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Abstract

Purpose Validated biomarkers of food intake (BFIs) have recently been suggested as a useful tool to assess adherence to
dietary guidelines or compliance in human dietary interventions. Although many new candidate biomarkers have emerged
in the last decades for different foods from metabolic profiling studies, the number of comprehensively validated biomarkers
of food intake is limited. Apples are among the most frequently consumed fruits and a rich source of polyphenols and fibers,
an important mediator for their health-protective properties.

Methods Using an untargeted metabolomics approach, we aimed to identify biomarkers of long-term apple intake and
explore how apples impact on the human plasma and urine metabolite profiles. Forty mildly hypercholesterolemic volunteers
consumed two whole apples or a sugar and energy-matched control beverage, daily for 8 weeks in a randomized, controlled,
crossover intervention study. The metabolome in plasma and urine samples was analyzed via untargeted metabolomics.
Results We found 61 urine and 9 plasma metabolites being statistically significant after the whole apple intake compared
to the control beverage, including several polyphenol metabolites that could be used as BFIs. Furthermore, we identified
several endogenous indole and phenylacetyl-glutamine microbial metabolites significantly increasing in urine after apple
consumption. The multiomic dataset allowed exploration of the correlations between metabolites modulated significantly
by the dietary intervention and fecal microbiota species at genus level, showing interesting interactions between Granulica-
tella genus and phenyl-acetic acid metabolites. Phloretin glucuronide and phloretin glucuronide sulfate appeared promising
biomarkers of apple intake; however, robustness, reliability and stability data are needed for full BFI validation.
Conclusion The identified apple BFIs can be used in future studies to assess compliance and to explore their health effects
after apple intake. Moreover, the identification of polyphenol microbial metabolites suggests that apple consumption medi-
ates significant gut microbial metabolic activity which should be further explored.
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Introduction

Biomarkers of food intake (BFI) are extensively used to
assess dietary intake, nutritional status, and to measure
biological and health effects of specific diets and dietary
components [1]. In particular, BFI are useful tools not only
to assess compliance of dietary intake in intervention stud-
ies, but also to indicate metabolic pathways induced by the
test diet or dietary components. In this framework, different
“omics” techniques, including metabolomics and genomics,
revolutionized research perspectives of dietary intervention
and nutrition. To date, metabolomic techniques have proved
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to be a valuable tool to assess short- and long-term effects of
food intake on the metabolome of biological fluids, although
further work is required. Indeed, many new candidate bio-
markers have emerged over the last decade from metabolic
profiling studies; however, the number of comprehensively
validated biomarkers of food intake is limited [2].

Apples are a rich source of polyphenols and fiber and
these are considered the principal mediators of the protective
health effects reported in epidemiological [3] and dietary
intervention studies [4]. The main polyphenolic classes
in apples, in increasing order, include dihydrochalcones,
flavonols, hydroxycinnamates and flavanols [catechin and
proanthocyanidins (PAs)] [5]. The most recognized apple
polyphenols are phloridzin and phloretin glycosides. Apples
are also rich in insoluble fiber, including cellulose and hemi-
cellulose, while pectin is the major soluble fiber containing
homogalacturonans and rhamnogalacturonans. Nonglyco-
sylated polyphenols present in large amounts in apples, such
as monomeric and to a lesser extent dimeric flavanols, can be
directly absorbed in the small intestine [6]. Prior to passage
into the circulation, polyphenols undergo structural modi-
fications in the small intestine and later in the liver through
the conjugation process. This involves glucuronidation,
methylation and sulfation by phase II enzymes and is part of
the metabolic detoxification process common to Xenobiotic
compounds, which increases their solubility and thus mak-
ing them easier to excrete by urine or bile [6]. In contrast,
polymeric flavanols (proanthocyanidins, PAs), the major
polyphenolic class in apples, reach the colon nearly intact
where they are metabolized by the colonic microbiota into
hydroxyphenylvalerolactones and subsequently to phenolic
acids, including phenylpropionic, phenylacetic, and benzoic
acid derivatives [4]. These microbial-derived metabolites
may have local intestinal effects within the gut or can be
further absorbed with systemic effects [4]. A better under-
standing of the role of the gut microbiota are important, to
explain the observed variability (7.5 X) in the bioavailabil-
ity of apple procyanidins among subjects, measured by the
quantitative excretion of conjugated phenyl-y-valerolactones
and phenyl-y-valeric acids [7].

Possible biomarkers of apple intake have been identified
in animal and human intervention studies and these were
extensively discussed in our previous review [8]. Most of
these studies focused on the health benefits of apples, where
biological fluids were analyzed to determine candidate bio-
markers of intake [9-15]. Three studies aimed explicitly at
discovering biomarkers of intake and/or assessing the impact
of apple consumption on biological fluid metabolomes in
humans [16-18] and two in rats [19, 20]; none, however,
reported a correlation between two advanced “omics” tech-
niques. Phloretin and its glucuronide and sulfate conjugates
are the most frequent biomarkers found in human bioflu-
ids after apples or apple product intake. Its plausibility and
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specificity as BFI after apple consumption were recently
discussed [8]. Additionally a dose-response relationship
was found by Auclair et al. [15] and Saenger et al. [21] for
urinary excretion of phloretin, after different doses of apples
and polyphenol intakes. The large inter-individual variability
among humans in response to food consumption is an impor-
tant consideration in terms of understanding how foods and
diets impact on human health. It is not clear whether eve-
ryone, regardless of age, gender, lifestyle, gut microbiota
composition, or genotype, responds similarly to food con-
sumption [22, 23]. These research questions require further
investigations in human intervention and large prospective
cohort studies in which an accurate assessment of certain
food intake can be collected for every subject. For these
reasons, the need to systematically and critically assess-
ing the validity of BFI of food intake was highlighted in a
series of papers and guidelines published under the Food
Biomarker Alliance Project (FoodBAll Project) within the
Joint Programming Initiative “A Healthy Diet for a Healthy
Life” [24].

Using an untargeted metabolomics approach, we aimed
to identify biomarkers of prolonged apple intake (Renetta
Canada) and to explore the metabolic changes induced by
the dietary intervention that could reflect an impact on host
health. Renetta Canada is an apple variety rich in polyphe-
nols which has been previously shown to decrease total and
LDL-cholesterol, to improve vascular function in human
subjects [25] and beneficially modulate the gut microbi-
ota composition in vitro [26]. Secondarily, we correlated
biomarkers found to be statistically significant after apple
consumption with fecal microbiota taxa at the genus level.
Finally, within the framework of the BFI validation protocol,
we combined the information of the biomarkers of apple
consumption obtained in this long-term intervention, with
the results of a previous postprandial kinetic study [27], to
evaluate the plausibility, reproducibility and time-response
criteria for phloretin glucuronide and phloretin glucuronide
sulfate, which appear promising biomarkers of apple intake.

Materials and methods
Study design
Long-term apple intake study—AVAG

Details of the AVAG apple intervention study have been
published previously [25]. Briefly, the trial was a ran-
domized, controlled, crossover, dietary intervention in
40 mildly hypercholesterolemic (total cholesterol lev-
els>5.2 mmol/L) and otherwise healthy volunteers (23
women, 17 men,), aged 29-69 years, with BMI 19-33 kg/mz.
Volunteers were recruited from the general population living
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in Reading, Berkshire, UK, and the study was conducted at
the Hugh Sinclair Unit of Human Nutrition, University of
Reading. The study was given a favourable ethical opinion
for conduct by the University of Reading Research Ethics
Committee [UREC Project No. 13/22 (AVAG study)]. The
study was registered at clinicaltrials.gov (NCT01988389)
and conducted according to the guidelines laid down in the
Declaration of Helsinki, with written informed consent pro-
vided by all participants prior to starting the study. Upon
informed consent and screening (inclusion/exclusion crite-
ria are described in detail in [25]), subjects were randomly
allocated to one of two groups to receive daily either two
whole apples (Renetta Canada, 340 g containing 990 mg
polyphenols and 8.5 g total fiber) or a sugar and energy-
matched control beverage low in apple polyphenols (100 mL
concentrated apple beverage containing 2.5 mg polyphenols
and no fiber). Clear instructions were given to eat the apple
skin and flesh and not to consume the apple core. Detailed
description of the nutritional composition and polyphenol
analysis of the whole apples and the control beverage is
reported in Koutsos et al. [25] Prior to the first intervention
period, subjects performed a 2 week run-in period, where
they maintained their habitual diet but refrained from eat-
ing probiotics, prebiotics and any apples, apple juice or
apple-containing foods. The first group (n=22) consumed
two apples daily for 8 weeks, and after a 4-week washout
period, a sugar and energy-matched control apple beverage
daily for an additional 8 weeks. The second group (n=18)
received the intervention in the reverse order (first the con-
trol beverage and then the two apples) (Fig. 1). Subjects
were requested to incorporate the intervention products,
apples or control beverage, into their normal diet without
changing further their habitual intake. Biological samples,
including fasted plasma, fecal samples and 24 h urine collec-
tions were collected before and after each dietary interven-
tion at week 1, 8, 12 and 20.

Acute postprandial kinetic apple intake study—-AGER

The second dietary intervention, we refer to as postprandial
nutrikinetic study, was a randomized postprandial kinetic
study involving 12, non-smoking, healthy volunteers (8
men and 4 women), aged 21-42 years; more details have
been published elsewhere [27]. A venous blood sample was
taken at time 0, and immediately after, participants were
provided with a glass of cloudy apple juice (CAJ) (250 mL)
or a glass of polyphenol-enriched cloudy apple juice (PAJ)
(250 mL)—both prepared from Crispy Pink apples. The
order of treatment allocation was randomly assigned: six
subjects started with CAJ and the other six with PAJ. Fur-
ther blood samples were taken at 1, 2, 3 and 5 h after juice
consumption. Urine was collected at time 0 and between
Oand2h,2hand 5h, 5 hand 8 h, and 8 h and 24 h after

juice consumption. Volunteers were instructed to refrain
from consuming phenol-rich foods and beverages (wine,
coffee, tea, fruits and vegetables), dietary supplements and
medications in the 3 days prior to the experiments. To ensure
adherence to the dietary instruction, we asked the subjects
to keep a 3-day dietary record prior to the study participa-
tion [27]. Schemes describing both intervention studies are
depicted in Fig. 1.

Chemicals and reagents

HPLC-grade methanol, acetonitrile, 2-propanol and formic
acid were obtained from Sigma Aldrich. The ultrapure water
was obtained by purifying demineralized water in a Milli-
Q system from Millipore (Bedford, MA, USA). Internal
standards creatinine-labeled '*C was purchased from Sigma-
Aldrich and d5-labeled trans-cinnamic acid, d4-labeled
chenodeoxycholic acid and d5-labeled taurocholic acid
were obtained from CDN ISOTOPES, Inc. (Pointe-Claire,
Quebec, Canada). 96-well plates with PVDF filters were
obtained from Millipore, and Ostro protein precipitation
plate from Waters (USA). Internal standards were prepared
in pure methanol.

Biological sample preparation for metabolomic
analysis

Urine and plasma samples were thawed at 4 °C overnight.
Extraction methods for serum and urine have been described
elsewhere [28]. Briefly, 50 pL of serum was loaded onto
96-well plates Ostro (Waters), and 50 uL of internal standard
in methanol was added followed by 150 pL of cold acetoni-
trile with 1% formic acid. The mixture was shaken for 5 min
and samples were filtered using a positive pressure-96 mani-
fold (Waters, USA). Additionally, the filtering plate was fur-
ther eluted with 150 pL of cold acetonitrile with 1% formic
acid, vortexed and filtered again using the same procedure.
Samples were evaporated with a gentle stream of nitrogen
to dryness using a Techne Dr-block DB 3D heater at room
temperature and re-dissolved with 50 pL of water and 50 uLL
of external standard (trans-cinnamic acid-d5).

100 pL of urine was placed into 96-well plate Millipore
PVDF and 100 pL of internal standards in methanol was
added. After 5 min of shaking, the mixture was filtered using
a positive pressure-96 manifold. Then, 300 pL of external
standard (trans-cinnamic acid-d5) was added to the collec-
tion plate. The prepared urine and serum samples were sub-
mitted to LC—Orbitrap—MS analysis.

Quality control

Quality control (QC) samples were prepared for each biolog-
ical fluid by mixing equal volumes of each sample. Samples
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Fig. 1 Study designs of two dietary interventions focused on apple consumption. a Postprandial kinetic dietary intervention; b long-term dietary
intervention, ¢ validation criteria for phloretin glucuronide and phloretin glucuronide sulfate

injection was performed every eight study samples for moni-
toring of injection performance. A series of ten QC samples

were fully randomized for extraction and injections, and
experiments were blinded to the operator. A double QC
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was injected at the beginning of the injection queue to equili-
brate the LC column.

Chromatographic and mass spectrometry
conditions

Samples were analyzed by a hybrid linear ion trap Fourier
Transform (LTQ FT) Orbitrap mass spectrometer (Thermo
Fisher, Bremen, Germany) interfaced to a Dionex HPLC
system, consisting of an auto-sampler and quaternary
gradient HPLC pump. Chromatographic separation of
compounds was performed using a Kinetex C18 column
(150 mmx 2.1 mm I.D., particle size 3.5 um) with pre-
column 4.0 mm X 2.0 mm I.D (Phenomenex Torrance, CA,
USA). Details regarding chromatographic conditions for
plasma and urine samples have been published elsewhere
[27].

The Orbitrap LTQ was equipped with an electrospray ion-
ization (ESI) probe and operated in both positive and nega-
tive ionization modes. The conditions have been described
elsewhere [28, 29]. Briefly, samples were injected twice.
The first injection was dedicated to acquisition of full scan
spectra at resolution of 30,000, while the second injection
was dedicated to acquisition of high-resolution MS/MS
data under data-dependent acquisition (DDA) mode. In
DDA mode, the resolving power for MS scan was 7500 and
for MS2 scans 7500. The static exclusion list consisted of
300 most abundant ions created by the injection of solvents,
which followed the same preparation procedures as the sam-
ples. Dynamic exclusion allowed three repeated counts of
the same ion in 15 s, while the exclusion duration was 45 s.
The sequences were randomized with regard to participants
and treatments. For every ten samples, a quality control
block was analyzed consisting of solvents and double injec-
tion of the quality control sample.

Data treatment and biomarker identification

Raw files were converted to mzXML format with the mscon-
vert utility included in ProteoWizard [30]. Profiling of the
data was processed with XCMS [31] using the ‘‘matched-
Filter’’ peak picking method. A signal to noise ratio cutoff
of 4 was used, full width at half maximum was set to 10 s
and a step size of 0.005 Da was used for extracting chroma-
tograms. The resulting feature matrix was annotated using
CAMERA [32] to group features corresponding to the same
parent ion species.

To identify the features showing a significant difference
between the meals, two independent linear mixed models
were fitted to each mass feature. In the first model, the con-
centration of each feature was modeled as a function of meal,
the gender of the subject and the individual. Interactions
were tested for significance and left out, since they were

non-significant for all features. In the second model, the
effect of meal was left out. The comparison of the two mod-
els allowed us to identify the features significantly affected
by the meal factor. The p values were obtained using likeli-
hood ratio tests and the collection of p values was corrected
for multiple testing by controlling the false discovery rate
(FDR) and the g values were calculated [33, 34]. Post hoc
multiple comparison tests (p values uncorrected) were per-
formed to determine the specific effects between means and
the collection of p values corrected as above. Urine samples
were normalized to the creatinine content. For the plasma
samples, feature-wise batch correction was performed such
that that the mean intensity for each batch was the same. The
R scripts used for pre-processing are available at https://gitla
b.com/metabolomics-analyses/avag

Markers contributing to the discrimination between two
treatments were identified through a multiple-step proce-
dure. Molecular ions and in-source molecular fragments
were assigned as one compound based on a mass accuracy
approach and peak shape, as many were statistically sig-
nificant. Discriminative markers were then compared with
the monoisotopic molecular weight, chemical structures
and LC-MS/MS spectra of metabolites proposed by freely
available databases: m/z Cloud (www.mzcloud.org); Human
Metabolome DB [35], METLIN [36], MassBank [37] and
LIPID MAPS [38] databases. Mass accuracy was set to
2 mDa while searching online. Additionally, information
from MSn experiments were introduced to Met-Fusion to get
candidate structures [39]. Final identification was achieved
after a combination of LC-HRMS2, LC-HRMS3 experi-
ments, online database information and literature verifica-
tion. The levels of identification reported in Tables 1 and 2,
and in Supplementary Materials Tables 1 and 2 are as fol-
lows: level I corresponds to compounds identified by match-
ing masses and retention times with authentic standards in
the laboratory using the same analytical method; level 11
corresponds to compounds identified by LC—(HR)-MS,
LC—(HR)MS? and/or LC—(HR)MS” spectra and matched to
spectra from databases and literature. Compounds identified
only by spectral similarities to a similar compound class
and literature knowledge are reported as level III. Unknown
compounds are reported as level IV.

Metabolomic data sharing

The study participants gave written consent to pseu-
donymized data sharing. All untargeted data in mzXML
format and metadata are available for download from the
MetaboLights public repository [40]. The AVAG data
are deposited in MetaboLights with the persistent unique
public identifier MTBLS469, https://www.ebi.ac.uk/metab
olights/MTBLS469. A more detailed set of meta-data of
the study is also made available in the Dash-in Web-based
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Table 1 Annotated biomarkers in urine after apple intake with adjusted p value <0.05

Formula .
Name Rt. Theo. MW m/z (Relative Intensity) Annotation Mode Adjusted p
(min) value
ID Level
DIHYDROCHALCONE METABOLITES
273.0746 (100) [M-H-GLC}
274.0779 (16) NEG
Ca21H22011 449.1051 (83) [M-H}
MU1 Phloretin glucuronide 9.73  450.1162 4501086200 _ _ _ _ | __________/] ___| 667E-26
Level Il 275.0904 (100) [M+H-GLCJ*
276.0938 (16) POS
451.1238 (10) [M+H]*
529.0621 (100) [M-H]
530.0685 (25)
531.0664 (11)
CoHz20uS | 363.0313 (9) [M-H-GLC} NEG
MU2 Phloretin glucuronide sulfate 8.9 530.073 354.0346 (1) 5.60E-23
Level Il 273.0753 (16) [M-H-GLC-SULF}-
274.0797 (2)
250820002 _ ____| __________] o
na n.a POS
(EPI)CATECHIN METABOLITES
369.0279 (100) [M-H]
Cisfia0sS [ 970 9311 (19) NEG
MU3 (Epi)catechin sulfate (1) 6.17 369.028 371.0276 (8) 1.06E-06
Level I na - TTTTTTOT T T T T T T POS”
Crab0eS 369.0279 (100 [M-H]
1511309y
MU4 (Epicatechin sulfte () 678 39028 |5 gars ) NEG | 452600
Level Il iR R e R -
n.a na POS
465.1002 (100) [M-H]
466.1038 (24) NEG
oo, |20088500) | MGLCE_ .
MU5 (Epi)catechin glucuronide 6.36 ig€é1|1||1|1 gg;gggj ((:3?) [M+H-GLCT 1.55E-08
273.0747 (40) [M+H-GLC-H.0]* POS
467.1163 (30)
468.1196 (6)
Cabis0sS 383.0416 (100 [M-HJ
) , ferie o 384.0452 (21) NEG
MU6 (Epi)catechin methyl sulfate 7.25 Ez:.e(l)5“15 38509859 1.91E-08
n.a na POS
CuthO na. na. NEG_
16M16U6
MU7 Methyl (epi)catechin 7.28 Egcj?ﬁ? W POS 1.58E-08
307.1078 (3)
ALEROLACTONE METABOLITES
271.0277 (100) [M-HJ-
272.0310 (14)
273.0242 (8)
191.0702 (70) [M-H-SULF} NEG
OO fosarrt 2)3)
MU8 Hydroxyphenyl-y-valerolactone sulfate 7.15 LZvél ”55 2900662 (706) —————— [M+NH_4]* ———————— - == 9.84E-05
291.0717 (13)
292.0642 (7)
273.0417 (90) [M+H]* POS
274.0453 (11)
275.0376 (5)
367.1011 (100 [M-HJ
368.1045 (12) _NE_G_
[193.0853 (100)  |M+H-GLC — —
C17H2009 194.0887 (10)
MU9  Hydroxyphenyl-y-valerolactone glucuronide (1) 6.8 368.1107 195.0921 (5) 1.86E-05
Level Il 386.1434 (50) [M+NHaJ* POS
387.1468 (14)
369.1168 (47) [M+H]*
370.1202 (18)
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Table 1 (continued)

367.1011 (100)

sogr0e512 ____ | _________] e
gééHﬁOO; 193.0853 (100) [M+H-GLCJF
MU10  Hydroxyphenyl-y-valerolactone glucuronide (1) 7.45 Levél I 194.0887 (10) 1.34E-05
195.0921 (5) POS
369.1168 (47 [M+H]
370.1202 (18)
287.0226 (100) [M-HF
288.0257 (14)
289.0214 (8) NEG
207.0655 (80) [M-H-SULF}
Cota0S |aosoe919)_ _____|__________] o
MU11  Dihydroxyphenyl-y-valerolactone sulfate 669 | ovel 289.0367 (60) [M+HF 5.59E-08
290.0401 (12)
306.0634 (100) [M+NH4J*
307.0669 (15) POS
308.0591 (8)
311.0186 (14) [M+Nal*
383.0978 (100 IMHF
384.1012 (21)
385.1046 (4) NEG
405.0771 (20) [M-2H+Na]
406.0805(3) _ _ _ _ __ | __________] I
385.1116 (100) [M+HF
ggff"og*s” 386.1149 (22)
MU12  Dihydroxyphenyl-y-valerolactone glucuronide 6.49 Levél I 191.0696 (60) [M+H-GLC-Hz0[ 4.03E-06
209.0800 (14) [M+H-GLC]*
210.0834 (2)
367.1012 (33) [M#H-H:0]* POS
368.1045 ()
402.1380 (18) [M+NH4Jf
403.1415 (5)
407.0934 (14) [M-H+Nal
397.1140 (30) [MHF
398.1148 (20)
399.1167 (13) NEG
221.0806 (18) [M-H-GLC}
a0 222.0838(03) _ _ _ _ _ | __________| I
' 18122010 205.0851 (50) [M+H-GLC-2xH:0]*
MU13 D'hyd'°"yphe”{"g"$'r:(’;;'a°‘°”e methy| 673 323'812”13 223.0057 (100) [M+H-GLCJ+ 7.77E-05
gueu 224.0990 (11)
381.1167 (66) [M+H-H,0]* pOS
399.1271 (77) [M+H]*
416.1538 (12) [M+NHqJ*
417.1571(2)
421.1088 (3) [M+NaJ*
463.0526(100) [M-H[
C17H200158 464.0558(20)
Dihydroxyphenyl-y-valerolactone glucuronide 464.0625 465.0471(4) NEG
Mut4 sulfate 52 Level 485.0342(18) [M-2H+Na 5.47E-07
4860377(3) _ _ _ _ _ |l o _______] -
n.a n.a POS
CiHuOsS | 193.0859 (44) [M-H-SO3f
MU15 Hydroxyphenyl valeric acid sulfate 8.75 Ezce?suﬁ 22—‘—1;3:3123 (113;’ (M-H] NEG | 370E-09
n.a n.a POS
369.1166 (100 IM-HF
370.1199 (21) NEG
sri1221(14) | ___ I
§;g“f§%; 177.0903 (33) [+
MU16 Hydroxyphenyl valeric acid-glucuronide 8.59 Levél i 195.1008 (1) [M+NH4]* 4.93E-07
371.1321 (22) bOS
388.1589 (100) [M+Na]*
389.1622 (20)
393.1139 (15)
CryH1Os 209.0805 (100) IV NEG
MU17 Dihydroxyphenyl valeric acid 7.62 210.0892 N R 1.06E-05
Level | na n.a POS
MU18  Dihydroxyphenyl valeric acid glucuronide 574 gé%Hfz?‘s‘) %ﬁ%’ (M-H] NEG |  4.09E-04
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Table 1 (continued)

Level Il

387.1165(3)
404.1534 (100)
405.1571 (17)
387.1270 (44)

388.1300 (6)

[M+NHGf

[M+H]*

POS

Hydroxy(dihydroxyphenyl) valeric acid

MU19 .
glucuronide

4.97

Ci7H22011
402.1162
Level Il

401.1083(100)
402.1118(19)
403.1137(4)
225.0756 (17).
420.1293(100)
421.1530(18)
422.1551(6)
403.1230(18)
404.1265(4)
425.1047(21)
426.1080(3.5)

[M-H]

[M+NHa*

[M+H]*

[M+Na]+

NEG

POS

4.18E-04

MU20  Hydroxy(dihydroxy)phenyl valeric acid sulfate

C11H1408S
306.0409

545 LovelI

101.0240 (16)
225.0754 (33)
226.0787 (5)
305.0316 (100
306.0351 (24)
307.0276 (3)
327.0133 (14).
307.0489 (100)
308.0519 (24)
309.0477 (7)
289.0365 (17)

[M-H-SO4}

[M-HT

[M+H-H,0J"

NEG

POS

1.05E-05

Hydroxy(dihydroxyphenyl) valeric acid methyl

MU21 :
glucuronide

CigH24011
416.1319

548 Lovell

415.1241 (100
416.1255 (22)
417.1271 (6)

437.1039 (13)
438.1072 (2.5)
439.1098 (0.5)

n.a

[M-H]

[M-2H+Na}

NEG

POS”

9.65E-08

Hydroxy(dihydroxy)phenyl valeric acid methyl

Mu22 sulfate

Ci12H1608S
320.0566

T4 Levell

319.0491 (100)
320.0519 (1)
321.0479 (8)
239.0910 (20)
240.0954 (7)

NEG

POS

1.39E-05

CHLOROGENIC A

CID METABOLITES

MU23 Feruloylquinic acid

Ci7H2009
368.1107

174 evell

367.1011 (100
368.1045 (12)

389.0835(3)_ _ _ _ _ _
369.1175 (100)

370.1206 (13)

177.0541 (18)

[M-H]

[M-2H+Nal

NEG

POS

5.42E-07

CINNAMIC ACIDS METABOLITES

MU24 Hydroxycinnamic acid

CoHs0s
164.0473

508 L oveln

165.0539 (100)
166.0572 (12)
147.0434 (30)
148.0466 (3)
119.0484 (16)
1210355 (11)
123.0434 (8)

[M+H]*

[M+H-H.0J+

NEG_

POS

0.0001

MU25 Cinnamoy! glycine

C11H11NOs
205.0738

905 | vl

204.0655 (100)
205.0685 (13)
206.0712 (1)
160.0761 (30)
161.0792 (3)
240.0419(6) _ _ _ _ _ _
206.0803 (100)
207.0836 (12)
228.0622 (5)
131.0484 (40)
132.0518 (3)

[M-H]

[M-H-COg}

[M+CI|

NEG

POS

4.95E-02

MU26 Cinnamic acid glycine

707 C11H11NO4

220.0600 (100)

221.0688

@ Springer
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Table 1 (continued)

Level Il 222.0758(100) [M+H]*
223.0791(115)
147.0434(80) POS
148.0468(9) [M+H-GLY]*
PROPIONIC AND ACETIC ACIDS METABOLITES
245.0110 (100) [M-HJ-
246.0143 (12)
CaHis0sS 247.0068 (7)
o orlioLe 121.0654 (15) [M-H-S0s-COJ NEG
Mu27 Hydroxyphenylpropionic acid sulfate 6.2 E:Se(l)}l% 165.0548 (30) [M-H-SOs} 7.47E-06
166.0581 (3)
2eeo02r(t7) _____| -2HNal_ _
n.a n.a POS
Dihydroxypheny! propionic acid CoH1004 ;:;g:gz (:2;) (W-H] NEG
MU28 (U] 3.65 182.0579 183.0565 (2) 3.94E-02
Level Il A R il T T - -
n.a n.a POS
119.0498 (13) [M-H-H,0-CO2J-
120.05 1(1)
121.0290 (33) [M-H-C2H:02)-
122.0323 (4)
181.0495 (100 [M-HJ
Dihydroxypheny! propionic acid CoH1004 182.0528 (11) NEG
MU29 (N 5.02 182.0579 183.0535 (1) 3.55E-02
Level Il 203.0312 (12) [M-2H+Na-
217.0260 (10) [M+CI}-
219.0231 (3)
239.0078 (7) [M-H+NaCI}
a00%5()______| [MHHCOONaF_ _ _ _
n.a. n.a. POS
106.0420 (13)
107.0498 (1)
151.0393 (100 [M-HJ
CaHiO 152.0426 (12) NEG
8HgUs -
MU30 Hydroxyphenylacetic acid 6.55 |1_ 23(.9??73 ;g;g;g gg; [M-2Ft+Na} 4.38E-06
20061012 | o
153.0540 (100) [ IV+H]
154.0573 (11) POS
155.0603 (1)
230.9955 (100 [M-H]
231.9985 (9) NEG
23290080 _ ____| __________] o
CsH706S 233.0183 (15) [M+H]
MU31 Hydroxyphenylacetic acid sulfate 5 230.9963 234.0151 (1.2) 2.53E-05
Level Il 250.0369 (100) [M+NH,] * POS
251.0401(12)
252.0326 (8)
170.0808(60) [M+H-SOs] *
327.1069 (100) [M-HJ
328.1103 (19)
165.0551 (20) [M-H-CgH+0s] NEG
Glucosyl-phenyl propionic Ci5H200s 121.0857(10) | _ o ___ ]
MU32 acid 543 328.1158 346.1486 (100 [M+NHs]* 3.66E-09
Level lll 347.1523 (18)
348.1538 (3) POS
351.1043 (8) [M+Na]*
329.1226 (5) [M+H]*
HIPPURIC ACIDS AND METABOLITES
100.0036 (50) [M-H-CH-0J-
194.0446 (100) [M-HJ
195.0477 (11)
196.0484 (1.4)
CsHoNO: 230.0211 (15) [M+CI} NEG
MU33 Hydroxyhippuric acid (1) 412 195.0532 232.0182 (4) 1.18E-02
Level | 252.0030 (10) [M-H+NaCl
292.0210 (6) [M-2H+HsPO4]
389.0966 (8) [2M-H}
anorso® | Qu2HNaL e
121.0278 (40) [M+H-GLY]* POS
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Table 1 (continued)

122.0311 (4)
196.0596 (100) [M+H]*
197.0630 (12)
198.0635 (2)
213.0860 (20) [M+NHJ*
218.0416 (15) [M+Na]*
234.0154 (8) [M+K]*
122.0606 (18)
148.0396 (13) [M-H-CO-H:0J
150.0553 (16) [M-H-CO.J
151.0586 (1.5)
194.0446 (100 [M-HJ
195.0478 (11)
196.0484 (1)
230.0212 (5) [M+CI}
232.0182 (0.6) NEG
240.0499 (4) [M-H+COOH}
CaHaNO. 241.0531 (0.5)
ikl 4 -
MU34 Hydroxyhippuric acid (11) 4.69 Ezsé(l)SlSZ :gigg:g :g; {m;:’;‘:g]m] 6.73E-04
389.0966 (20) [2M-H}
390.0999 (4)
391.1019 (0.3)
403.1646 (4)
anors1@®)_ | [M2HNa) -
121.0278 (14) [M+H-GLY]*
122.0311 (1.5)
196.0597 (100) [M+H]*
197.0630 (11) POS
198.0636 (0.9)
218.0415 (12) [M+Na]*
274.0008 (100 [M-HJ
275.0043 (14)
275.9964 (8) NEG
2os0825(15) _____| (M2HNal_ o
276.0175 (100) [M+H]*
CoHsNO7S 277.0204 (12)
MU35 Hydroxyhippuric acid sulfate 3.5 275.0100 278.0163 (6) 6.42E-03
Level Il 293.0428 (70) [M+NH.J*
294.0461 (9) POS
295.0381 (4)
297.9981 (20) [M+Na]*
310.0691 (14)
196.0596 (17) [M+H-SOs]*
313.0908(100)
314.0941(10) [M-H] NEG
3160065 _ ____ | __________] .
CisH1s08 332.1329(100 [M+NHaJ*
MU36 Methoxy-benzylalcohol glucuronide 414 314.1002 333.1362(16) 1.29E-09
Level Ill 337.0882(30) [M+Na]*
POS
338.0915(5)
139.0748(46) [M+H-GLC]*
140.0780(4)
216.9799 (100) [M-HJ
217.9832 (9)
218.9757 (6)
C7Hs06S .
MU37 Hydroxybenzoic acid sulfate 485 217.9886 :Zgggg (30) (M-H-SO:} NEG | 5 soE.04
Level Il 9903 (100)
173.9935 (7)
1ra98600)_ _ ____ L _ o ___] .
n.a n.a POS
FATTY ACIDS
n.a n.a NEG
. CoH1s0, 6912151000 """ [ M T T T T T T -
MU38 Fatty Acid C10:2 83 I1_2\&/3@}1”5' 170.1229 (10) POS
133.1005 (20)
Hydroxy fatty acid glucuronide CigH3409 405.2103 (100 [M-H] NEG
MU39 (OH)C13:0-GLC (1) 539 406.2203 406213324 | ] _ | 12308
Level lll na na POS
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Table 1 (continued)

405.2124 (100)

wozmss2) | ______|] N
, . 389.2157 (100) [M+H-H.0J*
Hydroxy fatty acid glucuronlde Ci19H3409 390.2210 (22)
MU40 (OH)C13:0-GLC (1) 6.44 406.2203 407.2282 (30) MH] 5.78E-04
Level lll : POS
177.1630 (20) [M+H-GLC-3xH.0]*
195.1736 (17)
213.1842 (14)
405.2104 (100 [M-H]
oz | ___ ] NEe
. . 389.2156 (100) [M+H-H:0J*
Hydroxy fatty acid glucuronide CioHa409 390.2210 (22)
MU41 (OH)C13:0-GLC (IIl) 6.99 406.2203 407.2262 (30) (MH] 8.88E-06
Level Il . POS
177.1630 (16) [M+H-GLC-3xH:0]*
195.1736 (20)
213.1841 (16)
Hydroxy fatty acid glucuronide Ci9H3209 403.1946 (100 [M-H] NEG
MU42 (OH)C13:1-GLC 547 404.2046 404198023 | | | 550604
Level lll na na POS
403.1947 (100) [M-2H+NHd]: NEG
Fatty acid glucuronide Ci9H300s 404.1988(20) _ _ _ _ | __________/ o
MU43 C13:2-GLC () 571 386.1941 387.2002 (100) [M+H]* 9.43E-10
Level Il 388.2031 (20) POS
193.1579 (17) [M+H-GLC-H,0]*
403.1949 (100) »
Fatty acid glucuronide CiH300s 404.1988(20) _ _ _ _ _ | [’f-Z_HiNT A]_ ______ _N E_G_
MU44 C13:2-GLC (1) 6.22 386.1941 387.2002 (100) [M+H]* 3.74E-09
Level Ill 388.2033 (21) POS
193.1580 (19) [M+H-GLC-H:0J*
403.1951 (100) [M-2H+NHJ]
404.1981 (24) NEG
aos20050) _ | ________| -
387.2000 (100 (MR
388.2032 (22)
) ) 133.1005 (26) [M+H- GLC-2xH20-CaHs]*;
Fatty acid glucuronide CigHa00s +
MU45 é13:2—gLC (I 7.98 386.1941 1751474 (14) [M+H-GLC-2xH.0] 1.66E-07
Lovel I 176.1507 (1.5)
193.1579 (31) [M+H-GLC-H.0}* POS
194.1612 (3)
211.1685 (18) [M+H-GLC]*
212.1717 (4)
369.1896 (60) [M+H-H0]*
370.1931 (15)
Hydroxy fatty acid C19H3009 401.1790 (100) [M-H] NEG
MU46 (OH)C13:2-GLC 6.35 402.189 402182323 | __________ | __ | 31511
Level Il na n.a POS
399.1632(100) [M-H] NEG
Hydroxy fatty acid glucuronide C1gH2800 400.1689(21) _ _ _ _| ______ Falialialialie - =
MU47 (OH)C13:3-GLC (1) 6.54 400.1733 2074372 (100) (M+H-GLC-H.0] 1.86E-06
Level Il 208.1405 (12) POS
401.1791 (40) M+H]*
402.1826 (8) 161.1318 (80)
Fatty acid GLC CioHzrO B il T e B NER
19M2809 ;
MU48 OH-C13:3-GLC (II) 7.25 400.1733 401.4792(100) [M+H) 1.02E-07
Level Il 402.1846(24) POS
403.1895(4)
na _________1l na_________ NEG |
143.1060 (12)
203.1786 (18) [M+H-GLC-3xH0]*
) ) 221.1891 (100 [M+H-GLC-2xH.0]*
Hydroxy fatty acid glucuronide C21H3609 222.1925 (13)
MU49 (OH)C15:1-GLC 10.18 ﬁgseﬁﬁg 239.1996 (6) [M#H-GLC-HOJ POS 5.90E-08
397.2204 (10)
415.2309 (8) [M+H-H.0J*
433.2410 (8) [M+H]*
455.2231 (10) [M+Na]
Fatty Acid Glucuronide CaiH305 413.2173 (100) (M-HF 1 2.18E-03
MU50 C15:2-GLC (1) 12.09 414.2254 414.2210 (25) 1 NEG ’
Level lll 415.2243 (4) !
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Table 1 (continued)

432.2594 (100)

433.2630 (26) [M+NH,J* | POS
413.2176 (100) VT
414.2212(25) NEG
Vi S .
Fatty acid glucuronide o0, | 2031788 (40 [M+H-BLC 24H:0]"
MUS1 C15:2-GLC(ll) 14.95 414.2054 204.1819 (6) 1.37E-13
Level lll 221.1891 (100) [M+H-GLC-H.0]* POS
222.1925 (13)
4322574 (12) [M+NHg*
437.2128 (16) [M+Na*
427.1944 (100, [M-HJ
Hydroxy fatty acid glucuronide C21H3200 428.2002 (25) NEG
MU52 (OH)C15:3-GLC 1215 428.2046 251.1636(27) _ _ _ _ _ | M+HGLel ] _ | 143E04
Level Il 235.1686 (100) .
BE1719018) [M+H-GLC-H.0] POS
Hydroxy fatty acid Ci5H2203 na _________1I na_ ________/ NEG |
MU53 (OH)C15:4 9.31 250.1568 251.1633 (100) [M+H]* POS 2.43E-06
Level Il 252.1681 (20)
Dicarboxylic fatty acid glucuronide CotHO10 445.2048 (100) NEG
MUS4 C15:-GLC 1007 462152  |446208225) | | TEU | 473E05
Level Il na. na. POS
INDOLE METABOLITES
289.0808 (100) VT
290.0839 (13) NEG
C12H1aN20s 245091330 _ _ _ __ | __________| ]
MU55 Indole-acetylaspartic acid 8.39 590-??03 291.0964 (100 [M+H]* 5.27E-08
evel 292.0997 (14)
293.1008 (2) POS
201.1111(15)
243.0759 (100 [M-H]
244.0792 (15)
142.0655 (18)
143.0689 (2)
168.0446 (11) [M-H-GLY]- NEG
279.0527 (8) [M+CIJ-
281.0495 (3)
C13H12N203
MU56 Indolylacryloylglycine 9.23 Eée‘»ée(l)8”47 gg:_g;;; :;;J)_ ______ M':_:EZEIQNE]‘ _____ ] 3.82E-02
245.0912 (100) [V+HI
246.0946 (16)
115.0535 (7)
142.0645 (15) POS
170.0594 (72) [M+H-GLYJ!
171.0627 (7)
267.0732 (5) [M+Na]*
PHENYLACETYL-GLUTAMINE METABOLITES
359.0528 (100! [M-H]
soose2(19 | __________| NS
MU57  Hydroxyphenylacetylglutamine sulfate 3.15 ?é’o“&%’i?o“s 32;3323 5112? ) . 4.23E05
yerophenyiacelylg el 363.0649 (9) POS
378.0951 (19) [M+NHqJ
383.0504 (15) [M+Na]*
279.0968 (100) [M-H}
280.1001 (16) NEG
559.2004 (8) [2M-H}
CisHieN20s | Sexnecr (47~ — ~ =~ TriamNms Tl -
MU58 Hydroxyphenylacetylglutamine 448 Egee}(l)lslg gg‘:gfgg::a) {m::lNHal 7.38E-07
282.1155 (16) POS
303.0942 (21) [M#Na]*
326.1699 (14)
o .0590 (9)
MU59 N-Acetylglutamic acid 1.54 lgsé(l)?37 foooro2 (100)” " " MR T T T T T T _P(;S_ 0.015
191.0747 (9)
OTHERS
129.0186 (40) TV-H-HZ0F
UG Hycroxy-glutaric acid . fjgﬁ(%} . |tarozez 00 IM-HF NEG | 6.55E-05
(position 3-OH) Level I 148.0323(11) _ _ __ | __________] ]
n.a n.a POS
319.0648 (100] [M-H]
o0 320.0681 (14) NEG
12M16U10
MUs1 Methylglutaconic acid glucuronide 172 ﬁise%zts %3?—3%3%82%) ______ %E}g@] _______ - - 200E-04
322.0839 (14) POS
145.0492 (28) [M+H-GLC]*

m/z marked in bold were statistically significant;
m/z underlined - ion with associated adj p value
m/z italics are isotopes

GLC - Glucuronide loss CHsOs; MW 176.0321
SULF - Sulfate loss SO3; MW 79.9568

GLY - Glycine loss C2HsNO,; MW 75.0320

n.a - not available
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federated analyses website (https://www.enpadasi.eu/deliv
erables_final_pdf/D3.2.1.pdf). Metadata in Dash-in are
compliant with the need to be extensively annotated in
human- and machine-readable form https://dashin.eu/inter
ventionstudies/study/show/38790886.

Fecal sample preparation for DNA extraction
and PCR amplification of the V3-V4 region
of bacterial 16S rRNA

The fecal DNA extraction, PCR amplification and the Illu-
mina next-generation sequencing of the V3—V4 region of the
bacterial 16 rRNA have been described previously by Kout-
sos et al. [26]. Sequences obtained from Illumina sequencing
were processed using Quantitative Insights Into Microbial
Ecology (QIIME) software package version 1.9 [41]. Briefly,
reads were assigned to each sample according to the unique
barcode; forward and reverse Illumina reads (300 bp each)
were joined using the fastq-join method [42], quality filter-
ing was performed using 19 as the minimum Phred quality
score, chimeric sequences were identified using usearch 6.1
and removed. Then, sequences were assigned to operational
taxonomic units (OTU) using the QIIME implementation
of UCLUST algorithm at 97% similarity threshold [43].
Representative sequences for each OTU were assigned to
different bacterial taxonomic levels—phylum (p.), class (c.),
order (0.), family (f.) and genus (g.)—by using Greengenes
database release (May 2013).

Correlation analysis between metabolites
and microbial taxa

Spearman’s rank-order correlation test was applied pairwise
to each combination between 69 microbial taxa at genus
level and 93 urine and 12 plasma metabolites. FDR adjust-
ment was applied on all tests to correct for multiple test-
ing. Statistical significance cutoff was established at level
0.05; however, results up to 0.07 were also included for
further investigation considered as an important trend. The
reason for such extended statistical significance considera-
tion derives from previous experience [28] where micro-
bial-derived biomarkers (catabolites, intermediates and
final excreted products) belonging to the same metabolic
trajectory did not always reach 0.05 cutoff level due to inter-
individual variation.

Results
Annotated biomarkers in urine and plasma

The total number of statistically significant m/z features
varied between matrices and ionization modes: in plasma:

16 ESI+ and 15 ESI—, and urine: 213 ESI+ and 145 ESI—.
The list of discriminating m/z features in urine and plasma
after the consumption of whole apples and control bever-
age is shown in Table 1 and 2, and Supplementary Material
Tables 1 and 2. We found 61 putatively annotated biomark-
ers in 24 h urine and 9 in plasma, which were differentially
abundant between the two intervention treatments (whole
apples and control beverage). As expected, all the metabo-
lites were found in higher abundance (p < 0.05) after the
intake of whole apples compared to the control beverage.
The biomarkers were classified into several groups, each
containing biochemically related derivatives. Each group
was built combining the information on the chemical
class of their precursors (metabolites) or their common
pathways of origin (for breakdown catabolites) (Tables 1,
2). Two metabolites of phloretin were found to be sta-
tistically significant in urine samples after apple intake,
but not after the control beverage consumption, namely
phloretin glucuronide and phloretin glucuronide sulfate
(urine MU1-MU?2). Five (epi)catechin metabolites were
found in 24 h urine samples, after whole apple consump-
tion (urine MU3-MU7). Fourteen phase II valerolactone
metabolites with different hydroxylation patterns and
conjugations were found to be statistically significant in
urine, and two in plasma after apple intake, but not after
intake of control beverage (urine MU8-MU?22; plasma
MP1-MP2). Feruloylquinic acid (MU23) and hydroxycin-
namic acid (MU24-MU26) were found to be statistically
significant in urine, but not in plasma, after apple intake.
Four metabolites of phenylpropionic and phenylacetic acid
with different hydroxylation patterns were found to be sta-
tistically significant in urine and two in plasma after apple
consumption (urine MU27-MU32; plasma MP3-MP4).
Five metabolites belonging to hippurate metabolic path-
way were found to be significantly higher in urine and
one in plasma after apple intake. Two indole compounds
were significantly higher in urine after apple consumption,
namely indolylacryloylglycine and indole-acetylaspartic
acid, while tryptophan statistically increased in plasma
(urine MU55-MU56, plasma MP9) (see Tables 1, 2,
Fig. 2a, b). Fourteen fatty acids were found to be statis-
tically significant after apple consumption in urine, and
three in plasma (urine MU38-MU54; plasma MP6-MPS).
Their accurate masses and fragmentation patterns were
consistent with saturated and unsaturated fatty acid glu-
curonides, including three isomers of (OH)C13:0; four
isomers of (OH)C13:2; two isomers of (OH)C15:2; and
others (see Table 1 for entire list of fatty acids). Three
metabolites of glutamine were found to be significantly
higher in urine after apple consumption, namely hydroxy-
phenylacetylglutamine, hydroxyphenylacetylglutamine
sulfate and N-acetylglutamic acid; no glutaming¢ conju-
gates were found in plasma (MU57-MUS59). Box plots for
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Table 2 Annotated biomarkers in plasma after apple consumption, with adjusted p value <0.05

Formula .
No Name Rt (min) Theo. MWa Im/z (Rglatlve Annotation Mode Adjusted p value
ntensity)
ID Level
273.0428 (100 [M-H]
Hydroxyphenyl- C11H1406S 274.0464 (14) NEG
MP1 valeric acid 73 274.0511 275.0420 (8) [M-H-SOs} 1.03E-08
sulfate Level lll 193.0867 (10) _ |fragment _ _ | _ _ _ _ _ _ _
- - POS
C11H103 193.0866 (100
MP2 Hydroxypheny- 89 194.0042 m () nee 6.77E-03
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246.0151(12)
(Hydroxyphenyl) CoH1006S 247.0103(7) NEG
MP3 propionic acid 5.55 246.0198 165.0546(33) [M-H-SOs] 7.61E-06
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m/z marked in bold were statistically significant;
m/z underlined — ion with associated adj p value
m/z italics are isotopes

GLC - Glucuronide loss CsHsOs; MW 176.0321

SULF - Sulfate loss SO3; MW 79.9568

n.a - not available
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each of the above-mentioned metabolites are available in
Supplementary Material.

Correlations between metabolites and fecal
microbiota

The relative abundance of the 69 fecal bacteria taxa identi-
fied in the fecal samples was correlated with the concen-
tration of metabolites observed in urine and plasma after
consumption of apples. Figure 3 shows a heat map of the
correlation coefficients (Spearman’s p) of urine metabo-
lites with fecal bacteria taxa related to the consumption of
apples. Among the 14 strongest correlations, 6 were statisti-
cally significant (FDR < 0.05), while the remaining 8 had an
FDR < 0.07; see Table in Fig. 3. Granulicatella was found
to be inversely correlated with four metabolites, namely
hydroxyphenylacetylglutamine, hydroxyphenylacetylglu-
tamine sulfate, hydroxyphenylacetic acid and hydroxy-
phenylacetic acid sulfate. Glucuronide conjugated fatty
acids C13 with different saturation states were positively
correlated with Clostridiales. Finally, two isomers of dihy-
droxyphenyl propionic acid were negatively correlated with
the genus Dehalobacterium and with an unclassified genus
of the family Rikenellaceae. Correlations between plasma
metabolites and bacterial genera after apple intake did not
show any statistical significance after FDR adjustment (see
Supplementary Materials Figs. 3-5).

Discussion

The most characteristic apple polyphenol is phloridzin
which belongs to a family of chalcones. Detection of phlo-
retin metabolites in biological fluids after apple intake is
frequently used as indicator of compliance to dietary inter-
vention. Indeed in our study, phloretin glucuronide and phlo-
retin glucuronide sulfate were higher in urine after the whole
apple intake compared to the control beverage. However,
phloretin metabolites were also detected in eight baseline
24 h urine samples. For this reason, dietary records were
manually verified for these participants and revealed the
presence of foods that could be potentially adulterated with
apple traces such as fruit juice smoothies and muesli with
fruits. No phloretin metabolites were found in fasting plasma
samples, after apple intake or after control beverage intake.
In our previous study we found phloretin glucuronide and
sulfates conjugates in plasma with Tmax at 1-2 h postpran-
dial, therefore lack of such metabolites after a 12-h overnight
fasting is not surprising [27].

Catechins belong to flavanols family, and are common
in different classes of fruits and vegetables. Indeed, sev-
eral studies reported the presence of (epi)catechin conju-
gates in urine after apple consumption [9, 21], as well as

the consumption of cocoa [44], grape juice [45] or tea [46].
However, it has been suggested that (epi)catechin units may
be also gradually released by the partial depolymerization
of procyanidins during their transit along the intestinal tract
[47, 48]. In our previous AGER study [27], we found seven
metabolites of (epi)chatechins in postprandial urine samples,
and the presence of five of these was confirmed in urine in
this study. According to our previous study [27], plasma
epi(catechin) metabolites have Tmax at 1-2 h after con-
sumption [27], and as the plasma samples in AVAG study
were collected after a 12 h overnight fast, (epi)catechin
metabolites were not expected to be present in the plasma
samples.

Valerolactone and valeric acid metabolites can arise from
procyanidins and/or (epi)catechins which are commonly pre-
sent in apples. Fourteen phase II valerolactone metabolites
were higher in urine after the whole apple intake compared
to the control beverage. These metabolites were also found
in baseline samples, probably because procyanidins and
(epi)catechins are commonly found in several fruits and veg-
etables, and participants could have consumed these in their
habitual diet during the run-in and wash-out periods. The
presence of valerolactones and valeric acid metabolites in
urine and plasma supports our previous postprandial kinetic
study and the literature [27], where a wide range of these
compounds were found in biological fluids.

Chlorogenic acids and cinnamic acids are frequently
found in biological fluids after apple consumption [8]. Fer-
uloylquinic acid and hydroxycinnamic acid were found to
be higher in urine after whole apple intake compared to the
control beverage. Stalmach et al. [49] reported an excre-
tion of coumaroylquinic acid and feruloylquinic acid in ileal
fluid and urine of ileostomy subjects after coffee consump-
tion, while Kahle et al. [9] and Hagl et al. [11] reported
chlorogenic acids in ileal fluids after apple consumption.
Similar results have been obtained in our previous study
[27], in which chlorogenic and cinnamic acid metabolites
were found in urine and in post-prandial plasma after apple
juice consumption.

Four metabolites of phenylpropionic and phenylacetic
acid were found to be statistically significant in urine and
two in plasma after whole apple consumption. The pres-
ence of phenylpropionic and phenylacetic acid metabolites
in blood and urine confirms that these are formed by the
colonic microbiota, then absorbed, conjugated in the liver,
transferred in the blood circulation, with potential systemic
effects, and then excreted in urine [27]. This is in agreement
with our previous study [27] and other studies reporting an
increase in the above-mentioned phenolic acids after the
intake of coffee and grape juice [50, 51], almonds [52, 53]
and apples [14, 36].

Studies of Ulaszewska et al. [28], Trost et al. [27]
and Norskov et al. [54] have previously reported several
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The top 14 significant (FDR <0.07) are listed in the table below. For
unclassified genera (“g_"), the bacterial family (“f_") or order name

@ Springer



3708

European Journal of Nutrition (2020) 59:3691-3714

metabolites of hippurate after extensive feeding with fruits
and vegetables, and wheat, while Kristensen et al. [19] found
hippuric acid and 3-hydroxyhippuric acid in plasma of rats
after apple consumption. Similarly, we have found five
metabolites belonging to hippurate metabolic pathway in a
higher concentration in urine and one in plasma after whole
apple intake compared to the control beverage. Hippurate
metabolic pathway intersects with the one responsible for
metabolism of polyphenols; thus, hippuric acids would be
considered as the final end products of several classes of
polyphenols. For this reason, hippuric acid per se cannot
be considered as a biomarker of a particular food intake;
however, its intermediate metabolites such as cyclohexadi-
ene carboxylic acid could result from different parent poly-
phenols as suggested by Ulaszewska et al. [28]. Moreover,
hippuric acid as well as 3- and 4-hydroxyhippuric acids have
been also identified as bacterial metabolite of polyphenols
[55].

Fatty acids with different hydroxylation patterns are fre-
quently found to be up- or downregulated during dietary
interventions [27, 28, 56, 57]. Lack of commercially availa-
ble standards only allowed annotation at level III of the iden-
tified fatty acids in urine and plasma after the whole apple
intake. There is scant information explaining the nature of
medium and long chain fatty acids with different levels of
oxidation and we can only assume they were involved in the
energy cycle where free fatty acids play a crucial role.

Indole metabolites deserve further scrutiny, since apple
consumption has not been reported to modulate their con-
centration previously. We found higher abundance of indoly-
lacryloylglycine and indole-acetylaspartic acid in urine after
the whole apple intake compared to the control beverage.
Indolylacryloylglycine is a regular constituent of human
urine, although its origin is not completely understood. It
is generally assumed that bacterial activity in the intestine
could be an important source of further indolylacryloylgly-
cine in human urine [58]. Tryphophan was in a higher abun-
dance in plasma after the whole apple intake compared to
the control beverage. Tryptophan metabolism follows three
major pathways in the gastrointestinal tract: (1) direct trans-
formation into indole derivatives, (2) kynurenine pathway
through indoleamine 2,3-dioxygenase, (3) serotonin pathway
through tryptophan hydroxylase [58]. In the gut, tryptophan
can be catabolized, by the resident microbiota, to indole acid
derivatives, including indole-3-acetic acid, indole-3-alde-
hyde, indole-3-lactic acid, and indole-3-acrylic acid (Fig. 2).
Different microbiota members, including Bacteroides, cer-
tain Clostridia, and Escherichia coli, can catabolize trypto-
phan to tryptamine and indole pyruvic acid, which are then
converted to indole-3-acetic acid, indole propionic acid, and
indole lactic acid [59]. Indolyl propionic acid can be further
converted to indolyl acrylic acid and combined with glycine
to yield indolylacryloyl glycine in the liver or kidney [60].

@ Springer

The effects of several indolic acid derivatives on the gut
microbiota and intestinal homeostasis have been reported.
Several Peptostreptococcus species are capable of produc-
ing indole acrylic acid, which can suppress inflammation
by promoting intestinal epithelial barrier function and miti-
gating inflammatory responses [61]. Other indole metabo-
lites, such as indole-acetylaspartic acid could be a product
of conjugation of aspartate with indoleacetic acid, as some
bacteria possess this capability. Indole-acetylaspartic acid is
better known as the phytohormone auxin, which regulates
plant growth and development [62, 63]. To our knowledge,
this is the first study where the concentration of these three
metabolites was found to be increased in biological fluids
after apple consumption. Their presence in urine, origin and
biological significance require further investigation.

Hydroxyphenylacetylglutamine, hydroxyphenylacetyl-
glutamine sulfate and N-acetylglutamic acid abundance
was higher in urine after whole apple intake compared to
the control beverage. However, these were characterized by
high variability among individuals. Phenylacetylglutamine
and hydroxyphenylacetylglutamine provide a major route
of nitrogen excess excretion from the body. Phenylacetyl-
glutamine is formed from the conjugation of phenylacetate
(from host or gut microbiome) and glutamine (mainly gen-
erated from the Krebs cycle from a-ketoglutarate)—Fig. 2.
Phenylacetate is primarily produced by the gut microbiome
by the decarboxylation of phenylalanine in unabsorbed
protein residue [64], while further phenylacetylglutamine
is formed in the liver by glutamination of phenylacetate.
In contrast, hydroxylated phenol-substituted acids (such as
hydroxyphenylacetic acid) are known to be the main prod-
ucts of tyrosine fermentation in anaerobic bacteria [65]. As
it has been shown by Russel et al. [66], hydroxyphenylacetic
acid derives from tyrosine, through deamination and chain
shortening by different microbiota species, including Bac-
teroidetes, and to a lesser extent, Firmicutes. Supporting
this, apple consumption was associated with the presence
of tyrosine metabolites in the study of Kristensen et al. [19],
where methoxytyrosine was found in 24 h pooled urine of
rats after prolonged consumption of apple pectins. To our
knowledge, only one study on grape juice intake reported
a higher excretion of phenylacetylglutamine after a dietary
intervention in humans [67]. Thus, hydroxyphenylacetylglu-
tamine and hydroxyphenylacetylglutamine sulfate are most
likely not metabolites derived from dietary polyphenols, but
the result of the modulation of endogenous biological path-
ways by polyphenols and their metabolites.

Gut microbiota are known to play an important role in
the biotransformation of many complex plant polyphenols
[68-70]. To explore whether the variation in the composi-
tion of the gut microbiota could explain, at least partially,
the observed inter-individual catabolic differences, we cor-
related the relative abundances of fecal bacteria taxa with the
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concentration of metabolites observed in urine and plasma
after consumption of apples. Granulicatella was found to be
inversely correlated with four metabolites, namely hydroxy-
phenylacetylglutamine, hydroxyphenylacetylglutamine sul-
fate, hydroxyphenylacetic acid and hydroxyphenylacetic acid
sulfate. The common component for all four metabolites is
the hydroxyphenyl acetic moiety, which derives from phe-
nylalanine decarboxylation by the colonic microbiota [64].
Glucuronide conjugated fatty acids C13 with different satu-
ration states were positively correlated with Clostridiales,
which is consistent with our previous study, where some
saturated and unsaturated fatty acids were correlated with
Clostridiales [27].

According to the proposed guidelines for validation of
BFIs [1], several fundamental factors should be considered:
plausibility, dose-response, time-response, robustness, reli-
ability, stability, analytical performance, and reproducibility.

To approach these factors, in particular plausibility,
reproducibility and time-response of BFIs, we compared
the untargeted metabolomic data from the current long-term
(AVAG) study [25] with a previous single dose postpran-
dial nutrikinetic study [27]. Such strategy was successfully
applied in the case of nut consumption [71] and cocoa con-
sumption [72]. An important consideration regarding the
participants of the two compared studies is that the long-
term dietary intervention (AVAG) involved free living
mildly hypercholesterolemic participants, who consumed
two apples per day at any time of the day, while the post-
prandial nutrikinetic study involved healthy participants
that consumed polyphenol-enriched cloudy apple juice and
cloudy juice in a controlled environment (PAJ and CAJ).
Details regarding phloridzin content of apple products used
in both intervention studies are given in Fig. 3. We compared
biomarkers found in postprandial urine samples: AUC curve
from five time points (AGER) with 24 h pool urine (AVAG),
while for plasma, postprandial samples from five time points
(AGER) with fasting plasma (AVAG). See Fig. 3 for details.

Comparison between putative BFIs found in both studies
showed several similarities: some were found at the level of
apple-derived metabolites, others at the level of endogenous
metabolomics pathways triggered after apple consumption.
Twenty-five out of 54 annotated biomarkers in urine from the
current study matched with biomarkers of PAJ juice intake
from our previous postprandial nutrikinetic study [27]. Fig-
ure 4 shows a Venn diagram with metabolites that were com-
mon in both studies or unique for only one of them. These
metabolites include phloretin glucuronide and phloretin glu-
curonide sulfate—derived from phlorizin, a characteristic
apple constituent [8]; (epi)catechin and valerolactones deriva-
tives—typical metabolites of procyanidins and (epi)catechins
common for wide spectra of fruits and vegetables. Two metab-
olites in plasma were found in both studies: hydroxyhippuric
acid and hydroxyphenyl propionic acid sulfate. Similarities

were found also between valeric acids metabolites circulat-
ing in plasma. Although these metabolites were not identical,
they belong to the same chemical class: valeric acid deriva-
tives, arising from microbial activities—see Fig. 4 for details.
Furthermore, a wide range of indole-based metabolites were
observed in plasma and urine from both dietary interventions,
which were derived from indole and tryptophan metabolic
pathway, including: tryptophan, acetyltryptophan, indoxyl
sulfate, phenol sulfate, dihydroxyindole glucuronide, indoly-
lacryloylglycine, indole acetyl-aspartic acid.

Among all the mentioned metabolites, phloretin metabo-
lites and (epi)catechins fulfill the criterion of plausibility,
as phlorizin and (epi)catechins are widely present in apples.
However only phloretin metabolites fulfill the criterion
of specificity, thus only those were selected for further
validation.

Specificity Only minor amounts of phloridzin are present
in foods other than apples, although low levels have been
found in prune juices (1.70 mg/100 mL [73]), pomegranate
juices (0.10 mg/100 mL [74]), or in the peel of immature
kumquat fruit (up to 2 g/100 g dry peel of 3',5'-Di-C-p-
glucopyranosylphloretin). However, to our knowledge, there
is no report of the presence of the dihydrochalcone phlorid-
zin in any other plant food, in amounts comparable to that
reported after apple intake. Accordingly, there is no evidence
for the presence of phloretin glucuronide or phloretin glu-
curonide sulfate in urine or plasma after consumption of the
above-mentioned or other foods.

Plausibility Phloretin metabolites, particularly sulfate and
glucuronide conjugates are recognized as specific markers
of apple consumption [8], as their precursor phlorizin is a
typical dihydrochalcone of the Rosacea family, and occurs
abundantly in apple cultivars (2.01-15.48 mg/100 g fresh
weight) [5]. A large survey investigating 150 apple cultivars
(Malus x domestica) highlighted that among the cultivated
apples, all Renetta accessions have a high phloridzin content
[75]. The selection pressure of domestication and breeding
has led to a reduction in the content of phlorizin in the elite
cultivars of apple compared with old cultivars. In particular,
fruits of several wild Malus genotypes have concentrations
of phlorizin well above that of cultivated apples. Therefore,
phlorizin is a distinctive apple metabolite, with variability
in the concentrations depending on the cultivar.

Time—response Both phloretin glucuronide and phloretin
glucuronide sulfate, arising from phase I metabolism, sulfona-
tion and glucuronidation, have relatively short 7, in bio-
logical fluids (1-1.5 h postprandial). However they can still
be detected several hours after apple consumption. Phloretin
glucuronide was detectable in all urine samples 224 h after
consumption of both juices. Moreover, phloretin glucuronide
sulfate was detected 2-24 h postprandially in all urine samples
after PAJ consumption, and 75-91% of the samples after CAJ
juice. Both metabolites were found as ubiquitary metabolites
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in the 24 h urine pool in the long-term study, and thus we can
assume that urine pool samples collected over 24 h postpran-
dially is an appropriate sample type to verify apple consump-
tion. However, repeated measurements for both metabolites
are needed to provide insights into the reproducibility of bio-
marker concentrations, and thus the likelihood that the bio-
marker is a stable estimate of long-term intake. Nevertheless,
verification of the postprandial time during which phloretin
metabolites return to baseline is also important to elucidate.
Kinetic curves from the postprandial kinetic study were over
a 5 h period for plasma, while for urine 5-8 h and 8-24 h. In
all of these samples, metabolites of phloretin were detectable.
Additional time points up to 7-8 h or more postprandially
should be included to confirm this.

Dose—response The sum of apple juice-derived phlori-
zin and phloretin from the postprandial nutrikinetic dietary
intervention was 43.2 mg/L and 124.6 mg/L, for the CAJ
and PAJ, respectively [27]. This large difference in phlo-
rizin and phloretin content was reflected in the amount of
phloretin metabolites found in urine after their consumption.
Although analyses of phloretin metabolites were not quanti-
tative, kinetic responses to both interventions were different.
The ratio of AUC curves for phloretin glucuronide between
enriched apple juice and apple juice was approximately 130
[27]. A similar situation occurred with phloretin glucuronide
sulfate; see Fig. 1. Finally, also in the long-term intervention
study, differences in phlorizin content in controlled beverage
and apples were reflected in detection of phloretin metabo-
lites in biological fluids.

Inter-individual variation Substantial inter-individual
variation in the excretion of metabolites was also observed,
for example considerable differences in excretions of both
phloretin metabolites, especially at 2-5 h postprandially.
Considering both metabolites were detected in baseline
urine samples in both short-term and long-term interven-
tions, there is a need to evaluate baseline habitual level
quantitatively.

Robustness The introduction of two apples per day to
habitual diet of free living population in AVAG study was
able to change urine profile significantly: phloretin glucuro-
nide was present in all urine samples after apple intervention,
while phloretin glucuronide sulfate in 37 samples out of 40.
Trace levels (peaks of intensity ca. 2.0E+4 cps, verified manu-
ally on chromatogram) of phloretin metabolites were, how-
ever, present also in baseline samples (4 samples out of 40).
Dietary records were manually verified for these participants
and revealed the presence of foods that could be potentially
adulterated with apple traces such as fruit juice smoothie,
and muesli with fruits, while one person reported the use
of apple sauce on one occasion. Apples are largely used for
many fruit-based and processed products, thus such uninten-
tional consumption of fruits-based products could result in the
presence of phloretin metabolites. Similarly, small peaks of
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phloretin glucuronide and phloretin glucuronide sulfate were
detected in 4 out of 12 postprandial samples at time point O h
(baselines—before any dietary intervention) in the postpran-
dial nutrikinetic study. Although volunteers were instructed to
refrain from consuming polyphenol-rich foods and beverages
(wine, coffee, tea, fruits and vegetables) and dietary supple-
ments 3 days prior to the experiments, their dietary records
were checked for any food items containing apple residues.
None of the consumed foods could explain these residual
peaks. In all urine samples collected at 0-2 h, 2-5 h, 5-8 h and
8-24 h after consumption of enriched and unenriched cloudy
apple juices, phloretin glucuronide was present; see panel A of
Fig. 1. Moreover, phloretin glucuronide sulfate was found in
all samples from time points: 0-2 h, 2-5 h, 5-8 h and 8-24 h
after enriched apple juice intake, and after cloudy apple juice
only in 75-91% of samples from these time points. The lack
of presence of phloretin glucuronide sulfate in some samples
could be linked to different excretion rates during metabolism.
Additional information from observational studies on robust-
ness is needed to clarify impact of eventual confounding fac-
tors; however, phloretin glucuronide and phloretin glucuronide
sulfate seem potentially robust markers.

Analytical performance and reproducibility In both dietary
interventions, the study samples were analyzed by UHPLC
Orbitrap mass spectrometer in two different time frames (1 year
apart), by two independent operators. The mode of analysis in
both cases was untargeted, while data analysis and statistical
models were performed independently. Although untargeted
analysis is usually recognized as less sensitive than targeted,
we were able to detect phloretin metabolites even after 824 h
in pooled urine samples, though their concentration is expected
to be low due to their fast elimination. Similarly, phloretin
metabolite was present in pooled 24 h urine (long-term inter-
vention), where dilution factor plays an important role. This
confirms the suitability of mass spectrometry in BFI discovery.
The capability of phloretin metabolite detection at low concen-
tration is due to the excellent ionization capacities in the ion
source and overall sensibility of mass spectrometers. Indeed,
mass spectrometry-based analysis of small molecules such as
metabolites of polyphenols is particularly effective and robust,
and thus frequently employed in nutrimetabolomic investiga-
tions [8]. As shown in Trost et al. [27], there is a significant
difference in MS response between phloretin glucuronide and
phloretin glucuronide sulfate. Although both are visible and
detectable by untargeted analysis, phloretin glucuronide was
found at higher intensities, while phloretin glucuronide sulfate
was found at lower intensities, and sometimes samples lacked
signal (see Fig. 1b). This phenomenon can be justified by dif-
ferent excretion quantities, and/or by different LOD for these
metabolites. Indeed, formal confirmation of analytical sensitiv-
ity and specificity, day-to-day variation and intra-day variation
for phloretin glucuronide and glucuronide sulfate is still needed
with particular focus on quantitative analysis.
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Short term dietary intervention in controlled Long term dietary intervention in free
environment with single consumption of living population with two apples / day over
enriched apple cloudy juice and apple cloudy 8 weeks, and control bevarage

juice

COMMON METABOLITES:
Phloretin glucuronide
URINE Phloretin glucuronide sulfate
(Epi)catechin sulfate (two isomers)
(Epi)catechin methyl sulfate
Hydroxyphenyl-y-valerolactone sulfate
Hydroxyphenyl-y-valerolactone glucuronide

Dihydroxyphenyl-y-valerolactone methyl glucuronide
Dihydroxyphenyl-y-valerolactone glucuronide sulfate

Total of 110 Dihydroxypheny! valeric acid Total of 54
annotatgd Dihydroxypheny valeric acid glucuronide annotated
metabolites Hydroxy(dihydroxyphenyl) valeric acid glucuronide metabolites

Hydroxy(dihydroxy)phenyl valeric acid sulfate
Hydroxy(dihydroxyphenyl) valeric acid methyl glucuronide
Hydroxy(dihydroxy)phenyl valeric acid methyl sulfate
Feruloylquinic acid
Hydroxycinnamic acid
Hydroxyphenylpropionic acid sulfate
Dihydroxyphenyl propionic acid (1)
Dihydroxyphenyl propionic acid (ll)
Hydroxyhippuric acid (l)
Hydroxyhippuric acid (II)
Hydroxyhippuric acid sulfate

COMMON TRIGGERED METABOLIC PATHWAY:
Tryptophan and indole metabolism

PLASMA
COMMON METABOLITES:
Hydroxyhippuric acid
Hydroxyphenyl) propionic acid sulfate
Total toftsg (iydrosyphenviipren Total of 9
AIOReTE COMMON METABOLITE FAMILY: annotated
metabolites Valeric acids metabolites metabolites

COMMON TRIGGERED METABOLIC PATHWAY:
Tryptophan and indole metabolism

Fig.4 Venn diagram showing common metabolites, metabolite families and triggered metabolic pathways found between short-term and long-
term dietary intervention with apple consumption

Additional observational studies on robustness, stud-  stability in urine and to evaluate its applicability after intake
ies with repeated exposure to apples and comparison with  of cooked or processed products. Moreover, due to the lack
other analytical methods are needed to reach full validation  of standards, a reliable quantification of phloretin conjugates
according to the criteria established by Dragsted et al. and  is a priority.

Gao et al. [1, 24]. Further studies are needed to explore the
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Conclusions

Differences in the concentration of metabolites in the blood
and urine determined by untargeted metabolomics may help
in understanding the fate of apple constituents after inges-
tion. The discovery of validated apple biomarkers could
contribute to identifying the relationship between apple
consumption and health. Our results suggest that long and
sustained consumption of apples triggers the gut microbiota
to activate tyrosine, tryptophan and the indole metabolic
pathway. The production of endogenous indole metabolites
and glutamates and their effect on host and human health
require further investigation. Additionally, we approached
the validation of phloretin metabolites as BFI, confirming
their role as promising biomarkers of apple intake, in light
of the evaluation of several criteria such as plausibility,
time-response and dose—response. Our results also indicate
that 24 h pool urine could be an appropriate biological fluid
to identify apple intake.
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