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The impact of single nucleotide polymorphisms on
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systematic review

‘ '.) Check for updates

Cite this: Food Funct.,, 2025, 16, 9259

Nicole Tosi, ©2 +2 Nicola Luigi Bragazzi, (=) *1 Cristiana Mignogna, (=2
Mirko Treccani, (22 Letizia Bresciani, (2 @ David Vauzour, ) ® Giovanni Malerba, (2
Valeria Barili, @2 ¢ Davide Martorana, (2 ¢ Daniele Del Rio (2 #9 and Pedro Mena (229

Response to (poly)phenol intake is highly variable among subjects, and genetic variants may contribute to
such variability. However, evidence addressing this assumption is currently lacking. To address such shortcom-
ings, we systematically reviewed the current literature and selected twelve studies looking at associations
between the inter-individual variability in (poly)phenol bioavailability and metabolism and single nucleotide
polymorphisms (SNPs) in candidate genes involved in (poly)phenol ADME (absorption, distribution, metab-
olism, and excretion). In total, 88 SNPs in 33 genes were studied, of which slightly more than half (n = 17) were
related to drug/xenobiotic metabolism. More specifically, two were involved in absorption, seven in phase |
metabolism, four in phase || metabolism, and four in excretion. The remaining 16 genes were related to steroid
hormone metabolism and activity. Considering genes specifically related to (poly)phenol ADME, 16 SNPs
showed significant modifying effects on urinary and/or plasma levels of phenolic metabolites and/or on their
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kinetic parameters. However, it was not possible to associate a particular genetic variant with a change in
(poly)phenol-related ADME. Only a few studies applied stringent statistical criteria and recruited sufficiently
large and diverse samples to reach solid and reliable conclusions. As such, studies employing larger samples,
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1. Introduction

(Poly)phenols are a large family of phytochemicals comprising
over 8000 heterogeneous compounds that can be found in a
variety of beverages and foods of plant origin." They are
characterised by the presence of at least one phenolic group
and are usually classified as flavonoids and non-flavonoids." A
growing body of scholarly research suggests that high (poly)
phenol intake and supplementation may protect against non-
communicable chronic diseases, including cardiovascular,
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leveraging integrative bioinformatics approaches and genome-wide linkage, are warranted.

neurodegenerative, and metabolic diseases.*® However, evi-
dence is not compelling yet, due to the high heterogeneity in
the results from different studies.” *°

Contrasting findings reported in the literature derive from
the influence of various factors leading to high inter-individual
variability in (poly)phenol bioavailability,""'> which is the
main determinant of their effectiveness and physiological
response, influencing health outcomes. Factors determining
differences in the absorption, distribution, metabolism, and
excretion (ADME) process can be exogenous, including the
variability of (poly)phenol content in foods,'® the high degree
of diversification of chemical structures,"*"> and the complex
interplay of (poly)phenols with other components of the diet
(fibre, proteins, etc.), as well as the food matrix."® However,
endogenous/individual factors are considered the principal
source of heterogeneity: among them, personal characteristics
(age, sex, ethnicity), lifestyle (dietary habits, smoking, physical
activity, medication), pathophysiological status, gut micro-
biota, and genetic background.'”>°

In the case of the bioavailability and metabolism of (poly)
phenols, genetic variations and microbiota composition and
activity are the major contributors to variability.""'* Single
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Nucleotide Polymorphisms (SNPs) represent a source of
genetic variation that may, at least partially, explain differences
in the response to dietary (poly)phenol exposure.>* A further
layer of variability is related to the gut microbiota, which can
be considered a key player in a variety of individual physiologi-
cal processes and an important determinant of metabolic phe-
notypes (also known as metabotypes).”>** The human micro-
biome has been linked with host genetic variants, and dysbio-
sis has been associated with several diseases. As such, human
genetic variants are expected to play a relevant role in explain-
ing various complex and overlapping (patho)physiological
phenomena, ranging from food intake to the composition of
the microbiome and their impacts on food metabolism and
human health.>* However, to the best of our knowledge, infor-
mation is scarce concerning the influence of genetic variants
on the bioavailability and metabolism of dietary (poly)phenols
and consequently on the response to dietary (poly)phenol
exposure.

Often found in glycosylated forms, (poly)phenols are par-
tially hydrolyzed by human enzymes in the upper gastrointesti-
nal tract, releasing aglycones that can be absorbed and conju-
gated by phase Il enzymes in enterocytes and hepatocytes.'
However, most (poly)phenols are not absorbed in the small
intestine and reach the colon intact, where they are modified
by the gut microbiota into smaller catabolites. Gut microbial
catabolites are more easily absorbed and can be conjugated by
phase II enzymes in colonocytes and hepatocytes.'™ As such,
the molecules present in the circulation and potentially bioa-
vailable for target tissues are phase II metabolites of both
human and microbial-human origin, which are finally excreted
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through urine. SNPs in genes involved in (poly)phenol ADME,
including transporters, glycosidases, and phase II enzymes
(sulfotransferases or SULTs, UDP-glucuronosyltransferases or
UGTs, and catechol-O-methyltransferase or COMT), could have
an impact on the amount and type of metabolites excreted'®
(Fig. 1).

A better understanding of the genetic component would
enable and enhance the translation of our current knowledge
about these bioactive compounds into more effective and per-
sonalised dietary advice. A recently published review found
that more research on the factors that underlie the differences
in the response to (poly)phenol exposure is urgently needed.'®
Therefore, the present study was undertaken to fill this knowl-
edge gap, with the aim of systematically identifying and
appraising genetic factors associated with the inter-individual
variability in (poly)phenol ADME after their dietary intake and
assessing their causal relationships with (poly)phenol bio-
availability and metabolism.

2. Material and methods
2.1 Study protocol

An a priori study protocol was devised and registered within
the “International Prospective Register of Systematic Reviews”
(PROSPERO, Centre for Reviews and Dissemination (CRD),
University of York, York, UK) with the registration code
CRD42023416767 (accessible at https:/www.crd.york.ac.uk/
prospero/display_record.php?RecordID=416767).
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Fig. 1 Representation of the process of (poly)phenol absorption, distribution, metabolism and excretion, and indication of genes carrying genetic
variations that can determine the inter-individual variability in the response to dietary (poly)phenol intake.
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2.2 Literature search

A comprehensive literature search was performed with a string
of keywords consisting of four broad components ((poly)
phenols, dietary exposure/intake, human metabolism, and
SNPs) on five major scholar databases: namely, MEDLINE (via
its freely accessible PubMed interface), Scopus, Web of Science
(WoS), EMBASE, and “Chemical Abstracts Service” (CAS), a
database of the “American Chemical Society” (ACS).

The “Medical Subject Headings” (MeSH) thesaurus, a con-
trolled, hierarchically-organised vocabulary produced by the
National Library of Medicine (NLM), was leveraged. When
appropriate, the wild-card option (i.e., truncated words) was
used. (Poly)phenol compound names were obtained from
Phenol-Explorer, the most comprehensive database on (poly)
phenols. (Poly)phenol metabolite names were obtained from
PhytoHub, a freely available electronic database containing
detailed information about dietary phytochemicals and their
human and animal metabolites. The full string, which was
modified and adapted according to each database, is reported
in SI Table 1. Moreover, the “Human Genome Epidemiology
Literature Finder” (HuGE Navigator Database) based at the
“Public Health Genomics and Precision Health Knowledge
Base” (PHGKB v8.5) was mined. Extensive cross-referencing
was applied. Finally, target journals were hand-searched: these
journals were selected because they represent the most fre-
quently publishing outlets in the fields of nutritional geno-
mics, nutrikinetics, and (poly)phenol research. Their inclusion
ensured that our manual search complemented database
screening and minimized the risk of missing relevant studies
at the intersection of (poly)phenol metabolism and genetics.
The literature search was conducted by two researchers inde-
pendently and is updated as of September 24, 2023. Further
details are reported in Table 1 and SI Table 1.
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2.3 Inclusion and exclusion criteria

Inclusion and exclusion criteria were pre-defined and devised
according to the population - intervention/exposure - com-
parators/comparisons - outcomes - study design (PICOS/
PECOS) criteria. Original studies (S) investigating populations
(P) consisting of humans undergoing dietary interventions
with (poly)phenols (I) or exposed (E) to dietary (poly)phenols,
stratified according to their genotype status (C, comparators/
comparisons), and for whom (poly)phenol-related plasma and/
or urinary metabolites (O, outcomes) were quantified (ie.,
characterised and measured by means of any methodology/
technique of analytical chemistry), and reported, were deemed
eligible for inclusion.

Studies were excluded if studying non-human populations
(P), ie., if designed as in vitro models (like cellular models),
animal models, or in silico/computational models. Also,
articles were not retained in the present review if study sub-
jects were exposed (E) to dietary compounds other than (poly)
phenols or if, in the case of exposure to dietary (poly)phenols,
(poly)phenol-related metabolites were not analytically charac-
terised/measured (O). Another cause of exclusion was given by
other studied outcomes, including changes in dietary habits
and eating patterns (e.g. energy intake), anthropometric
characteristics (body weight, body mass index (BMI), waist cir-
cumference), or metabolic responses (for instance, glucose
and insulin levels, or circulating leptin, ghrelin, or adiponec-
tin). Finally, studies were excluded if designed as technical
notes reporting new methodologies or advancements in tech-
niques of analytical chemistry but narrowly focused on the
technical aspects, letters to the editor, editorials, commen-
taries, and expert opinions, or not containing sufficient quan-
titative details (S). Reviews (of any type, narrative, systematic,
or meta-analysis) were also excluded but were, however,

Table 1 Overview of the search strategy adopted in the present systematic review

Search items Details

Search string components (Poly)phenols

Dietary exposure/intake
Human metabolism
SNPs
Databases/registries/repositories
mined/searched

Inclusion criteria P (humans)

PubMed/MEDLINE, Scopus, WoS, EMBASE, CAS/ACS, HuGE Navigator Database (PHGKB v8.5)

I/E (exposed to dietary (poly)phenols)

C (stratified according to their genotype status)

O (quantification of (poly)phenol-related plasma and/or urinary metabolites by any separation
methodology/technique of analytical chemistry)

S (any original study, observational/interventional, retrospective/prospective, cross-sectional/longitudinal,
randomised/non-randomised, parallel/cross-over, placebo/non-placebo-controlled, pilot, etc.)

Exclusion criteria

P (in vitro studies- cellular-, in silico/computational studies)

I/E (exposed to nutrients other than (poly)phenols)
C (not providing information about genotype status)
O (not quantifying (poly)phenol-related metabolites)

S (reviews of any type)
None applied
None applied

Time filter
Language filter
Target journals hand-searched

Biochem. Pharmacol.; Br. J. Nutr.; Cancer Epidemiol. Biomarkers Prev.; Eur. J. Pharmacol.; Genes Nutr.;

Int. J. Mol. Epidemiol. Genet.; Mol. Nutr. Food Res.; Nutrients; PLoS One

This journal is © The Royal Society of Chemistry 2025
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scanned to increase the chance of not missing content relevant
to the present review.

2.4 Data extraction

The following data were extracted: study authors (in particular,
the surname of the first author), study year, study country,
study design, sample size, sample characteristics (mean age,
sex/gender distribution, BMI, and ancestry, level of physical
activity practiced, smoking status, alcohol intake, use of drugs,
contraceptives, and hormone therapy, dietary habits and how
the dietary assessment was performed), SNPs and related
genes, information related to genotyping technique, allele fre-
quencies, and possible deviations from Hardy-Weinberg equi-
librium, type of genetic modelling conducted, statistical ana-
lysis carried out and statistical threshold adopted, goodness-
of-fit evaluation and validation, type and source of dietary
(poly)phenol intervention/exposure, intervention duration and
timepoints, assessment of adherence to the intervention proto-
col, metabolites searched in biological samples, technique of
analytical chemistry utilised for metabolite sand quantifi-
cation, and impact of the SNP on dietary (poly)phenol ADME.
Finally, study strengths and limitations were also recorded,
along with trial registration (only if the study was designed as
a randomised trial), funding/sponsoring and its role (if any),
and whether a checklist for findings reporting was followed.

A specifically designed Excel spreadsheet was utilised. Two
researchers independently extracted the data. Further details
about the search strategy adopted in the present systematic
review are reported in Table 1 and SI Table 1.

2.5 Methodological assessment

As foreseen by the PRISMA methodology,*® study quality
appraisal was evaluated by applying the framework for evaluat-
ing scientific validity in nutritional genomics developed by
Keathley et al?’ This framework consists of several items
related to various dimensions (namely, study design and
quality, generalisability, directness, consistency, precision,
confounding, effect size, biological plausibility, publication/
funding bias, allele and nutrient dose-response, and summary
levels of evidence).

2.6 Bioinformatics analysis

The retrieved lists of genes and related SNPs associated with
(poly)phenol metabolism was extensively annotated using a
wide range of bioinformatics tools. Genes were functionally
annotated using Gene Ontology (GO) along its three major
domains (biological processes, molecular functions, and cellu-
lar components). The web browser located at the Lewis-Sigler
Institute for Integrative Genomics, Princeton University,
Princeton, New Jersey, USA, accessible at https:/go.princeton.
edu/cgi-bin/GOTermFinder (last access September 24, 2023),
was utilised. GO terms were visualised employing the “Reduce
plus visualize Gene Ontology” (REVIGO) tool (freely available
at https://revigo.irb.hr/) (last accessed September 24, 2023).
Briefly, the list of GO terms associated in a statistically signifi-
cant fashion with the genes involved in (poly)phenol metab-
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olism was transformed into a matrix of the GO term pairwise
semantic similarities. Then, Multidimensional Scaling (MDS)
was applied to reduce the dimensionality of the matrix.
Semantically similar GO terms are displayed together in the
plot along the axes of the semantic space. The SNPs were
annotated using the SNPinfo Web Server, accessible at https://
snpinfo.niehs.nih.gov/snpinfo/snpfunc.html (last accessed
September 24, 2023). Locations of SNPs along the human
genome were displayed using the PhenoGram plot (accessible
at https://visualization.ritchielab.org/phenograms/plot) (last
accessed September 24, 2023). Finally, the overlapping genes
and SNPs involved in (poly)phenol ADME were visualised
through network-based representations in R, employing the
tidyverse, igraph, and ggraph packages.

3. Results

3.1 Literature search

The initial literature search yielded a pool of 23513 items,
which remained at 5310 after removing the duplicates. A total
of 5288 items were discarded based on title and/or abstract.
Twenty-two studies were scrutinised in full text. Based on the
inclusion and exclusion criteria mentioned above, ten
8737 were “excluded with reason” (SI Table 2). Finally,
twelve studies were retained in the present systematic review,
overviewed in Table 2 and detailed in SI Tables 3 and 4.>%*°
The flowchart adopted to manage the study retrieval and
inclusion/exclusion is depicted in Fig. 2.

studies

3.2 Overview of the studies included: sample features

Articles were published between 2010** and 2023.*° Sample
sizes ranged from 20 ** to 16 672 *® subjects (median 74), total-
ling 19413 participants. The age of the participants varied
from 18 ** to 75 years.?® Five studies*®3%*>*>° recruited popu-
lations consisting of males*®**>* or females®**° only. In the
remaining seven studies,*>**3444%°48 the percentage of male
subjects ranged from 35.7% *® to 70.0%.** Of note, only two
studies®*® reported and analysed data stratified according to
sex/gender.

Most studies (67%) were conducted in Europe - five in the
UK,*$*71%%9 two in Germany,***® and one in France.*” Two
studies were carried out in the Americas - one in the USA*
and one in Brazil*® — and two in Asia, one in China,** and one
in South Korea.*! As such, information was primarily provided
for European/Caucasian ancestry, with only one study investi-
gating African ancestry along with Caucasian ancestry®® and
other two focusing exclusively on Asiatic ancestry.**>

Concerning BMI, no information was provided in four
studies.*>*>***” When reported, BMI ranged from 18.5 to
38.0 kg m™2, meaning that a range of populations - normal
weight, overweight, and obese - have been investigated in the
studies included in the present systematic review, with a
higher representation of the latter.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Pictorial flow-chart of the search strategy adopted in the
present systematic review.

3.3 Overview of the studies included: study design

Most studies were interventional, except for four,*"*>*%*7

which were designed as observational - three*'*>*°
lary, cross-sectional sub-analyses nested within population-
based, prospective investigations, and one*” was a “real-life”
metabolomics study. However, most subjects included in the
review—16 672 out of approximately 19 500—come from a
single observational study.*® Additionally, a significant portion
(1391 participants) were recruited from another observational
study.”’ Of the interventional studies, only three*®**>
randomised, double-blinded, cross-over investigations.
Furthermore, four studies*®*>***° were single acute intake,
one-arm, non-placebo-controlled investigations. Another
study*® was designed as a population-based, open, one-arm
nutrikinetic study. Finally, the duration of the dietary interven-
tion varied from a few hours/one day***° 3839 thus
including both acute and chronic trials.

were ancil-

were

to six weeks,

3.4 Overview of the studies included: confounders and
mediators/moderators of dietary (poly)phenol metabolism

Several variables, including behavioural lifestyles (smoking,
drugs, alcohol intake, and exercise/physical activity), are
known to potentially confound or interact with — mediate/mod-
erate — dietary (poly)phenol metabolism. Despite the impor-
tance of these variables, high heterogeneity in their reporting
was found.

Concerning smoking status, no information was provided for
three studies.***®*” Four studies®>*"***® included smokers,
whereas all the other studies excluded smokers from enrolment.
When reported/recruited, the rate of current smokers varied

This journal is © The Royal Society of Chemistry 2025
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considerably from 19.8% *° to 60%.*> Regarding alcohol intake,
no information was provided for five studies.*****%*"*® When
reported, the rate of habitual alcohol consumers ranged from
5.9% ! to 89.3%."® All the other studies excluded alcohol consu-
mers or asked participants to refrain from alcohol consumption
from 24** to 48 hours*® before the investigation. Concerning
exercise and physical activity, no information was provided for
elght Studies.39'41_44’46'47’49

Finally, there was a considerable degree of heterogeneity also
in the reporting of drugs and contraceptives/hormone therapy.
Information about the former variable was not disclosed in five
studies,*'~**®*” whereas all the other studies excluded patients
on drugs from enrolment. Concerning the latter variable, only
one study*® considered this parameter, with 44.0% and 56.0%
of the sample recruited ever and never using contraceptives,
respectively. Of note, the use of contraceptives was found to
impact dietary (poly)phenol metabolism.

3.5 Sources and classes of dietary (poly)phenols

Six studies®®**"***® studied the effects of genetic variations on

the metabolism of green tea flavan-3-ols. Another study focused
on flavan-3-ol metabolites deriving from a free diet.*® Two
studies*™*® focused on isoflavone metabolites, while another
study”® explored the association between genetic variations and
phase II metabolites of flavanones contained in orange juice.
One study®® assessed the effects of SNPs on the metabolism of
flaxseed-derived lignans. Finally, one study'’ explored the
impact of genetic variations on the levels of some (poly)phenol
metabolites derived from a free diet, including 3',4"-dihydroxy-
cinnamic acid, 3',4-dihydroxyphenylacetic acid, benzene-1,3-
diol, and 4"-hydroxyhippuric acid. Sources and classes of dietary
(poly)phenols are pictorially shown in Fig. 3.

3.6 Adherence to the study protocol

Only a few studies explicitly reported whether and how they
monitored compliance with the study protocol: by pill count,*®
asking the participant to return unconsumed food/beverage
(ie., uneaten flaxseed),® or via an investigator-led 24-hour
dietary recall to monitor compliance with low-flavonoid diet.*?

3.7 Dietary assessment and dietary habits

Only two studies®®*® explored participants’ dietary habits,

especially in terms of (poly)phenol intake. These studies
included a variety of green tea drinkers, categorised according
to their green tea drinking habits in terms of the range in the
amount consumed per day or simply dichotomised in habit-
ual/non-habitual green tea consumers. On the contrary, none
of the other studies reported any information concerning
dietary habits and usual (poly)phenol exposure/intake. All
studies excluded per protocol habitual consumers of (poly)
phenol-rich foods and beverages and included populations
naive to dietary (poly)phenols and/or on low/very-low (poly)
phenol diets.

Dietary assessment was performed mainly by carrying out a
24-hour dietary recall. In one study,*® a series of 12 telephone-
administered 24-hour dietary recalls were assigned randomly

Food Funct, 2025,16, 9259-9281 | 9265
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throughout the 5-month active intervention period. Only one
study,”” which was observational, utilised a “Food Frequency
Questionnaire” (FFQ) that included 45 food groups or items
representing commonly consumed local foods to assess eating
habits in terms of dietary patterns. Of note, only in one
study®® participants were prospectively required to record
dietary and daily activity information.

3.8 Biological samples and chemical characterisation
analysis

Four studies*"*****® collected only blood samples and one

study®® collected only urine samples, whilst all the other
studies collected both blood and urine. Samples were analysed
using chromatographic separation techniques coupled with
detection methods based on mass spectrometry (MS) or ultra-
violet/visible spectroscopy. High-performance liquid chromato-
graphy (HPLC) was employed in seven studies:*®*%#274448:49
three studies coupled it with mass spectrometry,
with ultraviolet/visible (UV/VIS) detectors*® and the remaining
three with electrochemical detectors.*”** One study™
employed liquid chromatography (LC) coupled with mass spec-
trometry and three studies®*™*® employed ultra-performance
liquid chromatography (UPLC) coupled with mass spec-
trometry. Further two studies®®"” analysed samples by gas
chromatography (GC) coupled with mass spectrometry.

38,40,48 o

3.9 Genetic variations, genotyping, and features of the genes
and related SNPs studied

The SNPs retrieved in the present systematic review and related
genes are reported in SI Tables 5-8. Overall, 88 SNPs in
33 genes were studied.

A median value of 1 gene per study was investigated: the
range of genes under study went from one****™* to 25.%°
Seven studies®®***™*” explored one single gene, one study’
three genes, another study®® five genes, and a further study*®
six genes. Finally, one study®® appraised 25 genes. Of note, a
single study®® was responsible for most (76%) of the genes
investigated, and, despite some degree of overlapping, no gene
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was studied by all the articles included in the present systema-
tic review (Fig. 4). It is worth stressing that a study*' did not
adopt the candidate gene approach, adopting, instead, a
genome-wide exploration unbiased from an a priori selection
of any preferential gene.

Of the 33 genes studied, slightly more than half (n = 17,
51.5%) were related to drug/xenobiotic metabolism (Table 3).
More specifically, two (11.8%; 6.1% of the entire set of genes)
were involved in absorption, seven (41.2%; 21.2% of the overall
set of genes) in phase I metabolism, four (23.5%; 12.1% of all
genes) in phase II metabolism, and four (23.5%;j 12.1% of the
entire list of genes) in excretion. The remaining 16 genes
(48.5%) were related, to varying degrees, to steroid hormone
metabolism and activity (Fig. 5).

A median value of 5 SNPs per study was analysed: the range
of SNPs went from one SNP***>* to sixty.”® Three
studies®®**** studied the impact of a single SNP, one study”’
the effects of three SNPs, two studies,*®** and four
studies*'*>*®*° of five SNPs. Finally, one study*® and a further
study®® explored the effects of panels of 13 and 60 SNPs,
respectively. Of note, a single study®® was responsible for the
majority (68%) of the SNPs investigated among 9 genes
(Fig. 6). Considering genes specifically related to (poly)phenol
ADME, 16 SNPs showed significant modifying effects on
urinary and/or plasma levels of phenolic metabolites and/or
on their kinetic parameters (Table 4).

The functional annotation of SNPs and related genes in
terms of biological processes, molecular functions, and cellular
components is pictorially shown in SI Fig. 1 and 2. Forty-five
biological processes (SI Table 5 and SI Fig. 1), 19 molecular
functions (SI Table 6 and SI Fig. 2), and one cellular component
(SI Table 7) could be identified. The locations of SNPs along the
human genome are displayed in Fig. 7 and SI Table 8.

In most cases, SNPs had been chosen and tested by the
authors based on knowledge derived from previous in vitro,
animal or in silico/computational studies or from clinical/epi-
demiological studies. Only one study®® devised a systematic
methodology for selecting SNPs, integrating data-mining (by

This journal is © The Royal Society of Chemistry 2025
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surveying the HuGE Navigator Database) and text mining (by
comprehensively looking for all published genome-wide
association studies, GWAS, of genes coding proteins involved
in the metabolism of endo- and xenobiotics, across any
phenotype).

In most studies, genotyping was carried out by
TaqMan assay, which utilises the 5’ nuclease activity of Taq
polymerase to generate a fluorescent signal during polymerase
chain reaction (PCR), or similar techniques. In one study,*’
“Kompetitive Allele Specific” PCR (KASP) and agarose gel elec-
trophoresis were utilised, which enabled a fast, cheap, but
high-quality and highly reliable bi-allelic SNP characterisation.
In another study,*® genotyping was conducted by direct
sequencing. Finally, one study*® genotyped by multiplexing
(utilizing the MassARRAY technology and iPLEX Gold assay).
Of note, only one study*! performed a GWAS. Only one study*®
did not provide any detail about the genotyping technique.

42-45,47-49

3.10 A priori sample size and power analysis

Formal a priori sample size and power analyses were con-
ducted only in one study,*® even if this study conducted such
analyses but for their primary (and not secondary) outcome
(changes in blood pressure and not the impact of the genetic
variant).

This journal is © The Royal Society of Chemistry 2025

3.11 Data quality check, dealing with missing data, and data
pre-processing/transformation

Only a few studies explicitly reported the procedures followed
to ensure data quality, deal with missing data, and perform
data pre-processing/transformation. For instance, one study®
log-transformed post-intervention analytical values of urinary
metabolites. Similarly, two other studies***® log-transformed
the values of all urinary metabolites, the distributions of
which exhibited a markedly skewed trend toward high values.
As such, all formal statistical tests were carried out on logar-
ithmically transformed values of urinary (poly)phenol metab-
olites, presenting geometric (and not arithmetic) means.
Furthermore, in one of these two studies,*? the authors com-
puted within-batch coefficients of variations on duplicate
samples, which were found to vary from 5.8% to 24.6%.
Another study®® checked for normality of urinary metabolite
values using the Kolmogorov-Smirnov test and non-normally
distributed data were transformed by ranking according to
Blom. Also, the authors reported mean intra-assay (9.1%) and
inter-assay (13.4%) CVs and, after quality checks, removed 3
subjects from their analyses. In a “real-life” metabolomic
study,”” 217 metabolites were initially identified, and, after
quality checks, 108 metabolites entered the multivariate ana-
lyses (Principal Component Analysis, PCA) to check for hom-

Food Funct, 2025, 16, 9259-9281 | 9267
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Table 3 List of genes related to (poly)phenol ADME, with their coded proteins and SNPs

Gene Protein Function SNP Study

CBG/GBA3 Cytosolic B-glucosidase Deglycosilation — absorption rs358231 49

LCT Lactase-phlorizin hydrolase rs3754689 49

ABCC2/MRP2 ATP-binding cassette C2/multidrug resistance-associated Efflux - excretion 1s2273697  47-49
protein 2 15717620 47 and 48

rs3740066 47 and 48
rs8187710 40 and 48

ABCG2/BCRP ATP-binding cassette G2/breast cancer resistance protein rs2231142 49
ABCB1/PGP/ ATP-binding cassette B1/P-glycoprotein 1/multidrug rs1045642 48
MDR1 resistant-associated protein 1 rs1128503 48
152032582 48
OATP1B1/ Organic anion transporting polypeptide 1B1/solute Uptake - excretion rs4149056 39 and 48
SLCO1B1 carrier organic anion transporter 1B1 rs11045819 48
152306283 48
COMT Catechol-O-methyltransferase Methylation - phase II rs4680 38, 39, 42-45
metabolism and 48
156269 39 and 43
rs4633 39 and 43
rs4818 43
rs4646312 39
UGT1A1 UDP-glucuronosyltransferase 1A1 Glucuronidation - phase II rs8175347 48 and 49
metabolism rs4124874 39

rs10929302 39

rs887829 39

16742078 39

SULT1A1 Sulfotransferase 1A1 Sulfation - phase II 1526528 39
metabolism rs8049439 39

rs4788068 40

rs3760091 40

1s750155 48

SULT1C4 Sulfotransferase 1E1 rs1402467 40
PON1 Paraoxonase 1 Hydrolysis - phase I 1662 46
metabolism rs854560 46

rs705379 46
1s705381 46
r$854572 46

SNPs that have a significant modifying effect on (poly)phenol ADME are in bold. The study analysing each SNP is also indicated.

Role of genes in ADME Representativeness of genes in ADME
18 18
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Fig. 5 Number of genes with a certain role in (poly)phenol ADME or other roles (on the left), and times that genes with a certain role were studied
(on the right).

ogeneity and reproducibility of the dataset and identify event- 3.12 Genetic modelling and genetic assumptions

ual outliers. “Orthogonal projections to latent structure discri-

minant analysis” (OPLS-DA) was carried out to maximise the In most studies, genotypes were simply grouped based on the
separation between genotypic classes. presence of the minor allele. Only a few studies®®*® performed

9268 | Food Funct., 2025, 16, 9259-9281 This journal is © The Royal Society of Chemistry 2025
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extensive and comprehensive genetic modelling. One study’®
conducted four genetic analyses, comparing dominant, reces-
sive, and additive models and model-free or non-parametric
computation, not assuming a specific genetic model and
relying on statistical methods to identify associations between
genetic markers and traits. Another study® tested five genetic
models (namely, dominant, co-dominant, over-dominant,
recessive, and log-additive). Of note, only one study*® per-
formed a haplotype analysis, which involved the study of the
combination of alleles inherited together from a single parent
to understand patterns of genetic variation, inheritance, and
their association with the excretion of flavanone metabolites.

Furthermore, two studies**** included only homozygous
variant individuals for a specific variant of the COMT gene,
excluding those heterozygous. Finally, concerning genetic
assumptions, they were generally met. Only two studies*®*’
found evidence of linkage disequilibrium and violation of the
Hardy-Weinberg equilibrium, at least for a SNP and in a sub-
group of the population recruited.

3.13 Analysis of the impact of the SNP on dietary (poly)
phenol metabolism: model building

Only a few studies explicitly reported the statistical procedure
followed to build their model. A study”* performed a three-way

This journal is © The Royal Society of Chemistry 2025
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interaction analysis (SNP genotype, treatment, and time). One
study’” leveraged non-targeted metabolomics, whilst two
studies***® utilised pharmacokinetics/nutrikinetics modelling.
In the metabolomic study,”” subsets of metabolites signifi-
cantly contributing to the discrimination between genetic
groups were identified by iteratively performing a stepwise
removal of the less contributing metabolites, according to
coefficient plots and values of the variable importance on pro-
jection. In one of the two nutrikinetics studies,** mean cate-
chin concentrations at each time point stratified by SNP (more
specifically, COMT genotype) were modelled using cubic
spline interpolation, and pharmacokinetic parameters were
estimated. In the other nutrikinetics study,® catechin concen-
