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Myricetin alleviates high-fat diet-induced
atherosclerosis in ApoE" ~ mice by regulating bile
acid metabolism involved in gut microbiota
remodeling¥
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Atherosclerosis poses a significant threat to global health. This study aimed to investigate the effects of
myricetin (MYR) on high-fat diet (HFD)-induced atherosclerosis in ApoE™~ mice. Our findings demon-
strated that MYR treatment significantly reduced the formation of atherosclerotic plaques, particularly at a
high dose of 100 mg kg™ day™*. Additionally, MYR markedly attenuated lipid metabolism disorders in
ApoE~~ mice by decreasing body weight, improving serum lipid profiles, and reducing lipid deposition.
Analysis of 16S rRNA sequencing revealed that MYR treatment enhanced the abundance of probiotic
g_Lachnospiraceae_NK4A136, while it that of
Rikenellaceae_RC9_gut_group and Alistipes. Metabolomic analysis and RT-gPCR tests indicated that MYR
upregulated hepatic bile acid biosynthesis, evidenced by increased total bile acid levels and enhanced
expression of key enzymes CYP7A1 and CYP8BI, particularly through the classical biosynthetic pathway.

reduced obesity-associated genera, including

Spearman’s correlation analysis revealed strong associations between the regulated bile acids and these
aforementioned bacteria. Therefore, our results demonstrated that MYR exerts an anti-atherosclerotic
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Introduction

Atherosclerosis is a chronic and progressive cardiovascular
disease characterized by the hardening and narrowing of
arteries due to the gradual buildup of cholesterol plaques. It
is a leading cause of global mortality and morbidity, compris-
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effect by modulating the gut-liver axis.

ing 85% of cardiovascular deaths and 28% of all-cause mor-
tality.> The pathologies of atherosclerosis are influenced by a
range of risk factors, including hyperglycemia, hyperlipidemia,
hypertension, gut dysbiosis, and so on.? Current clinical treat-
ments primarily focus on managing these risk factors by utiliz-
ing glucose- or lipid-lowering agents. However, prolonged use
of these drugs has been associated with a range of adverse
effects, such as myopathy, renal damage, and liver function
impairment.*® Therefore, it is essential to find effective and
safe strategies for the prevention and treatment of
atherosclerosis.

Mounting evidence highlights the crucial role of dietary
factors in the onset and progression of atherosclerosis.®” Diets
high in saturated fats, commonly referred to as high-fat diets
(HFD), have been proven to be a major risk factor for the for-
mation of atherosclerotic plaque and the subsequent develop-
ment of cardiovascular events.® HFD can contribute to elevated
levels of low-density lipoprotein cholesterol (LDL-C), a known
risk factor for atherosclerosis, and may lead to oxidative stress,
insulin resistance, and inflammation in the body, accelerating
the progression of atherosclerosis.”*°

In contrast, increasing evidence suggests that a higher
intake of polyphenol-rich foods is associated with a reduced
risk of atherosclerosis."™'* Myricetin (MYR) is a key member of
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the flavonol class of flavonoids, which naturally occurs in
various plant-based foods such as berries, citrus, tomatoes,
tea, and wine."> MYR possesses a unique structure character-
ized by six hydroxyl groups distributed across its molecular
framework and exhibits excellent antioxidant and anti-inflam-
matory activities."*"> It seems to show multiple beneficial
effects on cardiovascular health based on its reduction of
inflammation and oxidative stress. However, studies on the
protective effect of MYR against HFD-induced atherosclerosis
and the underlying mechanisms are quite limited.

Recently, significant interest has focused on the intestinal
microbiota-host interaction because accumulating evidence
has demonstrated that gut microbiota plays a critical role in
human health and disease, such as cardiovascular disease.'®'”
There is a complex interplay between microbiota, host metab-
olism, and the development and progression of atherosclero-
sis.'® Bile acids are a class of important mediators in micro-
biota-host crosstalk, whose metabolism is a key pathway
involved in the absorption and excretion of dietary lipids and
cholesterol.’® Bile acids are produced by cholesterol in the
liver and further metabolized by gut microbiota, acting as
detergents that promote the dissolution, digestion and absorp-
tion of fat-soluble vitamins and dietary lipids.*® Dysregulation
of bile acid metabolism will result in an elevated level of
serum cholesterol and, consequently, the development of
atherosclerosis.?*

In this study, we investigated the impact of MYR on HFD-
induced atherosclerosis in apolipoprotein  E-deficient
(ApoE™") mice by analyzing atherosclerotic lesions and
hepatic lipid profiles. Further, 16s rRNA sequencing analysis
was carried out to study the gut microbiota-related regulation
mechanisms of MYR in atherosclerotic mice. Metabolomics
analysis of mice liver showed the metabolic differences
between healthy and atherosclerosis subjects with or without
MYR treatment, and the prominent differential metabolites
were significantly enriched in the primary bile acids biosyn-
thesis pathway. Hepatic bile acids contents were then deter-
mined by targeted metabolomics analysis, and the expression
of genes implicated in hepatic bile acids synthesis was
detected. The results provided valuable insights into the
mechanisms by which MYR alleviated atherosclerosis, laying a
scientific foundation for the development of functional foods
enriched with MYR.

Materials and methods

Materials and chemicals

MYR, cholic acid (CA), chenodeoxycholic acid (CDCA), deoxy-
cholic acid (DCA), tauro-cholic acid (TCA), tauro-chenodeoxy-
cholic acid (TCDCA), and tauro-hyodeoxycholic acid (THDCA)
standards were brought from Shanghai Yuanye Bio-Technology
Co., Ltd (Shanghai, China). Ursodeoxycholic acid (UDCA), hyo-
deoxycholic acid (HDCA), and tauro-ursodeoxycholic acid
(TUDCA) standards were purchased from Aladdin Chemistry
Co. Ltd (Shanghai, China). o-Muricholic acid (a-MCA),
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p-muricholic acid (p-MCA), w-muricholic acid (o-MCA), tauro-
a-muricholic acid (T-a-MCA), tauro-f-muricholic acid (T-
B-MCA), tauro-o-muricholic acid (T-o-MCA), and tauro-urso-
deoxycholic acid (TDCA) standards were the products of Avanti
Polar Lipids, Inc. (Alabaster, AL, USA). Trizol (DR0407100) was
purchased from Zhejiang Easydo Biotechnology Ltd (Zhejiang,
China). HiScript II 1st Strand c¢cDNA Synthesis Kit and SYBR
Green qPCR Master Mix were obtained from Nanjing Vazyme
Biotech Co., Ltd (Nanjing, China).

Animal experiments

Twenty-eight male ApoE™'~ mice were purchased from Jiangsu
GemPharmatech Co., Ltd (Jiangsu, China). They were 8 weeks
of age and were housed in a specific-pathogen-free environ-
ment under a 12 h light/dark cycle with ad libitum access to
food and drinking water. After one week of adaptation, mice
were randomly divided into four groups (7 mice per group)
with different dietary interventions for 14 weeks. The groups
included: (1) control group: ApoE™"~ mice fed with a standard
chow diet; (2) model group: ApoE~'~ mice fed with a HFD con-
taining 21% fat and 0.15% cholesterol (Wuxi Fanbo
Biotechnology Co., Ltd, Jiangsu, China); (3) low-dose MYR
(LMYR) group: HFD-fed ApoE™'~ mice treated with a low dose
of MYR at 50 mg kg~ animal body weight (BW); (4) high-dose
MYR (HMYR) group: HFD-fed ApoE™~ mice treated with a
high dose of MYR (100 mg per kg BW). Low- or high-dose MYR
was administered to the mice by gavage once daily, with the
Control and Model group mice receiving an equivalent volume
of distilled water. The doses of MYR were chosen based on a
preliminary experiment. Body weight measurement started
from the first week of the study and continued weekly through-
out the entire experiment for each mouse. Fecal samples were
collected at the final three days of the experiment and stored
at —80 °C for subsequent analysis.

After 14 weeks, the mice were fasted overnight, weighed,
and then underwent blood collection from the orbital vein, fol-
lowed by euthanasia through decapitation. The heart along
with aorta was separated carefully and perfused with phos-
phate buffered saline (PBS). Tissues including liver, epididy-
mal white adipose tissue (Epi-WAT), and perirenal white
adipose tissue (Per-WAT) were collected, weighed and then
stored at —80 °C until analysis. All animal experiment proto-
cols were conducted according to the Pharmacology Research
& Perspectives policy supplied by the Committee of Animal
Research at Zhejiang Chinese Medical University
(IACUC-20250113-12).

Serum biochemical indicators analysis

After blood collection, serum was separated by centrifugation
at 3000 g for 15 min at 4 °C. Total cholesterol (TC), triglyceride
(TG), high-density lipoprotein-cholesterol (HDL-C), low-density
lipoprotein-cholesterol (LDL-C), and glucose levels in serum
were analyzed by kits (Ningbo Purebio Biotechnology Co., Ltd,
Ningbo, China) according to the manufacturer’s protocol.

This journal is © The Royal Society of Chemistry 2025
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Evaluation of atherosclerosis and histological analysis

The entire aorta from aortic root to the iliac artery branch was
cleaned by PBS and fixed with 4% paraformaldehyde solution.
Then, the aorta was opened longitudinally and stained with Oil
Red O to visualize atherosclerotic plaques. The percentage of the
aorta occupied by plaque was assessed as an indicator of the
severity of atherosclerosis and quantified using Image J software.
The heart along with aorta was fixed with 4% paraformaldehyde
and embedded in an optimal cutting temperature medium.
Frozen 10 pm-thick sections were cut and the sequential cross-
sections of the aortic root were stained using Oil Red O.

Liver tissue samples were fixed with 4% paraformaldehyde
solution, embedded in paraffin, and then stained with
Haematoxylin-eosin (H&E) or Oil Red O. The stained section
was visualized under a microscope (Olympus DP20, Japan)
through the DP2-BSW image analysis software system with a
magnification of 200x.

Nontargeted hepatic metabolomics analysis

A total of 100 mg liver sample was added to 1 mL ice-methanol
with internal standard and vortexed for 15 s. The sample was
then subjected to ultrasonic extraction for 30 min using an
ultrasonic cleaning machine (JBT/C-YCL500T/3P, Jining
SINOBEST Machineries Co., Ltd, Shandong, China) at an ultra-
sonic power of 30 W and a frequency of 60 kHz. After centrifu-
gation at 12 000 rpm for 10 min at 4 °C, the supernatant was
collected for the following analysis.

Liquid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis was performed as described in a previous study
with minor modifications.** An ultrahigh-performance liquid
chromatography (UPLC) system (Acquity I-class, Waters, 116
Milford, USA) was coupled with a Waters Xevo G2-XS QTOF
mass spectrometer (Waters, 117 Manchester, UK). Separation
was achieved using a Waters HSS T3 column (1.8 pm, 100 mm
x 2.1 mm, Waters 118 Corporation, Milford, MA, USA). The
column temperature was set at 40 °C. The samples tempera-
ture was maintained at 4 °C with an injection volume of 2 pL
and a flow rate of 0.3 mL min™. The mobile phase was 0.1%
formic acid in water (A) and 0.1% formic acid in acetonitrile
(B). The gradient was as follows: 0-2 min, 20% B; 2-12 min,
20%-52% B; 12-18 min, 52%-65% B; 18-22 min, 65%-90% B;
22-26 min, 90%-20% B; 26-30 min, 20% B.

The raw data was pre-processed in MZmine 2 software for
peak picking and alignment. Potential biomarkers were identi-
fied by matching mass-to-charge ratio (m/z) and MS/MS frag-
ment ions from the online databases including the Human
Metabolome Database (https:/www.Hmdb.ca) and MassBank
(https:/massbank.jp). The partial least squares discriminant
analysis (PLS-DA) and metabolic pathway enrichment analysis
were performed by using MetaboAnalyst 5.0 (https:/www.
Metaboanalyst.ca).

Targeted bile acids analysis

Targeted analysis of bile acids was conducted by UPLC-Q-TOF/
MS. The peak annotation and quantitation were analyzed on

This journal is © The Royal Society of Chemistry 2025
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Waters MassLynx software (version 4.2, Waters Corp, Milford,
MA, USA).

Microbiota analysis

The abundance and structure of gut microbiota were deter-
mined by 16S rRNA analysis. Bacterial DNA was extracted from
fecal samples using the E.Z.N.A. soil DNA Kit (Omega Bio-tek
Norcross, GA, USA) and the quality was determined by 1.0%
agarose gel electrophoresis. The bacterial 16S rRNA gene V3-
V4 region was amplified using forward primer (5-
ACTCCTACGGGAGGCAGCAG-3') and the reverse primer (5-
GGACTACHVGGGTWTCTAAT-3"). The purified amplicons were
subjected to paired-end sequencing on an Illumina MiSeq
PE300 platform (Illumina, San Diego, USA) according to the
standard protocols by Majorbio Bio-Pharm Technology Co. Ltd
(Shanghai, China). Raw files were filtered using QIIME, and
the sequences were matched against a high-quality 16S rRNA
sequence from the Green Genes database after removing the
chimeras. Operational taxonomic units were generated by 97%
similarity cutoff using UPARSE and classified based on the 16S
rRNA gene Silva database.

Expression of key genes related to hepatic bile acids synthesis

Total RNA was extracted using Trizol reagent (Easydo,
Zhejiang, China). cDNA was synthesized with HiScript IT 1st
Strand c¢DNA Synthesis Kit (+gDNA wiper; Vazyme). qRT-PCR
test was performed on a Bio-Rad CFX96 instrument (Bio-Rad)
and GAPDH was used as the internal reference gene.
Expression of genes was calculated by the 27*4“* method. The
primers used in the present study were shown in Table S1.}

Statistical analysis

Statistical analysis was performed by using Student’s t-test,
with p < 0.05 as statistically significant. a-Diversity index was
calculated with Mothur 1.30.2, and beta diversity was esti-
mated with QIIME 1.9.1. Principal coordinate analysis (PCoA)
was performed based on the Bray-Curtis on OUT level. All
graphs were conducted by GraphPad Prism 9.0 (GraphPad
Software, San Diego, CA, USA). Data were expressed as mean +
standard error of the mean (SEM) which were indicated by
error bars.

Results and discussion
MYR attenuated HFD-induced atherosclerosis in ApoE™'~ mice

ApoE is a crucial protein engaged in lipid transport and
metabolism. The ApoE™'~ mice are genetically engineered to
lack the ApoE gene and display impaired clearance of large
atherogenic particles from the circulation. Atherogenesis
would be notably accelerated in HFD-fed ApoE™~ mice, and
consequently develop aortic lesions.>® Herein, in order to
investigate the anti-atherosclerotic effects of MYR, ApoE~'~
mice were fed with HFD and orally administrated with MYR at
the dosage of 50 or 100 mg per kg BW. After 14 weeks of HFD
feeding with or without MYR treatment, the key initiating
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cantly attenuated in the HMYR treatment group (Fig. 1A). At
the end of the animal experiment (14-weeks), the body weight
of HFD mice was 37.77 + 0.88 g, which was significantly higher

events in atherosclerosis were assessed (Fig. 1). HFD induced a
significant elevation in body weight in the Model group rela-
tive to the Control, while the body weight gain was signifi-
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Fig. 1 Effects of myricetin (MYR) on development of atherosclerotic lesions in ApoE™~ mice. (A) Average body weight per group through the entire

14-week period. (B) Mice body weight of week 14. (C) Representative images of oil red O staining of aorta. (D) Quantitative analysis of plaque area in the
entire aorta. (E) Representative image of oil red O staining in aortic root sections. (F) Quantitative analysis of the lesion areas in the aortic root. (G) Serum
levels of blood glucose, total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C).
Data were expressed as the mean + SEM (n = 7 per group). # p < 0.05, ### p < 0.001, Control vs. Model; * p < 0.05, ** p < 0.01, *** p < 0.001, LMYR, HMYR
vs. Model. Control (normal diet fed), Model (high-fat diet fed), LMYR (HFD + Myricetin 50 mg per kg BW), HMYR (HFD + Myricetin 100 mg per kg BW).
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than that of the Control group mice (28.21 + 0.42 g) at the
same stage (p < 0.001) (Fig. 1B). Treatments of the HFD mice
with HMYR resulted in significantly decreased body weight (p
< 0.001), reduced by 13.66% (32.61 = 0.70 g) at week 14
(Fig. 1B). The Model group showed markedly larger athero-
sclerotic lesion areas than the Control group after 14 weeks of
HFD feeding, demonstrating the successful establishment of
the atherosclerosis model. However, MYR administration sig-
nificantly decreased the plaque areas in a dose-dependent
manner (Fig. 1C and D). Compared to the Model group, the
lesion areas were reduced by 30.87% and 57.96% in the LMYR
and HMYR groups, respectively (Fig. 1D). Similarly, the lesion
areas in the aortic root were also reduced by MYR treatment
(Fig. 1E and F). Quercetin and kaempferol, another two
common flavonols differing from MYR only in B-ring hydroxy-
lation, were reported to reduce atherosclerosis lesion area in
ApoE™™ mice by 2.44% to 28.50% at different doses.>* It
appears that the efficacy of MYR in reducing plaque formation
surpasses that of quercetin or kaempferol.

Blood glucose levels and the concentrations of serum TC,
TG, LDL-C, and HDL-C are important indicators for evaluating
the risk of atherosclerosis.>® In our study, these indicators
were significantly elevated in the Model group compared to
the Control group. However, treatment with HMYR lead to a
remarkable reduction in blood glucose levels (p < 0.01) and
serum TG levels (p < 0.001) (Fig. 1G). Elevated TG levels, par-
ticularly in the form of remnant lipoproteins, are a known risk
factor for the development of atherosclerosis. These lipopro-
teins can promote the accumulation of cholesterol in the arter-
ial wall and trigger inflammatory responses that contribute to
plaque formation.>®*” In the ApoE knockout mouse model,
which lacks functional ApoE and exhibits hyperlipidemia with
a predominant increase in remnant lipoproteins,>® the
reduction in serum TG likely reflects a decrease in the pro-
duction or secretion of these atherogenic particles.

Our findings suggested that MYR modulated lipid metab-
olism and reduced atherosclerotic risk by lowering serum TG
levels. This effect aligns with previous studies demonstrating
that MYR could ameliorate insulin resistance and improve
lipid profiles in various animal models of dyslipidemia, such
as streptozotocin-induced diabetic mice®**® and fructose-fed
rats.>" In these models, MYR treatment resulted in significant
reductions in blood glucose levels and improvements in lipid
metabolism, indicating its potential therapeutic role in both
metabolic and cardiovascular diseases.

Additionally, compared with the Control, HFD feeding led to
a significant increase in the weight of the liver, Epi-WAT, and
Per-WAT in the Model, while such weight gains were signifi-
cantly reduced by HMYR treatment (Fig. 2A). H&E staining or
Oil Red O staining results showed HFD-induced fatty infiltration
in liver tissue and an obvious accumulation of lipid droplets in
hepatocytes in the ApoE™'~ mice. However, MYR treatment evi-
dently alleviated these pathological changes and the hepatic
lobule structure was arranged by orderliness and tightness
(Fig. 2B). These results confirmed other reported lipid-lowering
effect of MYR, which could decrease hepatic lipid synthesis and

This journal is © The Royal Society of Chemistry 2025
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attenuate HFD-induced nonalcoholic fatty liver disease.*?
Altogether, the above findings suggested that HFD accelerated
the progression of atherosclerosis, while MYR intervention
could effectively inhibit the atherosclerotic plaques accumu-
lation, improve serum profiles, and decrease hepatic lipid
accumulation in atherosclerotic mice, particularly at the high
dose. Following the anti-atherosclerotic mechanism of MYR was
analyzed among the Control, Model, and HMYR groups.

MYR remodeled gut microbiota in ApoE™'~ mice

The gut microbiota plays an important role in the cholesterol
and lipid metabolism, affecting the development of atherosclero-
tic plaques.’® Herein, the structural alteration of the gut micro-
biota in response to MYR treatment was analyzed. The Ace and
Sobs indices are frequently used to evaluate microbial commu-
nity diversity. The Ace index provides an estimate of the total
species richness by factoring in both observed species and rare
species. It is particularly useful for accounting for underrepre-
sented rare species. In contrast, the Sobs index directly counts
the number of species observed in the sample, offering a
straightforward measure of species richness without adjustments
for rare species. Together, these indices give complementary per-
spectives on the diversity and richness of the community.
Compared to the Control, the a-diversity index including Ace and
Sobs index was significantly decreased in Model group and the
effect was reversed by HMYR treatment (Fig. 3A). Similar trends
were observed in the Shannon and Chao indexes (Fig. S1Af).
Results indicated that treatment with MYR improved the diver-
sity and richness of the microbial community, and such improve-
ment was consistent with the effect observed in rats with HFD-
induced nonalcoholic fatty liver disease following MYR sup-
plementation.® Principal component analysis and PCoA illus-
trated that gut microbiota components were distinctly separated
among these three groups, which suggested MYR remarkably
changed the microbial community structure (Fig. 3B).

The relative abundances of bacteria at various taxonomic
levels were determined to investigate the microbial compo-
sition alteration induced by MYR treatment. The top 15 bac-
teria at phylum and family levels were presented in Fig. S1BY
and Fig. 3C, respectively. Compared with the Control, the rela-
abundance of f Lactobacillaceae was significantly
decreased, and that of f Rikenellaceae and f Marinifilaceae
were increased in the Model group (Fig. 4A). However, HMYR
treatment significantly reversed the trend and decreased the
relative abundance of f Lachnospiraceae (Fig. 4A).

At the genus level, heatmap analysis revealed significant
shifts in microbial populations across the three experimental
groups (Fig. S1Ct). HMYR treatment significantly reversed the
decreased abundance of g Lactobacillus and
g _Lachnospiraceae_NK4A136 in HFD-induced ApoE~~ mice
(Fig. 4B). By contrast, the abundance of g Alistipes,
g_Rikenellaceae_RC9_gut_group, g_Blautia, g_Rikenella,
g Odoribacter, and g _Lachnoclostridium markedly increased in
HFD group (Fig. 4B), and these trends were in accordance with
a previous discovery,”' and were reversed by HMYR treatment
(Fig. 4B).

tive
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Linear discriminant analysis Effect Size (LEfSe) analysis
with a linear discriminant analysis (LDA) score >3.5 revealed
different sets of bacterial enrichment among three groups

2742 | Food Funct, 2025,16, 2737-2749

(Fig. S27). In particular, the typically enriched bacterial genus
in both Control and HMYR group was
g Lachnospiraceae NK4A136, whereas g Blautia,
g Rikenellaceae_ RC9_gut group, and g Alistipes were enriched
in the Model group (Fig. S2A-C¥). Reports showed that these
differentially abundant microbes was linked to several meta-
bolic and inflammatory disorders. For instance,
Lachnospiraceae_ NK4A136 group has been reported to be nega-
tively correlated with TG levels and obesity in previous
studies.*>** In  our study, the abundance of
Lachnospiraceae_ NK4A136 was also found to be negatively
related to the progression of atherosclerosis in HFD-fed
ApoE™'~ mice, and the trend was significantly reversed by MYR
administration (Fig. 4B). Hence, our study confirmed that the
abundance of Lachnospiraceae NK4A136 group was inversely
related to the progression of atherosclerosis, further support-
ing its role in modulating lipid metabolism and cardiovascular
health. The abundance of g_Alistipes was reported to be signifi-
cantly increased in both HFD-induced obese mice and obese
population,®*® and g_Blautia was found to be associated with

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Relative abundance of gut microbiota at different levels among the three groups in ApoE ™'~ mice. (A) Relative abundance of major differential
gut microbiota at the family level. (B) Relative abundance of major differential gut microbiota at the genus level. Data are expressed as the mean +
SEM (n = 7 per group). ## p < 0.01, ### p < 0.001, Control vs. Model; * p < 0.05, ** p < 0.01, *** p < 0.001, HMYR vs. Model.

visceral fat accumulation in adults of age ranging from 20 to
76.>” However, HMYR treatment significantly decreased the
abundance of g Alistipes and g Blautia. These results
suggested that MYR might exert anti-atherosclerotic effect
through modulating the obese-associated gut microbiota in
ApoE ™"~ mice.

Several factors could influence microbiota changes such as
diet, host genetics, and microbial interactions. HFD is a
potent driver of microbial dysbiosis, promoting the expansion
of pro-inflammatory and pathogenic bacteria while reducing
beneficial commensals.®® MYR, as a bioactive compound,
appears to modulate these changes by restoring the balance of
gut microbiota. Its antioxidant and anti-inflammatory pro-

This journal is © The Royal Society of Chemistry 2025

perties may contribute to gut health and potentially slow ather-
osclerosis progression.*>**

MYR regulated hepatic metabolomic phenotypes in ApoE ™~ mice
Hepatic cholesterol metabolism dysfunction was closely associ-
ated with cholesterol accumulation in the arterial intima and
drove the development of atherosclerosis.*>*® To investigate
the effect of MYR treatment on hepatic metabolism, untar-
geted metabolomic analysis was conducted in liver, the
primary organ responsible for cholesterol metabolism.*""** As
shown in Fig. 5A, PLS-DA results indicated the apparent dis-
tinct clustering of metabolites among the Control, Model, and

HMYR groups. There were 119 metabolites identified and

Food Funct., 2025,16, 2737-2749 | 2743
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expressed as the mean + SEM (n = 7 per group). * p < 0.05, HMYR vs. Model.

annotated in the liver of all groups. The KEGG pathway enrich-
ment analysis showed the effect of HMYR on these metabolites
and revealed that the most significant pathway was primary
bile acids biosynthesis (Fig. 5B). Total bile acids in liver were
significantly increased in the HMYR group, compared to
Model (Fig. 5C). Previous researches have shown that elevation
of bile acids synthesis could alleviate lipid accumulation and
improve insulin sensitivity in obese mice.****

Targeted and quantitative analysis was performed to
further investigate the effect of MYR on bile acids (Fig. 6A).
The results indicated that CA, o-MCA, and corresponding
tauro-conjugated bile acids including TCA and T-w-MCA were
significantly increased after HMYR treatment. However, CDCA,
f-MCA, TCDCA, and THDCA were decreased in HMYR group,
compared to the Model.

The bile acids were produced in the liver, secreted into duode-
num, reabsorbed in the ileum, and transported back to the liver to
be recycled. In the gut, bile acids were deconjugated and converted
by the microbiota, while the composition of microbiota was also
altered by the anti-microbial effect of bile acids.* Spearman corre-
lation analysis was performed to explore the associations between
gut microbiota and bile acids in HMYR-treated ApoE '~ mice
(Fig. S37). Results showed that CDCA and THDCA were positively
correlated with g_Rikenellaceae_RC9_gut group and g Alistipes, and
negatively correlated with g Lachnospiraceae NK4A136. These
results suggested that the effect of MYR on atherosclerosis may be
associated with the regulation of gut-liver axis.

MYR regulated key genes of hepatic bile acids synthesis
pathway in ApoE ™~ mice

Based on the hepatic targeted bile acids profiles, the major
primary bile acids including CA and CDCA significantly

2744 | Food Funct,, 2025,16, 2737-2749

increased after MYR treatment. Therefore, the effect of MYR
on hepatic key genes in regulation of bile acids synthesis was
investigated (Fig. 6B). Bile acids biosynthesis from cholesterol
was initiated by cholesterol 7a-hydroxylase (CYP7A1) in the
classic pathway or sterol 27-hydroxylase (CYP27A1) in the
alternative pathway in the liver.?° Particularly, CYP7A1 encodes
the rate-limiting enzyme for bile acids biosynthesis.*® Our
results showed that the hepatic expression of CYP7A1 and
sterol 12a-hydroxylase (CYP8B1) in bile acids synthesis classic
pathway were significantly increased in the HMYR group com-
pared to the Model (Fig. 6B). Similarly, MYR was reported to
be able to promote the lipid metabolism and excretion via up-
regulating CYP7A1 in hyperlipidemia mice.*” In bile acids
alternative classic pathway, the expression of CYP27A1 was
increased after HMYR treatment, however, the key gene
expression of steroid 7a-hydroxylase (CYP7B1) was significantly
decreased (Fig. 6B). As well, the HMYR group showed an
increased production of CA and a decreased level of CDCA,
indicating that MYR up-regulated hepatic bile acids synthesis
in HFD-fed ApoE~~ mice mainly through the classical
pathway.

MYR regulated gut-liver axis in ApoE ™'~ mice

Bile acids synthesis and excretion constitute a primary
pathway in cholesterol and lipid catabolism, implicating their
involvement in diverse metabolic disorders.*® Previous studies
have shown that bile acids act as antimicrobial agents and sig-
naling molecules, selectively shaping the gut microbiota com-
position.*® In turn, gut microbiota influence bile acid metab-
olism and affect host lipid metabolism and inflammation.>
Our results indicated that the impact of MYR on atherosclero-
sis was associated with the regulation of bile acids synthesis

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Effects of MYR on the BAs profile and related gene expression in ApoE~'~ mice. (A) The relative abundance of hepatic BAs in MYR-treated
ApoE~"~ mice (n = 7 per group). (B) Expression of key genes in hepatic BAs synthesis in MYR-treated ApoE~'~ mice (n = 5 per group). CA, cholic acid;
CDCA, chenodeoxycholic acid; UDCA, ursodeoxycholic acid; HDCA, hyodeoxycholic acid; DCA, deoxycholic acid; a-MCA, a-muricholic acid; 3-MCA,
B-muricholic acid; o-MCA, o-muricholic acid; TCA, taurocholic acid; TCDCA, tauro-chenodeoxycholic acid; TUDCA, tauro-ursodeoxycholic acid;
THDCA, tauro-hyodeoxycholic acid; TDCA, tauro-deoxycholic acid; T-a-MCA, tauro-a-muricholic acid; T-B-MCA, tauro-p-muricholic acid; T-
®-MCA, tauro-e-muricholic acid; CYP7A1, cholesterol 7 a-hydroxylase; CYP8BI, sterol 12 a-hydroxylase; CYP27A1, sterol 27-hydroxylase; CYP7B1,
steroid 7-alpha-hydroxylas. Data are expressed as the mean + SEM. * p < 0.05, ** p < 0.01, HMYR vs. Model.

pathways and modulation of gut microbiota community
(Fig. 7). In detail, MYR upregulated CYP7A1 and CYP8B1 in the
classical bile acids synthesis pathway, leading to an increase in
hepatic CA content. The relative expression of CDCA was
reduced through the downregulation of CYP7B1, a key enzyme
in the alternative synthesis pathway of bile acids.*® The syn-
thesized bile acids were stored in the gall bladder, sub-
sequently secreted into the intestine, and interacted with

the gut microbiota. The relative abundance of the
probiotic g Lachnospiraceae_ NK4A136 increased, and the
abundances of obesity-related genera including

g Rikenellaceae_ RC9_gut group and g Alistipes decreased. This
shift in gut microbiota composition could be attributed to the
altered bile acid metabolism induced by MYR, as bile acids
play a critical role in shaping the microbiota and promoting
the growth of beneficial gut bacteria. For instance,
Lactobacillus species, which were increased by MYR in our
study, have been reported to regulate bile salt hydrolase
activity, potentially altering bile acid pools and metabolic path-

This journal is © The Royal Society of Chemistry 2025

ways.”" Bile salt hydrolase from certain bacteria, including

members of the Lachnospiraceae family, was reported to
possess acyltransferase activity that enables the production of
microbially conjugated bile acids through amino acid conju-
gation to bile acids.” This activity significantly diversifies the
bile acid pool and can influence the gut microbiome and host
health. Impact of MYR on the gut microbiota and bile acid
metabolism also plays critical roles in lipid homeostasis.
Previous studies have shown that MYR can alter the compo-
sition of the gut microbiota, which in turn can affect lipid
absorption and metabolism.>* The changes in bile acids
observed in our study could further support this mechanism,
as bile acids are involved in the emulsification and absorption
of dietary lipids,** and alterations in bile acid signaling can
influence lipid metabolism and the formation of atherogenic
lipoproteins.”® Therefore, these findings suggested that anti-
atherosclerotic effects of MYR could, in part, be mediated
through its influence on the gut-liver axis, which regulates
lipid metabolism.

Food Funct., 2025,16, 2737-2749 | 2745
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In recent years, an increasing body of reports has shown
that the gut-liver axis plays a crucial role in preserving meta-
bolic balance and preventing metabolic disorders such as
atherosclerosis, and modifying the gut-liver axis through
dietary interventions has been regarded as effective strategies
for the management of metabolic diseases.>®>* Several studies
have demonstrated the significant effects of dietary flavonoids
on lipid metabolism regulation and their beneficial influence
on the gut-liver axis.® For instance, luteolin was shown to
restore gut microbiota imbalance associated with the gut-liver
axis and alleviate non-alcoholic fatty liver disease in HFD-fed
rats.>® Additionally, the flavonol quercetin exhibited protective
effects against HFD-induced non-alcoholic fatty liver disease
by modulating intestinal microbiota imbalance and activating
the gut-liver axis.”” Another studies indicated that quercetin
reduced atherosclerotic lesions by altering gut microbiota com-
position and decreasing atherogenic lipid metabolites.’®°
These findings collectively suggested that dietary flavonoids
held great potential for the treatment of atherosclerosis
through modulation of the gut-liver axis. The phenotype of
MYR in reducing atherosclerosis has been reported in previous
studies,®*®* however, no further work has been carried out to
explore the underlying mechanism in HFD-induced ApoE™/~
mice. Our study contributes to this growing body of knowledge
by suggesting that the beneficial effect of MYR on atherosclero-
sis might be associated with the regulation of the gut-liver
axis. Within the gut-liver circulation, recirculated bile acids
undergo partial modifications by the microbiota. However,
further studies are warranted to confirm and elucidate the
intricate interaction between bile acids and microbiota in the
gut induced by MYR.
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In this study, two different dosages of 50 and 100 mg per kg
BW per day were used to investigate the potential anti-athero-
sclerotic effects of MYR in the ApoE ™'~ mouse model of athero-
sclerosis. These doses are approximately equivalent to 3.5 and
7 g day" in humans, respectively. While these doses are much
higher than typical dietary flavonoid intake, which generally
does not exceed 1 g of total flavonoids per day,®> MYR constitu-
tes only a small fraction of the total flavonoid intake. For
example, the average daily intake of MYR in the adult popu-
lation of South Korea is estimated to be 0.8 mg,** and in the
adult population of the European, it is around 2 mg.%*
Therefore, while high doses of MYR were effective in the ApoE
knockout mouse model, pharmacological doses may be
required in humans to achieve a therapeutic -effect.
Additionally, the rapid progression of atherosclerosis in the
ApoE knockout mouse model (within 14 weeks) contrasts with
the long timeline for atherosclerosis development in humans,
underscoring the differences in disease progression between
animal models and human conditions. Moreover, humans
and mice metabolize flavonoids differently, which could influ-
ence the bioavailability and therapeutic efficacy of MYR. Thus,
future clinical studies would be required to determine the
optimal dose and long-term safety of MYR for cardiovascular
disease prevention and treatment in humans.

In conclusion, MYR showed a protective effect against
atherosclerosis in HFD-induced ApoE™~ mice via regulating
bile acids synthesis involved in gut microbiota remodeling.
The anti-atherosclerosis function of MYR was associated with
the increase of classical bile acids synthesis by up-regulating
CYP7A1 and CYP8B1 expression. Such modulation, in turn,
influenced the abundance of specific microbial taxa, including
g Lachnospiraceae_ NK4A136, g Rikenellaceae_ RC9_gut group
and g Alistipes. These findings provide valuable insights into
the mechanisms by which flavonols, such as MYR, attenuate
atherosclerosis. Moreover, they hold significance for the devel-
opment of functional foods enriched with flavonoids as poten-
tial interventions for atherosclerosis prevention and cardio-
vascular health.
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