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Akkermansia muciniphila postbiotic @
administration mitigates choline-induced

plasma Trimethylamine-N-Oxide production

in mice
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Abstract

Background Trimethylamine-N-Oxide (TMAQ) is believed to be linked to increased likelihood of cardiovascular
disease. While probiotics have shown limited effectiveness in reducing TMAO levels, the potential of postbiotics
remains underexplored. This study aimed to evaluate the impact of Akkermansia muciniphila (A. muciniphila)
postbiotic administration on choline-induced TMAO production in mice by modifying the gut microbiota.

Methods Female C57BL/6J mice were divided into six groups, including a control group, high-choline diet group,
live A. muciniphila probiotic group, pasteurized A. muciniphila postbiotic group, sodium butyrate group, and
sodium propionate group. Various measurements and analyses were conducted, including TMAO and TMA levels in
serum, urine, and cecal contents, as well as the expression of FXR and FMO3 in liver tissues. Additionally, metabolic
parameters, body weight, serum lipid profile, hepatic protein expression (FMO3, FXR, CutC, and CutD), and gut
microbiota composition were assessed.

Results Administration of A. muciniphila postbiotic significantly reduced choline-induced plasma TMAQO levels in
mice. Furthermore, improvements in serum lipid profiles and liver enzyme levels suggested potential enhancements
in lipid metabolism and liver function. The study also observed modulation of specific proteins related to TMAO
production and metabolism, including CutC and CutD.

Conclusion The findings highlight the potential of A. muciniphila postbiotics as a dietary strategy for mitigating
cardiovascular disease risk by modulating the gut-TMAO axis. Postbiotics, particularly A. muciniphila, offer advantages
over probiotics and warrant further investigation for their therapeutic applications in gastrointestinal and metabolic
disorders.
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Introduction

The complex community of microorganisms inhabiting
the human digestive system, usually referred to as the
gut microbiota, plays a crucial role in preserving over-
all well-being and modulating diverse facets of human
physiology, spanning metabolism, immunity, and sus-
ceptibility to various ailments [1]. Among the variety of
metabolites produced by this complex microbial com-
munity, Trimethylamine-N-oxide (TMAO) has appeared
as an important contributor in the gut-heart axis, linking
dietary habits and intestinal microbial composition to
cardiovascular disease (CVD) risk [2, 3]. The TMAQ, a
metabolite derived from dietary components like carni-
tine, phosphatidylcholine, and choline by gut microbes,
can be further converted by the liver enzyme flavin-con-
taining monooxygenase 3 (FMO3) into a compound that
promotes inflammation and atherosclerosis [4]. Previ-
ous studies identified a gene cluster in human gut bac-
teria, named the “cut” cluster, enabling anaerobic choline
metabolism. This cluster encodes two key proteins: CutC,
a catalytic enzyme, and CutD, a regulatory polypeptide,
both originating from the cutC/D genes. These genes are

widely present across diverse gut bacteria and are linked
to their ability to utilize choline and convert it to trimeth-
ylamine (TMA) through an enzymatic process called
choline TMA-lyase activity [5-7]. Given the strong asso-
ciation between TMAO levels and CVD risk, researchers
have explored various strategies to modulate gut micro-
biota composition and thereby lower TMAO production.

Probiotics, well-defined as beneficial live microorgan-
isms that can exert beneficial effects when consumed
in adequate amounts, have been extensively studied in
this regard.8 Extensive research has explored probiot-
ics, defined as beneficial live microorganisms with health
benefits when consumed in adequate amounts, to alter
gut microbiota composition, reduce TMAO-producing
bacteria, and lower plasma TMAO levels [4, 6]. However,
limitations like continuous consumption, potential side
effects, and variable efficacy between strains hinder their
effectiveness [8].

In recent years, Postbiotics, defined as non-viable
microbial products or components of microbial cells,
have emerged as a promising alternative to probiotics for
modulating gut microbiota and promoting health and
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previous studies conclude that Lactobacillus and Bifi-
dobacterium were the furthermost proficient strains in
decreasing TMAO level in both humans and animals [9,
10]. Unlike probiotics, Postbiotics offer the advantages
of stability, extended shelf life, and reduced risk of side
effects. Studies have shown that Postbiotics can effec-
tively modulate gut microbiota composition, enhance
barrier function, and modulate host immune responses,
suggesting their potential as therapeutic agents for vari-
ous gastrointestinal and metabolic disorders [11]. Some
studies testing the effect of Postbiotics in reducing
TMAO levels [10, 11]. Recent research has point out
that Akkermansia muciniphila (A. muciniphila) holds
great ability as a probiotic agent [12]. A. muciniphila is
a Gram-negative, obligatory anaerobic, oval-shaped bac-
terium that breaks down mucus. It produces propionate
and acetate as byproducts, which serve as food for other
bacteria and the host [13].

This study aimed to examine whether A. muciniphila
Postbiotics could reduce choline-induced plasma TMAO
production by modulating gut microbiota in mice. We
hypothesized that A. muciniphila would reduce the pro-
duction of TMA and subsequently lower plasma TMAO
levels, thereby evaluating its potential as a dietary strat-
egy for mitigating CVD risk.

Materials and methods

Bacterial culture conditions and postbiotic preparation
Akkermansia muciniphila (ATCC BAA-835) obtained
from a commercial source was cultured under anaero-
bic conditions in brain heart infusion broth supple-
mented with specific additives and 0.05% mucin type
III at 37 °C. The cultures were centrifuged at 16,000 X g
for 10 min, with the resulting pellet washed three times
with phosphate-buffered saline (PBS). To prepare the A.
muciniphila postbiotic, the live bacteria were pasteurized
at 70 °C for 30 min. Subsequently, both live and pasteur-
ized bacteria were suspended in PBS under a low-oxygen
environment, adjusting the concentration to 1x10"9
colony-forming units (CFU)/mL. Fresh bacterial suspen-
sions, live or pasteurized, were prepared daily for mouse
treatment.

Experimental animals

Female C57BL/6] mice (6—7 weeks old, 25-30 g) were
obtained from SLAC Inc (Shanghai, China). Mice were
housed in pairs per standard cage with free access to
food and water under controlled conditions: 12-hour
light/dark cycle, 25 °C£2 °C temperature, and 50% * 5%
humidity.

The study was conducted in accordance with the Dec-
laration of Helsinki, and the animal study protocol was
approved by the Ethics Committee of Affiliated Matern
& Child Care Hospital of Nantong University (protocol
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code: MCCH-2023-052). After an adaptation period of
one week, thirty-six mice were randomly divided into six
groups (control, high-choline diet (HCD), probiotic (live
A. muciniphila), postbiotic (pasteurized A. muciniphila),
Butyrate, and Propionate) (n=6). To gain deeper insights
into the potential of A. muciniphila postbiotic and other
short-chain fatty acids (SCFAs), we included butyrate
and propionate groups in our study. We aimed to evalu-
ate whether SCFA supplementation, including these two
key metabolites, could influence the TMA-TMAO path-
way. By incorporating these groups, we sought to under-
stand the combined effects on TMAO production and
gut microbiota modulation. By employing this compre-
hensive approach, we hope to first unveil novel strategies
for preventing and managing various health conditions,
and secondly to foster a clear understanding of our find-
ings and their potential applications in human health
promotion.

The mice of control group received standard chow diet
and distilled water orally. The second-to-sixth-groups
received a high-choline diet (with 1.3% choline chloride),
as well as 0.2 ml of distilled water, probiotic (1x10° cfu/
mL), postbiotic (1x10° cfu/mL), butyrate (sodium butyr-
ate, 400 mg/kg), and propionate (sodium propionate, 200
mmol/L), respectively. In addition to drinking water, each
mouse in each treatment group received 0.2 mL of a pro-
biotic, postbiotic, or a combination of butyrate and pro-
pionate daily by oral gavage throughout the experiment.
The body weight of each mouse was measured weekly
during the animal experiment. All treatments were main-
tained daily for twenty-eight consecutive days [14].

Collection of biological samples

At 28th days of experiment, the animals were placed
separately in metabolic cages and the 24 hours’ urine
was collected. Mice were allowed to eat and drink freely
during urine collection. After urine collection, after 8 h
fasting, blood samples were obtained by direct cardiac
puncture under ether anesthesia. The urine and blood
samples were centrifuged at 4000 rpm for 10 min at 4 °C,
the supernatant was separated, and stored at —80 °C
for biochemical analysis. After scarifying of animals by
diethyl ether, the liver was removed, suspended in PBS,
and then stored at —80 °C for protein expression analy-
sis. Immediately upon collection, the intestinal contents
from the cecum were frozen and stored at a temperature
of —80 °C until needed.

Measurement of serum lipids and liver enzymes in mice
The serum levels of triglycerides (TG), total cholesterol
(TC), HDL cholesterol, LDL cholesterol alanine ami-
notransferase (ALT), and aspartate aminotransferase
(AST) were determined according to commercial kits
instructions.
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Measurement of TMAO and TMA levels in serum, urine, and
cecal contents

For protein precipitation, serum or urine samples were
mixed with acetonitrile (with a ratio of 1: 4). The sam-
ples were then spiked with 2.5 uM of d9-TMAO (Sigma,
USA). Afterward, the mixtures were fully mixed and
incubated at -80 °C for 2 h, centrifuged at 12,000 x g at
4 °C for 15 min, and the supernatant stored at -80 °C.
For measuring TMAO and TMA in cecum, the cecal
content placid in germ-free pipes, spiked with 2.5 uM of
d9-TMAO, and homogenized with a mixture of water,
methanol, and acetonitrile (20: 40: 40, v/v/v). Next, the
samples were centrifuged as above mentioned, and stored
at -80 °C. Next, the TMAO and TMA levels in serum,
urine, and cecal content were determined using UHPLC-
MS/MS, following the method described by Ramireddy
et al. [14] Briefly, 1 uL of each sample was injected into
the Waters ACQUITY UPLC system, and then analyzed
using the Waters Xevo TQ Mass Spec. The positive ion
electrospray ionization (ESI) mode was employed for
the analysis. The precursor product ion pairs operated
in multiple reaction monitoring (MRM) mode were: m/
2146—118 for TMA and d9TMA, as well as m/z 76—59
for TMAO and d9TMAO, respectively.

Expression of FXR and FMO3 in liver tissues

The protein levels of liver Farnesoid X receptor (FXR)
(EKU04022-96T; Biomatik USA, LLC, Wilmington, DE)
and flavin-containing monooxygenase 3 (FMO3) were
determined using commercial ELISA kits obtained from
Mybiosource Inc. (San Diego, CA, USA).

Expression of CutC and CutD proteins in cecal content

The protein levels of cecum CutC (choline trimethyl-
amine-lyase) which produces TMA and CutD (a radical
enzyme that serves as an activate for choline TMA-lyase)
were determined using commercial ELISA kits obtained
from Mosak Biotechnology Co., Ltd. (Wuhan, China).

Measurement of FMO3 activity in liver tissues

The activity of FMO3 in liver tissue was measured using
a previously established method. In brief, liver samples
were homogenized in RIPA buffer containing 1 mM
PMSE to inhibit protease activity. The protein concentra-
tion was then determined using a commercially available
BCA assay following the manufacturer’s instructions. An
equal amount of protein homogenate (1 mg) was added
to a reaction mixture containing 100 phM NADPH, 100
uM deuterated TMA (d9-TMA), and 10 mM HEPES
buffer (pH 7.4). The final reaction volume was 250 uL.
Following incubation at 37 °C for 8 h, the reaction was
stopped with 0.2 N formic acid. The mixture was then
filtered through a 0.22 um microfilter, transferred to an
injection tube, with the amount of d9-TMAO formed
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quantified using ultra-high-performance liquid chro-
matography coupled with tandem mass spectrometry
(uHPLC-MS/MS).

Metagenomic DNA extraction and gut microbiota analysis
To quantify the composition of gut microbiota commu-
nity in fecal samples, real-time quantitative PCR (qPCR)
was done according to an earlier described procedure.
Metagenomic DNA was extracted from the cecal samples
of mice using a FastDNA® SPIN Kkit for feces and the Fast-
Prep® system (MP Biomedicals, Santa Ana, CA, USA).
The extracted total DNA was used as template to amplify
the V4 domain of the bacterial 16 S rRNA gene (16 S V4).
The amplicon libraries (a mixed of purified PCR prod-
ucts) were used for sequencing by an Illumina MiSeq
platform (New England Biolabs, Ipswich, MA, USA).
The sequence data of 16 S rDNA were analyzed by the
free online Platform of Majorbio I-Sanger Cloud (https://
www.i-sanger.com).

Statistical analysis

All data are expressed as Mean®SD. Statistical analy-
sis was implemented with one-way ANOVA with Tukey
post-hoc test using SPSS 22.0 (Chicago, IL, USA). P val-
ues<0.05 were considered to show significant differences
for all comparisons. Graphs were drawn using GraphPad
Prism v10.0.0, (GraphPad software, Inc, La Jolla, Califor-
nia, USA).

Results

Effect of live or pasteurized A. muciniphila and SCFAs
supplementation on body weight in mice challenged with
choline

To explore the effect of different supplementations on
the body weight of mice tested with choline, the weight
of each mouse was measured weekly during the animal
experiment, with the ANOVA test utilized to compare
the weights between groups on a particular day. The
results revealed that the body weight of mice greater than
before steadily during the study and HCD, probiotic,
postbiotic, butyrate, and propionate groups group had
growth curves comparable to that of the control group.
As displayed in Fig. 1., live or pasteurized A. muciniphila
and SCFAs (butyrate and propionate) administration had
no statically significant effect on the body weight trend
(p=0.156).

Effect of A. muciniphila and SCFAs supplementation on
serum lipid profile in mice challenged with choline

Figure 1. indicates the results of serum lipid profile in
the tested mice. No significant differences in serum lipid
profile (TG, TC, LDL-C, and HDL-C) were detected
between the HCD and control groups. As depicted
in Fig. 2, oral supplementation of choline challenged
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Fig. 1 The effect of A. muciniphila and SCFAs supplementation on the body weight in choline challenged C57BL/6J mice (n=6). Experimental conditions
were as described in methods. All values are presented as mean + SD. Data were analyzed using one-way ANOVA test

mice with probiotic or postbiotic of A. muciniphila sig-
nificantly elevated and lowered the serum levels of TG
and HDL-C, respectively. The results also indicated no
noticeable difference in the liver enzymes (ALT and AST)
levels between the HCD and control groups, sugegsting
that HCD did not damage the liver.

Also, our results revealed that oral supplementation of
choline challenged mice with live or died A. muciniphila,
as well as, butyrate and propionate did not significantly
alter ALT and AST enzyme levels (Fig. 3a-b).

Effect of A. muciniphila and SCFAs supplementation on
TMAO levels

To examine the effect of A. muciniphila and SCFAs sup-
plementation on TMAO levels, we measured TMAO,
TMA levels in the serum, TMAO in the urine, and
TMA in the cecal content using UHPLC-MS/MS sys-
tem. As demonstrated in Fig. 4a-d, on the 28th days of
experiment, the serum levels of TMAO in the HCD
group were meaningfully greater compared to the con-
trol group. Compared to the HCD group, live and pas-
teurized A. muciniphila supplementation significantly
reduced the serum levels of TMAO. The effect of the
killed A. muciniphila (postbiotic) on the reduction of
serum TMAO level was greater than that of the live A.

muciniphila (probiotic). Supplementation of choline
challenged mice with short chain fatty acids propionate
and butyrate also reduced the serum level of TMAO
compared to the HCD group, but this effect was less
than that of probiotic or postbiotic supplementation. The
serum level of TMA was also considerably greater in the
HCD group than that in the control group. Compared to
the HCD group, supplementation of choline challenged
mice with live or pasteurized A. muciniphila meaning-
fully lowered the serum levels of TMA. Oral supplemen-
tation of mice with propionate and butyrate also reduced
the serum levels of TMA, though this change was not sta-
tistically significant. TMAO is mostly excreted through
the kidney, and measurement of TMAO in urine showed
that the urine levels of TMAO in the HCD group were
statically significantly higher than in the control group.
As shown in Fig. 4d, supplementation of choline-chal-
lenged mice with live or pasteurized A. muciniphila did
not reduce the urine levels of TMAO. Furthermore, the
cecal TMA levels of HCD group were significantly higher
than in the control group. Compared with the HCD
group, live A. muciniphila, pasteurized A. muciniphila,
propionate, and butyrate significantly lowered cecal
TMA levels. Among them, the pasteurized A. muciniph-
ila had the greatest effect on reducing cecal TMA.
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Fig. 2 The effects of A muciniphila and SCFAs on serum levels of triglyceride (a), total cholesterol (b), HDL-C (c), and LDL-C (d) levels in choline challenged
C57BL/6J mice (n=6). Experimental conditions were as described in methods. All values are presented as mean +SD. Data were analyzed using one-way

ANOVA test, * p<0.05 and ** p<0.01

Effect of A. muciniphila and SCFAs supplementation on
FXR and FMO3 protein expression in choline challenged
mice

Hepatic FMO3 enzyme plays a central role in the conver-
sion of TMA to TMAO. Overexpression of this enzyme
in the liver significantly increases serum levels of TMAO,
and its expression is influenced by diet, bile acids, con-
taining bile acid-activated nuclear FXR. As shown in the
Fig. 5a-b, no significant difference in FMO3 and FXR
protein expression was observed between the HCD and

control groups. Furthermore, supplementation of cho-
line challenged mice with A. muciniphila (live or pas-
teurized bacteria) and as well as propionate and butyrate
short chain fatty acids did not significantly change the
expression of FMO3 and FXR proteins in the liver of rats
treated with choline.
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Fig. 3 The effects of A. muciniphila and SCFAs on serum levels of ALT (a) and AST (b) in choline challenged C57BL/6J mice (n=6). Experimental conditions
were as described in methods section. All values are presented as mean+SD. Data were analyzed using one-way ANOVA test

Effect of A. muciniphila and SCFAs supplementation on
hepatic FMO3 activity in choline challenged mice

As illustrated in Fig. 5c, no statically significant dif-
ferences in hepatic FMO3 enzymatic activities were
detected among the HCD and control groups. As com-
pared with the HCD group, A. muciniphila supplemen-
tation a little affected FMO3 activities, but the variances
were not satanically significant.

Effect of A. muciniphila and SCFAs supplementation

on protein levels of CutC and CutD in Cecum of choline
challenged mice

As shown in Fig. 6a-b, the cecum levels of CutC and
CutD proteins in the HCD group was significantly higher
than that in the control group. In compression to HCD
group, supplementation of choline challenged mice with
A. muciniphila significantly reduced the protein levels
of CutC.and CutD in cecal content. Orally supplementa-
tion of mice with propionate and butyrate also reduced
cecum level of CutC.and CutD proteins compared to
HCD group, but this effect was less than A. muciniphila
supplementation.

Effect of A. muciniphila and SCFAs supplementation on gut
microbiota composition in choline challenged mice

Figure 7 demonstrates that the presence of Akkerman-
sia and Bifidobacterium was lower in the HCD group
compared to the control group. In contrast, com-
pared to the control group, the relative proportion

of Ruminiclostridium and Lachnoclostridium were
enhanced significantly in HCD group. Furthermore, A.
muciniphila treated mice had a significant higher propor-
tion of Faecalibaculum and Lactobacillus compared to
HCD group (Fig. 7c-e).

Discussion
The present study represents a significant advance in
our understanding of the potential therapeutic effects
of A. muciniphila postbiotic supplementation on cho-
line-induced TMAO production in mice. To the best
of our knowledge, this is the first study to inspect the
impact of postbiotic on TMAO levels in the context of A.
muciniphila supplementation. The findings revealed that
both A. muciniphila and short-chain fatty acids (SCFAs)
supplementation resulted in a significant reduction in
TMAO levels in various biological samples, including
serum, cecum, and urine. Interestingly, the effect was
more pronounced with pasteurized A. muciniphila, sug-
gesting that the cell components of A. muciniphila may
play a crucial role in mediating these observed effects. In
addition to TMAO reduction, supplementation with A.
muciniphila postbiotic also demonstrated an impact on
the serum lipid profile in choline-challenged mice. Spe-
cifically, it led to elevated serum HDL-C levels and low-
ered TG levels, indicating a potential beneficial effect on
lipid metabolism.

Furthermore, our study revealed that supplementa-
tion with butyrate, one of the SCFAs, also influenced
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Fig. 4 The effects of A. muciniphila and SCFAs on serum TMAO (a), serum TMA (b), cecum TMA (c), and urine TMAO (d) levels in choline challenged
C57BL/6J mice (n=6). Experimental conditions were as described in methods. All values are presented as mean +SD. Data were analyzed using one-way

ANOVA test, * p<0.05, * p<0.01, and *** p<0.001

TMAQO levels in the mice. TMAO has been associated
with hypertension risk, and the dose-dependent reduc-
tion in plasma TMAO and its metabolite dimethylamine
(DMA) observed in our study may be attributed to a
decline in gut microbial TMA formation [11, 15]. These
findings highlight the potential of A. muciniphila post-
biotic supplementation in modulating TMAO metabo-
lism and propose that targeting the gut microbiota may
offer a novel therapeutic approach for the treatment and

prevention of metabolic diseases. Previous gut microbi-
ota-targeted therapies, including probiotics postbiotics,
prebiotics, fecal microbiota transplantation, and bacterial
metabolite modulation, have shown promising benefits
in TMAO modulation [6, 7, 10].

Further, A. muciniphila supplementation was found
to induce modifications in the composition of the gut
microbiota in choline-challenged mice. Specifically, it led
to an increase in the abundance of Faecalibaculum and
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Fig. 7 Akkermansia muciniphila altered the composition of gut microbiome (n=6): (a) distribution of cecal microbial at phylum level; (b) Heatmap of the
distribution of the cecal microbial, X-axis represents the groups, Y-axis represents the genus, and the color means the relative abundance; (c-e) relative
abundance of the genera among six groups. All values are presented as mean + SD. Data were analyzed using one-way ANOVA test, and *** p<0.001

Lactobacillus, while lowering the abundance of Rumini-
clostridium and Lachnoclostridium. These changes in gut
microbiota composition may contribute to reduced pro-
duction of TMAO by influencing the metabolic activities
of the gut microbiota [16]. Previous studies have dem-
onstrated the ability of A. muciniphila supplementation

to significantly lower TMAO levels in animal models.
This remarkable effect is attributed to A. muciniphila’s
ability to orchestrate a shift in the gut microbial com-
munity, favoring the growth of bacteria that produce
less trimethylamine (TMA), the precursor of TMAO.
This shift in microbial composition can be attributed to
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A. muciniphila’s production of antimicrobial peptides,
modulation of bile acid metabolism, and production of
short-chain fatty acids, all of which can influence the
growth and activity of other gut bacteria [17]. Our find-
ings suggest a potential for A. muciniphila postbiot-
ics to influence TMAOQO metabolism in mice, warranting
further research to confirm and understand the mecha-
nisms involved, including potential limitations on urinary
excretion.

The underlying mechanisms by which A. muciniphila
reduces choline-induced TMAO production may involve
the modulation of gut microbiota composition and the
expression of proteins involved in TMAO synthesis [13,
15]. A. muciniphila supplementation was found to reduce
the expression of CutC and CutD proteins in the cecum,
which contribute to the conversion of choline to TMA
[18]. Additionally, SCFA supplementation reduced the
expression of FMO3 protein in the liver, which is essen-
tial for the conversion of TMA to TMAO [19, 20]. These
findings are in line with previous studies demonstrating
the efficacy of A. muciniphila and SCFAs in modulating
gut microbiota composition and reducing TMAO pro-
duction [21, 22]. The implications of these findings are
significant, as they provide insights into potential strat-
egies for preventing cardiovascular disease and other
health risks associated with TMAO [23].

Another potentially protective effect of A. muciniphila
supplementation may involve its influence on hepatic
FMO3 activity as well as the expression of FMO3 and
FXR proteins in choline-challenged mice [24]. FMO3
activity is crucial in TMAO production, and our study
found that A. muciniphila supplementation had a modest
effect on FMO3 activities [20]. While A. muciniphila sup-
plementation showed some influence on FMO3 activity
in the liver, the effect was not statistically significant [25].
This suggests that while FXR-mediated FMO3 regulation
might modulating gut bacteria composition may play a
more substantial role in how A. muciniphila influences
TMAO production. This highlights the multifaceted role
of A. muciniphila in modulating TMAO metabolism,
emphasizing its potential as a therapeutic target for car-
diovascular health. By understanding the mechanisms by
which A. muciniphila influences TMAO production, we
can gain valuable insights into developing novel strate-
gies to reduce TMAO levels and mitigate the risk of car-
diovascular disease.

In conclusion, our study suggests a potential for A.
muciniphila postbiotic and SCFAs to reduce choline-
induced TMAO production in mice, but further inves-
tigation is required to confirm and understand the
mechanisms involved, including potential limitations on
urinary excretion. These effects are associated with alter-
ations in gut microbiota composition and modulation
of proteins involved in TMAO synthesis. Additionally,
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A. muciniphila supplementation revealed potential
benefits in improving lipid metabolism, as evidenced
by augmented HDL-C levels and lowered TG levels.
These findings highlight the therapeutic potential of A.
muciniphila postbiotics in mitigating TMAO-related
health risks and suggest that targeting the gut microbiota
and its metabolites could be a promising approach for
managing metabolic diseases. Further research is needed
to elucidate the underlying mechanisms and to validate
these findings in human studies.
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