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incidence is increasing and younger trend. Ginsenoside Rbl (Rbl), an important monomer
component of the traditional Chinese herb ginseng, known for its ability to improve blood lipid
disorders and anti-inflammatory. In addition, Rb1 was proved to be an effective treatment for AS.
However, the effect of Rbl on AS remains to be elucidated. The aim of this study was to inves-
tigate the mechanisms of Rb1 in ameliorating AS induced by high-fat diet (HFD).

Materials and methods: In this study, we developed an experimental AS model in Sprague-Dawley
rats by feeding HFD with intraperitoneal injection of vitamin D3. The potential therapeutic
mechanism of Rb1 in AS rats was investigated by detecting the expression of inflammatory fac-
tors, microbiome 16S rRNA gene sequencing, short-chain fatty acids (SCFAs) targeted metab-
olomics and untargeted metabolomics.

Results: Rb1 could effectively alleviate the symptoms of AS and suppress the overexpression of
inflammation-related factors. Meanwhile, Rb1 altered gut microbial composition and concen-
tration of SCFAs characterized by Bacteroidetes, Actinobacteria, Lactobacillus, Prevotella,
Oscillospira enrichment and Desulfovibrio depletion, accompanied by increased production of
acetic acid and propionic acid. Moreover, untargeted metabolomics showed that Rb1 consider-
ably improved faecal metabolite profiles, particularly arachidonic acid metabolism and primary
bile acid biosynthesis.

Conclusion: Rbl ameliorated the HFD-induced AS, and the mechanism is related to improving
intestinal metabolic homeostasis and inhibiting systemic inflammation by regulating gut
microbiota.

1. Introduction

Cardiovascular disease (CVD) is the leading cause of chronic disability and premature mortality worldwide, which seriously
threatens people’s health [1]. Atherosclerosis (AS) is a chronic inflammatory disease occurring in the endarterium, which can induce a
variety of acute cardiovascular and cerebrovascular events, including coronary heart disease, myocardial infarction, stroke [2]. The
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pathological characteristics of the disease are disorders of lipid metabolism, endothelial cell damage, macrophage aggregation and
aberrant proliferation of vascular smooth muscle cells [3]. The risk factors for AS are increasing globally, mainly due to hyperlipid-
emia, diabetes mellitus, microbiome, smoking and air pollution [4,5]. At present, the treatment of AS mainly focuses on lipid-lowering
and antithrombotic therapy, such as lipid-lowering agent statins and anti-platelet agent aspirin [6]. However, these methods have
limitations in clinical application and might produce serious adverse reactions. Therefore, it is necessary to develop more drugs with
lower toxicity and greater efficacy to expand the clinical drug options.

The gut microbiota (GM) has been described as the “second genome” of humans, intervening in numerous physiological processes,
including energy metabolism, digestion and absorption, immune inflammation and the formation of intestinal mucosal barriers [7-9].
The GM dysbiosis can influence the onset and progression of numerous CVDs [10,11]. GM-artery axis refers to the bidirectional
pathway between GM and its metabolites and the cardiovascular system [12]. It is believed that the disorder of GM-artery axis is
critical pathogenic factors of AS, which is characterized by lipid metabolism disorder, activation of the inflammatory response,
bacterial structure imbalance and low short-chain fatty acids (SCFAs) production [13-15]. SCFAs alleviates AS through a variety of
pathways, including regulating lipid metabolism, inhibiting the expression of inflammatory factors and vascular adhesion molecules
and improving endothelial function [16,17]. Thus, targeting GM may provide a new strategy for the prevention and treatment of AS.

Traditional Chinese medicine (TCM) and their derived natural compounds have attracted increasing attention in clinical man-
agement of AS due to the advantages of extensive pharmacological activities, low adverse reactions and significant therapeutic effects
synergies [18,19]. As one of the traditional precious Chinese medicinal materials, ginseng has the effect of invigorating the vitality,
tranquilizing the mind, strengthening the brain, which is suitable for the atherosclerotic pathogenesis of “qi deficiency and blood
stasis” in the modern TCM theory. Ginsenosides are the main pharmacologically active components of ginseng. Among them, Rb1 is a
key panaxadiol saponin isolated from the stem, root and flower buds of ginseng. Pharmacological and clinical studies have confirmed
the remarkable efficacy of Rb1 in the treatment of AS and AS-associated CVDs [20-22]. In vivo experiments Rb1 exhibits preventive
and therapeutic effects on atherosclerosis by enhancing autophagy [23]. In vitro experiments, Rb1 synergistically regulates Keapl and
p47°1°% in endothelial cells, thereby ameliorating endothelial cell injury by promoting Nrf2 activation under oxidative stress [24]. In
addition, several studies have demonstrated that RB1 ameliorates vascular smooth muscle injury through multiple mechanisms
[25-27]. However, the exact mechanism of Rb1 against AS still requires further study.

In the present study, we demonstrated that Rb1 regulates lipids and inhibits inflammation in favor of AS treatment. Then, the
potential mechanism of Rb1 in the treatment of AS rats was investigated by integrating microbiome 16S rRNA gene sequencing, SCFAs
targeted metabolomics and untargeted metabolomics. The research approach is shown in Fig. 1.
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Fig. 1. Graphical abstract of full-text experiments.
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2. Materials and methods
2.1. Animals

A total of Fifty SPF-grade male Sprague-Dawley rats with body weights between 180 and 220g were purchased from Liaoning
Changsheng Biotechnology Co. Ltd., Liaoning, China (Certificate of Conformity: SCXK (Liao) 2020-0001). They were raised in the
Institute of Chinese Medicine Research, Heilongjiang University of Chinese Medicine (onstant temperature of 24 + 2 °C, 12 h light/
dark cycle). The animal study protocol was approved by the Animal Ethics Committee of Heilongjiang University of Chinese Medicine
(Ethics number: No. 2022062023).

2.2. Materials and reagents

Rb1 (B21050) were obtained from the Shanghai yuanye Bio-Technology Co., Ltd. (Shanghai, China). Atorvastatin calcium tablets
(Ato, H20051408) purchased from Pfizer Inc. (New York, USA). HFD is compressed according to basic feed +10% lard +10% egg yolk
powder +1.25% cholesterol +0.5% sodium cholate, provided by the Xiaoshuyoutai Biotechnology Co., Ltd (Beijing, China). The
following assay kits were obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China): Triglyceride (TG, A110-1-1),
Total Cholesterol (TC, A111-1-1), Low-density lipoprotein cholesterol (LDL-C, A113-1-1), High-density lipoprotein cholesterol
(HDL-C, A112-1-1), Interleukin-1p (IL-1f8, H002-1-2), IL-6 (H007-1-2), IL-18 (H015-1-2), C-reactiveprotein (CRP, H126-1-2) and
tumor necrosis factor-a (TNF-a, H052-1-2). The following antibodies were provided from Servicebio Biotechnology Co., Ltd (Wuhan,
China): NLRP3 (GB114320), Caspase-1 (GB11383), NF-xB p65 (GB11997), GAPDH (GB15004) and HRP conjugated Goat Anti-Rabbit
IgG (GB23303). The following reagents were provided from Servicebio Biotechnology Co. Ltd (Wuhan, China): BCA Protein Assay Kit
(G2026), Protein-free rapid blocking solution (G2052). SDS-PAGE Loading Buffer (G2013).

2.3. Experiment grouping and AS model establishment

After adaptively fed for 1 week, fifty rats were randomly divided into five groups as follows (n = 10): blank control group (BC), AS
model group (AS), Rb1-treated group (LD-10 mg/kg, HD-20 mg/kg) and Ato-treated group (Ato-1.8 mg/kg). Except BC group, and the
remaining 50 rats were injected once intraperitoneally with vitamin D3 (600,000 IU/kg) and then HFD-fed for 8 weeks to induce the
AS model [28]. Starting from the 9th week, the rats in each group were intragastric administration of the corresponding drug or
distilled water, once a day for 4 weeks. After 4 weeks of treatment, all rats were deeply anesthetized with 30 mg/kg pentobarbital
sodium and sacrificed. Blood, thoracic aorta, liver, and cecal contents were collected quickly.

2.4. Pathological assessment of thoracic aorta and liver

The thoracic aorta and liver were fixed in 4% paraformaldehyde fixative for 72 h and embedded with paraffi. The sections were
successively sliced with a thickness of 4 pm, followed by xylene transparency, gradient ethanol dewaxing and hydration. Hematoxylin-
eosin (HE) staining was performed according to the instructions of the kit, and histopathological changes of the thoracic aorta were
observed by light microscope (magnification x 200).

2.5. Serum lipids detection

Blood samples were centrifuged at 3000 rpm for 10 min and the serum was collected. The TG, TC, LDL-C, HDL-C levels of rat serum
were used to evaluate the dyslipidemia, and the TG, TC, LDL-, HDL-C levels of rat serum were measured with an automatic biochemical
analyzer according to the operating instructions of the kits.

2.6. Serum inflammatory factor detection

The IL-1p, IL-6, IL-18, CRP and TNF-«a levels of rat serum were used to evaluate the assess the progression of inflammation, and the
concentration of serum IL-1p, IL-6, IL-18, CRP and TNF-a in each group of rats were detected by ELISA kits, strictly in accordance with
manufacturer’s instructions.

2.7. Western blot analysis

Proteins of treated thoracic aorta homogenates was extracted following standard protocols, and the protein concentration was
measured using the BCA protein assay kits. Equal amounts of protein samples were separated on 10% SDS-PAGE gel (tacking gel 100 V
for 30min, separating gel 120 V for 1 h) and transferred onto PVDF membranes. The membranes were blocked in fast blocking ma-
terials for 5 min and incubated with the diluted primary antibodies NLRP3 (1:1000), Caspase-1 (1:1000), NF-kB p65 (1:1000) and
GAPDH (1:2000) overnight at 4 °C. The membranes were washed three times with TBST and incubated with secondary antibodies
(1:3000) for 1 h at room temperature. Finally, the membranes were visualized using the CLINX 6100 imaging system and the bands
were quantified using Image J software.
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2.8. Microbiome 16S rRNA gene analysis

The total DNA of rat stool samples were extracted with the DNA extraction kit. PCR amplification of the V3-V4 variable region of
the 16S rDNA gene and sequenced by the HiSeq 2500 System at the Paired-end. The raw sequence fastq files were denoised, spliced and
chimeras removed in the QIIME2 platform to obtain the ASV (amplicon sequence variants) feature sequence table. The community
composition analysis, a-diversity analysis, p-diversity analysis and differential species analysis were performed with QIIME2 platform
to identify the alterations in the GM. The raw sequence reads are available in SRA with the accession number (PRINA950603).

2.9. Determination of SCFAs in cecal contents

The fecal test samples were prepared according to Yan’s [29] method, and the concentration levels of acetic acid, propionic acid,
butyric acid, isobutyric acid, pentanoic acid, isovaleric acid and hexanoic acid in feces were determined by gas chromatography in
combination with mass spectrometry (GC-MS). The concentration of SCFAs were calculated by detecting different concentrations of
standard mixtures and plotting the standard curve with the peak area as the abscissa and the standard concentration as the ordinate.
The chromatographic conditions were as follows: The analysis was performed on an Agilent J&W DB-FFAP (30 m x 0.25 mm, 0.25 pm)
column; Helium with purity >99% was selected as the carrier gas with the constant flow rate of 1.2 mL/min; The sampling volume was
1 pL with shunt ratio of 10:1; The temperature program: 0-3 min, 80-120 °C; 3~7min; 120-200 °C; 7~9min, 200-230 °C; 9~14min,
230 °C. The mass spectrometry conditions were as follows: electron impact ion source with the electron energy of 70 eV; The tem-
peratures of the transmission line, EI ion source and quadrupole are 290 °C, 230 °C, and 150 °C, respectively; The scanning range of
sample acquisition: 30-300 m/z.

2.10. Untargeted metabolomic analysis

Weigh 60 mg fecal sample and then mixed with 540 pL pre-cooled extraction solution (methanol: water = 3:1, v/v). After grinding
treatment at 40 Hz for 3 min, an ultrasound was carried out in ice water for 10 min. Then, centrifuge at 4 °C, 12,000 rpm for 15 min,
and take the supernatant into the sample bottle for machine test. Chromatographic conditions: A Waters ACQUITY UPLC HSS T3 (2.1
mm x 100 mm, 1.8 pm) column maintained at 40 °C. Mobile phase: A-water (contains 25 mM ammonium acetate and 25 mM ammonia
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Fig. 2. Effects of Rbl on AS rats. (A) Experimental protocol for the treatment of AS rats by Rb1. (B) HE staining of thoracic aorta, Scale bars = 100
pm (n = 4). (C) HE staining of liver tissue, Scale bars = 100 pm (n = 4). (D) blood lipid levels. Results were expressed as mean =+ SD (n = 8). (#p <
0.05, ##p < 0.01 vs the BC. *p < 0.05, **p < 0.01 vs the AS).
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water), B-acetonitrile. The gradient program: 0~0.5 min, 95% B; 0.5-5 min, 95%-65% B; 5-9 min, 65%-46% B; 9~9.5 min, 46%-95%
B; 9.5-12 min, 95% B. Flow rate: 0.4 mL/min. Autosampler temperature: 4 °C. sampling volume: 3 pL.

2.11. Statistical analysis

GraphPad Prism 9.5 and SPSS 22.0 software were used for image production and statistical analysis, and the data results were
shown as mean + standard deviation (SD). One-way ANOVA was used to compare the differences between groups. Microbiome 16S
rRNA sequencing and metabolomics results were analyzed by Kruskal - Wallis test. Correlation analysis was performed by Spearman’s
correlation coefficient.

3. Results
3.1. Pathological observation of aortic tissue

The buildup of plaque and inflammatory infiltration are the pathological characteristics of the aorta in AS rats. Compared with the
BC group, the aortic tissue cell structure was obvious impaired in the AS group, with calcium salt deposition, fibrous plaque formation,
intima damage and inflammatory infiltration. After administration, the aorta AS-related pathological morphology was improved to
varying degrees in all groups, mainly manifested as normal smooth muscle cell morphology, reduced inflammatory infiltration and
calcium salt deposition, and improved endothelial damage, especially in HD and Ato groups (Fig. 2-B).

3.2. Pathological observation of liver tissue

The existence and severity of NAFLD are closely related to the development of AS. Compared with the BC group, a large number of
liver cell steatosis, loose cytoplasm, and multiple round vacuoles of varying sizes were obvious observed in the liver tissue of the AS
group rats. Some liver cells were swollen, and inflammatory cell infiltration was observed in multiple locations. Compared with the AS
group, the intervention of each medication group conspicuously reduced the steatosis of liver cells in rat liver tissue, reduced liver cell
swelling, and only a small amount of inflammatory cell infiltration was observed (Fig. 2-C).

3.3. Rb1 ameliorated HFD-induced dyslipidemia

The symptoms of HFD-induced elevated circulating concentrations of lipids are similar to the pathological manifestations of human
AS. Compared with the BC, the serum levels of TC, TG and LDL were conspicuously higher in the AS group (P < 0.05), while the levels
of HDL were conspicuously decreased (P < 0.05), confirming that lipid metabolism was disturbed in AS rats. After treatment, except for
the TC level in the LD group, the serum levels of TC, TG and LDL in each dosing groups were conspicuously decreased (P < 0.05).
However, there was no significant in serum HDL levels among each administration groups (Fig. 2-D).

3.4. Rb1 regulated the level of inflammatory cytokines in AS rats
Inflammation is an essential pathogenetic driver of AS, directly involved in the whole course of AS [30]. Adverse changes of GM and

its metabolites can enhance systemic inflammation to promote the progression of AS [31]. Therefore, we examined the expression
contents of inflammatory cytokines in serum and aortic tissue. The levels of inflammatory cytokines including TNF-a, IL-1p, IL-6, IL-18
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Fig. 3. Rbl Inhibited inflammation in AS rats. (A) Serum TNF-a, IL-1f, IL-6, IL-18 and CRP were detected by ELISA kit (n = 8). (B) Expression of NF-
«B, NLRP3 and Caspase-1 in thoracic aorta detected by Western blot. Results were expressed as mean + SD (n = 4). (#p < 0.05, ##p < 0.01 vs the
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and CRP in serum were conspicuously increased in AS group compared with the BC group (P < 0.05). After Rbl treatment, the
abnormal increases in the levels of five inflammatory cytokines were reduced in a dose-dependent manner. Compared with the AS
group, the concentrations of IL-1f, TNF-a, IL-6 and IL-18 in group LD, HD and Ato were conspicuously decreased (P < 0.05). In
addition, the concentrations of CRP were conspicuously decreased in group HD and Ato (P < 0.05) (Fig. 3-A).

The protein expressions of NF-kB, NLRP3 and Caspase-1 were conspicuously increased in AS group compared with the BC group (P
< 0.05). With the administration of Rb1, the protein expressions of NF-kB and Caspase-1 in group HD and Ato were conspicuously
decreased, and the protein expressions of NLRP3 were conspicuously decreased in each administration groups (P < 0.05) (Fig. 3-B).

3.5. Rblnormalized the GM composition in AS rats

Through the above pharmacodynamic study, it was confirmed that the anti-AS effect of high-dose Rb1 was the best, thus the fecal
samples from BC, AS and HD groups were selected for high-throughput sequencing to investigate the effect of Rbl administration on
the GM composition. After completing quality-filtering, de-noising, splicing and chimera removal, a total of 1,430,658 high quality
sequences were generated. The rarefaction curves and rank-abundance curve constructed after OTU clustering indicated that the
sequencing depth of samples was sufficient to reflect the microbial diversity information of samples and the species composition was
homogeneous (Fig. 4-A).

Alpha-diversity indices, including chaol, observed species, shannon and simpson index were analyzed to estimate diversity and
richness of species. We observed that chaol, observed species and shannon diversity index were conspicuously reduced and Simpson
Diversity index was conspicuously increased in the AS group compared with the BC group (P < 0.05). After intervention with Rb1,
chaol and shannon diversity index were conspicuously increased compared with the AS group (P < 0.05). However, Rbl had no
obvious effect on observed species and simpson index (P > 0.05) (Fig. 4-B).

We explored species similarity or differences of microbial communities in beta diversity, including PCoA and NMDS. The samples of
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BC group and AS group were obviously separated, which indicated that the GM of AS model rats had obvious variation. After the
intervention of Rb1, the distribution of GM tended to migrate to the BC group, which indicated that Rb1 had a certain regulatory effect
on the composition of GM community in AS rats (Fig. 4-C).

At the phylum level, the predominant GM of each group is Firmicutes and Bacteroidetes, followed by Proteobacteria, Actino-
bacteria and Tenericutes. The proportion of Bacteroidetes and Actinobacteria were conspicuously decreased in AS group compared
with the BC group (P < 0.05), while the proportion of Firmicutes and Firmicutes/Bacteroidetes (F/B) increased conspicuously (P <
0.05). Rb1-treatment led to a significant increase in the abundance of Bacteroidetes and Actinobacteria (P < 0.05). After Rb1 inter-
vention, the proportion of Bacteroidetes and Actinobacteria were conspicuously increased (P < 0.05) and the proportion of F/B was
conspicuously decreased (P < 0.05). In contrast, the proportion of Firmicutes and Proteobacteria showed a decreasing trend, but the
difference was not obvious (Fig. 5-A). At the genus level, the first five representative dominant bacteria related to AS were Lacto-
bacillus, Prevotella, Oscillospira, Blautia and Desulfovibrio. AS modelling increased the abundance of Desulfovibrio, while suppressed

BEL G

Fig. 5. Rbl reshaped the GM in AS rats. (A) Bacterial taxonomic profiling and differential bacteria at the phylum level. (B) Bacterial taxonomic
profiling and differential bacteria at the genus level. (C) LDA value distribution histogram and species bifurcation evolution diagram. Results were
expressed as mean + SD (n = 6). (#p < 0.05, ##p < 0.01 vs the BC. *p < 0.05, **p < 0.01 vs the AS).
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the abundance of Lactobacillus, Prevotella, Oscillospira and Blautia (P < 0.05). Rb1 treatment reversed the changes in Lactobacillus,
Prevotella and Oscillospira and Desulfovibrio abundance (P < 0.05) (Fig. 5-B).

Linear discriminant analysis effect size (LEfSs) was used to determine the GM associated with Rb1 treatment. There were 14 species
with conspicuous difference in the BC group, mainly including Bacteroidetes, Prevotellaceae, Porphyromonadaceae and Actino-
bacteria. There were 20 species with conspicuous difference in the AS group, mainly including Clostridia, Lachnospiraceae, Firmicutes,
Desulfovibrionaceae. There were 10 species with conspicuous difference in the HD group, mainly including Marinifilaceae, Lacto-
bacillales and Odoribacter (Fig. 5-C).

3.6. Rb1 promoted the SCFAs production in AS rats

Given the protective role of SCFAs in the pathogenesis of AS, we conducted a quantitative analysis of the concentrations of SCFAs in
feces, including acetic acid, propionic acid, butyric acid, isobutyric acid, pentanoic acid, isovaleric acid and hexanoic acid. AS
modelling considerably reduced the concentrations of acetic acid, propionic acid and butyric acid (P < 0.05). Rbl administration
markedly increased the acetic acid, propionic acid production (P < 0.05), butyric acid production tended to be upregulated but not
significant (Fig. 6-A, B).

3.7. Metabonomic analysis

The PCA scoring diagram (Fig. 7-A, D) in positive and negative ion modes showed that the BC and AS group were separated along
the t1 axis and there was obvious separation, indicating that AS modelling interfered with normal metabolism of rats. After Rb1
intervention, there were obvious differences in metabolic profiles between Rb1l group and AS group, indicating that they had
significantly different metabolic characteristics. To further verify the changes of endogenous metabolites in AS rats after Rbl
administration, supervised PLS-DA (Fig. 7-B, E) analysis was performed, which can achieve better intergroup separation than PCA. The
results showed that fecal metabolic profiles of the three groups of rats achieved good clustering, reflecting that the metabolic profiles
can effectively distinguish the separation trend of rats in the group AS and the BC, indicating that the fecal metabolome can be
scientifically and effectively applied to the judgment of pathological and physiological states.

VIP>1, FC > 1.2 and P < 0.05 were selected as the screening criteria for potential variables in positive and negative ion modes
(Fig. 7-C, F). The secondary spectra of the obtained variables were identified with the HMDB database to finally screen out the po-
tential differential metabolites. A total of 45 metabolites were identified in feces. We performed cluster analysis of 45 differential
metabolites among the group BC, AS and HD (Fig. 7-G). According to the results, there were substantial changes in the levels of
metabolites in AS rats induced by HFD, with 10 and 29 metabolites markedly downregulated and upregulated, respectively. However,
the Rb1 intervention substantially regulated 30 metabolites and eliminated changes in 25 metabolites. The 45 selected metabolites
(Table 1) were imported into Metabo Analyst 5.0 database for potential metabolic pathway analysis. The top five pathways with the
highest activity were mainly enriched in Arachidonic acid metabolism, Primary bile acid biosynthesis, Tyrosine metabolism, Sphin-
golipid metabolism and Lysine degradation (Fig. 7-H, I).

3.8. Correlation analysis

Spearman correlation analysis was used to investigate the correlation between GM and their differential metabolites and in-
flammatory cytokines. In the differential GM, we found that Bacteroidetes, Lactobacillus, Prevotella, Oscillospira and Blautia have a
strong negative correlation with various pro-inflammatory cytokines, while Desulfovibrio and Firmicutes have an obvious positive
correlation with various pro-inflammatory cytokines (Fig. 8-A, B). Rbl-promoted production of acetic acid and propionic acid showed
a strong negative correlation with AS-associated pro-inflammatory factors, suggesting that Rb1 might inhibit inflammation in AS rats
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Fig. 6. Effects of Rb1l on SCFAs in cecal contents of the AS rats. (A) Heatmap of SCFAS concentrations. (B) Analysis of differences in SCFAs con-
centrations among groups. Results were expressed as mean + SD (n = 6). (#p < 0.05, ##p < 0.01 vs the BC. *p < 0.05, **p < 0.01 vs the AS).
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Table 1
List of screened differential metabolites.
No. Ion mode Metabolites Formula ppm FC AS/BC p HD/AS P
Trend Trend

1 - Murocholic acid C24H4004 —0.820293632 3.107583661 T l w*
2 - Lithocholic acid C24H4003 —0.847061762 17.16995553 1 l il
3 - 15-Keto-prostaglandin E2 C20H3005 —1.119710727 2.845610323 1 i 1 -
4 - Prostaglandin E2 C20H3205 —2.223958205 1.89097295 ) l -
5 - Taurochenodesoxycholic acid C26H45N06S —3.046594176 5.306209201 1 o | ks
6 - Allocholic acid C24H4005 0.079055248 25.28497674 1 o 1 o
7 - Hepoxilin A3 C20H3204 —1.055460444 3.437799633 T - l
8 - 15-Deoxy-d-12,14-PGJ2 C20H2803 —1.564322694 2.373741104 1 l -
9 - Isoursodeoxycholic acid C24H4004 —0.599371483 2.59107211 1 o | ek
10 - SM(d18:1/12:0) C35H71N206P —3.587255504 2.029616566 | i 1 il
11 - Galactosylsphingosine C24H47NO7 —17.86049383 3.610884873 1 l ok
12 - 19-Hydroxytestosterone C19H2803 —0.524035269 4.091905646 1 * 1 -
13 - 20-Hydroxyeicosatetraenoic acid C20H3203 —0.722969983 3.063126921 1 * 1 -
14 - Kynurenic acid C10H7NO3 —3.888416197 3.7824209 l T -
15 - 5-Hydroxy-L-tryptophan C11H12N203 —37.08630571 5.361104994 1 - 1 il
16 - Taurocholic acid C26H45N0O7S 5.975173831 2.275336637 1 o |

17 - Cholic acid C24H4005 —0.185829536 4.796003561 1 |

18 - Leukotriene D4 C25H40N206S —2.333147097 2.637097118 T l

19 - Homogentisic acid C8H804 —17.86482122 1.579196329 l - 1 i
20 - Corticosterone C21H3004 —0.527486996 43.16246081 1 wx 1

21 - L-Urobilin C33H46N406 —7.00339739 14.90083047 l l -
22 - Indole C8H7N —6.29520464 2.356277031 l o 1 -
23 - Inosine C10H12N405 —2.625599462 1.938826732 | wx | -
24 - Uridine C9H12N206 —3.959560589 2.024075698 l l ok
25 - Gentisate aldehyde C7H603 —6.143831501 7.918824414 l ) w*
26 - 5-Acetamidovalerate C7H13NO3 —3.92752738 9.20755571 1 - 1 o
27 - Sphingosine 1-phosphate C18H38NO5P 0.305192471 10.23461223 ) i 1 e
28 + Cholesterol C27H460 —18.26591201 3.280647762 T l -
29 + Docosapentaenoic acid C22H3402 —24.19146813 3.188251077 1 * | e
30 + Barbituric acid C4H4N203 102.996137 2.383543652 1 | *
31 + 19(S)-HETE C20H3203 —28.12311832 2.071204716 l o T -
32 + Alpha-Linolenic acid C18H3002 —24.09816048 2.237663739 1 o 1 *
33 + Deoxycholic acid C24H4004 —14.03334074 2.86159394 1 o 1 o
34 + Traumatic acid C12H2004 15.90464797 5.116822202 T l

35 + Aminoadipic acid C6H11NO4 —48.26707338 2.094902821 1 l

36 + Alpha-Muricholic acid C24H4005 —10.78805359 55.88666321 1 o 1 o
37 + Ursocholic acid C24H4005 —14.48256683 4.558307616 T ok l
38 + Troxilin B3 C20H3405 20.68415602 14.05992153 1 l -
39 + Thromboxane B2 C20H3406 16.39424663 3.78920567 1 o 1 -
40 + 9,12,13-TriHOME C18H3405 —15.92124044 3.348520992 l - T

41 + Imidazole acetol-phosphate C6HIN205P 4.522298627 23.37689722 | 1

42 + Lithocholate 3-O-glucuronide C30H4809 24.35131739 3.362662313 1 - l il
43 + Calcidiol C27H4402 —15.21295051 2.756127076 1 i | i
44 + SM(d18:0/14:1 (9Z) (OH)) C37H73N207P 24.78197851 3.566704747 l ) -
45 + Saccharopine C11H20N206 32.47472048 14.46541953 1 o 1 il

by promoting the production of SCFAs (Fig. 8-C). Furthermore, the inflammatory status is substantially related to differential me-
tabolites. The key markers in AS inflammation were negatively correlated with differential metabolites enriched in the Arachidonic
acid metabolism pathway, Primary bile acid biosynthesis pathway, Sphingolipid metabolism pathway and Lysine degradation
pathway, and strongly positively correlated with differential metabolites enriched in Tyrosine metabolism pathway (Fig. 8-D).

4. Discussion

In the present study, we demonstrated that Rb1 administration attenuates arterial endothelial damage, lipid metabolism disruption
and inhibits systemic inflammation in a rat model of AS. Disorders of lipid metabolism and endothelial damage are the main pathologic
changes in the early stages of AS [32-34]. Dyslipidemia can induce vascular endothelial injury and regulation of macrophage
phenotype, thus accelerating the formation of AS plaques [35]. In addition, we also focused on investigating the regulation of Rb1
treatment on GM and its metabolites in AS rats. Integration of metabolomics and microbiome data showed that Rb1l treatment
regulated microbiota dysbiosis, promoted SCFAs production and restored related metabolites changes.

Due to inflammation is the key driver plaque formation, plaque rupture, and arterial thrombosis, it has been widely reported in AS
patients and in animal models [36,37]. In the early stage of the onset, the secretion of inflammatory cytokines in the blood vessels
increases, and the secretion of anti-inflammatory cytokines decreases, which results in the deposition of lipids in the vascular intima
and accelerates the formation of plaques [38,39]. TNF-« and IL-6 are key inflammation-promoting cytokines in vascular inflammation
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Fig. 7. Untargeted metabolic analysis of Rb1 intervention in AS rats. (A, D) PCA score plot. (B, E) PLS-DA score plot. (C, F) VIP-plot (n = 6). (G)
Clustering heatmap of differential metabolites. (H, I) Metabolic pathway analysis of differential metabolites.

production and cause endothelial dysfunction [40-42]. IL-1p is primarily secreted by activated mononuclear macrophages, which is
involved in various stages of vascular smooth muscle cell proliferation, macrophage activation and expression of multiple inflam-
matory cytokines [43,44]. As an acute inflammatory protein, CRP can promote inflammatory reaction and atherothrombosis, and is an
independent predictor of CVD [45]. NF-xB, an important nuclear transcription factor in inflammation, is activated to mediate the
transcription of inflammatory cytokines thereby triggering or exacerbating AS [46,47]. NLRP3 inflammasome is a multi-protein
complex, which is the most widely studied inflammasome. After NLRP3 is activated, pro Caspase-1 is hydrolyzed into active
Caspase-1, triggering an inflammatory response [48]. It has been shown that the mechanism of GM metabolites regulating inflam-
mation and metabolic disorders is negatively correlated with NLRP3 activation [49]. Activated NF-kB is transferred from the cytoplasm
to the nucleus and is involved in the transcriptional regulation of Caspase-1 and NLRP3, thereby inducing the production of IL-1f, IL-6
and IL-18 [50,51]. NF-kB/NLRP3 pathway reportedly influences the progression of AS by regulating inflammation and vascular plaque
stability [52]. Consistent with expected results, the expression of the aforementioned proinflammatory factors was markedly elevated
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Fig. 8. Correlation analysis. (A, B) Correlation heatmap of GM (phylum and genus levels) and inflammation-related indicators levels. (C) Corre-
lation heatmap of fecal SCFAs concentrations and inflammation-related indicators levels. (D) Correlation heatmap of differential metabolites and
inflammation-related indicators levels (*p < 0.05).

in AS rats, while Rb1 treatment reversed their overexpression.

As an important part of co-evolution with the host, GM and its metabolites influence the progression of AS by affecting multiple
molecular mechanisms or host genes, including modulation of macrophage infiltration, inflammatory response, lipid metabolism, and
endothelial function [53-55]. Animal experiments pointed out that the intervention of probiotics or TCM can relieve the symptoms of
AS patients or mice by regulating imbalance of Intestinal microenvironment [56-58]. Here, we propose a strategy to target GM and its
metabolites, and further explore the mechanism of Rb1 on AS. In this study, we demonstrated that Rb1 treatment restored the mi-
crobial diversity and species richness, decreased the F/B ratio. Low alpha diversity is often used as a characteristic to evaluate dys-
lipidemia [59]. The increase of F/B ratio accelerated the accumulation of lipids and alters the production of SCFAs, which is a predictor
of metabolic diseases [60,61]. Rb1 intervention upregulated the abundance of Lactobacillus, Prevotella and Bacteroides in AS rats. The
abundance of these GM is positively correlated with the secretion of IL-6, CRP, NF-kb and NLRP3, which plays a probiotic function in
AS [62-65]. Oscillospira, an anti-inflammatory-related bacteria that can produce SCFAs, which have been shown to improve in-
flammatory responses and lipid deposition [66,67]. Desulfovibrio is a butyrate-producing opportunistic pathogen that produces
endotoxin to disrupt intestinal barrier function and induce inflammatory response [68,69]. Desulfovibrio accelerates the development
of AS by increasing the intestinal permeability of Apoe —/— mice, and inhibiting the activation of NF-kb can reduce the atherosclerotic
damage induced by Desulfovibrio [70].

As the main signaling molecule of GM - host interaction, GM metabolites are closely related to the pathologic status of AS [71]. The
SCFAs are the iconic products of GM with properties of immunomodulation, maintaining the intestinal barrier integrity and sup-
pressing inflammation [72,73]. In our study, we observed Rb1 reversed the low production of acetic acid and propionic acid. Orally
delivered propionic acid has been reported to alleviate atherosclerotic damage [74]. Several research demonstrated that acetate and
propionate effectively regulate the pathophysiological stages of AS, including improving the inflammation, lipid metabolism and
endothelial function [75-77]. Correlation analysis with different GM showed that the probiotics such as Lactobacillus were
conspicuously positively correlated with acetic acid, propionic acid and butyric acid, while the pathogenetic GM Desulfovibrio was
conspicuously negatively correlated. Therefore, it is reasonable to assume that Rb1 might promote the generation of SCFAs by altering
the GM structure, thus playing a protective role in AS.

The Changes of microbiota homeostasis in AS rats were accompanied by alterations in some GM metabolites. Pathway analysis
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showed that the Arachidonic acid metabolism and Primary bile acid biosynthesis metabolism pathways were the most disturbed
metabolic pathways in the AS model rats. Arachidonic acid is an important polyunsaturated fatty acid in human, which has been
shown to mediate a wide range of proinflammatory effects [78]. Studies have confirmed that lipid metabolism disorders can lead to
arachidonic acid and its metabolic dysfunction, which can induce an inflammatory response, thus aggravating the development of AS
[79,80]. We found that the elevated levels of arachidonic acid metabolites 20-Hydroxyeicosatetraenoic acid and Leukotriene D4 in the
AS rats. After the RB1 intervention, these two metabolite levels were substantially decreased in the AS rats, which indicated that RB1
restored the arachidonic acid metabolism disorder. In addition, the mechanism of RB1 in treating AS might also involve the regulation
of primary bile acid biosynthesis. Bile acids are a major component of bile, which participates in the pathological process of many
metabolic diseases by regulating lipid metabolism [81,82]. In relevant studies, it was found that the level of primary bile acids was
conspicuously increased in rats and patients with lipid metabolism disorder [83,84]. Our study arrived at consistent conclusions
regarding increased bile acid production. Notably, Previous studies have shown that bile acid can alleviate the progression of AS by
improving inflammatory responses, endothelial function and lipid homeostasis [85-87]. Therefore, further studies are needed to
reveal the mechanism of RB1 in regulating the metabolic profile of bile acids in AS rats. The correlation analysis of differential me-
tabolites and inflammatory factors indicated that RB1’s improvement of inflammation in AS rats might be closely related to its
regulation of fecal metabolism profile.

5. Conclusion

In conclusion, this study indicates that Rb1 is effective for treating HFD-induced AS. Rb1 can improve dyslipidemia, endothelial cell
damage and inflammation. In addition, Rbl can regulate the intestinal microecology, including increasing microbial diversity,
remodeling the gut microbial composition and promoting the production of SCFAs. Untargeted fecal metabolomics indicated that Rb1
significantly modulates HFD-induced dysregulation of arachidonic acid metabolism and Primary bile acid biosynthesis. The
improvement of inflammatory response, fecal SCFAs profile and metabolite profile further supported the favorable regulation of GM.

Our research provides an experimental and theoretical support for exploring the treatment effect of Rb1. Future experiments should
focus on the specific mechanism by which GM influences endogenous metabolites to treat AS.
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