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1. Introduction

Red yeast rice ameliorates high-fat diet-induced
atherosclerosis in Apoe‘/ ~ mice in association with
improved inflammation and altered gut microbiota
compositiont

Yanhan Dong,? Huimin Cheng,1® Ying Liu," Meilan Xue € and Hui Liang ) *°

Gut microbiota plays an important role in many metabolic diseases and has been linked to cardiovascular
disease, including atherosclerosis. Clinical studies suggest that red yeast rice (RYR) has the potential to
reduce blood lipid levels. However, the mechanisms under which RYR regulates atherosclerosis by
affecting the composition of the gut microbiome have not been elucidated. In the current study, results
showed that treatment with RYR significantly decreased the plaque formation and levels of cholesterol
and low-density lipoprotein (LDL) compared with the atherosclerotic model group which were fed with a
high-fat diet. In addition, the height of enteral villus in the red Monascus group was increased, indicating
that RYR can improve the intestinal barrier function. Further analysis revealed that RYR might attenuate
atherosclerosis through inhibiting hydroxy methylglutaryl-CoA reductase and the consequent inflamma-
tory signaling pathways mediated by TLR2 and TLR4. Moreover, the RYR treatment led to significant struc-
tural changes on the intestinal microbiota of high-fat diet-fed mice and reduced the relative abundance
of Alistipes and Flavonifractor that exhibited positive relationships with the plasma levels of cholesterol
and LDL. Collectively, these findings illustrated that RYR could significantly protect against atherosclerosis,
which was possibly associated with the alterations in the gut microbiota composition.

cal regulators in the development of atherosclerosis.®
Stimulation of TLRs serves to initiate inflammatory signaling

Atherosclerosis is a major cause of cardiovascular mortality in

throughout the world, which is a chronic inflammatory
disease accompanied by lipid disorders and plaque instabil-
ity." Atherosclerosis starts with lipid accumulation in the
arteries and oxidation of low density lipoprotein (LDL) chole-
sterol that triggers the activation and participation of macro-
phages in the developing lesions.>” It has been shown that the
formation and rupture of atherosclerotic plaques are related to
higher levels of gut microbiota-derived lipopolysaccharides
(LPSs) and inflammatory cytokines in the circulation.*”

In addition, Toll-like receptors (TLRs), which are a family of
innate immune system receptors, have been identified as criti-
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response to pathogen-associated molecular patterns
(PAMPs), which are highly conserved and present in bacteria,
yeast, and viruses. For instance, TLR4 can recoghize LPSs pro-
duced by gut microbiota and lead to rapid induction of inflam-
matory signaling cascades, including the interferon regulatory
factor-3 (IRF-3)-dependent signaling pathway.” Recently, emer-
ging evidence has highlighted that altered composition and
function of gut microbiota is linked to obesity and cardiometa-
bolic diseases.® Previous studies have revealed that a high-fat
diet increases the levels of gut microbiota-derived trimethyl-
amine-N-oxide (TMAO) into the circulation, and decreases the
levels of short chain fatty acids (SCFAs) to abolish the effects
of microbiota on host chromatin states, resulting in cardio-
vascular disease progression.”'® These findings suggest that
high-fat diet-induced atherosclerosis could be reduced by tar-
geting gut microbiota-induced chronic inflammation and
intestinal barrier dysfunction.

Despite the widespread use of statin-based lipid-lowering
therapies, the global burden of this disease remains high."*
Therefore, more attention is paid to investigate novel thera-
peutic strategies. Red yeast rice (RYR), which is produced by
cultivating the yeast species Monascus purpureus on rice, has
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been used as a food supplement or herbal medicine in Eastern
Asia for several centuries. It contains a variety of functional
secondary metabolites, such as sterols, isoflavones, pigments,
monacolin K, and yeast polyketides.'> Clinical studies have
found that red yeast rice has potential to reduce serum levels
of LDL and cholesterol (CHOL).">'* However, the underlying
mechanisms by which RYR inhibits atherosclerosis and the
association with the modulation of gut microbiota remain
poorly understood.

Here, this study aimed to evaluate the effects of RYR sup-
plementation in a high-fat diet in terms of several athero-
sclerosis parameters and the contribution of intestinal gut
microbiota in Apoe™~ mice. Our results indicate that RYR
might reduce the development of atherosclerosis by manipu-
lating the gut microbiota composition.

2. Methods
2.1 Animals

In this study, all procedures involving animals were reviewed
and approved by the Institutional Animal Care and Use
Committee of Qingdao University Medical College. All animal
procedures were performed in accordance with the Guidelines
for Care and Use of Laboratory Animals of Qingdao University
and approved by the Animal Ethics Committee of Qingdao
University. Seven-week-old male Apoe™'~ mice on a C57BL/6]
background (B6.129P2-Apoe"™'V"/]) were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd
[Beijing, China, certificate No. SCXK (Jing) 2016-0011]. After a
one-week acclimatization period, mice were divided into three
groups: normal diet without RYR treatment, high-fat diet (con-
taining 15% fat and 0.25% cholesterol) with saline, and
high-fat diet with RYR (0.34 g kg™" day~', Hangzhou Hetian
Biotechnology Co., Ltd, China) treatments. The RYR was dis-
solved in distilled water and administered once daily by oral
gavage. All animals were provided ad [libitum access to food
and water and housed under the conventional 12 h:12 h light/
dark cycle for 12 weeks. The time-series data of the body
weight are given in Table S1.1 The plasma total cholesterol, tri-
glyceride (TG), and LDL levels were measured at 0, 4, 8, and 12
weeks from the beginning of the experiment. At the end of the
experiment, all mice were sacrificed by a sodium pentobarbital
overdose. The hearts, artery tissues, livers, and intestinal con-
tents were collected for further processing.

2.2 Analysis of atherosclerotic lesions

After collection of blood samples, the circulatory system was
rinsed with phosphate-buffered saline (PBS) and then fixed
with PBS containing 4% paraformaldehyde. To evaluate athero-
sclerotic lesion areas, the aorta was cut longitudinally to
expose the intimal surface, and the plaque-containing area
was stained with Oil Red O. Lesions in the aortic area were
quantified from the aortic arch to the iliac bifurcation. The
ascending aorta was sectioned (8 pm) serially and then stained
with Oil Red O. Lesion images were captured with a micro-
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scope (Olympus, Tokyo, Japan). The lesion area and size were
quantified using Image ] software by a blinded observer.

2.3 Aorta and colon examination by transmission electron
microscopy

Aortic roots and intestinal tissues were immediately fixed after
sacrifice by immersing them in 2.5% glutaraldehyde in
0.1 mol L™" PBS for 4 h. The samples were then washed three
times and post-fixed in 2% osmium tetroxide, dehydrated
using a standard series of ethanol and propylene oxide con-
centrations, and then embedded in epoxy resin. One-
micrometer sections were stained with methylene blue, and
MG tissues were then sectioned on an ultratome (LKB;
Gaithersburg, MD, USA) with a diamond knife. Sections were
collected on 150-mesh grids, stained with uranyl acetate and
lead citrate, examined and photographed using a transmission
electron microscope (JEM-1200 EX; JEOL, Tokyo, Japan). The
lengths of enteral microvilli were measured from at least three
separate transmission electron microscope images using
Image J software.

2.4 Immunoblot

Immunoblot was performed as described.’® In brief, the
tissues were lysed for 1 h at 4 °C in a lysis buffer (20 mM Tris
[pH 7.5], 2 mM EDTA, 3 mM EGTA, 2 mM DTT, 250 mM
sucrose, 0.1 mM PMSF, 1% Triton X-100 and a protease inhibi-
tor cocktail). The samples were subjected to 12% SDS-PAGE
and transferred to nitrocellulose membranes. Equal-protein
loading was controlled by Ponceau red staining of the mem-
branes. Blots were probed using antibodies. The anti-NF-kB
antibody (Abcam, ab32536, 1:1000), anti-TNF-a antibody

(ABclonal, A11534, 1:1000), anti-IL-1p antibody (Bioss,
bs0812R, 1:1000), anti-HMG-CoA reductase antibody
(ABclonal, A16875, 1:1000), anti-occludin  antibody
(Proteintech, 27260-1-AP, 1:300), anti-JAM-1 antibody

(ABclonal, A1241, 1:1000), anti-TLR2 antibody (ABclonal,
A11225, 1:500), anti-TLR4 antibody (Boster, BA1717, 1:200),
and anti-MAP-kinase antibody (Proteintech, 14064-1-AP,
1:1000) were used in this study. After incubation with the
primary antibody, the secondary antibodies were added.
The horseradish peroxidase-conjugated goat anti-rabbit or
goat anti-mouse IgG was purchased from Santa Cruz
Biotechnology. Western blot bands were quantified using the
Image] software. Three samples per group were selected to
perform three independent experiments.

2.5 Gut bacterial DNA extraction and high throughput
sequencing

Caecal contents were used for DNA extraction with a QIAamp
Fast DNA Stool Mini Kit (Qiagen) according to the manufac-
turer’s protocols, as described.'® The extracted DNA was ampli-
fied with primers targeting the V3-V4 region of bacterial 16S
rRNA genes (forward: 5-CCT ACG GRR BGC ASC AGK VRV GAA
T-3; reverse: 5-GGA CTA CNV GGG TWT CTA ATC C-3).
Sequencing was performed on the platform of Illumina HiSeq
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2000, and the analysis was carried out
Biotechnologies Inc. (Shanghai, China).

by Ruiyi

2.6 Bioinformatic analysis

The raw reads were quality filtered and merged using
Pandaseq.'” Then, based on Ribosomal Database Project
(RDP), the sequence reads were classified into operational
taxonomic units (OTUs) using Usearch with a 97% similarity
cutoff."® The taxonomy analysis was performed on Illumina’s
BaseSpace cloud computing platform. Two-dimensional princi-
pal component analysis (PCA) plots were drawn using the
SIMCA-14.1 software (UMETRICS, Sweden) based on the rela-
tive abundance of gut microbiota at an OUT level. Taxonomic
changes that differed significantly between the different
groups were analyzed by the linear discriminant analysis (LDA)
effect size (LEfSe) algorithm through the LEfSe Tools.'® The
correlation network between lipid metabolic disorders-related
indexes and the intestinal microbiota was visualized by an
open source software platform (http:/www.cytoscape.org/).

2.7 Statistical analysis

Statistical analyses were performed with Statistical Package for
Social Sciences (SPSS). All data are expressed as the means +
standard deviation (SD). The Kruskal-Wallis test with
Bonferroni post hoc tests was used to analyze nonparametric
data; one way ANOVA with LSD-t tests were used to analyze
parametric data. Statistical tests were done using GraphPad
Prism 5. Value of p < 0.05 indicated statistical significance.

3. Results

3.1 Red yeast rice significantly reduced high-fat diet-induced
atherosclerotic lesion formation in Apoe™'~ mice

To explore the possible role of red yeast rice in atherosclerosis,
Apoe™~ mice fed with the high-fat diet were treated with saline
or RYR by oral gavage daily for a period of 12 weeks. The high-
fat diet group induced the formation of atherosclerotic
plaques compared with the control group, while treatment
with RYR substantially reduced the plaque area by approxi-
mately 15% in Apoe™’~ mice fed with the high-fat diet (Fig. 1A
and B). Moreover, the lesion area at the ascending aorta was
significantly decreased in the RYR-treated group than in the
high-fat group (Fig. 1C and D).

3.2 Treatment with RYR improved lipid metabolism and
prevented the high-fat diet-induced effects on structure of
enteral tissue

Compared with the control group, the plasma levels of total
CHOL and LDL were significantly increased in the high-fat
diet group (Fig. 1E), whereas the daily oral gavage with RYR
had significantly reduced the levels of plasma CHOL and LDL
as compared to the control group and the high-fat diet group.
However, there were no obvious changes in the plasma level of
TG between the three groups.
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We also observed the ultrastructure of the arterial tissues
and small intestine by transmission electron microscopy. In
the model group, there was intima thickening accompanied
by a slight loss of endothelial cells, autophagosomes, ather-
osclerotic plaque formation, atrophy of the media, and a
completely elastic membrane in contrast with the control
group. However, RYR treatment significantly reduced the
harmful effect with intact endothelial cells, and the medial
membrane was not pathologically altered (Fig. 1F). The
results of Fig. 1G showed that the enteral microvilli were
abundant and arranged neatly in the control group. The
columnar epithelial cells were structurally intact and the
intercellular junction structure was basically normal.
Compared with the control group, the junction of the high-
fat diet group was relaxed, and the desmosome connection
was unclear. In addition, the length of the microvilli was
significantly shortened by 53.52% compared with the
control group. In the RYR group, the intercellular junction
structure was basically normal, and the microvilli length
dramatically increased by 47.62% compared with the model

group.

3.3 RYR ameliorated the inflammation in high-fat diet-fed
Apoe™'~ mice

Considering that the red yeast rice constituent monacolin K is
an inhibitor of hydroxy methylglutaryl-CoA (HMG-CoA)
reductase, it directly targets low-density lipoproteins to tackle
the atherosclerotic plaque formation.?® Thus, we examined the
expression of HMG-CoA reductase in the liver. Treatment with
RYR resulted in a significant decrease in protein levels of
HMG-CoA reductase (Fig. 2A).

Tight junctions between adjacent endothelial cells can
modulate vascular homeostasis.> In addition, there is an
intestinal permeable barrier achieved by intercellular tight
junction structures, which limits the permeation of noxious
molecules into blood circulation to trigger inflammation.*?
The permeability of endothelial junctions is maintained by
junction proteins, including JAM-1 and occludin. In the
current study, the expression levels of JAM-1 and occludin pro-
teins in the intestinal tissue of the Monascus group were sig-
nificantly increased compared with the high-fat diet group
(Fig. 2B), indicating that red yeast rice can improve enteral
functions in Apoe™'~ mice.

Compared with the control group, the protein levels of TNF-
a and IL-1f were significantly increased in the model group,
whereas treatment with RYR decreased the levels of TNF-a and
IL-1p (Fig. 2C). The results suggested that red yeast rice could
reduce the levels of inflammatory factors.

As we know, TLRs serve to initiate inflammatory signaling
in response to detection of microbial PAMPs, which play a
critical role in the development of atherosclerosis.® TLRs lead
to rapid induction of inflammatory signaling cascades, includ-
ing MAP-kinase and NF-kB activation, and thereby expression
of inflammatory and atherogenic genes.® We analyzed the
expressions of TLR2, TLR4, NF-kB, and MAPK in the aorta and
found that the protein levels of TLR2, TLR4, and MAPK were

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 High-fat diet-fed Apoe™~ mice treated with red yeast rice exhibited reduced atherosclerosis. Eight-week-old Apoe ™'~ mice were fed either a

normal diet (CK, control group) or a high-fat diet (AS, atherosclerotic model group) for 12 weeks. The high-fat diet-fed mice were further separated
into 2 groups: a group receiving daily oral gavage with RYR (RYR) and a group receiving daily oral gavage with saline as vehicle control. A,
Representation of en face Oil Red O staining of aortic specimens. B, Quantitative analysis of plaque area in aorta (n = 6). C, Assessment of aortic
atherosclerotic lesions through Oil Red O staining, and the quantitative analysis of the lesion area are shown in D (n = 6). Bar = 5 um. E, Effects of
RYR administration on the plasma CHOL, TG, and LDL levels in Apoe™'~ mice fed with the high-fat diet for 12 weeks. F, Observation of the ultrastruc-
ture of arterial tissues by transmission electron microscopy. The black arrows indicate the atherosclerotic plaques; the red arrows indicate endo-
thelial cells; the yellow arrows indicate autophagosomes; and the blue arrows indicate the medial membrane. Bar = 5 pm. G, Observation of the
enteral microvilli by transmission electron microscopy. The black arrows indicate the enteral microvilli, and the red arrows indicate he intercellular
junction structure. Bar = 2 pm. H, Quantitative analysis of the length of microvilli using Image J. Significant difference of AS from the CK group is
denoted by *p < 0.05, **p < 0.01; significant difference of the RYR and CK groups from the AS group is denoted by #p < 0.05, ##p < 0.01.

significantly increased in the model group, whereas treatment expression of NF-kB, indicating that RYR might prevent athero-
with RYR decreased the levels of the three proteins (Fig. 2D). sclerosis through modulating TLR initiated MAPK signaling
However, treatment with RYR had no obvious effect on the cascades.

This journal is © The Royal Society of Chemistry 2019 Food Funct,, 2019, 10, 3880-3889 | 3883
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Fig. 2 RYR inhibited the inflammation in high-fat diet-fed Apoe™’~ mice. Expression of HMG-CoA reductase in the liver (A), JAM-1 and occludin in
the intestinal tissue (B), TNF-a and IL-1 in the intestinal tract (C), and the TLRs-initiated inflammatory signal pathway in the aorta (D) were detected
by western blot, respectively. The respective quantitative results are also shown, which were calculated in three independent experiments.
Significant difference of the AS group from the CK group is denoted by *p < 0.05, **p < 0.01; significant difference of the RYR group from the AS

group is denoted by #p < 0.05, ##p < 0.01.

3.4 The effect of RYR treatment on gut microbiota

To investigate the effect of RYR treatment on the gut micro-
biota composition, we conducted Illumina HiSeq 16S rRNA
gene sequencing, which produced 205252855 clean reads
from 14 samples. As mentioned in previous studies,”> the
phylum-level composition was dominated by three phyla
(Bacteroidetes, Firmicutes, and Proteobacteria), accounting for
approximately 93% of the gut bacterial community. The
degrees of OTUs (operational taxonomic units) shared between
the three groups are summarized in the Venn diagram
(Fig. 3A), which shows that 300 OTUs were common to three
groups while some OTUs were still unique to each group (30
for the control group, 24 for the model group, and 54 for the
RYR group, respectively), revealing a more OTU diversity in the
RYR group. The Shannon index suggested that the gut micro-
biota diversity was markedly reduced by RYR treatment under
the high-fat diet (Fig. 3B). In addition, the alpha diversity of
the RYR group is relatively consistent with the control group.
Principal coordinate analysis based (PCoA) on weighted-
UniFrac distance demonstrated a clear variation in the micro-
biota composition of the high-fat diet group compared to the
control and RYR groups, which account for 72.35% of the gut
microbiota profile (Fig. 3C). Furthermore, the weighted-
UniFrac NMDS (nonmetric multidimensional scaling) analysis
revealed that the gut microbiota communities of the RYR
group aggregated more closely to that of the control group
compared to the high-fat diet group (Fig. 3D).

At the phylum level, there were no significant changes in
the abundance of Bacteroidetes among the three groups. The
abundance of Firmicutes, which often increases during obese

3884 | Food Funct, 2019, 10, 3880-3889

states,”?* was markedly decreased by supplementing RYR

compared to the high-fat diet group (Fig. 4A and B). At the
family level, the abundance of Rikenellaceae was markedly
decreased by supplementing RYR compared to the high-fat
diet group, whereas the abundance of Bacteroidaceae was
markedly increased by supplementing RYR compared to the
control group (Fig. 4C and D).

To shed light on the bacterial phenotypes that contributed
to the differences in gut microbiota communities, we
employed the LEfSe analysis and demonstrated 17 gut bac-
terial clades with significant differences (Fig. 5A). The phylum
of Tenericutes and Anaeroplasmataceae (from class to family)
was found to be enriched in the RYR group. In addition, the
abundance of the genus Bacteroides was also significantly
increased by RYR, while the Alistipes abundance was markedly
increased in the high-fat diet group (Fig. 5B). Furthermore, we
investigated 14 genera which were considered as key genera
responsible for the significant difference among the three
groups (Fig. 5C). Compared with the high-fat diet group, the
feature of the RYR group was characterized by a lower abun-
dance of Alistipes, Barnesiella, and Flavonifractor, as well as a
higher abundance of Bacteroides and Anaeroplasma (Fig. 5C).

In order to explore the correlations between the athero-
sclerotic parameters and the gut microbiota, we employed the
Spearman’s correlation analysis (Fig. 5D). The high-fat diet
group that was enriched in Alistipes, Clostridium 1V,
Eisenbergiella, and Flavonifractor exhibited positive relation-
ships with the plasma levels of CHOL and LDL. The relative
abundance of Erysipelotrichaceae was found to be positively
correlated with the plasma CHOL and LDL levels, the athero-
sclerosis lesion area, the liver HMG-CoA reductase level, and

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Caecal gut microbiota diversity analysis. A, Venn diagram summarizing number of OTUs shared between different groups. B, Alpha diversity
(Shannon index); beta diversity indicated by PCoA plot (C) and NMDS (D) of weighted UniFrac distance.

the protein levels of IL-1p, but negatively correlated with the
protein levels of JAM-1. Moreover, the RYR induced increase in
abundances of Anaeroplasma showed significant negative cor-
relations with the plasma levels of LDL.

4. Discussion

Previous studies have identified that red yeast rice has an anti-
inflammatory effect and reduces LDL and cholesterol in
patients with dyslipidemia or atherosclerosis."®***® In the
present study, we demonstrated that the high-fat diet-induced
aorta plaque size and hypercholesterolemia could be signifi-
cantly reduced by oral administration of RYR. Arterial obser-
vation by transmission electron microscopy confirmed the
anti-atherosclerotic effects of RYR, which significantly reduced
the harmful effect in intact endothelial cells induced by the
high-fat diet. The lipid-lowering effects of RYR have been

This journal is © The Royal Society of Chemistry 2019

widely reported. For instance, Wu et al. reported that RYR
could reduce the plaque size and decrease the serum levels of
cholesterol.>” It is known that Monascus produce a variety of
functional secondary metabolites, among which monacolin
compounds are marked to cause a reversible competitive inhi-
bition of HMG-CoA reductase.?® In addition, monacolin K,
a major constitute of RYR, is structurally identical to lovasta-
tin, which is the first statin drug to manage plasma lipids and
prevent coronary heart disease.?* HMG-CoA reductase is a rate-
limiting enzyme in cholesterol biosynthesis. Further examin-
ation of the expression of HMG-CoA reductase also indicated
that RYR displayed beneficial effects in suppressing the elev-
ated HMG-CoA reductase levels in the livers of high-fat diet
Apoe™™ mice, and thus reduced the plasma CHOL and LDL.
The intestinal epithelial barrier plays a critical role in
restricting some gut bacteria-derived products (e.g., LPS) into
the systemic circulation, and high-fat diets usually lead to an
increase in intestinal permeability.*® Ghosh et al. have demon-

Food Funct., 2019, 10, 3880-3889 | 3885
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Fig. 4 Relative abundance of bacteria at the phylum and family level. One-way ANOVA with LSD-t test was applied to evaluate significant differ-

ences between the groups, *p < 0.05.

strated that oral supplementation with curcumin could
prevent the development of metabolic diseases through regu-
lating the intestinal barrier function.*' In our study, we found
that the RYR supplement could significantly improve the inter-
cellular junction structure and the microvilli length compared
with the high-fat diet group. Further western blot analysis of
the tight junction proteins showed that the expression levels of
JAM-1 and occludin proteins in the intestinal tissue of the
Monascus group were significantly increased compared with
the model group, revealing functions of RYR in improving
high-fat diet-induced intestinal permeability.

Inflammation is another key etiological factor for athero-
sclerosis," and anti-inflammatory interventions are widely
applied to prevent atherosclerosis. For instance, Li et al.
reported that Akkermansia muciniphila exhibited beneficial
effects in the pathogenesis of atherosclerosis, evidenced by
reduced inflammation.>> We determined that the high-fat
diet-induced inflammation in the intestinal tissues, as deter-
mined by western blot analysis of the expression of pro-
inflammatory factors (TNF-a and IL-1p), was attenuated by

3886 | food Funct, 2019, 10, 3880-3889

treatment of Apoe™'~ mice with RYR. This is consistent with
recent research showing that supplementation with RYR in
Apoe™~ mice decreased the plasma levels of IL-6 and TNF-.>*
In order to elucidate the signal pathway responsible to RYR
treatment, we examined the expression of proteins involved
in inflammatory signaling pathways. Our results showed that
TLR2, TLR4, and MAPK were significantly increased in the
model group, whereas treatment with RYR reversed the
increase of the three proteins. It is generally believed that
activation of TLR4 not only stimulates the release of pro-
inflammatory molecules from endothelial cells but also inhi-
bits cholesterol efflux from macrophages and thus facilitates
the foam cell formation.?>* Previous studies reported that
deletion of TLR4 or TLR2 alone led to an obvious reduction
of the aortic lesion area.>>3® Here, we identified that RYR
might combat atherosclerosis through modulating TLRs
initiated MAPK signaling cascades, which is in agreement
with previous reports that TLR4 and MAPK families were
involved in the activation of circulating dendritic cells of
acute coronary syndrome patients.>”

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 The impact of RYR on the gut microbiota composition. A, Taxonomic cladogram generated by LEfSe analysis illustrating significant shifts in
the gut microbiota in CK (blue), AS (red), or RYR (green) mice, respectively (n = 14). B, LDA scores of taxa (n = 14). C, Heat map comparison and hier-
archical clustering dendrogram based on the relative abundance of 14 key genera across all treatment groups. D, Heat map describing the corre-
lation of the abundances of key bacterial genera and atherosclerosis parameters. +p < 0.05, *p < 0.01.

In recent years, some studies have shown that alteration in
gut microbiota are tightly linked to multiple pathological pro-
cesses, including cardiovascular disease,*®?° suggesting the
gut microbiota as a potential therapeutic target for reducing
metabolic disorder associated heart disease risks. So far, there
are few reports on whether RYR administration influences the
gut microbiota diversity in Apoe™~ mice or whether there are
any associations between the altered gut microbiota profiling
with atherosclerosis. Our current study demonstrated that RYR
induced remarkable overall structural changes in the gut
microbiota composition, which partially improves the dysbio-
sis of gut microbiota caused by the high-fat diet. The phylum
Firmicutes was enriched due to the high-fat diet, whereas it

This journal is © The Royal Society of Chemistry 2019

was significantly decreased by the supplementation of RYR. It
has been reported that the relative abundance of Firmicutes
could contribute to the accumulation of metabolic endotoxins
and inflammation,*® which is consistent with our data. As
mentioned before, A. muciniphila protected against athero-
sclerosis by preventing inflammation.>” In addition, berberine
treatment was found to lower intestinal expression of proin-
flammatory cytokines through increasing Akkermansia in the
gut.> However, Akkermansia did not exhibit obvious alteration
upon RYR treatment compared with the model group in our
study, suggesting that the anti-inflammatory effect of RYR
might not be contributed by Akkermansia. Notably, we found
that RYR significantly increased the relative abundance of

Food Funct,, 2019, 10, 3880-3889 | 3887
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Bacteroides, which is a group of short-chain fatty acid-produ-
cing bacteria that contribute to the beneficial effects against
high-fat diet-induced obesity.*"** It is well known that
Bacteroides confer numerous health benefits for the host;** for
example, B. fragilis can deliver immunomodulatory molecules
to human immune cells to protect from Crohn’s disease.’*
However, when they escape from the gut they can cause signifi-
cant pathology,”® and B. fragilis secrete pro-inflammatory neu-
rotoxins that are pathogenic to the central nervous system."®
Therefore, it is essential to explore the molecular mechanisms
underlying which some Bacteroides species is induced by RYR
supplement to suppress atherosclerosis in the future. In
addition, the abundance of Alistipes was markedly increased in
the high-fat diet group, but partially decreased in the RYR
group. Furthermore, Alistipes exhibited positive relationships
with the plasma levels of CHOL and LDL according to
Spearman’s correlation analysis. Previous studies also revealed
that increased Alistipes was associated with type-2 diabetes in
humans and mice with heart failure.*”*® Moreover, the
increased abundance of gastrointestinal Alistipes was corre-
lated with irritable bowel syndrome (IBS) and stress responses,
such as depression.*>® Besides, our data showed that RYR
treatment prompted the abundance of Anaeroplasma, which
was negatively related to the plasma LDL. Anaeroplasma has
been identified to be protective against atherosclerosis.>
According to these findings, RYR might protect against high-
fat diet-induced atherosclerosis through altering the gut micro-
biota diversity and composition.

In summary, our study adds to the accumulating evidence
that red yeast rice attenuates high-fat diet-induced atherosclero-
sis, accompanied with decreased plaque size, plasma lipid
levels, inflammation, and improvement of the gut barrier and
gut microbiota structure. In addition, the MAPK pathway was
elucidated to be involved in the anti-atherosclerotic effect of
RYR. Our results further support the hypothesis that the under-
lying mechanisms of the anti-atherosclerotic effect of RYR are
closely linked with the structural changes of gut microbiota. To
our knowledge, this is the first study to show that RYR treat-
ment specifically altered the abundance of Alistipes and
Anaeroplasma, providing evidence for the possibility of pharma-
cological manipulation of the gut microbiota as a treatment for
atherosclerosis. Nevertheless, there exist significant differences
in physiology, metabolism and intestinal flora between mice
and humans.”® Further research is essential to explore the
association between RYR and the abundance of Alistipes and
Anaeroplasma in human gut flora, which will contribute to the
development of functional foods and the clinical applications.
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