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ABSTRACT
Background: Cardiometabolic benefits of the Mediterranean diet have been recognized, but underlying mechanisms

are not fully understood.

Objectives: We aimed to investigate how the Mediterranean diet could influence circulating metabolites and how the

metabolites could mediate the associations of the diet with cardiometabolic risk factors.

Methods: Among 10,806 participants (58.9% women, mean age = 48.4 y) in the Fenland Study (2004–2015) in

the United Kingdom, we assessed dietary consumption with FFQs and conducted a targeted metabolomics assay

for 175 plasma metabolites (acylcarnitines, amines, sphingolipids, and phospholipids). We examined cross-sectional

associations of the Mediterranean diet score (MDS) and its major components with each metabolite, modeling

multivariable-adjusted linear regression. We used the regression estimates to summarize metabolites associated with

the MDS into a metabolite score as a marker of the diet. Subsequently, we assessed how much metabolite subclasses

and the metabolite score would mediate the associations of the MDS with circulating lipids, homeostasis model

assessment of insulin resistance (HOMA-IR), and other metabolic factors by comparing regression estimates upon

adjustment for the metabolites.

Results: Sixty-six metabolites were significantly associated with the MDS (P ≤ 0.003, corrected for false discovery rate)

(Spearman correlations, r: −0.28 to +0.28). The metabolite score was moderately correlated with the MDS (r = 0.43).

Of MDS components, consumption of nuts, cereals, and meats contributed to variations in acylcarnitines; fruits, to

amino acids and amines; and fish, to phospholipids. The metabolite score was estimated to explain 37.2% of the inverse

association of the MDS with HOMA-IR (P for mediation < 0.05). The associations of the MDS with cardiometabolic

factors were estimated to be mediated by acylcarnitines, sphingolipids, and phospholipids.

Conclusions: Multiple metabolites relate to the Mediterranean diet in a healthy general British population and highlight

the potential to identify a set of biomarkers for an overall diet. The associations may involve pathways of phospholipid

metabolism, carnitine metabolism, and development of insulin resistance and dyslipidemia. J Nutr 2020;150:568–578.
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Introduction

The Mediterranean diet is a healthy dietary pattern associated
with lower risk of cardiometabolic and other noncommunicable
diseases (1–3). Despite the strong evidence for the health
benefit from observational studies and controlled trials, the
mechanisms through which the diet is associated with these
disease outcomes are not well understood. Because the dietary
pattern is characterized by diverse dietary factors including
high consumption of vegetables, legumes, and fish; moderate
consumption of fruits, cereals, nuts, eggs, dairy, white meat, and
wine; and low consumption of red meat, processed meat, potato,
and sweets (4), the diet is likely to influence disease outcomes via
diverse pathways related to the different dietary factors (5–8).

The pathophysiology of noncommunicable diseases such as
cardiovascular diseases, type 2 diabetes, or cancer may involve
processes of chronic metabolite imbalance (9). Many small
molecules in pathophysiologic processes can be profiled with
metabolomics assays in blood, urine, and other tissues according
to recent technological advancement (10, 11). Studies in the last
few years, for example, have identified potential metabolomic
biomarkers for type 2 diabetes, related to mechanisms of amino
acids and lipid metabolism (10, 12). The metabolites are also
influenced by environmental determinants including diet (13,
14). Research on diet, metabolites, and disease risk assessed
simultaneously is promising to enhance understanding of how
single dietary components or adherence to an overall dietary
pattern influence disease risk (15). In addition, metabolomics
may help identify objective markers of dietary intakes of
foods or dietary patterns, or at least supplement traditional
self-reported methods, because self-reported measurement of
dietary exposure tends to involve misclassification (16). Single
biomarkers (e.g., vitamins, fatty acids) also may not capture
a complex dietary exposure (17, 18), and previous evidence
showed the utility of a combination of biomarkers in capturing
different types of food intake within a diet (19).

The effects of the Mediterranean diet on individual metabo-
lite concentrations were evaluated in 2 studies in Spain (20–
23): in substudies of the Prevencíon con Dieta Mediterránea
(PREDIMED) trial, which included adults with high risk
of cardiovascular diseases; and in the Metabolic Syndrome
Reduction in Navarra (RESMENA) trial, which recruited
individuals with a high mean BMI (36.1 kg/m2). No study to
our knowledge has yet assessed how metabolites in combination
would mediate the association of the Mediterranean diet
with cardiometabolic risk factors in a general population. We
conducted the current study evaluating targeted metabolomics
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data from 10,806 adults without diabetes in the Fenland
Study in the United Kingdom, with the hypotheses that 1)
adherence to the Mediterranean diet would be associated with
plasma metabolites and cardiometabolic risk factors (blood
pressure, lipid concentrations, measures of insulin resistance,
and glucose concentrations); and 2) the association of adherence
to the Mediterranean diet with cardiometabolic risk factors
would be at least partly explained by a set of metabolites.
We further examined whether the set of metabolites as a
composite biomarker score was correlated with adherence to
the Mediterranean diet.

Methods
Study population
The Fenland Study is a general population cohort which recruited
12,435 participants via general practices from 3 centers (Cambridge,
Ely, Wisbech) in Cambridgeshire, United Kingdom (12, 24). Recruit-
ment occurred between 2005 and 2015, and participants were eligible
if they were born between 1950 and 1975. To investigate adults at
risk of developing diabetes, adults with known diabetes were not
considered eligible. Other exclusion criteria included pregnancy, an
inability to walk unaided, psychosis, or terminal illness. All participants
attended a single clinic visit during which they completed an FFQ
and a general health and lifestyle questionnaire, and had blood
samples and anthropometric measures taken by trained staff. The
study was approved by the Health Research Authority Committee
East of England—Cambridge Central and all participants gave written
informed consent.

Dietary assessment
Dietary assessment was by a 130-item semiquantitative FFQ which
assessed dietary intake over the past year. The FFQ was previously
examined for validity against 16-d weighed records, 24-h recall, and
selected biomarkers (25, 26). There were 9 possible categories of
intake frequencies, ranging from “never or less than once per month”
to “6+ per day” for a standard food portion size. The reported
frequency of intakes were converted into nutrients and dietary intakes
as previously described (27). After dietary intakes were adjusted to a
2000-kcal/d (8.37-MJ/d) diet using the residual method, we calculated
the Mediterranean diet score (MDS) representing the adherence to the
Mediterranean dietary pyramid as previously described (2, 4). Briefly, we
derived 15 dietary components (vegetables, legumes, fruits, nuts, cereals,
dairy, fish, red meat, processed meat, white meat, egg, potato, sweets,
alcohol, and olive oil) from the Mediterranean dietary pyramid and
assigned continuous scores from 0 to 1 for each component (possible
range: 0–15) according to the participant’s level of adherence to the
recommendation (Supplemental Table 1). Content validity of the MDS
was confirmed with the inverse association with incident cardiovascular
diseases and all-cause mortality in our previous work (2).

Targeted metabolomics
Participants were instructed to fast for 10 h before their appointment
time for the collection of fasting blood samples upon arrival, from which
plasma samples were divided into aliquots. Using LC electrospray ion-
ization and flow-injection analysis tandem MS, targeted metabolomics
for 188 metabolites from the fasting plasma was performed at the
Medical Research Council Human Nutrition Research, Cambridge,
United Kingdom, using the Biocrates AbsoluteIDQ® p180 kit (28, 29)
as reported in our prior publication (12) and in the Supplemental Text.
Briefly, samples were derivatized and extracted using a Hamilton STAR
liquid handling station (Hamilton Robotics Ltd) and analyzed using
a Waters-Acquity ultra-performance LC (Waters Ltd) system coupled
to an ABSciex 5500 Qtrap mass spectrometer (Sciex Ltd). Data were
processed in the Biocrates MetIDQ software. Metabolites included
acylcarnitines, amino acids, biogenic amines, hexoses, phospholipids,
and sphingolipids (12). Routine quality controls were performed in
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comparison to other laboratories using the same approach as described
previously and in the Supplemental Text (30).

Of the 192 metabolites captured by the assay, 17 were excluded
based on a prespecified exclusion criterion of >5% of participants
showing peaks lower than the limit of quantification, because these
measures were considered invalid [histamine, asymmetric dimethy-
larginine, carnosine, dihydroxyphenylalanine, dopamine, nitro-tyrosine,
putrescine, spermine, 3 acylcarnitines (OH-C4, OH-C5, OH-C6, and
C6), phosphatidylcholine diacyl 30:2, and 4 sphingomyelins (OH-
24:1, 22:3, 26:0, and 26:1)]. For the current analyses, we evaluated
175 metabolites, including 40 acylcarnitines or carnitine, 35 amino
acids or biogenic amines, total hexoses, 88 glycerophospholipids
(14 acylated lysophosphatidylcholines, 74 phosphatidylcholines), and
11 sphingomyelins.

Assessment of cardiovascular disease risk factors and
other covariates
At the clinic visit, participants completed a health and lifestyle
questionnaire about socioeconomic status, medication use, family
history of diabetes, and smoking behavior. Weight (TANITA model
BC-418 MA, Tanita), height (SECA 240, Seca), waist circumference
(D loop tape, Chasmors Ltd), and blood pressure (Omron M4-1
automatic blood pressure monitor, Omrom Healthcare Inc.) were
measured objectively (31). BMI was calculated as kg/m2. Physical
activity was measured objectively using a combined heart rate monitor
and movement sensor (Actiheart, CamNTech) which participants wore
continuously for 6 d and 6 nights (32). Insulin, glucose, and blood
lipids were measured using a fasting blood sample (Supplemental Text).
Concentrations of LDL cholesterol were estimated with the Friedewald
formula (33). HOMA-IR was calculated as insulin (milliunits per liter)
times glucose (millimoles per liter) divided by 22.5 (34). Two-hour
postload glucose (2-h glucose) was obtained after a standard oral-
glucose-tolerance test using a 75-g glucose drink.

Statistical analyses
All analyses were performed using Stata version 14.1 (Stata Corp).
Unless corrected for multiple testing, α was 0.05. Missing covariates
were imputed with multiple imputation (10 imputed data sets) (35),
and the extent of missing information was <5.5% for all covariates. All
analyses were based on 1 of the 10 imputed data sets, after confirming
little variance across data sets. Missing information on metabolites
existed because of exclusion of a few batches, and therefore analyses
for different metabolites varied in sample sizes. Undetectable peaks of
metabolites were replaced with a random value between the batch-
specific minimum value and 0.1 times the batch-specific minimum value.
To minimize the influence of outliers, the variables were winsorized
using cutoffs based on the batch-specific mean plus or minus 5 times
the batch-specific SD. Batch correction was then applied to control for
variability (batch-specific means and SDs) across laboratory batches
(27).

All the 175 metabolites were log transformed to improve normality
of distribution and to allow interpretation of relative differences in
each metabolite per SD difference in the MDS. Linear regressions were
fitted to model each of the 175 plasma metabolites as a dependent
variable and standardized MDS as an independent variable. Analyses
were adjusted for potential confounders including age, sex, test site,
education level, occupation, income, smoking, physical activity, energy
expenditure, medication use, family history of diabetes, BMI, and waist
circumference. Significant associations were then identified, based on
the α corrected for the false discovery rate (36). Considering that
anthropometric measures may be mediators or outcomes of diet–
metabolite associations, we repeated the analyses for the MDS and the
metabolites without adjustment for anthropometric measures (BMI and
waist circumference).

To assess whether the metabolites collectively represented adherence
to the overall Mediterranean diet, a metabolite score was generated
based on the strengths of associations of metabolites with the MDS.
Briefly, 1) we selected the metabolites significantly associated with the
MDS in the total sample; 2) we fitted a multivariable-adjusted model

to predict the MDS simultaneously by the selected metabolites using
a randomly selected half of the study sample (derivation set); 3) the
regression coefficient for each of the selected metabolites was then
multiplied as a weight with each metabolite in the second half of
the data set (test set); 4) the products were summed to generate a
metabolite score in the test set; and 5) the score was standardized to
have mean = 0 and SD = 1. The same steps (1–5) were repeated by
flipping the derivation and test sets, so that a metabolite score for each
participant was derived from an independent sample, i.e., avoiding the
problem of “over-optimism” (37, 38).

Additional analyses were performed to confirm the utility and
robustness of the metabolite score. As a secondary analysis, plasma
vitamin C was examined as a biomarker for its correlation (Spearman’s
ρ) with the MDS and the metabolite score to confirm whether the set
of metabolites performed better than a single biomarker of diet quality
in capturing adherence to the Mediterranean diet. To assess influences
of metabolite selection concerning collinearity between metabolites, we
repeated the process and derived additional metabolite scores using
metabolites selected from a multivariable-adjusted backward stepwise
regression to predict the MDS (cutoff of P values = 0.01 for entry and
0.05 for removal). To examine internal reproducibility of the metabolite
score within the Fenland cohort, we defined a derivation set and a test
set by age, sex, BMI, smoking status, and study sites (Cambridge, Ely,
and Wisbech) separately. In addition, to examine how each individual
dietary component contributed to the association of the Mediterranean
diet with metabolite concentrations, linear regressions of the MDS
with metabolites were repeated sequentially adjusting for each dietary
component.

Analyses to assess influences of metabolites on
associations of the MDS with cardiometabolic risk
factors
We assessed the influence of metabolites on the association between
the Mediterranean diet and cardiometabolic risk factors: systolic blood
pressure (SBP), diastolic blood pressure (DBP), HDL cholesterol, LDL
cholesterol, ratio of total cholesterol to HDL cholesterol, triglycerides
(log transformed), HOMA-IR, and 2-h glucose. We evaluated all
metabolites significantly associated with the Mediterranean diet by
using variables of the metabolite score, the metabolite subclasses,
and individual metabolites. To assess the degree of influence of
the metabolites, the percentage change of regression coefficients of
models before and after addition of metabolites was calculated as
100 × [(β0 − β1)/β0], where β0 and β1 represent the association
of the Mediterranean diet with each cardiometabolic risk factor
before and after adjustment for metabolites assessed as potential
mediators (39, 40). We considered the percentage of attenuation of
the association between the Mediterranean diet and cardiometabolic
risk factors as the degree of mediation due to the metabolites.
SEs and CIs for the percentage attenuation were estimated by
bootstrapping with 2000 iterations (39). P values were based on a
Wald test for an estimate of the percentage divided by the bootstrap
SE (α = 0.05).

Results
Baseline characteristics

Baseline characteristics of the Fenland participants are re-
ported in Table 1, by thirds of adherence to the MDS. On
average, participants who had higher (tertile 3) adherence
to the Mediterranean diet were more likely to be women
or nonsmokers, to report no family history of diabetes,
and to have higher socioeconomic status. They also tended
to have lower BMI, waist circumference, HOMA-IR, blood
pressure, LDL cholesterol, and ratio of total cholesterol to HDL
cholesterol.
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TABLE 1 Baseline characteristics of participants by thirds of adherence to the Mediterranean diet: the Fenland Study, 2005–20151

Adherence to the Mediterranean diet

Baseline characteristics
Tertile 1 (3.3–8.4 points)

(n = 3657)
Tertile 2 (8.4–9.7 points)

(n = 3615)
Tertile 3 (9.7–14.0 points)

(n = 3534)

Age, y 48.2 ± 7.3 48.4 ± 7.5 48.3 ± 7.6
Test site

Cambridge 24.3 34.0 47.8
Ely 37.3 38.8 34.6
Wisbech 38.4 27.2 17.6

Sex, women 40.3 54.9 65.5
Education level2

Compulsory 28.8 20.1 12.0
Further 52.4 46.7 39.1
Higher 18.8 33.2 48.9

Occupation3

Routine/tech/others 55.4 40.2 29.1
Managerial/professional 44.6 59.8 70.9

Household income
≤£25,000 43.7 32.6 26.3
£25,001–44,775 31.2 35.7 34.7
≥£44,776 25.1 31.7 39.0

Smoking
Never 52.6 54.4 56.0
Former 28.5 35.0 36.0
Current 18.9 10.6 8.0

Energy expenditure, kJ · kg–1 · d–1 55.2 ± 23.4 52.6 ± 21.4 54.1 ± 21.3
Medication use 42.6 43.4 40.6
Family history of diabetes 20.2 22.2 19.0
BMI, kg/m2 27.7 ± 4.8 27.0 ± 4.9 25.9 ± 4.5
Waist circumference, cm 94.5 ± 13.4 90.9 ± 13.5 87.1 ± 12.8
Fasting insulin, pmol/L 53.9 ± 40.0 47.3 ± 31.7 41.6 ± 37.5
Fasting glucose, mmol/L 4.9 ± 0.8 4.8 ± 0.6 4.8 ± 0.6
2-h glucose, mmol/L 5.4 ± 1.8 5.3 ± 1.7 5.1 ± 1.6
HOMA-IR 12.3 ± 10.9 10.6 ± 8.2 9.2 ± 9.5
Systolic blood pressure, mm Hg 125.1 ± 15.3 122.9 ± 15.1 120.4 ± 15.2
Diastolic blood pressure, mm Hg 76.2 ± 10.3 74.6 ± 10.0 72.9 ± 9.9
Total cholesterol, mmol/L 5.5 ± 1.0 5.4 ± 1.0 5.4 ± 1.0
HDL-C, mmol/L 1.4 ± 0.4 1.5 ± 0.4 1.6 ± 0.4
LDL-C, mmol/L 3.5 ± 0.9 3.4 ± 0.9 3.3 ± 0.9
Cholesterol:HDL-C ratio 4.1 ± 1.3 3.8 ± 1.2 3.5 ± 1.1
Triglycerides, mmol/L 1.3 ± 0.9 1.2 ± 0.8 1.0 ± 0.7
Energy intake, kcal/d 2123.2 ± 739.5 1925.0 ± 655.8 1860.7 ± 603.6

1Total n = 10,806. Values are means ± SDs or percentages. Adherence to the Mediterranean diet among 10,806 participants recruited at baseline in 2005–2015 in the Fenland
Study, using the dietary score derived from the Mediterranean dietary pyramid (see the Methods for details; possible range: 0–15). HDL-C, HDL cholesterol; LDL-C, LDL
cholesterol.
2For education, compulsory included “school leaving certificate,” “CSE,” and “GCE O level or GCSE”; further included “matriculation,” “GCE A level, AS level, highers,”
“technical college exams, city & guilds,” “HND GNVQ,” “completed apprenticeship,” “secretarial college exams,” “teaching diploma, HNC, NVQ,” and “trade certificates”;
higher included “university degree.”
3For occupation, routine/tech/others included clerical, technical, semiroutine, and routine jobs; managerial/professional included modern professional, senior manager, middle
management, and traditional professional jobs.

Association of the Mediterranean diet with
metabolite concentrations

Among 10,806 adults in total (n = 7338–10,725 for
individual metabolites), 66 metabolites were significantly
associated with the MDS, after correction for the false
discovery rate (P ≤ 0.003) (Figure 1). These included 6
acylcarnitines or carnitine, 10 amino acids or biogenic amines,
48 phospholipids (6 acylated lysophosphatidylcholines, 21 acyl-
alkyl phosphatidylcholines, 21 diacyl phosphatidylcholines),
and 2 sphingomyelins. Directions of the associations were
heterogeneous within each class of metabolite. For example,
unsaturated acylcarnitines (18:2, 14:2, and 10:1) were positively

associated, whereas saturated (16:0, 18:0) or free carnitines (0)
were inversely associated. Of essential amino acids, tryptophan
was positively associated, whereas isoleucine (one of the
branched-chain amino acids) and threonine were negatively
associated. Leucine and valine (the other 2 branched-chain
amino acids) were significantly negatively associated with the
MDS before adjustment for BMI and waist circumference,
but the associations were attenuated toward the null and
became nonsignificant after adjustment. Of the 66 metabolites
significantly associated with the MDS, 5 metabolites (acy-
lated lysophosphatidylcholine 18:1, acyl-alkyl phosphatidyl-
cholines 34:2, 36:5, 36:1, and tryptophan) were nonsignificant
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FIGURE 1 Association of the Mediterranean diet with metabolite concentrations: the Fenland Study (n = 10,806, 2005–2015). Percentage
difference in metabolite concentrations based on linear regression fitted to data from 10,806 participants (recruited in 2005–2015) for an
association of the MDS (per SD) with each of the log-transformed metabolites. Geometric means of metabolites measured in micromoles
per liter for the amino acids and biogenic amines, and relative concentrations for the other metabolites. For acylcarnitines, phospholipids, and
sphingolipids, numbers of carbons and double bonds of acyl moieties are presented. Correlation represents Spearman’s ρ with the MDS. MDS,
Mediterranean diet score.
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in the model unadjusted for adiposity (BMI and waist
circumference).

When these 66 metabolites were subsequently summarized
as a metabolite score, this had a moderate correlation with the
MDS (ρ = 0.43) (Table 2). For comparison, the correlation
between the MDS and plasma vitamin C was 0.26. Correlations
of similar magnitude remained when the metabolite score was
summarized based on metabolites selected from backwards
stepwise regression or when the derivation set and test set were
defined by strata of age, sex, BMI, smoking status, or study site
(ρ = 0.42–0.43) (Table 2).

Dietary components of the Mediterranean diet were eval-
uated to assess their contributions to the association of the
Mediterranean diet with metabolites (Supplemental Figure
1). The associations between the MDS and acylcarnitines
were attenuated by adjusting for nuts, cereals, red meats, or
processed meats, suggesting that these dietary components
mediated the observed associations between the MDS and
acylcarnitines. Similarly, fruits attenuated the associations of
the MDS with amino acids and biogenic amines; and fish
attenuated the association of the MDS with phospholipids.
No single dietary component explained the associations of
the MDS with all the metabolites consistently, and no
metabolite was associated with all food groups included in
the MDS. Olive oil and dairy products did not appreciably
contribute to any of the associations of the MDS with the
metabolites.

Potential influences of metabolites on associations of
the MDS with cardiometabolic risk factors

After adjusting for potential confounders and mediators, higher
MDS was associated with higher concentrations of HDL
cholesterol, a lower ratio of cholesterol to HDL cholesterol,
lower triglycerides, and lower HOMA-IR (Table 3), but not
significantly associated with SBP, DBP, LDL cholesterol, and
2-h glucose (Supplemental Table 2). When we added groups
of metabolites to the regression models, significant attenuation
in the association was observed for the ratio of cholesterol
to HDL cholesterol, triglycerides, and HOMA-IR (Table 3).
For example, the association between the MDS and HOMA-
IR was significantly attenuated by adjustment for acylcarnitines
and carnitine (11.3% attenuation), amino acids and biogenic
amines (26.4%), acyl-alkyl phosphatidylcholines (20.8%), di-
acyl phosphatidylcholines (27.0%), and sphingolipids (8.4%).
The addition of the metabolite score significantly attenuated the
association between the MDS and HOMA-IR (37.2%), but not
the other outcomes.

The influence of individual metabolites on cardiometabolic
risk factors is shown in Figure 2. Overall, we observed that
some individual acyl-alkyl phosphatidylcholines (e.g., 42:4,
38:0, 40:6) and diacyl phosphatidylcholines (e.g., 38:6, 40:6)
contributed to explaining the association between the MDS and
cardiometabolic risk factors (cholesterol:HDL cholesterol ratio,
triglycerides, HOMA-IR, and 2-h glucose), as indicated by the
attenuation in regression coefficients after adjustment for the
metabolite.

Discussion

In a population-based cohort of adults without diabetes in
the United Kingdom, 66 metabolites across different subclasses
were found to be associated with adherence to the Mediter-
ranean diet. Among multiple dietary components, no single

dietary factor explained the association of adherence to the
Mediterranean diet with these metabolites. A set of metabolites
such as carnitines, amines, and phospholipid species moderately
explained the association of the Mediterranean diet with
metabolic risk factors of insulin resistance and dyslipidemia.
The results of the current study highlight the potential utility
of combining multiple metabolites together as a composite
marker of diet quality, and the potential application of both
individual and multiple metabolites in diet–disease etiological
research.

Comparison with other studies

Two intervention trials in Spain (a subset of PREDIMED and
RESMENA) reported the associations between the Mediter-
ranean diet and metabolite concentrations (20–23). Neither
study examined the variability of adherence to the Mediter-
ranean diet that could be captured by a set of metabolites, or
whether or to what extent the metabolites could explain asso-
ciations of the Mediterranean diet with major cardiometabolic
risk factors. Because both trials assessed changes in metabolite
concentrations over the intervention period, the results may
not be directly comparable with those from our cross-sectional
study. In 1 of the 3 substudies in the PREDIMED trial
(n = 980), the authors reported a higher risk of CVD in the
top than in the bottom quartile of short- and medium-chain
acylcarnitines in the control groups, but no significant effect of
the intervention on plasma concentrations of short-, medium-
, and long-chain acylcarnitines over 1 y of follow-up (21). No
short-chain acylcarnitine was correlated with the MDS in our
study, but we found that adherence to the Mediterranean diet
was associated with 2 acylcarnitines with the same number
of carbons (18:0 and 18:2) in opposing directions, which
highlights the importance of examining degrees of saturation
of fatty acyl chains in addition to chain length. In the other
substudy of PREDIMED (n = 98), the authors reported that
a Mediterranean diet intervention increased concentrations of
urinary proline and urinary creatinine compared with a control
low-fat diet, which was contrary to our findings based on
plasma samples (20). The differences in the study populations
and in biological samples of plasma or urine limit comparability
between the observations in different studies and warrant
further investigations on amines. In the third substudy from the
PREDIMED, plasma lipidomics analysis was performed. The
authors reported results consistent with our study for several
phosphatidylcholines (36:4, 38:4, 38:3) and 1 sphingomyelin
(24:1), but an opposite direction of association for 18:0
sphingomyelin (23). This inconsistency indicates sensitivity of
specific circulating lipids to the difference between the British
self-reported diet and the intervention, of providing nuts or olive
oil as well as the Mediterranean diet advice.

Our findings were generally in agreement with the findings
from the RESMENA study (n = 72), a 6-mo trial of a
Mediterranean diet intervention (22). Both the RESMENA
trial and our study identified significant associations of the
Mediterranean diet with specific metabolites, including 3 acy-
lated lysophosphatidylcholines (20:3, 20:4, and 16:1), acyl-alkyl
phosphatidylcholine 38:6, and 9 diacyl-phosphatidylcholines
(38:6, 36:1, 34:1, 38:3, 32:1, 38:4, 36:3, 34:3, and 36:4).
In contrast, associations were inconsistent for acyl-alkyl
phosphatidylcholine 38:4, lysophosphatidylcholine 18:1, and
phosphatidylcholine 36:4. This inconsistency could reflect the
differences in constituents of the Mediterranean diet and in pop-
ulation characteristics. For example, an increased concentration
of lysophosphatidylcholine 18:1 in the RESMENA trial might
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TABLE 2 Correlations between the MDS and metabolite scores in the derivation and test sets: the Fenland Study, 2005–20151

Derivation set Test set2

Strata n ρ3 Strata n ρ

Metabolite score
Random half 1 5382 0.47 Random half 2 5424 0.43
Random half 2 5424 0.45 Random half 1 5382 0.44

Pooled4 0.43
Metabolite score from backwards regression

Random half 1 5382 0.45 Random half 2 5424 0.42
Random half 2 5424 0.43 Random half 1 5382 0.42

Pooled 0.42
Metabolite score stratified by age, y

≤48.5 5424 0.48 >48.5 5382 0.42
>48.5 5382 0.46 ≤48.5 5424 0.43

Pooled 0.42
Metabolite score stratified by sex

Men 5031 0.46 Women 5775 0.40
Women 5775 0.43 Men 5031 0.43

Pooled 0.43
Metabolite score stratified by BMI, kg/m2

≤26.2 5470 0.47 >26.2 5336 0.37
>26.2 5336 0.40 ≤26.2 5470 0.43

Pooled 0.43
Metabolite score stratified by smoking status

Former or current 4934 0.50 Never 5874 0.42
Never or current 7236 0.46 Former 3572 0.42
Never or former 9446 0.44 Current 1362 0.40

Pooled 0.43
Metabolite score stratified by study site5

Cambridge and Ely 7794 0.46 Wisbech 3012 0.38
Cambridge and Wisbech 6817 0.48 Ely 3989 0.40
Ely and Wisbech 7001 0.43 Cambridge 3805 0.41

Pooled 0.42

1Total n = 10,806. MDS, Mediterranean diet score.
2Scoring weights were derived from a derivation set, then applied to independent samples (a test set) within the Fenland Study. Then, the mass Spearman’s ρ between the
metabolite score and the MDS was calculated in the test set.
3ρ represents Spearman’s ρ of the metabolite scores with the MDS based on the Mediterranean dietary pyramid within the derivation set (subject to an overfitting problem).
4Spearman’s ρ between the metabolite score and the MDS was calculated by pooling 2 or 3 independent test sets.
5Three study sites of the Fenland Study (Cambridge, Ely, and Wisbech in Cambridgeshire, United Kingdom).

reflect higher consumption of olive oil or other plant-based oils,
whereas no significant association in our study may have partly
reflected suppression of de novo synthesis of 18:1 due to low
consumption of those plant oils on average. The inconsistency
highlights the possible importance of specific vegetable oils;
moreover, phospholipid subtypes require further investigation
in different populations.

Interpretation of findings and implications

Although many of the targeted metabolites are known to
be synthesized de novo, we found that the combination of
66 metabolites had a moderate correlation of 0.43 with the
MDS. In contrast, the correlation of plasma vitamin C, a marker
of dietary intakes of vitamin C or food groups rich in vitamin
C (19), with the MDS was 0.26. These findings suggest that
our approach using metabolomics could identify a set of small
metabolites as a biomarker of adherence to the Mediterranean
diet or of overall diet quality. Further research is warranted
to establish the utility of the metabolite score in different
populations and to test its validity using dietary feeding studies.

The secondary analyses focusing on dietary components
showed that, for example, the association of the MDS with
acylcarnitines and carnitine attenuated in the regression model

adjusted for nuts, cereals, red meats, or processed meats.
Acylcarnitines are derivatives of carnitines from mitochondrial
fatty acid oxidation, and meats are their dietary sources (15, 41).
Thus, the findings for red and processed meats are plausible. By
contrast, how nuts and cereals could lead to the attenuation of
the observed associations is unclear, requiring further research
on dietary sources and bioactive elements in nuts and cereals
that could determine concentrations of acylcarnitines, which are
related to poorer cardiovascular health (42, 43). This indicates
that small metabolites reflect both dietary intakes and metabolic
states altered by dietary exposure.

Our finding for fish consumption also indicates the potential
impact of a single dietary factor on multiple metabolite species.
Fish consumption appeared to explain the association of
the Mediterranean diet with many phospholipids including
phosphatidylcholines, which include lyso-, acyl-aklyl- and
diacyl-phosphatidylcholines that are key components of cellular
membranes and blood lipoproteins (15, 44). One of the dietary
sources of choline is fish (15, 44), and thus our finding
is plausible. Fish consumption also attenuated the inverse
associations between adherence to the Mediterranean diet and
carnitines with long-chain SFAs. This could potentially reflect
that fish consumption, for example, supplied dietary PUFAs,

574 Tong et al.



TA
B

LE
3

C
on

tr
ib

ut
io

n
of

gr
ou

ps
of

m
et

ab
ol

ite
s

to
th

e
as

so
ci

at
io

n
be

tw
ee

n
th

e
M

ed
ite

rr
an

ea
n

di
et

an
d

ca
rd

io
va

sc
ul

ar
di

se
as

e
ris

k
fa

ct
or

s:
th

e
Fe

nl
an

d
S

tu
dy

,2
00

5–
20

15
1

HD
L-

C,
m

m
ol

/L
Ch

ol
es

te
ro

l:H
DL

-C
ra

tio
Tr

ig
ly

ce
rid

es
,%

HO
M

A-
IR

,%

Di
ffe

re
nc

e
(9

5%
CI

)2
%

At
te

nu
at

io
n3

Di
ffe

re
nc

e
(9

5%
CI

)2
%

At
te

nu
at

io
n3

Di
ffe

re
nc

e
(9

5%
CI

)2
%

At
te

nu
at

io
n3

Di
ffe

re
nc

e
(9

5%
CI

)2
%

At
te

nu
at

io
n3

Re
fe

re
nc

e
m

od
el

3
0.

02
(0

.0
1,

0.
02

)
−

0.
05

(−
0.

07
,−

0.
02

)
−

1.
99

(−
2.

99
,−

0.
99

)
−

3.
42

(−
4.

43
,−

2.
40

)
Ad

ju
st

ed
fo

rm
et

ab
ol

ite
su

bc
la

ss
es

+
ac

yl
ca

rn
iti

ne
s

0.
02

(0
.0

1,
0.

02
)

−
2.

0
−

0.
03

(−
0.

05
,−

0.
00

)
44

.7
∗∗

−
1.

01
(−

1.
99

,−
0.

01
)

48
.3

∗∗
−

2.
99

(−
4.

03
,−

1.
94

)
11

.3
∗∗

∗

+
am

in
o

ac
id

s/
bi

og
en

ic
am

in
es

0.
01

(0
.0

1,
0.

02
)

17
.0

−
0.

05
(−

0.
07

,−
0.

02
)

1.
9

−
1.

98
(−

3.
03

,−
0.

91
)

−
4.

6
−

2.
21

(−
3.

30
,−

1.
11

)
26

.4
∗∗

+
ly

so
ph

os
ph

at
id

yl
ch

ol
in

es
0.

02
(0

.0
1,

0.
03

)
−

12
.6

−
0.

03
(−

0.
06

,−
0.

01
)

26
.0

−
0.

63
(−

1.
58

,0
.3

2)
67

.1
∗

−
3.

34
(−

4.
40

,−
2.

39
)

−
1.

1
+

ph
os

ph
at

id
yl

ch
ol

in
e

ac
yl

-a
lk

yl
s

0.
01

(0
.0

1,
0.

02
)

8.
2

−
0.

04
(−

0.
07

,−
0.

02
)

7.
3

−
1.

81
(−

2.
74

,−
0.

87
)

2.
3

−
2.

52
(−

3.
64

,−
1.

39
)

27
.0

∗∗
∗

+
ph

os
ph

at
id

yl
ch

ol
in

e
di

ac
yl

s
0.

02
(0

.0
1,

0.
02

)
−

1.
7

−
0.

06
(−

0.
08

,−
0.

03
)

−
4.

3
−

1.
40

(−
2.

37
,−

0.
43

)
37

.8
∗

−
2.

68
(−

3.
82

,−
1.

53
)

20
.8

∗∗

+
sp

hi
ng

ol
ip

id
s

0.
02

(0
.0

1,
0.

02
)

7.
7

−
0.

03
(−

0.
05

,−
0.

01
)

31
.1

∗∗
−

1.
32

(−
2.

32
,−

0.
29

)
32

.0
−

3.
02

(−
4.

04
,−

1.
98

)
8.

4∗∗

Ad
ju

st
ed

fo
rt

he
m

et
ab

ol
ite

sc
or

e
+

m
et

ab
ol

ite
sc

or
e4

0.
01

(0
.0

0,
0.

02
)

20
.6

−
0.

03
(−

0.
06

,−
0.

01
)

35
.6

−
2.

01
(−

3.
37

,−
0.

63
)

8.
9

−
1.

76
(−

3.
12

,−
0.

37
)

37
.2

∗

1
To

ta
ln

=
10

,8
06

.∗ P
<

0.
05

,∗∗
P

<
0.

01
,∗∗

∗ P
<

0.
00

1
fo

r
pe

rc
en

ta
ge

ch
an

ge
s.

H
D

L-
C

,H
D

L
ch

ol
es

te
ro

l.
2
Va

lu
es

re
pr

es
en

t
un

it
or

pe
rc

en
ta

ge
di

ffe
re

nc
es

in
ca

rd
io

va
sc

ul
ar

di
se

as
e

ris
k

fa
ct

or
s

[β
co

ef
fic

ie
nt

s
or

ex
p(

β
)a

nd
co

rr
es

po
nd

in
g

95
%

C
Is

];
an

d
pe

rc
en

ta
ge

ch
an

ge
in

β
(s

ee
fo

ot
no

te
3)

.R
eg

re
ss

io
n

m
od

el
s

w
er

e
fit

te
d

w
ith

ad
ju

st
m

en
t

fo
r

ag
e,

se
x,

te
st

si
te

,e
du

ca
tio

n
le

ve
l,

in
co

m
e,

oc
cu

pa
tio

n,
m

ed
ic

at
io

n
us

e,
fa

m
ily

hi
st

or
y

of
di

ab
et

es
,o

bj
ec

tiv
el

y
m

ea
su

re
d

ph
ys

ic
al

ac
tiv

ity
,s

m
ok

in
g,

B
M

I,
an

d
w

ai
st

ci
rc

um
fe

re
nc

e.
A

dh
er

en
ce

to
th

e
M

ed
ite

rr
an

ea
n

di
et

w
as

no
t

si
gn

ifi
ca

nt
ly

as
so

ci
at

ed
w

ith
sy

st
ol

ic
bl

oo
d

pr
es

su
re

,d
ia

st
ol

ic
bl

oo
d

pr
es

su
re

,a
nd

2-
h

gl
uc

os
e

(P
>

0.
05

)a
nd

th
er

ef
or

e
th

es
e

ph
en

ot
yp

es
w

er
e

no
t

co
ns

id
er

ed
as

po
te

nt
ia

lm
ed

ia
tio

n
(s

ee
re

su
lts

in
S

up
pl

em
en

ta
lT

ab
le

2)
.

3
Pe

rc
en

ta
ge

ch
an

ge
s

in
β

co
ef

fic
ie

nt
s

w
er

e
ca

lc
ul

at
ed

as
ch

an
ge

s
in

β
co

ef
fic

ie
nt

s
fr

om
th

os
e

of
th

e
“r

ef
er

en
ce

m
od

el
”

up
on

st
at

is
tic

al
ad

ju
st

m
en

t
fo

r
th

e
m

et
ab

ol
ite

sc
or

e
or

m
et

ab
ol

ite
su

bc
la

ss
es

(m
ed

ia
tio

n
an

al
ys

is
).

A
s

av
ai

la
bi

lit
y

of
m

et
ab

ol
ite

s
va

rie
d,

sa
m

pl
e

si
ze

s
w

er
e

di
ffe

re
nt

ac
ro

ss
m

od
el

s:
re

fe
re

nc
e

m
od

el
,n

=
10

,8
06

;+
ac

yl
ca

rn
iti

ne
s,

n
=

10
,7

01
;+

am
in

o
ac

id
s/

bi
og

en
ic

am
in

es
,n

=
92

24
;+

ly
so

ph
os

ph
at

id
yl

ch
ol

in
es

,n
=

10
,7

18
;+

ph
os

ph
at

id
yl

ch
ol

in
e

ac
yl

-a
lk

yl
s,

n
=

98
68

;+
ph

os
ph

at
id

yl
ch

ol
in

e
di

ac
yl

s,
n

=
89

46
;+

sp
hi

ng
om

ye
lin

s,
n

=
10

,6
90

;+
m

et
ab

ol
ite

sc
or

e,
n

=
71

38
.

4
M

et
ab

ol
ite

sc
or

e
in

cl
ud

ed
al

l6
6

m
et

ab
ol

ite
s

as
so

ci
at

ed
w

ith
th

e
M

ed
ite

rr
an

ea
n

di
et

de
riv

ed
in

a
ra

nd
om

ha
lf

of
th

e
to

ta
ld

at
a

se
t

an
d

va
lid

at
ed

in
th

e
se

co
nd

ha
lf,

w
ei

gh
te

d
by

th
ei

r
re

sp
ec

tiv
e

re
gr

es
si

on
co

ef
fic

ie
nt

s.

Mediterranean diet and blood metabolites 575



FIGURE 2 Contribution of metabolites to the association between the Mediterranean diet and cardiovascular disease risk factors: the Fenland
Study (n = 10,806, 2005–2015). Purple indicates contribution of the particular metabolite to the association of the Mediterranean diet and 1 of
the outcomes (the association was attenuated when adjusted for the metabolite). Orange indicates no contribution, where adjustment for the
metabolite strengthened the association. All estimates were adjusted for age, sex, test site, education level, income, occupation, medication
use, family history of diabetes, objectively measured physical activity, smoking, BMI, and waist circumference. For acylcarnitines, phospholipids,
and sphingolipids, numbers of carbons and double bonds of acyl moieties are presented. Chol/HDL-C, cholesterol:HDL cholesterol ratio; DBP,
diastolic blood pressure; HDL-C, HDL cholesterol; SBP, systolic blood pressure.

thereby suppressing de novo fatty acid synthesis. As well as acyl-
carnitines, subtypes of acyl-chains of phospholipids should be
studied further.

Our findings from the mediation analysis indicate, under
the assumption that the associations were causal, that higher
adherence to the Mediterranean diet would improve insulin
resistance and dyslipidemia and also alter the profile of
many circulating metabolites including carnitines, amines,
phospholipids, and sphingomyelins. Although causality cannot
be determined in this study, these findings suggest that multiple
metabolites are involved in the etiology of cardiometabolic
diseases and also influenced by the overall dietary pattern.

Strengths and limitations

To our knowledge, our study is the largest study to date
examining the association between the Mediterranean diet
and metabolite concentrations via a metabolomics approach.
With its large sample size, internal cross-validation analysis

confirmed the internal validity of the metabolite score. Lim-
itations of our work included the cross-sectional design of
the Fenland Study, limiting the interpretation of the causal
pathways. For instance, metabolite concentrations could vary
as a consequence of the causal effect of the diet on insulin resis-
tance. Although we adjusted for major potential confounders,
residual confounding could be present and adjustment for a
metabolite in assessing mediation could cause further residual
confounding (40). Nonetheless, it is still meaningful that a
mechanism of causation, confounding, or both could indeed
involve specific small molecules measured by metabolomics.
Measurement errors in dietary measures, the metabolomics
assays, and covariates could exist and cause both false-positive
and false-negative findings for the associations of the MDS with
metabolites.

Another limitation is that our targeted metabolomics assay
did not include some molecules relevant to the Mediterranean
diet, such as dietary flavonoids. We focused on relative
differences in metabolite concentrations by adherence to the
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Mediterranean diet, although absolute concentrations would
potentially be of interest. The assay platform we used also
could not differentiate isobaric lipids with identical molecular
weights. Acyl-chains of phosphatidylcholine 38:6, for example,
could be both a pair of 16:0 and 22:6 (palmitic acid and DHA)
and a pair of 18:1 and 20:5 (oleic acid and EPA). Degrees of
both chain-length and -saturation influence roles of fat-esterified
molecules. Therefore, roles of individual phospholipids without
information on acyl-chains cannot be interpreted in this study
and should be investigated in future work, for example, by
using NMR spectroscopy or alternative MS platforms (45,
46). Collinearity between metabolites would be concerning but
our cross-validation approach confirmed the robustness of the
results derived from a combination of metabolites.

The generalizability of our findings is limited because this
study recruited adults without diabetes and mainly adults of
European descent (92%). Because the Mediterranean diet is
likely to be fit to dietary habits uniquely in different populations
in Mediterranean and non-Mediterranean countries (2, 47),
future investigation in other populations is warranted. For
example, adherence to the Mediterranean diet observed in our
study was not necessarily the same as that in Mediterranean
countries, regarding mean consumption of olive oil, nuts, and
yogurt. Previous assessments of Mediterranean diet adherence
across different regions have found that Northern European
countries including the United Kingdom had lower Mediter-
ranean diet adherence than the Mediterranean countries, but
that adherence was also higher in the United Kingdom in the
2000–2003 period than in the 1961–1965 period (48). We also
did not differentiate between certain details of Mediterranean
diet adherence, for example, on red wine compared with
alcohol consumption, because our dietary assessment did
not differentiate between red wine and white wine. The
difference could influence a combination of metabolites to
predict adherence to the Mediterranean diet. Alongside the
possibility that different components of the Mediterranean diet
could contribute differentially between populations, the lack of
replication of our findings in an independent cohort is one of
the limitations of our study. Confirmatory work would ideally
be conducted in both the United Kingdom and other countries.

Conclusions

The current findings provide evidence that different subclasses
of small metabolites including carnitines, amines, and phos-
pholipids were associated with adherence to the Mediterranean
diet, and should prompt the discovery of potential biomarkers
or metabolic profiles associated with this dietary pattern. In
addition, the results also showed that the associations of the
Mediterranean diet with measures of insulin resistance and
major lipid profiles were partly explained by metabolites related
to the Mediterranean diet, suggesting their involvement in
pathways linking diet to disease risk. Overall, these findings
advance greater understanding of metabolites as potential
dietary biomarkers and help with knowledge on pathways
involved in diet–disease etiology.
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