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1. Introduction

Effect of Lacticaseibacillus paracasei strain Shirota
supplementation on clinical responses and gut
microbiome in Parkinson’s diseasef

Xiaodong Yang, ¥ ¥ Xiaogin He,1® Shaoging Xu,}? Yi Zhang,® Chengjun Mo,?
Yigiu Lai,? Yanyan Song,® Zheng Yan,© Penghui Ai,? Yiwei Qian*® and Qin Xiao*?

Parkinson’s disease (PD) is a common neurodegenerative disease characterized by motor issues and a
range of non-motor symptoms. Microbial therapy may be a useful approach for the treatment of PD.
However, comprehensive analyses of the impact of probiotic supplementation on motor and non-motor
symptoms are still lacking and the mechanisms whereby the treatment works remain unclear. This study
investigated Lacticaseibacillus paracasei strain Shirota (LcS) supplementation on clinical responses, gut
microbiota and faecal metabolites in PD patients. Patients (n = 128) were randomised to receive either
probiotics (LcS-fermented milk, containing 1 x 10 living LcS cells) or placebo for 12 weeks. All partici-
pants were examined and the basic clinical features were recorded using questionnaires. Fecal and blood
samples were collected at the baseline and after 12 weeks for further omics analysis. We found that LcS
intervention significantly alleviated patients’ constipation-related symptoms and non-motor symptoms.
We found no significant shifts in the composition of gut microbiota or faecal metabolites. Several taxa
were differentially abundant between the groups, especially with regard to LcS intake, which increased
the abundance of the genus Lacticaseibacillus in the probiotic group compared with those at the baseline
and in the placebo group. The faecal concentration of L-tyrosine was significantly decreased and the
plasma concentration of L-tyrosine was increased in the probiotic group compared with the placebo
group. Our study demonstrated that although supplementation with LcS did not induce major changes in
the global gut microbiome, the probiotic had favorable effects in managing constipation and other non-
motor symptoms in PD patients. This study was registered at the Chinese Clinical Trial Registry:
ChiCTR1800016795.

common NMSs of PD, with a prevalence of 70-80%. Many
non-motor features are intricately related to each other and

Parkinson’s disease (PD) is a common neurodegenerative
disease characterized by motor symptoms, including bradyki-
nesia, resting tremors and rigidity. Non-motor symptoms
(NMSs), such as neuropsychiatric symptoms, sleep disorders,
wakefulness, and constipation, have gained relevance in recent
years. Of these symptoms, constipation is among the most
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may overlap in symptomatology and treatments. NMSs may
develop at any stage of the disease and severely affect the
overall quality of life of PD patients; effective management
options have been recognized as an important unmet need in
the clinical setting." However, limited therapies are available
for non-motor deficits. The current standard interventions,
such as dopamine replacement therapy, are limited in the
treatment of non-motor dysfunctions; in fact, some aspects of
non-motor dysfunctions can even be worsened by dopamine
treatment.”

There has been a surge in awareness of the association
between gut microbiota and PD.*™® As evidence is accumulat-
ing on the effects of gut microbiota on disease development
and progression, another course of action has been recognized
in relation to the potential usage of microbiota-based thera-
peutic strategies in PD. Consequently, microbiota-targeted
interventions, including the administration of probiotics, have
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increasingly been evaluated. Studies have found that the
intake of fermented milk, which contains fibre and multiple
strains of probiotics or multi-strain probiotic capsules (includ-
ing strains from Bifidobacterium, Lactobacillus and so on) for 4
weeks, can improve the symptoms associated with consti-
pation in PD patients.””® However, one study reported that pro-
biotic treatment might relieve abdominal pain and bloating as
much as trimebutine treatment, with less improvement in con-
stipation.'® Frankly, there are still many questions about the
proper use of probiotic therapy for PD. First, in theory, the
therapeutic effects of a single-strain probiotic and its effects
on gastrointestinal symptoms are more straightforward to
assess than multi-species probiotic supplements. Moreover, a
recent review did not find convincing evidence that multi-
species probiotic supplements were superior to single-strain
probiotic supplements."* It would be necessary to perform
individual trials to confirm the effect of a specific probiotic.
Second, as the duration of intervention in both studies was
only 4 weeks, further studies on the long-term efficacy and
safety profile of probiotic administration in PD are needed.
Indeed, Bifidobacterium and Lactobacillus are included in most
probiotic formulations, but are two of the genera that have
been commonly elevated in PD patients.'>"'* Third, a compre-
hensive analysis of the impact of probiotic supplementation
on motor and non-motor symptoms and how probiotics con-
tribute to homeostasis or symptom improvement is still
lacking, and the mechanisms remain unclear.

Lacticaseibacillus paracasei strain Shirota (L. paracasei YIT
9029; LcS), formerly classified as Lactobacillus casei strain
Shirota, has been used in the production of fermented milk
for more than 80 years. Many studies have found that LcS has
many beneficial effects, including protection against infection,
enhanced immunoregulation, a reduced risk of carcinogenesis
and enhanced intestinal motility."*'®> One pilot study, for the
first time, showed improvements in stool consistency and defe-
cation habits in PD patients who used LcS as a single-strain
supplement.'®

In this study, we designed a randomized, double-blind,
placebo-controlled trial to investigate the effect of LcS sup-
plementation on clinical responses and gut microbial homeo-
stasis in PD patients.

2. Materials and methods

2.1. Study design and participants

We performed a randomized, double-blind, placebo-controlled
trial at the Movement Disorder Clinic of the Department of
Neurology, Ruijin Hospital, Shanghai Jiao Tong University
School of Medicine. The patients were assessed for eligibility
when they were diagnosed with PD according to the
Parkinson’s disease Queen Square Brain Bank criteria’” and
were assessed on whether they met the Rome III criteria for
functional constipation.'® Other inclusion and exclusion cri-
teria are described in the ESI Methods. Eligible patients were
randomized to receive LcS fermented milk (100 mL, contain-
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ing 1 x 10" living LeS cells) or a placebo (manufactured by
Yakult (China) Corp., Shanghai, China) once daily at breakfast
for 12 weeks. The placebo was an acidified milk without LcS,
with the same nutritional content, colour, flavour, taste, and
pH, made using the same ingredients as the LcS-fermented
milk, with the addition of lactic acid. The trial consisted of a
baseline period of two weeks, a 12-week intervention period
and two visits (V1 and V2) (Fig. S1t). The beverages were dis-
tributed to each subject every two weeks via a refrigerated
parcel and stored at 0-10 °C. Compliance was monitored by
asking the participants to return the beverage containers. The
study was conducted following the guidelines laid down in the
Declaration of Helsinki and approved by the Ethics Committee
of Ruijin Hospital, Shanghai Jiao Tong University School of
Medicine. All subjects consented to participate in this study
and provided their written informed consent. This study was
registered at the Chinese Clinical Trial Registry:
ChiCTR1800016795. All experiments were performed in com-
pliance with China’s national laws and guidelines.

2.2. Randomization

Eligible patients were randomized to either the probiotic or
placebo arm using a computer-generated randomization
sequence by an independent statistician who was not involved
in the data management or statistical analyses. The size of the
blocks was not disclosed to the investigators. The patients and
investigators were all blinded to the treatment allocation.
Unblinding for statistical analyses was performed after data-
base lock.

2.3. Clinical evaluation and sample collection

Study visits were conducted for each participant at the end of
the baseline period and at the end of the intervention.
Demographic data (age, sex and body mass index (BMI)), the
use of anti-parkinsonism medications, the age of onset, and
disease duration were recorded. Disease severity was evaluated
using the Movement Disorder Society-Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS) and Hoehn and Yahr scale
(H&Y scale) during the “ON” condition. Non-motor symptoms,
depression, anxiety, and quality of life were assessed using the
Non-motor Symptoms Scale (NMSS), Hamilton Depression
Scale (HAMD-17), Hamilton Anxiety Scale (HAMA), and
39-item Parkinson’s Disease Questionnaire (PDQ-39), respect-
ively. Cognitive function was evaluated by the Mini Mental
State Examination (MMSE) and Montreal Cognitive
Assessment (MoCA). The levodopa equivalent daily dosage
(LEDD) was calculated according to a previously published
study.'® Constipation severity was assessed using the Wexner
constipation score. Quality of life related to constipation,
including physical discomfort, psychosocial discomfort,
worries/concerns, and satisfaction, was measured using the
Patient Assessment of Constipation Quality of Life (PACQOL)
questionnaire. Study participants were trained in completing
the stool diary at 2 weeks before study entry and weeks 11-12
of the intervention period (the mean numbers were calcu-
lated), including the number of bowel movements (BMs), stool
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consistency, and the use of laxatives. Stool consistency was
assessed by the Bristol Stool Form Scale (BSFS, e.g., 1 = hard
lumps; 2 = lumpy sausage; 3 = cracked sausage; 4 = smooth
sausage; 5 = soft lumps; 6 = mushy; 7 = watery).>° Faecal and
blood samples were collected for each participant at the end of
the baseline period and at the end of the intervention. The
faecal samples were freshly collected by the patients in the
morning using sterile faecal collection containers, immedi-
ately transported on ice to the hospital, and then stored at
—80 °C prior to testing. The blood samples were collected in
tubes containing ethylenediaminetetraacetic acid (1 mg mL™)
and glutathione (1 mg mL™") and immediately centrifuged
(3000 rpm for 10 min at 4 °C). Plasma was extracted from the
blood samples, transferred to a new centrifuge tube, and
stored at —80 °C prior to processing.

2.4. 16S rRNA sequencing and the measurement of
metabolomics

The V3-V4 regions of the 16S rRNA gene were amplified and
sequenced on an Illumina MiSeq platform (Illumina Inc., CA,
USA). A targeted metabolomics approach based on a validated
method was used to analyse the faecal samples, with a total of
111 metabolites quantified. Plasma r-tyrosine was measured
using a high-performance liquid chromatograph with a fluo-
rescence detector (HPLC-FLD). Details of sample extraction
and the detection methods are described in the ESI Methods.}

2.5. Statistical analysis

The sample size of 92 patients was calculated to achieve a two-
sided type I error of 5% and a power of 90%, based on a mean
difference of 1.1 (SD = 1.6) in the number of complete bowel
movements (CBMs) per week between the probiotic group and
placebo group according to a previously published RCT.
Assuming a 20% dropout rate, we planned to enroll a total of
112 patients. All data analyses were performed following the
intention-to-treat principles. Missing data were imputed with
the last value carried forward. Quantitative data are presented
as the mean =+ standard deviation (SD), and qualitative data are
presented as the frequency (percentage). The paired Wilcoxon
rank test was used to analyse the differences in clinical charac-
teristics between the baseline and week 12 in the probiotic
group and placebo group. Differences in clinical characteristics
between the randomization groups were analysed by the
Mann-Whitney U test for quantitative data or the chi-square
test for qualitative data. The effect of treatment on a continu-
ous scale was analysed using a general linear regression
model, adjusting for potential confounders as appropriate.
The correlation was calculated using Spearman’s rank-corre-
lation analysis. Statistical analysis was performed using SPSS
software (version 22.0; SPSS Inc., Chicago, IL) and R software
(ver. 3.1.0, the R Project for Statistical Computing). The P
values for multiple testing were corrected by the Benjamini-
Hochberg method for the false discovery rate (FDR). The sig-
nificance levels, including the P value and FDR-P value, were
set at 0.05 (two-tailed).
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3. Results

3.1. Characteristics of study participants

Between August 2018 and January 2019, a total of 163 patients
were recruited for screening, and 35 patients were excluded
due to not meeting the inclusion criteria (n = 35). A total of
128 selected patients were randomized and allocated to the
probiotic group (n = 65) or the placebo group (n = 63). Eleven
patients in the placebo group could not complete the interven-
tion due to a delay in the placebo supply at week 10. The
placebo intervention for those patients was terminated at the
end of 10 weeks, and faecal and blood samples were collected
and clinical evaluation was performed at that time. The data
obtained from these patients were included in the intention-
to-treat analysis as data for week 12. Overall, no harmful
events related to the test beverage intake were reported. A flow
diagram of the enrolment and randomization process is pre-
sented in Fig. 1. All analyses were performed using an inten-
tion-to-treat procedure. The baseline clinical characteristics
were similar between the two study groups (Table 1).

3.2. Influence of the intervention on clinical parameters

Clinical profiles at the baseline and after 12 weeks of interven-
tion are shown in Table 2. After 12 weeks of intervention, the
constipation-related symptoms were noticeably improved com-
pared with those at the baseline in the probiotic group
(Wexner score: 10.88 + 4.44 vs. 13.52 + 4.05, p < 0.001; BSFS
score: 3.32 + 1.02 vs. 2.90 £ 1.01, p < 0.001; BMs: 3.99 + 2.20 vs.
2.70 £ 1.87, p < 0.001; PACQOL: 49.65 + 13.44 vs. 62.65 + 12.48,
p < 0.001). We also found that people in the probiotic group
decreased their use of laxatives (2.13 + 2.44 vs. 2.50 + 2.52,
p = 0.045). Moreover, 12 weeks of LcS supplementation
improved the non-motor symptoms based on the NMSS
(37.60 + 21.41 vs. 46.22 + 22.82, p < 0.001), HAMD-17 (5.80
+ 4.31 vs. 7.11 + 4.43, p < 0.001) and HAMA (11.65 + 5.55
vs. 13.66 + 5.47, p < 0.001). The LcS intervention improved
quality of life scores as measured on the PDQ-39 (19.45 =
17.29 vs. 21.03 + 16.62, p < 0.001) compared with the base-
line scores. Finally, there was a significant change in the
NMSS and HAMA scores in the placebo group before and
after the intervention (NMSS: 52.10 + 33.48 vs. 54.56 =
33.75, p = 0.007; HAMA: 13.48 + 7.26 vs. 14.11 = 7.54, p =
0.001). We hypothesized that the patients’ willingness was
mainly driven by the desire to continue enjoying such food
products or even due to the placebo effect.

Compared with the placebo group, the LcS intervention
group’s constipation-related symptoms were significantly alle-
viated as assessed by the Wexner score (mean difference:
—2.78, 95% CI (confidence interval): —3.51, —2.05, p < 0.001),
BSFS score (mean difference: 0.42, 95% CIL: 0.18, 0.65, p =
0.001), BMs (mean difference: 1.26, 95% CI: 0.72, 1.79, p <
0.001) and PACQoL (mean difference: —11.72, 95% CI: —14.92,
—8.52, p < 0.001). Additionally, probiotic supplementation
resulted in a statistically significant reduction in NMSS (mean
difference: —6.50, 95% CI: —9.28, —3.73, p < 0.001), HAMD-17
(mean difference: —1.23, 95% CI: —1.80, —0.65, p < 0.001),

This journal is © The Royal Society of Chemistry 2023
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(n=65) Allocation (n=63)
L~ . . . .
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Included in final analysis Analysis Included in final analysis
(n=65) y (n=63)

Fig. 1 Trial profile.

Table 1 Baseline clinical characteristics according to the randomized
groups

Probiotic group ~ Placebo group  p

Number 65 63
Gender (male/female) 31/34 42/21 0.030
Age (years) 67.22 * 6.46 69.64 + 6.41 0.057
BMI (kg m™2) 22.58 + 3.17 22.94 +2.95 0.545
Age of onset (years) 61.00 +7.77 63.13 + 8.27 0.150
Disease duration (years)  6.29 + 4.47 6.51 +4.92 0.956
H&Y stage (n, %) 0.757
1-2.5 46 (70.8) 43 (68.3)
3-5 19 (29.2) 20 (31.7)

Data are presented as mean + standard deviation (SD) or frequency
(percentage). Differences between groups were assessed using the y*
test for categorical data and the Mann-Whitney U test for numerical
data. BMI, body mass index; H&Y stage, Hoehn and Yahr stage.

HAMA (mean difference: —1.44, 95% CI: —2.20, —0.67, p <
0.001), and PDQ-39 (mean difference: —1.88, 95% CI: —3.26,
—0.50, p = 0.008) scores compared to the placebo. Finally,
there was no change in dopaminergic therapy requirements
(LEDD) between the two groups. The LcS intervention had no
significant effect on MDS-UPDRS for

scores, except

This journal is © The Royal Society of Chemistry 2023

MDS-UPDRS 1 (non-motor experiences of daily living) scores
(mean difference: —0.99, 95% CI: —1.62, —0.37, p = 0.002).

3.3. Influence of the intervention on gut microbiota

We first compared the effects of the intervention on changes
in the composition of the faecal microbiota after 12 weeks
compared with the baseline in the probiotic and placebo
groups. The richness and diversity of the microbial community
indicated by the Chaol, Simpson and Shannon estimators
showed no significant changes at the baseline or week 12 in
the two groups (Fig. 2a—c). To evaluate the p-diversity changes
in the gut microbiota across the groups, principal coordinate
analysis (PCoA) was applied to the whole dataset of bacterial
counts based on the unweighted UniFrac metrics. We found
no difference in B-diversity between the baseline and follow-up
for the probiotic and placebo groups (Fig. 2d).

There were changes in the composition of the faecal micro-
biota of different taxonomic levels ranging from the phylum to
genus levels after 12 weeks of the intervention compared with
the baseline (the top 20 differences with the lowest p-value are
shown in Fig. 3a and b). However, after FDR correction for
multiple testing, only the relative abundance of the genus
Lacticaseibacillus was significantly increased in the probiotic
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fo00728f

View Article Online

Food & Function

Paper

JuI[oseq ) U2amIaq SOTISLISORIBYD [BIIUI[D JO SIOUIPIP ¢

*dnoi3 oqaoerd pue dnoid onorqord a3 Jo saSueyd 273 UMI( I02JJ JUIWEII) ) UT SAUIFIP ‘. d “dno1d oqadeld o) UT s)oam ¢T Je pue

q

d *dnoi3 onorqoid ay) Ul Sy2am 7T I8 PUER SUI[ISB] ) UMD SONSIISIIRIBYD [BIIUI[D JO SOUAIINIP ‘. oam 1ad u {SJUIWAAOIN

[omog ‘SN ‘O[edS w10 [003S [03S1Ig ‘SIS ‘odesoq A[req jusrearnbyg edopoadT ‘Q@dAT ‘oIreuuOnsaN ISBISIP S,UOSUDR[IRd WAI-6E ‘6€-OAd 1T JO Aend uonednsuo) Jo JUIWSSISSY
Juaned “TOODVA IUSWISSISSY 2ANIUSOD [BSIJUOIN ‘VDOJA ‘UOTIRUTUIEXH 93elS [BIUIA TUIIN ‘ASINIA ‘9[edS AJDIXUY UOIIWEH ‘VINVH ‘9[edS uoissaido@ uoliweH ‘ZI-QNVH ‘oeds swoydwAs
I0JOIN-UON ‘SSIAN {(£)1110A9S 9SI0M 27€ITPUI S2100S IAUSIY) 2[edS Suney 2Seasiq S,UOSUD[Ied PalTUN-AI2100S IOPIOSI( JUSWIAON PUE UOSUR[IE] [EUONRUINUI ‘SYAdN-SAN ‘A[oanoadsar
‘2100S QUI[OSE( Y} PUE ‘SIAIIEXE] JO SN UI[ISE( ‘9100S SISH SUI[OSE( ‘SINF dUI[aSk] “TOODVJ SUI[ISE( ‘DI00S IQUXIAA SUI[ISE( ‘Sa100S [IT SIAJN-SAIN SUI[9Sk] ‘UOTIRIND 3SBISIP ‘TN ‘Iopuad
‘a3e 103 3unsnfpe 103e ‘(sdnoid oqooerd pue onorqoid a3 Jo sadueyd oY UIMIDQ JOUIJIP UBIW 21} St pajrodal dIe eIep) [9POW UOISSAIZT TeIUI] PIZI[eIdUF Y3 03 SUIPIOdIY , IS
Jue1 uoxoo[Ip paired o) Suisn passasse a1om sdnoid oqaoerd pue onorqoid oY) Ul SY2om T JB PUE JUIISE] O} UM SIOUIPIC *(dS) UONBIAIP pIepue)s F ueaw se pajuasaid are ejeq

T00°0> Qm.ml dm.mlu 60°7— €90°'0 80°CF650— €SV F 0V 91 €TV +86'9T  T00°0> 66°€ F TLV— 91V + 79°CT G9'€ FCELT 11ed uonoejsies
T00°0> ﬁom.ml hmo.wlv 80°S— ¥0S'0 8EEFITO— 89°LF €L€C LE8FVRECT  TO0°0> s+ 68'V— GT'9+ LE8T 99°9 ¥+ 9T°€C SUIDUOI/SIALLIOM
800°0 QN.oI Jn.ﬂlv 66'0— 8200 V9T +8V0— Vv + Tl 8S'V +04CT  T00°0> EV'CF 81— L6'CF TL0T 08°¢€ ¥ 81°CT 110JWODSIP [BI00SOYIAS
100°0> (98'0— ‘9T'C—) IS'T— €€0°0 TV'IFIV0— ST'EFIV6 T0°EF €86  T00°0> 00T ¥ 88'T— 79T FS6'L ¥9'C ¥ £€8°6 110JWO0DSIP [eI1SAYd
T00°0> ﬁNm.wl rmm.wﬁlv CLTT— 0800 €99F6ST— GO'ST+ 9219 €G'GT F¥GE'€9  T00°0> ST'TITF00°€T— VY€1 + S9°6¥ 87°CT + S9°C9 9102S 101 TOOOVd
— — 06¥%°0 YC'T+70°0 16'C+86°'C 96'C +96'C S¥0°0 PS'T+LE0— e+ €TC ST+ 0S'¢C 20@3 1ad 5 SI9AIJEXE] JO 39S
T00°0> ﬁmn.ﬁ hmn.ov 9T'T 6910 LTTFLTO 90°C ¥ 88°C €6°'T+TLT T000> 08T +6CT 0T'C+66°¢ L8'T+0LC Qmu% 1ad 5 SINA
T00°0 ﬁmo.o hwﬁ.ov o €640 79°0 ¥ 20°0 06'0 ¥94°C COT+¥LCT T000> 08°0FC¥0 °0°'T ¥ 7¢°¢ T0'T +06°C 9109s SASd
T00°0> ﬁmo.ml Jm.mlu 84°C— 9080 T9°T + S0°0 06’V + 6771 YLeF vyt 100°0> 0€'C+ 99'C— v'v +88°0T SOV ¥ ¢S°€El 91008 IoUXoM\
— —  T¥vo TS LY F09°¢E €T°€0€ + 697999 TL0TE ¥+ 86°T19¢ 0110 99°¢y ¥ 94°8 T6°8ST ¥ 6EVIS TL'8YC + €9°S0S HMEV aadt
800°0 ﬁom.ol »wm.mlv 88'T— 6450 60°€ ¥ S€°0 6€°T1C + €V°€ET GO'TC+80°€C  T00°0> LTV + 89 T— 6T LT ¥ SV'6T T99T + €0°TC 6£-0dd
— — G€9°0 6STFE00— 09°€ F9L°¥C vSeEF+6LVC 00C0 98°'T¥6C0 G/L'CTF09°STC L8°C F 1€°S¢C VOO
— —  TvTo S6°0 F6T°0 LL'T ¥70°8C 86°'T ¥ €8°LC T¥ST0 260 F ST°0 T6°'T + GE€'8C 16T ¥ 0T°8¢C HSININ
T00°0> ﬁho.ol .ON.NIV 74740 T00°0 0S'T+€90— 9T L F8V'ET VS LFITVL T00°0> 9/.'CF¥70°C— GG S F SO'TT LV'S F99°€CT VINVH
T00°0> ﬁmo.ol hom.ﬂlv €CT— 18¥°0 I2°T+80°0 67'¢ F GE°L 08°S+£T°L T00°0> 80°CF 1€T— 1€V +08°S VY +FIT'L L1-AINVH
T00°0> Amn.ml th.mlu 0S9— L0000 V9 +9V'C— 8¥'€€ F01°CS GL'EEFI9SPS T00°0> €€'8 ¥ 79'8— V1T ¥ 09°LE T8'CC + T SSIAN
— —  0%0°0 GG EFOT'T OT°€C + ¥¥°€9 G8°CC F G€'C9  T6E0 LLSFTT0— 87°0C + 8C°'19 69°6T + 67°'T9 [8301 S4ddN-SAN
— — GET0 ST'T*FT1IT°0— 6S°CFO0ET T6'CFIVT vET'0 60°'T+0T0 LT'EF €0°C 6LC+ €8T Al S4ddN-SAN
— — 200°0 TLTCFVLT SOVI ¥ 1S°V€E ov'¥vT + LE°EE  POV'O L9°€F9F°0 1TCL ¥ 8C'¥¢ 8¢'CT ¥ 78°¢¢ III S9ddN-SAN
— —  6€70 8TTFLT0 69°S F LSV 6E'SFVVYL TTTO 6L TFSTO TS S FE/ET T19°G + 86°¢T II S9ddN-SaAn
200°0 ﬁhm.ol »No.ﬁlu 66°0— 1840 ¥P9TFIT0— S0'SF90°€T ST'SFLT'ET  T00°0> 98T+ CT'I— SOv+FVT'1IL Y0¥ +9C°Cl 1 S9ddN-SaAn
a ,109]J9 JUSUIBALL, am. J3ueyn sYoam 7T Jureseq A J3ueyn syoam 7T Jurjeseq

(€9 = u) dnoi3 oqaoeq

(59 = u) dnoig onorqoid

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()

ogade|d ay3 40 d1301qo4d BY3 JSYND POAIDRI OYM S|ENPIAIPUI Ul UOIUSAIDIUI }B3M-ZT dY) Ja)je pue aunaseq ayy je sajyoid jesiund g aiqel

"INd GY0€:2 9202/62 /7 U0 papeo|umoq ‘€20z AINC 2T U0 paus!idnd 91 Y Ss300V uadO

This journal is © The Royal Society of Chemistry 2023

6832 | Food Funct, 2023, 14, 6828-6839


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fo00728f

Open Access Article. Published on 12 July 2023. Downloaded on 4/29/2026 7:30:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Food & Function Paper
a b c
1
Kruskal-Wallis, p = 0.92 Kruskal-Walis, p = 0.98 1001 Kruskal-wallis, p = 1
- 3 3
3 600 K 2 098
E 'L‘ > 073 >
> 086 2 4, 074 2 75 08
2 —_— g — g —_—
2 052 5 084 5 095
- —2 S 094 5 084
B 400! g  — £ —
© £ ©
5 @ 3 50
=z 2 08 =
& 4 . &2
g 200 % ‘ N g
a a
o 5] * ! <]
25 i
0.4 . .
A_OW A_12W B_OW B_12w A_OW A_12W B_OW B_12wW A_OW A_12W B_OwW B_12w
d Unweighted Unifrac (Adonis test: p=0.399 R”2=0.013)
S
g
©
© 5
© s
&
<
3
O
o
=
T
o
B
T T
ot o
[
B_12W @ ~ow
. A12W
B_OW . B_OW
@ v
A_12W
A_ow

Fig. 2 Changes of global gut microbiota after intervention in each group. (a—c) a-Diversity based on OTU levels estimated by the Chaol, Simpson
and Shannon estimators, determined by the Kruskal-Wallis test. (d) Principal coordinate analysis (PCoA) score plots based on the unweighted

UniFrac distance. A: Probiotic group, B: placebo group.

group (p < 0.001). We then compared the changes in the rela-
tive abundance of the faecal microbiota between the probiotic
and placebo groups (the top 20 differences are shown in
Fig. 3c); among them, the order Veillonellales-Selenomonadales,
family Veillonellaceae and genus Lacticaseibacillus showed the
same trends in the probiotic group before and after the inter-
vention. After FDR correction, only the change in the relative
abundance of the genus Lacticaseibacillus was the most signifi-
cantly different (p < 0.001).

3.4. Influence of the intervention on faecal metabolomic
profiles

There were no significant shifts in the composition of faecal
metabolites among the 4 groups as assessed by PCA (Fig. 4a).
Comparing each metabolite, there was no difference in metab-
olites between the probiotic group and the placebo group at
the baseline. An analysis further stratified by the major metab-
olite categories showed that the relative abundance of amino
acid metabolites was significantly altered in the probiotic
group after 12 weeks of probiotic supplementation compared

This journal is © The Royal Society of Chemistry 2023

with that at the baseline (40.18% vs. 37.28%, p = 0.045)
(Fig. 4b). The changes in individual faecal metabolites from
the baseline to the end of intervention were noted (Table 3);
however, after FDR correction, none of the differences between
the metabolites were significant. We then compared the
changes of the metabolites between the probiotic and placebo
groups. Compared with the placebo group, the probiotic group
had significantly altered faecal concentrations of r-tyrosine
(change: —12.50 + 33.77 vs. —0.29 * 31.08 ng mg™ ", p = 0.020),
3,4-dihydroxyhydrocinnamic acid (change: —1.84 + 26.91 vs.
—4.52 + 31.81 ng mg™!, p = 0.044) and glyceric acid (change:
—0.22 £ 0.98 vs. 0.21 = 1.46 ng mg_l,p =0.045).

We then measured the concentration of plasma i-tyrosine
in fasting plasma samples. At the baseline, no differences
in plasma i-tyrosine levels were observed between the
groups. After treatment, the plasma r-tyrosine concentration
was substantially altered solely in the probiotic group (11.20
+ 3.08 ug mL™' vs. 17.02 + 8.97 ug mL™', p = 0.002)
(Fig. 5a). The change in the plasma concentration of
L-tyrosine in the probiotic group was higher than that in the

Food Funct., 2023, 14, 6828-6839 | 6833
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Fig. 3 Faecal microbiota with differences (top 20) after intervention in each group. (a) Changes of the relative abundance of individual taxa before
and after LcS intervention, determined by the paired Wilcoxon rank test. (b) Changes of the relative abundance of individual taxa before and after
placebo intervention, determined by the paired Wilcoxon rank test. (c) The changes in the relative abundance of individual taxa between the probio-
tic and placebo groups, determined by the Mann—Whitney U test. A: Probiotic group, B: placebo group.

placebo group (change: 5.81 + 8.27 vs. 1.90 * 7.67, p

0.016) (Fig. 5b). We specifically tested the correlation
between changes in faecal and plasma ti-tyrosine concen-
trations. The changes in the faecal concentrations of
L-tyrosine were found to be negatively associated with the
changes in the plasma concentrations of i-tyrosine (r =
—0.27, p = 0.037) in the probiotic group (Fig. 5c), but this
did not occur in the placebo group (r = —0.19, p = 0.169).

6834 | Food Funct,, 2023, 14, 6828-6839

4. Discussion

We performed this RCT to investigate the effect of relatively long-
term LcS intake on combined measures of gastrointestinal func-
tioning and metabolic health in PD patients with constipation.
Our study suggests that although LcS supplementation did not
induce major changes in the global gut microbiota composition,
the probiotic had favorable effects on the NMSs of PD patients.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fo00728f

Open Access Article. Published on 12 July 2023. Downloaded on 4/29/2026 7:30:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Food & Function

a

° ® A_OW
® A_12W
®B_OwW
[l ®B_12w

PCA2(8.06%)

0
PCA1(14.05%)

View Article Online

Paper

100

80

Pyridines
Phenylpropanoids
Phenylpropanoic acids
Organic acids

Indoles

Fatty acids
Carbohydrates
Benzenoids

Amino acids

60

40
EEEEEEEER

Relative Abundance(%)

o |
o

2\ N 2\ N
P‘/Q P‘/\'L %/Q g/\‘l

Fig. 4 Change of faecal metabolomics after intervention in each group. (a) Faecal metabolites as assessed by principal component analysis (PCA).
(b) Relative abundance of the metabolite categories among the groups. A: Probiotic group, B: placebo group.

Table 3 Faecal metabolites with differences after the intervention in
each group

Metabolites (ng mg™") Baseline 12 weeks )4
Probiotic group
L-Tyrosine 57.86 £30.61  45.36 +22.32  0.006
Oxoadipic acid 0.005 + 0.003  0.008 + 0.006  0.012
1-Methionine 81.83 £37.98  69.41 + 32.65 0.027
L-Tryptophan 12.24 £ 6.65 10.24 £ 5.36 0.028
Docosapentaenoic acid, 4.94 £9.80 2.70 £ 4.42 0.033
DPA
Oxoglutaric acid 6.15 £ 19.11 6.61 +11.21 0.038
4-Hydroxyphenylpyruvic acid ~ 5.14 + 4.64 6.87 £6.29 0.041
Phenylpyruvic acid 19.84 £ 20.23 29.19 +48.47  0.043
3,4-Dihydroxyhydrocinnamic ~ 3.76 + 25.81 1.92 +6.97 0.046
acid
Placebo group
Succinic acid 7.57 £30.43 5.67 +7.83 0.015
Pentadecanoic acid 32.87 £23.75  23.68 £22.26  0.029
Methylmalonic acid 15.63 £59.74  12.85+19.67  0.030
Oxalic acid 4.23 +3.95 4.52 £2.35 0.048

Constipation is one of the most frequent symptoms in PD
patients. The underlying causes for constipation in PD are
multifaceted. In addition to physical weakness, lifestyle risks
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75 1
p=0.002 P
g 1 i
g 50 . 2
[ £
e O~
<E . £
e . 230
4 2
I 2 . 5
. H
: 2
+ + 8
= :
o)
0 T T T T
AOW A12W  BOW B _12W R

p=0.016 04

such as reduced fluid intake may significantly promote the
emergence of constipation; moreover, side effects of anti-PD
medications could also worsen it.>* Dysbiosis of the gut micro-
biota has also been hypothesized to contribute to the onset
and clinical manifestation of constipation.>>>* The misman-
agement of constipation in PD patients leads to intestinal
occlusion, in addition to an impaired therapeutic effect of
levodopa. To reduce symptom burden and improve the quality
of life of PD patients, timely and effective treatment is essen-
tial. The potential use of probiotics as an alternative treatment
for constipation in PD patients has been established. LcS is
known to alleviate constipation in different populations. Daily
LeS consumption has also been demonstrated to prevent
adverse drug-associated gastrointestinal events.>* Our findings
are in line with those of previous studies,'® which indicate that
12 weeks of single-strain LcS probiotic intake is an effective
and safe method to alleviate constipation symptoms in PD
patients. Moreover, our study is the first to demonstrate that
LcS supplementation could also improve constipation-related
symptoms, reduce symptom burden and improve the quality
of life of PD patients as assessed by the PACQoL and PDQ-39
scores.

R=-0.27, p=0.037
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Fig. 5 Effects of LcS supplementation on the concentration of plasma L-tyrosine. (a) The concentration of plasma L-tyrosine among the groups,
determined by the paired Wilcoxon rank test or Mann—Whitney U test. (b) The changes in the plasma concentration of L-tyrosine between the pro-
biotic and placebo groups, determined by the Mann—Whitney U test. (c) The correlation between changes in the faecal and plasma L-tyrosine con-
centrations in the probiotic group, determined by Spearman’s rank-correlation analysis. A: Probiotic group, B: placebo group.
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Anxiety and depression are common non-motor symptoms
in PD patients, with a potential negative impact on motor dis-
ability and quality of life.”> The mechanism of mood disturb-
ance in PD patients is not clear, and the current hypothesis
includes changes in neurotransmitters (such as serotonin
(5-HT), dopamine (DA), noradrenaline (NE), and acetylcholine)
and lesions of the front-subcortical circuits.”® Emotional
alterations could influence motor skills, and moreover, they
contribute significantly and independently to worsening of
rehabilitative treatment responses and great functional impair-
ments.>” From our results, we found that adjuvant LcS treat-
ment conferred added clinical effects on improving depression of
PD patients. There was improvement in anxiety both in probiotic
and placebo groups. However, a larger magnitude of improvement
was observed in the probiotic group than the placebo group. The
probiotic LeS has been shown to have positive psychological
effects by improving mood disturbances in elderly individuals®®
and reducing anxiety symptoms in patients with chronic fatigue
syndrome.*® An RCT study also found that daily consumption of
LcS for 9 weeks appeared to improve the potentially depressive
symptoms and significantly decreased the IL-6 levels and regu-
lated the intestinal microbiota associated with mental illness.*
Additionally, ingestion of LcS suppressed stress-induced increases
in glucocorticoids and anxiety- and depression-related behaviors
in human and animal models. These actions might be mediated
by a direct neural communication between the gut-brain axis
through stimulation of the gastric branch of the vagal afferent sig-
naling to the brain and reduced stress reactivity in the paraventric-
ular nucleus.® However, limited studies have explored the use of
probiotics for mental health diseases in PD patients. From our
results, we demonstrated the beneficial effects of LcS probiotics
in alleviating depression and anxiety in PD patients. One study
found that 12 weeks of mixed probiotic consumption by individ-
uals with PD had useful impacts on MDS-UPDRS scores.*
However, this study only assessed the UPDRS total score and did
not evaluate motor or non-motor symptoms. We supposed the
improvement in UPDRS total scores by probiotics in this study
might mainly be due to the improvement in non-motor symp-
toms. Zhang et al. found that Probio-M8 intervention significantly
reduced the UPDRS-III scores versus the baseline, while the scores
also decreased in the placebo group after 3 months of interven-
tion.>® With respect to safety, the 12-week LcS intervention did
not induce any obvious side effects. There was no difference with
respect to adverse events between the probiotic and placebo
groups, suggesting that LcS probiotic treatment is safe for PD
patients. Another concern is whether the efficacy of probiotic
treatment is influenced by antibiotics or dopaminergic treat-
ments. However, there was no difference in the LEDD between
the two experimental groups, and there was no antibiotic use
during the experiment and no mindful changes in anti-PD medi-
cations before or after the experiment. Moreover, we found that
people in the probiotic group slightly decreased their use of
laxatives.

Our study provided data on the effectiveness of LcS sup-
plementation, which exerted positive effects on mood and gas-
trointestinal symptoms in PD patients. However, information
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on how probiotics contribute to homeostasis or improve symp-
toms is still lacking, and the mechanisms whereby the treat-
ment works in PD patients remain unclear. Growing evidence
indicates that alterations in the gut microbiota and faecal
metabolites may contribute to constipation and its related
symptoms.>”** In our study, we used an integrative multi-
omics analysis to investigate the gut microbiota and its metab-
olites in PD patients after LcS treatment. We found that daily
ingestion of LcS did not result in a higher diversity and stabi-
lity of the microbiota composition. However, the probiotic led
to a significant increase in the relative abundance of
Lacticaseibacillus between the baseline and after the interven-
tion. Moreover, after FDR correction, Lacticaseibacillus was the
only microbiota responsible for the difference between the two
groups, which was not surprising since it was the administered
LcS probiotic. In previous studies, it has also been suggested
that the administration of LcS probably affects the gut micro-
biota composition indirectly, since LcS ingestion influenced
the abundances of other strains, rather than solely increasing
LcS concentrations. The long-term ingestion of LcS has been
reported to increase the population levels of indigenous
Bifidobacteria as well as the levels of the faecal organic acid
concentration.’®*® Additionally, several different mechanisms
explaining the effects of probiotics have been described, such
as immune modulation, the production of lactic acid (conse-
quently reducing the local pH), and the competitive adhesion
or displacement of pathogenic bacteria.*>*° LcS could amelio-
rate depression-like behaviours in rats through the upregula-
tion of expression levels of monoamines 5-HT, DA and NE and
the activation of BDNF-TrkB signalling.*>** In our study, we ana-
lysed a total of 111 faecal metabolites, and we found no signifi-
cant shifts in the composition of faecal metabolites among the
groups, especially short chain fatty acids (SCFAs) or other metab-
olites implicated in PD. However, we found that LcS could
decrease the faecal concentration of r-tyrosine. We supposed that
LcS supplementation may improve the impaired digestion and
absorption of r-tyrosine in the upper digestive tract of PD
patients. Indeed, we found that LeS increased the plasma concen-
tration of t-tyrosine and that the change in plasma r-tyrosine was
negatively associated with its concentration in faeces. L-Tyrosine
is the biochemical precursor of catecholamines, such as DA and
NE. It has been demonstrated that gut bacteria are able to
increase luminal DA bioavailability through enzymes such as
B-glucuronidase and tyrosine decarboxylase.”>** DA is syn-
thesized from rt-tyrosine via 1-3,4-dihydroxyphenylalanine
(1-DOPA) by tyrosine hydroxylase (TH) and aromatic r-amino acid
decarboxylase (AADC).** 1-Tyrosine may have the potential to
enhance a variety of DA- and NE-related functions in the brain,
thus ameliorating mental illness and improving the quality of life
in PD patients. While the exact role of r-tyrosine in the contri-
bution of LcS to PD symptom improvement still needs further
study. Meanwhile, another RCT found the probiotic Probio-M8
could increase the serum level of DA in PD patients,* which is
similar to our results. However, it is known that only .-DOPA (but
not DA) could pass through the blood-brain barrier and alleviate
PD-related symptoms.

This journal is © The Royal Society of Chemistry 2023
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There are some limitations in this study. First, the number
of patients who could not complete the intervention was
different between the groups (2 in the probiotic group and 15
in the placebo group). For 11 patients in the placebo group,
the intervention was terminated at week 10 due to a delay in
the placebo supply. The intention-to-treat analysis was per-
formed by incorporating the data of these 11 patients at week
10 as those at week 12. Another aspect that could also be con-
sidered a limitation was the fact that faecal sampling was
carried out only at the baseline and at the end of the trial. A
more complete picture of changes in the gut microbiota would
have been possible with more frequent sampling. Shotgun
metagenome analysis, which can provide more detailed infor-
mation about the microbiota, especially in the deeper analysis
of species, could provide more information about the changes
in the gut microbiota composition. Diet might have a greater
influence on gut microbiota. In line with this, we should
acknowledge the limitation that we did not assess the differ-
ences in dietary structure levels between the two groups. The
strength of this study was the thorough phenotypical charac-
terization of participants regarding the subjective and quanti-
tative assessment of gastrointestinal parameters, as well as the
controlled randomized design with a relatively long interven-
tion period. In contrast to previous studies, we applied 16S
rRNA amplicon profiling and quantitatively targeted bacterial
metabolomics, which allowed us to understand both the gut
microbiota response and bacterial metabolites to gain more
information about the host-gut microbiota metabolic inter-
actions in response to LcS.

5. Conclusion

Our study demonstrated that although LecS supplementation
did not induce major changes in the global gut microbiome,
daily LcS intake had favourable effects on the NMSs and
specific gastrointestinal symptoms in PD patients.
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