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ABSTRACT
The clinical manifestations of Parkinson's disease (PD) are driven by aggregation of α-Synuclein (α-Syn) in the brain. 
However, there is increasing evidence that PD may be initiated in the gut and thence spread to the brain, eg, via the vagus 
nerve. Many studies link PD to changes in the gut microbiome, and bacterial amyloid has been shown to stimulate α-Syn 
aggregation. Yet, we are not aware of any studies reporting on a direct connection between microbiome components and α- 
Syn aggregation. Here, we report that soluble extract from the gut microbiome of the rats, particularly young rats trans-
genic for PD, shows a remarkably strong ability to inhibit in vitro α-Syn aggregation and keep it natively unfolded and 
monomeric. The active component(s) are heat-labile molecule(s) of around 30- to 100-kDa size, which are neither nucleic 
acid nor lipid. Proteomic analysis identified several proteins whose concentrations in different rat samples correlated with 
the samples’ anti-inhibitory activity, while a subsequent pull-down assay linked the protein chaperone DnaK with the 
inhibitory activity of young rat’s microbiome, confirmed in subsequent in vitro assays. Remarkably, the microbiome ex-
tracts also protected neuroblastoma SH-SY5Y cells and zebrafish embryos against α-Syn toxicity. Our study sheds new 
light on the gut microbiome as a potential source of protection against PD and opens up for new microbiome-based 
therapeutic strategies.

© 2024 The Author(s). Published by Elsevier Inc. on behalf of Korean Society for Molecular and Cellular Biology. This is an 
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION

Parkinson’s disease (PD) is a globally widespread movement 
disorder whose etiology is strongly linked to the aggregation of 
the 140-residue protein α-Synuclein (α-Syn) (Alam et al., 
2019; Borghammer, 2023). One of its major clinical character-
istics is the loss of dopaminergic neurons in the brain and the 
formation of intracellular inclusions known as Lewy bodies and 
Lewy neurites (Kalia and Lang, 2015). There is growing evi-
dence that PD is not always initiated in the brain (“brain-first”) 
but can in some cases (“body-first”) be triggered by events in  

the gut or the nerves of the gastrointestinal tract, connected to 
the brain via the vagus nerve (Borghammer and Van Den 
Berge, 2019; Horsager et al., 2020). This is supported by the 
inhibitory effect of vagotomies (Svensson et al., 2015), the 
presence of Lewy bodies and Lewy neurites in enteric neurons 
(Liddle, 2018), and the disruptive effects of duodenum-in-
oculated α-Syn fibrils on gut function, α-Syn histopathology, and 
motor defects in aged mice (Challis et al., 2020). Further, in 
∼80% of all PD cases, gastrointestinal dysfunction predates 
motor symptoms (Goldman and Postuma, 2014). There are also 
indications for a regulatory function of the gut microbiome on 
the central nervous system via the microbiota-gut-brain axis 
(Loh et al., 2024). This interaction involves the production of 
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metabolites, hormones, and neurotransmitters in the gastro-
intestinal tract (Loh et al., 2024). Notably, fecal transplants from 
mice treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, 
a toxin linked to PD, have been shown to induce neurological 
deterioration (Loh et al., 2024). Finally, several case studies of 
fecal microbiota transplantation from healthy donors to PD pa-
tients [summarized in (Karuna et al., 2023)] report some im-
provement in symptoms, indicating that the microbiome 
composition can influence disease progression. Nevertheless, it 
is unresolved whether, how and which specific components in 
the gut can initiate (or block) α-Syn fibrillation. PD patients ap-
pear to have altered gut microbiomes compared with healthy 
controls (Keshavarzian et al., 2015; Scheperjans et al., 2015); 
genera affected include Lactobacillus, Bifidobacterium, Blautia, 
and Akkermansia (Haikal et al., 2019; Liu et al., 2024). It has 
been contested whether Lactobacillus levels increase or de-
crease (Unger et al., 2016; Li et al., 2019a). The controversy 
may reflect differences in the clinical stage at which the different 
samples were collected. Here, animal models have turned out 
to be very useful, given that gut microbiome can be monitored 
continuously in the knowledge that the disease will eventually 
develop. Thus, a very recent study, using a transgenic (TG) rat 
PD model (Nuber et al., 2013) that overexpresses human α-Syn 
under the human promoter and leads to a spatial brain dis-
tribution of α-Syn similar to endogenous human and rat ex-
pression, concluded that aging TG rats had an increased 
abundance of Alistipes and a reduction in Lactobacillus (Singh 
et al., 2023). Interestingly, these 2 phyla are considered in-
flammatory and anti-inflammatory, respectively. This was ac-
companied by an increase in levels of metabolites such as 
succinate, lactate, glutamate, and 4-hydroxyphenylacetate in 
both feces and serum (Singh et al., 2023). This is consistent 
with other studies showing that Lactobacillus is decreased in 
PD models and PD patients (Unger et al., 2016; Li et al., 2019; 
Singh et al., 2019). The changes between wild-type (WT) and 
TG rats increase with age, but already at 2.5 months, there is 
gut bacterial dysbiosis in TG rats (Singh et al., 2023). The 2 
groups of rats also differ in their behavioral phenotype, with a 
disruption of the olfactory discrimination already observed in 
young (3-month-old) TG rats (Nuber et al., 2013). At the mo-
lecular level, the TG rats accumulate human α-Syn in the colon 
tissue, which increases with age and reaches a plateau around 
4 months (4M) (Singh et al., 2023).

It is reasonable to expect that these gut microbiome changes 
affect α-Syn in various ways. The intestinal bacteria are in 
contact with the enteric nervous system and the vagus nerve 
through gut enteroendocrine cells (Chandra et al., 2017; Mulak 
and Bonaz, 2015) and can thus transmit metabolites from the 
gut to the nervous system. Gut leakiness is also associated with 
early stages of PD in human patients (Forsyth et al., 2011) and 
is consistent with intestinal dysfunction in aging TG rats (Singh 
et al., 2023). PD rat models have also shown increased gut and 
systemic inflammation, as seen by increases not just in small 
metabolites but also different inflammatory proteins (Schwiertz 
et al., 2018; Singh et al., 2020). Inflammation may increase 
formation and aggregation of, eg, phosphorylated α-Syn, which 
is highly indicative of PD pathology (Sato et al., 2013). Besides 
these indirect effects, there is also the possibility of direct 

contact between the gut-microbial strains and α-Syn. For ex-
ample, inoculation with an Escherichia coli strain producing the 
functional amyloid CsgA (curli) led to the accumulation of ag-
gregated α-Syn not just in the gut but also in the brain, along 
with other physiologically detrimental changes such as micro-
gliosis, astrogliosis, and increased brain levels of inflammatory 
proteins such as Toll-like receptor 2, Interleukin-6, and Tumor 
Necrosis Factor α (Chen et al., 2016). This is consistent with 
CsgA’s in vitro ability to stimulate α-Syn aggregation (Bhoite 
et al., 2022; Sampson et al., 2020). Further, the functional 
amyloid FapC from Pseudomonas also increases aggregation 
and deposition of the Alzheimer peptide amyloid-β (Aβ) in 
zebrafish, accompanied by tissue pathology and cognitive im-
pairment (Javed et al., 2020) [conversely, monomeric Aβ can 
impair and reverse FapC fibrillation and accompanying biofilm 
formation (Ali et al., 2023)]. Desulfovibrio bacteria have also 
been shown to induce α-Syn aggregation in Caenorhabditis 
elegans (Huynh et al., 2023). Besides pathological components 
in the microbiome, there might also be protective factors redu-
cing the risk of PD, such as the chaperone DnaK. As part of the 
Hsp70 family, DnaK is an ATP-dependent chaperone, pro-
moting protein folding and reversing aggregation (Wawrzynów 
and Zylicz, 1995) by shielding hydrophobic parts from the cy-
tosol, thus preventing unwanted interactions (Fernández- 
Fernández and Valpuesta, 2018). Hsp70 proteins consist of 2 
domains, responsible for nucleotide and substrate binding, re-
spectively (Fernández-Fernández and Valpuesta, 2018). ATP 
hydrolysis and release changes the substrate affinity, thus 
leading to rapid capture and release of substrate, which can 
even lead to active fibril disaggregation (Fernández-Fernández 
and Valpuesta, 2018). However, direct contact between micro-
biome components and α-Syn has to our knowledge not been 
directly investigated.

These considerations prompted us to ask a simple question: 
can extracts from the microbiome, specifically from TG rats 
disposed to PD, directly stimulate aggregation of α-Syn? Of 
particular interest was potential insoluble amyloid material, 
which might serve to cross-seed α-Syn fibrillation, given that the 
microbiome provides a ready source of amyloid material 
(Christensen et al., 2021). To test this, we collected fecal 
samples from specimens of the previously described rat PD TG 
model between the ages of 2 and 14 months (Nuber et al., 
2013; Singh et al., 2023) along with its WT counterpart, pre-
pared soluble and insoluble extracts, and tested them in a 
simple in vitro setup of α-Syn aggregation. However, the results 
confounded our expectations. Firstly, the extracts were highly 
efficient in inhibiting α-Syn aggregation rather than promoting it 
and maintaining α-Syn in a soluble unstructured state. Sec-
ondly, the greatest inhibitory activity was found in the soluble 
fraction rather than the insoluble counterpart, and inhibitory 
activity was the highest for young (2-month-old) rats. We pre-
sent evidence that it is neither a nucleic acid nor a lipid but 
rather a heat-labile (and thus likely proteinaceous) component 
in the size range 30 to 100 kDa, which could be partially purified 
by gel filtration. Proteomic analysis identified DnaK as a po-
tential fibrillation inhibitor in young rats’ microbiota. We also 
demonstrate that extract from Lactobacillus, downregulated in 
PD rats, has a distinct inhibitory effect, whereas the upregulated 
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Alistipes has the reverse effect. Finally, we show that these 
promising in vitro properties of the rat microbiome extract are 
recapitulated in neuroblastoma cell lines and zebrafish em-
bryos. In combination, our results suggest that the young gut 
microbiome may be a potent source of anti-PD components.

MATERIALS AND METHODS

Materials
Unless otherwise stated, all reagents were from Sigma-Aldrich.

Preparation of Microbiome Extract From Rats (fecal rat 
microbiota)
All animal procedures were approved (TVA: HG3/18) by the 
authorities of the state of Baden-Württemberg, Germany. 
Previously, we described how overexpression of human α-Syn 
leads to dysregulated microbiome/metabolites with aging in a 
rat model of PD (Singh et al., 2023). Thus, rat fecal pellets from 
PD model (PD TG) and WT rats were collected at 2, 3, 6, 9, and 
12 to 14 months from 2 cohorts of animals (1-9 months from 
cohort 1 and 12-14 months from cohort 2) to identify which time 
points could be critically affected by overexpression of α-Syn as 
described earlier (Singh et al., 2023), and were stored at −80°C. 
For naming, TG4 refers to rat 4 in the TG cohort etc. 
About 40 mg of each sample was transferred to a 1.5-ml Ep-
pendorf tube, and then suspended to a 5% suspension in 
0.8 ml buffer A-38 (10% sucrose and 1 mM EDTA), supple-
mented after suspension with 1× protease inhibitor cocktail 
(Roche cOmplete ULTRA Tablets, Mini, EDTA-free, 1 tab/50 ml). 
After 30 minutes at 37°C, the sample was centrifuged at 
13,500 rpm for 15 minutes, after which the pellet was discarded. 
The supernatant was then centrifuged at 30,000 rpm for 1 hour 
at 4°C and the supernatant was stored at −20°C.

Lactobacillus rhamnosus (LGG ATCC 53103) and Alistipes 
timonensis (DSM 25383) were cultured for 24 hours on a shaker 
in aerobic and anaerobic conditions in microbial media M104 
(per liter 5 g of tryptone peptone, 5 g of bacto peptone, 10 g 
of bacto yeast extract, 5 g of meat extract, 5 g of glucose, 2 g 
of NaH2HPO4, 1 ml Tween 80, 40 ml salt solution, 1 ml 0.1% 
reazurin, 10 ml of 0.05% hemin solution, 0.5 g of Cysteine-HCl, 
and 0.2 ml of liquid vitamin K1). After 24 hours, L. rhamnosus 
and A. timonensis had reached an OD600 of 1.66 and 0.76, 
respectively. Bacterial cultures were centrifuged at 3,000×g 
speed for 20 minutes at room temperature. After centrifugation, 
the culture supernatant was collected in a separate Falcon tube, 
filter-sterilized using 0.2-µm filter, and stored at −80°C until use.

Fibrillation In Vitro Measured by ThT Fluorescence and 
Circular Dichroism
α-Syn was purified recombinantly in E. coli as described (Lorenzen 
et al., 2014). Fibrils were prepared by shaking 1 mg/ml α-Syn in a 
plate reader at 300 rpm at 37°C for 48 hours, after which the so-
lution was spun down and the amount of fibril estimated from the 
amount left in the supernatant. Unless otherwise stated, all fi-
brillation assays were performed in a 96-well 3631 low-bind clear 
flat-bottomed polystyrene microplate with autoclaved glass bead. 
To assess the effects of microbiome extracts on fibrillation, ThT 
assays were performed in a total volume of 150 µl, composed of 

0.3 mg/ml α-Syn monomer, 0.7% (ie, 2.1 µg/ml) preformed fibrils 
(PFF), 40 µM Thioflavin T, and variable amounts of microbiome 
extracts from rats of different ages (samples corresponding to 0.1 
and 0.3 µl were diluted 10-fold to give 1 and 3 µl sample), all in 
PBS. When investigating the inhibitory effect of DnaK, the ThT 
assay was performed by coincubating 50 µM of α-Syn monomers 
with 0.5 µM of DnaK (Prospec Bio). Fibrillation was monitored at 
37°C under shaking conditions (300 rpm) in a CLARIOstar Plus 
Multimode Microplate Reader (BMG Labtech) with excitation at 
448 nm and emission at 485 nm. Circular dichroism (CD) spectra 
of these samples and their supernatants were recorded at 25°C 
from 280 to 190 nm on a Chirascan CD spectrometer (Applied 
Photophysics) in 1-nm bandwidth using a 10-nm path length. Three 
scans were recorded and averaged for each sample.

Enzyme Treatment
About 5 µl from a stock of each enzyme [2 U/ml of benzonase 
and 1 mg/ml of Thermomyces lanuginosus lipase from 
Novozymes A/S (Rasmussen et al., 2022)] was incubated with 
5 µl and 3 µl of 10× diluted fecal rat microbiota (FRaM) samples 
(ie, 0.5 and 0.3 µl original sample) at 37°C overnight in a total 
volume of 10 µl (supplemented with PBS). For heat treatment, 
5 µl of 10× FRaM samples in a total volume of 10 µl were in-
cubated for 15 minutes at 95°C. Negative controls were 5 µl 
PBS added to 5 µl of each of the 3 enzymes. Subsequently, 
these 10 µl samples were incubated with PFF and α-Syn 
monomer in the ThT seeding assay as described previously.

Size Exclusion Chromatography
A Superose 6 10/300 GL column (Cytiva) was equilibrated with 
1 column volume of PBS, after which 1 ml of each rat sample 
supernatant (2, 6, 9, and 14 months) of TG group 5 was loaded 
on the column separately, followed by elution with PBS while 
monitoring absorption at 280 nm. Fractions of 0.5 ml were 
collected over an ∼30 ml elution profile. A similar approach was 
adopted for Lactobacillus and Alistipes bacterial supernatant.

Sample Preparation for Proteomic Analysis
Fractions 41 to 43 from size exclusion chromatography (SEC) 
of rat samples (2, 6, 9, and 14 months) were used. About 40 µl 
of each sample was lyophilized and resuspended in 18 µl 8 M 
urea in 100 mM ammonium bicarbonate (pH 8.0). About 2 µl 
100 mM DTT was added (final concentration 10 mM), and the 
sample was incubated for 60 minutes. Subsequently, 2 µl 
330 mM iodoacetamide was added under dim lighting (final 
concentration 30 mM) and the solution was incubated for 
60 minutes in the dark. The solution was then quenched by 
adding 8.8 µl 100 mM DTT (final concentration 35 mM DTT), 
after which 161 µl 100 mM ammonium bicarbonate containing 
2 µg/ml trypsin (Promega) was added. The solution was in-
cubated overnight at 37°C. The tryptic peptides were purified 
using C18 membranes (Empore) packed into P10 pipette tips 
(Sarstedt). The membranes were activated with 99.9% acet-
onitrile and 0.1% formic acid and then equilibrated in 0.1% 
formic acid. The loaded peptides were washed with 0.1% formic 
acid, eluted with 70% acetonitrile and 0.1% formic acid. The 
eluted peptides were dried and subsequently dissolved in 0.1% 
formic acid.
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Pull-Down Assay
To identify fibril-binding proteins in the extracellular fraction, 
preformed α-Syn fibrils were coincubated with microbiome ex-
tracts of 2- and 14-month-old rats (prepared as previously de-
scribed). About 100 µl of 1 mg/ml α-Syn fibrils in PBS were 
incubated with 500 µl of extract at 25°C. Incubation in 500 µl of 
PBS (pH 7.4) served as a negative control. All incubations were 
performed in triplicate. After 20 minutes, the samples were 
centrifuged at 22,000g for 15 minutes. The pellet was trans-
ferred into spin filters (Nanosep Centrifugal Filters) with a cutoff 
value of 300 kDa. Pellets were washed twice with 100 µl of PBS 
(pH 7.4) and once with 100 µl of 1 M NaCl, by incubating in the 
washing solution for 5 minutes followed by centrifugation at 
14,000g. Fibrils and bound proteins were dissociated by re-
suspending them in 100 µl of 6 M guanidinium chloride solution 
for 1 hour at 25°C, followed by centrifugation. The samples 
were transferred into a 10-kDa MWCO filter unit, washed twice 
in 8 M urea, once in 8 M urea with 50 mM DTT, once in 8 M urea 
with 50 mM iodoacetamide, and twice in 8 M urea, with a 
centrifugation step at 14,000g for 30 minutes between each 
step. The unfolded, reduced, alkylated, and dried sample was 
digested by overnight incubation with 0.25 μg of sequencing- 
grade trypsin (Sigma-Aldrich) in 50 mM ammonium bicarbonate 
at 37°C. Following centrifugation, the pellet was suspended in 
0.1% trifluoroacetic acid and micropurified utilizing P200 pipette 
tips (Sarstedt) filled with POROS R2 column material (Applied 
Biosystems) (Pudlo Nicholas et al., 2015).

LC-MS/MS and Data Analysis
Nano liquid chromatography-mass spectrometry in tandem (LC- 
MS/MS) was carried out on the Orbitrap Eclipse Tribrid (Thermo 
Fisher Scientific) or the Q Exactive Plus Hybrid Quadrupole- 
Orbitrap (Thermo Fisher Scientific) mass spectrometer con-
nected online to an EASY nanoLC 1200 (Thermo Fisher 
Scientific). Peptides in 0.1% formic acid were desalted on a trap 
column (2 cm × 100-μm inner diameter). Elution and separation 
were done on a 15-cm analytical column (75-µm inner dia-
meter). The columns were packed in-house with ReproSil-Pur 
C18-AQ 3-µm resin (Dr. Marisch GmbH). A flow rate of 250 nl/ 
min was used to elute the peptides with a 38-minute gradient 
from 6% to 44% using solvent A (0.1% formic acid) and solvent 
B (0.1% formic and 80% acetonitrile). The scan range was 375 
to 1,500 m/z and the resolution of MS scans and MS/MS 
spectra were 70,000 and 35,000, respectively. Only ions with a 
charge of 2 to 5 were collected with a dynamic exclusion of 
8.5 seconds.

The spectra of microbiome extract 41 to 43 were searched 
(November 2023) against 25 organisms listed in Supplementary 
Table S1. Of these, 24 were microbes that we had previously 
reported to constitute most of the rat microbiome (Singh et al., 
2023), while the 25th organism was rat. To analyze pull-down 
samples, spectra were searched against human, rat, and whole 
bacterial phyla present in young and old rats’ microbiome as 
reported (Singh et al., 2023). Proteome Discoverer Software 
(v2.5, Thermo Fisher) was used to perform label-free quantifi-
cation using default settings for all analysis nodes, except 
where specified. Peptides were identified using the MASCOT 
node with trypsin allowing 2 missed cleavages. Mass tolerance 

was set at 10 ppm on the MS1 level, and the ion tolerance was 
0.02 Da at the MS2 level. The dynamic modifications were 
oxidation of methionine (+15.995 Da), acetylation of the N-ter-
minus (+42.011 Da), N-terminal loss of methionine (−131.040 
Da), and combination of acetylation of the N-terminus and N- 
terminal loss of methionine (−89.030 Da). A static modification 
was defined as carbamidomethylation (+57.021 Da) on cy-
steines. Quantification was done on unique peptides. The MS 
data were further analyzed and visualized using R (v4.3.1) (R 
Core Team, 2013) coupled to RStudio (Team, 2015). The fol-
lowing packages were applied: tidyverse (Wickham et al., 
2019), readxl (https://CRAN.R-project.org/package=readxl), 
and ggforce (https://CRAN.R-project.org/package=ggforce).

Cell and Zebrafish Embryo Assays
Wild type zebrafish (Danio rerio) was maintained in 14:10-hour 
dark:light cycle in a fish circulation system at the University of 
Queensland Aquatic Facility at 28  ±  0.5°C, and embryos were 
produced by adult spawning in the morning where 2 pairs of 
male and female were placed in shallow water tank. The male 
and female were kept separated by a partition overnight and 
partition was removed in the morning to allow spawning. 
Embryos were collected after 2 hours at the bottom of the tank 
(Javed et al., 2019). The collected embryos were washed with 
Holtfreter’s buffer, containing 1% methylene blue, before mi-
croinjection. Selected zebrafish embryos (3 hours post fertili-
zation) were microinjected with 50 nl of samples or buffer 
(control) in the perivitelline space chorionic fluid, of the embryos 
with 20 psi of pneumatic pressure using a pneumatic micro-
injector coupled with a manual micromanipulator (Javed et al., 
2019). Sample mixture consisting of α-Syn monomers (20 µM) 
and 40 µM of ThT, with or without 0.1 µg/ml of microbiome 
extract, was prepared in sterile Holtfreter’s buffer and micro-
injected into the zebrafish embryos (n = 20 per group and 5 
groups per sample). The embryos were maintained at 
28  ±  0.5°C and imaged 24 hours post microinjection under 
green fluorescence and bright-field channel of a fluorescence 
microscope. The viability was assessed by the percentage of 
embryos that survived and developed into larvae at 24-hour 
time point.

Cytotoxicity assay was performed with SH-SY5Y neuro-
blastoma cells, where cells were cultured in a T25 flask with 
DMEM/F12 medium (10% fetal bovine serum and 1% 
PenStrep). Cells were passaged into transparent 24-well tissue- 
culture plates at a density of 50,000 per well and allowed to 
achieve ∼80% confluency. About 20 µM of α-Syn monomers, 
with or without 0.1 µg/ml microbiome extract, were prepared in 
DMEM/F12 media and added to the cells. The cells were in-
cubated for 48 days, and the cytotoxicity and reactive oxygen 
species (ROS) were measured by propidium iodide (PI) and 
2′,7′-dichlorofluorescein (DCF). PI and DCF at the concentration 
of 2 and 4 µM were added to the cells and incubated for 
30 minutes. The cytotoxicity and ROS were measured by 
Operetta CLS High Content Analysis System (Perkin Elmer) via 
imaging the wells under 535 ex/615 em (PI) and 498 ex/522 em 
(DCF) channels. The acquired data were analyzed by Harmony 
software (Perkin Elmer) to calculate ROS (fluorescence in-
tensity) and cytotoxicity (%). The internalization and 
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aggregation of α-Syn in the cells were imaged by confocal mi-
croscopy. The α-Syn monomers were prelabeled with (10:1 
molar ratio) with Alexafluor555 by 90 minutes of incubation at 
room conditions. The prelabeled monomers, with or without 
microbiome extract (2 months old, fraction 41), were added to 
the SH-SY5Y cells that were cultured in 18-well glass-bottom 
ibidi µ-Slide. The cells were incubated with samples for 
48 hours, fixed in 4% paraformaldehyde (30 minutes), and 
permeabilized with 100 µl of 0.15% Triton X-100 in PBS. The 
cells were washed thrice with PBS, stained with actin-green/ 
DAPI, and imaged for α-Syn (Alexafluor555) aggregates under 
a confocal laser scanning microscope.

RESULTS

Soluble Extract From the Microbiota of Young Rats 
Strongly Inhibits α-Syn Fibrillation
The purpose of this investigation was to elucidate whether 
compounds present in FRaM from both PD rats (overexpressing 
human α-Syn) and WT rats could impact the aggregation of α- 
Syn. Seeded aggregation assays were carried out using 
monomeric α-Syn in the presence of a small (0.7% by mass) 
amount of preformed α-Syn fibrils (PFFs). The intention was to 
mimic conditions in vivo where it is thought that α-Syn fibrils, 
under some conditions, may be produced in the enteric neurons 
and are then transmitted from cell to cell along the vagus nerve 
to the brain. Particularly in leaky guts observed in some PD 
patients, these neurons are potentially in contact with soluble 
components from the intestinal fecal microbiota. Accordingly, 
we examined the impact of soluble extracts of FRaM on the 
seeded fibrillation of α-Syn. We conducted ThT assays on 
FRaM collected from 4 different TG PD rats and 3 WT rats at 
different ages (2, 6, 9, and 14 months, ie, 2M, 6M, 9M, and 
14M). We chose these time points because our microbiome 
studies had revealed a very diverse microbiome in PD rats at 1 
to 2 months, and this diversity started to reduce at later stages 
(3, 6, and > 12 months), particularly for Lactobacillus strains, 
while there was an upsurge in Alistipes. This implied a switch 
from anti-inflammatory to inflammatory types of the microbiome, 
which could be initiating the disease progression (Singh et al., 
2023). In the absence of FRaM, α-Syn fibrillation follows a 
sigmoidal time curve with a lag time of ∼6 hours, followed by a 
5- to 6-h elongation or growth phase and a plateau ThT fluor-
escence level ca. 10-fold higher than the start fluorescence 
level (Fig. 1a). The use of a lower amount of seeds reduced the 
lag time by ∼5 hours, but more importantly, it firstly simulated a 
physiological scenario as described above and secondly led to 
a very robust and reproducible time course of fibrillation, al-
lowing us to compare multiple different samples.

It was immediately clear that there was complete suppres-
sion of ThT-positive fibrillation at FRaM sample volumes as low 
as 1 µl per 150-µl well (corresponding to a final FRaM con-
centration of 0.03%, since the FRaM was already 20-fold diluted 
upon resuspension) (Fig. 1a). As the FRaM volume was re-
duced to 0.3 and 0.1 µl, some aggregation became apparent 
but with significant differences between samples (Fig. 1b and c). 
While the midpoint of fibrillation did not vary systematically 
between samples, there was a marked change in the endpoint 

ThT fluorescence levels (summarized in Fig. 2). In particular, 
the youngest rat samples (2M) distinguished themselves from 
the older ones (6M-14M) by showing close to complete sup-
pression, even at the lowest FRaM volumes of 0.1 µl. This en-
hanced effect of samples from younger rats was observed for 
both TG PD (Fig. 1, full summary for 4 different rats in 
Supplementary Fig. S1) and WT (Fig. S2) rats, suggesting that 
it was unrelated to the overexpression of human α-Syn. We 
carried out analogous experiments using the insoluble fraction 
of the FRaM samples (see Materials and Methods) and found 
that the 2-month rat samples performed better than their older 
counterparts; however, in all cases, the effects were weaker and 
are most likely due to incomplete removal of soluble compo-
nents from this fraction. WT rats also show some inhibitory 
activity, but it is slightly less consistent in its potency (Fig. 2b). 
This suggests for both PD and WT rats that the younger rat 

Fig. 1. ThT time profiles of the seeded aggregation of α-Syn alone 
and in the presence of 0.1 to 3 µl of soluble extract of the micro-
biome of transgenic PD rat 4 (TG4) aged 2 to 14 months (2M-14M). 
Particularly the 2-month-old rats show strong inhibitory activity 
toward α-Syn aggregation.

Young rat microbiota inhibit α-synuclein fibrillation 
M.G. Shiraz et al. 

www.sciencedirect.com/journal/molecules-and-cells Mol. Cells 2024; 48(1): 100161 5 



samples contain an inhibitory factor that suppresses α-Syn 
aggregation. In turn, this indicates that the composition of the 
rat samples changes with age and may contribute to the de-
velopment or progression of neurological disorders associated 
with α-Syn fibrillation.

Circular Dichroism Spectra Confirm the Lack of 
Aggregation of α-Syn in the Presence of Extract
There is always the risk that a decrease in ThT fluorescence is 
an artifact caused by, eg, displacement of ThT from existing 
amyloid structures rather than true inhibition of aggregation 
(Malmos et al., 2017). To query this, we recorded far-UV CD 
spectra of the α-Syn samples after incubation with these FRaM 
samples. Monomeric α-Syn is natively unfolded with a distinct 
minimum around 200 nm, whereas aggregated α-Syn shows a 
dramatic shift in spectral appearance with a minimum around 
220 nm. Gratifyingly, the resulting spectra showed 

unambiguously that 1 µl of all FRaM samples maintained α-Syn 
in a monomeric and unfolded state (just as they all suppressed 
ThT fluorescence in Fig. 1a), ie, the FRaM samples are true 
inhibitors of aggregation (Fig. 3a).

The Aggregation-Inhibiting Species Is in the Size Range 30 
to 100 kDa
To better understand the size range of the effective component 
that inhibits the aggregation of α-Syn, we first filtered the ori-
ginal FRaM supernatant from rat sample TG4 through Amicon 
Ultra-0.5 centrifugal filters with cutoff sizes of 100, 30, and 
3 kDa, respectively. We then conducted ThT seeding assays 
with 0.1 to 1 µl of the filtered samples to determine their in-
hibitory activity. The results were remarkably clear: whereas 
there was still significant inhibitory activity left in the filtrate of 2- 
month FRaM samples after passing through a 100-kDa cutoff, 
further filtration with a 30-kDa cutoff essentially removed this 
activity, and this was confirmed with filtration through a 3-kDa 
cutoff (Fig. 4). We conclude that the component(s) responsible 
for the inhibition of α-Syn aggregation have a size range be-
tween 100 and 30 kDa, ie, a macromolecule with a specific size 
and structure.

Fig. 2. Summary of inhibitory potency of extracts from Fig. 1, 
measured as the averaged endpoint ThT fluorescence levels after 
48 hours using extracts from (a) 4 PD rats (TG3-6) and (b) wild-type 
rats (WT4-6). ThT values are normalized to value in buffer without 
FRaM. Clearly the 2-month (2M) extracts are particularly strong at 
inhibiting aggregation. A similar though slightly more variable trend 
is seen for wild-type rats.

Fig. 3. Far-UV CD spectra of α-Synuclein after aggregation in the 
presence of buffer (PBS) or (a) 1 µl PD TG4 rat extract of ages 2 to 
14 months or (b) 10 µl of fraction 41 from SEC-fractionated TG4 
FrAM of ages 2 to 14 months. There was no significant CD signal 
from the extracts themselves.
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The Aggregating Species Is Most Likely a Protein
The next step was to identify the molecular class of this in-
hibitor/inhibitors by selective deactivation procedures. About 2M 
samples (which showed the strongest inhibitory activity) were 
either subjected to incubation at 95°C for 15 minutes to heat- 
inactivate proteins, to the promiscuous nuclease benzonase to 
eliminate DNA and RNA or to the lipase from T. lanuginosus to 
degrade lipids. The resulting samples were then used in ThT 
seeding experiments to assess their inhibitory activity (Fig. 5a). 
Again, the results were unambiguous: lipase and benzonase 
treatment did not alter the inhibitory activity of the samples, 
whereas heat treatment led to complete loss of inhibitory 
function. This finding provides strong (though still indirect) evi-
dence that the effective component responsible for inhibiting α- 
Syn aggregation is neither nucleic acid nor a glycerolipid but a 
heat-sensitive macrobiomolecule, ie, most likely a protein.

To follow up on this, we conducted SEC to separate com-
ponents based on their size. We used supernatants from 
2M to 14M samples for this experiment and selected eluted 
fractions (monitored using absorption at 280 nm, Fig. 5b) from 
different size ranges from each age group and tested 2 and 
10 µl of these fractions in our seeding assay. Our analysis re-
vealed that fractions 41, 42, 43, and 44 of the 2M rat sample 

contained proteins that significantly inhibited α-Syn aggregation 
(Figs. 5c and S3), whereas the other samples did not show this 
remarkable inhibitory activity. Furthermore, when we compared 
fraction 41 from 4 different rat samples, only the 2M sample was 
able to maintain α-Syn in the monomeric unfolded state, 
whereas all other samples retained it in the fibrillated state ac-
cording to circular dichroism spectroscopy (Fig. 3b), consistent 
with ThT data.

Aggregatory Potency of Different Bacterial Strains Is 
Consistent With Microbiome Changes With Aging
Building on our previous observations that aging TG rats show a 
decrease in Lactobacillus species and an increase in Alistipes, 
we tested the inhibitory effect of 0.1 to 30 µl of supernatants 
obtained from spent culture media from Lactobacillus and 
Alistipes. Gratifyingly, Lactobacillus supernatant had a marked 
inhibitory effect on α-Syn aggregation at 3 to 30 µl, whereas 
Alistipes rather increased aggregation tendencies (Fig. 5d). 
However, the effects were not as strong as for our FRaM 
samples. Even at the highest concentrations of Lactobacillus 
sample, we only saw partial inhibition and the effect dis-
appeared below 3 µl.

Fig. 4. Inhibitory potency of FRaM of PD rat TG4 without size-filtering and after filtering through filters with cutoff 100, 30, and 3 kDa. 
Aggregation was measured from ThT assays. ThT values are normalized to value in buffer without FRaM. Error bars based on data in 
triplicate.
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We repeated our previous crude size-separation steps using 
ultracentrifugation with cutoff molecular weights of 100, 30, and 
3 kDa using 0.1 to 30 µl filtrate. However, unlike our previous 
studies, the results were less clear this time, which we attribute 
to the relatively weak inhibitory activity of the Lactobacillus su-
pernatant (Fig. S3a-c). Nevertheless, SEC fractionation of 

Lactobacillus and Alistipes bacterial supernatants revealed that 
50 µl of Lactobacillus supernatant for fractions 44, 47, 48, 51, 
and 52 had a somewhat greater inhibition effect on α-Syn ag-
gregation than the corresponding fractions from Alistipes (Fig. 
S3d and e). These results suggest that the components in 
Lactobacillus supernatant have a greater potential for inhibiting 
α-Syn aggregation than those in Alistipes supernatant.

Short-Chain Fatty Acids Do Not Affect Aggregation of 
α-Syn
Finally, we tested whether the small-molecule metabolites 
succinate, malonate, and phenylacetate, known to be formed to 
different extents by the microbiome under different conditions, 
would affect α-Syn aggregation. This was motivated by the fact 
that the gut microbiome produces short-chain fatty acids 
(SCFAs), which are upregulated in some murine PD models 
(Sampson et al., 2016). Several SCFAs, especially butyrate, 
protect against intestinal hyperpermeability and decrease in-
flammation through modulation of microglial activation 
(Huuskonen et al., 2004). Additionally, SCFA-producing bac-
teria are less abundant in PD patients (Vascellari et al., 2020). 
However, dose-response assays using 0.03 to 10 mM of these 
metabolites showed no significant effect on the seeding of α- 
Syn aggregation (data not shown).

Proteomic Analysis of the Microbiome Samples
We carried out mass spectrometric analysis of fractions 41 to 43 
from FRaM samples 2M to 14M to identify putative inhibitory 
proteins of α-Syn fibrillation. In total, 86 proteins were identified 
and peptides from 82 proteins were quantified (Fig. S4 
and Supplementary Excel file MS_data_results). For some 
fractions, primarily fraction 41, a relatively higher abundance of 
certain proteins, eg, mucin 2, lipase-related protein 2, and trefoil 
factor 3, is seen in 2M rats, which declines in the subsequent rat 
samples, in the same way that the inhibitory activity of the SEC 
fractions declines with rat age (Fig. 5b). However, the mea-
surements are singlets, thus statistical significance could not be 
calculated. Additionally, it should be noted that the chromato-
grams were similar with the same evenly spaced peaks (see 
representative chromatograms in Fig. S5). As an example, the 
MS1 spectra of a high-intensity peak consisted primarily of ions 
with a single charge (where tryptic peptides are typically 
minimum double-charged) in the 400- to 500-Da range. We did 
not attempt to identify these ions. The chromatograms showed 
the same pattern in all 12 measured samples and we suspect 
them to be contaminants.

Identification of DnaK as a Potential Fibrillation Inhibitor in 
Young Rats’ Microbiota
As an alternative strategy to identify potential inhibitors of fi-
brillation, we coincubated microbiome extract with α-Syn fibrils. 
Inhibitors that bind stably to the high-molecular-weight fibrils 
were spun down with fibrils, after which the fibrils and asso-
ciated proteins were dissolved and subjected to MS analysis, 
which identified a total of 871 different proteins. By comparing 
the 2- and 14-month microbiome with the negative control and 
selecting for gut-microbial proteins in the 2- and 14-month mi-
crobiome, the number of hits was further reduced to 328. 

Fig. 5. Narrowing down the active component(s) blocking α-Syn 
fibrillation. (a) Heat treatment but not treatment with lipase or 
benzonase removes inhibitory activity of 5 µl FRaM. (b) Size ex-
clusion chromatography of the microbiome extract from 2M rats. (c) 
Inhibitory activity of 10 µl each of fractions 19 and 41 to 44. Data in 
triplicate. (d) Inhibitory activity of cell culture from Lactobacillus and 
Alistipes. Data in triplicate.
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Comparing the microbiomes of 2- and 14-month-old rats re-
vealed 2 key differences. Firstly, the older rats’ microbiome 
showed increased levels of the structural protein flagellin. 
Secondly and more importantly, the younger rats’ microbiome 
had one distinct hit absent in the older cohort, which was 
identified as DnaK from Blautia hydrogenotrophica. This was 
encouraging for several reasons. Firstly, DnaK is already re-
ported to inhibit α-Syn aggregation (Rodríguez-Losada et al., 
2020). Secondly, B. hydrogenotrophica is a fecal bacterium 
reported to be predominantly abundant in young rats (Kakinen 
et al., 2021; Polanco and Götz, 2022). Moreover, the Blautia 
genus has been shown to be a discriminating feature of PD 
patients (Guo et al., 2022). Therefore, we investigated the clo-
sely related DnaK from E. coli (available commercially from 
Sigma-Aldrich) as a potential inhibitor in young rat’s micro-
biome, using a ThT assay with α-Syn monomers and DnaK. 
Since DnaK is an ATP-dependent chaperone (Rodríguez- 
Losada et al., 2020), coincubation was carried out both with and 
without 2 mM ATP (Fig. 6). For quantification of inhibitory effect, 
maximal aggregation velocities (vmax) were calculated by linear 
approximation. Gratifyingly, while incubation with and without 
DnaK leads to the same sigmoidal growth pattern, addition of 
DnaK leads to a relative decrease in vmax (0.99 h−1 to 0.55 h−1) 
and end signal (43,000-24,600) by ∼45% (Fig. 6a). The addition 
of ATP further exacerbated this relative change in vmax (1.32 h−1 

to 0.49 h−1) and end signal (176,900–53,000) (relative decrease 
∼64%, Fig. 6b). This provided clear evidence for the inhibitory 
effect of DnaK on α-Syn. Furthermore, the addition of ATP led to 
a secondary decrease in fluorescence in 2 of the incubations, 
suggesting an ATP-dependent disaggregation mechanism.

The Microbiome Samples Reduce α-Syn Aggregate Toxicity 
in Zebrafish Embryos and SH-SY5Y Cells
Finally, to investigate the impact of these microbiome extracts in 
a biological setting, we tested them in 2 different systems, 
namely SH-SY5Y neuroblastoma cells and zebrafish embryos. 
SH-SY5Y cells were used as a cellular system where cells 
uptake α-Syn and α-Syn aggregation induces a ROS response 
and toxicity. SH-SY5Y neuroblastoma cells provide insight into 
cellular interactions and toxicity of neuropathological amyloid 
proteins such as Aβ, α-Syn, and Tau with both approaches of 
exogenous exposure and endogenous expression, in a simpli-
fied in vitro system (Kakinen et al., 2021; Polanco and Götz, 
2022; Rodríguez-Losada et al., 2020). Zebrafish embryos pro-
vide a semi–in vivo and biologically complex model system 
where aggregation and interaction of α-Syn with embryonic 
cells, in the presence of biologically complex chorionic fluid, 
provide a toxicity model where toxicity can be mitigated by 
biological factors such as the microbiome. To reduce back-
ground and potential contamination effects, we use the SEC 
fractions 41 and 42, which showed the strongest ability to block 
α-Syn aggregation (Fig. 5b). In both cases, the results confirm a 
strong and age-dependent effect. α-Syn alone was able to in-
duce ∼30% toxicity in the SH-SY5Y cells and elicited a sub-
stantial level of ROS (Fig. 7a-c). Extracts from 2M (and to some 
extent 6M) rats strongly reduce the toxicity of α-Syn in cells as 
well as the associated increase in ROS, while 9M and 14M 
extracts have little, if any effect (Fig. 7a-d). Furthermore, the 2M 
extract clearly blocks internalization and aggregation of α-Syn 
inside the cells (Fig. 7e), which suggests that the underlying 
mitigatory mechanism of the extract in this context is to prevent 
the aggregation and the physical interaction of α-Syn with the 
cells. Drawing on this interaction between α-Syn, cells, and 
extract, we microinjected α-Syn, with or without extract, into the 
zebrafish embryos. The zebrafish embryos provide an in vivo 
microenvironment with cells developing into larvae and any 
toxicity induced to those cells, in the complex medium of 
chorionic fluid, can impair the development of zebrafish into 
larvae. In zebrafish embryos, 2M extract strongly impedes the 
interaction of α-Syn with zebrafish embryonic cells (Fig. 8a) and 
mitigates α-Syn toxicity in the embryos (Fig. 8b). This effect di-
minished with age and was not observed in 9M and 14M ex-
tracts. The untreated embryos and those microinjected with α- 
Syn + 2M extract were able to develop into larvae at 24 hours 
post injection. α-Syn alone or in the presence of FRaM extracts 
from aged rats failed to mitigate α-Syn toxicity. Embryos were 
imaged as dead debris and ThT fluorescence indicated the 
presence of α-Syn fibrillation. These results corroborate the in 
vitro fibrillation assay that soluble extracts from young rats mi-
tigate α-Syn toxicity by inhibiting its fibrillation and subsequent 
interaction with biological membranes.

DISCUSSION

The Gut Microbiome as a Potent Source of Fibrillation 
Inhibitors
We undertook this study in the hope that we would identify 
components in the gut microbiome of PD TG rats that could 
accelerate α-Syn fibrillation and thus provide a molecular 

Fig. 6. ThT time profiles of the aggregation of α-Syn alone and in 
the presence of DnaK in a stoichiometric ratio of 100:1 (α- 
Syn:DnaK). (a) Incubation of α-Syn and DnaK. (b) Incubation of α- 
Syn and DnaK with 2 mM ATP. DnaK shows strong inhibition of α- 
Syn aggregation.
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mechanism for the transmission of disease-inducing species 
from the gut to the brain. This motivation was inspired by the 
observation that seeding the gut with curli amyloid-producing E. 
coli strains induces PD-like symptoms in rats overexpressing 
human α-Syn (Chen et al., 2016) and by the ability of the bac-
terial amyloid FapC to enhance Aβ fibrillation (Javed et al., 
2020). Furthermore, the rat microbiome harbors multiple dif-
ferent types of amyloid, which also when expressed re-
combinantly readily form amyloid-like structures in vitro 
(Christensen et al., 2021). However, instead we have un-
expectedly discovered that the gut microbiome of both naIve 
and genetically engineered PD TG rats appears to constitute a 

very effective reservoir of material that can suppress α-Syn 
aggregation in vitro and also protect neuronal cell line and 
zebrafish embryos against α-Syn toxicity. Clearly, these ob-
servations run counter to the idea that the gut microbiome only 
accelerates neurodegenerative processes and suggest instead 
an underlying protective mechanism, which, however, is lost 
with age and is slightly enhanced in PD rats compared with their 
WT counterparts. Gut microbiomes are reported to sense exo-
genous therapeutic molecules or endogenous mucosal glycans 
and respond by dynamic changes to their metabolic production 
(Ha et al., 2014; Pudlo Nicholas et al., 2015). Therefore, the 
differential anti-α-Syn activity from young PD vs WT rats can 
also be attributed to the feedback response of PD’s microbiome 
to counter the local α-Syn stress, ie, overexpression that was 
absent in WT rats. We are still unable to provide a satisfactory 
molecular explanation for these observations. However, it is 
worth noting that 2M rats (both PD and WT) had a higher alpha- 
bacterial diversity at the genera level of the gut microbiome 
compared with other age groups. This affects inter alia the 
bacteria Alistipes and Lactobacillus that are respectively up- 
and downregulated as the rats age. Consistent with this, Alis-
tipes that do not protect against α-Syn fibrillation rather tended 
to increase, whereas Lactobacillus does, possibly by secreting 
proteins with an inhibitory effect on α-Syn fibrillation. The effects 
are more modest than for the original fecal samples, which likely 
reflects that other bacterial species may contribute as well. It is 
likely that aging cannot maintain this high level of different be-
nign bacteria and thus weakens the protective power of the 
microbiome, leading to disease pathology. We believe that dif-
ferences in the composition and efficacy of the extracted sub-
stances, depending on the age of the rats, could be decisive for 
regulation of α-Syn activity. Younger rats appeared to have a 
core competent microbiome, allowing them to suppress α-Syn 
aggregation. Older microbiomes, which lose different microbial 
strains, cannot maintain this efficacy, leading to potential dis-
ease progression. Our data indicate that this change in the 
composition and functional change in core microbiome impacts 
the production of DnaK. In addition, DnaK varies greatly be-
tween species compared with 16S rRNA (Salazar-Jaramillo 
et al., 2024). Thus, it is plausible that the availability and the 
species version of this protein change with the microbiome as 
we progress from younger to older rats.

The Molecular Origins of the Protection Mechanism
We used mass spectrometry to identify, quantify, and correlate 
putative inhibitory proteins to α-Syn aggregation. Mass spec-
trometry is, in principle, an ideal method to identify such pro-
teins, followed by validation of the impact of specific hits on 

Fig. 7. Cellular toxicity and reactive oxygen species (ROS) generation of α-Syn in SH-SY5Y neuroblastoma cells. The cytotoxicity induced 
by Triton-X was considered 100%, while untreated control was considered negative control (0% toxicity). Higher (a) cytotoxicity and (b) ROS 
were observed with α-Syn alone that was mitigated with extracts from 2- and 4-month-old rats. However, this mitigation effect was dimin-
ished in 9- and 14-month extracts. F41 and F42 represent fraction 41 and fraction 42, respectively. (c) Representative images of cytotoxicity 
(propidium iodide) and ROS (DCF) (scale bar: 25 µm). (d) Cellular internalization and aggregation of α-Syn in SH-SY5Y cells. Alexafluor555- 
labeled α-Syn monomers were incubated with the cells for 48 hours and α-Syn aggregates were internalized in the cells as imaged by 
confocal Z-stacking (scale bar: 25 µm). However, extract from 2M F41 inhibited the cellular interaction of α-Syn, and no intracellular α-Syn 
aggregates were observed, similar to untreated control (scale bar: 25 µm, insets scale bar: 10 µm). The actin and nucleus are labeled with 
actin-green and DAPI.

MOCELL

Fig. 8. Toxicity mitigation of α-Syn by FRaM extracts in zebrafish 
embryonic model. (a) Representative images of zebrafish embryos 
in bright-field and green fluorescence channels at 24 hours post 
microinjection. Embryos were microinjected at 3 hours post fertili-
zation stage (0 hour) with α-Syn, with or without FRaM extracts. 
Embryos developed into larvae in the absence of α-Syn toxicity or 
alternatively dead and imaged as embryonic debris at 24 hours post 
microinjection. The presence of ThT in GFP channel indicated fi-
brillation of α-Syn in dead embryos. Embryos were injected in 
groups of 5 per samples with (n = 20) per group. (b) The percentage 
of live larvae is presented as quantified embryonic viability.
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α-Syn aggregation. Indeed, several proteins showed an abun-
dance pattern consistent with the overall inhibition of aggrega-
tion, ie, high levels in the 2M sample and declining levels in the 
other samples. However, our results should be viewed with 
caution, since data could only be obtained in single replicates 
due to limiting amounts of sample. Furthermore, large amounts 
of single-charge ions were present in our samples, which 
dominated the chromatograms. We suspect that these single- 
charge ions are contaminants that caused ion suppression.

Instead, we adopted an alternative strategy of using a pull- 
down experiment to identify potential fibrillation inhibitors. 
Gratifyingly, we were able to identify DnaK from Blautia hy-
drogenotrophica as one of the specific proteins involved in this 
suppression of α-Syn toxicity. Its inhibitory effect was verified 
in a ThT assay. The difference in kinetics with and without ATP 
hints toward 2 separate mechanisms of inhibition. 
Furthermore, ATP seemed to be crucial in the disaggregatory 
effect of DnaK, explaining difficulties in detection with only low 
amounts of ATP present after washing. ATP leads to rapid 
release of DnaK’s substrate protein and is therefore needed 
for disaggregation, since the nucleotide-free state shows an 
even higher substrate-binding affinity (Wawrzynów and Zylicz, 
1995). We believe this could explain why incubation with ATP 
showed disaggregation, while incubation in the absence of 
ATP led to an equilibrium between α-Syn amyloids and DnaK- 
α-Syn aggregates.

Given the precedence for cross-talk between chaperones 
across species and kingdoms, there may be other relevant 
proteins besides DnaK. Human chaperones are known to inhibit 
aggregation of pathological amyloid proteins such as α-Syn and 
Aβ and can also block aggregation of functional amyloids such 
as CsgA and FapC (Nagaraj et al., 2022), reflecting a generic 
ability to recognize aggregation-prone proteins. Furthermore, 
CsgC, a potent inhibitor of CsgA and FapC fibrillation (Nagaraj 
et al., 2022), has been reported to arrest amyloid α-Syn ag-
gregation (Evans et al., 2015). However, our extract did not 
block CsgA or FapC fibrillation (data not shown), suggesting 
some specificity in these interactions. Perhaps, the bacterial 
chaperones are designed to block unwanted aggregation for 
which FapC and CsgA do not qualify as functional (and thus 
useful) amyloid. Another feasibility is the dominance of the mi-
crobiome, such as in young age vs disease or aging, by either 
pathogenic or symbiotic partners that can shape the overall 
dynamics of the microbiome’s metabolic profile (Kamada et al., 
2013; Levy and Borenstein, 2013). In our case, symbiotic mi-
crobes in 2M PD rats’ microbiome could result in a metabolic 
profile with α-Syn inhibition activity.

Future Exploitation of α-Syn-Inhibiting Factors as Therapy 
Against PD
We note that the extract as well as its fractionated compounds 
very efficiently maintain α-Syn in the monomeric form. This re-
quires a relatively stable physical interaction between the ex-
tract and α-Syn in order to shield it from interactions with other 
components. This complexation may also explain the ability of 
the extract to prevent the uptake of α-Syn into cells, as indicated 
by our cellular uptake and toxicity experiments, simply by 
blocking possible interaction surfaces of α-Syn with the cell 

membrane. The mitigation potential is lost with age, eventually 
resulting in α-Syn fibrillation and propagation to the brain 
through the enteric nervous system. Like α-Syn, Aβ also has gut 
presence and we have recently reported that the monomeric 
form of Aβ can disintegrate FapC and CsgA amyloids, dissolve 
the associated microbial biofilms, and reduce their cellular at-
tachment (Ali et al., 2023). It is reasonable to hypothesize that 
the microbiome from young rats is dominated by symbiotic mi-
crobes that can stabilize peptides and proteins such as Aβ or α- 
Syn in the gut for their physiological roles.

Naturally, it would be highly interesting to investigate pos-
sible parallels in the development of the human gut microbiome, 
eg, a comparative study of its anti-aggregatory potency at dif-
ferent host ages. However, this is clearly a major undertaking 
with significant logistical challenges and many confounding 
factors. Here, the short life span of the rat and the possibility to 
compare WT and PD strains with a known and expected de-
velopment of symptoms under highly controlled living conditions 
is a significant advantage. For example, controlled fecal mi-
crobiome transplantations between young and old rats may help 
establish the full scope of such an intervention. More im-
portantly, studies of the rat gut microbiome may provide suffi-
cient new insights for therapeutic purposes. Thus, we simply 
need to be able to provide DnaK and other relevant proteins on 
a regular basis. This will make us independent of any gradual 
decline in the population of benign bacteria and thus develop 
more effective strategies to proactively protect against the de-
velopment of gut-first PD. One option would be to overexpress 
the proteins in question in E. coli strains designed to effectively 
colonize the gut. A good candidate is the E. coli Nissle strain, 
which is anchored to the gut lining using the mucoadhesive 
trefoil factor (Praveschotinunt et al., 2019) (interestingly enough 
one of the proteins found to be present to a higher extent in the 
2M samples than the other samples). The engineered strain 
effectively treated colitis in mice, restoring a healthy phenotype 
within 5 days (Praveschotinunt et al., 2019). In addition, the 
mutant strain did not show increased pathogenicity compared 
with the WT (Praveschotinunt et al., 2019). Therefore, replacing 
the mucoadhesive trefoil factor with DnaK or other benign 
protein inhibitors of α-Syn aggregation may be a viable strategy 
for preventing gut-originating PD, by disaggregating fibrils to 
prevent penetration through the mucosal membrane.
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