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Multi-omics identifies microbiota-derived deoxycholic
acid as a key mediator of blood-brain barrier dysfunction

in Parkinson's disease

To the Editor,

Parkinson's disease (PD) is a common neurodegenerative
disorder characterized by motor symptoms, associated
with dopaminergic neuronal loss and a-synuclein (c-syn)
accumulation in the substantia nigra (SN) [1]. Never-
theless, gastrointestinal (GI) dysfunction often precedes
motor symptoms in patients, suggesting that PD might
initiate from gut [2]. Consistently, accumulating evi-
dence highlights the critical role of microbiota-gut-brain
axis in PD [3]. Recent studies demonstrate that gut mi-
crobiota transplantation from PD patients into transgenic
a-syn overexpressing or A53T mice exacerbates motor
deficits, GI dysfunction, and dopaminergic neuronal loss
[4, 5]. However, the direct effects of PD patient-derived
fecal microbiota remain poorly defined.

In this study, we transplanted fecal microbiota from
PD patients into germ-free (GF) mice to assess whether it
induces PD-like phenotypes and to explore the under-
lying mechanisms. By integrating midbrain single-
nucleus RNA sequencing (snRNA-seq), fecal metage-
nomics, and serum metabolomics, we explored how
microbiota remodels midbrain cellular landscapes and
identified which microbial metabolites mediate the gut-
brain interactions in PD.

Gut microbiota transplantation from PD
patients promotes PD phenotypes in the
GF mice

Fecal samples were collected from five treatment-naive
PD patients and five matched healthy controls (HCs). A
total of 12 GF mice were randomly divided into two
groups: the HC group mice receiving pooled fecal sus-
pension from HCs, and the PD group mice receiving
pooled fecal microbiota from PD patients (Figure 1A).
The PD group mice exhibited significant weight loss

(Figure S1A) and motor deficits, as measured by the open
field test (OFT), rotarod test, and pole test (Figure 1B-D,
Figure S1B-H). Additionally, GI function was remark-
ably impaired in the PD group mice, with reduced pel-
lets, shorter colon lengths, and decreased fecal water
concentrations (Figure 1E,F, Figure S1I). Moreover,
immunohistochemical (IHC) analysis demonstrated that
PD patient-derived microbiota significantly decreased the
number of tyrosine hydroxylase-positive (TH") neurons
in the SN to approximately one-third of that in the HC
group (p <0.01, Figure 1G,H). In addition, the optical
density of a-syn in the SN of the PD group mice was
nearly twice that of the HC group mice (p<0.01,
Figure S1J,K). Collectively, these data demonstrate that
gut microbiota from PD patients recapitulates clinical
and pathological PD hallmarks in the GF mice.

Gut microbiota transplantation from PD
patients remodels midbrain single-cell
transcriptomes

To further explore how PD patient-derived microbiota
drives neurodegeneration, we conducted snRNA-seq
on midbrain tissues. We captured single-nucleus
transcriptomes from an average of approximately
10,047 cells per sample, detecting an average of 2513
genes and 37,099 reads per cell. After quality control,
8542, 11,636, 10,667, 9648, 9250, and 10,341 qualified
nuclei from each sample were retained for further
analysis. Uniform Manifold Approximation and Pro-
jection analysis identified 24 distinct clusters
(Figure 1I, Figure S2A) and 10 cell populations,
including oligodendrocytes, microglia, oligodendrocyte
precursor cells, non-dopaminergic neurons, astrocytes,
endothelial cells, ependymal cells, pericytes, choroid
plexus epithelial cells, and dopaminergic (DA) neurons
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(Figure 1I). Cellular identities were confirmed through
enrichment of cell type-specific markers (Figure 1J).
Notably, PD mice showed substantial shifts in cell type
composition (Figures S2B, Figure 1K). Specifically, the
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key cellular components of the blood-brain barrier
(BBB), endothelial cells and pericytes, were reduced in
the PD group mice (both p<0.05, Figure 1L,M).
Moreover, 2-136 differentially expressed genes were
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identified across cell types. Furthermore, gene set en-
richment analysis of hallmark pathways highlighted
the significant dysregulation in several immune-
related pathways (Figure 1N). Notably, interferon
alpha response and TGF-f signaling pathways were
enriched in endothelial cells (Figure 10,P). Besides,
REACTOME analysis indicated the metabolic distur-
bances across cell types, like Selenoamino acid
metabolism (Figure S2C). Intriguingly, Gene Ontology
Biological Process (GO BP) enrichment highlighted the
Neuron death and Neuron apoptotic process pathways
in DA neurons and microglia (Figure S2D). Further-
more, we compared the expression of candidate genes
with PD risk via altered expression identified by Kia
DA et al. [6]. In the whole midbrain, Apbb2, Mapt, and
Sh3gl2 were downregulated and Trpm?7, Spats2l, and
Ano3 were increased in the PD group (Figure S2E).
Additionally, genes like Mapt, Ano3, and Elovl7 were
differentially expressed across different cell types
(Figure S2F). These results together suggest that PD
patient-derived microbiota influences the expression of
PD risk genes and cellular responses across different
cell types in the midbrain of GF mice, potentially
promoting PD development.

Gut microbiota transplantation from PD
patients alters gut microbiota community
and serum metabolic profiles

Fecal metagenomic and serum metabolome analyses
revealed the significant differences between the two
groups. Alpha-diversity analysis showed significantly
elevated microbial diversity in the PD group
(Figure 2A,B). Additionally, Anosim and principal co-
ordinates analysis confirmed the distinct microbial
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structures (Figure 2C,D). Taxonomic profiling identified
PD-associated microbial shifts, including Duncanella
dubosii depletion, enrichment of Bacteroides fragilis (B.
fragilis) and Phocaeicola vulgatus (P. vulgatus) in the PD
group mice (all p < 0.01; Figure 2E-I). Orthogonal partial
least squares discriminant analysis (OPLS-DA) of serum
metabolites highlighted the significant group separation
(Figure 2J). Furthermore, the differential analysis iden-
tified remarkably elevated iso-deoxycholic acid (IDCA),
deoxycholic acid (DCA), ursodeoxycholic acid (UDCA),
indole-3-lactic acid, and hippuric acid in the PD group
mice (all p <0.01; Figure 2K,L). Overall, these findings
suggest that gut microbiota may contribute to PD pro-
gression via modulating serum metabolite profiles.

To further elucidate the molecular mechanisms un-
derlying the PD-like symptoms induced by patient-
derived microbiota, several correlation analyses were
performed to integrate the multi-omics data. First, the
heatmap showed that B. fragilis and P. vulgatus abun-
dances were positively correlated with the serum IDCA,
DCA, and UDCA levels (Figure 2M). Furthermore,
association analyses demonstrated the remarkable cor-
relations among behavioral performance, GI function,
dopaminergic loss, a-syn accumulation, and midbrain
compositions of endothelial cells and pericytes, which
were also associated with the levels of microbial species
and serum bile acids (Figure 2N). Collectively, these as-
sociations support that PD patient-derived microbiota
may elevate circulating bile acids, which impair the BBB
integrity and drive neurodegeneration (Figure S3).

To validate the role of bile acids in PD progression,
rotenone-induced PD mice were fed with DCA for
4 weeks (Figure S4A). Bile acid quantification validated
the increased DCA levels in the midbrains after DCA
administration (Figure S4B). Compared to the Rotenone
group mice, DCA treatment aggravated motor

FIGURE 1

Gut microbiota transplantation from Parkinson's disease (PD) patients promotes PD phenotypes in the germ-free (GF) mice.

(A) Flow chart of experimental design. Created with BioRender.com. (B) Representative trajectory map of open field test. (C) Total distance
traveled in the whole open field. (D) Rotarod test. (E) Number of total pellets. (F) Representative images of colon and colon lengths. (G)
Representative images of immunohistochemical (IHC) staining of tyrosine hydroxylase-positive (TH") neurons in the SN. (H) Numbers of
TH* neurons in the substantia nigra (SN). (I) Uniform manifold approximation and projection (UMAP) illustration of cells colored by
clusters (left) and cell types (right). (J) Violin plots of expression values of cell-type-specific markers for the cell types in the midbrain. (K)
Proportions of different cell types in the midbrain. Cell type proportions of endothelial cells (L) and pericytes (M) in the midbrain. (N) The
number of cell-type-specific differentially expressed genes (DEGs) and gene set enrichment analysis (GSEA) analysis of hallmark pathways
in different cell types. Enrichment profiles of the interferon alpha response (O) and TGF-f signaling (P) gene sets in endothelial cells. For
the bar plot, the data are presented as mean + standard deviation (SD). For the box plots: centerline, median; box, Interquartile Range (IQR,
the range between the 25th and 75th percentiles); whiskers, 1.5 X IQR. For C-E, n =6 in each group. For F, n =5 in each group. For H-P,
n =3 in each group. Statistics calculated by Student's ¢-test (C-D, F, and H), Mann-Whitney U tests (E and L, M), or GSEA analysis (N). In
(C-H) and (L, M), *p < 0.05, **p < 0.01 versus the HC group. CPEC, choroid plexus epithelial cells; DA, dopaminergic; HC, healthy control;
NES, normalized enrichment score; NonDA, non-dopaminergic; OPC, oligodendrocyte precursor cells; PD, Parkinson's disease; SN,
substantia nigra; TH, tyrosine hydroxylase; UMAP, Uniform manifold approximation and projection.
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impairments and GI dysfunction (Figure S4C-I). Patho-
logically, DCA administration accelerated dopaminergic
neurodegeneration in the SN (p <0.05, Figure S4J,K).
Moreover, transmission electron microscopy analysis

FIGURE 2 Gut microbiota transplantation
from PD patients alters the gut microbiota
community and serum metabolic profiles in the
GF mice. Alpha-diversity analysis indicated by
Simpson (A) and Shannon (B). (C) Beta diversity
based on Anosim method. (D) Principal
coordinates analysis (PCoA) plots of beta
diversity. (E) Relative abundances of gut
microbiota at the species level in the different
groups. (F) Statistical analysis of metagenomic
profiles (STAMP) analysis of differentially
abundant microbial species. Relative abundances
of Duncanella dubosii (G), Bacteroides fragilis (H),
and Phocaeicola vulgatus (I) in different groups.
(J) Orthogonal partial least squares discriminant
analysis (OPLS-DA) plot of serum metabolomic
profiles. (K) Volcano plot of differentially
abundant metabolites in the serum from the PD
group mice compared to the HC group mice. (L)
Quantification of significantly differential
metabolites in the serum. (M) Heatmap showing
the association between differentially abundant
serum metabolites and fecal microbial species. (N)
The association between the key serum
metabolites, microbial species, and experimental
results. For the box plots: centerline, median; box,
IQR (the range between the 25th and 75th
percentiles); whiskers, 1.5 X IQR. For L, data are
presented as medians with IQR. In this figure,

n =6 in each group. Statistics calculated by
Mann-Whitney U tests (A-L) or Spearman
correlation tests (M, N). **p < 0.01 versus the HC
group. In (M, N), *p <0.05, **p < 0.01,

***p < 0.001 for Spearman correlation. a-syn, a-
synuclein; DCA, deoxycholic acid; FDR, false
discovery rate; IDCA, iso-deoxycholic acid; OFT,
open field test; PCoA, principal coordinates
analysis; PD, Parkinson's disease; TH, tyrosine
hydroxylase; UDCA, ursodeoxycholic acid.

showed disorganized tight junctions and damaged en-
dothelial cells in the BBB of the Rotenone group mice.
Meanwhile, DCA treatment further worsened the BBB
impairment induced by rotenone (Figure S4L). These
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results together demonstrate that DCA treatment ex-
acerbates PD-like phenotypes and BBB impairment.

PD is the second most common neurodegenerative
disorder, marked by motor and GI symptoms [1]. Gut
microbiota dysbiosis is closely involved in PD patho-
genesis [2]. However, the causal relationship remains
unclear. To further explore this, we transplanted GF
mice with gut microbiota from PD patients or HC
donors. GF mice, lacking resident microbiota, elim-
inate confounders inherent in conventional mice and
serve as the gold standard for studying microbial cau-
sality in neurological diseases [7]. Our study shows
that PD patient-derived microbiota transplantation
recapitulates PD-like phenotypes in GF mice, high-
lighting the potential causal role of gut microbiota in
PD pathogenesis.

Recent studies have identified altered gut micro-
biota in PD patients and animals [4, 8, 9]. Our previous
meta-analysis showed depleted genera producing
short-chain fatty acids (SCFAs) and increased Akker-
mansia and Bilophila in PD patients [9]. To determine
the critical microbes for PD, we performed fecal me-
tagenomics in the GF mice. The alpha and beta
diversity results revealed significant gut microbiota
alterations in the PD group mice. At the species level,
B. fragilis and P. vulgatus were enriched in the mice
receiving PD microbiota. Notably, B. fragilis, from the
Bacteroides genera, increases in the feces of PD pa-
tients [10]. Moreover, Bacteroides uniform was re-
ported to regulate neuronal dopamine levels,
indicating the potential effects of Bacteroides on PD
[11]. Besides, P. vulgatus belongs to Phocaeicola genus,
which exhibits associations with cognition in neuro-
development [12]. Collectively, these results not only
underscore the critical role of gut microbiota dysbiosis
in PD but also identify the specific microbial species
potentially contributing to PD progression.

Increasing evidence suggests that microbial metabo-
lites mediate gut-brain crosstalk in PD pathogenesis [4].
For example, SCFAs enhance BBB integrity and modu-
late neuroinflammation, thereby mitigating motor defi-
cits in PD [4]. Besides, bile acids are reported to be
altered in the plasma of PD patients, suggesting their
potential role in PD [13]. Consistently, our metabolome
analysis showed significantly elevated serum DCA,
IDCA, and UDCA in the PD group mice, which are
important secondary bile acids metabolized by gut mi-
crobiota. Specifically, conjugated primary bile acids are
secreted into the intestine and first deconjugated by bile
salt hydrolase (BSH) into cholic acid (CA) or cheno-
deoxycholic acid (CDCA). Subsequently, gut microbiota
converts CA and CDCA into DCA and UDCA via 7a-
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dehydroxylation, respectively. Besides, IDCA is an iso-
mer of DCA that is thought to form via bacterial epi-
merization. Notably, BSH-mediated deconjugation is key
in this process, and the enzyme is widely expressed in
Bacteroides, Lactobacillus, and Bifidobacterium, etc. [14]
Among these microbes, Bacteroides dorei was found to
elevate DCA levels in mice [15]. Consistently in our
research, these bile acids were positively associated with
the abundances of B. fragilis and P. vulgatus, suggesting
that their BSH enzymes may increase the serum DCA,
IDCA, and UDCA. Taken together, these results indicate
that microbiota-derived bile acids may contribute to the
PD pathogenesis.

To elucidate the profound impact of these microbial
bile acids on PD at single-cell resolution, we conducted
snRNA-seq on the midbrain of GF mice. Specifically,
snRNA-seq found the significantly reduced endothelial
cells and pericytes in the PD group mice, both critical for
BBB. Studies showed that increased BBB permeability in
PD may allow neurotoxic entry into the brain, thus
promoting PD development [16]. Overall, these results
suggest that gut microbiota may drive neurodegeneration
via BBB impairments.

Furthermore, correlation analyses were performed to
unravel the complex gut-brain interactions during PD
progression. We found that B. fragilis and P. vulgatus
abundances were associated with serum DCA, IDCA,
and UDCA, suggesting that the gut microbiota might
cause PD-like symptoms via producing these bile acids.
Additionally, the serum levels of these metabolites were
negatively correlated with endothelial cells and pericytes,
indicating their damage to BBB structures. Consistently,
a prior study reported that the gut dysbiosis induced by
high-fat diet elevates DCA levels, thus impairing the gut
endothelial cells [17]. Moreover, these bile acids were
significantly correlated with the behavioral perform-
ances, GI function, and neuropathological hallmarks.
Taken together, these correlations suggest that increased
serum bile acids may reduce the endothelial cells and
pericytes of the BBB, thereby driving neurodegeneration
in the SN.

As demonstrated in our correlation analyses, DCA,
IDCA, and UDCA are crucial microbial metabolites
potentially involved PD progression. Recently, elevated
serum DCA levels have been reported in PD patients
[18]. Mechanistically, DCA activates the TGR5/CCL5/
CCRS5 signaling pathway to promote neuroinflamma-
tion [19]. In our current research, we further validated
that DCA treatment remarkably exacerbated PD-like
phenotypes in the rotenone-induced mice and pro-
moted dopaminergic neurodegeneration through BBB
destruction.
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Notably, our study shows that PD patient-derived
microbiota induces PD-like symptoms in the GF mice. By
leveraging a multi-omics approach including midbrain
snRNA-seq, fecal metagenomics, and serum metabo-
lomics, we originally map the gut microbiota-driven
midbrain remodeling at single-cell resolution and iden-
tify the specific microbial metabolites mediating gut-
brain interactions in PD. Although our data suggest the
involvement of gut microbiota, bile acids, and BBB
integrity in PD pathogenesis, the bidirectional causal
relationship between gut microbiota and PD requires
further elucidation.

Our study underscores the potentially causal role of
gut microbiota in PD development. Multi-omics inte-
gration suggests that gut microbiota dysbiosis may drive
the metabolic alterations that compromise BBB integrity,
ultimately promoting dopaminergic neurodegeneration.
Notably, microbiota-derived bile acid DCA emerges as a
critical contributor to disease progression.
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