feeding yT'3 to db/db mice was associated with the
improvement of diabetic hyperphagia (Fig. 3A) and dia-
betic thirst (polydipsia) (Fig. 3B), and a slight but signifi-
cant increase in body weight (Fig. 3C). Importantly, results
show a significant decrease in fasting glucose levels (Fig.
3D), but an increase of adiponectin levels (Fig. 3E). yT3
also improved glucose disposal during the GTT (Fig. 3F).
There was no significant change in fasting insulin levels
between the two groups. However, 30 min within the GTT,
plasma insulin failed to rise in control mice, whereas in
yT3-fed mice plasma insulin levels were increased ~2-fold
(Fig. 3G). During the ITT, the insulin injection (1 U/kg
BW) markedly improved glucose clearance to the same
extent in both groups of mice (Fig. 3H). H&E staining of
pancreatic islet cells revealed that the average islet size was
significantly larger in yT'3-fed mice than in controls (Fig. 3I),
and the islet size distribution shifted toward larger sizes in
yT3-fed mice (Fig. 3]). Moreover, the percentage of insu-
lin-positive area per islet was significantly higher in yT3-
fed mice than controls (5.9% vs. 2.4%; Fig. 3K). The
immunostaining of the islets also showed that islet integrity
was better preserved in yIT'3-fed mice with a low degree of
immune cell infiltration (Fig. 3L). Collectively, these data
indicate that yT3 attenuates the loss of pancreatic B-cells
and delays the progression of type 2 diabetes in db/db mice.
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Fig. 2. T3 inhibited NLRP3 inflammasome in BMDMSs. BMDMs were preincubated with vehicle (DMSO)
or yT3 (1 uM). Inflammasome activation was triggered by either Ng (A-C) or PA (D, E) in LPS-primed
BMDMs. IL-18 and IL-18 secreted in culture medium was measured by ELISA (A, D). The mRNA levels of
113, Il-18, and Nbrp3 were analyzed by quantitative PCR (qPCR) (B, E). The protein levels of NLRP3, cas-
pase-1, LC3, p-AMPKa (Thr172), and B-actin in cell lysates determined by Western blot (C, F). All data are
shown as mean + SEM in A, B, D, and E (n = 6 per group). Values not sharing a common letter differ signifi-
cantly (P < 0.05) by one-way ANOVA. Results in C and F are representative of triplicate samples.

vT3 suppressed NLRP3 inflammasome activation
in peritoneal macrophages of db/db mice

We asked whether the observed improvement of type 2
diabetes sequelae by yI'3 was due to the suppression of
NLRP3 inflammasome activation and associated inflam-
matory processes. We found that plasma IL-18 was de-
creased by ~2-fold in yT3-fed versus control mice (Fig. 4A),
whereas IL-13 levels were below detection limit in both
groups. Next, we isolated the peritoneal macrophages
from db/db mice fed the experimental diets for 8 weeks to
carry out further analysis. Consistent with the results in
Fig. 1, the mRNA levels of NFkB target genes, which in-
cluded 1l-6, Tnfa, Il-1B, 1I-18, and Nlrp3, were significantly
downregulated in the macrophages of yI'3-fed mice (Fig.
4B). There was a ~40-fold increase in A20 transcript lev-
els, a negative feedback regulator of NFkB (Fig. 4B). The
inflammasome 84-gene array revealed that no gene was

significantly upregulated by yIT'3 supplementation. How-
ever, six genes (i.e., Il-12b, Nlrp3, Nfkbib, Nlrc5, NLrp4b, and
Nirp12) were differentially downregulated >2-fold in the
macrophages of yT3-fed mice (Fig. 4C; also see supple-
mentary Table 2). Western blot analyses showed that the
macrophages of yI'3-fed mice had less phosphorylated
MAP kinase (p-ERK and p38), more IkBa and A20/TN-
FAIP3, and less NLRP3 and cleaved caspase-1 (Fig. 4D).
We also investigated the role of yT3 in autophagy in
peritoneal macrophages of db/db mice. p-AMPKa (Thr 172)
as well as markers of autophagic activation, including
Beclin-1, autophagy protein 5 (ATG5), and LC3II, were
markedly increased by yT'3, whereas p62 was decreased by
yT3 (Fig. 4E). Because p62 is degraded in autolysosome,
p62 levels are inversely correlated with autophagic flux. To
confirm that the autophagic flux was stimulated by yT3,
BMDMs were treated with chloroquine (CQ), a lysosomal

NLRP3 inflammasome and vy-tocotrienol 69



A B C D w00 E
<12 = 40 * e *
© o 30 = @ £
k=l 2 o o o =
S 9 *% E ok = 30 g _ o 2 3
e = E 33 kkKk =
g g 20 2 2 <
i 3 2 20 ggzoo 5 e 3 2
£ £ - £ €
B3 5" B 10 2 100 % 21
=] © m [ T
w g <

0 0 0 0
cont T3 cont ¢T3 cont T3 cont ¢T3 cont T3

F . G H
—600{ % * .

3 *%x T 3] O cont ok T 5007 %k

B 5 -o- cont
f=2] £ - ¥T3 =, 400

E 400 ) ! =2 4T3
@ £ & £ 300

@
9 200 -o- cont = @ 200

g 4T3 E 1 S 100

0 =g O o0
0 30 60 90 120 0 30
Minutes
[ ” K
g 40 Ocont _
100

£ ek W1 =2
80 =

2 3 g . *k

R E20 @

240 2 2

] S 10 =4

w 20 o o

= N ?‘2

0 n 0 £
R R
£ @ @ a0 W =" cont 4T3
& o Y N
A

Fig. 3. T3 ameliorated the progression of type 2 diabetes in db/db mice. Male db/db mice were fed with
either an AIN93G control diet devoid of yT3 or an AIN93G diet containing 0.1% T3 for 8 weeks (n = 12
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quantified by ELISA. H: ITT. I: Average size of islets of Langerhans. J: Relative size distribution of the pan-
creatic islets. K: Percentage of insulin-positive area/pancreas area. L: Representative images of insulin-
positive islet area after immunohistochemical staining of insulin (n = 5). All data are shown as mean + SEM.

* P<0.05; ¥ P<0.01; *¥* P<0.001 by Student’s test.

degradation inhibitor. yT3 (but not control) led to LC3II
accumulation and p62 degradation in CQ-treated BMDMs
(Fig. 4F) implying that yT3 coregulates autophagosome
formation and inflammasome activation. Taken together,
these data revealed that yT3 decreased NLRP3 inflamma-
some activation in macrophages of db/db mice.

vYT3 decreased immune cell infiltration into white
adipose tissue and preserved insulin sensitivity

The impact of yT'3-mediated suppression of NLRP3 in-
flammasome activation on adipose tissue inflammation
was further investigated in epididymal white adipose tis-
sue (WAT) of db/db mice. H&E staining revealed that
vT3 supplementation significantly reduced immune cell
infiltration into WAT (Fig. 5A). Flow cytometric analysis
of the SV fractions showed that total macrophage infiltra-
tion (F4/80") was decreased by ~30% in yT3-fed versus
control mice (12.3% vs. 8.3%; Fig. 5B). In addition,
Cdl1c gene expression was substantially decreased in the
WAT of yT3-fed mice (Fig. 5C). In accordance with the
anti-inflammatory role of yT3 in peritoneal macrophages
(Fig. 4C), feeding yT3 to db/db mice decreased the
mRNA levels of [l-18, II-18, and Nirp3 but raised those of
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A20in WAT (Fig. 5D). Flow cytometry data revealed that
the total leukocytes (CD45") and cytotoxic T-cell popula-
tions (CD45'/CD8") were significantly decreased in the
WAT of yT3-fed mice compared with control WAT
(Fig. BE).

Next, we examined whether yT3 modulates NLRP3 in-
flammasome activation in WAT. Our results showed that
vT3 supplementation decreased NLRP3 expression, ERK
phosphorylation, and caspase-1 cleavage, but increased
protein levels of IkBa and A20 in epididymal WAT (Fig.
5F). Furthermore, the WAT of yT3-fed mice exhibited
higher AMPK phosphorylation (Thr172) and Beclin-1 and
LC3II abundance, but lower abundance of p62 compared
with control mice (Fig. 5G), collectively suggesting activa-
tion of the AMPK/autophagy axis by yT3.

To assess whether yT'3 could preserve insulin sensitivity
of adipocytes from the deleterious effects of IL-18, pri-
mary mouse adipocytes differentiated from mesenchymal
stem cells were first cultured with or without yT3 (1 wM).
Then adipocyte cultures were exposed to the IL-18-
containing CM obtained from LPS/Ng-treated iJ774 (Fig.
5H, left). The insulin-stimulated Akt phosphorylation was
significantly reduced following exposure to the CM (Fig. 5H,
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lines are differentially expressed by at least 2-fold. Insert: Fold change of downregulated genes (open bar,
control macrophages; closed bar, yT3-fed macrophages). D: Western blot analysis of p-ERK, -ERK, p-p38,
IkBa, A20, NLRP3, and cleaved caspase-1. E: Western blot analysis for p-AMPK and t-AMPK, and autophagy-
related protein expression of Beclin-1, Atgh, LC3, and p62 (see supplementary Fig. 1 for quantification). F:
BMDMs were stimulated for inflammasome formation by PA/LPS for 12 h. CQ (10 uM, an autophagy inhibi-
tor) was added 3 h before harvest. Protein levels of LC3I/II, p62, and B-actin were determined by Western
blot (n = 3). Data in A and B are expressed as mean + SEM. * P< 0.05; ¥* P< 0.01; *** P<0.001.

lane 5), unless the adipocytes had received yT'3 (Fig. 5H,
lane 6). Collectively, these data demonstrate that yT3
reduced NF«kB and NLRP3 inflammasome activation in
WAT resulting in attenuation of adipose tissue inflamma-
tion and preservation of insulin sensitivity.

vT3 blocked NFkB-mediated priming of the
inflammasome

NFkB activation is a critical step for the priming of the
inflammasomes. Based on multiple observations that yT3
increased A20 expression (Figs. 4, 5), we hypothesized
that yT'3 inhibits NFkB signaling pathway via activation of
A20, an ubiquitination-editing enzyme. We further hy-
pothesized that A20 activation hinders the ubiquitination
of TRAF6. The formation of a polyubiquitin chain (K63-
Ub) on TRAFG is critical for TRAF6-mediated phosphory-
lation and activation of IKK. Following activation, IKK

phosphorylates IkB, which undergoes proteosomal degra-
dation thereby allowing NFkB to dimerize into its active
form (21). To test these hypotheses, BMDMs were pre-
treated with or without yT3 (1 pM) and then stimulated
with LPS, and mRNAs and proteins were collected over a
3 h time course. We found that /-1 mRNA levels were
inversely associated with those of A20 (Fig. 6A). The eleva-
tion of A20 protein abundance induced by yT3 coincided
with: I) the decrease of p-IkB kinase (IKK) o/f, p-ERK,
and p-IkBa; 2) the reappearance of IkBa; and 3) the dis-
appearance of TRAF6, suggesting a negative feedback of
A20 on TRAF6/IKK/NFkB signaling (Fig. 6B).

It has been shown that A20 can transfer TRAF6-bound
Ub from residue K63 to K48 thereby causing the protea-
somal degradation of TRAF6 (22). Thus, we performed
immunoprecipitation to determine K63- versus K48-Ub
status of TRAF6. As opposed to the study by Muroi and
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from the control and yT3-fed db/db mice. A: H and E staining. B: Flow cytometric determination of F4/ 80" population from adipose SV
fraction (representative flow cytogram of four mice per group). C: CdlIc gene expression (n = 6). D: mRNA expression /-1, 1I-18, Nlrp3,
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Tanamoto (22), inhibition of proteasomal degradation by
MGI132 failed to rescue the yT3-mediated decrease of
TRAF6 or to increase K48-Ub of TRAF6 (Fig. 6C). Similarly,
YT3 also lowered K63-Ub of TRAF6 compared with con-
trols (Fig. 6D). Taken together, we posit that A20 induc-
tion by yT3 inhibited the ubiquitination of both the K48
and K63 residues of TRAF6 and promoted TRAF6 nonpro-
teasomal degradation, leading to early blockage of the
NFkB signaling pathway and repression of inflammasome
priming.

Inhibition of A20 and AMPK activation altered IL-13
secretion and caspase-1 cleavage by yT3

To determine whether AMPK mediates yT3’s inhibi-
tion of the inflammasome, we treated iJ774 macrophages
with Compound C (10 wM), a chemical inhibitor of
AMPK. Results showed that Compound C partially re-
versed yT'3-dependent decreases in IL-1@ secretion (Fig. 7A),
caspase-1 cleavage (Fig. 7B, top), and iGLuc activity (Fig.
7B, bottom). To ascertain the contribution of A20 induc-
tion by yT3 in the lowering of IL-13 secretion and
caspase-1 activation, A20 was knocked down in iJ774 mac-
rophages using siRNAs. As expected, the silencing of A20
effectively decreased yT3-mediated A20 induction but
did not reverse yI'3-mediated blockage of caspase-1 cleav-
age (Fig. 7C). Although total IL-1B levels were signifi-
cantly increased in siA20-transfected cells versus siControl
cells, the extent to which yT3 attenuated IL-13 secretion
was not significantly different between siA20 and siCon-
trol cells (A of columns 1 and 2 vs. A of columns 3 and 4;
Fig. 7D). Taken together, our results suggest that I)
AMPK mediates the blockage of caspase-1 cleavage af-
forded by yT3, 2) A20 downregulates NFkB-mediated

production of IL-13, and 3) yT3 can inhibit IL-1p produc-
tion independently of A20.

DISCUSSION

The activation of the NLRP3 inflammasome is positively
associated with the prevalence of type 2 diabetes. Conse-
quently, targeting the inhibition of NLRP3 inflammasome
is an attractive strategy against type 2 diabetes. In this
study, we addressed the question of whether yTI3, an un-
saturated form of vitamin E, is effective in suppressing the
NLRP3 inflammasome and mitigating the pathophysiolog-
ical consequences of inflammation in a mouse model of
type 2 diabetes. Our results showed that yT3 inhibits the
NLRP3 inflammasome activity by two-pronged mecha-
nism: /) the blockage of inflammasome priming and
2) the impediment of inflammasome activation. To our
knowledge, this is the first study to characterize the role of
¥T3 in inhibiting the NLRP3 inflammasome and show
that, by acting through the inflammasome, yT3 dietary
supplementation can improve insulin resistance in mice.

Intense research is currently being devoted to the dis-
covery of chemical inhibitors of the NLRP3 inflammasome
(23), blocking agents of the IL-1@ signaling such as IL-1R
(IL-1 receptor) antagonist (24), and neutralizing antibod-
ies (25, 26). Although, there is growing evidence that nu-
trition is a critical modulator of the inflammasome, few
attempts have been made to inhibit the NLRP3 inflamma-
some through diet. For instance, elevated levels of circulat-
ing FFAs were shown to activate the NLRP3 inflammasome
and weaken insulin sensitivity (27, 28). In contrast, w-3 FA
(29) and MUFAs (30) have been shown to curtail NLRP3

NLRP3 inflammasome and vy-tocotrienol 73



Cleaved || |
— *k ngaspased
— *kk
= T ns
ar: 1.0+ T
E 4004 g
D a
£ Q
==Y < 0.5
~ 200 & 25
=
0l 0.0-
CompdC — - + + CompdC— - + +
T3 — + — + s = + = +
LPS/IPA + + + + LPSIPA + + 4+ +
C
siA20 - - + +
13— + — +
LPS/PA + + + +
Cleaved
Caspase-1 - b

yT3 —
LPS/PA +

Fig. 7. AMPK and A20 contributed to yT3-mediated lowering of
IL-1B secretion. iJ774 macrophages were treated with Compound
C (10 M) to inhibit AMPK (A-C) or transfected with either A20-
targeting siRNA (siA20+) or nontargeting siRNA (siA20—) fol-
lowed by LPS/PA stimulation for 12 h (C, D). A: Secreted IL-13 was
measured by ELISA (n = 6). B: Relative GLuc activity of iGLuc (bot-
tom) and caspase-1 cleavage (top). C: Western blot analysis of A20,
cleaved caspase-1, and B-actin (representative of triplicate sam-
ples). D: Secreted IL-13 was measured by ELISA (n = 6). The dot-
ted line indicates the basal IL-13 level of siCont cells primed with
LPS/PA. All data are expressed as mean + SEM. * P < 0.05; ** P <
0.01; *** P<0.001. ns, nonsignificant.

inflammasome activation. In this study, we report on the
previously unrecognized function of yT3 [at physiologically
relevant concentration (1)] as a potent negative regulator
of the NLRP3 inflammasome. Our data clearly show that
vT3 inhibited the NLRP3 inflammasome in three macro-
phage models [i.e., i]774 macrocytic cells (Fig. 1), primary
BMDMs (Fig. 2), and peritoneal macrophages freshly iso-
lated from db/db mice (Fig. 4)]. In addition, the suppres-
sion of NLPR3 inflammasomes by yT'3 was evident upon
stimulation of PAMP with Ng, and of DAMP with PA (Fig. 2).
We also found that yT3 altered the NLR-subset inflamma-
some, but not the AIM2-scaffold inflammasome, the adap-
tor protein ASC, or the other caspases (Fig. 4C), suggesting
that yT'3 has therapeutic potential against metabolic dis-
eases where the NLRP3 inflammasome is implicated, such
as obesity, atherosclerosis, and type 2 diabetes (8).

In the obese, the chronic stimulation of Toll-like recep-
tor 4 by FAs has been shown to activate the NLRP3 inflam-
masome of macrophages residing in the adipose tissue
and provoke the massive influx of immune cells into WAT
(27, 31). Here, we investigated the potential mitigating
properties of dietary yT3 on the inflammatory and immu-
nological consequences of obesity toward glycemia, insu-
linemia, and WAT remodeling. To that end, we determined
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the composition of NLRP3 inflammasomes, the extent of
immune cell infiltration, and insulin sensitivity. We found
that the lowering of NLRP3 inflammasome in the WAT of
yT3-fed mice (Fig. 5F) was associated with the lowering of
cytotoxic CDS8" T cells and macrophages in WAT (Fig. bA,
B), and with the amelioration of insulin resistance (Figs. 3,
5H).

The destruction of pancreatic 3-cells and impairment of
insulin production are hallmarks of late-stage type 2 diabe-
tes (32, 33). Because of a lack of specimens, we were un-
able to determine whether the protection of [ cells
afforded by yT3 (Fig. 3I-L) was due to the blockage of in-
flammasome formation within the islets or the insensitivity
of 3 cells to the deleterious effects of IL-1(3 paracrine sig-
naling. We are currently investigating whether yT3 inhib-
its the inflammasome of macrophages residing in islets or
the inflammasome of 3 cells themselves, or both.

Mechanistically, we had anticipated that yT'3 would in-
hibit the priming of NLRP3 inflammasome based on yT3’s
intrinsic ability to suppress NFkB (5). However, we did not
anticipate that yI3 would augment A20 induction, an
ubiquitin-editing enzyme (34). Single nucleotide poly-
morphisms in the Tnfaip3/A20 are associated with in-
creased susceptibility to chronic inflammatory diseases
(35, 36). Deletion of A20 has been shown to cause hyper-
sensitivity to TNF-a due to the constitutive activation of
NFkB, leading to premature death (37). In addition, an
inverse correlation between diabetes incidence and A20
mRNA levels was found in patients with both type 1 and
type 2 diabetes (38). In our study, multiple lines of evi-
dence demonstrated that A20 is augmented by yI3 to
mitigate the priming of the NLRP3 inflammasome (Figs.
4, 6, and 7). Recently, Wang et al. (39) have reported that
YT3 causes A20 induction via regulation of sphingolipid
metabolism. It is presently unknown whether alterations
to sphingolipid metabolism by yT3 affected NLRP3 in-
flammasome activity in our study. Nonetheless, the work
by Wang et al. corroborates our claim that yT'3 protects
against abnormal stimulation of the innate immune sys-
tem in part through the upregulation of A20 and feedback
inhibition of priming of the NLRP3 inflammasome. In-
deed, A20 silencing with siRNA did not completely reverse
v¥T3’s inhibition of IL-1B secretion (Fig. 7C, D), suggest-
ing that A20 activation is important but not sufficient, and
full inhibition of NLRP3 inflammasome necessitates the
coordinated involvement of additional factors. One of
these factors may be autophagy because Matsuzawa et al.
(40) reported that A20 activation and autophagy cooper-
ate in T-cell survival.

Autophagy regulates the fate of inflammasomes by en-
gulfing PAMP and DAMP signals (41, 42). We clearly dem-
onstrated that yT3 activates AMPK and autophagy (Figs. 2,
4, and 5). We further showed that the inhibition of AMPK
with Compound C almost completely reversed yT3’s sup-
pression of NLRP3 inflammasome and caspase-1 cleavage,
indicating that AMPK activation is critically important in
the mechanism of yTI3 (Fig. 7). Further research explor-
ing the cross-talks between the A20 and AMPK/autophagy
signaling pathways is needed to fully understand the



precise mechanism by which yT3 suppresses NLRP3 in-
flammasome activation.

Most tocotrienol dietary supplements are provided as
mixed formulations of a-, y-, and d-tocotrienols, with the
exception of tocotrienol supplmentation isolated from an-
natto seeds, which contain >90% of 3-tocotrienol. The bio-
availability of yTI3 has been shown to vary in humans
depending on the tocotrienol composition of the dietary
source, the target population, and the study design (re-
viewed in Ref. 43). Tocotrienols circulate in blood bound
to lipoproteins, in particular to HDL particles, suggesting
that the plasma lipoprotein profile affects tocotrienol me-
tabolism. Due to the low binding affinity of tocotrienols
for the a-tocopherol transfer protein, the transfer of toco-
trienols to HDL particles must occur via alternative, yet to
be identified pathways (44, 45). The tocotrienol-rich frac-
tion supplementations are considered safe. They obtained
the GRAS (Generally Recognized as Safe) designation
from the Food and Drug Administration. Based on a recent
review by Podszun et al. (46), there is no clear evidence
that high doses of vitamin E (>300 mg/day), either as to-
cotrienols or tocopherols, cause adverse effects in either
animals or humans. However, we note that a meta-analysis
of human studies with vitamin E raised some concerns with
regard to high-dose vitamin E supplementation, which may
have adverse effects when consumed with certain drugs,
such as aspirin (47). Despite some uncertainties regarding
the metabolism of tocotrienols, multiple clinical studies
support their beneficial effects against metabolic diseases
(48). By showing that yT3 inhibits the NLRP3 inflamma-
some and considering that the innate immune response
plays a central role in metabolic disorders, our study may
provide a possible explanation for some of the clinical
positive outcomes of tocotrienol supplementation (8).

In summary, the critical role of the NLRP3 inflamma-
some in the pathophysiology of insulin resistance was con-
firmed in human studies (49, 50). Hence, by revealing that
vT3 supplementation blunts NLRP3 inflammasome activ-
ity and delays the progression of type 2 diabetes, our present
work has clinical relevance. Although further investiga-
tions in human subjects are necessary to validate the thera-
peutic applicability of our work, we herein present seminal
evidence that yT3 is an anti-inflammatory vitamin by in-
hibiting the NLRP3 inflammasome in macrophages.ill

The authors thank Dr. Hornung at the University of Bonn for
providing the iGLuc reporter for inflammasome assay.
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