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Background: Increasing evidence indicates a bidirectional interaction between
the gut microbiota and sleep regulation via the microbiota—gut-brain axis.
Acupuncture is widely used to treat insomnia, and its efficacy may be mediated
in part by modulation of the gut microbiota and its metabolic pathways.

Methods: A rat model of insomnia was established by intraperitoneal injection
of para-chlorophenylalanine (PCPA). Rats received acupuncture at Back-Shu
points for 2 weeks. Sleep behavior was assessed using the pentobarbital-induced
sleep test, and fecal samples were collected for metagenomic sequencing
to analyze changes in gut microbial composition and function before and
after acupuncture.

Results: Compared with the model group, acupuncture significantly shortened
sleep latency and prolonged sleep duration. Metagenomic analysis revealed
that acupuncture partially restored the PCPA-induced decline in a-diversity and
markedly altered B-diversity. Functionally, acupuncture enriched beneficial taxa
such as Lactobacillus johnsonii and Ligilactobacillus murinus, and promoted
pathways involved in tryptophan and glutamate metabolism as well as short-
chain fatty acid (SCFA) synthesis. These changes may act by restoring
neurotransmitter balance, strengthening gut barrier integrity, and modulating
immune responses. Notably, SCFAs can activate G-protein—coupled receptors
to suppress overactivation of the hypothalamic—pituitary—adrenal (HPA) axis,
counteracting insomnia-related pathophysiology.

Conclusion: Acupuncture at Back-Shu points ameliorates PCPA-induced
insomnia-like behavior in rats and beneficially remodels gut microbiota structure
and metabolic function. These findings support a key role for the microbiota—
gut—brain axis in acupuncture’s regulation of sleep and provide a theoretical
basis for developing microbiota-targeted adjunctive therapies for insomnia.
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1 Introduction

Insomnia is primarily characterized by difficulty initiating
sleep, problems maintaining sleep, and non-restorative sleep, and
it is often accompanied by fatigue, depression, and anxiety (Perlis
et al., 2022). As a chronic condition, insomnia has a persistent
incidence rate ranging from 11 to 60% within 1 year (Ford and
Kamerow, 1989; Morphy et al., 2007; Pillai et al., 2015; Pillai
et al, 2016) and from 15 to 40% over 5 years of follow-up
(Wong et al, 2016; Morin et al,, 2020). Studies have shown
that individuals with insomnia frequently experience intestinal
microecological disturbances (Lin et al., 2024; Sejbuk et al., 2024),
characterized by a reduction in beneficial bacteria and decreased
microbial diversity (Lin et al., 2024). Dysbiosis of the gut microbiota
can undermine mucosal barrier homeostasis, trigger low-grade
systemic inflammation, and affect central nervous system function
through the vagus nerve and immune pathways, potentially
inducing or worsening insomnia symptoms (Pan et al., 2024).

Currently, treatment for insomnia largely relies on sedative
medications such as benzodiazepines and antidepressants, which
can provide rapid symptom relief. However, adverse effects
such as tolerance, daytime drowsiness, and impaired cognitive
function often make long-term adherence difficult (Madari
et al., 2021; Sweetman et al,, 2021). As a non-pharmacological
intervention, acupuncture offers several advantages in treating
insomnia, including reliable efficacy, few adverse reactions, and
cost-effectiveness, and it has been widely applied in clinical practice
(Zhao et al.,, 2024). Numerous clinical studies have confirmed that
acupuncture can significantly improve sleep quality and prolong
sleep duration, resulting in favorable therapeutic outcomes (Wang
C.etal, 2021; Yeung et al., 2021; Lee et al., 2022).

Investigating the composition and genomic characteristics of
the gut microbiota in patients with insomnia is essential for
understanding the pathogenesis and mechanisms underlying the
disorder. Nevertheless, there is still a lack of in-depth research on
how acupuncture treatment may alter the gut microbiota’s species
composition and genomic features in insomnia. Therefore, the
present study aims to explore potential mechanisms by examining
changes in the gut microbiota of an insomnia rat model before and
after acupuncture treatment. This study was approved by the Ethics
Committee of Henan University of Chinese Medicine (Approval
No. IACUC-202302011).

2 Materials and methods

2.1 Experimental methods

2.1.1 Animal grouping

Forty SPF-grade male SD rats (160-200 g, 6-8 weeks old)
were provided by Jinan Pengyue Experimental Animal Breeding
Co., Ltd. [License No. SCXK (Lu) 2022-0006]. They were housed
at (22 £+ 2)°C under a relative humidity of 60-70%, noise
levels < 60 dB, and a 12/12 h light-dark cycle. All rats were
certificated (Certificate No. 370726231100222618), ensuring the
reliability and compliance of the experiments. After forty SD rats
were acclimatized and fed for 7 days, they were randomized using
SPSS25.0 software into the blank, model, AP, and estazolam groups,
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with 10 in each group. Except for the blank group, insomnia
models were constructed by PCPA in each group. All experiment
personnel were provided with pre-experimental training, and the
basic conditions of the rats were recorded in detail every day during
the experiment. The final test personnel were not involved in the
animal grouping and did not participate in the recording, thereby
ensuring the blinding of experimental observation and indicator
analysis. The Animal Experiment Protocol has been reviewed and
approved by Laboratory Animal Welfare and Ethics Committee of
Henan University of Traditional Chinese Medicine [No. IACUC-
202302011]. The study adhered to the ARRIVE guidelines.

2.1.2 Insomnia modeling and evaluation
2.1.2.1 Insomnia modeling

An aqueous solution of NaHCO3 at a concentration of 5%
was prepared by gradually sprinkling sodium bicarbonate powder
in pure water at 30-40°C. Then it was adjusted with 0.9%
saline to be weakly alkaline (Ph 7-8). On this basis, the PCPA
suspension (45 mg of PCPA per 1 mL) was prepared. To ensure
the homogeneity of the suspension, the suspension was stirred by
a magnetic stirrer for 10 consecutive hours. After preparation, the
PCPA suspension was intraperitoneally injected into the rats at
1 mL/100 g every morning for three consecutive days in the model,
AP, and estazolam groups. In the blank group, the rats underwent
intraperitoneal injection of an equal amount of saline for three
consecutive days during the same period, as controls.

2.1.2.2 Model evaluation

To more accurately assess the establishment of the insomnia
model, the pentobarbital sodium-induced sleeping test was
performed. Twelve hours after the final injection of PCPA
suspension, all rats were intraperitoneally administered
pentobarbital sodium at 50 mg/kg. Their behavioral responses were
closely observed. The disappearance of the righting reflex for 1 min
was considered the sleep onset latency. The righting reflex—an
instinctive response by which rats regain normal posture after
losing balance—serves as a critical indicator of falling asleep.
Recovery of the righting reflex was defined as at least two righting
movements within 60 s, signifying the end of sleep; this duration
was recorded as the sleep duration. Sleep latency and duration
were meticulously documented for each rat, and one-way ANOVA
was used to assess the effects of PCPA on sleep. Significantly
prolonged sleep latency and shortened sleep duration in the model
group, with statistical difference from the blank group, were
interpreted as indicative of successful insomnia modeling (Tian
et al,, 2024).Moreover, to minimize potential interference with
subsequent metagenomic sequencing, fecal samples were collected
24 h after the completion of all sleep experiments and the final
acupuncture and gavage procedures. This ensured that the rats had
returned to their natural physiological state, reducing the influence
of anesthetics on the gut microbiota and enhancing the reliability
and stability of the sequencing results.

2.2 Operation in each group
2.2.1 AP group

The rats were treated with bilateral AP at Back-Shu points of the
five Zang-organs (Xinshu, Ganshu, Pishu, Feishu, and Shenshu),
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and Experimental Acupuncture (Xu et al., 2019) was consulted for
the rat AP site

Specifically, fixed personnel were responsible for the operation
of AP, achieving standardization and consistency of the whole
process. Before AP, the local skin of the rats was thoroughly
sterilized to ensure the cleanliness and sterility of the operation. The
rat was placed in a self-made fastening bag and immobilized on an
operating table in a prone position, thereby maintaining postural
stability and reducing the error caused by movement during AP.
Meanwhile, the surface of the fixing band was also sterilized to
further ensure the hygiene and safety of the operation. A disposable
AP needle (0.25 x 15 mm) was straight inserted to a depth of 5 mm,
without adopting special techniques, and it was retained for 15 min
to stimulate the points and exert a therapeutic effect.

In addition, AP was performed at 9:00 a.m. daily only
once, thereby ensuring the consistency and comparability of the
experiments. In this way, all rats were in the same state and
environmental conditions when undergoing AP. AP lasted for
seven consecutive days to fully observe the impact and effect
of AP on the rats.

2.2.2 Estazolam group

The rats were given Estazolam Tablets (Huazhong
Pharmaceutical Co., Ltd., Item No.: H42021522), a commonly
used drug manufactured by Huazhong Pharmaceutical Co.,
Ltd. Specifically, Estazolam Tablets were ground into fine
powder, mixed with purified water at 0.08 mg/mL, and stirred
thoroughly until it was dissolved evenly, which was essential
for ensuring that each rat was given an accurate and consistent
dose. The drug was administered at 0.558 mg/kg by gavage
using a 12-gauge curved gavage needle, so that it could be
sent to the stomach smoothly. The gavage was performed
at 9:00 a.m. daily to ensure consistency of experimental
conditions. The treatment lasted for seven consecutive days
to observe the long-term effect of estazolam and compare it
with other groups.

The principles of ethics in animal experimentation were
strictly observed throughout the experiment to ensure sterile
or clean operations and minimize discomfort and pain to the
rats. Meanwhile, the responses and status of the rats were
closely observed during the experiment, and the experimental
conditions were promptly ensure

adjusted  to accuracy

and reliability.

2.2.3 Blank group
The rats were caught and immobilized in the same way as the
AP and estazolam groups.

2.2.4 Model group

The rats were caught and immobilized in the same way as the
AP and estazolam groups.

2.3 Sampling

Samples were taken 24 h after the end of the last treatment
to exclude the potential influence of food on the results of
subsequent experiments, thereby guaranteeing the result accuracy
and satisfying the basic physiological needs of the rats. Specifically,
all rats were deprived of food for 24 h but were given water.
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Then they were injected intraperitoneally with 1.5% pentobarbital
sodium at 150 mg/kg (the required dose of pentobarbital sodium
was accurately calculated based on the body weight measured
before the injection). The anesthetized rats were placed supine on
an operating table, and skin preparation was first performed on the
abdomen using electric hair cutters for further processing of the
colon tissues. The colon tissues were cut at 2 cm distal to the cecum,
and then the colon content was harvested to collect the metabolites
for later metagenome analyses.

2.4 Indicator detection

2.4.1 Procedures for metagenome detection

(1) Sample extraction and detection: From the rat colon
content, genomic DNA was extracted utilizing the CTAB
method, and its concentration, integrity, and purity were
detected by Agilent5400.

(2) Library preparation and retrieval: A library was prepared using
NEB Next® Ultra DNA Library Prep Kit for Illumina (NEB,
United States). After utilizing the Covaris ultrasonic crusher
to randomly cleave qualified DNA samples into fragments of
around 350 bp, the DNA fragments were end-repaired, poly-
A-tailed, and ligated with the adapter, followed by purification
and PCR amplification. Finally, the AMPure XP system was
used to purify the PCR products, the Agilent2100 was used
to quantify the library’s insert size, and real-time PCR was
conducted to determine the library concentration.

(3) Sequencing: The Illumina PE Cluster Kit
United States) was used to cluster the index-coded samples

(Illumina,

using a cBot Cluster Generation System in accordance with
the manufacturer’s instructions. Following cluster generation,
paired-end 150 bp reads were produced by sequencing the
library on an Illumina NovaSeq 6000.

(4) Data quality control and de-hosting: To acquire raw
metagenome data (Raw Data) of bacteria, fungi, and viruses
in rat colon content samples, metagenome sequencing was
carried out on Illumina NovaSeq. We preprocessed the
raw sequencing data (Raw Data) using KneadData in the
following ways to guarantee data reliability: (1) The raw
data were cleansed of adapter sequences (Trimmomatic,
ILLUMINACLIP:adapters_path:2:30:10), sequences with a
final length less than 50 bp (Trimmomatic, MINLEN:50),
and low-quality (default threshold < 20) sequences
(Trimmomatic, SLIDINGWINDOW:4:20). (2) In light of
the potential for host contamination in the samples, Clean
Data should be aligned to the host genome, and Bowtie2
(Parameter: —very-sensitive) was used by default to filter the
valid sequences from the host for later analyses. (3) Finally,
FastQC was adopted for the rationality and effectiveness of
quality control (Martin, 2011; Schmieder and Edwards, 2011;
Langmead and Salzberg, 2012; Kechin et al., 2017).

(4) Species annotation: By aligning the samples with Kraken2
and the microbial nucleic acid database (bacterial, fungal,
archaeal, and viral sequences were screened from the NCBI
NT and the RefSeq), the number of sequences of the species
was determined. Bracken then forecasted the actual relative

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1541958
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Qietal.

abundance of the species. Kraken2 is the most recent K-mer-
based alignment program. 16,799 known bacterial genomes
were found in local Kraken2 (Wood and Salzberg, 2014; Brum
et al., 2015; Mandal et al., 2015; Lu et al., 2017).

(5) Reads-based functional After the quality
controlled and de-host sequences were aligned with the
protein database (UniRef90) using HUMAnN2 software,
a relative abundance table and annotation data for each

annotation:

functional database were obtained from the correspondence
between the UniRef90 ID and database (Zhu et al., 2010;
Segata et al., 2011; Kim et al., 2016; Franzosa et al., 2018). The
species and functional abundance tables were used to perform
sample clustering analysis, abundance clustering analysis,
PCoA, and NMDS dimensionality reduction analysis (species
only). The Dunn test and LEfSe biomarker analysis were then
conducted using the grouping data to evaluate differences in
species and functional composition (Villar et al., 2015).

(6) DIAMOND was used to align the quality-controlled and de-
host sequences of the samples with the CARD database, and
the sequences that failed to be aligned [parameter: -€0.001 (e-
value < le-3)-i80 (percent identity > 80%)] were filtered out.
The relative abundance of antibiotic-resistant genes in samples
was determined based on the alignment findings (Buchfink
etal., 2015).

2.5 Statistical processing

Metagenome data were analyzed using species accumulation
curves, which were effective in measuring and predicting how
species abundance within microbiota increases with an increasing
sample size. R4.2.1 was utilized to calculate the alpha diversity
of species (Chaol, Shannon, and Simpson), which provided a
multidimensional view of species diversity. The Wilcoxon rank
sum test was conducted for comparison, and P < 0.05 indicated
statistically significant. In addition, significant differences in
microbiota were revealed by beta diversity analyses, and the
significance level was also set to P < 0.05. To dig deeper into the
differences in biomarkers among groups, statistically significant
biomarkers were searched for among groups by LEfSe analysis,
thereby supporting the subsequent biological interpretation. At
the functional level, the Reporter Score was applied to statistically
test all KOs (KEGG Orthology, i.e., clusters of functionally similar
genes) involved in specific pathways. When the absolute value of
the enrichment score, i.e., Reporter Score, exceeded the predefined
threshold, the pathway enrichment was considered significantly
different. Finally, bar graphs were drawn based on the information
of pathways in the KEGG to visualize the variation in the relative
abundance of microbiota. These graphs not only revealed the
enrichment of specific pathways among groups but also provided
a visual perspective for understanding the functional differences
of microbiota. P < 0.05 was set as the significance level and
was deemed statistically significant rather than resulting from
random errors. In this way, we could more accurately identify
differences among groups and obtain strong statistical support for
subsequent studies.
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TABLE 1 Changes in sleep duration after modeling (Y + s).

Sleep latency Sleep
(min) duration
(min)
Blank group 10 10.97 £ 1.91 88.43 £3.97
Model group 10 20.88 £ 2.89%** 5591 &£ 5.03***
AP group 10 19.41 £ 2.61** 54.18 £ 6.38%**
Estazolam group 10 20.60 £ 2,92 56.17 £ 5.96°**

Data are expressed as mean =+ standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001,
compared with the blank group.

TABLE 2 Changes in sleep duration after treatment (¥ % s).

Sleep latency Sleep
(min) duration
(min)
Blank group 10 1034+ 1.4 8541 +3.1
Model group 10 2527 4 228" 4443 + 5954
AP group 10 17.78 4 2.27%* 71.77 4 3.56***
Estazolam group 10 14.63 & 1.63*** 76.83 £ 4.54**

Data are expressed as mean =+ standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001,
compared with the blank group.

3 Results

3.1 Changes in sleep duration after
modeling

The results showed significant differences in sleep latency and
sleep duration between the control group and the three PCPA-
treated groups. Following PCPA administration, sleep latency
in the three model groups was markedly prolonged and sleep
duration significantly shortened compared with the control group
(P < 0.01), indicating successful establishment of the PCPA-
induced insomnia model. The observed prolongation of sleep
latency and reduction in sleep duration in the model groups
were consistent with the expected effects of PCPA (Table 1 and
Supplementary Figure S1).

3.2 Changes in sleep duration after
treatment

After treatment, rats in the acupuncture group exhibited a
significantly shorter sleep latency and a markedly longer sleep
duration compared with the model group (P < 0.001). Similarly,
the estazolam group showed a significant reduction in sleep
latency and an increase in sleep duration versus the model group
(P < 0.01). Although differences between the acupuncture and
estazolam groups did not reach statistical significance (P > 0.05),
the acupuncture group demonstrated a more pronounced trend
toward improved sleep latency and prolonged sleep duration,
suggesting a potential advantage of acupuncture.

Moreover, as a non-pharmacological therapy grounded in
traditional Chinese medicine, acupuncture modulates organ
function to normalize sleep without disrupting metabolic processes.
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TABLE 3 Sequencing data preprocessing statistics.

EWY Raw base Raw Q20 Raw Q30 Clean Cleaned
reads (GB) (VA (%) reads
6.7 97.4

V1 22,346,168 92.91 15126579 67.69 98.61 94.86
V2 20,231,258 6.07 97.43 92.93 19344848 95.62 98.54 94.7
V3 22,674,174 6.8 97.4 92.83 21260640 93.77 98.52 94.62
V4 22,163,987 6.65 97.43 92.87 21100169 95.2 98.53 94.63
V5 22,153,733 6.65 97.38 92.79 21007154 94.82 98.51 94.57
A\ 21,592,548 6.48 97.56 93.17 20604839 95.43 98.6 94.83
\¥% 2,0921,963 6.28 97.53 93.11 20070562 95.93 98.57 94.76
V8 21,074,427 6.32 97.47 92.98 19721477 93.58 98.6 94.81
\E 20,580,885 6.17 97.47 93.01 19565238 95.07 98.58 94.79
V1o 20,055,088 6.02 97.55 93.2 18867944 94.08 98.63 94.94
W1 20,951,539 6.29 97.45 92.92 20071560 95.8 98.53 94.62
w2 22,685,100 6.81 97.51 93.07 21710482 95.7 98.58 94.79
w3 23,185,933 6.96 97.48 92.96 22231712 95.88 98.53 94.64
W4 22,167,079 6.65 97.54 93.08 20658955 93.2 98.62 94.83
W5 20,449,090 6.13 97.54 93.14 19430227 95.02 98.63 94.89
Weo 21,779,824 6.53 97.4 92.77 18516633 85.02 98.53 94.58
w7 21,303,280 6.39 97.49 93.04 19331803 90.75 98.59 94.8
w8 20,623,156 6.19 97.45 93 19693642 95.49 98.56 94.76
w9 22,823,013 6.85 97.51 93.04 21137494 92.61 98.56 94.72
W10 20,895,842 6.27 97.56 93.19 19541689 93.52 98.61 94.87
X1 22,825,567 6.85 97.54 93.11 21850869 95.73 98.58 94.76
X2 22,910,883 6.87 97.48 92.98 21799928 95.15 98.57 94.73
X3 20,063,158 6.02 97.44 92.89 18230750 90.87 98.55 94.67
X4 19,710,018 591 97.32 92.73 12523527 63.54 98.59 94.79
X5 20,771,839 6.23 97.46 92.95 18949503 91.23 98.57 94.72
X6 22,823,105 6.85 97.51 93.06 21645352 94.84 98.57 94.75
X7 202,192,51 6.07 97.46 93.01 19148081 94.7 98.57 94.77
X8 21,664,371 6.5 97.4 92.86 20714344 95.61 98.52 94.63
X9 22,360,208 6.71 97.41 92.72 21392025 95.67 98.45 94.36
X10 21,931,741 6.58 97.42 92.82 19844430 90.48 98.52 94.55
Y1 21,272,260 6.38 97.52 93.08 20154216 94.74 98.58 94.77
Y2 22,420,244 6.73 97.37 92.78 21437966 95.62 98.49 94.54
Y3 22,897,120 6.87 97.4 92.82 21492380 93.86 98.52 94.6
Y4 22,746,620 6.82 97.37 92.48 21186659 93.14 98.37 94.07
Y5 22,704,180 6.81 97.31 92.62 21688986 95.53 98.45 94.41
Y6 22,391,176 6.72 97.5 92.97 20038621 89.49 98.54 94.63
Y7 23,007,150 6.9 97.3 92.66 21493947 93.42 98.48 94.52
Y8 19,829,944 5.95 97.47 92.99 18525995 93.42 98.58 94.78
Y9 20,695,754 6.21 97.45 92.99 16690226 80.65 98.62 94.88
Y10 22,145,526 6.64 97.37 92.83 14651280 66.16 98.57 94.74

Sample, sample name; Raw reads, the number of Raw sequencing reads; Raw Base (GB), the number of Raw reads in GB, and the total number of bases in the raw sequencing data was
calculated by the number of Raw reads x the sequencing length; Clean Reads, the number of Clean reads after filtering (quality control and de-hosting); Cleaned, the percentage of residual
sequences in Raw reads after filtering; Q20, the percentage of bases with quality scores > 20; Q30, the percentage of bases with quality scores > 30; V, estazolam group; W, blank group; X,
model group; Y, AP group.
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FIGURE 1

Relative abundance of gut microbiota at the phylum level across different groups. The dominant phyla in all groups included Bacillota, Bacteroidota,
and Actinomycetota, followed by Spirochaetota, Campylobacterota, and Pseudomonadota. The microbial composition of the blank group (W)
differed markedly from the other groups, suggesting regulatory effects of different interventions on the gut microbiota. W, blank group; X, model

group; Y, acupuncture (AP) group; V, estazolam group.
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This holistic mechanism underscores its unique and systematic
benefits in insomnia intervention, indicating strong clinical
applicability and translational value (Table 2 and Supplementary
Figure S2).

3.3 Metagenome analyses

3.3.1 Generation of basic sequencing data

Some low-quality data were present in the Raw Data obtained
by Ilumina sequencing. Preprocessing including quality control
and de-hosting was required for the Raw Data to acquire valid
sequences for subsequent analyses, thereby ensuring the accuracy
and reliability of subsequent analysis results. The statistical results
of sequencing data preprocessing are shown in the table below. The
critical parameters in the quality control steps are interpreted as
follows (Table 3).
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(1) Removal of adapter (ILLUMINACLIP:
adapters_path:2:30:10).
(2) Removal of subsequent sequences (SLIDINGWINDOW: 4:20)

if the average quality score was below 20 (99% accuracy) after

sequences

sequence scan (sliding window of 4 bp).
(3) Removal of sequences with a final length less than
50 bp (MINLEN:50).

3.3.2 Analysis of species composition

The relationship between gut microbiota composition and
treatment response was assessed by comparing changes in
microbial relative abundance and diversity across the different
rat groups. At the phylum level, Bacillota, Bacteroidota, and
Actinomycetota were the dominant communities, followed by
Spirochaetota, Campylobacterota, and Pseudomonadota (Figure
1). At the order level, a similar distribution pattern was
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Relative abundance of the order Bacteroidales in fecal samples of each group. The abundance of Bacteroidales was significantly higher in the blank
group than in the model and intervention groups (P < 0.05), indicating it may be a characteristic taxon associated with normal sleep states. W, blank
group; X, model group; Y, AP group; V, estazolam group. The asterisk “*" denotes statistical significance at p < 0.05 (versus the comparison group
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Enterobacterales

Relative abundance of the order Enterobacterales in each group. Enterobacterales abundance was elevated in the model group but significantly
reduced in the acupuncture group (P < 0.05), potentially reflecting the inhibitory effect of acupuncture on harmful bacteria. The asterisk "*" denotes
statistical significance at p < 0.05 (versus the comparison group specified in each panel).

observed. For example, Bacteroidales (phylum Bacteroidota)
exhibited the highest relative abundance in the control group,
significantly exceeding that of the model group (P < 0.05; Figure
2). Conversely, Enterobacterales (phylum Proteobacteria) was

significantly reduced in the acupuncture group compared both to

Frontiers in Microbiology

the model group and to the estazolam group (P < 0.05; Figure
3), suggesting that acupuncture may suppress certain pathogenic
Gram-negative bacteria.

Most taxa showing statistically significant differences belonged

to Bacillota and Bacteroidota. LEfSe analysis (Figure 4) further
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LEfSe analysis (phylum level) of significantly different taxa between the blank and model groups. Compared with the model group (X), the blank
group (W) showed significant enrichment of Methanobacteria (P < 0.01), Faserviricetes (P < 0.01), and Negativicutes (P = 0.035), while Ignavibacteria
(P = 0.024) was elevated in the model group, suggesting their potential roles in the development and recovery of insomnia. W, blank group; X,

model group.
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X
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revealed that Methanobacteria (P < 0.01), Faserviricetes (P < 0.01),
and Negativicutes (P = 0.035) were enriched in the control group
relative to the model group, whereas Ignavibacteria (P = 0.024) was
enriched in the model group, indicating these characteristic taxa
may be closely linked to insomnia onset and recovery. As shown
in Figure 5, Acidaminococcales and Pasteurellales dominated
in the control group—potentially reflecting associations with
normal sleep—while Leptospirales remained at low abundance.
Additionally, Tubulavirales differed significantly among the
control, model, acupuncture, and estazolam groups (P < 0.001),
pointing to its possible role in insomnia pathophysiology or
therapeutic intervention.
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Figure 6 illustrates that microbial richness was significantly
Post-
intervention, the estazolam group’s microbiota trended toward

elevated in the model group, indicating dysbiosis.

stability, and the acupuncture group’s community shifted closer
to that of the control group; notably, the two treatment groups
exhibited high similarity, suggesting a favorable microecological
regulatory effect of acupuncture. Hierarchical clustering of the
top 20 most abundant taxa (Figure 7) further revealed distinct
grouping patterns across the four groups, underscoring differential
impacts of each intervention on the gut microbiome. In particular,
the acupuncture group’s profile more closely resembled the normal
physiological state, reflecting the holistic regulatory principles of
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Comparison of gut microbiota richness among groups. Microbial
richness was significantly increased in the model group, indicating
microbial dysbiosis. The estazolam and acupuncture groups
showed diversity levels closer to the blank group, suggesting partial
restoration of gut microbial homeostasis after intervention

(P < 0.05). The asterisk "*" denotes statistical significance at

p < 0.05 (versus the comparison group specified in each panel).

traditional Chinese medicine—namely, “balance of yin and yang”
and “unblocking the flow of gi.”

In summary, gut microbiome alterations were closely
associated with both insomnia modeling and its treatment. By
modulating specific microbial communities, acupuncture may

influence host sleep rhythms, metabolism, and neuroimmune
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status, supporting the potential of gut microbiota as a biomarker
for acupuncture-based insomnia therapy.

3.3.3 Significance analysis of species differences
among groups

Various microecological analyses were conducted to evaluate
the regulatory effects of acupuncture and estazolam on the gut
microbiota of insomnia model rats.

a-Diversity. Species richness and evenness were assessed
using the Chaol, Shannon, and Simpson indices. The Shannon
and Simpson indices did not differ significantly among groups,
indicating that overall community diversity remained stable.
However, the Chaol index was significantly higher in the
acupuncture group compared with both the control and estazolam
groups (P < 0.05), suggesting that acupuncture specifically
modulates species richness (Figure 8).

B-Diversity. Principal coordinates analysis (PCoA) based on
Bray-Curtis distances revealed clear separation of microbial
community structures between the model group and both
treatment groups, demonstrating that acupuncture and estazolam
each significantly alter gut microecology (Figure 9).

Species-level Venn Analysis. A total of 777 species were shared
across all four groups. Unique species counts were 194 in the
control group, 289 in the model group, 144 in the acupuncture
group, and 108 in the estazolam group, indicating differential
maintenance of specific taxa by each intervention (Figure 10).

LEfSe Analysis. Differentially enriched taxa (LDA > 2,
P < 0.05) numbered 50 in the control group, 5 in the model
group, 5 in the acupuncture group, and 4 in the estazolam group
(Figures 11, 12). In the model group, the most enriched lineage
was Actinomycetota (class Coriobacteriia, order Eggerthellales,
family Eggerthellaceae, genus Eggerthella, species E. lenta). The
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Comparison of a-diversity indices (Chaol, Shannon, and Simpson) among groups. Chaol index differed significantly among the blank, acupuncture,
and estazolam groups (P < 0.05), suggesting differential impacts of interventions on species richness. Shannon and Simpson indices showed no
significant changes, indicating community evenness remained stable. Box plots were analyzed using one-way ANOVA. The asterisk “*" denotes
statistical significance at p < 0.05 (versus the comparison group specified in each panel).

acupuncture group showed enrichment of Bacillota (class Bacilli,
order Lactobacillales, family Lactobacillaceae, genus Lactobacillus;
LDA > 4), whereas the estazolam group was characterized by
enrichment of Ligilactobacillus (family Lactobacillaceae; LDA > 4),
suggesting that distinct microbial mechanisms underlie the effects
of each treatment.

3.3.4 Gut microbiota might influence responses
to AP by mediating metabolic pathways

Various metagenomic analyses were performed to explore
functional differences in the gut microbiome under different
interventions and their potential mechanisms.

KEGG Functional Annotation. Metagenomic reads were
annotated against the KEGG database, and LEfSe analysis was
conducted based on LDA > 2 (P < 0.05). Enrichment counts of
KEGG Orthologs (KOs) were 3 in the control group, 6 in the model
group, 9 in the acupuncture group, and 17 in the estazolam group,
indicating distinct functional gene compositions among the groups
(Figure 13).

Secondary Pathway Enrichment. At level2, the control group
was enriched in metabolism of cofactors and vitamins; the model

Frontiers in Microbiology

group in drug resistance—antineoplastic pathways; the acupuncture
group in metabolism of other amino acids; and the estazolam
group in endocrine and metabolic disease pathways. These patterns
suggest that acupuncture and estazolam modulate host metabolism
via different mechanisms (Figure 14).

Key Pathway Identification and Visualization. Subsequent
LEfSe LDA analysis identified group-specific enriched pathways
(Figure 15). Finally, the Glycolysis/Gluconeogenesis pathway
was visualized with KO-level significance coloring, highlighting
enzyme-encoding genes significantly enriched in both the
acupuncture and control groups. This visualization reveals
differential regulation of energy metabolism among interventions
(Supplementary Figure S3).

4 Discussion

In this PCPA-induced insomnia model, it was observed that
acupuncture at the Back-Shu acupoints significantly improved
sleep behavior. Compared with the model group, the acupuncture
group exhibited a shorter sleep latency (Supplementary Figure S1),
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FIGURE 9
Principal coordinates analysis (PCoA) based on Bray—Curtis distances to assess p-diversity. PCoA revealed clear separation between the treatment
groups (acupuncture and estazolam) and the model group, suggesting significant alterations in gut microbial structure post-intervention. Each point
represents an individual sample.

consistent with previous reports that acupuncture can improve
physiological indicators of insomnia (Yu et al., 2022).

Acupuncture also regulated gut microbiota diversity: PCPA
treatment reduced w«-diversity, which was partially restored by
acupuncture. B-diversity analyses demonstrated that the post-
treatment microbiota in the acupuncture group more closely
resembled that of the control group rather than the untreated
model group. This aligns with Hong’s (Hong et al., 2020) findings
that acupuncture shifts the gut microbiota toward a healthy profile,
whereas both the insomnia model and zolpidem groups remain
dysbiotic.

We further observed significant alterations in key genera.
Acupuncture increased the relative abundance of beneficial bacteria
such as Lactobacillus, which was markedly depleted in PCPA-
treated rats, and suppressed certain overgrown genera associated
with insomnia (Figure 3), indicating partial restoration of gut
homeostasis. Yu et al. reported that warm acupuncture reverses
PCPA-induced declines in Lactobacillus, alleviating dysbiosis
(Yu et al, 2022). Metagenomic sequencing in our study
identified Lactobacillus johnsonii and Ligilactobacillus murinus as
significantly enriched in the acupuncture group (Figure 5), whereas
their levels remained low in the estazolam group.

We findings that the therapeutic efficacy of acupuncture
for insomnia is accompanied by pronounced reconstruction
of the gut microbiota, echoing the growing evidence linking
sleep regulation to microbial composition (Huangfu et al., 2019;
Ao Guo and Wenbin, 2025). Although both acupuncture and
estazolam improved insomnia symptoms, their effects on microbial
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FIGURE 10

Venn diagram of shared and unique species among the four groups.
A total of 777 species were shared across groups. The blank group
had 194 unique species, the model group 289, the acupuncture
group 144, and the estazolam group 108, reflecting group-specific
microbial signatures.

communities differed. Prior studies indicate that acupuncture
can match or surpass pharmacological treatments in enriching
beneficial phyla such as Lactobacillus (Zhou et al., 2022). Our
results confirm that the acupuncture group exhibited greater
probiotic enrichment and upregulation of health-related microbial
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functions than the estazolam group. In summary, improvements
in sleep behavior and gut microbiota rebalancing validate
acupunctures efficacy and highlight its unique mechanism in
modulating gut microecology.

4.1 Acupuncture’s potential mechanism:
the gut microbiota-gut-brain axis

Acupuncture may primarily act on insomnia via the complex
microbiota-gut-brain axis. In this study, acupuncture markedly
enriched various Lactobacillus spp., including Lactobacillus
johnsonii and Ligilactobacillus murinus, both known to produce
neuroactive metabolites and maintain host homeostasis. Previous
research has demonstrated that many Lactobacillus strains function
as probiotics with sleep-promoting potential (Bongiovanni et al.,
2025). These bacteria ferment dietary fiber into short-chain fatty
acids (SCFAs) such as butyrate and acetate (Braniste et al., 2014)
and convert glutamate into the inhibitory neurotransmitter GABA
(Bravo et al., 2011).Such metabolites can directly influence the
nervous system and indirectly modulate it via immune pathways
and the vagus nerve (Kowalski and Mulak, 2019; Zhu et al,
2020). For example, increased butyrate production correlates with
upregulation of host clock genes and enhanced sleep efficiency
(Firoozi et al., 2024), while butyrate also strengthens the intestinal
barrier and exerts anti-inflammatory and neuroregulatory effects,
including microglial modulation (Hodgkinson et al, 2023).
Although exogenous GABA poorly crosses the blood-brain barrier,
microbe-derived GABA may affect central GABAergic activity via
gut mucosal neurons, the vagus nerve, or peripheral immune routes
(Yarandi et al., 2016). Animal studies show that oral L. johnsonii
reduces brain glutamate and increases GABA in stressed mice,
alleviating anxiety and improving cognition (Wang et al., 2020),
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consistent with findings that specific lactic acid bacteria alter brain
GABA receptor expression to reduce anxiety- and depression-like
behaviors (Bravo et al., 2011). In our study, the significant post-
acupuncture increase in L. johnsonii may promote GABA and other
sleep-enhancing metabolites, thereby improving sleep.

Moreover, both L. johnsonii and L. murinus regulate
immunity and gut barrier integrity. L. johnsonii upregulates
tight-junction proteins, enhancing epithelial integrity and
modulating immunity (Arzola-Martinez et al., 2024). In rodents,
L. murinus supplementation increases claudin-4 expression,
reduces intestinal permeability, circulating endotoxin, and TNF-
a levels (Mukohda et al, 2023). These findings suggest that
acupuncture-induced enrichment of L. murinus may protect
against PCPA-nduced barrier dysfunction, mitigating systemic
inflammation and HPA axis overactivation—processes integral to
insomnia. Additionally, dominance of SCFA-producing Gram-
positive bacteria can establish a positive feedback loop: a robust
gut barrier and low chronic inflammation alleviate insomnia-
associated neurochemical imbalances (Hodgkinson et al., 2023),
synergizing with acupuncture’s neuromodulatory effects to enhance
sleep.

Acupuncture altered pathways of amino acid and carbohydrate
metabolism. Tryptophan, a precursor of serotonin and melatonin,
is pivotal for sleep regulation (Zhang et al., 2022). Upregulation
of microbial tryptophan metabolism may influence host serotonin
or produce bioactive derivatives, partly explaining acupuncture’s
tendency to restore 5-HT and melatonin in insomnia models
(Fang et al., 2024). Changes in glycolysis and energy metabolism
pathways likely reflect increased microbial activity and metabolite
production (van der Hee and Wells, 2021). SCFAs, as fermentation
end-products, supply host energy and modulate immune cells and
enteric neurons via G-protein—coupled receptors (Kim, 2023).
SCFAs also mitigate stress-induced HPA axis overactivation and
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LEfSe LDA score plot of significantly enriched taxa among groups (LDA > 2, P < 0.05). A total of 50, 5, 5, and 4 taxa were significantly enriched in the
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group. W, blank group; X, model group; Y, acupuncture group; V, estazolam group.

reduce gut permeability, counteracting insomnia pathophysiology  its roles in improving sleep and reducing inflammation. By
(Quagebeur et al, 2023). Collectively, acupuncture-driven = modulating the microbiota, acupuncture may activate the
enhancements in SCFA and neurotransmitter synthesis underscore ~ PI3K/Akt pathway, promoting cell survival and anti-inflammatory
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LEfSe analysis of significantly enriched KEGG Orthologs (KOs) among groups (LDA > 2, P < 0.05). The plot illustrates the number and LDA scores of
functional KOs significantly enriched in each group, indicating differential effects of interventions on microbial functional profiles.
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effects peripherally and centrally, supporting neurogenesis and
suppressing excessive inflammation to improve sleep and mood
(Krawczyk et al., 2025).

Although PI3K/Akt activity was not directly measured, we
hypothesize that SCFA enrichment—particularly butyrate—
induces gut-derived gluconeogenesis (Ji et al, 2021) and
may activate PI3K/Akt in enteric glia and immune cells
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(Wang H. etal., 2021). Enhanced gut-brain interactions could
then elevate BDNF and GABA in the brain (Marx et al., 2021). In
summary, acupuncture’s effect in insomnia represents a holistic
rebalancing of the gut-brain axis: reshaping the microbiota
while generating beneficial metabolic and immune signals that,
alongside direct neuromodulation, collaboratively alleviate sleep
disturbances (Eshkevari et al., 2013; Elieh Ali Komi et al., 2020
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FIGURE 15
LDA analysis of KEGG level 3 pathways significantly enriched in each group (LDA > 2, P < 0.05). Representative KEGG pathways enriched in each
group are displayed, reflecting microbial functional differentiation in energy metabolism, carbon utilization, and nutrient biosynthesis.

Wang et al., 2023). These findings align with prior evidence that  with the commonly accepted validity window of the PCPA model
correcting dysbiosis alleviates insomnia and anxiety by modulating  and avoids overlap with the spontaneous recovery phase typically
sleep-related neurotransmitters and neuroinflammation. observed after day 9 (Tian et al, 2024). Thus, the therapeutic
effects observed in this study are more likely attributable to the
intervention rather than natural remission. Future research may
4.2 Model validi ty an d rationale for include 'longer observatfon pe.riods or a delayed-treatment design
. . 0 examine acupuncture’s role in the recovery phase.

acupoint selection Acupoints were selected according to classical Chinese
medicine theory, targeting the Back-Shu points of the five Zang

In this study, insomnia was induced in rats by intraperitoneal organs: Heart Shu (BL15), Spleen Shu (BL20), and Kidney Shu
injection of para-chlorophenylalanine (PCPA), a well-validated ~ (BL23). These points are traditionally used to regulate organ
model based on its biochemical mechanism (Bao et al., 2024;  function and strengthen vital qi, and are commonly employed in
Fu et al, 2024; Wang et al, 2024). Model establishment was  clinical treatment of sleep disorders (Qiyun Liu, 2021; Aiyu Wang,
confirmed by the disappearance of the righting reflex following  2023). Previous clinical studies have reported that needling these
PCPA administration (Tian et al., 2024). A One-week observation ~ Back-Shu points significantly reduces Pittsburgh Sleep Quality
period was adopted based on previous preclinical and clinical ~ Index scores, with efficacy rates up to 95.5% (Qianna Wang, 2022).
reports (Qianna Wang, 2022; Jiahui et al., 2024; Wei Liet al,, 2024).  As this study did not include a direct comparison with other
In our experiment, acupuncture was applied for 7 days starting  acupoint combinations, definitive conclusions regarding relative
24 hours after the final PCPA injection. This timeframe aligns  superiority cannot be drawn. Nevertheless, our results support
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the use of Back-Shu points as a classical and effective acupoint
selection strategy for insomnia management in traditional Chinese
medicine.

4.3 Limitations of the study

This study has several limitations. First, the findings
are mainly correlational, and it remains unclear whether
the observed microbiota changes directly contribute to the
improvements in sleep. Future studies using fecal microbiota
transplantation or antibiotic depletion are needed to determine
causality. Second, although metagenomic predictions suggested
involvement of pathways such as SCFA synthesis and amino
acid metabolism, we did not directly measure related metabolites
or host signaling molecules. Validation through biochemical
and molecular assays is needed. Third, the sample size was
relatively small, which may have limited the ability to detect
subtle differences, particularly given the variability in gut
microbiota among individuals. Fourth, only male rats were used.
As sex hormones can influence gut-brain interactions and sleep
physiology, future studies should include both sexes to assess
sex-specific responses.

Finally, behavioral assessments were limited. Descriptions of
improved mental state, increased activity, and reduced depressive-
like features were based on sleep latency tests and daily
observations. Standardized behavioral tests were not performed,
and the open-field test was brief. The rotarod test may also
be affected by motor coordination rather than sedation. Future
work should include more objective and comprehensive behavioral
measures to strengthen these findings.

While this study focused on the acute stage of PCPA-induced
insomnia, and interventions were limited to the first 7 days, future
studies could incorporate extended timepoints or include delayed
interventions to determine whether acupuncture has a role in
modulating the spontaneous recovery phase.

5 Conclusion

These findings indicate that acupuncture at Back-Shu points
not only alleviates insomnia-like behaviors in rats but also remodels
the gut microbiota and its associated metabolic pathways, offering
preliminary support for the “microecology-gut-brain axis” as a
mechanistic basis for acupuncture-based insomnia therapy. By
bridging traditional Chinese medicine and modern biomedical
research, this work lays a theoretical foundation for a novel, gut-
centered treatment paradigm for insomnia. Confirmation of similar
microecological changes correlated with sleep improvements in
clinical populations would support the development of more
personalized and integrative insomnia therapies.
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SUPPLEMENTARY FIGURE S1

Bar graph of sleep latency and sleep duration among groups after
modeling. Data are presented as mean =+ standard deviation; P < 0.05,
P < 0.01, P < 0.001; ns indicates no statistically significant difference.
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