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Lacticaseibacillus paracasei 207-27 alters the
microbiota—gut—brain axis to improve wearable
device-measured sleep duration in healthy adults:
a randomized, double-blind, placebo-controlled
trialt
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Objective: Probiotics have been reported to exert beneficial effects on sleep through the gut—brain axis.

Therefore, this randomized, double-blind, placebo-controlled trial assessed the effects of
Lacticaseibacillus paracasei 207-27 supplementation on sleep quality and its safety and potential mecha-
nisms. Method and study design: Healthy adults under mild stress aged 18-35 years consumed low or
high doses of L. paracasei 207-27 or a placebo for 28 days. Fecal samples, blood samples, and question-
naires were collected at the baseline and the end of the intervention. Sleep quality was measured using
wearable devices and Pittsburgh sleep quality index (PSQI) questionnaire. Serum inflammatory markers,
corticotropin-releasing hormone, adrenocorticotropic hormone (ACTH), cortisol (COR), y-aminobutyric
acid, and 5-hydroxytryptamine levels were detected using enzyme-linked immunosorbent assay. The gut
microbiota was analyzed using 16S rRNA sequencing and bioinformatics. Short-chain fatty acids levels
were detected using gas chromatography—mass spectrometry. Results: Both the low-dose and high-dose
groups exhibited significant improvements in wearable device- measured sleep duration compared to the
placebo group. The global scores of PSQIl in three groups significantly decreased after intervention
without statistical difference between groups. At the phylum level, the low-dose group exhibited a higher
relative abundance of Bacteroidota and a lower Firmicutes-to-Bacteroidetes (F/B) ratio. At the genus
level, two treatment groups had higher relative abundance of Bacteroides and Megamonas, alongside
lower levels of Escherichia-Shigella. Furthermore, the low-dose group exhibited significant increases in
acetic acid, propionic acid, butyric acid, and valeric acid levels, while two treatment groups exhibited a
significant decrease in COR levels. Correlation analysis revealed that the increased levels of acetic acid
and butyric acid in the low-dose group may be associated with decreased ACTH. Conclusion: L. paracasei
207-27 administration in healthy adults resulted in improvements in gut microbiota community and sleep
duration. The mechanisms might involve modulation of the gut microbiota structure to regulate the func-
tion of the gut—brain axis, including increases in SCFA levels and decreases in hypothalamic—pituitary—
adrenal axis activity. The Chinese clinical trial registry number is ChiCTR2300069453 (https://www.chictr.

org.cn/showproj.html?proj=191193, registered 16 May 2023 - retrospectively registered).
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The human digestive tract contains trillions of extremely
diverse microorganisms." The gut microbiota serves as part of
the intestinal barrier, and it can modulate the brain.> The
microbiota-gut-brain axis consists of the gut microbiota,
metabolites, the enteric nervous system, the sympathetic and
parasympathetic branches of the autonomic nervous system,
the neural-immune system, the neuroendocrine system, and
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the central nervous system.>* There are five communication
pathways between the gut microbiota and the brain, including
the gut-brain neural network, the hypothalamic-pituitary—
adrenal (HPA) axis, the gut immune system, some neurotrans-
mitters synthesized by the gut microbiota, and barrier path-
ways including the intestinal mucosal barrier and blood-brain
barrier.”® Sleep is widely acknowledged as a fundamental
physiological process intricately regulated by complex neuro-
biological mechanisms. Recent scientific investigations have
shed light on the potential role of the gut microbiota as a key
modulator of the intricate regulatory pathways underlying
sleep.”’®

The World Health Organization defines probiotics as “live
microorganisms that confer a health benefit on the host when
administered in adequate quantities”.’ Probiotics have gained
increasing attention for their ability to modulate brain health
via the microbiota—gut-brain axis.'®" Indeed, probiotic
strains can regulate the gut microbiota and HPA axis hor-
mones in humans, both of which are associated with sleep dis-
orders."” Numerous investigations have demonstrated that
Lactobacillus species can improve sleep quality by influencing
the gut-brain axis.'®'* However, data regarding the sleep-
improving effect of Lacticaseibacillus paracasei are insufficient
and heterogeneous because of the lack of microbiome analyses
and the limited sample size and strain-specific effects of
probiotics.

L. paracasei 207-27 was originally isolated from healthy
infant feces in China and it is now deposited at the
Guangdong Microbial Culture Collection Center (GDMCC)
under the Budapest Treaty, with deposit code GDMCC 60960.
L. paracasei 207-27 is also named Lacticaseibacillus paracasei
LPB27 in its commercialized product. In our previous in vitro
and in vivo studies, we found that L. paracasei 207-27 has good
probiotic properties, and it has been considered a candidate
probiotic strain. Furthermore, L. paracasei 207-27 can modu-
late gut microbiota composition and the levels of its metab-
olites short-chain fatty acids (SCFAs), and it exhibited an anti-
allergy effect in OVA-induced allergic mice.’>"” However, the
safety and efficacy of L. paracasei 207-27 in humans remain
unstudied. To determine the safety of L. paracasei 207-27 in
humans and its effects on the physiological activities of the
gut-brain axis such as sleep, we conducted a randomized,
double-blind, placebo-controlled trial. In addition, we aimed
to elucidate the potential mechanisms of the effects of
L. paracasei 207-27 by identifying the alterations and associ-
ations among gut microbiota, metabolites, and relevant
hormones.

Materials and methods
Study design

We conducted a randomized, double-blind, placebo-controlled
trial examining the effects of L. paracasei 207-27 consumption
on sleep quality in adults under mild stress aged 18-35. Study
researchers who were not involved in the intervention process
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generated a random sequence using Excel, and the random
numbers were stratified by sex with a 1: 3 allocation. The allo-
cation sequence was concealed from the researchers, and
details of the allocated groups were given on number code con-
taining the sequential numbers prepared by the product provi-
ders. All participants and researchers were blinded to study
allocation throughout the entire study. The study was
unblinded after all statistical analyses were completed.
Subjects were randomly distributed into three groups (n = 40
per group): placebo group, low-dose L. paracasei group (1 x
10"° colony-forming units [CFU]) and high-dose L. paracasei
group (5 x 10'° CFU) group.

The study consisted of an intervention and a post-obser-
vation, as presented in Fig. 1. Participants were asked to wear a
wearable device (Huawei B6, Huawei, Guangdong, China) and
make no changes to their exercise and eating habits during the
study. Participants consumed one sachet of the study product
per day after having lunch for 28 consecutive days. The wear-
able device data, blood samples, fecal samples, and subjects’
questionnaires were collected on days 0 and 28.

Sample size calculation

The sample size was determined using the superiority design
method (the sample size was calculated when the outcome
measure was a continuous variable).'® We estimated the
sample size based on the total PSQI scores of differences after
probiotic treatment in published papers (pre: 11.6 + 3.1, post:
7.75 + 3.6, P = 0.0007)."® The minimal required sample size
was calculated as 96 subjects (n = 32 per group) using the two-
sample, continuous outcome, two-tailed, independent t-test
approach with a significance level of 5% and power of 90%.
Considering a withdrawal rate of 20%, we planned to enroll
120 subjects (n = 40 per group).

Subjects

The test subjects were 120 healthy participants (30 men and
90 women). Participants were excluded if they had any known
disease or were taking medicine for them, including metabolic
arthritis, heart/cardiopulmonary disease, diabetes, hyperten-
sion, and constipation. All participants were prohibited from
taking probiotics, prebiotics, fermented products (yogurt or
foods), antibiotics, and anti-inflammatory medications to

Baseline

Phase period

3d 28d 7d
Duration

A A
Dayof -3 0 28 35
Physical examination Physical examination

Activity Questionnaire Questionnaire

Fecal collection
Blood collection

Fecal collection
Blood collection

Fig. 1 Study design.
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avoid unnecessary interference during the experimental
period.

Study products

L. paracasei 207-27, a human-derived Lactobacillus strain, was
cultivated and produced by BY-HEALTH (Guangdong, China).
The product of this study consisted of 1 x 10'° or 5 x 10'° CFU
of L. paracasei 207-27, and the content was standardized using
maltodextrin in sachet packing. The placebo powder contained
maltodextrin similarly as the L. paracasei 207-27 powder
without the addition of the probiotic. Study products could
not be distinguished by package, color, taste, and smell to
maintain treatment allocation concealment from participants
and study staff. To take the product, participants mixed one
sachet with cold water.

Data and sample collection

Questionnaire. The questionnaires included questions
regarding Pittsburgh sleep quality index (PSQI), dietary habits,
physical activity,>® product intake (only during the intervention
period), the frequency of bowel movements, fecal quality (con-
sistency and color),>"*> any medications received, and any
symptom of discomfort, such as diarrhea, constipation, vomit-
ing, gas, and sensations of illness.

Participants recorded a food diary for 2 days (one workday
and one weekend day) each week using the Huawei health
application, which automatically accessed energy and macro-
nutrient consumption. The wearable device was used daily to
track physical activity. Participants were required to uploaded
a week-period energy intake, and energy consumption data to
the investigator before the beginning and the end of the
intervention.

Physical examination. Anthropometric measurements were
performed using standardized examination procedures and
calibrated equipment on days 0 and 28. All patients fasted for
8 h prior to the examination. Body weight and body fat rate
were detected using InBody H20N (Biospace Coltd, Seoul,
South Korea). Participants were weighed while wearing light-
weight clothing and no shoes. Waist circumference was
measured at the midpoint between the lowest margin of the
last rib and the top of the iliac crest. Hip circumference was
measured around the widest portion of the buttocks. Systolic
and diastolic blood pressure was measured twice after 2-5 min
of rest in the seated position using an automatic sphygmo-
manometer (YE-680B1; Yuwell, Jiangsu, China), and the
measurements were separated by a 1 min interval.

Feces collection. The materials and instructions for fecal
sample collection were provided to the subjects prior to the
time of fecal collection. The subjects were required to immedi-
ately obtain a sample by scraping the feces with the scooper
and capping the tube tightly. Each fecal sample was collected
into a sterile tube using a scoop built inside the lid by the sub-
jects at home, and the sample was immediately transported to
the laboratory in a cold storage container (—80 °C) by the
researchers.
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Blood collection. Venous blood samples were obtained after
8 h of fasting. Blood lipid profiles, serum biochemistry, and
complete blood counts were determined in the West China
Medical Detection Institute of Sichuan University.
Additionally, other blood samples were stored at 4 °C and cen-
trifuged for 15 min at 1000g (or 3000 rpm) at 2-8 °C within
30 min. Then, the serum was transferred into pyrogen-free
tubes using pyrogen-free pipette tips and stored at —80 °C
until further analysis.

Outcome assessments

Sleep quality. Sleep records, electroencephalography (EEG),
polysomnography (PSG), and wearable devices are all available
for measuring sleep. EEG and PSG remain the gold standard
for accurately reflecting sleep patterns. However, they necessi-
tate overnight stays in sleep laboratories, which limits their
practical usage.”® Except PSQI questionnaire, the present study
further adopted an innovative approach to assist PSQI by utiliz-
ing wearable devices to collect accurate and quantitative data
on objective sleep attributes. Wearable devices have immense
potential in health monitoring, particularly for tracking sleep
patterns.>*

In Deng’s investigation, the Huawei smartwatch was
employed to assess the sleep quality of the subjects.*® Xie’s
study performed a comparative examination of several promi-
nent smartwatch models, and the outcomes demonstrated the
commendable precision of the Huawei smartwatch in quantify-
ing sleep duration.>® Moreover, the results reported by Liang®”
provided additional substantiation regarding the accuracy of
the Huawei smartwatch in measuring sleep parameters.

Therefore, the Huawei band 6 was utilized as a non-invasive
monitoring tool to obtain objective measurements of sleep
attributes, including several key parameters such as the dur-
ations of sleep, deep sleep, and rapid eye movement and the
number of awakenings. The Huawei band 6 extracted the
normal sinus rhythm intervals and respiratory signals from
the heart rate signal. It analyzed the coherence and cross-spec-
tral power of these signals using Hilbert-Huang transform
(HHT) technology. This process generated a cardiopulmonary
coupling (CPC) dynamic spectrum during sleep, which accu-
rately reflected various sleep stages: deep sleep, light sleep,
rapid eye movement sleep, and wakefulness.?® The application
of this technology in wearable devices enables more con-
venient, accurate and continuous monitoring of sleep, leading
to its increasingly widespread adoption.?™*!

Using a wearable device, we collected precise and quantitat-
ive sleep data. This objective approach enhanced the accuracy
and reliability of our findings, contributing to a more compre-
hensive understanding of sleep patterns and their potential
implications.

After enrollment, all subjects were provided with the
Huawei band 6 and instructed to wear it continuously to
monitor their sleep from enrollment onwards. The average
data collected during the one-week period between enrollment
and the start of the intervention was defined as baseline data.
Similarly, the average data collected during the week preceding
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the end of the intervention was defined as outcome data. The
sleep duration denoted the total amount of time an individual
spent asleep, providing an objective measure of sleep quantity.
The number of awakenings indicated the frequency of tran-
sitions from sleep to wakefulness throughout the sleep period,
reflecting sleep fragmentation and disturbances.

Serum biochemical markers. Safety parameters including
blood lipid profiles, blood glucose levels, serum biochemistry
parameters, and complete blood count variables were deter-
mined in the West China Medical Detection Institute of
Sichuan University.

Serum inflammatory factors. Inflammatory markers, includ-
ing TNF-a, IL-1p, and IL-6, were measured using Luminex 200
according to the manufacturer’s instructions (R&D Systems
China, Shanghai, China). Cytokine levels were estimated using
a four-parameter polynomial curve (LINCOplex3.5.5.0).

Serum hormones and neurotransmitters. Serum hormone
and neurotransmitter levels were measured using enzyme-
linked immunosorbent assay (ELISA). ELISA kits for cortico-
tropin-releasing ~ hormone  (CRH), adrenocorticotropic
hormone (ACTH), and 5-hydroxytryptamine (5-HT) were
obtained from Elabscience Biotechnology Co. Ltd (Wuhan,
China). The ELISA kit for cortisol (COR) was obtained from
R&D Systems China. The ELISA kit for y-aminobutyric acid
(GABA) was purchased from CLOUD-CLONE Corp (Wuhan,
China).

16S rRNA gene sequencing and bioinformatics analysis.
Total bacterial DNA was extracted from stool samples using a
TIANamp Stool DNA Kit (Tiangen Biotech Co., Ltd, Beijing,
China) according to the manufacturer’s instructions. We used
specific primers to amplify the 16S rRNA genes of V3-V4
(forward primer: 338F ACTCCTACGGGAGGCAGCAG, reverse
primer: 806R  GGACTACHVGGGTWTCTAAT). For PCR
(Polymerase chain reaction), the 25 pL reaction mixture con-
sisted of 12.5 pL of Phusion Hot Start Flex 2x Master Mix,
1 pmol L' of the forward and reverse primers, approximately
50 ng of template DNA, and double-distilled water. The cycling
conditions were 98 °C for 1 min followed by 30 cycles of dena-
turation at 98 °C for 10 s, annealing at 50 °C for 30 s, and
elongation at 72 °C for 30 s. A DNA PCR-Free Sample
Preparation Kit (Illumina. Inc., USA) was used to generate
sequencing libraries. A Qubit@ 2.0 Fluorometer (Thermo
Scientific. Co., Ltd, USA) was used to assess the quality of the
libraries.

The subsequent data analysis involved a series of rigorous
procedures. Initially, the raw sequencing data were demulti-
plexed according to the barcode sequences and PCR primer
sequences, and subsequently, the barcode and primer
sequences were trimmed. FLASH software (version 1.2.11)*?
was then utilized to merge the reads, resulting in the gene-
ration of raw tags. Then, fastp software (version 0.20.0) was
employed for quality control to obtain a collection of high-
quality clean tags. Subsequently, the clean tags were aligned
against a reference database using Vsearch (version 2.9.0) to
identify and remove chimeric sequences,* thereby yielding a
set of effective tags representing the valid data. For the
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obtained effective tags, the DADA2 module within QIIME2
software (Qiime2-202006) was employed for denoising
accompanied by the removal of sequences with an abundance
smaller than five. Consequently, the amplicon sequence var-
iants (ASVs) and a corresponding feature table were generated.
Furthermore, the classify-sklearn module within QIIME2 was
utilized to assign species information to each ASV by perform-
ing a comparative analysis against a reference database.
Furthermore, SVG software (version Perl-5.18.2) was employed
to generate a heatmap representing the relative abundance dis-
tribution of the species. Alpha diversity indices, including the
Chaol, observed_asvs, Shannon, and Simpson indices, were
calculated using QIIME2 based on the simplified ASV table.
QIIME2 was employed to compute Unifrac distances, and R
software (version 2.15.3) was utilized to generate a principal
coordinate analysis (PCoA) plot.

SCFAs. Feces (100 mg) were collected into an Eppendorf
tube, and 100 pL of 15% phosphoric acid, 20 pL of 375 pg
mL™" 4-methylvaleric acid solution, and 280 uL of ether were
added to fix the content. Finally, the mixture was centrifuged
at 12000 rpm and 4 °C for 10 min after vortexing for 1 min,
and the supernatant was transferred into the vial prior to
GC-MS analysis (Agilent 7890A).%*

Statistical analysis. All blood indicators and SCFAs data were
presented and analyzed based on changes before and after the
intervention. Additionally, demographic characteristics and
gut microbiota data on day 0 and day 28 were also included for
comparison.

The categorical variables were presented as absolute
numbers and percentages, while continuous variables were
expressed as the mean + standard deviation. Multiple compari-
sons among the three groups were conducted using one-way
analysis of variance or the Kruskal-Wallis H-test, with P values
adjusted using the Benjamin-Krieger-Yekutieli method for
pairwise comparisons. This adjustment method was also
applied to P values in the comparison of multiple taxa in the
gut microbiota analysis.

Self-comparison within the groups were conducted using
the paired T-test or the Wilcoxon signed-rank test. Spearman
correlation analysis was utlized to assess associations between
variables.

All statistical analyses were performed using Prism 9.0
(GraphPad, San Diego, CA, USA), and a two-tailed adjusted
Pvalue of less than 0.05 was considered statistically
significant.

Results
Participant flow and demographics

As presented in Fig. 2, 120 participants were enrolled in the
study, and 104 individuals completed the study (completion
rate, 86.67%). No clinically relevant adverse events were
reported during the intervention. In all analyses, we included
data from participants who completed the intervention. The
demographic and clinical characteristics of the participants at
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The number of analysis
(n=104)

Fig. 2 Consort flow diagram.

baseline and the end of the intervention are summarized in
Table 1. The male-to-female ratio did not significantly differ
among the groups. The mean ages were 25.02, 25.17, and
24.78 years in the placebo, low-dose, and high-dose groups,
respectively, and no significant difference was detected. At
baseline and the end of the intervention, no significant differ-
ences were observed among the groups in terms of weight,
body fat, waistline, hipline, blood pressure, calorie intake,
carbohydrates intake, protein intake, fat intake, and energy
consumption during exercise. In addition, no significant
difference was observed in these variables in the three groups
between baseline and the end of the intervention. Therefore,
we confirmed that randomization was successful.

Data expressed as mean + standard deviations. Pp,gejine Were
analyzed among three groups at baseline, P; weeks Were ana-
lyzed among three groups at the end of intervention.

Safety assessment

Over the entire course of the study, no participant exhibited
any untoward gastrointestinal symptoms, such as diarrhea,
constipation, vomiting, and regurgitation. Moreover, there
were no reported instances of subjective illness perceptions or
any form of discomfort. Furthermore, blood lipid profiles,
blood glucose levels, serum biochemistry parameters, and
complete blood counts were evaluated at baseline and after
the intervention to assess any potential changes. The statistical
analysis revealed no significant differences in these indices
among the three experimental groups (ESI Tables 1 and 27).
The lack of significant differences suggests that the interven-
tion did not significantly affect physiological markers among
the study participants.

Changes in sleep quality following the probiotic intervention

Significant differences were observed in sleep duration among
the three groups. Sleep duration was significantly increased in

10736 | Food Funct, 2024,15,10732-10745

the low-dose and high-dose groups compared to that in the
placebo group (Fig. 3A). Specifically, the mean sleep duration
was increased by 1.07 h in the low-dose group and 1.04 h in
the high-dose group. However, there were no statistically sig-
nificant differences observed in the number of awakenings
among the three groups (Fig. 3B). Furthermore, although the
changes before and after intervention were used for statistical
analysis, the original results of pre - and post-intervention
comparisons between groups were also accurately presented
(ESI Fig. 1t). The PSQI results showed that scores of sleep dur-
ation, sleep disturbances in the low-dose group, and global
scores in three groups significantly decreased after interven-
tion. However, no significant differences were found in the
changes of scores of seven “component” scores and global
score between three groups (ESI Table 37).

Changes in serum HPA axis hormone levels following the
probiotic intervention

The HPA axis, a fundamental component of the gut-brain axis,
plays a pivotal role in orchestrating the primary biological
response to stressful stimuli. In this study, we quantified the
levels of CRH, ACTH and COR to assess the activity of the HPA
axis. Significant differences were observed in the changes of
CRH levels among the low-dose, high-dose, and placebo
groups (Fig. 4A). CRH levels slightly increased in the high-dose
group, whereas they decreased in the low-dose and placebo
groups. Furthermore, ACTH levels were significantly lower in
the low-dose group than in the placebo group (Fig. 4B). In
addition, COR levels decreased in the low-dose and high-dose
groups but increased in the placebo group (Fig. 4C).

Changes in serum neurotransmitter levels following the
probiotic intervention

The changes in 5-HT and GABA levels during the intervention
did not differ among the three groups (Fig. 5A and B).

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 The changes of sleep duration (A) and awakening times (B) were
compared among three groups. **adjusted P < 0.01.

Gut microbiota composition

The relative abundance of specific bacterial strains at both the
phylum and genus levels on day 0 and 28 is presented in
Fig. 6A and B, as well as in ESI Tables 4 and 5.}

At the phylum level, the low-dose group exhibited a signifi-
cantly higher relative abundance of Bacteroidota than the
placebo group (Fig. 6C), whereas the Firmicutes-to-Bacteroidetes
(F/B) ratio was significantly lower in the low-dose group than
in the placebo group (Fig. 6D).

At the genus level, the relative abundance of Blautia was sig-
nificantly lower in the low-dose group than in the placebo
group (Fig. 6E). Moreover, the relative abundances of
Escherichia-Shigella and Megamonas were significantly higher
in both the low-dose and high-dose groups than in the placebo
group (Fig. 6F and G), whereas Bacteroides was significantly
lower (Fig. 6H).

We further analyzed the changes of relative abundance of
gut microbiota among groups. Change of relative abundance of
Blautia in the low-dose group (—2.951% + 3.821%) was signifi-
cantly lower than in the placebo group (1.610% + 5.297%). The
relative abundance of Lactobacillus was increased in the low-dose
(0.166% = 0.784%) and high-dose groups (0.136% + 0.317%),
while decreased in the placebo group (—0.886% + 1.659%) after
intervention. Compared with the placebo group, changes of rela-
tive abundance of Lactobacillus in the low-dose and high-dose
groups were statistically significant. The relative abundance of
Clostridia_UCG_014 decreased in the high-dose groups (—0.110%
+ 3.246%), while increased in the placebo (2.146% =+ 5.284%) and
low-dose groups (0.474% =+ 1.444%). The difference between the
placebo and high-dose groups was statistically significant. No sig-
nificant changes were observed in Enterococcus, Enterobacter, etc.

Regarding alpha diversity indices of gut microbiota, no sig-
nificant differences were observed among the groups (ESI
Fig. 21). Similarly, based on the unweighted Unifrac distance,
the PCoA plot revealed that the gut microbiota composition
did not exhibit significant dispersion among the groups at the
end of the intervention (ESI Fig. 37).

SCFAs

SCFAs play a crucial role in the bidirectional communication
of the gut-brain axis, both directly and indirectly. In this

Food Funct., 2024,15,10732-10745 | 10737


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo01684j

Open Access Article. Published on 10 October 2024. Downloaded on 12/15/2025 8:22:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Food & Function

CRH ACTH COR
3k
50 [# 1.0 30 *
sk
0.5 20
0_
0.0 10
-50] 0.5 0
-1.0 -10
100
-1.5- 20
-150 I T T 2.0 I T I -30 T T T
PL LD HD PL LD HD PL LD HD

Fig. 4 The changes of serum levels of CRH (A), ACTH (B) and COR (C) were compared among three groups. *adjusted P < 0.05, **adjusted P < 0.01,
***adjusted P < 0.001.

A S-HT B GABA study, we quantified the levels of acetic acid, propionic acid,

07 307 butyric acid, isobutyric acid, valeric acid, and isovaleric acid in
20 fecal samples obtained from 104 subjects.

-100 Significant differences were observed in the changes of

104 acetic acid, propionic acid, butyric acid, and valeric acid levels

200- among the groups. Specifically, the low-dose group exhibited

01 significant increases in the levels of acetic acid, propionic

acid, butyric acid, and valeric acid (Fig. 7A-C and E). However,
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butyric acid and isovaleric acid levels among the three groups
Fig. 5 The changes of serum levels of 5-HT (A) and GABA (B) were (Fig. 7D and F).
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Fig. 6 Top 30 species according to relative abundance at the phylum and genus levels among the three sets of feces samples (A and B). The relative
abundance of Bacteroidota (C), the ratio of Firmicutes/Bacteroidota (F/B) (D), Blautia (E), Megamonas (F), Bacteroides (G), and Escherichia-Shigella
(H) were compared among three groups at the end of intervention. *adjusted P < 0.05, **adjusted P < 0.01, ***adjusted P < 0.001.
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Fig. 7 The changes of the levels of acetic acid (A), propionic acid (B), butyric acid (C), isobutyric acid (D), valeric acid (E), and isovaleric acid (F) were
compared among three groups. *adjusted P < 0.05; **adjusted P < 0.01, ***adjusted P < 0.001.

Associations among the gut microbiota, sleep quality, and At the phylum level, no significant correlations were found

metabolites between gut microbiota and other parameters after adjusting P

To investigate the potential correlations among sleep quality, values (Fig. 8A-C).

HPA axis hormones, SCFAs, and gut microbiota, Spearman At the genus level, the relative abundance of Escherichia-

correlation analysis was performed. Shigella was positively correlated with changes in valeric acid
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levels (r = 0.619, P < 0.05) in the placebo group (Fig. 8D).
Regarding HPA axis hormones, changes in COR levels were
negatively correlated with the abundance of Escherichia-
Shigella (r = 0.—0.569, P < 0.05) in the low-dose group (Fig. 8E).
Changes in ACTH levels were positively correlated with the
abundance of Blautia (r = 0.667, P < 0.05) in the high-dose
group (Fig. 8F)

Associations among SCFAs, sleep quality, serum hormones,
and neurotransmitters

In the placebo group, there were no significant correlations
observed among sleep quality, HPA axis hormones, neuro-
transmitters, and SCFAs (Fig. 9A).

In the low-dose group, changes in ACTH levels were nega-
tively correlated with acetic acid (r = —0.562, P < 0.05) and
butyric acid (r = —0.491, P < 0.05) levels (Fig. 9B).

In the high-dose group, elevated levels of isobutyric acid
and isovaleric acid were positively correlated with GABA (r
0.502, P < 0.05; r = 0.476, P < 0.05) and CRH (r = 0.501, P
0.05; r = 0.476, P < 0.05) levels. However, isobutyric acid (r =
—0.495, P < 0.05) and isovaleric acid levels ((r = —0.473, P <
0.05)) were negatively correlated with ACTH levels (Fig. 9C).

A

Discussion

A variety of gut health benefits have been reported for probio-
tics, and recent evidence suggests that probiotics play a novel
role in mental health via the microbiota-gut-brain axis.*®
Clinical investigations have demonstrated that probiotic
administration can reduce anxiety-like and depressive-like be-
havior and normalize associated physiological outputs, includ-
ing corticosterone and neurotransmitter levels and immune
function.***” However, strain specificity is the key factor. For
example, our previous study found that L. paracasei 207-27 and
Bifidobacterium breve 207-1, both derived from healthy infant’s
feces, have similar effects in regulating gut microbiota (for
example, they both increase the relative abundance of
Alistipes), they show great differences in emotional regu-
lation,'® which actually reflects the specificity of the strains. It
reveals that the correlation between probiotics and mental

10740 | Food Funct., 2024, 15,10732-10745

health needs further research. Although studies have demon-
strated the health-promoting effects of probiotics on the brain,
few studies have examined their effects on mental health, par-
ticularly their ameliorative effects on sleep in healthy adults.
In the present randomized, double-blind, placebo-controlled
trial, we examined the potential effects of different doses of
L. paracasei 207-27 on sleep quality, as well as the underlying
mechanisms, in young healthy adults.

The present study demonstrated that daily consumption of
the L. paracasei 207-27 supplement caused no adverse effects
or clinical symptoms, such as gastrointestinal symptoms and
excessive inflammation. Furthermore, comprehensive analysis
of blood lipid profiles, blood glucose, serum biochemistry,
and the complete blood count revealed no significant adverse
signs. Although self-comparison within the groups showed sig-
nificant changes in some blood indicators, all values remained
within the normal range. Based on self-reported adverse event
records from the subjects, there were no significant adverse
events attributed to the shortterm administration of
L. paracasei 207-27. These findings collectively indicated that
the regular intake of L. paracasei 207-27 is safe for healthy
adults. Furthermore, no statistically significant differences
were found in calorie intake, dietary composition (the ratios of
carbohydrate, protein, and fat), or exercise expenditure
before and after the intervention. These results suggested that
the potential effects of probiotic treatment on outcomes were
not confounded by variations in these factors (exercise and
diet).

Most previous studies employed the PSQI as a measure to
assess the sleep quality of participants. However, it should be
noted that PSQI relies on subjective responses and only cap-
tures a snapshot of sleep quality, failing to provide a compre-
hensive representation of individuals’ habitual sleep pat-
terns.>® Furthermore, empirical evidence indicates that the
PSQI questionnaire does not adequately capture the nuances
of sleep-wake behavior disparities between weekdays and
non-weekdays.>®> Tian et al found that supplemented
Bifidobacterium breve CCFM1025 for four weeks decreased
scores of sleep quality, sleep disturbance and PSQL*° However,
there is no significant difference between placebo and treat-
ment groups. Similar results were found in this study, again

This journal is © The Royal Society of Chemistry 2024
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highlighting the importance of objective measures of sleep
quality.

Previous research established the potential of modulating
the gut microbiota through live probiotic administration to
improve sleep quality via intricate gut-brain axis inter-
actions.'® The findings of Lee’s study revealed a statistically
significant enhancement in sleep quality following an 8-week
intervention of combined L. reuteri NK33 and B. adolescentis
NK98 supplementation.*' Furthermore, Ho et al. corroborated
these results, demonstrating the effectiveness of L. plantarum
PS128 supplementation in prolonging the duration of deep
sleep among the study participants.® Consistently, our find-
ings underscored the remarkable efficacy of different doses of
207-27 in significantly improving sleep quality as indicated by
increased sleep duration.

Alterations in the gut microbiota structure might poten-
tially contribute to improvements in sleep quality.*> Several
studies observed significant changes in the gut microbiota of
patients with sleep disorders.*>** In this study, the low-dose
group had a lower F/B ratio, and they also had lower counts of
Blautia compared to the placebo and high-dose groups after
the intervention. Compared with the control group, the
changes of Lactobacillus in low-dose and high-dose groups
were significantly increased, Clostridia_ UCG-014 was signifi-
cantly decreased in high-dose group, while Enterococcus and
Enterobacter had no significant differences, indicating the
regulatory roles of the tested L. paracasei 207-27 in the gut
microbiota. An increased abundance of Firmicutes and
decreased abundance of Bacteroidota, resulting in an increased
F/B ratio, were detected in the microbiomes of patients with
sleep disorders.”” Similarly, a study by Grosicki et al.*®
observed a significantly negative association between sleep
quality and the F/B ratio in adults. Additionally, Liu et al.’
reported a lower F/B ratio in subjects diagnosed with insom-
nia. Furthermore, Haimov et al.*® illustrated that a higher rela-
tive abundance of Blautia was associated with lower cognitive
performance. Consistent with these findings, a previous study
detected a higher abundance of Blautia in adults with insom-
nia.”® Our findings provide evidence supporting the hypoth-
esis that the improvement in sleep quality following
L. paracasei 207-27 administration was mediated by targeted
alterations in the relative abundance of specific microbial taxa.
These results are consistent with prior investigations, which
postulated that probiotics, such as Lactobacillus, can exert
regulatory effects on the intricate composition of the gut
microbiota, thereby potentially enhancing sleep quality.>*"

In addition to differences in the relative abundance of gut
microbes, alterations in microbial metabolites play a crucial
role in the regulation of sleep quality by probiotics. In our
study, the low-dose group exhibited greater changes in acetic
acid, propionic acid, butyric acid, and valeric acid levels than
the placebo group. The production of SCFAs involves a variety
of bacteria and multiple pathways.>>* Although this study
did not identify a relationship between SCFAs and gut micro-
biota at the top 10 genus level, the increase in SCFAs content
may be associated with changes in the abundance of multiple

This journal is © The Royal Society of Chemistry 2024
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bacteria induced by the low dose of L. paracasei 207-27, parti-
cularlly some low-abundance bacteria. However, the specific
identification of these key bacteria was not conducted in this
study. Some previous studies demonstrated that Bacteroides
was a predominant producer of acetic acid, butyric acid, and
propionic acid within the gastrointestinal tract.>>”° In animal
models, SCFAs produced by the gut microbiota regulate the
expression of clock genes in the host.”” Furthermore, in a
mouse model of vascular dementia, Clostridium butyricum
administration resulted in increased levels of butyrate in both
the brain and feces.”® In addition, decreased consumption of
dietary fiber, which serves as a substrate to produce SCFAs by
the gut microbiota in healthy individuals, has been associated
with decreases in the total sleep duration. A study conducted
by Magzal et al.>® revealed that individuals with insomnia and
shorter sleep durations exhibited decreased SCFA levels.
Similarly, Heath et al.®° detected a positive correlation between
increased fecal propionic acid levels and a longer sleep dur-
ation in infants. These findings consistently suggest a poten-
tial association between SCFAs and sleep duration in different
populations. The available evidence indicates that L. paracasei
207-27 administration potentially enhances sleep quality
through the modulation of SCFA levels.

An additional plausible pathway establishing a connection
between the gut microbiota and sleep quality involves the
potential inhibition of HPA axis activity. Stress triggers pro-
inflammatory cytokines, activating the HPA axis and leading to
CRH and ACTH release, resulting in COR secretion.”" Existing
evidence has established that excessive activation of the HPA
axis can exert adverse effects on sleep, characterized by sleep
fragmentation, attenuated deep slow-wave sleep, and a shor-
tened overall sleep duration.’® In this study, the high-dose
group exhibited a significant reduction in COR levels
accompanied by a relative increase in CRH levels, reflecting
the activation of negative feedback regulation. Correlation ana-
lysis revealed a negative association between the relative abun-
dance of Escherichia-Shigella and COR levels and a positive cor-
relation between the relative abundance of Blautia and ACTH
levels. These findings suggested potential interactions between
specific gut microbial taxa and the neuroendocrine regulation
of the HPA axis. The results of human studies suggest that pro-
biotics can inhibit HPA axis activation. Rudzki et al.** found
that supplementation with L. plantarum 299v decreased COR
levels, thereby improving cognitive function in patients with
major depression. Lactobacillus supplementation has displayed
promising activity in reducing stress-induced COR levels and
improving sleep quality.® Overall, daily consumption of
L. paracasei 207-27 could inhibit HPA axis activation. These
findings supported the notion that probiotics can reduce HPA
activity consequently enhance sleep quality.

Furthermore, this study identified a significant positive cor-
relation between SCFA levels and GABA content in the high-
dose group. GABA has been implicated in the development of
various psychiatric disorders, including anxiety, depression,
and sleep disorders.®® Recent research by Yu et al.®® demon-
strated the potential beneficial effects of GABA-rich fermented
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milk on sleep quality in mice. Moreover, Strandwitz et al.®’
demonstrated that certain probiotic strains, such as
Lactobacillus, could produce GABA, thereby improving sleep
quality. The present study revealed a non-significant trend
toward increased GABA levels in both the low- and high-dose
groups, whereas a decrease in GABA levels was observed in the
placebo group following the intervention. However, the lack of
significant differences among the groups might be attributable
to the relatively short duration of the intervention. Further
investigations with extended treatment durations are war-
ranted to elucidate the potential interplay between probiotic
administration and GABA modulation and its implications for
sleep quality. Additionally, no significant differences in
inflammatory factor levels were observed among the three
groups in this study, likely because of the inclusion of healthy
adult participants with initially low levels of inflammation (ESI
Table 67).

This study had several limitations that should be addressed
in future research. Firstly, participants were instructed to
maintain their usual lifestyle habits, which does not comple-
tely rule out the potential influence of factors like caffeinated
drinks or sleep aids on the results. Secondly, the study was
unable to definitively determine whether participants had
severe sleep disorders or other medical conditions, relying
solely on self-report for inclusion and exclusion criteria. The
subject recruitment and screening were important and irre-
versible. Researchers need to pay more attention to this period
to avoid introducing confounding. Thirdly, although research
staff reminded all subjects to take the probiotics every day with
text messages, it was difficult to supervise the subjects’ actual
adherence to the treatment regimen. Developing a strain-
specific primer to determine the relative abundance of the pro-
biotic in the feces and calculate the actual adherence rate
could help address this issue. Fourthly, factors that could
affect sleep quality, such as women’s menstrual cycles, were
not adequately considered and adjusted for in the study.
Finally, due to operability issues, the study did not use objec-
tive sleep tests such as EEG and respiratory events to identify
the type of sleep disorders. Although wearable devices were
used to obtain sleep parameters indirectly, the accuracy of
these measurements warrants further evaluated. Issues such
as wearing norms and adaptation periods also need careful
considered. Further studies with larger sample sizes and
longer follow-up durations are warranted to establish a
detailed assessment of the therapeutic effects of L. paracasei
207-27 and unravel the underlying mechanisms. Addressing
the issues would provide precise guidance for future probiotic
use in managing sleep disorders.

Conclusion

The administration of L. paracasei 207-27 regulated gut micro-
biota community and improved sleep duration in healthy
adults with no obvious side effects. These findings support the
health-promoting properties of L. paracasei 207-27 as part of a
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healthy diet for adults. The mechanisms involve modulation
of the gut microbiota structure to regulate the function of the
gut-brain axis, including increases in SCFA levels and
decreases in HPA axis activity.
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