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Abstract

Parkinson’s disease (PD) is a progressive movement disorder characterized by dopaminergic (DA) neuron degeneration and
the existence of Lewy bodies formed by misfolded a-synuclein. Emerging evidence supports the benefits of dietary interven-
tions in PD due to their safety and practicality. Previously, dietary intake of a-ketoglutarate (AKG) was proved to extend the
lifespan of various species and protect mice from frailty. However, the mechanism of dietary AKG’s effects in PD remains
undetermined. In the present study, we report that an AKG-based diet significantly ameliorated a-synuclein pathology, and
rescued DA neuron degeneration and impaired DA synapses in adeno-associated virus (AAV)-loaded human a-synuclein
mice and transgenic A53T a-synuclein (A53T a-Syn) mice. Moreover, AKG diet increased nigral docosahexaenoic acid
(DHA) levels and DHA supplementation reproduced the anti-a-synuclein effects in the PD mouse model. Our study reveals
that AKG and DHA induced microglia to phagocytose and degrade a-synuclein via promoting C1q and suppressed pro-
inflammatory reactions. Furthermore, results indicate that modulating gut polyunsaturated fatty acid metabolism and micro-
biota Lachnospiraceae_NK4A136_group in the gut-brain axis may underlie AKG’s benefits in treating a-synucleinopathy
in mice. Together, our findings propose that dietary intake of AKG is a feasible and promising therapeutic approach for PD.
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Introduction

Parkinson’s disease (PD) is a common progressive neuro-
degenerative disorder with clinical features such as brad-
ykinesia, rest tremor, muscular rigidity, and postural and
gait dysfunction [1]. The critical pathological hallmarks
of PD consist of progressive dopaminergic (DA) neuron
degeneration in the substantia nigra pars compacta (SNpc)
and the formation of Lewy bodies, which include misfolded
a-synuclein [2]. Although dopamine-based therapies remain
the gold standard pharmacologic treatment for PD, various
complications (such as dyskinesia and motor fluctuations)
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can occur [3, 4]. Currently, emerging approaches such as
exercise, diet, nutritional supplements, and probiotics
have shown benefits in PD treatment [5-8]. A low-fat diet,
ketogenic diet, and the Mediterranean diet have been shown
to be safe therapeutic options for PD [9, 10]. Thus, diet rep-
resents a promising and efficient potential therapy for PD
patients.

Previously, a-ketoglutarate (AKG), a crucial metabo-
lite in the tricarboxylic acid (TCA) cycle, was shown to
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promote the lifespan of C. elegans, S. cerevisiae, and Dros-
ophila [11-13]. Additionally, long-term AKG administra-
tion prevented age-related reproductive decline in mice
[14]. Recently, an AKG-supplemented diet was reported to
suppress frailty and extend longevity in male and female
aging mice [15]. Mechanistically, the anti-aging effects of
AKG resulted from diverse properties such as anti-oxidative
stress effects, regulation of longevity-related mTOR signal-
ing, modulation of epigenetic mechanisms, and anti-inflam-
matory action [11, 12, 15-18]. Hence, AKG supplementa-
tion may function as a potential anti-aging agent. However,
evidence showing whether AKG is beneficial in treating the
neurodegeneration observed in PD is lacking.

In this study, we report that an AKG-based diet (AKG
delivered in the form of a calcium salt, Ca-AKG) signifi-
cantly ameliorated a-synuclein pathology, and rescued DA
neuron degeneration and impaired DA synapses in adeno-
associated virus (AAV)-loaded human a-synuclein mice and
in transgenic A53T a-synuclein (A53T a-Syn) mice. Mecha-
nistically, we show that the potential mechanisms relied on
AKG-mediated enhancement of Clg-mediated autophagy
and inhibition of pro-inflammatory events. Moreover, we
also determined that the AKG diet increased nigral doco-
sahexaenoic acid (DHA) levels, and DHA supplementa-
tion reproduced the anti-a-synuclein effects in the PD
mouse model. Furthermore, we revealed that the AKG diet
improved the gut microbiota and metabolites in PD mice.
Especially, regulating polyunsaturated fatty acid (PUFA)
metabolism and microbiota Lachnospiraceae_NK4A136_
group in the gut-brain axis may underlie AKG’s benefits in
treating a-synucleinopathy in mice. Ultimately, our findings
propose that dietary intake of AKG is a feasible and promis-
ing therapeutic approach for PD.

Materials and methods
Reagents

DHA was purchased from GlpBio Technology (Montclair,
California, USA). Anti-tyrosine hydroxylase (TH) (F-11,
s¢-25269) and vGAT (sc-393373) antibodies were purchased
from Santa Cruz Biotechnology (Dallas, TX, USA). Anti-
synapsin I (#5297), Ibal (#17198), synaptotagmin (#14558),
syntaxin (#18572), and PSD-95 (#3450) antibodies were
purchased from Cell Signaling Technology (Danvers, MA,
USA). Anti-GAPDH (60004-1) and Clqa (11602-1, used
for Western blotting) antibodies were purchased from Pro-
teintech Group (Rosemont, IL, USA). Anti-microtubule-
associated protein-1 light chain 3 (LC3) II/I (ab48394),
human a-synuclein (ab138501), phospho-a-synuclein
(Ser129) (ab51253), C1q (ab71940, used for immunostain-
ing), VMAT2 (ab259970), vGLUT2 (ab216463), and
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CD68 (ab53444) antibodies were purchased from Abcam
(Cambridge, MA, USA). Anti-Ibal (019-19741) antibody
was purchased from FUJIFILM Wako (Osaka, Japan).
DyLight 488 goat anti-mouse IgG (H+L) (70-GAM4882
and 70-GAR4882) and DyLight 649 goat anti-rabbit IgG
(H+L) (GAM649 and GAR649) antibodies were purchased
from Multi Sciences (Hangzhou, China). Anti-rabbit IgG
(H+L) (Alexa Fluor® 555 Conjugate, #4413S) and anti-
mouse IgG (H+L) (Alexa Fluor® 555 Conjugate, #4409S)
were purchased from Cell Signaling Technology (Danvers,
MA, USA). Horseradish peroxidase (HRP)-labeled goat
anti-rabbit IgG and HRP-labeled goat anti-mouse IgG were
purchased from Beyotime Biotechnology (Shanghai, China).

Human a-synuclein preformed fibrils (PFFs)
preparation

Purification of human full-length a-synuclein (1-140) was
performed as described previously with minor modifications
[19, 20]. In brief, the BL21 (DE3) E. coli strain (TransGen,
Beijing, China) was transformed with a plasmid expressing
human full-length a-synuclein. The mixture was shaken at
230 rpm overnight until the optical density reached 0.8 at
600 nm, followed by induction with 1.0 mM isopropyl §-D-
thiogalactoside for 4 h. The bacterial pellets were lysed in
50 mM Tris—HCI (pH 7.6), 500 mM NaCl, 1 mM EDTA,
1 mM PMSF, and protease inhibitors, and then sonicated
on ice. The lysate was boiled for 10 min, followed by ultra-
centrifugation at 100,000xg for 30 min at 4 °C. After 55%
ammonium sulfate precipitation, the protein was purified
by anion exchange chromatography (HiTrap column, GE
Healthcare, Pittsburgh, PA, USA). The protein was then
dialyzed using 10 mM Tris buffer (pH 7.6) and 50 mM
NaCl and filtered through a 100-kDa cut-off filter (Amicon
Ultra, Millipore, Billerica, MA, USA). Purified protein was
used to generate a-synuclein PFFs according to a previous
protocol [21]. Purified human a-synuclein was diluted in
10 mM Tris (pH 7.6) and 50 mM NaCl, followed by shak-
ing in a mixer (Eppendorf Thermomixer, Germany) at
1000 rpm for 5-7 days to generate a-synuclein PFFs. Then,
the a-synuclein PFFs were probe-sonicated at 20% power for
a total of 60 pulses (1 s on and 1 s off). Endotoxin concentra-
tion levels of a-synuclein protein and PFFs were determined
using an Endotoxin Detection kit (Bioendo Technology, Xia-
men, China).

BV2 cell culture and treatment

BV2 cells were cultured in Dulbecco’s modified Eagle’s
medium (GIBCO, Carlsbad, CA, USA) supplemented with
10% fetal calf serum and 1% penicillin/streptomycin at 37 °C
in 5% CO,. To examine the effects of AKG and DHA on
PFF-induced endogenous a-synuclein pathology, BV2 cells
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were treated with different concentrations (10, 100, 500, and
1,000 pM) of AKG or DHA and PFF (5 pg/ml) for 24 h.

C1qa siRNA transfection

Three siRNAs targeting Clqga (siRNA-1, 5'-GGCAATCCA
GGCAATATCA-3'; siRNA-2, 5'-ACAGCATCTTCAGCG
GATT-3'"; siRNA-3, 5-~AGAGTCCATACCAGAACCA-3")
were designed and synthesized by RioBio (Guangzhou,
China). Cells were seeded at 80-90% confluence in 6-well
plates (Corning, NY, USA) and were transfected with siR-
NAs. Briefly, siRNAs were diluted to a working concentra-
tion of 10 nM in culture medium, mixed with Lipo8000™
Transfection Reagent (Beyotime, Shanghai, China), and
incubated for 20 min at room temperature to allow the for-
mation of transfection complexes. The transfection mix was
then added to cells in culture plates and incubated for 24 h.
Subsequently, cells were incubated with AKG (100 pM),
DHA (500 pM), and PFF (5 pg/ml) as indicated for 24 h
and were used for immunoblotting and immunofluorescence
analysis. The LC3-GFP-RFP lentivirus (HanBio Technol-
ogy, Shanghai, China) was diluted to 1x 10°> TU/ml to test
the effect of Clga siRNA on the formation of autophago-
somes and autolysosomes in PFF-treated BV2 cells. As
reported previously [22], in the green and red-merged
images, autophagosomes are shown as yellow puncta while
autolysosomes are shown as red puncta.

Animals

Adult (8-week-old) male C57BL/6 J mice were purchased
from SPF Biotechnology Co., Ltd. (Beijing, China). The
hSNCA*AS53T-Tg mice (also called A53T a-Syn mice) were
obtained from the Shanghai Model Organisms Center, Inc
(Shanghai, China). According to previous work, homozy-
gous AS3T a-Syn Tg mice began to behave neglect of
grooming, weight loss, and reduced ambulation beginning
at 8 months of age, followed by severe movement dysfunc-
tion [23]. To determine the effects of AKG diet on the motor
impairment, thus in this study, we selected §8-month-old
homozygous A53T a-Syn Tg mice. Age-and sex-matched
littermates were used as controls. Animals were housed in
a 12 h dark-light cycle with free access to water and food.
Animal care and experimental procedures were approved
by the guidelines of the Institutional Animal Care and Use
Committee of the Guangzhou Medical University and the
National Institutes of Health guidelines on the care and use
of animals (NIH Publications No. 8023, revised 1978).

AKG diet administration and DHA supplementation

The Calcium Alpha-Ketoglutarate Supplemented Diet (2%,
2918) (TD.160292) and control diet (Teklad-2918) were

purchased from Envigo (London, UK). Referring to the
effects of AKG in preventing the aging-related events (fer-
tility decline) in mice after 12 weeks’ feeding [14], we chose
12 weeks for AKG treatment in this study. After stereotac-
tic injection with the AAV-ha-Syn virus, C57BL/6 J mice
were fed the Calcium Alpha-Ketoglutarate Supplemented
Diet or control diet for three months. Eight-month-old A53T
a-Syn mice were fed the Calcium Alpha-Ketoglutarate Sup-
plemented Diet and control diet for three months. DHA was
dissolved in a mixture of dimethyl sulfoxide (DMSO) and
corn oil, and the concentration of DMSO was less than 0.1%.
After stereotactic injection with the AAV-ha-Syn virus,
mice were intragastrically administrated DHA (160 mg/d/
kg) or vehicle for three months, based on a previous study
[24]. Then, mice were subjected to behavioral tests and sac-
rificed for further analysis.

AAV-ha-Syn virus generation and stereotactic
injection

The AAV-ha-Syn virus used in this study has been reported
by us and other groups [25, 26]. The AAV9 virus encod-
ing overexpression of either human wild type a-synuclein
or green fluorescent protein (AAV-GFP) was driven by the
Syn I promoter and enhanced using the woodchuck hepa-
titis virus posttranscriptional regulatory element (WPRE).
Mice were then stereotactically injected bilaterally in the
SNpc with either AAV-GFP or AAV-ha-Syn-GFP, as stated
previously [25]. Briefly, mice were anesthetized and fixed
on a stereotactic frame (RWD Life Sciences Corporation,
China). AAV-GFP (1.14x10'? vg/ml) or AAV-ha-Syn
-GFP (7.38 x 10'? vg/ml) (packaged by Sunbio Medical Bio-
technology, Shanghai, China) (0.5 pl) was delivered into
the bilateral SNpc at the target site, as reported previously
(Bregma AP, —3.0 mm, ML, + 1.3 mm, DV, —4.7 mm) [25].
The syringe was left in place for 5 min before being slowly
withdrawn.

Behavioral tests
Open field test (OFT)

The OFT was performed according to our previous study
[25]. The open field test consists of a rectangular plastic box
(40 cm x40 cm x40 cm) with a center zone. The mice were
placed in the center zone and allowed to move freely for
15 min. A video tracking system (EthoVisione XT software,
Beijing, China) was used to record the movement tracks
of the mice. Then, the total travelled distance, movement
speed, and the time the mice spent in the central zone were
analyzed.
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Pole-climbing test

The pole-climbing test was performed as described previ-
ously [27]. The test pole was set at a length of 75 cm and
a width of 9 mm. Mice were placed on the top of the pole,
and the time it took the mice the reach the ground from the
top was recorded.

Rotarod test

The rotarod test was performed as described previously [27].
During the training course, mice were turned on the Rotarod
apparatus (Ugo Basile SRL, Gemonio, VA, Italy) at a speed
of 10 rpm/min for three days. On the fourth day (test day),
the speed of the Rotarod was accelerated from 10 to 40 rpm/
min within 5 min, and the latency time the mice took to fall
on the Rotarod was recorded.

Grasping test

The grasping test was performed as described previously
[27]. The grip test mainly consisted of a 1 mm horizontal
metal wire 30 cm above the ground. The mice were allowed
to hold the wire with their forelimbs for 10 s. The grasping
score was recorded as follows: mice grasping the wire with
two hind paws scored 3; mice grasping the wire with one
hind paw scored 2; mice that failed to grasp the wire with
both hind paws scored 1; mice that fell scored 0.

RNA-sequencing (RNA-seq)

Substantia nigra tissue was collected and the bulk RNA-
seq performed. RNA-seq and bioinformatic analysis were
performed according to our previous study [27]. Briefly,
RNA was isolated using Trizol (Invitrogen, Carlsbad, CA,
USA). Sequencing libraries were generated using the NEB-
Next UltraTM RNA Library Prep Kit for [llumina (NEB,
USA) following the manufacturer’s recommendations. The
mRNA was purified from total RNA using poly-T oligo-
attached magnetic beads. PCR products were purified
(AMPure XP system) and library quality was assessed on
the Agilent Bioanalyzer 2100 system. Sequencing reads
were mapped by Novogene (Beijing, China). The DESeq2
R package (1.10.1) was used to statistically analyze the sig-
nificant differential genes (DEGs). The resulting p-values
were adjusted using the Benjamini—-Hochberg approach to
control for false discovery rates. DEGs were defined by an
adjusted p value <0.05 and absolute values of Log, (fold
change) > 0. The pathways enriched by the DEGs were ana-
lyzed using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Gene Ontology (GO). RNA-seq data used in
this study are available under Gene Expression Omnibus
database: GSE214446.
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Immunohistochemistry and immunofluorescence
analysis

Immunohistochemistry and Immunofluorescence were per-
formed as previously described [28]. Fixed brains were
dehydrated in 30% sucrose, 0.1 M PBS for 3 days. Coronal
slices (30 pm) were cut from frozen tissue using a sliding
blade microtome and then blocked with 5% BSA. Slices
were incubated with primary antibodies and then incu-
bated with relevant secondary antibodies. For the immu-
nohistochemistry assay, sections were incubated with bio-
tin-conjugated antibody followed by DAB staining using
the UltraSensitive SP IHC Kit (MXB biotechnologies,
Fuzhou, China). Images were scanned under a microscope
(Leica CS2, Hamburg, Germany). For the immunofluores-
cence assay, nuclei were visualized with DAPI. Fluores-
cent imaging and data acquisition were performed on a
microscope (Leica CS2, Hamburg, Germany). Quantita-
tive analysis was performed using the Image-Pro Plus 6.0
photogram analysis system (IPP 6.0, Media Cybernetics,
Bethesda, MD, USA).

Immunoblotting analysis

Brain tissue and cells were collected and total protein was
extracted using RIPA Lysis Buffer (Beyotime Biotechnol-
ogy). Protein samples were then resolved on SDS-PAGE
gels followed by electrophoretic transfer onto PVDF mem-
branes. Membranes were blocked with 5% BSA and then
incubated with primary antibodies overnight at 4 °C. After
incubating with the secondary antibodies conjugated to
HRP, the blots were visualized using ECL reagent (Beyo-
time Biotechnology). Images were captured using the
GeneGnome XRQ Chemiluminescence imaging system
(Gene Company, Hong Kong, China). Protein bands were
quantified by Image J software.

Transmission electron microscopy (TEM)

TEM was performed according to methods from our pre-
vious study [28]. Substantia nigra tissues were fixed in
4% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer (pH 7.2) and then post-fixed in
1% OsO4 with 1.5% Na ferricyanide in cacodylate buffer.
Tissues were stained with 1% tannic acid and 1% ura-
nyl acetate, dehydrated with different concentrations of
ethanol, and finally embedded in 100% resin (Sigma, St.
Louis, MO, USA). The resin was sectioned using a Leica
ultramicrotome and images were captured by transmission
electron microscopy (HT7700; Hitachi, Tokyo, Japan).
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Quantitative real-time PCR (qRT-PCR)

gRT-PCR was performed according methods from our pre-
vious report [27]. Briefly, total RNA was extracted from
tissues using Trizol (Invitrogen, Carlsbad, CA, USA). Then,
cDNA was generated from 1 pg total RNA using the cDNA
Reverse Transcription Kit (Takara, Otsu, Japan). The prim-
ers used in this study are listed in Supplementary Table 1.

16S rDNA gene sequencing

16S rDNA gene sequencing was performed as described pre-
viously [29]. The bacterial DNA was extracted from fecal
samples with a QIAamp Fast DNA stool Mini Kit (Qiagen,
Cat# 51604) and PCR amplification was conducted with bar-
coded specific bacterial primers targeting the variable region
3-4 (V3-V4) of the 16S rRNA gene: forward primer 338F:
5'- ACTCCTACGGGAGGCAGCA-3' and reverse primer
806R: 5'-GGACTACHVGGGTWTCTAAT-3". Construc-
tion of sequencing libraries and paired- end sequencing was
performed on an Illumina NovaSeq6000 platform at Bio-
marker Technologies Co, Ltd. (Beijing, China) according
to standard protocols. Paired-end reads were merged using
FLASH v1.2.7 and tags with more than six mismatches
were discarded. The merged tags with an average quality
score < 20 in a 50 bp sliding window were determined using
Trimmomatic, and those shorter than 350 bps were removed.
Possible chimeras were further removed and the denoised
sequences were clustered into operational taxonomic units
(OTUs) with 97% similarity using USEARCH (version
10.0). Taxonomy was assigned to all OTUs by searching the
Silva databases (Release128) using QIIME software. Raw
sequences were deposited in the Sequence Read Archive
database (http://www.ncbinlm.nih.gov/sra). Data statistics
were performed on the Biomarker platform (Biomarker
Technologies Corporation, China).

Metabolomics analysis

Substantia nigra tissue and faecal samples was collected
and the non-targeted metabolomics experiment was car-
ried out by Biomarker Technologies (Beijing, China). After
extract buffer was added, the samples were centrifuged and
the supernatant was removed for testing. A Waters Xevo
G2-XS QTOF high resolution mass spectrometer collected
the primary and secondary mass spectrometry data in MSe
mode under the control of the acquisition software (Mass-
Lynx V4.2, Waters). The low collision energy was 2 V, the
high collision energy range was 10-40 V, and the scanning
frequency was 0.2 s for a mass spectrum. The parameters
of the ESI ion source were as follows: capillary voltage:
2000 V (positive ion mode) or— 1500 V (negative ion
mode); cone voltage: 30 V; ion source temperature: 150 °C;

desolvent gas temperature 500 °C; backflush gas flow rate:
50 L/h; desolventizing gas flow rate: 800 L/h. Metabolome
data statistics were performed on the Biomarker platform
(Biomarker Technologies Corporation, China). The screen-
ing criteria of differential metabolites were a fold change > 1,
p value <0.05, and VIP > 1. The significance of differential
metabolites enriched in the KEGG pathways was calculated
using the hypergeometric distribution test. The correlation
analysis of the fecal metabolite composition with 16S rDNA
gene data was performed on the Biomarker platform (Bio-
marker Technologies Corporation, China).

Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed as described previously [30]. Briefly,
substantia nigra (SN) tissues were homogenized with 0.01 M
PBS and centrifuged to obtain the supernatant. Levels of
IL-1B, IL-6, and TNF-a were measured using ELISA kits
(Shanghai Enzyme-linked Biotechnology, Shanghai, China)
according to the manufacturer’s instructions. OD values
were measured via Multiscan Spectrum (PerkinElmer, MA,
USA) at 450 nm, and the results are expressed as pg per mg
protein (pg mg~! protein).

Statistical analysis

Statistical analysis was performed using Prism 9.0 (Graph-
Pad Software, La Jolla, CA, USA). One-way analysis of
variance (ANOVA) followed by Tukey’s post-hoc test
was used for multiple comparisons. Data are presented as
mean =+ standard error of the mean (SEM), and the statistical
significance level was set at p < 0.05.

Results

The AKG diet improves motor dysfunction,
a-synuclein pathology, and DA neuron
degeneration in AAV-human a-synuclein mice

In this study, we used exogenous AAV-human a-synuclein
(AAV-ha-Syn) injected mice as a-synucleinopathy model
of PD (Fig. la). Here, we found that the total travelled
distance and movement speed in the open-field test were
decreased, the pole-climbing time was increased, in addi-
tion, the latency in the rotarod and holding time score were
reduced in AAV-ha-Syn mice, suggesting the movement
impairment in this model (Fig. 1b—g). Besides, AAV-ha-Syn
increased exogenous human a-synuclein and endogenous
phosphorylated a-synuclein (Fig. 1h and i), suggesting this
model is typical with a-synuclein pathology. To examine
the effects of AKG administration on a-synuclein pathol-
ogy, we utilized an AKG-based diet containing Ca-AKG
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Fig.1 The AKG diet ameliorates motor dysfunction and a-synuclein
pathology in AAV-ha-Syn mice. a Experimental design for AKG diet
administration in AAV-ha-Syn mice. b—d Representative traces, total
travelled distance, and movement speed in the open field test. e The
pole-climbing test was used to examine bradykinesia in the mice. f
The rotarod test was used to examine the motor coordination of the
mice. g The grasping test was used to examine the grip strength of
the mice. n=10, 10, 9 and 10 for AAV-GFP, AAV-GFP + AKG,

(named AKG in the figures) [15] in AAV-ha-Syn-injected
mice for 12 weeks (Fig. 1a). Results showed that in the open
field test, the AKG diet promoted total travelled distance and
movement speed but not the number of entries to the center
zone and time spent in the center (Fig. 1b—d, Supplementary
Fig. 1a and b). Additionally, the AKG diet decreased pole-
climbing time and improved the behavioral performance in
the rotarod test of AAV-ha-Syn-injected mice (Fig. le and
f). The grip strength of the mice was already affected by the
expression of AAV-ha-Syn, however, it was not rescued by
the AKG treatment (Fig. 1g). Intriguingly, the AKG diet
nearly abolished the human a-synuclein and phosphorylated
a-synuclein in mice injected with AAV-ha-Syn in the SN
and striatum (Fig. 1h and 1).

AAV-ha-Syn also damaged nigrostriatal tyrosine
hydroxylase (TH, which is the rate-limiting enzyme in the
biosynthesis of dopamine) expression, reduced the num-
ber of synaptic vesicles and vesicular monoamine trans-
porter 2 (VMAT?2, which regulates dopamine release) in
TH-positive cells in the SN and decreased expression of
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synaptic protein (syntaxin) in the striatum (Fig. 2a—f).
Whilst, AKG diet rescued the nigrostriatal DA neuron
death in mice injected with AAV-ha-Syn (Fig. 2a—c). Fur-
thermore, the AKG diet increased the number of synaptic
vesicles without affecting its diameter (Fig. 2d, Supple-
mentary Fig. 2). In addition, AKG promoted VMAT?2-
positive rather than vesicular GABA transporter (vGAT,
inhibitory neuron marker) or vesicular glutamate trans-
porter 2 (vGLUT2, excitatory neuron marker)-positive
neurons in the SN of mice injected with AAV-ha-Syn
(Fig. 2e, Supplementary Fig. 3a and b). Because DA
neurons in the SN project to the dorsal putamen of the
striatum, we found AAV-ha-Syn decreased the expression
of syntaxin in the striatum as compared with AAV-GFP
(Fig. 2f). AKG diet increased synaptic proteins such as
synapsin and syntaxin in the striatum of mice injected
with AAV-ha-Syn (Fig. 2f).

These data suggest that AKG diet attenuates a-synuclein
pathology, DA neuron loss and behavioral impairment in
mice injected with AAV-ha-Syn.
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Fig.2 The AKG diet attenuates DA neuron death in AAV-ha-Syn
mice. a and b Representative blots and quantification showing TH
expression in the SN and striatum. n=3 per group. ¢ Immunohisto-
chemistry staining and quantification of TH-positive cells in SNpc
and TH-positive density in the striatum. Scale bars, 1 mm for stria-
tum, 800 pm for SNpc. Magnified images of TH-positive cells in
the SNpc are shown in the right column of the panel. n=6-9. Scale
bars, 100 pm. d Quantitative analysis and the representative images
of ultrastructural synaptic vesicles in the SN. n=6 per group. Scale
bar, 500 pm. e Immunofluorescence staining and quantification of

The AKG diet increases nigral DHA levels in the PD
model

We next determined a metabolic mechanism by which the
AKG diet ameliorated the a-synuclein pathology. First, we
identified the differential metabolites and their enriched
pathways between the AAV-GFP and AAV-GFP + AKG,
AAV-GFP and AAV-ha-Syn, AAV-ha-Syn and AAV-hao-
Syn+ AKG groups in substantia nigra tissue (Supple-
mentary Figs. 4, 5, 6). The distribution of metabolites,
PCA plot, and relative abundance of metabolites from the
AAV-GFP, AAV-ha-Syn and AAV-ha-Syn + AKG groups
are shown in Fig. 3a—c and Supplementary Fig. 7a. Nota-
bly, we identified DHA and Pyruvic acid as metabolites
affected by the AKG diet, as they were decreased in the
AAV-ha-Syn group compared with the AAV-GFP group
(Fig. 3d—f, Supplementary Fig. 7b—j). In addition, we
showed that the differential metabolites upon AKG diet
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VMAT?2 within TH-positive cells in the SN of AAV-GFP, AAV-
GFP+ AKG, AAV-ha-Syn, and AAV-ha-Syn+AKG groups. Scale
bars, 40 pm. Magnified images are shown in the bottom row. Scale
bars, 10 pm. n="7-8. f Representative blots and quantification show-
ing the expression of Synapsin, Syntaxin, Synaptotagmin, and PSD-
95 in the striatum. n=3 per group. Results are expressed as the
mean+ SEM. “p <0.01, “p<0.05 vs. AAV-GFP; #p <0.01, #p <0.05
vs. AAV-ha-Syn. Statistical significance was determined using one-
way ANOVA and Tukey’s test for post hoc comparisons

supplementation in AAV-ha-Syn mice participated in
“Alpha Linolenic Acid and Linoleic Acid Metabolism”
(Fig. 3g).

Given that DHA has been proved to exert neuropro-
tection in 6-hydroxydopamine (6-OHDA) and rotenone-
induced PD animal models [31-33], we then tested its
effects on a-synuclein pathology. After DHA administra-
tion for 12 weeks, we found that DHA decreased pole-
climbing time and increased motor coordination in the
rotarod test and grip strength in the grasping test of mice
injected with AAV-ha-Syn (Fig. 4a—d). Additionally, DHA
treatment reduced the exogenous human a-synuclein and
endogenous phosphorylation of a-synuclein (Fig. 4e).
DHA administration also rescued nigrostriatal DA neuron
loss in the mice injected with AAV-ha-Syn (Fig. 4f-h).
Hence, these results reveal that AKG diet increases DHA
concentration and DHA exerts neuroprotection in the
AAV-ha-Syn mice.
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Fig.3 The AKG diet increases nigral DHA concentrations in AAV-
ha-Syn mice. a—c The distribution of metabolites, PCA plot and rela-
tive abundance of metabolites in the AAV-GFP, AAV-ha-Syn, and
AAV-ha-Syn+ AKG groups. n=5 per group. d The metabonomic
analysis of differential metabolite expression in the AAV-GFP, AAV-
ha-Syn, and AAV-ha-Syn+ AKG groups. e and f The expression of

AKG and DHA regulate a-synuclein degradation
via C1qa-mediated autophagy

We then employed RNA-seq to explore the mechanism
behind the anti-PD effects of AKG. We found that the AKG
diet increased the expression of 1,073 genes and decreased
the expression of 527 genes compared with AAV-GFP
(Supplementary Fig. 8a and b). The upregulated differential
genes (DEGs) were enriched in the KEGG pathways such
as “Glutamatergic synapse”, “Long-term potentiation”, and
“Axon guidance”; the downregulated DEGs were enriched
in “Parkinson’s disease”, “Alzheimer’s disease (AD)”, and
“Antigen processing and presentation” pathways (Supple-
mentary Fig. 8c and d). These results suggest that AKG
affected the signaling pathways related to neurodegenera-
tive diseases. Moreover, the AKG diet upregulated 38 genes
in AAV-ha-Syn mice which were decreased in AAV-ha-Syn
mice compared with AAV-GFP (Fig. Sa—c, Supplementary
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Fold Enrichment

DHA and Pyruvic acid in the SN of the AAV-GFP, AAV-ha-Syn,
and AAV-ha-Syn+ AKG groups. n=>5 per group. g KEGG pathways
enriched by these differential metabolites. Results are expressed as
the mean+SEM. “p<0.01 vs. AAV-GFP; #p<0.01, *p <0.05 vs.
AAV-ha-Syn. Statistical significance was determined using one-way
ANOVA and Tukey’s test for post hoc comparisons

Fig. 9). These 38 DEGs were enriched in the KEGG path-
ways such as “Complement and coagulation cascades”,
“Parkinson’s disease”, and “Alzheimer’s disease”; various
representative genes are listed (Fig. 5d and e). Because genes
like Clga, Clgb, Clgc, and C4b were enriched in the top4
KEGG pathways, we further confirmed their expression by
qRT-PCR (Fig. 5f and g). Since microglia is the main source
of C1q[34], and C1q has been shown to enhance the micro-
glial phagocytosis of misfolded proteins like AP [35-37];
we found that AKG decreased phosphorylated a-synuclein
and increased C1q within microglia in the SNpc of AAV-ha-
Syn mice (Fig. 5h and i). Although neuronal phosphorylated
a-synuclein was also decreased (Supplementary Fig. 10), we
did not find C1q signals in neuron (Supplementary Fig. 11).

We then ask whether the removed phosphorylated
a-synuclein was mediated by Clqg-induced autophagy.
Firstly, we found that AKG and DHA treatment increased the
expression of LC3 in the SN of AAV-GFP and AAV-ha-Syn
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Fig.4 DHA improves movement disorder, a-synuclein pathology,
and DA neuron loss in AAV-ha-Syn mice. a Experimental design
for DHA supplementation in AAV-hAa-Syn mice. b The pole-climb-
ing test was used to examine bradykinesia in the mice. ¢ The rotarod
test was used to examine the motor coordination of the mice. d The
grasping test was used to examine the grip strength of the mice.
n=10, 9, 6 and 7 for AAV-GFP, AAV-GFP+DHA, AAV-ha-Syn,
and AAV-ha-Syn+DHA, respectively. e Representative blots and
quantification showing the expression of human o-synuclein and
phosphorylated a-synuclein (Ser129) in the SN. n=3 per group. f and

mice (Fig. 6a—d), suggesting that AKG and DHA actually
induced autophagy in the AAV-ha-Syn mice. Afterwards, we
treated microglial BV2 cells with human a-synuclein PFF
and different concentrations of AKG and DHA and found
that AKG (100-1000 pM) and DHA (500 and 1000 pM) sig-
nificantly decreased endogenous phosphorylated a-synuclein
(Supplementary Fig. 12). Then, we examined whether AKG
and DHA affect autophagy, and chose 100 pM AKG and
500 pM DHA for these experiments. Results showed that
AKG and DHA increased the LC3 II/I ratio and C1q expres-
sion in PFF-treated BV2 cells (Fig. 6e and f), suggesting
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g Representative blots and quantification showing TH expression in
the SN and striatum. n=3 per group. h Immunohistochemistry stain-
ing and quantification of TH-positive cells in SNpc and TH-posi-
tive density in the striatum. Scale bars, 1 mm for striatum, 800 pm
for SNpc. Magnified images of TH-positive cells in the SNpc are
shown in the right column of the panel. n=6-8. Scale bars, 100 pm.
Results are expressed as the mean+SEM. “p<0.01 vs. AAV-GFP;
#p<0.01, *p<0.05 vs. AAV-ha-Syn. Statistical significance was
determined using one-way ANOVA and Tukey’s test for post hoc
comparisons

both AKG and DHA enhanced the autophagy of BV2 cells.
To explore whether AKG and DHA-regulated autophagy
is mediated by C1q, we screened siRNAs targeting Clga
and selected the third sequence (Supplementary Fig. 13).
Intriguingly, CIga knockdown abolished AKG and DHA-
induced a-synuclein degradation via autophagy (Fig. 6g and
h). Additionally, C/ga knockdown also counteracted AKG
and DHA-enhancement of the number of autophagosomes
and autolysosomes in PFF-treated BV2 cells (Fig. 6i and j).
These results reveal that AKG and DHA regulate autophagy-
dependent a-synuclein degradation via Clqa.
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Fig.5 RNA-seq profile of AKG diet administration in AAV-ha-Syn
mice. a and b Volcano plot showing the DEGs between AAV-ha-Syn
and AAV-GFP, AAV-ha-Syn+AKG, and AAV-ha-Syn. ¢ AKG diet
reversed DEGs which were decreased by AAV-ha-Syn compared
with AAV-GFP. d The KEGG pathways enriched by the AKG diet
reversed DEGs in (¢). “Complement and coagulation cascades” path-
way is highlighted in red. e The expression of representative DEGs
reversed by the AKG diet in AAV-GFP, AAV-ha-Syn, and AAV-ha-
Syn+AKG. f and g The mRNA expression levels of Clga, Clgb,
Clgc, and C4b in the AAV-GFP, AAV-GFP + AKG, AAV-ha-Syn,
and AAV-ha-Syn+AKG groups. n=3 per group. h Immunofluo-
rescence staining and quantification of phosphorylated a-synuclein

AKG and DHA prevent pro-inflammatory response
in AAV-human a-synuclein mice

Since ectogenic a-synuclein has been reported to induce
pro-inflammatory response [38, 39], we also revealed that
AAV-ho-Syn elicited the mRNA and protein expressions
of pro-inflammatory cytokines (IL-1p, IL-6 and TNF-a) in
the SN (Fig. 7a—e). In the AAV-ha-Syn group, the endpoint
voxels and branch length were decreased, while the cellular
volume of Ibal +cells were increased (Fig. 7f and g), sug-
gesting microglia change from a “resting” ramified phenotype
to an “activated” bushy phenotype. We found that the AKG
diet decreased mRNA expression of the pro-inflammatory
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AAV-ha-Syn, and AAV-ha-Syn+AKG groups. Scale bars, 40 pm.
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n=6-12. i Immunofluorescence staining and quantification of Clq
within Ibal-positive cells in the SN of AAV-GFP, AAV-GFP + AKG,
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Magnified images are shown in the bottom row. Scale bars, 10 pm.
n=7-14. Results are expressed as the mean+SEM. ™

p<0.01,
“p<0.05 vs. AAV-GFP; #p <0.01, *p <0.05 vs. AAV-ha- Syn. Statis-

tical significance was determlned using one-way ANOVA and Tuk-
ey’s test for post hoc comparisons

cytokines Il-1b, 1I-6, Tnfa, Ifng and the microglial markers
Cx3crl and P2ryl2 (Fig. 7a and b). The AKG diet suppressed
the IL-1p and IL-6 protein levels, while it showed no obvious
effects on TNF-a in the SN of AAV-ha-Syn mice (Fig. 7c¢).
DHA treatment inhibited the mRNA levels of //-1b, 1I-6, and
Tnfa, and their protein (IL-1p, IL-6 and TNF-a) expressions
in the SN of AAV-ha-Syn mice (Fig. 7d and e). Besides, AKG
and DHA treatment increased the endpoint voxels and branch
length, and decreased the cellular volume of Ibal +cells in
the SN of AAV-ha-Syn mice, indicating microglia are de-
activated in the presence of AKG and DHA (Fig. 7f and g).
AKG and DHA also suppressed the expression of CD68 (a
classic maker for microglial activation) in AAV-ha-Syn mice,
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Fig.6 AKG and DHA regulate a-synuclein degradation via Clqa. a
and b Representative blots and quantification showing the expression
of LC3 in the SN of AAV-GFP and AAV-ha-Syn mice treated with
AKG or DHA. n=3 per group. ¢ and d Immunofluorescence stain-
ing and quantification of LC3 in the SN of AAV-GFP and AAV-ha-
Syn mice treated with AKG or DHA. Scale bars, 40 pm. Magnified
images are shown in the right row. Scale bars, 8§ pm. n=6-8. e and
f Representative blots and quantification showing the expression of
LC3, phosphorylated a-synuclein (Ser129), and Clga in BV2 cells
treated with PFF and different concentrations of AKG (e) and DHA
(). n=3. g and h Representative blots and quantification showing the

expression of LC3 and phosphorylated a-synuclein (Ser129) in BV2
cells treated with PFF, AKG, or DHA and Clqga siRNA. n=3. i and
J Immunofluorescence staining and quantification of LC3-GFP-RFP
in BV2 cells treated with PFF, AKG, or DHA and Clqa siRNA. In
the merged images, yellow dots represent the formation of autophago-
somes and red dots represent the formation of autolysosomes. Scale
bdrs 2.5 pm. n= 9-18. Results are expressed as the mean+SEM.

“p<0.01, “p<0.05 vs. AAV-GFP or Control; #p <0.01, #p <0.05 vs.
AAV-ha-Syn or PFF; #p <0.01, ¥p<0.05 vs. PFF+ AKG or DHA.
Statistical significance was determined using one-way ANOVA and
Tukey’s test for post hoc comparisons
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Fig.7 AKG and DHA suppress pro-inflammatory response in AAV-
ha-Syn mice. a and b The mRNA expression levels of 1I-1b, 1I-6,
Tnfa, Ifng, Tgfb, Csflr, Cx3crl, and P2ryl2 in the AAV-GFP, AAV-
GFP+ AKG, AAV-ha-Syn, and AAV-ha-Syn+AKG groups. n=3
per group. ¢ The protein expression of IL-1p, IL-6, and TNF-« in
the SN were determined by ELISA. n=6 per group. d The mRNA
expression levels of II-1b, 1I-6, and Tnfa in the AAV-GFP, AAV-
GFP+DHA, AAV-ha-Syn, and AAV-ha-Syn+DHA groups. n=3
per group. e The protein expression of IL-1p, IL-6, and TNF-« in the
SN were determined by ELISA. n=6 per group. f Immunofluores-
cence staining and quantification of endpoint voxels, branch length,
and volume of Ibal-positive cells in the SN of AAV-GFP, AAV-
GFP+ AKG, AAV-ha-Syn, and AAV-ha-Syn+AKG groups. Scale
bars, 40 pm. Magnified images are shown in the bottom row. Scale
bars, 10 pm. n=6-7. g Immunofluorescence staining and quantifica-

which further support their anti-inflammatory effects (Fig. 7h
and 1). Thus, these findings indicate that the AKG diet and
DHA treatment attenuated pro-inflammatory response in mice
injected with AAV-ha-Syn.
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tion of endpoint voxels, branch length, and volume of Ibal-positive
cells in the SN of AAV-GFP, AAV-GFP+DHA, AAV-ha-Syn, and
AAV-ha-Syn+DHA groups. Scale bars, 40 pm. Magnified images
are shown in the bottom row. Scale bars, 10 pm. n=6 per group. h
Immunofluorescence staining and quantification of CD68 in the
SN of AAV-GFP, AAV-GFP+AKG, AAV-ha-Syn, and AAV-ho-
Syn+AKG groups. Scale bars, 40 pm. Magnified images are shown
in the bottom row. Scale bars, 10 pm. n="7-8. i Immunofluorescence
staining and quantification of CD68 in the SN of AAV-GFP, AAV-
GFP+DHA, AAV-ha-Syn, and AAV-ha-Syn+DHA groups. Scale
bars, 40 pm. Magnified images are shown in the bottom row. Scale
bars, 10 pm. n=7-8. Results are expressed as the mean=+SEM.
“p<0.01, ‘p<0.05 vs. AAV-GFP; #p <0.01, #p <0.05 vs. AAV-ha-
Syn. Statistical significance was determined using one-way ANOVA
and Tukey’s test for post hoc comparisons

AKG supplementation modulates gut microbiota
and microbial metabolites in AAV-human
a-synuclein mice

Because the gut microbiota and microbial metabolism play
important roles in a-synuclein pathology in PD [40, 41],
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we then test whether the AKG diet regulates the microbial
metabolism pathway. Firstly, we compared the microbial
metabolites between the AAV-GFP + AKG and AAV-
GFP groups and consistently found that these differential
metabolites were enriched in the “Alpha Linolenic acid
metabolism” and “Linoleic acid Metabolism” KEGG path-
ways (Supplementary Fig. 14a—f). Then we showed that the
AAV-ha-Syn group had 193 increased and 207 decreased
microbial metabolites compared with the AAV-GFP group
in faecal samples (Fig. 8a and b), and we identified sev-
eral metabolites that were altered between the AAV-ha-
Syn and AAV-GFP groups (Fig. 8c). The AKG diet exerted

significant effects on the microbial metabolites compared
with AAV-ha-Syn mice fed the standard diet, increasing 616
and decreasing 985 metabolites (Fig. 8d and e). The dif-
ferential metabolites between AAV-ha-Syn and AAV-GFP,
AAV-ha-Syn+ AKG, and AAV-ha-Syn are shown (Fig. 8f).
The AKG diet significantly affected metabolite abundance;
AKG reversed decreases in 11-dehydro-thromboxane B2 in
the AAV-ha-Syn group compared with the AAV-GFP group
(Fig. 8g). In the treatment group, AKG further increased leu-
kotriene E4 and decreased PC [14:0/20:4(8Z,11Z,14Z,17Z)]
and 6-keto-prostaglandin Fla compared with the AAV-ha-
Syn or AAV-GFP groups (Fig. 8g). Moreover, we found

a b
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Fig.8 The AKG diet alters the microbial metabolites in AAV-ha-
Syn mice. a and b OPLS-DA plot and volcano plot showing the dif-
ferential metabolites between AAV-ha-Syn and AAV-GFP. n=6 per
group. ¢ The expression pattern of differential metabolites between
AAV-ha-Syn and AAV-GFP. d and e OPLS-DA plot and volcano plot
showing the differential metabolites between AAV-ha-Syn+AKG
and AAV-ha-Syn. n=6 per group. f The metabolomic class enriched
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AAV-ha-Syn+AKG and AAV-ha-Syn. g The expression pattern of
differential metabolites among AAV-GFP, AAV-ha-Syn, and AAV-
ho-Syn+AKG. h Hierarchical clustering of differential metabolites
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that the AKG diet increased the abundance of prostaglandin
G2, leukotriene D4, leukotriene E4, and several lipids, and
decreased prostaglandin A2, 6-keto-prostaglandin Fla, and
several amino acids such as L-isoleucine, L-methionine,
and L-alanine in AAV-ha-Syn mice (Fig. 8h). These altered
microbial metabolites were enriched in KEGG pathways
such as “Serotonergic synapse” and “Drug metabolism”

(Fig. 81, Supplementary Fig. 15). Intriguingly, we also found
the AKG diet altered the “Alpha Linolenic acid metabolism”
and “Linoleic acid Metabolism” pathways in AAV-ha-Syn
mice (Fig. 8i), which was consistent with the pathways
enriched by AKG-modulated nigral metabolites.

We further examined the gut microbiota and found that
the AKG diet slightly reduced several a-diversity indicators

a c AAV-GFP AAV-GFP + AKG e AAV-ha-Syn AAV-ha-Syn + AKG
o AAV-GFP Max Max Lachnospiraceae_NK4A136_group
O AAV-GFP + AKG Angelakisella
A AAV-ha-Syn ' ) Tyzzerella I
V  AAV-ha-Syn + AKG \ Roseburia

Z-score
°

6009 , ¢ %
e o

3. 1

£ 209 « |

[/ e |

10 sk Min
] e OO

a-Divers|

g Candidatus_Saccharimonas
Bilophila ]
N

Rikenella

Paraprevotella

Faecalibaculum f Alloprevotela

Lachnospiraceae_NK4A136_group Lactobacillus

. Ruminococeus_1
. Peptococcus Min Ruminiclostridium

Oscillibacter Holicobacter

Buyricicaccus

Butyricicoccus
Ruminiclostridium_6

Parasutterella
Ruminiclostridium_5
Mucispirillum
Dubosiella
Tyzzerella_3

Muribaculum
Turicibacter

1] Ruminococcaceae_UCG-010 Lactococcus
% N 'S > 2 ) ~ Romboutsia
v-o ‘\,’o L L& ¢ (bq Bradyrhizobium
(&) .&Q ‘\’bo °\° © ‘Sphingomonas
° % & & obi Romboutsia
o Mesorhizobium Parvibacter
Q Lactococcus Adlercreutzia
Anacrotruncus
Adlercreutzia Staphylococcus
b PCoA d f
ARV-GFP + AKG vs AAV-GFP 95% confidence intervals
Cell growth and death g, 0 1.87e-04 [ AAV-GFP
AAV-ha-Syn Transport and catabolism g, ] 4.56e-03 = AAV-ha-Syn
o Energy metabolism e, I 5.08¢-03 B AAV-ho-8yn + AKG
01 . . Immune diseases 6 5.83e-03 e i \
= Agingg e 6.02¢-03 i Romboutsia 1
X . Glycan biosynthesis and metabolism E==ry | o 7.41e03 © H = i
S AAV-ha-Syn Infectious diseases: Parasitic| ° o66e0s 5 Lactococcus i
~ +AKG Infectious diseases: Bacterial [ 1.24e-02 £ i - i
= 0.0 Metabolism of other amino acids ==, o1 13te02 2 | Adlercreutziad i
~ Excretory system| 150002 & N, = !
O AAV-GFP | AAV-GFP . Membrane transport e ——0——— | 1.62e-02 { Ruminiclostridium_6 N
o +AKG - Drug resistance: Antimicrobial =3 ® 179002 & ! :
04 . Folding, sorting and degradation == 1ot 203002 i !
- . of other secondary ° 315002 2 ' i
o ism of cofactors and vi ot 3.20002 | Lachnospiraceae_NK4A136_group: |
Cellular community-prokaryotes = —o— 3.48e-02 | H
Replication and repair il 3.98e-02 N Butyricicoccus: ’
-0.2 -0.1 . i .2 X Nucleotide metabolism =ty 1= 4.03e-02 ¥ T T T 1
0.2 0.0 0.1 0 0.3 0.0 49-25 0.0 1.0 [ 500 1000 2000 3000 4000
o . .9 -2, . .
g PC1 (41.97%) Mean proportion (%) Fold Change of AAV-GFP
, Coltype h . .
(9-Riboflavin
L-isoleucine 1 j
6-Keto-prostaglandin F1a
Biocytin a r=-0.801, P = 0.002 =-0.833, P=0.001
PC(18:1(92)122:4(72,102132,162) o) r=0.756, P = 0.005
PC(22:6(42,72,102,132,162,192)/ £ 2x10° o 1x10%
24:1(152)) S
L-proline ) . O gx10s . P .
; 81.5x10 c 3 .
L-Threonine € 5 6x10° £ °
Leukotriene E4 5 2 3 .
Retinyl ester £ 1x10% 8 4x10%. K
Prostaglandin G2 = =) >
11-Dehydro-thromboxaneB2 <4 " £ 2x10 . 2
ey 5 5x10 2 e ¥ H
(14:0/20:4(8Z,117,142,172)) 13 3 . °
PC(22:5(42,72,102,132,162)/24:1(152)) £ 2 T T r T ] o
D-Glucose 3 o4 o o] 002 004 006 Ves 0.0 '
Pantothenic acid < 0.00 0.02 0.04 0.06 008 0.10 -2x10 0.00 0.02 004 006 008 0.10
Dodecanoic acid -

Prostaglandin A2
Calcitriol
PC(24:0120:4(82,112,142,172))
L-Methionine

Leukotriene D4

- | Glutamine
C L R2PDETD S
555321 ET7 % Coltype
££§383:32¢8¢8 325 I Genus
Ss£38°53'%x2883 05 Rowtype
2 £EEZ8
ol 3 5 2~ 55 g8 I Metabolite
o a 2 e g
H gg La% o
2 £g ihe
E o = 3 3 E
(WS @ st 3 05
2 ] 2 8o
8 s Fey |
a 3 g
3 95 g -
E §% ¢ p<0.01
A * p<0.05
5

Lachnospiraceae_NK4A136_group

=

=-0.844, P=0.001

Leukotriene D4

0.00 0.02 0.04 0.06 0.08 0.10

Lachnospiraceae_NK4A136_group

Lachnospiraceae_NK4A136_group

r=-0.730, P=0.007

Leukotriene E4

0+
0.00 0.02 0.04 0.06 0.08 0.10
Lachnospiraceae_NK4A136_group

Lachnospiraceae_NK4A136_group

3

r=0.845, P <0.001

0+
0.00 0.02 0.04 0.06 0.08 0.10

6-Keto-prostaglandin F1a

Lachnospiraceae_NK4A136_group

Fig.9 The AKG diet regulates the gut microbiota in AAV-ha-Syn
mice. a and b The expression of a-diversity indicators (ACE, Chaol,
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The KEGG pathways enriched by the differential gut microbiota in
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AAV-ha-Syn+AKG and AAV-ha-Syn. f The AKG diet reversed
AAV-ha-Syn-increased or -decreased gut microbiota compared with
AAV-GFP. g The correlation analysis of differential gut microbiota
and microbial metabolites. h-m The correlation between Lachno-
spiraceae_NK4A136_group and 11-Dehydro-thromboxane B2 (h),
Prostaglandin G2 (i), Prostaglandin A2 (j), Leukotriene D4 (k), Leu-
kotriene E4 (1), and 6-Keto-prostaglandin Fla (m)
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such as ACE, Chaol, Simpson, Shannon, and PD whole tree
compared with the AAV-GFP group (Fig. 9a). The PCoA
plot, multi-sample Shannon curves, non-metric multidimen-
sional scaling (NMDS), and individual composition of the
gut microbiota from these four groups are shown in Fig. 9b
and Supplementary Fig. 16a—c. The top 5 pathways enriched
by differential gut microbiota from AKG diet intervention
in wild-type mice were “Cell growth and death”, “Trans-
port and catabolism”, “Energy metabolism”, “Immune dis-
eases”, and “Aging” (Fig. 9c and d). We also showed the
differential gut microbiota between AAV-ha-Syn+ AKG
and AAV-ha-Syn at the genus level (Fig. 9e), and the
AKG diet reversed the AAV-ha-Syn- induced increases in
Butyricicoccus, Lachnospiraceae_NK4A136_group, Rose-
buria, Ruminiclostridium_6, and AAV-ha-Syn-decreases
in Adlercreutzia, Lactococcus and Romboutsia at the genus
level (Fig. 9f). However, the AKG diet exerted adverse
effects on several microbiota like Butyricicoccus, Lachno-
spiraceae_NK4A136_group, Roseburia, and Lactococcus in
the AAV-ha-Syn and AAV-GFP groups (Fig. 9f). We then
performed correlation analysis between gut microbiota and
microbial metabolites which were altered by the AKG diet
in mice injected with AAV-ha-Syn (Fig. 9g, Supplemen-
tary Fig. 17a). Here, we show the top hit results between
the Lachnospiraceae_NK4A136_group, Lactococcus, and
microbial metabolites. The Lachnospiraceae_NK4A136_
group was negatively correlated with 11-dehydro-thrombox-
ane B2, prostaglandin G2, leukotriene D4, leukotriene E4,
and positively correlated with prostaglandin A2 and 6-keto-
prostaglandin Fla (Fig. 9h—m), where Lactococcus had a
contrary correlation with the above-mentioned microbial
metabolites (Supplementary Fig. 17b—g). Thus, we revealed
gut microbiota and metabolome alterations due to ingestion
of the AKG diet in AAV-ha-Syn mice, which may commu-
nicate with nigral metabolism through the gut-brain axis.

Dietary intake of AKG ameliorates movement
disorder, a-synuclein pathology and DA neuron
degeneration in transgenic A53T a-Syn mice

Since we have observed the protective effects of AKG in the
AAV-ha-Syn mice, we want to exclude these effects are due
to AKG suppressing the efficacy of AAV transduction, in
addition, we are also eager to verify our finding in the trans-
genic mice model, thus we utilized the A53T a-Syn mice.
Here, we found A53T a-Syn mice behave obvious parkinso-
nian phenotypes, motor dysfunction (impaired travelled dis-
tance and movement speed in the open field test, increased
pole-climbing time, and decreased duration in the rotarod
and holding time score), enhanced a-synuclein pathology
and nigrostriatal DA neuron degeneration (Fig. 10a-1).
Dietary intake of AKG for 12 weeks significantly improved
the total travelled distance, movement speed, number of

entries to the center, and time spent in the center in the open
field test of AS3T a-Syn mice (Fig. 10a—f). Moreover, the
AKG diet also decreased pole-climbing time and increased
motor coordination and grip strength in A53T a-Syn mice
(Fig. 10g—i). Furthermore, the AKG diet significantly
reduced nigral and striatal a-synuclein pathology in A53T
a-Syn mice (Fig. 10j and k), and also promoted striatal and
nigral DA neuron activity in A53T a-Syn mice (Fig. 10l-n).

The AKG diet increased nigral and serum AKG levels
in A53T a-Syn mice (Fig. 11a and b). Besides, the AKG
diet increased the endpoint voxels and branch length, and
decreased the cellular volume of Ibal + cells, suggesting
it suppressed microglial activation in A53T a-Syn mice
(Fig. 11c). AKG also increased nigral and striatal synap-
sin, PSD-95 expression, and striatal syntaxin expression in
AS53T a-Syn mice (Fig. 11d and e). Consistently, the AKG
diet promoted the number of nigral synaptic vesicles and
VMAT2-positive neurons in AS3T a-Syn mice (Fig. 11f and
g). Neither vGAT or vGLUT2-positive cells were changed in
WT, AKG, A53T a-Syn or AS3T a-Syn+ AKG mice (Sup-
plementary Fig. 18a and b). Taken together, the results show
that the AKG diet improved motor dysfunction, a-synuclein
pathology, and decreased DA neuron death in AS3T a-Syn
mice.

Discussion

During the TCA cycle, AKG is converted from isocitrate
and glutamate to succinyl-CoA. Additionally, AKG is also
a significant source of cellular adenosine triphosphate [42].
Emerging evidence supports AKG as a new anti-aging agent
[11-15]. Although AKG was found to modulate mTOR sign-
aling to extend the lifespan of C. elegans and Drosophila
[11, 12], this cascade was not found in mice [15]. Moreover,
dietary AKG was found to hinder chronic inflammation by
producing anti-inflammatory IL-10 [15]. Here, we report
that an AKG diet improved movement disorder, a-synuclein
pathology, and impaired DA synapses in PD mouse models.

By virtue of RNA-seq, we reveal that AKG promotes
the complement-related pathways. Especially, we found
the reduced expression of microglial phosphorylated
a-synuclein, alongside the increased expression of Clq
in the microglia. As the initiating protein of the classical
complement cascade, C1q is thought to be neurotoxic and
contributes to neuronal death and synapse loss in neurode-
generative diseases and neurological disorders [34, 43, 44].
However, C1q has also been shown to be neuroprotective by
preventing B-amyloid-induced neurotoxicity and enhancing
the phagocytosis of microglia [35-37, 45]. Inspired by this
idea, we hypothesized that C1q may be responsible for the
clearance of phosphorylated a-synuclein upon AKG treat-
ment. Through transcriptomic analysis and validation, we
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«Fig.10 The AKG diet attenuates the parkinsonian phenotype in
transgenic A5S3T a-Syn mice. a Experimental design for AKG diet
administration in AS3T a-Syn mice. b—f Representative traces, total
travelled distance, movement speed, the number of entries to the
center zone, and time spent in the center zone in the open field test. g
The pole-climbing test was used to examine bradykinesia in the mice.
h The rotarod test was used to examine the motor coordination of the
mice. i The grasping test was used to examine the grip strength of
the mice. n=10, 9, 9 and 8 for WT, AKG, A53T a-Syn and A53T
a-Syn+ AKG, respectively. j and k Representative blots and quan-
tification showing the expression of phosphorylated a-synuclein
(Ser129) in the SN and striatum. n=3 per group. 1 Immunohisto-
chemistry staining and quantification of TH-positive cells in SNpc
and TH-positive density in the striatum. Scale bars, 1 mm for stria-
tum, 800 pm for SNpc. Magnified images of TH-positive cells in
the SNpc are shown in the right column of the panel (I). n=6-10.
Scale bars, 100 pm. m and n Representative blots and quantifica-
tion showing TH expression in the SN and striatum. n=3 per group.
Results are expressed as the mean+SEM. “p<0.01, p<0.05 vs.
WT; #p<0.01, ¥p<0.05 vs. AS3T a-Syn. Statistical significance
was determined using one-way ANOVA and Tukey’s test for post hoc
comparisons

found that the AKG diet significantly increased the mRNA
expression of Clga, and we also noted that the reduced phos-
phorylated a-synuclein within microglia in the SN of AAV-
ha-Syn mice. Since microglia are the main source of Clq
[46], our in vivo and in vitro data suggest that the induced
microglial autophagy mediated by C1q underlies this effect.
Our results also indicated AKG treatment could reduce the
expression of phosphorylated a-synuclein in A53T a-Syn
Tg mice, which could exclude the effect is mediated by
AKG suppressing the efficacy of AAV transduction. Col-
lectively, we claim that C1g-mediated autophagy underlies
AKG reducing the levels of phosphorylated a-synuclein in
the a-synucleinopathy models of PD.

In this study, AAV-ha-Syn caused a reduction in the num-
ber of synaptic vesicles, which is pathologically relevant to
a-synuclein burden. Importantly, we found reduced VMAT2
(responsible for dopamine release)-positive cells, rather
than vGAT (inhibitory neurons) or vGLUT?2 (excitatory
neurons)-positive cells in the SN of AAV-ha-Syn-injected
and transgenic A53T a-Syn mice. These results suggest
that AAV-ha-Syn may reduce VMAT?2-positive synaptic
vesicles, which is related to the DA neuron degeneration
we observed. These results were consistent with previous
study [26]. Since a-synuclein is a pre-synaptic terminal pro-
tein under physiological conditions, increased a-synuclein
expression was reported to reduce neurotransmitter release
by hindering synaptic vesicle reclustering after endocyto-
sis [47]. Besides, pathological a-synuclein could damage
cellular vesicles by permeabilizing cholesterol-containing
vesicular membranes and inducing DA leak from vesicles
into the cytosol [48]. Additionally, the effects of a-synuclein
overexpression on synaptic vesicles may be resulted from it
induced pro-inflammatory response and oxidative stress [38,
49]. In this study, we found AKG administration increased

the number of synaptic vesicles in AAV-ha-Syn and AS3T
a-Syn mice. We conclude this neuroprotection was due to
AKG’s autophagy induction and anti-inflammatory effects.
Our data suggest a loss of VMAT2-ir axon terminals in the
SNc but could not tell the neurochemical identity of axon
terminals with higher number of SVs, we may need to clar-
ify the synaptic vesicle number and clustering related to
AAV-ha-Syn damage in the future.

Another interesting finding from our study was that the
AKG diet increased nigral DHA levels in a PD model.
DHA has been proved to be beneficial for the treatment
of depression, schizophrenia, and aging-related diseases
such as PD and AD [50-53]. Previously, DHA intake
was found to extend the longevity of mice overexpressing
human a-synuclein, possibly through regulating enteric DA
neurons, while DHA exerted no obvious effects on motor
impairment, the nigral DA system, and a-synuclein levels
[54, 55]. However, other studies have provided evidence that
DHA may improve movement disorders and dopamine syn-
thesis in 6-OHDA- and rotenone-induced rodent PD mod-
els via regulating protein kinase activity and suppressing
inflammation and oxidative stress [32, 33, 56, 57]. Here, our
metabolomic analysis revealed that the AKG diet increased
nigral DHA concentration, and DHA ameliorated motor dys-
function and reduced a-synuclein pathology in a PD mouse
model. DHA may share the similar neuroprotective mecha-
nisms with AKG.

How ingestion of the AKG diet produced nigral DHA?
We explored the gut-brain-axis mechanism of dietary AKG
intake, and the differential microbial metabolites were
enriched in “Alpha Linolenic acid metabolism”, “Linoleic
acid Metabolism”, and “AA metabolism”, suggesting the
AKG diet modulates enteric omega-6 and omega-3 PUFA
metabolism. PUFAs contain two main types: omega-6 fatty
acids with its 18C precursor linoleic acid, and the omega-3
fatty acids, with its 18C precursor alpha-linolenic acid.
Omega-6 linoleic acid is metabolized to arachidonic acid
(AA) and omega-3 alpha-linolenic acid is metabolized to
DHA and eicosapentaenoic acid (EPA) [58]. DHA was
previously found to modulate TCA cycle homeostasis [59,
60]. Because AKG is a key intermediate product during the
TCA cycle, we conclude that energy metabolism may be
the link between AKG and DHA.. In addition, we noted that
AKG significantly decreased the abundance of Roseburia in
AAV-ha-Syn mice. Roseburia is a prominent gut-associated
butyrate-producing bacteria [61, 62], and sodium butyrate
was found to interact with DHA to increase omega-3 fatty
acid level and induce apoptosis in cancer cells [63, 64].
Notably, sodium butyrate was reported to exacerbate PD
pathology by aggravating colonic inflammation [65]. Thus,
we hypothesize that AKG-increased nigral DHA levels may
be compensatory to the aberrant gut microbiota and micro-
bial metabolites.
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Fig. 11 The AKG diet suppresses the pro-inflammatory response and
rescues impaired DA synapses in A53T a-Syn mice. a and b AKG
levels in the SN and serum were determined by ELISA. n=3 for SN,
n=5-10 for serum. ¢ Immunofluorescence staining and quantifica-
tion of endpoint voxels, branch length, and volume of Ibal-positive
cells in the SN of WT, AKG, A53T «-Syn, and A53T o-Syn+AKG
groups. Scale bars, 40 pm. Magnified images are shown in the mid-
dle row, and skeletal diagrams of Ibal-positive cells are shown in
the bottom row. Scale bars, 12 pm. n=6-7. d and e Representative
blots and quantification showing the expression of Synapsin, Syn-
taxin, Synaptotagmin, and PSD-95 in the SN and striatum. n=3

Our study also reveals the gut-brain-axis mechanism
of AKG and DHA in attenuating the pro-inflammatory
response in a PD model. Previous study reveal that lack
of microbiota diversity results in defects in microglia, and
microbiota-derived short-chain fatty acids (SCFAs) could
modulate the microglia homeostasis [66]. The “anti-inflam-
matory” SCFAs, butyrate-producing bacteria Blautia, Cop-
rococcus, and Roseburia were found to be reduced in the
fecal samples of PD patients, while Ralstonia was signifi-
cantly increased in mucosa of PD patients [67]. Mechanisti-
cally, butyrate could inhibit TLR4/MyD88/NF-«xB pathway

@ Springer
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a-Syn, and A53T a-Syn+AKG groups. Scale bars, 40 pm. Magni-
fied images are shown in the bottom row. Scale bars, 10 pm. n=7-9.
Results are expressed as the mean+SEM. “p<0.01, p<0.05 vs.
WT; #p<0.01, *p<0.05 vs. AS3T a-Syn. Statistical significance
was determined using one-way ANOVA and Tukey’s test for post hoc
comparisons

in the colon and striatum, and suppress the production of
proinflammatory cytokines [68, 69]. Nigral a-synuclein
overexpression induces significant neuronal loss in the ileal
submucosal plexus and increases fecal bile acid composition
in the AAV-a-synuclein-injected PD rat model [70], suggest-
ing nigral a-synuclein pathology actually affects the enteric
nervous system and gut microbial metabolism. In addition,
SCFAs are also responsible for the microglia activation and
a-synuclein aggregation in a-synuclein-overexpressing mice
[40]. In this study, the AKG diet increased enteric 11-dehy-
dro-thromboxane B2, prostaglandin G2, leukotriene D4,
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and leukotriene E4 in AAV-ha-Syn mice. These metabolites
are related to AA metabolism and pro-inflammatory reac-
tions. For example, 11-Dehydro-thromboxane B2 is a stable
metabolite of thromboxane A2, which is a cyclooxygenase
product of AA [71]; prostaglandin G2 is converted from
AA via cyclooxygenase [72]; leukotriene D4 and leukot-
riene E4 are also produced from AA [73]. In addition, the
AKG diet decreased enteric prostaglandin A2 and 6-keto-
prostaglandin Fla. Prostaglandin A2 has been shown to sup-
press LPS-induced inflammatory signaling by inhibiting the
NF-xB pathway [74]. In addition, 6-Keto-prostaglandin F1
is a stable hydrolysis product of prostacyclin (prostaglandin
12, PGI2), which is proved to be an important inflammatory
mediator [75]. Considering both AKG and DHA suppress
the pro-inflammatory response in the brain, we conclude
that the AKG diet-regulated enteric inflammatory state may
be a compensatory effect of the a-synuclein burden in the
brain and this is potentially related to platelet activity, as
most altered microbial metabolites are linked to platelets.
We also identified several gut microbes which may be cor-
related to modulation of microbial metabolites. Lachno-
spiraceae_NK4A 136_group was negatively correlated with
11-dehydro-thromboxane B2, prostaglandin G2, leukotriene
D4, leukotriene E4 and positively correlated with prosta-
glandin A2 and 6-keto-prostaglandin Fla. Previously, Lach-
nospiraceae_NK4A136_group was found to be responsible
for spermidine-enhanced gut barrier function and its protec-
tion against obesity [76], it was also was negatively corre-
lated with oxidative stress and inflammation in the gut [77,
78]. This finding further confirms our hypothesis that AKG
modulated the gut microbiota and microbial metabolism to
be resistant to nigral a-synuclein burden-induced intestinal
chaos. Moreover, modulating PUFA metabolism in the gut-
brain axis may underlie the benefits of AKG in PD mice.
In the current study, the AKG diet was given for at least
3 months to efficiently clear the a-synuclein pathology.
We conclude that long-term dietary AKG supplementation
may be beneficial for PD treatment, however, potential side
effects require further examination. Moreover, there are
few studies indicating the potential beneficial effects of
AKG supplementation in humans. AKG is usually used in
pure form or combined with other elements (such as cal-
cium, arginine, ornithine, or sodium). Some studies report
that ornithine AKG (O-AKG) improved wound healing
in severe burn patients [79, 80]. Recently, Rejuvant® (an
AKG-based formulation) was revealed to decrease the
biological aging of humans by eight years, as measured
by DNA methylation, suggesting its potential anti-aging
role [81]. Nevertheless, clinical trials using AKG-based
formulations in PD patients is urgent. Due to its metabolic
properties and pharmacokinetics, 80% of dietary AKG is
rapidly removed from the bloodstream [82]. The daily dose

of AKG ranges from 3.6-30 g in humans [79, 8§3-85],
and our study indicates that dietary Ca-AKG (2%) could
induce autophagy and clear misfolded a-synuclein in the
mouse model. The dietary dose used in PD patients still
needs further clinical investigation.

In summary, we show that dietary intake of AKG
induced microglia to phagocytose and degrade a-synuclein
via upregulating C1q signaling and suppressed pro-inflam-
matory reactions in AAV-ha-Syn mice and A53T a-Syn
mice. We also suggest that the AKG diet increased nigral
DHA levels in the PD mice model. Additionally, we deter-
mined the gut-brain axis mechanism behind the benefits of
the AKG diet in a-synucleinopathy mouse models. Taken
together, our findings propose that dietary intake of AKG
is a promising therapeutic approach for PD.
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