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Abstract Parkinson's disease (PD) is recognized as the most
common neurodegenerative movement disorder and results in
debilitating motor deficits. The accumulation and spread of neu-
rotoxic synuclein aggregates in the form of Lewy bodies is a key
pathological feature of PD. Chronic activation of the NLRP3
inflammasome by protein aggregates is emerging as a major
pathogenic mechanism in progressive neurodegenerative disor-
ders and is considered an important therapeutic target. Recently
the ketone body, 3-hydroxy butyrate (BHB), was shown to effi-
ciently inhibit the NLRP3 inflammasome in macrophages, and
in vivo models of inflammatory disease. Furthermore, BHB can
readily cross the blood brain barrier suggesting that it could have
therapeutic benefits for the management of PD. In this study, we
evaluated if BHB could inhibit chronic microglial inflammasome
activation induced by pathological fibrillar synuclein aggregates.
Interestingly, we found that BHB treatment almost completely
blocked all aspects of inflammasome activation and pyroptosis
induced by ATP and monosodium urate (MSU) crystals, consis-
tent with previously published reports in macrophages.
Surprisingly however, BHB did not inhibit inflammasome acti-
vation and release of IL-1f3 or caspase-1 induced by synuclein
fibrils. Our results demonstrate that BHB does not block the
upstream pathways regulating inflammasome activation by sy-
nuclein fibrils and suggest that synuclein mediated
inflammasome activation proceeds via distinct mechanisms com-
pared to traditional NLRP3 activators such as ATP and MSU.
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Introduction

Parkinson’s disease (PD) is recognized as the second most com-
mon neurodegenerative disease, and is characterised by a pro-
found loss of dopaminergic neurons in the substantia nigra, lead-
ing to dopamine deficiency and subsequent motor deficits
(Sulzer 2007; Ozawa 2010). The accumulation and spread of
Lewy body aggregates, consisting primarily of misfolded alpha
synuclein, is considered a central hallmark of the disease al-
though the precise pathological mechanisms involved remain to
be defined (Luk et al. 2012; Peelaerts et al. 2015). Chronic acti-
vation of the NLRP3 inflammasome in the CNS has emerged as
an important mechanism by which misfolded protein aggregates
can trigger persistent neuroinflammation and subsequent neuro-
degeneration in the CNS (Heneka et al. 2013; Heneka et al. 2014;
Walsh et al. 2014; Heneka et al. 2015). The NLRP3
inflammasome has been shown to be activated by multiple
misfolded and prionoid protein aggregates including 3-amyloid,
synuclein and prions (Heneka et al. 2013; Gustin et al. 2015;
Gustot et al. 2015). Crucially, NLRP3 knockout mice are
protected against neuropathology in multiple neurodegenerative
disease models suggesting that the NLRP3 inflammasome could
be a major disease-modifying therapeutic target (Heneka et al.
2013; Heneka et al. 2015).

Recently, the ketone body (-hydroxybutyrate (BHB) was
shown to be an effective inhibitor of the NLRP3 inflammasome
in response to multiple activation stimuli including ATP, silica
and monosodium urate (MSU) crystals (Youm et al. 2015).
Given that BHB is capable of effectively crossing the blood brain
barrier, NLRP3 inhibition by BHB could be a major therapeutic
strategy for PD and other neurodegenerative disorders in which
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chronic inflammasome activation has been shown to drive dis-
ease pathology and progression. Further, previous studies in the
MPTP model of PD suggested that BHB can confer partial neu-
roprotection and protect against motor deficits (Kashiwaya et al.
2000; Tieu et al. 2003). However, the effects of BHB on synu-
clein pathology, or on inflammasome activation by pathological
synuclein aggregates in microglia have not been studied to date.
Therefore, we evaluated if BHB can inhibit inflammasome acti-
vation by fibrillar synuclein aggregates as well as traditional
NLRP3 activators such as ATP and MSU in primary microglial
cultures. Surprisingly, we found that while BHB effectively
blocked microglial NLRP3 activation induced by ATP and
MSU, it had no inhibitory effects on inflammasome activation
by fibrillar synuclein aggregates. In contrast, the well-
characterized and highly specific caspase-1 inhibitor, VX-765,
effectively blocked NLRP3 activation and IL-1(3 release by sy-
nuclein fibrils. These findings suggest that inflammasome acti-
vation triggered by fibrillar synuclein aggregates proceeds by
distinct upstream mechanisms compared to traditional NLRP3
activators such as ATP and MSU. Crucially, our results indicate
that BHB may not be effective at blocking inflammasome-
mediated pathology in the CNS that is driven by misfolded pro-
tein aggregates.

Materials and Methods
Primary Microglia Cultures

Postnatal day mouse pups from day PO to P1 were collected
and washed with Dulbecco’s modified Eagle’s medium/F-12
nutrient mixture (DMEM-F12, GIBCO Catalogue number-
11320) supplemented with 10% heat-inactivated fetal bovine
serum (GIBCO), 50 U/mL penicillin, 50 pg/mL streptomycin,
2 mM l-glutamine, 100 uM non-essential amino acids, and
2 mM sodium pyruvate (Invitrogen). Trypsin (Sigma 0.25%)
were added to the brains incubated at 37 °C for 30 min and
neutralization of trypsin was done after 30 min by adding
equal amount of media. Mouse brains were triturated and
passed through a 70 um nylon mesh cell strainer. Cells were
then incubated in a CO, incubator at 37 °C for 1416 days.
The separation of microglia was performed using a column-
free magnetic separation system as previously described
(Gordon et al. 2011).

Preparation of Fibrillar Synuclein Aggregates

Recombinant human synuclein was obtained from rPeptide
Inc. (Bogart, GA) and in vitro fibril generation was performed
by incubation at 37 °C with agitation in an orbital mixer for 5—
7 days with sonication used to break down fibrillar aggregates
as described previously (Luk et al. 2012; Herva et al. 2014).
The generation of fibrillar Syn species was confirmed by

transmission electron microscopy and Thioflavin T fluores-
cence prior to use.

Primary Microglia Treatment for Inflammasome
Activation

For inflammasome activation experiments, 1 x 10° cells of
primary microglia were plated in 96 well plate and 5 x 10°
in 12 well plate with serum-free media overnight and primed
with 200 ng/ml of ultrapure LPS for 3 h. Cells were then
washed in serum-free medium after priming to remove any
residual LPS and stimulated with conventional NLRP3
inflammasome activators ATP (5 mM) and MSU (250 pg/
ml) or fibrillar Syn (10 uM) for the indicated time points.
BHB was added 15 min prior to NLRP3 activation at a con-
centration of 10 mM which has been shown to effectively
block NLRP3 activation by multiple particulate and soluble
activation stimuli (Youm et al. 2015). At the end of treatment,
the supernatant was collected and stored at —80 °C until anal-
ysis by ELISA, LDH assay or western blotting.

IL-1$3 and TNFx ELISA

The mouse IL-1f3 kit (R&D Systems, Catalog # DY008), IL-
18 kit (R&D Catalog # S7625) and the BD Opti-EIA TNF kit
(Catalog # 558534) were used to measure IL-1(3, IL-18 and
TNF«x levels in the supernatants of activated microglia.
Briefly, the capture antibody was diluted to the working con-
centration PBS without carrier protein and incubated over-
night at 4 °C. The following day the plates were blocked with
assay diluent (1% BSA or 10% FBS in PBS) for 1 h. Plates
were then washed and 100 pl of standards and sample were
added to the plates and incubated at room temperature for 2 h.
Following a series of incubations and washes, detection anti-
body was added at the recommended working concentration
for 1 h. After a series of washes, 100 puL of the working
dilution of streptavidin-HRP were added to each well. The
plate was covered and incubated for 20 min at room temper-
ature. Again plates were washed and 100 pL of TMB sub-
strate solution (BD Biosciences) was added to each well and
incubated for 30 min at room temperature. Finally 50 puL of
stop solution was added to each well and the optical density
was determined using a SpectraMax microplate reader
(Molecular Devices).

Western Blotting

At the end of each treatment supernatants were collected and
concentrated by methanol-chloroform precipitation as previ-
ously described (Jakobs et al. 2013). The microglia cell lysates
were prepared by using an equal volume of RIPA buffer
(Pierce). The protein samples were separated using Bio-Rad
4-20% precast gels and then transferred onto nitrocellulose
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membranes. Membranes were blocked in the odyssey
blocking buffer for 1 h. Primary antibodies for NLRP3
(Adipogen Cryo-2 clone), caspase-1 (Adipogen Casper-1
clone) and IL-13 (R&D Systems) were prepared by at a con-
centration of 1:000 as specified by the manufacturer. After
incubation with Licor IR dye-labelled secondary antibodies
(1:10,000) and washing steps, the membranes were scanned
using Licor Odyssey CLX imaging system. For densitometric
analysis, band intensities were normalized against the
GAPDH loading control and represented as the fold change
over vehicle-treated controls.

Quantification of Caspase-1 Mediated Pyroptosis

At the end of each treatment, supernatants were collected and
LDH release was quantified using an LHD assay kit (TOX7-
1KT) as per the manufacturer’s instructions. Caspase-1 depen-
dent LDH release that was inhibited by the highly-specific
small molecule caspase-1 inhibitor VX-765 (20 uM), was
used as a readout for pyroptosis as previously described
(Coll et al. 2015; Bezbradica et al. 2017).

Data Analysis

Statistical analysis was performed using GraphPad Prism 6.0
software. Data are represented as mean + s.e.m. from at least 3
experiments. ANOVA followed by Tukey’s post-test was per-
formed to compare all treatment groups. ** P < 0.01 and ***
P < 0.001 denote statistically significant differences between
indicated groups.

Results

BHB Inhibits ATP and MSU-Induced Inflammasome
Activation in Primary Microglia

We first determined if BHB can inhibit inflammasome activa-
tion in primary microglial cells, by using the well-
characterized NLRP3 activators ATP and MSU. These studies
were performed to confirm this exciting new paradigm that
was recently identified in human and mouse macrophages
cells (Youm et al. 2015). ATP treatment caused robust
NLRP3 activation and IL-1{ release into the supernatant at
1 h in microglia. Consistent with previous results in macro-
phages, we found that 10 mM BHB effectively blocked
NLRP3-mediated IL-1f3 release in primary murine microglia
in response to ATP (Fig. 1a). Similarly, treatment with MSU
crystals for 4 h induced significant IL-1(3 release that was
inhibited by BHB treatment (Fig. 1b). We also found that
BHB treatment could significantly block the release of the
NLRP3-mediated pro-inflammatory cytokine, IL-18, from
microglial activated with ATP and MSU (Fig. 1¢). To further

@ Springer

confirm these findings, we determined the secreted levels of
active inflammasome components, cleaved caspase-1 and
cleaved IL-1 in the supernatants. Consistent with our
ELISA results for IL-13, we found significantly reduced
levels of cleaved caspase-1 and cleaved IL-1[3 the superna-
tants of BHB-treated cells (Fig. 1d,e). NLRP3 inflammasome
activation by ATP typically induces caspase-1 dependent
pyroptosis which involves rapid plasma-membrane rupture
and release of pro-inflammatory intracellular contents
(Bergsbaken et al. 2009; Zha et al. 2016). By using phase-
contrast microscopy we observed that BHB treatment
protected microglial cells from NLRP3-dependent pyroptosis.
While ATP-treated cells showed typical pyroptotic morphol-
ogy with signs of extensive plasma-membrane rupture, cells
that were treated with BHB had almost normal cellular mor-
phology and limited signs of pyroptotic cell death (Fig. 1f). To
further confirm these qualitative findings, we determined
caspase-1 dependent LDH release as a quantitative measure
of pyroptosis (Coll et al. 2015; Zha et al. 2016; Bezbradica
et al. 2017). We found that BHB treatment significantly re-
duced LDH release caused by ATP stimulation (Fig. 1g)
confirming that BHB blocks inflammatory pyroptotic cell
death in microglia. Nigericin was used as a positive control
with the specific caspase-1 inhibitor VX-765 demonstrating
that caspase-1 dependent LDH release upon pyroptosis (Fig.
1g). Collectively these results confirm that BHB can effective-
ly inhibit NLRP3 inflammasome activation induced by ATP
and MSU in microglia.

BHB Treatment Does Not Inhibit Microglial
Inflammasome Activation Induced by Fibrillar Synuclein
Aggregates

Having confirmed that BHB treatment can effectively inhibit
inflammasome activation by ATP and MSU in microglia, we
next determined the effect of BHB treatment on
inflammasome activation induced by pathological fibrillar sy-
nuclein aggregates. Previous studies have reported that synu-
clein fibrils cause delayed, but robust inflammasome activa-
tion in THP1 monocytes (Gustot et al. 2015). However, the
kinetics and mechanisms by which protein aggregates cause
inflammasome activation are markedly different from those of
traditional activators such as ATP and MSU and it is unclear if
BHB can block inflammasome activation by protein aggre-
gates. Therefore, we treated primed microglia with synuclein
fibrils in the presence and absence of 10 mM BHB, the same
dose which significantly blocks inflammasome activation by
ATP and MSU in microglial cells (Fig. 1). We then evaluated
the production of inflammasome-dependent and independent
pro-inflammatory mediators that are generated by synuclein
activation in microglia. Treatment with fibrillar synuclein re-
sulted in substantial production of TNFx and IL-1{ in prima-
ry microglia. We found that BHB treatment markedly
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Fig.1 Ketone body Beta hydroxy butyrate inhibits NLRP3 activation by
ATP and MSU in primary microglia. (a) Inflammasome activation
measured by IL-1f release in primed microglia activated with ATP
(5 mM) for 1 h and pre-treated with BHB (10 mM) for 15 min. (b) IL-
13 release in primed microglia activated with MSU (250 pg/ml) for 4 h
and pre-treated with BHB (10 mM) for 15 min. (¢) IL-18 release in
primed microglia activated with MSU (5 mM) for 4 h or ATP (5 mM)
1 h and pre-treated with BHB (10 mM) for 15 min (d) Western blot
showing cleaved caspase-1 (p20) and cleaved IL-1f3 in supernatants of
microglia treated with ATP and pre-treated with BHB. (e) Densitometric

Vehicle Al l P Nigeriein ngenem

BHB \'X-76€

analysis of supernatant cleaved caspase-1 (p20), cleaved IL-1(3 (p17)
western blots (f) Representative images of pyroptotic cellular morphology
following ATP treatment in primed microglial cells. (g) LDH release
assay for quantification of caspase-1 dependent pyroptosis, showing pro-
tection of LDH release in microglia pre-treated with BHB (10 mM) for
15 min and activated with ATP (5 mM). Nigericin (10 uM) treatment for
1 h was used as a positive control with the small molecule capsase-1
inhibitor VX-765 used to confirm caspase-1 dependent LDH-release.
Data are represented as mean + s.e.m. from at least 3 experiments.
*#%P <0.001 and **P < 0.01 by one-way ANOVA and Tukey’s post-test
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inhibited the secretion of TNF« (Fig. 2a) which is known to
proceed independently of canonical inflammasome activation
pathways. Remarkably however, in contrast to our findings
with other NLRP3 activators such as ATP and MSU, we found
that BHB treatment had no inhibitory effect on synuclein-
mediated IL-13 production in primary microglia (Fig. 2b).
However, treatment with the specific caspase-1 inhibitor
VX-765 almost completely reduced synuclein-mediated
IL-1p release under the same conditions. We further con-
firmed these surprising findings by measuring the release
of cleaved caspase-1 (p20) and cleaved IL1{3 (p17) in the
supernatant of activated microglia stimulated with synu-
clein and BHB. Again, we found that BHB treatment did
not inhibit the production of cleaved caspase-1 and
cleaved IL1[3 into the supernatant (Fig. 2c,d). This was
however blocked by VX-765 treatment under the same

conditions. We also confirmed that both BHB and VX-
765 did not change the expression levels of the pro-forms
of caspase-1, IL-13 and NLRP3 in microglial cells upon
treatment (Fig. 2c). Taken together, our unexpected results
demonstrate for the first time that BHB treatment does not
inhibit inflammasome activation triggered by pathological
synuclein aggregates in microglia.

Discussion

Several lines of evidence now suggest that chronic
inflammasome activation by misfolded protein aggregates is
a central pathophysiological mechanism in progressive neuro-
degenerative diseases including Alzheimer’s and Parkinson’s
disecase (Heneka et al. 2013; Walsh et al. 2014). Indeed
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NLRP3 knockout mice are protected against neuropathology
and cognitive deficits in multiple models of progressive neu-
rodegeneration, making it an attractive therapeutic target
(Heneka et al. 2013). BHB has recently emerged as a promis-
ing endogenous inhibitor of the NLRP3 inflammasome by
multiple activation mechanisms including extracellular ATP
as well as particulate activators such as MSU crystals and
silica (Youm et al. 2015). Given that BHB readily crosses
the blood brain barrier, it could have significant therapeutic
potential to mitigate NLRP3-driven neuropathology either
through BHB supplements or by increasing endogenous
BHB levels through ketogenic diets. However our unexpected
results with primary microglia demonstrate that while BHB
can efficiently block NLRP3 inflammasome activation by
ATP and MSU, it does not inhibit inflammasome activation
by fibrillar synuclein aggregates. Mechanistic studies in mac-
rophages have indicated that BHB inhibits the NLRP3
inflammasome independently of Gpr109a or starvation mech-
anisms and that BHB blocks inflammasome activation by reg-
ulating upstream events that reduce K* efflux (Youm et al.
2015). Our results suggest that inflammasome activation by
synuclein fibrils proceeds independently of these upstream
events modulated by BHB. Therefore, inflammasome activa-
tion triggered by synuclein, and possibly other pathological
protein aggregates, occurs via distinct signaling mechanisms
compared to traditional NLRP3 activators such as ATP and
MSU. In fact, it has been shown that inflammasome activation
in microglia by fibrillar beta-amyloid aggregates is NLRP3
and caspase-1 dependent but is independent of purinergic re-
ceptor signaling. This could explain the observed decrease in
IL-1p following treatment with the specific caspase-1 inhibi-
tor VX-765 in microglia activated with synuclein (Halle et al.
2008). Given that synuclein pathology and spread is consid-
ered central to disease progression in PD, our results indicate
that BHB supplementation may not have beneficial effects in
terms of blocking these key pathological processes during the
course of the disease. Our results obtained in microglia how-
ever, do not rule out a direct neuroprotective role for BHB in
neurons, as previously demonstrated using neurotoxicant
models of PD (Kashiwaya et al. 2000; Tieu et al. 2003).
However, these previous studies did not evaluate the effects
of BHB in a model of synuclein pathology (Luk et al. 2012;
Peelaerts et al. 2015). Our unexpected finding that BHB has
no inhibitory effect on inflammasome-driven pathology initi-
ated by synuclein aggregates also highlights the critical need
for evaluation of promising therapeutic strategies such as
BHB using in vivo models of synuclein pathology in addition
to standard neurotoxicant models of PD.
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