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Metabolic syndrome (MetS) constitutes a prevalent risk factor associated with non communicable dis-
eases such as cardiovascular disease and type 2 diabetes. A major factor impacting the etiology of MetS is
diet. Dietary patterns and several individual food constituents have been related to the risk of developing
MetS or have been proposed as adjuvant treatment. However, traditional methods of dietary assessment
such as 24 h recalls rely greatly on intensive user-interaction and are subject to bias. Hence, more objec-
tive methods are required for unbiased dietary assessment and efficient prevention. While it is accepted
that some dietary-derived constituents in blood plasma are indicators for certain dietary patterns, these
may be too unstable (such as vitamin C as a marker for fruits/vegetables) or too broad (e.g. polyphenols
for plant-based diets) or reflect too short-term intake only to allow for strong associations with prolonged
intake of individual food groups. In the present manuscript, commonly employed biomarkers of intake
including those related to specific food items (e.g. genistein for soybean or astaxanthin and EPA for fish
intake) and novel emerging ones (e.g. stable isotopes for meat intake or microRNA for plant foods) are
emphasized and their suitability as biomarker for food intake discussed. Promising alternatives to plasma
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measures (e.g. ethyl glucuronide in hair for ethanol intake) are also emphasized. As many biomarkers (i.e.
secondary plant metabolites) are not limited to dietary assessment but are also capable of regulating e.g.
anti-inflammatory and antioxidant pathways, special attention will be given to biomarkers presenting a
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1 Introduction

Metabolic syndrome (MetS) is among the most common
health conditions related to non-communicable diseases
(NCDs) and has become increasingly predominant in Western
societies, as well as in developing countries, over the last
century.' Typically, it is diagnosed when 3 out of 5 health-
related components have manifested, ie., elevated blood
sugar, high triglycerides, low high-density lipoprotein chole-
sterol, large waist-circumference, and high blood pressure.”
Currently, it is estimated that approximately 25% of the world
population has MetS, making it a prime healthcare issue that
affects more people than diabetes." Among the risks associ-
ated with MetS, there is an increased chance of developing car-
diometabolic diseases such as type 2 diabetes mellitus (T2DM)
(3- to 7-fold elevated risk) and cardiovascular diseases (CVD)
(2-fold increased risk), among other.” Due to its strong relation
to other comorbidities and the burden these may place on
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double function to assess both dietary patterns and MetsS risk.

public healthcare systems, interest in the etiology and preven-
tion of MetS has increased over the past decades. For example,
the costs of medical treatment for MetS patients in the U.S.
were estimated to be 1.6 times higher than those for non-MetS
patients in 2009, with an average increase of 24% in the
annual healthcare costs for each MetS component present.’
Therefore, monitoring risk factors that could affect the etiology
of MetS is paramount.

An important aspect of MetS prevention are lifestyle factors,
especially dietary patterns. Indeed, the association between
dietary patterns and cardiometabolic disease including MetS
is widely known and has been explored thoroughly.*” For
example, fruit and vegetable consumption has been associated
with reduced risk of CVD, reduced blood pressure, and overall
mortality.>® These health effects are possibly linked to the
intake of dietary fiber and secondary plant metabolites and
their related anti-inflammatory aspects,* or their impact on
the gut microbiota.'®'" Secondary plant metabolites include
metabolites such as polyphenols and carotenoids, which could
further impact cellular signaling cascades by interacting with
transcription factors and nuclear receptors."’ For similar
reasons, the intake of whole grain cereals has been related to
reduced risk of MetS."> Contrarily, refined grains have been
positively associated with MetS, as these can be a rich source
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of simple refined carbohydrates.'® Also positively associated
with the risk of MetS has been meat consumption, especially
processed meats,”® possibly due to their association with
higher levels of processing, higher salt intake, and possibly
less healthy fatty acid composition.’*'* The intake of food
items with healthy fatty acid composition, such as omega-3
fatty acids via fish has however been related to reduced risk of
developing MetS."?

Therefore, improving dietary habits promises to be one of
the most effective tools to protect against MetS. To properly
evaluate the role that dietary patterns have on health and their
protection against certain chronic diseases, it is of the utmost
importance that food intake can be properly measured.'®
However, serious limitations exist in how dietary intake is
assessed in both clinical practice and research."” Traditionally,
food intake has been assessed through either real-time record-
ing of intake (e.g., food diaries) or self-reported methods that
include food-frequency questionnaires (FFQ) and 24-hour
dietary recalls, with the last two being the most popular
methods in the literature for assessing dietary intake.'” If 24 h
recalls are employed, which is the recommended way to assess
food consumption patterns of adults by some organizations
such as European Food Safety Authority (EFSA),"® at least two
24 h recalls should be obtained, preferably one from a
weekday and one from the weekend.

However, regardless of their popularity, self-reporting
methods have inherent errors, such as recall bias or over/
under reporting.'®'%?° Using a trained nurse can help mini-
mize said limitation, but this is a costly and lengthy
process.*"*> Moreover, the assessment of these documents is
often time-consuming and may delay the decision-making of
healthcare professionals. In addition, such data captures only
food items and has to be translated into nutrient intakes by
means of combining the intake data with relevant food compo-
sition databases, such as the one published by the United
States Department of Agriculture (USDA),”® introducing
another potential source of error. Other limitations arise for
these methods. For example, 24 h dietary recalls are prone to
overlook non-frequently consumed food items, which may be
of special interest when considering intake estimation of
certain nutrients such as vitamin A from offals.*

Thus, there is a great interest in developing appropriate
objective biomarkers of food intake (BFI) that accurately reflect
the consumption of specific food groups or dietary constituents.
Ideally, appropriate markers can be measured within biological
samples such as blood or urine and reflect intake over at least
mid-term periods. This requires the assumption that dietary
intake translates directly and proportionally into measurable
differences in concentrations of said markers. However, such
biomarkers should ideally fulfill other criteria that would allow
for reproducibility and practicability in real life scenarios.>*

The purpose of the present review is to summarize the
state-of-the-art of biological endpoints that can act as markers
for mid-long term intake of either food constituents or groups
that are related to the risk of MetS or its severity. Furthermore,
the article will emphasize as to how these compounds may not
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only constitute suitable markers to assess dietary intake, but
in some instances possess bioactive effects themselves, influ-
encing mechanistic pathways involved in the etiology of MetS
such as those related to reducing oxidative stress>> and
inflammation.>®

2 Biomarker definition and need

One way to overcome the limitation questionnaires pose in the
assessment of dietary patterns and nutrient intake is to use
biomarkers of food intake (BFI) as an alternative or compli-
mentary tool for dietary assessment.?” Many definitions of bio-
markers have been proposed through the years. For the
purpose of this review, a biomarker is defined as a measurable
characteristic in a biological system that indicates normal or
pathological processes or exposure to environmental elements,
here, nutrients and other dietary constituents.?®

The definition of a biomarker poses an extra challenge to
address the question of what constitutes a promising bio-
marker. Dragsted et al. have defined the following eight cri-
teria for validating biomarkers of food intake: plausibility,
dose-response, time-response, robustness, reliability, stability,
analytical performance and inter-laboratory reproducibility,>®
and other reviews in this domain have employed the same cri-
teria.>® Similarly and in line with this proposition, we have out-
lined a set of requisites in Table 1, with the addition of practic-
ability and the omission of robustness that refers to stability
across different study designs and populations as this may not be
always required when focusing on a very specific population.?*>*
In the following, we will briefly describe said conditions.

Specificity (or selectivity) is among the most important cri-
teria. When discussing markers of dietary intake it refers to
the fact that the marker should be specifically associated with
the intake of either a dietary constituent or a specific group of
food items. Thus, the presence and changes of a given bio-
marker can be clearly correlated with changes in the studied
condition. For example, while vitamin C in plasma may be
related to fruit intake, it is also found in many vegetables and
is sensitive to food processing and storage conditions,** and is
thus not a very specific marker for fruit intake. Some nutrients
are even originating from other sources besides dietary intake
such as cultural habits and lifestyle factors in the case of
vitamin D, formed under the skin.** In addition, supplemen-
tation, food fortification and food additives may constitute
further sources of nutrients.

Sensitivity is another important criteria, it implies that the
biomarker levels should correlate well and in a predictable
manner with intake, allowing the detection of small changes
within typical dietary intake ranges.>* For example, plasma
vitamin B12 could act as a biomarker of meat and meat pro-
ducts intake due to its specificity (it is exclusively present in
meat and fish and its products).>® Nevertheless, it has limited
sensitivity, as the plasma concentration of vitamin B12 is
homeostatically regulated and kept constant for several
months due to liver reserves.*® The same is true for many min-
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Table 1 List of main criteria used to define characteristics of a promising biomarker of food intake (BFI)

Criteria of suitable BFI Explanations

Selectivity/specificity
(plausibility®)
Sensitivity (dose response®)
relationship
Time response”
Short term marker
Mid/long term marker
Validity (reliability”)
methods
Stability”
Reproducibility”

Easy to measure/practicality
Analytical performance®

Adapted from ref. 20. “ Terms employed by Dragested et al.>

erals that are homeostatically regulated such as Mg or Ca,
which do generally (i.e. their blood concentration) not corre-
late well with dietary intake,>’® and less so with individual
food groups. In addition to homeostatic regulation, other indi-
vidual factors such as the variability caused by age, sex, ethni-
city, medication, smoking status, and alcohol consumption
among other does influence nutrient metabolism and can
affect the levels of biomarkers."®*° Furthermore, genetic varia-
bility and gut microbiota are considered important host
factors that can impact ADME (absorption, distribution,
metabolism, and excretion) aspects within a population and
should thus be considered as additional factors explaining
inter-individual variability of circulating nutrients and non-
nutrients. For instance, some persons have a gut microbiota
suitable to produce equol from the soy isoflavone daidzein,
while others do not.*® In addition, many SNPs are involved in
the uptake or transport of nutrients from the gut. For example,
a limited set of SNPs has been shown to explain a majority of
inter-individual variability of carotenoid absorption.*"*> For
more in-depth information, the reader is referred to more com-
prehensive reviews.*>** However, such individual factors
cannot be generally considered in more population-oriented
research, and the marker may thus only work reasonably well
for a certain - often general — population, similar as dietary
intake recommendations.

Other challenges associated with biomarker research are
the need for affordable markers that can easily be used in the
clinical context, i.e. practicality. For instance, markers should
be measurable by non-invasive or minimally invasive methods
that can be incorporated into clinical practice. This may at
present exclude expensive or time demanding analysis and
extremely well trained personnel, such as required for various
-omics measures.

Regarding stability, biomarkers should not be easily
degraded after collection and during storage, and the results
should be reproducible. Low stability of a biomarker obstructs
its use, as complex protocols have to be employed for its pres-
ervation, which also decreases the affordability and reproduci-
bility.* It is generally recommended that samples are stored at

This journal is © The Royal Society of Chemistry 2024

Should be specific for the food group or ingredient in question, i.e. food item should be a major source

Should allow to differentiate between reasonably small differential intake and show a dose-response

Should indicate intake of the element over a short period of time (e.g. a single meal)
Should indicate the average intake of a longer period (e.g. repeated intakes)
Should reliably capture food component of interest and has been tested to do so through FFQs or equivalent

Should not degrade easily during collection, storage, and analysis

Should have a low coefficient of variability upon repeated measures, it should be reproducible in different
laboratories and between batch analyses

Should not require highly trained personnel and does has a reasonable cost for the analyses,

Sufficient precision, accuracy and detection limits

either —80 °C or —20 °C or under protective atmosphere such
as argon to improve the stability of the markers. This way,
minimal changes in biomarker concentrations will occur;*®
though even so, stability at —80 °C may be limited for several
months. For instance, vitamin C may become difficult to
measure after one year, even if kept at —80 °C and using
stabilizers.*®

Reproducibility can be compromised by many factors, such
as variable extraction efficacy from the matrix or variable
responses at detection, such as cross-reactivity when employ-
ing ELISA methods.*” Time-response is also an important cri-
teria, as the half-life of many dietary constituent-derived
markers in the bloodstream can vary broadly, depending on
interactions with other tissues/organs. Said organs may act as
targets or storage reservoirs lasting from a few hours to several
days, and may therefore reflect either intake from a few indi-
vidual food items or truly reflecting mid-long term dietary
intake, with the latter being the preferred characteristic.

The growing accessibility of mass spectrophotometry (MS)
and other techniques such as nuclear magnetic resonance
(NMR), high throughput sequencing, and available gene array
chips has led to the use of omics to identify biomarkers of
food intake, e.g. within the Food Biomarkers Alliance
(FOODBALL) consortia, which systematically explored and vali-
dated such markers in a European context and made a con-
siderable effort towards harmonizing methodologies and vali-
dating markers. Unfortunately, after the end of the project in
2017, its webpage is no longer available.*® While FOODBALL
used metabolomics to assess dietary intake, the MIRDIET
project complemented the research by focusing on circulating
microRNAs (miRNAs) and their link to dietary intake. In this
project, two plasma miRNAs were linked to polyphenol intake
(miR-22-3 and miR-378a-3p).**

Unfortunately, and although the use and development of
BFI promises to revolutionize dietary data collection, few
markers have been validated thus far, e.g., genistein for soy
intake® or tartaric acid for grapes,’® while the number of pro-
posed markers continues to increase exponentially."®*® Thus,
it is of vital importance to review existing BFI for different food
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groups or even individual food items that are related to health
outcomes and further validate the most promising ones so
they can further be applied in research in clinical contexts. It
is important to note that many of the molecules especially
some BFI most recently added have typically only marginally
been studied, and not all the criteria of BFI can be addressed.
It also means that the role of host factors such as genetics/
polymorphisms that may act upon their metabolism have not
been studied. Of note, in the following, the focus rests on
physiologically plausible intake, while high intakes that may
be related to even adverse effects, including that from sup-
plemental intake is rather not considered, also in sight of the
focus on existing markers for food group intake and consump-
tion by the background diet, rather than focusing on individ-
ual nutrients.

3 MetS, inflammation and oxidative
stress

MetS has a complex etiology that includes, among the tra-
ditional components (in accordance with e.g. ATP III%) other
components, such as oxidative stress,”® systemic inflam-
mation,>® or gut microbiota dysbiosis.”® These aspects are of
special importance as they can exert systemic effects that inter-
act with traditional MetS components such as blood pressure
or insulin resistance.>® Moreover, oxidative stress and systemic
inflammation, together with traditional elements, especially
visceral obesity, can activate positive feedback loops that
trigger pro-inflammatory responses in various tissues, thereby
e.g. aggravating vessel health and blood pressure.”® The main
cause for low-grade chronic systemic inflammation in MetS
seems to originate from increased visceral adiposity, a tra-
ditional component of MetS.>’

In this regard, diet can play a twofold beneficial effect on
MetS; by directly reducing the amount of visceral fat, and thus
inflammation and blood pressure, and by providing antioxi-
dants and anti-inflammatory molecules that may reduce oxi-
dative stress and inflaimmation.”* The latter can be reduced
directly such as via quenching reactive oxygen species (ROS)®
or via acting on cellular signaling cascades and nuclear recep-
tors such as nuclear factor kappa B (NF-kB),> peroxisome pro-
liferator-activated receptor (PPAR),”® and nuclear factor-ery-
throid factor 2-related factor 2 (Nrf2),°® all of which are
upstream of many further antioxidant and inflammatory
agents.

Currently, a combination of oxidative stress and visceral
adiposity are thought to initiate the chronic inflammatory
response that is characteristic of MetS (Fig. 1).>” First, visceral
adiposity leads to a dysregulation of cytokines, reducing the
anti-inflammatory (IL-10, adiponectin) and increasing pro-
inflammatory ones (leptin, 11-6, TNF-a).>” Low-grade systemic
inflammation can aggravate MetS components, such as elev-
ated blood pressure or elevated glucose levels. For instance,
systemic inflammation is capable of inducing an increase in
blood pressure through interaction with the renin-angiotensin
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system (RAS), responsible for regulating blood pressure and
being capable of immune cell activation. This activation also
promotes pro-inflammatory cytokine (I1-6, IFN-y, TNF-a) pro-
duction and release. Thus, RAS-mediated inflammation pro-
duces a positive feedback loop, further increasing blood
pressure (Fig. 1).>> Blood pressure is further linked to inflam-
mation through the cell adhesion molecules (CAM) ICAM-1
and VCAM-1. These molecules are recruited by TNF-o and
IL-1p°® and are involved in inflammatory responses in the
endothelium that lead to endothelial damage or atherosclero-
sis, among others. Overall, this decrease in cardiovascular
health leads to a subsequent increase in blood pressure due to
the vessel diameter reduction.>®>°

Additionally, inflammatory cytokines are also involved in
the induction of insulin resistance that leads to
hyperglycemia.”"** Briefly, TNF-a and other cytokines promote
the activity of serine kinases, mainly JNK, that phosphorylate
the insulin receptor substrate 1 (IRS-1), which constitutes a key
element of the signaling cascade of insulin in the cell.
Phosphorylation of IRS-1 decreases the efficiency of insulin
signal transduction and deficient insulin signal transduction
decreases the response to insulin, leading to insulin resistance
(Fig. 1).">* Therefore, the presence of pro-inflammatory cyto-
kines is considered a hallmark of low-grade chronic inflam-
mation that accompanies MetS, and such markers could be
monitored to study the success of dietary intervention, in
addition to the traditional endpoints (i.e. ATP III criteria). This
could work either as early markers in humans or animal
models and as fast-changing markers in cellular models that
do not allow monitoring hard endpoints. To further under-
stand the complex signaling network of adipocyte dependent
inflammation, we refer the reader to additional reviews.>®°%5?
In this regard, dietary components can exert a positive action
on pathways of oxidative stress or inflammation. For example,
polyphenols have been shown to increase Nrf-2 and thus the
body’s own antioxidant defense mechanisms, upregulating the
enzymatic activity of, e.g., superoxide dismutase and cata-
lase.®” For carotenoids, in addition to potentially acting as
direct scavengers of ROS, they can also interact with transcrip-
tion factors including Nf«xB and Nrf-2.""®* Said interactions
decrease circulating ROS or inflammatory cytokines (e.g., TNF-
a), and may even influence adipose tissue differentiation via
interacting with nuclear receptors.®® In this regard, the use of
multiple food bioactive compounds in a combined portfolio
may be the most promising for reducing the risk of MetS or
even for adjuvant treatment, similar to the strategy proposed
by Jenkins et al. in their portfolio dietary approach over two
decades ago.®*

4 Biomarkers of food intake and their
relation to MetS status
Fruits and vegetables

Fruits and vegetables constitute a large array of products of
plant origin. Thus, many of them differ substantially by their

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Effects of diet on metabolic syndrome components (in blue boxes) through systemic inflammation, oxidative stress, and visceral adiposity.
The role of microbiota is shown as a dashed line as the links are not fully understood.

nutrient profile and phytochemical composition.®> Regardless
of this variety, fruits and vegetables share some similarities in
their nutritional profile, such as the presence of dietary fiber,
certain micronutrients that are not found in animals (ie.,
vitamin E, vitamin C, or D2), or the presence of secondary
plant metabolites (e.g., polyphenols or carotenoids).®® For
these reasons, meta-analyses have generally shown a positive
association between the portions of fruits and vegetables con-
sumed and the risk of MetS.*”

Potential biomarkers of fruit and vegetable intake could
thus encompass a large array of different compounds. The
most common markers of fruit and vegetable intake proposed
in the literature include serum carotenoids, vitamin C, or poly-
phenol sub-groups such as flavonoids.'® Vitamin C and total
carotenoids are among the most widely studied markers for
general fruit/vegetable consumption, again due to their wide
distribution in the plant kingdom, while other plant bioactive
compounds such as specific phenolic subgroups or individual
carotenoids may be used to assess intake of specific food
items.®

Although many compounds could be considered as bio-
markers, the general challenge associated with the wide varia-

This journal is © The Royal Society of Chemistry 2024

bility of nutrients and non-nutrients in plant food items per-
sists. Even in the same species variability can be high, for
example depending on exogenous conditions (e.g. provenience,
harvest, storage, and processing).®”®® In addition, several com-
pounds are not specific for fruits and vegetables but do also
occur in other plant-dominated food groups such as cereals
and grains, which also typically contain polyphenols, as well
as vitamins C and E; though in part to a lesser extent com-
pared to fruits and vegetables, due to the dominance of starch
in these food groups.®®

To overcome the lack of specificity/selectivity, authors have
claimed the need for novel biomarkers of vegetable and fruit
intake that have more specificity and correlate better with
specific subgroups or even food items than traditional markers
such as vitamin C.®*”%”! While many BFI have been proposed
with the rise of -omics technologies, very few are validated,
and even fewer are used in research studies or clinical practice,
however, these will also be briefly discussed.

Vitamin C. Vitamin C or ascorbic acid is an essential nutri-
ent and plant bioactive compound, with daily recommended
dietary intakes of ca. 100 mg d~'.”* Vitamin C has a well-
regarded antioxidant activity in which it acts synergistically
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with vitamin E in the prevention of lipid peroxidation.”?
Regarding MetS risk, studies have shown a protective effect of
vitamin C.”* Vitamin C allows for an increase of nitric oxide
(NO) in plasma by preventing its degradation while also
actively promoting NO synthesis as demonstrated in cultured
human endothelium.”® NO is of particular relevance for MetS
as it has vasodilator properties that may ameliorate blood
pressure issues.”> This blood pressure lowering effect was
shown in a recent meta-analysis including 8 RCT and 614 par-
ticipants with hypertension that were supplemented vitamin C
for 4-24 weeks. Supplementing 3 to 10 times the rec-
ommended dietary allowances (RDA) was inversely associated
with reduced blood pressure (P < 0.05), with a weighted mean
difference of —3.75 and —3.25 mm Hg for systolic and diastolic
blood pressure, respectively. Indeed, supplementation with
vitamin C has been proposed as a complementary tool to treat
primary hypertension.”® Overall, these results are in line with
the reduced risk of CVD associated in epidemiological studies
with dietary intake of ascorbic acid.”

It is usually measured through HPLC and UV detection,
although LC-MS can also be employed.”” Plasma levels of
ascorbic acid have been shown to correlate reasonably well
with the dietary intake of vitamin C (as determined by ques-
tionnaires or food records), for instance a correlation coeffi-
cient of r = 0.41 (after adjusting for energy intake) was found
in a meta-analysis encompassing over 26 000 participants.”®
The intermediate correlation coefficient may indicate degra-
dation during gastro-intestinal digestion, limited bio accessi-
bility of the vitamin from the food matrix, and variably inter-
individual ADME (absorption, distribution, metabolism, and
excretion) patterns.”” It is important to state that the corre-
lations in the above meta-analysis varied between populations
and countries, ranging from 0.12 in India to 0.53 in Spain.
Such population-based differences could be attributed to life-
style factors, errors in food table compositions from which
vitamin C content was derived, differences in handling of
samples, or even human genetic variability due to polymorph-
isms that may affect pharmacokinetics.>*”® However, plasma
vitamin C may serve as a proper biomarker of its intake,”® an
important prerequisite prior to its assessment to act as a
marker of food group intake.

Correlation coefficients between vitamin C plasma levels
and dietary intake of fruits and vegetables as determined by
FFQ or multiple 24 h recalls has been reported to vary in the
range of 0.1-0.5.3%%" Regarding individual food items, stron-
gest correlations have been reported for citrus fruits (0.24).%"
Vitamin C is usually more abundant in fruits than vegetables
(on average, common fruits, i.e., orange or berries, have 2-3
times higher concentrations than vegetables).”® In the latter
group, green leafy vegetables and bell peppers have more pre-
dominant concentrations than any other vegetables (up to 4-5
times more, up to 150 mg per 100 g)."*** Consequently, corre-
lations appear typically higher for fruits than for vegetables. In
a study with 200 adults, similar correlation coefficients of 0.2
for vegetables and 0.49 for fruits were found for men when
comparing plasma vitamin C with dietary records,*® while for
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women correlation coefficients were lower. In addition to
fruits and vegetables, wholegrain cereals do also contain some
vitamin C, although its concentration is rather low and can be
easily disregarded.®? Overall, the high variability of vitamin C
concentrations across different food items may pose a chal-
lenge to accurately predict the amount of fruits and vegetables
ingested.®

Furthermore, vitamin C is unstable and degrades under a
wide array of conditions such as high pH, heat, oxygen (or
other oxidizing agents), the presence of certain metallic ions,
or with time in aqueous medium.** For example, storage and
processing of food items such as cooking can hugely impact
its concentration, often diminishing it by as much as 50%
from thermal processing alone.®®®>#! Upon sampling, degra-
dation of vitamin C may occur in plasma samples over time if
not properly handled. It has been reported that vitamin C
degrades even at —80 °C, being oxidized into dehydroascorbic
acid, although treatment with reducing (e.g., TCEP) or stabiliz-
ing agents (e.g., EDTA, metaphosporic acid) prior to analysis
can make the samples viable for at least 1 year when kept at
—80 °C and several hours if kept at 4 °C.*

Ingested vitamin C has a half-life of approximately 2 h in
plasma, the time during which it is either excreted through
urine’® or taken up by body tissues.”” When the daily intake
dose is below 60 mg, urinary excretion is almost non-existing,
indicating that most vitamin C will be absorbed and utilized
by the body. When the recommended daily dose of 100 mg is
taken, cells will reach a stable concentration of vitamin C that
could indicate saturation.”””® As a water-soluble vitamin, there
is no specific target tissue for vitamin C that may serve as a
marker for more long-term intake and that is easily accessi-
ble.”® However, vitamin C levels in plasma clearly drop upon
low dietary intake, from a rather normal range of 55 pM in
plasma when following the recommended daily dose to 8.7 pM
when intake drops to 30 mg day '.”” Therefore, while low
levels of vitamin C intake can likely be detected in plasma,
higher intakes are metabolically regulated (i.e., excreted in
urine) and cannot be differentiated. As vitamin C daily needs
are already covered by, e.g., 100 g leafy vegetable or citrus con-
sumption,”® this marker is possibly not well suitable to predict
whether someone is following the 5 a day (i.e., 5 times 80 g)
recommendation of fruits and vegetables.

In summary, vitamin C may serve as a reasonable marker to
assess whether a minimum daily requirement of overall fruit
and vegetable intake is met, but not for differentiating higher
amounts of intake or differentiation between fruit/vegetable
subgroups, and its analytical determination requires stabiliz-
ation of samples.

Carotenoids. Carotenoids are lipophilic organic pigments
occurring in plants, algae, and certain types of fungi.®®
Although there are >1100 compounds belonging to the
group,®® only about a dozen (especially alpha-and beta-caro-
tene, lycopene, phytoene, phytofluene, lutein, beta-cryptox-
anthin, and zeaxanthin'®’"*”) do play a relevant role in
human nutrition. For instance, f-cryptoxanthin, a- and
pB-carotenes constitute a dietary source of pro-vitamin A.

This journal is © The Royal Society of Chemistry 2024
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The intake of carotenoids may ameliorate MetS components
due to their antioxidant and anti-inflammatory capacity.®®
Studies have related higher carotenoid intake with reduced
risk of MetS.®® For instance, carotenoids play a role in cardio-
vascular health by increasing the concentrations of NO in
plasma, mainly through removal of O,". This activity could
prevent the degradation of circulating NO due to oxidation,
therefore increasing its concentrations as shown through
in vitro assays in different cell types.”® Moreover, carotenoid
may protect endothelial health, though to date results have
been inconclusive. For example, four months of lycopene sup-
plementation (4-30 mg day ') did not affect ICAM-1 in plasma
as shown in a meta-analysis.”’ Although other carotenoids
(i.e., p-carotene) have been found to act similar regarding their
effect on CAM molecules,” to the best of our knowledge no
meta-analyses on the relation of their dietary intake and epi-
thelial markers have been published. While epidemiological
and interventional studies in humans have shown a protective
effect of carotenoids against CVD,”® the association between
NO and carotenoids has so far mostly been researched in vitro
on immune cells, also as animals often metabolize carotenoids
in a different way than humans.’® Moreover, concentrations
employed have often been rather high (in the mM range) and
consequently not in the physiological range.*®

The positive health effects of carotenoids are not limited to
cardiovascular health alone. Epidemiological studies, such as
the EPIC study, with over 37 846 participants, have shown a
positive association between carotenoid intake (ie., o and
B-carotene) and the prevention and amelioration of T2D dia-
betes.”® While carotenoids seem to improve insulin sensitivity
in humans,’ no significant reduction in fasting blood glucose
could be observed in a meta-analysis when astaxanthin was
supplemented (at physiological doses of 8-18 mg day ' for
8-12 weeks).”® Similar non-significant results were obtained in
another meta-analysis focusing on the natural dietary intake of
lutein in longitudinal cohorts for over a decade; most studies
did not find an association with insulin resistance (though a
significant reduction of MetS was noted).*®

Nonetheless, mechanistic models have contributed to the
plausibility of carotenoids and aspects of the MetS. It was
show that some carotenoids and their apocarotenoid metab-
olites, such as crocetin and astaxanthin, can inhibit or attenu-
ate the JNK pathway responsible for IRS-1 phosphorylation,
which is important for relaying the insulin signal to the
interior of the cell (Fig. 1). Due to their increased electrophili-
city, it appears plausible that this concerns especially the more
polar apocarotenoids or xanthophylls.®” Similarly, fucoxanthin
showed to increase GLUT4 and insulin receptors expression in
the skeletal muscle of obese mice.”*°®

Another pivotal aspect may be the ability of carotenoids to
affect gene expression through interaction with PPARs, ie.,
PPARa and PPARY.®*° PPARy acts as a key regulator in insulin
sensitivity, and its modulation may lead to reduced glucose
plasma levels. PPARy is involved in many other pathways,
including inhibition of TNF-o or adipogenesis.”*° "%
Focusing on the latter, the association between carotenoids
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(i.e. p-carotene, xanthophylls) and their conversion products
(following cleavage by BCO1 or BCO2) with adipose tissue
and adipogenesis has been clearly described®>°® and has been
confirmed in some small RCTs.'> For example, f-carotene
supplementation to mice (150 mg kg ' for 14 weeks) has
shown to produce an adiposity reducing effect through its con-
version to biologically active retinoids, including all-trans reti-
noic acid.*

The link between adipose tissue and carotenoids is further
reinforced by studies in mice demonstrating shared pathways
between adiposity, brown adipose tissue thermogenesis, and
carotenoid metabolism.®® Paradoxically, other carotenoids and
their metabolites (i.e. bixin and apo-12"-lycopenal) have shown
opposite effects in mice, acting as promotors of adipogenesis
through an agonistic effect on PPAR receptors (a and y) as
reviewed previously.”® The assays finding these associations
were mostly performed in 3T3-L1 adipocytes and found an
increased adiponectin expression as a consequence of e.g
bixin-PPAR interaction in differentiated adipocytes.®® In mice
receiving bixin for four weeks (0.5% and 1% bixin), the inter-
vention increased adiponectin without improving their obesity
status.’®!*® Therefore, the role of carotenoids towards PPAR is
not straightforward as some could play a double-edged sword
with respect to their impact on obesity and care should be
taken regarding potential supplementation.

Regarding biomarkers of intake, their intake from animal
food items, such as eggs for lutein and zeaxanthin, or astax-
anthin for salmon and crustaceans, is rather small compared
to the intake from plant based food items,®” making them
appropriate biomarkers of overall plant food intake.
Unfortunately, carotenoid concentrations can vary greatly, with
differences in up to 20 times in amount per serving between
different fruits and vegetables.'* A recent review has reported
mean correlation coefficients between various carotenoid
intakes and their plasma levels to vary between 0.17 (zeax-
anthin) and 0.45 (beta-cryptoxanthin),®” possibly owing to the
same reasons that affect vitamin C variability, including large
variability of carotenoids in fruits/vegetables and relevant data-
bases. In addition, extremely variable inter-individual bio-
availability even in homogeneous populations has been
reported, with values reaching 137% CV in the case of
lutein.'®® This variability is surely a limitation for employing
carotenoids as biomarkers of their intake for the
individual."®®'%” Nevertheless, their plasma levels have been
proposed as a suitable marker for overall fruit and vegetable
intake with a mean correlation of 7 = 0.40,'°%'% especially as
their occurrence in grains, except for corn (up to 800 pg per
100 mg lutein/zeaxanthin) is rather low."*°

Among carotenoids, intake of beta-carotene is highest in
most countries, followed by lycopene and lutein.®” Lutein and
zeaxanthin are stereoisomers, which may additionally hamper
their separate identification. Lutein is usually the most abun-
dant carotenoid in fruits and vegetables and is found in high
concentrations in spinach, kale, broccoli, and other green leafy
vegetables.''" B-Carotene can be found in orange vegetables
such as carrots (also a-carotene in lower concentrations), sweet
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potato, or green leafy vegetables. p-Cryptoxantin is found
rather specifically at high concentrations in certain fruits,
including citrus fruits, peaches or papaya'®“''> and may
present a good marker for their intake. Nonetheless, pro-
vitamin A carotenoids may be cleaved by B-carotene oxygenase
1 into vitamin A. Therefore, these carotenoids may present a
less reliable marker of intake, given that bioconversion to
vitamin A is depending on vitamin A status.'*?

Another special case constitutes lycopene and tomato pro-
ducts, as it is the most abundant carotenoid in tomato fruits.
This makes lycopene a promising biomarker of tomato
intake.''®> Moreover, tomato-derived products such as ketchup
or tomato sauce, which are predominant in Westernized
dietary patterns, provide the biggest dietary source of lycopene
(due also to their high lycopene bioavailability that is much
higher compared to unprocessed tomatoes''?) for many
persons.’”® This makes of lycopene not only a marker of
tomato intake but also potentially of adherence to Westernized
dietary patterns.®’

In addition to plasma levels, novel non-invasive methods
have been developed recently that show moderate correlations
between intake and carotenoids in tissues. This is the case for
skin carotenoids assessed through Raman spectroscopy, which
have been correlated with plasma (r = 0.69) and total dietary
carotenoid (r = 0.29) intake recently.'*®""> Apart from the skin,
other tissues can act as reservoirs of carotenoids and be used
to measure fruit and vegetable intake. For example, lutein and
zeaxanthin are the only dietary carotenoids to accumulate in
the macula of the eye; their measurable optical pigment
density (OMPD) has been proposed as a good marker,
especially for vegetable intake. In a recent meta-analysis by
Wilson and colleagues, a mean difference (CI 95%) of 0.11
units as per DerSimonian and Laird method between high and
low intake of lutein/zeaxanthin from vegetable sources
(>20 mg day "), and OMPD has been found.''® Otherwise,
carotenoids accumulate in the adipose tissue (lycopene and
B-carotene),®” the liver (especially beta-carotene®”), and in the
brain (lutein),®” all tissues that are not normally accessible for
allowing their use as a biomarker.

Regarding dietary factors, the bioavailability of carotenoids
is mostly related to the lipid content of the food matrix and
the cooking status, i.e., maceration of the plant cells. Given the
lipophilic nature of carotenoids, these will be more easily avail-
able when high amounts of lipids are present in the food
matrix."'* While cooking may increase the availability of caro-
tenoids, they are also thermolabile. Therefore, there is a
complex balance between these two components regarding the
availability of carotenoids. Moreover, carotenoids are, due to
their antioxidant nature, likely oxidized and metabolized into
other products, such as shorter apo-carotenoids,'* which may
somewhat limit their use for long-term markers of plant based
intake.®>'"" However, reasonably long plasma half-lives have
been reported. In the case of depletion studies using labeled
isotopes, half-lives of carotenoids in serum ranged between 27
days for lycopene and 66 days for lutein.''” Meanwhile,
plasma half-lives after single dose studies were significantly
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lower, 2-7 days, with lycopene having the shortest half-live and
B-carotene the longest."'” Both findings suggest that caroten-
oids could be a suitable marker regarding mid-term supply of
dietary derived carotenoids from fruits and vegetables.

Though carotenoids are generally susceptible to heat,
oxygen, and light, their stability during analyses and storage is
sufficiently high, up to 10 years at —80 °C and one week at
4 °C.'® An outstanding criterion is their extremely high mole-
cular absorption coefficient, making them suitable for detec-
tion by UV-Vis, even without prior separation by LC or
LC-MS.'"® Therefore, due to their reasonably long plasma half-
life, their predominant occurrence in fruits and vegetables, as
well as their good detectability by UV-Vis methods, these pig-
ments appear to constitute a decent marker of choice of fruit
and vegetable intake. However, rather than employing overall
carotenoid concentrations, individual carotenoids are likely
more promising markers for fruits/vegetables, such as
B-cryptoxantin for fruit intake, lycopene for tomato products,
and f-carotene for overall fruit/vegetable intake.

vitamin E. Vitamin E constitutes a group of eight vitamers,
4 tocopherols and 4 tocotrienols, of which a-tocopherol is the
main and most active form.'*° With respect to MetS, much
focus has been dedicated to reduction of hypertension and
vitamin E and its protective effect.">' For example, a recent
meta-analysis encompassing over 18 interventional studies,
and 839 participants, studied the effects of high-dose vitamin
E supplementation (amounts ranging between 80 and 1206 mg
day ' depending on the study) to reduce hypertension, much
higher than the RDA for vitamin E of 15 mg day ' for
adults.'* The analysis only found significant effects of
vitamin E for lowering systolic blood pressure but no effect on
diastolic or mean arterial pressure.'”® The effects were
explained by the reduction of circulating ROS that protect NO
against degradation. Vitamin E has also been shown to
promote prostaglandin I2 levels, another vasodilator, at least
in vitro using human cells. However, this association appeared
tissue dependent and has not been studied in animal
models.'?>123

Absorption of tocopherols has shown a high variability,
ranging from 20 to 80% due to saturation of transporters,
sequestration by the food matrix, or genetic factors."*® Most of
the vitamin E in the body (90%) is accumulated in the adipose
tissue for long periods, followed by the liver."”® After a
depletion diet of 4 weeks in rats, no reduction in the levels of
tocopherol was observed in the adipose tissue while they were
depleted in the liver,"*° suggesting that tocopherol stored in
the liver is more readily available than from the adipose tissue.
Therefore, plasma levels appear to be strongly homeostatically
regulated, which would impede their use of a marker of
dietary intake. Indeed, concentrations in plasma are usually
low, around 27 nmol mL™*.*2*

Nevertheless, some studies have found good correlations
between total vitamin E intake estimated by an FFQ in 300
adults and plasma concentrations of a-tocopherol, ie. 0.51
and 0.41 for men and women respectively,">> correlations
which were higher than for carotenoids, though those findings
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were likely driven by the intake of supplemental vitamin E.'**
Other studies that have tried to draw correlations between
dietary intake of vitamin E and circulating plasma levels of
a-tocopherols have either been unsuccessful or found a corre-
lation driven by the use of vitamin E supplements rather than
by the background diet itself.'**'*® However, another issue is
that tocopherols can also be found in seeds, oils, and
cereals,'?*'3® which interferes with their use as a marker for
fruit and vegetable intake, making it necessary for it to be
measured together with other biomarkers of food intake to
gain specificity.”*""** Some bacteria, invertebrates, and fungi
also synthesize vitamin E, though they are not relevant from a
dietary perspective.

Analytically, vitamin E appears to be reasonably stable upon
analyses, and storage at —20 °C resulted in 5 months of stabi-
lity, while the samples remained viable for more than
28 months if stored at —70 °C.*** Tocopherols and tocotrienols
can be detected at high sensitivity by fluorescence methods,
given their separation form the matrix such as by chromato-
graphic methods such as HPLC."** Taken together, while some
of its characteristics, such as its presence in plant matrices,
good storability, and analytical detectability, make vitamin E a
good candidate for a biomarker of food intake, it also has
some major limitations, with the most notable being its
homeostatic regulation.

Polyphenols. Polyphenols are secondary plant metabolites
found mostly in plants though also in mushrooms and
algae;"*>"*° they can be divided into five groups according to
their chemistry: flavonoids, which are the most common and
numerous group; phenolic acids; phenolic alcohols, stilbenes,
and lignans."” Overall, the >8000 polyphenols are the most
abundant and frequently consumed phytochemicals in human
diet, with dietary intakes of about 1-3 g d*.138714°

Dietary polyphenol intake has in general been associated
with positive effects on human health, especially cardiometa-
bolic health,*” mostly due to direct antioxidant/quenching
effects'*" and due to their influence on cellular signaling cas-
cades, especially Nrf-2.'** Regarding their association with
MetS, studies have shown that different types of polyphenols
(e.g. anthocyanins) have a clear protective effect.**'** Overall,
a large number of polyphenols have been reported to exert a
positive effect on blood pressure reduction, endothelial func-
tion improvement, increase of total antioxidant capacity in the
body, reducing inflammatory responses, and glycemic control
and insulin metabolism, among other benefits.'** Some of the
most studied polyphenols such as hydroxytyrosol present in
olive oil, or resveratrol present in red grapes and wine have
been reported to increase NO production and endothelial NO
synthase both in vitro and in vivo using mice models, which in
turn would reduce blood pressure.'****¢ Although some poly-
phenols seem to be capable of regulating hypertension com-
ponents, conflicting data is reported in the literature."** For
instance, EGCG (a green tea polyphenol) has been found to
inhibit the inducible NO synthase in macrophages by decreas-
ing the activation of NF-B, therefore reducing immune
responses associated with this gene.*>'?
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Total urinary polyphenol excretion was linked in the
PREDIMED study with a decreased concentration of VCAM-1
in plasma, a molecule related to cardiovascular health.'*®
Similar observations have been made focusing on polyphenol
subgroups (i.e., anthocyanins) for both VCAM-1 and ICAM-1,
as shown in a meta-analysis of RCTs."*® The anti-inflammatory
properties of polyphenols have also been shown to interfere
with cytokine signaling pathways in inflammation-mediated
RAS, by downregulating NF-kB in activated B cells,"*® reducing
the circulating levels of IL-6 and TNF-a.

The protective effect of polyphenols on hyperglycemia
control has been explained by two different mechanisms. First,
by improving the regulation of postprandial glycemic
control.’** Though the underlying mechanism is not under-
stood, it is speculated that an insulin mimetic activity and/or
the reduction of intestinal glycosidase by polyphenols may be
involved in the process.™*® Secondly, by regulating glucose and
insulin metabolism through inhibition of a-amylases and
a-glucosidases during digestion, hampering glucose release
and thus intestinal uptake.'**'*! Furthermore, certain poly-
phenols (i.e., naringenin found in grapefruits and oranges or
tea polyphenols) can inhibit glucose absorption in the intes-
tine through inhibition of sodium dependent glucose trans-
porter 1 (SGLT-1), as shown in different intestinal epithelial
cell models."®® Other polyphenols, such as quercetin, can
interact with different signaling cascades (e.g., phosphoinosi-
tide 3-kinase (PIK3) and c-Jun N-terminal kinase (JNK)). These
interactions can (at least in vitro) attenuate insulin resistance
through increased GLUT 4 translocation."**'*> When these
results from in vitro studies were tested in healthy volunteers,
the effects were usually not as pronounced, mainly due to
limited amounts of polyphenols found in diet and especially
due to limited bioavailability compared to in vitro models,
often employing supra-physiological doses of 10 pM or
higher.'*?

As for the effect of polyphenols in adipogenesis there is
insufficient available information in humans, although studies
have been carried out in rodents as well as in vitro.">* Most
polyphenol supplementation in vitro has been shown to inter-
act with the PPAR-y pathway, with some exceptions such as
catechins and quercetin.’®>'*® In a small RCT with 25 partici-
pants supplementation with resveratrol and EGCG for 12
weeks reduced energy metabolism and cell turnover, although
no effects could be noted regarding adiposity size or mor-
phology."** Furthermore, interactions with SIRT-1 an enzyme
linked to the production of brown adipose tissue have been
established.'”® Nonetheless, the majority of these studies were
done in vitro with often supra-physiological concentrations."®
Therefore, the actual effect of polyphenols in inducing brown
adipose tissue differentiation remains unknown.

The main issue with polyphenols as biomarkers of intake is
that they are largely metabolized and transformed by entero-
cytes and the liver through phase I and II enzymatic reactions
and by the gut microbiota in the case of the non-absorbed frac-
tion."®” In the gut epithelium, polyphenols can be conjugated
into O-glucuronides, O-methyl ether, or sulfate esters, which
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can further metabolized in the liver."”® Those phenols that
were not absorbed in the small intestine are transformed by
the gut microbiota into phenolic acids, i.e., small aromatic
compounds in the colon.’®® Meanwhile the gut microbiota
uses the sugar moiety as energy, cleaving the aglycon,'*® and
in part stimulating the growth of short chain fatty acid (SCFA)
producing bacteria and therefore the concentrations of SCFA
in the host organism."’ It is estimated that >95% of polyphe-
nolic intake suffers some type of modification before reach-
ing the circulatory system.'” Due to these extensive trans-
formations, use of specific phenolic compounds to assess
dietary intake may be complex as there are many unknown
details regarding their metabolism,"”” with a great inter-
personal variability on their ADME."® Due to their extensive
metabolism, final plasma concentrations are typically not
very high, e.g. 10-50 nmol L™" in the case of anthocyanins,®°
as most polyphenols, at least in their native form.
Meanwhile, metabolites can reach higher concentrations of
up to 4 pM.**°

The use of non-specific methods to measure polyphenols,
such as the Folin-Ciocalteau or the Lowry method has been
widely applied in the past to identify total phenolics.'®
Nevertheless, this technique may also give positive results with
other reducing compounds, such as for EDTA (often used in
blood vials as anti-clotting factor), ammonium sulfate (used as
a food additive especially in some baking products), vitamin C,
and even some reducing sugars.'®"'®* Therefore, such markers
are too unspecific to be reliable. Recently, MS has become
more affordable for researchers, which would allow for detect-
ing polyphenols at low concentrations and give insights into
the specific compounds in the sample, which can be useful for
those related to specific food items. HPLC may constitute a
compromise, but due to lower sensitivity and resolution, poly-
phenol metabolites such as glucuronides and sulfates may
need to be cleaved enzymatically (e.g. as obtained from Helix
pomatia) in order to reach enough sensitivity.'®

Given their abundance and relatively high concentrations of
polyphenols in vegetables and fruits (ca. 300 mg per 100 g (ref.
164)), total phenolics have been proposed to be a suitable
marker for their intake. It has been stated to be a more reliable
biomarker than carotenoids or vitamin C, as its concentrations
are more stable across vegetables.'®®? Although it is viable in
theory, the use of total phenols to asses fruit and vegetable
intake has not been tested in detail in humans.'®
Furthermore, whole grains also have high levels of polyphe-
nols, mostly ferulic acid, up to 200 mg per 100 g."*” Thus,
caution is advised when using them as biomarkers for fruit
and vegetable consumption.

Looking into polyphenol subgroups, flavonoids have been
proposed as complementary biomarkers to vitamin C and caro-
tenoids for fruit and vegetable intake,'® as good correlations
between their plasma levels (i.e., their glucuronide/sulfate
metabolites) and their intake (r = 0.3-0.5) have been
found.'®>'®® Nevertheless, polyphenols are usually rapidly
metabolized, and thus, and their plasma half-life is typically
short, around 1-3 hours (though some compounds such as
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epicatechins can reach half-lives close to 30 hours)."®” Their
short half-life limits their use as markers of short-term intake.
Moreover, since there is no specific target tissue where they
accumulate or are stored in the human body, no plasma half-
life is related to compartmental exchanges with any deeper
body pools, further limiting their use as more mid-long-term
markers of intake. A good example are anthocyanins, a sub-
group of flavonoids found in highly pigmented (i.e., blue, red,
orange) vegetables and fruits, especially in berries."®®

Certain anthocyanins or their combinations (also with
other polyphenols, at least in pairs of two) have thus been pro-
posed as biomarkers of various berry intake such as blueber-
ries (hippuric acid and malvidin glycosides),"®® while individ-
ual compounds were not regarded to constitute reliable bio-
markers. These methods would thus require determination of
polyphenols by MS techniques. While the parent compounds
of anthocyanins have a very short half-life due to their fast
metabolism, including already degradation under acidic
environments such as in the stomach, urinary recovery of its
metabolites may be measurable 96 hours of ingestion as deter-
mined by C* labeled berries, thus showing the potential for
using anthocyanins as a marker for berry consumption.'”®
However, some reports have emphasized the very low bio-
availability of anthocyanins, as often <1% of ingested antho-
cyanins are recovered in plasma or urine."”"

Anthocyanins are also contained in other vegetables, such
as in some types of cabbages or beetroot, hampering their use
of biomarkers of berry intake. In addition, their stability
during sample processing'’" and storage is also limited, with
losses of 40% upon storage at —70 °C during 1 month, though
with >90% for some compounds upon 3 freeze-thaw cycles.'”*

Naringenin and hesperetin are flavanones present exclu-
sively in citrus fruits,"”> though with some variability, ranging
e.g. between 70 and 300 mg per 100 g in various citrus
fruits."”* Urine measurements by HPLC and MS of these two
phytochemicals have been shown to account for a large frac-
tion of ingested flavonoids. At least within the first 4-8 hours,
a time-frame after which more than 60% of ingested flavo-
nones have been excreted via the urine,"”? although a high
variability between studies has been recorded regarding narin-
genin and hesperetin and total flavonoid urinary excretion.
Both of these flavanones’ urinary concentrations had already
been shown to correlate with fruit and, more specifically,
citrus intake (r = 0.44)."7*

Of these two compounds, hesperetin showed more promis-
ing results, due to its dose-dependent correlation between
intake and urinary excretion. Meanwhile, naringenin only
showed differences between the lowest and highest intake
groups.'”® Regarding stability, both compounds were shown to
be stable at room temperature for 24 h and three weeks at
—20 °C. Moreover, they have also been shown to be resistant to
up to three freeze-thaw cycles.'”®'”” Again, as with other poly-
phenol markers, their short plasma half-life and rapid
excretion into urine impedes their use as a long-term marker
of fruit/vegetable intake, while they could be well suited for
measuring more short-term intake.
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Additional markers. In the vegetable subgroup, sulfora-
phane, an organosulfur compound, and its derivatives have
been related to broccoli consumption and other crucifers
such as cabbage, cauliflower, and kale, through exploratory
metabolomics analyses.®! Indeed, it is rather specific for
these food items. Sulphoraphane is produced from glucora-
phanin following cleavage by myrosinases,'”® and concen-
trations of this precursor up to. 0.20 pg mg™" in broccoli were
reported.'”® Sulphoraphane reaches its highest concentration
in plasma 3 h after ingestion, being eliminated after 12 h,
with a half-life of approximately 2 h.'”® In urine, it can be
measured as sulforaphane N-acetyl cysteine, with reported
concentrations of up to 42 nmol mg™*,'*® the major metab-
olite of sulforaphane in urine that acts as a good proxy of
plasma levels and can be measured by MS. It was reported to
show a half-life of 11 h in aqueous solution at room tempera-
ture and with no detectable degradation if stored at
4 °C."7%'81 However, there is no apparent target tissue for sul-
foraphane in the human body, and the short half-life limits
its use as a more long-term marker. In addition, cooking pro-
cedures can drastically reduce sulphoraphane for reasons
that remained unclear.'®

Regarding biomarkers of fruit intake, the use of MS has
also allowed for identifying many compounds that may be suit-
able as markers of intake for specific food items. For example,
a recent review investigated 17 tropical fruits.'®® Several com-
pounds were highlighted for their promising prospects to be
used as biomarkers, but only for avocados, bananas and water-
melon candidates were recommended, while none was found
for the other fruits.

Of especial interest are perseitol and mannoheptulose,
carbohydrates made up of seven carbon atoms that have out-
standing elevated concentrations in avocados and that were
proposed to act as biomarkers of intake of said fruit.'8**8*
These molecules accumulated in urine in the hours following
avocado consumption (between 3 and 12 h after intake), thus
serving as a marker of short-term intake with good correlations
(r = 0.77 perseitol and 0.87 mannoheptulose) to avocado
intake."®*'84

Regarding watermelon, the non-essential amino acid citrul-
line has been proposed as a candidate for watermelon con-
sumption, but human studies are needed to study its robust-
ness, as citrulline is formed also endogenously.'®> A return to
normal levels (20-40 uM) was found in humans following 24 h
after watermelon consumption.’®® A 16-day supplementation
study with watermelon concentrated juice and an intake of
3.4 g citrulline per day resulted in a 3.5-4-6 times higher
plasma concentration compared to apple juice intake,®®
suggesting an interesting marker that deserves further
investigation.

In conclusion, many compounds from different plant
sources have been proposed to be used as markers of fruit and
vegetable intake. While vitamin C remains the most popular
marker, it is limited by its instability and variable content in
fruits and vegetables, though it can constitute a marker of
short-mid-term intake of fruits and vegetables if considering

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

its relatively long life in tissue storage. Vitamin E has an inter-
esting prospect, but lack of research and its presence in many
food groups limit its suitability as a biomarker of intake for
fruits and vegetables.

Other plant bioactive compounds such as polyphenols and
carotenoids are becoming more popular as they suffer less
from stability issues during food processing, intake, and
storage and may at least equally well reflect overall fruit/vege-
table intake compared to vitamin C. However, polyphenol half-
life is short, and they are subject to extensive metabolization,
which in turn poses a challenge in their measurement and
usefulness, requiring typically LC-MS-MS for polyphenol ana-
lyses so that all metabolites can be taken into consideration.
Carotenoids, as lipophilic compounds that are also stored in
tissues, may constitute more promising long-term markers of
fruit/vegetable intake, also in the sight of measuring their
status by skin or macular measures as
approaches. The reasonable good correlations with caroten-
oids and fruit/vegetable intake are also promising, but individ-
ual carotenoids, not total carotenoids should be assessed,
such as f-carotene for total fruit/vegetable intake or
B-cryptoxanthin for total fruit intake.

Currently, no BFI on the whole group fulfills all the criteria
to become a gold standard. However, lipophilic constituents
with longer half-lives that are specifically found in fruits and
vegetables, such as certain carotenoids, are likely the best
measure for overall fruit/vegetable intake, also in sight of their
detectability by affordable methods such as UV-Vis.

non-invasive

Legumes

Legumes or pulses refer to the family of plants Leguminosidae,
which produces seeds used in traditional human diets. Some
frequently consumed legumes include lentils, chickpeas,
peanuts, peas, or soybeans.’® Of said pulses, soybeans have
been the most widely studied, likely due to their high protein
content and the comparably high biological value of soy pro-
teins. Nonetheless, a growing interest in other legumes such
as lentils and chickpeas has been detected in recent
years.>""'®” In general, legumes are marked by both a relatively
high protein content (up to 50% seed dry weight, ref. 188), and
a relatively high dietary fiber content (15-30% of dry weight,
ref. 188). Although it was initially believed that legumes had a
protective effect against MetS, a recent meta-analysis has
found no correlation between legume intake and MetS."®°
Despite their central role in many diets, no markers of overall
legume intake with good specificity have been researched to
date. Nevertheless, the alkaloid trigonelline has been proposed
in multiple occasions to be a good reporter of overall legume
intake.*'

Isoflavones. Isoflavonoids, the parent group of isoflavones,
are a subclass of flavonoids that occur in vegetables and are
mostly restricted in their occurrence to legumes, especially
s0y."”® As Isoflavones are a subclass of polyphenols, most of
the health outcome properties earlier discussed also apply
here. Particularly intake of isoflavones has been linked to a
reduced risk of MetS."**
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Two predominant isoflavones, genistein, and daidzein,
have been proposed as biomarkers for pulses consumption,
and again especially for soybeans, as their concentration in
plasma and urine has shown a dose-dependent relationship
with their intake, as reviewed by Sri Harsha et al. and Lampe
et al.">" Soybeans contain approx. 2.5 mg per 100 g of isofla-
vonoids.'”® As intermediate lipophilic compounds, they are
directed to the liver after intake, where they are metabolized
into glucuronide and sulphate forms that are excreted via
entero-hepatic-recirculation and further metabolized by micro-
biota into other compounds (mostly equol and
O-desmethylangolensin (O-DMA)). Following re-circulation,
both the original compounds and the metabolites are excreted
through urine in the form of sulfates and glucuronides.'®® In
the case of daidzein, the correlation between dietary intake
(measured with FFQ) and urinary excretion (spot urine
sample) (following cleavage of glucuronides/sulfates) was r =
0.50, and for genistein, the correlation was reported at r = 0.48,
while for equol the correlation was only 0.11, likely related to
the fact that some persons are not considered equol produ-
cers.”’ The correlation for daidzein and genistein was more
accurate when 24 h urine samples were investigated, with cor-
relation factors of r = 0.72 and 0.67 respectively, while no sig-
nificant correlation could be drawn for equol.’” The same -
improved correlation with 24 h instead of spot urine sampling,
is likely true for all correlations, as this may overcome issues
related to the circadian rhythm, even when correcting spot
urine samples for urinary creatinine.'®* Urinary recovery post-
prandial is usually complete only after 36 h, which could indi-
cate its usefulness as a marker for short-term intake,*® but
likely not for habitual long-term intake, and there exists no
target organ for isoflavonoids.

Measurements in plasma have also shown good corre-
lations, although with higher variability between studies,*’
perhaps due to the rapid excretion via urine. The plasma dis-
appearance half-lives for these two compounds show varia-
bility between studies, although a good approximation would
be 8 h and 6 h for genistein and daidzein, respectively, in line
with the rapid and complete urinary excretion.*® Overall, these
two isoflavones appear as suitable markers of short-term
soybean intake, although further testing in larger and non-
controlled settings would be required for further validation.
Regarding their metabolites, equol and O-DMA, these have not
received sufficient attention in their use as BFIs of soy, likely
due to the expected larger variability in concentrations com-
pared to their parental compounds.*® Although they may reach
concentrations up to 40 times higher than the original (native)
compounds in urine, the total excretion time (4 days) and high
inter-individual variability does not make them a better fit as
BFIs than either genistein or daidzein.*

Assessment of isoflavonoid in urine and plasma can be
carried out via HPLC-UV-Vis detection," though due to lower
sensitivity of HPLC compared to MS, cleavage of glucuronides
and sulfates into the respective aglycons such as by Helix
pomatia enzymes are typically carried out."®® Finally, both gen-
istein and daidzein are quite stable after 3 months of storage
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at —20 °C, which would be a favorable attribute toward their
use as biomarkers.*°

As for other pulses, a recent metabolomics study focused
on urinary BFI of chickpea, lentils, and white bean intake."®
This study revealed some compounds that could be used to
assess short-term intake of different pulses. For lentil intake,
associations with flavan-3-ol metabolites and arginine-related
compounds were reported.'®® Regarding white beans, jasmo-
nic acid derivate compounds and pipecolic acid were reported.
Finally, protocatechuic acid glucoside served as a marker for
BFI for chickpeas. However, none of these markers has been
more rigorously studied and the amount of data on these
potential BFI is limited.

Grains

Cereals, the edible seeds of the Gramminae family, constitute
one of the most important sources of dietary fiber and energy
worldwide."®” Cereals can either be consumed as whole grains
or as refined grains, in which the nutrients and non-nutrients
in the germ and bran are removed, improving their shelf life,
texture, and popularity.’®® Regarding grain intake and MetS,
meta-analyses have proposed a reduction in MetS in persons
consuming preferably wholegrain cereals, including bread.'?
The refinement of cereals also means that the outer layer of
the seed, which contains most vitamins, minerals, polyphe-
nols, and dietary fiber, is lost."** Nevertheless, even though
the concentration of phytochemicals is low in refined
cereals,"®” it may be important due to the high consumption
of cereals throughout the day, having the same potential effect
as that of vegetables or fruits, at least in high consumers."*?
However, to date, no biomarker of refined grain intake has
been established, possibly because most of the unique bio-
active compounds in different grains are found in the outer
layers of the seed. Moreover, in most studies where novel bio-
markers have been assessed, refined grains were usually the
control group, which further impeded the finding of bio-
markers in refined grains.®® Interestingly, no study has
focused on vitamin E, ie., in the form of tocotrienols (since
they are more abundant in cereals'®®), as markers of grain
intake, even though it could be an interesting marker when
used in combination with others.

Carotenoids and polyphenols. Carotenoids are abundant
not only in fruits and vegetables but are found also in cereals,
even though at marked lower concentrations (rather around
10 pg g " (ref. 200)), while concentrations of polyphenols are
typically comparable to those encountered in fruits and veg-
etables, i.e. up to 900 mg per 100 g.>°* The health promoting
benefits of carotenoids and polyphenols discussed for the
plants and vegetables section also apply for the secondary
plant metabolite present in grains.

In the carotenoid group, the most prominent ones are likely
lutein and zeaxanthin, which have shown relatively high con-
centrations in corn (800 pg per 100 mg), constituting one of
the main dietary sources.''®*°* Therefore, zeaxanthin could be
a good marker of corn and corn products (such as corn-bread
intake), as shown in a recent study in which a moderate corre-
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lation of r = 0.181 was revealed between OMPD and sweet corn
intake.?®® However, analytically, zeaxanthin is often detected
concomitantly with lutein, with the latter carotenoid also been
found in many vegetables, thus impeding its use as a specific
marker for grain intake. The content of the other carotenoids
would be much lower than zeaxanthin and their predominant
presence in fruits/vegetables would not make them a suitable
marker for grain intake.

Regarding phenolic compounds in cereals, flavonoids and
phenolic acids are the most common ones, with levels up to
2.2 mg per g dry matter.”** Some of the latter are rare and
specific to certain grains, as it is the case of avenanthramides
(AVA), which can be found in oat.*>®® AVAs are a family of
N-cinnamoyl anthranilic acids unique to oat, and they have
shown promising results in the short-term assessment of
dietary intake.>® AVAs half-life however is short (2-5 hours),
due to the extensive metabolism they undergo in humans, as
for many other polyphenols. Moreover, the bioavailability of
these compounds seems to be dependent on the gut micro-
biota and thus shows great variability between study partici-
pants.’® Nevertheless, AVA metabolites could be found in the
urine after 8 h of consuming oat-enriched food products,*
although no correlation between them and dietary intake has
been reported yet. Therefore, their suitability as at least short-
term markers of oat intake awaits further investigation.

Alkylresorcinols and other. Alkylresorcinols (ARs) are 3,5-
dihydroxy-phenolic compounds and, thus, polyphenols with
an alkyl chain of varying length found in the outer parts of
some cereals. These compounds have been linked in some
studies with a decreased risk of MetS and T2DM.?°**%” ARs
with odd-length chains are only found in wheat, rye, and
barley grains. Meanwhile, ARs with even-length chains have
been reported in quinoa. Since ARs are exclusively present in
cereals, they have been proposed as markers of their
intake.**2°® Odd length ARs are the most widely studied BFIs
of grain, and their half-life in plasma after intake of grains is
about 5 h, which allows assessing short-term intake.**>®
Urinary levels of 1,3-dihydroxy-benzoic acid (DHBA) and 3-(1,3-
dihydroxyphenyl)-1-propionic acid (DHPPA), metabolites of
ARs have been positively correlated (r = 0.4-0.6), with wheat,
rye, and barley consumption. Moreover, they have also been
proposed as a marker of gluten consumption (since only
gluten-containing grains have -odd-length ARs).>*°

On the other hand, even length-chained ARs seem to be
greatly present in quinoa, and thus they could be used as a
biomarker of quinoa intake, although research has not been as
extensive as for odd chain ARs.*° Interestingly, ARs accumulate
in adipose tissue and thus may be used as a long-term BFI as
its concentrations in adipose tissue correlate strongly (r = 0.6)
with intake.*'® Although a good correlation (r = 0.49-0.81)
between plasma and adipose tissue ARs has been reported, the
turnover rate and half-life of ARs in adipose tissue have not
been studied in detail to our knowledge.>'*

Benzoxazinoids are another group of lipophilic, naturally
produced secondary plant metabolites that are mostly found
in wheat and rye grains that can be both identified in flours
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and bread products (2.3-3.3 mg per g dry weight). Although
intake of products containing benzoxazinoids has been shown
to increase their concentrations in plasma and urine, the cor-
relation between intake and concentrations in humans is still
poorly understood, with high variability between studies,*®
possibly due to the high variability in their bioavailability.
Benzoxazinoids are usually excreted either non-metabolized or
as phase II metabolites conjugated with sulfate groups or
glucuronides.””

Overall, and besides their ubiquitous presence in the
human diet, not many BFIs of cereals have been researched.
ARs seem to be a promising marker given both their short and
long-term good correlations with intake and concentrations
with adipose tissue. Moreover, AVAs and other polyphenols
may act as promising markers, but not enough evidence to
support this claim is available yet.

Nuts, seeds, and oils

Although nuts, oils, and seeds are (i.e. botanically) part of
fruits and vegetables, these are usually considered as a separ-
ate food group, due to their high level of proteins, fats, and
energy. The reason for grouping these three food components
together is that they share a similar nutrient profile, being rich
in FA, especially PUFAs and MUFAs, and this group has shown
health benefits against the risk and treatment of MetS, as
reported in several meta-analyses,>>*'* despite obvious differ-
ences in protein content between the three. To the best of our
knowledge, no BFI has been described that reflects the intake
of the whole group, but rather, BFIs for individual food com-
ponents have been mostly researched.

Fatty acids. Omega-n-3-PUFAs have been associated with
improved insulin sensitivity for some time.®* The most
accepted theory at present is that n-3-PUFAs are capable of
improving p-oxidation in cells, which decreases both lipid
accumulation (and its associated lipotoxicity) and ROS
accumulation, both triggering inflammatory responses.®” In
addition, n-3 PUFAs are generally ascribed to exerting an anti-
inflammatory response.®* Their acting as precursors for resol-
vins, anti-inflammatory molecules capable of acting in very
low doses downstream of TNF-a, and anti-inflammatory pros-
taglandins could be a contributing factor to the observed
health benefits that has been observed in both in vitro and
small clinical trials.>'>?'® Regarding MetS, several studies have
proposed a reduction in MetS risk with increased consumption
of PUFAS.?"’

Oils and nuts are the main natural sources of PUFAs and
MUFAs in the diet, and both a-linoleic acid (PUFA) and oleic
acid (MUFA) have been proposed to be BFIs of certain types of
oil and walnuts, which are especially rich in PUFAS.*'®2%°
Unfortunately, these FAs are rapidly metabolized, transformed,
or stored.””’ Although approximately 1% of the total FA in
adipose tissue accounts for a-linoleic acid, the fluxes between
adipose tissue and blood have not been characterized,*
which limits their use as long term markers. Additionally, con-
centrations of FAs in food items may vary greatly in the same
food according to season, country of production, or even
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variety, as it happens for olive 0il.>** For these reasons, FAs are
not recommended as standalone BFIs but rather to be used
with other BFIs, such as urolithins in the case of walnuts,'!
as described in the following section.

Polyphenols and metabolites. Urolithins are the result of
the heavy metabolism of the hydrophilic polyphenols ellagi-
tannins and ellagic acid in the gut microbiota.”*® Urolithins
have been shown to exert protective effects against certain
cardiometabolic diseases such as type 2 diabetes and
MetS.?** Cellular models have shown an immune suppressor
capacity of urolithins inhibiting ROS production in white
blood cells and suppression of inflammatory cytokines, such
as IL-6 or TNF-a through inhibition of the upstream NF-kB
pathway.”** Furthermore it has been shown to increase life-
span in the flatworm C. elegans through a protective stress
against OS caused by mitochondrial ageing.”*® Another clas-
sical component of MetS, dyslipidemia, has also been
shown to be ameliorated through the actions of urolithins,
mainly through an increase of fatty acid oxidation that
reduces circulating tryglicerides, all being mediated by an
AMPK pathway activation as shown in human adipocytes
and hepatocytes.?**

Ellagic acid (urolithins parent compound) occurs in many
vegetables but has its highest concentrations in berries and
walnuts (up to 1900 mg per 100 g (ref. 226)), which constitute,
in that order, their main dietary sources.**® Unfortunately, for
that reason, urolithins alone cannot act as BFI of walnuts;
thus, it has been proposed that the unique FA composition of
nuts in combination with urolithin concentrations can be
used to indicate nut consumption.®®'** Phase II metabolites
of urolithins have shown to have a half-life in plasma of
approximately 24 h,>*® enabling their use for short-term intake
markers. Nevertheless, the lack of dose-response correlation
studies for walnut intake with urolithins may also impede the
task of using them as adequate markers of intake. Especially
as it has been hypothesized that ellagitanin bioavailability
(and thus urolithins excretion) is greatly dependent on the
food matrix composition,"*! as non-absorbed ellagitanins will
be transformed into urolithins in the gut, although this
process is further dependent on the host gut microbiota.'>”

Additionally, the high selenium concentrations present in
nuts, together with other minerals, can give an extra dimen-
sion to the biomarker analysis and improve the specificity to
be employed as a multi-modal marker for nuts intake.'*
Nevertheless, the strict homeostatic regulation of circulating
trace elements may not allow for their use as reliable bio-
markers.>”” In addition, Se concentration is very variable in
nuts, ranging between 0.2 and 512 pg g '. Especially Brazil
nuts can be an excellent source of Se, but as it is a ubiqui-
tously present trace element, it cannot be used alone as a
marker of the intake of nuts.***

Finally, the polyphenol hydroxytyrosol and its metabolites
have also been proposed as BFIs of olive o0il."** Hydroxytyrosol
is also regarded as a lead compound of olive oil to which a
health claim by EFSA has been granted.** The excretion of
urinary hydroxytyrosol has been correlated with the intake of
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olive oil in multiple studies, although the exact correlation
coefficients have not been disclosed. Hydroxytyrosol excretion
usually occurs in the first 6 h post consumption, mostly in the
form of different metabolites, as it is common for polyphe-
nols.”** Therefore, it may constitute at best, a marker of short-
term intake. Furthermore, hydroxytyrosol also occurs in other
food items such as wine, which is, after olive oil, its second
predominant dietary source, and it may be intimately linked
(as olive oil) with Mediterranean diet styles.**°

Meat and fish

Meat. Meat is a dietary component originating from animals
that is rich in proteins and fat and that is predominant in
Westernized dietary patterns. Although a nutrient-rich food,
its excessive intake has also been associated with several
health issues,”*' including the increased risk of developing
MetS.”** Some meta-analyses have related meat consumption
with the risk of developing MetS."? Two categories of meat are
widely recognized according to their components and animal
source: white and red meat. However, regarding the risk of
disease, especially processed meat (RR = 1.35) has been associ-
ated with an increased risk of cardiometabolic diseases,
including MetS, while white meat has even shown a protective
effect for MetS (RR = 0.86)."

Regarding total meat intake, histidine-derived compounds,
i.e. dipeptides, have been proposed as markers. These include
3-methylhistidine (3-MH), a compound with very low endogen-
ous formation in humans (3 pmol kg™ day '),>** but that can
be found in meat in higher concentrations (>120 pg g~ *).>**
This high specificity to animal products has led some
researchers to propose 3-MH as a BFI of total meat intake as
measured by LC-MS. Unfortunately, 3-MH has poor stability
even when frozen, resulting in significant losses during
5 months storage at —40 °C.*** Additionally, not much is
known about its metabolism or kinetics in plasma or urine.
Moreover, it has been shown that many factors, such as age,
gender, or frailty, may also affect the levels of 3-MH.>*° Finally,
it may also be indicative of the intake of fish.*

Besides the apparent limitations, its levels in plasma and
urine have been analyzed and correlated well (R = 0.6-0.7,
depending on the population) with total meat intake, as
assessed through FFQ and 24 h recalls.”®”**®* Moreover, the
dipeptide anserine (3-MH + alanine) has also been linked with
meat intake, although it is not clear whether it can be used for
the whole group intake or only for poultry intake.”*”**°
Another BFI of total meat intake that has traditionally been
used is total nitrogen in urine.>*® Nevertheless, N concen-
trations in urine are rather linked with protein rich food
intakes, which includes other groups such as legumes.**
Given the lack of specificity and the presence of more promis-
ing biomarkers, total N or urea concentrations are not further
discussed in this review.

Fish intake. The protective effect of PUFAs and MUFAs (see
also section nuts, seeds, and oils) as anti-inflammatory and
antioxidant molecules is likely at least in part explaining the
positive role that eating fish can have on risk of MetS.>*!**?
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Dietary fish intake has traditionally been studied using the
n-3-PUFAs docosahexaenoic acid (DHA) and eicosapentaenoic
acid (EPA) concentrations in blood and serum.>** Even though
o-linolenic acid (plasma half-life 1 h),>** a substrate for both
DHA and EPA, is present in other food groups, the conversion
rate to these FAs is very low in humans (0.2% for EPA and <1%
for DHA).>*® Thus, fish can be considered the predominant
source of EPA and DHA,*** whose plasma half-lives have been
reported as 2-3 days and 1 day, respectively, although a high
variability between persons has been registered.>****> Those
half-lives would allow for a midterm (1 week) assessment of
diet, especially in the case of EPA.

However, other factors may affect n-3-PUFAs levels besides
diet, such as age, sex, or smoking status.>*® Although these
factors affect the circulating levels of n-3-PUFAs, they can be
accounted for in statistical models. Moreover, they do not
change diet as the main source for changes in n-3-PUFAs con-
centrations in plasma.>’® Some authors have claimed that
cooking techniques (i.e., frying) of fish may also affect EPA and
DHA concentrations,**” which remains controversial, as many
studies have not found such an association.>*®?**° Intake of
total seafood assessed through FFQ has been shown to corre-
late moderately (r = 0.2-0.4 depending on the ethnic group)
with plasma levels of EPA + DHA.**” N-3-PUFAS are very sus-
ceptible to oxidation; thus, samples used for testing these bio-
markers should be handled carefully to prevent lipid peroxi-
dation.**® Storage at —75 °C of blood samples containing EPA
and DHA keeps the concentrations without significant
reduction even after 6 months. Moreover, treatment with anti-
oxidants such as butylated hydroxytoluene may be a suitable
alternative for storage at room temperature or 4 °C when
—75 °C freezing may not be immediately possible.>**

Besides the limitations they may face, n-3-PUFAs are widely
regarded as strong biomarkers for fish intake.>*> Their concen-
tration is typically determined by GC-MS following methylation
of the fatty acids, a method that has become reasonably avail-
able,”” though it is still not used in clinics.

Another molecule that has been linked with fish intake is
trimethylamine-N-oxide (TMAO), which can be measured in
both urine and plasma. TMAO intake has been further been
discussed to be also a promising marker related to human
health, as it has been associated with several obesity related
diseases, including MetS.>** It is of remarkable interest as a
mediator of inflammation.?*® Although it has been linked to
cholesterol metabolism and pro-inflammatory cytokines, the
full underlying mechanism being not fully understood.>*®
Most TMAO (>95%) is excreted through urine with a peak after
24 h of intake.””” While plasma levels reach a peak around
12 hours after intake, it's plasma half-life has not been
reported to the best of our knowledge.>*’

TMAO is formed in humans after the oxidation of trimethyl-
amine (TMA), which also originates endogenously from the
metabolism of choline.>*® This metabolism of choline into
TMA seems to be achieved by the gut microbiota after the
small intestine transporters are saturated at concentrations of
choline around 300 pM.>*® 1-Carnitine has also been reported
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to be metabolized into TMA.>*® Seafood is high in TMAO.**
Thus, fish are direct dietary sources of this compound.>*®

Although fish intake had shown to increase plasma levels
of TMAO significantly, a correlation between fish intake and
plasma TMAO levels had not been drawn until recently.?*” In a
recent study analyzing two independent cohorts, TMAO
plasma levels have been shown to correlate positively with n-3-
PUFAs intake (r = 0.22) and fish intake (r = 0.215).%%
Unfortunately, TMAO can be obtained from other dietary
sources apart from fish, as its precursors (choline and
L-carnitine) can also be found in vegetables, grains, and
poultry.”*” Moreover, the same study that drew a correlation
between fish intake and TMAO also found -correlations
between TMAO plasma levels and vegetables, as well as whole-
grain products (r = 0.27 and 0.20, respectively).*®' Analysis of
TMAO from plasma or urine samples is typically carried out
via HPLC-MS, NMR, or UHPLC-UV.2°'2%3 TMAO has been
shown to be stable in plasma samples for up to 5 years if kept
at —80 °C.***> Thus, although a promising short-term bio-
marker of fish intake, it should always be used in combination
with other BFIs.

In conclusion, 3-MH is one of the most promising BFIs for
assessing total meat intake, given its high specificity, its corre-
lation with meat intake, and the cross validation with FFQs.
While it fulfills many of the criteria to be considered a good
BF], it is still necessary to conduct more validation projects in
larger populations before being able to be used in research
and clinical practice. Additionally, more research on its metab-
olism and kinetics are needed. Moreover, it has poor stability
upon storage. Overall, 3-MH may be a good tool for assessing
total meat intake, but it is not selective as it can be taken up
from fish, which does not allow contrasting meat and fish
intake regarding their different associations with health out-
comes. Thus, other markers may be used in conjunction to
differentiate from fish and seafood intake, which could
include circulating n-3-PUFAs (DHA and EPA) and TMAO.
These two have shown promise in their correlations and stabi-
lity, with the main difference being that TMAO is less specific
for fish and seafood and thus it should be used in conjunction
with DHA and EPA, which are possibly the most specific asses-
sable short/mid-term markers related to fish intake.

Dairy products

Overall, besides the global importance of dairy foods in many
diets and health benefits, not many markers for whole dairy
consumption or for specific components have been identi-
fied.?®* Overall, the relation of total dairy consumption and
risk of MetS is not very strong,”®® although meta-analyses have
shown clear associations between milk and yogurt consump-
tion and a protective effect against MetS.>*® Some fatty acids
found in dairy have been proposed as markers of total dairy.
Furthermore, products of dairy fermentation, such as acylgly-
cines in cheese, have also been suggested for selected dairy
products.>®”

Fatty acids. The most popular markers to assess dairy intake
are dairy-characteristic fatty acids. To this end, both pentade-
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canoic acid (C15:0) and heptadecanoic acid (C17:0) have
remained popular markers of full fat dairy intake.?%26%2%9
These fatty acids originate from bacterial fermentation in the
rumen of cows and are thus specific to the intake of ruminant
derived food items.?”® Nevertheless, the correlations between
these FAs and dairy intake have shown high variability
between studies, possibly due to the varying degree of the pro-
duction of such fatty acids related to ruminal fermentation
between dairy products.”’! Moreover, they have also been
associated with other dietary components besides dairy pro-
ducts (i.e., populations with a high intake of fish).>** These
fatty acids are, like the even-numbered fatty acids, similarly
distributed and metabolized in the body, and thus, their half-
life in plasma is relatively short, with a peak in plasma concen-
trations after 4 h of consumption.?”?

Other studies have shown associations between different
sphingomyelins and dairy intake; nevertheless, the data is still
very limited, and sphingomyelins are present in other foods as
animal products or nuts.?®*?°7?73 Thus, the use of FAs to
assess total dairy intake is questionable, and better BFIs
should be developed, not only in sight of their specificity but
also regarding their short half-life.

Acylglycines and carotenoids. Acylglycines have been tra-
ditionally used to detect inborn metabolic defects through
urinary analyses (i.e., p-oxidation defects), and until recently,
they had never been related to the intake of any dietary
component.’***”* The presence of some acylglycines (isovaler-
ylglycine, isobutyrylglycine, and tiglylglycine) in urine after
cheese intake was reported by MS-LC by Hjerpsted and col-
leagues over a decade ago and hypothesized to have an origin
in bacterial fermentation that occurs during cheese ripen-
ing.””> Since acylglycines have not been associated with any
other food component to date, they constitute a promising
marker for cheese intake. Unfortunately, and although it was
first reported over a decade ago, this correlation has not been
further studied to the best of our knowledge. Some products
may be very specific to the specific cultures used during
cheese ripening. For instance, red smear ripened soft cheeses
produce very specific carotenoids, allowing for unique identifi-
cation of the consumption of these cheeses, at least in
theory,”’® as very little is known on the understanding of the
ADME of these carotenoids.

Overall, BFIs for dairy consumption remain elusive. In most
cases, components derived from bacterial fermentation that
originate from the different types of dairy have been the target
for BFI development. Unfortunately, those compounds are
either not specific enough (i.e., FAs), have a short half-life (i.e.,
FAs), or their metabolism is poorly understood (i.e., acylgly-
cines and bacterial carotenoids). For this reason, no BFI has
received enough validation to be further used in research, and
the search for an appropriate marker continues.

Beverages and drinks

Total alcohol. Alcohol consumption has been reported in
some instances to produce some positive health effects regard-
ing cardiovascular diseases,>”” however this results are gener-
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ally discussed within the scientific community. Regarding its
effect on MetS the effects are more discussed and while
alcohol abuse is positively linked to MetS risk, moderate con-
sumption has again been argued to have a protective
effect.>””*”® Total alcohol consumption can be measured by
ethanol metabolites such as ethyl glucuronide and phosphati-
dylethanol.””® Both of these markers can be detected in serum
and urine after a few hours of consumption and for several
days after intake, thus being useful biomarkers of short and
mid-term intake.?”® They are also fairly specific as they are
derived almost only from ethanol containing drinks. An inter-
esting approach is studying their concentration in hair
samples, which can reflect a much more long-term marker, up
to 12 months.?®° Detection of alcohol metabolites in hair has
attracted some attention in the past decade, as it shows a good
correlation with intake (r = 0.54-0.89)**° and can easily be
detected by LC/MS and GC/MS.*®" Moreover, the samples show
good stability upon storage, although in controlled environ-
ments, alcohol metabolite stability has only been analyzed for
a few months. Ethyl glucuronide has been employed for asses-
sing drinking habits from XIX century mummies’ hair.*®!
While total alcohol BFIs can be very useful (e.g., forensic diag-
nostics), it would also be of interest to develop biomarkers that
allow for further characterization between some of the most
popular alcoholic drinks (i.e., wine and beer),”®* as differences
may exist regarding health related outcomes for some of them,
such as for red wine. Disputes still exist on whether certain
sources of alcohol may have less negative health consequences
compared to other sources due to other components present
in certain drinks, such as polyphenols (wine) or humolone
from hops (beer).>”7*%

Wine. Wine, and especially red wine, due to the maceration
process that extracts the contents of the grape skin into wine,
is a fermented alcoholic drink rich in plant bioactive com-
pounds. These compounds, most of which are polyphenols,
have been proposed to be used as BFI of wine intake.’® The
health promoting benefits of polyphenols (chapter fruits/veg-
etables) surely contribute to the reported health benefits of
wine. Regarding tartaric acid, although some epidemiological
analysis have found correlations with improved health status,
a mechanistic link has not been validated to our knowledge.***

Resveratrol is one of the most prominent polyphenols
present in wine, in some cases reaching concentrations of up
to 36 mg L™',*® and has been extensively researched together
with its most common phase II metabolite (cis-resveratrol-o-
glucuronide), as a BFI of wine intake. These compounds can
be detected in plasma within 1 h of intake and have a plasma
disappearance half-life of approximately 9 hours.*®®
Resveratrol and its metabolites show an association with wine
intake, although it is not known whether there is a clear dose-
response relationship.’® Nevertheless, since resveratrol is
present in grapes, the consumption of this fruit or its derivate
(i.e. grape juice) may be related to the presence of resveratrol
in plasma.>*° However, the short half-life of most phenolics in
general would again impede their use as a more long-term
marker of wine intake. Other phenolics, such as hydroxytyro-
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sol, have also been associated with wine intake but lack the
specificity needed to be good biomarkers as they are also
present in other foods such as cocoa and olive oil.***”*

Another compound that has been proposed as BFI of both
wine and grapes is tartaric acid, which is naturally occurring
in grapes. Tartaric acid has been fully validated as a marker
for wine intake if corrected for grape and raisin consumption
while also showing a dose-dependent relationship with
urinary concentrations of 0.01 ug ml™" and a usual background
level in non-wine consumers of 68 ng ml~".>**** 1t can occur
in concentrations of up to 1047 mg per 100 g of grapes, which
are much higher levels than those encountered in other fruits
(e.g., 0.04 mg per 100 g in lemon or 0.32 mg per 100 g of
peach) or even vegetables, with relatively high concentrations
such as lettuce (5 mg per 100 g).>*” Its urinary excretion has
been strongly associated with wine intake (r = 0.92).>*® The
metabolism of tartaric acid in humans is rather unknown,
although high levels of tartaric acid can be found in urine
shortly after intake of grapes, while the same is not true for
plasma levels, which seems contradictory. Tartaric acid is
quite stable ex vivo; it can be stored at —80 °C and detected,
e.g., by MS or HPLC, although a maximum advisable storage
time has not been reported to our knowledge.>*®

Beer. Beer is a complex drink with many compounds
present in it, with three of them having been validated to
different degrees as BFIs: isoxanthohumol, 8-prenylnarin-
genin, and iso-alpha-acids.>>*”* As a polyphenol, isoxanthohu-
mol has been linked with multiple health promoting pro-
perties. For instance, mechanistic studies in cell lines have
shown its anti-inflammatory capacity through regulation of
NF-kB and TNF-a. Furthermore, it has been associated with
cardiovascular health as a regulator of angiogenesis.*®’
Although isoxanthohumol has been proposed to be a protec-
tive molecule against MetS,**° to the best of our knowledge no
studies have been reported that have tested this hypothesis.

These compounds typically originate during malting and
fermentation.””* While iso-alpha-acids have reasonable speci-
ficity for beer, they are also easily degraded both during beer
storage and in the human body, inducing a high variability in
their concentrations, which limits their usefulness as a marker
of intake.*® The flavonoid isoxanthohumol has its origin in the
hops used in beer production and has no other dietary source
known to date, although it is dependent on bacterial trans-
formations by the gut microbiota that can affect its circulating
levels, creating high inter-individual variability.>®*”" These
transformations can result in the production of 8-prenylnarin-
genin, which has also been validated as a biomarker of beer
intake. The rate of biotransformation from isoxanthohumol to
8-prenylnaringenin is highly variable between individuals,
ranging from 0 to 100% in the most extreme cases; thus, both
isoxanthohumol and 8-prenylnaringenin should be employed
together.””"*°* The half-life of these compounds in blood is
short to intermediate, around 20 to 25 h.?°> Detection can be
best carried out by LC-MS/MS methods.?*

Coffee & tea. Coffee and tea constitute some of the most
popular drinks worldwide and are subject to a natural process
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of fermentation after harvesting the beans and the leaves,
respectively.’®*”" Regarding coffee and tea consumption
(green or black), both have been associated with reduced risk
of developing MetS as shown by a recent meta-analysis.”**

Coffee is also a good example where the speed of metab-
olism, determined by genetic polymorphisms, is likely to influ-
ence the validity of a BFI within a population, as fast and slow
coffee metabolizers have been reported related to cytochrome
P450 polymorphism.>**

The fermentation produces metabolites exclusive for these
products, such as the brownins, which are the products of
catechins and gallate fermentation. Although interesting com-
pounds for BFI use, no research in this regard has been con-
ducted.?”! Other products such as caffeine and (epi)catechins,
are produced in planta and could thus also function as
markers of unfermented products such as white teas. While
some candidate BFIs of both tea and coffee share some
overlap, (ie. caffeine and epicatechins), there are also some
compounds exclusive to coffee and tea.>”*

Regarding coffee, some biomarkers have been associated
with the unique furans originating through the Maillard reac-
tion after roasting the beans.>”" This is the case for 2-furoylgly-
cine (2-FG), which is a product of coffee roasting.*> In a small
clinical trial, 2-FG was detected in urine after coffee consump-
tion but not after consuming a coffee substitute (tea, chicory)
intake.”®® 2-FG was detected in both urine and plasma after
coffee intake, with the peak in the former taking place within
2 h of intake and with levels in urine returning to baseline
within 24 h of intake,??®2°7 indicative of a short half-life in the
circulatory system. Another compound present in the coffee
beans is the alkaloid trigonelline, with its concentration being
negatively correlated with roasting.>® Trigonelline has been
detected in both plasma and urine after coffee intake a direct
correlation with it has been shown. Nevertheless, trigonelline
has recently also been associated with legume intake, which
reduces its specificity.> It is needed to assess how these find-
ings may affect the previous claims that trigonelline was
among the most reliable markers of coffee intake.>”*
Additionally, it remains detectable longer than 2-FG since its
urinary levels remain elevated after 48 h of coffee
consumption.?*>?%° Nevertheless, its half-life in plasma is
rather short (5 h).*°° Analytically, it can be detected by HPLC,
GC-MS, or LC-MS**" and showed good stability upon storage at
room temperature for 9 h and 4 °C for 24 h.>?

The use of MS also opens the door to other tissues to be
used as biomarkers. This is the case of hair, which has been
employed to detect caffeine in hair by LC-MS-MS analysis.?*?
Caffeine is rather fully absorbed and thus there is little varia-
bility regarding its absorption.*** Moreover, this hair matrix
allowed discerning between high intake participants (above 5.5
ng per mg hair) and ordinary (below 5.5 ng mg ™) caffeine con-
sumers.*” Although the use of hair offers a much better long-
term marker of intake than caffeine detection in plasma with a
relatively easy to follow protocol, some issues arise, such as
partial validation of the correlation only with FFQs but not
with blood/plasma samples. In this regard collecting further
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data to describe the quantitative relation between caffeine
intake and accumulation in hair is needed. In an older MS
study, the mineral concentration (i.e., higher Al, Ni, S, and
Ti & Lower Pb) of hair was also related to coffee intake.**®
This subject has not been further analyzed to our knowledge
and, in some cases, could be linked to the cooking tech-
nique (i.e., Al in the coffee Brewer) rather than to the food
item itself.?°°

In the case of tea, its phytochemical profile reveals a
unique composition of catechins and their phase II metab-
olites. Thus, catechins have been the main biomarker of tea
intake. The most common catechins associated with tea are
epicatechin (EC), epicatechin gallate (ECG), epigallactocate-
chin (EGC), and epigallactocatechin gallate (EGCG). Of those,
EGCG, EGC, and ECG are exclusively found in tea.>*> Their
plasma half-lives are close to 3 h following ingestion, and their
urinary peak occurs 2 h after intake. There seems to be an
agreement that urinary excretion of EGC and EC occurs within
the first 8 to 9 h after ingestion, thus allowing them to consti-
tute short-term markers of intake.’°**°” Only EGC has been
successfully used in cohort studies, also as EGCG and ECG
have limited and variable absorption in the gut, which may
impede their study outside of controlled environments.*®
Other, more long-term markers of tea intake have to our
knowledge, not been investigated. The study by Chojnacka
et al.**® also studied the relation between the consumption of
tea and the mineral composition of hair; decreased amounts
of Hg were found in self-reported high consumers of tea, but
such findings are rather considered circumstantial.

Sugar-sweetened beverages (SSB). SSB consumption has
strongly been related to negative health outcomes, likely due
to their high energy and sugar content, and low satiety value,
resulting in likely over-consumption of such beverages.
Interest in the development is mainly due to the numerous
health concerns related to the intake of SSB, such as an
increased risk of T2DM, CVD, and MetS.3%®

Developing BFIs for sugar-sweetened beverages (SSB) is a
big challenge, often because of the simplicity of the general
matrix and the diversity of the group. In those regions where
the main added sugar is originating from a C4 crop (i.e., sugar-
cane and corn in the USA), the ratio of the C isotopes C13/
C12 has been utilized as a promising proxy of added sugar
intake, and thus of SSB.>°® This is possible due to the different
metabolisms between C3 and C4 plants and how C3 plants dis-
criminate C13 isotopes, resulting in a lower C13 to C12 pro-
portion.>®> Unfortunately, if the main source of added sugars
is not a C4 vegetable (i.e., sugar beet in Europe), this method
is not insightful. Many other sweeteners such as non-nutritive
sweeteners (e.g. aspartame, acesulfame etc.) exist that are regu-
larly added to beverages, especially sodas, instead of sugar,
and that have also been proposed to be used as markers of
these soft-drinks (Table 6 in ref. 295). Though some issues
arise, for example, aspartame is degraded during digestion,
and its products are no longer specific for SSB intake, other
sweeteners can also originate from other products such as
gums and other sweets or yogurts. Also, the variety of artificial
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sweeteners (around a dozen are employed in the EU**®), does
prevent the use of a single marker to be representative for the
entire group.

In conclusion, BFIs for drinks are varied depending on the
type of drink (alcoholic, fermented, SSB). In most cases, these
BFIs have been identified in exploratory analyses and have not
been further validated in additional studies or different
setups. Moreover, the exploratory nature of these analyses
usually means that many aspects of the metabolism or kinetics
of the proposed BFIs are either not known or poorly under-
stood. At present, the most promising markers include ethyl-
glucuronide for total alcohol intake in short and long term
intake, tartaric acid for wine intake, and 8-prenylnaringenin
for beer. In the case of non-alcoholic beverages, trigonelline
for coffee and EGC for tea remain promising markers for
short-term intake (apart from caffeine in hair). Finally, SSB
pose a great challenge for the development of BFIs, although
isotopic methods can be used in certain regions to assess their
intake.

5 Novel markers-nucleic acids

In addition to plant or animal metabolites present in the food
matrix and that are detectable in human tissues, other com-
ponents including nucleic acids, i.e. either DNA or RNA, may
be surviving the gastro-intestinal passage, and may be absorb-
able.*'® These exogenous sequences may later be detectable in
e.g. plasma, and due to their unique composition could give
an indication of their origin from specific food items.
Moreover, these sequences may even play a regulatory function
upon different signaling pathways in humans®'° and thus
could potentially be related to health outcomes.

As early as 2012, a group of researchers managed to detect
an exogenous non-coding RNA, specifically a micro RNA
(miRNA), in human plasma that is only expressed in veg-
etables, mir-168a.>’ MiRNAs are relatively short sequences of
21-23 nucleotides, are highly conserved®’* and though non-
coding are involved in gene-expression.>'’ Although similar
studies have also been conducted for animal miRNAs,*'?
which have also been shown to be absorbable, here we will
focus on plant sequences, as these are usually non-existent in
animals and thus their dietary origin is easier to prove.*'?

When surveyed in a cohort study, the expression of mir-
168a in plasma was effectively linked to dietary intake of
rice.>'® Continuing this line of research, another group
managed to detect another vegetable miRNA (mir-172) in mice
plasma after dietary supplementation of cabbage RNA through
gavage.®’® This miRNA was not detectable in the rodents
before the intervention. In yet a different set-up, researchers
demonstrated the survival of synthetic vegetable miRNAs in
simulated in vitro digestion. Said study proved that plant
miRNAs were able to survive the initial steps of digestion
during which the sequences are exposed to enzymes present in
the saliva.’* The same observation was also made for
different sequences during the gastric phase of digestion in a
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Short Mid-long
Food group/item Compound Sample type Specific Sensitive term term Validated Stable Practicality
Total FV Vitamin C Plasma urine Y Y* Y N Y N* N
Total FV Vitamin E Adipose N U U Y N Y Y
tissue
Total FV Carotenoids Plasma, skin Y Y* Y U Y U N (HPLC required)
Citrus fruits B-Cryptoxantin Plasma Y U 9) U U U N (HPLC required)
Orange vegetables a-p-Carotenes Plasma Y U U U U U N (HPLC required)
Tomato Lycopene Plasma Y U 9] 8) U U Y
(spectrophotometric)
Total FV/cerals Lutein Macula Y Y U Y* Y U N (HPLC required)
zeaxanthin (OMPD)
Total FV Total phenolics Plasma Y U Y N U U Y
(spectrophotometric)
Total FV Flavonoids Plasma Y Y Y N Y U Y
(spectrophotometric)
Berries Anthocyanins Urine Y U Y* U N U Y
(spectrophotometric)
Citrics Narigenin Urine Y N Y N Y Y N (HPLC required)
Citrics Hesperetin Urine Y Y Y N Y Y N (HPLC required)
Broccoli Sulfuraphane- Urine Y* U Y N U Y N (HPLC required)
NAC
Avocado Perseitol” Urine Y Y* Y U U U N (HPLC required)
Avocado Manoheptulose®  Urine Y Y* Y U 9) U N (HPLC required)
Soybean/pulses Genistein Plasma urine Y Y Y Y* Y Y N (HPLC required)
Soybean/pulses Daidzein Plasma urine Y Y Y Y* Y Y N (HPLC required)
Wheat/rye/barley 0Odd Ars Plasma urine Y Y Y Y N U N (HPLC required)
adipose tissue
Quinoa Even Ars Plasma urine Y U Y Y N U N (HPLC required)
adipose tissue
Oat AVA Urine Y U Y N N U N (HPLC required)
Wheat/rye Benzoxazinoids ~ Plasmaurine U U Y N N U Y
(spectrophotometric)
Nuts Urolithins Plasma urine N U Y U N U Y
(spectrophotometric)
Olive/walnuts a-Linoleic acid Plasma N U Y U N U N (HPLC required)
Olive/walnuts Oleic acid Plasma N U Y U N U N (HPLC required)
Olive oil Hydroxytyrosol Urine N Y* Y N N U N (HPLC required)
Total meat 3-MH Urine Y Y Y U Y U N (MS required)
Fish and seafood DHA Plasma Y Y Y U Y Y N (GC required)
Fish and seafood EPA Plasma Y Y Y U Y Y N (GC required)
Fish and seafood TMAO Plasma N Y Y U Y U
Total dairy C15:0 Plasma N N Y U U U N (GC required)
Total dairy C17:0 Plasma N N Y U 9) U N (GC required)
Total dairy Sphingomyelins ~ Plasma N N Y U N U Y
(spectrophotometric)
Cheese Acylglycines Urine Y U 9) U N U N (GC-MS required)
Total alcohol Ethyl Plasma urine Y Y Y Y Y Y N (MS required)
glucuronide hair
Wine Resveratrol Plasma Y Y Y N N U N (HPLC required)
Wine Hydroxytyrosol Urine N U Y N N U N (HPLC required)
Wine/grapes Tartaric acid Urine Y Y Y N N Y Y
(spectrophotometry)
Beer Isoxanthumol Plasma Y N Y N N U N (HPLC required)
Beer 8- Plasma Y N Y N N U N (HPLC required)
Prenylnarigenin
Beer Iso-alpha-acids Plasma Y U U U N N N (HPLC required)
Cofee/pulses Trigonelline Plasma urine Y Y Y N N Y N (HPLC required)
Cofee 2-Furoglycine Plasma urine Y U Y N N U N (GC-MS required)
Tea Epicatechin Urine Y Y Y N Y U N (HPLC required)
gallate
Sugar sweetened C13/C12 ratio Plasma urine N Y Y U N Y N (MS required)

beverages (region
dependent)

Y: yes, n: no, u: unsure. *: partially validated, MS: mass-spectrometry, Ars: alkylresorcinols, ava: avenanthramides, mh: methylhistidine, dha:
docosahexaenoic acid, epa: eicosapentaenoic acid, fv: fruits and vegetables; tmao: trimethylamine-n-oxide, ompd: optical macula pigment
density. The meaning of the columns is based upon the criteria listed in Table 1. Adapted from ref. 35. ¢ Stable when stabilized (i.e. by metapho-

sphoric acid).

This journal is © The Royal Society of Chemistry 2024
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different study, which is typically more drastic due to the lower
pH and longer time exposure and the high sheer forces.*'

When studying the survival of exogenous DNA in the GI
tract of mice, a recent study observed an approximate half-life
of 71 minutes at the gastric phase;*'® we could not find any
studies reporting the gastric half-life of exogenous RNA
although we estimate it to be lower due to the decreased stabi-
lity of a single nucleotide strand.*"” It may be assumed
however that RNA may be stabilized in various food matrices
given protection of plant cells that are not easily broken down
during digestion, such as exosome-like nanoparticles of plant
origin (ELN).?'**'® There is consensus that part of the miRNAs
are encapsulated in ELN.*'®*' These nanoparticles, which
range in size between 50 and 200 nm, have been shown to
provide an excellent delivery method for therapeutic agents
into animal tissues.>'® Moreover, studies have shown how
these particles are at least in part resistant to gastric and intes-
tinal enzymes such as pepsin and pancreatin and can be
absorbed by enterocytes,**® such as by endocytosis. Thus, it is
suspected that ELNs may be involved in the transport and
absorption of dietary miRNAs. However, detailed data regard-
ing survival during in vitro intestinal digestion, arguably the
most important step due to the release and absorption of
dietary constituents is missing. Likewise, further data regard-
ing their pathway of absorption and stability in human plasma
or tissues is missing.

Taken together, these results suggest that miRNAs are
capable of surviving gastrointestinal digestion and are
absorbed by the gut epithelia. Furthermore, they may also be
able to regulate pathways related to health outcomes in vivo.
For instance, ELNs play a role in intestinal homeostasis, as
they seem to participate in the epithelia renewal in healthy
participants and increase the anti-inflammatory properties of
intestinal macrophages.*'®*'® Unfortunately, and although the
existing research points towards a promising research field,
dietary miRNAs and their survival have been a largely over-
looked after a period of initial interest. A good example in this
regard is that of the Dietary microRNA Database (DMD).**°
This database launched almost a decade ago with the promise
to become “an archive database and analytic tool for food
borne microRNAs”.**° Nonetheless, at some point between
2019 and 2023 its service was discontinued and the infor-
mation it entailed (over 5865 dietary miRNAs from up to 16
different species, including both plants and animals) was
lost.**!

Apart from direct dietary regulation by absorption of
miRNAs from the food matrix, specific endogenous miRNA
profiles have been associated with different dietary patterns
and/or supplementation. Mostly, studies have shown a corre-
lation between polyphenol intake (i.e. resveratrol) and specific
miRNA profiles.**> The same type of observations have also
been made for vitamin D,*** although reproducibility has been
inconsistent. Overall, the association between diet and miRNA
signature is complex and is probably a mix between direct
absorption of sequences from the food matrix and further
indirect measurable changes by regulation of endogenous
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sequences through unknown pathways. Nonetheless, dietary
regulation of miRNAs opens up the possibility of using their
signature as a marker of dietary intake to be considered.
However, much information is currently missing, such as
regarding their variability of absorption depending on the
food matrix and processing techniques, kinetic data on ADME
such as half-life in plasma, as well as any host factors that
could contribute to inter-individual variability of absorption,
such as activity of digestion enzymes etc.

Finally, there other types of non-coding RNAs, for which
there is no reason to believe they are not absorbed as well.
Some of them, such as circular RNAs are more robust to degra-
dation than other types of RNA, while they are also capable of
post-transcriptional regulation.**® This could make circular
RNAs interesting targets for dietary absorption research as it
has already been speculated in regards to bovine milk.***
However, to the best of our knowledge, there are no reports on
the bioavailability of circular RNAs. Moreover, genetic material
originating in the chloroplast and the mitochondria could also
provide a great resource for research given its specificity. In
this regard, chloroplast DNA has already been in use for
decades through chloroplast DNA metabarcoding. This tech-
nique has mainly been used in ecology, although it has also
been used in humans to study diet composition from stool
samples.** If these sequences can be absorbed and would be
detectable in plasma, the same principles used in stool
samples could be extrapolated to plasma, enabling for an
easier bio-specimen collection as blood is more frequently col-
lected than stool.

6 Conclusions

Diet plays an important role in the risk of developing and the
outcome of certain chronic diseases and metabolic disorders
such as MetS. Although dietary assessment through question-
naire-based methods such as FFQ are frequently applied and
constitute, in part, validated tools, their application is time-
consuming and prone to inaccuracies due to bias. In addition,
the relation of dietary intake of certain constituents and their
circulating levels, or dietary status, depends on the variable
bioavailability that many food constituents exhibit in depen-
dence on the food matrix, food processing conditions, includ-
ing kitchen preparation procedures, and also host factors,
which can influence their bioavailability.*”'%?*"*?¢ Thus,
more objective measures of dietary intake and status that also
relate well to health outcomes have been sought after. In this
context, the assessment of dietary intake with novel tools that
allow for measurements that are more reliable has become a
popular topic for research in recent years.

The use of MS has allowed for a multitude of exploratory
analyses that ultimately has led to thousands of metabolites
being detected and proposed for their use as biomarkers of
dietary intake for different food groups or components.
Nevertheless, most of these biomarkers are still poorly vali-
dated, and only a few fulfill the criteria for being considered

This journal is © The Royal Society of Chemistry 2024
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appropriate BFIs, i.e. being selective, specific, usable as both
short and long term markers, and being of sufficient validity,
reliability, stability over long periods of time, allowing for
reproducible studies, and ease of measure so they could be
included in routine clinical settings (Table 2). In this regard,
the lack of data regarding biomarkers of long-term intake
poses an extreme limitation to the use of many proposed BFIs,
where FFQ and other traditional methods may still be more
adequate for tracking long-term dietary patterns. Moreover,
there is a clear preference in the literature to develop BFIs that
are perceived as healthy, such as a plant-based diet rich in
fruits and vegetables. For this reason, most of the discussed
BFIs in this review focused on compounds of vegetal origin,
namely polyphenols, carotenoids, and vitamin E, among
others. These compounds are widely regarded in research for
their specificity to plant-based food groups but also for their
health benefits.

Overall, BFIs such as vitamin C, total carotenoids, or
certain polyphenols (i.e., flavonols) constitute good markers
for fruit and vegetable intake, although none of them meets
all the criteria for an ideal biomarker of food intake (Table 2).
Therefore, most BFIs should preferably be used in combi-
nation. Other food groups contain potential BFIs that,
although very specific only for certain food items, are very
promising. This is the case, for instance, for genistein and
daidzein for soybean intake, alkylresorcinols for some whole
grains, DHA and EPA for fish and seafood consumption. A
general limitation is that most nutrients/non-nutrients are not
stored by the body, therefore only constituting short-term
markers. For this reason, at present, the most accepted and
suitable BFIs are usually limited to specific food items rather
than whole food group intakes.

On the other hand, BFI related to poor health outcomes,
such as processed meats, sugared sweetened beverages, and
processed foods, are still elusive, with some exceptions. For
example, alcohol intake, which can be assessed by ethyl glu-
curonide measurements through MS in, e.g., hair samples.
Other methods still have many limitations but offer some
promise, such as the C13/C12 ratio in sugar sweetened bev-
erages, though are only suitable in areas where sugars are pro-
duced from C-4 plants. Therefore, although the use of BFI to
assess dietary intake seems promising, complementation with
FFQ or multiple 24 h recalls is still required in order to obtain
a more global overview of dietary patterns.

As outlined, health beneficial plant compounds could play
a twofold role as biomarkers. On the one hand, they can be
used to assess with a certain degree of confidence dietary
intake. On the other hand, many of these constituents have
also biological activity, i.e., unique anti-inflammatory, anti-
oxidant, and regulatory properties that can modulate com-
ponents of cardiometabolic health such as blood pressure or
insulin resistance. In this regard, the introduction of such bio-
markers in the clinical practice may prove extremely useful as
a dual active tool, allowing on the one hand to verify dietary
intake recommendations without relying solely on more
classic and sometimes imprecise tools (e.g. FFQs for dietary

This journal is © The Royal Society of Chemistry 2024
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intake). On the other hand, they could allow understanding
the status of cardiometabolic health and function as early
markers before more manifest endpoints (e.g. ATPIII criteria
for MetS) can be reliably diagnosed.

Finally, although biomarker research has focused on meta-
bolomics for the past decade, other omics technologies such
as transcriptomics, and the use of miRNAs for dietary assess-
ment have received increasing attention in the past years. In
this regard, the discovery of plant miRNAs in plasma over a
decade ago sparked interest in the scientific community as an
example of inter-kingdom regulation.>'° Although the concen-
trations of such plant miRNAs may not be high enough to
exert significant bioactive regulation, they may still prove
useful as tools for dietary assessment. In the same regard, diet
is known to modulate the gut microbiota composition and
diversity.**” Nonetheless, many unknowns in the gut micro-
biota composition exist that must be understood (such as host
influence on gut microbiota, and the role of specific bacteria
in disease risks or progression) before species diversity or
similar can be used as a marker of diet.>”® Another novel area
is the relationship between food items and epigenetics. For
instance, oxidative stress has been reported to influence epige-
netic drift, and early dietary intervention in life could aid in
reducing diseases occurring later in life, including cancer®?°**°
and cardiometabolic diseases.”®' Thus, dietary intervention
with trackable food components that target oxidative stress may
not only benefit individuals at risk of MetS, but also people that
follow healthy diets thought prolonged periods.

In summary, the development of biomarkers of food intake
from different sources may prove a useful tool that can provide
further insights and, in turn, perhaps constitute a better
marker of dietary intake than classical/questionnaire based
dietary assessment methods such as FFQ. However, at present,
many biomarkers lack the specificity that would ideally make
them a standalone tool but rather need the support of other
BFIs. Overall, the inclusion of biomarkers from varied sources
and their integration into multi-modal biomarkers (e.g., com-
bining traditional markers with metabolomics and transcrip-
tomics) may pave the way to the development of novel dietary
and cardiometabolic assessment strategies.
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