npj | biofilms and microbiomes Article

Published in partnership with Nanyang Technological University

https://doi.org/10.1038/s41522-024-00535-3

Multiomics of parkinsonism cynomolgus
monkeys highlights significance of metabolites
in interaction between host and microbiota

M| Check for updates
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Xiao-Ji Zhuang ® '3, Qing Yan'®, Yun Wang®, Wei Yang ®, Jian-Huan Chen ® 2204 & Jun-Hua Rao ® '?*

The gut microbiota has been demonstrated to play a significant role in the pathogenesis of Parkinson’s
disease (PD). However, conflicting findings regarding specific microbial species have been reported,
possibly due to confounding factors within human populations. Herein, our current study investigated the
interaction between the gut microbiota and host in a non-human primate (NHP) PD model induced by 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) using a multi-omic approach and a self-controlled
design. Our transcriptomic sequencing of peripheral blood leukocytes (PBL) identified key genes involved
in pro-inflammatory cytokine dysregulation, mitochondrial function regulation, neuroprotection
activation, and neurogenesis associated with PD, such asIL1B, ATP1A3, and SLC5A3. The metabolomic
profiles in serum and feces consistently exhibited significant alterations, particularly those closely
associated with inflammation, mitochondrial dysfunctions and neurodegeneration in PD, such as
TUDCA, ethylmalonic acid, and L-homophenylalanine. Furthermore, fecal metagenome analysis
revealed gut dysbiosis associated with PD, characterized by a significant decrease in alpha diversity and
altered commensals, particularly species such as Streptococcus, Butyrivibrio, and Clostridium.
Additionally, significant correlations were observed between PD-associated microbes and metabolites,
such as sphingomyelin and phospholipids. Importantly, PDPC significantly reduced in both PD monkey
feces and serum, exhibiting strong correlation with PD-associated genes and microbes, such as SLC5A3
and Butyrivibrio species. Moreover, such multi-omic differential biomarkers were linked to the clinical
rating scales of PD monkeys. Our findings provided novel insights into understanding the potential role of
key metabolites in the host-microbiota interaction involved in PD pathogenesis.

Parkinson’s disease (PD) is a chronic, progressive, and irreversible
neurodegenerative disorder. PD affects approximately 1% of indivi-
duals aged over 60 years and around 3% of those older than 80 years'”.
In China, 4.94 million of the population are predicted to be affected by

PD involves various pathological processes, such as neuroinflamma-
tion, mitochondrial dysfunction, oxidative stress, and impaired protein
degradation’. Recent research has demonstrated that alterations related to
PD can also be identified in peripheral blood, such as metabolic dysregu-

PD by 2030, accounting for half of the global PD patients’. Notably,
clinical data indicate that men have twice the risk of developing PD
compared to women”.

lation. Furthermore, some of these changes may even manifest prior to the
onset of PD’s motor dysfunction symptoms’. Therefore, comprehensive
multi-omic investigations of PD are needed to identify novel biomarkers for
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diagnosis and effective intervention and provide new insight into the
underlying disease mechanisms.

Furthermore, motor symptoms in PD patients are usually accom-
panied by gastrointestinal dysfunction'*"'. Additionally, gut microbiota
dysbiosis has been reported in PD, emphasizing the crucial role of gut
microbiota in chronic inflammation of intestinal epithelia and even neu-
roinflammation through the gut microbiota-brain axis'>"’. Moreover, dis-
rupted metabolites associated with altered gut microbiota, such as
neuroprotective kynurenine and neurotoxic polyamines, may contribute to
PD-related pathway dysregulation'*"”. However, how metabolites partici-
pate in host-microbiota interaction in PD remains to be elucidated.

The MPTP-induced animal models, particularly the non-human pri-
mate (NHP) models of PD, are essential tools for investigating the inter-
action between the gut-microbiota and host in both basic and translational
research. Compared to MPTP-induced rodent models, PD NHP models
offer a higher similarity to human patients in terms of their brain structure
and gut microbiota composition'®. However, there are few PD NHP model
studies on biomarkers and their roles in the gut-brain axis and the disease.

Recent studies reported contradictory results regarding either micro-
bial diversity or relative abundance associated with PD, which could be
attributed to confounding factors in human populations, such as diet and
medications, and sequencing methodological inconsistencies'”'*. Therefore,
our current study employed a multi-omic approach along with a self-
controlled design (Fig. 1) to establish an MPTP-induced PD model in
cynomolgus monkeys (Macaca fascicularis) to explore the metabolite-

meditated microbe-host interaction in PD pathogenesis and minimize the
effects of possible confounding factors.

Results

Manifestation of motor dysfunction in PD monkeys

The CRS scores for the six MPTP-treated monkeys (PD-1 to PD-6) were
determined through double-blind evaluations. One month after MPTP
treatment, all six monkeys exhibited motor dysfunction, including persistent
bradykinesia, rigidity, posture abnormalities, gait imbalances, moderate to
severe tremors, and significant impairments in gross motor skills (Table 1).
Such findings confirmed the successful establishment of the PD monkey
model as these symptoms closely resemble those observed in PD patients.

PBL transcriptomics unveiled alterations in PD-related pathways
Previous studies have revealed that mitochondrial dysfunction, oxidative
stress, neuroinflammatory processes, and loss of midbrain dopaminergic
neurons play vital roles in the pathogenesis of PD*". Therefore, RNA-Seq
analysis (Supplementary Table 1a) of PBL from the PD monkeys was per-
formed before and after MPTP treatment to compare the expression pro-
files. 154 DEGs were identified as having significant changes with
FDR <0.05 and |log,FC| > 1, including 78 down-regulated and 76 up-
regulated (Fig. 2a, Supplementary Table 1b).

To better understand the biological functions of these DEGs, GO
analysis was performed. GO analysis showed that up-regulated DEGs in PD
monkeys were mainly enriched in the biological processes (BPs) related to
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Fig. 1 | Study schematic design. A non-human primate (NHP) PD model induced
by MPTP is analyzed for alterations in gut microbiota, peripheral blood leukocytes
(PBL) transcriptome, and serum and fecal metabolome to identify potential

biomarkers in the gut-microbiota-brain axis using a multi-omic approach and a self-
controlled design. The scheme is visualized by Figdraw (https://www.figdraw.com/).
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immunity and inflammatory response such as “leukocyte aggregation and
migration involved in the inflammatory response,” “defense and response to
fungus,” and “astrocyte differentiation” (Fig. 2b). In contrast, down-
regulated genes were the most enriched in BPs related to natural killer cell-
mediated immunity (Fig. 2¢). KEGG analysis showed that pathways enri-
ched in up-regulated genes included “IL-17 signaling pathway”, “Cytokine-
cytokine receptor interaction”, and “Fluid shear stress and atherosclerosis”
(Fig. 2d). Pathways enriched in down-regulated genes included “Natural
killer cell mediated cytotoxicity”, “Th1 and Th2 cell differentiation”, “TypeI
diabetes mellitus”, “Allograft rejection”, “Autoimmune thyroid disease”,
and “Graft-versus-host disease” (Fig. 2e).

It was noted that these DEGs contained several pro-inflammatory
cytokines, such as interleukin 18 receptor accessory protein (IL1I8RAP),

Table 1 | Clinical rating scale scores of PD monkeys treated
with MPTP

Parkinsonian motor signs PD-1 PD-2 PD-3 PD-4 PD-5 PD-6
Before MPTP treatment
Total CRS scales 0 0 0 0 0 0
After MPTP treatment
Tremor (0-3) 1.5 2 3 3 2 2.5
Bradykinesia (0-3) 2 2.5 2 2 2 25
Rigidity (0-3) 1.5 3 2 2 15 2
Posture (0-3) 1.5 2 2 2 15 2
Balance (0-3) 1.5 2 2 2 15 2
Gross motor skills (0-3) 1.5 1.5 1.5 1.5 1.5 1.5
Total CRS scores 9.5 13 12.5 125 10 125
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Fig. 2 | DEGs and GO analysis in PBL from NH and PD monkeys (n = 6).

a Volcano plot of mRNA expression in PBL from PD monkeys before and after
MPTP treatment. Genes with edgeR FDR < 0.05 and |log,FC| > 1 are in blue if down-
regulated and red if up-regulated. The Y axis shows empirical edgeR P-values.

b, ¢ GO biological processes enriched by up-regulated and down-regulated DEGs in
PD monkeys. The top 20 terms with FDR < 0.05 ranked by p-values are shown.

interleukin 1 beta (IL1B), interleukin 1 receptor type 2 (ILIR2), and C-C
motif chemokine 4 (CC4), that were significantly up-regulated in PD,
accompanied by a significantly elevated matrix metallopeptidase 10
(MMPI0) (Fig. 3a).

Significantly down-regulated DEGs in PD monkeys mainly encoded
neuroprotective or neurogenesis proteins and could be involved in
inflammation, neuronal damage, mitochondrial function impairment,
and blood-brain/gut barriers, such as claudin domain containing 2
(CLDND?2) encoding a tight junction protein component of blood-brain/
gut barriers, adhesion G protein-coupled receptor G1 (ADGRGI), G
protein-coupled receptor 68 (GPR6S), protocadherin-1 (PCDHI),
platelet-derived growth factor receptor beta (PDGFRB) and solute carrier
family 5 member 3 (SLC5A3) (Fig. 3a). Furthermore, the gene encoding o
subunit of the Na*/K" ATPase (ATP1A3), a known disease-causing gene
for PD that expresses almost exclusively in neurons, was also significantly
downregulated in PD monkeys (Fig. 3a).

Furthermore, as shown in Fig. 3b, gene-gene interactive networks
identified DEGs as hub genes in the network, such as PCDH1, CLDND?2,
and SLC5A3, which were selected and validated using real-time qPCR
(Fig. 3¢—j). Thus, these DEGs were identified as candidate PD biomarkers
and included in the subsequent analysis.

Gastrointestinal (Gl) dysfunction and gut microbiota dysbiosis in
PD monkeys

Most of the PD monkeys developed constipation before manifestation of
motor impairment. We performed metagenomic sequencing to analyze the
gut microbiota composition and function (Supplementary Table 2). Both
NH and PD monkeys shared the most abundant phyla in Firmicutes,
Bacteroidetes, Spirochaetes, Proteobacteria, and Actinobacteria, accounting
for more than 96% of all reads (Supplementary Fig. 1). Importantly, PD
monkeys showed reduced richness and diversities of the gut microbiota than
NH (Fig. 4a—c, ACE, p =0.0242; Richness, p =0.0124; Chaol, p=0.051,
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d, e KEGG pathways enriched by up-regulated and down-regulated DEGs in PD
monkeys (FDR < 0.05). NH neurologically healthy, PD Parkinson’s disease, GO
gene ontology, KEGG Kyoto Encyclopedia of Genes and Genomes, PBL peripheral
blood leukocytes, DEGs differentially expressed genes, defined as those with

FDR < 0.05 and [log,FC| > 1.
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Fig. 3 | Representative DEGs and interactive gene network associated with PD.

a Heatmap showing selected DEGs of pro-inflammatory cytokines and related genes
comparing NH and PD monkeys. The color indicates the Z-score of the normalized
expression level (TPM). b An interactive gene network constructed using DEGs with
edgeR FDR < 0.05 and [log,FC| > 1.5. The node color and size indicate the number of
connected edges. Edge thickness represents the correlation coefficient (r) value. Red

and blue lines represent negative and positive correlations, respectively. c-j gPCR
validation of selected candidate DEGs. Relative expression levels are presented as
mean + standard error of the mean (SEM). Wilcoxon signed-rank tests are used to
analyze the qPCR validation data. *p < 0.05; **p < 0.01. NH neurologically healthy,
PD Parkinson’s disease, TPM transcripts per million reads, DEGs differentially
expressed genes.
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Wilcoxon signed-rank test). In addition, no significant difference in beta
diversity was observed between NH and PD monkeys (p=0.7896,
PERMANOVA).

LEfSe analysis showed significant differences at the phylum, genus, and
species level (Supplementary Fig. 2a, b). LEfSe analysis identified four phyla,
including two bacterial phyla (Tenericutes and Fusobacteria) and 51 genera,
including two archaeal genera (Methanobacterium and Methanosarcina),
and 49 bacterial genera (such as Streptococcus, Clostridium, Mycoplasma,
and Butyrivibrio), all of which were enriched in NH (Supplementary Fig. 2a).
LEfSe also identified 73 species associated with PD (Supplementary Fig. 2b),
with the representative species shown in Fig. 4d. Among these PD-associated
species, only two species, including Bacteroides fragilis and Bifdobacterium
pseudocatenulatun, were enriched in PD monkeys. In contrast, all the other
differential species were enriched in NH monkeys. Especially multiple

Streptococcus species (such as Streptococcus lutetiensis, Streptococcus equi-
nus, and Streptococcus gallolyticus), Butyrivibrio/ Pseudobutyrivibrio species
(such as Butyrivibrio hungatei, Butyrivibrio fibrisolvens, Butyrivibrio pro-
teoclasticus and Pseudobutyrivibrio xylanivorans), and Clostridium species
showed decreased relative abundance in PD monkeys.

Profiles and interaction of serum and fecal metabolome in PD
monkeys
Metabolic changes have previously been reported in PD patients’. Untar-
geted serum metabolomic analysis identified a total of significantly altered
27 metabolites in PD monkeys with pair Student’s ¢ test empirical p < 0.05,
FDR < 0.2, and | log,FC| > 1 (Fig. 5a and Supplementary Fig. 3).
Noteworthy, among the metabolites with elevated serum levels in PD
monkeys, ethylmalonic acid, which had been reported to disturb
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mitochondrial functions and induce oxidative stress', dramatically
increased by about 40-fold in PD monkeys (p = 0.027) (Fig. 5b). In contrast,
serum tauro ursodeoxycholic acid (TUDCA) that had been previously
reported to be potentially neuroprotective’ decreased significantly
(p =0.006) in PD monkeys (Fig. 5¢). Most of the differential serum bioactive
phospholipids in PD monkeys were down-regulated, including SM (d18:1/
16:0) (p =0.002, Fig. 5d), palmitoyl sphingomyelin (p = 0.007, Fig. 5e), 1-
palmitoyl-2-docosahexaenoyl-sn-glycero-3-  phosphocholine  (PDPC)
(p=0.022, Fig. 5f), and 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phos-
phocholine (PAPC) (p = 0.017, Fig. 5g).

Given the association between microbiota metabolism and GI func-
tion, untargeted metabolomic analyses of feces from PD monkeys were then
analyzed. 15 fecal metabolites showed significant changes (empirical
p<0.05, FDR <0.2, and [log,FC| > 1) in PD monkeys, with ten increased
and five decreased significantly (Fig. 5h and Supplementary Fig. 4). Notably,
several PC metabolites decreased in PD monkeys, such as PC (34:2) (Fig. 5i),
1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine (PLPC) (Fig. 5j).

Additionally, our correlation analysis results revealed distinct clusters
in both serum and fecal metabolites (Supplementary Table 3), indicating a
robust association between the two metabolomes. Most of the metabolites
in serum Cluster 1 and fecal Cluster 1 showed significantly positive
correlations with each other. Similarly, most of the metabolites in serum
Cluster 2 and fecal Cluster 2 showed significantly positive correlations with
each other. In contrast, only a limited number of metabolites in serum
Cluster 1 and fecal Cluster 2 showed significantly negative correlations with
each other and vice versa. (Fig. 5k). For example, fecal PLPC positively
correlated with most metabolites in serum Cluster 1, such as PDPC and
Palmitoyl sphingomyelin, whereas it negatively correlated with serum SOPE
(1-stearoyl-2-oleoyl-sn-glycero-3-phosphoethanolanmine).

The gut microbiota exhibited significant correlations with meta-
bolites in both serum and feces
To better understand the role of the correlations between the gut microbiota
and metabolites both in serum and feces, a Pearson correlation analysis was
employed to identify representative differential gut microbiota shown in
Fig. 6 and Supplementary Fig. 5, that correlated with differential serum
(Supplementary Table 4) and fecal metabolites (Supplementary Table 5) in
monkeys. At the genus level, the serum SM (d18:1/16:0) level was positively
correlated with the relative abundance of Butyrivibrio (r=0915,
p=3.036x10") and Pseudobutyrivibrio (r=0.926, p=1.577x107)
(Supplementary Fig. 5a). Both two genera belong to the Lachnospiraceae
family of the Firmicutes phylum, also decreased in PD monkeys, pointing to
the role of Butyrivibrio and Pseudobutyrivibrio in PD pathogenesis by
regulating phospholipid metabolism. At the species level, the serum SM
(d18:1/16:0) level was significantly positively correlated with Butyrivibrio
hungatei (r=0.882, p=0.0001), Butyrivibrio fibrisolvens (r=0.886,
p=0.0001), Butyrivibrio proteoclasticus (r=0.772, p =0.003) and Pseudo-
butyrivibrio xylanivorans (r=0.926, p = 1.586 x 10~°) (Fig. 6a).
Furthermore, significant positive Pearson correlations between dif-
ferential fecal metabolites and gut microbiota (Supplementary Table 5a, b).
Glycerophosphocholines, including PC (34:2) and PLPC, were positively
correlated with Streptococcus (PC (34:2), r =0.915, p = 3.046E—05; PLPC,
r=0.874, p =0.0002) and Staphylococcus (PC (34:2), r = 0.858, p = 0.0004;
PLPC, r=0.788, p=0.002) (Supplementary Fig. 5b). In addition, at the
species level, differential gut microbiota was positively correlated with these
glycerophosphocholines (Fig. 6b), such as Butyrivibrio fibrisolvens (PC
(34:2), r=0.690, p=0.013; PLPC, r=0.782, p=0.002), Butyrivibrio pro-
teoclasticus (PC (34:2), r = 0.767, p = 0.004; PLPC, r = 0.830, p = 0.001) and
several Streptococcus species.

Multi-omic network highlighted the role of metabolites in host-
microbiota interaction

To further identify potential biomarkers of PD, differential metabolites
common to serum and feces between PD and NH monkeys were analyzed
using a multi-omic approach. Four of the differential metabolites with

empirical p < 0.05 were shared between monkey serum and feces (Fig. 7a),
including PC (16:0/16:0) (DPPC), Solanidine, Phe-Phe, and 1-palmitoyl-2-
docosahexaenoyl-sn-glycero-3- phosphocholine (PDPC), respectively.
Among the four metabolites, PDPC was the most significantly decreased in
PD monkeys (fold change=5.1 in feces and 2.7 in serum, respectively;
Fig. 7b, ).

The Pearson correlation among the four metabolites, PD-associated
DEGs (Fig. 3a), and representative differential gut microbiota (Fig. 4), was
analyzed. The multi-omic interactive networks (Fig. 7d, e) identified PDPC
as a hub metabolite correlated with PD-associated genes and gut microbes.
Key genes in neuroprotection or neurogenesis, such as ATP1A3, PDGFRB,
and especially SLC5A3, were positively correlated with fecal and serum
PDPC levels (Feces: r=0.8, p =0.002; Serum: r = 0.78, p = 0.003; Supple-
mentary Fig. 6a, b, Supplementary Table 3). Notably, PDPC also positively
correlated with genus Butyrivibrio (Feces: r=0.71, p=0.010; Serum:
r=0.66, p=0.019), and its species Butyrivibrio hungatei (Feces: r=0.75,
p=0.005; Serum: r=0.70, p =0.012) and Butyrivibrio fibrisolvens (Feces:
r=0.77, p=0.004; Serum: r=0.73, p = 0.007), all significantly reduced in
PD monkeys.

PD-associated multi-omic biomarkers correlated with CRS
scores of monkeys

Furthermore, our results showed Spearman correlations between these
PD-associated multi-omic biomarkers and the CRS scores of monkeys
(Fig. 8a—c, Supplementary Figs. 7 and 8). In general, these biomarkers
including genes, metabolites, and gut microbes that were significantly
increased in PD monkeys exhibited a positive correlation with the CRS
scores, especially gross motor skills, and vice versa. Importantly, the serum
L-Homophenylalanine level was negatively correlated with CRS scores,
whereas the serum PDPClevel exhibited a more specific negative correlation
with gross motor skill scores. The fecal D—glucosamine 6—phosphate level
also negatively correlated with individual indices and the total score of CRS.
Bacteroides fragilis, the most enriched species in PD monkeys, positively
correlated with gross motor skills, whereas the most decreased in PD
monkeys, especially several species of Streptococcus, Butyrivibrio, and
Clostridium genera, negatively correlated with gross motor skills. Similarly,
DEGs showed the most correlations with gross motor skills.

Discussion

Gut microbiota plays a crucial role in the development of PD*"*”. Therefore,
understanding the interactions between gut microbes and the host is
essential for comprehending the PD pathogenesis. By integrating multi-
omic data from a monkey model that closely mimics clinical symptoms of
Parkinson’s disease, our current study has highlighted the role of
metabolite-mediated microbiota-host interaction and systematically iden-
tified potential biomarkers crucial for PD diagnosis and intervention.

The alpha diversity in PD patients was previously reported to be
decreased in some previous studies but could be confounded by certain
factors in the human populations, such as diet, antibiotics use, age, and
gender”. Therefore, the alpha diversity changes in PD remains inconclusive
before our study. It would be essential to control such confounding factors.
Therefore, our NHP PD model could provide valuable insights into the role
of gut microbiota in PD by effectively controlling potential confounding
factors. Our results of the NHP PD model confirmed the observed decrease
of alpha diversity among PD patients.

Previous studies have shown that neuroinflammation is one of the key
components in PD pathogenesis™*. Proinflammatory cytokines and che-
mokines, such as IL 1, were reported to be elevated in PD patients™*. In line
with this, proinflammatory factors, such as CC4, ILI8RAP, and IL1B, in the
PBL transcriptome were also elevated in PD monkeys (Fig. 9, pathway @©).
Furthermore, the present study revealed downregulation of CLDND2, an
intestinal barrier component, suggesting disruption of the blood-brain
barrier (BBB) and neuroinflammation in PD monkeys. The BBB can protect
neurons and is required for proper synaptic and neuronal functioning™”’.
BBB disruption could be induced by neuroinflammation during PD
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Fig. 5 | Differential serum and fecal metabolites in the PD monkeys. a The
heatmap illustrating 27 differential metabolites. Blue and red indicate decreased and
increased metabolites, respectively. b—g Levels of selected serum metabolites that
significantly changed after MPTP treatment, shown as mean + SEM. h Heatmap of
15 differential metabolites between NH and PD. Blue and red indicate decreased and
increased metabolites, respectively. Correlation coefficients and P-values are

calculated from Pearson