Drug Design, Development and Therapy Dove

ORIGINAL RESEARCH

Integration of Gut Microbiota, Serum Metabolomic,
and Network Pharmacology to Reveal the Anti
Insomnia Mechanism of Mongolian Medicine
Sugemule-4 Decoction on Insomnia Model Rats

Lina Du', Dezhi Yang?, Lan Wu', Li Mei', Sarula Wu', Yasula Ba', Yongchang Bao', Rigugagiqige Su', Lin Song'

'College of Mongolian Medical, Inner Mongolia Medical University, Hohhot, Inner Mongolia, People’s Republic of China; 2Innovative Mongolian Medical
Engineering Research Center, Inner Mongolia International Mongolian Hospital, Hohhot, Inner Mongolia, People’s Republic of China

Correspondence: Lin Song, Inner Mongolia Medical University, Tel +15849163188, Email songlinwpsword@ 163.com

Objective: To explored the potential molecular mechanism of Sugemule-4 decoction (MMS-4D) in treating insomnia.

Methods: p; -4-chlorophenylalanine (PCPA) + chronic unpredictable mild stress stimulation (CUMS) was used to induce an insomnia
model in rats. After the model was successfully established, MMS-4D was intervened at low, medium, and high doses for 7 days. The
open-field test (OFT) was used to preliminarily evaluate the efficacy. The potential mechanism of MMS-4D in treating insomnia was
investigated using gut microbiota, serum metabolomics, and network pharmacology (NP). Experimental validation of the main
components of the key pathways was carried out using ELISA and Western blot.

Results: The weights of the insomnia-model rats were significantly raised (p < 0.05), the total exercise distance in the OFT increased
(p < 0.05), the rest time shortened, and the number of standing times increased (p < 0.05), after treatment with MMS-4D. Moreover,
there was a substantial recovery in the 5-HT, DA, GABA, and Glu levels in the hypothalamus tissue and the 5-HT and GABA levels in
the colon tissue of rats. The expression of DAT and DRD1 proteins in the hippocampus of insomnia rats reduced after drug treatment.
MMS-4D may treat insomnia by regulating different crucial pathways including 5-HT -, DA -, GABA -, and Glu-mediated neuroactive
light receiver interaction, cAMP signaling pathway, serotonergic, glutamatergic, dopaminergic, and GABAergic synapses.
Conclusion: This study revealed that MMS-4D can improve the general state and behavioral changes of insomnia model rats. Its
mechanism may be related to the reversal of abnormal pathways mediated by 5-HT, DA, GABA, and Glu, such as Serotonergic
synapse, Dopaminergic synapse, Glutamatergic synapse, and GABAergic synapse.

Keywords: Mongolian medicine sugemule-4 decoction, insomnia, metabolomics, gut microbiota, network pharmacology, molecular
mechanism

Introduction

Insomnia is a common clinical disease manifested as difficulty in falling asleep or maintaining sleep, that is, frequent awakening,
difficulty in resuming sleep after awakening, or inability to fall asleep again after waking too early. The characteristics of insomnia
include sleep disorder and daytime symptoms. It can affect almost every aspect of life. For instance, it can negatively influence
work performance, impede decision-making, and disrupt interpersonal relationships. In most cases, the overall quality of life of
patients with insomnia is poor." The treatment methods of modern medicine for insomnia include drug therapy and cognitive
behavioural therapy. The drugs used can be summarized as drugs acting on the GABA-A receptor, melatonin receptor, orexin
receptor antagonist and histamine-1 receptor antagonist. However, these drugs have adverse reactions to varying degrees, such as
dizziness, headache, somnolence, and fati gue.2 Cognitive behavioural therapy (CBT) represents the first-line treatment option and

has proven effective in various patient populations. However, about one-third of patients receiving CBT do not respond to
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treatment and only about half achieve full remission.” CBT is also limited because it requires more skilled therapists to provide
treatment effectively and entails higher out-of-pocket expenses.”

Traditional Chinese medicine (TCM) based on the conception of holism and the theory of syndrome differentiation and
treatment, TCM treats insomnia and regulates the patient’s body as a whole.” TCM is widely used in the treatment of insomnia
in China due to its unique advantages, such as the synergistic effect of multiple components and targets, stable therapeutic
effect, low adverse reactions, and low recurrence rate. TCM formulas have also been proven by evidence-based medicine to
have good sedative and hypnotic effects.® TCM is intricately linked to Mongolian Medicine due to its distinctive and profound
theoretical foundation, drug repositories, processing techniques, and drug administration protocols.” Mongolian Medicine has
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excellent safety and beneficial therapeutic effects on insomnia.® For example, Sugemule-4 decoction (MMS-4D) is an
effective Mongolian medicine,” composed of Ziziphi Spinosae Semen (Pharmacopoeia of China 2020, Search results for
Ziziphi Spinosae Semen - Medicinal Plant Names Services (kew.org)), Amomum kravanh Pierre ex Gagnep (Pharmacopoeia
of China 2020, Search (worldfloraonline.org)), Cuminum cyminum L. (Search results for Cuminum cyminum L - Medicinal
Plant Names Services (kew.org)), and Piperis Longi Fructus (Pharmacopoeia of China 2020, Search results for PIPERIS
LONGI FRUCTUS - Medicinal Plant Names Services (kew.org)).

Its remarkable curative effect arises primarily from its long use in clinical practice. It is typically prescribed for
treating insomnia resulting from excessive Heyi. In Mongolian Medicine, insomnia is a disease caused by the imbalance
of the “three mahabodes” where excessive Heyi leads to dysfunction of the “body, heart, and speech” functions. The
main treatment for insomnia should be to suppress Heyi, regulate the Sangen, dredge the circulation of Heyi and blood,
and calm the heart and mind.'® According to Mongolian medical pathology, the occurrence of insomnia is usually closely
related to the imbalance of the digestive system’s three energy (digestive Xira, decomposed Badagan, and fire regulating
Heyi) present in the gastrointestinal tract. After the imbalance of the three digestive functions, due to its light, dynamic,
and fine nature, the fire regulating Heyi can easily be connected in series to other branches of Heyi, affecting sensory
function. Sensory function is driven by Heyi and runs in the white meridian (the nervous system in modern medicine),
mainly responsible for the body’s thinking and perception. Therefore, after insomnia occurs, a series of symptoms and
signs such as indigestion, dizziness, tinnitus, blurred vision, forgetfulness, palpitations, mental instability, and unease
often occur. This also indicates that there are still complex concept of holism in Mongolian medical theory, such as the
“brain gut axis”, and “brain heart gut axis”.

Insomnia is linked to an imbalance in the gut-brain axis. Insomnia may be worsened by disruptions in the intestinal flora,
including altered secretion of specific metabolites.!" Various findings have demonstrated a bidirectional regulatory association
between the CNS and intestinal microorganisms.'? Herbal treatments contain phytochemical compounds that regulate the host
and gut microbiota composition at several targets, thereby ameliorating mental health issues, including anxiety, depression,
insomnia, and dementia.'> Metabolomics can systematically analyze metabolites and discover various biomarkers and
pathways of action after TCM treatment. The significance of evidence-based Chinese medicine and the mechanistic role of
TCM can be effectively elucidated.'* Because of the characteristic of “multiple components, targets and pathways” in TCM, '
many difficulties have been encountered in comprehensively studying active ingredients and systematically explaining the
underlying therapeutic mechanisms. However, the application of NP to the study of TCM may lay a foundation for future
studies by enabling preliminary predictions of the potential material basis and mechanisms of TCM.'®

Thus, based on the concept of holism of Mongolian medicine, the current study used gut microbial, metabolomics,
and NP analyses to evaluate the influences of MMS-4D on the serum metabolite profile and insomnia induced by CUMS
+PCPA in rat models. Exploring the regulatory effects of MMS-4D on the gut and brain in the treatment of insomnia.
This study may contribute to understanding the molecular mechanism by which MMS-4D treats insomnia and the
intricate molecular relationship between drug—components—gut flora composition—serum metabolites, and insomnia.

Materials and Methods

Drugs and Reagents
The following substances were used in this study: fried Semen Ziziphi spinosae (Batch No.: 2,109,001), Wurfbainia vera
(Batch No.: C357210602), Cuminum cyminum L. (Batch No.: 20,220,401), and Piper longum L. (Batch No.: 2,104,001)
from Inner Mongolia Tiansheng Mongolian Traditional Chinese Medicine Co., Ltd.; estazolam (Batch No.: 044211011)
Shijiazhuang Ouyi Pharmaceutical Co., Ltd.; mass spectrometry-grade acetonitrile and methanol from CNW
Technologies; formic acid (mass spectrometry grade) and pp-4-chlorophenylalanine (PCPA) from SIGMA; and
L-2-chlorophenylalanine from Shanghai Hengbai Biology.

Preparation of MMS-4D: 15 times the prescribed number of medicinal herbs (15 g of fried Semen ziziphi spinosae, 15
g of W. vera, 10 g of C. cyminum, and 5 g of P. longum) were obtained, crushed, and passed through an 80-mesh sieve.
After adding 450 mL of water, the mixture soaked for 1 h and boiled for 30 min. After filtration through a 150-mesh
pharmacopeia sieve, the medicinal solution was rapidly frozen at —30 °C and dried by decompression freeze drying.
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Experimental Animals

Forty-eight male SPF-grade SD rats (200 + 20 g, 3-8 weeks old) were obtained from Beijing Sibeifu Animal Co., Ltd.
(production license no. SCXK [Beijing] 2019-0010). They were kept in a 12 h light/dark cycle in an animal room with
22 £ 2 °C and a relative humidity of 45 to 65%. They were allowed to drink and eat freely (Ethics review number:
YKD202302055, approved by the Medical Ethics Committee of Inner Mongolia Medical University. These guidelines
are the national standard “Guidelines for Ethical Review of Experimental Animal Welfare”, issued and officially
implemented in China in 2018).

Of the 48 SPF-grade SD rats, 12 were used to detect the blood components of the drug, while the remaining 36 were
used to study the drug’s action mechanism. One week after adaptive feeding, 12 SD rats were distributed into normal
control (K; n = 6) and medication (S-4; n = 6) groups. The S-4 group was administered with 1.215 g/kg MMS-4D via
gavage, while the animals assigned to the K group were given distilled water in an equal volume, administered at a fixed
time each day for 7 consecutive days. The animals were anaesthetized and fasted for 12 h before administering the last
dose. The blood was drawn from the tier fundus veins at 0.5, 1, and 2 h after their last injection. The serum was then
separated, mixed in a 1:1:1 ratio, and refrigerated at - 80 °C for further analysis.

After one-week acclimatization, the remaining 36 SD rats were assigned to the normal control (C; n = 6) and
modeling (M; n = 30) groups. The modeling animals were stimulated by CUMS for 14 consecutive days, that is, 24 h of
fasting and water deprivation on day 1 of the experiment, 24 h of lying on wet bedding on day 2, 10 min of forced
swimming in ice water at 5 °C on day 3, 10 min of forced swimming in hot water at 40 °C on day 4, 1 min of tail
clamping on day 5, 24 h of tilting the cage at a 45° angle on day 6, and 24 h of continuous illumination on day 7. The
entire process was cycled twice. On the last 2 days, 45 mg/mL PCPA was prepared and administered in a continuous
intraperitoneal injection of 1 mL/100 g. The control animals received intraperitoneal injections of physiological saline on
the last 2 days of modeling. However, they received no treatment throughout the first 12 days of the modelling period.
After the completion of modeling, general state observation and OFT were conducted to examine the success of
modeling. Physical sign observation included monitoring the fur, spirit, activity, sleep, diet, water, weight, and excretion
status of each group of rats after the experiment. A self-made open box with a black inner wall (100 cm long and wide
and 50 cm high) was used for the OFT. In the beginning, the test rats were positioned in the center of the bottom of the
box, and their activity was recorded within 5 min. When the rats exhibited significant behavioural changes, such as
circadian rhythm disorder, disordered hair, increased excitability, increased aggression, shorter total movement distance
in the OFT, longer rest time, and less standing times, then the preparation of the rat insomnia model was successful.

The successfully molded rats were randomly allocated to model (M), MMS-4D high-dose (S-4H), MMS-4D medium-
dose (S-4M), MMS-4D low-dose (S-4L), and estazolam (E) groups. The S-4H, S-4M, and S-4L MMS-4D rats were
orally administered with 2.43, 1.215, and 0.6075 g/kg MMS-4D, respectively. Group E was orally administered with
0.5 mg/kg. Groups C and M received were equivalent amounts of distilled water daily at a constant time for 7
consecutive days. They were subjected to fasting for 12 h before the last administration. After the last administration,
OFT was conducted, and fresh facces were collected. Blood was drawn for 2 h after gavage while under isoflurane
anesthesia and placed in a low-speed centrifuge for 20 min. The serum was separated, brain tissues were dissected,
hypothalamic tissues were separated, and colon tissues were taken. For further analysis, all tissues were kept at - 80 °C.
Details are provided in Figure 1A.

16SrDNA analysis of gut microbiota

DNA Isolation
Total DNA was isolated from different samples via CTAB and washed in the elution buffer (50 pL). For PCR analysis,

DNA was preserved at - 80 °C.

PCR and 16S rDNA Sequencing

Primers were sequenced using universal primers, and their 5’ ends were barcoded based on each sample. The reaction
volume was 25 pL, which included template DNA (25 ng), each primer (2.5 uL) PCR Premix (12.5 pL), and PCR-grade
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Figure | Analysis of the therapeutic effect of MMS-4D on insomnia. (A) Schematic of insomnia model replication, drug treatment, and OFT schedule. (B) Body weight, (C)
total distance in OFT, (D) rest time in OFT, (E) number of times to lift the forelimbs in OFT, and (F) representative motion trajectory map of OFT. Data are represented as
the mean X £ s (n = 6 per group).

Notes: *p < 0.05, **p < 0.0l vs C group; "p < 0.05, ™p < 0.01 vs M group.

water for volume adjustment. The prokaryotic 16S fragments were amplified using the following PCR conditions: initial
denaturation for 30 at 98 °C; 32 cycles for 10s, annealing for 30s, 54 °C; extension for 45s at 72 °C; and final extension
for 10 min at 72 °C. PCR results were validated by gel electrophoresis using 2% agarose gel.

The Qubit (Invitrogen, USA) was used for quantification of the PCR products after purification with AMPure XT
beads (Beckman Coulter, USA). Sequencing amplicon pools were generated, and the determination of amplicon library
amount and size was carried out via a library quantification kit for Illumina (Kapa Biosciences, USA), and an Agilent
2100 bioanalyzer (Agilent, USA), respectively. These libraries underwent sequencing using a NovaSeq PE250 system.

Data Analysis

Sequencing was performed on an Illumina NovaSeq platform in accordance with the instructions provided by the
manufacturer. The paired-end reads were matched to the samples using their distinct barcode and then shortened by
removing the barcode and primer sequence. The paired-end reads were combined using FLASH. The raw reads
underwent quality filtering using particular criteria to acquire high-quality clean tags, as per fqtrim (v0.94). Vsearch
(2.3.4) was used for filtering chimeric sequences. Feature tables and sequences were obtained via DADA2
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after dereplication. By randomly normalizing to similar sequences, alpha and beta-diversities were measured. Based
on the SILVA (release 138) classifier, the relative abundance of each sample was employed to normalize the feature
abundance. Alpha-diversity was employed to assess the intricacy of species diversity in a given sample using five
QIIME2 indices: Observed species, Chaol, Shannon, Simpson, and Goods coverage. Beta diversity was also estimated
via QIIME2, and the R package was employed to plot the graphs. BLAST was used to align the sequences, with
annotations using the SILVA database. R (v. 3.5.2) was used to generate the remaining diagrams.

Serum metabolomic analysis

Metabolite Extraction

Fifty microliters of sample were mixed with 200 uL of extract (methanol: acetonitrile = 1:1, containing isotopically
labelled internal standard mixture) and the material was vortexed (30 s), sonicated on ice (10 min), and maintained at - 40
°C for 1 h for protein precipitation followed by centrifugation (12,000 rpm [R = 8.6 cm, RCF = 13,800 x g, 15 min, 4 °C)
and the supernatants retained. Supernatant aliquots from different samples were mixed equally to generate the quality
control (QC) sample.

LC-MS/MS Analysis

A UHPLC machine (Vanquish, Thermo) with a UPLC BEH amide column (2.1 mm x 100 mm, 1.7 um) connected to an
Orbitrap Exploris 120 instrument (Thermo Fisher) was used for the LC-MS/MS. The mobile phase was (A) 25 mmol/L
ammonium acetate, (B) acetonitrile, and (25 mmol/L ammonia hydroxide in water with a pH of 9.75. The auto-sampler was
set at 4 °C with 2 pL as the volume of injection. MS/MS spectra were obtained using an Orbitrap Exploris 120 instrument
in information-dependent acquisition (IDA) mode with acquisition software (Xcalibur, Thermo) which continuously
evaluated the full-scan MS spectrum. The following parameters were specified for the ESI source: capillary temperature
of 320 °C, sheath gas flow rate of 50 Arb, auxiliary gas flow rate of 15 Arb, full MS resolution of 60,000, MS/MS
resolution of 15,000, collision energy of 10/30/60 in NCE mode, and spray voltage of 3.8 kV (+ve) or —3.4 kV (-ve).

Data Preprocessing and Annotation

ProteoWizard was used for conversion of the raw data to mzXML formats. An internal program based on XCMS in
R was used for data processing to detect, extract, align, and integrate peaks. Metabolites were annotated using an internal
MS2 database (BiotreeDB) with a cutoff of 0.3.

After performing relative standard deviation denoising, 23,392 peaks were identified and excluded from the
analysis. The minimal value was then used to fill up any missing data. The present data analysis used the internal
standard normalization technique. For multivariate analyses, the final dataset, which included the sample name, peak
number, and normalized peak area, was imported into the SIMCA16.0.2 software program (Sartorius Stedim Data
Analytics AB, Umea, Sweden). The data were scaled and logarithmically processed to reduce the effects of noise and
excessive variance in the variables. Following these adjustments, the distribution and sample grouping were shown using
unsupervised and principal component analysis (PCA), lowering the data dimension. The threshold for detecting the
possible outliers in the dataset was set at a 95% confidence interval (CI). Supervised orthogonal projections to latent
structure-discriminate analysis (OPLS-DA) were performed to observe group separation and identify significantly altered
metabolites. Sevenfold cross-validation was applied to determine the values of R2 and Q2. The measure of variance
explained for a variable is denoted as R2, while the measure of predictability for a variable is denoted as Q2. Two
hundred permutations were used for evaluation of the robustness and efficacy of the OPLS-DA model. The intercept
values for R2 and Q2 were acquired. In this case, the intercept value of Q2 indicated the model’s stability, overfitting risk,
and dependability; a smaller value signified higher accuracy. Further, the contributions of each variable to the model were
summarized using the variable importance in projection (VIP) values of the first principal components in the model.
Using #-tests, metabolites with VIP > 1 and p < 0.05 were considered substantially altered. The pathway enrichment
analysis used KEGG (http://www.genome.jp/kegg/) and MetaboAnalyst (http://www.metaboanalyst.ca/).
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Network pharmacological analysis

Identification of Blood Ingredient Components

Metabolite extraction involved dissolving 500 pL of the extract, which contained 10 pg/mL of the internal standard, in
80% methanol after adding 100 mg of the sample. The sample was vortexed for 30s, homogenized at 45 Hz for 4 min,
and then sonicated for 1 h in an ice water bath.

After incubation at —40 °C for 1 h, samples were centrifuged at 12,000 rpm (RCF = 13,800 x g, R = 8.6 cm) and 4 °C
for 15 min and the supernatants were carefully filtered using a 0.22 um microporous membrane and preserved at —80 °C
until the UHPLC-MS analysis. Then, 400 uL of plasma were added to 40 puL. of HCI (2 mol/L). Nevertheless, some of the
samples were considered insufficient; thus, it was collected proportionately (details are in the attached table). After 1 min
vortexing, the mixture was incubated for 15 minutes at 4 °C. There were four repetitions of the vortexing and incubation
cycle. Following high-speed centrifugation (12,000 rpm, 4 °C, 5 min), part of the supernatant (1800 uL) was placed in
a clean tube and dried under nitrogen before mixing with 150 pL of 80% methyl alcohol (internal standard with 10 pg/
mL) and vortexing for 5 min for reconstitution and centrifugation (12,000 rpm, 4 °C, 5 min). Lastly, some of the
supernatant (120 pL) was placed in a new tube for LC/MS analyses.

LC-MS/MS Conditions

An LC-MS/MS analysis was conducted using a UHPLC system (Vanquish, Thermo) equipped with a Waters UPLC BEH
C18 column (1.7 um 2.1x100 mm). Both the sample injection volume and flow rate were set to 0.5 mL/min and 5 pL,
respectively. A solution of 0.1% formic acid water (A) and 0.1% formic acid acetonitrile (B) comprised the mobile phase.
The program for the multi-step linear elution gradient was described as 0 to 11 min, 85-25% A; 11 to 12 min, 25-2% A;
12 to 14 min, 2-2% A; 14 to 14.1 min, 2-85% A; 14.1 to 16 min, 85-85% A.

The MS and MS/MS data were acquired using an Orbitrap Exploris 120 mass spectrometer and Xcalibur software
using the IDA acquisition mode. The mass range for each acquisition cycle was between 100 and 1500. After screening
the top four of each cycle, the respective MS/MS data were acquired. The specified parameters include the following:
sheath gas flow rate of 35 Arb, aux gas flow rate of 15 Arb, ion transfer tube at 350 °C, vaporizer at 350 °C, full MS
resolution of 60,000, MS/MS resolution of 15,000, collision energy in NCE mode of 16/32/48, and spray voltage of
either 4 kV (+ve) or —3.8 kV (-ve).

Data Preprocessing

Raw data were imported using XCMS. Various tasks related to data analysis and processing were carried out, such as
retention time correction, peak recognition, extraction, integration, alignment, etc. The substances within the peaks
comprising MS/MS data were detected via a fragmentation pattern matching method combined with a self-
built secondary mass spectrometry database.

Collection of MMS-4D Targets and Active Components

Input the detected MMS-4D components into TCNSP database, and the screening criteria for bioavailability (OB) and
drug-likeness (DL) criteria of > 30%, > 0.18, respectively. Targets of the drug-effective components were collected
according to the “related targets” of the active components in the TCMSP database and then converted to GeneSymbol
through the UniProt database. If any compound could not be queried in the TCMSP, then it was necessary to log in to the
PubChem database to obtain the corresponding composition formula, import it to the SwissADME platform, set the
gastrointestinal absorption level as “High”, select compounds that could meet the two standards according to Lipinski
Drug-likeness principle, and define them as potential active compounds. Following that, the data was imported into the
SwissTargetPrediction platform, with “homosapiens” selected as the species type and “probability > 0” as the screening
requirements for the component’s probability of producing the activity by acting on the target, serving as the threshold
for predicting the target of action. The effective components of the four drugs were de-duplicated and combined, which
were the active component of MMS-4D.
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Acquisition of Insomnia-Related Targets

The genes associated with insomnia were acquired by retrieving the term “insomnia” from the Therapeutic Target
Database (TTD), Online Mendelian Inheritance in Man (OMIM), Drug Bank, and DisGeNET databases. Afterwards,
MMS-4D target genes were mapped with disease genes, and a union set was taken to obtain the potential target genes for
MMS-4D intervention in insomnia.

Protein-Protein Interaction (PPl) Network Construction

Upload the intersection targets to the STRING11.0 database to elucidate the connection between MMS-4D components
and insomnia-related targets. The default settings were used to construct the PPI model. Then, the relevant functions of
Cytoscape 3.8.2 software were used to further analyze the network.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Enrichments

The identified common targets of “compound disease” derived from the aforementioned processes were sequentially fed
into the Metascape platform and analyzed using GO and KEGG methods. To characterize the target anti-insomnia
biological process in GO analysis, sequential analyses of biological process (BP), cell composition (CC), and molecular
function (MF) were performed. In KEGG analysis, the focus was on finding the main target-related signal pathways.

Construction of a “Differential Metabolites—Pathways—Targets—Active Compounds” Network

Based on the enrichment results of the MMS-4D-related pathway and integration with metabolomics results, the
differential metabolites involved in the pathway, targets, and drug components corresponding to the relevant targets
were statistically analyzed. The combined results were uploaded into Cytoscape to generate a network. The network was
subsequently analyzed, and the core active ingredients, core targets, and core pathways of Sugemule-4 for treating
insomnia were screened based on the degree values.

Experimental Verification

Key Objective Analysis

Correlations between the differential metabolites and microbiota were evaluated between the groups. Further enrichment
analysis was carried out on differential metabolites with a CI of > 0.5 and p < 0.05 with the differential microbiota. To
determine possible mechanisms, the study directed towards the shared pathways, as indicated by metabolomics and NP
outcomes. The key substances in this pathway were selected for ELISA experiment verification by analyzing key pathways.

ELISA Analysis
The concentrations of 5-HT, DA, GABA, and Glu in the hypothalamus and colonic tissue were measured using an
ELISA kit (Ruixin Biological).

Rinse the hypothalamic and colon tissues with pre cooled PBS (0.01 M, pH = 7.4) to remove residual blood, weigh and cut the
hypothalamic and colon tissues into small pieces. Add the shredded tissue to the corresponding volume of PBS (in a weight to
volume ratio of 1:9, for example, 1g of tissue sample corresponds to 9 mL of PBS, and the specific volume can be adjusted
appropriately according to experimental needs and recorded. It is recommended to add protease inhibitors to PBS) into a glass
homogenizer and grind thoroughly on ice. In order to further lyse tissue cells, the homogenate can be subjected to ultrasonic
fragmentation or repeated freeze-thaw cycles. Finally, centrifuge 5000 rpm of the homogenate for 5-10 min and take the
supernatant for detection. Dilute the standard substance separately, add samples to each well, incubate, prepare washing solution,
wash, add enzyme, develop color, terminate, and determine. The detailed steps are strictly carried out according to the instructions.

Western Blot

Detection of DAT and DRD1 protein expression in hippocampal tissue using Western blot. Total protein extraction from
tissues: Wash the tissue blocks 2—-3 times with pre cooled PBS to remove blood stains, cut them into small pieces and
place them in a homogenization tube. Add two 4 mm homogenization beads and 10 times the tissue volume of lysis
solution (add various protease inhibitors within the first few minutes of use). Set up a homogenization program for
homogenization; (If it is necessary to increase the protein concentration, the volume of the lysis solution can be reduced
appropriately.) Take out the homogenization tube that has been completed, place the lysis solution on ice for 30 min, and
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shake every 5 min to ensure complete tissue lysis; Centrifuge at 12,000 rpm, 4 °C for 10 minutes, and collect the
supernatant to obtain the total protein solution. Plasma protein nuclear protein extraction (nuclear protein and cytoplas-
mic protein extraction kit): Thaw the three reagents in the kit at room temperature, immediately place them on ice after
thawing, and mix well. Take an appropriate amount of cytoplasmic protein extraction reagent A as a backup, and add
PMSF within a few minutes before use to achieve a final concentration of 1 mM. Take an appropriate amount of nuclear
protein extraction reagent for future use, and add PMSF within a few minutes before use, so that the final concentration
of PMSF is ImM. Cut the tissue into very small pieces as much as possible. Mix appropriate amounts of cytoplasmic
protein extraction reagents A and B in a 20:1 ratio (for example, add 10 pL of extraction reagent B to 200 pL of
cytoplasmic protein extraction reagent A), and add PMSF to the final concentration of 1 mM to prepare tissue
homogenate. According to the ratio of adding 200 pL of lysis solution to every 60mg of tissue, add the lysis solution
and perform machine homogenization. The homogenization should be done in an ice bath or at 4 °C. Leave the ice bath
for 15 min. Centrifuge at 4 °C and 2000 rpm for 5 min, transfer the supernatant to a pre cooled EP tube to extract some
cytoplasmic proteins. (When aspirating the supernatant, do not touch the precipitate.) At this step, there is still some
plasma protein that has not been extracted, and the remaining precipitate is extracted again using the cell precipitation
method. Add 200 pL of cytoplasmic protein extraction reagent A with added PMSF to every 20 pL of cell precipitation.
Vortex vigorously at the highest speed for 5 s, completely suspend and disperse the cell precipitate; (If the cell precipitate
is not completely suspended and dispersed, the vortex time can be appropriately extended.) Ice bath for 10—15 min. Add
10 pL of cytoplasmic protein extraction reagent B. Maximum high-speed intense vortex for 5 s, ice bath for 1 min.
Maximum high-speed intense vortex for 5 s, centrifugation at 4 °C 12,000—16,000 rpm for 5 min. Immediately aspirate
the supernatant into a pre cooled EP tube, which is the extracted cytoplasmic protein. For precipitation, completely
absorb the remaining supernatant and add 50 pL of nuclear protein extraction reagent with PMSF added. The fastest and
most intense vortex lasts for 15-30 s completely suspending and dispersing the cell precipitate. Then put it back into the
ice bath and vortex vigorously at high speed for 15-30 s every 1-2 mi for a total of 30 min. 4 °C, 12,000—16,000 rpm
centrifuge for 10 min. Immediately aspirate the supernatant into a pre cooled EP tube, which is the extracted nuclear
protein. Protein denaturation: Add the protein solution to the reduced protein loading buffer in a 4:1 ratio, denature in
a boiling water bath for 15 min, and store in a —20 °C refrigerator for later use. SDS-PAGE electrophoresis: Cleaning
glass panels; Gluing and sampling; After the glass panel is naturally dried, pair a concave glass panel and a flat glass
panel, place them in a glue maker, insert an oblique insertion plate to fix the glass panel, check if the bottom is aligned to
avoid glue leakage; Prepare separation gel, mix them evenly immediately after adding TEMED, and pour the separation
gel to an appropriate height. Before pouring the gel, you can try it with a comb. The distance between the comb teeth and
the liquid surface of the separation gel is about 5-8 mm. Then slowly and evenly add pure water to the upper layer of the
separation gel until it is full. After about 30 min, wait for the separation adhesive to solidify, then pour out the upper layer
of water on the separation adhesive and use absorbent paper to absorb the remaining water. Prepare 5% concentrated
adhesive (2 mL H,O, 0.5 mL 30% acrylamide, 0.5 mL 1M TRIS-Hcl (pH 6.8), 40 uL 10%SDS, 30 uL AP, 4 puL
TEMED), then add it to TEMED, and immediately mix evenly to pour the adhesive. Fill the remaining space with
concentrated glue and insert the comb into the concentrated glue, making sure there are no bubbles under the comb. After
the concentrated gel has solidified, remove the gel maker and carefully remove the comb to prepare for electrophoresis.
Place the gel maker in the electrophoresis tank and add sufficient electrophoresis solution before loading the sample for
electrophoresis. Concentrated adhesive voltage is 90 V, and separated adhesive voltage is 150 V. Electrophoresis can be
terminated approximately 1 cm to the bottom of bromophenol blue, and membrane transfer can be performed.
Transmembrane transfer: Prepare 6 pieces of 7x9 cm filter paper and a moderately sized PVDF (0.45 pm) membrane.
Before using the PVDF membrane, activate it with methanol for 2 min. Put the transfer membrane clamp, two sponges,
a glass rod, filter paper, and activated PVDF membrane into a basin with transfer solution added. Open the clip, white on
the left and black on the right, and add a sponge and three layers of filter paper on each side. Carefully peel off the
separation adhesive and place it on the filter paper. Apply the PVDF membrane to the adhesive without any bubbles
between the membranes. Cover the membrane with three filter papers and remove any bubbles. Finally, cover with
another layer of sponge. Membrane transfer conditions: 300 mA constant current, 30 min, during the membrane transfer
process, place the membrane transfer equipment in ice water to cool down. Immune response: place the transferred film
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into an incubation tank containing TBST, rinse it quickly once, then add 5% milk and place it on a decolorization shaker.
Seal at room temperature for 30 min. Dilute the primary antibody according to the antibody instructions. After
preparation, pour out the blocking solution from the incubation tank, add the prepared primary antibody, and incubate
at 4 °C on a shaking table overnight (shake slowly). Recycle the primary antibody, rinse the membrane three times with
TBST, then add TBST and place it on a decolorization shaker for rapid elution. Wash three times for 5 min each time.
Dilute the secondary antibody with TBST in a ratio of 1:5000, then add it to the incubation tank, place it on a shaker and
slowly shake it. Incubate at room temperature for 30 min. Use TBST to quickly rinse the film three times, then add TBST
and place it on a decolorization shaker for quick washing. Wash three times for 5 min each time. Chemiluminescence will
mix ECL A and B solutions in a 1:1 ratio for later use. Take out the washed PVDF film and place it on a absorbent paper.
Slightly dry the liquid on top of the film, place the film on the shelf of the chemiluminescence instrument, add the mixed
ECL luminescent solution, and let the liquid completely immerse the film. After 1 min of reaction, use absorbent paper to
dry the excess liquid on top, put it into the chemiluminescence instrument, and start chemiluminescence according to the
preset program. After exposure is completed, save the original image.

Statistical Analysis

Data were examined via SPSS 26.0 software. The results are presented as X = s and compared using the #-test for two
independent samples and one-way ANOVA for multiple mean values. The rank sum (Kruskal Wallis H) test was applied
to experimental data that deviated from normal distribution. Spearman correlation coefficients were used to assess
associations. Differences in the data were regarded as statistically significant (p < 0.05) and number of repetitions n = 6.
The chart was drawn using GraphPad Prism 9, Cytoscape 3.8.2, WeiShengXin, and FigDraw.

Results

Evaluation of the anti-insomnia therapeutic effect of MMS-4D

Compared with the observation in Group C, after modeling treatment, the rats’ circadian rhythm was disordered or even
disappeared, their weight was significantly reduced (p < 0.01), their hair was disordered, and their excitability and
aggression increased. The total distance of OFT exercise decreased (p < 0.01), the rest time was prolonged (p < 0.01), and
the number of standing times were reduced (p < 0.01). In contrast to the findings in Group M, after treatment with MMS-
4D and estazolam, the weight of the rats increased significantly, the total movement distance became longer (p < 0.01),
the rest time shortened (p < 0.01), and the number of standing times elevated (p < 0.01), as shown in Figure 1B-F.
Therefore, MMS-4D and estazolam could improve the behavioural changes in insomnia model rats.

Improvement of gut flora imbalance in insomnia rats by MMS-4D
To assess the regulatory impact of MMS-4D on the composition of the intestinal microbiota in insomnia rats, we
performed 16S-rDNA gene sequencing on rat facces. After quality control, 6792 ASV feature sequences were generated
from 36 detection samples and used for the following analysis. Subsequently, through the dilution curves of Chaol and
Shannon (Figure 2A and B), and four a-diversity indices, namely Chaol, Shannon and Goods Coverage and Singson to
evaluate the abundance and diversity of gut flora (Figure 2C—F). The tendency of the sparse curve of diversity to flatten
as the number of sequences increased to 10,000 suggests that the quantity of sequencing data was adequate and that most
of the sample diversity was compensated through sequencing. Interestingly, the Chaol dilution curve, Shannon curve,
and four a-diversity indices did not differ among the groups (Figure 2A—F), indicating that estazolam treatment or MMS-
4D intervention did not affect the species richness. Next, we used methods such as PCA and principal coordinate analysis
(PCoA) to evaluate the B-diversity of the gut flora among different groups. Significant clustering was observed in each
group’s microbial community composition, as demonstrated by PCA (Figure 2G). In contrast, PCoA showed consider-
able variations in the microbiota compositions in the six rat groups (Figure 2H), suggesting diverse compositions of the
overall gut flora.

By analyzing the similarity of bacterial classification at the levels of phylum and genus, the overall composition of the gut
flora of the sixth ancestor was further compared. Firmicutes displayed phylum-level dominance across all six groups
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Figure 2 MMS-4D improves intestinal microbiota imbalance in insomnia ratsChaol dilution curve of each experimental group, (B) Shannon dilution curve of each
experimental group, (C) intergroup comparison of Chaol index diversity, (D) intergroup comparison of Shannon index diversity, (E) Goods intergroup comparison of
coverage index diversity, (F) intergroup comparison of Simpson index diversity, (G) principal component analysis (PCA), and (H) weighted UniFrac principal coordinate
analysis (PCoA). (I) Relative abundance of gut microbiota at the phylum level in each group. (J) Comparison of representative differences in microbial abundance between
groups at the phylum level. (K) Relative abundance of gut microbiota at the genus level in each group. (L) Comparison of representative differences in microbial abundance
between groups in genus level. Data are represented as the mean X £ s (n = 6 per group).

Notes: * p < 0.05, **p < 0.01, vs C group; *p < 0.05, ™p < 0.01, vs M group.

(Figure 2I). The abundance of Actinobacteriota in group M increased compared with that in group C (p <0.05 or p <0.01),
while Cyanobacteria were reduced (p < 0.05 or p < 0.01). However, after the intervention of estazolam and S-4L, the
abundance of Actinobacteriota and Cyanobacteria was markedly adjusted (p < 0.05 or p < 0.01), the abundance of
Cyanobacteria in the S-4H and S-4M group was significantly adjusted (p < 0.05 or p < 0.01), (Figure 2J). At the genus
level, as shown in the stacking diagram (Figure 2K) of the top 30 abundance rankings, Romboutsia and UCG-005 were the
dominant flora. Furthermore, 28 species of bacteria in group M changed significantly compared to group C. In addition, 38
species of different bacteria were screened between groups E and M, 32 species of different bacteria were screened between
groups S-4H and M, 37 species of different bacteria were screened between groups S-4M and M, and 43 species of different
bacteria were screened between groups S-4L and M. To observe the influence of MMS-4D on the disturbance of gut flora in
insomnia model rats, we selected five representative bacterial genera for intergroup comparison. Relative to group C, the
composition of gut flora in group M rats, the burden of Coriobacteriaceae UCG-002, Dubosiella, Bifidobacterium,
Prevotellaceae NK3B31 group, and Anaerostipes increased (p < 0.05 or p < 0.01). However, after the intervention of
estazolam and MMS-4D, the abundance of these flora was substantially adjusted (p < 0.05 or p < 0.01; Figure 2L).

Serum metabolomic results and correlation analysis between differential
gut flora and serum differential metabolites
Multivariate Data Analysis

The fundamental peak chromatograms of the QC samples in positive and negative ion modes are shown in Figure 3A and
B (TIC chart in respective ion modes), indicating that each sample exhibited a good peak performance. The metabolites in
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the rat sera from the different groups were analyzed using PCA and OPLS-DA; pattern recognition maps of the two were
acquired. Each group’s PCA pattern recognition diagram is presented in Figure 3C. The findings displayed substantial
variations between groups M and C. In contrast, the administration group exhibited a clear trend of callback to group C,
indicating that the metabolic components in the model group rats were interfered. The administration group could
effectively adjust the abnormal biological metabolic pathways in the body, and the QC sample aggregation indicated that
the instrument was stable This study focused primarily on the therapeutic biomarkers of MMS-4D, used OPLS-DA to
compare the overall metabolic profiles of groups C and M, and screened specific metabolites between these two groups.
According to the observed alterations in the levels of these potential biomarkers in the treatment group, further screening
was conducted to identify the metabolic components that tended to change in concentration in the treatment group toward
group C as potential biomarkers for further analysis. The OPLS-DA permutation test results are depicted in Figure 3D, and
the OPLS-DA score scatter chart is presented in Figure 3E. In the OPLS-DA model, R%X = 0.27, RY = 0.999, and Q2 =
0.777 indicated that the OPLS-DA model had good predictability and adaptability. The endogenous metabolic components
significantly differed between the M and C groups.

Identification of Differential Metabolites

Differential metabolites between Group C and Group M were screened using V/P > 1.0 and #-test (p < 0.05) as screening
criteria. The findings indicated that 187 distinct metabolites were screened. Among them, group E recalled 61
metabolites, group S-4H recalled 71 metabolites, group S-4M recalled 73 metabolites, and group S-4L recalled 79
metabolites. Extensive screening of differential metabolites was carried out on the following groups: groups E and
M vyielded 119 differential metabolites; groups S-4H and M revealed 154 differential metabolites; groups S-4M and
M yielded 156 differential metabolites; and groups S-4L and M revealed 172 differential metabolites.

KEGG Enrichment Analysis of Differential Metabolites

The results showed that the metabolic differences between Group M and Group C were mainly related to changes in
membrane transport pathways such as ABC transporters, amino acid metabolism such as tryptophan metabolism and
glycine, serine and threonine metabolism, and nucleoside metabolism such as pyrimidine metabolism (Figure 3F).

The therapeutic efficacy of Eszolam may mainly involve changes in membrane transport pathways such as ABC
transporters and metabolism of amino acid substances such as Tryptophan metabolism, as shown in Figure 3G. The
therapeutic efficacy of MMS-4D is closely related to the above metabolic pathways, as well as the metabolism of the
digestive system, such as Protein digestion and absorption, Bile secretion, and Mineral absorption, as shown in
Figure 3H-K. This result also indirectly confirms the theory that insomnia is related to the digestive system’s three
energy in the gastrointestinal tract.

Serum Differential Metabolites and Differential Gut Flora Correlation Analysis
Spearman analysis detected the associations between differential gut flora and serum differential metabolites. After the unique
values of the differential metabolites were retained between the above six groups, 365 metabolites were obtained, with 93
different bacterial genera among each group. The relationship between 93 genera and 365 metabolites was tested (Figure 31),
and 189 differential metabolites with an absolute CI of > 0.5 and p < 0.05 were screened for pathway enrichment analysis.
KEGG analysis showed metabolites that differed between groups M and C were mainly involved in histidine metabolism;
phenylalanine metabolism; leucine, valine, and isoleucine biosynthesis; tryptophan metabolism; and phenylalanine, tyrosine,
tryptophan biosynthesis (Figure 3J); and other amino acid metabolic pathways. The DA score is shown in Figure 3K. The
treatment of insomnia with estazolam and MMS-4D was also closely related to the above metabolic pathways (Figure 3L-0).

The serum metabolites related to five representative bacterial genera Coriobacteriaceae UCG-002, Dubosella,
Bifidobacterium, Prevotellaceae NK3B31uggroup, and Anaerostipes are shown in Table 1, indicating that Coriobacteraceae
UCG-002, Dubosiella, and Bifidobacterium are positively correlated with bile excretion and affect the metabolism of
substances such as Cholic acid. Dubosiella, Bifidobacterium are positively correlated with L-DOPA and negatively correlated
with 5-HT, while Anaerostipes are negatively correlated with L-Tryptophan and DL Tryptophan.
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Table | The Correlation Index Value List Between Representative Bacterial Genera and Serum Metabolites

Dove!

Serum Metabolites \ Bacterial genera Coriobacteriaceae_ | Dubosiella | Bifidobacterium Prevotellaceae_ | Anaerostipes
UCG-002 NK3B3I1_group
Diaminopimelic acid —-0.16 -0.24 —0.61 -0.22 -0.19
Caryophyllene alpha-oxide 0.39 0.54 0.19 —0.05 0.18
L-Norleucine 0.26 0.31 0.51 0.13 0.13
L-Phenylalanine 0.44 0.46 0.65 0.22 0.21
L-Isoleucine 0.26 0.27 0.52 0.06 —0.01
Cortisone 0.50 0.53 0.42 0.32 0.09
L-Leucine 0.24 0.29 0.56 0.23 0.15
3-Indoleacrylic acid 0.40 0.53 0.40 0.13 0.01
L-Threonic acid —0.44 —0.40 —0.53 —-0.19 —-0.20
Pyrrolidine 0.57 0.38 0.38 0.49 0.14
Xanthosine 0.51 0.52 0.23 0.36 0.23
Indoleacetaldehyde -0.25 -0.26 0.01 -0.21 —0.50
Cytarabine 0.58 0.47 0.34 0.35 0.56
Indoxyl sulfate -0.17 —-0.07 —-0.20 —0.26 —0.53
Deoxycholic acid 0.68 0.57 0.49 0.45 0.26
Phenylpyruvic acid 0.41 0.47 0.50 0.35 0.42
N 1-Methyl-4-pyridone-3-carboxamide -0.49 —0.53 -0.39 —-0.15 —0.43
L-Theanine 0.49 0.6l 0.43 0.34 0.28
3-Methoxy-4-hydroxyphenylethyleneglycol —0.41 —0.63 —0.54 -0.23 -0.24
sulfate
L-Tryptophan -0.44 —-0.44 -0.14 -0.26 -0.54
DL-Tryptophan —0.43 -0.41 —0.09 -0.26 -0.57
PC(22:5(7Z,10Z,13Z,16Z,19Z)/18:1(1 1Z)) 0.57 0.43 0.17 0.20 0.18
Allysine —-0.30 -0.37 —0.64 —-0.28 —0.44
M-Coumaric acid 0.38 0.36 0.53 0.10 0.24
Bicyclo-PGE2 0.52 0.44 0.39 0.38 0.15
Acetylleucine 0.32 0.21 0.0l 0.15 0.52
Cholic acid 0.57 0.50 0.6l 0.46 0.26
(2E)-Piperamide-C5:| -0.55 -0.33 -0.29 -0.17 -0.33
Diethylthiophosphate 0.6l 0.52 0.32 0.33 0.51
Cytidine -0.32 —0.36 —-0.50 -0.22 —0.12
Hexadecanedioic acid 0.41 0.56 0.55 0.24 0.35
N-Acetylglutamine —0.46 —0.43 —-0.26 —0.34 —0.52
IH-Indole-3-carboxaldehyde —-0.40 —-0.36 —0.08 -0.27 —0.52
Alpha-CEHC 0.27 0.13 0.28 0.53 0.15
Methylimidazole acetaldehyde —0.38 —0.46 —0.54 -0.27 -0.25
4-Chloro-3,5-dimethoxybenzyl alcohol 0.48 0.42 0.36 0.54 0.42
N-Hydroxy- [ -aminonaphthalene —-0.40 —0.41 —-0.24 —0.36 —-0.51
Tromethamine —0.54 —0.46 —0.34 —0.23 —0.34
Genomorphine —-0.31 -0.41 —0.65 —-0.16 -0.27
Stigmastentriol 0.68 0.64 0.35 0.29 0.26
2-Methyl-6-(|-propenyl)pyrazine 0.49 0.48 0.57 0.21 0.27
S-Methylmethionine 0.52 0.46 0.36 0.34 0.19
M-Chlorohippuric acid 0.48 0.36 0.48 0.50 0.53
Resveratrol 0.57 0.39 0.39 0.37 0.39
Serotonin —0.49 —0.67 —0.56 —0.36 -0.37
2-(Ethylamino)-4,5-dihydroxybenzamide 0.54 0.70 0.63 0.16 0.22
3-Acetamidobutanal 0.54 0.58 0.38 0.31 0.39
L-Sorbose —0.62 —0.52 -0.39 -0.27 —0.55
(Continued)
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Table | (Continued).

Serum Metabolites \ Bacterial genera Coriobacteriaceae_ Dubosiella Bifidobacterium Prevotellaceae_ Anaerostipes
UCG-002 NK3B31_group

O-Acetylserine 0.58 0.37 0.36 0.13 0.08
N-acetyltryptophan -0.37 —-0.51 -0.28 -0.19 —0.52
6-Chloro-N-(1-methylethyl)-1,3,5-triazine- —0.44 -0.33 —-0.09 -0.18 —0.63
2,4-diamine

Romucosine A 0.52 0.22 0.16 0.23 0.45
9-Hydroxyphenanthrene 0.53 0.43 0.27 —-0.03 0.16
L-Dopa 0.47 0.57 0.54 0.28 0.27
Valyl-Isoleucine —-0.52 -0.35 —-0.16 -0.21 -0.50
LysoPC(22:1(13Z)) —0.16 -0.29 —0.30 -0.02 -0.52
PC(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/16:1(9Z)) 0.03 -0.10 -0.16 —-0.51 -0.37
Glucose 6-phosphate —0.53 —-0.50 —-0.38 -0.20 -0.19
3-Methoxybenzenepropanoic acid -0.27 —0.24 —0.63 —0.33 -0.29
Piperolactam D 0.19 0.34 0.51 0.28 0.25
Erysopine -0.20 -0.27 —0.55 —0.13 —0.36
p-Cresol sulfate -0.37 —0.49 —-0.50 -0.24 —-0.16
2-[(Methylthio)methyl]-2-butenal -0.23 —0.26 —0.09 -0.17 -0.23
6-Hydroxy- | H-indole-3-acetamide —0.46 —0.54 —0.43 -0.27 -0.25
4-Hydroxy- | H-indole-3-acetonitrile —0.41 —0.55 —0.48 —0.35 —0.51
Estrone-3-glucuronide 0.52 0.40 0.24 0.24 0.37

Notes: Cl < 0 indicate negative correlation, while Cl > 0 indicate positive correlation.

Analysis results of NP and integrated analysis of NP and metabolomics

Identification Results of Blood Ingredient Components

The sample was injected according to the analysis conditions in Section 2.5.1 to obtain the MMS-4D and total ion flow
diagram of the drug-containing serum (Figure 4A—D). The structure of the chemical components was examined based on the
method in Section 2.5.2, and the main components of MMS-4D were quickly characterized. Compounds with a fitting degree
of > 60% and ppm value < 5x10~°® were taken. A total of 1330 compounds were identified from MMS-4D, 1171 compounds
were found in the sera of group K, 1197 compounds in the sera of group S4, and 469 transitional components were identified in
the blood; of these compounds, 326 had drug-likeness. The identification results are depicted in Supplementary Table 1.

Network Pharmacological Analysis
A total of 1531 targets for MMS-4D blood ingredient components and 346 targets related to insomnia were obtained
through relevant databases. MMS-4D was crossed with disease targets to obtain 104 common potential targets, and this

information was used to draw a Wayne diagram (Figure 4E).

PPl Networks and Core Target Acquisition Results

STRING was used to analyze the PPI networks of intersection targets, with Cytoscape used for visualization (Figure 4F).
The 20 most core targets screened using CytoHubba are shown in Figure 4G. These targets play a crucial role in PPI and
are important potential targets for MMS-4D in insomnia treatment.

Biofunctional Enrichment and Pathway Analysis of Common Potential Targets

The Metascape website was run to enrich GO functionality with p < 0.05. The top 10 entries were plotted with a p-value
(Figure 4H). KEGG pathways were analyzed with p < 0.05, and the core pathway map was plotted for the top 20 entries
with a p-value (Figure 41).
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Figure 4 Results of NP and integrated analysis of NP and metabolomics. (A) TIC diagram of MMS-4D in a positive ion mode, (B) TIC diagram of drug-containing serum in
a positive ion mode, (C) TIC diagram of MMS-4D in a negative ion mode, (D) TIC diagram of drug-containing serum in a negative ion mode, (E) Wayne diagram of potential
targets for the MMS-4D treatment of insomnia, (F) PPl network diagram, (G) core target diagram, (H) GO enrichment analysis, (I) KEGG pathway enrichment analysis, and
(J) network of “differential metabolites—pathways—targets—active compounds”.

GO analysis revealed that BP was predominately involved in chemical synaptic transmission, anterograde trans-
synaptic signaling, and trans-synaptic signaling; CC mainly involved dendrites, dendritic trees, postsynaptic membrane,
etc.; MF was mainly involved in the activities of neurotransmitter receptors, G protein-coupled amine receptor,
G protein-coupled serotonin receptors, etc. Insomnia treatment with MMS-4D primarily involved the calcium signaling
pathway, neuroactive light receptor interaction, and pathways associated with neurodegenerative multiple disorders based
on the KEGG analysis.
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Integrated Analysis of NP and Metabolomics

We focused on the shared pathways of NP and metabolomics to discover their potential mechanisms. The enriched KEGG
metabolic pathways were crossed in the two experiments, and overlapping metabolic pathways were selected for 21 metabolic
pathways. Based on the metabolic pathway, the therapeutic targets, differential metabolites, and active compounds of MMS-4D
for insomnia were further derived, and a “differential metabolites-pathways-targets-active compounds” network was drawn. This
network comprised 385 nodes and 2601 edges, involving 12 differential metabolites, 77 target genes, 275 MMS-4D active
compounds, and 21 signaling pathways (Figure 4J). Table 2 shows the ranking results among the network’s top 20 active
ingredients, targets, and pathways based on their degree values. Differential metabolite-related genes and key targets were
obtained from each pathway for crossover, and duplicate targets, namely, SLC6A4, DRD2, SLC6A3, ADORA2A, DRD4,
DRD3, HTR1A, CYP1A2, HTR6, DRD1, HTR7, ADRB1, ADRB2, CYP3A4, HTR1B, and HTR1D, were obtained.

Experimental verification results

Selection of Key Substances

Significant pathways were traced based on the above key targets, and a network with pathway-related substances was
constructed (Figure 5A). The network consisted of 16 targets, 14 metabolic pathways, and 4 pathway-related substances.
The results revealed that most key pathways and targets were related to 5-HT, DA, Glu, and GABA. Therefore, these four
substances were selected in this experiment for validation.

ELISA Analysis

As shown in Figure 5B-5I, the contents of 5-HT, DA, Glu, and GABA in the hypothalamic tissue of group M rats
significantly changed (p < 0.05 or p < 0.01), and this change was reversed after MMS-4D were given. The levels of DA,
Glu, and GABA in the hypothalamic tissue reversed after Estazolam were given. The contents of 5-HT and GABA in the
colon tissue of the M group model rats were substantially lower (p < 0.05 or p < 0.01). Although the amount of Glu
decreased, no marked change was observed; the DA content also had no significant change. After estazolam and MMS-
4D administration, 5-HT, GABA, and Glu contents increased.

Western Blot
The levels of DRD1 and DAT in the hippocampal tissues of the M group revealed higher levels than the C group
(Figure 5J). However, after treatment, there was a decrease in the expression level of these proteins.

Discussion

The mechanism by which MMS-4D treats insomnia was comprehensively examined in this experiment by integrating NP,
16SrDNA of gut microbiota, and serum metabolomics. The findings suggested that different components of MMS-4D showed
curative effects against insomnia by regulating different targets and pathways. Among these ingredients, tetrahydroberberine'”
and boldine'® could be used to treat insomnia, thereby confirming the therapeutic value of MMS-4D for this disease.

Gut flora communicates with the brain through a complex two-way communication system (gut-brain axis),'” such as
through the immune system, tryptophan metabolism, vagus nerve, and intestinal nervous system.”’ Although the exact
pathogenesis of insomnia is unclear, fragmentation and short duration of sleep are related to gut flora imbalance.?' The
brain-gut microbiota axis enables disturbed sleep patterns to affect the diversity, composition, and functionality of intestinal
microorganisms.** In this study, the gut flora abundance changed substantially after intraperitoneal administration of CUMS
in combination with PCPA. There was an increase in Actinobacteriota at the phylum level, while the number of
Cyanobacteria was reduced. It has been found that the abundance of Actinobacteriota is linked to insomnia,®
depression,” and cancer progression in patients with liver cancer,”* while Cyanobacteria can produce cyanobacterium
toxin, which is related to degenerative disease.”> After the treatment with estazolam and MMS-4D, these changes in flora
abundance were reversed to varying degrees. At the genus level, the abundance of Coriobacteriaceae UCG-002,
Dubosiella, Bifidobacterium, Prevotellaceae NK3B31 group, and Anaerostipes increased. After the treatment with estazo-
lam and MMS-4D, the abundance of these flora decreased, suggesting that these florae might be biomarkers of insomnia.
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Table 2 Top 20 Nodes of Network Degree Value of “Differential Metabolites—Pathways—Targets—Active Compounds.”

Pathway Degree | MetabolitelD | Metabolite Degree | Target Degree | Compound Degree
Neuroactive ligand-receptor interaction 51 | C00780 Serotonin 9 | CYPI9AI 138 | N-nornuciferine 33
Camp signaling pathway 16 | C00355 L-Dopa 5 | AR 105 | Tetrahydroberberine THB 28
Serotonergic synapse 15 | C00I57 PC 3 | GSK3B 74 | Boldine 28
Dopaminergic synapse 12 | C00078 L-Tryptophan 2 | PTGSI 71 (R)-Juziphine 27
Chemical carcinogenesis - receptor activation 12 | C04805 5-HETE 2 | SLC6A4 70 | Dibutyl phthalate 26
Retrograde endocannabinoid signaling 10 | C00064 L-Glutamine 2 | DRD2 70 | Dehydroandrographolide 25
Taste transduction 10 | C00637 Indoleacetaldehyde I | SLC6A3 69 | Bullatine G 25
Tryptophan metabolism 9 | C00328 L-Kynurenine I | NR3ClI 68 | 4-Hydroxynornantenine 24
Inflammatory mediator regulation of TRP channels 8 | C00762 Cortisone I | ADORA2A 66 | PROPRANOLOL 23
Gap junction 8 | C02938 3-Indoleacetonitrile I | CHRMI 56 | Pseudocopsinine 23
Parkinson disease 8 | C00350 PE(16:0/18:2(9Z,12Z)) I | HTR2A 53 | Neoherculin 23
Steroid hormone biosynthesis 7 | C02470 Xanthurenic acid I | OPRMI 52 | Ceanothine B 22
Amphetamine addiction 7 GABRAI 50 | Apoatropine 22
Alcoholism 7 CHRM2 50 | N-vanillyl-octanamide; 21
Glutamatergic synapse 6 P2RX7 50 | Laudanosoline 21
GABAergic synapse 6 GABRAS 48 | Gelsevirine 21
Arachidonic acid metabolism 5 DRD4 48 | Dihydrocapsaicin 20
Linoleic acid metabolism 5 OPRDI 48 | (E, E)-2,4-Decadienoic isobutylamide 20
Cocaine addiction 5 DRD3 46 | (R)-Higenamine 20
African trypanosomiasis 4 OPRKI 46 | Meperidine 20

e 32 nQ

aro(q


https://www.dovepress.com
https://www.dovepress.com

Dove Du et al

A
O Targets C> Pathways <> Key substances
B D F H
gn gw oo
2 | S
: - . o W < 6)*"\ 6)»‘\ P
i i i . 75KD:
H - 3 — % s DRD1
£ H |
> T T e R R R Y 37D | D SR S S S D!
c E G S S S e
?Q § { 68KDa | —— . —DAT
: £ -
£l = & el = = ! et —— e Gl
i i "

Figure 5 Experimental verification results. (A) Network of “key target, key pathway, key substance”. (B) Concentration of 5-HT in the hypothalamus. (C) Concentration of
5-HT in the colon. (D) Concentration of DA in the hypothalamus. (E) Concentration of DA in the colon. (F) The concentration of GLU in the hypothalamus. (G) The
concentration of GLU in the colon. (H) Concentration of GABA in the hypothalamus. (I) The concentration of GABA in the colon. (J) The expression of DRD| and DAT in
the hippocampus. Data are represented as the mean ¥ £ s (n = 6 per group).

Notes: *p < 0.05, **p < 0.01 vs C group; *p < 0.05, *p < 0.01 vs M group.

The serum metabolomics results in this experiment showed that MMS-4D can not only regulate the membrane transport
pathways such as Taurine, L-Glutamine mediated ABC transporters, amino acid metabolism such as L-Tryptophan, Serotonin
mediated tryptophan metabolism and Sarcosine, L-Tryptophan mediated glycine, serine and threonine metabolism pathways in
insomnia model rats, but also regulate metabolism of the digestive system such as L-Tryptophan, L-Glutamine mediated Protein
digestion and absorption, Deoxycholic acid, Cholic acid, Serotonin mediated Bile secretion, and L-Tryptophan, L-Glutamine
mediated Mineral absorption. A study shows that the treatment effect of Semen Ziziphi spinosae and Radix Polygalae on insomnia
mainly involves pathways such as biosynthesis of valine, leucine, and isoleucine, metabolism of glycine, metabolism of alanine,
aspartic acid and glutamic acid, metabolism of phenylalanine, and metabolism of cysteine and methionine.* MMS-4D not only
regulates neural pathways, but also restores the balance in the body of model rats by regulating digestive function related
pathways, thereby improving insomnia. And metabolites such as L-Tryptophan, L-Glutamine, and Serotonin seem to play an
important role in this process. The correlation analysis between gut microbiota and serum metabolomics also indicates that the key
bacterial genera Coriobacteraceae UCG-002, Dubosiella, and Bifidobacterium are positively correlated with bile excretion and
affect the metabolism of substances such as Cholic acid. Dubosiella, Bifidobacterium are positively correlated with L-DOPA and
negatively correlated with 5-HT, while Anaerostipes are negatively correlated with L-Tryptophan and DL Tryptophan.

Research has shown that Semen Ziziphi spinosae can improve sleep by regulating GABA levels or specifically
activating GABA ».2”*® In our research, combining the 16SrDNA detection results with serum metabolomics and NP, we
found that tetrahydroberberine, boldine, and other components in MMS-4D could regulate metabolites such as 5-HT,
L-DOPA, and GIn in serum, thereby acting on DRD1, DRD2, SLC6A3, and HTR1A; consequently, it reversed the
abnormalities of neuroactive light receiver interaction, cAMP signaling pathway, serotonergic, dopaminergic,
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glutamatergic, GABAergic synapses, and other pathways (Figure 6). The expression, targets, and pathways involved in
these differential metabolites were related to 5-HT, DA, Glu, and GABA. MMS-4D not only has a regulatory effect on
GABA as consistent with the above studies, but also specifically regulates pathways such as Serotonergic synapse and
Dopaminergic synapse mediated by DA and 5-HT, regulating body balance through multi-component, multi-target, and
multi pathway therapy, and treating insomnia.

5-HT is an important target for treating insomnia in many studies.”® It is a precursor of tryptophan, which has various
biological functions and is a crucial gastrointestinal regulating component. Intestinal chromaffin (EC) cells are involved in the
production of almost 95% of 5-HT in the body.’® The gut microbiota—brain axis can directly or indirectly modulate sleep
behaviour and may participate in the pathogenesis of insomnia.’' Many studies have found that microbial or host-produced
compounds interact with the gut flora to regulate host 5-HT secretion in EC cells.** The current study observed significant
alterations in the B-diversity, number, and potential metabolic activities of gut flora in insomnia rat models after treatment with
MMS-4D. The differential metabolite 5-HT in the serum of insomnia model rats was substantially elevated, and the content of
5-HT in the hypothalamic and colon tissues significantly increased. MMS-4D contains various active ingredients, including
alkaloids, terpenoids, flavonoids, phenols, etc. Alkaloids are widely present in different medicinal plants, and various ingredients,
such as berberine,* can reverse disorders in the gut microbiota;>* thus, they affect the secretion of 5-HT, which is involved in
many metabolic pathways, such as nerve active ligand-receptor, cCAMP signal pathway, serotonin synapse, and tryptophan
metabolism, to affect sleep regulation.
Another key target, dopamine, is thought to be involved in sleep-wakefulness regulation as a substance that promotes
arousal.”>° Gut endocrine peptides can signal dopamine neurons in the brain to regulate dopamine and inhibit sleep

arousal.’’

Decreased serotonin levels can increase dopaminergic neuron differentiation in rat mesencephalic precursors.
On the contrary, serotonin binding to serotonin type 7 and 4 receptors can reduce the production of dopaminergic neurons
in midbrain precursors.*® L-DOPA (L-3,4-dihydroxyphenylalanine) is the precursor of dopamine synthesis39 and
a symmetrical amino acid, which is produced by the biosynthesis of L-tyrosine in plants and some animals.*’
L-DOPA is decarboxylated to DA in cells that express amino acid decarboxylase and other decarboxylase enzymes; it
is absorbed by nearly all cell types in the brain.*'

Nevertheless, newly formed DA competes with 5-HT in 5-HT neurons; it is encapsulated in exocytosis vesicles via
the vesicular monoamine transporter VMAT2.%* Thus, to the detriment of endogenous 5-HT, L-DOPA-induced DA can
be enriched in 5-HT vesicles secreted by 5-HT neurons throughout the brain.** Here, it was found that the differential

metabolite L-DOPA, which participates in metabolic pathways such as dopaminergic synapse and retrograde

5-HT A
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L-DOPA ¥
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Figure 6 Schematic of potential signaling pathways regulated by MMS-4D.
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endocannabinoid signaling, was considerably reduced in the serum of rats exposed to MMS-4D. Further, L-DOPA had an
impact on the level of DA. ELISA results showed a marked reduction in DA content in hypothalamic tissue after MMS-
4D treatment, but the DA content in the colon tissue had no significant changes. Therefore, MMS-4D treatment could
reverse the accumulation of L-DOPA in serum and DA in the brain tissue and treat insomnia.

Table 2 demonstrates that L-glutamine (Gln), in combination with 5-HT and L-DOPA, is crucial for treating insomnia
with MMS-4D. Free glutamine is abundant in the body and is the primary substrate of intestinal cells.** Because of the
high activity of glutaminase, the concentration in intestinal tissues is deficient, although the intestine is the main site of
Gln consumption.*> The primary excitatory neurotransmitter in the CNS is glutamate (Glu).** GIn produces Glu by
deamidating glutaminase, a precursor of y-aminobutyric acid (GABA); GABA is a neurotransmitter inhibitor.*’

Interestingly, certain flora in the gut can produce GABA that regulates the brain—gut axis response.*® Glu and
GABA neurons fully regulate arousal and sleep behaviour, most of which are used to treat insomnia. Sedative and
hypnotic drugs also act on GABA.*’ Research has confirmed that shorter sleep time and awakening rate are related
to lower GABA levels in certain brain 1regi0ns.5°’5 ! Here, after treatment with MMS-4D, the differential metabolite
Gln in the serum of the model animals significantly increased, and Gln participated in metabolic pathways such as
glutamorphic synapse and GABAergic synapse and affected the levels of Glu and GABA. The ELISA results
indicated that the Glu content in the hypothalamic tissue significantly increased after MMS-4D treatment.
However, the Glu content in the colon tissue had no significant changes, while the GABA content in the
hypothalamic and colon tissues significantly increased. Therefore, MMS-4D treatment could promote the absorp-
tion of Gln in the intestine and further catalyze the production of GABA, thereby promoting sleep.

Although this experiment was based on 16SrDNA, serum metabolomics, and NP to preliminarily elucidate the
molecular mechanism of MMS-4D in treating insomnia, some limitations should be noted. Firstly, additional pharma-
cological investigations are needed for verification. Secondly, in future research, the metabolic changes taking place in
other tissues including cerebrospinal and the hippocampus fluid, should be determined to accurately reflect the mechan-
ism of MMS-4D acting on insomnia. In addition, more precise metabolomic techniques, such as targeted metabolomics,
are needed to detect metabolic biomarkers purposefully.

Conclusion

This study revealed that MMS-4D can improve the general state and behavioral changes of insomnia model rats, and treat
insomnia. Its mechanism may be related to the regulation of various microbial flora such as Coriobacteriaceae UCG-002,
Dubosella, Bifidobacterium, Prevotellaceae NK3B3 lugroup, and Anaerostipes, as well as metabolites such as 5-HT, L-DOPA,
and Gln in the serum. Its tetrahydroberberine, berberine, and other components may act on targets such as DRD1, DRD2,
SLC6A3, and HTRI1A. Thus reversing the abnormalities of Neuroactive light receptor interaction, cAMP signaling pathway,
Serotonergic synapse, Dopaminergic synapse, Glutamatergic synapse, GABAergic synapse, and other pathways mediated by
5-HT, DA, GABA, and Glu. This study laid the groundwork for future clinical applications by providing information and
a theoretical foundation for the in-depth investigation of MMS-4D’s action mechanism in the treatment of insomnia.

Highlights

e The combination of gut microbiota, serum metabolomics, and network pharmacology was applied.
e Biomarkers were associated with the anti-insomnia mechanisms of MMS-4D.

e Integrating gut microbiota, serum metabolomics, and network pharmacology is valuable for TCMs.
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