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Background: The molecular mechanism of quercetin in the prevention and treatment of AS has been 
widely reported. However, the microbial and metabolic characteristics of quercetin in AS treatment are 
still poorly understood. In this study, we aimed to explore the gut microbial and metabolic signatures of 
quercetin in AS treatment and conduct an integrative analysis on its biomechanism.
Methods: An atherosclerosis mouse model was induced by a high cholesterol diet (HCD). The duration 
of the quercetin treatment was 12 weeks. We measured TC, TG, HDL and LDL for plasma biochemical 
analysis and TNF-α and IL-6 for plasma inflammatory analysis. Haematoxylin-eosin (HE) staining was 
conducted to evaluate the aortic structure and atherosclerosis. Bacterial DNA, which was extracted from 
mouse faeces, was identified by the V3−V4 regions of the 16S rRNA for microbiological analysis. The 
HeatMap package of BTtools was applied to visualize the data of the microbial difference matrix according to 
the OTU results. Fecal metabolites were assessed through LC-MS. Multivariate data analysis was conducted 
on the normalized data with SIMCA-P+. Significantly different metabolites were extracted based on the 
Pearson correlation coefficients at the level of P<0.05. Key significantly changed metabolites were screened 
from the intersection between metabolic signatures of the normal-model and model-quercetin groups. To 
investigate the biological function of quercetin on AS, we identified the differential metabolic signatures of 
the model vs. quercetin groups and performed KEGG analyses via MBROLE, MetaboAnalyst database.
Results: Quercetin treatment for 12 weeks significantly reduced the levels of TC (P<0.001), TG (P<0.05), 
HDL (P<0.001), LDL (P<0.001), TNF-α (P<0.001) and IL-6 (P<0.001) compared with the model group. 
HE staining indicated that quercetin could protect damaged vessels caused by HFD. Bacteroidetes, 
Firmicutes and Proteobacteria were dominant microbial groups in the samples. There was no significant 
difference between the three groups (P>0.05) at the phylum level, and the genera Phascolarctobacterium 
and Anaerovibrio can be regarded as the key microbiota signatures of quercetin treatment. PLS-DA results 
further showed that these 18 faecal metabolites (clustered in 3 groups) had significant differences between the 
control, model and quercetin groups throughout the 12-day treatment. According to the quantitative analysis 
results, 32 key metabolic signatures were screened for quercetin treatment. The main pathway in quercetin 
treatment is primary bile acid biosynthesis, as 3α,7α,12α,26-tetrahydroxy-5β-cholestane (C27H48O4) was 
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Introduction

Cardiovascular disease (CVD), caused by atherosclerosis 
(AS), has become the top cause of death (1) worldwide and 
has become a dominant public health problem. According 
to Martin’s research (2), from 2005 to 2015, there was a 
marked rising trend of atherosclerosis-related problems, 
particularly in Eastern Asia, which increase the total deaths 
and disability-adjusted life years by 117.2% and 115.3%, 
respectively. Recent years have brought a significant 
amount of new results in the field of atherosclerosis (3). 
Various medicines, such as HMG-CoA reductase inhibitors  
(statins) (4), Cholesteryl ester transfer protein (CETP) 
inhibitors (anacetrapib) (5), and cholesterol absorption 
inhibitors (ezetimibe) (6) have been clinically proven in 
atherosclerosis treatment. 

In addition to clinical drugs, natural products such 
as flavonoids are considered important resources in AS 
treatment and are widely distributed in nature. There 
are abundant studies on the bio-function of flavonoids 
in the clinical intervention of CVD (7). As an important 
flavonoid, the effects of quercetin in the prevention and 
treatment of AS have been widely reported. Some of the 
bio-targets of quercetin include nicotinamide-adenine 
dinucleotide phosphate (NADPH) oxidase (8), which 
can be blocked by quercetin, inhibiting the formation of 
reactive oxygen species (ROS); nitric oxide synthetase 
(NOS) (9), which can be upregulated by quercetin, limiting 
the formation of atherosclerotic plaque in the aorta; and 
matrix metalloproteinase-1 (MMP-1) (10), which can 
be downregulated by quercetin, stabilizing endothelial 
atherosclerotic plaque. Metabolic factors have been 
identified as an important reason for the occurrence and 
development of AS; however, the metabolic mechanism 
and the biomarkers related to quercetin treatment are still 
poorly understood. Therefore, it is essential to confirm the 
relationship between the metabolic activity of quercetin 

and AS intervention. This could supply the theoretical basis 
for quercetin in the treatment of AS and provide novel 
approaches for relative studies on AS.

Most prior studies support a dominant role of the gut 
microbiota in hypercholesterolemia and the formation 
of AS plaques, and some researchers even attributed gut 
microbiota disorder as an independent risk factor of AS (11).  
Gut microbiota participate in the digestive system, as the 
intestinal immune system is deeply affected by the primary 
and secondary metabolites, especially short-chain fatty acids 
(SCFs) (12), of gut microbiota (13). Considering that the 
inflammatory response caused by disturbances in the gut 
immune system could lead to the occurrence of AS (14), 
the community composition of gut microbiota is strongly 
associated with the metabolic characteristics of AS cases (15).  
Therefore, the identifying the metabolites of the gut 
microbiota can serve as an approach for understanding the 
mechanism of AS. Studies have shown the correlation of 
gut microbiota and metabolites during AS processes (16);  
therefore ,  the combinat ion of  microbiology and 
metabolomics in quercetin research could provide sufficient 
and accurate data efficiently and find a series robust 
microbial and metabolic targets for AS treatment.

In this study, we measured TC, TG, HDL and LDL 
for plasma biochemical analysis and TNF-α and IL-6 for 
plasma inflammatory analysis. Haematoxylin-eosin (HE) 
staining was conducted to evaluate the aortic structure 
and atherosclerosis. For microbiological analysis, bacterial 
DNA was extracted from mouse faeces and identified by 
sequencing the V3-V4 regions of the 16S rRNA. To find 
the significantly differentiated metabolites, an LC-MS 
system was utilized to analyse the metabolomics of the 
faecal samples in positive and negative ion modes. Finally, 
we identified the differential metabolic signatures during 
quercetin treatment and confirmed the bio-function and 
bio-pathway of these signatures based on the KEGG, 
MBROLE and MetaboAnalyst databases.

defined as the most important key metabolic signature.
Conclusions: We explored the gut microbial and metabolic involvement of quercetin in AS treatment and 
suggest the association between AS and gut metabolic regulation.
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Methods

Animal and samples collection

Eighteen mice (aged 28–56 d) were obtained from Nanjing 
University-Nanjing Institute of Biomedicine (Nanjing, 
China), including twelve ApoE−/− mice (SCXK Su 202015-
0001) and six C57BL/6J mice (SCXK Su 202015-0001).  
All mice were raised in the Animal Laboratory Center 
of Liaoning University of Traditional Chinese Medicine 
(LNTCM) in accordance with the national rodent feeding 
standards, and the relevant researchers strictly followed 
the animal ethics regulations during the experiment. 
The protocol of the study was approved by the Ethics 
Committee of LNTCM.

After one week of adaptation, the ApoE−/− mice were 
randomly separated into 2 groups (n=6) according to the 
body weights and the level of plasma total cholesterol. The 
quercetin group (n=6) was treated with a high cholesterol 
diet (HCD) (standard mouse chow supplemented with 
0.25% w/w cholesterol and 15% w/w animal oil) and 
perfused with quercetin alcohol solution at a dosage of 
100 mg/kg/d. The model group (n=6) was treated with an 
HCD, and the C57BL/6J mice (control group) received a 
diet of standard mouse chow. The model group and control 
group were supplied with the same volume of saline as 
the quercetin group. The duration of the treatment was  
12 weeks. Diet and water were available ad libitum during 
the experimental period.

Blood samples were collected into Na-heparin tubes, 
and plasma was obtained after centrifugation (3,000 ×g, 4 ℃  
for 10 min) (5804 R, Eppendorf, Germany). The plasma 
samples were frozen at −80 ℃ before analysis. At the end of 
the experiment, all mice were euthanized and subjected to 
autopsy. The aorta tissues were removed and fixed in 10% 
formalin for histopathology examination. The metabolites 
and microbiome samples were collected from the colon 
contents of mice, and faecal samples, respectively, were 
frozen at −80 ℃ before analysis.

Clinical chemical analysis and histopathology

TC, TG, HDL and LDL were measured by an automatic 
biochemical analyser (AU680, Beckman Coulter, USA). 
An ELISA kit was used for the quantitative analysis of 
TNF-α (LT-E21016, LanTubio, China) and IL-6 (LT-
E21018, LanTubio, China). The mouse ventricular 
(heart) samples (fixed in 10% formalin) were embedded in 
paraffin and cut into sections. The sections were dyed with 

haematoxylin-eosin (HE) to evaluate the aortic structure 
and atherosclerosis.

Microbiological analysis

Microbiological analysis was conducted by Hangzhou 
Lian-Chuan Biotechnology Co., Ltd. Bacterial DNA was 
extracted from approximately 100 mg mouse faeces (colon 
contents) using the E.Z.N.A.® Stool DNA Kit (Omega 
Bio-tek HiBind Technology, Norcross, GA) and amplified 
with 806R (5'- GGACTACHVGGGTWTCTAAT -3')  
as the forward primer and 338F (5'- ACTCCTACGGGA 
GGCAGCAG -3') as the reverse primer, which are specific 
for the V3–V4 region of the 16S rRNA. PCR-amplified 
products were detected by 2% agarose-gel electrophoresis, 
and the target fragments were recovered. The recovery 
was conducted with the AxyPrep PCR Cleanup Kit. The 
inserted segments were in the range of 200 to 450 bp. The 
purified PCR products were quantified by the Quant-iT 
Pico Green dsDNA Assay Kit in the Promega QuantiFluor 
Fluorescence Assay Kit system, thus confirming that the 
sample concentrations were above 2 nM. After gradient 
dilution of all eligible sequencing libraries (index sequences 
were not repeatable), the libraries were mixed in a certain 
proportion according to the required sequencing amount 
and then transformed into a single chain by NaOH aq. with 
the MiSeq Reagent Kit V3 (600 cycles) for 2×300 bp double 
end sequencing. After the completion of MiSeq sequencing, 
the original data were obtained. Overlaps were applied 
to combine the double-end data, and quality control and 
chimaera filtering were conducted to obtain the microbiome 
data. The HeatMap package of BTtools was applied to 
visualize the data of the microbial difference matrix.

Metabolomics analysis

Metabolomics analysis was conducted by Hangzhou 
Lian-Chuan Biotechnology Co., Ltd. An LC-MS system 
(TripleTOF 5600, AB SCIEX, USA) was utilized to 
analyse the metabolomics of the faecal samples in positive 
and negative ion modes. Multivariate data analysis was 
conducted on the normalized data with SIMCA-P+ (V14.0, 
Umetrics, Sweden). To obtain the correlation of the 
samples, principal component analysis (PCA) was performed 
with the standardized data to generate an overview of group 
clustering and to detect possible outliers. The projection 
to latent structure discriminant analysis (PLS-DA) was 
conducted with unit-variance scaling to obtain positive-
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ion and negative-ion metabolites with significant inter-
group differences. To avoid overfitting, we conducted 200 
permutations times and confirmed a Q2 value under 0. 
Qualities of the PLS-DA models were further assessed 
with ANOVA with P<0.05 as significant. The significantly 
differentiated metabolites were extracted based on Pearson 
correlation coefficients at the level of P<0.05. 

Based on the PLS-DA results, we generated a volcano 
plot using the ggplot2 package to visualize the significantly 
changed metabolites. Then, we obtained the intersecting 
metabolic signatures of the normal-model group and 
model-quercetin group by constructing Venn diagrams, 
and a heatmap was generated to visualize the hubs of 
significantly changed metabolites as a function of quercetin 
treatment duration.

To investigate the biological function of quercetin in AS, 
we identified the differential metabolic signatures of the 
model vs. quercetin groups and performed KEGG analyses 
with the MBROLE and MetaboAnalyst databases.

Statistical analysis

All values were expressed as the mean ± SD. The 
significance of the differences between the means of the 
groups was compared by ANOVA using the Statistical 
Package for PASW Statistics (version 18.0, SPSS Inc., 
USA). The significance threshold was set at P<0.05 for this 
test. Please mention in statistical part For the Identification 
of metabolic signature in the control and AS groups, the Q 
value (t test P value corrected by the BH method) was used.

Results

Blood lipid and inflammatory indexes

The plasma biochemical parameters and experimental 
animals are summarized in Table 1. The concentrations 

of TC, TG, HDL and LDL in the AS model ApoE-/- 
mice were apparently higher than those in control mice. 
Quercetin treatment for 12 weeks significantly reduced 
the TC (P<0.001), TG (P<0.05), HDL (P<0.001) and 
LDL (P<0.001) levels compared with the model group. 
These results indicated that quercetin might decelerate 
the increase in serum lipid levels caused by a high-fat 
diet (HFD). In addition, as shown in Table 1, quercetin 
treatment also significantly reduced inflammatory factors, 
such as TNF-α (P<0.001) and IL-6 (P<0.001), compared 
with the model group. Which means, quercetin could block 
the inflammatory reaction and thus prevent the occurrence 
of vascular injury.

HE staining

As shown in Figure 1, the arteries of the control group 
were evenly spaced, and the arterial endothelial cells 
were arranged neatly, where the inner surface of the 
arterial vessels was smooth without plaque formation or 
inflammatory cell infiltration. The arterial samples in the 
model group were uneven and restructured by a series of 
visible plaques. Among the endothelial cells, a large number 
of inflammatory cells were infiltrated, which caused the 
inflammatory reactions followed by intimal thickening, with 
the loss of muscular tissue, and some of the myofilaments 
were ruptured. Similar to the model group, the arterial 
samples in the quercetin group were uneven; however, there 
was no plaque formed in the artery. On the other hand, less 
inflammatory cells were infiltrated among the endothelial 
cells compared with the model group; although the intima 
tissues were thickening as a result of the inflammatory 
reaction, the group exhibited a thinner intima hyperplasia 
compared with the model group. In addition, there was no 
myofilament rupturing phenomenon in the group. From 
the vascular anatomy results, it is clear that quercetin could 
protect damaged vessels caused by HFD.

Table 1 Plasma biochemical and inflammatory parameters in control and treatment groups

Group TG/mmol·L
−1

TC/mmol·L
−1

LDL-C/mmol·L
−1

HDL-C/mmol·L
−1

TNF-α/μg·L
−1

IL-6/μg·L
−1

Control 1.03±0.27** 2.51±0.15** 0.34±0.19** 0.78±0.11** 35.89±3.37** 266.44±17.67**

Model 3.61±0.97 22.11±1.97 3.26±0.28 6.87±1.07 200.85±17.84 685.72±30.51

Quercetin 2.46±0.14* 9.59±0.82** 1.88±0.40** 2.84±0.35** 120.54±9.97** 431.39±27.62**

Student t-test was conducted for statistic analysis. *P<0.05 compared with model group. **P<0.001 compared with model group. TG, 
triglyceride; TC, total cholesterol; LDL-C, low density lipoprotein; HDL-C, high density lipoprotein; TNF-α, tumor necrosis factor-α; IL-6, 
interleukin-6.
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Microbiome in mouse faecal extract

To reveal the effects of quercetin on the gut microbiota 
structure of a HFD model, the richness of the gut 
microbiota was reflected as the total OTUs. We analysed 
the microbial composition of faecal samples before and 
after 12 weeks of treatment. As shown in Figure 2A, there 
was no significant difference between the three groups 
(P>0.05) at the phylum levels, and Bacteroidetes, Firmicutes 
and Proteobacteria were dominant microbial groups in the 
groups. At the gene level, the top 20 abundance-specific 
genes are listed in Figure 2B. Based on the genes-OTU 
dataset, we discovered 11 significantly different genera 
(P<0.05), including Streptophyta, Enterobacter, Mobilitalea, 
Clostr idium, Phascolarctobacterium, Candidatus 
Stoquefichus, Faecalimonas, Faecalibaculum, Anaerovibrio, 
Deltaproteobacteria Unclassified and Acutalibacter. The 
Phascolarctobacterium and Anaerovibrio genera are listed 
in Figure 2B, and two genera can be regarded as the key 
microbiota signatures of quercetin treatment. Considering 
that limited gut microbiota structure changes were observed, 
to obtain the mechanism of quercetin in AS treatment, it is 
necessary to further analyse the metabonomic changes in 
the groups.

Multivariate analysis of LC-MS data

The corresponding PLS-DA (partial least squares 
discriminant analysis) models all showed good qualities 
(see Figure 3A,B). This further confirmed the presence 
of significant faecal metabonomic differences (including 
positive and negative ion metabolites) among the control, 
model and quercetin groups at all sampling points. In the 
present study, 200 permutations were conducted to validate 

the fitting degree of this model. Three components were 
selected for positive-ion metabonomic signatures (see 
Figure 3B), and the R2 value and Q2 value were 0.731 and 
−0.322, respectively. On the other hand, four components 
were selected for negative-ion metabonomic signatures 
(see Figure 3D), and the R2 value and Q2 value were 
0.826 and −0.279, respectively. According to the results, 
the model was stable without over-fitting. The PLS-DA 
results further showed that these 18 faecal metabolites 
(clustered in 3 groups) had significant differences between 
the control, model and quercetin groups throughout the  
12-day treatment. To screen out the metabonomic 
signatures and key metabonomic signatures during the 
quercetin treatment, we analysed the metabonomic dataset 
by statistical methods.

Identification of key metabolic signature in the control and 
AS groups

According to the quantitative analysis results, the Q value 
(t-test P value corrected by the BH method) was utilized to 
screen significantly different metabolites. The volcano plot 
to exhibit the upregulated or downregulated metabolites 
is shown in Figure 4. We identified 649 upregulated and 
346 downregulated significantly different positive-ion 
metabolites and 781 upregulated and 320 downregulated 
significantly different negative-ion metabolites in the 
control group vs. model group, which can be regarded 
as the pathway background network of AS occurrence. 
We identified 139 upregulated and 60 downregulated 
significantly different positive-ion metabolites and 213 
upregulated and 99 downregulated significantly different 
negative-ion metabolites in the quercetin group vs. model 
group, which can be regarded as the significantly different 

Figure 1 HE stain results of the control and AS groups at 12 weeks (HE, ×200). (A) Control samples. (B) Model samples. (C) Quercetin 
samples.
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Figure 2 Identification of the microbiome in mouse faecal extract. (A) A heatmap plot was drawn to show the differential microbial 
community at the phylum level. (B) A heatmap plot was drawn to show the differential microbial community at the genus level.
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metabolites in response to the quercetin treatment. Given 
the metabolites that these metabolic signatures showed close 
correlation to AS occurrence and treatment, we wanted to 
further screen the key metabolic signatures among them. 

We identified 32 key metabolic signatures, which included 
5 upregulated and 1 downregulated significantly different 
positive-ion metabolic signatures and 26 upregulated 
and 0 downregulated significantly different negative-

Figure 3 PLS-DA score plot of the control and AS groups based on LC-MS technology. (A) PLS-DA score plot (R2X=0.141) and 
permutation plot (200 times, R2=0.731, Q2=−0.322) of positive ions. (B) PLS-DA score plot (R2X=0.149) and permutation plot (200 times, 
R2=0.826, Q2=−0.279) of negative ions.
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Figure 4 Identification of metabolic signatures in the control and AS groups (Q<0.05). The red point indicates upregulation, and the green 
point indicates downregulation. (A) A heatmap plot was drawn to show the differential positive-ion metabolites in control samples versus 
model samples. (B) A heatmap plot was drawn to show the differential negative-ion metabolites in the control samples versus the model 
samples. (C) A heatmap plot was drawn to show the differential positive-ion metabolites in the quercetin samples versus the model samples. 
(D) A heatmap plot was drawn to show the differential negative-ion metabolites in the quercetin samples versus the model samples.
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ion metabolic signatures, as shown in the Venn diagrams 
(Figure 5A,B,C,D). The regulative level of these key 
metabolic signatures was shown in a heatmap (Figure 5E)  
generated by the Q value, and we observed that most of the 
key metabolic signatures in the quercetin vs. model groups 
exhibited a higher Q value compared with the control vs. 
model groups. The results suggest that although quercetin 
could effectively relieve the symptoms of AS by these key 
metabolic signatures, quercetin group could not obtain a 
similar signatures level compare with that of the control 
group.

With the KEGG functional enrichment analysis, we 
obtained 10 reported/identified signatures in the database, 
including spergualin, promazine, N1,N12-diacetylspermine, 
isolithocholate, gymnodimine, diisononyl phthalate, 
cassaidine, 6-ethyl-chenodeoxycholic acid, 3-oxo-5β-
cholanate, 3α,7α,12α,26-tetrahydroxy-5β-cholestane and 
paspaline. 

In addition, the quantitative analysis between the 
quercetin and model groups revealed that, in addition to 
the metabolite pathways relative to these 32 signatures, an 
additional metabolite pathway also participated in the AS 
treatment. Therefore, we conducted a metabolic function 
enrichment for the signatures selected in the quercetin 
group vs. model group to identify these metabolite pathways 
and uncover the mechanism of quercetin treatment.

The potential metabolic mechanism of quercetin in AS

Based on the MBROLE database, 511 metabolic signatures 
from the quercetin group vs. model group were selected, 
and we discovered 38 potential metabolite pathways in 
quercetin treatment (see Table 2), including 31 positive-ion 
metabolic pathways and 7 negative-ion metabolic pathways. 
However, in addition to the primary bile acid biosynthesis 
pathway, the P values of the other metabolic pathways were 
beyond 0.05. Additionally, the sucrose metabolism (P=0.05), 
tryptophan metabolism (P=0.06) pathways can also be 
regarded as important metabolic pathways, too. This is 
consistent with the MetaboAnalyst database analysis results. 
As shown in Figure 6, among the metabolite pathways 
screened, the primary bile acid biosynthesis pathway was 
the single pathway with a P value under 0.05. The results 
suggest that the main pathway in quercetin treatment is 
primary bile acid biosynthesis.

According to the primary bile acid biosynthesis pathway 
map obtained from the KEGG database, we identified 7 
metabolic signatures (see Figure 6C). We observed that 

3α,7α,12α,26-tetrahydroxy-5β-cholestane (C27H48O4) 
was a potential key metabolic signature in section 2.5. 
We inferred that this signature implicated the significant 
therapeutic value of quercetin to AS.

Discussion

Although the pathogenesis of AS (17) and the relationship 
between a series of external factors,  such as diet, 
environment, susceptibility genes, etc., and AS (18) have 
been well studied, the establishment of an AS evaluation 
system is still lacking. Taking into account the importance 
of metabolic factors and gut microbiota in the pathogenesis 
and development of AS (19), the finding of novel AS-
related biomarkers in the present evaluation approaches 
may provide systemic AS data in clinical evaluation and 
treatment. The present study established a robust microbial/
metabolic related risk signature for AS using microbiome 
and metabonomic analyses. We could evaluate the function 
of compounds, such as quercetin, in the AS treatment with 
the model. 

To determine the effect of quercetin in the treatment 
of AS, the pathology, gut microbiota and intestinal 
metabolite composition were evaluated. According to the 
results, quercetin could protect the anatomy of the artery 
and reconstruct the micro-environment of the gut. The 
microbial analysis results indicated that at the phylum 
level, there was no significant difference among the groups 
after 12 weeks of feeding. However, at the genus level, 
significantly different microorganisms can be screened and 
can be regarded as potential therapeutic targets for AS in 
the future. In addition, from the metabolic dataset obtained, 
32 metabolic signatures were selected as the key metabolic 
signatures in the quercetin treatment. According to the 
MBROLE and MetaboAnalyst databases, the primary bile 
acid biosynthesis pathway was selected as the main pathway 
that our signatures take part in, where 3α,7α,12α,26-
tetrahydroxy-5β-cholestane (C27H48O4) is the critical 
signature in the pathway. In addition to the primary bile 
acid biosynthesis pathway, starch and sucrose metabolism 
and tryptophan metabolism were also considered important 
pathways. This can further explain the effect of these 
signatures on metabolite regulation in the pathogenesis of 
AS. Taken together, the microbial and metabolic regulation 
of quercetin plays an important role in the treatment of AS.

Our investigation was the first to uncover the effects of 
quercetin on gut microecology and metabolic pathways. 
The result obtained indicated that, compared with gut 
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Figure 5 The hub metabolic signature of quercetin in the treatment of AS. The intersecting metabolic signatures were associated with 
the differential (A) positive-ion upregulation, (B) positive-ion downregulation, (C) negative-ion upregulation and (D) negative-ion 
downregulation of metabolite signatures of the control samples versus the model samples, where the list of metabolic signatures on the right 
was obtained from the quercetin samples versus the model samples. (E) A heatmap plot was drawn to show the difference (Q value) between 
the control-model and quercetin-model samples.
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Table 2 The potential metabolites PATHWAY of quercetin to AS 

Type No. KEGG pathway Total P value Expected Impact

Positive-ion 1 Primary bile acid biosynthesis 47 0.040875 2.5775 0.23115

2 Starch and sucrose metabolism 50 0.052959 2.742 0.12408

3 Tryptophan metabolism 79 0.064557 4.3324 0.15805

4 Pyrimidine metabolism 60 0.23011 3.2904 0.10265

5 Taurine and hypotaurine metabolism 20 0.30079 1.0968 0.40108

6 Galactose metabolism 41 0.39253 2.2484 0.06409

7 One carbon pool by folate 9 0.39859 0.49356 0.17486

8 Histidine metabolism 44 0.43758 2.413 0.07185

9 Pantothenate and CoA biosynthesis 27 0.44108 1.4807 0.20016

10 beta-Alanine metabolism 28 0.45994 1.5355 0.02328

11 Biotin metabolism 11 0.46299 0.60324 0.19512

12 Vitamin B6 metabolism 32 0.53153 1.7549 0.13073

13 Cyanoamino acid metabolism 16 0.59559 0.87744 0.66667

14 Tyrosine metabolism 76 0.60822 4.1678 0.03828

15 Nitrogen metabolism 39 0.64062 2.1388 0

16 Retinol metabolism 22 0.71247 1.2065 0

17 Phenylalanine, tyrosine and tryptophan 
biosynthesis

27 0.78376 1.4807 0.0738

18 Arginine and proline metabolism 77 0.80551 4.2227 0.03245

19 Cysteine and methionine metabolism 56 0.82284 3.071 0.02707

20 Lysine biosynthesis 32 0.83747 1.7549 0.02161

21 Terpenoid backbone biosynthesis 33 0.8465 1.8097 0.04799

22 Folate biosynthesis 42 0.90836 2.3033 0.03372

23 Nicotinate and nicotinamide metabolism 44 0.9183 2.413 0

24 Phenylalanine metabolism 45 0.92287 2.4678 0

25 Lysine degradation 47 0.93125 2.5775 0

26 Glycine, serine and threonine metabolism 48 0.93509 2.6323 0.00071

27 Glyoxylate and dicarboxylate metabolism 50 0.94216 2.742 0.01267

28 Steroid hormone biosynthesis 99 0.97666 5.4292 0.00391

29 Drug metabolism-cytochrome P450 86 0.99285 4.7162 0.01613

30 Purine metabolism 92 0.99497 5.0453 0.00158

31 Porphyrin and chlorophyll metabolism 104 0.99752 5.7034 0

Negative-ion 32 Fructose and mannose metabolism 48 0.10721 1.1566 0.09393

33 Folate biosynthesis 42 0.26866 1.012 0.0176

34 Pantothenate and CoA biosynthesis 27 0.48428 0.6506 0

35 Ubiquinone and other terpenoid-quinone 
biosynthesis

36 0.58713 0.86747 0.01786

36 Nicotinate and nicotinamide metabolism 44 0.66144 1.0602 0.00843

37 Drug metabolism-cytochrome P450 86 0.88188 2.0723 0.03519

38 Amino sugar and nucleotide sugar metabolism 88 0.88771 2.1205 0.00686
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Figure 6 The network of the potential signature for the effect of quercetin on AS according to the KEGG PATHWAY database. (A) 
Integrative analysis between the pathway impact and P value of positive-ion metabolite signatures in quercetin-model. (B) Integrative 
analysis between pathway impact and the P value of negative-ion metabolite signatures in quercetin model. (C) Primary bile acid biosynthesis 
pathway (P<0.05) with the potential signature. 
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microbiota, metabolic regulation was the dominant factor 
of quercetin in the AS treatment. Therefore, our methods 
can also be regarded as an efficient approach in therapeutic 
mechanism research and biomarker screening of AS.

Previous studies have shown that the cardiovascular 
protective function of quercetin includes the following: (I) 
inhibiting thrombosis (20), (II) releasing vascular endothelial 
dysfunction and (21) and (III) limiting endothelial  
apoptosis (22). Quercetin not only inhibits platelet 
aggregation and the activation of glycoprotein IIb/IIA 
(GPIIb/IIA) caused by collagen, adenosine diphosphate 
and arachidonic acid (20) but also inhibits the extracellular 
secretion of platelet granules. With the continuous 
aggregation of platelets and the thickening of the 
blood vessel wall, the clinical risk of AS will be greatly  
increased (23). The present study indicated that quercetin 
can limit the trend of intimal thickening. Similar to Xiao’s 
research (24), quercetin can reduce the area of AS plaque, 
which can be attributed to the blocking of NADPH oxidase. 
Considering that vascular endothelial dysfunction is one of 
the important mechanisms of AS (23), quercetin increased 
the activity of nitric oxide synthase and the expression 
of haem oxygenase-1 (HO-1) in endothelial cells, thus 
regulating vascular endothelial dysfunction by inhibiting 
oxidants (21). Except for platelet aggregation and vascular 
endothelial dysfunction, endothelial vascular apoptosis 
is also one of the important reasons for the induction/
aggravation of AS (25). The biomarker indicating that 
quercetin inhibits the inflammatory response and apoptosis 
is reactive oxygen species (ROS), which regulate the PI3K/
AKT pathway downstream, thus causing the atherosclerosis 
symptom (22). The inflammatory response is considered 
an important pathway in the occurrence and prognosis of 
AS (26). In our study, TNF-α and IL-6 were selected as the 
identified inflammatory factors; quercetin downregulated 
the expression of these two biomarkers, thus protecting 
the injured arterioles. Additionally, there have been 
studies showing that quercetin could decrease the levels of  
LDL (27), TG (28) and TC (29), which was also confirmed 
in our research. Therefore, we suggest that quercetin can 
also be used as an important positive drug for evaluating AS 
biomarkers, in addition to being a promising drug in clinical 
practice.

As described above, although the biological function 
of quercetin has been well studied, research focusing on 
the effect of quercetin on gut microbiota in the treatment 
of AS is lacking. Taking into account the importance 
of gut microbiota in the occurrence and development 

of AS (19), the finding that AS-related microorganisms 
change may prove useful for quercetin treatment. Diet 
was considered one risk factor for AS (30), and with the 
administration of diet, compared with the control group, 
the AS model mouse exhibited a significantly different gut 
microbiota composition at the phylum and genus levels. 
Annika summarized the effect of gut microbiota on the 
pathogenesis of AS, which included (19) that the local or 
distal infection could stimulate inflammation and accelerate 
the enlargement or rupture of AS plaques; gut microbiota 
significantly correlated with cholesterol and lipid 
metabolism, which accelerate the formation of AS plaques 
with an HFD. The special metabolites of gut microecology 
will directly affect the formation and aggravation of AS. 
In the present study, the limitation of available biological 
duplicate samples resulted in little microbial change among 
the groups at the phylum level (P>0.05). However, at 
the genus level, Streptophyta, Enterobacter, Mobilitalea, 
Clostr idium, Phascolarctobacterium, Candidatus 
Stoquefichus, Faecalimonas, Faecalibaculum, Anaerovibrio, 
Deltaproteobacteria is unclassified, and Acutalibacter 
were screened as significantly different microorganisms. 
Phascolarctobacterium and Anaerovibrio, both of which are 
Firmicutes, were the genera that were selected in the TOP-
20 most abundant genera according to the OTU results. 
The results indicate that Firmicutes is the most sensitive 
microbiota to quercetin compared with the other phyla. In 
Emoto’s research (31), Lactobacilli increased significantly in 
coronary heart disease patients, Bacteroidetes (Bacteroides 
+ Platella) decreased significantly, and the proportion of 
Firmicutes/Bacteroidetes increased significantly. Thus, the 
fluctuation of Firmicutes is one of the important factors 
affecting the incidence of AS. 

Considering the limited qualified biological samples 
of the microbial community obtained in this study, it is 
inevitable that the mechanism of action of quercetin on AS 
is too weak to explain from this perspective. On the other 
hand, previous studies support the importance of microbial 
metabolites in the occurrence and improvement of AS (32). 
Therefore, we investigated the correlation of metabolites 
and AS, thus supporting the outcomes of gut microbiota, 
and inferred the therapeutic mechanism of quercetin to AS.

Compared with microbiology results, metabonomics 
is the dominant function of quercetin in the treatment 
of AS. As shown in Figure 6A, in all metabolic pathways 
selected from functional enrichment, primary bile acid 
biosynthesis is the only screened pathway based on the 
statistical analysis results (P<0.05), which can be regarded 
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as the main pathway in quercetin treatment. Cholic acid 
metabolism is correlated with gut microenvironment 
remodelling (33) and cholesterol metabolism, as cholesterol 
metabolic abnormalities were considered risk factors for AS. 
Primary bile acid is synthesized by cholesterol oxidation in 
the liver and secreted into the gut for lipid dissolution and 
absorption. Nearly 95% of bile acid is reabsorbed in the gut 
for metabolic circulation, and 5% is in faeces, which is the 
main mechanism of excreting cholesterol (34). In our study, 
in the model vs. quercetin group, cholesterol was selected 
as an up-regulated signature (see Figure 6C), which means 
that the quercetin group consumed significantly more 
cholesterol by primary bile acid biosynthesis. Regarding the 
metabolic cholesterol function of the pathway, quercetin 
could accelerate the excretion of cholesterol and decrease 
the clinical risk of AS caused by HFD. In addition to 
cholesterol metabolism, quercetin could promote extra bile 
acid yield by primary bile acid biosynthesis in AS model 
mice (35). With the cooperation of specific gut microbes, 
bile acid could increase the consumption of brown adipose 
tissue (BAT) and insulin sensitivity by farnesoid X receptor 
(FXR) and bile acid G protein-coupled receptor-5 (TGR5) 
23, 24 receptors (36), therefore inhibiting AS inflammation.

Moreover, in addition to primary bile acid biosynthesis 
(see Table 2), starch and sucrose metabolism (P=0.05), 
tryptophan metabolism (P=0.06) and fructose and mannose 
metabolism (P=0.11) can also be regarded as important 
metabolic pathways. The results indicated that, in 
addition to cholesterol metabolism, carbon metabolism 
plays an important role in quercetin treatment. With 
the digestion of bacteria, carbohydrates decompose 
into monosaccharides, which are the main precursors 
of short-chain fatty acids (SCFAs), including acetate, 
butyrate, propionate, etc. (37). Quercetin stimulated 
the starch and sucrose metabolism and fructose and 
mannose metabolism pathways, thus increasing the SCFA 
concentration in the gut. As previous reported (19),  
SCFAs were defined as an important metabolite to systemic 
inflammation, and systemic inflammation was closely 
correlated to the enlargement and rupture of AS plaque. In 
addition, as the upstream pathways, tryptophan metabolism 
regulates the kynurenine pathway, inducing immune 
response, thus leading to the rise in AS plaque rupture (38). 
These results suggest that the bio-function of quercetin 
in AS treatment includes the acceleration of cholesterol 
metabolism, systemic inflammation and immune response 
inhibition. However, the present study focused only on the 
metabolic pathways screened by the enrichment results, and 

the other important AS metabolites, such as trimethylamine 
nitrogen oxides (TMAO), were ignored. Therefore, further 
research is needed to investigate the effects of quercetin on 
other metabolites.

Taken together, our study analyses microbiome and 
metabolome in response to quercetin for the treatment 
of AS and to identify and validate two microbial genes, 1 
metabolic signature and one metabolic pathway according 
to the results. Our results can further prove the connection 
of AS and gut metabolic regulation, which could provide a 
novel approach in the development of medicine for AS.

Compared with traditional studies of AS, our study 
analysed the effects of natural products on the gut 
microbiome and metabolomics in the treatment of AS. 
With the omics results, the relationships between the 
regulation of gut metabolism and the incidence and 
therapies of AS were investigated in depth. The use of 
omics improved the efficiency of research and avoided 
heavy experimental processes. However, considering the 
sample quantity enrolled in the study, its accuracy needs 
to be further assessed in verified studies. In addition, the 
signatures obtained in this study need to be combined with 
clinical studies to determine their functions and provide a 
basis for future clinical research.

With the method proposed in this study, we can utilize 
omics results for AS-related medicine studies without 
the understanding of specific microbial and metabolic 
signatures. The method proposed in this study enables 
us to fully examine the main metabolic mechanism to 
assess the specific changes in corresponding biomarkers 
and to discover new biological relationships among the 
biomarkers. The method proposed in this study provides a 
new therapeutic target for clinical treatment. The feasibility 
of this study is high and provides a feasible method for 
future AS research.
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