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In brief

Wang et al. find that the short-chain fatty
acid propionate suppresses a-synuclein-
induced neurodegeneration in a
Caenorhabditis elegans Parkinson’s
disease model by regulating interorgan
signaling between neuron and intestine.
Propionate supplementation reverses
intestinal transcriptomic changes
triggered by neuronal a-synuclein
aggregation and rescues intestinal
energy production, which then promotes
neuronal health cell-non-autonomously.

¢? CellPress


mailto:cgzheng@hku.hk
https://doi.org/10.1016/j.celrep.2024.113865
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2024.113865&domain=pdf

Cell Reports ¢ CellPress

OPEN ACCESS

Metabolic rescue of a-synuclein-induced
neurodegeneration through propionate supplementation
and intestine-neuron signaling in C. elegans

Chenyin Wang,' Meigui Yang," Dongyao Liu," and Chaogu Zheng'>*

1School of Biological Sciences, The University of Hong Kong, Hong Kong Special Administrative Region, China
2L ead contact

*Correspondence: cgzheng@hku.hk

https://doi.org/10.1016/j.celrep.2024.113865

SUMMARY

Microbial metabolites that can modulate neurodegeneration are promising therapeutic targets. Here, we
found that the short-chain fatty acid propionate protects against a-synuclein-induced neuronal death and
locomotion defects in a Caenorhabditis elegans model of Parkinson’s disease (PD) through bidirectional
regulation between the intestine and neurons. Both depletion of dietary vitamin B4,, which induces propio-
nate breakdown, and propionate supplementation suppress neurodegeneration and reverse PD-associated
transcriptomic aberrations. Neuronal a-synuclein aggregation induces intestinal mitochondrial unfolded pro-
tein response (mitoUPR), which leads to reduced propionate levels that trigger transcriptional reprogram-
ming in the intestine and cause defects in energy production. Weakened intestinal metabolism exacerbates
neurodegeneration through interorgan signaling. Genetically enhancing propionate production or overex-
pressing metabolic regulators downstream of propionate in the intestine rescues neurodegeneration, which
then relieves mitoUPR. Importantly, propionate supplementation suppresses neurodegeneration without
reducing a-synuclein aggregation, demonstrating metabolic rescue of neuronal proteotoxicity downstream
of protein aggregates. Our study highlights the involvement of small metabolites in the gut-brain interaction in

neurodegenerative diseases.

INTRODUCTION

Increasing evidence has highlighted the critical contribution of
the gut-brain axis to the development and progression of neuro-
degenerative diseases.' The hundreds of bacterial species in the
human gut are essential for food digestion, vitamin synthesis,
and the training of the immune system, and changes in the bac-
terial composition of the gut microbiome have been associated
with neurodegenerative diseases. For example, a reduction in
the Prevotellaceae family of commensal bacteria and an increase
in the abundance of Enterobacteriaceae correlates with disease
severity in Parkinson disease (PD) patients.” PD is often charac-
terized by the abnormal accumulation and aggregation of a-syn-
uclein (a-syn) proteins in the dopaminergic (DA) neurons, which
leads to mitochondrial dysfunction, oxidative stress, energy fail-
ure, and neuronal death.® Studies from the mouse PD models
with a-syn overexpression confirmed that the gut microbiota
were required for the motor deficit and neuroinflammation char-
acteristic of a-syn pathology.*

How would the altered microbial composition in the gut
contribute to PD pathogenesis? Many studies have focused on
the role of short-chain fatty acids (SCFAs), such as acetic acid,
propionic acid (PA), and butyric acid, which are produced by
the microbiota through the anaerobic fermentation of dietary fi-
bers. Changes in the gut microbiota would lead to the changes
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in SCFA levels in the enteric metabolome; SCFAs may modulate
neuronal health directly by crossing the blood-brain barrier to act
on neurons or indirectly by influencing systematic inflammation.®
However, the effects of SCFAs on neurodegeneration remain
controversial.

Germ-free mice overexpressing o-syn had lower levels of
SCFA in their fecal samples and reduced motor symptoms
than control mice with gut microbiota. Administrating a mixture
of SCFAs to germ-free mice led to increased motor impairment
and microglial activation,* suggesting that SCFAs may be pro-
neurodegenerative. However, clinical studies found reduced
SCFA levels in the fecal samples of PD patients compared to
age-matched healthy individuals.® Oral administration of propio-
nate prevented DA neuronal loss and rescued motor deficits in
6-hydroxydopamine-induced PD mice.” Propionic acid also pro-
tected mesencephalic DA neurons against rotenone-induced
toxicity in cellular PD models.® Conflicting results were also
found for butyrate. Treatment of sodium butyrate in the same
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced mouse
model of PD showed neuroprotective effects in one study® but
exacerbated neurodegeneration and elevated inflammation in
another.’® Similar inconsistency for the levels and effects of
SCFA was also found in Alzheimer disease (AD),"" and butyrate
appeared to ameliorate neurodegeneration in mouse Huntington
disease models.'? The discrepancy among the above studies is
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Figure 1. Depletion of dietary B, suppresses a-syn-induced neurodegeneration

(A) Three enzymes (in red) in the salvage-dependent vitamin B4, synthesis pathways identified in the screen for proneurodegenerative E. coli genes.

(B) The levels of B4, determined by LC-MS in the lysate of different bacterial strains. N.D., not detected.

(C) The levels of By, in C. elegans WT or PD strains (with pan-neuronal expression of a-syn A53T) fed with different diets.

(D) The number of body bends per 20 s in PD animals fed with different E. coli K12 strains at L4 and day 2 adult (D2A) stages.

(E) The number of animals with 2 intact ADE neurons in PD animals fed with different bacteria. The representative images at right showed the presence (arrows) or
absence (dashed circles) of ADE neurons. Scale bars, 20 pm.

(F) Movement speed of animals on and off the bacterial lawn in the strain expressing a-syn (A53T) in the DA neurons and fed with various bacterial diets.

(G) Locomotion and ADE survival rate of PD animals with pan-neuronal expression of a-syn (A53T) and fed with cobA(—); cobS(—) E. coli supplemented with

B+2 (64 nM) or mixed with Comamonas bacteria (1%).

In (E) and (G), N > 30 for each of at least 3 replicates. Double asterisks indicate p < 0.01 in a post-ANOVA Dunnett’s or Tukey’s test.

often attributed to different types and concentrations of SCFAs
used,® but the mechanism underlying the effects of SCFAs is
not entirely understood.

In this study, using a Caenorhabditis elegans model of PD with
neuronal expression of human a-syn A53T mutant proteins, we
found decreased levels of PA in PD animals compared to the
wild type (WT). Increasing the propionate level by removing die-
tary vitamin Bi, (which induces propionate breakdown) or
through direct supplementation rescued a-syn-induced DA
neuron loss and locomotion defects. Surprisingly, the neuropro-
tective effect of PA is mediated by interorgan signaling between
neurons and intestine. a-Syn aggregation in neurons triggered
transcriptional changes in the intestine by activating intestinal
mitochondrial unfolded protein response (mitoUPR), which re-
sulted in reduced propionate production, and this in turn caused
the downregulation of numerous propionate-responsive genes
involved in fatty acid and amino acid metabolisms and energy
production. Enhancing the production of propionate in the intes-
tine or restoring the intestinal expression of key metabolic regu-
lators downstream of propionate significantly rescued neurode-
generation, suggesting that the metabolic state of the intestine
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can modulate a-syn-induced neurodegeneration. Therefore,
our results support the beneficial effects of SCFAs, such as
PA, on preventing neurodegeneration through the gut-brain
axis in neurodegenerative diseases.

RESULTS

Depletion of dietary vitamin B, suppresses a-syn-
induced neurodegeneration

We previously screened the Escherichia coli genome and identi-
fied 38 genes that promoted a-syn-induced neurodegeneration
in C. elegans. Deletion of these bacterial genes suppressed
neuronal loss and locomotion defects in PD animals expressing
a-syn A53T proteins.'* Among the 38 E coli genes, cobS, cobA
(or btuR), and eutT, code for key components of the salvage-
dependent vitamin B4, synthesis pathway. Both cobA and eutT
code for adenosyltransferases that add an adenosyl group to
cobinamide, and cobS codes for a ribazole transferase that
converts adenosylcobinamide-guanosine diphosphate to ad-
enosylcobalamin 5’-phosphate, which is then dephosphorylated
to generate adenosylcobalamin (Figure 1A). E. coli cannot de
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novo synthesize cobalamin and only produces vitamin B;»
through the salvage pathway'®; thus, the level of By, in E. coli
is much lower than that in bacterial species (e.g., Salmonella
and Comamonas) that can de novo synthesize cobalamin. Using
liquid chromatography-mass spectrometry (LC-MS), we
confirmed that the Comamonas DA1877 strain produced much
higher levels of By, than the E. coli K12 BW25113 strain (Fig-
ure 1B). As expected, B, was not detectable in K12 cobA(-),
eutT(—), and cobS(—) single mutants or the cobA(—); cobS(—)
double mutants (Figure 1B). We confirmed that animals fed on
Comamonas had a much higher level of B4, than the ones fed
on E. coli K12, and no B4, was detectable in worms fed with
the cobA(-); cobS(—) mutants (Figure 1C).

Despite the relatively low level of B4, in E. coli, depleting B4,
in the bacterial diet had a strong effect on suppressing the
neurodegenerative phenotypes in animals that pan-neuronally
expressed ao-syn A53T. PD animals fed with K12 cobS(-),
cobA(-), and eutT(—) single mutants or the cobA(-); eutT(-)
and cobA(—); cobS(—) double mutants had significantly
improved motor functions (measured as the number of body
bends per 20 s) and increased neuronal survival (measured as
the percentage of animals with two intact dopaminergic ADE
neurons) (Figures 1D and 1E). Eliminating B, in the diet also
largely restored DA neuron functions (measured as food-
induced basal slowing response) in another C. elegans PD
model that expressed a-syn A53T specifically in the DA neu-
rons (Figure 1F).

Moreover, supplementation of vitamin B4, to the E. coli
cobA(—); cobS(—) mutants removed the neuroprotective ef-
fects of the diet and led to the same degenerative phenotypes
seen in animals fed with WT E. coli (Figure 1G). Similarly, mixing
the B4,-deficient E. coli mutants with B4,-rich Comamonas at a
99:1 ratio restored the strong PD phenotypes (Figure 1G). The
above results suggest that Bi, promotes neurodegeneration
in C. elegans PD models.

Eliminating vitamin B> does not reduce a-syn
aggregation

We next tested whether vitamin B4, enhanced neurodegenera-
tion by promoting a-syn aggregation. Through antibody staining,
we found that the PD animals fed with WT and cobA(—); cobS(—)
K12 bacteria showed similar levels and patterns of a-syn stain-
ing, and B4, supplementation to the cobA(—); cobS(—) E. coli
diet did not change the a-syn protein signal (Figure S1). a-Syn
aggregates were found in both perinuclear clusters and axonal
puncta under all treatments. Similar observations were made in
animals with pan-neuronal or DA neuron-specific expression of
a-syn A53T (Figures S1A and S1B).

We also conducted sequential fractionation of the worm lysate
to biochemically analyze a-syn aggregation. The overall protein
level of a-syn or its amount in the insoluble fraction did not
show significant differences among animals fed with K12 WT
or cobA(—); cobS(—) mutants (Figures S1C and S1D). B4, sup-
plementation did not affect the a-syn levels in different fractions
of the lysate either. Thus, the immunofluorescence and the
biochemical results both indicate that vitamin B4, does not alter
neuronal a-syn aggregation. The effects of By, on neurodegen-
eration are downstream of protein aggregation.
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a-Syn aggregation and vitamin B4, lead to similar
rewiring of metabolic networks

Previous studies found that vitamin B4, rewired the metabolic
network by repressing the propionate shunt pathway genes and
the methionine/S-adenosyl methionine (SAM) cycle genes.'®'”
To our surprise, we found that the same genes were also down-
regulated in animals with pan-neuronal expression of a-syn
A53T, compared to the WT animals (Figures 2A-2C). In fact,
more than half of the previously known Bi>-repressed genes
were downregulated in the PD animals, suggesting a significant
(p = 2 x 107'% in a hypergeometric test) overlap between B,
and a-syn-induced transcriptomic changes.

Dietary vitamin B, activates the B;>,-dependent canonical
pathway that breaks down propionyl-coenzyme A (CoA), and
decreased levels of propionate lead to the silencing of propio-
nate shunt pathway genes.'” The PD animals showed significant
downregulation of acdh-1, ech-6, hach-1, and hphd-1 (four of
the five components in the shunt pathway), which could be
caused by the reduction in propionate (Figure 2D). Using gas
chromatography-mass spectrometry (GC-MS), we found that
the PA level was much lower in PD animals compared to the
WT animals (Figure 2E). Importantly, LC-MS results showed
that the B, level is similar between PD and WT animals when
both are fed with the K12 WT bacteria, suggesting that the low
level of propionate in PD animals was not due to abnormal accu-
mulation of B4, (Figure 1C). As expected, removing B, from the
bacterial diet led to the increase in PA in PD animals (Figure 2E),
as previously reported in the WT animals.'®

What caused the reduction in the abundance of propionate in
PD animals? From the transcriptomic analysis, we found that
the PD animals showed a 4-fold downregulation of bcat-1, which
codes for a branched chain amino acid (BCAA) transaminase
(BCAT) (Figure 2D). BCAT-1 catalyzes the first step of BCAA
breakdown, which leads to the generation of propionyl-CoA."®
We also observed the reduction in BCAA levels in PD animals
compared to the WT animals (Figures S2A-S2C). Thus, the
decreased availability of BCAA and the downregulation of
bcat-1 both contributed to the scarcity of propionyl-CoA and pro-
pionate in PD animals. Interestingly, BCAT-1 expression was
reduced in the substantia nigra of sporadic PD patients compared
to healthy human brains,”® suggesting potential cross-species
conservation of the mechanisms for neurodegeneration. In addi-
tion, propionyl-CoA could be generated from o-ketobutyrate.
The downregulation of cth-1, cth-2, and cbl-1, which code for cys-
tathionine lyases that convert cystathionine to a-ketobutyrate,
and of cbs-1, which codes for a cystathionine B-synthase that
converts homocysteine to cystathionine, may further reduce the
propionyl-CoA level in PD animals (Figure 2D). Since homocyste-
ine can be converted to cystathionine, the reduced cbs-1, cbl-1,
cth-1, and cth-2 levels may lead to increased amounts of homo-
cysteine. In fact, we found increased levels of homocysteine in
PD animals compared to the WT animals (Figure S2D), which is
consistent with the elevation of homocysteine levels in PD patients
compared to heathy individuals.”’

Besides regulating propionate metabolism, vitamin B, serves
as the coenzyme for 5-methyltetrahydrofolate-homocysteine
methyltransferase (METR-1) and functions to accelerate the one-
carbon cycle. Dietary By, enhances the production of methionine
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Figure 2. Dietary B, and a-syn aggregation cause similar transcriptional changes

(A) Vitamin B, serves as the coenzyme of methylmalonyl-CoA mutase MMCM-1 and methionine synthase METR-1 to regulate the level of propionate and
methionine, respectively, which leads to changes in downstream genes. The pathways are based on works from the Walhout lab.'®~"®

(B) Major enzymes involved in the metabolic network for propionate and methionine are listed. Genes in red are downregulated both in PD animals compared to
the WT animals and by dietary B4, based on previous studies.'”'® Genes in brown are only downregulated by B, but not in PD, and genes in blue are only
downregulated in PD but not by B,.

(C) Venn diagram showing the overlap of genes downregulated by B4, and in PD.

(D) Fold change of genes downregulated by B4, and in PD. # indicates that the gene is downregulated but the adjusted p >0.05; Log2 (fold change) for cth-1 is
—5.7, exceeding the limit of the axis.

(E) The level of PA and methionine determined by GC-MS in WT and PD animals fed with different bacteria. Three biological replicates were performed. Double
asterisks indicate p < 0.01 in a post-ANOVA Tukey’s test.

and SAM, which then suppressed the expression of acdh-1 and  and a-syn overexpression repressed pmp-5 (the B4, transporter),
the one-carbon cycle genes, including metr-1, mtrr-1, ahcy-1, msra-1 (the influx regulator of the one-carbon cycle), and nhr-114
mel-32, and mthf-1."® Three of them and two more genes (the transcription factor that activates the one-carbon cycle
(dao-3, and atic-1) in the one-carbon cycle were downregulated  genes). Downregulation of the one-carbon cycle genes in PD ani-
in PD animals compared to the WT animals. Moreover, both B,  mals could be caused by increased levels of methionine, since
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Figure 3. Propionate supplementation suppresses neurodegeneration and corrects PD-associated transcriptomic aberration
(A and B) The percentage of animals with normal locomotion and with 2 intact ADE neurons fed with different bacteria and supplemented with different con-
centrations of PA or SP (under K12 WT diet).

(legend continued on next page)
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methionine supplementation is known to repress these genes.'®
We found that the methionine level was increased in PD animals
compared to the WT animals, and it was significantly reduced
when dietary B4» was depleted (Figure 2E).

Overall, the above results suggest that both excessive dietary
B+2 and neuronal a-syn aggregation in the PD animals lead to
similar metabolic changes and transcriptional reprogramming,
which may contribute to neurodegeneration. Removing dietary
B1, can at least partially reverse such metabolic dysregulation
in PD animals and rescue neurodegeneration.

Propionate protects neurons from degeneration

We next asked whether decreased propionate or increased
methionine abundance mediated the effects of vitamin B4, on
neurodegeneration. We supplemented PA to the PD animals
fed with WT E. coli and found that low concentrations of PA
(10 mM) significantly suppressed the neurodegenerative pheno-
types (Figure 3A). Higher concentrations delayed development
and reduced the viability of the PD animals and had a lesser ef-
fect on neuroprotection (Figure S3A). Previous studies also
found that PA at >40 mM concentration caused slow growth
and lethality in WT animals.'®?? We suspected that the toxicity
may result from the acidification when a high concentration of
PA was supplemented. In fact, when 35 mM PA was added,
the pH of the nematode growth media (NGM) plate dropped
from 6.0 to 3.9. This toxicity could be avoided by supplementing
sodium propionate (SP), which suppressed neurodegeneration
in a dose-dependent manner without lowering pH or affecting
viability (Figure 3B).

Importantly, adding propionate did not provide further neuro-
protection to the PD animals fed with the cobS(—); cobA(-) E.
coli mutants, suggesting that eliminating B+, from the diet sup-
pressed neurodegeneration through the elevation of propionate
levels (Figure 3A). As expected, dietary supplementation of By,
or feeding with By,-rich Comamonas strongly suppressed the
neuroprotective effects of propionate; weak or no protection
was observed even at high concentrations of PA (Figure 3A).
Thus, vitamin B likely promotes neurodegeneration by breaking
down propionate through the activation of the canonical pathway.

We then supplemented the PD animals with methionine and
found that methionine also protected neurons from a-syn-
induced degeneration at a high concentration (20 mM; Fig-
ure S3B). This neuroprotective effect of methionine is consistent
with previous reports in other models of neurodegenerative dis-
eases.’® Although the PD animals have elevated levels of methi-
onine compared to the WT animals (Figure 2E), the level may not
be high enough to trigger neuroprotection. Moreover, methio-
nine supplementation to animals fed with the B4,-deficient
cobS(—); cobA(—) E. coli, which had significantly reduced methi-
onine levels, did not show any detrimental effects (Figure S3B).
These results indicated that B1>-induced accumulation of methi-
onine in PD animals did not contribute to neurodegeneration.

Cell Reports

Instead, the Bi>-induced downregulation of propionate plays
the critical role in promoting neurodegeneration.

B2 depletion or propionate supplementation reverses
PD-associated transcriptomic aberration

The level of propionate appeared to dictate the expression of a
large number of genes associated with PD pathogenesis in the
C. elegans model. Through transcriptomic profiling, we found
that among the 2,978 genes downregulated in PD animals
compared to the WT animals, the expression of 966 genes were
restored by feeding the PD animals with B4,-deficient E. coli,
and the majority (576) of them were resuppressed by supplement-
ing B42 in the cobA(—); cobS(—) E. coli diet (Figure 3C; Tables S1,
S2, and S3). Interestingly, B> supplementation caused the sup-
pression of approximately half (1,276) of the 2,978 genes that
were downregulated in PD animals, which supported the idea
that B4, and a-syn aggregation target the same set of genes.

Moreover, 887 (92%) of the above 966 genes upregulated by
dietary B4, depletion were also upregulated upon propionate
supplementation, confirming that the neuroprotective effects of
removing B4, from the diet was mediated mainly by increased
propionate levels (Figure 3C; Table S4). Strikingly, propionate
supplementation upregulated 2,204 (74%) of the 2,978 genes
downregulated in PD. Similar trends were also observed for
the 2,988 genes upregulated in PD, 2,665 genes (89%) of which
were downregulated by propionate supplementation (Fig-
ure S3C). These results suggest that a large majority of the tran-
scriptomic changes associated with PD pathology in C. elegans
could be reversed by simply restoring the propionate levels.

Although B4, depletion only partially restored the propionate
level to ~30% of the physiological levels found in the WT animals
(Figure 2E), this moderate increase in propionate abundance had
significant effects on the transcriptome by restoring the normal
expression of a key set of PD genes. In fact, when we supple-
mented propionate to animals already fed with a B4»-deficient
diet, very few PD genes showed statistically significant changes
in expression (Figure S3D; Table S5), suggesting that increasing
propionate levels further may not produce stronger antineurode-
generative effects. This observation is consistent with the similar
penetrance of the degenerative phenotypes in animals that were
fed with a Bq,-deficient diet or supplemented with propionate
(Figure 3A). Nevertheless, propionate supplementation ap-
peared to affect the expression of more genes than B4, deple-
tion, suggesting that certain genes may only respond to high
levels of propionate.

Next, we focused on the 887 PD-downregulated genes that
were upregulated by both B4, depletion and propionate supple-
mentation. This set of genes included the propionate shunt
pathway genes (acdh-1, ech-6, hach-1, and hphd-1) that were
known to be regulated by propionate.'” Gene Ontology (GO) anal-
ysis found enrichment of genes involved in fatty acid and amino
acid metabolisms, as well as enzymatic activities associated

(C) Venn diagrams showing the overlapping of genes differentially expressed in PD animals compared to the WT animals, affected by the B4,-deficent cobA(-);

cobS(—) diet, and regulated by the supplementation of 60 nM B4, or 10 mM PA.

(D) Enriched GO terms based on DAVID analysis of the 887 PD-downregulated genes that were upregulated by both B4, depletion and propionate supple-

mentation. For all enriched GO terms, p < 0.05 in Fisher’s exact test.
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with metabolism (Figure 3D). Therefore, the abundance of propio-
nate serves as a signal to activate metabolic genes that promote
lipid and amino acid metabolism and energy production.

Neuronal «-syn activates intestinal mitoUPR and
changes intestinal gene expression

One intriguing finding of our transcriptomic studies was that
many of the downregulated genes in the PD animals were ex-
pressed mainly in the intestine. Using the available single-cell
RNA sequencing (RNA-seq) data,?* we found that 101 of the
above 887 Bj,- and propionate-sensitive PD-downregulated
genes had strong intestinal expression (transcripts per million
[TPM] >100) and weak or no neuronal expression (average
TPM across neuron types <20). Using acdh-1 as an example,
we constructed an acdh-1p::GFP::H2B reporter and found that
its expression was observed mainly in the intestine and hypoder-
mis and had no overlapping with a pan-neuronal marker (Fig-
ure S4A), suggesting that acdh-7 was not expressed in the ner-
vous system and that its downregulation in the PD animals was
probably due to cell-non-autonomous effects.

How could neuronal a-syn lead to transcriptomic changes in the
intestine? Previous studies found that protein aggregation-
induced mitochondrial stress in neurons could trigger mitoUPR
in the intestine through secreted signaling molecules.>® Neuronal
a-syn overexpression induced the activation of mitoUPR marker
hsp-6 in the intestine (Figure 4A). To test whether mitoUPR trig-
gered the downregulation of intestinal genes in the PD animals,
we deleted the stress-activated transcription factor atfs-7, which
is responsible for activating mitoUPR.?® Reverse-transcription
quantitative real-time PCR (RT-gPCR) revealed that the downre-
gulation of many metabolic genes, including the propionate-pro-
ducing genes (e.g., bcat-1, cth-1, cth-2) and the propionate-
responsive genes (e.g., nhr-68, acdh-1, ech-6, hach-1, hphd-1)
were abrogated in PD animals carrying mutations in atfs-1
(Figure 4B).

Moreover, using the acdh-1p::GFP fluorescent reporter, we
confirmed the downregulation of acdh-1 expression in the intes-
tine by neuronal a-syn and that this downregulation depended
on the mitoUPR activator ATFS-1 (Figure 4C). Intestine-specific
knockdown of atfs-1 derepressed acdh-1, whereas intestine-spe-
cific rescue of atfs-1 in the atfs-1(—) mutants restored the repres-
sion of acdh-1 in PD animals, supporting the fact that atfs-1 func-
tions in the intestine. These results suggest that the activation of
intestinal mitoUPR is required for the metabolic disruption that re-
duces propionate levels, which subsequently cause transcrip-
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tomic changes in the intestine. Consistent with this idea, the dele-
tion of atfs-7 not only blocked mitoUPR but also suppressed
a-syn-induced neurodegeneration (Figure 4D). Interestingly, pre-
vious work found that the overexpression of gain-of-function
ATFS-1 induced DA neuron death,?” supporting a proneurodege-
nerative role for sustained mitoUPR. Nevertheless, B4, supple-
mentation repressed acdh-1 expression regardless of ATFS-1,
because B, could induce propionate breakdown through the ca-
nonical pathways independent of mitoUPR (Figure 4C).

Cell-non-autonomous mitoUPR relies on the mitokines (e.g.,
serotonin, Wnt) released by neurons that are under proteotoxic
stress.?® We found that deleting tph-1, which codes for the tryp-
tophan hydroxylase required for serotonin synthesis, or egl-20,
which codes for a Wnt ligand, blocked the repression of acdh-
1p::GFP by neuronal a-syn (Figure S4B), supporting that
neuronal proteotoxicity regulates intestinal metabolic genes
through cell-non-autonomous mitoUPR pathways.

We further confirmed the neuron-to-intestine signaling using
other models of neuronal protein aggregation. Pan-neuronal
expression of polyglutamine (Q40) fused with yellow fluorescent
protein (YFP) led to similar downregulation of propionate-pro-
ducing genes and propionate-responsive genes (Figure 4E)
and repression of acdh-1p::GFP in the intestine as a-syn did
(Figures 4E and 4F). Pan-neuronal AB1-42 also repressed intes-
tinal acdh-1 expression (Figure 4F). Even DA neuron-specific
expression of a-syn was able to activate mitoUPR marker,
repress acdh-1p::GFP, and cause similar transcriptomic
changes in the intestine, although to a lesser extent than pan-
neuronal a-syn (Figure S5; Table S6). Importantly, this interorgan
regulation is restricted to the nervous system because muscle
expression of either a-syn or AB could not repress acdh-
1p::GFP in the intestine (Figure 4F). These results are expected,
since protein aggregation in the muscle does not induce intesti-
nal mitoUPR?® and thus would not alter propionate metabolism
and the expression of propionate downstream genes. It is worth
noting that recent studies using C. elegans AD models with mus-
cle expression of AB found that vitamin B4, could alleviate AB-in-
duced proteotoxicity.?*>° This discrepancy with our results may
be explained by the distinct effects of neuronal and muscle pro-
tein aggregation on intestinal mitoUPR.

Enhancing intestinal production of propionate
suppresses a-syn-induced neurodegeneration
The above results suggested that neuronal a-syn accumulation
triggered intestinal mitoUPR, which caused the downregulation

Figure 4. Neuronal a-syn aggregation induces intestinal mitoUPR and metabolic rewiring
(A) Activation of the mitoUPR marker hsp-6p::GFP in the intestine of PD animals with pan-neuronal a-syn. Scale bars, 100 pm (also in C and F).

(B) Log2-transformed fold change of expression (measured by RT-gPCR) of various genes in PD animals and atfs-1(gk3094) PD animals compared to WT animals.
All were fed with K12 WT bacteria. Single and double asterisks indicate p < 0.05 and p < 0.01 in a corrected t test, respectively.

(C) Intestinal expression of acdh-1p::GFP in WT animals, atfs-1(gk3094) mutants, PD animals, and atfs-1(—) PD animals with or without 60 nM B4, supple-
mentation, as well as PD animals with intestine-specific atfs-1 knockdown or intestine-specific atfs-1 rescue in the atfs-1(—) background. Fluorescent intensity of
the whole animal was quantified (N > 20); a, afts-1.

(D) The locomotion and ADE survival in atfs-1(gk3094) PD animals fed with E. coli K12 WT bacteria. N > 30 for each of 3 replicates. Double asterisks indicate
p < 0.01 in a post-ANOVA Dunnett’s or Tukey’s test.

(E) Fold change of expression (by RT-gPCR) in AM101 animals with pan-neuronal Q40::YFP compared to the WT animals, and the fold change caused by 10 mM
PA.

(F) Expression of acdh-1p::GFP in animals with either pan-neuronal (from rab-3 promoter) or body wall muscle expression (from myo-3 promoter) of a-syn (A53T)
or Ap1-42.
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Figure 5. Restoring propionate production or nhr-68 expression in the intestine rescues neurodegeneration

(A) The expression of acdh-1p.::GFP in the PD animals with PA or SP supplementation or intestinal overexpression of bcat-1, cth-1, and cth-2. Scale bars, 100 pm.
Fluorescent intensity was quantified based on >20 animals.

(B) Locomotion and ADE survival in PD animals (N > 30 in each replicate), with intestine-specific expression of bcat-1 or cth-1 and cth-2 or both or pan-neuronal
expression of bcat-1.

(C) Venn diagram showing the overlap of genes downregulated in PD animals with genes regulated by nhr-68 and propionate.

(D) Log2-transformed fold change of expression in nhr-68(gk708) mutants and PD animals compared to WT animals and in PD animals with or without propionate
treatment. Data were derived from statistically significant RNA-seq results. Log2 (fold change) for acox-1.4 in PD is —5.4 and for lips-6 is —5.8 in PD and 5.8 by PA
treatment.

(legend continued on next page)
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of genes involved in propionate production. Reduced propionate
levels then resulted in transcriptomic reprogramming in the in-
testine, which in turn promoted neurodegeneration. Supporting
this hypothesis, supplementation of either PA or SP could
restore the intestinal expression of propionate-sensitive genes,
such as acdh-1p::GFP (Figure 5A), and rescue a-syn-induced
neurodegeneration (Figures 3A and 3B).

In addition to dietary supplementation, genetic enhancement
of propionate production in the intestine suppressed neurode-
generation. Since the reduction of propionate levels may be
caused by the downregulation of bcat-1, cth-1, and cth-2, which
promote the conversion of either BCAA or cystathionine into pro-
pionyl-CoA (Figure 2B), we overexpressed these genes either
individually or in combination from the intestine-specific ges-1
promoter and found significant rescue of locomotion defects
and DA neuron death (Figure 5B). As expected, the expression
of the propionate-responsive acdh-1p::GFP was significantly
increased by intestinal expression of bcat-1, cth-1, and cth-2,
supporting the increase in propionate level (Figure 5A). These re-
sults indicate that restoring propionate production in the intes-
tine could inhibit «-syn-induced neurotoxicity. In contrast, the
overexpression of bcat-1 from the pan-neuronal rab-3 promoter
had little effect, suggesting that the intestine is likely to be the
major site of propionate production (Figure 5B).

Restoring intestinal expression of propionate-
responsive genes rescues neurodegeneration
How does propionate suppress neurodegeneration? Because
moderate increases in the propionate level upon the depletion
of dietary B, had significant rescuing effects on neurodegener-
ation, and propionate supplementation changed the expression
of thousands of genes, we reasoned that propionate likely
served as a key signaling molecule to control metabolic net-
works. Using acdh-1 as an example of propionate downstream
genes, we searched for the transcription factors that control
the propionate-responsive genetic program. Previous work
identified three nuclear hormone receptors as the regulators of
acdh-1 expression, including nhr-10 and nhr-68 mediating propi-
onate-induced activation and nhr-174 mediating methionine-
induced repression (Figure 2A)."%*° Among the three genes,
nhr-68 and nhr-114 were downregulated in PD animals and up-
regulated by propionate supplementation. The finding that nhr-
114 was propionate responsive in the PD animals supports the
possible crosstalk between the propionate-dependent and
Met/SAM-dependent pathways downstream of By,.'°

We next focused on the potential role of nhr-68 as the master
regulator that mediates the effects of propionate on downstream
genes. Among the 943 genes (compiled from previous studies;*°
Table S7) regulated by nhr-68, 517 were significantly downregu-
lated in PD animals, and the majority (350) of them were upregu-
lated by propionate supplementation, including acdh-1, hach-1,
ech-6, and hphd-1, as well as other genes involved in lipid and
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amino acid metabolism (Figures 5C and 5D). These transcrip-
tomic data support that the downregulation of nhr-68 by
decreased propionate could result in the repression of many
downstream metabolic genes. To test whether restoring their
expression could protect neurons from degeneration, we over-
expressed nhr-68 in the PD animals using tissue-specific pro-
moters. Intestine-specific expression of nhr-68 activated acdh-
1p::GFP and suppressed neurodegenerative phenotypes,
whereas DA neuron-specific or pan-neuronal expression of
nhr-68 had little effect (Figures 5E and 5F). These results indi-
cated that nhr-68 and its downstream module function in the in-
testine to exert neuroprotective effects. Importantly, in nhr-68(—)
PD animals, propionate supplementation did not show any anti-
degenerative effects (Figure 5E), supporting that propionate acts
through nhr-68 to regulate downstream genes and to modulate
neurodegeneration.

Nevertheless, depleting dietary B4, or supplementing propio-
nate led to additional neuroprotection in animals that had
restored intestinal nhr-68 expression. Therefore, nhr-68 is not
the only transcription factor downstream of propionate, which
is somewhat expected given that a large fraction (1,854 out of
2,204 [84%)]) of propionate-induced PD genes are not regulated
by nhr-68 (Figure 5C). The overexpression of both nhr-68 and
nhr-114 had the same effects as expressing nhr-68 alone, sug-
gesting that they act in the same pathway (Figure 5E). Thus, pro-
pionate likely activates multiple transcription factors (with nhr-68
being a major one), which then regulate a myriad of downstream
metabolic genes.

Propionate promotes mitochondrial function, cellular
respiration, and energy production

The propionate-upregulated PD genes included not only the
propionate shunt pathway genes but also many genes that are
involved in fatty acid oxidation and amino acid degradation,
the products of which were fed into the tricarboxylic acid cycle
to generate energy. For example, propionate activates the
expression of acyl-CoA dehydrogenases acdh-1, -6, -9, -10,
-11, and -12; acyl-CoA oxidases acox-1.1, -1.2, -1.3, -1.4, and
-1.6; acetyl-CoA acetyltransferases kat-1 and T02G5.7;
3-ketoacyl-CoA thiolases acaa-2 and hadb-1; enoyl-CoA hydra-
tasesech-1.1,-1.2,-4,-5,-6, -7, and -8; lipases lips-3, -6, -7, -9,
and -70; aconitate hydratase aco-7; isocitrate dehydrogenase
idh-1; succinate dehydrogenase sdha-1; and succinate-CoA li-
gases suca-1 and sucl-1, and so forth. Moreover, at least 85
propionate-responsive genes encode proteins that function in
the mitochondria. Thus, we hypothesize that propionate may
signal to promote mitochondrial functions and energy produc-
tion in the intestine. To test this idea, we measured the aerobic
respiration rate of PD animals using the Seahorse XF analyzer.
Compared to the WT animals, PD animals showed a much
lower ATP-linked respiration rate, which can be significantly
rescued by depleting dietary B4, or supplementing propionate

(E) Locomotion and ADE survival in PD animals (N > 30) overexpressing nhr-68 in DA neurons, all neurons, or the intestine and nhr-68(—) PD animals under

various conditions.

(F) The expression of acdh-1p::GFP in PD animals that expressed nhr-68 in neurons or intestine. Double asterisks indicate p < 0.01 in a post-ANOVA Dunnett’s or

Tukey’s test. Scale bars, 100 um.
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Figure 6. Propionate regulates intestinal energy production and confers neuroprotection through intestine-neuron signaling
(A) Basal respiration, ATP-linked respiration, and maximal respiration (measured as oxygen consumption rate) of day 1 adults of WT and PD animals fed with WT
or B4o-deficient K12 bacteria. Conditions for 10 mM PA or 60 nM B, supplementation and intestinal or neuronal [N (+)] overexpression of nhr-68 were also

included. Results of 12-24 repeats were shown as mean + SD.

(B) Mitochondrial morphology in ALM neurons (visualized by mec-7p::tomm-

20::mCherry) of PD animals fed with WT or B,-deficient K12 bacteria and sup-

plemented with B4, or PA. Scale bars, 10 um. The percentage of neurons with fragmented mitochondria was quantified (N > 30 in each replicate).
(C) Locomotion and ADE survival of PD animals (N > 30) supplemented with different concentrations of sodium lactate and in animals with pan-neuronal or

intestinal overexpression of Idh-1.

(D) Locomotion and ADE survival of PD animals (N > 30) with daf-2(e 1370) mutations and daf-2(—) PD animals with neuron- or intestine-specific rescue; animals
were fed with either WT or B4,-deficient K12. Single and double asterisks indicate p < 0.05 and p < 0.01, respectively, in a post-ANOVA Dunnett’s or Tukey’s test

compared with the WT or between specific pairs.

(Figure 6A). As expected, B4, supplementation countered the
effects of propionate and suppressed cellular respiration.
Importantly, intestine-specific restoration of nhr-68 expres-
sion rescued the ATP-linked respiration in PD animals, whereas
pan-neuronal expression of nhr-68 failed to do so. Furthermore,
B> depletion or propionate supplementation had weak effects
on the oxygen consumption rate in PD animals that overex-
pressed nhr-68, which is consistent with the idea that propionate
acts through nhr-68 (Figure 6A). Basal and maximal respiration
rates followed the trend of mitochondrial respiration, whereas

non-mitochondrial respiration showed little difference among
the treatments (Figure S6A). These results support that propio-
nate boosts mitochondrial functions in the PD animals by acti-
vating downstream metabolic genes.

Enhanced mitochondrial functions in the intestine appeared
to also improve mitochondrial health in neurons. Using a mito-
chondrial marker tomm-20::mCherry expressed in the touch re-
ceptor neurons, we found that the a-syn-induced fragmentation
of neuronal mitochondria could be rescued by removing
dietary B4o or supplementing propionate or intestine-specific
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Figure 7. Propionate shows neuroprotective effects in mammalian
neurons

(A) Representative results of cell viability assays using the human neuroblas-
toma SH-SY5Y cells transfected with a-syn (A53T)-expressing constructs and
treated with 5 uM B, or the indicated concentrations of SP or both. Trans-
fection with empty vectors was used as plasmid controls. Mean + SD is shown.
(B) The experimental scheme for the rat N27 DA neural cells. The differentiation
process caused morphological changes and the expression of tyrosine hy-
droxylase (detected by immunofluorescence) of N27 cells. The bright-field and
fluorescent images were taken at different magnifications (scale bars, 100 and
20 pum, respectively).

(C) Representative results of cell viability assay using differentiated N27
cells that expressed a-syn (A53T) and were treated with 0.4 mM SP, according
to the scheme in (B). Double asterisks indicate p < 0.01 in a post-ANOVA
Tukey’s test.

overexpression of propionate-producing genes (Figure 6B).
Since propionate mostly activates metabolic genes in the intes-
tine, we reason that the increase in intestinal energy production
may suppress neurodegeneration by improving neuronal mito-
chondrial functions through intestine-to-neuron signaling. Sup-
porting this hypothesis, we found that both B4, depletion and
propionate supplementation reduced intestinal mitoUPR pre-
sumably by relieving mitochondrial stress in neurons (Fig-
ure S6B). Thus, our results suggest a potential positive feedback
loop for the neuroprotective effects of propionate. Increased
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propionate accelerates cellular respiration and energy meta-
bolism in the intestine, which cell non-autonomously improves
neuronal mitochondrial health, which in turn reduces the activa-
tion of mitoUPR in the intestine, leading to further increase in
propionate production. Interestingly, propionate did not alle-
viate cell-autonomous mitoUPR in the intestine induced by
feeding RNAI against cco-1 (Figure S6C),>>*" suggesting a spe-
cific role for propionate in the interorgan regulations between in-
testine and neurons.

How does the metabolic state of intestine affect neuronal
health? Inspired by the lactate-mediated metabolic coupling be-
tween glia and neuron in mammals,>* we tested whether lactate
plays a role in neurodegeneration. The supplementation of so-
dium lactate to PD animals suppressed neurodegenerative phe-
notypes in a dose-dependent manner, and intestine-specific
overexpression of the lactate dehydrogenase /dh-1 (which was
downregulated in PD animals) had similar effects (Figure 6C),
suggesting the possibility of intestine-provided lactate serving
as an energy substrate for neurons in C. elegans. Moreover,
some known intestine-to-neuron signaling involved insulin-like
peptides,®® so we tested whether the propionate-mediated neu-
roprotection required the insulin signaling by removing the sole
insulin receptor DAF-2. Indeed, the daf-2(—) PD animals were
insensitive to either propionate supplementation or the depletion
of dietary B4, (Figure 6D). Importantly, neuron-specific rescue of
daf-2 restored the sensitivity to propionate, indicating that DAF-2
functions in neurons to receive the signals from intestine-
released insulin-like peptides, which could mediate the inter-
organ communication downstream of propionate.

Propionate protects against «-syn proteotoxicity in
mammalian neurons

Finally, we asked whether propionate had direct effects on
a-syn-induced proteotoxicity in mammalian neurons. After
transfecting human neuroblastoma SH-SY5Y cells with plasmids
expressing a-synuclein (A53T), we treated the cells with vitamin
B4, or SP or both. Strikingly, even low concentrations (100 uM) of
SP were able to suppress a-syn-induced cell death (Figure 7A),
indicating that the neuroprotective effects of propionate are
conserved across species. B, supplementation had no effects
on neurodegeneration and could not antagonize the effects of
propionate supplementation in human cells. We reason that
this is likely because the cell culture medium already contained
a large amount of B4,. Similar neuroprotective effects of propio-
nate were observed in rat DA neurons that were differentiated
from the N27 neural cell line (Figures 7B and 7C). These results
suggest that in addition to inhibiting neurodegeneration through
interorgan signaling, propionate may directly protect neurons
from proteotoxicity.

DISCUSSION

Among the 38 proneurodegenerative E. coli genes identified in
the genome-wide screen, we previously characterized the genes
responsible for producing the bacterial amyloid fibril curli, which
could enter the host neurons to cross-seed the aggregation of
a-syn and promote neurodegeneration. ' In this study, we focus
on another set of genes that are responsible for synthesizing
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vitamin B4». Unlike curli, B4 does not affect a-syn aggregation
(Figure S1) and modulates neurodegeneration downstream of
a-syn by inducing the breakdown of propionate, which is a key
activator of metabolic genes involved in fatty acid and amino
acid metabolism and energy production. Removing B4, or sup-
plementing propionate in the diet could metabolically rescue
neurodegeneration without reversing a-syn aggregation, indi-
cating the possibility of treating neurodegenerative diseases by
simply changing the level of certain metabolites. The neurodetri-
mental effect of vitamin B, in C. elegans is somewhat surprising
since several studies observed B, deficiency in PD patients,**
and B, supplementation had some beneficial effects, although
it did not significantly improve clinical outcomes.>> We reason
that the regulation of SCFAs by Bi, is likely different in
C. elegans PD models and PD patients, given that C. elegans
produces SCFAs by metabolizing amino acids, whereas humans
mostly obtain SCFAs from the anaerobic gut bacteria that
ferment dietary fibers. In fact, B4, appears to increase propio-
nate and butyrate production by the human gut microbiota®®
while also serving as a coenzyme of methylmalonyl-CoA mutase
to break down propionate. Thus, the effect of By, on SCFAs and
neurodegeneration is more complex in humans than in
C. elegans. However, the neuroprotective effects of SCFAs are
consistent across species.

Our studies and others suggest that SCFAs are promising can-
didates for the metabolic rescue of PD. Compared to healthy in-
dividuals, PD patients have reduced levels of SCFAs, likely due
to the significant reduction of Prevotellaceae family bacteria
that are good at producing SCFAs by fermenting dietary fibers.*”
In the PD C. elegans, we also observed lower levels of PA and
butyric acid, compared to the healthy controls (Figures 2E and
S6A). Supplementation of propionate protected neurons from
a-syn-induced neurodegeneration. Although high concentra-
tions (=40 mM) of PA were considered toxic to C. elegans by
previous studies, '® this toxicity likely resulted from the acidifica-
tion of the culturing medium instead of the abundance of propi-
onate, because the same concentration (e.g., 40 or 50 mM) of SP
did not generate any toxicity (Figure S3A). A low concentration
(10 mM) of PA showed strong neuroprotection without causing
lethality. In addition to propionate, sodium butyrate suppressed
neurodegenerative phenotypes in a dose-dependent manner
(Figures S6D and S6E), supporting the beneficial effects of
SCFAs in C. elegans PD models. Our results in C. elegans are
consistent with the findings in cellular and mouse models of
PD. For example, PA increased the survival of mouse primary
DA neurons against rotenone-induced toxicity,® and we found
that SP protected human neuroblastoma cells and rat DA neu-
rons against a-syn proteotoxicity. Similarly, butyric acid rescued
a-syn overexpression-induced DNA damage in Lund human
mesencephalic cells.>® In mouse PD models, oral supplementa-
tion of propionate and butyrate also protected neurons from
chemically induced degeneration and ameliorated motor impair-
ments.”® Thus, the protective effects of SCFAs appear to be
conserved across multiple models in different species.

One surprising finding in this study is the cell-non-autono-
mous effects of SCFAs. First, the lower level of propionate
in PD animals is caused by neuron-to-intestine signaling,
which triggers intestinal mitoUPR and transcriptomic changes
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that lead to the downregulation of propionate-producing
genes. Then, the reduced abundance of propionate represses
a network of metabolic genes and causes energy failure in the
intestine, which then exacerbates neurodegeneration through
intestine-to-neuron signaling. Propionate supplementation or
the overexpression of key metabolic regulators restores the
energy metabolism in the intestine, which leads to better neu-
roprotection possibly through intestine-derived energy sub-
strate (e.g., lactate) and signaling molecules (e.g., insulin-like
peptides). Overall, our results provide in vivo evidence to sup-
port a critical role for SCFAs in the gut-brain axis in neurode-
generative diseases. In humans, SCFAs produced by the gut
microbes may also modulate neurodegeneration through
cell-non-autonomous mechanisms, such as by regulating in-
testinal epithelial cells, gut barrier function, and systematic
inflammation.~*’

What are the molecular targets of SCFAs? Propionate can
bind and activate mammalian G protein-coupled receptors
(GPCRs) expressed on intestinal epithelial cells and immune
cells.*"*? Given that C. elegans has over 1,000 GPCRs,*® it is
entirely possible that propionate can activate cellular signaling
by binding to GPCRs. Activation of the GPCR signaling may
induce the expression of nhr-68, which is a key transcriptional
regulator downstream of propionate. Moreover, propionate
and butyrate are inhibitors of histone deacetylase.**** There-
fore, they may reshape the transcriptional landscape by modu-
lating histone modifications. The fact that propionate altered the
expression of thousands of genes in the PD animals supports its
role in reprogramming the transcriptome. Moreover, we found
that propionate-induced transcriptional changes boost mito-
chondrial functions and ATP-linked respiration, which is consis-
tent with a recent report that propionate improved mitochondrial
respiration and morphology in regulatory T cells (Tregs), leading
to better Treg differentiation and reduced inflammation.*®
Therefore, SCFAs may exert their activities through multifaceted
mechanisms.

Limitations of the study

A major challenge in understanding the mechanism underlying
the neuroprotective effects of SCFAs is to disentangle their direct
effects on neurons from their indirect effects through other cells.
In this study, we supplemented the PD C. elegans with propio-
nate, which can act on both neurons and non-neuronal tissues.
Although we showed that propionate upregulated intestinal
genes and suppressed neurodegeneration through the interorgan
signaling between intestine and neurons, we could not rule out
any direct effects of propionate on neurons. In fact, propionate
modulates the expression of thousands of genes, many of which
are expressed exclusively in neurons. The change in their expres-
sion could result from either the direct effect of propionate on
neurons or indirect regulation through the intestine-derived me-
tabolites and signaling molecules. Similar challenges exist in
mammalian PD models in which SCFAs have been shown to
directly prevent neuronal death in cell culture® (also this study)
and indirectly influence neuronal health by regulating intestinal
epithelial cells, glia, and immune cells.*>*"*® One potential way
to differentiate the neuron-autonomous and non-autonomous ef-
fects would be to identify the molecular targets of propionate,
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manipulate their expression in specific tissues, and then assess
the therapeutic outcome of propionate supplementation.

Moreover, for the cell-non-autonomous regulation, consider-
able efforts will be needed to understand how the non-neuronal
cells influence the metabolism, physiology, and survival of neu-
rons. Although our results hinted that lactate and insulin-like
peptides derived from intestinal cells may modulate neuronal
health, the mechanism is not fully elucidated. Neurodegenera-
tion is likely regulated by a diverse array of secreted molecules
derived from non-neuronal tissues.

Lastly, our work uncovered an unexpected detrimental effect
of vitamin B4, on neurodegeneration. It is unclear whether this ef-
fectis specific to the C. elegans PD model or can be extrapolated
to mammalian systems. Given the complexity in the regulation of
propionate metabolism by B4, in mammals, further investigation
will be needed to understand its true effects on neurodegenera-
tion. For example, since most neuronal cell culture media contain
potentially a large amount of By, from the serum, a serum-free
cellular PD model is needed to test the role of B,. A longitudinal
study in PD mice supplemented with varying doses of vitamin
B, can also help understand its net in vivo effects on neurode-
generation in mammals.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Mouse monoclonal anti-a-syn antibody abcam Cat# ab27766; RRID:AB_727020

Rhodamine-conjugated goat anti-mouse IgG antibody
Mouse monoclonal anti-a-Tubulin Antibody
Rabbit anti-Tyrosine Hydroxylase Antibody

Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ Plus 488

Jackson Lab
abcam

Merck
Thermo Fisher

Cat# 115-025-164; RRID: AB_2338489
Cat# ab7291; RRID: AB_2241126
Cat# AB152; RRID: AB_390204

Cat# A32731; RRID: AB_2633280

Bacterial and virus strains

Escherichia coli OP50 Caenorhabditis Genetics OP50

Center (CGC)
Escherichia coli K12 Keio Knockout Collection Dharmacon OEC4988
Comamonas aquatic DA1877 CGC DA1877
Escherichia coli K12 wild type (Keio library Parental Dharmacon BW25113
Strain)
Escherichia coli K12 4cobS:Kana; 4cobA:Cm This study CcobA(—) cobS(—)
Chemicals, peptides, and recombinant proteins
Sodium propionate Merck P1880
Propionic acid Merck P1386
Coenzyme B12 Merck C0884
Ammonium formate Honeywell #55674
Fetal Bovine Serum, qualified, heat inactivated, Brazil Thermo Fisher 10500064
DMEM/F-12, HEPES, powder, 1L Thermo Fisher 42400010
RPMI 1640 Medium (1X), liquid, With 25mM HEPES & Merck SLM-140-B
L-Glutamine
Fetal Bovine Serum, US Origin, EmbryoMax® ES Cell Merck ES-009-B
Qualified FBS
Dibutyryl-cAMP Sigma Aldrich 28745-25mg
Dehydroepiandrosterone solution Shanghai Aladdin D121747-1mg
EmbryoMax® L-Glutamine Solution (100X), 200mM Merck TMS-002-C
Lipofectamine™ Transfection Reagent Thermo Fisher 18324012
2 x Phanta Max Master Mix Vazyme P515-03
ClonExpress Ultra One Step Cloning Kit Vazyme C115-02
SuperScript || Reverse Transcriptase Thermo Fisher 18064071
SYBR® Premix Ex Tag™ (Tli RNaseH Plus) Takara RR420A
Critical commercial assays
Seahorse XFe24 FluxPak mini Agilent 102342-100
Cell Counting Kit 8 (WST-8/CCK8) abcam ab228554
Deposited data
RNA-seq raw data This study GEO: GSE230786
Experimental models: Cell lines
Human neuroblastoma cell line SH-SY5Y ATCC Cat# CRL-2266; RRID: CVCL_0019
N27 Rat Dopaminergic Neural Cell Line Sigma-Aldrich Cat# SCCO048; RRID: CVCL_D584
Experimental models: Organisms/strains
Caenorhabditis elegans: N2 (wild type) CGC N2
C. elegans: VL749 wwis24[acdh-1p::GFP + unc-119(+)] CGC VL749

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
C. elegans: SJ4100 zcls13[hsp-6p::GFP + lin-15(+)] V. CGC SJ4100
C. elegans: CLP215 twnEx8[mec-7p::tomm-20::mCherry + CGC CLP215
myo-2p::GFP]

C. elegans: AM101 rmis110[F25B3.3p::Q40::YFP] CGC AM101

C. elegans: UM10 unkls7[aex-3p::a-syn(A53T), dat-1p::gfo] Gift from Prof. Garry Wong*’ UM10

C. elegans: UM6 unkis9[dat-1p::a-syn(A53T), dat-1p::gfo] Gift from Prof. Garry Wong*’ UM6

C. elegans: CGZ621 unkis11[dat-1p::GFP] Gift from Prof. Garry Wong*’ Poat-1::GFP
C. elegans: CGZ1578 wwis24 [acdh-1p::GFP + unc-119(+)]; This study CGZ1578
unkEx285[rab-3p::Abeta1-42; myo-2p::mCherry]

C. elegans: CGZ1579 wwis24 [acdh-1p::GFP + unc-119(+)]; This study CGz1579
unkEx440[myo-3p::Abeta1-42; myo-2p::mCherry]

C. elegans: CGZ1087 wwis24 [acdh-1p::GFP + unc-119(+)]; This study CGz1087
unkEx251[myo-3p::asyn A53T;myo-2p::mCherry]

C. elegans: CGZ1048 wwis24[acdh-1p::GFP]; This study CGZ1048
unkEx237[rab-3p::nhr-68; rab-3p::nhr-114; myo-2p::mCherry]

C. elegans: CGZ1047 wwis24[acdh-1p::GFP]; This study CGz1047
unkEx239[dat-1p::nhr-68; dat-1p::nhr-114; myo-2p::mCherry]

C. elegans: CGZ1046 wwis24[acdh-1p::GFP]; This study CGZ1046
unkEx236[ges-1p::nhr-68; ges-1p::nhr-114; myo-2p::mCherry]

C. elegans: CGZ1044 unkls7[aex-3p::alpha-synuclein This study CGZ1044
A53T; dat-1p::gfp] IV; unkEx236[ges-1p::nhr-68;

ges-1p::nhr-114; myo-2p::mCherry]

C. elegans: CGZ1065 unkls7; wwlis24[acdh-1p::GFP]; This study CGZ1065
unkEx237[rab-3p::nhr-68; rab-3p::nhr-114; myo-2p::mCherry]

C. elegans: CGZ1063 unkls7; wwis24[acdh-1p::GFP]; This study CGZ1063
unkEx238[ges-1p::nhr-68; ges-1p::nhr-114; myo-2p::mCherry]

C. elegans: CGZ1075 unkls7; unkEx237[rab-3p::nhr-68; This study CGZz1075
rab-3p::nhr-114; myo-2p::mCherry]

C. elegans: CGZ1074 unkls7; unkEx236[dat-1p::nhr-68; This study CGZ1074
dat-1p::nhr-114; myo-2p::mCherry]

C. elegans: CGZ1461 unkls7; unkEx385[ges-1p::bcat-1; This study CGZ1461
ges-1p::cth-1; ges-1p::cth-2; myo-2p::mCherry]

C. elegans: CGZ1462 unkls7; unkEx386[ges-1p::bcat-1; This study CGZ1462
myo-2p::mCherry]

C. elegans: CGZ1464 unkls7; unkEx388[rab-3p::bcat-1; This study CGZ1464
myo-2p::mCherry]

C. elegans: CGZ1086 unkls7; nhr-68(gk708) This study CGZ1086
C. elegans: CGZ1608 unkls7; atfs-1(gk3094) This study CGZ1608
C. elegans: CGZ1793 unkls7; wwis24[acdh-1p::GFP + This study CGz1793
unc-119(+)]; unkEx557[ges-1p::atfs-1 RNAi; myo-2p::mCherry]

C. elegans: CGZ1794 unkls7; atfs-1(gk3094); This study CGZ1794
wwis24[acdh-1p::GFP]; unkEx558[ges-1p::atfs-1;

myo-2p::mCherry]

C. elegans: CGZ1617 unkls7; daf-2(e1370) This study CGz1617
C. elegans: CGZ1778 unkls7; daf-2(e1370); This study CGz1778
unkEx543[rab-3p::daf-2; myo-2p::mCherry]

C. elegans: CGZ1779 unkls7; daf-2(e1370); This study CGz1779
unkEx544[ges-1p::daf-2; myo-2p::mCherry]

C. elegans: CGZ1825 unkls7; toh-1(mg280) II; This study CGz1825
wwis24[acdh-1p::GFP]

C. elegans: CGZ1861 wwis24 [acdh-1p::GFP + This study CGZ1861

unc-119(+)]; egl-20(n585); unkEx582[rab-3p::a-syn(A53T);
myo-2p::mCherry]
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REAGENT or RESOURCE SOURCE IDENTIFIER
C. elegans: CGZ1796 unkls7; unkEx559[rab-3p::Idh-1; This study CGZ1796
myo-2p::mCherry]

C. elegans: CGZ1797 unkls7; unkEx560[ges-1p::ldh-1; This study CGz1797
myo-2p::mCherry]

C. elegans: CGZ833 unkls7; twnEx8[mec-7p::tomm- This study CGZ833
20::mCherry; myo-2p::GFP]

C. elegans: CGZ1795 unkls7; twnEx8; This study CGZ1795
unkEx385[ges-1p::bcat-1; ges-1p::cth-1;

ges-1p:: cth-2;myo-2p::mCherry]

Oligonucleotides

List of Oligonucleotides used This study Table S8
Recombinant DNA

PHMB-a-syn(A53T) Addgene #40825
Pmax-GFP Addgene #71886
pKD46 Gift from Dr. Aixin Yan pKD46
pBSK-lcmlI-3FLAG Gift from Dr. Aixin Yan N/A
rab-3p::Abeta::unc-54 3'UTR This study CGZ#438
myo-3p::Abeta::unc-54 3'UTR This study CGZ#508
ges-1p::bcat-1::unc-54_3'UTR This study CGZ#599
ges-1p::cth-1::unc-54 3'UTR This study CGZ#600
ges-1p::cth-2::unc-54 3'UTR This study CGZz#601
rab-3p::bcat-1::unc-54 3 UTR This study CGZ#609
dat-1p::nhr-68::unc-54 3 UTR This study CGZ#368
ges-1p::nhr-68::unc-54 3 UTR This study CGZ#376
rab-3p::nhr-68::unc-54 3'UTR This study CGZ#381
acdh-1p::gfp::H2B::unc-54 3'UTR This study CGZ#348
rab-3p::ldh-1::unc-54 3'UTR This study CGZ#771
ges-1p::ldh-1::unc-54 3 UTR This study CGzZ#773
ges-1p::atfs-1_sense(noATG)::unc-54 3'UTR This study CGZ#772
ges-1p::atfs-1_antisense::unc-54 3'UTR This study CGZz#783
ges-1p::atfs-1(+)::unc-54 3 UTR This study CGZz#785
Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

GraphPad Prism 8.0
STAR 2.7.10a
R (V4.3)

DESeq2 (1.38.1)

dplyr (1.0.10)
Leica Application Suite X (3.7.6.25997)

GraphPad Software, Inc.
Github
R-project

Bioconductor

R package
Leica Microsystems

https://www.graphpad.com/
scientific-software/prism/
https://github.com/
alexdobin/STAR
https://www.r-project.org
https://bioconductor.org/
packages/release/bioc/
html/DESeqg2.html
https://dplyr.tidyverse.org
https://www.leica-
microsystems.com/products/
microscope-software/p/leica-
las-x-Is/downloads/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Chaogu

Zheng (cgzheng@hku.hk).
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Materials availability
Strains and plasmids generated in this study will be shared by the lead contact upon request.

Data and code availability
o RNA-seq data have been deposited to GEO and are publicly available. Accession numbers are listed in the key resources table.
Our analysis of the differentially expressed genes between various conditions are reported in the supplemental tables.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

C. elegans strains

C. elegans wild-type (N2) and mutant strains were maintained at 20°C using the standard culturing protocol.*® PD strains UM10 un-
kis7[aex-3p::a-syn(A53T), dat-1p::gfp] and UM6 unkis9 [dat-1p::a-syn(A53T), dat-1p::gfp] and the wild-type control strain carrying
unkis11[dat-1p::gfp] were generous gifts from Garry Wong, Faculty of Health Sciences, University of Macau, Macau, China. The
polyQ strain AM101 rmlis110[F25B3.3p::Q40::YFP], acdh-1 reporter VL749 wwis24 [acdh-1p::GFP + unc-119(+)], mitoUPR reporter
SJ4100 zcls13[hsp-6::GFP + lin-15(+)] V, mitochondrial morphological marker CLP215 twnEx8[mec-7p::tomm-20::mCherry + myo-
2p::GFP], VC3201 atfs-1(gk3094) V, CB1370 daf-2(e1370) lll, MT15434 tph-1(mg280) Il, and MT1215 egl-20(n585) IV were obtained
from the Caenorhabditis Genetics Center.

Cell lines and culture conditions

The human neuroblastoma SH-SY5Y cells were maintained in DMEM/F12 (1:1; Thermo Fisher) supplemented with Fetal Bovine
Serum (10% v/v). The N27 rat dopaminergic neural cells*® were maintained in RPMI1640 (containing HEPES and L-glutamine) sup-
plemented with 10% ES cell qualified FBS (Merck) and 1% L-Glutamine (Merck). To differentiate N27 cells into dopaminergic neu-
rons, cells were seeded into 96-well plates precoated with 0.01% poly-d-lysine at a density of 1x10* cells/well in the culture medium.
24 h later, the medium was changed to a culture medium containing 30 ng/mL dehydroepiandrosterone (Aladdin) and 1 mg/mL di-
butyryl-cAMP (Sigma), and cells were allowed to differentiate for 3 days. Immunofluorescence using anti-tyrosine hydroxylase (TH)
antibody (Merck) was performed to confirm the successful differentiation.

METHOD DETAILS

Constructs, transgenes, and RNAi

A 2 kb ges-1 promoter (cloned from N2 genomic DNA) was used to drive intestine-specific expression, and a 1.2 kb rab-3 promoter
(subcloned from pGH8 rab-3p::mCherry obtained from Addgene) was used to drive pan-neuronal expression, and a 0.7 kb dat-1 pro-
moter (subcloned from a dat-1p::a-syn construct provided by Garry Wong) was used to drive DA-specific expression. The genomic
coding regions of bcat-1, cth-1, cth-2, nhr-68, nhr-114, atfs-1, and Idh-1 were cloned from N2 genomic DNA and ligated to the down-
stream of desired promoters using Gibson Assembly method with the ClonExpress kit from Vazyme Biotech (Nanjing, China). The
myo-3p::a-syn(A53T) construct was created by swapping the dat-7 promoter in the dat-1p::a-syn(A53T) construct with a 2.5 kb
myo-3 promoter. The rab-3::A@ construct was generated by replacing the mCherry with a synthesized AB1-42 coding sequence
into pGH8 via site-directed mutagenesis; the rab-3 promoter is then replaced by a myo-3 promoter to make the myo-3p::A8
construct. A 2.9 kb acdh-1 promoter was used to drive the expression of gfp::his-58 to make acdh-1p::GFP::H2B.

To generate transgenic animals, we injected DNA constructs (15-20 ng/uL) with a co-injection marker myo-2p::mCherry into the
PD animals. The resulted stable lines were scored for Unc phenotype and ADE loss. Intestine-specific atfs-7 RNAi was done by
cloning the sense and antisense sequence of atfs-1 (without the start codon), placing them downstream of the ges-1 promoter,
and then injecting the two constructs together into worms to create a transgene that expressed dsRNA against atfs-7 only in
the intestine. RNAi against cco-1 was delivered through bacterial feeding.”® HT115 bacteria expressing dsRNA against cco-1
was obtained from the Ahringer library®® and were grown overnight on NGM plates containing 5 mM IPTG with or without
10 mM propionic acid. Eggs of SJ4100 animals were then seeded onto these RNAI plates to test the effects on hsp-6p::GFP
expression. Since dsRNA is transported into C. elegans cells through the transmembrane protein SID-1 and neurons do not ex-
press sid-1,°" feeding RNAi against cco-7 does not affect neurons and causes intestinal mitoUPR cell-autonomously. Primers
used for cloning can be found in Table S8.

Construction of double knockout K12 E. coli bacteria

We used an established % red recombineering protocol®” to generate cobA(—); cobS(—) double knockout mutants in E.coli K12. We
first used primers carrying ~50 bp of cobA-flanking sequences (Table S8) to amplify a chloramphenicol (Cm) resistance gene to
generate the repair template. We transformed the cobS(—) single knockout bacteria from the Keio collection with A red expression
plasmid pKD46 and then grow the bacteria until OD600 reaches 0.4-0.6 in the presence of L-Arabinose at 30°C. We then washed the
cells with ice-cold 10% glycerol to make electrocompetent cells, which were mixed with the purified PCR products and
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electroporated at 2.0 kV. Cells were then plated on LB agar plates containing Cm. Colonies were verified by colony PCR and Sanger
sequencing.

Immunofluorescence and fluorescent imaging
Antibody staining was performed using the Ruvkun protocol.”” Briefly, PD animals fed with different bacteria were fixed in fixation
buffer with 2% formaldehyde in liquid nitrogen, subjected to several freeze-thaw cycles, and then treated with reducing and oxidizing
agents to break the cuticle. To detect a-syn, the mouse monoclonal anti-a-syn antibody (ab27766, Abcam; 1:500 dilution) was incu-
bated with the PD animals at 4°C overnight with rotation. Rhodamine-conjugated goat anti-mouse IgG antibody (115-025-164, Jack-
son Lab; 1:1000) was used as secondary antibody. After washing, the animals were mounted on agarose pads for visualization.
For the ADE degeneration assays, about 30 L1 animals of the PD strains were placed on NGM plates with bacteria and chemicals of
interest. Animals were scored as day-2 adults for the percentage of animals showing two ADE neurons that were clearly labeled by
GFP and had normal cell morphology. Fluorescent imaging was performed on a Leica DMi8 inverted microscope equipped with a
Leica K5 monochrome camera. The Leica THUNDER deconvolution system was used to process some images to increase the clarity
of the pictures and remove out-of-focus light. Measurements were made using the Leica Application Suite X (3.7.6.25997) software.

|53

Sequential fractionation and western blot

To measure the level of a-syn in high-salt soluble, detergent soluble and insoluble fractions of worm lysate, sequential fractionation
was performed according to published methods.** Briefly, synchronized worms were pelleted and resuspended in high-salt RAB
buffer [100 mM 2-(N-morpholino) ethanesulfonic acid (MES), 1 mM EGTA, 0.5 mM MgSQ,, 20 mM NaF] and then lysed by sonication
(6 x 10 s, 10 s break). The lysate was then centrifuged at 40,000 x g for 40 min at 4°C; the supernatant constituted the RAB fraction.
The pellet was re-extracted with 1 M sucrose in RAB buffer and the supernatant was discarded. The pellet was then extracted with
RIPA buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) and centrifuged at 40,000x g for
20 min at 4°C to produce the supernatant as the RIPA fraction. The pellet, after a brief washing with RIPA buffer, was extracted with
30% formic acid (FA) and centrifuged at 13,000xg for 15 min at room temperature; the supernatant became the FA fraction. All
buffers contained the Roche cOmplete Protease Inhibitor cocktail and 0.5 mM PMSF. The pH of FA fraction was adjusted by 5M
NaOH. All fractions were subjected to western blot analysis using anti-a-syn (ab27766, Abcam; 1:1000 dilution) and anti-tubulin
(@ab7291, Abcam; 1:2000 dilution) antibodies. The intensity of the bands was measured by ImageJ software.

Behavioral assays

For locomotion assessment, about 30 synchronized L1 animals of the UM10 strain with pan-neuronal expression of a-syn A53T were
placed on NGM plates with bacteria and chemicals of interest and grown for 48 h at 20°C. The penetrance of non-Unc phenotype was
then scored at L4 stage. The animals that traced smooth, sinuous waves were considered non-Unc, and the animals that made irreg-
ular bends or kinks along their bodies were considered Unc. For the basal slowing response assays, young adults grown under
desired conditions were transferred to unseeded NGM plate or plates with E. coli OP50. Worms were allowed to acclimate to the
assay plates for 5 min, and then the number of body bends per 20 s was counted for each animal.

Mass spectrometry

The quantification of VB12 in bacterial lysate and C. elegans lysate was performed using LC-MS/MS system consisting of an ultra-
high pressure LC system (Agilent 1290) equipped with AB SCIEX 3200 QTRAP according to a published study.'® Briefly, bacteria or
worm cultures were harvested, washed twice with 50 mM sodium citrate buffer (pH = 7.2), and treated with 3 mL of 100 mM sodium
acetate buffer (pH = 4.0) containing 2 mg porcine pepsin for 3 h at 37°C with agitation. The extract was clarified by centrifugation and
purified using a gravity drip C18 100 mg column (8B-S001-EBJ, Phenomenex, Inc). The column was preconditioned with 3 mL meth-
anol, followed by 3 mL water. The samples were then applied onto the columns, which was subsequently washed with 3 mL water
and eluted with 1.5 mL methanol. The samples were dried under vacuum and resuspended in water corresponding to 0.5 OD600 unit
of cells per mL of solution. We used an Agilent UHPLC system, HTS PAL autosampler, and an Agilent 6490 QQQ using phenyl-hexyl
UHPLC column 2.1 x 100 mm, 1.7 um particle size (00D-4500-AN, Phenomenex) to perform LC-MS analysis. Mobile phase A was
20 mM ammonium formate with 0.1% formic acid in water. Mobile phase B was 20 mM ammonium formate and 0.1% formic acid in
methanol. The gradient was 0 min, 10% B, 0.5 min 33% B, 3 min 50% B, 3.1 min 90% B, 3.5 min 90% B, 4 min 10% A, supplied
throughout at 0.5 mL/min. The column temperature was maintained at 35°C and the autosampler at 4°C. The injection loop volume
was 2 mL. The QQQ was run in positive ionization mode. Instrument run parameters were set as the following: nebulizer pressure 20
psi, source gas temp 290°C, source gas flow 13 LPM, sheath gas temp 400°C, sheath gas flow 12 LPM, capillary voltage 3000 V,
nozzle voltage 1000V, high pressure funnel RF 190V, low pressure funnel RF 100V. Monitored parent/product ions (collision energy)
was 790.6/147.2 (50). Adenosylcobalamin was separated with a retention time of 2.3 min. Standards were purchased from Sigma-
Aldrich and prepared freshly in water for analysis.

Homocysteine was also detected by LC-MS/MS after being selectively derivatized by 50 mM N-ethylmaleimide (NEM) in water.
Samples were then dried under speed vac and reconstituted in 80% methanol/water (v/v). The LC-MS/MS was carried out on an
Acquity I-Class ultra-high-performance LC system by Waters (Milford, MA, USA). Mobile phases used were 0.1% formic acid
(A) and acetonitrile (B). The column was a Phenomenex Synergi 4 um Fusion-RP 80 A (2 mm x 50 mm). The injection volume was
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5 pL and flow rate 0.5 mL/min. The column temperature was set at 40°C. The gradient condition started at 0% phase B (hold time
0.1 min) and was increased to 10% B at 1 min, then to 50% B at 6.5 min, and finally to 100% B at 7 min (hold time 1 min). The gradient
was re-equilibrated to 0% phase B for 2 min. The mass spectrometry analysis was processed using a QTRAP6500+ from AB Sciex
(Framingham, MA, USA). Electrospray ionization parameters were as follows: electrospray voltage of +4500V, temperature of 550°C,
curtain gas of 25, CAD gas medium, and gas 1 and 2 of 45 and 50 psi, respectively.

Other metabolites were quantified through metabolomic studies conducted by BGI (Shenzhen, China). 10 mg of synchronized an-
imals fed with K12 WT or cobA(—); cobS(—) bacteria were ground, and 20 pL of the lysate was mixed with 20 uL of the standard and
120 pL of sample releasing agent. The mixture was then incubated for 30 min with shaking and centrifuged at 18,000 g at 4°C for
30 min; 30 uL of the supernatant was then transferred to a 96-well plate, in which 20 uL of derivatization reagent and 20 L of
EDC working solution were added. The plate was allowed to react at 40°C with shaking (1,200 rpm) for 60 min and then centrifuged
at 4,000 g at 4°C for 5 min. 30 uL of the reaction was transferred to a new 96-well plate, and 90 pL sample diluent was added to each
well. The plate was incubated for 10 min with shaking (600 rpm), centrifuged at 4,000 g at 4°C for 30 min, sealed with film, and ready
for LC-MS/MS. The sample extracts were analyzed using Waters UPLC I-Class Plus (Waters, USA) equipped with QTRAP 6500 Plus
(SCIEX, USA). For chromatography, the column used is BEH C18 (2.1 mm x 10 cm, 1.7 um, waters). The Mobile phase A is water
containing 0.1% formic acid. The Mobile phase B is acetonitrile containing 30% isopropanol. Elution was performed using the
following gradient: 0 min, 5% B; 1 min, 5% B; 5 min, 70% B; 9 min, 50% B; 11 min, 22% B; 13.5 min, 95% B (the flow speed
from 0 to 14 min is 0.4 mL/min); 14 min, 100% B (0.6 mL/min); 16 min, 5% B (0.4 mL/min). The column temperature is 40°C. For
Mass Spectrometry, a QTRAP 6500 Plus with ESI Turbo ion spray interface was used with the following parameters. lon source tem-
perature: 400°C; ion spray voltage: 4500V and —4500V; ion source gas 1, ion source gas 2, and curtain gas were set to 60, 60, and 35
psi, respectively. The MRM mode was set to include the parent-daughter transition information of target metabolites, collision
energy, declustering potential, and retention time.

RNA-seq and RT-qPCR

Total RNA from C. elegans was extracted using TRIzol reagent (Thermo Fisher). Samples were sent to BGI (Beijing Genome Institutes,
Shenzhen, China) for standard library construction and pair-end sequencing. Around 20 million reads were obtained for each sample,
and the reads were aligned to the C. elegans genome (WS235) using STAR 2.7. To identify genes differentially expressed, the tran-
script counts were analyzed using DESeq2, and genes with false discovery rate—corrected p values below 0.05 and fold change
above 2 or below 0.5 were identified. Gene enrichment analysis was then performed on the genes showing significant changes in
expression levels using the DAVID functional annotation tool (2021 version). CGZ621 unkls11[dat-1p::gfp] animals were used as
the wild-type control for comparison with the UM10 and UM6 PD animals, which also carry a dat-1p::gfp transgene.

For transcriptional analysis, cDNA was reversed transcribed from total RNA using SuperScript Il Reverse Transcriptase (Thermo
Fisher) from synchronized L4 animals. Quantitative real-time PCR was performed using a TB Green Premix Ex Tagq kit (Takara) in a
CFX96 real-time PCR machine (BioRad). Values were first normalized to the internal control ama-1, and the fold change was then
calculated by comparing the normalized data of various treatment with the wild-type control. All data shown represent the average
of three biologically independent replicates. The gPCR primers are listed in Table S8.

Mitochondrial respiration assay

For mitochondrial cellular respiration assay, oxygen consumption rate (OCR) was measured using the Agilent Seahorse XFe24
technology.”® Briefly, the sensor cartridges were hydrated in Seahorse calibration buffer at 25°C overnight before the experiment.
Day-one adults were washed with complete K-medium and suspended in 525 uL of unbuffered EPA water. About 50-100 animals
were added into each well of the Agilent Seahorse microplate. To achieve equivalent volume after compound injection, we loaded
75 uL of 160 uM DCCD (8x), 225 uM FCCP (9x) and 100 mM sodium azide (10x) in Port A, B, and C, respectively. The basal respi-
ration was first measured in every well, followed by the injection of FCCP in half of the wells and DCCD in the other half. Sodium
azide was injected at the end of the assay in every well to completely block mitochondrial respiration. The number of measure-
ments for basal respiration, DCCD, FCCP, and sodium azide responses were set to 8, 14, 8 and 4, respectively. ATP-linked respi-
ration is calculated by subtracting DCCD response from the basal OCR. FCCP response reflects the maximal respiratory capacity,
while non-mitochondrial respiration is defined as the OCR after adding the azide. All data were normalized by the number of
animals.

Mammalian cell culture and cell viability assay
The human neuroblastoma SH-SY5Y cells were first transfected with pHM6-a-syn (A53T) or the control plasmid (Pmax-GFP) for 24 h
and then cultured with or without sodium propionate and VB12 in 96-well plates at a density of 1x10* cells/well and grown for 24 h.
Cell viability was then determined using the cell counting kit 8 (CCK-8, Abcam); 10 uL of CCK-8 solution was added to each well, and
the absorbance was measured at 460 nm on a SpectraMax iD3 multi-mode microplate reader (Molecular Devices) 1 h later. Cell
viability was calculated using the following formula:

Absorbancee,. — Mean(Absorbancenegcr)

Viability % = 100
lability 9 Mean(Absorbancepos cir) ¥
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At least five replicates were performed for each condition, and the mean + SD were plotted.
Similarly, N27 cells were differentiated for three days and then transfected with pHM6-a-syn (A53T); sodium propionate and VB12
were added at 12 h after the transfection. 48 h later, cell viability was measured using the CCK-8 kit.

QUANTIFICATION AND STATISTICAL ANALYSIS

All quantitative data were shown as mean + SD of at least three biological replicates. For statistical analysis, we used a one-way
ANOVA followed by a Dunnett’s multiple comparisons test of different treatments with a single control group or a Tukey’s honestly
significant difference (HSD) test for all pairs of conditions. A two-tailed Student’s t test was used to compare only two groups, and
the p values obtained were then corrected by a Bonferroni correction. Single asterisks indicate statistical significance at p < 0.05,
and double asterisk for p < 0.01. All statistical analyses were carried out using GraphPad Prism 8.0 software. Statistical details of
experiments and sample sizes can be found in the figure legends.
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