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Advances in the understanding of bioavailability and metabolism of bioactive compounds have been
achieved primarily through targeted or semi-targeted metabolomics approaches using the hypothesis of
potential metabolized compounds. The recent development of untargeted metabolomics approaches
can present great advantages in this field, such as in the discovery of new metabolized compounds or to
study the metabolism of compounds from multiple matrices simultaneously. Thus, this study proposes
the use of an untargeted metabolomics strategy based on HPLC-ESI-QTOF-MS for the study of bio-
availability and metabolism of bioactive compounds from different vegetal sources. Specifically, this study
has been applied to plasma samples collected in an acute human intervention study using three matrices
(Hibiscus sabdariffa, Silybum marianum and Theobroma cacao). This approach allowed the selection of
those significant variables associated with exogenous metabolites derived from the consumption of bio-
active compounds for their subsequent identification. As a result, 14, 25 and 3 potential metabolites
associated with supplement intake were significantly detected in the plasma samples from volunteers
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who ingested the H. sabdariffa (HS), S. marianum (SM) and T. cacao (TC) extracts. Furthermore, Tpmax
values have been computed for each detected compound. The results highlight the potential of untar-
geted metabolomics for rapid and comprehensive analysis when working with a wide range of exogenous
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1. Introduction

Traditionally, plantrich diets have been characterised by
reports of various health benefits in humans. A significant
portion of the beneficial properties of plant sources are associ-
ated with bioactive phytochemical compounds such as pheno-
lic compounds.’ When bioactive phenolic compounds are con-
sumed, these phytochemicals can be absorbed or metabolised
by host and intestinal microbiota enzymes.”> The complex
mixture of resulting metabolites may contribute additively or
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metabolites from different plant sources in biological samples.

synergistically to bioactivities and may explain their beneficial
effects.”

Given that the biochemical mechanisms of action of pheno-
lic compounds are related to disease prevention, it is essential
to fully understand their bioavailability and metabolization
reactions to know exactly which chemical structures reach the
target organs and tissues. Typical transformations in such phe-
nolic compounds often involve the elimination of sugar moi-
eties, resulting in the generation of aglycones from the initial
compounds.’ Furthermore, these compounds can undergo
phase I and II metabolic biotransformation in the liver.
Primary phase I metabolic reactions involve oxidation and
reduction, while phase II reactions include processes such as
methylation, sulphation, or glucuronidation.’

The absorption, bioavailability and metabolism of ingested
phenolic compounds in both human and animal is generally
explored by applying targeted metabolomics approaches.*®
This methodological choice revolves around the systematic
search in biological samples for specific predetermined metab-
olites based on the original composition of the bioactive
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extracts and their hypothesized metabolic transformations.*
These targeted strategies allow both the identification and
quantification of the main metabolites predicted for plant
matrices in biological samples, as long as commercial stan-
dards are available. Therefore, these strategies require a
detailed characterization of the original composition of the
bioactive extracts. However, these strategies do not have the
ability to detect unpredicted or non-preselected compounds,
and therefore the existence of completely new metabolites
could go undetected.” This limitation becomes particularly
obvious in plant matrices where information about the metab-
olites in plasma or urine is scarce. In such cases, relying solely
on targeted strategies might result in substantial loss of valu-
able information.® To address this limitation, untargeted
metabolomics strategies are gaining attention. These
approaches involve analysing the entire range of compounds
present in the samples without predefining a list of targets.
Although the initial hypothesis of an untargeted methods does
not pursue quantification, they offer a valuable advantage con-
sidering that they can reveal previously unknown or unex-
pected metabolites.***°

In this context, by employing untargeted metabolomics
strategies, we can acquire a much broader list of exogenous
metabolites derived from the ingested extracts. Similarly, it
enables the resolution of the issue of identifying metabolites
originating from matrices with limited metabolomic
studies.”'® Moreover, these untargeted strategies possess an
added advantage in their potential application in multi-matrix
studies. They allow rapid detection of circulating metabolites
from various extracts without requiring prior knowledge of the
original composition of the extract or the hypothesis of poss-
ible circulating metabolites. Considering all these aspects, this
study proposes the application of an untargeted metabolo-
mics-based study to study the bioavailability and metabolism
of three extracts with different phenolic composition (Hibiscus
sabdariffa, Silybum marianum, and Theobroma cacao).

H. sabdariffa, S. marianum, and T. cacao are three plant
sources that have traditionally been employed for human con-
sumption because of their reported beneficial properties."
Traditionally, these three plant sources have been consumed
in different formats: H. sabdariffa (HS) in the form of infu-
sions,'* S. marianum (SM) as pharmaceutical preparations'
and T. cacao (TC) in the form of chocolate and all its
variations."?

The phenolic compounds present in the original extracts of
these three plants have been widely studied by the scientific
community. However, there are hardly any studies focused on
the bioavailability and metabolism of these three plant
matrices. Moreover, these three plants present different pheno-
lic composition allowing to cover the bioavailability and
metabolism of different families of compounds through the
application of this study.

Considering all the context, this study proposes an untar-
geted metabolomics methodology for the study of the bio-
availability and metabolism of different bioactive extracts sim-
ultaneously. For its application, a case study is presented
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based on an acute intervention in humans where HS, TC and
SM extracts were administered, and blood samples were col-
lected at different times after the intake.

2. Experimental
2.1 Chemicals

All solvents employed in the analysis of metabolites were of
analytical reagent grade and utilized in their original state.
LC-MS grade methanol, water and formic acid, utilized as
mobile phase components, were procured from Sigma-Aldrich
(Steinheim, Germany). For plasma treatment, ethanol and
methanol of LC-MS grade were sourced from Fisher Scientific
(Madrid, Spain). The chemical standards used were Hibiscus
Acid from Phytolab (Vestenbergsgreuth, Germany) and
Quercetin-3 glucuronide from Sigma-Aldrich (St Louis, MO, USA).

2.2 Bioactive plant extracts

The HS, TC and SM extracts selected for the present study were
pre-industrial extracts of the three plant matrices provided by
NATAC Biotech S.L. (Caceres, Spain). The extraction para-
meters were optimised for each plant matrix individually. For
HS and TC extracts, a solid-liquid extraction (maceration) was
performed using an EtOH : H,O mixture (80 :20; v:v) for two
hours with a solvent: plant ratio of 20: 1. For the SM extract a
maceration was also performed but using an EtOH:H,O
mixture (96 : 4; v:v) for two hours with a solvent : plant ratio of
25:1. Extraction temperatures were set at 45 °C for HS, and
55 °C for SM and TC. The extracts obtained were dried under
vacuum, stored at room temperature and protected from light
until encapsulation. HS, SM and TC extracts at 5000 mg L™
were characterised by high-performance liquid chromato-
graphy (Agilent 1290 HPLC, Agilent Technologies, Palo Alto,
CA, USA) coupled to mass spectrometry with a quadrupole
time-of-flight analyser (Agilent 6545 QTOF Ultra High
Definition, Agilent Technologies, Palo Alto, CA, USA) using the
methodology carried out in the previous study by Villegas-
Aguilar et al. (2024).**

2.3 Biological samples

The study protocol adhered to the ethical recommendations of
the Declaration of Helsinki and received approval from the
Ethics Committee of the Miguel Herndndez University of Elche
and the Universitary Hospital of Elche (Alicante, Spain), refer-
ence PI 57/2019. The study involved 33 healthy subjects with a
mean age and body mass index of 27 + 9 years and 23 + 3 kg
m™?, respectively. Participants were not taking medication or
nutritional supplements and did not have any chronic pathol-
ogy or gastrointestinal disorder. The sample size was estimated
based on similar previous bioavailability studies.* Volunteers
provided informed consent before participating.

The study was conducted at the facilities of Universidad
Miguel Hernandez. After an overnight fast, volunteers were
divided into three groups: 8 consumed an encapsulated (pill)
500 mg H. sabdariffa calyxes extract, 8 consumed an encapsu-

Food Funct., 2024, 15, 9176-9190 | 9177


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo01522c

Open Access Article. Published on 12 August 2024. Downloaded on 5/6/2026 9:39:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

lated (pill) 500 mg S. marianum fruit extract, 8 consumed an
encapsulated (pill) 500 mg T. cacao fruit extract and 9 con-
sumed an encapsulated (pill) placebo. A polyphenol-free
breakfast was offered 30 minutes after encapsulation con-
sumption, and at 2.5, 4.5, and 9.5 hours after ingestion, a poly-
phenol-free snack and lunch were provided. Water was avail-
able ad libitum.

Before encapsulation ingestion, a nurse inserted a cannula
into the ulnar vein of the non-preferred arm of the volunteers.
Blood samples were collected in EDTA-coated tubes at baseline
(t = 0) and subsequently at 0.5, 1, 2, 4, 6, 8, and 10 hours after
encapsulation consumption. Plasma was separated by centrifu-
gation (10 min, 3000 rpm, 4 °C) and stored at —80 °C until
further analysis.

2.4 Sample treatment

The plasma samples, preserved at —80 °C until analysis, were
initially thawed on ice. For sample processing, a 100 pl plasma
aliquot was blended with 200 pl of methanol : ethanol (50: 50,
v/v). Following a 10 second vertexing, the mixture was main-
tained at —20 °C for 30 minutes to facilitate sufficient protein
precipitation. Subsequently, the sample underwent centrifu-
gation for 10 minutes at 14 000 rpm and 4 °C. The resulting
supernatant was subjected to a 2 hour vacuum evaporation in
a centrifugal evaporator (Concentrator Plus, Eppendorf,
Hamburg, Germany). The reconstituted residue was dissolved
in 80 pl of the initial mobile phase conditions (0.1% aqueous
formic acid : methanol, 95: 5, v/v). Finally, a 60 pl aliquot was
transferred to an HPLC vial and stored at —80 °C until the day
of analysis. A quality control (QC) sample was prepared by
combining equal volumes (20 pl) from each original sample.
Multiple QC aliquots were processed following the same meth-
odology as described for the samples.

2.5 HPLC-ESI-QTOF-MS analysis

The analyses were conducted in an Agilent 1260 HPLC instru-
ment (Agilent Technologies, Palo Alto, CA, USA) coupled to an
Agilent 6540 Ultra High Definition (UHD) Accurate Mass
Q-TOF, equipped with a dual Jet Stream ESIf interface. A
reversed-phase analytical C18 column (Agilent Zorbax Eclipse
Plus, 1.8 pm, 4.6 x 150 mm) with a protective cartridge of the
same packing was employed. The mobile phases included
water with 0.1% formic acid (mobile phase A) and methanol
(mobile phase B). To ensure effective separation, a gradient of
these mobile phases was applied as follows: 0 min [A: B, 95/5],
5 min [A: B, 90/10], 15 min [A: B, 15/85], 30 min [A: B, 5/95],
and 35-40 min [A: B, 95/5]. The column and autosampler com-
partment temperatures were maintained at 25 and 4 °C,
respectively. The injection volume and flow rate were set at
2.5 pl and 0.4 ml min™".

Detection was performed in negative ion mode within the
range of 50 to 1700 m/z. All spectra underwent correction via
continuous infusion of two reference masses: TFA anion (m/z
112.985587) and HP-921 (m/z 1033.988109). Both reference
ions provided accurate mass measurements, typically better
than 2 ppm.
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Ultrapure nitrogen and a nebulizer served as drying and
nebulizing gas at temperatures of 200 and 350 °C, with flow
rates of 10 and 12 L min™", respectively. Other optimised para-
meters were as follows: fragmentor, 130 V; capillary voltage,
+4000 V; nebuliser, 20 psi; nozzle voltage, 500 V; skimmer, 45
V and octopole 1 RF Vpp, 750 V.

The sequence design has been carried out according to the
guidelines and considerations established in untargeted meta-
bolomics studies.® For sample analysis, analytical blanks were
analysed at the beginning and at the end of the sequence.
Quality control samples were analysed at the beginning of the
sequence, after the first blanks, to stabilize instrumental con-
ditions. Additionally, QCs were also injected throughout the
entire sequence, every 6 real samples, to ensure analytical
reproducibility. Samples from different groups (placebo or
different supplements) were randomised in the sequences, but
different samples from the same volunteer were analysed con-
secutively. Finally, targeted MS/MS analyses were performed
on the signals of interest to obtain a fragmentation spectrum
for metabolite annotation. This experiment was performed
using nitrogen as collision gas with the following collision
energies: 10 eV, 30 eV and 60 eV.

2.6 Data processing

Firstly, the raw data (d format) acquired by
HPLC-ESI-QTOF-MS were converted to .mzML format using
the data processing tool Msconvert (ProteoWizard). MZmine
3.9.0 software was used to run several data preprocessing
stages including mass detection, chromatogram builder,
deconvolution, alignment, isotopic grouping and duplicate
peak filter. The following parameters were optimized and
selected to carry out the different data processing stages. For
the mass detection stage, a noise level of 3.0E2 was selected.
The construction of chromatograms was based on the ADAP
algorithm selecting the following parameters: intensity
threshold: 3.0E2; highest minimum intensity: 1.E3; m/z toler-
ance: 20 ppm. For chromatogram deconvolution, the
wavelet algorithm (ADAP) was applied with the following para-
meters: S/N threshold of 10, minimum peak height of 6.0E2,
coefficient/area threshold of 110, peak duration range from
0.00 to 10.00, and RT wavelet width range from 0.00 to 0.10.
Chromatogram alignment was conducted using the “Join
Aligner” algorithm, with an m/z tolerance of 15 ppm and an
RT tolerance of 0.25 min, assigning equal weight to both m/z
and RT. Finally, the duplicate peak filter stage was
implemented with a selected m/z tolerance of 15 ppm and a
retention time tolerance of 0.1 min.

The following data processing steps were conducted using
an open-source methodology through a combination of
different R packages.'® For the batch normalization step,
missing values (NAs) were imputed by a small value. The
batchCorr (v 0.2.5.) package was used to correct the signal
intensity drift between and within batches.'” The imputed NAs
were subsequently converted back to NAs after batch normali-
zation. Notame R package was mainly used to filter biologically
meaningless signals such as potential contaminants or low

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo01522c

Open Access Article. Published on 12 August 2024. Downloaded on 5/6/2026 9:39:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Food & Function

detected signals. Thus, the flag contaminants function was
used to filter out those molecular features considered as con-
taminants since they were also detected in blank samples. The
flag_detection function was also run to exclude the molecular
features with low detection rates for the study groups. A flag
detection threshold of 0.5 was chosen for filter out those
signals with low detection in the analysed samples. 8 groups
were established for each matrix according to the different
sample collection times (0, 0.5, 1, 2, 4, 6, 8 and 10 hours).
Therefore, all those signals that were not detected in 50% of
the volunteers in at least one of these subgroups were filtered.
For this filter, all chromatographic areas less than 80 counts
were considered NAs since those integrated values are below
the noise level.

2.7 Statistical analysis

Statistical analyses were aimed at selecting those variables
associated with the intake of bioactive supplements, which are
related to bioavailable and/or metabolized compounds. For
this objective, a combination of univariate and multivariate
statistical analyses was applied to the pre-processed dataset.
All statistical analyses were run using MetaboAnalyst 6.0 soft-
ware. Prior to conducting multivariate analyses, the data were
logarithmic transformed, and Pareto scaled. These measures
aimed to normalize the data and mitigate the impact of vari-
ables with large scales.

Firstly, a Principal Component Analysis (PCA) was per-
formed to assess reproducibility, check data quality and ident-
ify potential outliers. A hierarchical clustering analysis was
conducted through a heatmap, providing a preliminary visual
representation of the data based on the different experimental
groups. For those analyses, the variables with a relative stan-
dard deviation (RSD) higher than 30% in QC samples were
also filtered out.

Finally, the following criteria was used to select the poten-
tial molecular features related to exogenous metabolites of the
extract for subsequent identification:

- Molecular features do not have to be identified as con-
taminants based on the flag contaminant function.

- Molecular features have to be detected in at least 50% of
one of the subgroups, excluding time 0, of the volunteers who
consumed the extracts. On the contrary, molecular features do
not have to be detected in the subgroups of the volunteers who
consumed the placebo supplement.

- The molecular features do not have to be detected at the
time 0 subgroups.

The time to reach maximum concentration (Ty,,) was cal-
culated for each significant metabolite was calculated using
PKSolver, an add-in program for pharmacokinetic dana ana-
lysis in Microsoft Excel.®

2.8 Metabolite identification

The metabolite identification of selected molecular features
was conducted by comparing the acquired accurate mass, iso-
topic distribution, and fragmentation spectra derived from
MS/MS analysis with information available in comprehensive

This journal is © The Royal Society of Chemistry 2024
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metabolomic databases. The metabolite annotation step was
facilitated by and the CEU Mass Mediator tool, a versatile
resource developed by Gil de la Fuente et al. (2018)."° This tool
enabled simultaneous exploration of multiple databases,
including METLIN, LipidMaps, and the Human Metabolome
Database.

Furthermore, to enhance the accuracy of our identifi-
cations, MS/MS patterns were cross-referenced with in silico
MS/MS fragmentation resources, specifically using SciFinder®,
Sirius 5.8.5 and MetFrag (https:/ipb-halle.github.io/MetFrag/).

According to the identification guidelines proposed by
Sumner et al. (2007),>° compounds were annotated at level 1
with commercial standards, at level 2 by comparing the MS/
MS spectra with those present in the databases, at level 3
based on the molecular formulation and MS1 spectra and at
level 4 where the molecules remain as unknowns.

3 Results and discussion

3.1 Phytochemical composition of Hibiscus sabdariffa,
Silybum marianum and Theobroma cacao extracts

The detailed phytochemical characterization of HS, SM and TC
extracts is reported in Tables S1-S3 (ESIt), respectively.

In summary, 40 compounds were annotated in the HS
extract, including a high presence of hibiscus acid, hibiscus
acid lactone, and its methylated forms and glycosylated flavo-
noids, such as quercetin 3-O-rutinoside and quercetin
7-glucoside.

In the SM extract, a total of 67 compounds were tentatively
identified. Notably, there was a high content of flavolignans,
with prominent compounds including silybin and its isomers
such as silychrystin, isosilybin B, as well as modified forms
like dehydrosilybin, hydrogenated silybin, and acetylsilybin
A/B. Additionally, the extract contained other flavonoids such
as taxifolin (dihydroquercetin).

Finally, 53 compounds were annotated in the TC extract,
quinic acid and gluconic acid being the main compounds
present. Additionally, the presence of vanillic acid was note-
worthy in this extract.

Consequently, the phenolic content varies significantly
among these three matrices, showcasing a diverse array of phe-
nolic compounds from various families. Hence, these three
matrices were chosen for the implementation of untargeted
metabolomics methodology in bioavailability and metabolism
studies. One of the key advantages of employing untargeted
methodology is its versatility and therefore in multi-matrix
studies makes it unnecessary to hypothesize beforehand all
potential metabolization reactions.

In addition, total phenolic content was measured by the
Folin—-Ciocalteu method using gallic acid as the reference
compound for the standard curve of the extracts of HS, SM
and TC used in the acute intervention study in the previous
study by Villegas-Aguilar et al. (2024)."* The total phenolic
content values obtained were 51 + 1, 617 + 8, and 255 +
12 mg gallic acid equivalent per g dry extract for HS, SM,
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and TC, respectively. Therefore, it is evident that SM exhi-
bits a higher total phenolic content compared to the other
two extracts.

3.2 Untargeted metabolomic data analysis for the study of
bioavailability and metabolism of bioactive compounds of the
three bioactive extracts

After data processing with MZmine 3.9.0 software, a data
matrix consisting of 22 598 molecular features was obtained.
Subsequently, the various filtering steps mentioned in the
Experimental section (e.g. potential contaminants, low pres-
ence signals, etc.), resulting in a refined data matrix containing
6360 molecular features. These molecular features correspond
to potential compounds that are present in at least half of the
individuals in the defined subgroups (i.e., one subgroup per
matrix and collection time), including the time 0 and placebo
subgroups. This dataset based on the 6360 molecular features
was subjected to the different statistical analyses. Additionally,
to check data quality, the molecular features with a relative
standard deviation (RSD) higher than 30% in QC samples were
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filtered out. Following this filter, 5328 molecular features were
finally selected for further analysis.

To assess data quality after applying the selected para-
meters, an initial overview of the performance quality was
obtained through PCA of the entire dataset, including all QC
samples (Fig. 1). The PCA reveals well-clustered QC samples,
indicating good data quality. Regarding the remaining
samples, it is notable that the SM samples, in particular,
exhibit the most distinct separation from the placebo samples.
This subset of differentiated SM samples showed lower scores
in the PC1 and higher scores in the PC3 with respect to the
rest of biological samples. This deviation of a significant per-
centage of samples from the SM group from the rest of the
samples in the PCA score analysis is indicative of the presence
of upregulated signals in these SM samples, which may be
associated with the intake of the bioactive SM supplement.
This highlights that PCA analysis can offer a first overview of
the data, revealing the data quality as well as the relevance of
potential exogenous metabolites in the datasets. In addition,
additional PCA analysis were performed considering data from
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(A) 2D PCA scores plots from normalized data for plasma samples. (B) 3D PCA scores plots from normalized data for plasma samples.
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(A) 2D PCA scores plots from normalized data for plasma samples from H. sabdariffa and placebo. (B) 2D PCA scores plots from normalized

data for plasma samples from S. marianum and placebo. (C) 2D PCA scores plots from normalized data for plasma samples from T. cacao and

placebo.

the placebo group and each of the supplement groups (HS,
SM, and TC) but separately (Fig. 2). Similar trends are observed
with respect to the global PCA (Fig. 1) since there is a subset of
SM samples separated from the placebos through high scores
values at PC1 and low values at PC2 (Fig. 2B). However, in the
case of all TC and HS samples, a general overlap of almost all
studied samples is observed with the placebo samples (Fig. 2A
and C).

The subsequent step involves filtering those molecular fea-
tures detected in the placebo samples as well as in the plasma
samples collected at time 0 before the intake of the sup-
plements. After applying the filter, a matrix with 85 molecular
features was generated, and a hierarchical clustering analysis
via heatmap considering those signals was generated (Fig. 3). In
this heatmap, samples collected at time 0 in the experimental
groups were not considered for averaging the signals in those
groups. Therefore, the rest of samples collected at 0.5, 1, 2, 4, 6,
8, and 10 hours were used for this analysis. In this heatmap, it
is evident the presence of three different clusters that each one
of them is associated with a different matrix, highlighting the
difference in size in terms of the number of signals in each one
of them, the most numerous being the SM cluster, then the HS
cluster, and finally the smallest being the TC cluster.

The interactive heatmap allows users to visualise broad
multidimensional results from untargeted metabolomics

This journal is © The Royal Society of Chemistry 2024

and identify significantly altered features by customising
the visualisation.”" These results illustrate the swift acqui-
sition of such plots once the filtering criteria are estab-
lished, enabling the prompt identification of signals linked
to supplement intake. Moreover, it is worth noting the
considerable variances in the number of biomarkers associ-
ated with
study. These distinctions may primarily arise from variances
in the richness of the original extract compositions or
the bioavailability of phenolic compounds within each
matrix. Significantly, certain phenolic compounds exhibit
higher bioavailability than others. For instance, based on
the literature isoflavones compounds are the most bioa-
vailable followed by phenolic acids, flavanols, flavanones,
and flavonols, and the least bioavailable are anthocyanins
and proanthocyanidins.>?

The analysis carried out prior to the identification using
statistical analysis can be highly beneficial when analysing this
type of data involving exogenous metabolites from different
plant samples. In this regard, the results of the heatmaps
revealed that there are no compounds in common between the
three matrices, a finding that has been corroborated by identi-
fying the molecular features. Additionally, the heatmaps pre-
dicted that the SM matrix has the widest variety of compounds,
a conclusion further supported by the identification process,

intake across the different matrices in this

Food Funct, 2024, 15, 9176-9190 | 9181
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Fig. 3 Hierarchical clustering analysis by heat map using the areas under the curve of the 85 characteristic molecules selected for plasma from the

three matrices.

while highlighting the scarcity of metabolites present in
plasma after TC intake.

After analysing these findings, a heatmap analysis was con-
ducted, categorizing the selected metabolites in plasma from the
three matrices by group and time (Fig. 4) to assess whether this
graphical representation enables us to discern the times at which
the metabolites appear for each type of ingested sample. Indeed,
as indicated by the calculated Ty, it is observed that for the
metabolites from HS, there is a prevailing trend for most of them
to appear at a time very close to 1-2 hours after ingestion of the
extract. Conversely, for the metabolites resulting from the inges-
tion of SM, there is a subset of compounds with a Ty, of approxi-
mately one hour, while others exhibit a T}, of around 3 hours.

This heatmap offers a wealth of information surpassing
that of the previous one depicted (Fig. 3), as it disaggregates
the groups according to their respective time points.

9182 | Food Funct, 2024, 15, 9176-9190

3.3 Identification of significant signals related to
supplement intake

After applying the criteria for selecting significant signals
associated with supplement intake using an untargeted meta-
bolomic approach, a total of 85 compounds were proposed as
exogenous metabolites present in plasma following extract
ingestion. Finally, 25, 14 and 3 compounds were annotated in
the volunteers who consumed SM, HS and TC, respectively.
43 molecular features could not be annotated and were kept as
unknown compounds (Table S47).

In addition, Ty,.x values have been calculated for each com-
pound detected.

For greater detail of the bioavailable and metabolized com-
pounds detected in plasma samples, the subsections focus on
describing these results for each of the studied vegetal matrix.

This journal is © The Royal Society of Chemistry 2024
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by group and time.

3.3.1 Circulating metabolites detected in plasma related to
the intake of Hibiscus sabdariffa extract. Table 1 lists the bioa-
vailable metabolites detected in the plasma samples related to
the intake of the H. sabdariffa extract supplement. In total, 14
compounds were annotated in volunteers who ingested the HS
extract. Among the 14 compounds analysed, hydroxycitric acid
lactone was identified by comparison with its commercial
standard. Fig. S1t reports the MS/MS spectra of the analysed
standard, which along with the retention time matched with
the significant feature detected in the HS volunteers.
Additionally, 10 compounds were annotated at level 2 by com-
parison of MS/MS spectra with those reported in databases,
and 3 compounds at level 3. Consequently, approximately 79%
of the annotated compounds were annotated at levels 1 and 2,

This journal is © The Royal Society of Chemistry 2024

indicating high annotation reliability. The remaining 21% of
the compounds annotated at level 3 annotation are considered
less accurate, although the supporting bibliographic data
suggests a high likelihood of proper annotation.

When comparing the presence of metabolites in plasma
with the content of the original extract as reported by Villegas-
Aguilar et al. (2024)," it is evident that certain compounds
pass into plasma without undergoing modification in their
native form. Hence, compounds like hydroxycitric acid, hibis-
cus acid and two isomers of hibiscus acid monomethyl ester,
which are characteristic constituents found in significant
quantities in this plant matrix, enter the plasma directly
without undergoing any alteration. In this sense, when these
compounds enter the bloodstream, they can exhibit in target

Food Funct, 2024,15, 9176-9190 | 9183
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cells their bioactivity demonstrated in vivo in several studies,
such as the antimicrobial and anti-diabetic power of hibiscus
acid and the antioxidant and anti-inflammatory power demon-
strated for hydroxycitric acid.??

Other compounds detected in the plasma were not orig-
inally present in the extract but are metabolized derivatives of
compounds characterised in it. Hence, for instance, hibiscus
acid hydroxyethylester may have been generated in plasma
upon the addition in hibiscus acid of a methyl group and a
hydroxyl group to the methyl ester group. Therefore, these
compounds undergo both phase I and phase II metabolic reac-
tions. Methylation of this group can occur via catechol-O-
methyltransferases in the liver, small intestine or kidneys, with
the liver being the primary site.**

Also noteworthy is the presence in plasma of two isomers
of methoxycitric acid, compounds that were not found in the
original extract but may owe their presence in plasma to the
methylation of hydroxycitric acid, which was characterized in
the extract and in plasma.

It should be noted that most of the compounds detected in
plasma after ingestion of the HS extract exhibit a T, between
1 and 2 hours. When compared with the Ty,,, values obtained
in the study conducted by Arce-Reynoso et al. (2023),>* where a
H. sabdariffa drink containing compounds such as hibiscus
acid and hydroxycitric acid were also detected in plasma but
with Ty, values of 2.7 + 1.2 and 2.5 + 2.34 hours, respectively,
our study shows earlier T,ax values of 1.75 + 0.43 and 1.19 +
0.50 hours for these same compounds. The earlier Tp,,x values
observed in our study could be attributed to differences may
be related to the format of the product (beverage vs. capsule).
However, in accordance with the findings of these authors, the
low Thax values are indicative of intestinal absorption of the
compounds.”’

The detection of 5-hydroxy-2-furoic acid in the extract is
likely attributable to the presence of vitamin C (ascorbic acid).
While our methodology, designed for the identification of phe-
nolic compounds, cannot directly detect vitamin C, existing lit-
erature supports a high ascorbic acid content in the source
material (HS).>® Ascorbic acid oxidation leads to dehydroascor-
bic acid, a known precursor to 5-hydroxy-2-furoic acid through
subsequent hydroxylation via metabolic pathways.>”

In the case of the compounds annotated as p-gluconate and
2-furanmethanol, their presence in plasma is justified by pre-
vious reports of these compounds in HS extract.*%>°

3.3.2 Circulating metabolites detected in plasma related to
the intake of Silybum marianumn extract. Table 2 presents a
comprehensive list of 25 metabolites annotated in plasma
through an untargeted metabolomics approach in volunteers
who consumed S. marianum extract. Among the 25 com-
pounds, quercetin glucuronide was identified by comparison
with its analytical standard (Fig. S21). 22 molecular features
were annotated at level 2 annotation (comparison of MS/MS
spectra), and 2 at level 3 (based on molecular mass and litera-
ture search). Consequently, approximately 92% of the anno-
tated compounds achieved at least level 2 of annotation, indi-
cating high annotation reliability.

This journal is © The Royal Society of Chemistry 2024
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The main phenolic compounds found in the original SM
extract administered to the volunteers include silybin, or any
of its isomers such as silychristin, silydianin, isosylibin A, iso-
sylibin B.'* However, upon observing the presence of metab-
olites in plasma, it became apparent that these compounds
did not appear in their intact form in plasma. Instead, they
underwent metabolic transformations. In fact, five isomers of
silybin glucuronide, two isomers of silybin sulphate, two
isomers of silybin sulphate glucuronide, and three isomers of
silybin 3,23-bishemisuccinate were detected. It should be
noted that the glucuronidated and sulphated forms of silybin
found can be either silybin or any of the isomers silychristin,
silydianin, isosylibin A, isosylibin B.**

Examining the Tp,,, values of the silybin glucuronide
isomers, differences in Ty, values were detected since three
isomers exhibit T,,., values between 1.5 and 2 hours, while the
other two showed values around 4.5 and 8.5 h, respectively.
These variations in Thax values could stem from the specific
silybin isomer conjugated to glucuronide. However, the limit-
ation of untargeted metabolomics using HPLC-ESI-QTOF-MS
lies in determining the exact isomer. It is plausible that
certain silybin isomers are absorbed more rapidly, allowing for
earlier conjugation. This hypothesis finds support in the find-
ings of Marhol et al. (2015), who compared the absorption pro-
files of different silybin isomers in rats. For instance, they
reported a Ty, Of 4.1 hours for silybin A in its free form,
whereas for silybin B, it was 1.0 hour.** Another explanation
could be the site of glucuronidation, as glucuronidation enzymes
are expressed in both the liver and small intestine.** Studies con-
ducted on rats indicated that isoflavones exhibited slower intesti-
nal glucuronidation compared to hepatic glucuronidation.*®

In the case of silybin sulphate glucuronide, one of the
isomers exhibits a Tp,ax Of 2.17 + 0.90, while the other shows a
Tmax Of 4.00 = 2.62. This variation could be attributed to the
factors discussed previously for the silybin glucuronide
results.

Another compound present in the extract and detected in
plasma is taxifolin (dihydroquercetin). Besides being found in
its native form in plasma, it also appears with various meta-
bolic phase II transformations or conjugations. These include
taxifolin sulphate, methyltaxifolin, and methyltaxifolin
glucuronide.

These data agree with the study by Lakeev et al (2023),
where they evaluated the metabolism and bioavailability of
taxifolin in rats, obtaining Tp.x values of 0.20 + 0.14 for free
taxifolin, 0.12 + 0.09 for taxifolin sulphate, 0.18 + 0.12 for
methyltaxifolin, and 1.61 + 1.4 for methyltaxifolin glucuronide,
in which the times are shorter due to being rats but appear at
early maximum metabolization times, suggesting the rapid
metabolization of these compounds.*®

There are other metabolites present in plasma such as 2-o0-
caffeoylhydroxycitric acid, quercetin glucuronide or eriodictyol,
whose presence is due to different reasons. The presence of 2-
o-caffeoylhydroxycitric acid in plasma may be attributed to the
chlorogenic acid content in the original extract. Chlorogenic
acid consists of an ester of caffeic acid and quinic acid, and 2-
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o-caffeoylhydroxycitric acid could arise from the degradation
of chlorogenic acid. Previous studies have shown that when
the original extract contains chlorogenic acid, this compound
appears in plasma after ingestion.’”*' The importance of
using untargeted metabolomics strategies to search for metab-
olites that are not easily predictable to appear in this matrix
should be emphasised based on these results.

The presence of quercetin glucuronide in plasma can be
attributed to the presence of dihydroquercetin (taxifolin) in
the extract and in plasma samples. Dihydroquercetin can
undergo reduction to yield quercetin, which is subsequently
glucuronidated to form quercetin glucuronide. And lastly, the
presence of eriodictyol can be attributed to its presence in the
ingested extract, allowing it to pass into plasma in its native
form.

3.3.3 Circulating metabolites detected in plasma related to
the intake of Theobroma cacao extract. Table 3 provides a
detailed compilation of 3 annotated metabolites detected in
plasma via an untargeted metabolomics approach in partici-
pants who ingested T. cacao extract. Vanillic acid sulphate and
trihydroxyoctadecenoic acid were annotated at level 2, while
Artonin C was annotated at level 3.

In contrast to the metabolites identified in the ingestion of
the two other plant matrices discussed previously, the pres-
ence of metabolites following the consumption of T. cacao
extract is notably lower, with the majority remaining unknown
(Table S1t). Although these are unknown compounds, this
could be considered a future potential advantage of untargeted
metabolomics strategies, as they allow us to detect signals
related to supplement intake, which would be undetectable by
a targeted approach. It is hoped that with the progress of
analytical techniques or the expansion of databases these
unknowns can be annotated in the future.

The presence of certain metabolites in plasma stands out,
such as vanillic acid sulphate, whose appearance can be attrib-
uted to the presence of vanillic acid in the original extract con-
sumed by the volunteers. Additionally, the detection of trihy-
droxyoctadecenoic acid is noteworthy, as it arises from the
metabolism of linolenic acid, a fatty acid present in the
ingested extract, catalysed by the microbiota.*?

The low metabolite content observed in the plasma of vol-
unteers who ingested the TC extract could be attributed to the
insufficient richness in phenolic compounds in the extract.
The main metabolites that appear in plasma in most previous
studies on the bioavailability of cocoa consumption are the
flavan-3-ols catechin and epicatechin, or their conjugated
forms,**™** however, in our study we have not been able to
identify these compounds in plasma. This may be due to the
fact that the original extract used in our study was not
sufficiently rich in these flavan-3-ol compounds. In order to
verify this hypothesis, these flavan-3-ols present in the TC
extract were quantified (see the ESI} for the specific details of
this quantification). Based on the results of this quantifi-
cation, it is estimated that each volunteer ingested approxi-
mately 0.09 mg and 0.98 mg of catechin and epicatechin,
respectively, from the 500 mg capsule of extract.

This journal is © The Royal Society of Chemistry 2024
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These compound quantities are significantly lower com-
pared to those consumed in previous reported studies where
these bioavailable compounds have been detected in plasma.
For example, Ostertag et al. (2012) evaluated the bioavailability
of these compounds from flavan-3-ol-enriched dark and stan-
dard dark chocolates in a total of 42 healthy subjects.** They
found that both compounds were bioavailable in plasma after
the ingestion of 60 g of either flavan-3-ol enriched dark or
standard dark chocolate, with levels significatively higher after
consuming the enriched one. The amounts ingested of epica-
techin and catechin were 257 mg and 53.6 mg for the flavan-3-
ol-enriched chocolate, and 84.1 mg and 25.8 mg for the stan-
dard dark chocolate, respectively. Thus, it is evident that these
values are much higher than those ingested from the extract
capsule in our study, which may explain the absence of these
metabolites in the plasma samples. Glucuronidated and sul-
phonated derivatives of these compounds were also detected
in plasma in another example reported by Tomas-Barberan
et al. (2007), who formulated a flavonoid-enriched cocoa
powder and conducted a human trial, administering 196.1 mg
of epicatechin and 53.3 mg of catechin. Following the con-
sumption of the flavonoid-enriched cocoa, metabolites such as
epicatechin glucuronide and epicatechin sulphate were
detected in plasma. In the same study, after the administration
of conventional cocoa containing 39.6 mg of epicatechin and
24.2 mg of catechin, no sulphated epicatechin was detected in
plasma, and the level of glucuronidated epicatechin was five
times lower compared to that after consumption of the
enriched cocoa. Therefore, this study illustrates that the quan-
tity of ingested flavan-3-ols determines the presence and con-
centration of the resulting metabolites.** Another study by
Gomez-Juaristi et al. (2019) examined the presence of catechin
and epicatechin phase II derivatives in plasma after the con-
sumption of two soluble cocoa products (15 or 25 g of a con-
ventional or a flavanol-rich product, respectively, dissolved in
200 ml of milk). The presence of these metabolites in plasma
was attributed to the consumption of 8.55 mg of epicatechin
and 4.8 mg of catechin from the conventional drink, while the
enriched drink resulted in a total intake of 28.75 mg of epica-
techin and 13.25 mg of catechin. These values show clearly
that the amounts ingested in our study are much lower in com-
parison, suggesting a possible reason for why these derivatives
compounds were not detected bioavailable in plasma.*’

Furthermore, the format of cocoa consumption in our study
(extract) may have influenced flavan-3-ol bioavailability.
Schramm et al. (2003) investigated the impact of co-adminis-
tered foods on catechin and epicatechin absorption from
cocoa, demonstrating that concurrent ingestion of bread,
sugar, or grapefruit juice affected human bioavailability.
Notably, carbohydrate-rich foods significantly increased
plasma flavanol levels."® Consequently, most cocoa bio-
availability studies in the literature utilise cocoa in the form of
chocolate, incorporating it within a matrix that includes carbo-
hydrates such as sugar.*’

Therefore, the fact of not having used an extract rich in
flavan-3-ols in this intervention study could be the main
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reason for having detected so few bioavailable compounds for
TC. This may be also in line with the fact that untargeted
methods have limited sensitivity, meaning that compounds
present in very low concentrations cannot be detected. In this
context, it is evident that despite the great advantages of untar-
geted methods such as the detection of unexpected com-
pounds or the simultaneous application to bioavailability
studies of multiple matrices, there are also limitations. All this
suggests that future studies should be carried out with extracts
enriched in phenolic compounds to increase the probabilities
of detecting bioavailable compounds through untargeted
methods.

4 Conclusion

This study highlights the potential of untargeted metabolo-
mics for rapid and comprehensive analysis in biological
samples of a wide variety of bioavailable or metabolized
exogenous compounds derived from the ingestion of different
bioactive plant sources.

This untargeted approach enables a visual assessment and
comprehensive analysis of biological samples, providing an
initial indication of whether further identification is necessary
and identifying the samples along the nutrikinetics that are
most significant. This approach has been tested with three
different matrices (HS, SM and TC) resulting in the annotation
of the main metabolites that appear bioavailable after inges-
tion of the three matrices in an acute assay in humans. It
should be noted that some metabolites such as 2-o-caffeoylhy-
droxycitric acid, quercetin glucuronide or eriodictyol that
appear in plasma after SM ingestion could hardly have been
obtained by a targeted approach. Thus, this study has been
able to annotate the main metabolites without the need to
predict the possible routes of metabolism prior to analysis as
would have been necessary in a targeted study. Additionally,
for a more in-depth analysis, it facilitates the selection of
samples for a targeted metabolomics approach, which comp-
lements the information obtained.

In this sense, with this research we have proven the poten-
tial, but also the limitations, of using this type of untargeted
method for bioavailability studies. In fact, we have discovered
how the type of bioactive matrix influences the number of
metabolites detected by the untargeted method.
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