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Introduction: Sleep deprivation(SD) has numerous negative effects on mental health. A growing body of research has confirmed the
implication of gut microbiota in mental disorders. However, the specific modifications in mammalian gut microbiota following SD
exhibit variations across different studies.

Methods: Male specific-pathogen-free Wistar rats were given a modified multiple-platform exposure for 7 days of SD. Fecal samples
were obtained from the control and SD groups both at baseline and after 7 days of SD. We utilized 16S rDNA gene sequencing to
investigate the gut microbial composition and functional pathways in rats.

Results: Analysis of the microbiota composition revealed a significant change in gut microbial composition after chronic SD,
especially at the phylum level. The relative abundances of p_Firmicutes, g Romboutsia, and g Enterococcus increased, whereas
those of p Bacteroidetes, p_Verrucomicrobia, p_Fusobacteria, g Akkermansia, and g Cetobacterium decreased in animals after
chronic SD compared with controls or animals before SD. The ratio of Firmicutes to Bacteroidetes exhibited an increase following
SD. The relative abundance of gut microbiota related to the functional pathways of GABAergic and glutamatergic synapses was
observed to be diminished in rats following SD compared to pre-SD.

Conclusion: Collectively, these findings suggest that chronic SD causes significant alterations in both the structural composition and
functional pathways of the gut microbiome. Further researches are necessary to investigate the chronological and causal connections
among SD, the gut microbiota and mental disorders.
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Introduction
Undoubtedly, adequate sleep is crucial for the maintenance of both physical and mental health; however, the proportion
of employed individuals reporting to get an average of six or fewer hours of sleep within a 24-hour period rose from
28.4% in 2008-2009 to 32.6% in 2017-2018." Extensive research has highlighted the detrimental effects of insufficient
sleep on mental health, which result in such as cognitive impairments, decreased performance, interpersonal conflicts,
mood disturbances, and difficulties in family communication.” Additionally, accumulating evidence suggests that there is
growing support for the involvement of the gut microbiota in various conditions, encompassing depression, anxiety, and
neurodegenerative disorders.” ® We hypothesized sleep deprivation influences mental well-being by altering the gut
microbiota of the host.

However, the specific alterations in the composition of the gut microbiota caused by sleep deprivation and restriction
remain elusive at the first place. While some studies have suggested a potential association between the quality of sleep

and the composition of the human gut microbiota, as well as the impact of chronic sleep disruption on gut microbiota in
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mice,”® it is important to note that conflicting results have been reported. For example, according to El Aidy and
colleagues, mice experience slight changes in their gut microbiota composition after a short duration of sleep
deprivation.” And Zhang and his team found no notable modifications in the fecal microbiota of humans or rats following
chronic sleep restriction.'® These variations may stem from factors including the duration and methodologies employed
for sleep deprivation, animal species utilized, diverse analytical approaches, or other experimental variables that exert
substantial influence on the microbiota. For instance, the duration of sleep deprivation in mice/rats varies, ranging from

911713 t6 a chronic course of 12 to 24 hours daily for 7 to 42 days.'*'*?* Moreover, most

a short period of 5 to 72 hours,
studies on gut microbiota have primarily focused on comparing one or more treatment groups with the control group
post-treatment, overlooking potential differences between groups at baseline or caused by time. Therefore, the present
study aims to accurately determine the alterations in the composition of gut microbiota in male rats induced by chronic
SD, while minimizing confounding factors such as baseline differences or temporal effects. Here we implemented
a chronic sleep deprivation protocol for 24 hours per day over a period of 7 days in order to induce more pronounced and

enduring changes in gut microbiota.

Materials and Methods

Rats

Male Wistar rats were obtained from Southern Medical University (Guangzhou, China) at weight of 180-220g. The rats
were randomly assigned by weight to the SD (n=9) and non-SD control(C) groups (n=9) and fed in a controlled
environment that met specific pathogen-free conditions. The animals were kept in a light-dark cycle of 12 hours each,
with the lights being switched on at 08:00 am. They had access to food and water ad libitum. After one week of adaptive
feeding, the SD group began to experience chronic SD. The experimental protocols were reviewed and approved by the
experimental animal ethics committee of the Guangdong Provincial Hospital of Chinese Medicine in accordance with
Chinese legislation regarding experimental animals (N0.2020083).

Sleep Deprivation

Rats in the SD group were sleep-deprived 24 hours daily for 7 days according to the modified multiple platform
method(MMPM). Briefly, 9 animals from the SD group were placed in a polypropylene cage (60x44x37 cm). The cage
contained 9 platforms, each with a diameter of 6.3 cm and a height of 15 cm, which were submerged into the water to
a depth of approximately 2 cm below the surface of the platforms. The animals were allowed to move freely and jump
from one platform to another. Food and water were provided throughout the procedure. MMPM was used to prepare an
animal model of SD. Once the animals enter sleep and lose muscle tone, they tend to touch or fall into the water on the
platforms and immediately wake up.?**** During the SD period, the control rats allowed to sleep regularly were housed in
identical SD devices with water as previously described, featuring a stainless steel wire mesh that provided a resting
surface without direct contact with the water.**

Fecal Samples Processing and Microbiota Profiling

The fecal samples were collected from both the control and SD groups before and after a 7-day exposure to SD. 2-3 fecal
pellets were collected from each rat every time. The samples were rapidly frozen and preserved at a temperature of
—80°C until they were ready for subsequent analysis. The DNA extraction procedure followed the manufacturer’s
instructions, utilizing HiPure Soil DNA Kits (or HiPure Stool DNA Kits) provided by Magen in Guangzhou, China.
Relevant standard procedures with slight modifications were employed to conduct high-throughput sequencing of the V3-
V4 hypervariable region of the bacterial 16S rDNA gene using an Illumina Nova 6000 SP PE250. Briefly, the V3-V4
region was amplified via PCR using universal primers incorporating adapter overhang nucleotide sequences for both
forward and reverse index primers. The utilized primers consisted of 16S V3-V4 Fwd CCTACGGGNGGCWGCAG and
16S V3-V4 Rev GGACTACHVGGGTATCTAAT. The amplicons underwent purification using AMPure XP beads
(Beckman, CA, USA). Subsequently, the Illumina DNA Prep Kit (Illumina, CA, USA) was employed to generate
sequencing libraries in accordance with the manufacturer’s guidelines. The library quality was evaluated utilizing the
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ABI StepOnePlus Real-Time PCR System (Life Technologies, Foster City, USA). Ultimately, sequencing on the Novaseq
6000 platform yielded 2x250 bp paired-end reads.

Bioinformatics and Statistical Analyses

FASTP (version 0.18.0) was utilized for the analysis, initial quality control measures were conducted as previously explained,
and chimera sequences were eliminated using the UCHIME algorithm. The remaining valid sequences were grouped into
operational taxonomic units (OTUs) with a threshold of 97% similarity to determine the alpha diversity (Shannon and
Simpson indices) and richness abundance-based coverage estimators (ACE and Chaol). Beta diversity was assessed by
calculating Bray—Curtis distances and visualized through principal coordinate analysis (PCoA) and non-metric multi-
dimensional scaling (NMDS). In NMDS analysis the stress value below 0.1 indicates closer proximity to the anticipated
analytical outcome. Group comparisons were conducted using the Anosim test, which was implemented in the Vegan
R package. In the Anosim test, the difference between groups exceeds the within-group difference when 1>R>0. We applied
a filtering process to exclude samples with inadequate read counts, specifically discarding those with less than 1000 sequence
reads. Comparisons between groups regarding microbic differences at various levels were performed using the Wilcoxon test.
A procedure called LEfSe (linear discriminant analysis effect size) was employed to detect biomarkers of the microbiota in
fecal samples, specifically at the phylum and genus levels. An LDA (logarithmic linear discriminant analysis) score threshold
of 2 was utilized as a criterion for determining the effect size. In contrast to conventional statistical methods, LEfSe offers an
evaluation of the strength of the relationship between each OTU and grouping categories through LDA scores, in addition to
p-values. The accuracy of microbiota as a biomarker was assessed using Receiver Operating Characteristic (ROC) curve
analysis, with the accuracy increasing proportionally with the AUC value. The Firmicutes/Bacteroidetes(F/B) ratios between
groups were compared by Mann—Whitney U-test using the SPSS data analysis program (version 26.0). Tax4Fun analysis
predicted the potential metabolic pathways in each group. Bioinformatic analysis was performed using Omicsmart, a dynamic
real-time interactive online platform for data analysis(http:/www.omicsmart.com). Statistical significance was determined

when p-values were less than 0.05 or g-values (adjusted p-values) were less than 0.05.

Results

Impacts of Chronic Sleep Deprivation on Microbial Diversity

To investigate the disparities in fecal microbial communities between the SD and control groups, we assessed the
ecological features using diverse indices derived from the OUT level. However, the a diversity index, including Shannon,
Simpson, ACE, and Chaol indices, exhibited notable variations, between the SD and control groups before SD (SD-0d vs
C-0d, p < 0.05; Table S1). Therefore, changes in the a-diversity index of the rats between groups after SD could not be
confirmed.

The comparison of species diversity similarity between groups was conducted using the Anosim function, principal
coordinate analysis (PCoA), and non-metric multi-dimensional scaling (NMDS) to evaluate p diversity. Before SD, the
SD group (SD-0d) exhibited similar phylum-level characteristics as the control group (C-0d) (Figure Sla, p > 0.05).
However, the two groups exhibited notable dissimilarities at the class, order, family, and genus levels (Figure S1b-e,
p < 0.05). After SD, the SD group (SD-7d) exhibited significant differences from the control group(C-7d) at the
phylum level (Figure 1A—C, p < 0.05). No comparisons were made between SD-7d and C-7d at the class, order, family,
and genus levels because they were different at baseline. The B-diversity of the control group did not deviate
significantly before and after SD (C-7d vs C-0d) at the phylum, class, order, family, and genus levels (Figure S2a-e,
p > 0.05). However, the SD group after SD compared to before(SD-7d vs SD-0d) showed significant changes in these
levels(Figures 2—-6, p < 0.05).

Variations in the Relative Abundance of Bacterial Taxa in Rats Following Chronic Sleep

Deprivation
In terms of phylum composition after SD, the SD group exhibited a greater abundance of Firmicutes compared to the control
group. Conversely, the prevalence of Bacteroidetes and Verrucomicrobia was higher in the control group (SD-7d vs C-7d, ¢ <
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Figure |1 (A) Anosim test conducted using Bray-Curtis distances to compare the phylum-level differences between the SD-7d and C-7d groups (p=0.001, R=0.2956). (B)
PCoA and (€) NMDS conducted using Bray-Curtis distances to compare the phylum-level differences between the SD-7d and C-7d groups.
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Figure 2 (A) Anosim test conducted using Bray-Curtis distances to compare the phylum-level differences between groups before(SD-0d) and after(SD-7d) SD (p=0.001,
R=0.4448). (B) PCoA and (C) NMDS conducted using Bray-Curtis distances to compare the phylum-level differences between groups before(SD-0d) and after(SD-7d) SD.
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Figure 3 (A) Anosim test conducted using Bray-Curtis distances to compare the class-level differences between groups before(SD-0d) and after(SD-7d) SD (p=0.001,
R=0.4849). (B) PCoA and (C) NMDS conducted using Bray-Curtis distances to compare the class-level differences between groups before(SD-0d) and after(SD-7d) SD.

0.05; Table 1), and Actinobacteria was filtered, which was significantly different between the two groups before SD (SD-0d vs
C-0d, g <0.05; Table 1). The comparison of species proportions between SD-7d and C-7d at the class, order, family, and genus
levels was not conducted due to significant B diversity differences observed at these taxonomic levels between the two groups
before SD(SD-0d vs C-0d) as mentioned above. In the SD group after SD, there was a significant increase in Firmicutes at the
phylum level, while Bacteroidetes, Verrucomicrobia, and Fusobacteria exhibited a decline (SD-7d vs SD-0d, g < 0.05; Table 2),
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Figure 4 (A) Anosim test conducted using Bray-Curtis distances to compare the order-level differences between groups before(SD-0d) and after(SD-7d) SD (p=0.001,
R=0.5274). (B) PCoA and (C) NMDS conducted using Bray-Curtis distances to compare the order-level differences between groups before(SD-0d) and after(SD-7d) SD.
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Figure 5 (A) Anosim test conducted using Bray-Curtis distances to compare the family-level differences between groups before(SD-0d) and after(SD-7d) SD (p=0.001,
R=0.7716). (B) PCoA and (C) NMDS conducted using Bray-Curtis distances to compare the family-level differences between groups before(SD-0d) and after(SD-7d) SD.
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Figure 6 (A) Anosim test conducted using Bray-Curtis distances to compare the genus-level differences between groups before(SD-0d) and after(SD-7d) SD (p=0.001,
R=0.761). (B) PCoA and (C) NMDS conducted using Bray-Curtis distances to compare the genus-level differences between groups before(SD-0d) and after(SD-7d) SD.

with filtration of Euryarchaeota, which was significantly different in the control group before and after SD (C-7d vs C-0d,
g < 0.05; Table 2). At the genus level, Romboutsia and Enterococcus increased significantly, whereas Akkermansia and
Cetobacterium decreased in the SD group after SD compared to before (SD-7d vs SD-0d, ¢ < 0.05; Table 3). Weissella was
filtered, which was significantly different in the control group before and after SD(C-7d vs C-0d, g < 0.05; Table 3).
Furthermore, we employed LDA LEfSe and ROC analysis to discern the aforementioned taxa that could elucidate the
disparities in microbiota composition between control and SD animals post-SD, as well as pre- and post-SD rats. (Figures 7-9).
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Table | The Relative Abundance of Differential Species

Between SD-7d and C-7d Groups (Phylum, %)

Phylum C-7d SD-7d | Class_Hm | g-Value*
Firmicutes 50.734 | 76.612 SD-7d 0.019
Verrucomicrobia | 20.046 | 0.060 C-7d 0.000
Bacteroidetes 10.661 1.724 C-7d 0.035
Actinobacteria® 1.976 10.163 SD-7d 0.000

Notes: *g-value: p-value after adjustment; p-value was obtained using the
Wilcoxon test. Class_hm refers to the group in which the species was
enriched according to g-value and LDA score. “Actinobacteria was signifi-
cantly different between the two groups before SD(C-0d vs SD-0d, q=0.049),

which was needed to be filtered.

Table 2 The Relative Abundance of Differential Species

Between SD-7d and SD-0d Groups (Phylum, %)

Phylum SD-0d | SD-7d | Class_Hm | g-value*
Firmicutes 54.503 | 76.612 SD-7d 0.003
Bacteroidetes 18.291 1.724 SD-0d 0.000
Verrucomicrobia | 8.362 0.060 SD-0d 0.000
Fusobacteria 5.846 0.001 SD-0d 0.006
Euryarchaeota® 0.013 1.314 SD-7d 0.000

Notes: *q-value: p-value after adjustment; p-value was obtained using the
Wilcoxon test. Class_hm refers to the group in which the species was
enriched according to g-value and LDA score. “Euryarchaeota was significantly
different between the control group before and after SD(C-7d vs C-0d,

q=0.000), which was needed to be filtered.

Table 3 The Relative Abundance of Differential Species

Between SD-7d and SD-0d Groups (Genus, %)

Genus SD-0d | SD-7d | Class_Hm | g-value*
Romboutsia 3.553 10.364 SD-7d 0.023
Enterococcus 0.347 5.126 SD-7d 0.000
Akkermansia 8.235 0.057 SD-0d 0.000
Cetobacterium | 5.831 0.001 SD-0d 0.007
Weissella® 0.138 17.105 SD-7d 0.000

Notes: *q-value: p-value after adjustment; p-value was obtained using the
Wilcoxon test. Class_hm refers to the group in which the species was
enriched according to g-value and LDA score. “Weissella was significantly
different in the control group before and after SD(C-7d vs C-0d, g=0.020),
which was needed to be filtered.

Effects of Chronic Sleep Deprivation on the Firmicutes/Bacteroidetes Ratio

No notable disparities in the Firmicutes/Bacteroidetes (F/B) ratios were observed between the SD and control groups
prior to SD (SD-0d vs C-0d, p > 0.05; Figure S3a) or in the control groups before and after SD (C-7d vs C-0d, p > 0.05;
Figure S3b). After SD, the levels of F/B ratios exhibited significantly elevated in the SD group compared to the control
group (SD-7d vs C-7d, p < 0.05; Figure 10A). The F/B ratios in the SD group increased significantly after SD (SD-7d vs

SD-0d, p < 0.05; Figure 10B).
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Figure 7 (A) LEfSe identifying phylum-level microbial biomarkers that effectively discriminate between the C-7d and SD-7d groups of rats. (B-D) ROC curve to value the
accuracy of the differential microbiota as biomarker for discriminating the C-7d and SD-7d groups at the phylum level.
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Figure 8 (A) LEfSe identifying phylum-level microbial biomarkers that effectively discriminate between SD-0d and SD-7d groups of rats. (B-E) ROC curve to value the
accuracy of the differential microbiota as biomarker for discriminating the SD-0d and SD-7d groups at the phylum level.

Changes of Functional Pathways in the Gut Microbiota Following Chronic Sleep
Deprivation

The Tax4Fun algorithm was utilized to evaluate functional disparities by mapping differential pathways against the
KEGG database, based on significantly distinct abundances observed between SD and control rats. Here, we mainly
focused on the neurotransmitter system, which is closely associated with mental disorders. The gut microbial abundances
relative to GABAergic synapses and glutamatergic synapses decreased in the SD group after SD compared to before SD
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Figure 9 (A) LEfSe identifying genus-level microbial biomarkers that effectively discriminate between SD-0d and SD-7d groups of rats. (B-E) ROC curve to value the
accuracy of the differential microbiota as biomarker for discriminating the SD-0d and SD-7d groups at the genus level.
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Figure 10 (A) Comparison of the Firmicutes/Bacteroidetes(F/B) ratios between C-7d and SD-7d groups (#, U=68, p=0.014, Mann—Whitney U-test). (B) Comparison of the

F/B ratios between SD-0d and SD-7d groups (#, U=81, p=0.000, Mann—Whitney U-test). Boxes represent the interquartile ranges. Lines inside the boxes denote medians.
The circle and asterisk are outliers.

(SD-7d vs SD-0d, g < 0.05; Figure 11), whereas no significant differences were observed in the control group before and
after SD (C-7d vs C-0d, g > 0.05; Figure S4).

Discussion

In the present study, a comparison was conducted between the control and SD groups before SD to identify baseline
differences. Additionally, a comparison was made between the control group before and after SD to account for changes
attributable to time. The present study offers a notable advantage that excludes differences in the o diversity index,
diversity analysis, distinct microbiota, and functional pathways at baseline between the groups prior to sleep deprivation.

Besides, we accounted for differences resulting from time (the control group before and after SD) to accurately ascertain
the alterations induced by SD.
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Figure 11 Comparison of the gut microbial abundance of KEGG pathways between SD-0d and SD-7d groups by Wilcoxon test (¥, g=0.044; #, q=0.029). g-value, p-value
after adjusted. Boxes represent the interquartile ranges. Lines inside the boxes denote medians.

In this study, the confirmation of changes in the a-diversity index of the rats after SD was hindered due to existing
differences between the two groups pre-SD. However, changes in gut microbial community composition were identified
from the B diversity differences after chronic SD, assessed via Anosim analysis of the Bray—Curtis distances. Specifically,
significant disparities in the gut microbiota composition were observed at the phylum level when comparing the SD-7d
and C-7d groups, as well as substantial differences were detected at various taxonomic levels including phylum, class,
order, family, and genus when comparing the SD-7d and SD-0d groups. The differential microbiota discussed below was
obtained from these levels. Our results disagreed with those reported by El Aidy et al and Zhang et al mentioned at the
beginning of this article.”'® EI Aidy et al kept male C57B16/J mice awake for 5 hour of sleep deprivation by employing
gentle tapping, cage shaking, and/or removal of the wire cage top.” Adult male Sprague-Dawley rats were subjected to
enforced activity within slowly rotating drums for 20 hours per day over a period of 7 days, while giving them a resting
period of 4 hours at the end of the light phase (Zhang et al).'® But we deprived the male Wistar rats of sleep for the whole
7 days by modified multi-platform method. These different results might originate from the duration and methods of SD
and the different animal species.

In this study, we demonstrated that chronic SD in rats not only induces substantial alterations in the gut microbiota’s
composition but also elicits significant variations in the differential abundance of specific taxa at various levels. The
abundance of p_ Firmicutes was found to be significantly higher in the SD-7d group, while the abundances of
p_Verrucomicrobia and p_Bacteroidetes at the phylum level were significantly lower in comparison to those observed
in the C-7d group. These differential phyla were similar to those in the comparison between the SD-7d and the SD-0d
groups, besides significantly lower abundance of p-Fusobacteria. The findings suggest that Firmicutes has the potential to
serve as a phylum-level biomarker for SD. And these findings exhibit substantial concurrence with investigations listed
below on the gut microbiota in mental disorders. Rashnaei et al demonstrated a decrease in the relative abundance of
Verrucomicrobia, Bacteroidetes, and Firmicutes phyla in bipolar patients’ fecal samples compared to those of healthy
individuals.>> De Angelis et al observed a decreased abundance of Fusobacteria and Verrucomicrobia in children with
autism compared to that in healthy controls.”® Yang et al reported a negative correlation between the duration of
methamphetamine use and the abundance of Fusobacteria.”’” Dong et al observed an rise in the Verrucomicrobia
population among individuals with a diagnosis of general anxiety disorder,”® while Hemmings et al reported
a decrease in this phylum among individuals suffering from posttraumatic stress disorder.”’ Anxiety patients/mice
typically exhibited reduced levels of Firmicutes but elevated levels of Bacteroidetes and Fusobacteria.*® Bacteroidetes
decreased in individuals with major depressive disorders.®'*** These discrepancies may be attributed to various mental
disorders. It may be speculated that chronic SD is more likely to develop depression than anxiety.
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We also analyzed the Firmicutes/Bacteroidetes(F/B) ratios between the groups at the phylum level. Firmicutes,
a group of gram-positive bacteria, exert significant influence on mental and physical health through their impact on
the synthesis of short-chain fatty acids. Conversely, Bacteroidetes, as a group of gram-negative bacteria, include
lipopolysaccharides and flagellin components that have the ability to stimulate cytokine synthesis and enhance immune
response.>® Numerous studies have consistently demonstrated the significant association between the F/B ratio and health
status, highlighting its pivotal role in preserving intestinal homeostasis. For instance, Rashnaei et al reported an elevated
F/B ratio in bipolar patients compared to healthy controls, suggesting its potential as a candidate marker for bipolar
disorder.'? In our study, the F/B ratios of the rats after chronic SD were increased obviously compared to both the ratios
of the control rats and the animals before SD respectively. This finding suggests that chronic SD disrupts the ratio of F/B
in the host, potentially implicating its association with mental disorders.

At the genus level, the rats after chronic SD had an increased abundance of g Romboutsia and g_Enterococcus but
a decreased abundance of g_Akkermansia and g_Cetobacterium. G_Romboutsia and g_Enterococcus belong to p_Firmicutes,
g Akkermansia to p_Verrucomicrobia, and g_Cetobacterium to p_Fusobacteria. The results suggest that Romboutsia and
Enterococcus have the potential to serve as genus-level biomarkers for SD. Genera such as Romboutsia exhibited higher
abundance in fecal samples obtained from pigs exposed to social stressors, including repetitive regrouping and a decreased
allocation of space, over a period of 4 weeks.>* In comparison to the control group, rats exposed to chronic unpredictable mild
stress exhibited a significant increase in the abundance of Romboutsia.’> Additionally, an alteration in the gut microbial
community composition was evident among methamphetamine users, characterized by notable increases in Romboutsia
compared to control individuals.'* Rashnaei et al found an increase in Enterococcus faecalis of the bipolar disorder in affected
individuals.'* In a study comprising 90 individuals diagnosed with schizophrenia who were not taking any medication and 81
controls, it was noted that patients with schizophrenia exhibited the presence of specific facultative anaerobic bacteria, such as
Enterococcus faecium, which were infrequently detected in healthy subjects (Zhu et al, 2020).*® Previous studies have
indicated that specific gut microbiota, such as Enterococcus faecalis, can influence dopamine metabolism and function.®”*®
Studies have reported a decrease in the abundance of Akkermansia muciniphila in mice displaying depressive behavior after
experiencing social defeat’® and in rats exhibiting depression-like symptoms following chronic paradoxical sleep
deprivation.*® Experimental findings also demonstrated that Akkermansia muciniphila exerted a mitigating effect on depres-
sive symptoms through modulation of monoamine neurotransmitter levels and brain-derived neurotrophic factors (BDNF).
The presence of Akkermansia muciniphila resulted in an upregulation of hippocampal BDNF mRNA expression, suggesting
its capability to augment synaptic signaling pathways and neural connection.*' Akkermansia muciniphila directly modulates
the host’s 5-HT system, leading to an elevation in intestinal 5-HT levels.** However, we could not find any research on
Cetobacterium in patients with mental illness. Both Enterococcus and Akkermansia were correlated with neurotransmitters
and their pathways, as mentioned above. As is known to all, neurotransmitters are involved in the pathogenesis of mental
illnesses. The association between SD and mental disorders may be related to gut microbiota.

The gut microbiota possesses the capacity to synthesize neurotransmitters, such as serotonin, dopamine, and Y-
aminobutyric acid (GABA). In in vitro studies, the gut microbiota has been shown to synthesize precursors of neuro-
transmitters, such as tryptamine.** These neurotransmitters have the potential to influence mental well-being through the
gut-brain axis after they are released into the bloodstream. Modulation of neurotransmitter production represents a potential
mechanism through which the gut microbiome could exert influence on the brain, thereby carrying significant implications
for depression.** Gut microbiota possesses the capacity to modulate the glutamate-glutamine-GABA cycle, thereby
influencing neurochemistry and neurological function.*’ In our study, Tax4Fun analysis revealed that gut microbial
abundance relative to GABAergic and glutamatergic synapses decreased in rats after chronic SD. GABA is an important
neurotransmitter with inhibitory effects on the mammalian central nervous system, lacking of which in vivo will make
human evoke negative emotions such as anxiety, restlessness, fatigue, and worry. Glutamic acid, the predominant and
efficacious excitatory neurotransmitter within the central nervous system, is involved in the proliferation, development,
survival, and death of both neurons and glial cells. However, the present study suggests that chronic SD reduces gut
microbiota related to these pathways. It is uncertain how these pathways are regulated by gut microbiota after SD as yet.

The present findings were largely consistent with previous studies, although certain discrepancies emerged, such as
inconsistent alterations in the abundance of specific strains across different investigations. The present study is subject to several
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limitations. First, relevant stress-induced confounding factors potentially arising from the use of the SD method (MMPM) in this
study should be minimized to the greatest extent possible. Moreover, the histological analysis of the rats’ brain was not
conducted; thus, the impact of the significantly distinct microbiota observed after SD on mental illnesses remains unknown in
this study. Thirdly, further validation through repeated experiments is warranted to confirm Firmicutes phylum, as well as the
genera Romboutsia and Enterococcus, as reliable biomarkers for SD. In the future, it is imperative to undertake the following
research endeavors. The relationship between specific changes in gut microbiota after SD and mental disorders needs to be
determined by assessing animal behavioral performance, conducting histological analysis of rats’ brains, and comparing results
between male and female subjects. It is necessary to verify Firmicutes phylum and the genera Romboutsia and Enterococcus as
biomarkers for SD in human subjects. The GABAergic and glutamatergic pathways, through which alterations in gut microbiota
may exert an impact on mental health, warrant further investigation both in vitro and in vivo utilizing agonists and antagonists.

Conclusion

In conclusion, our study has demonstrated that chronic sleep deprivation induces substantial modifications in the composition
of the gut microbiota. The F/B ratio increased after the SD. We speculate that Firmicutes phylum, along with Romboutsia and
Enterococcus genera, may serve as potential biomarkers and therapeutic targets for SD. The microbial abundance of the
functional pathways of GABAergic and glutamatergic synapses was lower after SD, which may be correlated with mental
disorders. Further researches are necessary to investigate the chronological and causal connections among SD, the gut
microbiota and mental disorders, as well as to assess the feasibility of utilizing the microbiota as biomarkers.
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