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Background Cold exposure is one of the most important risk factors for atrial fibrillation (AF), and closely related to
the poor prognosis of AF patients. However, the mechanisms underlying cold-related AF are poorly understood.

Methods Various techniques including 16S rRNA gene sequencing, fecal microbiota transplantation, and electro-
physiological examination were used to determine whether gut microbiota dysbiosis promotes cold-related AF.
Metabonomics were performed to investigate changes in fecal trimethylamine (TMA) and plasma trimethylamine
N-oxide (TMAO) during cold exposure. The detailed mechanism underlying cold-related AF were examined in vitro.
Transgenic mice were constructed to explore the role of pyroptosis in cold-related AF. The human cohort was used
to evaluate the correlation between A. muciniphila and cold-related AF.

Findings We found that cold exposure caused elevated susceptibility to AF and reduced abundance of Akkermansia
muciniphila (A. muciniphila) in rats. Intriguingly, oral supplementation of A. muciniphila ameliorated the pro-AF
property induced by cold exposure. Mechanistically, cold exposure disrupted the A. muciniphila, by which elevated
the level of trimethylamine N-oxide (TMAO) through modulation of the microbial enzymes involved in trimethyl-
amine (TMA) synthesis. Correspondingly, progressively increased plasma TMAO levels were validated in human
subjects during cold weather. Raised TMAO enhanced the infiltration of M1 macrophages in atria and increased the
expression of Casp1-p20 and cleaved-GSDMD, ultimately causing atrial structural remodeling. Furthermore, the
mice with conditional deletion of caspase1 exhibited resistance to cold-related AF. More importantly, a cross-sec-
tional clinical study revealed that the reduction of A. muciniphila abundance was an independent risk factor for cold-
related AF in human subjects.

Interpretation Our findings revealed a novel causal role of aberrant gut microbiota and metabolites in pathogenesis
of cold-related AF, which raises the possibility of selectively targeting microbiota and microbial metabolites as a
potential therapeutic strategy for cold-related AF.
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Research in context

Evidence before this study

Mounting studies have linked cold exposure to the
higher risk of AF and poor prognosis of AF patients. Gut
microbiota and its metabolites have been implicated in
AF. It has also been reported that cold exposure led to
the remarkable shift of the gut microbiota composition.
However, the role of gut microbiota in cold-related AF
and underlying mechanism remain unclear.

Added value of this study

We demonstrated that gut microbiota dysbiosis is
responsible for cold-related AF, and oral administration
of A. muciniphila prevents rats against cold-related AF.
Mechanistically, we showed that cold exposure caused
a significant decrease in A. muciniphila abundance,
which elevated the levels of TMA and TMAO, thereby
promoting the polarization and apoptosis of M1 macro-
phage, resulting in atrial structural remodeling and AF.
More importantly, the decreased abundance of A.muci-
niphila in cold rat models are reproduced among
human subjects, and been proved to be an indepen-
dent risk factor for cold-related AF.

Implications of all the available evidence

Our findings provides new insights into the mecha-
nisms underlying cold-related AF, highlighting a poten-
tially essential role in the development of cold-related
AF, which may pave an avenue for the treatment and
prevention of cold-related AF.
Introduction
Atrial fibrillation (AF) is one of the most common
arrhythmias worldwide, with a prevalence of 1-2% in
the general population.1 Cold exposure is one of the
most important independent risk factors for AF.2,3 As
reported, when the ambient temperature decreases by
1℃, the incidence of AF increases by 3%.4 More impor-
tantly, low temperature is closely related to the poor
prognosis of AF patients, including the significant
increase in cardiovascular events and all-cause mortal-
ity.5 However, the mechanisms underlying cold-related
AF remain largely unknown.

The gut microbiota consists of thousands of bacterial
species and trillions of microbial cells, which may con-
tribute to the cardiovascular health of the human host
and, when aberrant, to the pathogenesis of various
cardiovascular diseases including AF.6 Clinical data
revealed that patients with AF showed imbalanced gut
microbial function and correlated metabolic pattern
changes, which raised the possibility that the differen-
tial gut microbiome signatures might be used to identify
AF patients.7 Gut-derived metabolites, such as TMAO,
have been implicated in AF. Local injection of TMAO
has been proven to increase the instability of atrial elec-
trophysiology in normal canines, and exacerbate the
acute electrical remodeling in a rapid atrial pacing
induced-AF model by aggravating autonomic remodel-
ing.8 More importantly, TMAO has gained considerable
attention as an independent predictive factor for throm-
bosis risk and ischemic stroke in patients with AF.9,10

Mounting studies demonstrated that cold exposure con-
tributed to the remarkable shift of the gut microbiota
composition.11,12 However, studies focusing on the rela-
tionship between gut microbiota and cold-related AF
are not available.

Macrophages are the integral components of cardiac
tissue, and resident cardiac macrophages account for
approximately 6%-8% of the noncardiomyocyte popula-
tion in the healthy heart of adult mice.13 It is well known
that macrophages play paramount and distinct roles in
modulation of the pathophysiological processes in the
cardiovascular system. As reported, increased M1 mac-
rophages accumulation occurred in the atria of AF
patients.14 More importantly, pro-inflammatory M1
macrophages exacerbated atrial electrical remodeling in
both canine and mouse AF models. It was demon-
strated that TMAO promoted M1 polarization and
induced inflammation, which enhanced the allogenic
graft-versus-host reaction.15 However, the role of macro-
phages in cold-related AF and underlying mechanism
have not yet been elucidated.

In the present study, we found that patients with AF
during winter and rats with cold exposure showed a sig-
nificant decrease in A. muciniphila abundance. Intrigu-
ingly, oral supplementation of A. muciniphila abolished
the pro-AF effect elicited by cold exposure. Mechanisti-
cally, cold exposure increased TMAO by enhancement
of intestinal-derived TMA generation. The elevated
TMAO promoted M1 macrophages infiltration and
induced pyroptosis in atria of rats, which exacerbated
atrial structural remodeling, ultimately led to AF. In
summary, our study provided a new insight into the
mechanisms underlying cold-related AF, which may
be helpful for the treatment and prevention of cold-
related AF.
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Methods

Human studies
There were two independent cohorts in our study. In
the A. muciniphila test, fecal samples were collected
from initial AF or SR patients during winter or summer
in medical center of the First Affiliated Hospital of Har-
bin Medical University. Patients admitted with AF or
SR from November to January are referred to as Winter
AF or Winter SR, and patients admitted with AF or SR
from June to August are referred to as Summer AF or
Summer SR. The AF patients included in this study
were diagnosed with initial AF. Individuals providing
fecal samples in winter were required to continuously
expose to outdoor cold environment for at least 2 hours
a day for more than two weeks. In the A. muciniphila
test, of the 862 participants, 521 were recruited into the
study. Of those, 209 who had measurements of fecal
abundance of A. muciniphila were included in the final
analysis (see flowchart in Supplementary Figure S1A).
In the TMAO test, blood samples were collected
from patients hospitalized in cardiovascular ward of
the First Affiliated Hospital of Harbin Medical Uni-
versity. 1873 individuals were consecutively recruited
from January 2019 to December 2019, and 1305 sub-
jects who had measurements of plasma TMAO were
included for the final analysis (see flowchart in Sup-
plementary Figure S1B). Exclusion criteria were pre-
defined as follows: pregnant at the time of
examination; antibiotics or probiotics used in the
past three months; had a history of heart failure,
cancer or inflammatory bowel diseases; had a gastro-
intestinal illness, vomiting, diarrhea, or atypical con-
stipation in the past week; significantly altered diet
compositions in the past week.
Animals
Male SD rats(200-250g)were purchased from Beijing
Vital River Laboratory Animal Technology Co, Ltd
(RRID: RDG_734476, Beijing, China) and raised at the
Experimental Animal Center of Harbin Medical Univer-
sity (Harbin, China). The animals were kept in cages
with light/dark cycles of 12 h and fed with food and
water available ad libitum. After one week of adaptive
feeding, rats were randomly divided into two groups
using completely randomized design, the room temper-
ature (RT) group were raised under 25 § 1°C; and the
Cold group were exposed to moderate cold (4 § 1°C) in a
temperature-controlled and ventilated chamber in SPF
conditions using individually ventilated cages for two
weeks. The sample sizes of rats were based on the previous
studies which confirmed that equal to or more than 6 rats
were enough to test the AF susceptibility in experimental
studies related to AF.16,17 Our previous research also con-
firmed that 7 rats were enough to eliminate individuals dif-
ferences and confounders when performing atrial
www.thelancet.com Vol 82 Month August, 2022
electrophysiological testing and could effectively evaluate
the susceptibility of atrial fibrillation.18 Therefore, we
believed that 7 rats were enough to test AF susceptibility.

To testify the importance of TMAO in cold-related
AF, Cold rats were administered with 1.0% DMB
(cat#183105, Sigma AIdrich, St Louis, Missouri,
USA)(a structural analogue of choline, inhibit TMA
production)by drinking water for 2 weeks. In anti-
pyroptosis experiments, NSA(cat#480073, Sigma
AIdrich, St Louis, Missouri, USA)(a direct chemical
inhibitor of gasdermin D)was administrated to Cold
rats for 2 weeks via intraperitoneal injection (2g/kg/
day). The control group rats were given the same
amount of vehicle. In A. muciniphila supplementa-
tion experiment, the Cold rats were orally adminis-
tered with A. muciniphila or pasteurised A.
muciniphila at a dose of 1£109CFU/200 µL with
anaerobic PBS daily for 2 weeks, respectively. The
Cold rats in the control groups were administered
with the PBS containing 2.5% glycerol.

Caspase1 floxed mice (Caspflox/flox) and Mef2c-Cre
transgenic mice in C57BL/6 genetic background were
purchased from the Cyagen Biosciences Inc. We gener-
ated the Mef2c-Cre‒driven atria and right ventricular-
specific deletion of caspase1 by crossing Caspflox/flox

mice with Mef2c-Cre transgenic mice, yielding Casp-
mef2c/mef2c and Caspflox/flox (control) offspring. Caspmef2c/

mef2c offspring were born at the expected mendelian ratio
and were viable.

At the end of the experiment, all animals were
anaesthetized with pentobarbital sodium and sacri-
ficed by cervical dyslocation, then their organ tissues
were removed and collected for further biochemical
analysis.
The 16S RNA sequencing and microbial analysis
Microbial DNA from fecal samples was extracted using
the TIANamp Stool DNA Kit (cat#DP328-02, TIAN-
GEN, Beijing, China) according to the manufacturer’s
instructions, then 16S rRNA was amplified at the V3 to
V4 hypervariable region and sequenced with Illumina
novaseq6000. For animal experiment, the DADA2 in
QIIME2 were used to denoise the data after quality con-
trol, ASVs are filtered by default with a threshold of
0.005% of all sequences sequenced.19,20 Both the Shan-
non index and Chao1 represent alpha diversity. The
principal coordinate analysis (PCoA) based on
unweighted UniFrac distances reveal beta diversity. Per-
mutational multivariate ANOVA (PERMANOVA) was
used to test the differences between groups in PCoA
plot. For human experiment, the raw sequences were
preprocessed and quality controlled using QIIME2 with
default parameters. The chao1, shannon and simpson
represent alpha diversity. The non-metric multidimen-
sional scaling(NMDs) based on unweighted UniFrac
distances reveal beta diversity.
3
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Fecal microbiota transplantation
Feces of 3 rats with significantly increased AF suscepti-
bility after cold exposure were collected from different
cages. The stool sample was diluted in sterile phosphate
buffer (PBS, 50 mg stool/1 mL buffer) and homoge-
nized for 5 minutes until a pasty consistency was
reached. Then, the suspension was vortexed for 1 min-
ute and centrifuged at 800 g for 3 minutes. Collect
supernatant, aliquot, and freeze at -80℃. Rats were
administered with omeprazole (50 mg/kg/d) for 3 days
before FMT for decontamination. Fecal bacteria trans-
plantation was performed by gavage in accordance with
previous study.21 Fasting and 1 mL citrate (0.16 mg/mL
sodium picosulfate, 51.2 mg/mL magnesium oxide) was
administered to rats 24 hours before transplantation.
Another 2 mL citrate was given to rats 12 hours prior to
fecal bacteria transplantation. Then we performed a sin-
gle oral gavage (2 mL) weekly for 4 weeks to re-coloniza-
tion of transplanted gut microbiota. The rats gavaged
with feces from RT rats were referred to the RT-FMT
group and the rats gavaged with feces from Cold rats
were referred to the Cold-FMT group.
Electrophysiology
Atrial fibrillation (AF) was induced with essentially the
same protocol as described previously in detail.22

Briefly, rats underwent open-chest electrophysiological
programmed stimulation under 1% sodium pentobarbi-
tal (30 mg/kg) anesthesia. The 1.9-F octapolar catheter
(Transonic Systems Inc, New York, USA) was placed on
the right atrium for programmed stimulation. To assess
AF inducibility, 50-Hz burst pacing was applied for 3
seconds with 12 bursts separated by a 2 seconds interval.
AF was defined as >1 second of irregular atrial electro-
grams (>800 beats/min) with irregular ventricular
response. AF duration was defined as the mean dura-
tion of all AF episodes within 60 second s in each rat.
Culture of primary rat cardiomyocytes and fibroblasts
The primary atrial myocytes and fibroblasts were
obtained from hearts of neonatal Sprague-Daw rats
(1-3 days old) as described previously,23 and we have
been validated the primary atrial myocytes and fibro-
blasts by immunofluorescence. In brief, The left atrium
was separated from the exposed heart of neonatal rat
under aseptic conditions, and cut to pieces approxi-
mately 1 mm3 with scissors. Then the heart tissues were
digested in 0.25% tryspin with gently shaking. All diges-
tive fluid was collected in DMEM(cat#D6429, Sigma
AIdrich, St Louis, Missouri, USA) with 10% fetal bovine
serum (cat#sv30087.02, Hyclone, Utah state, USA),
centrifuged at 1200 rpm for 5 minutes. The cells were
resuspended in DMEM containing 10% FBS, 1% peni-
cillin (100 IU/mL) and streptomycin (100 mg/mL),
which was inoculated in six-well plates for 90 minutes.
The pre-seeding medium containing cardiomyocytes
were seeded in new six-well plates, and the cardiac fibro-
blasts were left, which has been adhered to the culture
plates. The cells stayed at 37°C in a incubator with 5%
CO2. The cardiomyocytes were replaced with fresh cul-
ture medium after 48 hours. All cardiac fibroblasts in
this study were treated within three passage cultures.

In vitro experiments, the cardiomyocytes and fibro-
blasts were cultured with TMAO (10 mmol/L) or DMSO
for 48 hours at 37°C with 5% CO2, respectively.
Preparation of rat bone marrow-derived macrophages
To isolate rat bone marrow-derived macrophages
(BMDMs), bone marrow was collected from the femurs
of SD rats. First, hind limbs of rats were collected and
muscle tissue was removed to expose femur and tibia.
Bones were then flushed with RPMI 1640 using syrin-
ges to isolate bone marrow cells. Then cells were seeded
in 6-well plates in RPMI 1640 supplemented with M-
CSF(10mg/mL), 10% (v/v) FBS, and 1%(v/v)penicillin/
streptomycin and incubated at 37°C 5% CO2. After
6 days, bone marrow cells were differentiated into mac-
rophages. The subsequent experiments were performed
after 48 hours incubation in the presence or absence of
TMAO (10 mmol/L).
Cell co-culture model
Trans-well Chambers (Corning, New York, USA) were
used to set the cell co-culture model with macrophages
and cardiac fibroblasts/cardiomyocytes. Cardiac fibro-
blasts and cardiomyocytes were pretreated as abovemen-
tioned. BMDWs were seeded in 6-well plates and
treated with M-CSF for 6 days to induce M0 macro-
phages. Then, the M0 macrophages were treated with
TMAO, and fibroblasts/cardiomyocytes were simulta-
neously seeded into the upper chambers with 2mL cul-
ture medium. After 48 hours of co-culture, the cardiac
fibroblasts/cardiomyocytes were lysed with RIPA
reagent containing 1% protease inhibitor to extract total
protein for western blot analysis.
MTT assay
The cell viability was determined by using the MTT Cell
Proliferation Assay (Beyotime, Shanghai, China).
Briefly, cells were seeded in 96-well plates and incu-
bated for 48 hours in DMEM, in the presence or
absence of TMAO. Then 10 mL tetrazolium salt (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
MTT) was added to the cells in phenol red-free culture-
medium and incubated for 4 hours at 37°C. After
dimethyl sulfoxide was added, the absorbance was mea-
sured at wavelength of 570 nm using a microplate
reader (Thermo, Massachusetts, USA) within 1 hour.
www.thelancet.com Vol 82 Month August, 2022
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Immunofluorescent staining
The frozen sections of atrial tissue were fixed with 4%
paraformaldehyde for 15 minutes, washed with 1£PBS for
three times, and permeabilized in 1% TritonX-100 for 10
minutes. After washing, the sections were blocked with
goat serum (Bioss, Beijing, China) for 1 hour and incu-
bated with primary antibody, rabbit anti-CD163 (Bioss,
cat#bs-2527R, RRID: AB_10856166) and mouse anti-
CD86 (Santa Cruz Biotechnology, cat#sc-28347, RRID:
AB_627200) at 4°C overnight. Following that, they were
incubated with FITC Goat Anti-Rabbit IgG (H+L) antibody
(ABclonal, cat#AS011, RRID: AB_2769476), and TRITC
Goat Anti-Mouse IgG (H+L) antibody (ABclonal,
cat#AS026, RRID: AB_2772721). Finally, 406-diamino-2-
phenylindole (DAPI, Beyotime, China) was added to stain
the nuclei. The sections were sealed with anti-fluorescence
quencher. Imaging was performed by immunofluores-
cence microscope (Zeiss, Jena, Germany) and fluorescence
intensity was analyzed with ImageJ.
Culture and pasteurisation of A. muciniphila
A. muciniphila was purchased from ATCC (BAA-835),
which was cultured in brain heart infusion broth con-
taining 10 mg/L resazurin under strictly anaerobic con-
ditions. The CFU/mL was determined by plate
counting using a mucin media containing 1% agarose
under anaerobic conditions. The culture was diluted to
a final concentration of 1£109CFU/200µL with anaero-
bic PBS which contains 2.5% glycerol. In addition, the
pasteurisation of A. muciniphila was conducted at 70°C
for 30 minutes to obtain the pasteurised A. muciniphila.
Quantitative reverse-transcription polymerase chain
reaction (qRT-PCR)
The abundance of A. muciniphila in stool samples was
quantified by quantitative reverse-transcription polymerase
chain reaction (qRT-PCR) in accordance with our previous
study.24 Briefly, DNA from the fecal sample is extracted
according to the instructions given by the TIANamp Stool
DNA Kit,and DNA was stored at �80°C for further analy-
sis. qRT-PCR assay (SYBR Green Assay, Roche, Switzer-
land) of A. muciniphila was performed on Applied
Biosystem. The primers of A. muciniphila were as follow-
ing, forward CAGCACGTGAAGGTGGGGAC, reverse
CCTTGCGGTTGGCTTCAGAT. In addition, the mRNA
expressions of microbial enzymes involved in TMA pro-
duction were also detected by qRT-PCR assay and the
primer sequences were listed in supplement table 2. The
relative expression levels of DNA and mRNAs were calcu-
lated and quantified using the 2�DDCT method after nor-
malization with GAPDH.
LC-MS/MS analysis
Plasma samples and stool samples were collected in
heparin tubes and sterile EP tubes respectively and
www.thelancet.com Vol 82 Month August, 2022
stored at �80°C. 100 mL sample was transferred to an
EP tube. After the addition of 400 mL of extract solution
(acetonitrile: methanol = 1:1, containing isotopically-
labelled internal standard mixture), the samples were
vortexed for 30 seconds, sonicated for 10 minutes in ice-
water bath, and incubated for 1 hour at -40℃ to precipi-
tate proteins. After centrifugation, the supernatant was
transferred to a fresh glass vial for analysis. LC-MS/MS
analyses were performed using a UHPLC system (Van-
quish, Thermo Fisher Scientific) with a UPLC BEH
Amide column (2.1 mm £ 100 mm, 1.7 mm) coupled to
Q Exactive HFX mass spectrometer (Orbitrap MS,
Thermo). The QE HFX mass spectrometer was used for
its ability to acquire MS/MS spectra on information-
dependent acquisition (IDA) mode in the control of the
acquisition software (Xcalibur, Thermo). In this mode,
the acquisition software continuously evaluates the full
scan MS spectrum.
Flow cytometry
The macrophages were collected with 0.25% pancreatic
enzyme and single cell suspension was prepared. After
washing by PBS, the macrophages were incubated with
fluorescently labelled antibodies, including anti-CD11b/
c-APC (Thermo Fisher Scientific, cat#MA5-17507,
RRID: AB_2538897) (MK), anti-CD86-PE (BD Bio-
sciences, cat#551396, RRID: AB_394180) (M1 macro-
phags), anti-CD163-Percp (Thermo Fisher Scientific,
cat#PA5-78961, RRID: AB_2746077) (M2 macro-
phages), anti-caspase1 p20(Bioss, cat#bs-10743R), dis-
solved in Flow Cytometry buffer (0.05% Sodium Azide
with 1% BSA in 1X PBS) for 1 hour at room temperature
in the dark. Goat anti-Rabbit IgG (H+L) Secondary Anti-
body, PE-Cyanine5.5 (Thermo Fisher Scientific,
cat#L42018, RRID: AB_2536607) was also incubated
for 1 hour in the dark. 10,000 cells were acquired from
the macrophages population using BD FACS Calibur
(BD Biosciences, USA) and detected by FlowJo. Dot
Plots depict percentage of the cells that express indi-
cated markers, while their expression levels are pre-
sented as Mean Fluorescence Intensity.
Histopathology
Fresh atrial samples were collected in 4% paraformalde-
hyde and then embedded with paraffin. The sections
were continuously cut into 5 mm and stained with
hematoxylin and eosin (HE)(cat#G1120, Solarbio, Bei-
jing, China), Masson’s trichrome staining(cat#G1340,
Solarbio, Beijing, China), as described in our previous
study.25 Histopathological changes were studied
through light microscopy. The fibrosis was quantified
by using software (Image-pro plus 6.0, Meida Cybernet-
ics LP). Collagen volume fraction (CVF) was calculated
as collagen area/total area £ 100%.
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Western blot
Western Blot was performed as described previously.26

Briefly, approximately 30»50 mg of proteins were sepa-
rated by electrophoresis on 8»12% SDS�PAGE and then
transferred moist to PVDF membranes (Millipore, Biller-
ica, MA,USA).The primary antibodies were as following:
anti-TGF-b1 (Bioss, cat#bs-0103R, RRID: AB_10855750),
anti-a-SMA (Bioss, cat#bsm-52396R), anti-BAX (Protein-
tech, cat#60267-1-Ig, RRID: AB_2848213), anti-Bcl2
(abcom, cat#ab196495), anti-GAPDH (ZSGB-Bio, cat#TA-
08, RRID: AB_2747414), anti-b-actin (ZSGB-Bio, cat#TA-
09, RRID: AB_2636897), anti-ZO-1 (Proteintech,
cat#21773-1-AP, RRID:AB_10733242), anti-Occludin
(Abcam, cat#ab167161, RRID: AB_2756463), anti-Claudin-
4 (Proteintech, cat#16195-1-AP, RRID: AB_2082969),
anti-FMO3 (Proteintech, cat#17469-1-AP, RRID:
AB_2878410), anti-Caspas1-p20 (Proteintech, cat#22915-1-
AP, RRID: AB_2876874), anti-N-GSDMD (Santa Cruz
Biotechnology, cat#sc-393581, RRID: AB_2819179). The
secondary antibodies including anti-HRP Goat Anti-Mouse
IgG(H+L) (ZSGB-Bio, cat#ZB-2305, RRID: AB_2747415),
HRP Goat Anti-Rabbit IgG(H+L) (ZSGB-Bio, cat#ZB-
2301, RRID: AB_2747412). The membranes were exposed
to ECL buffer and chemiluminescent signals were devel-
oped with ECL kit and detected by ChemiDoc XRS gel doc-
umentation system (Bio-Rad, Hercules, CA, USA). Protein
bands were analyzed by Bio-rad software and standardized
with internal reference. All antibodies used in this study
were purchased by the company, and all of which have
been validated.
Statistical analysis
Statistical analysis is performed using GraphPad Prism
8.0 software (GraphPad Software, Inc, La Jolla, CA).
Shapiro-Wilk was used for normality test. Continuous
variables are expressed as the mean § standard error of
mean (SEM) or median and interquartile range. Cate-
gorical variables are represented as numbers and per-
centages, The comparison between two groups was
assessed by Student’s non-paired t-test or Wilcoxon
(Mann-Whitney U) test. Variables with more than two
groups were analyzed by one-way ANOVA followed by
Tukey tests or Kruskal-Wallis followed by a post hoc test
with Bonferroni adjustment. The chi-square test was
used for comparison of categorical variables. Clinical
correlation analysis was conducted by single factor and
multi-factor Logistic regression. P<0.05 indicated sta-
tistical significance between two groups.
Ethics statement
Humans: The study protocol was approved by Research
Ethics Committees of the First Affiliated Hospital of
Harbin Medical University (Harbin, Heilongjiang,
China) and performed in accordance with the Declara-
tion of Helsinki (Ethical approval number: IRB-AF/SC-
04/02.0). All subjects provided informed consent. Ani-
mals: The animal experiments in this study were per-
formed according to the Guide for the Care and Use of
Laboratory Animals and approved by the Institutional
Animal Care and Use Committee at the Harbin Medical
University (Ethical approval number: 2020030).

Role of funding sources
Funders provide financial support for this study, and they
did not involve in study design, data collection, data analy-
ses, interpretation of data, or writing of manuscript.
Results

Cold exposure promotes AF by inducing gut
microbiota dysbiosis
To study the effects of cold exposure on AF susceptibil-
ity in rats, we established a cold animal model where
rats were exposed to cold temperature (4 § 1℃) for 2
weeks, and control group rats were raised under room
temperature (RT) (25 § 1°C). As shown in Figure 1A,
burst pacing rarely induced AF in RT rats, while it com-
monly induced AF in Cold rats. Compared with RT rats,
the AF inducibility (Figure 1B) and AF duration
(Figure 1C) in Cold rats were significantly increased,
which is consistent with the clinical study.4 In addition,
the greater atrial collagen deposition and collagen vol-
ume fraction (Figure 1D) were observed in Cold rats
than that in RT rats. Correspondingly, cold exposure
upregulated the expression of fibrosis-related proteins
TGF-b1 and a-SMA in atria of rats (Figure 1E) . Mount-
ing studies have highlighted the crucial role of gut
microbiota in various cardiovascular diseases.27 Mean-
while, gut microbiota was reported to be influenced by
ambient temperature.28 Therefore, we collected fecal
samples on the 14th day of cold exposure for 16S rRNA
analysis. Principal coordinates analysis(PCoA) based on
unweighted UniFrac distance revealed distinct cluster-
ing between microbiota of RT and Cold rats (Figure 1F).
We measured the a-diversity, the community richness
showed no statistical difference between two groups
(Supplementary Figure S2A), whereas the community
diversity was higher in Cold rats than that in RT rats
(Supplementary Figure S2B). Notably, the top 10 differ-
ential microbiotas in family level showed significant
shifts in proportions between RT and Cold group. In
particular, the abundance of A. muciniphila in Cold
group was dramatically lower than that in RT group
(Figure 1G and Supplementary Figure S2C). Further-
more, we found that Cold rats showed impaired intesti-
nal permeability, evidenced by decreased expressions of
zonulin-1,occludin and claudin in colon tissue (Supple-
mentary Figure S2D).

To investigate the importance of the microbiota
changes in cold-related AF, we transplanted the micro-
biota from Cold or RT rats to wild type normal rats for 4
www.thelancet.com Vol 82 Month August, 2022



Figure 1. Cold exposure induces AF and gut microbiota dysbiosis in rats. (A) Endocardial and surface electrograms recordings in response
to burst pacing in RT and Cold rats. (B) Number of rats in which AF could be reproducibly induced by right atrial burst pacing. (C) AF dura-
tion in RT and Cold groups (n=13 per group). (D) Representative images of Masson’s trichrome staining and the collagen volume fraction in
the atria of RT and Cold rats (n = 3 per group). Magnification £ 200, scale bar = 50mm. (E) Representative bands and quantification of
expressions of TGF-b1 and a-SMA in rats of RT and Cold rats groups (n = 6 per group). (F) Principal coordinate analysis (PCoA) of
unweighted UniFrac revealed clustering of the gut microbiota after temperatures. Each dot represents a single sample of feces. (G) The top
10 of relative abundance of gut microbiota at family level in feces of RT and Cold rats (n = 13 per group). GAPDHwas used for normalization.
Data are expressed as mean § SEM and compared by Student’s t test (D and E) or Wilcoxon test (C). AF inducibility (B) was presented as
numbers and compared by Fisher exact test. RT, room temperature. AF, atrial fibrillation. SR, sinus rhythm.
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weeks, and the FMT efficiency was showed by PCoA
analysis (Supplementary Figure S3A). Strikingly, rats
transplanted with Cold microbiota showed a significant
increase in the induction rate and duration of AF, while
transplantation with RT microbiota did not lead to
detectable changes in AF susceptibility (Supplementary
Figure S3B, C). Those findings confirmed that cold-
related AF was mediated by aberrant gut microbiota.
Oral administration of A. muciniphila protects against
cold-related AF in rats
A. muciniphila has been considered as a promising pro-
biotic ameliorating metabolic disorders and gut barrier
www.thelancet.com Vol 82 Month August, 2022
function.29 We investigated whether this strain alone
could prevent cold-related AF. As expected, the abun-
dance of A. muciniphila in Cold rats administered with A.
muciniphila was significantly higher than that in Cold
group (Supplementary Figure S4). Strikingly, compared
with Cold rats treated with vehicle, the AF inducibility
and AF duration were significantly reduced in Cold rats
administered with A. muciniphila (Figure 2A-C). Interest-
ingly, A. muciniphila supplementation markedly amelio-
rated atrial fibrosis of Cold rats (Figure 2D, E). It has
been reported that pasteurised A. muciniphila has the
same function as A. muciniphila.30,31 However, oral sup-
plementation of pasteurised A. muciniphila failed to
reverse cold-related AF (Figure 2F, G).
7



Figure 2. Oral supplementation of A. muciniphila protects Cold rats against AF. (A) Endocardial and surface electrograms recordings
in response to burst pacing in Cold and Cold + A. muciniphila group. Supplementation with A. muciniphila reduced AF inducibility
(B) and duration (C) in Cold rats (n = 10 per group). (D) Representative images of Masson’s trichrome staining and the collagen vol-
ume fraction in the atria of Cold and Cold+A. muciniphila rats (n = 4 per group). Magnification £ 200, scale bar = 50mm. (E) Repre-
sentative bands and quantification of expressions of TGF-b1 and a-SMA in rats of Cold and Cold+A. muciniphila groups (n = 6 per
group). AF inducibility (F) and AF duration (G) in Cold (n = 10) and Cold + pasteurised A. muciniphila group (n = 9). GAPDH was
used for normalization. Data are expressed as mean § SEM and compared by Student’s t test (D and E) or Wilcoxon test (C and G).
AF inducibility (B and F) was presented as numbers and compared by Fisher exact test.
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A. muciniphila prevents cold-related AF by restraint of
TMA/TMAO
The gut microbiota produces bioactive metabolites by
which impacts host physiology.32,33 The untargeted
metabolomics showed that the levels of certain metabo-
lites in plasma from RT and Cold rats were changed, of
which the precursors of TMAO (choline and carnitine-
related metabolites) were markedly increased
(Figure 3A). As we know, TMAO has been identified as
an prominent contributor facilitating the progression of
AF.8,34 Targeted metabolomics showed that Cold rats
had higher levels of TMAO, as well as its precursors
(choline and carnitine), than RT rats (Figure 3B-E). To
evaluate whether the level of TMAO in human can be
influenced by ambient temperature, 1305 subjects were
consecutively recruited from January 2019 to December
2019 for the TMAO test. The plasma TMAO levels pro-
gressively increased with cold weather and peaked at
January (Figure 3F). In addition, the plasma TMAO lev-
els were significantly higher in subjects during winter
than that in subjects during summer(Supplementary
Figure S5).

To dissect the mechanism underline cold exposure
increase TMAO, we detected FMO3, a key enzyme con-
verted TMA into TMAO.35 However, there was no differ-
ence in the level of FMO3 in liver from RT and Cold rats
(Supplementary Figure S6A). We further examined the
fecal TMA by targeted metabolomics of feces, and found
that the concentration of TMA was significantly higher
in Cold rats than that in RT rats (Supplementary Figure
S6B), and the correlation analysis of 16S rRNA sequenc-
ing and targeted metabolomics showed that A.
www.thelancet.com Vol 82 Month August, 2022



Figure 3. A. muciniphila reverses the elevated TMAO induced by cold exposure through restraint of TMA synthesis. (A) Heat map of
the nontargeted metabolomics in RT and Cold rats (n = 12 per group). (B) Heat map of relative abundances of TMAO-related metab-
olites in plasma samples from RT and Cold rats detected by targeted metabolomics (n = 9 per group). Comparison of TMAO (C), Cho-
line (D), and Carnitine (E) levels in plasma between RT and Cold groups (n = 9 per group). (F) The results of plasma TMAO levels in
human donors (n=1305) during 12 months. (G) Oral supplementation of A. muciniphila reduced the concentration of TMAO and
TMA in Cold rats (n = 10 per group). (H) Statistical results for the expression levels of CntA, CntB, CutC, CutD, YEAX and YEAW in
feces from rats of Cold and Cold+ A. muciniphila group (n = 9 per group). Throughout, data are expressed as mean § SEM and com-
pared by Student’s t test. TMAO, trimethylamine N-oxide. TMA, trimethylamine.
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muciniphila was negatively correlated with TMA(Supple-
mentary Figure S7), suggesting that the augmented
TMAO may be attributed to the high level of TMA. We
treated Cold rats with 3,3-dimethyl-1-butanol (DMB) for
2 weeks to inhibit the production of TMA.36 Noticeably,
DMB treatment almost completely reversed the cold-
induced augment of TMAO and TMA in rats (Supplemen-
tary Figure S8A, B). Meanwhile, DMB treatment reduced
the AF inducibility and AF duration in Cold rats (Supple-
mentary Figure S8C, D). Interestingly, we found that oral
supplementation of A. muciniphila reduced the levels of
TMAO (964.71§138.8647 vs 3212.791§28.92857) and
TMA (8.707§0.754358 vs 13.203§1.255851) in Cold rats
(Figure 3G). The synthesis of TMA is modulated by several
www.thelancet.com Vol 82 Month August, 2022
microbial enzymes, including choline TMA-lyase (CutC),
choline TMA-lyase activating enzyme (CutD)37 and carni-
tine monooxygenase (CntA/CntB and YeaW/YeaX).38,39

Concurrently, oral supplementation of A. muciniphila dra-
matically restrained the expression of CntA,CntB,CutC,
YeaX and YeaW in Cold rats (Figure 3H). Therefore, A.
muciniphila prevent cold-related AF through inhibition of
TMA synthesis.
TMAO enhances M1 macrophages infiltration and
induces atrial pyroptosis
To elucidate the mechanisms through which TMAO
enhances AF, we simulated the circulating TMAO
9



Figure 4. TMAO induces pyroptosis of cardiac myocytes and fibroblasts by enhancing M1 macrophages infiltration. BMDMs were
cultured in the absence or presence of TMAO (10 mM) for 48 hours. (A) CD86+ M1 population were sorted from CD11b/c+ macro-
phages and caspase1-p20 were sorted from CD86+ M1 population. (B) CD163+ M2 population were sorted from CD11b/c+ macro-
phages. (C) The percentages of CD86+ M1 phenotype or CD163+ M2 phenotype out of CD11b/c+ macrophages were determined
(n = 5 per group). (D) Representative bands and quantification of expressions of Casp1-p20 and Cleaved-GSDMD in macrophages in
the absence or presence of TMAO (n = 6 per group). CM or CF were respectively co-cultured with macrophages in the absence or
presence of TMAO (10 mM). (E) Representative bands of Casp1-p20 and Cleaved-GSDMD in CM and CF (n = 6 per group). Quantifica-
tion of expressions of Casp1-p20 and Cleaved-GSDMD in CM (F) and CF (G). GAPDH was used for normalization. The data are given
as mean § SEM and compared by Student’s t test. BMDMs, Bone marrow derived macrophages; CM, cardiac myocytes; CF, cardiac
fibroblasts.
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concentration (10 mM) in winter subjects to treat cardiac
myocytes (CM) and cardiac fibroblasts (CF) for 48 hours.
However, CM and CF were tolerant to TMAO, dem-
onstrating no significant difference in neither cell
viability (Supplementary Figure S9A, B) nor struc-
tural change (Supplementary Figure S9C-E) after
TMAO treatment. These results showed that TMAO
at the concentration comparable to winter subjects is
insufficient to directly cause CM and CF injury, indi-
cating that other cell types may participate in
TMAO-induced cardiac injury.

Macrophages are the crucial components of cardiac
tissue,40 which has been proven to accumulate in the
atria of AF patients and interact with atrial myocytes to
promote AF.41 On observing the effects of TMAO on
bone marrow derived macrophages (BMDMs), we
found that the proportion of M1 macrophages was sig-
nificantly increased in BMDMs after TMAO stimulation
(Figure 4A and C), while that of M2 macrophages
remained unchanged (Figure 4B and C). M1 macro-
phages have a pro-inflammatory effect to aggravate car-
diac injury. Interestingly, we found that TMAO
activated Casp1-p20 in M1 macrophages (Figure 4A),
which means that pyroptosis was occurred.42 We fur-
ther found that TMAO (10 mM) treatment upregulated
the expressions of Casp1-p20 and cleaved-GSDMD in
BMDMs (Figure 4D), while showed no influences on
pyroptosis in CM and CF (Supplementary Figure S10A-
C). More importantly, TMAO (10 mM) aggravated
pyroptosis in CM and CF (Figure 4E-G), as well as
www.thelancet.com Vol 82 Month August, 2022



Figure 5. NSA treatment protects against cold-related AF in rats by attenuation of atrial pyroptosis. Representative immunofluores-
cence staining of DAPI (blue), CD86 (red), CD163 (green) on the atrial tissue from Cold and RT rats (n = 5 per group). Scale bar = 100
mm. (B) and (C) Quantitative analysis of CD86 and CD163 positive cells. (D) Representative bands of Casp1-p20 and Cleaved-GSDMD
expressions in atria of RT and Cold rats (n = 6 per group). (E) Representative bands of Casp1-p20 and Cleaved-GSDMD expressions in
Cold and Cold + NSA rats (n = 6 per group). (F and G) Quantification of Casp1-p20 and Cleaved-GSDMD in rats of RT and Cold
groups, or Cold and Cold + NSA groups. (H) Representative images of Masson staining, and quantification of collagen volume frac-
tions in atria of Cold (n = 3) and Cold+NSA groups rats (n = 4). Magnification £200, scale bar = 50 mm. AF induction rate (I) and AF
duration (J) in Cold (n = 6) and Cold+NSA groups (n = 10). GAPDH was used for normalization. The data are given as mean § SEM
and compared by Student’s t test (B, C, F, G and H) or Wilcoxon test (J). AF inducibility (I) compared by Fisher exact test. NSA,
necrosulfonamide.
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apoptosis in CM and fibrosis in CF (Supplementary
Figure S10D-G) when co-cultured with BMDMs. Never-
theless, those change was not observed when TMAO
were at the concentration of 1, 2, 5 and 8mM (Supple-
mentary Figure S10D-G). Taken together, TMAO pro-
motes AF through enhancement of M1 macrophages
infiltration and inducing pyroptosis.

Consistently, the levels of proinflammatory M1 mac-
rophages, rather than anti-inflammatory M2 macro-
phages were significantly increased in Cold rats, as
revealed by increased fluorescence intensity of CD86
and unchanged CD163 (Figure 5A-C). Moreover, the
enhanced expressions of Casp1-p20 and cleaved-
GSDMD were observed in atria from Cold rats than that
from RT rats (Figure 5D, F).
www.thelancet.com Vol 82 Month August, 2022
NSA treatment improves cold-related AF in rats by
inhibition of pyroptosis
To further verify that pyroptosis is the key mechanism
for cold-related AF, we conducted an experiment in
which necrosulfonamide(NSA), a direct chemical inhib-
itor of gasdermin D, was administered to Cold rats for 2
weeks via intraperitoneal injection (2g/kg/day). NSA
treatment suppressed the expressions of Casp1-p20 and
cleaved-GSDMD in Cold rats (Figure 5E, G). Surpris-
ingly, Cold rats exhibited enhanced atrial collagen depo-
sition, contrary to Cold rats receiving NSA treatment
where attenuated fibrosis were observed (Figure 5H).
Furthermore, NSA treatment reduced AF susceptibility
in Cold rats, as evidenced by the decrease of AF
inducibility and AF duration (Figure 5I and J).
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Caspase1 knockout prevents mice from cold-related AF
To further confirm the pivotal role of pyroptosis in cold-
related AF, we used Casp1mef2c/mef2c mouse model, in
which caspase1 is conditionally deleted in the atria and
right ventricular, and western blot confirmed the suc-
cessful knockout of caspase1 in atria (Supplementary
Figure S11A, B). We found that a three-week cold expo-
sure increased the AF susceptibility and exacerbated car-
diac pyroptosis in wild type mice (Figure 6A-C). Then,
Casp1flox/flox mice and Casp1mef2c/mef2c mice were
exposed to cold for three weeks. The results showed that
caspase1 knockout reduced the AF induction rate and
AF duration of mice (Figure 6D-F). Concurrently,
Casp1mef2c/mef2c mice showed a significant decrease in
the expressions of atrial Casp1-p20 and cleaved-
GSDMD in comparison with Casp1flox/flox mice
Figure 6. Caspase1 knockout protects against cold-related AF in m
duration (B) in RT and Cold mice (n=7 per group). (C) Representati
in atria of RT and Cold mice (n=6 per group). (D) Endocardial and
Casp1flox/flox and Casp1mef2c/mef2c mice with a three-week cold expo
resentative bands of the protein expressions of Casp1-p20 and Cl
Casp1flox/flox and Casp1mef2c/mef2c mice (n=6 per group). (I) Quan
GAPDH was used for normalization. The data are given as mean § S
(B and F). AF inducibility (A and E) compared by Fisher exact test.
(Figure 6G, I). More importantly, the alleviated atrial
fibrosis were observed in Casp1mef2c/mef2c mice
(Figure 6H, I). Furthermore, DMB treatment decrease
the expression of Casp1-p20 and cleaved-GSDMD in
Cold rats(Supplementary Figure S12A, B). Taken
together, those findings confirmed the crucial role of
pyroptosis in cold-related AF.
The decreased abundance of A. muciniphila was related
to AF in patients during winter
To further test whether gut microbiota dysbiosis is asso-
ciated with cold-related AF, stool samples were collected
from subjects with AF during winter (winter AF) or
summer (summer AF), and subjects with sinus rhythm
(SR) during winter (winter SR) or summer (summer
ice by restraint of atrial pyroptosis. AF induction rate (A) and AF
ve bands and quantification of Casp1-p20 and Cleaved-GSDMD
surface electrograms recordings in response to burst pacing in
sure (n=7 per group). (E) AF induction rate. (F) AF duration. Rep-
eaved-GSDMD (G), TGF-b1 and a-SMA (H) in atrial tissue from
tification of Casp1-p20, Cleaved-GSDMD, TGF-b1 and a-SMA.
EM and compared by Student’s t test (C and I) or Wilcoxon test
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Figure 7. The decreased A. muciniphila was associated with AF in human subjects during winter. (A) The NMDS of unweighted Uni-
Frac showed that the gut taxonomic composition was significantly different between winter AF and other groups. The closer the
spatial distance of the sample, the more similar the species composition of the sample. (B) Chao1, Shannon and Simpson indices
were analysed in human. Chao1 indices reflect community richness, and the Shannon and Simpson indices represent community
diversity. (C) Heatmap of fecal microbiota from summer SR(n=16), summer AF(n=11), winter SR(n=13) and winter AF(n=12) patients.
(D) q-RT PCR validation of the relative abundance of A. muciniphila in feces collected from human subjects during summer (n = 106)
or winter (n = 103). (E) The relative abundance of A. muciniphila in feces collected from subjects with SR (n = 178) or AF (n = 31). (F)
Prevalence of AF according to A. muciniphila abundance stratified by season. A. muciniphila abundance was categorized into three
levels according to the tertiles of A. muciniphila. Seasons were categorized into summer and winter. Throughout, data are expressed
as mean § SEM and compared by one-way ANOVA (B) and Student’s t test (D and E). NMDS, non-metric multidimensional scaling;
OTUs, operational taxonomic units; Summer SR, patients with sinus rhythm during summer; Summer AF, patients with atrial fibrilla-
tion during summer; Winter SR, patients with sinus rhythm during winter; Winter AF, patients with atrial fibrillation during winter;
SR, sinus rhythm; AF, atrial fibrillation; A. muciniphila, Akkermansia muciniphila.
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SR). Notably, NMDS revealed significant difference in
the microbial composition between winter AF group
and other groups (Figure 7A). The richness (Chao1 indi-
ces) of gut microbiota was profoundly higher in winter
AF group than other groups, whereas the diversity
(Shannon and Simpson indices) showed no difference
(Figure 7B). The sequencing data revealed the decreased
abundance of A. muciniphila in winter AF group
(Figure 7C). Subsequently, stool samples were collected
from 103 winter subjects and 106 summer subjects to
www.thelancet.com Vol 82 Month August, 2022
corroborate the change of A. muciniphila abundance,
and the qRT-PCR data verified that winter subjects had
lower abundance of A. muciniphila than summer sub-
jects (Figure 7D). However, the abundance of A. mucini-
phila in SR group was comparable to that in AF group
(Figure 7E). To further determine the predicted value of
A. muciniphila in cold-related AF, we examined the prev-
alence of AF in clinical individuals according to A. muci-
niphila abundance stratified by tertiles of A. muciniphila.
Interestingly, the prevalence of AF presented a trend of
13
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decreasing with A. muciniphila abundance within win-
ter, but not within summer (Figure 7F), indicating that
the decrease in A. muciniphila abundance is related to
cold-related AF.
Discussion
In this study, we reveal the causative role of gut micro-
biota in cold-related AF and pave an avenue for the treat-
ment and prevention of cold-related AF. Herein, we
found that Cold rats exhibited the enhanced susceptibil-
ity to AF, accompanied by the diminished A. mucini-
phila abundance and augmented TMAO in comparison
to RT rats. Mechanically, cold exposure led to reduced
A. muciniphila, by which increased the synthesis of
TMA and TMAO, the latter of which enhanced atrial M1
macrophages infiltration and promoted cardiac pyropto-
sis, eventually leading to atrial structural remodeling.
Remarkably, such a pro-AF effect elicited by cold expo-
sure is reversible, evidenced by the abrogation of pro-AF
property following A. muciniphila supplementation.

In recent years, accumulating evidences from clini-
cal studies have linked cold seasons or low ambient tem-
perature to various cardiovascular diseases including
AF.43-46 When the ambient temperature decreases by
1℃, the incidence of AF increases by 3%.4 Cold expo-
sure has been demonstrated to cause shift in the compo-
sition and metabolism of gut microbiota.11 We found
that cold exposure led to AF and decreased A. mucini-
phila in rats. Patients in winter also presented lower
abundance of A. muciniphila than that in summer, and
the prevalence of AF presented a trend of decreasing
with the A. muciniphila abundance within winter. Those
findings implies that the abundance of A. muciniphila is
closely associated with cold-related AF and might be fur-
ther developed into non-invasive and inexpensive bio-
markers for predicting cold-related AF.

A. muciniphila, beneficial bacteria residing in the
mucus layer closed to host cells, is drawing increasing
attention for its role as a promising probiotic in meta-
bolic disorders and immune diseases.47 More impor-
tantly, oral supplementation of A. muciniphila prevents
Cold rats from AF. Daily oral supplementation of A.
muciniphila has been confirmed to be safe and well tol-
erated, which elicited favorable impacts on the meta-
bolic parameter in overweight/obese insulin-resistant
volunteers.48 In addition, it was reported that pasteur-
ized A. muciniphila exerted stronger effects on the pre-
vention of obesity and associated complications in
HFD-fed mice through Amuc_1100, a specific protein
isolated from its outer membrane.30 However, we found
that pasteurized A. muciniphila failed to prevent cold-
related AF, indicating that the protective effects of A.
muciniphila are mediated by its biological activity rather
than outer membrane protein.

In addition to gut microbiota composition, the bioac-
tive microbial metabolites have been considered as a
contributing factor in the progression of various cardio-
vascular diseases.49,50 Numerous pathways were
described to be involved in the interaction between
microbiota and the host, such as the TMA/TMAO path-
way.51 Herein, our data demonstrated that the levels of
plasma TMAO markedly elevated in Cold rats. More
importantly, the plasma TMAO levels of human sub-
jects progressively increased with cold weather, suggest-
ing that cold-related AF may be mediated by TMAO.
Our findings are consistent with previous studies which
supported that TMAO was closely related to the initia-
tion and maintenance of AF.34,52 Yu8 et al described
that local injection of TMAO into dog ganglionated
plexus aggravated atrial electrical remodeling, empha-
sizing the crucial role of TMAO in AF development.

TMAO is a gut microbe-dependent metabolite.
Briefly, specific TMA-containing dietary nutrients, such
as choline and carnitine, can be converted to TMA by
gut microbiota, followed by TMA rapidly oxidized to
TMAO by the flavin-containing monooxygenase (FMO)
in the liver.53 Our study showed that the level of FMO3
in the liver of Cold rats remained unchanged, whereas
TMA was increased in Cold rats. The generation of
TMA is limited by several unique microbial lyases,
including TMA lyase (such as CntA/B or YeaW/X) and
choline TMA lyase (such as CutC/D or YeaW/X).54

Strikingly, oral administration of A. muciniphila signifi-
cantly reduced circulating TMA, TMAO, as well as
CntA, CntB, CutC, YeaW and YeaX in Cold rats, which
supported the notion that A. muciniphila deminishes
the level of plasma TMAO by restraint of the production
of TMA. To our best knowledge, we demonstrate for the
first time a crucial role of A. muciniphila in the regula-
tion of TMA production.

Interestingly, we found that TMAO had no influen-
ces on the viability of CM and CF at the concentration
of 10 mM, which was comparable with the physiological
levels in subjects during winter. This is consistent with
previous studies which confirmed that TMAO cannot
directly cause or exacerbate CM damage, even when
TMAO concentration was up to 10 mM.55 Moreover, Ge
et al56 found that TMAO directly activated cardiac fibro-
blasts at 300 µM concentrations. Therefore, the discrep-
ancy between our findings and Ge’s study may be
attributed to the different tested doses of TMAO. Taken
together, TMAO at the concentration of that in subjects
during winter can not directly cause CM and CF injury,
which indicates that other cell types may be responsible
for TMAO-induced cardiac injury.

Macrophages are the integral components of cardiac
tissue,40,57 which can exert profound effects on the
healthy and diseased heart.58 Macrophages were
observed to accumulate in the atria of AF patients and
interact with atrial myocytes to promote AF.41 Intrigu-
ingly, the atrial M1 macrophages rather than M2 macro-
phages dramatically increased in Cold rats as compared
with RT rats. Consistently, similar results were obtained
www.thelancet.com Vol 82 Month August, 2022
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from the BMDMs treated with TMAO. More impor-
tantly, the aggravated injury in CM and CF were seen
when they were co-cultured with BMDMs in the pres-
ence of TMAO (10 mM). However, the BMDMs failed to
cause those changes in the absence of TMAO, or the
concentration of TMAO lower than 10 mM. Those find-
ings indicated that TMAO enhanced M1 macrophages
infiltration which caused atrial structural remodeling,
while the molecular mechanisms warrant further inves-
tigation.

M1 macrophages, characterized by proinflammatory
properties, are accountable for the cardiac inflammation
and adverse cardiac remodeling.59,60 We found that
TMAO-induced M1 macrophages infiltration aggravated
Figure 8. Summary scheme outlining AF-promoting mechanisms fr
in A. muciniphila, by which promoted intestinal-derived TMA produc
enhanced M1 macrophages polarization and promoted atrial pyrop
fibrillation.
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cardiac pyroptosis, the latter of which was closely associ-
ated with cardiovascular diseases, and some agents tar-
geting the components related to pyroptosis have been
clinically proven to bring cardiovascular benefits.61 In
addition, inhibition of gasdermin D with NSA pre-
vented cold-related AF and reversed atrial fibrosis. More
importantly, conditional caspase1 knockout protected
mice from cold-related AF. Therefore, we confirmed
that TMAO-induced pyroptosis is largely responsible for
cold-related AF and drugs targeting pyroptosis may
become a potential novel target for therapeutics of cold-
related AF.

There are several limitations in our study. The sup-
plementation of A. muciniphila was not testified among
om cold microbiota dysbiosis. Cold exposure led to an decrease
tion and augmented the levels of TMAO in plasma, then TMAO
tosis, ultimately leading to atrial structural remodeling and atrial
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human subjects, which yields therapeutic value of A.
muciniphila based on animal studies. Besides, the clini-
cal relevance between A. muciniphila abundance and cold-
related AF was determined by a single centre study with a
small number of individuals, which was not powered to
justify a definite conclusion. Moreover, we failed to recruit
the same subjects to provide feces both during winter and
summer to analyze the clinical relevance. Therefore, multi-
center and large sample clinical researches are urgently
needed to further validate those findings.

In the present study, we demonstrated that gut
microbiota dysbiosis was associated with cold-related
AF. The function of cold microbota and the pathogene-
sis of AF are extremely sophisticated. As is shown in
Figure 8, cold exposure reduced the abundance of A.
muciniphila, by which led to augmented TMAO through
modulation of TMA generation. TMAO enhanced M1
macrophages infiltration and promoting atrial pyropto-
sis, which results in atrial structural remodeling. This
study suggests that the gut microbiota may become a
potential target for the prevention and treatment of
cold-related AF.
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