Open Access Article. Published on 28 January 2026. Downloaded on 6/10/2026 2:49:58 PM.

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

(cc)

Food &
Function

ROYAL SOCIETY

N
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue

‘ '.) Check for updates

Cite this: Food Funct., 2026, 17, 1817

Received 29th September 2025,
Accepted 12th January 2026

DOI: 10.1039/d5fo04197j

rsc.li/food-function

Introduction

Plants produce polyphenols

Metabolomic analysis reveals novel ethylated
hydroxytyrosol metabolites in colon cancer cells

Qara Noguera-Navarro, (2@ Carlos J. Garcia, (2 ® David Aufion, €
Angel Gil-Izquierdo 2 ® and Silvia Montoro-Garcia () *@

Plants produce a diverse array of secondary metabolites, with hydroxytyrosol (HT) and its derivatives dis-
tinguished by their antioxidant and chemopreventive properties. Upon dietary consumption, native HT
undergoes extensive biotransformation, initially facilitated by the gut microbiota. Increasing evidence
suggests that several of these downstream products, rather than the parent molecule, are responsible for
the most significant biological effects in mammalian cells. The identification of novel metabolites may
reveal unknown metabolic pathways, more particularly in distinct pathological contexts such as cancer.
The in vitro simulated gastrointestinal digestion (INFOGEST method) of HT, followed by bioavailability in
the tumoral metabolically active intestinal Caco-2 cells (50 uM HT for 2, 4, and 6 h), was performed.
Subsequently, an untargeted metabolomic analysis on the supernatant revealed novel HT-derived entities
compared with water. Among these, ethoxy phenylacetic acid sulfates (4, 5), ethyl hydroxyphenylacetate
acid sulfate (6) and ethoxy hydroxyphenylacetic acid or ethyl hydroxyphenylacetate glucuronide were
described for the first time in a study and confirmed by MS/MS fragmentation. These accumulated ethy-
lated forms were undetectable in non-tumoral plasma samples from HT-supplemented humans (60 mg
day™! HT for 28 days) and mice (50 mg kg™ day™ HT for 2 months), suggesting a tumour-specific or, at
the very least, tumour-favoured biotransformation pathway. These findings not only expand the diversity
of HT metabolites but also propose ethoxy-phenylacetic acid and its sulfate conjugate as potential bio-
markers for cancer detection.

the beneficial effects reported to date." Subsequent modifi-
cations, such as the formation of oleuropein and its hydrolysis,

as secondary metabolites. lead to different forms: free, acetate and complexed or esteri-

Hydroxytyrosol (HT, 3,4-dihydroxyphenyl-ethanol), a phenolic
acid from extra virgin olive oil (EVOO), has long been recog-
nised as a potent anti-inflammatory, anti-proliferative and
anti-antioxidant monophenol for the prevention of non-com-
municable diseases, such as cardiovascular diseases and
cancer.' In 2011, the European Food Safety Authority (EFSA)
approved a health claim stating that 5 mg per day of HT has
beneficial effects.? Its simple and small chemical polar struc-
ture (CgH;00;) hinders its bioavailability, especially in the
small intestine, and raises questions about how it can exert
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fied with other compounds.” Indeed, free HT can barely be
detected in plasma 1 h after consumption." The lipophilic
derivatives (secoiridoids), together with their formulation in
matrices and oils, have been shown to increase their absorp-
tion and stability®” as well as target-specific cell survival and
proliferation pathways.®

Upon consumption, the original form of HT is modified by
the microbiota, cellular metabolic pathways and the liver into
distinct metabolites with wide pharmacokinetic character-
istics. Emerging evidence indicates that the gut microbiota
plays a crucial role in the modification of HT into secondary
metabolites with enhanced potential anticancer properties,
which may contribute to the protective effects of EVOO con-
sumption against colorectal cancer.”'® Indeed, several studies
have demonstrated that HT induces alterations in human
colon cancer cells but not in normal colon epithelial cells,
such as apoptosis'’ or DNA methylation.’* Subsequently,
human metabolism mainly occurs in the liver (glucuronida-
tion, sulfation, etc.).'* A list of well-known metabolites has
been identified in plasma, such as hydroxytyrosol-3-glucuro-
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nide, homovanillic acid (HVA) and hydroxytyrosol-3-sulfate.'*
At the in vitro level, HT esters (HT acetate), HT alkyl ethers, HT
analogues, HT thio-derivatives (thioacetate, thiol, and disulfide
groups), and HT-derived isochromans have also been identi-
fied.'> Furthermore, their vast structural diversity and poten-

tial modifications under normal and pathological
conditions'®"” challenge their identification, quantification
and estimation of the recommended dietary intake.

Metabolomics is useful for the sensitive detection of small
molecules and high-resolution quadrupole time-of-flight
(HR-Q-TOF) attempts to complement classical targeted meta-
bolomics. Both techniques have been employed not only to
characterize pathways under normal conditions but also to
identify novel markers based on tumor biology."®

For a compound to exert its effects in normal and disease
states, its bioavailability is essential. This study aimed to
examine the HT metabolome using untargeted metabolomics
and confirm the findings with UV analysis on colorectal cancer
cells. In addition, it sought to investigate new metabolites
present in the plasma of healthy individuals (humans and
mice). Metabolomics holds promise for identifying a wide
range of secondary HT intermediates that may be linked to
antitumor properties.

Materials and methods
In vitro digestion of hydroxytyrosol

Hydroxytyrosol with a purity exceeding 99% was chemically
synthesised by Seprox Biotech, SL. (Murcia, Spain). A digestion
assay for HT was performed following the protocol described
by Minekus et al.'® Briefly, simulated fluids were prepared to a
final volume of 500 mL. The composition of each fluid was as
follows: simulated salivary fluid (SSF) contains 15.1 mL KCl
(37.3 g L"), 3.7 mL KH,PO, (68 g L"), 6.8 mL NaHCO; (84 g
L™, 0.5 mL MgCl,(H,0)s (30.5 g L"), 0.06 mL (NH,),CO;3
(48 g L") and HCI (6 mol L") to adjust the pH to 7.0; simu-
lated gastric fluid (SGF) contains 6.9 mL KCl (37.3 g L™,
0.9 mL KH,PO, (68 g L"), 12.5 mL NaHCO; (84 g L™,
11.8 mL NaCl (117 g L™"), 0.4 mL MgCl,(H,0)s (30.5 g L),
0.5 mL (NH,),CO; (48 g L") and HCI (6 mol L") to adjust the
PH to 3.0; and simulated intestinal fluid (SIF) contains 6.8 mL
KCl (37.3 g L"), 0.8 mL KH,PO, (68 g L"), 85 mL NaHCO;
(84 g L™, 38.4 mL NaCl (117 g L"), 0.33 mL MgCl,(H,0),
(30.5 g L™) and HCI (6 mol L™") to adjust the pH to 7.0.

The entire digestion process was performed at 37 °C, and
all samples were prepared in triplicate. The procedure was as
follows: 5 mL of water (control) or the HT sample (2 g L") was
added to a mixture containing 3.5 mL of SSF, 0.5 mL of saliva
amylase (1500 U mL ™" SSF dissolved), 25 uL of CaCl, (0.3 M)
and 975 pL of distilled water. The final 10 mL mixture was
incubated for 2 minutes. The 10 mL bolus was mixed with
7.5 mL of SGF, 16 mL of porcine pepsin (25000 U mL™" SGF
dissolved), 0.5 pL of CaCl, (0.3 M), 0.2 mL of HCI (1 M) and
695 uL of distilled water, reaching a final volume of 20 mL.
This mixture was incubated at 37 °C for 2 hours. Finally, the
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resulting 20 mL gastric chyme was combined with 11 mL of
SIF, 5 mL of a pancreatin solution (800 U mL™' SFI based),
2,5 mL of fresh bile (160 mM), 40 puL of CaCl, (0.3 M), 0.5 mL
of NaOH (1 M) and 1.31 mL of distilled water.

At the end of each digestion phase, samples were collected
in triplicate. The samples were centrifuged at 4000g for
25 minutes at 4 °C and then frozen at —80 °C for future
analysis.

Cell viability assay for hydroxytyrosol treatment

Caco-2 cells (ATCC HTB-37) were seeded at a concentration of
30000 cells per well in 96-well plates and then incubated at
37 °C for 24 hours. Subsequently, they were treated with
increasing concentrations of HT (1-1000 pM). The treatment
was incubated at 37 °C for another 24 hours. Subsequently,
30 pL of thiazolyl blue tetrazolium bromide (MTT) at a concen-
tration of 1.9 mg mL™" was added, followed by a 4-hour incu-
bation at 37 °C in the dark. The medium was then aspirated,
and 200 pL of dimethyl sulfoxide (DMSO) per well was added,
with a 30-minute incubation at room temperature under
orbital agitation. Finally, the plate was measured at 570 nm
with a reference wavelength of 620 nm. A non-toxic HT concen-
tration of 50 uM was used for the bioavailability study.

Quantification of hydroxytyrosol and bioavailability assay

The HT content was quantified for further bioavailability assay
via high-performance liquid chromatography (HPLC, Agilent
1200, Germany) equipped with a diode array detector. A C18
Polaris column (150 x 4.6 mm, 5 mm) was maintained at
35 °C. The mobile phase consisted of 0.1% formic acid (A) and
methanol (B), applied under a gradient elution program
(0.0 min 10% B, 5.0 min 30% B, 17.5 min 100%, 20 min 100%
B, 30.0 min 10% B, 35 min 10%).> Before analysis, a cali-
bration curve was created using a standard HT sample
(Phyproof ® > 90%; reference substance, PhytoLab) through
serial 1:2 dilutions from a stock solution (25 mg in 100 mL of
the initial solvent mixture). HT was identified at a retention
time of 4.846 min and quantified using a calibration curve
ranging from 250 to 7.8 mg L,".>°

A 24-well plate with Transwell™ inserts was used to seed
300000 Caco-2 cells (ATCC HTB-37) per well. This cell line is
derived from colorectal adenocarcinoma and maintains meta-
bolic features characteristic of tumoral cells. The cells were
incubated for 20-21 days to allow the formation of a differen-
tiated epithelium. During this period, the culture medium was
replaced every 48 hours with complete DMEM with
L-gutamine, 10% fetal bovine serum (FBS) and penicillin/strep-
tomycin (P/S) to ensure optimal cell development.

Once confluence was reached, transepithelial electrical re-
sistance (TEER) was measured using an ERS-2 (MiliCell®) re-
sistance system. The epithelial monolayer was considered
established when all wells exhibited resistance values above
800 Q, indicating tight junctions.>' Experimental conditions,
control (water digestion) and 50 pM HT, previously quantified
from the in vitro digestion processes, were added to the apical
side. Each experimental condition was performed in duplicate,

This journal is © The Royal Society of Chemistry 2026
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at different time points (2, 4 and 6 hours). Aliquots from time
0 hours were collected as basal references. At the end of each
incubation period, apical and basal supernatants were recol-
lected from the Transwell™ system. These samples were centri-
fuged to remove unwanted suspended material, preserving
only the supernatant containing free particles. Finally, the
supernatants were frozen at —80 °C for further analysis.

Plasma samples

Human plasma samples were obtained by venipuncture from
two patients at a high cardiovascular risk after intake of 60 mg
day™" of HT for 28 days.?® This concentration is equivalent to
the intake of four caramels per day, each containing 15 mg of
HT complexed with p-cyclodextrins, taken between meals.
Blood samples were collected at the initial point and after 28
days of HT consumption in EDTA vacutainer tubes. The
human study was approved by the Ethical Committee of the
Catholic University of Murcia, Spain (CE042213, Clinical Trials
ID: NCT06319417).%°

An animal study was also conducted, which involved two
5-week-old athymic nude mice (Crl: NU(NCr)-Foxn1nu, Charles
River, France). During the 2-month period, HT dissolved in
water (50 mg kg™' day™') was administered via oral gavage 5
days per week in volumes of 60-100 pL. This dosage is suitable
for mice weighing 20-30 g. The animal study was approved by
the Ethical Committee of Instituto Murciano de Investigacion
Biosanitaria (No. A13240502). Mice plasma samples were
obtained via terminal intracardiac blood collection performed
under anaesthesia using a mixture of fentanyl (0.075 mg kg™%),
midazolam (7.5 mg kg™"), and medetomidine (0.75 mg kg ™)
dissolved in sterile saline. Death was confirmed by cervical
dislocation.

Metabolite extraction

Metabolite extraction involved mixing three parts of each
sample with one part of an acetonitrile/formic acid (98:2)
mixture, followed by vortexing for 2 minutes. Subsequently,
the mixture was placed in a bath sonicator for 10 minutes.
Finally, the samples were centrifuged at 4000g for 20 minutes,
and the final supernatant was collected. Next, samples were
evaporated in a SpeedVac (Savant SPD121P, Thermo Scientific,
Alcobendas, Spain) at room temperature. Dry samples were
reconstituted with 200 pL of methanol and transferred to glass
vials for analysis. Acetonitrile and water 0.1% (v/v) formic acid
were purchased from ].T. Baker (Deventer, the Netherlands),
and formic acid was obtained from Panreac (Barcelona, Spain).

Untargeted metabolomic analysis via UHPLC-ESI-QTOF-MS

Untargeted metabolomics analysis was conducted using a
U-HPLC system (Infinity 1290; Agilent) coupled with a high-
resolution quadrupole time-of-flight mass spectrometer (6550
iFunnel Q-TOF LC/MS; Agilent) equipped with an Agilent Jet
Stream (AJS) electrospray ionisation (ESI) source. The mass
spectrometer operated in the negative ion mode under the fol-
lowing conditions: gas temperature of 150 °C, drying gas flow
at 14 L min~", nebulizer pressure set at 40 psig, sheath gas

This journal is © The Royal Society of Chemistry 2026
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temperature of 350 °C, sheath gas flow at 11 L min™", capillary
voltage of 3500 V, fragmentor voltage of 120 V, and octapole
radiofrequency voltage of 750 V. Data acquisition was per-
formed across an m/z range of 50-1700 at a scan rate of 3
spectra per second, with real-time mass correction using refer-
ence ions at m/z 112.9855 and 1033.9881.

The MS/MS spectra of target product ions were acquired
within an m/z range of 100-1100, applying a retention time
window of 1 min, collision energy varying from 5 to 60 eV, and
a scan rate of 1 spectrum per second. Chromatographic separ-
ation was performed on a reversed-phase C;g column
(Poroshell 120, 3 x 100 mm, 2.7 um pore size) maintained at
30 °C. The mobile phase consisted of water with 0.1% formic
acid (Phase A) and acetonitrile with 0.1% formic acid (Phase
B), with a flow rate of 0.4 mL min~". The analytes were eluted
using the following gradient: 0 min, 1% B; 10 min, 82% B;
16 min, 62% B; 22 min, 5% B; 24 min, 5% B; 25-30 min,
1% B.

Targeted metabolomics using UV spectra characterization via
HPLC-DAD-ESI-MS/MS (IT)

The identification of new HT derivatives was performed using
an Agilent 1100 HPLC system equipped with a photodiode
array detector (G1315D) and coupled in series to an HCT Ultra
Bruker Daltonics ion trap mass spectrometer via an electro-
spray ionisation (ESI) interface (HPLC-DAD-ESI-MS/MS-IT).
Chromatographic separation was performed on a Poroshell
120 EC column (3 x 100 mm, 2.7 pm) from Agilent
Technologies (Waldbronn, Germany). The mobile phases con-
sisted of water/formic acid (99:1, v/v) (Phase A, Panreac,
Barcelona, Spain) and acetonitrile (Phase B, ].T. Baker,
Deventer, the Netherlands). The following gradient was
applied: 0 min, 1% B; 10 min, 82% B; 16 min, 62% B; 22 min,
5% B; 24 min, 5% B; 25-30 min, 1% B. The flow rate was main-
tained at 0.4 mL min™*, with an injection volume of 10 pL and
a column temperature of 25 °C. UV spectra were recorded in
the 200-600 nm range.

For mass spectrometry analysis, the electrospray source ion-
isation (ESI) was operated under the following conditions:
nebuliser pressure, 65 psi; dry gas flow, 11 L min™"; and dry
gas temperature, 350 °C. The capillary voltage was set to 4 kv,
and data were acquired in the negative ion mode across an m/z
range of 100-1500, with a target mass of 500. The targeted MS/
MS mode was used, applying a fragmentation amplitude of 1 V
for ion isolation and fragmentation of the selected ions.

Data processing

Data acquisition was performed in the centroid and profile
modes. The raw data were converted into the .abf format and
processed using MS-DIAL 5.1.2 (prime.psc.riken.jp/compms)
to generate data matrices. Feature extraction parameters were
optimised to comprehensively cover the metabolome of the
samples. Data collection was set with an MS1 tolerance of 0.01
Da, whereas peak detection parameters included a minimum
peak abundance of 1000 and a mass window of 0.1 Da. For
smoothing, a linearly weighted moving average method was
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applied with a smoothing level of three scans. The generated
data matrices were subsequently exported to the
MetaboAnalyst platform (metaboanalyst.ca, Xia Lab) for evalu-
ation and multivariate model generation. Before model cre-
ation, missing value imputation, abundance filtering, log
transformation, and auto scaling were applied. After assess-
ment of the multivariate models, a pattern-hunting analysis
was conducted based on the presence of HT-sulfate. This step
enabled the tentative identification of novel HT-derived mole-
cules. After data processing, the tentatively identified deriva-
tives were further analysed using MassHunter Qualitative 10.0
(version B.10.0, Agilent software metabolomics, Agilent
Technologies, Waldbronn, Germany).

Statistical analyses

Principal component analysis (PCA), partial least-squares dis-
criminant analysis (PLS-DA), heatmap analysis, and ANOVA
simultaneous component analysis (ASCA) were performed
using MetaboAnalyst (metaboanalyst.ca, Xia Lab) for untar-
geted analyses.

Results
Hydroxytyrosol decreases during the digestion phases

First, the HT concentration was quantified via HPLC in the dis-
tinct phases of the in vitro digestion, showing a progressive
decrease (Fig. 1). The concentration was initially 1981 + 1.8 mg
L' (100%), but it dropped to 760 + 1.9 mg L™" (38.2% + 0.9%)
after the oral phase. The reduction from the oral to the gastric
phase, resulting in a concentration of 554 + 0.2 mg L™ (28.1%
t 0.1%), was less pronounced than the initial decrease.
Ultimately, a substantial reduction was observed in the intesti-
nal phase, with the concentration reaching 74 + 0.6 mg L™*
(4.0% + 0.3%). It should be noted that a concentration of 2 g
L™ HT was used in the in vitro digestion to maximize analyti-
cal sensitivity and ensure reproducibility, rather than to mimic
dietary exposure.

Multivariate analysis results

After confirming Caco-2 cell viability at 50 pM HT (SI Fig. S1),
samples from the in vitro digestion and bioavailability assays

A) B)
_ 100 Digestion Mean sD
g Phase
E] Oral Phase
8 (mg/L) 760 19
£ s :
3 Gastric Phase
3 (mg/L) 554 0.2
T
Intestinal Phase
0 (mg/L) 74 0.6
2 2 2
& FF
°.¢S X

Fig. 1 Hydroxytyrosol measurement using HPLC. (A) Percentage and
(B) concentration in mg L™ following simulated digestion at the oral,
gastric and intestinal phases.
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were collected, extracted and analysed via UPLC-ESI-QTOF-MS.
After preprocessing the raw data, a total of 67 435 entities were
aligned and used to create the data matrix. After removing the
entities present in the control samples (water digestion), a
final data matrix consisting of 36 365 entities was exported to
MetaboAnalyst for evaluation. A PLS-DA model of a part of the
dataset was created for VIP (Variable Importance in Projection)
inspection. The PLS-DA model incorporated the basal and
apical measured samples after 2 and 6 h of absorption (SI
Fig. S1A). The PLS-DA explained a total of 37.1% of the data
variability. The variables explained by component one separ-
ated the samples according to the region, whereas component
two separated the samples according to the time. Once the
multivariate model was evaluated and validated, HT-sulfate
(233.01329_5.654) was identified as one of the most important
entities in the PLS-DA model (VIP score = 3.30) (SI Fig. S1B)
and was used to generate the pattern hunter (SI Fig. S1C).
After the pattern hunter application, 106 candidates exhibiting
the same pattern as HT-sulfate were identified.

Metabolomics results

Based on the multivariate analysis results, nine molecules
were tentatively identified as HT derivatives, four of which
were reported for the first time (Table 1) via
UHPLC-ESI-QTOF-MS. The rest of the tentative entities were
reserved to be investigated in future research. HT-sulfate (1),
HVA sulfate 1 (2), HVA sulfate 2 (3), ethoxy phenylacetic acid
sulfate 1 (4), ethoxy phenylacetic acid sulfate 2 (5), ethyl hydro-
xyphenylacetate sulfate (6), HVA glucuronide 1 (7), HVA glucur-
onide 2 (8) and ethoxy hydroxyphenylacetic acid glucuronide
or ethyl hydroxyphenylacetate glucuronide (9) were identified.
The first six were confirmed by the MS/MS spectra. HT-sulfate,
HVA sulfate and HVA glucuronide were previously identified.**
On the other hand, the ethoxy phenylcetic acid sulfates (4, 5),
ethyl hydroxyphenylacetate sulfate (6) and ethoxy phenylacetic
acid glucuronide or ethyl hydroxyphenylacetate glucuronide (9)
were described for the first time in a previous study. According
to the MS/MS fragmentation results, the three new isomers,
ethoxy phenylacetic acid sulfates and ethyl hydroxyphenylace-
tate sulfate, were confirmed. They exhibited a fragmentation
behaviour similar to those of HT sulfate and HVA sulfate,
releasing the sulfate at 20 electron volts (eV) of collision energy
and a fragment at m/z 195.0667. Furthermore, a fragment at
m/z 232.0289 corresponding to the loss of the vinyloxy group
was found to be the main fragment released at 20 eV (Fig. 2).
This fragmentation pattern was observed at 20 and 30 eV,
while 10 eV was not efficient to observe the main fragments.
Furthermore, a fragment corresponding to HT was observed as
the main fragment at 30 eV.

The three isomers, compounds (4), (5), and (6), presented
the same fragmentation patterns. These results indicated that
these new isomers present an ethyl group in the hydroxyl rad-
icals. Unlike the previously described HT acetate sulfate,?
which shows the same m/z, the fragmentation pattern of the
derivatives observed in this study suggests that these new
derivatives are distinct. This result indicates an O-ethoxylation

This journal is © The Royal Society of Chemistry 2026
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Table 1 Hydroxytyrosol intermediates detected by untargeted metabolomics
MS/MS fragments Collision

Compound Formula m/z ppm Rt (neg polarity) E
(1) Hydroxytyrosol sulfate CgH1006S  233.0137 3.87 5.63 153.0558; 123.0451 20
(2) Homovanillic acid sulfate 1 CoH100,S  261.0078 1.87 9.6  181.0505; 79.9570 20
(3) Homovanillic acid sulfate 2 CoH,00,S  261.0069 1.97 9.89 181.0505; 79.9570 20
(4) Ethoxy phenylacetic acid sulfate 1 CioH150,S 275.0236 0.14 10.55 232.0285;248.0239;195.0661 20
(5) Ethoxy phenylacetic acid sulfate 2 Ci10H1,0,S  275.0233 —-0.57 11.2 232.0234;248.0230;195.0665 20
(6) Ethyl hydroxyphenylacetate sulfate C1oH120,S  275.0233 —0.57 11.79 260.9330; 248.0234;195.0656 20
(7) Homovanillic acid glucuronide 1 CysH13040 357.0828 0.51 94 — —
(8) Homovanillic acid glucuronide 2 C,5H,5049 357.0831 0.99 9.94 — —
(9) Ethoxy phenylacetic acid glucuronide or ethyl C16H20010 0.8 105 — —
hydroxyphenylacetate glucuronide

X104 [-ESI Product lon (it: 11.145 min) Frag=140.0V CID@20.0 (275.0231z=1] -> **) ht_n_T20d
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Fig. 2 MS/MS fragmentation pattern of the novel hydroxytyrosol derivatives. Fragmentation of ethoxy phenylacetic acid sulfate 2 (5) at 20 eV.

of either the hydroxyl or the carboxylic hydroxyl group, once
the alcohol group is oxidized to an acid, as observed in the
case of HVA (Fig. 3).

In addition, the new ethoxybenzene metabolites were
measured by targeted UV spectra and ion trap MS/MS to
confirm the fragmentation spectrum of these compounds by
means of a discontinuous mass spectrometric measurement
technique, which allows ion-by-ion isolation and thus unam-
biguous assignment of the association of the ionised com-
pounds with the ionic fragments generated. Furthermore, the
use of UV array detection in combination with MS/MS enabled
correlation of these results with those obtained by the ion trap
technology discussed above, which is an additional double
confirmation of the ionic results obtained by
UHPLC-ESI-QTOF-MS. In this way, the UV spectra of the
phenol group of the HT-sulfate and the methoxybenzene
present in the HVA sulfate were compared with the new metab-
olite to confirm the UV absorption of the benzene part and the
differences between the methoxyl and ethoxyl groups. HT-
sulfate, HVA-sulfate and ethoxy phenylacetic acid sulfate

This journal is © The Royal Society of Chemistry 2026

showed the same first absorption peak at 240 nm, corres-
ponding to the benzene ring (Fig. 4). The -OH group in HT
(Fig. 4A) and the -OCHj; group in HVA (Fig. 4B) give rise to a
second absorption band at 278 nm with similar intensity, as
both substituents display strong electron-donating resonance
effects that increase the electron density of the aromatic ring.
This reinforcement of the © — n* transition explains the high
intensity of the 280 nm band, which is slightly more pro-
nounced in the case of the phenolic -OH group.

In contrast, the -OCH,CHj; substituent of ethoxy phenylace-
tic acid sulfate (Fig. 4C) has a weaker resonance donation
ability than methoxy and, therefore, contributes less to the
enhancement of the 280 nm transition. As a result, the 280 nm
band becomes noticeably less intense than the 240 nm band.

HPLC-DAD-ESI-MS/MS-IT only detected the most intense
band as the precursor ion for fragmentation (ethoxy phenylace-
tic acid sulfate 1), as it is a less-sensitive technique than
UHPLC-ESI-QTOF-MS. Although the ion intensity was not
optimal for HPLC-DAD-ESI-MS/MS analysis, the results still
revealed characteristic MS/MS fragments for all metabolites,

Food Funct., 2026, 17,1817-1826 | 1821
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Fig. 3 Metabolic pathway proposed for hydroxytyrosol in colon cancer cells. Proposed chemical structures of the newly identified hydroxytyrosol-
derived metabolites. (1) Hydroxytyrosol sulfate; (2) homovanillic acid sulfate 1; (3) homovanillic acid sulfate 2; (4) ethoxy phenylacetic acid sulfate 1;
(5) ethoxy phenylacetic acid sulfate 2; (6) ethyl hydroxyphenylacetate sulfate; (7) homovanillic acid glucuronide 1; (8) homovanillic acid glucuronide
2; and (9) ethoxy phenylacetic acid glucuronide or ethyl hydroxyphenylacetate glucuronide.
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Fig. 4 Spectral UV absorption and MS/MS proposed fragmentation pattern of hydroxytyrosol derivatives. (A) Hydroxytyrosol sulfate (1); (B) homova-
nillic acid sulfate 1 (2); and (C) ethoxy phenylacetic acid sulfate 2 (5).

such as the loss of the sulfate group, yielding fragments at m/z  of the vinyloxy group, was also observed for ethoxy phenylace-
152, 180, and 195, respectively (Fig. 4A-C). In addition, a tic acid sulfate, as shown in the MS/MS analyses conducted
characteristic fragment at m/z 233, corresponding to the loss using UHPLC-ESI-QTOF-MS (Fig. 4C).
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Identification of ethoxy phenylacetic acid in plasma

The same methodology was applied to detect the presence of
these new metabolites in plasma samples from non-tumoral
conditions supplemented with high-dose HT. The ethylated
derivatives were not detected in the plasma samples of
humans and mice. According to previous pharmacokinetics
studies of HT, the derivatives present the highest plasma levels
between 30 min and 2 hours of HT intake.>*

Discussion

Numerous studies have explored the influence of nutrition
on the determination of risk and cancer progression.>**®
Hydroxytyrosol and its metabolites have been extensively
investigated in the literature”***” owing to their potential bio-
logical activity. As demonstrated in this study, the HT concen-
tration significantly decreases during the digestive process.
The HT metabolites can exert beneficial effects, such as anti-
oxidant effects, on the organism,*”*® and identifying unknown
metabolites may reveal novel metabolic pathways of interest,
more particularly in distinct pathological contexts such as
cancer.

In this study, we evaluated in vitro and in vivo samples,
identifying several metabolites, including the well-known HT-
sulfate and HT-glucuronide.>® HT-sulfate has been shown to
function as an anti-inflammatory agent by reducing IL-1p
levels,*® whereas HT-glucuronide mitigates endoplasmic reti-
culum stress, thereby promoting atherosclerotic health.?! In
addition, HVA is of significant importance in this study, with
the detection of its HVA-sulfate and HVA-glucuronide forms, as
previously elucidated.?* Although the metabolic properties of
these forms have not been fully characterized, HVA has been
identified as a potential modulator of depression®® and a bio-
marker for diseases, such as neuroblastoma and neural crest
tumors.>® The molecular mechanisms and pharmacological
activities of these identified metabolites remain to be fully elu-
cidated, and several studies have shown that disease can influ-
ence polyphenol metabolism.**°

Although numerous metabolites derived from HT have
been extensively documented, this study identified novel ones,
including ethoxy phenylacetic acid sulfate 1, ethoxy phenylace-
tic acid sulfate 2, ethyl hydroxyphenylacetate sulfate and
ethoxy phenylacetic acid glucuronide or ethyl hydroxyphenyla-
cetate glucuronide, with ethoxy phenylacetic acid sulfate 1
being the most abundant. Typically, phenolic compounds
transform into other metabolites through processes such as
methylation, carboxylation, sulfate conjugation, hydroxylation,
and oxidation.’” However, this study explored an unpre-
cedented aspect, specifically the ethoxylation of HT, which has
not been previously reported. It is established that ethanol is
requisite for the formation of ethoxy groups by microorgan-
isms specifically.*®**° Nonetheless, in the current in vitro
context, where no microbiota was present, this relevant modifi-
cation still occurred in differentiated Caco-2 cells. Despite not
being an in vitro proliferative tumor model, Caco-2 cells

This journal is © The Royal Society of Chemistry 2026
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provide a suitable intestinal epithelial system for studying the
tumoral metabolism of HT.

Moreover, the use of untargeted metabolomics, validated by
UV analysis, demonstrates the power of this approach in iden-
tifying novel metabolites and physiological conditions.**
Metabolomics examined in vitro samples lacking microbial
presence but showing ethylations in tumoral cells. While the
effects of ethylation on HT are not well established, such
chemical modification can significantly alter its properties and
biological activities. In cancer cells, aberrant ethoxylation can
occur due to dysregulated enzymatic activity or altered meta-
bolic processes.”> These modifications may further affect pro-
teins, lipids, and other biomolecules, potentially contributing
to tumor progression and drug resistance. For instance, ethox-
ylation of certain proteins may alter their localization or inter-
actions with other molecules, potentially promoting oncogenic
signaling.**** Understanding these specific ethoxylation path-
ways in tumoral cells may provide insights into cancer biology
and potential therapeutic targets. To fully understand the
effects of ethoxy-phenyl acetic acid sulfates 1-2 on tumor cell
proliferation and viability, further research and specific experi-
mental studies would be necessary. Our results indicate the
potential biotransformation of HT in colon cancer cells; these
ethoxylated metabolites can serve as potential biomarkers for
colorectal cancer, pending further validation studies.*’

To validate the presence of these newly identified metab-
olites under physiological conditions, we conducted the same
analyses in in vivo systems, namely, human plasma samples
and a mouse model supplemented with HT. The absence of
these specific metabolites in plasma from patients and mice at
risk for cardiovascular diseases does not conclusively prove
that they were not produced by healthy conditions or that they
are exclusively associated with tumoral processes. Indeed,
other metabolites are rapidly cleared from the circulation in
healthy individuals, and thus, the timing of sample collection
could also have influenced the analysis.’®"” Nonetheless,
altered metabolism in tumoral processes may lead to increased
production of ethoxylated metabolites, and further research,
including other tumoral cell lines, colorectal cancer patients
and time-course studies, would be necessary to establish a
definitive link between these metabolites and tumoral
processes.

This study provides novel insights into the in vitro for-
mation of metabolites derived from HT; however, several limit-
ations warrant consideration. The primary limitation is that
the entire study was conducted under controlled conditions,
which may not fully replicate the complexity of in vivo systems.
As a result, the identified metabolites may differ in concen-
tration, stability, or presence under other physiological con-
ditions (as shown). Furthermore, the proposed enzymatic
system remains theoretical and may require substantiation in
future investigations. Finally, the absence of these molecules
in vivo constrains our ability to conclude the pharmacoki-
netics, bioavailability, or biological activity of the detected
metabolites in tumoral processes. Therefore, future studies
should address these issues by validating the identified metab-
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olites in vivo and exploring their biological functions and
potential health effects.

Conclusions

This study provides valuable insights into the metabolic bio-
transformations of HT in tumoral colorectal cell samples
using untargeted metabolomics. The study identified pre-
viously unreported ethylated HT metabolites, specifically
ethoxy phenylacetic acid sulfates 1 and 2 and ethyl hydroxy-
phenylacetate sulfate in tumoral cells. The presence of ethoxy-
lated metabolites in tumoral cells, but not in healthy plasma
samples (human and mice), indicates potential tumor-specific
metabolic processes. This finding opens new avenues for
understanding cancer-specific metabolic alterations. Future
research directions should focus on in vivo validation in
animal models and human colorectal cancer patients and on
the investigation of the proposed enzymatic pathways respon-
sible for the ethylation of HT metabolites in tumoral cells. In
conclusion, this study advances our understanding of HT
metabolism in the context of cancer and highlights the poten-
tial of metabolomics in uncovering novel disease-specific
metabolic processes. The confirmation of tumor-specific
ethoxylated metabolites would open new possibilities for tar-
geted therapies and diagnostic tools in cancer management.
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