
Journal of Alzheimer’s Disease 101 (2024) 49–60
DOI 10.3233/JAD-230948
IOS Press

49

Lacticaseibacillus rhamnosus HA-114 and
Bacillus subtilis R0179 Prolong Lifespan
and Mitigate Amyloid-� Toxicity in
C. elegans via Distinct Mechanisms

Stuart G. Fostera,1, Shibi Mathewa,1, Audrey Labarreb, J. Alex Parkerb, Thomas A. Tompkinsa

and Sylvie Bindaa,c,∗
aRosell Institute for Microbiome and Probiotics, Montreal, QC, Canada
bCentre de Recherche du Centre Hospitalier de l’Université de Montréal and Department of Neuroscience,
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Abstract.
Background: Recent advances linking gut dysbiosis with neurocognitive disorders such as Alzheimer’s disease (AD) suggest
that the microbiota-gut-brain axis could be targeted for AD prevention, management, or treatment.
Objective: We sought to identify probiotics that can delay A�-induced paralysis.
Methods: Using C. elegans expressing human amyloid-� (A�)1–42 in body wall muscles (GMC101), we assessed the effects
of several probiotic strains on paralysis.
Results: We found that Lacticaseibacillus rhamnosus HA-114 and Bacillus subtilis R0179, but not their supernatants or heat-
treated forms, delayed paralysis and prolonged lifespan without affecting the levels of amyloid-� aggregates. To uncover the
mechanism involved, we explored the role of two known pathways involved in neurogenerative diseases, namely mitophagy,
via deletion of the mitophagy factor PINK-1, and fatty acid desaturation, via deletion of the �9 desaturase FAT-5. Pink-1
deletion in GMC101 worms did not modify the life-prolonging and anti-paralysis effects of HA-114 but reduced the protective
effect of R0179 against paralysis without affecting its life-prolonging effect. Upon fat5 deletion in GMC101 worms, the
monounsaturated C14:1 and C16:1 FAs conserved their beneficial effect while the saturated C14:0 and C16:0 FAs did not.
The beneficial effects of R0179 on both lifespan and paralysis remained unaffected by fat-5 deletion, while the beneficial
effect of HA-114 on paralysis and lifespan was significantly reduced.
Conclusions: Collectively with clinical and preclinical evidence in other models, our results suggest that HA-114 or R0179
could be studied as potential therapeutical adjuncts in neurodegenerative diseases such as AD.
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INTRODUCTION

Alzheimer’s disease (AD), a neurodegenerative
syndrome impairing behavior, memory, and cogni-
tive functions, is the most common form of dementia
associated with aging. Despite considerable research
efforts over the past decades, the full spectrum of
pathological mechanisms driving AD onset and pro-
gression remains elusive. Curative treatments are still
lacking, and current therapeutic approaches rely on
mitigating the decline in cognitive functions and
managing symptoms.1,2 A hallmark of AD and a
traditional target for therapy is the accumulation of
amyloid-� (A�) protein fragments into plaques on
the surfaces of glial cells and neurons, which are
implicated in altering neural cell structure, deforming
the cellular membrane, hindering neurotransmission,
and leading to inflammation, oxidative damage and
neuronal cell death.3 However, attempts at improving
clinical outcomes by disrupting or preventing the for-
mation of these plaques have repeatedly failed over
the past 20 years4 and the efficacy of this therapeu-
tic strategy remains controversial despite the recent
approval of aducanumab to treat AD patients.5–7

Hence, the exploration of other associated risk factors
remains essential to identify effective treatments or
diet and lifestyle changes that could delay or prevent
the onset or progression of symptoms.8

In this context, a better understanding of the emerg-
ing link between the host intestinal microbiome and
neurogenerative disorders via the gut-brain axis could
lead to significant developments in the manage-
ment of AD.9 In addition to the significant effect
of diet on both the microbiota and AD pathol-
ogy, referred to as the diet-microbiota-brain axis,10

lipid metabolism and mitochondrial health were also
shown to link the microbiome and gut homeostasis to
neurodegeneration.11,12 Impaired lipid metabolism
was shown to affect production and clearance of
A� and tau phosphorylation13 and was linked to
mitochondrial dysfunction and neurodegenerative
diseases.14,15 Neurodegeneration is characterized by
the development of mitochondrial dysfunction over
time, which involves a disruption of the regulated
turnover of damaged mitochondria via mitophagy.16

Mitophagy stimulation was found to reverse mem-
ory impairment in a C. elegans A�-overexpressing
model and reduced cognitive impairments in mouse
models via microglial phagocytosis of extracellu-
lar A� plaques.17 Abnormal gut health, in addition
to mitochondrial dysfunction and dyslipidemia, was
also linked to neurodegeneration via exacerbating

inflammation, decreasing neurotransmitter levels,
oxidative stress, and apoptosis.9 Considering that
each of these mechanisms represent potential targets
of probiotics, microbiota-targeted interventions with
probiotics could impact multiple key mechanistic fac-
tors surrounding the pathogenesis of AD.18

Accumulating preclinical evidence suggests a
beneficial effect of probiotics (various single or
multi-strain formulations) on cognitive outcomes in
preclinical AD models,19 including C. elegans20,21

and D. melanogaster.22,23 Probiotics also demon-
strated beneficial effects in individuals with AD or
mild cognitive impairment in clinical studies,24–27

although only a few single probiotic strains were
assessed in clinical trials, namely L. plantarum C29-
fermented soybean (DW2009),28 Bifidobacterium
breve A1,27 and L. rhamnosus HA-114.24 Other clin-
ical trials in AD subjects assessed a mixture of B.
bifidum BGN4 and B. longum BORI29 or a formu-
lation containing selenium with L. acidophilus, B.
bifidum, and B. longum.30 This growing knowledge
base suggests that probiotic strain specificity and tim-
ing of administration before or after disease onset
will be important factors to consider in future tri-
als. Currently, however, the specific mechanisms of
action behind the effect of probiotics on memory
and other AD outcomes are not fully understood.
The strain L. rhamnosus HA-114 was recently shown
to reduce paralysis in C. elegans models of amy-
otrophic lateral sclerosis via the modulation of fatty
acid metabolism.31

The aims of the current study were to characterize
different probiotic strains for their effects on A�-
induced paralysis in the GMC101 C. elegans model
and gain further insight on their potential mechanism
of action by specifically evaluating the contribution
of two pathways previously linked to AD, namely
fatty acid desaturation and mitophagy. The GMC101
C. elegans strain is a well-described A� toxicity
model32 expressing the full-length human A� pep-
tide in body wall muscles. We report that feeding
these worms with Lacticaseibacillus rhamnosus HA-
114 or Bacillus subtilis R0179 resulted in delay or
reduction of paralysis through distinct mechanisms,
involving the host fatty acid metabolism for HA-
114 but not R0179. Conversely, the beneficial effect
of R0179 but not HA-114 on A�-induced paraly-
sis was abolished upon mitophagy impairment. Our
results also provide support and mechanistic insights
for the clinical benefits of HA-114 recently reported
in AD patients,24 thereby strengthening the transla-
tional value of the GMC101 C. elegans AD model.32
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MATERIALS AND METHODS

C. elegans strains and maintenance

The nematode strains wild type N2; GMC101
(dvIs100 [unc-54p::A-beta-1-42::unc-54 3¢-
UTR+mtl-2p::GFP]); RB2547 (pink1(ok3538)
II.); and BX107 (fat-5(tm420) V.), as well as E.
coli OP50 were obtained from the Caenorhabditis
Genetics Center (CGC, Minneapolis, funded by NIH
Office of Research Infrastructure Programs (P40
OD010440), USA). The strains GMC101;�pink-1
[pink1(ok3538) II; dvIs100] and GMC101;�fat-5
[fat-5(tm420) V.; dvIs100] were generated for this
study. C. elegans strains were maintained according
to standard laboratory practice.33 Probiotic strains
were obtained from Lallemand Bacteria Culture
collection (LBCC, Montreal, Canada). Worms were
synchronized with bleach, hatched overnight, and L1
worms were transferred to fresh OP50 and incubated
for 3 days at 15◦C prior to initialization for paralysis
(25◦C) or lifespan assays (20◦C).

Probiotic plates, heat treatment, and cell-free
supernatants preparation

Glycerol stocks were used to prepare individual
colonies, which were then used to inoculate cultures
for 24-h incubation at 37◦C. E. coli, Lactobacilli, and
B. subtilis were cultured in LB, MRS, and Tryptic Soy
media, respectively. Following incubation, bacterial
cell pellets were washed three times in M9 buffer,
then bacterial cell concentration was determined by
flow cytometry (BD Accuri C6) and diluted to 109

cells/mL in M9. 200 �L of bacteria were seeded onto
NGM plates, then incubated overnight and stored at
4◦C until use (within 1 week of preparation). For
heat treatment of bacteria, dilutions were incubated at
80◦C in a water bath for 20 min prior to seeding. For
testing of bacterial secretome, culture supernatants
were collected, filter sterilized (0.22 �m), and 1:1
mixture were prepared with washed, diluted OP50 to
a final concentration of 109 cells/mL before seeding.
For fatty acid supplementation, stocks were diluted in
ethanol and added to molten NGM media following
autoclaving.

Paralysis scoring

After 3 days at 15◦C on OP50 following hatching,
amyloidogenic worms were washed three times in
M9, then approximately 30–40 worms for each repli-

cate were transferred to their respective plates and
incubated for 24 h at 20◦C for initialization on pro-
biotics. Each condition had at least three replicates.
After 24 h, worms were transferred to fresh plates
with probiotics, and the temperature was switched to
the A�-inducing temperature of 25◦C. Locomotion
was assessed every 24 h for 3 days, and worms were
scored as paralyzed if they failed to produce move-
ment beyond their head region, either spontaneously
or following provocation with touch. Worms that
were scored non-paralyzed were transferred to fresh
plates, repeating this process for 2 days for a total
of 72 h at 25◦C. Worms that crawled off or perished
due to internal hatching were recorded but censored
from data analysis. The C. elegans [pink1(ok3538)
II; dvIs100] worms were slower to develop, so devel-
oping worms were incubated an additional 24 h on
OP50 for a total of 96 h instead of 72 h, before pro-
ceeding to initialization for 24 h and paralysis scoring
for 48 h at 25◦C.

Staining and microscopy

Worms were fed with either OP50, L. rhamno-
sus HA-114, L. rhamnosus R0343, or B. subtilis
R0179. Following 24 h at 25◦C (to induce paraly-
sis in the GMC101 strain), worms were collected
and washed three times in PBS. X-34 dye (Sigma-
Aldrich, SML1954) was used for visualization of
amyloid deposits, as previously described.34 Briefly,
day 1 adult worms were incubated in 100 �L X-34
working solution (1 mM in 10 mM Tris-HCL pH
8.0) for 2 h at 20◦C in the dark. Worms were then
washed three times in PBS before being placed on
OP50-NGM to allow the worms to destain overnight
at 20◦C. Animals were immobilized in 5 mM lev-
amisole dissolved in M9 and mounted on slides with
2% agarose pads. Deposits were visualized at 385 nm
using a Zeiss Axio Imager M2 microscope, using
a ×40 objective. The software used was AxioVs40
4.8.2.0. For each worm, the number of deposits in
the head area was counted. At least 30 worms were
scored per condition, over 3 distinct experiments.

Lifespan assays

To prepare for the lifespan assay on solid media,
L1 worms were maintained at 20◦C on OP50 for 3
days before they were washed 3 times in M9 and
transferred to their respective probiotic plates. Worms
were scored for viability every 24 h for 4 days, and
live worms were transferred to fresh plates. Follow-
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ing the end of their fertility, worms were scored and
transferred every 2–3 days. At least 30 worms were
used for each replicate, with at least two replicates
per condition. Worms that crawled off or perished
due to internal hatching were recorded but censored
from data analysis. The [pink1(ok3538) II; dvIs100]
double mutant worms are sensitive at normally non-
challenging 20◦C temperature, so longevity assays
were conducted at 15◦C.

Fatty acids profiling by LC-MS/MS

For free fatty acid analysis, 150 �L of ice-cold
methanol and 10 �L of isotope-labeled internal
standard mixture was added to 50 �L of sample
for overnight protein precipitation. Then it was
centrifuged at 13000×g for 20 min. 50 �L of super-
natant was loaded into the center of wells of a
96-deep well plate, followed by the addition of
3-nitrophenylhydrazine (NPH) reagent. After incu-
bation for 2 h, Butylated hydroxytoluene (BHT)
stabilizer and water were added before LC-MS injec-
tion.

Mass spectrometric analysis was performed on
an ABSciex 4000 Qtrap® tandem mass spectrome-
try instrument (Applied Biosystems/MDS Analytical
Technologies, Foster City, CA) equipped with an
Agilent 1260 series UHPLC system (Agilent Tech-
nologies, Palo Alto, CA). The samples were delivered
to the mass spectrometer by a LC method followed
by a direct injection (DI) method. Data analysis was
done using Analyst 1.6.2.

Statistical analyses

Graphpad Prism 9 was used to generate graphs and
statistical analyses. Two-way ANOVA with multiple
comparison testing were used to assess significance
in paralysis assays (Dunnet’s) and gene expression
assays (Tukey’s). Gehan-Breslow-Wilcoxon test was
performed to determine statistical significance of sur-
vival differences between groups in lifespan assays.

RESULTS

Decrease in paralysis by probiotic bacteria is
strain specific

Several probiotic strains were assessed for their
impact on paralysis in the C. elegans strain GMC101,
which expresses the human A�1–42 peptide in mus-
cle walls resulting in age-dependent paralysis in

a temperature-sensitive manner.32 Worms on OP50
showed progressive paralysis with a marked inci-
dence at 48 and 72 h following the temperature
upshift. Worms are scored as paralyzed when they
cannot move away upon gentle touching, and only
the head is mobile and surrounded with a halo devoid
of bacteria (Fig. 1A). While the worms supplemented
with the strains Lacticaseibacillus rhamnosus GG,
Lacticaseibacillus paracasei L26, and Lactobacil-
lus helveticus R0052 showed a progressive and
marked incidence of paralysis comparable to the
OP50 controls, those supplemented with Bacillus
subtilis R0179 (R0179), L. rhamnosus HA-111, L.
rhamnosus R0011 and L. rhamnosus HA-114 (HA-
114) showed a significant delay and reduction in the
incidence of paralysis compared to OP50 (Fig. 1B).
Two of the most effective strains, HA-114 and R0179,
were selected for further analyses. These strains did
not reduce the abundance of A� deposits in the head
region 24 h after the temperature upshift compared
to the OP50 and L. rhamnosus GG (R0343) diets
(Fig. 1C), as represented on X-34 staining images
(Fig. 1D).

Effect of secretomes and heat-treated HA-114
and R0179 on paralysis

In contrast to live HA-114, the cell-free cul-
ture supernatant (Fig. 2A) or heat-treated HA-114
(Fig. 2B) did not protect against amyloidogenic paral-
ysis. The R0179 supernatant did not confer any
significant protection against paralysis (Fig. 2C),
while heat treatment did not abolish the protection
conferred by R0179 (Fig. 2D).

The effects of HA-114 on lifespan and paralysis
are maintained in the absence of pink-1

To assess the potential contribution of mitophagy
in the effects of HA-114 and R0179, we generated
pink-1 null GMC101 worms (GMC101;�pink-1). At
20◦C, HA-114 significantly prolonged the lifespan of
the wild-type N2 (Fig. 3A), GMC101 (Fig. 3B), and
GMC101;�pink-1 worms (Fig. 3C), while R0179
also extended the lifespan of these mutants signifi-
cantly.

We next wanted to assess whether mitophagy was
involved in the effect of HA-114 and R0179 on
A�-induced paralysis. Considering their increased
sensitivity to amyloid toxicity at the maintenance
temperature of 20◦C, GMC101;�pink-1 worms were
maintained at 15◦C and reared for an additional 24 h
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Fig. 1. The effect of several probiotic strains on paralysis in GMC101 worms is strain specific. A) Representation of the scoring
method for paralyzed and non-paralyzed worms. B) Paralysis assay in GMC101 worms comparing the effect of a panel of probiotic strains
(109 cells/mL) over 72 h following the temperature upshift (n = 3). Error bars indicate SEM. Two-way ANOVA with Dunnett’s multiple
comparison test; p < 0.0001 versus OP50. C) Quantification of aggregates stained with X-34 at 24 h after the temperature upshift showing
D) A� aggregates in the head region of GMC101 worms fed the indicated diet.

on OP50 to reach the young adult stage before trans-
ferring to probiotic strains. Despite this adaptation
in assay conditions to accommodate their slower
development and increased sensitivity, the paralysis
rate was higher than zero at the start of the experi-
ment (all conditions, p > 0.05). Nevertheless, HA-114
retained its protective effect against paralysis in the
GMC101;�pink-1 worms (Fig. 3D), while R0179
completely lost its protective effect at 48 h.

Supplemented fatty acids differentially affect
paralysis

Next, we investigated the effect of supplementing
a panel of common bacterial FAs (ranging from C12-
C18) on the paralysis phenotype in GMC101 worms.
Myristic acid (C14:0) and palmitic acid (C16:0) sup-
plementation significantly reduced amyloidogenic
paralysis at 72 h, while lauric acid (C12:0) and stearic
acid (C18:0) only produced a mild non-significant
amelioration at 72 h despite providing similar bene-

fits at 48 h (Fig. 4A). C. elegans metabolism of the
C16:0 and possibly C14:0 fatty acids can include their
direct desaturation by the �9 desaturase fat-5 into the
monounsaturated fatty acids (MUFAs) palmitoleic
(C16:1) and myristoleic acid (C14:1), respectively
(Fig. 4B). Interestingly, the main metabolites down-
stream of fat-5 also reduced paralysis in GMC101
worms, with 16:1 displaying a more pronounced
effect (Fig. 4C).

The Δ9 desaturase fat-5 is involved in the
protective effect of HA-114 on paralysis

We next wanted to assess the importance of the
host fatty acid �9 desaturase pathway in the protec-
tive effect of HA-114 and R0179. In GMC101;�fat-5
worms, supplementation with the C16:1 and C14:1
MUFAs delayed the paralysis phenotype while the
protective effect of C14:0 and C16:0 against paral-
ysis was abolished (Fig. 5A). In these worms, the
decrease in paralysis by HA-114 was significantly
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Fig. 2. Live HA-114 and R0179 confer maximal protection against paralysis. Paralysis assay in GMC101 worms comparing the effect
of live HA-114 and R0179 (109 cells/mL) versus their corresponding cell-free supernatants (A and C, respectively; n = 3) or probiotic strains
subjected to heat treatment (HT) at 80◦C for 20 min prior to seeding (B and D, respectively; n = 3). Paralysis was scored over 72 h following
the temperature upshift. Error bars indicate SEM. Two-way ANOVA with Dunnett’s multiple comparison test (versus OP50); ∗p < 0.05;
∗∗p < 0.01.

reduced compared to GMC101 while the rate of A�-
induced paralysis was similar to GMC101 when the
GMC101;�fat-5 worms were fed OP50 or R0179
(Fig. 5B), suggesting that the host fat-5 desaturation
pathway is involved in the protective effect of HA-
114 but not R0179 against amyloidogenic paralysis.
The deletion of fat-5 also reduced the pro-longevity
effect of HA-114 (Fig. 5C) without affecting lifes-
pan in worms fed OP50 or R0179. Indeed, HA-114
consistently yielded a lifespan prolongation of
approximately 10–12 days, but this prolongation
was shortened to 7 days in GMC101;�fat-5 worms
(Fig. 5D). Mean lifespan values are provided in
Table 1. Considering the impact of fat-5 deletion on
the protection conferred by HA-114 but not R0179,
we explored the FA composition of HA-114 and
R0179 in comparison to OP50. This analysis revealed
a greater proportion of acetic acid in HA-114 and of
palmitic acid (C16:0) in R0179 (Fig. 6).

DISCUSSION

Host-microbe interactions and the gut-brain axis
are growing areas of focus for their roles in neu-
rodegenerative diseases such as AD.36 Using the
C. elegans human A�1–42 transgenic model of AD,
we screened different probiotic strains for their effect
on paralysis induced by the expression of a human
A�1–42 transgene. Among the best candidates, L.
rhamnosus HA-114 and B. subtilis R0179 exerted a
marked protective effect with different requirements
for the presence of live bacteria. Bacterial secretome
supplementation was not sufficient to fully recapitu-
late the protective effect of either strain. Heat-treated
HA-114 was unable to confer protection against
paralysis but heat-treated R0179 conserved its effect.
Importantly, our heat treatment of B. subtilis R0179
is not sufficient to kill spores, but only vegetative
cells. This may be the reason behind the remaining
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Fig. 3. Pink-1 is not essential for the effects of HA-114 on lifespan and paralysis in GMC101 worms. Lifespan of A) N2 (n = 4), B)
GMC101 (n = 4), and C) GMC101;�pink-1 (n = 2) fed the indicated diets. Gehan-Breslow-Wilcoxon test (versus OP50); ∗∗∗∗p < 0.0001;
∗∗∗p < 0.001; ∗∗p < 0.01. D) Paralysis of GMC101;�pink-1 fed the indicated diets (n = 9) scored over 48 h following temperature upshift.
Error bars indicate SEM. Two-way ANOVA with Dunnett’s multiple comparison test (versus OP50); ∗∗∗∗p < 0.0001.

protection conferred by heat-treated R0179. The heat
treatment changes the spores:vegetative cells ratio,
thereby reducing but not abolishing the protection.
The conversion from spore to vegetative cells has
been reported as important for the probiotic activity
of B. subtilis.37 It is not possible in this experimental
context to conclude whether the effect is mediated
by the spores or the vegetative cells, but they support
the hypothesis of a contribution of the germination
process in the beneficial effect of B. subtilis R0179.

The beneficial effects of HA-114 on lifespan and
paralysis were maintained after pink-1 deletion, while
its effect on A�-induced paralysis but not lifespan
was reduced by the deletion of fat-5. Contrary to
HA-114, the anti-paralysis and pro-longevity effects
of R0179 were conserved despite the absence of
the �9 desaturase FAT-5 but were reduced follow-
ing pink-1 deletion, which was previously shown to
profoundly impair mitophagy in C. elegans.38 How-
ever, the effect of R0179 on mitophagy was not

confirmed using additional mitophagy mutants. Nev-
ertheless, these results suggest that both strains act
via distinct mechanisms, involving host fatty acids
metabolism in the case of HA-114 and probably mito-
chondrial function for R0179. These mechanisms
appear to be independent of the aggregation pro-
cess, with the same number of aggregates in all tested
diets. It cannot be excluded that the probiotics could
result in different aggregate conformations of lesser
toxicity. While the number of aggregates that were
enumerated was similar between the different pro-
biotic diets, the conformation of the aggregates and
the ‘conformation-related toxicity’ was not assessed
and can differ. Indeed, FAs are known modulators of
A� aggregation pathways, and it was recently shown
that the different conformations of the aggregates in
the presence of specific FAs appear to harbor differ-
ent toxicity levels.39 Yet, in the model used herein,
an aggregate-independent effect on the muscles or
membranes fluidity cannot be excluded.
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Fig. 4. Fatty acids typically desaturated by fat-5 are more efficient at reducing paralysis. A) Paralysis assay in OP50-fed GMC101 worms
comparing the effect of the indicated saturated fatty acids (200 �M; n = 3). B) Schematics of the fatty acid desaturation pathways in C.
elegans (adapted from35). C) Paralysis assay in OP50-fed GMC101 worms comparing the effect of saturated and monounsaturated C14
and C16 fatty acids (200 �M; n = 6). Error bars indicate SEM. Two-way ANOVA with Dunnett’s multiple comparison test (versus OP50);
∗∗∗∗p < 0.0001.

FAT-5 acts as a palmitoyl-CoA-desaturase that ini-
tiates unsaturated fatty acid synthesis in C. elegans
and generates the MUFA palmitoleic acid.35 MUFAs
are critical components of phospholipids and triglyc-
erides, and are important for membrane function,
energy storage and signaling.40 Enzymes that gener-
ate MUFA’s like fatty acyl desaturases such as SCD’s
(stearoyl-CO-A desaturase) are found widely across
all living organisms, ranging from bacteria and yeast
to humans.41 Alteration in the expression of SCD-
5 expressed in human tissues has been associated
with neurological and developmental diseases.42 The
correlation between MUFA synthesis and increased
longevity in C. elegans was previously reported.43

Specifically, levels of �9 desaturases were shown to
be elevated in C. elegans mutants displaying a longer
lifespan,44 and we found that the HA-114 diet signif-
icantly prolongs lifespan and moderately increased
the levels of the �9 desaturase FAT-5 mRNA in N2
and GMC101 worms (data not shown). The deletion
of fat-5 reduced the pro-longevity effect of HA-
114 in the GMC101 background, suggesting that its
effect on lifespan could be mediated via the same
mechanism as its effect on paralysis. Indeed, the
beneficial effect of HA-114 on amyloidogenic paral-
ysis was markedly impaired by the deletion of fat-5.

Of note, HA-114 produces more acetic acid than
OP50 and R0179. Acetic acid was shown to prolong
lifespan in C. elegans via the upregulation of DAF-
16, a master metabolic regulator that controls FAT-5
expression.45,46

Probiotics have been shown to influence lipid
metabolic profiles in other studies. Bifidobacterium
animalis CECT 8145 was found to reduce total
lipid and triglyceride content, oxidative stress, as
well as modulate energy, lipid, and tryptophan
metabolism in C. elegans.47 Supplementing mice on a
high-fat, high-cholesterol diet along with Lactobacil-
lus curvatus HY7601 and Lactobacillus plantarum
KY1032 resulted in significant reductions of fat
accumulation in adipose and liver tissue, choles-
terol, hepatic triglycerides fatty acid synthetases
expression and fatty acid oxidation activity com-
pared to controls with no probiotic administration.48

However, the use of probiotics to normalize the
host lipid metabolic profiles in the context of
neurodegeneration is a relatively new area to be
explored. In AD patients, the co-administration
of a probiotic with selenium significantly reduced
plasma triglycerides and normalized cholesterol lev-
els in AD patients compared to selenium and
placebo.30
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Fig. 5. The effect of HA-114 on paralysis and lifespan requires fat-5. A) Paralysis assay in OP50-fed GMC101; �fat-5 worms comparing
the effect of the indicated saturated and monounsaturated C14 and C16 fatty acids (200 �M; n = 6). Error bars indicate SEM. Two-way
ANOVA with Dunnett’s multiple comparison test (versus OP50); ∗p < 0.05. B) Paralysis assay in GMC101 (n = 4) and GMC101; fat-5 (n = 9)
fed the indicated diets. Error bars indicate SEM. Two-way ANOVA with Tukey’s multiple comparison test; ∗∗∗p < 0.001. C) Lifespan assay
in GMC101 (n = 4) and GMC101;�fat-5 (n = 4; n = 2 for OP50) fed the indicated diets. Gehan-Breslow-Wilcoxon test (versus GMC101
corresponding diet); ∗∗p < 0.0001; n.s., not significant. D) Bar graph of mean lifespan (n = 3; ∗p < 0.05 versus N2/HA-114). Dashed line at
12 days.

Table 1
Mean lifespan

OP50 HA-114 R0179
Mean SD N Mean SD N Mean SD N

N2 12.0 2.1 3 23.7 1.3 3 16.0 0.4 3
GMC101 12.2 1.1 3 22.5 1.4 3 15.6 0.5 3
GMC101;�fat-5 11.9 0.5 3 18.8 1.7 3 17.4 0.2 3
GMC101;�pink-1 9.8 1.2 3 20.0 1.8 3 13.5 2.3 3

Fig. 6. Relative abundance of selected fatty acids in OP50, R0179, and HA-114. Doughnuts showing the relative abundance of A)
short-chain fatty acids and B) C14-C18 fatty acids in OP50 (inner circle), R0179 (middle circle) and HA-114 (outer circle).
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Unlike HA-114, the effects of R0179 in the
GMC101 worms do not seem dependent on FAT-
5 activity but its protective effect on A�-induced
paralysis was abrogated by pink-1 deletion. This
suggests that R0179 may not be sufficient to over-
come the mitochondrial dysfunction of the double
mutant GMC101;�pink-1 and that its effect may
involve mitochondrial functions or the activation of
mitochondrial stress response pathways. Indeed, as
observed in the brains of AD patients, GMC101
worms display progressive mitochondrial function
defects, and the activated mitochondrial unfolded
protein response and mitophagy in these worms
were shown essential to the phenotype ameliora-
tion caused by the mitochondrial stress response
activation.49 In other studies with B. subtilis strains,
benefits of the B. subtilis NCIB3610 on the AD C.
elegans model CL2006 were associated to biofilm
formation and production of the quorum sensing
peptide CSF.20 These same properties were also
shown to mediate its pro-longevity effect, via the
DAF-2/DAF-16/HSF-1 signaling axis and the down-
regulation of the insulin-like signaling pathway.50

Several B. subtilis strains (PNX21, JH642, 168, and
NCIB3610) were also shown to prolong lifespan
and reverse α-synuclein aggregation and in a C. ele-
gans model of α-synucleinopathy.21 In that model,
the beneficial effect of B. subtilis PXN21 against
alpha-synuclein aggregation was associated with its
biofilm formation capacity and the modulation of
host genes involved in the sphingolipid metabolism
pathways.21

In C. elegans, physiological outcomes such as
longevity and fat storage/metabolism can be signif-
icantly altered by nutritional composition of their
bacterial foods.51 In addition, there are associated
physiological defects between age-related decline
and AD, including a progressive loss of mitochon-
drial function.52 Hence, the impacts of probiotics
on longevity or A�-induced toxicity are not neces-
sarily linked, and there could be tradeoffs between
lifespan prolongation and other physiological out-
comes of health span such as fertility or satiety, which
were not explored in this study.53 In addition, we did
not assess pharyngeal pumping or lawn thickness to
compare the potential contribution of caloric intake
between diets. Furthermore, lipid metabolism and its
modulation by multiple transcriptional regulators and
nutrient sensing pathways is complex,54–58 and this
study did not comprehensively look at the metabolic
and transcriptional responses to HA-114 or R0179
supplementation at the omics scale.

Conclusions

New studies suggest that the gut microbiome plays
an increasingly important role in promoting overall
health. However, there is a limited amount of research
that thoroughly examines the specific mechanisms
of action, particularly at the strain level, that impact
the brain and the development of neurodegenerative
diseases. Our results support the notion that supple-
mentation L. rhamnosus HA-114 or B. subtilis R0179
could be an effective method for the mitigation of A�
aggregates toxicity and warrant further investigations
in mammalian AD models. A better understanding
of probiotics mechanisms of action in vivo is nec-
essary to explain the cognitive benefits of probiotics
observed in clinical studies.
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