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Abstract.

BACKGROUD: Trimethylamine oxide (TMAO) represents a gut metabolite and it"s physiological concentration is proposed
to be influenced by the abundance of precursor trimethylamine (TMA)-producing microbiota in the gut.

OBJECTIVE: Lifestyle factors, such as diet and exercise, modify the microbiome, but their long-term impact on plasma
TMAO and TMA production in the gut is poorly understood.

METHODS: Fecal microbiome composition was analyzed and correlated with TMAO serum concentrations in female
Sprague-Dawley rats that received either a healthy normal or a high-fat diet (HFD) for 10 months. Half of the animals
performed regular running exercise, the other half served as sedentary controls.

RESULTS: HFD consumption induced an alteration of the fecal microbiome with increased alpha diversity on ASV levels.
More importantly, HFD reduced the abundance of genera containing potential TMA producers, such as certain members of
Clostridia and Lachnospiraceae. In line with this observation, serum TMAO concentrations were found to be lower with
HFD and to correlate with the abundance of these genera. Regular exercise also induced changes in microbiome beta diversity
but had no effect on serum TMAO in female rats.

CONCLUSION: A diet containing high amounts of dietary fat reduced serum TMAO, probably through a reduced intestinal
abundance of TMA-producing bacteria. In contrast, regular exercise altered beta diversity of the microbiome composition,
but without significant effects on serum TMAO concentrations.

Keywords: TMAO, microbiome, high-fat diet, exercise, long-term intervention

1. Introduction the microbiome of the gut [1]. Originally, TMAO is
known as a compound that helps saltwater animals

Trimethylamine oxide (TMAO) is a gut and fish to maintain an iso-osmotic state and to
microbiota-derived metabolite that is synthe- stabilize cellular proteins against the mounting
sized from dietary nutrients and its synthesis is hydrostatic pressure with increasing water depth. In
closely related to the composition of the diet and addition, it serves as defrosting agent in arctic fish [2].
The plasma concentration of TMAO has been
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cular disease (CVD), stroke, hypertension, renal
failure, frailty, diabetes mellitus, and cancer [3-9].
Experimental studies suggest that TMAO promotes
cardiovascular disease [10], endothelial dysfunction
[11], and platelet hyper-reactivity and thrombosis
[12]. Furthermore, it enhances cholesterol uptake into
macrophages and the accumulation of foam cells in
arterial walls [10]. Also renal function is impaired in
the presence of elevated TMAO concentrations [6].

While many studies propose TMAO as arisk factor
for multiple adverse health outcomes, others suggest
the opposite. For example, beneficial or protective
effects have been reported in glucose homeostasis
[13, 14], carcinogenesis [15] atherosclerosis and car-
diovascular function [16, 17], steatohepatitis [18],
and inflammatory insults [19]. Moreover, the dele-
terious associations between TMAO and different
cardiovascular conditions fade when corrected for
renal function [20, 21]. This suggests that observa-
tional evidence for associations between TMAO and
cardiovascular diseases may be due to confounders
or reverse causality [21].

Circulating TMAO is primarily produced in the
liver from trimethylamine (TMA). This enzymatic
reaction is catalysed by flavin monooxygenases
(FMOs) [22]. In humans, FMO3 is mainly respon-
sible for the oxidation of TMA to TMAO [23].
TMA is produced by the gut microbiome, mainly
from choline and carnitine which has passed the
small intestine [1, 24]. Supplementing Apoe-/- mice
with L-carnitine markedly enhanced TMA/TMAO
production [1]. However, the genetic modification
disrupts lipid handling in these mice, which impedes
a direct translation to the wild-type situation. Also,
only specific bacteria, so called TMA high-producers,
are capable of synthesizing TMAO [25, 26]. There-
fore, the composition of the gut microbiome, as well
as the availability of required precursors, seem to be
major determinants of the serum TMAO concentra-
tion, and may be target factors that could be modified
through appropriate lifestyle interventions.

Mounting evidence indicates that the gut micro-
biome is influenced by multiple lifestyle factors,
such as dietary composition, physical activity, smok-
ing, alcohol consumption and others. For example,
a high dietary fat intake does not only trigger obe-
sity, but also alters intestinal microbiome diversity
[27] and gut permeability through inflammation [28,
29]. Therefore, the gut microbiome appears to play
a central role in establishing the characteristic phe-
notype of individuals that nurture themselves with a
meat-based diet including a high content of saturated

fat (HFD). Exercise represents another modulator
of the gut microbiome [30]. Scheimann et al. have
shown that exercise increases the relative abundance
of Veillonella atypica, a microbe that improves ath-
letic performance through the enzymatic conversion
of lactate into propionate [31]. However, a complex
interaction seems to be between dietary composi-
tion and physical activity with variable net-effects
[32]. In mice, exercise has been shown to prevent
weight gain despite administration of a high fat diet
(HFD) [33]. This effect was accompanied with a
unique composition of the gut microbiome that dif-
fered from sedentary animals fed with the same HFD.
Also, the microbiome of obese rats differs from non-
obese rats and exercise has been shown to induce
additional alterations. [34]. Despite substantial evi-
dence that diet and exercise modify the composition
of the gut microbiome, there is insufficient knowl-
edge on the specific responses to various dietary and
exercise regimens [30, 35]. Therefore, more research
is needed to explore the complex interaction between
diet, exercise and net effects on disease risk.

Until today, the impact of potentially healthy
lifestyle factors, such as regular exercise, on the abun-
dance of TMA producing species in the gut and
plasma TMAO concentrations has not been revealed
yet. Therefore, the present study aimed to investigate
the long-term effects of HFD and regular physical
activity on the gut microbiome and plasma TMAO
concentrations in a rat model.

2. Materials and methods
2.1. Animal experiments

All animal experiments were performed follow-
ing permission by the Federal Ministry of Education,
Science and Research GZ: 66.010/0070-V/3b/2018.
One hundred twenty 4-month-old healthy female
Sprague-Dawley rats with an average body weight
of approximately 300 g were purchased from Janvier
Labs (France) and kept in groups of three animals
per cage under standardized conditions on a 12 h light
and 12 h dark cycle in the institutional animal facility.
Only female animals were included to avoid gen-
der effects and to reduce the risk of dropouts due
to aggressive behaviour between animals. After 1
week of acclimatization, the animals were randomly
assigned to receive either a normal chow-based diet
(ND; Altromin, Germany) with 3,230kcal/kg and
11% fat or a custom-designed beef-tallow high-fat
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diet (HFD), rich in saturated fatty acids (SFA) with
5,150kcal/kg and 60% fat (ssniff, Germany). The
HFD composition was based on previous studies [36,
37]. Food and tap water were provided ad libitum.

The animals were divided into 5 groups of 24 each.
One group of rats was sacrificed immediately after
the acclimatization period and served as young adult
baseline control (BL; n=24). The remaining 96 ani-
mals were allocated to receive either ND (n=48) or
HFD (n=48) for 10 months. For the entire dura-
tion of the study, half of the ND (exeND; n=24)
and HFD (exeHFD; n=24)-fed rats completed five
30min running sessions per week on consecutive
days followed by 2 days of rest. Running was per-
formed on a treadmill (Panlab, Spain) with a constant
speed of 30 cm/s. The training protocol was based on
previous experimental studies [38, 39]. The remain-
ing ND and HFD animals were used as sedentary
controls (coND; n=24 and coHFD; n=24).

Fecal samples for analysis of the microbiome were
collected from the dissected descending colon from
all animals directly after sacrifice. Samples were
stored at -80°C until analysis. In addition, blood
was collected by heart puncture into S-Monovette
Serum-Gel tubes and S-Monovette Plasma-EDTA
tubes (Sarstedt, Nimbrecht, Germany) under deep
isoflurane anaesthesia (Forane, Abbott, Austria).
Blood collections were performed in non-fasting con-
ditions to minimize emotional stress. Serum and
EDTA-plasma were obtained by centrifugation of
the samples at 2000 g for 12 min at room tempera-
ture. Subsequently, serum and plasma were split and
aliquots were stored at — 80 °C until analysis.

2.2. Analysis of blood biomarkers

Serum TMAO was measured with a high-
performance liquid chromatography-tandem mass
spectrometry method on a SCIEX QTRAP 6500
triple quadrupole instrument (Applied Biosystems,
Framingham, MA, USA) according to Enko et
al. [40]. Within-day CVs for TMAO were 5.5%
(2.8 pmol/L) and 2.2% (12.6 pmol/L), and between-
day CVs were 9.9% (2.8pmol/L) and 7.6%
(12.6 pmol/L).

In addition to serum, TMAO was also analysed
in the two diets in order to account for dietary
TMAO uptake. For this purpose, samples from both
diets were extracted in ethanol containing internal
standard with a disperser IKA T 18 digital ULTRA-
TURRAX, IKA, Staufen, Germany) and centrifuged.

The supernatant was reduced by evaporation with
nitrogen and used for analysis in the same manner as
serum. Measurements were performed in triplicates
and calculated to grams per diet.

2.3. Microbiome analysis

DNA isolation for microbiome analysis was done
on a QIAsymphony (QIAGEN, Hilden, Germany)
device using the QIAsymphony DSP Virus/Pathogen
Mini Kit (QIAGEN, Hilden, Germany) with a proto-
col adapted to stool samples. This protocol combined
mechanical and enzymatic lysis with two additional
washing steps. From each sample, a small amount
of feces (approximately 200 mg) was dissolved in
500 w1 PBS buffer. 100 pl of this mixture (or 100 1
PBS buffer for the negative control) were added to a
MagNA Lyser green bead tube (Roche, Mannheim,
Germany) containing 600 wl ATL buffer. Mechanical
sample homogenization was performed twice for 30 s
at 6500 rpm on a MagNA Lyser (Roche, Mannheim,
Germany) instrument followed by a one-minute cool
down after each round of mechanical homogeniza-
tion. Subsequently, two enzymatic digestion steps
were performed. First, the homogenates were incu-
bated with 35 pl of lysozyme (100 mg/ml) for 30 min
at 37 °C followed by a second incubation for 1 hour
at 68°C with 70 p.l of proteinase K (>600 mAU/ml,
QIAGEN, Hilden, Germany). At the end of the diges-
tion process, enzymes were inactivated by heating
samples to 95 °C for 10 min. Finally, samples were
cooled for 5 min on ice and subsequently centrifuged
at 13,000 rpm for 5 min.

100 .l of the prepared samples were analyzed with
the customized program for the QIAsymphony DSP
Virus/Pathogen Mini Kit (QIAGEN, Hilden, Ger-
many), adapted with two additional washing steps
to suit the requirements of the sample type. Elution
volume was 110 pl. Automated DNA isolation was
done in batches of 24 samples with one negative
control per batch comprising 100 wl PBS and 6001
ATL buffer. The batches were handled according to
a data collection sheet to properly process the stool
samples.

For 16 S rRNA gene PCR amplification the Fast-
Start High Fidelity PCR system, dNTPack (Roche,
Mannheim, Germany), a blend of FastStart Tag DNA
Polymerase and a thermostable proofreading protein,
was used. PCR reactions were performed in tripli-
cates and each 25pl PCR reaction included 2.5 pl
of Fast Start High Fidelity Reaction Buffer (Roche,
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Mannheim, Germany), 0.25 w1l High Fidelity Enzyme
Blend (Roche, Mannheim, Germany) containing 1.25
U of enzymatic activity, 0.5 wl PCR grade nucleotide
mix with 10mM dNTPs (200 oM dNTP end con-
centration) (Roche, Mannheim, Germany), 0.4 uM
each of forward and reverse primer, and PCR-grade
water (Roche, Mannheim, Germany). For ampli-
fication of the hypervariable region V4, modified
primers according to Walters et al. [41] supplemented
with Illumina adaptors for indexing PCR reaction
according to Illumina’s 16 s metagenomic sequenc-
ing library preparation guide were used. The primer
sequences were as follows:

MiSeqF-v4_515Fmod (TCGTCGGCAGCGTCA
GATGTGTATAAGAGACAGGTGYCAGCMGCCG
CGGTAA)

MiSeqR-v4_806Rmod (GTCTCGTGGGCTCGG
AGATGTGTATAAGAGACAGGGACTACNVGGG
TWTCTAAT)

For amplification the following protocol was used:
3 min initial denaturation at 95 °C followed by 30
cycles of 95 °C for 45 sec, 55 °C for 45 sec, 72 °C for
1 min with a final extension step at 72°C for 7 min.

The triplicate PCR products from each sample
were pooled and checked on a 1.5 % agarose gel
for correct amplification. 25 ul of the pooled PCR
products were used for normalization with a Norm-
Plate (Life Technologies Corporation, Frederick,
MD, USA) and incubated for 60 min, following the
manual’s instructions. Thereafter, 7.5 wl of the nor-
malized PCR products were used as template in a
25 ul indexing PCR reaction. The reaction composi-
tion resembles the targeted PCR reaction described
above, with the difference that Illumina-capable
index primers were used, and the cycle number was
reduced to 8. 5 .l of each indexed sample were used
for a second pooling and another 30 w1 of this pool run
through a 1.5% agarose gel for purification, follow-
ing the instructions of the QIAquick Gel Extraction
Kit (QIAGEN, Hilden, Germany).

The received final sequencing library was quan-
tified and subjected to quality control using the
QuantiFluor ONE dsDNA Dye on Quantus Fluo-
rometer (Promega, Mannheim, Germany) and an
automated electrophoresis tool for the quality con-
trol, the BioAnalyzer 2100 (Agilent, Waldbronn,
Germany). Finally, 9 pM libraries containing 20%
PhiX Control DNA (Illumina, Eindhoven, Nether-
lands) were sequenced on a MiSeq desktop sequencer
(Illumina, Eindhoven, Netherlands) using the MiSeq
Reagent v3 (600cycles) Kit (Illumina, Eindhoven,
Netherlands) according to the manufacturer’s instruc-

tions. FASTQ raw reads were used for subsequent
data analysis.

2.4. Statistical analyses

Weight and TMAO data are presented as means
=+ standard deviations. One-way ANOVA followed
by Tukey’s honest significant difference (HSD) cor-
rection for multiple testing was used to explore
differences of normally distributed variables between
multiple groups. Two-way ANOVA followed by
Tukey’s HSD post hoc test was performed to anal-
yse the impact of diet and exercise on the dependent
variables. A p value of < 0.05 was considered sta-
tistically significant. Analyses were performed by
explorative data analyses using SPSS for Windows
(IBMOSPSSOStatistics, version 25).

16 S rRNA gene analysis was done on a local
Galaxy instance using QIIME2. A SILVA database
(version 138) was used for taxonomic classification.
Abundance data, metadata, and taxonomy files were
analysed with R ("phyloseq”, “vegan”, “tidyverse”)
and Calypso V8.84. TMAO serum concentrations
were included in the metadata file. Data were fil-
tered as follows: samples with less than 200 sequence
reads were removed. Sequences from Cyanobacte-
ria/chloroplasts were removed. Then the data were
normalized via total sum scaling and subsequent
square root transformation (Hellinger transforma-
tion).

Alpha diversity was determined by Shannon Index,
and richness, beta diversity with Principal coordinate
analysis (PCoA) based on Bray-Curtis dissimilari-
ties, and Redundancy analysis (RDA). Further core
microbiome and phylum distribution, as well as linear
discriminant analysis effect size (LEfSE) of genera
between diet groups were determined. Significance
of different abundancies between study groups was
determined by 2-way ANOVA. Linear regression
analysis was done by point-by-point correlation of
TMAO and Shannon index values or abundances of
single genera respectively. Significance was calcu-
lated with Spearman’s correlation coefficient.

3. Results
3.1. Characterization of animals

Of the 120 rats included in this study, 6 animals
were culled before the study ended due to conspic-
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Fig. 1. Body weight from all study groups. Box and Whisker Blots showing the body weight. The impact of the study conditions was
analysed with the 2-way ANOVA followed by Tukey’s HSD post hoc test. Differences among all study groups was assessed by one-way
ANOVA followed by Tukey’s HSD correction for multiple tests. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Fig. 2. Determination of TMAO concentrations from rat serum from all study groups. Blood was collected and serum prepared from all
groups at the end of the runtime and from the young adult group (BL). TMAO serum levels were determined by HPLC/MS. The impact of
the study conditions was analysed with the 2-way ANOVA followed by Tukey’s HSD post hoc test. Differences among all study groups was
assessed by one-way ANOVA followed by Tukey’s HSD correction for multiple tests. *p<0.05; **p<0.01; ***p<0.001. Multiple comparisons

of TMAO concentration between all groups are shown in Table S2.

uous benign tumors (n=3) or other various health
issues (n=3). Additional 10 animals completed the
study but were excluded from statistical analysis
because of missing data points. Consequently, the
final analysis included a total of 104 animals that
were distributed as follows: coND =22, exeND =20,

coHFD =21, exeHFD=21 and BL=20. At study
end, the HFD animals showed a significantly higher
body weight compared to ND animals (Fig. 1). Both
exercise and diet, but not their combination, had a
significant impact on the body weight (Table S1). A
thorough characterization of the animals, including
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Fig. 3. Microbiome alpha and beta diversity analysis from feces of all rat study groups. (A) Shannon Index (A1) and richness (A2) for
alpha diversity at ASV level. Significance of differences was calculated with the 2-way ANOVA. (B) Principal coordinate analysis (PCoA)
for beta diversity at the ASV level. Significance of differences was calculated with Adonis model (Bray-Curtis). (C) Venn diagram of core
microbiome depicting unique and shared taxa on genus level between all study groups. (D) Diet-based phylum distribution independent of

exercise.

food consumption, organ weight, lipid metabolism,
and oxidative stress, has been published previously
[42, 43].

3.2. Serum TMAO analysis

The serum concentrations of TMAO varied
markedly among animals ranging from 0.15
to 4.48 umol/L. Young adult rats in the BL
group showed the highest TMAO concentra-
tions (2.75 wmol/1£0.17). In aged adult rats that
received ND, mean TMAO concentrations were
2.04 pmol/1£0.14 (coND) and 1.74 pwmol/140.13
(exeND), respectively. Administration of HFD had
a pronounced impact on serum TMAO with
markedly lower concentrations in the two HFD

groups, with means of 0.60 wmol/1+0.08 (coHFD)
or 0.69 pmol/14+0.13 (exeHFD) respectively (Fig. 2,
Table S2). In contrast to diet, exercise, or diet and
exercise combined, had no significant influence on
serum TMAO (Table S3).

3.3. Microbiome analysis

Bacterial alpha diversity was analyzed at ASV lev-
els. Shannon Index was found to be higher in aged
adult rats on ND compared to their young counter-
parts implying increased diversity. When compared
to the respective controls on ND, Shannon index and
different taxa (richness) showed an increased bacte-
rial diversity in coHFD and exeHFD rats. Exercise
had no significant effect on alpha diversity, regard-
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less of diet (Fig. 3A). Principal component analysis,
a qualitative representation of beta diversity, showed
a clear separation of the microbiome from ND and
HFD animals at the ASV level (Fig. 3B). This indi-
cates substantial dissimilarity of the individual taxa
in stool samples upon long-term feeding with ND or
HFD (r=0.440, p=0.001, Adonis model). In addi-
tion, core microbiome analysis of all groups at the
genus level revealed more unique genera in the HFD

fed rats than in aged rats on ND (29 HFD vs. 10 ND)
(Fig. 3C). Finally, phylum distribution showed that
ten months of HFD administration changed the com-
position of the microbiome with more Firmicutes,
Desulvobacteroidetes, Verrucomicrobiota, and less
Bacteroidetes than in ND animals (Fig. 3D). How-
ever, no obvious differences were found when the
diet groups were further separated into exercise and
control groups (Figure S1).
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Fig. 5. TMAO levels in relation to microbiome diversity and possible TMA producing taxa. Serum TMAO levels from the study groups
determined at the end of the trial were integrated into the microbiome metadata set. (A) Linear regression analysis of TMAO serum
concentrations of all groups with alpha diversity’s Shannon Index. (B) Relation of TMAO with beta diversity of all groups shown by PCoA;
significance of differences was calculated with Adonis model (Bray-Curtis). ND, normal diet groups; HFD, high-fat diet groups; NA, not
available. (C) Taxa at the genus level with different abundancies between HFD and ND groups. Significance of differences in abundancies
between study groups was calculated with the 2-way ANOVA. *p<0.05; **p<0.01; ***p<0.001. (D) Linear regression analysis of TMAO
concentrations with single taxa abundances on genus level suggests them to be possible TMA-producing genera.

For the specific analysis of the impact of long-term
exposure to HFD and exercise on microbiome diver-
sity, only the long-term study groups were compared
in the subsequent statistical analyses. These analy-
ses demonstrate a stronger influence of exercise on
the fecal microbiome composition upon feeding with
HFD rather than ND. Redundancy analyses (RDA)
on genus level showed a greater impact of exercise
on beta diversity in HFD (Variance =5.24, F=4.88,
p=0.001) than in ND rats (Variance =2.05, F = 1.83,
p=0.002; Fig. 4A). In addition, linear discriminant
analysis effect size analysis (LEfSE) at the genus
level identified more genera with differences when
comparing exeHFD and coHFD rats than exeND and

coND rats (Fig. 4B). Both, RDA and LefSE analysis
including all groups are shown in Figure S2.

3.4. Microbiome diversity and serum TMAO

Next, the relationship between serum TMAO con-
centrations and microbiome diversity from all groups
was explored. A linear regression with point-by-point
correlation (Fig. 5A) shows that the Shannon index
for alpha diversity at the genus level increased signif-
icantly with lower TMAO concentrations (r=—0.507,
p<0.001), and a clustering of the HFD fed animals
(Fig. 5A, blue and yellow colour codes represent
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coHFD and exeHFD groups). Furthermore, serum
TMAO was positively correlated with beta diversity
at the genus level as shown by the Adonis model in
the PCoA (r=0.171, p<0.001, Fig. 5B).

The two-way ANOVA revealed a profound reduc-
tion of Clostridia vadinB660 in the microbiome
of HFD-fed rats when compared to ND controls
(p<0.001). In addition, Lachnospiraceae NK4A 136,
UCGO001, and NK4B4 were significantly less abun-
dant in these animals (Fig. 5C). Clostridia and
Lachnospiraceae groups are known to contain high
producers of TMA, the precursor for hepatic TMAO
synthesis [25, 44]. The relative abundance of all four
shown genera of the microbiome significantly posi-
tively correlated with TMAO serum concentrations
(Fig. 5D).

4. Discussion

The present study provides evidence for a relation-
ship between dietary composition, diversity of the
gastrointestinal microbiome, and the serum TMAO
concentration, a potential risk factor for CVD. Long-
term consumption of high amounts of nutritional fat
induced pronounced alterations of the gut micro-
biome with an increased alpha diversity at the genus
level and opposite effects at the phylum level. In
particular, HFD reduced the abundance of genera
that possibly contain high producers of TMA, the
precursor for hepatic TMAO synthesis. In line with
this observation, serum TMAO concentrations were
directly correlated with the abundance of these gen-
era. In contrast, regular moderate running exercise
also correlated with changes in microbiome beta
diversity but had no effect on serum TMAO.

There is robust evidence that serum TMAO can
be increased through the intake of TMAO-containing
food items, such as saltwater fish and other sea prod-
ucts [45]. In addition, the consumption of L-carnitine
and choline-rich food, such as red meat and eggs,
can lead to higher serum TMAO concentrations [1,
46]. Both compounds are metabolized by the gut
microbiome to TMA, the substrate for hepatic TMAO
synthesis, which is catalysed by FMO-3 in the liver
[23]. Only a few studies have investigated the effect
of other meat (e.g., sausages, bacon) and dairy (milk,
yogurt, cheese) products on serum TMAO with mixed
results [45]. On this background, low TMAO con-
centrations in our HFD-fed animals may seem not
as surprising as first thought. Exploratory analysis of

the TMAO content in both diets revealed quantities
that were found to be different (Table S4) but can
explain no more than 5% of the measured TMAO
serum concentrations (Table S4 appendix). Further-
more, the used beef-tallow-based HFD is rich in
saturated fat, but poor in carnitine. Also, the choline
content of the HFD was actually higher than in the
ND (920 vs. 535 mg/kg), which argues against dietary
choline as a relevant driver of serum TMAO in our
study. Comparable to this observation, an increase
in plasma choline concentration was observed in a
human study with an intake of three eggs per day,
whereas plasma TMAO concentration did not change
[46]. Together, these facts suggest that dietary TMAO
and its precursors carnitines and choline had no sig-
nificant influence on the serum TMAO concentrations
of the animals in our study.

In addition to carnitine and choline, other
nutritional TMA(O) precursors, such as betaine,
dimethylglycine, crono-betaine, y-butyrobetaine and
ergothioneine should also be mentioned. Some of
these dietary compounds may have an effect on TMA
and TMAO blood concentrations, depending on the
intestinal microflora in the colon [47, 48]. Besides
other sources, the TMA(O) precursors proline betaine
and glycine betaine were found in many flower-
ing plants and cereals [49, 50]. Therefore, possible
dietary effects involving other TMA(O) precursors
or dietary sources cannot be ruled out completely.

The fecal microbiome of both HFD groups showed
greater diversity at ASV (and genus) levels than
the respective ND groups. Although unexpected,
this result is in line with a recent meta-analysis of
murine studies that revealed inconsistent effects of
different HFD types on microbiome composition and
diversity [S1]. The authors argue that such incon-
sistencies could be the result of different animal
strains and variable dietary composition. Further-
more, technical factors, such as sequencing depth and
clustering/inference algorithms, could also contribute
to the heterogeneity of previous studies. Conclud-
ing, one can speculate that the used HFD, which
was enriched in triglycerides but not in cholesterol
and simultaneously necessarily reduced in carbohy-
drates, also caused beneficial effects, finally leading
to a higher alpha diversity and lower TMAO con-
centrations compared to the groups on normal diet.
In line with this consideration, we found evidence
that HFD-related alterations of the microbiome may
have lowered intestinal TMA synthesis. More impor-
tantly, the abundance of genera with possible TMA
high producers, such as Clostridia vadinB660, Lach-
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nospiraceae NK4A136, UCG001, and NK4B4, was
markedly lower in HFD animals than in ND animals.
In addition, the serum TMAO concentrations were
significantly correlated with the abundance of these
genera.

A relationship between TMAO, Lachnospiraceae,
and Clostridia in healthy men has been described
before by Cho et al. [44]. Participants with a
higher abundance of potential TMA high-producers
in their microbiome had higher urinary TMAO con-
centrations after consuming a choline-rich meal.
Nevertheless, there were also reports of an inverse
relationship between TMAO and Lachnospiraceae
[52]. A very recent work by Cai et al. identified
a Lachnochlostridium sp. as TMA high-producer
[53]. In our study, we did not find a direct correla-
tion between Lachnoclostridium genera and TMAO
serum concentrations, although we found a high
abundancy of Lachnoclostridium in the baseline
group (Figure S2B), the study group with the highest
TMAO serum concentrations on average.

Our results support a previous study from Craw-
ford et al. demonstrating a significant alteration of
the gut microbiome in male Sprague-Dawley rats that
were fed for six weeks with a 60% HFD [54]. This
change in microbiome composition was accompa-
nied by adverse gastrointestinal effects and increased
inflammation. Also human studies found clear dif-
ferences in the community structure of microbiota
from the distal guts of lean and obese adolescents,
but also that their microbiomes exhibited partial func-
tional redundancy [55]. Further, Wang et al. reported a
higher microbiome diversity in mice upon HFD feed-
ing [56]. However, their HFD was not only rich in fat
but also contained a substantial amount of fibres. In
fact, the authors suggested that the increased fibre
intake rather than high amounts of fat were respon-
sible for the observed increases in gut microbiome
diversity, short-chain fatty acids, and energy expen-
diture. The importance of dietary fibres’ content is
further supported by Dalby et al. showing major
alterations of the murine gut microbiome after six
weeks of feeding with refined diets that were either
high or low in fat [57]. Recent publications also
reported an influence of dietary fibres’ content on
serum TMAO and microbiome diversity [56, 58]. In
our study, HFD and ND had a similar fibres’ con-
tent (5g vs. 5.4g/100 g dry weight). Therefore, the
observed microbiome changes in the HFD animals
are more probably caused by the changed ratio of
saturated fat to carbohydrates. From this it can be
speculated that a HFD which contains primarily sat-

urated lipids and a reduced carbohydrate amount may
increase dyslipidaemia-driven diseases while lower-
ing TMAO at the same time.

In the same cohort we also investigated cardio-
vascular parameters recently [59]. The observed
opposing effects may explain the rather small
and inconsistent findings in cardiac remodelling,
myocardial telomere length and telomerase-reverse
transcriptase expression in the hearts of our rats.

The present results further support previous evi-
dence of an exercise-induced alteration of the gut
microbiome [31, 60, 61]. In these studies, exercise-
related changes in the microbiome have been linked
to gastrointestinal barrier function, physical perfor-
mance, and the adaptation of skeletal muscle to
exercise. In our study, effects worth mentioning
were seen for the genera of Parasutterella and Bac-
teroides. Both taxa were higher in exercising animals
than in the respective controls. Interestingly, these
exercise-related effects were more pronounced in
HFD than in ND animals (Fig. 4B and S3). In line
with our results, 12 weeks of brisk walking exer-
cise has also been shown to increase Bacteroides in
healthy elderly women [62]. However, this change
in microbiome composition was not accompanied
by significant improvements in glycaemic control
or lipid metabolism, but with only 17 participants
in the exercise group, statistical power was rather
low. A marked increase in the intestinal abundance
of Bacteroides has also been demonstrated in rats
after 12 weeks of resistance training [63]. In contrast,
top endurance athletes with high training volumes
and intensity have been found with a lower abun-
dance of Bacteroides compared to inactive controls
[64]. In a review of the existing literature, Cerda et
al. reported mixed results regarding the impact of
exercise on Bacteroides [30]. In addition to effects
on Bacteroides, here we showed for the first time a
marked exercise-induced increase in Parasutterella,
which was even stronger than that observed for
Bacteroides. While alterations of Bacteroides and
Parasutterella in response to exercise are interest-
ing, both genera are not known to be involved in
TMAO metabolism. Also other potential metabolic
and pathophysiological implications of such changes
are poorly understood and require further research.

This study has some strengths and limitations that
should be considered when interpreting the results. To
our knowledge, this is the first long-term in vivo study
that investigated the effects of a HFD and moderate
aerobic exercise on serum TMAO and fecal micro-
biome composition. With 20-22 animals per group,
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this study is well powered and statistically valid,
which creates substantial credibility to the results.
Measurement of TMAO was performed with a val-
idated LC-MS/MS method ensuring accurate and
precise results. It should also be mentioned that the
alpha diversity of the microbiome was stable over
time as shown by intermediate analyses of stool sam-
ples at 4 and 8 months (Figure S4). Impaired renal
function as a potential confounder can be ruled out
based on comparable creatinine levels that have been
derived from semi-quantitative metabolomic studies
(Figure S5).

As limitations may be considered the use of only
female rats and the different basis of the two diets
(Figure S6), with the HFD containing no cholesterol
and being enriched only in triglycerides, and neces-
sarily correspondingly reduced in carbohydrate, so
that it may be considered more “artificial”. However,
the dietary amount of TMAO was very low so sub-
stantial variability in the intake of TMAO and its
precursors is unlikely, and the amounts of dietary fibre
were comparable between the two diets. Despite a
comparable fibre content, fibre composition may have
varied between the two diets as they were obtained
from different providers. To mention, the long-term
influence of different high caloric diets should be
investigated in future trials. Another limitation is
the lack of baseline stool and blood samples, which
impedes longitudinal comparisons. This shortcom-
ing is, at least partially, mitigated by the inclusion
of a group of young adult rats (BL group) that was
purchased together with the other animals, but sacri-
ficed directly after acclimatization. Also, associations
between stool and serum results should be inter-
preted with caution as the microbiome may vary
along the gastrointestinal tract [65] and the rather
transient microbiome in stool may differ from the
more resident bacteria that are found in close prox-
imity to the gut mucosa. Finally, additional analysis
of serum TMA and hepatic FMO3 activity would
have been useful for the interpretation of TMAO
results but appropriate methods were not available.
Nevertheless, this should be considered in future
investigations.

5. Conclusions

High amounts of dietary fat that are consumed
over an extended period of time strongly reduced
serum TMAO. This effect was accompanied by a
profound alteration in microbiome composition with

a reduced abundance of possible TMA-producing
bacteria, such as Clostridia and Lachnospiraceae.
Regular moderate endurance exercise did alter beta
diversity of the microbiome composition but had no
effect on serum TMAO and TMA-producing bacte-
ria in the gut. Future studies should investigate the
impact of diet-related differences in serum TMAO
and, besides its controversial associations with CVD,
upcoming investigations would be needed to explore
its possible benefits more in depth.
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