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Background: Acute hypoxia-induced sleep disorders (AHISD) frequently occur in individuals exposed to high altitudes, yet current
treatment options are limited. Danggui Buxue decoction (DBD) originated from the ancient medical book ‘“NeiWaiShangBianHuo
Lun” for more than 700 years, and is widely used to treat anemic diseases in clinical, with the potential to treat AHISD.

Methods: We employed a combination of behavioral assays, transcriptomics, neurotransmitter profiling, and in-silico approaches to
evaluate the effects and mechanisms of DBD.

Results: DBD supplementation significantly alleviated sleep disorders in AHISD fruit flies, restoring the sleep time and the sleep
structure. Mechanistically, DBD alleviated AHISD mainly by restoring neurotransmitter balance such as Glutamine (Gln) and
Glutamic acid (Glu), modulating serotonin receptors (5-HT1A/1B), and suppressing neuroinflammatory Toll and Imd pathways. In
addition, resveratrol, magnolol, and caffeic acid as the main active ingredients of DBD played an important role in alleviating AHISD.
Conclusion: These findings suggest DBD as a promising candidate for mitigating AHISD through neuroprotective and anti-
inflammatory mechanisms.

Keywords: Danggui Buxue decoction, acute hypoxia-induced sleep disorder, neuroprotective mechanism, active ingredients,

Drosophila melanogaster

Introduction

As more individuals are traveling to plateau regions for work or leisure, acute hypoxia-induced sleep disorders (AHISD)
often occur due to the decreased oxygen concentration.' > Although drug intervention is the primary form of treatment
for AHISD, there are still issues such as limited treatment options and side effects.* Therefore, it is crucial to find
effective intervention measures for AHISD.

The pathogenesis of AHISD is a complex process, and current studies have mainly focused on neurotransmitter
disorders and neuroinflammation.>® The dynamic balance between sleep and wakefulness depends on the coordinated
action of multiple neurotransmitters.” Hypoxia alters the expressions of TH, ChAT and GAD enzyme, which is associated
with sleep neural homeostasis in various brain regions, leading to the elevated dopamine levels and reduced serotonin
(5-HT) levels in the frontal cortex, pons, and medulla, ultimately decreasing REM sleep duration and increasing sleep
latency.” Researchers suggest that high altitude hypoxia induces an increase cytokines of brain such as IL-1, IL-6, and
TNF-a by stimulating EPO production, ultimately altering sleep quality and structure.® Thus, the modulation of signaling
pathways by targeted drugs is considered a promising strategy for the treatment of AHISD.
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Danggui Buxue decoction (DBD), a famous formula composed of Angelicae Sinensis Radix (Danggui, DG) and
Astragali Radix (Huangqi, HQ) in a ratio of 1:5, is originated from the “NeiWaiShangBianHuo Lun” written by Li
Dongyuan in the 13th century.” It has been widely used to treat anemia for more than 700 years. Modern pharmacological
research has shown that DBD has the ability to improve brain diseases. For instance, DBD could improve depressive
symptoms in GK rats by activating the CREB/BDNF/TrkB signaling pathway;'® DBD combined with endothelial
progenitor cells could promote the reconstruction of neural function to treat focal cerebral ischemia;'' DBD could
improve the sleep scale scores of Parkinson’s patients and enhance their sleep quality.12 In addition, Astragali Radix and
Angelicae Sinensis Radix could regulate 5-HT levels to alleviate the disease.'*'* DBD consists of a variety of active
ingredients, among which quercetin, ferulic acid and kaempferol could regulate GABA and 5-hydroxytryptaminergic
system to improve sleep quality.'>'® However, there are few studies regarding the protective effect of DBD on AHISD.
Thus, it is essential to explore the role, mechanism and active ingredients of DBD in the treatment of AHISD.

Currently, various animal models have been used to dissect the pathogenesis of diseases and screen drugs, among
which the fruit fly (Drosophila melanogaster) is considered a rapid and systematic in vivo model for studying the sleep

disorders.'®° It particularly shares evolutionary conserved mechanisms regulating sleep homeostasis with human,*'2?

such as the involvement of 5-HT and dopamine receptors in sleep-awake state®*2

and a crosstalk relationship between
inflammation and sleep.”® Multiple studies had used fruit fly model to confirm that moderate hypoxia is beneficial for
increasing sleep time, reducing sleep frequency, and improving sleep quality.>’*® Therefore, flies can be used to screen
new therapeutic agents and investigate molecular mechanisms of AHISD. With the development of bioinformatics, the
combined analysis of transcriptomics and clinical datasets could reveal the conserved pathogenic mechanisms of diseases
across different species, for instance, chemotherapeutic intestinal injury in Drosophila has conserved pathogenic
mechanisms such as Toll-like receptor signalling pathway, autophagy, and apoptosis.?’ In addition, the use of traditional
Chinese medicine whole target mass spectrometry analysis, pharmacological feature prediction, network pharmacology,
and molecular docking could effectively screen active ingredients and analyze potential mechanisms.***' The integrated
research of multi-technology could provide a comprehensive understanding of the therapeutic mechanism and material
basis of DBD.

Accordingly, this study firstly evaluated the therapeutic effects of DBD on AHISD. The mechanism and functional
compounds of DBD were then clarified combined with in vivo experiments and in-silico approaches, offering a novel

intervention method for the clinical treatment of AHISD.

Materials and Methods

Experimental Reagents

Astragali Radix (Gansu Province, China, batch number 2307007) and Angelicae Sinensis Radix (Gansu Province, China,
batch number 20230801) were purchased from and identified by the Affiliated Hospital of Gansu University of Chinese
Medicine, which were in line with the standards listed in the National Pharmacopoeia of China. The separation,
concentration, lyophilization and storage of DBD were performed according to previous research.*” In brief, Angelicae
Sinensis Radix slices and Astragali Radix slices were mixed in a ratio of 1:5 (w/w). They were immersed in ultra-ultra-
pure water (1:8, w/v) for 1 h, boiled for 1 h and repeated twice. The obtained aqueous extracts were evaporated,
concentrated and placed in a lyophiliser to collect the lyophilised powders at —80°C. Based on the previous studies and
pre-experiments, the concentration of DBD was used as 2.5, 10 and 40 mg/mL, respectively.’**> Small molecules of
DBD were purchased from Shanghai Yuanye Bio-Technology Co (Shanghai, China) (Table 1), and the concentration was
1 mM.*

Fly Stocks and Rearing
The w'!'® (#5905) flies were obtained from the Bloomington Drosophila stock center (BDSC; Indiana, United States).
Fruit flies were cultured in common corn agar medium as reported in previous studies.*> 3—5 day old female flies were

used for experiments.
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Table | List of Small Molecule in This Study

Name Stock | Solvent | Production Lot
Resveratrol mM Ethanol MI17HB178543
Magnolol mM | Ethanol J22HB189358
Caffeic acid mM Ethanol M28HBI183194
Ferulic acid mM Ethanol GI3S11L124423

mM | Ethanol 0O141B228927
mM | Ethanol 0211B229303
mM | Ethanol S26GB162199
mM | Ethanol | A07IB222187
mM | Ethanol O29HBI199514

Salidroside
Curcumin
Isoliquiritigenin

|

|

|

|
Kaempferol I mM | Ethanol | ]J171B218678

|

|

|

Baicalein |

|

Quercetin

Model Construction

3-5 day old w'/’® female flies were randomly assigned to control, model, DBD treatment (2.5, 10 and 40 mg/mL,
respectively), and active ingredient treatment. Prior to model establishment, the groups were trained in an environment
with 21% oxygen for 3 days, with normal food in the control and model groups, and drug-containing basal food in the
DBD-dosed and active ingredient group. During experiment, flies in the control group were maintained in 21% oxygen,
and flies in the model, DBD and active ingredient administration groups were maintained in the 2% oxygen environment.
The control and model groups were incubated with normal food, and the DBD and active ingredient administered groups
were incubated with drug-containing food.

Sleep Assay
The Drosophila activity monitoring system (DAMS) was used to quantify the sleep quality in flies as described
previously.>®*” The DAMS includes two sleep monitoring panels connecting the gas inlet and outlet pipelines. The
first sleep monitor was used to monitor the impact of normoxia, while the second monitor was used to monitor the effect
of hypoxia stress. When flies pass through the middle of the sleep monitoring panel, they are scanned by infrared
radiation, and the system records their movements per minute. When flies were not scanned by infrared light within
5 min, it is defined as sleeping.*®

Flies were trained under the appropriate conditions for the first 2 d. Flies were then transferred to the DAMS system
on the third day without any recorded data. The first sleep monitor was maintained at 21% oxygen and was used to record
data from the control group, and the second sleep monitor was maintained at 21% oxygen and was used to record data
from the model, DBD treatment, and the active ingredient group on the fourth day. The sleep and movement related
physiological indicators of flies were analyzed using ShinyR DAM.

Screening of Potential Targets for AHISD

To determine the pathogenesis of AHISD, key proteins were collected by searching the GEO database (https://www.ncbi.
nlm.nih.gov/geo/) and the GeneCards database (https://www.genecards.org/). Clinical samples exhibiting symptoms of
acute mountain sickness are defined as AHISD. The clinical dataset (GEO accession ID: GSE75665) includes five
individuals with symptoms of acute mountain sickness and five healthy control individuals, sequenced using the Illumina

HiSeq2000 sequencing platform (Homo sapiens). Meanwhile, human-related disease-causing genes were searched in
GeneCards using the keyword “acute high-altitude induced sleep disorders”. Homologous genes between humans and
fruit flies are converted online by g:Profiler (https://biit.cs.ut.ee/gprofiler/orth).

Transcriptome Analysis
Total RNA of the fly brains was extracted using the TRIzol reagent (Invitrogen, CA, USA) according to the manufac-
turer’s protocol. The RNA library was constructed and sequenced. Firstly, RNA sequencing results were normalized.
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Differential genes with p values < 0.05 and |Fold change| > 1.2 were then identified using DESeq2 analysis. GO function
and KEGG pathway enrichment analysis were performed. The correlation analysis plot, volcano plot, GO, and KEGG
enrichment results were all plotted online via the chiplot website (https:/www.chiplot.online/#Sankey-plot). The

transcriptome sequencing experiment was repeated three times for biological replication.

Analysis of Neurotransmitter Content

Firstly, take an appropriate amount of neurotransmitter standard (Table S1), prepare a single standard masterbatch with
methanol or water, dilute it to a suitable concentration, and make a working standard solution. Approximately 500 fly
brains from each group were placed into a centrifuge tube, and a certain amount of formic acid methanol solution was
added to perform grinding and centrifugation. About 100 pL of the supernatant was taken and set as a low concentration
substance detection sample and a high concentration detection sample. Finally, the samples of different groups were
scanned and detected by multiple reaction monitoring, and the concentrations of neurotransmitters were calculated
according to the standard curve (Table S2). The chromatography-mass spectrometry conditions were as follows:
chromatographic column: ACQUITY UPLC® HSS T3 (5 pL injection, 40°C); mobile phases: A-0.1% formic acid in
water, B-0.1% formic acid in methanol, gradient: 0-2 min 5% B — 6 min 50% B — 7 min 95% B — 10.1 min 5%
B (flow rate of 0.25 mL/min); mass spectrometry: ESI source (+ ion mode), ion source 500°C/4500V; air curtain gas
30psi, nebulisation/assist gas 50psi.

RT-gPCR Analysis

The total RNA of brains was extracted with Trizol reagent (Invitrogen) and then reverse transcribed for cDNA using
Hifair® I st Strand cDNA Synthesis SuperMix (Yeasen, China). Quantitative PCR was performed using the GFX 96
ConnectTM Optical Module (Bio-Rad Laboratories) and Hifair®qPCR SYBR®Green Master Mix (No Rox) (Yeasen,
China). The 2-AACt method was used for analysis with rp49 as the reference gene. Primer sequences were listed in
Table 2.

Component Identification Analysis of DBD
The active ingredients of DBD were identified by Ultra Performance Liquid Chromatography -MS/MS (UPLC-MS/MS).
In brief, spectral databases such as the public databases HMDB, LipidMaps, KEGG, ChEBI and standard library of Nomi
metabolism were used to characterize the raw data, and the parameters were then set to ppm < 30 to obtain the
compositional qualitative results.

DBD ingredients were screened using the swissADME web tool (http://www.swissadme.ch/index.php) based on the
UPLC-MS/MS results. In brief, the first step was to find the active ingredients SMILES number in the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/), which was subsequently loaded into the swissADME web tool to evaluate the key

parameters of the active ingredients online. The ingredients with good solubility, good gastrointestinal absorption, and

Table 2 List of Forward and Reverse Primers

Genes | Forward Reverse

SHT-IA | TTCGTGGCCTGCCTAGTAAT CCAGTAACGATCGACGGCAA
SHT-IB | ATTTCGCCAGTTTGGCCATT CGTTGCTGGTGCGATAATCA
GSI TGCGTCTGCTGCGTACTGGC | CGGCGTTTCCAGGTTGCGGTA
GS2 GGATGGCCCGTTTCCTCT ACCAGCACCGTTCCAATC

Toll-1 GTGAGGTCGACAGGGTTCAG | TGAGACGGCGAGTGGTAAAC
Myd88 GGCTCGTTCCCTACACGATC | GAATGCTGGGAGTGGTCACC
Dif ATGTTTGAGGAGGCTTTCGG | GAACCGGCGGTGCGACCCTCGC
PGRP-LC | AAACGATCCGTTGACTGGAC | TACGCTTGGATTCCGTTTTC
Imd TTCGGCTCCGTCTACAACTT GTGATCGATTATGGCCTGGT
RP49 CTTCATCCGCCACCAGTC GCACCAGGAACTTCTTGAATC

https:
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high bioavailability were selected as the research objects. The targets of active compounds were predicted using TCMSP,
PharmMapper, and the interaction pathways were analyzed using David databases.

Molecular Docking

Molecular docking was used to predict the binding affinity and conformation of active compounds to TLR4 or 5-HT1A.
The sdf format file of active compounds and receptor protein structures were downloaded from the PubChem database
and the RCSB PDB database (https://www.rcsb.org/), respectively. Charge distribution optimisation and rotatable bond

parameters were set for the active components using AutoDockTools 1.5.6 software, and water molecules and ligands
carried by the proteins were removed using PyMOL software. The AutoDock Tools 1.5.6 software was then used to
complement the protein hydrogen atoms, assign molecular charges and set the grid box parameters for the docking
region. Finally, molecular docking of compound-target was performed by Autodock Vina 1.1.2 (http://vina.scripps.edu/)

and visualized by Discovery Studio software.

Statistical Analysis

Each experiment was repeated at least three biological replicates. The GraphPad Prism 7.03 was performed to analyze the
data. Data were expressed as mean + S.E.M. Normality and lognormality test were used to check whether the samples
conformed to the normal distribution, and Wilcoxon signed-rank test was used if they did not. One-way ANOVA
followed by Tukey’s multiple comparison test was used to analyze difference among three and more groups. The
difference between two groups were analyzed using an unpaired #-test. The significance level is determined by *p < 0.05,
**p < 0.01 and ***p < 0.001, respectively.

Results
DBD Supplementation Improves Sleep in AHISD Flies

To investigate the sleep-protective effects of DBD, the sleep-related indicators of females were determined. The
modeling conditions for each group are shown in Figure 1A. The results showed that acute hypoxia could induce
sleep disorders in flies, while administration of DBD improved the sleep duration of flies during a 24-h baseline period
(Figure 1B). Meanwhile, DBD supplementation could restore sleep time during the day, night, and total sleep in a dose-
dependent manner (Figure 1C-E). Together, these findings suggest that DBD exerts a sleep-improvement effect in
AHISD flies.

AHISD Shares Conserved Pathogenesis Between Fruit Fly and Human

To further explore the conservative pathogenesis of AHISD, the combination of the clinical dataset, disease database and
transcriptomics was employed. Firstly, the gene expression profiles between groups were consistent and exhibited
minimal fluctuations, as shown in the gene box plot (Figure 2A). It was found that 921 upregulated-genes and 595
downregulated-genes based on the analysis of 14406 genes (Figure 2B). After comparative analysis of the clinical
dataset, disease database and transcriptomes, it was revealed that there were 1252 core conserved genes (Figure 2C), and
some of the conserved gene information was shown in Table 3. Then, the enrichment analysis of these core genes was
conducted, and the results showed that it is mainly related to neuroactive ligand-receptor interaction, Toll and Imd
signaling pathway, autophagy and mTOR signaling pathway (Figure 2D and E). These results suggest that multiple
pathways in AHISD are conserved in fruit flies.

DBD Supplementation Regulates Various Gene Expression in AHISD Flies

To explore the mitigation mechanism of DBD, the gene expression of AHISD flies after DBD supplementation was
dissected. The correlation coefficient plots indicated a high degree of within-group similarity and significant between-group
differences (Figure 3A). Upon comparing the analysis of differences among three groups (|[Fold change| > 1.2, p <0.05), it
was revealed that AHISD group had 175 up-regulated genes and 26 down-regulated genes, which was restored after DBD
administration (Table S3, Figures S1 and 3B), and the major differential genes were shown in Figure 3C. Enrichment
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Figure | DBD alleviates sleep disorder in fruit flies under acute hypoxia. (A) Experimental flowchart of acute hypoxia modeling and DBD treatment in flies. Sleep status was
evaluated using (B) sleep profilesina |12 h light/12 h dark (LD) cycle, (C) total sleep duration, (D) day sleep duration, (E) night sleep duration and (F) sleep latency (n = 32-35). The
data is expressed as mean + SEM. Compared to model group, *p < 0.05, *p < 0.01 and ***p < 0.001 indicate significant difference.
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Table 3 List of Top 20 Conserved Genes

Gene name (Drosophila) | Orthologs (Homo sapiens) | Pathways

Pten PTEN Autophagy - animal

Pi3K59F PIK3C3 Autophagy - animal

Ras85D HRAS FoxO signaling pathway

Atg8b GABARAP FoxO signaling pathway

elF4E6 EIF4EIB mTOR signaling pathway

Mnd SLC7A5 mTOR signaling pathway

CG34404 MCC Wht signaling pathway

Simb BTRC Wt signaling pathway

CG11700 UBB Mitophagy - animal

Sima HIFIA Mitophagy - animal

Vis TGIF2 TGF-beta signaling pathway

HDAC4 HDACI TGF-beta signaling pathway

Cyt-c-p CYCS Apoptosis - fly

Decay CASP3 Apoptosis - fly

Chico IRSI Longevity regulating pathway - multiple species
S6K RPS6KBI Longevity regulating pathway - multiple species
GABA-B-RI GABBRI Neuroactive ligand-receptor interaction
GSI GLUL Neuroactive ligand-receptor interaction
Relish NFKBI Toll and Imd signaling pathway

Imd RIPK I Toll and Imd signaling pathway

analysis revealed that DBD supplementation regulated metabolic-related pathway, Toll and Imd signaling pathway, and
neuroactive ligand-receptor interactions (Figure 3D and E). Therefore, these results suggest that DBD may exert protective
effects against AHISD via multiple pathways.

DBD Supplementation Restores Acute Hypoxia-Induced Neurological Dysfunction in
AHISD Flies

To further clarify the mechanism of DBD against AHISD, neural function indicators were tested. Liquid chromatography-mass
spectrometry was used to detect neurotransmitter content, and the relevant information was shown in Figure S2. The PCA results
showed stable intra group repeatability and significant inter group differences (Figure 4A). Acute hypoxia could lead to abnormal
expressions of neurotransmitters in fly brain tissue (Figure 4B). After DBD intervention, the relative metabolic levels of
Glutamine (Gln) and Glutamic acid (Glu) were restored (Figure 4C and D). The standard curve information of neurotransmitters
was shown in Table S2. In addition, acute hypoxia down-regulated the mRNA levels of 5-HT1A4, 5-HT1B, glutamine synthetase 1
(GS1) and glutamine synthetase 2 (GS2), and up-regulated the gene expressions of Toll-1, Myd88, Dif, PGRP-LC, and Imd, while
DBD administration could restore these gene expression levels (Figure 4E and F). Therefore, these results demonstrate that DBD
exerts neuroprotective effects against AHISD.

Three Bioactive Compounds of DBD Improve Sleep Disorder in AHISD Flies
To investigate the bioactive compounds of DBD extract against AHISD, firstly UPLC-MS/MS was performed. The
results showed that 19 compounds were identified from DBD extracts, as detailed in Table S4. It is anticipated that 10
compounds may alleviate sleep disorders according to the literature, and the solubility, GI absorption, and bioavailability
score that predicted based on their chemical structures (Figure 5SA—C). To further detect the efficacy of these 10
compounds, sleep index tests were conducted. Resveratrol, magnolol and caffeic acid could significantly improve total
sleep time and nighttime sleep duration in AHISD flies (Figure 6A—C). Resveratrol and caffeic acid could prolong sleep
duration (Figure 6D), while caffeic acid shortened sleep latency (Figure 6E).

The targets of resveratrol, magnolol and caffeic acid were predicted using TCMSP and PharmMapper, and the
interaction of targets between the three compounds and AHISD was then analyzed (Figure 7A). It was found that
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resveratrol, magnolol and caffeic acid could intervene in AHISD mainly via Toll-like signaling pathway and serotonergic
synapse, respectively (Figure 7B—D). Molecular docking simulations were conducted between three compounds and
receptor proteins, which showed that the docking affinity was less than —5.0 kcal/mol (Table 4) and the binding
conformation was stable (Figure 7E and F). Therefore, these findings indicate that resveratrol, magnolol and caffeic

acid are the main compounds of DBD against AHISD.
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Table 4 Docking Scores of Compounds and Receptor
Proteins

Gene Name | PDB ID | Compound | Affinity (kcal/mol)

TLR4 2762 Resveratrol -6.0
Magnolol -6.9
Caffeic acid -5.9
SHT-1A 8FYX Resveratrol =77
Magnolol -8.0

Caffeic acid -7.0

Discussion
Sleep plays an important role in maintaining people’s normal physiological activities. AHISD as a plateau complication

. . L 4 . 41,42
3% causing the learning and memory impairments,*® depression®'"

is commonly found in the high-altitude population,
and acute cerebral edema.*’ In this study, we investigated the sleep improvement effect and material basis of DBD in
AHISD flies. The results indicated that DBD could enhance sleep duration and structure by restoring neural function
homeostasis and the alleviation of neuroinflammation. Furthermore, resveratrol, magnolol and caffeic acid in DBD were
identified to improve sleep in AHISD flies.

Currently, AHISD researches mainly focus on neurological dysfunction, including imbalanced neurotransmitters and
related receptors levels, as well as neuroinflammation.>® Our results showed that DBD could restore the decreased levels
of Gln, Glu, 5-hydroxyindoleacetic acid (5-HIAA), 5-HT1A, 5-HT1B and GS in the brain of AHISD flies. Sleep-
regulating neurotransmitters are associated with Gln and 5-HT metabolites, such as 5-HIAA. Gln could produce Glu that
released into the synaptic cleft to bind with receptors,** while the remaining Glu is transported to glial cells and
converted to GIn by GS, avoiding neurotoxicity caused by Glu accumulation.*® Research has shown that sleep disorders
induced by PCPA in rats were associated with a reduction in Gln content;*® supplementation with Gln content could
significantly increase sleep duration.*” It was reported that high-altitude hypoxic induced the Gln content in rat serum.*®
5-HIAA as the main metabolite of 5-HT could indirectly affect the function of 5-HT1A.***° Studies have found that the
decreases in 5-HIAA and 5-HTIA levels could induce sleep disorders.”'~* In addition, under simulated hypoxic
condition, the content of 5-HIAA in the brain decreased,”* and 5-HT1A was disrupted.”*>* These findings suggested
that DBD could alleviate the imbalance of neurotransmitters and receptors induced by acute hypoxia.

Neuroinflammation also plays an important role in AHISD. TLR4 could activate the downstream NF-kB signaling
pathway via the MyD88 pathway, promoting the expression of pro-inflammatory cytokine genes, and causing neuronal
damage, and ultimately leads to sleep disorders.”> >’ TLR4 disrupts normal brain activity and alters sleep structure
through interleukin-6 and osteopontin.”® Furthermore, acute hypoxia exposure may activate the TLR4 pathway, leading
to brain dysfunction and inducing sleep rhythm disorders.”**® We found that acute hypoxia exposure rapidly activated
the innate immune pathways (Toll pathway: Toll-1, Myd88, Dif, Imd pathway: PGRP-LC, Imd) in fruit flies, which could
be suppressed after DBD intervention. The results indicated that DBD could alleviate acute hypoxia induced neuroin-
flammatory response. It is important to point out that the existing evidence is only correlative, and in the future, we will
further clarify the roles of Toll and Imd signaling pathway through inhibition or knockdown experiments.

Traditional Chinese medicine has complex ingredients, and its active ingredients work together to treat diseases such
as insomnia.®"**> DBD is composed of multiple components including terpenoids, flavonoids, phenolic acids, and
gingerols.®® Here, active ingredients of DBD were identified based on UPLC-MS/MS analysis, and the results showed
that 10 ingredients had potential sleep improving effects. For example, resveratrol alleviated sleep disorders in APP fruit
flies by regulating the expression of dSir2;** magnolol increased NREM and REM sleep time through GABA
receptors;®> caffeic acid had sedative effects in pentobarbital-induced sleeping time in mice.®® Subsequently, the sleep
monitoring experiment demonstrated that resveratrol, magnolol, and caffeic acid exhibit sleep-enhancing properties. In
addition, using molecular docking, we found these three active ingredients bound to the corresponding receptor proteins
in a stable conformation and all had better binding ability to 5-HT1A. These results suggested that the above three
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Figure 8 The protective effect and mechanism of DBD on acute hypoxia induced sleep disorders.

components may be the main active ingredients of DBD in alleviating AHISD. Notably, DBD is a complex mixture, the
mechanism by which these three active ingredients work synergistically to alleviate AHISD requires further
investigation.

In summary, this study used in vivo experiments and in-silico approaches to clarify the therapeutic mechanism and
active ingredients of DBD against AHISD (Figure 8). Although the sleep improving effect of DBD still needs more
experimental verification in clinical practice, it provides new ideas for the treatment of AHISD. The current results are
only based on the Drosophila model, whereas mammals have more complex brain structures and sleep regulation
mechanisms than the Drosophila model. For instance, although some neurotransmitters in fruit flies have the similar
functions with these in mammals, including GABA, glutamate, acetylcholine, dopamine, 5-HT, and histamine, mammals
differ from fruit flies in some neurotransmitter release sites and metabolic pathways.®” ®® Therefore, future studies will
focus on the validation of mechanisms in mammals. In addition, Drosophila research tools could be applied to directly
compare the function of specific neural circuits in mammals. By focusing on evolutionarily conserved mechanisms and
integrating cross-species techniques, the translational value of Drosophila research could be maximised while circum-
venting the biases associated with model limitations. Due to the similarity in sleep structure and sleep related pathways
between fruit flies and humans, AHISD flies are a perfect in vivo model for high-throughput drug screening.

Conclusion
DBD and its main active ingredients resveratrol, magnolol, and caffeic acid can improve AHISD, and its potential
mechanism may be related to the restoration of neurological function.

Abbreviations
AHISD, Acute hypoxia induced sleep disorders; DBD, Danggui Buxue decoction.
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