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The intestinal microbial metabolite trimethylamine (TMA), which is activated

by flavin monooxygenase (FMO) to produce trimethylamine-N-oxide (TMAO),

has been implicated in the pathogenesis of atherosclerosis (AS), leading

to the development of therapeutic strategies for AS. This study aimed to

investigate whether β-sitosterol can inhibit TMA production in ApoE−/−

mice by reshaping the gut microbial structure. 16S rRNA sequencing of the

gut microbiota showed that β-sitosterol has beneficial effects on intestinal

flora function, especially the inhibition of bacteria genera that contain the

gene cholintrimethylamine lyase, which is responsible for the major pathway

for TMA production. In parallel, β-sitosterol effectively reduced the TMA,

FMO3, and TMAO levels while ameliorating the atherosclerotic plaques of

AS mice. Moreover, β-sitosterol could alleviate cholesterol metabolism and

the inflammatory response, and improve the antioxidant defense capacity.

These studies offer new insights into the mechanisms responsible for the

antiatherosclerotic effects of β-sitosterol, which targets the microbiota-

metabolism-immunity axis as a possible therapy for AS.

KEYWORDS
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Introduction

Atherosclerosis (AS) is characterized by the accumulation of lipids in large and
medium-sized arteries and the formation of immune cell-rich plaques. Advanced plaque
may rupture or erode, resulting in thrombosis blocking arteries and obstructing blood
flow, leading to a series of life-threatening clinical manifestations known as major
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adverse cardiovascular events (MACE) (1). Current therapies
for AS, such as statins or serine protease PCSK9 inhibitors, are
designed to control the levels of low-density lipoprotein (LDL)
(2). However, although these therapies can effectively reduce
LDL to the level recommended by the guidelines, the incidence
of MACE is still higher than 50% (3). It is an urgent problem
to find economical, safe and effective alternative drugs that can
inhibit the occurrence and development of AS.

In recent years, it has been found that the composition of the
gut microbiota plays an important role in the occurrence and
development of AS, providing a new target for the prevention
and treatment of AS (4, 5). Studies have confirmed that
through the metabolism of dietary choline, the gut microbiota
produce trimethylamine (TMA) (6), which is activated by
flavin monooxygenase (FMO) to produce trimethylamine-N-
oxide (TMAO). Healthy individuals have gut microbiota with
high TMA and TMAO production, including genera from
Firmicutes, Proteobacteria, and Actinobacteria (7). Some of
these bacteria contain the cholintrimethylamine lyase (CutC)
gene, which is a key target protein for phosphatidylcholine
conversion to TMA (8). Therefore, some scholars have proposed
that probiotics can be used to inhibit or block specific
microbial metabolic pathways and reduce TMA-producing
bacteria. For example, probiotics were administered to mice
to regulate the metabolism of bile acids by changing the
gut microbiota and reducing the risk of AS in the host (9).
However, their specific immune and physiological effects on
health and disease remain questionable and require further
research (10).

Herbal medicines can prevent the phenotypic conversion of
vascular smooth muscle cells (VSMCs) and inhibit endothelial
dysfunction, platelet activation, lipid peroxidation, ROS
production and macrophage-induced AS (11–13). β-Sitosterol
is a natural active substance that widely exists in a variety
of herbal medicines, and its chemical structure is similar to
that of cholesterol, with an additional ethyl on C-24 (14).
β-Sitosterol has been reported to be clinically effective in
the treatment of diabetes, cardiovascular diseases (anti-
thrombosis) and liver diseases (15–17). In terms of lipid
regulation, β-sitosterol not only competes with cholesterol for
binding sites, but also binds with cholecystokinin to induce
gallbladder contraction to promote digestion and regulate
gastric emptying (18). It could also reduce the absorption
and reabsorption of cholesterol, bile acids and dietary lipids
in non-alcoholic fatty liver mice induced by a high-fat diet
and slow down the weight gain and accumulation of liver
lipids (19). Gogoi et al. (16) found that β-sitosterol could exert
anticoagulant effects through non-competitive inhibition of
thrombin activity to cause thrombolysis and prevent stroke
and venous thrombosis in mice. Recent studies have shown
that β-sitosterol has the potential to inhibit peptidoglycan
biosynthesis and prevent bacterial cell wall formation by
inhibiting MurA and SrtA activities and regulating the oral

flora (20). However, the effect of β-sitosterol on inhibiting
TMA production by reshaping the gut microbiota and its
mechanism have not yet been unveiled. The goal of this
study was to determine whether β-sitosterol can inhibit
choline metabolism in vitro and in vivo and reveal the
detailed mechanism.

Materials and methods

Animals and treatments

Apolipoprotein E knockout mice (ApoE−/− mice) were
purchased from Cavins Experimental Animal Technology
Co., Ltd. (Changzhou, China) and were kept in standard
polypropylene cages at 22 ± 2◦C and 55 ± 5% relative humidity
with a 12-h light/dark period. The use of mice in this experiment
was approved by the China Pharmaceutical University Animal
Care and Use Committee, and the whole process of the animal
experiments followed the guidelines of the Institute Animal
Care and Use Committee of China Pharmaceutical University.

Twenty-four healthy ApoE−/− mice (6 weeks, male) were
adaptively fed for 3 days before the experiment. After fasting for
24 h, the mice were weighed and randomly divided into three
groups with eight mice in each group. Nom group: ApoE−/−

mice fed a standard chow diet with 0.9% NaCl solution by
gavage. Con group: AS model mice given a customized high-
choline diet with 0.9% NaCl solution by gavage. Exp group:
experimental mice given a customized high-choline diet with
400 mg/kg/d β-sitosterol (Plant Origin Biological, Nanjing,
China) by gavage. All groups were given gavage once a day,
their water was changed every 2 days, and their body weight
and food intake were weighed and recorded weekly. Eight weeks
later, the mice were anesthetized with 50 mg/kg pentobarbital
sodium, and serum and liver samples were collected and stored
at −80◦C for future use. The liver index of the mice was
calculated (liver index = liver weight/mouse body weight).
Samples of heart tissue and colon contents were taken for
subsequent experiments.

Atherosclerotic plaque analysis

Atherosclerotic plaques were analyzed in the aortas by Oil
Red O (ORO) staining (21). Heart tissue samples were collected
and stored in 4% paraformaldehyde. After dehydration, the
heart with the ascending aorta was cut below the aortic root
and placed in an embedding machine until it was completely
solidified. The aortic sinus was sectioned into serial 10 µm
slices, which were stained with ORO and observed under a
microscope with an HS6 pathological section scanner to obtain
pathological image information (the atherosclerotic plaques
were stained red).
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TABLE 1 Primers used in this study.

Gene Primer sequence (5′-3′)

IL-1β FOR: GGTCAAAGGTTTGGAAGCAG
REV: TGTGAAATGCCACCTTTTGA

IL-6 FOR: AGGGTCTGGGCCATAGAACT
REV: CCACCACGCTCTTCTGTCTAC

TNF-α FOR: AGGGTCTGGGCCATAGAACT
REV: CCACCACGCTCTTCTGTCTAC

β-actin FOR: GCTGTGCTATGTTGCTCTAG
REV: CGCTCGTTGCCAATAGTG

Cholesterol and choline metabolism
analysis

Enzyme-linked immunosorbent assay (ELISA) kits
were used according to the manufacturer’s instructions
(Jiancheng Bioengineering Institute, Nanjing, China) to
detect the serum levels of TMA, TMAO, total cholesterol
(TC), TG, low-density lipoprotein cholesterol (LDL-C), and
high-density lipoprotein cholesterol (HDL-C) and the liver
level of FMO3.

Proinflammatory cytokines and
antioxidant activity analysis

Proinflammatory cytokines in the serum were detected by
real-time fluorescence quantitative PCR on a QuantStudio 3
Real-Time qPCR amplifier. The sequences of the primers
used in this study was given in Table 1. β-actin was
used as a reference gene. The specificity of the primers
was verified by fusion curve analysis. The expression
abundance of related genes was determined by the Ct
value, and the relative gene expression was calculated by
2−11Ct .

The glutathione peroxidase (GSH-Px), superoxide
dismutase (SOD) activities and malondialdehyde (MDA) levels
in the serum were assayed using the respective commercial
kits according to the manufacturer’s instructions (Jiancheng
Bioengineering Institute, Nanjing, China).

16S rRNA sequencing and microbial
diversity analysis

Bacterial 16S rRNA gene sequencing assays were
performed by Ling En Biotechnology Co., Ltd. (Shanghai,
China). The amplicons were standardized, collected and
sequenced. The UCHIME algorithm was used to remove
all chimeric labels and obtain valid labels for further
analysis. The effective marker clusters were counted as
operational taxonomic units (OTUs), and the similarity

FIGURE 1

β-sitosterol lowers the liver index of atherosclerosis (AS) mice.
Values are presented as the mean ± SD. ∗∗p < 0.01.

threshold was ≥ 97%. The representative sequence of
each OTU was selected and the classification information
was annotated using the RDP classifier and SILVA
database. Analysis was performed at each taxonomic
level (phylum, class, order, family, genus). Alpha and
beta diversity analyses were performed based on the
output normalized data. Principal component analysis
(PCA) and principal coordinate analysis (PCoA) were
performed to compare the microbial composition between
the groups. Finally, the significant differential abundant
taxonomy between different groups was evaluated by the
linear discriminant analysis effect size (LEfSe) method and
Wilcoxon rank-sum test.

The effect of β-sitosterol on the
trimethylamine production of intestinal
bacteria in vitro

The TMA-producing intestinal bacteria (KT-1) isolated in
our previous research (22) were cultured in nutrient broth
(NB) containing 20 mM choline under anaerobic conditions
in a 37◦C shaker incubator (150 rpm). According to the
MIC in our previous research, appropriate concentrations
(20 µg/ml, 2 µg/ml) were selected for use and subjected to
sterilization by filtration. The TMA concentrations in the 12,
24, and 36 h cultures were measured by the picric acid-toluene
method (23).

Statistical analysis

All data are presented as the mean ± SD. Values of ∗p < 0.05,
∗∗p < 0.01 and ∗∗∗p < 0.001 indicate significant differences.
Comparisons between two groups were analyzed by two-tailed
Student’s t-test using GraphPad Prism 9 (GraphPad Software, La
Jolla, CA, USA).
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FIGURE 2

β-sitosterol modulated lipid metabolism in atherosclerosis (AS) mice. Values are presented as the mean ± SD. ∗p < 0.05; ∗∗∗p < 0.001, ns = not
significant.

Results

β-sitosterol modulated cholesterol
metabolism in atherosclerosis mice

There was no significant difference in feed intake among all
groups. The liver index increased in the Con group compared
with the Nom group, but decreased significantly in the Exp
group with β-sitosterol treatment (Figure 1). Compared with
the Nom group, TC, TG, and LDL-C in the Con group were
significantly increased, while HDL was significantly decreased.
After β-sitosterol treatment, TC and LDL-C in the Exp group
were significantly decreased to normalcy (Figure 2). However,
there were no significant difference in TG and HDL levels
between Con and Exp groups.

β-sitosterol protected ApoE−/− mice
from choline-induced atherosclerosis

To further investigate whether β-sitosterol inhibits the
excessive TMAO formation, we detected the FMO3 level in
the liver and TMA and TMAO concentrations in the serum.

As shown in Figures 3A–C, compared with the Con group,
β-sitosterol significantly decreased the levels of TMA, FMO3
and TMAO in the Exp group. In addition, proinflammatory
cytokines (TNF-α and IL-6) (Figures 3D,F), antioxidant activity
(GSH-Px and SOD) (Figures 3G,I) and a marker of lipid
peroxidation (MDA) (Figure 3H) were reversed by β-sitosterol
treatment of AS mice. No significant difference in serum
IL-β level was observed between the Con and Exp groups
(Figure 3E).

In addition, we further investigated whether β-sitosterol
relieved AS in ApoE−/− mice. The atherosclerotic plaques were
visualized by ORO staining. As shown in Figure 3J, choline
markedly enhanced the atherosclerotic plaques in the Con
group, and this effect was reversed by β-sitosterol treatment in
the Exp group.

β-sitosterol decreased trimethylamine
production by remodeling the gut
microbiota in ApoE−/− mice

To investigate whether TMA inhibition by β-sitosterol
under choline conditions is mediated by gut microbial

Frontiers in Cardiovascular Medicine 04 frontiersin.org

https://doi.org/10.3389/fcvm.2022.986905
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-986905 October 26, 2022 Time: 13:33 # 5

Wu et al. 10.3389/fcvm.2022.986905

FIGURE 3

β-sitosterol protected ApoE−/− mice from choline-induced atherosclerosis (AS). (A–C) β-Sitosterol modulated choline metabolism. (D–I)
β-sitosterol reduced proinflammatory cytokines and antioxidant activity. (J) β-sitosterol reversed the atherosclerotic lesions. The aortic root was
assessed by Oil Red O staining, and the plaques area were quantified by ImageJ. Values are presented as the mean ± SD. ∗p < 0.05; ∗∗p < 0.01;
∗∗∗p < 0.001, ns = not significant.

remodeling, we first explored bacterial populations in the cecal
content samples from the three groups of mice (Nom, Con,
Exp) by 16S rRNA gene sequence analysis. The α-diversity
indices displayed inTable 2were used to evaluate the microbiota
community in the three groups. The Shannon and Simpson
indices reflect the diversity of the intestinal microbiota, while the
Chao 1 index reflects the species richness. Our results showed
that the abundance and diversity of intestinal bacteria in mice
were not affected by a high-choline diet (Con group). Notably,
β-sitosterol treatment significantly increased the abundance and
diversity of intestinal bacteria in Exp group mice.

TABLE 2 Analysis of alpha diversity indices.

Index Con Nom Exp

Chao1 640.207 660.887 (p = 0.679) 898.789 (p = 0.009)

Shannon 3.987 4.085 (p = 0.780) 5.064 (p = 0.003)

Simpson 0.165 0.182 (p = 0.640) 0.029 (p = 0.029)

Linear discriminant analysis effect size analysis was
performed to identify the distinct bacterial species between
the Con and Exp groups (Figure 4A). The Venn diagram
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FIGURE 4

(A) Linear discriminant analysis effect size (LEfSe) comparison of gut microbiota between the Con and Exp groups. (B) Venn diagrams showing
the shared operational taxonomic units (OTUs) between the different groups. (C,D) The taxonomic profile of the Con and Exp groups.

reflecting the difference between the two groups, as shown
in Figure 4B, exhibited 464 and 1,335 in the Con and
Exp groups, respectively. At the phylum level, compared
with the Con group, the Exp group showed a higher
abundance of Actinobacteriota, Bacteroidota, Desulfobacterota,
and Firmicutes and a lower abundance of Proteobacteria and
Verrucomicrobiota (Figures 4C,D). The Wilcoxon rank-sum
test was used to highlight the OTU abundance differences
between the two groups. The results showed that the
intestinal microbes of the two groups were mainly different in
Firmicutes, Verrucomicrobiota, Patescibacteria, Proteobacteria,
and Bacteroidota (Table 3).

Genus-level characterizations were identified between the
Con and Exp groups (Figures 5A–H). Compared with
the Con group, the abundance of Klebsiella, Clostridioides,
Desulfovibrionaceae, and Prevotella were decreased, while
Weissella, Eubacterium, Lactobacillus, and Butyricioccus were
markedly enriched by β-sitosterol treatment. The PCA and
PCoA analysis showed that the gut microbiome of the Con

group clustered significantly separately from that of the Exp
group (Figures 5I,J). Meanwhile, β-sitosterol can significantly
inhibit gut flora generating TMA from choline in vitro
(Figures 5K–M). These results showed that the intestinal flora
played a key role in the inhibition of TMA production by
β-sitosterol.

Discussion

A number of studies have shown a causal correlation
between TMAO and AS in mouse models (24–26), and small
molecule inhibitors of gut flora choline-TMA lyase have been
reported to be effective against choline diet-induced AS (27,
28). Here, this study provides the first evidence that β-sitosterol
inhibited TMA production in ApoE−/− mice by reshaping the
gut microbial structure and attenuated atherosclerosis. We also
found that β-sitosterol could alleviate cholesterol metabolism
and the inflammatory response, and improve the antioxidant
defense capacity.
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TABLE 3 The operational taxonomic unit (OTU) abundance differences at the phylum level.

Phylum Con Exp P-value

Mean SD Mean SD

Firmicutes 0.36305 0.13071 0.76941 0.12289 0.005

Patescibacteria 0.00003 0.00003 0.00030 0.00027 0.018

Bacteroidota 0.06172 0.04656 0.12282 0.05731 0.045

Proteobacteria 0.02601 0.00323 0.01265 0.00790 0.020

Verrucomicrobiota 0.51346 0.12845 0.00993 0.00348 0.005

FIGURE 5

β-sitosterol decreased trimethylamine (TMA) production by remodeling the gut microbiota in ApoE−/− mice (A–H) comparison of abundant
components of the microbiome at the family level between the Con and Exp groups (n = 6 for each group). (I) Principal component analysis
(PC1 76.88% vs. PC2 13.44%). (J) Principal coordinates analysis (PCoA1 70.31% vs. PCoA2 14.97%). (K–M) TMA concentrations at 12, 24, and 36 h
of β-sitosterol treated groups in the TMA-producing strain. Values are presented as the mean ± SD. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.
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It has been reported that Chinese yam extracts containing
β-sitosterol could reduce plasma concentrations of total
cholesterol in ApoE−/− mice (29). Therefore, to study
the involvement of β-sitosterol in the choline-TMA-TMAO
pathway, mice were fed a choline supplemented diet to avoid the
interference of cholesterol metabolism. Our results showed that
β-sitosterol effectively reduced the TMA, FMO3, and TMAO
levels while ameliorating the atherosclerotic plaques of AS
mice. Meanwhile, β-sitosterol could significantly inhibit gut
flora generating TMA from choline in vitro and modulate the
structure of the gut microbiota in vivo. This is consistent with
some previous reports of β-sitosterol in rumen acidosis of sheep
or polycystic ovary syndrome-like mice (30, 31).

As predicted, 16S rRNA sequencing of the gut microbiota
showed significant differences in both alpha and beta diversity
between the Con and Exp groups. Moreover, the results of LEfSe
analysis at the OTU level indicated that the abundance of some
bacterial communities changed significantly in response to β-
sitosterol treatment. In the β-sitosterol treatment group (Exp
group), the relative abundance of Actinobacteriota, Bacteroidota,
and Firmicutes in the intestinal tract was significantly increased.
These bacteria have pathways associated with the metabolism of
carbohydrates, bile acids and steroids (32). In addition, genera
with decreased OTUs were assigned to Klebsiella, Clostridioides,
Desulfovibrionaceae, and Prevotella, which contain the gene
cutC, responsible for the major pathway for TMA production
(7). These results suggested that β-sitosterol has beneficial effects
on intestinal flora function, especially an inhibitory effect on
TMA production. Similar to a previous report about the effect
of berberine on intestinal flora construction (33), Weissella,
Eubacterium, Lactobacillus, and Butyricioccus were markedly
enriched by β-sitosterol treatment. Feng et al. (34) found that
these bacteria produced short-chain fatty acids (SCFAs), such
as acetate, n-propionate and n-butyrate. Whether changes of
SCFAs are involved in the role of β-sitosterol in AS mice remains
to be investigated in future studies.

At present, the mechanism by which TMAO affects AS is
not completely clear, but it may involve the following pathways.
(1) Cholesterol metabolism and TMAO. TMAO promotes the
accumulation of cholesterol in macrophages depending on the
gut microbiota (35, 36). In addition, TMAO is believed to
participate in the uptake of oxidized LDL (37, 38), which induces
the formation of foam cells and triggers AS. Consistent with
these findings, the present data showed that TC and LDL-C were
significantly decreased to normalcy by β-sitosterol treatment.
(2) Inflammation and TMAO. Inflammation is closely related
to the development of AS. TMAO may disrupt endothelial
and VSMCs function and promote inflammation (14, 39).
Among the various inflammatory factors and chemokines,
TNF-α plays a powerful role in promoting AS by increasing
the permeability of endothelial cells and stimulating the
activation of macrophages (40). IL-1β and IL-6 are the major
proinflammatory factors in AS that promote the formation of

fatty streaks in blood vessel walls by aggravating the subsequent
inflammatory cascade and mediating the acute phase reaction
(41). Our data were in agreement with the study of Jayaraman
et al. who reported that β-sitosterol restored the elevated
serum levels of proinflammatory cytokines, including TNF-
α, IL-6, and leptin, to normal levels in type 2 diabetic rats
(15). The results of our study suggested that β-sitosterol could
alleviate the inflammatory response in AS mice. (3) Oxidative
stress and TMAO. Oxidative stress is a redox imbalance
with increased ROS production and overloaded antioxidant
defense capacity. Severe oxidative stress can lead to AS (42).
Endogenous antioxidant enzymes, including SOD and GSH-Px,
maintain the redox equilibrium by removing excess ROS (43).
Previous studies showed that TMAO inhibited SOD and GSH-
Px activation and increased the plasma level of MDA (24, 44,
45). Similarly, weakened antioxidant defenses and exacerbated
oxidative stress were observed in Con group mice with TMAO
accumulation. Together with the finding that β-sitosterol could
improve the expression of SOD and GSH-Px and inhibit the
formation of MDA in the Exp group, the present data clearly
showed that β-sitosterol possessed antioxidant capacity and
antiatherogenic activity in mice.

In summary, these results demonstrated that β-sitosterol
could inhibit trimethylamine production, attenuate AS, alleviate
the inflammatory response and improve antioxidant defense
capacity. Besides, β-sitosterol has beneficial effects on gut
microbial communities, which is responsible for the major
pathway for TMA production. Therefore, it was concluded that
the microbiota-metabolism-immunity axis might play a pivotal
role in the therapeutic mechanism of β-sitosterol. Our work
can provide new insights into understanding how β-sitosterol
prevents and treats AS. Further investigation will be needed to
clarify the effect of β-sitosterol on AS in humans.

Data availability statement

The original research data presented in this study are
included in the Supplementary material.

Ethics statement

This animal study was reviewed and approved by China
Pharmaceutical University Animal Care and Use Committee.

Author contributions

JJ and WC designed the experiments and performed
revisions of the manuscript. WPW conducted the animal
experiments and sample analyses. WL and WW assisted the

Frontiers in Cardiovascular Medicine 08 frontiersin.org

https://doi.org/10.3389/fcvm.2022.986905
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-986905 October 26, 2022 Time: 13:33 # 9

Wu et al. 10.3389/fcvm.2022.986905

experiments. WPW and HW wrote the draft of the manuscript.
All authors contributed to the article and approved the
submitted version.

Funding

This work was financially supported by the Science and
Technology Planning Project of Lishui (2021GYX21).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those
of their affiliated organizations, or those of the publisher,
the editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fcvm.2022.986905/full#supplementary-material

References

1. Roy P, Orecchioni M, Ley K. How the immune system shapes atherosclerosis:
roles of innate and adaptive immunity. Nat Rev Immunol. (2022) 22:251–65.

2. Michos ED, McEvoy JW, Blumenthal RS. Lipid management for the
prevention of atherosclerotic cardiovascular disease. N Engl J Med. (2019)
381:1557–67.

3. Sampson UK, Fazio S, Linton MF. Residual cardiovascular risk despite optimal
LDL cholesterol reduction with statins: the evidence, etiology, and therapeutic
challenges. Curr Atheroscler Rep. (2012) 14:1–10. doi: 10.1007/s11883-011-0219-7

4. Yoshida N, Yamashita T, Hirata KI. Gut microbiome and cardiovascular
diseases. Diseases. (2018) 6:56.

5. Vourakis M, Mayer G, Rousseau G. The role of gut microbiota on cholesterol
metabolism in atherosclerosis. Int J Mol Sci. (2021) 22:8074. doi: 10.3390/
ijms22158074

6. Molinero N, Ruiz L, Sánchez B, Margolles A, Delgado S. Intestinal bacteria
interplay with bile and cholesterol metabolism: implications on host physiology.
Front Physiol. (2019) 10:185. doi: 10.3389/fphys.2019.00185

7. Cai YY, Huang FQ, Lao X, Lu Y, Gao X, Alolga RN, et al. Integrated
metagenomics identifies a crucial role for trimethylamine-producing
Lachnoclostridium in promoting atherosclerosis. NPJ Biofilms Microbiomes.
(2022) 8:11. doi: 10.1038/s41522-022-00273-4

8. Ramireddy L, Tsen HY, Chiang YC, Hung CY, Chen FC, Yen HT, et al. The
gene expression and bioinformatic analysis of choline trimethylamine-lyase (CutC)
and its activating enzyme (CutD) for gut microbes and comparison with their TMA
production levels. Curr Res Microb Sci. (2021) 2:100043. doi: 10.1016/j.crmicr.2021.
100043

9. Tarrah A, Dos Santos Cruz BC, Sousa Dias R. Lactobacillus paracasei DTA81,
a cholesterol-lowering strain having immunomodulatory activity, reveals gut
microbiota regulation capability in BALB/c mice receiving high-fat diet. J Appl
Microbiol. (2021) 131:1942–57. doi: 10.1111/jam.15058

10. Khalesi S, Bellissimo N, Vandelanotte C, Williams S, Stanley D, Irwin C, et al.
A review of probiotic supplementation in healthy adults: helpful or hype? Eur J Clin
Nutr. (2019) 73:24–37.

11. Kirichenko TV, Sukhorukov VN, Markin AM, Nikiforov NG, Liu PY, Sobenin
IA, et al. Medicinal plants as a potential and successful treatment option in the
context of atherosclerosis. Front Pharmacol. (2020) 11:403. doi: 10.3389/fphar.
2020.00403

12. Knip M, Siljander H. The role of the intestinal microbiota in type 1 diabetes
mellitus. Nat Rev Endocrinol. (2016) 12:154–67.

13. Leung C, Rivera L, Furness JB, Angus PW. The role of the gut microbiota in
NAFLD. Nat Rev Gastroenterol Hepatol. (2016) 13:412–25.

14. Ma G, Pan B, Chen Y, Guo C, Zhao M, Zheng L, et al. Trimethylamine
N-oxide in atherogenesis: impairing endothelial self-repair capacity

and enhancing monocyte adhesion. Biosci Rep. (2017) 37:BSR20160244.
doi: 10.1042/BSR20160244

15. Jayaraman S, Devarajan N, Rajagopal P, Babu S, Ganesan SK, Veeraraghavan
VP, et al. β-Sitosterol circumvents obesity induced inflammation and insulin
resistance by down-regulating IKKβ/NF-κB and JNK signaling pathway in
adipocytes of type 2 diabetic rats. Molecules. (2021) 26:2101. doi: 10.3390/
molecules26072101

16. Gogoi D, Pal A, Chattopadhyay P, Paul S, Deka RC, Mukherjee AK, et al. First
report of plant-derived β-sitosterol with antithrombotic, in vivo anticoagulant, and
thrombus-preventing activities in a mouse model. J Nat Prod. (2018) 81:2521–30.
doi: 10.1021/acs.jnatprod.8b00574

17. Mccarron A, Donnelley M, Parsons D. Airway disease phenotypes in animal
models of cystic fibrosis. Respir Res. (2018) 19:54.

18. Desai AJ, Dong M, Miller LJ. Beneficial effects of β-sitosterol on type 1
cholecystokinin receptor dysfunction induced by elevated membrane cholesterol.
Clinl Nutr. (2016) 35:1374–9. doi: 10.1016/j.clnu.2016.03.003

19. Feng S, Dai Z, Liu AB, Huang J, Narsipur N, Guo G, et al. Intake of
stigmasterol and β−sitosterol alters lipid metabolism and alleviates NAFLD in mice
fed a high-fat western-stylediet. Biochim Biophys Acta Mol Cell Biol Lipids. (2018)
1863:1274–84. doi: 10.1016/j.bbalip.2018.08.004

20. Evangelina IA, Herdiyati Y, Laviana A, Rikmasari R, Zubaedah C, Anisah,
et al. Bio-mechanism inhibitory prediction of β-Sitosterol from Kemangi (Ocimum
basilicum L.) as an inhibitor of MurA enzyme of oral bacteria: in vitro and in Silico
Study. Adv Appl Bioinform Chem. (2021) 14:103–15. doi: 10.2147/AABC.S301488

21. Jiang H, Zhang J, Du Y, Jia X, Yang F, Si S, et al. microRNA-185 modulates
low density lipoprotein receptor expression as a key posttranscriptional regulator.
Atherosclerosis. (2015) 243:523–32. doi: 10.1016/j.atherosclerosis.2015.10.026

22. Heng X, Liu W, Chu W. Identification of choline-degrading bacteria from
healthy human feces and used for screening of trimethylamine (TMA)-lyase
inhibitors. Microb Pathog. (2021) 152:104658. doi: 10.1016/j.micpath.2020.104658

23. Heianza Y, Ma W, Manson JE, Rexrode KM, Qi L. Gut microbiota metabolites
and risk of major adverse cardiovascular disease events and death: a systematic
review and meta-analysis of prospective studies. J Am Heart Assoc. (2017)
6:e004947. doi: 10.1161/JAHA.116.004947

24. He Z, Kwek E, Hao W, Zhu H, Liu J, Ma KY, et al. Hawthorn fruit extract
reduced trimethylamine-N-oxide (TMAO)-exacerbated atherogenesis in mice via
anti-inflammation and anti-oxidation. Nutr Metab. (2021) 18:6. doi: 10.1186/
s12986-020-00535-y

25. He Z, Hao W, Kwek E, Lei L, Liu J, Zhu H, et al. Fish oil is more potent
than flaxseed oil in modulating gut microbiota and reducing Trimethylamine-
N-oxide-Exacerbated atherogenesis. J Agric Food Chem. (2019) 67:13635–47. doi:
10.1021/acs.jafc.9b06753

Frontiers in Cardiovascular Medicine 09 frontiersin.org

https://doi.org/10.3389/fcvm.2022.986905
https://www.frontiersin.org/articles/10.3389/fcvm.2022.986905/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2022.986905/full#supplementary-material
https://doi.org/10.1007/s11883-011-0219-7
https://doi.org/10.3390/ijms22158074
https://doi.org/10.3390/ijms22158074
https://doi.org/10.3389/fphys.2019.00185
https://doi.org/10.1038/s41522-022-00273-4
https://doi.org/10.1016/j.crmicr.2021.100043
https://doi.org/10.1016/j.crmicr.2021.100043
https://doi.org/10.1111/jam.15058
https://doi.org/10.3389/fphar.2020.00403
https://doi.org/10.3389/fphar.2020.00403
https://doi.org/10.1042/BSR20160244
https://doi.org/10.3390/molecules26072101
https://doi.org/10.3390/molecules26072101
https://doi.org/10.1021/acs.jnatprod.8b00574
https://doi.org/10.1016/j.clnu.2016.03.003
https://doi.org/10.1016/j.bbalip.2018.08.004
https://doi.org/10.2147/AABC.S301488
https://doi.org/10.1016/j.atherosclerosis.2015.10.026
https://doi.org/10.1016/j.micpath.2020.104658
https://doi.org/10.1161/JAHA.116.004947
https://doi.org/10.1186/s12986-020-00535-y
https://doi.org/10.1186/s12986-020-00535-y
https://doi.org/10.1021/acs.jafc.9b06753
https://doi.org/10.1021/acs.jafc.9b06753
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-986905 October 26, 2022 Time: 13:33 # 10

Wu et al. 10.3389/fcvm.2022.986905

26. Ramezani A, Nolin TD, Barrows IR, Serrano MG, Buck GA, Regunathan-
Shenk R, et al. Gut colonization with methanogenic archaea lowers plasma
Trimethylamine N-oxide concentrations in Apolipoprotein e-/- mice. Sci Rep.
(2018) 8:14752. doi: 10.1038/s41598-018-33018-5

27. Wang B, Qiu J, Lian J, Yang X, Zhou JQ. Gut metabolite Trimethylamine-
N-Oxide in atherosclerosis: from mechanism to therapy. Front Cardiovasc Med.
(2021) 8:723886. doi: 10.3389/fcvm.2021.723886

28. Panyod S, Wu WK, Chen PC, Chong KV, Yang YT, Chuang HL, et al.
Atherosclerosis amelioration by allicin in raw garlic through gut microbiota and
trimethylamine-N-oxide modulation. NPJ Biofilms Microbiomes. (2022) 8:4. doi:
10.1038/s41522-022-00266-3

29. Koo HJ, Park HJ, Byeon HE, Kwak JH, Um SH, Kwon ST, et al. Chinese yam
extracts containing β-sitosterol and ethyl linoleate protect against atherosclerosis
in apolipoprotein E-deficient mice and inhibit muscular expression of VCAM-1
in vitro. J Food Sci. (2014) 79:H719–29. doi: 10.1111/1750-3841.12401

30. Yu Y, Cao Y, Huang W, Liu Y, Lu Y, Zhao J, et al. β-Sitosterol ameliorates
endometrium receptivity in PCOS-like mice: the mediation of gut microbiota.
Front Nutr. (2021) 8:667130. doi: 10.3389/fnut.2021.667130

31. Xia G, Sun J, Fan Y, Zhao F, Ahmed G, Jin Y, et al. β-Sitosterol attenuates
high grain diet-induced inflammatory stress and modifies rumen fermentation and
microbiota in Sheep. Animals. (2020) 10:171. doi: 10.3390/ani10010171

32. Rowland I, Gibson G, Heinken A, Scott K, Swann J, Thiele I, et al. Gut
microbiota functions: metabolism of nutrients and other food components. Eur J
Nutr. (2018) 57:1–24. doi: 10.1007/s00394-017-1445-8

33. Li X, Su C, Jiang Z, Yang Y, Zhang Y, Yang M, et al. Berberine
attenuates choline-induced atherosclerosis by inhibiting trimethylamine and
trimethylamine-N-oxide production via manipulating the gut microbiome. NPJ
Biofilms Microbiomes. (2021) 7:36. doi: 10.1038/s41522-021-00205-8

34. Feng Y, Wang Y, Wang P, Huang Y, Wang F. Short-chain fatty acids
manifest stimulative and protective effects on intestinalvbarrier function through
the inhibition of NLRP3 inflammasomevand autophagy. Cell Physiol Biochem.
(2018) 49:190-205. doi: 10.1159/000492853

35. Koeth RA, Wang Z, Levison BS, Buffa JA, Org E, Sheehy BT, et al.
Intestinal microbiota metabolism of L-carnitine, a nutrient in red meat, promotes
atherosclerosis. Nat Med. (2013) 19:576–85. doi: 10.1038/nm.3145

36. Ding L, Chang M, Guo Y. Trimethylamine-N-oxide (TMAO)-induced
atherosclerosis is associated with bile acid metabolism. Lipids Health Dis. (2018)
17:286.

37. Zhao ZH, Xin FZ, Zhou D. Trimethylamine N-oxide attenuates high-fat high-
cholesterol diet-induced steatohepatitis by reducing hepatic cholesterol overload in
rats. World J Gastroenterol. (2019) 25:2450–62. doi: 10.3748/wjg.v25.i20.2450

38. Geng J, Yang C, Wang B. Trimethylamine N-oxide promotes atherosclerosis
via CD36-dependent MAPK/JNK pathway. Biomed Pharmacother. (2018) 97:941–
7. doi: 10.1016/j.biopha.2017.11.016

39. Chen ML, Zhu XH, Ran L, Lang HD, Yi L, Mi MT, et al. Trimethylamine-
N-Oxide induces vascular inflammation by activating the NLRP3 inflammasome
through the SIRT3-SOD2-mtROS signaling pathway. J Am Heart Assoc. (2017)
6:e006347. doi: 10.1161/JAHA.117.006347

40. Sprague AH, Khalil RA. Inflammatory cytokines in vascular dysfunction and
vascular disease. Biochem Pharmacol. (2009) 78:539–52.

41. Kleemann R, Zadelaar S, Kooistra T. Cytokines and atherosclerosis: a
comprehensive review of studies in mice. Cardiovasc Res. (2008) 79:360–76.

42. Kattoor AJ, Pothineni NVK, Palagiri D, Mehta JL. Oxidative stress in
atherosclerosis. Curr Atheroscler Rep. (2017) 19:42.

43. Birben E, Sahiner UM, Sackesen C, Erzurum S, Kalayci O. Oxidative stress
and antioxidant defense. World Allergy Organ J. (2012) 5:9–19.

44. Ke Y, Li D, Zhao M, Liu C, Liu J, Zeng A, et al. Gut flora-dependent metabolite
trimethylamine-N-oxide accelerates endothelial cell senescence and vascular aging
through oxidative stress. Free Radic Biol Med. (2018) 116:88–100.

45. Yang G, Lin CC, Yang Y, Yuan L, Wang P, Wen X, et al. Nobiletin
prevents trimethylamine oxide-induced vascular inflammation via inhibition of the
NF−κB/MAPK pathways. J Agric Food Chem. (2019) 67:6169–76. doi: 10.1021/acs.
jafc.9b01270

Frontiers in Cardiovascular Medicine 10 frontiersin.org

https://doi.org/10.3389/fcvm.2022.986905
https://doi.org/10.1038/s41598-018-33018-5
https://doi.org/10.3389/fcvm.2021.723886
https://doi.org/10.1038/s41522-022-00266-3
https://doi.org/10.1038/s41522-022-00266-3
https://doi.org/10.1111/1750-3841.12401
https://doi.org/10.3389/fnut.2021.667130
https://doi.org/10.3390/ani10010171
https://doi.org/10.1007/s00394-017-1445-8
https://doi.org/10.1038/s41522-021-00205-8
https://doi.org/10.1159/000492853
https://doi.org/10.1038/nm.3145
https://doi.org/10.3748/wjg.v25.i20.2450
https://doi.org/10.1016/j.biopha.2017.11.016
https://doi.org/10.1161/JAHA.117.006347
https://doi.org/10.1021/acs.jafc.9b01270
https://doi.org/10.1021/acs.jafc.9b01270
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	β-sitosterol inhibits trimethylamine production by regulating the gut microbiota and attenuates atherosclerosis in ApoE-/- mice
	Introduction
	Materials and methods
	Animals and treatments
	Atherosclerotic plaque analysis
	Cholesterol and choline metabolism analysis
	Proinflammatory cytokines and antioxidant activity analysis
	16S rRNA sequencing and microbial diversity analysis
	The effect of β-sitosterol on the trimethylamine production of intestinal bacteria in vitro
	Statistical analysis

	Results
	β-sitosterol modulated cholesterol metabolism in atherosclerosis mice
	β-sitosterol protected ApoE-/- mice from choline-induced atherosclerosis
	β-sitosterol decreased trimethylamine production by remodeling the gut microbiota in ApoE-/- mice

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


