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Abstract. Noerman S, Landberg R. Blood metabo-
lite profiles linking dietary patterns with health—
Toward precision nutrition. J Intern Med.
2023;293:408-432.

Diet is one of the most important exposures that
may affect health throughout life span. Investiga-
tions on dietary patterns rather than single food
components are gaining in popularity because they
take the complexity of the whole dietary context
into account. Adherence to such dietary patterns
can be measured by using metabolomics, which
allows measurements of thousands of molecules
simultaneously. Derived metabolite signatures of
dietary patterns may reflect the consumption of
specific groups of foods or their constituents orig-
inating from the dietary pattern per se, or the
physiological response toward the food-derived
metabolites, their interaction with endogenous
metabolism, and exogenous factors such as gut
microbiota. Here, we review and discuss blood
metabolite fingerprints of healthy dietary pat-
terns. The plasma concentration of several food-
derived metabolites—such as betaines from whole

grains and n — 3 polyunsaturated fatty acids
and furan fatty acids from fish—seems to consis-
tently reflect the intake of common foods of several
healthy dietary patterns. The metabolites reflect-
ing shared features of different healthy food indices
form biomarker panels for which specific, targeted
assays could be developed. The specificity of such
biomarker panels would need to be validated, and
proof-of-concept feeding trials are needed to eval-
uate to what extent the panels may mediate the
effects of dietary patterns on disease risk indica-
tors or if they are merely food intake biomark-
ers. Metabolites mediating health effects may
represent novel targets for precision prevention
strategies of clinical relevance to be verified in
future studies.

Keywords: biomarkers, healthy dietary patterns,
metabolomics, plasma, serum

List of abbreviations: DASH, Dietary Approaches to
Stop Hypertension; HDI, Healthy Diet Indicator;
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Introduction

Noncommunicable diseases are responsible for
over 70% of total deaths worldwide [1], and car-
diometabolic diseases—that is, coronary heart
disease, stroke, type 2 diabetes, and their
preconditions—are the main causes of morbidity
and mortality. Cardiometabolic diseases are to a
great extent preventable through lifestyle modifica-
tion, and eating a healthy diet, staying physically
active, and avoiding alcohol, stress, and smoking
are encouraged for the prevention and improved
quality of life [2-4]. Traditionally, studies on the
health effects attributed to diet have focused on
individual food items, nutrients, or bioactive com-
pounds [5-7]. However, foods are consumed as

complex meals that constitute a diet where many
dietary components interact and are highly corre-
lated. Most evidence-based dietary guidelines on a
population level promote complex healthy eating
patterns, particularly for the long-term reduction
of cardiometabolic risk [8-11].

Several “prudent” dietary patterns, such as Dietary
Approaches to Stop Hypertension (DASH), the
Mediterranean diet, and the Nordic diet have
been repeatedly associated with lower weight gain,
body mass index, blood pressure, cholesterol lev-
els, oxidative stress, and inflammation mark-
ers, as well as lowered risk of metabolic dis-
eases in observational studies [12-21] and in
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randomized controlled trials [22-25]. However, a
detailed understanding of the mechanisms under-
lying the observed unique or shared health effects
across dietary patterns remains elusive. Many of
the prudent dietary patterns are rich in whole
grains, fruits, berries, and vegetables and are,
therefore, naturally rich in unsaturated fatty acids,
minerals, vitamins, dietary fiber, and bioactive
compounds. At the same time, they are relatively
low in sodium, added sugar, and saturated fat. In
contrast, the “Western” diet high in saturated fat,
salt, and red and processed meat has been asso-
ciated with higher oxidative stress, inflammation
markers, and increased risk of metabolic syndrome
across different locations [16, 26].

In both observational and intervention studies,
dietary assessment represents a major challenge. It
relies on self-reports that are subject to large mea-
surement errors inherent to, for example, recall
bias, error in estimation of portion size, misreport-
ing of dietary intake, and bias toward socially desir-
able answers [27-29]. To overcome this challenge,
dietary biomarkers have been suggested as a tool to
objectively reflect specific intakes and complement
traditional dietary assessment.

Metabolomics has been proven to be a useful
technology to discover food intake biomarkers
and to capture perturbation in metabolic systems,
which may aid in understanding the molecular
mechanism of disease etiology and prediction of
disease risk. Metabolomics also enables profiling
of individual metabolic phenotypes (metabotypes),
which may cause differential responses to diet and
subsequent altered risk to metabolic diseases [30].
Discovery of metabolite mediators of disease risk
at an early stage may enable early intervention or
lifestyle changes to slow down or reverse disease
progression. Metabolomics refers to a technique
used to profile small molecules (metabolites) in a
sample at a given timepoint, enabled by the chosen
analytical platform. In untargeted metabolomics,
the aim is to profile as many molecules as possible.
With a broad detection of metabolites from body
fluids, discovered biomarkers and metabolite pro-
files can thus reflect either one or a combination
of dietary exposures, that is, both individual foods
(food intake biomarkers), and entire dietary pat-
terns [31-35]. These profiles may also reflect the
interaction between dietary exposure and endoge-
nous metabolism shaped by individual suscepti-
bility or host factors, such as age, sex, and genetic
factors [36]; surrounding lifestyle exposures

(physical activity, sleep, stress); and gut micro-
biome, as well as the physiological effects of such
metabolites (Fig. 1). This complexity hinders the
interpretation of what these metabolites exactly
reflect.

Here we summarize and discuss how metabolomics
has been used to profile blood metabolites asso-
ciated with adherence to healthy dietary patterns,
and their implications for health and future clinical
applications. We reviewed the literature, summa-
rized the current findings, and interpreted whether
metabolites reflect a specific food item or a whole
dietary pattern, whether they are shared across
several dietary patterns, and the implications of
how they can be used to further understand the
relationship between diet and health. We chose
to focus on blood metabolites because they reflect
the interaction with other individual and environ-
mental exposures, endogenous metabolism, and
co-metabolism by gut microbiota [37]. We also
focused on MS instead of NMR because MS cap-
tures a broader range of metabolites than NMR,
with robust specificity on lipoprotein subfractions
[38, 39].

Healthy dietary patterns

Dietary patterns can be defined by two funda-
mental approaches: data-driven methods, where
dietary patterns emerge from the data by statisti-
cal methods [21, 40], or by hypothesis-defined pat-
terns [41, 42]. Here we focus on a priori -defined
healthy dietary patterns, as they were formulated
for dietary guidelines or public health recommen-
dations based on previously established knowl-
edge on the health benefits of included food items
(Table 1).

In the United States, the DASH diet was specifi-
cally designed to lower blood pressure [43], which
has been verified in randomized controlled trials
[44]. Since then, DASH has been associated with a
lower risk of cardiovascular diseases, stroke, can-
cer, type 2 diabetes, and inflammatory markers C
reactive protein and interleukin 6 [45, 46]. Besides
being rich in fruits and vegetables, DASH encour-
ages the consumption of low-fat dairy products and
low intake of saturated and total fat [43].

The Healthy Eating Index (HEI) was developed as
a measure of the adherence to the Dietary Guide-
lines for Americans, and it has been updated sev-
eral times [47, 48]. The version updated in 2015
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encourages consumption of whole fruits (>50% of
the total fruit intake), greens and beans/legumes
(=20% of the total vegetable intake), whole grains,
dairy, seafood, and plant proteins (>30% of the
total protein food intake), and a ratio of unsatu-
rated fatty acids to saturated fatty acids >2.5 [48].
The consumption of refined grains, sodium, added
sugars, and saturated fats is conversely discour-
aged [48].

In Europe, two healthy dietary patterns are the
Nordic and Mediterranean diets. In the Nordic
diet, consumption of fish, shellfish, root vegetables
(such as cabbage and carrots), stone fruits (such
as apples and pears), berries, rapeseed oil, whole
grain rye, and oats is encouraged. Emphasis is
put on foods that are abundant in the Nordic
region. Slight differences occur among dietary
indices and countries in Northern Europe. For
example, the Baltic Sea Diet Score developed in
Finland encourages the consumption of low-fat
dairy products [49], whereas New Nordic Diet for-
mulated in Denmark did not include dairy in their
recommendation [S50]. Similarly, in the Mediter-
ranean diet, the high consumption of fresh fruits,
vegetables, nuts, fish, whole grain wheat, and the
abundantly available olive oil is encouraged. Some
variations on the Mediterranean diet also exist,
for example, moderate consumption of red wine
in some cultures but not in others, as well as

= & =) i CI

Metabolomics

Fig. 1 Various metabolites in the metabolome reflecting
a range of processes from dietary exposure, metabolism
of intake related molecules, physiological responses
thereof, to molecular fingerprints of progression of
metabolic diseases. Individual and lifestyle factors (e.g.,
body composition, stress, physical activity), as well as
other environmental factors (e.g., exposures to
pollutants) may affect blood metabolomes, which may
later also carry health implications. Metabolomics
captures this pool of metabolites but does not discern
from which processes they are derived. Biomarkers of
dietary patterns were a small subset of these
metabolites that indicate specific dietary pattern(s) or
consistently shared across different dietary patterns.
Further studies are required to investigate if such
biomarkers are causally linked to health.

variation in carbohydrate sources (couscous in
North Africa or pasta, rice, and potatoes in South-
ern Europe) [S51]. The reliance of both dietary
patterns on local and seasonal plant-based foods
hence makes them more environmentally sustain-
able and socially acceptable by the local communi-
ties [52, 53], which promotes better adoption and
adherence.

The Healthy Diet Indicator (HDI) was developed by
the World Health Organization to provide a more
generalizable dietary pattern across cultural and
geographical differences. The focus is more on the
nutrients than food items to ensure its applica-
bility across the globe. This pattern requires ade-
quate intake (6%-10% of total energy) of polyunsat-
urated fatty acids (PUFA) and at least 400 g/day
of fruits and vegetables to ensure >25 g/day of
total dietary fiber. Conversely, the consumption
of trans fats and free sugars is limited to <1%
and <10% of daily energy intake, respectively
[54].

All these dietary patterns share some common fea-
tures, that is, they encourage a high consumption
of whole grains, fruits, vegetables, legumes, nuts,
fish, and plant-based oils, which are rich sources
of PUFA. At the same time, they all urge a limited
consumption of alcohol, salt, added sugar, red and
processed meat, and saturated fat.
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Table 1. Studies on associations between selected dietary patterns and health outcomes

Dietary patterns Regions Key food items Associated health outcomes References
Mediterranean Mediterranean Cereals, fruits, vegetables, Lower blood pressure, 16, 44, 100
legumes, nuts and seeds, oxidative stress,
fish and seafood, mono- and inflammatory markers, and
unsaturated fatty acids risk of CVD
(olive oil), low intake of red
and processed meats,
ethanol 5-25 g/day
Nordic Northern Rapeseed oil, fruits (apples, Lower blood pressure, body 19, 44
Europe pears, berries), (root) weight
vegetables, whole grains (rye
and oats), fish and seafood,
low-fat dairy
Dietary United States Rich in fruit, vegetables, and Lower blood pressure, 12, 16, 43-46,
Approaches to low-fat dairy products; adiposity (body weight, BMI, 101, 102
Stop moderate in meat, fish, waist circumference), total
Hypertension poultry, nuts, and beans; and LDL cholesterols,
(DASH) and low in sugar-sweetened oxidative stress and
beverages, sweets, and red inflammatory markers, risk
meat of kidney disease, CVD,
cancers, T2D, and stroke
Healthy Eating High intakes of fruits, Lower oxidative stress and 16, 46, 100, 103
Index (HEI) vegetables, wholegrains, inflammatory markers,

Healthy Diet
Indicator (HDI)

dairy, protein (fish and
seafood), unsaturated fatty
acids, low sodium, alcohol,
solid fat, and added sugars
High intake of fruits and
vegetables (>400 g/day),
PUFA (6-10%E), fiber
(>25 g), adequate protein
(10-15%E), low intake of
sugar (<10%E), SFA
(<10%E), cholesterol
(<300 mg)

lower mortality, lower risk of
CVD, coronary heart
disease, stroke, cancers,
and T2D

Inversely associated with CVD 102, 104, 105

risk markers (aortic pulse
wave velocity, C-reactive
protein), stroke, CVD- and
all-cause mortality and
increased life expectancy

Abbreviations: BMI, body mass index; CVD; cardiovascular diseases; LDL, low-density lipoprotein; PUFA, polyunsaturated
fatty acids; SFA, saturated fatty acids; T2D, type 2 diabetes.

Biomarkers of specific healthy dietary patterns

With the growing application of metabolomics
in nutrition science, studies have attempted to
discover biomarkers of healthy dietary patterns.
We compiled information from such studies and
present a comprehensive list of metabolites shown
to reflect dietary patterns (Table S1). Among
them, some metabolites were associated only with
one dietary pattern, which may suggest their

potential as biomarkers of specific dietary patterns
(Table 2).

For example, alkylresorcinols uniquely reflect con-
sumption of whole grain cereals that are notable
foods in a Nordic diet (Table 2). Thus, they are
also indicative of high adherence to a Nordic
diet [55, 56]. Medium-chain acylcarnitines with
an odd number of carbon atoms also seemed
to indicate high adherence to a Nordic diet,
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together with aspartic acid and its acetylated
form (N-acetylaspartic acid), pyrophosphate, two
sugar alcohols (xylitol and erythritol), hydro-
quinone glucuronide, two organic acids (3-(2,5-
dimethoxyphenyl) propionic acid and methylim-
idazoleacetic acid), three hydroxy fatty acids
(3-hydroxybutanoic acid, 2,3-dihydroxybutanoic
acid, hydroxydecanoic acid), linoleamide, and
dibutyl adipate (Table 2).

On the other hand, acylcarnitines with 12
carbon atoms were reported among individ-
uals with high adherence to HEI diet. The
breakdown products of animal proteins—that
is, creatine, 3-methylhistidine, and N-acetyl-3-
methylhistidine [57]—also appeared as signatures
of high adherence to HEI (Table 2). Bile acid y-
muricholate was also associated with HEI, together
with 1,7-dimethylurate, N-methylmalonamic acid,
xylonate, ethyl glucuronide, pantothenic acid (vita-
min B5) and two metabolites of vitamin E, two
hydroxy fatty acids (2-hydroxyisovalerate and 3-
hydroxyisobutyrate), and some PUFAs (Table 2).

Acylcarnitine C3:0, interestingly, was associated
only with the DASH diet and not with other
patterns. Other metabolites uniquely associated
with high adherence to the DASH diet were 2-
methylserine, ornithine, 3-phenylpropionate, 4-
allylphenol sulfate, and S-allylcysteine (Table 2).
S-Allylcysteine has been suggested as a potential
biomarker for garlic consumption [58].

Based on the included articles, only two metabo-
lites were uniquely associated with high adher-
ence to HDI, that is, S-methylcysteine and 4-
guanidinobutanoate. On the other hand, acylcar-
nitines C14:2 and C18:1, hypaphorine, indoleac-
etate, and lithocholic acid reflected high adherence
to a Mediterranean diet (Table 2).

Metabolite biomarkers common to several healthy
dietary patterns

Due to a large diversity of the metabolites associ-
ated with the healthy dietary patterns, similar com-
pounds were collapsed into representative com-
pound classes and summarized per dietary pat-
tern (Table 3). Interestingly, some blood metabo-
lites reflected adherence to several healthy dietary
patterns irrespective of geographic locations and
variations of the dietary patterns. Considering the
compound groups, betaines, methylated amino
acids, organic acids, and sugar alcohols showed

consistent associations across the healthy dietary
patterns (Table 3).

Some individual compounds—such as threonate,
galactonate, glycerate, N-methylproline, and y-
carboxyethyl hydrochroman (y-CEHC)—were con-
sistently associated with at least two dietary pat-
terns (Table 4). Some lipids also showed consistent
associations with these dietary patterns, includ-
ing medium-chain acylcarnitines, PUFA (linolenate
[C18:3], EPA [C20:5], or DHA [C22:6]), either as
free fatty acids or incorporated as (phospho)lipids,
furan fatty acids (3-carboxy-4-methyl-5-propyl-
2-furanpropanoate [CMPF| and its metabolites)
(Table 3). Some phospholipids and acylglycerols
(diglycerides and triglycerides) were also associ-
ated with healthy diets (Table 3), but because
they consist of a vast variation of acyl side
chains that often were not clearly distinguished
in the included reports, the interpretation is diffi-
cult. This inadequate information and inconsistent
nomenclature—such as plasmalogens with unclear
descriptions of alkyl or alkenyl side chains—
did not allow for combining such information.
Moreover, studies often report unknown metabo-
lites, and metabolite annotation is a huge hur-
dle in metabolomics analysis. We hence listed only
known metabolites with their synonyms in Table
S1.

What do biomarkers of healthy diets reflect?

Some of the metabolites consistently associated
with healthy dietary patterns were derived from
the food components included in healthy dietary
patterns and, thus, reflect their intake per se.
For example, furan fatty acids and PUFA were
associated with high adherence to Nordic and
Mediterranean diets (Table 4) because these com-
pounds are mainly derived from fish [57, 59, 60].
Betaines and sugar alcohol were associated with
(almost) all mentioned dietary patterns and are
derived from the consumption of whole grains
[61, 62] and fruits [63], thus most likely reflecting
the intake of such foods that are core elements in
several of the dietary patterns. Other metabolites—
for example, CEHC glucuronide associated with
HEI as well as phospholipids containing EPA
and DHA associated with adherence to Nordic
and Mediterranean diets (Table 4)—may reflect
the interaction between individual food-derived
metabolites and human endogenous metabolism.
Moreover, some metabolites that are produced
by gut microbiota were present in samples from

© 2022 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on hehalf of Association for Publication of The Journal of Internal Medicine. 415
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Table 3. Groups of metabolites associated with or responding to different dietary patterns®

MetabolitesP NOR DASH HEI MED HDI
Acylcarnitines
Short-chain (<10C) ~ ~ ~ ~
acylcarnitines
Medium-chain (10-18C) + + + +
acylcarnitines

Saturated medium-chain —
(10-18C) acylcarnitines
(Deoxy)carnitine - —

Acylglycerols
Medium SFA-monoglycerides - +
Medium unsaturated fatty acid ~
monoglycerides
Long PUFA-monoglycerides 4F aF
Diglycerides + + +
Triglycerides + + ~ ~
Fatty acids and derivatives
Short branched odd-chain fatty ~ +
acids (OCFA)

Medium (7, 11, 17, 19C) OCFA - -
Branched-chain fatty acids — — _
(e.g., phytanate)

Long PUFA + + +
Medium (10-18C) SFA - _
Medium unsaturated (10-18C) + + + +
fatty acids
Eicosanoids -
Hydroxy fatty acids ~ ~ _
Fatty acid esters +
Fatty acid amides +
Phospholipids
LPC-medium-chain g ~ ~

unsaturated fatty acids

LPC-medium OCFA < =

LPC-PUFA ~ + + ~
LPC-SFA ~ ~
LPC-O F

PC-PUFA IF aF F =
PC-MUFA & = = =
PC(O)-PUFA +
PC(O)-AA — —
PC(O)-other — ~
PC-SFA S
PC-oxylipins (e.g., a4

PC(16:0/HODE))

(Continued)
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Table 3. (Continued)

MetabolitesP NOR DASH HEI MED HDI
Other PCs — ~ ~
PC(P) + +
LPE-DHA +
LPE-AA —
LPE-medium-chain ~ +

unsaturated fatty acids

Other PEs + ~ +
LPI-medium-chain — ~ +
unsaturated

fatty acids

Sphingomyelins
SM-medium chain(s) = _ _
SM-long chain + + 4
SM-odd-chain —
Alkylresorcinols (glucuronide) +

Steroids, sterols, and derivatives
Steroid (androsteroid —
monosulfate 1)

Sterols and sterol esters + 4k L
Cholesterol —
Bile acids + +
Furan fatty acids 4 4E + +

Amino acids and derivatives
Branched-chain amino acids - -
(Leu, Ile, Val) and derivatives
Aromatic amino acids (Phe, — - - ~
Trp, pyroglutamine,

dihydroorotate)
Acidic amino acids (Asp, Glu) + _
Aliphatic amino acids (Pro, Ala, ~ ~ + _

Gly, Cys) and derivatives
(citrulline, creatine,
creatinine, ornithine)
Hydroxy amino acids (Thr, - — —

methoxy-Tyr)

Histidine and derivatives + +

Methylated amino acids (Pro, + + + +
Ser, Cys)

Acetylated amino acids + + ~ ~

Proline dipeptides ~

Indoles ~ ~

Betaines + + 4 e +

Organic acids
Hydroxy acids (xylonate, + + + +
threonate, galactonate,
glycerate)

(Continued)
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Table 3. (Continued)

MetabolitesP NOR DASH HEI MED HDI

TCA cycle intermediates (citric — — - _

acid, isocitrate, lactic acid)
and isomers (aconitate)

Phenylpropanoic acids + ~ _
Carboxylic acids and ~ + + + +
derivatives

(N-methylmalonamic acid,
methylimidazoleacetic acid,
oxalic acid)
Purines and purine derivatives
Purine nucleosides (N6- - -
carbamoylthreonyladenosine)

Xanthines (methylxanthines, — - ~ _
(di)methylurates,
theobromine)
Pyrimidine nucleosides + + _

Benzoic acids and derivatives

Hydroxybenzoic acids 4

Cinnamic acids aF AF

Hippuric acids + + + +
Benzoic acid esters —

Benzofuran aF

Naphthalenes (e.g., =
2,6-diisopropylnaphthalene)
Phenyl sulfates + + +
Vitamins derivatives

Vitamin A derivatives < 3F
Vitamin B derivatives < 3F
Vitamin E derivatives ~ — R ~ 4

Sugar conjugates

Sugars alcohols + + + +
Glucuronides (ethyl + +

glucuronide, hydroquinone

glucuronide)
Methyl glucopyranoside + +

Inorganic compounds
Pyrophosphate A

2Positive sign (+) indicates a positive association or increment after dietary patterns, negative sign (—) indicates an inverse
association, “~” indicates inconsistent findings across studies. NOR: Nordic diet, including New Nordic Diet (NND) based
in Denmark, Baltic Sea Diet Score (BSDS) in Finland, and Healthy Nordic Food Index (HNFI) [32, 34, 56, 59, 106-110].
DASH: Dietary Approaches to Stop Hypertension [13, 31, 32, 35]. HEIL: Healthy Eating Index, including Alternate HEI
(AHEI) [31-33, 111, 112]. MED: Mediterranean diet, including Alternate Mediterranean Diet Score (aMED) [31-33, 64,
81, 113]. HDI: Healthy Diet Indicator [32].

PAA: arachidonic acid (20:4); CE: cholesterol ester; CEHC: carboxyethyl hydrochroman; CMPF: 3-carboxy-4-methyl-
5-propyl-2-furanpropanoate; DG: diglyceride; DHA: docosahexaenoic acid (22:6); DPA: docosapentaenoic acid (22:5);
EPA: eicosapentaenoic acid (20:5); (L)PC: (lyso)phosphatidylcholine; (L)PE: (lyso)phosphatidylethanolamine; (L)PI:
(lyso)phosphatidylinositol; MG: monoglyceride; PUFA: polyunsaturated fatty acids, SFA: saturated fatty acids; SM: sph-
ingomyelin; TG: triglyceride.
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individuals reporting a high adherence to Nordic
and Mediterranean dietary patterns. These
metabolites include hippuric acid (a conver-
sion product of glycine and benzoic acid) and
indolepropionic acid as a conversion product of
tryptophan (Table 4).

The blood metabolome provides rich information
on many different biological processes, reflecting
the intake of particular food items, dietary pat-
terns, human endogenous metabolism, and their
interaction with food-derived molecules, as well
as gut microbiota (Fig. 1). It is therefore difficult
to classify blood metabolites or blood metabolite
profiles associated with healthy eating patterns
into groups of biomarkers of food intake, interme-
diate biomarkers reflecting the interaction between
diet and metabolism, gut microbial metabolism,
or biomarkers of their physiological effects
[36].

Associations between biomarkers/metabolite profiles of
dietary patterns and health

Some metabolites associated with a high adher-
ence to a Mediterranean or Nordic diet—including
carnitines, sphingomyelins, and phospholipids
(including plasmalogens)—are derived from
the endogenous metabolism. They have pre-
viously been associated with risk markers of
cardiometabolic health, such as blood pressure,
markers of hyperlipidemia, and insulin resistance
[59, 64]. Some endogenous metabolites have been
previously shown to mediate the link between red
meat and the risk of type 2 diabetes [65], which
may suggest the potential of endogenous metabo-
lites to, at least partially, mediate the physiological
effects of the mentioned dietary patterns.

Another interesting group of metabolites is micro-
bial metabolites. One of the examples is hippuric
acid, which has been associated with higher con-
sumption of coffee, fruits, and whole grains with
better glucose control and reduced risk of hyper-
tension and metabolic syndrome [66-68]. Another
is indolepropionic acid—which increased after the
consumption of the dietary fiber-rich stone fruit
and berry Nordic diet—and was associated with
a lower concentration of inflammatory marker C
reactive protein, better insulin secretion, and lower
risk of type 2 diabetes [60, 63, 69, 70]. The roles
of the gut microbiome or microbial metabolites
associated with healthy eating patterns are yet
unclear because they may either merely be proxies

of the food intake pattern, mediate the relationship
between diet and health outcome, or a combination
of the two.

Factors affecting blood metabolites associated with dietary
patterns

Variation in metabolite levels related to healthy
dietary patterns is affected by several factors other
than intake or direct biological effects of the dietary
pattern. This may include effects of environmen-
tal exposures, other lifestyle factors, endogenous
metabolism, and gut microbiome. Because many of
these factors are interconnected and overlap with
each other, disentangling underlying processes
and the causal role of specific metabolites in health
outcomes is challenging. Organic acids and deriva-
tives of amino acids are good examples of this. For
example, 3-hydroxyisobutyric acid is a catabolism
product of branched-chain amino acid valine that
leads to the production of propionyl-CoA, the first
building block in the production of odd-chain fatty
acids [71]. These compounds are also directly asso-
ciated with HEI (Table 3), but it is yet unknown to
what extent they are derived from specific dietary
components or if they are confounded by other
lifestyle factors coexisting with such diets. It is
unknown at what proportion they are metabolized
by the host or by the gut microbiota, and if they at
all convey a specific physiological role [72]. Inves-
tigations beyond metabolite profiling of samples
derived from observational studies are needed to
clarify physiological effects related to health and
to establish the underlying causal mechanisms.
The importance of individual factors for dietary
pattern-related metabolites is briefly described
below.

Gut microbiota

Almost half (46%) of the blood metabolites have
been reported to be associated with the gut micro-
biome [73], and around 25% of the variation
is explained by microbiota, especially for xeno-
biotics and unknown compounds [74]. Diet is
largely responsible for gut microbial population
across the life span [74], besides many other fac-
tors, such as hygiene, urbanization, and medical
treatment [75]. These factors—either directly or
indirectly via gut microbiota—are associated with
a wide range of blood metabolites, from lipids,
amino acids, and bile acids, to xenobiotics [76,
77]. Blood metabolites have also been shown to
reflect the diversity of the gut microbiome. Higher
diversity of gut microbiota has been associated
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with higher levels of circulating hippuric acid, 3-
phenylpropionate, indolepropionic acid [67, 78],
and lower levels of alanine, isoleucine, and lactate
[79].

In particular, habitual dietary patterns have
been reported to correlate (r = 0.31-0.42) with
gut microbial composition [80]. Some microbial
metabolites—such as indoles, hippuric acids, and
bile acids—were directly associated with most of
the healthy dietary patterns included in this article
(Table 3). The gut microbiome also seems to adapt
immediately after an acute change of dietary pat-
terns. A study showed how the composition of the
gut microbiome changed after 4 days on a Mediter-
ranean diet, compared to a Western diet rich in
fat and salt, although the overall diversity was not
much affected [81]. The same study also showed
increased levels of some indoles (indoleacetic
acid, indolepropionic acid, and indolelactic acid)
after acute change to a Mediterranean diet
[81].

The composition of the gut microbiota has also
been linked with metabolic health, such as mark-
ers of glucose and lipid metabolism [80]. There-
fore, gut microbiota—either directly or mediated
by the metabolites—have the potential to interact
with host genetic make-up, metabolic processes,
and markers of metabolic health [73, 77, 82, 83].
The gut microbiome has been even previously sug-
gested to mediate the impact of diet or lifestyle fac-
tors on metabolic health [67, 84], but the causal
mechanisms remain unclear and deserve further
investigations.

It is worth noting that current studies on gut
microbiota rely heavily on 16S rDNA-based classi-
fication to respective operational taxonomic units
(OTUs), which are close to the genus/species
level. This information, however, may not explain
the metabolic capacities of these bacteria with
immense variation even within the same OTUs,
including their complex interactions with human
hosts [34] and their health implications [84]. Fur-
thermore, blood metabolites were more strongly
associated with microbial metabolic pathways than
with species [73], which emphasizes the impor-
tance of focusing on metabolic capacity and bio-
logical activities instead of the microbial taxon-
omy. Thorough investigations are required to dis-
entangle the link between health outcomes and
metabolic activity of gut microbiota affected by
lifestyle exposures.

Individual and lifestyle factors

Besides gut microbiota, genetic factors, anthropo-
metric measures, age, and biochemical and clin-
ical parameters, as well as lifestyle factors such
as physical activity, may also influence the blood
metabolome related to healthy eating patterns [30,
85]. For example, men were reported to have higher
levels of creatinine, amino acids, and acylcar-
nitines [86]. Some amino acids have been associ-
ated with physical activity and cardiorespiratory
fitness [87]. Several sugars, acylcarnitines, and
phospholipids were associated with obesity [87].
All of these factors hence may increase the varia-
tions, promote inconsistent findings across studies
[85], and confound the associations between the
blood metabolome and healthy dietary patterns.
Current evidence on the effects of individual fac-
tors on metabolites associated with healthy dietary
patterns is still limited. Further investigations are
hence required to investigate to what extent the
serum metabolites associated with healthy dietary
patterns are affected by individual factors and to
discover biomarkers of healthy dietary patterns
independent of individual factors and other poten-
tial confounders.

Assessing the validity of potential biomarkers of dietary
patterns

We assessed to what extent metabolites associated
with at least two dietary patterns met the valida-
tion scheme of food intake biomarkers outlined by
the Food and Biomarkers Alliance (FoodBAll) con-
sortium [88] (Table 4). Validation has been under-
taken for biomarkers reflecting the intake of spe-
cific foods, for example, TMAO, CMPF, EPA, and
DHA for fish [57], alkylresorcinols for wholegrain
wheat and rye [89], threitol for fruits [63, 90], a-
tocopherol and linolenic acid for nuts [91], acety-
lornithine for legumes [92], and S-allylcysteine for
allium vegetables [58]. However, specific criteria
developed and tested for assessing the validity
of adherence to dietary patterns are still lacking
(Table 4). Thus, further work is needed to estab-
lish validation criteria for dietary pattern-related
metabolites. This will improve the understanding of
what they reflect and how they are linked to health
outcomes.

Future perspectives

Several healthy dietary patterns mentioned above
include similar food items, nutrients, or bioactive
compound classes. These similarities are reflected
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in the presence of some common metabolites that
are shared across these dietary patterns, such
as betaines from whole grains, and n — 3 PUFA
and furan fatty acids from fish. Because the blood
biomarkers reflecting the common dietary aspects
of several healthy dietary patterns can be ana-
lyzed, they open exciting new routes toward pre-
cision prevention. It remains to be understood if
such biomarkers mediate disease risk or if they
are just reflecting specific food intakes common to
these dietary patterns, or both. If they mediate dis-
ease risk, they could possibly be included in spe-
cific biomarker panel assays as a novel target for
precision prevention to guide personalized dietary
advice. Down the road, this could be adopted by
consumers through commercial solutions and/or
by health care.

However, the evidence is far from sufficient for
translation to such services or clinical appli-
cations. First, the current blood biomarkers of
healthy dietary patterns have so far emerged from
a limited number of observational studies. Hence,
there is a need to validate the metabolite panel
across different cohorts or participant groups to
ensure its robustness and reproducibility. Using
observational studies, mediation analysis between
the dietary patterns as the exposure, the risk of
metabolic disease as the outcome, and the pan-
els or patterns of metabolites as the mediators
could be used to gain further insights into to what
extent identified metabolites are mediators of asso-
ciations observed with health outcomes. A posi-
tive result can serve as a decision point to under-
take subsequent proof-of-concept feeding trials to
(i) establish a dose-response relationship between
the consumption of common foods shared across
the healthy dietary patterns and increased concen-
trations of metabolites at stake and (ii) establish
a cause-and-effect relationship between alteration
in metabolite concentrations and effects on estab-
lished disease risk markers. Information derived
from such studies would be critical to evaluate the
feasibility and the cost-effectiveness of metabolite-
panel-guided precision prevention of chronic dis-
eases.

Moreover, feeding trials could provide valuable
insights into participants’ responses to the specific
dietary pattern intervention both in terms of iden-
tifying individuals who are “producers” and “non-
producers” of specific metabolites of interest as
well as “responders” and “nonresponders” of the
effects on clinical markers of such metabolites.

Identification of the determinants of response or
nonresponse and their biomarkers will be critical
to improving precision in tailoring diets for the pro-
motion of cardiometabolic health or disease pre-
vention. This information would also be important
to improving the efficacy of the metabolite-guided
prevention approach by identifying individuals who
are receptive to the different specific diet compo-
nent(s) and the subsequent effects on established
disease risk factors. Such metabolite panels will be
needed for the development and validation of the
concept. It will also aid in the subsequent transla-
tion of the metabolite panel into a tool to guide indi-
viduals toward healthier eating patterns in clinical
practice.

However, there are many challenges to overcome.
Attempts to find common metabolites that may
reflect or mediate health effects shared across the
dietary patterns are hampered due to variations
in analytical platforms and study settings, which
may skew the findings toward certain metabo-
lites. These differences may also add a challenge
in absolute quantification and achieving consen-
sus of the biomarker panel related to both diets
and health outcomes. More harmonized workflows
and protocols in metabolomics are needed and are
currently underway [93-95]. Similarly, inconsis-
tent naming systems and challenges in metabo-
lite annotation may hinder merging information
from various datasets and research groups. This
calls for studies of healthy dietary patterns using
similar methodological platforms in large popu-
lations to properly find specific biomarkers or a
biomarker profile panel that may represent com-
mon aspects of different healthy dietary patterns
that mediate their effects on disease risks. Under-
standing determinants of individual variation in
dietary responses and modeling such variations
is challenging but could also improve the under-
standing of how specific foods affect key metabo-
lites and their effects on disease risk factors.
Important steps have already been taken [96—
99| and more are currently ongoing. Interdisci-
plinary collaborations between experts in nutri-
tion, medicine, and bioinformatics incorporating
various omics and computational modeling—for
example, machine learning and analysis of big
data—are necessary to accomplish this task.

Conclusion

We found that some metabolites previously
reported in the literature were consistently
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associated with one or more healthy dietary
patterns. Still unclear is whether they are derived
from specific food items or dietary components in
the dietary patterns; their interaction with other
environmental exposures, individual or lifestyle
factors, human endogenous metabolism, or gut
microbiota; or if they reflect metabolic effects with
health implications of the diet. Further attempts
are hence needed to validate, characterize, and
quantify these biomarkers in rapid and reliable
analytical platforms. Next, we need to understand
their variation between individuals and identify
the determinants of such variation. This under-
standing would be important to establishing the
dose-response relationship between the dietary
patterns and the plasma levels of the metabo-
lites, and how the variations of the blood levels
may relate to health outcomes. If these metabo-
lites mediate the effect of the dietary patterns
on health, subsequent follow-up in intervention
studies would be necessary to validate the effects
of plasma concentration of the metabolites on
health and to establish the causal relationship.
This could pave the way for tailored dietary pre-
vention strategies and more precise nutrition
recommendations guided by metabolite profile
signatures.
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