
While many ACs were elevated in fasting samples compared to
non-fasting samples, C3 and C5 showed a decrease in fasting
samples. Short chain ACs and C16 were associated with BMI. The
strong associations with butter could not be reproduced because
the corresponding odd-chain ACs were not included in the targeted
assay used in study A.

3.4. Associations of acylcarnitines with acylcarnitine precursors

3.4.1. Fatty acids
The associations of ACs with 35 circulating FAs were assessed in

854 participants of study A (Supplemental Table 1). Out of the five
ACs for which the FA with corresponding chain length and number
of double bonds was measured, four showed a significant correla-
tion with the corresponding FA (r ¼ 0.14e0.26; Fig. 3). Additional
associations were found between FAs and ACs that do not have the
same FA chain length and number of double bonds, including as-
sociations of ACs C10:1 and C14:1 with FA 18:2 and FA 18:1,
respectively (Fig. 3).

We also studied associations of ACs with estimated FA intake
assessed by food frequency questionnaires in Study A (n ¼ 7770,
Supplemental Fig. 10). AC C18:0 was associated with the dietary
intake of several saturated FAs (e.g. FA 18:0, FA 17:0, FA 10:0 and FA
14:0; R < 0.1) and the ACs C10:1, C14:2 and C18:2 were associated
with the intake of linoleic acid (FA 18:2).

3.4.2. Amino acids
Moderate partial correlations (R¼ 0.30e0.47, p-values < 10�180)

between the circulating ACs C3 and C5 and the circulating BCAA
valine, isoleucine and leucine, and the aromatic amino acids
phenylalanine and tyrosine, lysine and methionine were observed
in Study A (Fig. 4). C18:1 and C18:2 were positively associated with
ornithine and glutamine (R ¼ 0.4, p-values < 10�170) and inversely
with arginine (R ¼ �0.42, p-values < 10�280). These associations
were almost identical after stratification by fasting status (data not
shown).

3.4.3. Carnitine
Associations between estimated total dietary intake of carnitine

(combined free carnitine and ACs) and blood AC concentrations in
study A (Table 2) were in the same direction as those between the
circulating BCAA and ACs (Fig. 4), but weaker (R < 0.06).

3.5. Main determinants of acylcarnitine concentrations by
acylcarnitine species

We finally compared the influence of different variables on
single ACs in study A by computing the partial R-squared of the
different variables in linear models (Fig. 5). Concentrations of some
ACs (e.g. C2 and C14:2) were highly associated with age or fasting
status, whereas those of most short-chain ACs were associatedwith

Fig. 3. Partial correlations of circulating phospholipid fatty acids (FA) with acylcarnitines (ACs) in healthy individuals of study A (n ¼ 854). Pairs of ACs and FAs with corresponding
chain length and number of double bonds are indicated with black boxes. Correlation of AC C16:1 with FA 16:1 (r ¼ 0.08, nominal p-value ¼ 0.02) did not remain significant after
adjustment for multiple testing. Correlations are adjusted for study, sex, age, BMI, country and fasting status at blood collection. p-values are corrected for multiple testing using the
FDR-method and only those correlations that have an adjusted p-value < 0.005 are colored. Displayed here are only those metabolites that show at least one significant positive
association, and the metabolites on both axes are ordered by hierarchical clustering.
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circulating BCAA. C18:0 and C18:2 were highly associated with
their corresponding circulating FAs.

4. Discussion

4.1. Main findings

In this study we investigated the determinants of a wide range
of ACs in blood. To this end we employed two complementary
datasets acquired in the EPIC cohort: a targeted metabolomics
dataset obtained from a large number of participants (n¼ 7770) for
different subgroup analyses and a smaller untargeted metab-
olomics dataset obtained from 395 subjects, which included a
wider range of ACs including oxidized and odd-chain ACs. Fasting
status, age, sex and blood concentrations and intake of specific FAs
and concentrations of BCAA were important determinants of AC
concentrations, but the strength of associations varied greatly be-
tween AC species and some associations were specific for particular
groups of ACs (scheme in Fig. 6). In addition, we show for the first

time an association between blood ACs and circulating fatty acids in
a large observational study.

Our findings are largely consistent with previous studies that
found important determinants of circulating AC concentrations to
be age, sex and fasting status [9,36e38]. In agreement with the
literature, we found that AC concentrations increased with age. It
has been suggested that AC concentrations increasewith age due to
decreased mitochondrial function which leads to impaired b-
oxidation [9,37]. It has been shown that the sex-specific differences
of circulating free [39] or total carnitine [36] are age dependent and
differences between sexes decrease with higher age, which has
been explained by changing levels of sex-hormones that influence
transport andmetabolism of ACs [36,39]. We show here for the first
time that this pattern applies to several individual acylcarnitine
species, although some differences between AC species can be
observed. These findings highlight the complexity of different de-
terminants of AC species and the importance of an adequate age
and sex matched reference groups in studies on acylcarnitines and
health outcomes. Except for a few specific foods, diet showed

Fig. 4. Partial correlations of circulating ACs and amino acids in Study A (n ¼ 6639). A: Heatmap showing partial correlations of all ACs and amino acids included in this analysis.
Partial correlations were adjusted for the covariates country, sex, age, BMI, and fasting status. p-values were adjusted for multiple testing using the FDR-method and only cor-
relations with an adjusted p-value < 0.05 are colored in the figure. B: Scatter plot of partial correlations of adjusted concentrations of C5:0 and leucine. B: Scatter plot of partial
correlations of adjusted concentrations of C18:1 and arginine.
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weaker associations with ACs than sex, age, and fasting status. BMI
has been reported as a determinant in smaller studies that included
normal weight and obese individuals [8,18]. However, our findings
suggest that the association between BMI and AC concentrations is
specific for some AC species and less pronounced than the associ-
ations of other potential determinants such as sex and fasting

status in our study population which is characterized by a more
moderate BMI when compared with previous studies.

4.2. Findings by subgroups of acylcarnitines

We show that ACs form several groups of highly correlated
species that are associated with specific anthropometric, dietary
and metabolic variables as summarized in Fig. 6. In the following,
the potential determinants of short, medium and long-chain ACs
will be discussed.

Circulating FAs are major determinants of some blood long-
chain ACs. The same long-chain ACs were also associated with
intake of the corresponding FAs (Table 2) further supporting the
link between these FAs and blood ACs.

Strong associations were found between the intake of butter or
dairy foods and C9:0 and C11:0 (Fig. 2) and associations of butter
intake and ACs were also seenwithin German or Italian participants
only which increases confidence that these findings are not due to
confounding. These ACs contain odd-chain FAs derived from fat in
ruminant animal products [40] and C9:0 has been reported previ-
ously to be associated with butter intake in a metabolome-wide
association study [15]. The findings combined suggest that the
blood levels of long-chain ACs are strongly associated with the
corresponding circulating FAs and some specific ACs containing
diet-derived odd-chain FAs are associated with the corresponding
dietary FA intake. Many diet-AC associations detected in study B
were not found in analyses in the subsets of only the German or
Italian participants. This suggests that some of the findings in the

Table 2
Partial correlations between estimated dietary intakes of carnitine and circulating
levels of acylcarnitines (ACs) in study A, adjusted for potential confounders.

Acylcarnitine species Partial correlation of blood AC
concentration with carnitine intakea

R p-valueb

C18:2 �0.140 3.47 � 10�34

C18:1 �0.082 4.19 � 10�12

C14:2 �0.047 7.11 � 10�05

C10:1 �0.039 0.001
C16:1 �0.016 0.203
C16:0 �0.005 0.760
C14:1 �0.004 0.760
C12:0 �0.004 0.760
C10:0 0.003 0.760
C18:0 0.026 0.033
C2:0 0.028 0.024
C0 0.052 1.10 � 10�05

C3:0 0.053 1.04 � 10�05

C4:0 0.056 2.58 � 10�06

C5:0 0.057 2.23 � 10�06

a Adjusted for country, study, sex, age, BMI, fasting status (blood AC levels only).
b Adjusted for multiple testing using the FDR method, FDR ¼ 0.05.

Fig. 5. Partial r-squares of regression models exploring the effect of the covariates that were found to be associated with AC concentrations on the variability of ACs in study A
(n ¼ 854). Each linear model included covariates on diet derived from the food frequency questionnaires (carnitine and C18:0 and C18:2 fatty acids), molecular data on circulating
fatty acids and the sum of branched-chain amino acids (BCAA), and participant characteristics as independent variables and AC concentrations as dependent variable. The variability
associated with the different covariates (Rpartial

2) is expressed as a proportion of largest Rpartial
2 for each AC.
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whole population might be confounded by country. On the other
hand, the sub populationsmight not have sufficient power to detect
all associations and additional studies with larger populations from
these countries would be needed to test this hypothesis.

Long-chain FAs were also associated with even-medium-chain
ACs containing their downstream metabolites (e.g. the FA 18:2 and
FA 18:1 with the ACs C10:1 and C14:1, respectively). This is in line
with the finding that intake of linoleic acid (FA 18:2) was associated
with blood concentrations of ACs C10:1 and C14:2. Medium-chain
ACs are thus associated with the intake or circulating concentra-
tions of their metabolic precursors and with fasting status and age.

Amino acids in blood were strongly associated with short-chain
ACs except C2. C3 and C5 were highly associated with lysine, valine,
leucine and isoleucine in blood (R ¼ 0.4; p-value < 10�100) and
similar but weaker associations were found for C4:0. This is ex-
pected given that short-chain FAs are known amino acid metabo-
lites [18,41]. The same associations between C3 and C5 and amino
acids were reported in another study on 1765 individuals [42].
C18:1 and C18:2 were positively associated with levels of ornithine
and inversely with arginine. We do not have a biological explana-
tion for the latter associations and they might result from con-
sumption of common food sources. We found short-chain ACs
positively associated with dietary carnitine but these associations
were much weaker than those between amino acids and ACs. The
main food sources of carnitine are meat and other animal products.
Intake of these foods have been shown to be associated with BCAA
concentrations in blood [43] and it is possible that the association
between intake of carnitine and circulating short-chain ACs is
explained by high concentrations of BCAAs in meat [44]. Earlier
work from our group showed that meat intake results in a major
increase in urinary excretion of several short-chain and medium-

chain ACs but little change in circulating ACs [10]. The difference
between blood and urine was explained by homeostatic control of
circulating AC concentrations. Concentrations of ACs associated
with meat intake in blood appear to be influenced by FA and BCAA
concentrations rather than by carnitine intake.

Most ACs were significantly increased in fasting samples, while
the opposite was true for short-chain ACs (C3, C4, C5). Our data
support earlier studies showing decreased levels of C3 as well as
increased levels of long-chain ACs in fasting blood samples [13,45].
Increased concentrations of medium and long-chain ACs might be
related to increased lipid metabolism during fasting. This data
shows that the amino-acid derived ACs clearly form a group apart
from other ACs with unique determinants.

Our findings have important implications for the interpretation
of associations between ACs and disease risk. For example, the in-
verse associations observed between C18:1 and C18:2, and prostate
cancer risk [4] could be partly explained by a high intake of the
corresponding unsaturated FAs. Acetylcarnitine was associated
with risk of breast cancer in a recent study [3] and findings of this
present study suggest that increased acetylcarnitine levels might
be an indicator of disrupted fatty acidmetabolism rather than being
linked to dietary factors. Similar to the two previous examples,
findings of this present study may help to interpret other associa-
tions of AC concentrations with disease risk and understand the
differences of particular AC species by providing knowledge about
potential determinants. It is not clear whether ACs are a causal
factor in the pathway linking the exposure (e.g. diet, BMI) and
disease risk or whether ACs merely inform about exposures and the
state of metabolism. In either case, knowledge of the determinants
of AC concentrations is essential to interpret associations with
disease risk and identify modifiable risk factors.

Fig. 6. Schematic representation of determinants of different groups of acylcarnitines (ACs) based on results derived from this study. Solid and dashed lines represent major and
minor influences, respectively. Sex, age and fasting status at blood collection influence concentrations of most ACs. Dietary carnitine influences concentrations of short-chain ACs.
Dietary fatty acids are absorbed through the gut barrier and are incorporated as such into ACs or enter fatty acid metabolism in the tissues. Accumulating fatty acid oxidation by-
products such as medium-chain fatty acids can be exported from the tissues into blood as medium-chain ACs. Branched chain and aromatic amino acids are metabolized in tissues
to form short-chain fatty acids, which can be incorporated into short-chain ACs.
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4.3. Strengths and limitations

This study has several strengths, firstly the large sample size and
the wide variety of ACs measured. Associations between AC levels
and potential determinants have previously been reported, but to the
best of our knowledge, the present work is the largest and most
complete study of various potential determinants of AC concentra-
tions in healthy individuals so far. The EPIC study is well suited for
this analysis as the dietary intake data has been thoroughly validated
and harmonized between countries and the study setting provides a
wide range of food intakes. The availability of data on both ACs and
circulating FAs allowed the identification of correlations between
these 2 classes ofmetabolites which to the best of our knowledge has
not been reported in other observational studies yet. When
permitted by samples size and availability of measurements, we
were able to show similar results in both study A and B, e.g. the
importance of age and sex and determinants of ACs or the direction
of associations of different AC species with fasting status.

The study has also some limitations. Some ACs are highly
associated with the country of study and it is not clear whether this
is due to the differences in diet or to some other country specific
factors that wewere not able to adjust for. Another limitation is that
we included data obtained from serum and plasma samples. Some
differences in AC concentrations have been reported in the two
specimen types [46], but we have adjusted the data to account
differences between studies performed with serum or plasma. Not
all AC species were covered by the targeted metabolomics method
applied to study A which prevented the replication of some of the
associations identified in study B. The untargetedmethod including
sample extraction liquid chromatography was developed to cover a
broad range of metabolites and is therefore not optimized for the
measurement of single acylcarnitine species. The literature on
carnitine content of foods is limited which might lead to imprecise
estimates of carnitine intake in this study and thereby attenuating
associations of ACs with dietary carnitine.

5. Conclusions

In conclusion, we have shown that the levels of most ACs are
mainly associated with fasting status at blood collection, sex, age
and diet. Specific determinants such as dietary factors or circulating
FAs and amino acids for the different subgroups of ACs could be
identified. Our findings on these determinants have important
implications as theymay inform on potential modifiable risk factors
for diseases.
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