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Dietary methionine restriction (MR) has been shown to reduce the risk of atherosclerosis, but the specific
regulatory effects and mechanisms remain unclear. This research intends to investigate the effects of MR
on atherosclerosis in apolipoprotein E-knockout (ApoE™~) mice fed a high-fat, high-cholesterol, high-
choline diet and their mechanisms. ApoE™~ mice were fed a normal diet (0.86% methionine + 4.5% fat +
0% cholesterol + 0.2% choline), a high-fat, high-cholesterol, high-choline diet (0.86% methionine + 20%
fat + 1% cholesterol + 1% choline), or a high-fat, high-cholesterol, high-choline + MR diet (0.17% meth-
ionine + 20% fat + 1% cholesterol + 1% choline) for 8 consecutive weeks. The results show that MR
reduced body weight, fat mass, fat deposition in the liver and adipocytes, and plasma lipid levels;
improved the morphological structure of the aorta; and reduced the aortic lesion area and lipid levels. In
addition, MR downregulated aortic pro-inflammatory cytokine levels, upregulated aortic anti-inflamma-
tory cytokine levels, and improved aortic oxidative stress. Moreover, metagenomic sequencing results
suggested that MR improved the gut microbiota composition, particularly through increased relative
abundance of short-chain fatty acid (SCFA)-producing bacteria, and changed the relative abundance of
inflammation-, lipid metabolism-, and bile acid metabolism-related bacteria at the species level.
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Furthermore, MR promoted SCFA production and bile acid metabolism, and reduced cell adhesion mole-
cules and foam cell formation in the aorta. Thus, our findings indicated that MR improved the gut micro-
biota composition, especially increased SCFA production, and ameliorated oxidative stress and inflam-

rsc.li/food-function mation in the aorta, thereby preventing atherosclerosis.

mation, which promote atherosclerotic lesion formation within
arterial walls.*” A commonly acknowledged environmental risk

1 Introduction

Obesity has developed into a widespread worldwide epidemic
and public health concern, acting as a significant risk factor
for various complex metabolic imbalances, for instance,
cardiovascular diseases, diabetes, hyperlipidemia, and certain
cancers.> Cardiovascular diseases are highly prevalent globally
and are the main reason for morbidity and mortality
worldwide.”” Atherosclerosis (AS) serves as the principal patho-
physiological basis for the occurrence of most cardiovascular dis-
eases, characterized by lipid metabolism disorders and inflam-
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that promotes AS development is a diet abundant in fat, chole-
sterol, and choline.*® This dietary pattern contributes to lipid
metabolism disorders, inflammation, oxidative stress, over-
expression of cell adhesion molecules, and foam cell formation,
all of which promote AS development.'® The gut microbiota plays
a vital role in this process, particularly in short-chain fatty acid
(SCFA) metabolism and bile acid metabolism.">** AS is associ-
ated with a decreased relative abundance of SCFA-producing bac-
teria and a reduction in SCFA production."® SCFAs reduce inflam-
matory responses and promote lipid metabolism, thereby improv-
ing AS." Cholesterol is a precursor of bile acids, which are crucial
for cholesterol metabolism."® Intestinal microorganisms metab-
olize bile acids, promoting their excretion and reducing chole-
sterol accumulation in the arterial walls, which can alleviate AS.'®
Therefore, modulating the intestinal microbiome and its metab-
olites has been verified as a key target for reducing lipid depo-
sition in the arterial walls and improving AS.

Dietary methionine restriction (MR), following dietary
energy and protein restriction, has emerged as a promising
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dietary intervention that has been extensively researched.'”'
MR lowers lipid and glucose levels, improves cognitive func-
tion, inhibits tumors and cancers, delays aging, and prolongs
lifespan.’®?° MR reduces inflammatory responses by upregu-
lating anti-inflammatory cytokine levels and downregulating
pro-inflammatory cytokine levels in middle-aged obese mice.**
Since inflammatory response commonly accompanies oxi-
dative stress, and the two are closely related, MR has also been
reported to improve oxidative stress in rats through reduced
oxidative damage product generation and increased anti-
oxidant enzyme activity.>> We have recently reported that MR
decreased lipid accumulation by reducing hepatic and plasma
lipid levels in mice fed a high-fat diet or a high-choline
diet.>®** As a pro-angiogenic trigger, MR increased capillary
density and promoted angiogenesis in mice.>® Taking into
account these preliminary investigations, MR may serve as a
key factor in ameliorating AS, though further experimental
validation is necessary. We used 16S rDNA high-throughput
sequencing and found that MR could improve the intestinal
microbiota composition at the genus level in mice fed with
high-choline or high-fat diets.”®*” However, the effect of MR
on microbiota at the species level remains unknown.
Additionally, whether MR can improve AS and if its underlying
mechanisms involve gut microbiota remodeling remain
unclear.

Thus, we hypothesized that MR ameliorates AS by remodel-
ing the gut microbiota. Apolipoprotein E-knockout (ApoE~")
mice serve as a pre-clinical AS model, mimicking the human
metabolic characteristics of the disease and exhibiting
increased aortic atherosclerotic lesions. Feeding ApoE™'~ mice
a high-fat, high-cholesterol, high-choline diet is a widely
employed method in experiments to rapidly induce AS.”*”° To
verify our hypothesis, we assessed the effects of MR on the
aortic lesion area, lipid deposition, inflammation, -cell
adhesion molecules, foam cell formation, gut microbiota com-
position (via metagenomic sequencing), and SCFA production
in AS mice to explore the underlying mechanism through
which MR ameliorates AS in ApoE™'~ mice fed a high-fat, high-
cholesterol, high-choline diet.

2 Materials and methods
2.1 Animals and experimental design

The animal research was cleared through the Animal Care and
Use Committee of Biological Engineering, Henan University of
Technology, Henan, China (no. HAUTETHI-20220309), and fol-
lowed the National Guidelines for the Ethical Review of
Experimental Animal Welfare. Twenty-four ApoE_/ ~ mice
(male, 6 weeks old) were supplied by GemPharmatech Co., Ltd
(Jiangsu, China), production license number: SCXK (Su) 2018-
008, and housed at Henan University of Technology within a
monitored animal laboratory (humidity regulated within 50 +
10%, a 12 h light-dark cycle, and a constant temperature of 22
+ 1 °C) with free availability of water and food. Mice were allo-
cated into three groups (n = 8): (a) the ND group (fed a normal
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diet with 0.86% methionine + 4.5% fat + 0% cholesterol +
0.2% choline); (b) the AS group (fed a high-fat, high-chole-
sterol, high-choline diet with 0.86% methionine + 20% fat +
1% cholesterol + 1% choline); and (c) the AS + MR group (fed
a high-fat, high-cholesterol, high-choline diet + MR diet with
0.17% methionine + 20% fat + 1% cholesterol + 1% choline).
The total study duration was 8 weeks. Throughout the study,
body weight was documented on a weekly basis, and daily
food intake and water intake were documented during weeks 4
and 8. The comprehensive research diet ingredients can be
found in Table S1.T

2.2 Whole-body composition analysis

By the conclusion of week 8, as previously described,*! an ana-
lysis of the mice’s whole-body composition was conducted on
day 57 using the MesoMR23-060H-I NMR Analyzer (Shanghai
Niumai Electronic Technology Co., Ltd, Shanghai, China). The
NMR Analyzer parameters were as follows: magnetic field
strength 0.5 + 0.08 T, resonance frequency 21.3 MHz, and
probe coil diameter 60 mm.>* Fat and lean mass were
measured and converted into percentages using the following
equation: percent fat or lean mass (%) = [(fat or lean mass)/
body weight] x 100.

2.3 Sample collection

Based on a previous method,** fecal samples were collected
under sterile conditions over a span of three days in a row
(days 58-60). After a one-day rest and a 12 hour overnight fast,
mice were anesthetized on day 62 through inhaling isoflurane
(dose 3%, 3 minutes). Whole blood samples were collected
from the eyeball and preserved in tubes containing the anti-
coagulant heparin sodium. The samples were allowed to stand
for 30 min and were then centrifuged at 3500g for 15 min at
4 °C to separate plasma, which was refrigerated at —80 °C for
further analysis. Mice were then sacrificed via cervical dis-
location, and their livers, peritesticular fat, perirenal fat,
mesenteric fat, and brown adipose tissue (BAT) were harvested
and weighed, and the ileum and colon tissues were also col-
lected. The liver was separated into two portions, with one
assigned for histopathological analysis and the other main-
tained at —80 °C for biochemical index measurement. Colonic
contents were used for ~metagenomic sequencing.
Subsequently, the colon and ileum tissues, peritesticular fat
tissue, and BAT were fixed in 4% paraformaldehyde and main-
tained at 4 °C for histopathological analysis. The heart and
upper aorta sections were also collected. The heart was placed
under a stereo microscope, the terminal portion of the aortic
sinus was identified and separated based on the absence of
the three aortic valve leaflets, and the aortic sinus was stained
with hematoxylin and eosin (H&E) and oil red O (ORO). The
upper aorta section was incised longitudinally and stained
with ORO. The lower aorta section was used for real-time quan-
titative polymerase chain reaction (RT-qPCR) analysis. Finally,
forelimb, shoulder, hindlimb, and hip muscles were collected
for measurement of crude protein levels.
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2.4 Histological analysis of the aorta, hepatic, and intestinal
tissues

Paraffin sections of the aortic sinus, hepatic tissues, BAT, peri-
testicular fat tissue, ileum tissues, and colon tissues were
stained with H&E, using previously described methods."***%?
Frozen hepatic tissues, the aortic sinus, and the aorta were
sliced and stained using the manufacturer’s protocols
(Beyotime, Shanghai, China). Segments stained with both H&E
and ORO were examined under a CX31 RTSF microscope
(Olympus Corporation, Tokyo, Japan) and analyzed using
Image-Pro Plus version 7.0 (Media Cybernetics). The lesion
area (%), en face lesion area (%), and hepatic fatty infiltration
area ratio (%) were calculated utilizing the following formula:
(default color range/total area) x 100%. Cell volumes of the
peritesticular fat tissue and BAT were calculated as described
previously.®* Briefly, the number of cells was quantified by
counting 6 random fields for each membrane and the average
volume of cells per field was calculated as described in a pre-
vious published study, and the cell volume of the AS and AS +
MR groups was normalized to that of the ND group.®®

2.5 Biochemical analysis

Total antioxidant capacity (T-AOC), total superoxide dismutase
(T-SOD), malondialdehyde (MDA), glutathione peroxidase
(GSH-Px), total glutathione (T-GSH), and reduced glutathione/
oxidized glutathione (GSH/GSSG) levels in the plasma and
hepatic tissues were assayed using assay kits (Nanjing
Jiancheng Bioengineering Institute, China). Plasma levels of
interleukin 6 (IL-6), interleukin 10 (IL-10), interleukin 1p
(IL-1B), and tumor necrosis factor a (TNF-o) were assayed using
enzyme-linked immunosorbent assay kits obtained from
Xiamen Huijia Bioengineering Institute (Xiamen, China).

Plasma and hepatic tissue levels of high-density lipoprotein
cholesterol (HDL-C), total cholesterol (TC), low-density lipopro-
tein cholesterol (LDL-C), and triglyceride (TG) were assayed
using assay kits (Nanjing Jiancheng Bioengineering Institute,
China). The AS index (AI) was calculated as a percentage using
the following formula: AI (%) = (TC — HDL-C)/HDL-C. Crude
protein content (hindlimb, forelimb, shoulder, and hip
muscles) was measured through Kjeldahl analysis employing a
constant of 6.25.

Bile acid levels in the feces and plasma were assayed using
assay kits (Nanjing Jiancheng Bioengineering Institute,
China). SCFA (acetate, propionate, and butyrate) levels in both
feces and plasma were analyzed via gas chromatography-mass
spectrometry (GC-MS-QP2010, Shimadzu, Japan) using an
external standard method, based on a previously described
protocol.®®

2.6 RT-qPCR data analysis

Based on a previous method,?” total RNA from the aorta was
obtained utilizing the Trizol reagent (Vazyme Biotech Co., Ltd,
Nanjing, China). After assessing the purity and quantity of the
extracted RNA through measurement of the A260/A280 ratio,
which ranged from 1.80 to 2.00, and performing agarose gel
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electrophoresis, the total RNA was reverse transcribed to
c¢DNA, employing MultiScribe Reverse Transcriptase (Applied
Biosystems). The mRNA expression levels of nuclear factor ery-
throid-2-related factor 2 (Nrf2), Kelch-like ECH-associated
protein 1 (Keap1), heme oxygenase 1 (HO-1), NADH-quinone
oxidoreductase-1 (NQO-1), IL-6, IL-10, IL-1f3, TNF-a, monocyte
chemotactic protein-1 (MCP-1), vascular cell adhesion mole-
cule-1 (VCAM-1), intercellular cell adhesion molecule-1 (ICAM-
1), E-selectin, cluster differentiation 36 (CD36), class A1 scaven-
ger receptor (SR-A1), CD68, F4/80, G-protein-coupled receptor-
41 (GPR41), G-protein-coupled receptor-43 (GPR43), and
histone deacetylase 3 (HDAC3) were assessed using RT-qPCR.
The levels of gene expression are expressed as values relative to
B-actin levels. Primer sequences can be found in Table S2.7

2.7 Metagenomic analysis

Metagenomic DNA was extracted from the colonic contents
according to a previously reported method.*® It was then sent
to GENEWIZ (Suzhou, China) for sequencing, as described in
previous studies.*® Sequencing libraries were prepared utiliz-
ing Illumina’s TruSeq ChIP Library Preparation kit (Illumina,
San Diego, CA, USA), and barcoded libraries were sequenced
on an Illumina HiSeq2000 platform based on the fragment
size. Gene functions were annotated and quantified based on
orthologous genes from the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database. R (Version 3.1.1) and QIIME
(Version 1.9.1) were utilized to perform the a-diversity and
B-diversity analyses, respectively, and Heml (Version 1.0.3.3)
was used to create a heat map. Box plots were constructed to
indicate the relative abundance of bacteria with significant
discrepancies.

2.8 Statistical analysis

Statistical analyses were employed using SPSS 17.0. All results
were presented as the mean + standard error of the mean
(SEM). Metagenomic sequencing data at the genus level and
KEGG data were analyzed using Student’s t¢-tests, while
species-level data were assessed using STAMP analysis. One-
way analysis of variance (ANOVA) was conducted to assess the
remaining data discrepancies, subsequently employing
Tamhane’s T2 test (when equal variance could not be
assumed) or Tukey’s HSD test (when equal variance could be
assumed). The findings were deemed significant at p < 0.05
and highly significant at p < 0.01.

3 Results

3.1 MR reduced the body weight and fat mass but did not
change the lean mass of AS mice

The animal experimental layout and schedule can be found in
Fig. 1A. Before the start of the research study, the ND, AS, and
AS + MR group mice showed no notable differences in body
weight (Fig. 1B) (p > 0.05). However, in comparison with the
ND group mice, the body weight of the AS group mice mark-
edly increased at weeks 4 and 8 (p < 0.05). Conversely, com-
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Fig. 1 Animal experiment design diagram and schedule (A); one-week later acclimatization period, ApoE™"~ mice (6-week-old, male, n = 24) were
assigned to three groups, each comprising eight mice. The total duration of the study was eight weeks. The effects of MR on body weight (B) at
weeks 0, 4, and 8 in AS mice. The effects of MR on water intake (D) and food intake (E) at weeks 4 and 8 in AS mice. The effects of MR on body
weight change (C), fat mass (F), percent fat mass (G), lean mass (H), and percent lean mass (I), and crude protein levels in the forelimb (J), hindlimb
(K), shoulder (L), and hip muscle (M) at week 8 in AS mice. Met, methionine. *p < 0.05, **p < 0.01 (AS versus ND); ®p < 0.05, ®p < 0.01 (AS + MR

versus AS).

pared to the AS group mice, the body weight of the AS + MR
group mice markedly reduced at weeks 4 and 8 (p < 0.01). In
addition, compared with the ND group mice, the body weight
change (Fig. 1C) in the AS group mice significantly increased
upon finishing the study (p < 0.05). In comparison with the AS
group mice, the body weight change in the AS + MR group
mice markedly reduced upon finishing the study (p < 0.01). No
notable differences in water intake (Fig. 1D) and food intake
(Fig. 1E) were detected between the ND and AS group mice at
weeks 4 and 8 (p > 0.05). In comparison with the AS group
mice, the water intake and food intake in the AS + MR group
mice markedly increased at weeks 4 and 8 (p < 0.01).
Moreover, in comparison with the ND group mice, the AS
group mice exhibited markedly increased fat mass (Fig. 1F)
and percent fat mass (Fig. 1G), as well as reduced percent lean

This journal is © The Royal Society of Chemistry 2025

mass (Fig. 1I) and crude protein levels in hindlimb muscle
(Fig. 1K) (p < 0.05). Compared to the AS group mice, the AS +
MR group mice exhibited markedly reduced fat mass and
percent fat mass, as well as increased percent lean mass (p <
0.01). There were no marked variations in lean mass (Fig. 1H)
and crude protein levels in the forelimb (Fig. 1J), shoulder
(Fig. 1L), and hip (Fig. 1M) among the ND, AS, and AS + MR
group mice upon finishing the study (p > 0.05).

3.2 MR reduced the aortic lesion area in AS mice

To visually demonstrate the influences of MR on fat deposition
in the aorta of AS mice, H&E and ORO staining of the aorta
and aortic sinus were utilized. Representative photomicro-
graphs of the aortic sinus stained with H&E and ORO are pre-
sented in Fig. 2A and B, respectively. Quantitative analysis of

Food Funct, 2025, 16, 4904-4922 | 4907
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Fig. 2 The effects of MR on representative photomicrographs of the aortic sinus from ND, AS, and AS + MR group mice stained with H&E (A) and
ORO (B), magnification x5. Quantitative analysis of the aorta sinus lesion area from B (C). The effects of MR on representative photomicrographs of
en face images of the aorta from the ND, AS, and AS + MR group mice stained with ORO (D). Quantitative analysis of the aorta en face lesion area
from D (E). *p < 0.05, **p < 0.01 (AS versus ND); ®p < 0.05, #®p < 0.01 (AS + MR versus AS).

the lesion area in the aortic sinus presented in Fig. 2B was per-
formed and is shown in Fig. 2C. The AS group mice exhibited
notably increased lesion area in the aortic sinus in comparison
with the ND group mice (p < 0.01). Compared to the AS group
mice, the AS + MR group mice exhibited markedly reduced
lesion area in the aortic sinus (p < 0.01). The ORO staining of
a representative aorta is presented in Fig. 2D. Quantitative ana-
lysis of the en face lesion area of the aorta presented in Fig. 2D
was performed and is shown in Fig. 2E. In comparison with
the ND group mice, the en face lesion area of the aorta in the
AS group mice markedly increased (p < 0.01). In comparison
with the AS group mice, the en face lesion area of the aorta in
the AS + MR group mice notably lowered (p < 0.01).

3.3 MR reduced plasma and hepatic lipid levels in AS mice

To clarify the influences of MR on lipid levels in both plasma
and hepatic tissues in AS mice, the TG, TC, LDL-C, and HDL-C
levels in both the plasma and the liver were determined, and
the morphology of hepatic tissues was examined employing
H&E and ORO staining. The AS group mice showed notably
increased plasma TG (Fig. 3A), TC (Fig. 3B), and LDL-C
(Fig. 3C) levels, as well as reduced plasma HDL-C (Fig. 3D)
levels (p < 0.05) in comparison with the ND group mice, while
the AS + MR group mice showed markedly lowered plasma TG,
TC, and LDL-C levels, and increased plasma HDL-C levels in
comparison with the AS group mice (p < 0.05). In addition,
based on the aforementioned data, we further calculated the
Al (Fig. 3E), and the result exhibited that the AS group mice

4908 | Food Funct, 2025, 16, 4904-4922

exhibited notably increased Al compared to the ND group
mice (p < 0.01). Compared to the AS group mice, the AS + MR
group mice exhibited markedly reduced AI (p < 0.01).
Moreover, the AS group mice exhibited markedly increased
hepatic TG (Fig. 3G), TC (Fig. 3H), and LDL-C (Fig. 3K) levels,
and reduced hepatic HDL-C (Fig. 3L) levels in comparison with
the ND group mice (p < 0.05). Compared to the AS group mice,
the AS + MR group mice exhibited markedly reduced hepatic
weight (Fig. 3F) and hepatic TG, TC, and LDL-C levels and
higher hepatic HDL-C levels (p < 0.05). Furthermore, H&E and
ORO staining of hepatic tissues is shown in Fig. 3I and ],
respectively. The hepatic fatty infiltration area ratio was calcu-
lated and is presented in Fig. 3M. In comparison with the ND
group mice, the hepatic fatty infiltration area ratio in the AS
group mice markedly increased (p < 0.01), while in compari-
son with the AS group mice, the hepatic fatty infiltration area
ratio in the AS + MR group mice notably reduced (p < 0.01).

3.4 MR reduced the adipose weight and cell volume in AS
mice

In addition, the fat tissue weight and the adipocyte volume in
peritesticular fat tissue and BAT were determined to clarify the
influences of MR on lipid deposition of AS mice. In compari-
son with the ND group mice, the peritesticular fat weight
(Fig. 4A) in the AS group mice markedly increased (p < 0.05).
In comparison with the AS group mice, the peritesticular fat
and mesenteric fat weight (Fig. 4A) in the AS + MR group mice
markedly reduced (p < 0.05). Moreover, as presented in Fig. 4D

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 The effects of MR on plasma TG (A), TC (B), LDL-C (C), and HDL-C (D) levels, Al (E), hepatic weight (F), hepatic TG (G), TC (H), LDL-C (K), and
HDL-C (L) levels, and hepatic fatty infiltration area ratio (M) in AS mice. The effects of MR on representative photomicrographs of the liver from the
ND, AS, and AS + MR group mice stained with H&E (I) and ORO (J), magnification x40. Atherogenic index (Al) (%) = (TC — HDL-C)/HDL-C. *p < 0.05,

**p < 0.01 (AS versus ND); ®p < 0.05, #%p < 0.01 (AS + MR versus AS).

and E, the peritesticular fat tissue and BAT were stained with
H&E. Compared to the ND group mice, the adipocyte volume
of peritesticular fat tissue (Fig. 4B) and BAT (Fig. 4C) in the AS
group mice notably increased (p < 0.01). Conversely, compared
with the AS group mice, the adipocyte volume of peritesticular
fat tissue and BAT in the AS + MR group mice markedly
reduced (p < 0.01).

3.5 MR ameliorated oxidative stress of the aorta, plasma, and
hepatic tissue in AS mice

To clarify the influences of MR on the redox status of the
aorta, plasma, and hepatic tissue in AS mice, oxidative stress-

This journal is © The Royal Society of Chemistry 2025

related factors were studied. The AS group mice exhibited
notably decreased Nrf2 (Fig. 5A), HO-1 (Fig. 5C), and NQO-1
(Fig. 5D) mRNA expression levels, and increased Keapl
(Fig. 5B) mRNA expression levels in the aorta in comparison
with the ND group mice (p < 0.01). Conversely, the AS + MR
group mice showed markedly increased Nrf2, HO-1, and NQO-1
mRNA expression levels, and reduced Keapl mRNA expression
levels in the aorta in comparison with the AS group mice (p <
0.01). Moreover, compared with the ND group mice, the AS
group mice exhibited markedly reduced plasma T-AOC
(Fig. 5E), T-SOD (Fig. 5F), T-GSH (Fig. 5I), and GSH/GSSG
(Fig. 5]) levels, and increased plasma MDA (Fig. 5G) levels (p <

Food Funct, 2025, 16, 4904-4922 | 4909
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Fig. 4 The effects of MR on fat tissue weight (A), cell volume of peritesticular fat tissue (B), and cell volume of BAT (C) in AS mice. Representative
photomicrographs of peritesticular fat tissue (D, scale bars, 100 um) and BAT (E, scale bars, 50 um) from the ND, AS, and AS + MR group mice
stained with H&E. *p < 0.05, **p < 0.01 (AS versus ND); ®p < 0.05, #p < 0.01 (AS + MR versus AS).

0.05). Conversely, the AS + MR group mice showed markedly
increased plasma T-AOC, T-SOD, T-GSH, and GSH/GSSG levels,
and reduced plasma MDA levels compared to the AS group
mice (p < 0.05). Furthermore, the AS group mice showed mark-
edly reduced hepatic T-AOC (Fig. 5K), T-SOD (Fig. 5L), GSH-Px
(Fig. 5N), T-GSH (Fig. 50), and GSH/GSSG (Fig. 5P) levels, and
increased hepatic MDA (Fig. 5M) levels compared to the ND
group mice (p < 0.05). Conversely, the AS + MR group mice
exhibited markedly increased hepatic T-AOC, T-SOD, GSH-Px,
T-GSH, and GSH/GSSG levels, and reduced hepatic MDA levels
compared with the AS group mice (p < 0.05).

3.6 MR improved the aortic inflammation-, cell adhesion
molecule-, and foam cell formation-related gene expression in
AS mice

To assess the influences of MR on the aortic plaque formation
in AS mice, inflammation-associated and plaque formation-
related factors were studied. Compared with the ND group
mice, the AS group mice exhibited markedly increased IL-6
(Fig. 6A), IL-1p (Fig. 6B), TNF-a (Fig. 6C), and MCP-1 (Fig. 6E)
mRNA expression levels, and reduced IL-10 (Fig. 6D) mRNA
expression levels in the aorta (p < 0.01). Conversely, the AS +
MR group mice showed markedly reduced IL-6, IL-1f3, TNF-q,
and MCP-1 mRNA expression levels, and increased IL-10
mRNA expression levels in the aorta compared to the AS group
mice (p < 0.01). The AS group mice showed markedly increased
mRNA expression levels of cell adhesion molecules, including
VCAM-1 (Fig. 6F), ICAM-1 (Fig. 6G), and E-selectin (Fig. 6H) in
the aorta in comparison with the ND group mice (p < 0.01).
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Conversely, compared to the AS group mice, the AS + MR
group mice exhibited markedly reduced VCAM-1, ICAM-1, and
E-selectin in the aorta (p < 0.01). Compared with the ND group
mice, the AS group mice exhibited markedly increased foam
cell formation mRNA expression levels, including SR-A1
(Fig. 61), CD36 (Fig. 6]), CD68 (Fig. 6K), and F4/80 (Fig. 6L) in
the aorta (p < 0.01). Conversely, in comparison with the AS
group mice, the AS + MR group mice exhibited markedly
reduced SR-A1, CD36, CD68, and F4/80 in the aorta (p < 0.01).
Compared with the ND group mice, the AS group mice exhibi-
ted markedly increased plasma IL-6 (Fig. 6M), IL-1p (Fig. 6N),
and TNF-a (Fig. 60) levels, as well as lowered plasma IL-10
(Fig. 6P) levels (p < 0.01). Conversely, the AS + MR group mice
exhibited markedly reduced plasma IL-6, IL-1f, and TNF-a
levels, as well as increased plasma IL-10 levels in comparison
with the AS group mice (p < 0.01).

3.7 Metagenomic sequencing revealed that MR changed the
gut microbiota composition at the phylum level in AS mice

To comprehensively investigate the effects of MR on the gut
microbiota composition in AS mice, metagenomic sequencing
technology for intestinal microorganisms was performed. The
a diversity (ACE, Chaol, Shannon, and Simpson indexes,
Fig. 7A) of the microbiome in the colonic contents of the AS
group and the AS + MR group mice was measured to assess
the structural differences and abundance between the
groups. Compared with the AS group mice, the AS + MR
group mice exhibited an increasing trend in the ACE,
Chao1, Shannon, and Simpson indexes, but no notable vari-

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 The effects of MR on oxidative stress-related gene mRNA expression levels in the aorta (A-D), plasma T-AOC (E), T-SOD (F), MDA (G),
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mice. *p < 0.05, **p < 0.01 (AS versus ND); ®p < 0.05, ¥®p < 0.01 (AS + MR versus AS).

ation was detected (p > 0.05). In addition, p-diversity
metrics were examined to certify the variations in the
colonic microbial community structure between the AS and
AS + MR group mice utilizing an unweighted UniFrac
cluster tree (Fig. 7B) and 3D principal component analysis
(Fig. 7C). These analyses exhibited a clear separation and
distinctly clustered the mice into two groups. In all, 43 bac-
terial phyla were detected in the colonic contents at the
phylum level, among which 10 bacterial phyla had a relative
abundance >1% (Fig. 7D). Further investigation revealed that
4 of the 10 bacterial phyla exhibited notable discrepancies.
As shown in Fig. 7F, in comparison with the AS group mice,
the AS + MR group mice exhibited markedly increased rela-
tive abundance of Firmicutes and Actinobacteria, and reduced
relative abundance of Verrucomicrobia and Proteobacteria (p
< 0.05). Moreover, the AS + MR group mice showed a mark-
edly increased Firmicutes/Bacteroidetes (F/B) (Fig. 7E) ratio
compared to the AS group mice (p < 0.01).

This journal is © The Royal Society of Chemistry 2025

3.8 Metagenomic sequencing revealed that MR improved the
gut microbiota composition at the genus level in AS mice

To further analyze the influences of MR on the intestinal
microbial composition in the colonic contents of AS mice, the
gut microbiome at the genus level was analyzed. In all, 517
bacterial genera were identified in the colonic contents at the
genus level, among which 64 bacterial genera had a relative
abundance >0.1% (Fig. 8A). Further analyses revealed that 20
of the 64 bacterial genera exhibited notable discrepancies. As
shown in Fig. 8B, the AS + MR group mice exhibited markedly
decreased relative abundance of Faecalibaculum, Akkermansia,
Bacteroides, Desulfovibrio, Mailhella, and Bilophila, and
increased relative abundance of Oscillibacter, Roseburia,
Pseudoflavonifractor, Bifidobacterium, Olsenella, Flavonifractor,
Anaerotruncus,  Faecalitalea,  Collinsella, Intestinimonas,
Libanicoccus, Enterococcus, Bacillus, and Clostridioides in com-
parison with the AS group mice (p < 0.05).
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Paper
(A) B)
39 3
H * £
£ Z
7
fe | izl
73 £s -
< £ <E
Z
&3 %
€321 && E g 17 &&
o =7
= =
0- 0-
ND AS AS+MR ND AS AS+MR
(E) (F)
= 7 S
£s o Es
7z 5 27 $ 5 2+ sk
<= PR
g zZE
[ >
B3 ] Ez |
ol i && -2 1 &&
§ - - -
3 <
2 g
0= 0-
ND AS AS+MR ND AS AS+MR
(U] )
3 3
£ H
@ B
¢ 8 ¢ s #ok
at 9 2t 4
53 2 ke g3 2
< s < =
Z= Zz
E§ 1+ && g 5 1- S
7 g
& o
0- 0-
ND AS AS+MR ND AS AS+MR
(W] )

*ok
240+ ok

&&
&&

Plasma IL-6 levels
(ng/L)
a
=
1

73
] =]
L 1
Plasma 1L-1p levels
(ng/1
o B
= > =
1 1 1

ND AS AS+MR ND AS AS+MR

Food & Function

©) (D)
= 34
g H]
2 x
= $a
S 2+ o 2% 24
g3 s &&
L= <
z
21, 23,
52 && L =
2 =
& =
0= 0-
ND AS AS+MR ND AS AS+MR
G) (H)
= 37 ERE
2 ]
= H
g S=
5% 2 < U E 24
< = z < o
g £ % £
= g -
CERE s FERS
O S &&
= 2
'+ v
S 7
ND  AS AS+MR ND  AS AS+MR
(K) (L)
3 34
= -]
2 o 2
- H
£ 8 .
a = 2+ O = )
g3’ g5’ -
<= <
ﬁ - Z &
2 g
E g 14 && 5‘5 1 &&
2 e
3) =
0- 0-
ND AS AS+MR ND  AS AS+MR
0) (P) )
400+ 800 &&
=2 sk o
@ @
Z 3004 z 600
IZ —_ && § - P
Z & 200 = = 400
= = g
£ e
g |
2 100 2 2007
= =
0-! 0-
ND AS AS+MR ND AS AS+MR

Fig. 6 The effects of MR on mRNA expression levels of inflammatory factors IL-6 (A), IL-1f3 (B), TNF-a (C), IL-10 (D), and MCP-1 (E) in the aorta of AS
mice. The effects of MR on mRNA expression levels of cell adhesion molecules VCAM-1 (F), ICAM-1 (G), and E-selectin (H) in the aorta of AS mice.
The effects of MR on mRNA expression levels of foam cell formation SR-A1 (I), CD36 (J), CD68 (K), and F4/80 (L) in the aorta of AS mice. The effects
of MR on plasma IL-6 (M), IL-1p (N), TNF-« (O), and IL-10 (P) levels in AS mice. *p < 0.05, **p < 0.01 (AS versus ND); ®p < 0.05, ¥®p < 0.01 (AS + MR

versus AS).

3.9 Metagenomic sequencing revealed that MR improved the
gut microbiota composition at the species level in AS mice

Moreover, to further explore the effects of MR on the intestinal
microbial composition in the colonic contents of AS mice, the
gut microbiome at the species level was studied. In all, 2349
bacterial species were identified in the colonic contents at the
species level, 45 bacterial species showed significant discre-
pancy, and these are presented in Fig. 9B-E. These 45 bacteria
were categorized into four groups: SCFA-producing bacteria
(Fig. 9B), inflammation-related bacteria (Fig. 9C), lipid metab-
olism-related bacteria (Fig. 9D), and bile acid metabolism-
related bacteria (Fig. 9E). In comparison with the AS group
mice, the AS + MR group mice exhibited markedly increased
relative abundance of SCFA-producing bacteria, including
Bifidobacterium  pseudolongum, Roseburia sp. 1XD42-69,
Roseburia sp. 40_7, Clostridiales bacterium, Butyricicoccus Sp.

4912 | Food Funct,, 2025, 16, 4904-4922

1XD8-22, Faecalitalea cylindroides, Lachnoclostridium sp. An138,
Oscillibacter ~ sp.  CAG:155,  Oscillibacter ~ ruminantium,
Intestinimonas massiliensis, Intestinimonas butyriciproducens,
Anaerotruncus sp. G3(2012), and Olsenella umbonate (p < 0.05);
markedly decreased relative abundance of pro-inflammatory-
related  bacteria, including Akkermansia  muciniphila,
Desulfovibrionaceae bacterium, and Akkermansia muciniphila
CAG:154; increased relative abundance of anti-inflammatory-
related bacteria, including Acetatifactor muris, Flavonifractor
plautii, Parolsenella catena, Clostridioides difficile, and
Dubosiella newyorkensis (p < 0.05); markedly reduced relative
abundance of lipid metabolism negatively related bacteria,
including Bacteroides sp. CAG:927 and Lachnospiraceae bacter-
ium 3-1; increased relative abundance of lipid metabolism-
positively related bacteria, including Firmicutes bacterium M10-
2, Lachnospiraceae bacterium 10-1, Libanicoccus massiliensis,

Firmicutes  bacterium CAG:129, Oscillibacter sp. PC13,

This journal is © The Royal Society of Chemistry 2025
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Pseudoflavonifractor sp. An85, Pseudoflavonifractor sp. And4,
Pseudoflavonifractor sp. An187, Pseudoflavonifractor sp. An176,
and Pseudoflavonifractor sp. Ani84 (p < 0.05); markedly
reduced relative abundance of bile acid metabolism negatively
related bacteria, including Faecalibaculum rodentium and
Bilophila wadsworthia; and increased relative abundance of
bile acid metabolism positively related bacteria, including
[Clostridium] innocuum and Coriobacteriaceae bacterium (p <
0.01). According to the composition analysis of the KEGG cat-
egories at the species level, the top 10 KEGG categories and
their average relative contents are presented in Fig. 94, includ-
ing global and overview maps, carbohydrate metabolism,
energy metabolism, nucleotide metabolism, amino acid
metabolism, metabolism of cofactors and vitamins, trans-
lation, replication and repair, membrane transport, and signal

This journal is © The Royal Society of Chemistry 2025

transduction. In comparison with the AS group mice, the
carbohydrate metabolism, energy metabolism, nucleotide
metabolism, amino acid metabolism, and membrane trans-
port in the AS + MR group mice markedly increased (p < 0.05).

3.10 MR increased SCFA production and promoted bile acid
metabolism in AS mice

To assess the influences of MR on SCFA production and bile acid
metabolism linked to the gut microbiota in AS mice, SCFA and
bile acid levels in feces and plasma were separately determined.
Compared to the ND group mice, the AS group mice exhibited
markedly reduced acetate (Fig. 10A and E), propionate (Fig. 10B
and F), butyrate (Fig. 10C and G), and total SCFA (Fig. 10D and
H) levels in the feces and plasma, reduced bile acid levels in the
feces (Fig. 10L), and increased bile acid levels in the plasma

Food Funct, 2025,16, 4904-4922 | 4913
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Fig. 8 The relative abundance of microbial species at the genus level in colonic contents (A). For the genus-level data, only major genera compris-
ing over 0.1% of relative abundance in the colonic contents microbiota dataset are indicated. Significantly different genus-level genomic bins ident-
ified between the AS + MR and AS groups are shown in (B). “p < 0.05, ¥%p < 0.01 (AS + MR versus AS).

(Fig. 10N) (p < 0.05), whereas in comparison with the AS group
mice, the AS + MR group mice exhibited markedly increased
acetate, propionate, butyrate, and total SCFA levels in the feces
and plasma, increased bile acid levels in the feces, and reduced
bile acid levels in the plasma (p < 0.05). Compared with the ND
group mice, the AS group mice exhibited markedly reduced
GPR41 (Fig. 10I) and GPR43 (Fig. 10]) mRNA expression levels,
and increased HDAC3 (Fig. 10K) mRNA expression levels in the
aorta (p < 0.01). Conversely, the AS + MR group mice showed

4914 | Food Funct, 2025, 16, 4904-4922

markedly increased GPR41 and GPR43 mRNA expression levels
and reduced HDAC3 mRNA expression levels in the aorta com-
pared to the AS group mice (p < 0.01). H&E staining was used to
demonstrate the influences of MR on the morphological structure
of the ileum/colon tissues (Fig. 10M) in AS mice. Compared to
the ND group mice, the AS group mice exhibited an inflammatory
state in the ileum mucosa, with damaged structures and irregular
shapes and lengths of the ileal villi, and the colon tissue exhibi-
ted loss of goblet cells, distortion and hyperplasia in the crypts,

This journal is © The Royal Society of Chemistry 2025
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and villus atrophy. Conversely, compared with the AS group mice,
the AS + MR group mice manifest improved morphology in the
intestinal tissue. To further investigate the relationship between
AS and SCFA levels, a correlation analysis was conducted between
the levels of SCFA in the feces and plasma and AS-related para-
meters. As shown in Fig. 100, SCFA levels in the feces and
plasma were negatively associated with IL-6, IL-1/3, TNF-a, MCP-1,
VCAM-1, ICAM-1, E-selectin, SR-A1, CD36, CD68, F4/80, AS plaque
area, and Al, whereas SCFA levels in the feces and plasma were
positively associated with IZ-10.

4. Discussion

In the current research, we noticed that MR lowered the body
weight, fat deposition, aortic lesion area, aortic oxidative
stress, aortic inflammation, aortic cell adhesion molecules,

This journal is © The Royal Society of Chemistry 2025

and aortic foam cell formation and improved the gut micro-
biota composition in AS mice. Specifically, the relative abun-
dance of SCFA production-, inflammation-, lipid metabolism-,
and bile acid metabolism-related bacteria was improved. These
aforementioned effects were closely associated with the pro-
motion of SCFA production in the intestine and increased
plasma SCFA levels. These findings support the hypothesis
that MR ameliorates AS by remodeling the gut microbiota.

MR reduced aortic lipid deposition and lesion area. AS is
characterized by the formation of atherosclerotic plaques on
the inner walls of the aorta, with the primary lesion being
lipid accumulation within the aorta.**™** As the disease pro-
gresses, the lesion area of the aorta gradually increases.*’ In
our study, a quantitative analysis of the aorta using ORO-
stained photomicrographs showed that MR markedly reduced
the en face lesion area in the aorta, indicating that MR
decreased the aortic lesion area and improved aortic lipid
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Fig. 10 The effects of MR on fecal acetate (A), propionate (B), butyrate (C), total SCFA (D), and bile acid (L) levels, and plasma acetate (E), propionate
(F), butyrate (G), total SCFA (H), and bile acid (N) levels in AS mice. The effects of MR on mRNA expression levels of GPR41 (), GPR43 (J), and HDAC3
(K) in the aorta of AS mice. The effects of MR on the morphological structure of the ileum and colon tissues (M) in AS mice. Correlations (O)
between fecal (acetate, propionate, butyrate)/plasma (acetate, propionate, butyrate) and IL-6, IL-15, TNF-a, MCP-1, IL-10, VCAM-1, ICAM-1, E-selec-
tin, SR-A1, CD36, CD68, F4/80, AS plaque area, and Al in AS mice. *p < 0.05, **p < 0.01 (AS versus ND); ®p < 0.05, #®p < 0.01 (AS + MR versus AS).

deposition. In support of this, H&E staining of the aortic sinus
exhibited that MR evidently reduced plaque lesions in the
aortic sinus. This was further confirmed by ORO staining of
the aortic sinus, which showed that MR markedly lowered the
lesion area in the aortic sinus. Increasing lipid deposition is
the initiating factor of AS and the foundation of its pathologi-
cal changes.®*> MR markedly reduced the body weight, body
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weight change, fat mass, and percent fat mass, indicating that
MR reduced lipid deposition in the body, which was in line
with our previous findings that MR lowered lipid deposition in
both adipose tissue and the liver of high-fat diet mice.>* We
also observed that MR markedly lowered the hepatic weight,
hepatic TG, TC, and LDL-C levels, as well as the hepatic fatty
infiltration area ratio, and increased hepatic HDL-C levels,
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indicating that MR reduced hepatic lipid deposition. This
gained further endorsement from the observations of the ORO
and H&E stained micrographs of the liver, which accurately
evaluated the hepatic lipid accumulation extent and demon-
strated that MR improved the hepatic fatty infiltration area
ratio. Notably, MR lowered intracellular lipid deposition,
which exhibited as markedly reduced peritesticular fat and
mesenteric fat weight, and adipocyte volume in the peritesticu-
lar fat and BAT tissue in AS mice. Increased lipid deposition in
the body is often accompanied by hyperlipidemia, which leads
to fat deposition in the inner walls of the aorta.*®™® In the
current study, MR markedly lowered plasma TC, TG, and
LDL-C levels and increased plasma HDL-C levels, indicating
that MR reduced plasma lipid levels. The Al is an important
predictor for assessing AS risk.”® Our results showed that MR
markedly reduced AI, which also supports the notion that MR
improves AS. Interestingly, our findings showed that MR did
not cause marked variations in the lean mass and crude
protein levels in the forelimb, shoulder, hip, and hindlimb
muscles, but it markedly increased the percent lean mass,
indicating that MR did not result in a reduction in the lean
mass and crude protein levels in muscle. Collectively, our find-
ings indicated that MR reduced fat deposition in the body and
alleviated AS.

MR ameliorated inflammatory responses and reduced cell
adhesion molecules and foam cell formation. Inflammation
serves as the underlying cause of physiological and pathologi-
cal alterations during the onset and progression of AS.>° Anti-
inflammatory and pro-inflammatory cytokine levels reflect
inflammatory activity in AS patients.”">> MR markedly downre-
gulated the pro-inflammatory cytokine IL-6, IL-1$, TNF-a, and
MCP-1 mRNA expression levels in the aorta and upregulated
the anti-inflammatory cytokine IL-10 mRNA expression levels
in the aorta, indicating that MR attenuated the inflammatory
response in the aorta. This was further supported by the obser-
vation that MR markedly reduced pro-inflammatory cytokine
IL-6, IL-1f, and TNF-« levels in the plasma and increased anti-
inflammatory cytokine IL-10 levels in the plasma. The intricate
and closely intertwined relationship between inflammation
and oxidative stress is well established.”® An important aspect
of this relationship is that an improvement in inflammation
frequently coincides with a reduction in oxidative stress, acting
as a significant indicator of inflammation amelioration.”” Nrf2
serves as a pivotal transcription factor that regulates antioxi-
dants, with Nrf2 and its target genes HO-1 and NQO-1 playing
crucial roles in antioxidant defense.’*>® Keap1 is a negative
regulatory factor of Nrf2 and inhibits its activity by binding to
it.>® In the present study, MR markedly upregulated the mRNA
expression levels of Nrf2, HO-1, and NQO-1 and downregulated
the mRNA expression levels of Keapl in the aorta, indicating
that MR ameliorated oxidative stress, which also supports the
conclusion of ameliorated aortic inflammation. In addition,
MR markedly increased T-AOC, T-SOD, T-GSH, and GSH/GSSG
levels in both plasma and hepatic tissues, increased hepatic
GSH-Px levels, and lowered MDA levels in both plasma and
hepatic tissues, which also support this notion. AS is a chronic
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inflammatory condition, and extensive research has elucidated
the molecular pathways by which inflammation leads to AS,
primarily through the involvement of cell adhesion molecules
and foam cell formation in the aorta.’”>° E-selectin, VCAM-1,
and ICAM-1 are primary cell adhesion molecules that have vital
functions in the progression of AS.®>®' MR notably downregu-
lated the mRNA expression levels of the cell adhesion mole-
cules VCAM-1, ICAM-1, and E-selectin in the aorta, indicating
that MR reduced cell adhesion molecules in the aorta. SR-A1,
CD36, CD68, and F4/80 are scavenger receptors, and the
expression of these receptors is crucial for foam cell formation,
which is intimately associated with AS development.®>® MR
markedly downregulated the mRNA expression levels of the
foam cell formation SR-A1, CD36, CD68, and F4/80 in the
aorta, indicating that MR reduced foam cell formation in the
aorta. Taken together, these data indicate that MR ameliorates
AS by improving the inflammatory response and reducing cell
adhesion molecules and foam cell formation in the aorta.

A novel and unexpected finding in this study was that MR
altered the relative abundance of inflammation-, lipid metab-
olism-, and bile acid metabolism-related bacteria, which was
associated with improved AS. First, MR markedly lowered the
relative abundance of  pro-inflammatory  bacteria
(Faecalibaculum, Akkermansia, Bacteroides, Desulfovibrio,
Mailhella, and Bilophila)®*®° and increased the relative abun-
dance of anti-inflammatory bacteria (Clostridioides)’® at the
genus level. Notably, MR also markedly reduced the relative
abundance of pro-inflammatory  bacteria, including
Akkermansia muciniphila, Desulfovibrionaceae bacterium, and
Akkermansia muciniphila CAG:154, and increased the relative
abundance of anti-inflammatory bacteria, including
Acetatifactor muris, Flavonifractor plautii, Parolsenella catena,
Clostridioides difficile, and Dubosiella newyorkensis at the
species level, and these results support that MR ameliorated
inflammatory responses. Second, MR markedly reduced the
relative abundance of lipid metabolism-negatively related bac-
teria, including Bacteroides sp. CAG:927 and Lachnospiraceae
bacterium 3-1, and increased the relative abundance of lipid
metabolism-positively related bacteria, including Firmicutes
bacterium M10-2, Lachnospiraceae bacterium 10-1, Libanicoccus
massiliensis, Firmicutes bacterium CAG:129, Oscillibacter sp.
PC13, Pseudoflavonifractor sp. An85, Pseudoflavonifractor sp.
An44, Pseudoflavonifractor sp. An187, Pseudoflavonifractor sp.
An176, and Pseudoflavonifractor sp. An184 at the species level.
These results support that MR reduced lipid deposition.
Finally, MR markedly reduced the relative abundance of bile
acid metabolism-negatively related bacteria, including
Faecalibaculum rodentium and Bilophila wadsworthia, and
increased the relative abundance of bile acid metabolism-posi-
tively related bacteria, including [Clostridium] innocuum and
Coriobacteriaceae bacterium at the species level. In addition, we
also observed that MR promoted the excretion of intestinal
bile acids, as evidenced by increased bile acid levels in feces
and a reduction in plasma bile acid levels. Cholesterol is a pre-
cursor in the biosynthesis of bile acids, and earlier research
has proven that increased excretion of bile acids can promote
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cholesterol metabolism, thereby inhibiting the occurrence and
progression of AS.””7? MR can result in changes in bile acid
metabolism through the gut microbiota and an increase in
bile acid excretion, which may be an important reason why
MR improves AS. Thus, the influence of MR on the aforemen-
tioned gut microbiota relative abundance is intimately associ-
ated with the improvement in inflammation, lipid metab-
olism, and cholesterol metabolism in AS mice.

Interestingly, the aforementioned effects mediated by MR
were related to an increase in the relative abundance of SCFA-
producing bacteria. SCFA-producing bacteria regulate intesti-
nal homeostasis and influence the abundance of bacteria
linked to inflammation, lipid metabolism, and bile acid
metabolism, ultimately reducing AS development.”*”” SCFA-
producing  bacteria, particularly  Bifidobacterium  and
Enterococcus, are renowned for their multiple positive health
impacts, encompassing anti-inflammatory effects and ben-
eficial metabolic impacts.”>”® These beneficial microorgan-
isms reduce the risk of AS by decreasing inflammatory
responses and promoting lipid metabolism and bile acid

metabolism.”®  Oscillibacter, Roseburia, Pseudoflavonifractor,
Bifidobacterium, Olsenella, Flavonifractor, Anaerotruncus,
Faecalitalea, Collinsella, Intestinimonas, Libanicoccus,

Enterococcus, and Bacillus are positively associated with the
production of SCFA.’°"® MR markedly increased the relative
abundance of these bacteria at the genus level. Moreover, MR
notably increased the relative abundance of SCFA-producing
bacteria, comprising Bifidobacterium pseudolongum, Roseburia
sp. 1XD42-69, Roseburia sp. 40_7, Clostridiales bacterium,

Butyricicoccus  sp.  1XD8-22,  Faecalitalea  cylindroides,
Lachnoclostridium sp. An138, Oscillibacter sp. CAG:155,
Oscillibacter ~ ruminantium,  Intestinimonas  massiliensis,

Intestinimonas butyriciproducens, Anaerotruncus sp. G3(2012),
and Olsenella umbonate at the species level, indicating that MR
increased the relative abundance of SCFA-producing bacteria.
These bacteria, whose relative abundance increased, may regu-
late intestinal homeostasis, modulate the abundance of bac-
teria linked to inflammation, lipid metabolism, and bile acid
metabolism, and improve the gut microbiota composition.
Another novel and unexpected finding was that MR
increased intestinal SCFA production in AS mice, which is an
important reason why MR alleviates AS. SCFA are generated by
intestinal microorganisms during the fermentation process of
undigested carbohydrates and amino acids in the gut.®”"%®
Intestinal microorganisms generate SCFA during energy
metabolism, in which nucleic acid metabolism and membrane
transport play crucial roles.®>* In our study, the analysis of
the KEGG pathways of the gut microbiota showed that MR
markedly increased carbohydrate metabolism, energy metab-
olism, nucleotide metabolism, amino acid metabolism, and
membrane transport at the species level, further demonstrat-
ing that MR promotes SCFA production in the gut. This was
supported by our finding that MR markedly increased acetate,
propionate, butyrate, and total SCFA levels in the feces. SCFA
serve as the primary energy sources for intestinal epithelial
cells and help maintain the structural integrity of tissues.”!
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MR improved the morphology of the ileum and colon, which
is a key indicator of increased SCFA production. We also
observed that MR markedly increased plasma acetate, propio-
nate, butyrate, and total SCFA levels, further indicating that
MR promoted SCFA production. In the internal circulation,
SCFA have been reported to be able to reduce inflammation
and promote lipid metabolism; these beneficial properties can
aid in preventing and treating AS.°> Butyrate ameliorates AS by
facilitating reverse cholesterol transport and modulating lipid
metabolism.”® Propionate improves cholesterol metabolism,
thereby lowering plasma lipid levels and preventing the AS pro-
gression.”® GPR41 and GPR43 are receptors for SCFA, and
SCFA can decrease pro-inflammatory cytokine levels by stimu-
lating GPR41 and GPR43.°>°® SCFA have direct inhibitory
effects on HDAC3 activity, triggering histone acetylation and
exerting an anti-inflammatory effect.””°® In this study, MR
markedly upregulated the mRNA expression levels of GPR41
and GPR43 and downregulated the mRNA expression levels of
HDAC3 in the aorta, indicating that MR promoted the utiliz-
ation of SCFA and ameliorated aortic inflammation, thereby
limiting the progression of AS. Furthermore, the correlation
analysis indicated that the levels of SCFA in the feces and
plasma were positively correlated with AS protective factors (IL-
10) and negatively correlated with AS risk factors (IL-6, IL-1f,
TNF-a, MCP-1, VCAM-1, ICAM-1, E-selectin, SR-A1, CD36, CD6S,
F4/80, AS plaque area, and Al). Thus, these results indicated
that MR alleviated AS, with an improvement in the gut micro-
biota composition and increased SCFA production, which
played significant roles in this process.

5 Conclusions

In conclusion, our results demonstrated that MR reduced the
body weight, fat deposition, plasma lipid levels, and aortic
lipid deposition and lesion area. In addition, MR reduced
aortic inflammatory responses, oxidative stress, cell adhesion
molecules, and foam cell formation. Moreover, MR changed
the relative abundance of inflammation-, lipid metabolism-,
and bile acid metabolism-related bacteria. Furthermore, MR
increased the relative abundance of SCFA-producing bacteria
and SCFA levels in both feces and plasma, which are involved
in the aforementioned beneficial effects. Consequently, MR
ameliorates AS by remodeling the gut microbiota in ApoE~'~
mice. This research offers scientific and theoretical foun-
dations for the possible utilization of MR as a dietary strategy
for preventing or alleviating AS.
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