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BACKGROUND: Primary prevention is the cornerstone of 
cardiometabolic health. In the randomized, controlled 
Special Turku Coronary Risk Factor Intervention 
Project (STRIP), dietary counseling intervention was gi
ven to children from infancy to 20 years of age and a fol
low-up was completed at age 26 years. We investigated 
the associations of age, sex, gut microbiome, and dietary 
intervention with the gut metabolite and the cardiac bio
marker trimethylamine-N-oxide (TMAO).

METHODS: Overall, 592 healthy participants (females 
46%) from STRIP were investigated. Compared to the 
control group, the intervention group had received diet
ary counseling between ages 7 months and 20 years fo
cused on low intakes of saturated fat and cholesterol and 
the promotion of fruit, vegetable, and whole-grain con
sumption. TMAO serum concentrations were measured 
by a liquid chromatography-tandem mass spectrometry 
method at ages 11, 13, 15, 17, 19, and 26 years. 
Microbiome composition was assessed using 16S 
rRNA gene sequencing at 26 years of age.

RESULTS: TMAO concentrations increased from age 11 
to 26 years in both sexes. At all measurement time 
points, males showed significantly higher serum 
TMAO concentrations compared to females, but 

concentrations were similar between the intervention 
and control groups. A direct association between 
TMAO concentrations and reported fiber intake was 
found in females. Gut microbiome analysis did not re
veal associations with TMAO.

CONCLUSIONS: TMAO concentration increased from 
childhood to early adulthood but was not affected by 
the given dietary intervention. In females, TMAO con
centrations could be directly associated with higher fiber 
intake suggesting sex-specific differences in TMAO 
metabolism.

Introduction

The small organic molecule trimethylamine oxide 
(TMAO) is generated in a gut microbiota-dependent 
way and originates from dietary precursors metabolized 
by specific bacteria (1). Elevated blood TMAO concen
trations have been directly associated with a wide range 
of adverse health outcomes, including all-cause as well as 
cardiovascular mortality, cardiovascular disease (CVD), 
type 2 diabetes mellitus, frailty, hypertension, and renal 
failure (2, 3). In this context, TMAO was found to be an 
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important protein stabilizer by preserving protein fold
ing, whereby it acts as an electron acceptor and thereby 
increases oxidative stress, which ultimately leads to vas
cular inflammation (4). In a large study cohort with 
young adults, TMAO was associated with CVD events 
but not associated with measures of atherosclerosis 
(e.g., coronary artery calcium, incidence and progres
sion, carotid intima-media thickness) (5, 6). Previous 
studies also suggest that there are sex-related differences 
in TMAO serum concentrations (7, 8), whereby the fe
male sex hormone estrogen seems to have an influence 
on the generation of TMAO (9), although mechanisms 
are not fully clarified.

Robust evidence shows that serum TMAO can be 
increased through the intake of TMAO-containing 
food components, such as saltwater fish and other mar
ine organisms (10). However, more importantly, the fre
quent consumption of food ingredients high in 
L-carnitine and choline—such as animal products like 
red meat and eggs—can lead to higher serum TMAO 
concentrations (1). Both compounds are metabolized 
by specific bacterial taxa of the gut microbiome into tri
methylamine (TMA) (11), the substrate for hepatic 
TMAO synthesis, which is catalyzed in humans mostly 
by flavin monoxygenase-3 in the liver (12).

Focussing on dietary components, fiber is important 
because high dietary fiber intake is suggested to have sev
eral health benefits. It has been shown to promote gastro
intestinal function and to help reduce CVD risk by 
decreasing serum concentrations of total and low-density 
lipoprotein cholesterol in adults and children (13, 14). 
Furthermore, it is suggested to reduce the risk for type 
2 diabetes, obesity, and even some types of cancer (15). 
A predominantly plant-based diet characterized, e.g., by 
low intake of meat and high intake of whole grains, vege
tables, and thus fiber, is linked to lower serum TMAO 
concentrations (2). Additionally, a recent publication by 
Genoni et al. reported that resistant starch, a dietary fiber 
that escapes the digestion of the small intestine, can influ
ence elevated blood TMAO concentrations as well as the 
diversity of the microbiome (16).

While many studies propose TMAO as a risk factor 
for multiple adverse health outcomes, opposite effects 
have also been suggested. For example, protective or 
even beneficial effects have been reported in carcinogen
esis, glucose homeostasis, inflammation, steatohepatitis, 
and even the pathogenesis of atherosclerosis (17–21). 
Moreover, the associations between TMAO and CVD 
fade when corrected for renal function (22, 23). This 
suggests that TMAO may be a marker for renal impair
ment and chronic kidney diseases (24, 25) and that the 
association between TMAO and CVD may be due to 
confounders or reverse causality (23). In summary, it 
can be assumed that TMAO is involved in several meta
bolic processes, but the interplay and regulation of these 

processes are poorly understood and need to be investi
gated in more detail.

The longitudinal randomized Special Turku 
Coronary Risk Factor Intervention Project (STRIP), in
itiated in 1989, aimed to prevent the development of 
modifiable adverse CVD risk factors beginning in 
infancy (26). The intervention consisted of dietary 
counseling that promoted a heart-healthy diet. In par
ticular, the participants were encouraged to replace satu
rated fat with unsaturated fat. Starting at 8 months, the 
counseling was repeated at least biannually until the age 
of 20 years (27). Previous analyses from STRIP have 
shown that the intervention resulted in dietary and 
phenotypic changes pointing to a reduced risk of athero
sclerotic CVD and type 2 diabetes (28–31). Serum 
TMAO, a potential indicator of adverse health out
comes, has not been investigated systematically during 
early life. Prospective studies exploring the longitudinal 
impact of age and sex on serum TMAO levels in infants, 
children, and adolescents are currently lacking. In add
ition, studies on the effect of long-term dietary interven
tions on serum TMAO have not been performed yet. 
Therefore, in the current study, we performed serial 
measurements of serum TMAO concentrations and in
vestigated associations with age, sex, and the STRIP 
dietary intervention from 11 to 26 years of age. In add
ition, we explored longitudinal associations between fi
ber intake and TMAO and the links between TMAO 
and composition of the microbiome at the age of 26.

Materials and Methods

STRIP STUDY DESIGN AND PARTICIPANTS

The randomized controlled STRIP study recruited chil
dren at age 5 months from well-baby clinics in Turku, 
Finland, via nurses. The study was approved by the as
sociated university and hospital district ethical author
ities (26). Written informed consent was obtained 
from parents at study entry and from the participants 
at ages 15, 18, and 26 years. Briefly, at the age of 7 
months, 1062 White infants (56.5% of the eligible-age 
cohort; born between July 1989 and December 1991) 
were randomly assigned to a dietary intervention (n = 540) 
or control (n = 522) group (Supplemental Fig. 1).

The aim of the intervention was to reduce exposure 
to known environmental cardiovascular risk factors, par
ticularly through diet (26, 27). Intervention families met 
with the counseling team, including nutritionists, 
nurses, and physicians at 1- to 3-month intervals until 
the child was age 2 years and thereafter twice per year 
until the age of 20 years.

The first post-intervention follow-up with the parti
cipants was conducted between April 2015 and January 
2018 at the age of 26 years, 6 years after the intervention 
had ended (32). Of the participating cohort (n = 1116), 
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1072 were invited to participate (Supplemental Fig. 1). 
Of these, 551 provided follow-up data (51%; interven
tion n = 263, control n = 288). Loss to follow-up at the 
age of 26 years has been previously reported; briefly, those 
who have stayed in the study have been similar to those 
who withdrew (32).

SERUM TMAO MEASUREMENTS

After blood collection and centrifugation, serum por
tions were stored at −80°C until analysis. TMAO con
centrations were measured from serum samples 
collected at the age of 11, 13, 15, 17, 19, and 26 years. 
TMAO was measured with a liquid chromatography- 
tandem mass spectrometry method on a SCIEX 
QTRAP 6500 triple quadrupole instrument (Applied 
Biosystems) according to Enko et al. (33). All 3242 sam
ples were measured in daily batches over several months, 
always including quality controls. Within-day CVs in 
percent for TMAO were 5.5% (2.8 µmol/L mean value) 
and 2.2% (12.8 µmol/L mean value), and between-day 
CVs were 9.9% (2.8 µmol/L) and 7.6% (12.6 µmol/L). 
Long-term stability was tested over 7 years. Control sam
ples frozen at −20° and −80° in the lower and upper 
range showed no deviations from the specified target va
lue range during this period.

DIETARY DATA COLLECTION

All participants completed a food record before each 
study visit (26, 27). The food record data were entered 
into the Micro-Nutrica® food analysis software to calcu
late food and nutrient intakes (Research Center of the 
Social Insurance Institution). The software has been 
regularly updated throughout the study period.

MICROBIOME ANALYSIS

The gut microbiota of the STRIP participants was as
sessed for the first time in the 26-year follow-up study 
(34). Fecal samples (approximately 500 mg) were col
lected by the participants (n = 370) in an OMNIgene® 
GUT collection tube (DNA Genotek). Three samples 
were omitted due to poor sample quality. Fecal micro
biota profiles were analyzed by 16S rRNA gene sequen
cing; variable region V4 of the bacterial 16S rRNA gene 
was amplified with custom-designed dual-indexed pri
mers and sequenced with an Illumina MiSeq system. 
The raw 16S rRNA gene sequencing data were demulti
plexed, and the sequence adapters, primers, and bar
codes were clipped using the Illumina BaseSpace 
platform. Ten samples were excluded from further ana
lyses due to unsuccessful 16S rRNA gene sequencing, re
sulting in a final sample cohort of 357 individuals. The 
raw sequence data were processed into an amplicon se
quence variant (ASV) table using the Divisive 
Amplicon Denoising Algorithm 2 pipeline (35). First, 

the demultiplexed fastq files were filtered and trimmed, 
each sample was dereplicated, and a portion of the data 
set was used to estimate the error parameters. Then, 
function data was applied using the inferred error para
meters and chimeric sequences were filtered out using 
function isBimeraDenovo. The generated ASV table 
altogether comprised 6.3 ×  107 trimmed and chimera- 
removed high-quality sequence reads. Taxonomic classi
fication of the sequences was performed using the NCBI 
RefSeq 16S rRNA database supplemented by the 
Ribosomal Database Project database (RefSeqRDP16S_ 
v2_May2018). The generated unfiltered phyloseq object 
altogether included 6591 unique ASVs that corre
sponded to 20 different bacterial phyla and 291 bacterial 
genera.

Abundance data, metadata, and taxonomy files 
were analyzed with R (”phyloseq,” “vegan,” “tidyverse”) 
and Calypso V8.84. TMAO serum concentrations were 
included in the metadata file. During the preprocessing, 
samples with fewer than 200 sequence reads were re
moved. Sequences from cyanobacteria/chloroplasts 
were removed. The data were then normalized via total 
sum scaling and subsequent square root transformation 
(Hellinger transformation).

CARDIOVASCULAR RISK FACTORS

Cardiovascular risk factors were used to characterize the 
participants of this study. Standard methods were used 
for measuring blood pressure and concentrations of ser
um total cholesterol, high-density lipoprotein (HDL) 
cholesterol, and triglycerides as well as glucose and insu
lin (32). Blood pressure, serum total cholesterol, and 
HDL cholesterol were measured at baseline (age of 7 
months) and annually thereafter (except for ages of 6 
and 8 years). Non-HDL cholesterol was calculated as to
tal cholesterol – HDL cholesterol concentration. 
Triglycerides were measured beginning at the age of 5 
years (fasted sampling), and fasting serum glucose and 
insulin were measured annually from the age of 7 to 
26 years. At all annual study visits, the participants’ 
weight and height were measured and body mass index 
was calculated (kg/m2). Beginning at the age of 7 years, 
waist circumference was measured using a flexible tape 
measure. The Friedewald formula was used to determine 
low-density lipoprotein cholesterol concentration. The 
Homeostatic Model Assessment for Insulin Resistance 
was calculated as [fasting glucose (mmol/L) × fasting in
sulin (mU/mL)/22.5].

STATISTICAL ANALYSIS

We analyzed the effects of age, sex, STRIP study group 
(intervention/control), and fiber intake on the longitu
dinal TMAO measurements using repeated-measures 
ANOVA or analysis of covariance (age and sex included 
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in all analyses). Age-specific differences between sexes 
were assessed using the Mann–Whitney U-test.

Beta diversity on genus level was calculated by 
Redundancy analysis based on BrayCurtis dissimilarity. 
Core microbiome as well as linear discriminant analysis 
effect size of genera between both sexes were deter
mined. TMAO serum concentrations were included in 
the metadata file. Linear regression analysis was done 
by point-by-point correlation of TMAO concentrations 
with the corresponding abundances of single genera sep
arately. Significances were calculated using the 
Spearman correlation coefficient. Analyses were per
formed with Calypso V8.84.

To investigate the differences between sexes in 
Firmicutes/Bacteroidetes ratio, we calculated the counts 
of Bacteroidetes and Firmicutes as a sum of all ASVs re
lated to these phyla. Analysis were performed with R 
(”phyloseq,” “vegan,” “tidyverse”). Differences between 
sexes in this ratio were assessed using the nonparametric 
Wilcoxon test.

Results

ASSOCIATIONS OF AGE AND SEX WITH TMAO 

CONCENTRATIONS FROM CHILDHOOD TO EARLY ADULTHOOD

Table 1 describes CVD risk factor characteristics and 
TMAO concentrations among females and males at 
the ages of 11, 13, 15, 17, 19, and 26 years. The age- 
specific serum TMAO reference ranges (2.5th;97.5th 
percentiles for the ages of 11, 13, 15, 17, 19, and 26 
years) in females were 0.75;7.12, 0.64;6.15, 0.66;7.98, 
0.75;7.88, 0.80;7.21, 0.95;9.91 µmol/L, and in males 
0.82;10.3, 0.76;6.37, 0.85;8.20, 0.86;11.58, 0.95;8.48, 
1.18;9.85 µmol/L. During the follow-up period, 
TMAO concentrations increased with age in both females 
(P < 0.001) and males (P < 0.001) (Fig. 1). During the 
follow-up period, TMAO concentrations were higher in 
males compared to females (mean difference 0.17 µmol/L, 
P < 0.0001). Similar results were observed in cross- 
sectional age-specific analyses (age 11 y: P = 0.0055, 
13 y: P = 0.0480, 15 y: P = 0.0028, 17 y: P = 0.0001, 
19 and 26 y: P < 0.0001) (Fig. 1).

In repeated measures of the whole study cohort, to
tal cholesterol, low-density lipoprotein cholesterol, and 
HDL cholesterol were positively correlated with 
TMAO concentrations, while triglycerides were nega
tively correlated (all P values <0.05). In separate analysis 
at each age, no significant correlations were found be
tween TMAO and cardiovascular risk factors.

EFFECT OF THE DIETARY INTERVENTION ON TMAO 

CONCENTRATIONS

In sex-stratified analyses, no differences in serum 
TMAO concentrations between the intervention and 

control groups were found either for males or females 
(Table 2 and Fig. 2).

REPORTED FIBER INTAKE IS DIRECTLY ASSOCIATED WITH 

TMAO CONCENTRATIONS IN FEMALES

During the follow-up period, reported fiber intake 
(g/MJ) was directly associated with the concentrations 
of TMAO (β 0.038, SE 0.017, P = 0.0259; adjusted 
for age and sex). In the sex-stratified analyses, the associ
ation was found for females (β 0.066, SE 0.021, 
P = 0.0017; adjusted for age) but not for males 
(β 0.0084, SE 0.029, P = 0.76; adjusted for age).

DIFFERENCES IN THE MICROBIOME COMPOSITION BETWEEN 

FEMALES AND MALES AND RELATIONSHIP TO TMAO

The beta diversity measures are estimates of similarity or 
dissimilarity in the overall taxonomic composition be
tween different samples. A redundancy analysis for 
beta diversity of the microbiome from the whole cohort 
revealed a significant variance between taxa from females 
and males on genus level (P < 0.001) (Fig. 3A). Also, a 
core microbiome analysis was found to show some un
ique genera for each sex (Fig. 3B). Linear discriminant 
analysis effect size also identified different high abun
dant genera between the sexes (Fig. 3C).

Comparison of the phylum level Firmicutes/ 
Bacteroidetes ratio between males and females showed a 
trend for a difference that was not significant 
(P = 0.06). The median count of Bacteroidetes was 
80.5K in males and 73.7 in females, whereas the median 
count of Firmicutes was 69.8K in females and 62 in 
males (Supplemental Table 1).

A linear regression analysis between TMAO con
centrations and single taxa on genus level revealed a 
direct association with Roseburia hominis, a Firmicute 
from the Lachnospiraceae family, but only in males 
(ß = 0.284, P < 0.01). No other associations between 
the microbiome composition and TMAO concentra
tions were found.

Discussion

In this longitudinal observational study, we investigated 
the circulating serum TMAO concentrations in healthy 
individuals of the STRIP study cohort at 11, 13, 15, 17, 
19, and 26 years of age. At all time points, TMAO con
centrations were significantly higher in males compared 
to females. These data are in line with previously pub
lished cross-sectional studies, which also indicate an as
sociation between sex and serum TMAO levels in 
healthy individuals (36).

Although it is well known that many factors (e.g., 
diet, gut microbiome composition, kidney function) 
may influence serum TMAO concentrations, the 
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potential causes of sex-related differences in TMAO me
tabolism remain unclear. One possible explanation may 
be a different gut bacteria composition between men 
and women. Recently, Cho et al. found that higher 
Firmicutes to Bacteroidetes enrichment in men leads to 
higher TMAO production by the gut microbiome 
(37). In general, the ratio between these 2 phyla has 

Fig. 1. TMAO concentrations in females and 
males between the ages of 11 and 26 years. The 
data are presented as medians and 25th;75th per
centiles. TMAO concentrations were higher in 
males compared to females during the follow-up 
(P < 0.0001) as well as in age-specific analyses 
(age 11 y: P = 0.0055, 13 y: P = 0.0480, 15 y: 
P = 0.0028, 17 y: P = 0.0001, 19 and 26 y: P <  
0.0001).

Table 2. Impact of dietary counseling on serum TMAO concentrations in female and male participants of 
the STRIP study between 11 and 26 years of age. Data are presented as medians and 25th;75th PCT.

Females Males

Intervention Control Intervention Control

TMAO, µmol/L TMAO, µmol/L TMAO, µmol/L TMAO, µmol/L

Age, y n
Median, 25th,75th 

PCT n
Median, 25th,75th 

PCT n
Median, 25th,75th 

PCT n
Median, 25th,75th 

PCT

11 132 2.11, 1.50;3.10 154 1.93, 1.45;2.74 142 2.39, 1.57;3.52 164 2.10, 1.57;2.87

13 129 1.90, 1.33;2.71 147 2.14, 1.46;2.99 142 2.16, 1.51;3.21 156 2.12, 1.54;2.86

15 120 1.76, 1.29;2.53 146 1.90, 1.38;2.78 136 2.20, 1.57;3.57 148 2.05, 1.59;2.98

17 114 1.79, 1.41;2.89 145 2.01, 1.40;2.67 117 2.36, 1.66;3.89 138 2.40, 1.69;3.51

19 102 2.15, 1.97;3.07 134 1.99, 1.44;2.89 107 2.47, 1.68;3.52 125 2.63, 1.86;3.88

26 134 2.38, 1.85;3.20 169 2.48, 1.86;3.29 125 3.08, 2.08;4.56 116 3.02, 2.32;4.06

Abbreviations: PCT, percentile.

Fig. 2. TMAO concentrations between 11 and 
26 years of age (A females, B males) in controls 
and participants who received dietary counsel
ing. No differences between the intervention 
and control groups in either females (P = 0.83) 
or males (P = 0.29) were found.
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been associated with maintaining homeostasis, and 
changes in this ratio are associated with various patholo
gies, such as obesity and inflammatory bowel disease 
(38, 39). Another possible explanation for sex-related 
variations on TMAO concentrations could be the 
impact of the higher estrogen level in females, 
which was reported to decrease hepatic expression of 
flavinmonooxygenase-3, the most important enzyme in 
the conversion of TMA to TMAO (9). Alternatively, 
it could also be possible that sex hormones influence 
TMAO and that TMAO has an impact on gut micro
biota, an issue that needs further investigation. In line 
with this, the substantially different sex hormone profiles 
in males and females could possibly lead to differences in 
the gut microbiota composition that drive sex-specific 
alterations of intestinal TMAO production (40).

A recent study with this cohort showed different 
microbiota beta diversity between males and females 
but an association between dietary and intervention 
group with overall gut microbiota profile only in males 
(34). In-depth analyses of the microbiome metadata in 
the present study revealed different highly abundant 
genera between the sexes and single taxa that either oc
cur only in females or males. Higher reported fiber 

intake was observed only in the male intervention group 
compared to male controls (27) (Supplemental Fig. 2). 
It can be speculated that females make healthy dietary 
choices earlier in life than males, which could explain 
the comparable fiber intake and the unchanged 
Firmicutes to Bacteroidetes ratio in females with and 
without dietary counseling.

In this study, serum TMAO concentrations in
creased with age in males and females. Considering the 
young age of the participants, age-related mechanisms, 
which are independent from kidney function, are highly 
likely to be involved in an age-dependent increase of ser
um TMAO. It has been shown previously that the gut 
microbiome composition varies from childhood through 
puberty and adolescence (40). Continuous changes in 
the exposure to nutritional items and in the abundance 
of bacterial strains probably promote age-related adapta
tions in the gut’s bacterial colonialization that impact 
the production of TMAO. Recently, Brunt et al. re
ported higher TMAO levels in middle-aged/older (64  
± 7 years) healthy males and females, with a mean of 
6.5 µmol/L compared to young adults (22 ± 0.7 years) 
with 1.6 µmol/L (41). They observed these age- 
dependent differences without apparent changes in the 

Fig. 3. Microbiome analysis of taxa at genus level at the age of 26 years using 16S rRNA data. (A), 
Redundancy analysis for beta diversity displaying the compositional distribution (variance) of the micro
biota between females and males. Each point on the diagram presents one study proband; (B), Venn dia
gram of core microbiome depicting numbers of shared taxa and table of unique taxa; (C), Linear 
discriminant analysis effect size analysis showing most differently abundant taxa. Color figure available 
at https://academic.oup.com/clinchem.
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intake of dietary TMAO precursors. These data suggest 
age-dependent alterations in the gut microbiome com
position and liver metabolism that could promote the 
conversion of TMA into TMAO resulting in higher 
TMAO serum concentrations in older age (41). 
However, the young adult cohort only contained 22 par
ticipants while the older cohort contained 101.

In line with these results, animal experiments also 
showed that aging increases the abundance of the 
TMA-producing microbial genus Desulfovibrio and the 
hepatic expression of flavinmonooxygenase-3 enzyme (41, 
42). Thus, a potentially increasing colonization with 
TMA-producing species in elderly individuals could modu
late the bioavailability of dietary choline, which could further 
contribute to the accumulation of TMAO with age (43).

In this study, associations between serum TMAO 
concentrations and beta diversity or the Bacteroidetes to 
Firmicutes ratio at the age of 26 years were not found. 
However, in males there was a direct association between 
TMAO and Roseburia hominis, a Firmicute of the 
Lachnospiraceae family. Firmicutes and especially 
Lachnospiraceaes are known to contain TMA(O) high pro
ducers (39), although no associations between Roseburia 
hominis and TMAO metabolism are known.

No differences in the serum TMAO concentrations 
between the dietary intervention and control groups 
were observed. However, serum TMAO levels were dir
ectly associated with reported total fiber intake in fe
males but not in males. One explanation could be that 
the indigestible dietary fiber stimulates the intestinal 
peristalsis. As a result, TMA precursors (e.g., carnitine, 
choline, phosphatidylcholine, betaine) could pass the 
small intestine more rapidly so that higher amounts 
reach the large intestine in less time, where they are de
graded by resident bacteria. A longer dwelling time of fi
ber and TMA precursors in the large intestine of females 
could favor a higher TMA/TMAO production. Also, 
hormonal influences and age may affect colon peristaltic 
patterns (44). The possibility of dietary effects on intes
tinal TMAO production is also supported by a previous 
animal study from our group. In this study, female rats 
fed with a high-fat diet surprisingly showed decreased 
serum TMAO concentrations, probably due to a re
duced intestinal abundance of TMA-producing micro
biota (45). In summary, more longitudinal prospective 
studies investigating sex differences in dietary fiber 
modulation of intestinal passage and microbiome are 
needed to shed more light on the observation.

Our study has strengths and limitations that should 
be considered when interpreting the present results. A 
main strength of this study is the long follow-up of par
ticipants from infancy to young adulthood with regular 
study visits and blood sampling until the age of 26. This 
longitudinal assessment of serum TMAO throughout 
large parts of the human growth and developmental 

period provides unique metabolic insights that facilitate a 
better interpretation of this biomarker in the future. 
Although the TMAO determinations have shown strong 
intraindividual variations, the differences between women 
and men are significant as well as the increase of TMAO 
concentrations over time, which can be attributed to the 
size of the study cohort, another strength of this study. 
Regarding limitations, the food record used was not de
signed to capture specific nutritional sources high or low 
in TMAO precursors like carnitine or choline, which im
peded an investigation of the effects that these compounds 
have on serum TMAO concentrations. Furthermore, we 
were not able to differentiate reliably the fiber sources, 
such as soluble fibers (inulin), resistant starch, or other in
soluble fibers. Only the total fiber intake could be consid
ered. Regarding microbiome analysis, stool samples were 
collected only at 26 years of age, which impeded longitudin
al profiling of the intestinal microbiome. The 16sRNA ap
proach was used in which the depth of investigation does 
not extend to individual bacteria, as is the case with shotgun 
metagenomics for example. Finally, we did not have en
ough clinical endpoints by the age of 26. Therefore, we 
could not study TMAO associations with outcomes.

Conclusion

In summary, this longitudinal study found serum 
TMAO concentrations to increase from the age of 11 
to 26 years in both sexes, with males constantly having 
higher mean TMAO levels. While TMAO concentra
tions were not affected by repeated dietary counseling, 
a direct association between reported fiber intake and 
TMAO was observed in females, suggesting sex-specific 
differences in the metabolism and resorption of dietary 
compounds. Although we did not observe associations 
between serum TMAO and intestinal microbial patterns 
at the age of 26, there were differences in the micro
biome compositions between females and males. 
Future research should consider sex-specific associations 
between the gut microbiome and its metabolites.
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Selected variables and their descriptions without person
al identification codes are distributed to investigators 
and collaborators working on specific projects. The 
rights to the data belong to the STRIP research group. 
Data sharing outside the STRIP group requires a data- 
sharing agreement. Investigators can submit an expres
sion of interest to the STRIP Steering Committee.

Supplemental Material

Supplemental material is available at Clinical Chemistry 
online.

TMAO from Childhood to Early Adulthood 

Clinical Chemistry 70:9 (2024) 1169

http://academic.oup.com/clinchem/article-lookup/doi/10.1093/clinchem/hvae087#supplementary-data


Nonstandard Abbreviations: TMAO, trimethylamine-N-oxide; 
CVD, cardiovascular disease; TMA, trimethylamine; STRIP, Special 
Turku Coronary Risk Factor Intervention Project; ASV, amplicon se
quence variant; HDL, high-density lipoprotein.

Author Contributions: The corresponding author takes full responsibil
ity that all authors on this publication have met the following required cri
teria of eligibility for authorship: (a) significant contributions to the 
conception and design, acquisition of data, or analysis and interpretation 
of data; (b) drafting or revising the article for intellectual content; (c) final 
approval of the published article; and (d) agreement to be accountable for 
all aspects of the article thus ensuring that questions related to the accuracy 
or integrity of any part of the article are appropriately investigated and re
solved. Nobody who qualifies for authorship has been omitted from the list.

Gunter Almer (Conceptualization-Supporting, Software- 
Lead, Visualization-Lead, Writing—original draft-Equal, Writing— 
review & editing-Equal), Dietmar Enko (Conceptualization-Supporting, 
Supervision-Supporting, Writing—original draft-Equal, Writing—review 
& editing-Equal), Noora Kartiosuo (Data curation-Supporting, 
Formal analysis-Supporting, Methodology-Supporting, Visualization- 
Supporting, Writing—original draft-Supporting, Writing—review & 
editing-Supporting), Harri Niinikoski (Funding acquisition-Supporting, 
Methodology-Supporting, Project administration-Supporting, 
Resources-Supporting, Writing—review & editing-Supporting), Terho 
Lehtimaki (Conceptualization-Supporting, Methodology-Supporting, 
Validation-Supporting, Writing—review & editing-Supporting), 
Eveliina Munukka (Methodology-Supporting, Resources- 
Supporting, Writing—review & editing-Supporting), Jorma Viikari 
(Conceptualization-Supporting, Methodology-Supporting, Project 
administration-Supporting, Resources-Supporting, Writing—review & 
editing-Supporting), Tapani Rönnemaa (Conceptualization-Supporting, 
Methodology-Supporting, Project administration-Supporting, Resources- 
Supporting, Writing—review & editing-Supporting), Suvi P. Rovio 
(Conceptualization-Supporting, Funding acquisition-Supporting, 
Project administration-Supporting, Resources-Supporting, Writing— 
review & editing-Supporting), Juha Mykkänen (Formal analysis- 

Supporting, Resources-Supporting, Writing—review & 
editing-Supporting), Hanna Lagström (Conceptualization-Supporting, 
Methodology-Supporting, Project administration-Supporting, 
Writing—review & editing-Supporting), Antti Jula 
(Methodology-Supporting, Project administration-Supporting, Writing 
—review & editing-Supporting), Markus Herrmann (Resources- 
Supporting, Writing—review & editing-Supporting), Olli Raitakari 
(Conceptualization-Supporting, Funding acquisition-Supporting, 
Methodology-Supporting, Project administration-Supporting, Resources- 
Supporting, Writing—review & editing-Supporting), Andreas Meinitzer 
(Conceptualization-Supporting, Data curation-Supporting, Formal 
analysis-Lead, Methodology-Supporting, Writing—review & 
editing-Supporting), and Katja Pahkala (Conceptualization-Lead, 
Funding acquisition-Supporting, Methodology-Supporting, Project 
administration-Supporting, Resources-Supporting, Software-Lead, 
Writing—original draft-Supporting).

Authors’ Disclosures or Potential Conflicts of Interest: Upon manu
script submission, all authors completed the author disclosure form.

Research Funding: This work was supported by the Academy of 
Finland (Grants 206374, 294834, 251360, 275595, 307996, 
322112), the Juho Vainio Foundation, the Finnish Foundation for 
Cardiovascular Research, the Finnish Ministry of Education and 
Culture, the Finnish Cultural Foundation, the Sigrid Jusélius 
Foundation, Special Governmental grants for Health Sciences 
Research (Turku University Hospital), the Yrjö Jahnsson 
Foundation, the Finnish Medical Foundation, and the Turku 
University Foundation. T. Lehtimäki has been supported by the 
Academy of Finland (Grant No. 356405), the Tampere 
Tuberculosis Foundation, and the Finnish Foundation for 
Cardiovascular Research.

Disclosures: None declared.

Role of Sponsor: The funding organizations played no role in the de
sign of the study, choice of enrolled patients, review and interpretation 
of data, preparation of the manuscript, or final approval of the 
manuscript.

References

1. Koeth RA, Wang Z, Levison BS, Buffa JA, 
Org E, Sheehy BT, et al. Intestinal micro
biota metabolism of L-carnitine, a nutrient 
in red meat, promotes atherosclerosis. 
Nat Med 2013;19:576–85.

2. Liu G, Li J, Li Y, Hu Y, Franke AA, Liang L, 
et al. Gut microbiota-derived metabolites 
and risk of coronary artery disease: a pro
spective study among US men and women. 
Am J Clin Nutr 2021;114:238–47.

3. Gatarek P, Kaluzna-Czaplinska J. 
Trimethylamine N-oxide (TMAO) in human 
health. EXCLI J 2021;20:301–19.

4. Ufnal M, Zadlo A, Ostaszewski R. TMAO: a 
small molecule of great expectations. 
Nutrition 2015;31:1317–23.

5. Meyer KA, Benton TZ, Bennett BJ, 
Jacobs DR  Jr, Lloyd-Jones DM, Gross 
MD, et al. Microbiota-dependent metab
olite trimethylamine N-oxide and coron
ary artery calcium in the coronary artery 
risk development in young adults study 
(CARDIA). J Am Heart Assoc 2016;5: 
e003970.

6. Shea JW, Jacobs DR  Jr, Howard AG, Lulla 
A, Lloyd-Jones DM, Murthy VL, et al. 
Choline metabolites and incident cardio
vascular disease in a prospective cohort 
of adults: coronary artery risk development 
in young adults (CARDIA) study. Am J Clin 
Nutr 2024;119:29–38.

7. Meinitzer S, Baranyi A, Holasek S, Schnedl 
WJ, Zelzer S, Mangge H, et al. Sex-specific 
associations of trimethylamine-N-oxide 
and zonulin with signs of depression in 
carbohydrate malabsorbers and nonma
labsorbers. Dis Markers 2020;2020: 
7897240.

8. Baranyi A, Meinitzer A, von Lewinski D, 
Rothenhausler HB, Amouzadeh- 
Ghadikolai O, Harpf H, et al. Sex-specific 
differences in trimethylamine N-oxide 
(TMAO) concentrations before and after 
cardiac rehabilitation in acute myocardial 
infarction patients. EXCLI J 2022;21:1–10.

9. Coecke S, Debast G, Phillips IR, Vercruysse 
A, Shephard EA, Rogiers V. Hormonal 
regulation of microsomal flavin-containing 

monooxygenase activity by sex steroids 
and growth hormone in co-cultured adult 
male rat hepatocytes. Biochem 
Pharmacol 1998;56:1047–51.

10. Lombardo M, Aulisa G, Marcon D, Rizzo G, 
Tarsisano MG, Di Renzo L, et al. 
Association of urinary and plasma levels 
of trimethylamine N-oxide (TMAO) with 
foods. Nutrients 2021;13:1426.

11. Jameson E, Quareshy M, Chen Y. 
Methodological considerations for the 
identification of choline and carnitine- 
degrading bacteria in the gut. Methods 
2018;149:42–8.

12. Warrier M, Shih DM, Burrows AC, Ferguson 
D, Gromovsky AD, Brown AL, et al. The 
TMAO-generating enzyme flavin monooxy
genase 3 is a central regulator of cholesterol 
balance. Cell Rep 2015;10:326–38.

13. Wu K, Bowman R, Welch AA, Luben RN, 
Wareham N, Khaw KT, et al. 
Apolipoprotein E polymorphisms, dietary 
fat and fibre, and serum lipids: the EPIC 
Norfolk study. Eur Heart J 2007;28:2930–6.

1170 Clinical Chemistry 70:9 (2024)



14. Ruottinen S, Lagström HK, Niinikoski H, 
Rönnemaa T, Saarinen M, Pahkala KA, 
et al. Dietary fiber does not displace en
ergy but is associated with decreased ser
um cholesterol concentrations in healthy 
children. Am J Clin Nutr 2010;91:651–61.

15. Suzuki R, Rylander-Rudqvist T, Ye W, Saji S, 
Adlercreutz H, Wolk A. Dietary fiber intake 
and risk of postmenopausal breast cancer 
defined by estrogen and progesterone re
ceptor status--a prospective cohort study 
among Swedish women. Int J Cancer 
2008;122:403–12.

16. Genoni A, Christophersen CT, Lo J, 
Coghlan M, Boyce MC, Bird AR, et al. 
Long-term paleolithic diet is associated 
with lower resistant starch intake, different 
gut microbiota composition and increased 
serum TMAO concentrations. Eur J Nutr 
2020;59:1845–58.

17. Georgescauld F, Mocan I, Lacombe ML, 
Lascu I. Rescue of the neuroblastoma mu
tant of the human nucleoside diphosphate 
kinase A/nm23-H1 by the natural osmolyte 
trimethylamine-N-oxide. FEBS Lett 2009; 
583:820–4.

18. Papandreou C, Bullo M, Zheng Y, 
Ruiz-Canela M, Yu E, Guasch-Ferre M, 
et al. Plasma trimethylamine-N-oxide and 
related metabolites are associated with 
type 2 diabetes risk in the prevencion con 
dieta Mediterranea (PREDIMED) trial. Am 
J Clin Nutr 2018;108:163–73.

19. Hoyles L, Pontifex MG, Rodriguez-Ramiro 
I, Anis-Alavi MA, Jelane KS, Snelling T, 
et al. Regulation of blood-brain barrier in
tegrity by microbiome-associated methy
lamines and cognition by trimethylamine 
N-oxide. Microbiome 2021;9:235.

20. Zhao ZH, Xin FZ, Zhou D, Xue YQ, Liu XL, 
Yang RX, et al. Trimethylamine N-oxide at
tenuates high-fat high-cholesterol 
diet-induced steatohepatitis by reducing 
hepatic cholesterol overload in rats. 
World J Gastroenterol 2019;25:2450–62.

21. Collins HL, Drazul-Schrader D, Sulpizio AC, 
Koster PD, Williamson Y, Adelman SJ, et al. 
L-Carnitine intake and high trimethylamine 
N-oxide plasma levels correlate with low 
aortic lesions in ApoE(-/-) transgenic mice 
expressing CETP. Atherosclerosis 2016; 
244:29–37.

22. Winther SA, Ollgaard JC, Tofte N, Tarnow L, 
Wang Z, Ahluwalia TS, et al. Utility of plasma 
concentration of trimethylamine N-oxide in 
predicting cardiovascular and renal compli
cations in individuals with type 1 diabetes. 
Diabetes Care 2019;42:1512–20.

23. Jia J, Dou P, Gao M, Kong X, Li C, Liu Z, 
et al. Assessment of causal direction be
tween gut microbiota-dependent metabo
lites and cardiometabolic health: a 
bidirectional Mendelian randomization 
analysis. Diabetes 2019;68:1747–55.

24. Tang WH, Wang Z, Kennedy DJ, Wu Y, 
Buffa JA, Agatisa-Boyle B, et al. Gut 
microbiota-dependent trimethylamine 
N-oxide (TMAO) pathway contributes to 

both development of renal insufficiency 
and mortality risk in chronic kidney dis
ease. Circ Res 2015;116:448–55.

25. Xu KY, Xia GH, Lu JQ, Chen MX, Zhen X, 
Wang S, et al. Impaired renal function and 
dysbiosis of gut microbiota contribute to in
creased trimethylamine-N-oxide in chronic 
kidney disease patients. Sci Rep 2017;7:1445.

26. Simell O, Niinikoski H, Rönnemaa T, Raitakari 
OT, Lagström H, Laurinen M, et al. Cohort 
profile: the STRIP study (special Turku coron
ary risk factor intervention project), an 
infancy-onset dietary and life-style interven
tion trial. Int J Epidemiol 2009;38:650–5.

27. Matthews LA, Rovio SP, Jaakkola JM, 
Niinikoski H, Lagström H, Jula A, et al. 
Longitudinal effect of 20-year 
infancy-onset dietary intervention on food 
consumption and nutrient intake: the ran
domized controlled STRIP study. Eur J 
Clin Nutr 2019;73:937–49.

28. Niinikoski H, Pahkala K, Ala-Korpela M, 
Viikari J, Rönnemaa T, Lagström H, et al. 
Effect of repeated dietary counseling on 
serum lipoproteins from infancy to adult
hood. Pediatrics 2012;129:e704–13.

29. Nupponen M, Pahkala K, Juonala M, 
Magnussen CG, Niinikoski H, Rönnemaa 
T, et al. Metabolic syndrome from adoles
cence to early adulthood: effect of 
infancy-onset dietary counseling of low sa
turated fat: the special Turku coronary risk 
factor intervention project (STRIP). 
Circulation 2015;131:605–13.

30. Oranta O, Pahkala K, Ruottinen S, 
Niinikoski H, Lagström H, Viikari JS, et al. 
Infancy-onset dietary counseling of 
low-saturated-fat diet improves insulin 
sensitivity in healthy adolescents 15–20 
years of age: the special Turku coronary 
risk factor intervention project (STRIP) 
study. Diabetes Care 2013;36:2952–9.

31. Pahkala K, Hietalampi H, Laitinen TT, 
Viikari JS, Rönnemaa T, Niinikoski H, et al. 
Ideal cardiovascular health in adolescence: 
effect of lifestyle intervention and associ
ation with vascular intima-media thickness 
and elasticity (the special Turku coronary 
risk factor intervention project for children 
[STRIP] study). Circulation 2013;127: 
2088–96.

32. Pahkala K, Laitinen TT, Niinikoski H, 
Kartiosuo N, Rovio SP, Lagström H, et al. 
Effects of 20-year infancy-onset dietary 
counselling on cardiometabolic risk factors 
in the special Turku coronary risk factor 
intervention project (STRIP): 6-year post- 
intervention follow-up. Lancet Child 
Adolesc Health 2020;4:359–69.

33. Enko D, Zelzer S, Baranyi A, Herrmann M, 
Meinitzer A. Determination of trimethyla- 
mine-N-oxide by a simple isocratic high- 
throughput liquid-chromatography tandem 
mass-spectrometry method. Clin Lab 2020; 
66:1801–8.

34. Keskitalo A, Munukka E, Aatsinki A, Saleem 
W, Kartiosuo N, Lahti L, et al. An 
infancy-onset 20-year dietary counselling 

intervention and gut microbiota 
composition in adulthood. Nutrients 
2022;14:2667.

35. Callahan BJ, McMurdie PJ, Rosen MJ, Han 
AW, Johnson AJ, Holmes SP. DADA2: 
high-resolution sample inference from illu
mina amplicon data. Nat Methods 2016;13: 
581–3.

36. Barrea L, Annunziata G, Muscogiuri G, 
Laudisio D, Di Somma C, Maisto M, et al. 
Trimethylamine N-oxide, Mediterranean 
diet, and nutrition in healthy, normal- 
weight adults: also a matter of sex? 
Nutrition 2019;62:7–17.

37. Cho CE, Taesuwan S, Malysheva OV, 
Bender E, Tulchinsky NF, Yan J, et al. 
Trimethylamine-N-oxide (TMAO) re
sponse to animal source foods varies 
among healthy young men and is influ
enced by their gut microbiota compos
ition: a randomized controlled trial. Mol 
Nutr Food Res 2017;61:1–12.

38. Stojanov S, Berlec A, Strukelj B. The influ
ence of probiotics on the Firmicutes/ 
Bacteroidetes ratio in the treatment of 
obesity and inflammatory Bowel disease. 
Microorganisms 2020;8:1715.

39. Cho CE, Aardema NDJ, Bunnell ML, 
Larson DP, Aguilar SS, Bergeson JR, et al. 
Effect of choline forms and gut microbiota 
composition on trimethylamine-N-oxide 
response in healthy men. Nutrients 2020; 
12:2220.

40. Yoon K, Kim N. Roles of sex hormones and 
gender in the gut microbiota. J 
Neurogastroenterol Motil 2021;27:314–25.

41. Brunt VE, Gioscia-Ryan RA, Casso AG, 
VanDongen NS, Ziemba BP, Sapinsley ZJ, 
et al. Trimethylamine-N-oxide promotes 
age-related vascular oxidative stress and 
endothelial dysfunction in mice and 
healthy humans. Hypertension 2020;76: 
101–12.

42. Brunt VE, Gioscia-Ryan RA, Richey JJ, 
Zigler MC, Cuevas LM, Gonzalez A, et al. 
Suppression of the gut microbiome ame
liorates age-related arterial dysfunction 
and oxidative stress in mice. J Physiol 
2019;597:2361–78.

43. Romano KA, Vivas EI, Amador-Noguez D, 
Rey FE. Intestinal microbiota composition 
modulates choline bioavailability from 
diet and accumulation of the proathero
genic metabolite trimethylamine-N-oxide. 
mBio 2015;6:e02481.

44. Karlstadt RG, Hogan DL, Foxx-Orenstein 
A. Normal physiology of the gastrointes
tinal tract and gender differences. In: 
Legato MJ, editor. Principles of gender- 
specific medicine. 1st ed. Amsterdam (the 
Netherlands): Elsevier Inc.; 2007. p. 
377–96.

45. Almer G, Semeraro MD, Meinitzer A, Enko 
D, Rodriguez Blanco G, Gall B, et al. Impact 
of long-term high dietary fat intake and 
regular exercise on serum TMAO and mi
crobiome composition in female rats. 
Nutr Healthy Aging 2023;8:157–70.

TMAO from Childhood to Early Adulthood 

Clinical Chemistry 70:9 (2024) 1171

trimethylamine-N-oxide
trimethylamine-N-oxide

	Introduction
	Materials and Methods
	STRIP Study Design and Participants
	Serum TMAO Measurements
	Dietary Data Collection
	Microbiome Analysis
	Cardiovascular Risk Factors
	Statistical Analysis

	Results
	Associations of age and sex with TMAO Concentrations from Childhood to Early Adulthood
	Effect of the Dietary Intervention on TMAO Concentrations
	Reported Fiber Intake is Directly Associated with TMAO Concentrations in Females
	Differences in the Microbiome Composition Between Females and Males and Relationship to TMAO

	Discussion
	Conclusion
	Data Availability
	Supplemental Material
	Nonstandard Abbreviations
	Author Contributions
	Authors’ Disclosures or Potential Conflicts of Interest
	Research Funding
	Disclosures
	Role of Sponsor
	References

