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Background: Arisaema cum bile (known as DanNan Xing in Chinese, DNX) is a traditional herbal medicine commonly used to treat
febrile seizure (FS), but the underlying mechanism remains unclear.

Objective: To evaluate the therapeutic effect of DNX on hot water bath-induced FS rat model and further explore the potential
mechanism.

Methods: The chemical constituents of DNX were determined via liquid chromatography-mass spectrometry (LC-MS). FS rat model
was established using a hot water bath (45 + 2 °C), and DNX (2.8 and 0.7 g/kg, i.g) were administered for two weeks. Based on
behavior test (duration and latency), pathological changes in the hippocampal tissue, and the levels of inflammatory cytokines the
therapeutic effect of DNX for FS was evaluated. Subsequently, the network pharmacology, 16S rRNA and non-targeted metabolomics
analysis were combined analysis to explore the potential signaling pathway. Furthermore, the signaling pathway was verified using the
RT-gPCR and immunohistochemistry assay.

Results: The DNX treatment showed effective therapy on hot water bath induced FS, as indicated by a shortened seizure duration
time, prolonged seizure latency, reduced hippocampal neuron damage and neuroinflammatory factor levels (TNF-a, IL-1pB, IL-6, and
HMGBI1). Neurotransmitters (GABA, Glu) are also significantly regulated. Moreover, the relative abundance of Lactobacillus and
Lachnospiraceae was notably increased (p < 0.01), while that of Tenericutes decreased, compared to gut microbiota of FS rat. A total
of 20 fecal differential metabolites were regarded as the potential biomarkers including GABA, CDCA, and UDCA for anti-FS of
DNX, and combined network pharmacy the metabolic pathways of primary bile acids (BAs) biosynthesis and alanine, aspartate and
glutamate metabolism were involved.

Conclusion: DNX possesses a therapeutic effect on FS through inhibiting neuroinflammation and regulation of FXR and GABA
signaling pathway.

Keywords: Arisaema cum bile, febrile seizures, neuroinflammation, gut microbiota, fecal metabolites, FXR and GABA signaling

Introduction

Febrile seizures (FS) is a common type of seizure caused by fever, and usually occurs in young children aged from 6
months to 6 years.'* Long-lasting repetitive FS increases risk by 6% to induce epilepsy.>* In addition, FS, infection, and
neurotrauma are induced activation of innate immune and subsequent inflammatory responses in the brain that are
documented conditions associated with acute symptomatic seizures and with a high risk of developing epilepsy.’
Therefore, neuroinflammation is one of the essential factors involved in FS development. As well as relieving neuroin-
flammation (TNF-a, IL-1p, IL-6, and HMGBI) is an effective strategy to protect nerve injury of FS.®® Moreover, an
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increasing number of reports have shown intestinal flora disorders are associated with brain diseases including epilepsy,
and Alzheimers, and regulating gut microbiota to alleviate neuroinflammation is contributing to combat these diseases.'®
'3 Importantly, regulating gut microbiota is also beneficial to protect nerve injury and further against FS.'* Currently,
clinical guidelines for the FS recommend the use of antipyretics and antiepileptic drugs, such as sodium valproate,
phenobarbital, and diazepam. These agents have proven to be effective through inhibiting the central nervous system and
they frequently inhibit neuronal excitation rather than effective down-regulation of neuroinflammation. Besides, long-
term use of these agents often leads to a series of sides effects, such as high mortality rates and cognitive decline.'>!”

Of note, it is essential to explore more effective agents with exceptional efficacy and fewer adverse effects for FS. An
increasing number of evidence have shown that FS can be successfully treated by using traditional Chinese herbal
medicine (TCHM) prescriptions, extracts, or components derived from TCHM.'®?° Arisaema rhizome is a TCHM for
relieving convulsion and spasm. The plant is shown in Figure 1A and medicament portion (blocky rhizomes) is shown in
Figure 1B. Interestingly, it is commonly processed with cattle bile to be changed to Arisaema cum Bile (known as
DanNan Xing, DNX, Figure 1C), which achieves the purpose of reducing toxicity and increasing efficacy including anti-
febrile convulsions.?! For centuries, DNX was traditionally used in treatment of central nervous system diseases such as
FS, and stroke clinically, due to its efficacy of medicine characteristics.** Especially, it has been used for the treatment of
FS since the Qing dynasty according to documentation in the medical monographs of You You Ji Cheng,* it was used as
the minister drug of the traditional prescriptions to treat FS description in Xiao Er Tai Ji Wan.** In recent years, many
chemical constituents have been composed of DNX, including flavonoids, phenols, nucleosides, sugars, and bile acids
(BAs). These components not only exert a protective effect on FS but also suppressed the expression of toll-like receptor
4, nuclear factor kappa-B (NF-kB), interleukin-1B (IL-1B) and interleukin-6 (IL-6), and thus inhibited the neuroinflam-
mation in the brain induced by FS.?>** Modern pharmacological studies have revealed that DNX plays a protective role
in FS by regulating neurotransmitter disorders and inhibiting neuroinflammation.” And our previous study showed that
DNX possess an anti-FS effect through regulating neurotransmitter disorder and gut microbiota.'* Thereby, the mechan-
ism of DNX on regulating gut microbiota, fecal metabolism, and neuroinflammation in the process of anti-FS is still
unclear and further to demonstrate in this study. Therefore, the protective effect of DNX on FS were explored by using
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Figure | The representative picture of herbal plant and decoction pieces of DNX and the total ion chromatogram of DNX. Herbal plant (A); TNX (B); DNX (C) and total
ion flow chromatogram of DNX in the positive ion (D) and negative ion mode (E), respectively.
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a hot water bath rat model, and behavior tests, brain damage were detected. Then, the 16SrRNA sequencing was used to
study species and abundance of gut microbiota. The biomarkers and potential signaling pathway were analyzed to utilize
fecal metabolomics combining network pharmacy, which was further verified by using RT-qPCR and
immunohistochemistry.

Materials and Methods

Chemicals and Reagents

Molpure® Cell/Tissue Total RNA Kit (No. 19221ES50) was obtained from YEASEN (Shanghai, China). PrimeScript RT
reagent Kit (No. RR047A, 100 Preps), and TB Green™™ Premix Ex Taq"™ II (Tli RNaseH Plus) (No. RR820A, 200Rxns)
were obtained from TakaraBiolnc (Beijing, China). The Elisa Kits of GABA (No. 20221010), Glu (No. 20221110), TNF-
a (No. 20221201), IL-1B (No. 20221010), IL-6 (No. 20221110), and High mobility group box 1 (HMGBI)
(No. 202201012) were obtained from Jiangsu Meimian Industrial Co., Ltd. (Nanjing, China). DNX (No. 20220316)
was obtained from Sichuan BaiSheng Pharmaceutical Co., Ltd. (Chengdu, China), which was identified by Prof. B.Y.
Yang based on each herb documented in China Pharmacopoeia (Part I, 2020 Version).

DNX Sample Preparation

The DNX powder (300 g) was soaked in water (3000 mL) for 30 min and then heated until boiling (100 °C) and
continuing for 60 min, a total of 3 times. Then filter with gauze, discard the residue and save the filtrate. The filtrate was
collected and vacuumed concentration to 0.28 g/mL and 0.07 g/mL and stored at 4 °C for DNX treatment. According to

10 mL/kg gavage, the dose was 2.8 g/kg and 0.7 g/kg, respectively.?”-*

Chemical Component Profiling of DNX

The Exion LC AD UPLC (Shimadzu, Japan) system equipped with Triple TOF 5600 quadrupole electrostatic field
orbitrap high-resolution mass spectrometer (AB SCIEX, USA) was used to identify the chemical component profiling of
DNX. Chromatographic separation was achieved using an Acquity™ HSS T3 column (Waters Co., USA, 1.8 um,
2.1x100 mm) and the injection volume was 2 uL.. Acetonitrile (A) and deionized water containing 0.1% formic acid (B)
were used as mobile phases. The gradient elution program was as follows: 0—1.5 min: 5% A; 1.5-10 min: 5-50% A;
10.0-23.0 min: 50-85% A; 23-28 min: 85% A-95% A; 28-30 min: 95% A. The flow rate was 0.3 mL/min, and the
column temperature was 40 °C.

The electrospray ion source (ESI'/ESI") was used, and the capillary voltage of 2.5 Kv, the ion source temperature of
150 °C were set. The mass scanning range was 50—1000 m/z, and the collision energy was 10-30 eV. The components of
DNX were determined by comparing their relative chromatographic elution behavior (retention time), mass spectrometry
fragment patterns with those recorded in reference.

Animals

As previously described metho in this study the SPF male SD rats (14-day-old, 35 + 5 g) were purchased from
Chengdu Dashuo Experimental Animal Co., Ltd. (No. SCXK (JI]) 2020-030, Chengdu, China) that the separation
operation of rat pups to obtain and separate the pups from their dams was standardized by the company. All the

d,29—31

experiments were approved by the Ethics Committee of Shaanxi University of Chinese Medicine (approval No.
SUCMDL 20220309003), and all experiments conformed to the “Guidelines for the Care and Use of Laboratory

Animals.”3?

Establishment of the FS Model and Treatment Design

To investigate the anti-FS effects of DNX, the 40 male rats were randomly divided into control group, model group,
positive group, DNX-high dose group, and DNX-low dose group. The positive group was administered with diazepam
10 mg/kg (i.g). The DNX-high dose group, and DNX-low dose group were administered with water extract 2.8 g/kg (i.g)
and 0.7 g/kg (i.g), respectively. The control group and model group administered with an equal volume of salt solution
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(0.9%) 10 mL/kg (i.g) as well. In brief, the rats in the control group were placed in water (37 °C), while the other rats
were placed in a cylindrical-shaped tank (m x 15% cm x 40 cm) with hot water (45 + 2°C) to establish the FS model. The
temperature of the hot water was monitored in real time to ensure the stability of the water bath. Meanwhile, during the
experiment, the rats were ensured to breathe freely, and the water level line was kept in a suitable position to avoid
drowning. Observing the convulsion and death of rats. The FS model was induced once every two days, a total of 14
times. All the rats were given with corresponding drugs for 1 h before water bath, then observe the level of convulsions
as follow: (I) facial muscle twitch only, (II) nodding, (III) unilateral forelimb spasm, (IV) bilateral forelimb spasm while
standing, (V) generalized tonic-clonic seizure.?” After the observation, the rats were taken out and the hair was dried by
blower and put back in the feeding box.

After the last water bath for 2 h, the seizure latency, seizure duration, and mortality of the rats were evaluated as
previously described.>® Subsequently, after anesthesia, blood and hippocampus tissues were collected to detect inflam-
matory factor level and neurotransmitter level. The colon tissues were collected and hippocampus tissues for
Hematoxylin-eosin (H&E) staining, in which hippocampus tissues were furthered to Nissl staining analysis.
Meanwhile, hippocampus and colon tissues were used for immunohistochemical and real-time quantitative reverse
transcription PCR (RT-qPCR) analysis. Additionally, colon contents were collected for microbial and metabolomics
analysis. The animal experimental protocol is presented in Figure 2A.

H&E and Nissl Staining

The rats’ brain and colon tissues were fixed with 4% paraformaldehyde (Guo Yao Group Chemical Reagent Co., Ltd,
No. 20200320) for 24 h. After paraffin embedding and coronal sectioning, the tissues were cut into 5 um sections and
then stained with H&E. In addition, the neuronal damage was further assessed by Nissl staining, which were evaluated by
an experienced pathologist who was blinded to the treatment protocols.

ELISA Analysis

The levels of Gamma-aminobutyric acid (GABA), Glutamate (Glu), Tumor necrosis factor alpha (TNF-a), IL-6, IL-1f
and High mobility group box 1 (HMGBI1) in the serum and hippocampus were detected by ELISA kit according to the
manufacturer’s instructions. After unfreezing, the hippocampus tissues were homogenized with ice normal saline at 4 °C,
and then centrifuged at 3000 g for 10 min. The absorbance was measured at 450 nm using a microplate reader
(800TS, USA).

Network Pharmacology Analysis
The potential components of DNX were collected and the related targets of components were obtained by using Swiss
Target Prediction (http://www.swisstargetprediction.ch/). Additionally, the keywords of “febrile convulsion” and “febrile

seizures” were input into the Genecards (https://www.genecards.org/) database to search the known targets related to FS.

After overlapping the components and FS related targets, a protein-protein interaction (PPI) network was constructed by
using the STRING database (https://string-db.org/),** and Cytoscape software (v3.10.1) was used to visualize.

Furthermore, a network of DNX-components-disease-targets was constructed using Cytoscape (v3.10.1) software. The
three topological features of “degree”, “betweenness”, and “closeness” were calculated to identify the key targets of
DNX for treating FS. Finally, the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway was analyzed, and the molecular docking simulation was performed to assess the affinity of potential
components of DNX and the key targets.

I6S rRNA Sequencing Analysis

Colon content from each of three groups (Control, Model, and DNX 2.8 g/kg) were collected for I6STRNA sequencing
analysis. Firstly, the total microbial genomic DNA was extracted using the Power Soil DNA Isolation kit (Qiagen)
according to manufacturer’s instructions. The quality of DNA extraction was verified using 1.0% agarose gel
electrophoresis, and the DNA concentration and purity were determined using NanoDrop2000. Then, the hypervariable
region of the 16SrRNA gene V3-V4 was amplified by PCR using the primers 338F (5'-
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Figure 2 Effect of DNX on the behavior test, hippocampal neuron, and levels of pro-inflammatory cytokines in the FS rat model. Experimental design procedure (A), n=8 or
n=7; H&E staining (B), Nissl staining (C), n=3; pro-inflammatory cytokines and neurotransmitter disorder in the serum (D) and hippocampus (E), n=8 or n=7. *p < 0.05,

*p < 0.0, ¥*p < 0.001, ¥**p < 0.0001, ns means no statistical difference.
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ACTCCTACGGGAGGCAGCA-3") and 806R (5-GGACTACHVGGGTWTCTAAT-3"). The PCR amplification
cycling conditions were shown as follows: initial denaturation at 98 °C for 5 min, followed by 25 cycles of
denaturation at 98 °C for 30s, annealing at 53 °C for 30s and extension at 72 °C for 45s, a single extension at 72
°C for 5 min, and a final 4 °C step. Finally, the amplification products were purified using the Quant-iT PicoGreen
dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA), and the paired-end sequence were performed on an Illumina
NovaSeq PE300 platform (Illumina, San Diego, USA). Microbiome bioinformatics and sequence data analyses were
performed with QME2 2019.4 and R packages (v3.2.0).%

Metabolite Analysis

Each colon content sample was weighed (5 mg) and 25 pL of water was added for homogenizing with zirconia beads.
Then, the 120 pL methanol containing internal standard was added to obtain a good metabolite extraction. Fecal
metabolic profiling was acquired by an Ultra Performance Liquid Chromatography Tandem Mass Spectrometry (UPLC-
MS/MS) (ACQUITY UPLC-Xevo TQ-S, Waters Corp., Milford, MA, USA). Chromatographic separation was achieved
using an ACQUITY UPLC BEH C;g 1.7 uM VanGuard pre-column (2.1 X 5 mm) and ACQUITY UPLC BEH Cg
1.7 uM analytical column (2.1 x 100 mm) maintained at 40 °C. The flow rate was set as 0.4 mL/min, and the injection
volume was 5.0 pL. The mobile phase consisted of water-containing 0.1% formic acid (A) and acetonitrile: IPA (70: 30)
(B). The gradient elution program was set as follows: 0—1 min, 95% A; 1-11 min, 95-22% A; 11-13.5 min, 22-5% A,
13.5-14 min, 5-0% A; 14-16 min, 0% A; 16-16.1 min, 0-95% A; 16.1-18 min, 95% A.

Both the positive and negative ion mode were applied and the parameters of the mass spectrometer are set as follows,
capillary voltage 1.5Kv (ESI+) and 2.0Kv (ESI"), source temperature 150 °C, desolvation temperature 550 °C, desolva-
tion airflow 1000 L/Hr. Then the MassLynx (v4.1, Waters, Milford, MA, USA) was utilized to analyse original data file
form UPLC-MS/MS, and the peak integration, calibration and quantification of each metabolite were performed. Finally
the iMAP (v1.0; metabo-Profile, Shanghai, China) platform was used for statistical analysis, in which orthogonal partial
least squares discriminant analysis (OPLS-DA) for multivariate statistical analysis, as well as univariate analyses were
based on whether the data were normally distributed.*® The VIP > 1, and p < 0.05 were identified as significant metabolic
differences.

Immunohistochemical Staining

The brain and colon sections were stained with antibodies of gamma-aminobutyric acid types A receptor (GABAAR, No.
DF8548, dilution 1:100, Wuhan, China), Glutamate lonotropic Receptor AMPA Type Subunit 1 (GRIA1, No. 67642,
dilution 1:100, America), Farnesoid X receptor (FXR, 25055-1-AP, dilution 1:100, Wuhan, China). The relative optic
density of GABAAR, GRIA1 and FXR were analyzed by Indica labs (Halo 101-WL-HALO-1, USA).

RT-gPCR Analysis

Total RNA of the rat’s hippocampus and colon was both extracted using a Molpure® Cell/Tissue Total RNA Kit
(No. 19221ES50, YEASEN), and the concentration of purity of which were measured using a TB Green™ Premix Ex
Taq ™ (Tli RNaseH Plus) (No. RR820A, Thermo Fisher Scientific, Waltham, MA, USA). The RT-qPCR was performed
on an ABI 7500 FAST system (Quant Studio™ 3, Thermo Fisher, MA, USA), and the conditions were as follows: Pre-
denaturation 95 °C, 30s, denaturation 95 °C, 5s, annealing 55 °C, 30s, with 40 cycles, then its extended and to collected
fluorescence for 72 °C, 30s. The 2 2" method was used to analyze the target gene expression, with p-actin as the
internal control. The primer sequences were presented in Table 1.

Correlation Network Analysis

Neuroinflammatory factors, intestinal microbial communities, and metabolic markers were significantly intervened via
DNX in the treatment of FS. All above these factors were utilized for correlation analysis by using SPSS 25.0 Pearson
correlation analysis, and further the network was constructed to employ Cytoscape (v3.10.1) software, which the p <
0.05, r > 0.8 were performed significant correlation.
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Table | Primer Sequences of the Genes Used for RT-qPCR

Gene Forward Primer (5'—3') Product Size (bp)

B-actin F: GGGAAATCGTGCGTGACATT 76
R: GCGGCAGTGGCCATCTC

GABAAR | F: AGTGCCAGAAATTCCCTCCCAAAG 94
R: CAATCAGAGCCGAGAACAGAAGG

FXR F: CGTCGGAAGTGCCAGGATTGC 160
R: CGCTGTCCTCATTCACTGATC

HMGBI F: AGGCTGACAAGGCTCGTTATGAAAG 139
R: GGGCGGTACTCAGAACAGAACAAG

IL-1B F: AATCTCACAGCAGCATCTCGACAAG 98
R: TCCACGGGCAAGACATAGGTAGC

IL-6 F: ACTTCCAGCCAGTTGCCTTCTTG 110
R: TGGTCTGTTGTGGGTGGTATCCTC

TNF-a F: CACCACGCTCTTCTGTCTACTGAAC 150
R: TGGGCTACGGGCTTGTCACTC

Statistical Analysis

Statistical analysis was performed using SPSS 25.0 (SPSS, Chicago, IL, USA). One-way analysis of variance (ANOVA)
followed by Dunn’s multiple comparison tests was used, and p-value < 0.05 was considered statistically significant.
Results were expressed as means + standard deviation (SD).

Results
Compounds Analysis of DNX

As shown in Figure 1D and E, a total of 57 compounds were identified from DNX, which mainly includes BAs,
flavonoids, phenols, nucleosides, and xanthine compounds.

DNX Prolonged the Latency and Decreased the Incidence Rate of FS

The FS rat model was successfully established, and the rectal temperature was measured at least 39.2°C, by observing the
level of convulsions that was simulated to previous reports.’”*® Furthermore, in the FS model group, various types of
severe seizure-like symptoms were observed, like neck muscle rigidity and rhythmic twitching. The seizure latency (p <
0.01) was lower, and seizure duration was higher (p < 0.01, Figure 2). Interestingly, after treatment with DNX (2.8 g/kg)
and positive drug of diazepam, the seizure latency was significantly increased (p < 0.01), while the seizure duration
decreased (p < 0.01). Moreover, one rat died of the model group, which may be caused by repeated modeling. However,
no rats died in other groups, which may be a beneficial result of continuous administration referring to the performance of
diazepam drug group rat.

DNX Alleviated the Hippocampal Neuronal Damage Induced by FS

As shown in Figure 2B, the hippocampal neurons cells were irregularly arranged, with a vertebral body morphology
and smaller nuclei in the control group. After hot water bath modeling, the increased intercellular space, nuclear
atrophy, and inflammatory infiltration were observed. Rats treated with DNX (2.8 g/kg) and diazepam showed less
cell shrinkage and less macrophage in the hippocampus compared with model group. Additionally, it was worth
noting that the number of Nissl bodies decreased in the model group (Figure 2C, p < 0.05), which was reversed by
treatment with high dose of DNX and positive drug of diazepam (p < 0.05). These findings suggested that the FS rat
might be attributed to the increased hippocampal neuron damage and decreased Nissl bodies, whereas DNX treatment
appears to alleviate this damage and increase Nissl bodies number, thus leading to an improvement of the anti-FS
effects.
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DNX Decreased the Level of Pro-Inflammatory Cytokines in the Hippocampus and

Serum of FS Rat

Compared to the control group, in this study, the levels of TNF-a, IL-1B, IL-6, and HMGBI in the hippocampus and
serum were significantly increased in the brain tissues of the FS rat (p < 0.01, Figure 2D and E). In contrast, after
treatment with high dose of DNX, these inflammatory factors were reduced (p < 0.05, Figure 2D and E). These findings
revealed that DNX improved the hippocampal neuronal damage in FS rat through inhibiting the release of inflammatory
factors in the hippocampus and serum.

Network Pharmacology Analysis of DNX on FS

A total of 2467 FS-related genes were collected from Gene Cards data, in which 194 intersection targets were collected,
known as candidate targets (Figure 3A). The components-targets-FS network was established, including 256 nodes (62
compounds, 194 targets) and 1334 edges, in which the purple triangles represent compounds, while orange roundness
represents the targets (Figure 3B). Furthermore, the 194 candidate targets were connected to establishing PPI network,
which contained 121 nodes and 3648 edges after removing the isolated targets (Figure 3C). A total of 15 key targets were
selected, including IL-6 (degree 214, betweenness 0.0646, closeness 0.6762), TNF-a (degree 212, betweenness 0.0600,
closeness 0.6762) and AKT1 (degree 202, betweenness 0.0820, closeness 0.6189). For KEGG pathway, the TNF
signaling pathway (hsa04668), GABAergic synapse (has04727), and bile secretion (hsa04976) were enriched, as
shown in Figure 3D.

Furthermore, the molecular docking was employed to study the mode of action between the active components
chenodeoxycholic acid (CDCA), ursodeoxycholic acid (UDCA), docosahexanoic acid, acetylleucine and key targets
involved in the inflammatory pathways (IL-6, TNF-a, IL-1B) and BAs metabolic pathway (NR1H4 (FXR)) (Figure 3E).
As LibDock Scores displayed (Figure 3E), the strong binding force between the CDCA and NR1H4 (—9.0 kcal/moL),
UDCA and NR1H4 (—8.4 kcal/moL), docosahexanoic acid and TNF-a (—6.4 kcal/moL), docosahexanoic acid and IL-1f
(—4.3 kcal/moL) were found. As for molecular docking, van der Waals, carbon hydrogen bond, alkyl, pi-alkyl bonding,
and conventional hydrogen bond draw the important role. Such as, van der Waals was formed between CDCA and amino
acid residues including TYRA: 369, META: 365, SERA: 332, ILEA: 335 and GLYA: 343 of NR1H4 protein, as well
alkyl was formed between CDCA and META: 328, LEUA: 287, and ARGA: 331 amino acid residues of NR1H4 protein.
There was formed conventional hydrogen bond between UDCA and HISA: 294 and TYRA: 361 amino acid residues of
NR1H4 protein. Additionally, the alkyl was formed between acetylleucine and LYSB: 98, PROB: 100 amino acid
residues of TNF-a protein. These results suggested that the inflammatory pathway and FXR pathway may have
contributed to the effect of DNX on FS.

DNX Regulated Intestinal Gut Microbiota Balance and Colon Trauma in FS Rat
Moreover, the inflammatory infiltration to lead intestinal mucosal injury of FS model rats occurred, whereas this injury
was reversed by treatment with high dose of DNX (Figure 4A). Therefore, we speculated that DNX may improve the
intestinal damage by regulating gut microbiota balance and ultimately achieve the anti-FS effect.

Three colon content samples from each group were obtained for 16S RNA analysis. A total of 17200 operational
taxonomic units (OTUs) were obtained from the three groups, of which 954, 4239, and 4186 were in the control group,
the model group, and the DNX group, respectively. The gut microbiota profile in the control, model, and DNX groups
exhibited distinct separations by using Principal coordinate analysis (PCoA) (Figure 4D) that indicated the protective
effect of DNX for treatment of FS. The diversities in the FS and DNX groups were higher than the control group
(Figure 4B). At the phylum level (Figure 4C), the relative abundance of Firmicutes was significantly decreased (p <
0.05), the Bacteroides and Tenericutes were significantly increased (p < 0.05) in the FS rat model, which was consistent
with previous findings and showed as Figure 4F.'* At the genus level (Figure 4E), the FS rat model showed a lower
abundance of Lactobacillus (p < 0.01) and Lachnospiraceae (p < 0.05). However, DNX group showed an increasing
abundance of Firmicutes (p < 0.01), and decreasing abundance of Bacteroidetes, and Tenericutes (p < 0.05) of phylum
level. Meanwhile, the abundance in the genus of Lactobacillus and Lachnospiraceae increased (p < 0.05, Figure 4G) of
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genus level. In consideration of the above points, although DNX treatment did not restore the abundance of Lactobacillus
to control level, it showed a positive effect and revealed that hot water bath induced FS model was related to the disorder
of the gut microbiota, and DNX treatment promotes the recovery of the beneficial bacteria.

Effect of DNX on the Fecal Metabolic Disorder in FS Rat

As shown in Figure 5, a clear separation trend of three groups was obtained. Obviously, the rats FS model was
successfully replicated from the metabolic perspective, as indicated by the clear separation between the control and
model group. Whereas the metabolic profiling in the rats treated with DNX was much separated from the model group,
indicating the DNX treatment played a positive effect in rats with FS model.

Furthermore, the OPLS-DA model was obtained, of which R?Y and QZY values were 0.987 and 0.839 between
control and model, and 0.898 and 0.797 between model and DNX group (Figure 5A). Based on the parameters of
Variable importance in the projection (VIP) > 1 and P < 0.05, a total of 63 metabolites differences were identified, of
which 20 metabolites were significantly reversed as metabolic markers including GABA, CDCA, UDCA, and DCA (P <
0.05, VIP >1) via DNX regulation (Figure 5D). Among these metabolites, GABA, CDCA, and UDCA have been
reported to be associated with neuroprotective effects in FS treatment.***°

Moreover, the metabolic pathway analysis was performed, including alanine, aspartate and glutamate metabolism,
primary bile acid biosynthesis, and arginine and proline metabolism as significantly different ones (Figure 5B and C).
These findings revealed that the fecal metabolic disorders in the FS rat model can be changed via treatment with DNX,
which may be related with the altered gut microbiota.

DNX Decreased the Level of Glu and Elevated GABA in the Hippocampus and Serum

of FS Rat

To further verify the regulatory effect of DNX on fecal metabolic disorder in the FS rat, the levels of GABA and Glu in
the serum and hippocampus tissue were evaluated using ELISA method (Figure 5F and G). The results showed that the
GABA content was decreased (p < 0.01 and p < 0.05) and the Glu content was increased (p < 0.05) in the FS model rats,
compared with the control group. In contrast, this trend was reversed in DNX treatment. The result suggested that FS-
related fecal metabolic disorder can be regulated by DNX treatment.

DNX Increased the Expression of GABAAR and FXR in the Hippocampus and Colon
of FS Rat

The immunohistochemistry and RT-qPCR were carried out to verify the possible metabolic pathway of aspartate and
glutamate metabolism and primary bile acid biosynthesis. As shown in Figure 6A and B, the RT-qPCR assay exhibited
that the mRNA level of FXR and GABA4R in the hippocampus and colon were remarkedly decreased in the FS model
rats compared with that in control group, however, these reductions were back-regulated by DNX treatment.

Furthermore, the results of the RT-qPCR assay were confirmed by subsequent immunohistochemical assays. As
shown in Figures 7 and 8, the hot water bathing significantly decreased the protein expression of FXR and GABA4R in
the hippocampus and colon, and these reducing effects were almost completely reversed by DNX (2.8 g/kg) treatment.
These findings illustrated that the increased protein and mRNA expression of FXR and GABAAR in the hippocampus
and colon might also be closely related to the ameliorative effect of DNX on FS model rats.

DNX Decreased the Expression of IL-1p3, HMGBI, IL-6 and TNF-a in the
Hippocampus of FS Rat

To further verify the interaction between brain inflammatory factors in DNX anti-FS. The expressions of IL-1p, IL-6,
TNF-a and HMGB1 were measured in the hippocampus by RT-qPCR (Figure 6C—F). Compared with the control group,
the expression of inflammatory factors was significantly increased (p < 0.05 and p < 0.01) in the hippocampus of FS rat.
On the contrary, the hippocampus tissue showed the reverse trend of FS rat treated with DNX, in which the IL-6, TNF-a
were notably decreased (p < 0.05).
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Figure 6 DNXincreased the mRNA expression of GABAAR and FXR in the hippocampus (A) and colon (B), decreased the mRNA expression of IL-18 (C), HMGBI (D), IL-6 (E)
and TNF-a (F) in the hippocampus. n=3, *p < 0.05, **p < 0.01, **p < 0.001, ns means no statistical difference.

Integrated Network of the Mechanism of DNX for FS

To investigate the molecular mechanism of DNX anti-FS by regulating gut microbiota-mediated GABA and FXR
pathways while alleviating neuroinflammation. The correlation network diagram was established to analyze the relation-
ship between the TNF-a, IL-1B, IL-6, HMGBI1 and Firmicutes, Lactobacillus, Bacteroidetes, Tenericutes, GABA, CA,
CDCA. As shown in Figure 5E, The Firmicutes and Lactobacillus, FXR were negatively correlated with TNF-a, IL-1p,
and IL-6, respectively. Whereas the Tenericutes were positively correlated with these inflammatory factors. Additionally,
FXR, GABA and UDCA were negatively correlated with HMGBI1, and GABA were negatively correlated with IL-1,
and IL-6, as well the CA were negatively correlated with IL-6. The network provides a mechanism for DNX to treat FS.
Hence, the mechanism action of DNX in the treatment FS is shown as Figure 9. By and large, DNX mainly inhibits
harmful bacteria and back-regulate beneficial intestinalbacteria to further promote the metabolism of BAs, GABA and
then interfering with FXR and GABA signaling pathways. At the same time, it alleviates intestinal and neuroinflamma-
tion to combine action anti-FS.

Discussion

FS was one of the neurological findings and commonly occurred in the evening, which was evaluated complex FS of
children in clinic.*'*** Currently, the increasing amounts of pathological studies have demonstrated that the imbalance of
immune system could produce inflammatory cytokines including IL-1p and HMGB that was one of the risks to enhance
FS and seizures and brain damage.”’ Moreover, research in the seizures demonstrated that IL-1p and HMGBI1 were
highly released in activated astrocytes and microglia of brain.*> The IL-1B, IL-6 and TNF-a level were significantly
raised in hippocampus of FS rat.** Therefore, relieving the inflammatory response in the brain was taken into
consideration to investigate effects and mechanism of DNX anti-FS in this work. Pharmaceutical processing methods
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Figure 8 Effect of DNX on the expression of GABAAR (A), GRIAI (B) and FXR (C) in the colon of FS rat model. All data were compared using one-way ANOVA, and
P-values reflect differences between experimental groups (n=8 or n=7).

were classical techniques in the development of TCM that aimed to reduce toxicity and increase the therapeutic
effectiveness.*> One of the reason animals’ bile was used for preparation of DNX, and the introduction of bile in
DNX was more advantageous in the treatment FS. In addition, research investigated that the FXR pathway was regulated
via BAs in treatment of many diseases including FS. At the same time, the FXR cloud inhibits neuroinflammation to
protect against FS especially.”® In our findings, the TUDCA, THDA, Glycocholic acid, UDCA, Cholic acid (CA), and
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CDCA of DNX were verified to use UPLC-Q-TOF-MS/MS, in which CDCA can prevent progressive neurological
dysfunction in patients, TUDCA has neuroprotective effects, and UDCA can inhibit apoptosis in neural cells. As well as
CA, UDCA and CDCA promoted FXR expression to alleviate the neuronal apoptosis.”’***” Overall, these compounds
may be key of DNX for FS. Based on H&E and Nissl staining results that the hippocampal tissues alleviated FS via DNX
(2.8 g/kg) in treatment.

Further research found that the upregulated FXR pathway can decrease the inflammatory factor levels (IL-1f, IL-6,
TNF-a, and HMGB1). Besides, as present evidence was reported that the GABA, a neurotransmitter for relieving seizure,
was also adjusted by FXR regulation.”> Importantly, GABA exerts postsynaptic inhibitory action mainly via GABAAR to
alleviate FS.*®*° In this study, the level of GABA and GABAR were markedly raised in the brain of DNX (2.8 g/kg)
group. Furthermore, the Glu, an excitatory neurotransmitter for seizures in the brain, was significantly down-regulated in
DNX (2.8 g/kg) group. Meanwhile, The GRIA1 protein expression have the same tendency with Glu.

Moreover, the “gut-brain” axis has aroused increasing study, which were a complex bidirectional way to link the
direct neuronal, neuroendocrine, and immunological pathways and enables communication between the gut microbiota

and the brain,’ 0,51

such as the BAs could cross the blood brain barrier (BBB) by circulating that was reached the central
nerve system via passive diffusion or BA transporters. The primary BAs was synthesized by the liver and the gut
microbiota was specified secondary BAs both to consist circulating BAs pool, and the brain derived BAs also contributed
to the BAs pool.”” For instance, some neurotransmitters are created by gut microbiota in treatment disease, such as
GABA was produced via the Bifidobacteria family, and Lactobacillus.>>>> Above these points, the gut microbiota and
fecal metabolism were analyzed to explore the mechanism on anti-FS of DNX by regulation of the “gut-brain” axis. In
our study, at the phylum, the Firmicutes were significantly back-regulated, and the Bacteroidetes and Tenericutes were
obviously down-regulated of FS in DNX (2.8 g/kg) group. The Tenericutes was reported to be associated with the
development of disease (pneumonia and depression).’®>’ Its suggest that the abundance of harmful bacteria can be

inhibited by DNX. Furthermore, at the genus level, the abundance of Lacftobacillus and Lachnospiraceae were
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significantly increased by DNX in treatment. And the FXR pathway and GABA pathway were recognized as key
metabolic pathways were verified by RT-qPCR and immunohistochemistry experiments. In addition, network pharma-
cology was used to combine analysis of the mechanisms of DNX for FS in this research. We find that the inflammatory
(IL-6 and TNF-a) were core target in PPI analysis, and further GO and KEGG results were shown that the GABA-A
receptor activity (GO: 0004890), neurotransmitter receptor activity (GO: 0030594), TNF signaling pathway (hsa04668),
and Bile secretion (hsa04976) were mainly represented. Thereby, these results point towards adjustment of the
inflammatory response and BAs metabolism could alleviate FS. As well as molecular docking was employed to examine
the action mode between key components (UDCA, CDCA, docosahexanoic acid) and fatal proteins (FXR, TNF-a). In
summarization, these results suggested that DNX mainly regulated gut microbiota that increased probiotics
(Lactobacillus and Lachnospiraceae) and decreased pathogenic bacteria (Tenericutes), as well further to inhibited
neuroinflammation, regulated FXR and GABA pathways to alleviating hot water bathing induced FS.

Conclusion

Collectively, DNX showed protective effects on neuroinflammation of FS rat, possibly through regulating FXR pathway
and GABA pathway via restoring the gut microbiota. Our findings provide a clinical basis for the DNX treatment of FS
and its related metabolic syndromes.
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