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Purpose: The Baihe Dihuang decoction (BDD) is a representative traditional Chinese medicinal formula that has been used to treat
anxiety disorders for thousands of years. This study aimed to reveal mechanisms of anxiolytic effects of BDD with multidimensional
omics.

Methods: First, 28-day chronic restraint stress (CRS) was used to create a rat model of anxiety, and the open field test and elevated
plus maze were used to assess anxiety-like behavior. Enzyme-linked immunosorbent assay (ELISA), hematoxylin—eosin staining, and
immunofluorescence staining were used to evaluate inflammatory response. Besides, 16S rRNA gene sequencing assessed fecal
microbiota composition and differential microbiota. Non-targeted metabolomics analysis of feces was performed to determine fecal
biomarkers, and targeted metabolomics was used to observe the levels of hippocampus neurotransmitters. Finally, Pearson correlation
analysis was used to examine relationships among gut microbiota, fecal metabolites, and neurotransmitters.

Results: BDD significantly improved anxiety-like behaviors in CRS-induced rats and effectively ameliorated hippocampal neuronal
damage and abnormal activation of hippocampal microglia. It also had a profound effect on the diversity of microbiota, as evidenced
by significant changes in the abundance of 10 potential microbial biomarkers at the genus level. Additionally, BDD led to significant
alterations in 18 fecal metabolites and 12 hippocampal neurotransmitters, with the majority of the metabolites implicated in amino acid
metabolism pathways such as D-glutamine and D-glutamate, alanine, arginine and proline, and tryptophan metabolism. Furthermore,
Pearson analysis showed a strong link among gut microbiota, metabolites, and neurotransmitters during anxiety and BDD treatment.
Conclusion: BDD can effectively improve anxiety-like behaviors by regulating the gut-brain axis, including gut microbiota and
metabolite modification, suppression of hippocampal neuronal inflammation, and regulation of neurotransmitters.
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Introduction

Anxiety disorder is a common mood condition that is characterized by anxiety and fear.' According to epidemiological
studies, anxiety disorder is the most common and prevalent disabling mental illness worldwide, with a lifetime
prevalence of 28.8%.? The high morbidity, recurrence, and disability rates of anxiety disorders greatly burden patients,
their families, and society.”> Although chemical drugs may relieve anxiety symptoms, they cause severe side effects in
some patients, such as sleepiness, sexual dysfunction, and weight gain.4 Therefore, it is imperative to implement new
therapeutic approaches and innovate the development of anxiolytic medications.
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Traditional Chinese medicine has played an important role in treating anxiety due to its multi-component, multi-target
approach with minimal side effects. The Baihe Dihuang decoction (BDD) is a traditional Chinese medicinal formula with
a long history of use in China dating back to 200 AD for the treatment of “Baihe disease”. This formula was originally
described in the “Synopsis of Prescriptions of the Golden Chamber” by Zhongjing Zhang, and consists of two herbs,
Lilium lancifolium Thunb and Rehmannia glutinosa (Gaertn). DC. (http://www.th eplantlist.org). The “Baihe disease”
presents symptoms that resemble those of anxiety disorders, such as anxiety, fear, muscle tension, panic attacks, and
apprehension. At present, BDD is still used in clinical practice for treating patients with anxiety disorder, and it has also
been found to exert anxiolytic-like effects in animals.”’

Previous studies have shown that many ingredients of BBD have antianxiety effects. In our previous study, the main
anxiolytic ingredients of BBD were detected through the use of the spectrum—effect relationship, and these included
regalosides A, B, C, D, and H, acteoside, and isoacteoside.’ The anxiolytic function of catalpol is mediated by
upregulating the expression of brain-derived neurotrophic factor and repairing the hypothalamus—pituitary—adrenal
(HPA) axis.® Acetoside (verbascoside) exhibits anxiolytic effects through its interaction with gamma-aminobutyric
acid (GABA) A receptors,” while regaloside A plays an important neuroprotective role by modifying brain-derived
neurotrophic factor and tyrosine kinase receptor B.'® Rehmannia glutinosa polysaccharides activate the immune
system.11

Recent advancements in basic research have contributed to a more comprehensive understanding of the pharmaco-
logical mechanisms of BDD. The pharmacological mechanisms of BBD typically entail augmenting monoamine
neurotransmitter levels, mitigating oxidative stress responses, regulating circadian rhythms, enhancing neurotrophic
signaling pathways, antagonizing excessive activation of the HPA axis, and inhibiting inflammatory responses.'>'* In
addition, BDD exerts neuroprotective effects by correcting neurotransmitter deficits and inflammation imbalance in the
corticosterone (CORT)-induced nerve cell injury model.'* Moreover, it is noteworthy that the anxiolytic effect and

molecular mechanism of BBD have not been fully elucidated and require further study.
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Despite many proposed theories explaining the pathogenesis of anxiety, such as neurotransmitter deficits and
neuroimmune dysregulation,' none have been universally accepted. Another hypothesis suggests that the gut microbiota
may be closely associated with anxiety disorders. Patients with anxiety disorders have significantly different gut
microbiota than healthy individuals, which is in line with the findings of previous animal model studies.'®
Additionally, germ-free mice exhibit significant anxiety symptoms when they receive fecal microbial transplants from
mice with anxiety.'” Previous research has shown an interconnection or bidirectional communication between the brain
(including the autonomic nervous, neuroendocrine, and neural-immune systems) and the gut (and its microbiota), referred
to as the theory of the microbiota—gut-brain (MGB) axis.'® The gut microbiota and its metabolites are important for
microglia development and function. Imbalance in gut microbiota can lead to neuroinflammation, which is linked to
stress-induced anxiety. Therefore, the gut microbiota, metabolites, and neuroinflammation are key factors in the
development of anxiety disorders through the MGB.'"*' These findings offer novel insights into the mechanisms
of BBD.

In our previous study, BDD improved anxiety-like behavior and neuronal damage in chronic restraint stress (CRS)-
induced rats by inhibiting excessive inflammasome activation.® However, it remains unclear whether BDD can alleviate
anxiety-associated neuroinflammation by influencing the gut microbiota and associated metabolites. Herein, we hypothe-
sized that BDD alleviates anxiety-like behaviors and hippocampal neuroinflammation by improving the gut microbiota
and its metabolites. To investigate this issue, 16S rRNA gene sequencing technology, non-targeted metabolomics, and
targeted metabolomics approaches were used.

Materials and Methods

Drugs and Reagents

Lilium lancifolium Thunb (Lilii Bulbus) was obtained from Longshan (Hunan, China). Rehmannia glutinosa Libosch
(Rehmanniae radix) was obtained from Jiaozuo (Henan, China). The two botanical drugs were purchased from Hunan
Nanguo Yaodu Chinese Herbal Pieces Co., Ltd. (Hunan, China). Voucher specimens of Lilii Bulbus (voucher number:
430426-202019-0713LY) and Rehmanniae radix (voucher number: 410823-202029-0289LY) were deposited in the herbarium
of the Institute of Medicinal Plant Development, Hunan Academy of Chinese Medicine (Hunan, China), and authenticated by
Prof. Yu-Min Zhang, an expert at The First Hospital of Hunan University of Chinese Medicine. The two botanical drugs met the
requirements of the Pharmacopoeia of People’s Republic of China (2020 Edition). Venlafaxine capsules (20 mg/tablet, Pfizer
Ireland Pharmaceuticals, Lot No. CN3193D) were purchased from the First Affiliated Hospital of Hunan University of Chinese
Medicine. All enzyme-linked immunosorbent assay (ELISA) kits for measuring interleukin (IL)-1f (70-EK301B/3), IL-6 (70-
EK306/3), tumor necrosis factor (TNF)-a (70-EK3822/2), and IL-18 (70-EK218) were purchased from Hangzhou Lianke
Biotechnology Co., Ltd. (Hangzhou, China). The hematoxylin—cosin (HE) staining kit (G1003) was purchased from Wuhan
Xavier Biotechnology Co., Ltd. (Hangzhou, China), and anti—ionized calcium-binding adapter molecule 1 (Ibal) antibodies
(ab5076) were purchased from Abcam Trading (Shanghai) Co., Ltd. (Shanghai, China). Analytical-grade materials and solvents
were used in all experiments.

BDD Preparation and Quantity Control

Lilii Bulbus and Rehmanniae radix were extracted in a 1:1 proportion, immersed in water for 0.5 hours, and decocted
twice for 1 hour each at solid: liquid ratios of 10 and 8, respectively. After filtration, the filtrate was concentrated to
a relative density of 1.10 at 60°C under vacuum conditions. All extracts were evaporated under reduced pressure and
freeze-dried, where 30 g botanical drug could yield approximately 6 g of extract. The quality control and identification of
BDD were conducted using ultra-performance liquid chromatography coupled with time of flight mass spectrometry
(UPLC-Q-TOF/MS). The UPLC-Q-TOF/MS fingerprints of BDD were investigated in our previous study.’

Animals
Specific pathogen-free healthy male Sprague-Dawley rats (200+20 g, 430,727,211,101225,165) were obtained from
Hunan Slaughter Jing da Laboratory Animal Co., Ltd. (Changsha, China). The rats were housed at the Science and
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Technology Innovation Center of The Hunan University of Chinese Medicine (Changsha, China). Before establishing the
disease model, a 7-day acclimatization period was adopted for all of the rats under standard laboratory conditions
(temperature, 224+2°C; humidity, 60%+5%; normal circadian rhythm of light). All animal experiments were conducted
following the animal experimental guidelines set by the National Institutes of Health Guide for the Care and Use of
Laboratory Animals, were approved by the Institutional Animal Protection and Use Committee of Hunan University of
Chinese Medicine, and conformed to current animal welfare guidelines (approval number: LLBH-202103120003).

Modeling and BDD Intervention
Each experimental group, except the control group, was subjected to CRS to induce anxiety by restraining them in
immobilizers for 3 hours/day for a total of 28 days.”**> Successful establishment of the model was determined using
behavioral indexes (Figure 1A).

The drug was orally administered on the 8th day of the model establishment, with the drug dose being converted from
an average adult body weight of 60 g-d"'. All rats were administered the appropriate agents by gavage at a dose of 1 mL/
100 g body weight 30—60 minutes before being subjected to CRS. The doses for the various agents were as follows:
venlafaxine capsules (VLF), 13.5 mg-kg '-d"'; low-dosage BDD (BDDL), 0.8 g-kg '-d"! (with a botanical drug dose of
4 g-kg '-d™"); and high-dosage BDD (BDDH), 3.2 g-kg '-d "' (with a botanical drug dose of 16 g-kg '-d™"). The rats in
the control (CON) and model (CRS) groups received the same volume of distilled water.

Behavioral Test

Open field test (OFT): The rats were placed in the center of a black box (80 x 80x40 cm) with 25 squares at the bottom.
After being allowed 30 seconds of free movement, the number of instances entering the center and the center distance
were recorded over a 4-minute period.

Elevated cross maze (ECM): The ECM consisted of four cross-shaped arms elevated 50 cm above the ground. The
two opposing arms were enclosed by 40-cm-high walls, whereas the other two arms were completely open. The rats were
individually placed at the center of the ECM and allowed to explore for 5 minutes. We recorded and calculated the
frequency at which the rats entered the open and closed arms, time spent in the open arm, open-arm entry percentages
(OE), and open-arm entry time percentages (OT).

Forced swimming test (FST): The rats were placed in a special forced swimming tube for rats (diameter, 14 cm; depth,
25 cm; temperature, 24—26°C). Subsequently, they were forced to swim, and their behaviors were recorded. Immobility was
recorded when the rats did not attempt to escape, except by keeping their heads above the water for breathing. The
examination duration was kept at 5 minutes. The first minute was used for acclimation, and the remaining period was used
to record the immobility time. Water was changed after every three animals, and the water level was kept constant.

Elisa

Hippocampal tissues were rapidly harvested from sacrificed rats. For lysate preparation, the tissues were homogenized in
phosphate-buffered saline and centrifuged at 13,000 r.min ' for 10 minutes at 4°C. We measured hippocampal levels of
IL-1B, IL-6, TNF-a, and IL-18. The experimental steps were performed by following the manufacturer’s instructions.

HE and Immunofluorescence Staining
An HE staining kit was used for staining. The brain tissues of the rats were dehydrated in an alcohol gradient, permeabilized
with xylene, paraffin-embedded, sectioned, dewaxed, and stained with HE. The stained sections were dehydrated,
permeabilized, and sealed, and histopathological changes in the hippocampus were examined under a microscope.
Immunofluorescence staining of the microglial marker Ibal was used to assess microglial morphology and activation.
Briefly, the brain sections were fixed in 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. Then, the
slides were incubated with the primary Ibal antibody at 4°C overnight. After washing three times for 10 minutes per
wash, the samples were incubated in phosphate-buffered saline with the secondary antibody (goat anti-rabbit Alexa Fluor
594 [1:400]) for 1 hour at room temperature. Finally, immunofluorescence staining was analyzed using a confocal laser
scanning microscope.
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Figure | BDD improves anxiety behaviors. (A) Anxiety-like behaviors induced by CRS. (B and C) The movement trails of the rats in each group assessed using a video
tracking software in the open field test (B) and elevated cross maze test (C). (D and E) Results of open field test were the center distance (D) and central enter times (E).
(F and G) Results of elevated plus maze test were the proportion of time keeping the open arm (OT%) (F) and the proportion of entering the open arm (OE%) (G). The
immobile times in the forced swimming test (H). Values are expressed as means * SD. n=6 rats per group. **P<0.01, significant differences compared with the CON group;
#p<0.05, #P<0.01, significant differences compared with the CRS group.

16S rRNA Gene Sequencing Analysis
The E.Z.N.A. ® Soil DNA kit (Omega Bio-Tek, Norcross, GA, US) was used to isolate genomic DNA from microbial
fecal samples analyzed on a 1% agarose gel. A NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific,
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Wilmington, USA) was used to measure the DNA concentration and purity. The hypervariable region V3—V4 of the
bacterial 16S rRNA gene was amplified using primer pairs 338F and 806R in an ABI Gene Amp® 9700 PCR
thermocycler (ABI, CA, USA). Purified amplicons were pooled in equimolar ratios and paired-end sequenced on an
Illumina MiSeq PE300 instrument (Illumina, San Diego, USA).

Fastp version 0.20.0 was used to demultiplex quality-filtered raw 16S rRNA gene sequencing reads, followed by
merging with FLASH version 1.2.11. Based on UPARSE version 7.1, operational taxonomic units (OTUs) with a 97%
similarity threshold were clustered, and chimeric sequences were identified and removed. Based on the 16S rRNA
database (Silva v138) with a confidence threshold of 0.70, the RDP Classifier version 2.2 was used to analyze the
taxonomy of each OTU representative sequence. Alpha diversity was calculated using the observed Ace, Chao, Shannon,
and Simpson indexes. Non-metric multidimensional scaling (NMDS) and principal coordinate analysis (PCoA) were
used for beta-diversity analysis based on Bray—Curtis dissimilarities. Finally, we performed intergroup comparisons of
the gut microbial composition.

Metabolic Profiling

Chromatographic analysis of fecal metabolites was performed on an ExionLC™AD system (AB Sciex, USA) equipped
with an ACQUITY Ultra Performance Liquid Chromatography (UPLC) HSS T3 column (100 mm x 2.1 mm, 1.8 pm
particle size; Waters, Milford, USA). The mobile phases included solvent A (comprising 95% water, 5% acetonitrile, and
0.1% formic acid) and solvent B (comprising 0.1% formic acid in 47.5% acetonitrile: 47.5% isopropanol: 5% water (v/v/
v)). The solvent gradient changed as follows: from 0 to 3.5 minutes, 100% (A) to 75.5% (A), 0.4 mL/minute; from 3.5 to
5 minutes, 75.5% (A) to 35% (A), 0.4 mL/minute; from 5 to 5.5 minutes, 35% (A) to 0% (A), 0.4 mL/minute; from 5.5 to
7.4 minutes, 0% (A), 0.4-0.6 mL/minute; from 7.4 to 7.6 minutes, 0% (A) to 48.5% (A), 0.6 mL/minute; from 7.6 to 7.8
minutes, 48.5% (A) to 100% (A), 0.6-0.5 mL/minute; from 7.8 to 9 minutes, 100% (A), 0.5-0.4 mL/minute; and from 9
to 10 minutes, 100% (A), 0.4 mL/minute. The sample injection volume was 2 pL. The column temperature was
maintained at 40°C. During storage, the samples were maintained at 4°C.

Electrospray ionization sources were used in the UPLC system coupled to a quadrupole-time-of-flight mass spectro-
meter (Triple TOFTMS5600+, AB Sciex, USA). The optimal conditions were as follows: scan mass range, 70-1050 m/z;
source temperature, 425°C; curtain gas, 30 psi; ion sources GS1 and GS2, 50 psi; ion-spray voltage floating, —3500 and
3500 V in the negative and positive modes, respectively; declustering potential, 80 V; collision energy, 20—60 V rolling
for MS/MS.

The Human Metabolome Database (HMDB) and Metlin database were used to identify metabolic features using
accurate mass spectra, MS/MS fragment spectra, and isotope ratios. We performed a principal component analysis (PCA)
and orthogonal partial least squares discriminate analysis (OPLS-DA) using Simca-P. The differential metabolites were
selected based on the VIP values (VIP>1.0) of OPLS-DA combined with Student’s ¢ test (P<0.05).

Neurotransmitter Concentration Analysis

Chromatographic analysis of neurotransmitter metabolites was performed on an ExionLC AD system (AB Sciex, USA)
equipped with a Waters HSS T3 column (100 mm x 2.1 mm; 1.8 pm particle size; Waters, Milford, USA). Separation of
the metabolites was achieved at a 0.3 mL/minute flow rate with a gradient mobile phase comprising 0.1% formic acid in
water and 0.1% formic acid as solvent A and acetonitrile as solvent B. The solvent gradient changed as follows: from 0 to
1 minute, 100% (A); from 1 to 3 minutes, 100% (A) to 95% (A); from 3 to 5 minutes, 95% (A) to 90% (A); from 5 to 6
minutes, 90% (A) to 85% (A); from 6 to 7 minutes, 85% (A); from 7 to 10 minutes, 85% (A) to 40% (A); from 10 to 11
minutes, 40% (A) to 0% (A); from 11 to 12 minutes, 0% (A); from 12 to 12.01 minutes, 0% (A) to 100% (A); and from
12.01 to 15 minutes, 100% (A). The sample injection volume was 1 pL. The column temperature was maintained at
35°C. During storage, the samples were maintained at 4°C.

Electrospray ionization sources were used in the UPLC system coupled to a mass spectrometer (QTRAP® 6500+,
AB Sciex, USA). The optimal conditions were as follows: curtain gas, 35 psi; ion source GS1 and GS2, 55 psi; ion-
spray voltage floating, —5500 and 4500 V in the negative and positive modes, respectively; and the collision gas was
medium.
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Appropriate amounts of 48 neurotransmitter standards were weighed and added to a 10-mL measuring cylinder as
reference substances. Subsequently, we performed chromatography, followed by calculations and creation of the
calibration curves. Next, we weighed a certain amount of rat feces, added 20 pL of isotope internal standard (5000
ng/mL) and 480 pL of 80% methanol aqueous solution, homogenized for 6 minutes, and centrifuged at 14,000 rpm for 15
minutes. Finally, the supernatant that was used for mass spectrometry was freeze-dried and redissolved in water, and then
centrifuged at 14,000 rpm for 15 minutes.

Statistical Analysis

All data were presented as the means + standard errors. Statistical and graphical analyses were performed using SPSS
23.0 and GraphPad Prism 6.0, respectively. Intergroup comparisons were performed using a simple analysis of variance.
Metabolic pathways related to the differential metabolites were analyzed using Metabo Analyst 5.0 (https:/www.
metaboanalyst.ca/). Metabolic pathways with impact values >0.1 were considered potential target pathways according

to the Kyoto Encyclopedia of Genes and Genomes and HMDB databases. Correlations between the gut microbiota and
its metabolites were assessed using Pearson’s correlation analysis. P<(0.05 was considered statistically significant.

Results
Quality Control and Ildentification of BDD

A total of 35 metabolites were successfully identified in the BDD sample. The identification results of these compounds
are shown in Table 1, Figure 2A and B.

Table | Characterization of the Main Metabolites in BDD by UPLC-Q-TOF/MS

Time | Source | Identification Molecular Adduct Detect Expect Error
0.89 RR Stachyose Cy4H4,0,, M-H 6652153 | 665214 | 2.0
1.30 RR Citric Acid C¢HsO7 M-H 191.0175 | 191.0192 | —8.9
3.98 LB Hopantenic acid CioHsNOs M+H 234.1323 | 234.1341 | —7.7
4.69 LB Regaloside K CigH240:, M-H 415.1248 | 415.1240 | 1.9
5.37 LB Regaloside C CigH240,, M-H 415.1232 | 415.1240 | —1.9
5.6l LB Regaloside H CigH24010 M-H 399.1291 | 399.1291 | O
6.34 LB Regaloside A CigH24010 M-H 399.1324 | 399.1291 | 83
6.56 RR Echinacoside C35H46040 M-H 7852511 | 785.2504 | 0.9
6.65 LB Regaloside D CigH24010 M-H 399.1298 | 399.1291 | 1.8
6.89 LB Regaloside F CisH2Oy M-H 429.1397 | 429.1390 | —1.6
7.58 RR Rehmapicrogenin CioH 1603 M-H 183.1008 | 183.1021 | —7.1
7.87 RR Cistanoside A C3¢H4040 M-H 799.2665 | 799.2661 | 0.5
8.26 LB Regaloside E CyoH26012 M-H 457.1336 | 457.1346 | —2.2
9.11 RR Rehmaionoside A* Ci9H3404¢ M+HCOO 435.2229 | 435.2230 | 0.2

M-H 389.2180 | 389.2175 | 1.3
1043 | RR Acteoside” Cy9H3¢O5 M-H 623.1995 | 623.1976 | 3.0
1094 | LB 4-Acetyl-regaloside D CyoH201 M-H 441.1398 | 441.1397 | 0.2
1123 | LB Regaloside B CyoH2O1 M-H 441.1440 | 441.1397 | 9.7
1222 | RR Isoacteoside Cy9H3¢O5 M-H 623.1981 | 623.1976 | 0.8
1257 | LB Regaloside | CyoH201 M-H 441.1399 | 441.1397 | 0.5
1271 | RR Sibirioside A Cy1H2012 M-H 471.1504 | 471.1503 | 0.2
1528 | LB 3,6'-O-Diferuloylsucrose/isomer C3;H350,7 M-H 693.2050 | 693.2031 | 2.7
19.82 | RR Martynoside/isomer C31H4005 M-H 651.2305 | 651.2289 | 2.5
2099 | LB (25R)-furosta-5-ene- 1 3,30,22a,26-tetrol-3,26-O-- C39HesO5 M+Na 7954156 | 795.4143 | 1.6

D-glucopyranoside/isomer

(Continued)
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Table | (Continued).

Time | Source | Identification Molecular Adduct Detect Expect Error

2140 | LB (25S)-27-hydroxyspirost-5-en-33-yl O-o-L-rha-(1—2) C4sH720 8 M+Na 9234617 | 923.4616 | 0.1
-O-[B-D-glu-(1—6)]-p-D-glucopyranoside/isomer

21.56 | RR Martynoside/isomer C31H4005 M-H 651.2297 | 651.2289 | 1.2

21.81 LB (25R)-26-O-B-D-glu- furosta-5-ene-3f3,20 0,26 -triol- 3 - | C4sH740 g M+Na 925.4789 | 925.4773 | 1.7
O - a - L-rha (1—>2) -p -D-glucopyranoside/isomer

2390 | LB (25S)-27-hydroxyspirost-5-en-3f-yl O-a-L-rha-(1—2) C4sH720,5 M+Na 923.4620 | 923.4616 | 0.4
-O-[B-D-glu-(1—6)]-p-D-glucopyranoside/isomer

2442 | LB (25 R) —26-O -B-D-glu-furosta-5-ene- 3 3,20 a,26-triol- | C4sH740 g M+Na 925.4802 | 925.4773 | 3.1
3-O-a-L-rha (I—2) -B-D-glucopyranoside/isomer

25.06 | LB (25 R) —26 -O-p -D- glu- furosta-5-ene- 3 (3,20 0,26 - C4sH740,8 M+Na 9254811 | 925.4773 | 4.1
triol =3 -O-a-L-rha (I—2) - -D -glucopyranoside
/isomer

2533 | LB (25 R)-26-O-B-D- glucopyranosyl - furosta-5-ene-3 3,20 | C4sH740 g M+Na 925.4846 | 9254773 | 7.3
0,26 - triol- 3 - O - a -L-rha (1—2) - - D -
glucopyranoside/isomer

25.50 | LB (25R)-26-O-B-D-glu —5a-furosta-3f3,20a,26-triol-3-O-a- | C4sH76O s M+Na 927.4968 | 927.4929 | 42
L-rha (1—2)-B-D-glucopyranoside /isomer

2580 | LB (25R)-26-O-B-D- glu-5a-furosta-3p,200,26 triol-3-O-a- C4sH7018 M+Na 927.4902 | 927.4929 | —2.9
L-rha (1—2)-B-D- glucopyranoside /isomer

27.60 | LB (25R)-3B, 1 7a-dihydroxy-5a-spirostan-6-one 3-O-o- C39He4O 15 M+Na 795418 7954143 | 4.7
L-rha-(1—2)-B-D-glucopyranoside/isomer

2850 | LB (25R)-3B, 1 7a-dihydroxy-5a-spirostan-6-one3-O-o-L-rha- | C39Hg4O 5 M+Na 7954117 | 7954143 | -3.3
(1—2)-B-D-glucopyranoside/isomer

2869 | LB (25S)-spirost-5-ene-3f,27-diol 3-O-a-L-rha-(1 —2) C4sH20 8 M+Na 923.4608 | 923.4616 | —0.9
-O-[B-D-glu- (1—4)]-B-D-glucoside/isomer

31.02 | LB (25R)-spirost-5-en-3B-yl-O-a-L-rha-(1 —2)-O-[B-D-glu- Cu4sH7207 M+H 885.4874 | 885.4848 | 2.6
(1—6)]-B-D glucopyranoside/isomer

31.21 LB 26-O-B-D-glu-3p,26-dihydroxy-cholestan-16,22-dioxo C4sH740,7 M+H 887.5031 | 887.5004 | 3.0
-3-O-a-L-rha-(1—2)-B-D-glucopyranoside/isomer

31.28 | LB (25R)-spirost-5-en-3B-yl-O-a-L-rha-(1—2)-O-[B-D-glu- C4sH7,0,7 M+H 885.4871 | 885.4848 | 2.6
(1—6)]-B-D glucopyranoside/isomer

3148 | LB 26-O-B-D-glu-3p,26-dihydroxy-cholestan-16,22-dioxo C4sH740,7 M+H 887.5043 | 887.5004 | 4.4
-3-O-0-L-rha-(1—2)-B-D-glucopyranoside/isomer

3280 | LB (25R)-3B, 1 7a-dihydroxy-5a-spirostan-6-one 3-O-o- C39Hg20 14 M+HCOO 799.4147 | 7994116 | —3.5
L-rha-(1—2)-B-D-glucopyranoside/isomer M-H 753.4098 | 753.4061 | 4.9

33.04 | LB (25R)-3B, 1 7a-dihydroxy-5a-spirostan-6-one 3-O-o- C39Hg20 14 M+HCOO 7994134 | 7994116 | 2.3
L-rha-(1—2)-p-D-glucopyranoside/isomer M-H 753.4087 | 753.4061 | 3.5

3345 | LB (25R)-3B, 1 7a-dihydroxy-5a-spirostan-6-one 3-O-o- C39He20 14 M+HCOO- 799.4146 | 799.4116 | 3.8
L-rha-(1—2)-p-D-glucopyranoside/isomer M-H 7534122 | 753.4061 | 8.1

3365 | LB (25R)-3B, 1 7a-dihydroxy-5a-spirostan-6-one 3-O-o- C39Hg20 14 M+HCOO 7994142 | 7994116 | 33
L-rha-(1—2)-B-D-glucopyranoside/isomer M-H 753.3997 | 753.4061 | —8.5

3455 | LB (25R)-3B-5a-spirostan-6-one-3-O-0-L-rha-(1—2)-B- C39Hg2O 113 M+HCOO 7834188 | 783.4167 | 2.7
Dglucopyranoside/isomer M-H 7374135 | 737.4112 | 3.1

3492 | LB (25R)-3B-5a-spirostan-6-one-3-O-a-L-rha-(1 —2)-B- C39He0113 M+HCOO 783.4193 | 783.4167 | 3.3
Dglucopyranoside/isomer M-H 7374163 | 7374112 | 6.9

35.00 | RR Linoleic acid CgH3,0, M-H 279.2318 | 279.2324 | -2.1

Notes: “Confirmed by comparison with the reference substance.
Abbreviations: LB, Lilii Bulbus; RR, Rehmanniae radix; Glu, glucopyransoyl; Rha, rhamnopyranosyl.
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Figure 2 Representative total ion current profiles of BDD in positive (A) and negative (B) ion modes.

BDD Improves Anxiety Behaviors in the Rat Model of CRS

In the OFT (Figure 1B and D-E), the CRS group had fewer entries to the center of the box and lower center distances
than the CON group (P<0.01), which were significantly increased after the treatment with VLF (P<0.01 or P<0.05) and
BDDH (P<0.05). In the ECM (Figure 1C and F-G), compared with the CON group, the CRS group showed a marked
decrease in OE (P<0.01) and OT (P<0.01), which were significantly increased after the treatment with VLF (P<0.05)
and BDDH (P<0.01). However, in the FST (Figure 1H), there was no significant difference between the CON group and
the CRS group. Collectively, these results showed that CRS successfully induced anxiety-like behaviors in the rats, which
were significantly reversed by BDDH.

BDD Reduces Inflammatory Factor Levels, Hippocampal Damage, and Microglial

Activation in the Rat Model of CRS

As shown in Figure 3A-D, compared with the CON group, the CRS group had significantly higher hippocampal levels of
IL-1B, IL-6, TNF-a, and IL-18 (P<0.01 or P<0.05), which were significantly decreased following VLF or BDDH
treatment (P<0.01 or P<0.05).

As shown in Figure 3E, compared with the CON group, the hippocampal neurons in the CRS group were sparse, cells
were atrophic and fragmented, cell layers were fewer, cell gaps were larger, nucleoli were invisible, and some neurons
appeared vacuolated. These pathological changes were reversed by VLF or BDDH treatment, indicating the protective
effects of VLF and BDDH on hippocampal neurons in the CRS-induced rats.

As shown in Figure 3F, Ibal protein in the hippocampal tissue in the CRS group was upregulated compared with that
in the CON group. Simultaneously, the microglial morphology in the CRS group changed from branched to amoeboid.
These changes demonstrated the activation of hippocampal cortical microglia in the CRS-induced rats, which was
inhibited by BDDH and VLF treatment.
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Figure 3 BDD reduces inflammatory factors, hippocampal damage, and microglia activation. (A-D) Levels of inflammatory factors in the hippocampus (n=6). (E) Representative
HE staining of hippocampal tissue (200x). (F) Representative immunofluorescence staining of IBA| (red) in the hippocampal tissue (100%). Values are expressed as means + SD.
(n=6). *P<0.05, **P<0.01, significant differences compared with the CON group; #P<0.05, #P<0.01, significant differences compared with the CRS group.

BDD Reverses Abnormal Diversity of the Gut Microbiota in the Rat Model of CRS

Alpha diversity is a comprehensive index measuring the species richness and evenness of the flora. The Ace, Chao, sobs,
and coverage indexes were used to reflect alpha diversity. Compared with the CON group, the CRS group had
significantly higher Chao and sobs values (P<0.01), which were significantly (P<0.01) decreased after BDD treatment
(Figure 4A). PCoA and NMDS analysis were performed to analyze the B-diversity of the gut microbiota of the rats in
each group (Figure 4B and C). Compared with the CON group, the CRS group showed altered composition of the gut
microbiota. Moreover, the results of the NMDS and PCoA analyses were consistent (Figure 4C). The sample distance
heat map at the OTU level showed that the community composition in the BDD group was closer to that in the CON

group than that in the CRS group (Figure 4D). In conclusion, BDD significantly ameliorated the disorder of the gut
microbiota in the CRS-induced rats.
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Figure 4 BDD reverses abnormal diversity of gut microbiota. (A) Alpha diversity analysis of the CON, the CRS, and BDDH groups. (B) Principal coordinate analysis. (C)
Non-metric multidimensional scaling analysis of the CON, CRS, and BDDH groups based on the weighted UniFrac distance algorithm. (D) Samples distances heat map on
OTU level. n=6 rats per group. **P<0.01, significant differences compared with the CON group; **P<0.01, significant differences compared with the CRS group; ns, no
significant difference between two groups.

BDD Ameliorates the Abnormal Microbiota Abundance in the Rat Model of CRS

At the phylum level, the most dominant gut microorganisms in each group were Firmicutes and Bacteroidota
(Figure 5A). As shown in Figure 5B—F, compared with the CON group, the CRS group had lower relative abundance
of Firmicutes and Patescibacteria (P<0.01). After BDD treatment, Patescibacteria was significantly increased (P<0.01),
whereas Firmicutes showed no significant difference, although it continued an increasing trend. The CRS group showed
significantly higher relative abundances of Bacteroidota (P<0.01), Proteobacteria (P<0.01), and Actinobacteria
(P<0.05) compared with the CON group, which were significantly lowered by BDD treatment (P<0.01), except for
Bacteroidota.

As shown in Figure 6, Lactobacillus was the most abundant microbial taxon at the genus level, accounting for
approximately 35% of the relative abundance in all four groups of rats. Compared with the CON group, the CRS group
showed a significantly lower relative abundance of Lactobacillus, Lachnospiraceac NK4A4136, Roseburia, and
Akkermansia (P<0.01), and a significantly higher abundance of Adlercreutzia, Oscillibacter, Enterococcus,

Drug Design, Development and Therapy 2024:18 heeps: 2237

Dove:


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

Tang et al Dove

1 W Fimicutes
A P Bacteroidota
M Actinobacteriota
Verrucomicrobiotz
ua - C
:z;:rmm Firmicutes Bacteroidota
1.5 0.25 - ns
o o 1 1
g o Q *%k ns e 0.20
i S 1.0 f 1T 1 s
s c £ 0.15+
g H 3
§ 04 © ©
3 o o 0.104
z 2 0.5 2
§ K 5 ]
2w g g 0.05
0.0- 0.00-
CON CRS BDDH CON CRS BDDH
0 BODH
: Patescibacteria
D Pl;?‘t‘eobacteﬂl;a E Actinobacteriota F % #
0.025+ —r— 0.08 * #H 0.015+ i
[ 3 [
8 0.020 e 2
£ £ 0.06- £
] o 5 0.010
5 0.015+ g 5
< 8 0.044 ©
2 0.010 2 2 0.005-
T 0.005- 3 %% s
0.000-! 0.00- 0.000-
CON CRS BDDH CON CRS BDDH CON CRS BDDH

Figure 5 BDD ameliorates the abnormal abundance of potential microbial biomarkers at the phylum level. (A) Average relative abundances at the phylum level in the CON,
the CRS, and BDD groups. (B—F) Comparison of relative abundances of potential microbial biomarkers at the phylum level in the CON, CRS, and BDD groups. n=6 rats per
group. *P<0.05, **P<0.01, significant differences compared with the CON group; **P<0.01, significant differences compared with the CRS group; ns, no significant difference
between two groups.

Streptococcus, Anaerostipe, and Blautia (P<0.01). Compared with the CRS group, BDD significantly increased the
abundance of Lactobacillus, Lachnospiraceae NK4A136 _group, Roseburia, and Akkermansia (P<0.01) and significantly
decreased the abundance of Adlercreutzia, Oscillibacter, Enterococcus, Streptococcus, and Blautia (P<0.01).
Furthermore, Anaerostipes was present in the CRS group, but not in the CON and BDD groups.

BDD Normalizes the Disrupted Metabolic Profiles in the Rat Model of CRS

As shown in Figure 7A—C and E, PCA and OPLS-DA scatter plots in both positive and negative ion modes were applied to
investigate changes in fecal metabolites. While the CON and CRS groups showed remarkable distinctions, the OPLS-DA
model classification parameters showed that the models did not overfit (positive ion mode: R*X=0.674, R*Y=0.988,
Q?=0.962; negative ion mode: R*X=0.797, R*Y=0.988), but reflected the metabolic changes (Figure 7D and F), indicating
that CRS induction significantly altered the fecal metabolites of the rats. The correlation between samples in both positive
and negative ion modes showed that the BDD group pattern tended to be closer to that of the CON group (Figure 7G and H),
indicating the significant regulatory effect of BDD on the fecal metabolic profile of the CRS-induced rats.

BDD Significantly Ameliorates Abnormal Metabolite Levels in the Rat Model of CRS
As shown in Table 2, a total of 19 metabolites were identified. Compared with the CON group, the CRS group
demonstrated significantly higher levels of kynurenine, cortisol, and N’-formyl kynurenine (P<0.01), and significantly
lower levels of (S)-glutamic acid, L-glutamine, urocanic acid, palmitoylethanolamide, taurine, N1-acetylspermidine,
spermidine, L-arginine, D-ornithine, 1.4-diaminobutane, 5-hydroxyindoleacetic acid, pantothenic acid, arachidonoyl
ethanolamide, 9S-hydroxy-10E,12Z-octadecadienoic acid, N-acetylputrescine, and lysoPC (14:1(9Z)) (P<0.01 or
P<0.05). All these changes, except for urocanic acid, were significantly reversed (P<0.01 or P<0.05) by BDD treatment.

BDD Recovers Neurotransmitter Dysfunction in the Rat Model of CRS
Liquid chromatography—mass spectrometry targeting metabolomics, used to analyze the neurotransmitter composition
and content in the rat hippocampus, identified 29 neurotransmitters. As shown in Figure 8A and B, we found disrupted
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Figure 6 BDD ameliorates the abnormal abundance of potential microbial biomarkers at the genus level. (A) Average relative abundances at the genus level in the CON, the
CRS, and BDDH groups. (B-K) Comparison of relative abundances of potential microbial biomarkers at the genus level in the CON, CRS, and BDDH groups. n=6 rats per
group. **P<0.01, significant differences compared with the CON group. *P<0.01, significant differences compared with the CRS group.

hippocampal neurotransmitter metabolism in the CRS-induced rats, which was significantly different from that in the
CON group, as demonstrated by PCA and OPLS-DA. According to the heat map (Figure 8C), the BDD group clustered
closer to the CON group, whereas the CRS group was significantly different. Taken together, these data indicate that
BDD exerts a modulatory effect on hippocampal neurotransmitter metabolism.

The hippocampal neurotransmitter content in each group is shown in Figure 8D. Compared with the CON group, the
CRS group showed significantly lower levels of GABA, 5-HT, ornithine, tryptamine, S5-hydroxyindolacetic acid,
1.4-diaminobutane, and spermine (P<0.05), and significantly higher levels of L-glutamic acid, L-glutamine,
3-hydroxy-L-kynurenine, kynurenine, and indoxyl sulfate. All these changes were significantly reversed (P<0.01 or
P<0.05) by BDD treatment.

BDD Improves the Neurotransmitter Metabolic Pathway in the Rat Model of CRS
In the pathway enrichment analysis, the pathway impact represented the value of metabolic pathway importance, calculated
using topology-based pathway enrichment analysis. Moreover, log P represented the significance level of the metabolic pathway
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Figure 7 BDD normalizes the disturbed metabolic profiles. (A and B) PCA score plots of fecal samples of rats in different groups in positive (A) mode and negative mode
(B). (C and D) OPLS DA score plots fecal samples of rats in different groups in positive mode (C) and negative mode (D). (E and F) OPLS DA model validation plot of fecal
samples of rats in different groups in positive mode (E) and negative mode (F). (G and H) The heat map of different metabolites both in positive (G) and in negative ion
modes (H). R? and Q? represent the interpretation rate of the model to the matrix and the prediction ability of the model, respectively.

enrichment analysis. The metabolic pathways with an impact value >0.1 were considered the most relevant pathways involved in
the effect of BDD in the CRS-induced rats. As shown in Figure 9A, six metabolic pathways, namely D-glutamine and
D-glutamate; taurine and hypotaurine; alanine, aspartate, and glutamate; arginine and proline; tryptophan; and histidine
metabolism, were screened for pathway analysis of significantly altered fecal metabolites. As shown in Figure 9B, the following
five metabolic pathways were screened for pathway analysis of differential neurotransmitter metabolites: D-glutamine and
D-glutamate; alanine, aspartate, and glutamate; arginine and proline; tryptophan; and histidine metabolism. The common
pathways identified by both pathway analyses were D-glutamine and D-glutamate; alanine, aspartate, and glutamate; arginine
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Table 2 Potential Biomarkers Associated with CRS and Their Variation Tendency After BDD Treatment Based on UPLC-
Q-TOF/MS

NO. | Metabolite RT (min) | m/z Icon VIP | Formula CRS vs CON | BDDH vs CRS
| Spermidine 0.51 146.1651 | M+H 1.33 | C;HsN; 1® 1°
2 ,4-Diaminobutane 0.54 89.1077 | M+H 1.05 | C4H 2N, 12 10
3 D-Ornithine 0.56 133.0971 | M+H 104 | CsH;,N,O, | P 1°
4 NI -Acetylspermidine 0.60 188.1756 | M+H 123 | CoH, N;0 1° 1°
5 L-Arginine 0.60 173.1037 | M-H 132 | CeHi4NLO, | |° 1°
6 L-Glutamine 0.63 145.0611 | M-H 1.00 | CsH1oN,O5 | P 1°
7 Taurine 0.64 124.0065 | M-H 120 | CH,NO5S | |P 1°
8 (5)-Glutamic acid 0.66 146.0451 | M-H 1.07 | CsHyNO,4 1° 10
9 N-Acetylputrescine 0.74 131.1179 | M+H 1.10 | CeH4N,O 12 10
10 Urocanic acid 2.11 139.0502 | M+H 1.12 | CeHeN,O, 1° —
I Pantothenic Acid 2.79 218.103 | M-H 1.18 | CoH,7NO; 1° 1°
12 L-Kynurenine 2.83 191.0814 | M+H 1.99 | CioH12N,O5 | 1° 1°
13 Cortisol 3.50 363216 | M+H 247 | CyH300s 10 1°
14 LysoPC (14:1(9Z)) 3.92 486.2568 | M+Na-2H | 1.69 | CpH4NOsP | |° 10
15 N’-Formylkynurenine 4.12 271.0472 | M+H 127 | C\H;2N,O4 | 1b 1°
16 5-Hydroxyindoleacetic acid | 4.37 190.0504 | M-H 1.10 | C oHsNO; 1 10
17 | 9(S)-HODE 6.65 295.2276 | M-H 1.06 | C gH3,0; 1° 10
18 | Arachidonoyl Ethanolamide | 6.81 348.2871 | M-H 1.02 | CpHiNO, | [P 10
19 Palmitoylethanolamide 6.93 300.2893 | M+H 1.98 | C\gHs7NO, | [P 10
Notes: 1, upregulated; |, downregulated; *P<0.05; bP<0.0|; —: no significant differences.

Abbreviations: RT, retention time; VIP, variable importance in the projection in OPLS-DA model.

and proline; tryptophan; and histidine metabolism (as shown in Figure 9C). These metabolic pathways are closely related to
neurotransmitter metabolism.

Correlations Between Altered Gut Microbiota and Potential Metabolites

Pearson correlation analysis was conducted to examine the relationship between intestinal microbiota distribution and metabo-
lites. As shown in Figure 10A, fecal metabolites and bacterial markers showed broad correlations. Lactobacillus correlated
positively with lysoPC (14:1(9Z2)), N1-acetylspermidine, L-glutamine, taurine, L-arginine, spermidine, D-ornithine, arachido-
noyl ethanolamide, pantothenic acid, palmitoylethanolamide, 5-hydroxyindoleacetic acid, and 1.4-diaminobutane (P<0.01), and
negatively with N-formylkynurenine (P<0.01). Lachnospiraceae NK4A4136 positively correlated with spermidine, arachido-
noyl ethanolamide, and urocanic acid (P<0.01). Roseburia positively correlated with spermidine (P<0.01). Adlercreutzia,
Enterococcus, and Blautia correlated positively with N-formylkynurenine (P<0.01), and negatively with palmitoylethanola-
mide, pantothenic acid, 9S-hydroxy-10E,12Z-octadecadienoic acid, and spermidine (P<0.01). Adlercreutzia negatively corre-
lated with 1.4-diaminobutane and Nl-acetylspermidine (P<0.01). Enterococcus negatively correlated with arachidonoyl
ethanolamide, D-ornithine, L-arginine, L-glutamine, and LysoPC(14:1(9Z)) (P<0.01). Blautia negatively correlated with N1-
acetylspermidine, 1.4-diaminobutane, and lysoPC(14:1(9Z)) (P<0.01). Anaerostipes negatively correlated with NI-
acetylspermidine and L-arginine (P<0.01).

As shown in Figure 10B, hippocampal neurotransmitters and bacterial markers showed broad correlations.
Lactobacillus correlated positively with spermidine and ornithine (P<0.01) and negatively with 3-hydroxy-
L-kynurenine and indoxyl sulfate (P<0.01). Enterococcus correlated positively with L-glutamine and kynurenine
(P<0.01) and negatively with tryptamine, and 1.4-diaminobutane and ornithine (P<0.01). Oscillibacter negatively
correlated with ornithine (P<0.01).

Discussion
BDD, an effective traditional Chinese medicine, is widely used for the treatment of anxiety disorders. However, its
specific mechanism of action remains unclear. Recent evidence suggests that dysbiosis of gut bacteria and their
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metabolites plays a key role in the development of anxiety through the MGB axis.*® In the present study, we aimed to
investigate the effects of BDD on CRS-induced hippocampal neuroinflammation and anxiety-like behaviors in rats, and
to explore its impact on gut bacterial and metabolite dysbiosis.

Neuroinflammation triggered by microglia is responsible for anxiety-like behaviors. Activated microglia and elevated
levels of inflammatory factors (such as IL-1pB, IL-6, and TNF-a) have been reported in patients with anxiety, these are
related to the severity of anxiety and result in the decreased synthesis of 5-HT.>”*® Our findings showed that
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hippocampal microglial morphology changed significantly in the CRS group. After BDD intervention, the abnormal
microglial activation was inhibited, and the expression of inflammatory factors was reduced. This indicates that BDD
plays an anxiolytic effect possibly through inhibiting the activation of hippocampal microglia and reducing the expres-

sion of inflammatory factors.
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The gut microbiota is crucially involved in anxiety. At the genus level, BDD led to the proliferation of several
important beneficial bacteria, including Lactobacillus and Akkermansia. Lactobacillus is the main kind of intestinal
microbiota and is most commonly used as a probiotic, owing to its ability to regulate the imbalance in the intestinal flora,
inhibit the colonization of pathogenic bacteria, enhance the interaction between intestinal microflora and host, and
positively affect behavior and mood.”” The abundance of Lactobacillus is decreased in anxious animals, whereas
Lactobacillus supplementation significantly alleviates anxiety symptoms.®° Lactobacillus exerts anxiolytic effects by
promoting neurotransmitter function.>’ Moreover, Lactobacillus rhamnosus can modulate the expression of central
GABA receptors and downregulate the HPA axis through the vagal pathway, thereby exerting anxiolytic effects.’!
Additionally, Lactobacillus may exert neuroprotective effects by regulating the release of inflammatory cytokines.*” As
a probiotic, Akkermansia secretes immunoglobulin A (IgA) and beneficial antimicrobial peptides that help maintain
intestinal barrier integrity, prevent inflammation, and enhance immunity.*® It has been found that Akkermansia abundance
is closely associated with anxiety-like behavior in mice.** Moreover, we found a decrease in inflammation-related
bacteria, such as Enterococcus, Streptococcus, Oscillibacter, and Blautia, in the BDD group. Oscillibacter is a Gram-
negative bacterium that releases lipopolysaccharide, which is more easily absorbed into the bloodstream after intestinal
barrier damage and further induces the release of peripheral and central proinflammatory cytokines that are crucial in the
pathogenesis of neuroinflammation.

We used non-targeted metabolomics and targeted metabolomics to explore the treatment mechanism of BDD on
anxiety. We found that BBD has an effect on multiple metabolites in common with five metabolic pathways in the
treatment of anxiety, including D-glutamine and D-glutamate; alanine, aspartate, and glutamate; arginine and proline;
tryptophan; and histidine metabolism.

The tryptophan metabolic pathway, mainly the tryptophan kynurenine pathway, plays a key role in regulating mental
rhythm. Abnormalities in this pathway give rise to neurotoxic metabolites such as 3-hydroxy acid and quinolinic acid,
and reduce the level of 5-HT, which triggers anxiety symptoms.”® There is accumulating evidence indicating that
kynurenine metabolism is involved in brain inflammatory injury, and tryptophan is metabolized to kynurenine by
indoleamine 2.3-dioxygenase (IDO), which is upregulated by proinflammatory cytokines.>’ In this study, BDD restored
abnormal metabolites of tryptophan, such as 5-HT, tryptophan, kynurenine, 5-hydroxyindolacetic acid, and 3-hydroxy-
L-kynurenine, and inhibited abnormal microglial activation, suggesting that BDD regulated excessive activation of the
microglia in the CRS-induced rats and was closely associated with the tryptophan kynurenine pathway.

Glu and GABA, an important excitatory neurotransmitter and inhibitory neurotransmitter, lead to neurotoxicity and
reduce neuronal excitability, respectively. Anxiety disorders are associated with abnormally high levels of Glu and Gln,
and abnormally low levels of GABA.*®*® Astrocyte activation leads to elevated Glu concentrations in the synaptic cleft,
resulting in Glu excitotoxicity.*® In this study, BDD modulated neurotransmitters such as Glu, Gln, and GABA,
suggesting that BDD alleviated the anxiety-like behaviors by regulating the levels of Glu, Gln, and GABA in the CRS-
induced rats.

There is evidence confirming that arginine and proline metabolism are closely related to anxiety disorders. Arginine is
metabolized either by inducible nitric oxide synthase and produces nitric oxide and citrulline, or by arginase and
produces urea and ornithine. Ornithine is metabolized into proline and polyamines (agmatine, putrescine, spermine).
Polyamines play an important role in brain immune homeostasis as key regulators of cellular excitability.*! 5-HT,
dopamine, and noradrenaline are critical nitric oxide-mediated neurotransmitters associated with mental disorders.
Additionally, arginine supplementation reduces anxiety symptoms in healthy adults.** In the present study, abnormal
metabolite levels of arginine and proline, such as ornithine, 1.4-diaminobutane, and spermine, in the CRS-induced rats
were reversed by BDD, suggesting that BDD has an anxiolytic effect possibly through regulating the arginine and proline
metabolic pathways.

The gut microbiota might influence the development of anxiety-like behaviors by regulating the microbiota—
metabolite axis. The kynurenine/tryptophan metabolism restores to normal after probiotic administration
(Lactobacillus helveticus and Bifidobacterium longum).** In sterile mice, abnormal plasma 5-HT/tryptophan metabolism
returns to normal after bacterial transplantation.** Kynurenine metabolism is influenced by the intestinal flora through the
regulation of IDO activity or the direct synthesis of kynurenine via specific gut bacterial strains.*> Lactobacillus, the most
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important symbiotic bacteria that metabolize tryptophan to 5-HT, can pass through the blood—brain barrier.*®
Lactobacillus and Akkermansia convert tryptophan to indole and indole derivatives, which are associated with anxiety-
like behavior in rats.*’ In the present study, we showed a significant correlation between gut microbiota and the
neurotransmitters metabolic pathway, suggesting that BDD improves anxiety-like behaviors, which may be associated
with the regulation of the microbiota—metabolite axis.

Conclusions

In summary, BDD demonstrates a notable improvement in anxiety-like behavior in CRS-induced rats through the
regulation of the MGB axis. This regulatory effect is achieved through various routes, including the suppression of
hippocampal inflammation, modulation of gut microbiota and fecal metabolites, and enhancement of hippocampal
neurotransmitter levels. The antianxiety properties of BDD are distinct from those of conventional serotonin and
noradrenaline reuptake inhibitors such as VLF. Thus, BDD may offer a promising alternative treatment for anxiety
disorders, owing to its unique antianxiety effects.
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