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A red-fleshed apple rich in anthocyanins
improves endothelial function, reduces
inflammation, and modulates the immune
system in hypercholesterolemic subjects:
the AppleCOR study†

Anna Pedret, a Judit Companys,b Lorena Calderón-Pérez,b Elisabet Llauradó,a
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The study determines the sustained and acute effects of a red-fleshed apple (RFA), rich in anthocyanins

(ACNs), a white-fleshed apple (WFA) without ACNs, and an infusion from Aronia melanocarpa (AI) with an

equivalent content of ACNs as RFA, on different cardiometabolic risk biomarkers in hypercholesterolemic

subjects. A randomized, parallel study was performed for 6 weeks and two dose–response studies were

performed at the baseline and after intervention. At 6 weeks, RFA consumption improved ischemic reac-

tive hyperemia and decreased C-reactive protein and interleukine-6 compared to WFA consumption.

Moreover, at 6 weeks, AI decreased P-selectin compared to WFA and improved the lipid profile. Three

products reduced C1q, C4 and Factor B, and RFA and AI reduced C3. Although both RFA and AI have a

similar ACN content, RFA, by a matrix effect, induced more improvements in inflammation, whereas AI

improved the lipid profile. Anti-inflammatory protein modulation by proteomic reduction of the comp-

lement system and immunoglobulins were verified after WFA, AI and RFA consumption.

1. Introduction

Apples (Malus domestica) are one of the most consumed fruits
around the world,1 thanks to their capacity to grow under
different climatic circumstances, pleasant organoleptic charac-
teristics and low market price.2 In addition, apples have always
been linked with a healthy image, and their health effects are
well-known by the entire population. Recent reviews of obser-
vational studies stated that apple consumption significantly
decreased the risk of cardiovascular diseases (CVD), cardio-
vascular death, type 2 diabetes mellitus, and all-cause mor-
tality.3 Apples’ bioactive compounds with healthy effects
include phenolic compounds (PCs), soluble fibre (pectin), phy-
tosterols, triterpenes, vitamins, and other trace elements.4

PCs are one of the most studied dietary bioactive com-
pounds related to healthy effects. Apple phenolics comprise
several classes of PCs including hydroxycinnamic acids, flavan-
3-ols, dihydrochalcones, anthocyanins (ACNs) and flavonols.5

Nevertheless, the composition and concentration of PCs differ
between apple varieties and also depend on the weather,

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3fo05114e
‡Senior authors.

aUniversitat Rovira i Virgili, Facultat de Medicina i Ciències de la Salut, Functional

Nutrition, Oxidation and Cardiovascular Diseases Group (NFOC-Salut), Reus, Spain.

E-mail: rosamaria.valls@urv.cat
bEurecat, Centre Tecnològic de Catalunya, Unitat de Nutrició i Salut, Reus, 43204,

Spain
cFood Technology Department, XaRTA-TPV, Agrotecnio Center, Escola Tècnica

Superior d’Enginyeria Agrària, University of Lleida, Lleida, Catalonia, Spain
dDepartment of Biochemistry and Biotechnology, Faculty of Medicine and Health

Sciences, University RoviraiVirgili (URV), 43201 Reus, Spain
eInstitute of Health Pere Virgili-IISPV, University Hospital Sant Joan, 43202 Reus,

Spain
fCIBER Fisiopatología de la Obesidad y Nutrición (CIBEROBN), Instituto de Salud

Carlos III, 28029 Madrid, Spain
gUnitat de Recerca Biomèdica, Hospital Universitari Sant Joan, IISPV, Universitat

Rovira i Virgili, Reus, Spain
hEurecat, Centre Tecnològic de Catalunya, Centre for Omic Sciences (COS), Joint Unit

Universitat Rovira i Virgili-EURECAT, Reus 43204, Spain
iInstituto de Ciencias de la Vid y del Vino (CSIC, Gobierno de la Rioja, Universidad

de La Rioja), Logroño, Spain
jHospital Universitari Sant Joan de Reus, Reus, Spain

This journal is © The Royal Society of Chemistry 2024 Food Funct., 2024, 15, 5825–5841 | 5825

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ud
ya

xi
hi

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
02

5-
10

-2
4 

10
:5

1:
42

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://rsc.li/food-function
http://orcid.org/0000-0002-8109-9713
http://orcid.org/0000-0003-0775-2179
http://orcid.org/0000-0001-8973-2942
https://doi.org/10.1039/d3fo05114e
https://doi.org/10.1039/d3fo05114e
https://doi.org/10.1039/d3fo05114e
http://crossmark.crossref.org/dialog/?doi=10.1039/d3fo05114e&domain=pdf&date_stamp=2024-05-29
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo05114e
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO015011


season, geographical distribution, and maturity of the fruit at
the time of harvest.6

Recently, ACNs present predominantly in fruits have
attracted scientific interest for their potential beneficial effects
on cardiometabolic diseases (CMDs) in humans.7 ACNs belong
to the bioactive family of flavonoids and are responsible for
the red to dark purple pigmentation in many fruits, seeds,
flowers, and plants.8 The dietary intake of ACNs is inversely
associated with the CVD risk in both European and US popu-
lations.9 In this sense, ACNs decrease LDL cholesterol (LDL-C)
and increase HDL cholesterol (HDL-C) in normo- and hyperli-
pidaemic subjects,10 modulate low-grade inflammation,11 and
exhibit reactive oxygen species (ROS)-scavenging activities.12

Since the last decade, novel apple varieties with commercial
interest have arisen.13 Although some apple varieties with red
peel contain small amounts of ACNs, new emerging bioforti-
fied red-fleshed apples (RFA) have been developed through the
use of traditional breeding (not genetically modified) with
enhanced content of ACNs in their flesh, which could have
added health properties compared to common white-fleshed
apples (WFA). The main differences in the PC content between
new RFA cultivars versus common WFA are related not only to
the enhanced content of ACNs but also to the higher content
of dihydrochalcones in RFA and the higher content of flavan-3-
ols in WFA.5

The health effects of RFA have been demonstrated in
animal studies, showing a reduction in aortic thickness,14 and
in inflammatory biomarkers, beneficial modulations in the
complement system and the colonic microbiota15 and protec-
tive effects against colon carcinogenesis.16 However, the litera-
ture on the beneficial effects of RFA in humans is scarce. A
recent study evaluating the effects of RFA in healthy subjects
observed a beneficial modulation of immune function associ-
ated with differences in faecal microbiota compared to
common WFA.17 Thus, the hypothesis arises that RFA rich in
ACN consumption could generate anti-inflammatory effects in
the CMD context. In addition, it is unknown whether the bio-
availability of ACNs after acute ingestion leads to acute effects
of CMDs and whether these can be optimized by sustained
CAN consumption.

The present study is framed in the AppleCOR project aimed
to evaluate the CMD protective effects and mechanisms of
action, by proteome and protein post-translational modifi-
cation analysis, of RFA rich in ACNs, the variety Redlove, pro-
duced by biofortified traditional breeding programmes (not
genetically modified).

In particular, the present study aims to determine the sus-
tained and acute effects of a RFA, rich in ACNs, compared with
those of a common WFA without ACNs, on different CMD risk
biomarkers in hypercholesterolemic subjects. Another arm
consuming a cold infusion from Aronia melanocarpa fruit (AI)
was also included, which provided matched content and
profile of ACNs as the RFA but without the apple matrix. This
study would contribute towards taking a step forward in
expanding the knowledge about the possible mechanisms of
action and the effect of ACNs on metabolic pathways by study-

ing the modulation of the plasma proteome profile and
protein post-translational modifications.

2. Materials and methods
2.1 Experimental design

A randomized, parallel, clinical trial was performed (ESI
Fig. 1†). Participants were randomly assigned to one of the
three intervention groups: RFA, WFA, or AI. The daily amount
of apple snacks provided to participants was 80 g day−1 and
for AI was 1 L day−1, to be consumed in one or several doses
along with meals. RFA and WFA were administered in individ-
ual daily seal plastic containers and Aronia was administered
as a daily powder bag to be prepared by volunteers to obtain
the AI (ESI Fig. 2†).

Nested within the sustained consumption study, a sub-
sample of volunteers performed two acute dose–response post-
prandial studies for 6 h, one at the baseline and the other after
6 weeks of sustained consumption. This design would allow us
to evaluate the bioavailability and the influence of the sustained
consumption on the acute effects of RFA, WFA, or AI. The daily
dose of the intervention products during the acute dose–
response postprandial studies was administered all at once and
changes in the outcomes were recorded in the postprandial
state. Participants were randomly allocated to the three interven-
tion groups by a computerized random number generator made
by an independent statistician. PROC PLAN (SAS 9.2, Cary, NC:
83 SAS Institute Inc.) with a 1 : 1 : 1 allocation using random
block sizes of 2, 4, and 6 was used (ESI Fig. 1†).

After enrolment and following a 1-week run-in period on a
regular diet (maintained dietary habits based on nutritionist
recommendations), volunteers started the intervention trial.
During the intervention period, volunteers were instructed to
also maintain their lifestyle, physical activity, and dietary
habits, and completely refrain from consuming ACN-rich
foods (berries, grapefruit, plums, figs, pomegranate, green and
red apples, avocado, black olives, red and black beans, red
wine and mushrooms) and to avoid eating functional foods
intended to decrease cholesterol levels. During the sustained
study, volunteers attended 4 visits (every 2 weeks) at the
Eurecat Human Nutrition Unit (Reus, Spain). The two acute
dose–response postprandial studies were performed at Visit 1
and Visit 4, and volunteers stayed at Eurecat from 08 : 00 am to
02 : 00 pm, and received a light meal before leaving. For the
sustained study, blood samples at fasting conditions, 24-hour
urine and faeces samples were collected at Visit 1 and Visit 4.

For the acute dose–response postprandial study, blood
samples were obtained at the baseline, 2 h, 4 h, and 6 h. Urine
samples for the dose–response study were collected at the
baseline (24-hours urine), and at the following post-prandial
periods: 0–3 h, 3–6 h, and 6–24 h. Samples were stored at
−80 °C in the Biobanc of HUSJ (biobanc.reus@iispv.cat) until
required for batched analyses.

The adherence of the volunteers to their dietary habits
through the study was assessed by a 3-day food record at Visit
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1 and Visit 4. In addition, in all visits, volunteers responded to
a checking questionnaire on the frequency of consumption of
foods rich in ACNs and functional foods and/or supplements
to reduce cholesterol. At each visit, subjects also underwent a
physical examination by a general practitioner, and completed
a Physical Activity Questionnaire Class AF,18 and anthropo-
metric measurements were recorded. Moreover, plastic and
seal containers for RFA and WFA and the daily dose bag of
aronia powder were returned after the intervention by volun-
teers to assure their compliance.

2.2 Study population

Subjects from the general population were recruited by
means of news in social networks, newspapers, and tableaux
advertisements in the Hospital Universitari Sant Joan (HUSJ)-
Eurecat, Reus, Spain, between January 2019 and May 2019.
Out of the 179 subjects assessed for eligibility, 121 (70
females and 51 males) hypercholesterolemic individuals,
according to current guidelines,19 were recruited. Inclusion
criteria were age ≥18, LDL-c levels ≥115 mg dL−1 and willing-
ness to provide informed consent before the initial screening
visit. Exclusion criteria were: LDL-c levels <115 and ≥190 mg
dL−1 or with hypolipemiant treatment (drugs and functional
foods); or with hypoglycemia treatment or type 1 and type 2
diabetes mellitus diagnosed; Body Mass Index (BMI) ≥ 35 kg
m−2; triglyceride (TG) levels ≥350 mg dL−1; anaemia (haemo-
globin ≤13 g dL−1 in men and ≤12 g dL−1 in women); diagno-
sis of intestinal disorders such as Crohn’s disease, ulcerative
colitis, coeliac disease and irritable bowel syndrome; fructose
and/or sorbitol and/or gluten intolerance; use of antioxidants
supplements; pregnant or intending to become pregnant;
to be in the breast-feeding period; chronic alcoholism;
smoking; current or past participation in a clinical trial or
consumption of a research product in the 30 days prior
to inclusion in the study; and failure to follow the study
guidelines.

Participants signed informed consent before they partici-
pated in the study, which was approved by the Clinical
Research Ethical Committee of Institut d’Investigació Sanitària
Pere Virgili (S033/04Nov2016), Reus, Spain. The protocol and
trial were conducted in accordance with the Helsinki
Declaration and Good Clinical Practice Guidelines of the
International Conference of Harmonization (GCP ICH) and
were reported as the CONSORT criteria. The trial was regis-
tered at ClinicalTrials.gov Identifier: NCT03795324.

2.3 Intervention products

For the AppleCOR project, two different apple varieties were
selected: the Redlove (a RFA variety biofortified with ACN in
its flesh) and the Granny Smith (a WFA variety used as an
ACN-free control). Both apple varieties were provided by
NUFRI S.A.T. (Mollerussa, Lleida, Spain). To increase the
useful life, obtain good shelf stability and, at the same time,
minimize changes in the PC content of apples, the freeze-
dried snack format was selected for the nutritional interven-
tion. RFA and WFA were administered in individual daily seal

plastic containers which were refrigerated (2 °C) until their
use for the study (ESI Fig. 2†). The detailed preparation
process of the freeze-dried apple snacks is reported in our
previous study.20

Aronia fruit was selected as it is a rich source of cyanidin-3-
O-galactoside and cyanidin-O-arabinoside, which are the main
ACNs in RFA. Aronia fruit powder commercially available
(Aronia Pulver, BIOJOY, Nuremberg, Germany) was used to
prepare a daily cold-water infusion by the volunteers. An infu-
sion prepared with 50 g of Aronia fruit powder and 1 L of
mineral water (Bezoya mineral water, Calidad Pascual, Aranda
de Duero, Burgos, Spain) satisfactorily allowed to provide an
equivalent daily dose of ACN compounds present in RFA. The
volunteers were instructed to mix the Aronia fruit powder with
water, to energetically homogenize the mixture in a glass
bottle for 3 min and to filter with a cloth filter, placing the fil-
tered infusion in a light protected bottle ready to be consumed
along the day. To prepare and consume 1 L day−1 AI cold infu-
sion, volunteers were provided with the required tools and
instructions (ESI Fig. 2†).

Daily doses of 80 g of WFA and RFA snacks and 1 L of AI
provide 0 mg day−1, 34.5 mg day−1 and 37.4 mg day−1 of total
ACNs, respectively. RFA, WFA snacks and the AI were analysed
for phenol characterization using liquid chromatography
coupled to tandem mass spectrometry (UPLC-MS/MS), as
recently published.21 The phenolic composition and the
macronutrients and other phytochemical compounds of the
three intervention products are shown in ESI Tables 1 and 2,†
respectively.

2.4 Biomarkers of apple and AI intake: biological phenolic
metabolites

To evaluate the compliance for each intervention (RFA, WFA
and AI) during the sustained study, the phenol biological
metabolites were used as intake biomarkers and analysed in
urine and plasma samples at Visit 1 and Visit 4. The phenolic
metabolites were determined by UPLC-MS/MS as described in
our previous study.21

2.5 Anthropometric measurements and blood pressure

Anthropometric data were obtained with participants wearing
lightweight clothing and no shoes. Waist circumference (WC)
was measured at the umbilicus using a 150 cm anthropometric
steel measuring tape. Body weight and composition were
obtained by using a calibrated scale (Tanita SC 330-S; Tanita
Corp., Barcelona, Spain). Height was measured using a wall-
mounted stadiometer (Tanita Leicester Portable; Tanita Corp.,
Barcelona, Spain). Body mass index (BMI) was calculated as
the ratio between measured weight (kg)/and the square of
height (m).

Systolic (SBP) and diastolic blood pressure (DBP) were
measured twice after 2–5 minutes of respite, with the patient
in a seated position, with one-minute interval between, by
using an automatic sphygmomanometer (OMRON HEM-907;
Peroxfarma, Barcelona, Spain). The mean values were used for
statistical analyses. Office pulse pressure (PP), which rep-
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resents the force that the heart generates each time it con-
tracts, was determined by the difference between SBP and
DBP.22 Blood pressure and PP were measured in the sustained
consumption study (Visit 1 and Visit 4) and in both dose–
response studies (baseline, 2 h, 4 h and 6 h).

2.6 Lipid profile and glucose

The lipid profile and glucose were measured under fasting
conditions in the sustained consumption study (Visit 1 and
Visit 4) and in both dose–response studies (baseline, 2 h, 4 h
and 6 h).

Total cholesterol, HDL-c, TG, Apolipoprotein A-1 (ApoA1)
and Apolipoprotein B-100 (ApoB100) were measured in serum
by standardized enzymatic automated methods in a Cobas
Mira Plus autoanalyzer (Beckman Coulter-Synchron, Galway,
Ireland). LDL-c was calculated by using the Friedewald
formula.

Serum glucose and insulin concentrations were measured
by standardized methods in a Cobas Mira Plus autoanalyzer
(Roche Diagnostics Systems, Madrid, Spain).

2.7 Endothelial function

The endothelial-dependent vasomotor function was measured
as ischemic reactive hyperaemia (IRH) using a Laser-Doppler
linear Periflux 5000 flowmeter (Perimed AB, Järfälla,
Stockholm, Sweden). Patients were at rest for 15–20 min before
the test. Measurements were performed with the patient lying
in the supine position in a room with stable temperature
(20–22 °C). Calculations were performed by using the formula:
IRH = ((PUtd − PUt0)/(PUt0) × 100) and results were expressed
as arbitrary units (AU). The IRH value of the area under the
curve (AUC) was calculated using Microsoft Excel for pharma-
cokinetic functions. Measurements were performed at the
baseline and after 6 weeks of intervention at the sustained
study, and at the baseline, 2 h, 4 h, and 6 h after ingestion of
the single dose of the corresponding intervention product at
both dose–response studies.

Serum endothelin type 1 concentrations were determined
by using an ELISA kit (R&D Systems, Minneapolis, USA).

2.8 Inflammation and complement system biomarkers

Serum high-sensitive C-reactive protein (hs-CRP) was deter-
mined by high-sensitivity immunoturbidimetric methods on a
Cobas Mira Plus autoanalyzer (Roche Diagnostics Systems,
Madrid, Spain).

Interleukin-10 (IL-10), interleukin-6 (IL-6), tumour necro-
sis factor-α (TNF-α), intercellular adhesion molecule (ICAM),
vascular adhesion molecule (VCAM) and P-selectin were ana-
lysed in plasma by Multiplex Assays (MILLIPLEX MAP Human
High Sensitivity T Cell Panel, Millipore, Madrid, Spain and
MILLIPLEX MAP Human Cardiovascular Disease (CVD)
Magnetic Bead Panel 2, Millipore, Madrid, Spain).

C1q, C3, C4 and Factor B were determined in plasma
samples by using an Immunology Multiplex Assay (MILLIPLEX
Human Complement Panel 2, Millipore, Madrid, Spain).

2.9 Oxidation biomarkers

Plasma oxidized LDL (ox-LDL) was determined by an ELISA
(Mercodia AB, Uppsala, Sweden). 8-Isoprostane concentrations
were determined by mass spectrometry in urine samples.

PON1 protein concentration was measured in serum using
an in-house indirect ELISA with rabbit polyclonal antibodies,
against the synthetic peptide CRNHQSSYQTRLNALREVQ,
which is a sequence specific for mature PON1.23

PON1-associated paraoxonase and arylesterase catalytic
activities were measured in serum using two different sub-
strates: paraoxon and phenylacetate, respectively. Paraoxonase
activity was analyzed by measuring the rate of hydrolysis of
paraoxon at 412 nm and 37 °C in a 0.05 mmol L−1 glycine
buffer, pH = 10.5, with 1 mmol L−1 CaCl2. The arylesterase
activity was measured at 270 nm in a 9 mM Tris-HCl buffer,
pH 8.0, and supplemented with 0.9 mM CaCl2. Activities were
expressed as U L−1. Specific activities were calculated as the
ratio between the activity and the PON1 protein concentration
and expressed as U mg−1 PON1 protein.23

2.10 Statistical analyses

The parametricity of the variables was examined and log-
arithmic transformation of the variables was performed if
required. Differences in the baseline characteristics among
groups were assessed by an ANOVA test. Differences among
treatments were assessed by an ANCOVA test adjusted by age
and sex. Imputation by multiple regression analyses has been
performed when imputed data were less than 20% of the
total values, and in the case of the postprandial set when also
basal values were available. The relationship among variables
was assessed by Pearson’s and/or Spearman’s correlation
tests.

2.11 Sample size and power analysis

The sample size of the study was calculated assuming a
0.50 mmol L−1 (approximately 15%) post-intervention differ-
ence of LDL-c and a 0.72 mmol L−1 standard deviation (SD),
with α = 0.05 and 1 − β = 0.08. Thus, a minimum of 22 partici-
pants were required. However, the sample size was expanded
to 40 participants for arm, (in total 120 subjects) to ensure
that even with volunteers’ dropouts during the intervention,
the statistical power to find significant results could be
maintained.

2.12 Proteomic and phosphoproteomic analysis

The proteomic and phosphoproteomic analyses were per-
formed on a subsample of 30 volunteers, with 10 subjects for
each intervention group.

2.12.1 Sample preparation. Protein extraction and quantifi-
cation: plasma samples were diluted with phosphate-buffered
saline (PBS) containing proteases and phosphatase inhibitors
and vortexed vigorously. Then, samples were sonicated with a
30 s pulse at 50% amplitude and centrifuged at 14 000g for
15 min. Supernatants were collected for protein precipitation
with the addition of 10% TCA/acetone. The protein pellets
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were resuspended in 6 M urea/50 mM ammonium bicarbonate
(ABC) and quantified by Bradford’s method.

Protein digestion: 550 μg of total protein were reduced
with 4 mM 1.4-dithiothreitol (DTT) for 1 h at 37 °C and alkyl-
ated with 8 mM iodoacetamide (IAA) for 30 min at 25 °C in
the dark. Afterwards, samples were overnight digested (pH
8.0, 37 °C) with sequencing-grade trypsin/Lys-C (Thermo
Fisher Scientific, CA, USA) at an enzyme : protein ratio of
1 : 50. Digestion was quenched by acidification with 1% (v/v)
formic acid and each sample was divided in two: 50 μg of
initial total protein were used for proteomics analysis and
500 μg were used for phosphosproteomics. Before peptide
TMT labelling and phosphopeptide enrichment, samples
were desalted on an Oasis HLB SPE column (Waters,
Massachusetts, USA).

Complete information on the next steps of the proteomic
and phosphoproteomic analyses: peptide 11-plex TMT label-
ling, nanoLC-(Orbitrap)MS/MS analysis, protein identification/
quantification, phosphopeptide enrichment and statistical
analysis, are detailed in the ESI† section and previously
described.15,24

2.12.2 Pathway analysis and protein interaction networks.
The initial functional evaluation was performed using the
UniProt (https://www.uniprot.org) database, with a focus on
protein function and relevant biological processes. Reactome
pathway analyses (Reactome version 88) were carried out for
the differentially expressed proteins (by proteomics and phos-
phoproteomics) after RFA, WFA and AI interventions (p ≤
0.05). A binominal test was used to calculate the probability
shown for each result, and the p-values were corrected for the
multiple testing (Benjamini–Hochberg procedure) that arises
form evaluating the differentially expressed proteins against
every pathway. The top 20 reactome pathways terms with a
lower p-value and a higher number of hits associated were con-
sidered the most representative. It should be taken into
account that some of the immunoglobulin’s variables identi-
fied by proteomics could not be used in the pathway analysis
since they are not a whole protein. Total proteome or phospho-
proteome interaction networks were retrieved from the
STRING online database (https://string-db.org/, accessed on 4
April 2024). UniProt IDs of significantly expressed proteins
were added as input into STRING.

3. Results
3.1 Study subjects

Of the 179 subjects assessed for eligibility, finally 121 of them
(68%, 70 women and 51 men) received allocated intervention
in either RFA (n = 40), WFA (n = 41), or AI (n = 40) groups. For
the acute dose–response postprandial studies, out of the 29
allocated participants, one discontinued the intervention from
the beginning, and 2 were lost for the second dose–response
study. Thus, 29 participants (12 in the RFA, 8 in the WFA, and
9 in the AI groups) completed the first dose–response study,
and 26 participants (9 in the RFA, 8 in the WFA, and 9 in the

AI groups) the second one (see CONSORT flowchart of the
study in ESI Fig. 3†). No differences in baseline characteristics
were observed among the intervention groups (Table 1).

No changes were observed in physical activity throughout
the study in any treatment group. Changes in total energy
intake, macronutrients, fibre, and alcohol intake after 6 weeks
of intervention are presented in ESI Table 3.† PUFA (as % of
energy intake) increased after WFA treatment (P = 0.015),
reaching significant differences between treatments (P =
0.022). For all other dietary components, no inter-treatment
differences were observed throughout the study. Fibre con-
sumption was significantly lower after WFA (P = 0.036) and
after AI (P = 0.012).

3.2 Phenolic metabolites as biomarkers of dietary adherence

To evaluate the compliance for each intervention (RFA, WFA
and AI) during the sustained study, the plasma and urine
phenol metabolites were used as intake biomarkers (ESI
Tables 4 and 5†). The targeted metabolomic analysis of
plasma and urine samples showed that the anthocyanin peo-
nidin-3-O-galactoside was identified as an intake biomarker
of RFA and AI as sources of anthocyanins. In addition,
phloretin-2′-O-glucuronide was identified as an intake bio-
marker of both apple snacks (RFA and WFA). Good compli-
ance by volunteers was reflected in the significant increase
of these phenolic metabolites’ concentrations in 24 h-urine
and plasma samples after the sustained intervention. The
level of adherence was acceptable for all products as the con-
sumption was >80%.

Table 1 Baseline characteristics of the participants of the intervention
group

Variable
WFA
(n = 41) AI (n = 40)

RFA
(n = 40) P

Age, years 49.8 ± 13.6 49.6 ± 13.3 46.7 ± 16.3 0.566
Females, % 67.5 50 55.3 0.287
SBP, mm Hg 127 ± 16.7 127 ± 14.4 132 ± 16.5 0.285
DPB, mm Hg 76 ± 11.1 77 ± 10.1 79 ± 9.7 0.317
Pulse pressure 51 ± 12.1 50 ± 10.4 53 ± 13.1 0.605
Weight, kg 68.7 ± 12.4 71.8 ± 11.1 74.2 ± 11.6 0.123
BMI, kg m−2 24.6 ± 3.2 26.3 ± 4.5 26.3 ± 3.8 0.078
Waist circumference, cm 86.9 ± 11.5 89.3 ± 9.6 90.9 ± 9.1 0.253
Waist/height, cm 0.52 ± 0.06 0.54 ± 0.06 0.54 ± 0.06 0.281
Conicity index 1.24 ± 0.09 1.25 ± 0.07 1.26 ± 0.07 0.836
Glucose, pl, mg/dL 91 ± 11.3 93 ± 6.0 92 ± 8.4 0.506
Cholesterol, pl, mg/dL
Total 220 ± 48 223 ± 26 213 ± 54 0.611
LDL 145 ± 25.9 144 ± 20.3 147 ± 19.6 0.835
HDL 60.0 ± 17.1 60.0 ± 16.4 53.8 ± 16.6 0.143

Triglyceridesa,
pl, mg/dL

82 (60–117) 81 (64–108) 87 (58–128) 0.836

Physical activity, AU 4.34 ± 2.24 5.10 ± 1.68 4.35 ± 1.95 0.146

Data expressed as mean ± standard deviation, or percentages. SBP,
systolic blood pressure; DBP, diastolic blood pressure; pulse pressure =
SBP-DBP; BMI, body mass index (weight/(height in meters)2); pl, plasma;
LDL, low density lipoproteins; HDL, high density lipoproteins. aMedian
(25th–75th percentiles). AU, arbitrary units: 0–1, inactive; 2–3, very low
activity; 4–5, low activity; 6–11, moderately active; > or ≥12, very active. P
for ANOVA with logarithmic transformation for triglycerides.
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The 3 intervention products provided in the study were well
tolerated by all volunteers and no adverse events were
reported.

3.3 Anthropometric measurements and blood pressure

No changes were observed in anthropometric measurements
after 6 weeks of sustained intervention (ESI Table 6†).

3.3.1. Sustained consumption study. ESI Table 7† shows
the results obtained in blood and pulse pressure parameters at
the baseline (V1) and after 6 weeks of interventions (V4). After
diet supplementation with WFA, a significant decrease in the
DBP was observed compared with its baseline. Moreover, a
decrease in PP was observed after RFA consumption compared
with its baseline. When adjusting for sodium, consumption
results were similar to those non-adjusted with exception the
significance in PP after RFA consumption (ESI Table 7b†).

3.3.2. Dose–response postprandial study. No significant
changes were observed in SBP, DBP, and PP between treat-
ments in any of the postprandial times assessed. At the begin-
ning of the study, a significant decrease was observed in SBP
at 2 h after a single dose of 80 g of RFA snack compared with
its baseline. The same pattern was observed for DBP, with a
significant decrease at 2 h after the RFA snack intake. After 6
weeks of treatment, no changes were observed in SBP or DBP
values. Neither intra- nor inter-treatment changes in PP were
observed (ESI Tables 8–10†).

3.4 Lipid profile and glucose

3.4.1. Sustained consumption study. As shown in ESI
Table 11,† after the AI treatment, a decrease in total chole-
sterol, LDL-c, total cholesterol/HDL-c ratio and TG was
observed compared to the baseline. ApoA1 decreased after all
treatments with no inter-treatment changes throughout the
study. RFA decreased the ApoA1/ApoB100 ratio compared to
the baseline.

AI significantly decreased glucose levels after 6 weeks of
intervention but no changes were observed in glucose, insulin,
or HOMA index among the treatments (ESI Table 12†).

3.4.2. Dose–response postprandial study. Postprandial
changes in the lipid profile and glucose are shown in ESI
Tables 13–19.† AI lowers total cholesterol at 4 and 6 h com-
pared to WFA and RFA in both postprandial studies at the
baseline and after 6 weeks. AI also lowers LDL-c compared to
WFA and RFA at 4 h and compared to WFA at 6 h in the base-
line postprandial study. AI decreases HDL-c at 2 h compared to
WFA and RFA, the total cholesterol/HDL ratio at 4 h compared
to the WFA and RFA, and the LDL-c/HDL-c ratio at 6 h com-
pared to the WFA in the baseline postprandial study.

Decreases in glucose were observed at 6 h after WFA and at
2 h after AI treatment in the baseline postprandial study.
Insulin increased significantly at 2 h in both postprandial
studies after AI and RFA treatments compared to its baseline.

3.5 Endothelial function

3.5.1. Sustained consumption study. Fig. 1(A and B) show
the IRH changes results after 6 weeks of intervention com-

pared to its baseline and compared to WFA. After treatment
with WFA, IRH values significantly decreased. No intra-treat-
ment changes were observed after AI or RFA treatments.
Changes after RFA and AI treatments were higher than those
after WFA treatment, reaching statistical significance (P =
0.034) in the case of RFA and a borderline one in the case of
AI (P = 0.084). Endothelin-1 levels increased significantly after
all treatments and compared to its baseline and with no inter-
treatment differences.

3.5.2. Dose–response postprandial study. Fig. 1(C and D)
show the changes in IRH in both postprandial studies at the
baseline (Fig. 1C) and after 6 weeks (Fig. 1D). At the beginning
of the study, the IRH values significantly increased after RFA
treatment at 4 h and 6 h, whereas after AI treatment IRH
values significantly increased at 2 h and 4 h. After 6 weeks of
treatment, the IRH values significantly increased after WFA
and RFA treatments at 4 h and 6 h, and after AI treatment, IRH
values significantly increase at 6 h. No inter-treatment differ-
ences were observed either at the beginning or at the end of
the study.

3.6 Inflammation biomarkers

3.6.1 Sustained consumption study. Treatment with RFA
significantly decreased the CRP values when compared to the
changes after WFA treatment (Fig. 2). Moreover, IL-6 also
decreased after RFA treatment versus its baseline and com-
pared with WFA. P-selectin decreased after AI treatment and
compared to WFA and RFA. Moreover, ICAM-1 decreased also
after AI treatment compared to the baseline. No inter-treat-
ment nor intra-treatment differences were observed for IL-10,
TNF-α and VCAM (ESI Tables 20 and 21†). Changes in inflam-
matory markers segregated by gender are presented in ESI
Table 22 and 23.† IL-6 decreased after RFA significantly in
men compared to WFA but not significantly in women. For

Fig. 1 Changes in ischaemic reactive hyperaemia after 6 weeks of RFA,
WFA and AI consumption versus baseline (panel A) and versus WFA
(panel B). Changes in ischaemic reactive hyperaemia (IRH) after a single
dose of 80 g of RFA and WFA and 1 L of AI at the beginning (panel C)
and at the end of the study (panel D). WFA, white-fleshed apple; AI,
Aronia infusion; RFA, red-fleshed apple; AUs, arbitrary units. †P < 0.05,
versus its baseline. * P < 0.05, versus WFA.
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other markers of inflammation, non-important sex-dependent
changes were observed.

3.6.2. Dose–response postprandial study. ESI Table 24†
shows the results of postprandial changes in plasma hs-CRP
concentrations at the beginning and at the end of the study. At
the beginning of the study, changes in hs-CRP from the base-
line at 6 h after interventions reached significance in RFA. No
inter-treatment differences were observed neither at the begin-
ning nor at the end of the study.

3.7 Oxidative stress biomarkers

3.7.1. Sustained consumption study. PON1 mass decreased
in women after AI treatment and compared with changes
observed after the WFA treatment. Paraxonase raw activity
increased after RFA treatment and when compared with
changes after WFA treatment. No differences were observed in
ox-LDL neither in the intra-treatment nor in the inter-treat-
ment (ESI Table 25†).

3.7.2. Dose–response postprandial study. No intra-treat-
ment changes were observed from the baseline to 2 h, 4 h, and
6 h after the interventions. Concerning inter-treatment
changes, at 4 h postprandial of the baseline, values of PON
mass were lower after the RFA treatment, when compared with
changes observed after the WFA treatment. At 4 h baseline
postprandial, both PON1 specific activity and arylesterase
increased after the RFA treatment when compared with
changes observed after the WFA treatment (ESI Table 26†).

3.8 Complement molecules

C1q, C4 and Factor B decreased after 6 weeks of three treat-
ments with no differences between them. Moreover, C3
decreased after AI and RFA treatments with no differences in
the inter-treatments (ESI Table 27†).

A summary of all the results obtained from the sustained
study after WFA, AI and RFA treatments on CMD biomarkers is
detailed in Table 2.

3.9 Phenolic compliance biomarkers and CMD biomarkers

Multivariate linear regression analyses were performed with
CMD biomarkers as dependent variables and the principal

phenolic compliance biomarkers as independent variables.
The models also included age and gender as independent vari-
ables. Significant results for the sustained study are shown in
Table 3.

Briefly, significant relationships were observed between
different AI compliance biomarkers (peonidin-O-glucuronide
and peonidin-3-O-arabinoside) and sustained lipid biomarkers
(HDL-c; β = 0.053, P = 0.043, LDL-c/HDL-c ratio; β = −0.196, P =
0.017, total cholesterol/HDL-c ratio; β = −0.146, P = 0.016 and
ApoA1/ApoB100 ratio; β = 0.135, P = 0.021). Moreover, a signifi-
cant trend relationship was observed between phloretin-O-
xylosyl glucoside, an exclusive biomarker of RFA consumption,
and hs-CRP (β = −1.086, P = 0.061). Finally, peonidin-3-O-galac-
toside, a common biomarker of AI and RFA, shows an inverse
relationship with C3 (β = −1.613, P = 0.041).

No significant relationships were observed for acute dose–
response postprandial variables.

3.10 Proteomics and phosphoproteomics

3.10.1 Proteomic analysis. After proteomic analysis, a total
of 202 proteins were identified. Complete information about
relative protein quantification and identification, protein cov-
erage and the identified peptides is shown in ESI Table 28.†
After the 70% frequency filter was applied and KNN estimation
by Metaboanalyst was performed, 137 proteins were con-
sidered for further statistical analysis.

3.10.1.1 Proteome modulation after the RFA, WFA and AI
treatments. Table 4 shows the results of the significantly up- or
downregulated proteins expressed after the RFA, WFA, and AI
treatments (baseline vs. final).

When comparing final values to baseline values after the
RFA treatment, there was a decrease of four differentially
expressed proteins: APOM, C4A, IGLV2–8 and IGLV4–69, and
an increase of SERPING1 protein.

WFA treatment produced modulations in 22 proteins, 18
proteins were downregulated and 4 proteins were upregulated.
SERPINC1, LPA, cDNA FLJ55673, CP, C1R, C4A, FGB, FGG, HP,
IGHV5–51, JCHAIN, IGKV3–11, IGKV3–15, IGKV3–20, IGLL5,
LRG1 and PLG were downregulated and IGKV2–30, KNG1, F2
SLC38A5 and PROS1 were upregulated after WFA treatment.

After AI treatment, 9 proteins were modulated. C4A,
IGKV2–30, IGKV3–11, IGLV2–8, IGLV4–69 and IGLL1 were
downregulated and AHSG, GPX and AZGP1 were upregulated.

Three proteins were found to be commonly modulated after
RFA and AI treatments: C4A, IGLV2–8, and IGLV4–69.
Moreover, C4A is the only commonly modulated protein after
the RFA and WFA treatments.

Otherwise, two other proteins were found to be uniquely
modulated after RFA: APOM and SERPING1. ESI Fig. 4† shows
the Venn diagram with the intersections of proteins differen-
tially expressed after RFA, WFA, and AI interventions.

No inter-treatment differences were observed between the 3
interventions either at the baseline or at the end of the
intervention.

3.10.2 Phosphoproteomic analysis. A total of 256 phospho-
peptides were identified. After filtering the peptides by fre-

Fig. 2 Changes in inflammation biomarkers (PCR and IL-6) after 6
weeks of treatment versus baseline (panel A) and versus WFA (panel B).
WFA, white-fleshed apple; AI, aronia infusion; RFA, red-fleshed apple;
CRP, C reactive protein; IL-6, interleukin-6. †P < 0.05, versus its baseline;
*P < 0.05, versus WFA.
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quency (<50% per group), and BPCA estimation performed by
Metaboanalyst, 87 phosphopeptides were obtained and used
for statistical purposes (ESI Table 29†). Each treatment group
was compared between both times (baseline and final) to see
the differences before and after treatment.

After the RFA treatment, we observed a significant increase
in the phosphorylation of CDK5R2, RASAL1 and FAM3D and a
decrease in the phosphorylation of FGA and EXOSC3.

After the WFA treatment, only one phosphopeptide was
modulated, decreasing the phosphorylation of MYO15B protein.

Finally, after AI treatment, we observed a significant
increase in the phosphorylation of KRT80 and a decrease in
EXOSC3.

One peptide sequence (VTLGLIR) was found to be com-
monly modulated after the RFA and AI treatments, decreasing
the phosphorylation of EXOSC3.

Otherwise, four other peptide sequences were found to be
uniquely modulated after RFA decreasing FGA or increasing
phosphorylation of CDK5R2, RASAL1 and FAM3D.

Significant phosphorylated peptide sequences, their corres-
ponding proteins, their molecular functions, their biological
processes, their p-values, the phosphorylated FCs, and the
serine phosphorylation sites for the RFA, WFA and AI treat-
ments are detailed in Table 5.

3.10.3 Major relevant biological pathways and protein–
protein interaction networks. Reactome pathway analyses were

Table 2 Summary of the results obtained from the sustained study after WFA, AI and RFA interventions

Parameters WFA AI RFA

Blood pressure SBP (mmHg) NS NS NS
DBP (mmHg) ↓ (vs. baseline) NS NS
PP (mmHg) NS NS ↓ (vs. baseline)

Lipid profile Total cholesterol (mg dL−1) NS ↓ (vs. baseline) NS
HDL-c (mg dL−1) NS NS
LDL-c (mg dL−1) NS ↓ (vs. baseline) NS
VLDL-c (mg dL−1) NS NS NS
Total chol/HDL ratio (mg dL−1) NS ↓ (vs. baseline) NS
LDL-c/HDL-c ratio (mg dL−1) NS NS NS
TG (mg dL−1) NS ↓ (vs. baseline) NS
NEFA (mmol L−1) NS NS NS
ApoA1 (mg dL−1) ↓ (vs. baseline) ↓ (vs. baseline) ↓ (vs. baseline)
ApoB100 (mg dL−1) NS NS NS
ApoA1/ApoB ratio NS NS ↓ (vs. baseline)

Glucose and insulin resistance Glucose (mg dL−1) NS ↓ (vs. baseline) NS
Insulin (µU mL−1) NS NS NS
HOMA-IR NS NS NS

Endothelial function IRH (AU) ↓ (vs. baseline) NS ↑ (vs. WFA)
Endothelin-1 (pg mL−1) ↑ (vs. basline) ↑ (vs. baseline) ↑ (vs. baseline)

Inflammation markers hsCRP (mg dL−1) NS NS ↓ (vs. WFA)
IL-10 (pg mL−1) NS NS NS
IL-6 (pg mL−1) NS NS ↓ (vs. baseline and WFA)
TNF-alpha (pg mL−1) NS NS NS
P-selectin (ng mL−1) NS ↓ (vs. baseline and WFA) NS
ICAM-1 (µg mL−1) NS ↓ (vs. baseline) NS
VCAM-1 (µg mL−1) NS NS NS

Oxidation markers oxLDL (U L−1) NS NS NS
PON1 mass (mg dL−1) NS NS NS
PON raw (U L−1) NS NS ↑ (vs. baseline and WFA)
Arylest raw (U L−1) NS NS NS
PON specific (U mg−1 prot) NS NS NS
Arylest specific (U mg−1 prot) NS NS NS

Complement markers C1q (mg dL−1) ↓ (vs. baseline) ↓ (vs. baseline) ↓ (vs. baseline)
C3 (mg dL−1) NS ↓ (vs. baseline) ↓ (vs. baseline)
C4 (mg dL−1) ↓ (vs. baseline) ↓ (vs. baseline) ↓ (vs. baseline)
Factor B (mg dL−1) ↓ (vs. baseline) ↓ (vs. baseline) ↓ (vs. baseline)

Cholesterol efflux (%, AU) NS NS ↓ (vs. baseline and WRF)

Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; HDL-c, high density lipoprotein cholesterol; LDL-c,
low density lipoprotein cholesterol; VLDL-c, very low density lipoprotein cholesterol; TG, triglycerides; NEFA, non-esterified fatty acids, Apo A1,
lipoprotein A1; Apo B100, lipoprotein B100; IRH, ischemic reactive hyperemia; hsCRP, high sensitive C reactive protein; IL-10, interleukin 10;
IL-6, interleukin 6; TNF-alpha, tumor necrosis factor alpha; ICAM-1, intercellular adhesion molecule-1; VCAM-1, vascular cellular adhesion
molecule-1; oxLDL, oxidized LDL; PON1; paraxonase-1; Arylest raw, arylesterase activity of paraoxonase-1 raw; C1q, complement component C1q;
C3, complement component C3; C4, complement component C4.
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Table 3 Summary of significant regressions between compliance biomarkers of RFA, WFA and AI and CMD biomarkers for the sustained study

CMD biomarkers Compliance biomarker B SE Beta p 95% CI

HDL
Peonidin glucuronide (urine) AI 0.053 0.026 0.284 0.043 0.002 to 0.105

LDL/HDL ratio
Peonidin arabinoside (urine) AI −0.196 0.077 −0.386 0.017 −0.353 to −0.038

Total cholesterol/HDL ratio
Peonidin arabinoside (urine) AI −0.146 0.057 −0.368 0.016 −0.262 to −0.030

Apo A1/ApoB100 ratio
Peonidin arabinoside (urine) AI 0.135 0.055 0.362 0.021 0.022 to 0.248

C3
Peonidin galactoside (plasma) AI and RFA −1.613 0.756 −0.367 0.041 −3.154 to −0.072

hsPCR
Phloretin xylosyl glucoside (urine) RFA (exclusive) −1.086 0.472 −0.639 0.061 −2.240 to 0.069

Abbreviations: CMD, cardiometablic disease; HDL-c, high density lipoprotein cholesterol; LDL-c, low density lipoprotein cholesterol; Apo A1,
lipoprotein A1; Apo B100, lipoprotein B100; C3, complement component C3; hsCRP, high sensitive C reactive protein.

Table 4 Proteome changes after RFA, WFA and AI interventions

FC, fold change. A paired T-test was performed. *p < 0.05 was considered statistically significant. The proteins marked in light red are common
between red apple and aronia or white apple. The proteins marked in red are unique for red apple.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2024 Food Funct., 2024, 15, 5825–5841 | 5833

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ud
ya

xi
hi

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
02

5-
10

-2
4 

10
:5

1:
42

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo05114e


T
ab

le
5

P
h
o
sp

h
o
p
ro
te
o
m
ic

ch
an

g
e
s
af
te
r
re
d
ap

p
le
,w

h
it
e
ap

p
le

an
d
ar
o
n
ia

in
te
rv
e
n
ti
o
n
s

In
te
rv
en

ti
on

Pe
pt
id
e
se
qu

en
ce

U
n
iP
ro
t
ID

G
en

e
Pr
ot
ei
n
n
am

e
M
ol
ec
ul
ar

fu
n
ct
io
n

B
io
lo
gi
ca
lp

ro
ce
ss

p

Ph
os
ph

or
yl
at
io
n

FC
(b
as
al

ve
rs
us

fi
n
al
)

Ph
os
ph

or
yl
at
io
n

si
te

R
FA

E
SS

SH
H
PG

IA
E
FP

SR
P0

26
71

FG
A

Fi
br
in
og

en
al
ph

a
ch

ai
n

E
xt
ra
ce
llu

la
r
m
at
ri
x

st
ru
ct
ur
al

co
n
st
it
ue

n
t.
M
et
al

io
n
bi
n
di
n
g.

Si
gn

al
in
g

re
ce
pt
or

bi
n
di
n
g.

St
ru
ct
ur
al

m
ol
ec
ul
e
ac
ti
vi
ty
.

A
da

pt
at
iv
e
im

m
un

e
re
sp

on
se
.B

lo
od

co
ag

ul
at
io
n
,c
om

m
on

pa
th
w
ay
,f
ib
ri
n

cl
ot

fo
rm

at
io
n
.C

el
l–
m
at
ri
x
ad

h
es
io
n
.

Fi
br
in
ol
ys
is
.I
n
du

ct
io
n
of

ba
ct
er
ia
l

ag
gl
ut
in
at
io
n
.I
n
n
at
e
im

m
un

e
re
sp

on
se
.N

eg
at
iv
e
re
gu

la
ti
on

of
bl
oo

d
co
ag

ul
at
io
n
,c
om

m
on

pa
th
w
ay
.

N
eg
at
iv
e
re
gu

la
ti
on

of
ex
tr
in
si
c

ap
op

to
ti
c
si
gn

al
li
n
g
pa

th
w
ay

vi
a
de

at
h

do
m
ai
n
re
ce
pt
or
.P

la
sm

in
og

en
ac
ti
va
ti
on

.P
la
te
le
t
ag

gr
eg
at
io
n
.P

os
it
iv
e

re
gu

la
ti
on

of
E
R
K
1
an

d
E
R
K
2
ca
sc
ad

e.
Po

si
ti
ve

re
gu

la
ti
on

of
ex
oc
yt
os
is
.

Po
si
ti
ve

re
gu

la
ti
on

of
h
et
er
ot
yp

ic
ce
ll–

ce
ll
ad

h
es
io
n
.P

os
it
iv
e
re
gu

la
ti
on

of
pe

pt
id
e
h
or
m
on

e
se
cr
et
io
n
.P

os
it
iv
e

re
gu

la
ti
on

of
pr
ot
ei
n
se
cr
et
io
n
.P

os
it
iv
e

re
gu

la
ti
on

of
su

bs
tr
at
e
ad

h
es
io
n
-

de
pe

n
de

n
t
ce
ll
sp

re
ad

in
g.

Po
si
ti
ve

re
gu

la
ti
on

of
va
so
co
n
st
ri
ct
io
n
.P

ro
te
in

po
ly
m
er
iz
at
io
n
.P

ro
te
in
-c
on

ta
in
in
g

co
m
pl
ex

as
se
m
bl
y.
R
es
po

n
se

to
ca
lc
iu
m

io
n
.

0.
02

93
−
10

05
5

S2
(p
h
os
ph

o)

LS
PQ

M
LR

Q
13

31
9

C
D
K
5R

2
C
yc
li
n
-d
ep

en
de

n
t

ki
n
as
e
5
ac
ti
va
to
r

2

A
ct
in

bi
n
di
n
g.

C
yc
li
n
-

de
pe

n
de

n
t
pr
ot
ei
n
se
ri
n
e/

th
re
on

in
e
ki
n
as
e
ac
ti
va
to
r

ac
ti
vi
ty
.L

ip
id

bi
n
di
n
g.

Pr
ot
ei
n
ki
n
as
e
bi
n
di
n
g.

A
xo
n
gu

id
an

ce
.B

ra
in

de
ve
lo
pm

en
t.

C
er
eb

el
lu
m

de
ve
lo
pm

en
t.

H
ip
po

ca
m
pu

s
de

ve
lo
pm

en
t.
La

ye
r

fo
rm

at
io
n
in

ce
re
br
al

co
rt
ex
.N

eu
ro
n

m
ig
ra
ti
on

.P
os
it
iv
e
re
gu

la
ti
on

of
ca
lc
iu
m

io
n
-d
ep

en
de

n
t
ex
oc
yt
os
is
.

0.
02

55
98

91
S2

(p
h
os
ph

o)
–M

5
(o
xi
da

ti
on

)

A
K
SS

SL
N
V
R

O
95

29
4

R
A
SA

L1
R
as
G
A
P-
ac
ti
va
ti
n
g-

li
ke

pr
ot
ei
n
1

M
et
al

io
n
bi
n
di
n
g.

Ph
os
ph

ol
ip
id

bi
n
di
n
g.

C
el
ld

iff
er
en

ti
at
io
n
.C

el
lu
la
r
re
sp

on
se

to
ca
lc
iu
m

io
n
.I
n
tr
ac
el
lu
la
r
si
gn

al
tr
an

sd
uc

ti
on

.N
eg
at
iv
e
re
gu

la
ti
on

of
R
as

pr
ot
ei
n
si
gn

al
tr
an

sd
uc

ti
on

.P
os
it
iv
e

re
gu

la
ti
on

of
de

n
dr
it
e
ex
te
n
si
on

.
R
eg
ul
at
io
n
of

G
T
Pa

se
ac
ti
vi
ty
.S

ig
n
al

tr
an

sd
uc

ti
on

.

0.
01

62
10

50
7

S3
(p
h
os
ph

o)
–S
4

(p
h
os
ph

o)

SY
M
SF

SM
K
T
IR

Q
96

B
Q
1–

C
9J
5Z

5–
C
9I
ZW

7

FA
M
3D

Pr
ot
ei
n
FA

M
3D

C
yt
ok

in
e
ac
ti
vi
ty

N
eg
at
iv
e
re
gu

la
ti
on

of
gl
uc

ag
on

se
cr
et
io
n
.N

eg
at
iv
e
re
gu

la
ti
on

of
in
su

li
n

se
cr
et
io
n
.

0.
03

64
27

32
S6

(p
h
os
ph

o)
–T

9
(p
h
os
ph

o)

V
T
LG

LI
R

Q
9N

Q
T
5

E
X
O
SC

3
E
xo
so
m
e
co
m
pl
ex

co
m
po

n
en

t
R
R
P4

0
3′
-5
′-E

xo
ri
bo

n
uc

le
as
e
ac
ti
vi
ty
.

R
N
A
bi
n
di
n
g

C
U
T
ca
ta
bo

li
c
pr
oc
es
s.
D
N
A

de
am

in
at
io
n
.E

xo
n
uc

le
ol
yt
ic

ca
ta
bo

li
sm

of
de

ad
en

yl
at
ed

m
R
N
A
.I
so
ty
pe

sw
it
ch

in
g.

N
uc

le
ar

po
ly
ad

en
yl
at
io
n
-

de
pe

n
de

n
t
rR

N
A
an

d
Tr
n
a
ca
ta
bo

li
c

pr
oc
es
s.
N
uc

le
ar
-t
ra
n
sc
ri
be

d
m
R
N
A

ca
ta
bo

li
c
pr
oc
es
s.
Po

ly
ad

en
yl
at
io
n
-

de
pe

n
de

n
t
sn

oR
N
A
3′
-e
n
d
pr
oc
es
si
n
g.

Po
si
ti
ve

re
gu

la
ti
on

of
is
ot
yp

e
sw

it
ch

in
g.

R
N
A
ca
ta
bo

li
c
pr
oc
es
s.
R
N
A
pr
oc
es
si
n
g.

rR
N
A
pr
oc
es
si
n
g.

U
4
sn

R
N
A
3′
-e
n
d

pr
oc
es
si
n
g.

0.
01

59
−
60

18
T
2(
ph

os
ph

o)

Paper Food & Function

5834 | Food Funct., 2024, 15, 5825–5841 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ud
ya

xi
hi

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
02

5-
10

-2
4 

10
:5

1:
42

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo05114e


carried out to characterize the main pathways associated with
the significantly modified total proteome and phosphopro-
teome after RFA, WFA and AI interventions. The 20 most rele-
vant pathways sorted by p-value for each intervention are sum-
marized in ESI Tables 30–32.† The major relevant top-level
reactome pathway for the RFA intervention included the
immune system (FDR: 1.52 × 10−1), disease (FDR: 9.71 × 10−1),
metabolism of proteins (FDR: 5.07 × 10−1), hemostasis (FDR:
4.27 × 10−1) and metabolism of RNA (FDR: 5.2 × 10−1).
Specifically, the regulation of the complement cascade, the
activation of C3 and C5 and the complement cascade belonged
to the immune system reactome pathway with the highest
number of hits.

For WFA, hemostasis (FDR: 7.12 × 10−3), metabolism of pro-
teins (FDR: 1.84 × 10−1), immune system (FDR: 1.34 × 10−1),
disease (FDR: 8.58 × 10−1) and signal transduction (FDR: 5.74
× 10−1) were the main relevant top-level reactome pathways.
Moreover, the formation of the fibrin clot and the intrinsic
pathway of fibrin clot formation were the hemostasis reactome
pathways with the highest number of hits.

For AI, immune system (FDR: 5.69 × 10−1), metabolism of
proteins (FDR: 7.47 × 10−1), development biology (FDR: 6.31 ×
10−1), metabolism of RNA (FDR: 8.38 × 10−1) and gene
expression (FDR: 9.92 × 10−1) were the main relevant top-level
reactome pathways. Moreover, initial triggering of complement
and regulation of complement cascade were the immune
system reactome pathways with the highest number of hits.

A global protein-to-protein interaction network was con-
structed for the significantly modified total proteome and
phosphoproteome (ESI Fig. 5†). 11 of the proteins that are
modified during the interventions are part of the complement
and coagulation cascade KEGG pathways (1.94; FDR: 2.36 ×
10−16).

3.11 Correlations between proteomic and phosphoproteomic
variables and inflammatory markers

The significant proteins modified after the three interventions
(by proteome and phosphoproteome analyses) were correlated
with the inflammatory markers with significant changes
during the intervention, since the results obtained for inflam-
matory markers are one of the most relevant results in the
present study, especially due to its clinical translation (ESI
Table 33†). The difference of IGLV2–8 protein at 6 weeks was
directly related to the difference of hs-CRP at 6 weeks (R =
0.567, P = 0.001). Moreover, the difference of IGLV4–69 at 6
weeks was directly related to the difference of IL-6 at 6 weeks
(R = 0.416, P = 0.022). Otherwise, the ESSSHHPGIAEFPSR
peptide phosphorylation at 6 weeks was inversely related to the
difference of IL-6 at 6 weeks (R = −0.419, P = 0.029).

4. Discussion

In this study, we observed effective health–promoting results
of either ACNs through an infusion or through whole apple
against cardiometabolic risk biomarkers. The present studyT
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verified that daily consumption of RFA, containing 34.5 mg of
ACNs (of which 30.9 mg were cyanidin-3-O-galactoside), for 6
weeks improved arterial vasodilation assessed by IRH and pro-
duced anti-inflammatory effects decreasing hs-CRP and IL-6
compared to WFA with no content in ACNs. The arterial vaso-
dilatation assessed by IRH was also increased at 6 h postpran-
dial after RFA ingestion at the beginning of the study and com-
pared to its baseline and at 6 h postprandial after three treat-
ments at the end of the study and compared to its baseline.
Moreover, AI, containing 37.4 mg of ACNs (of which 28.6 were
cyanidin-3-O-galactoside), decreased P-selectin (an index of
inflammation) compared with WFA. AI daily consumption had
a marked impact on the lipid profile decreasing total chole-
sterol, LDL-c, total cholesterol/HDL ratio and TG after 6 weeks
of intervention. Finally, the daily consumption of the three
products evaluated reduced complement factors such as C1q,
C4, and Factor B. These results were observed by proteomics
and phosphoproteomic analyses and verified through multi-
plex, observing a reduction of the complement system proteins
after the consumption of the three products, and being the
complement and coagulation cascade pathways – the main sig-
nalling pathways modified.

In the frame of the AppleCOR project, our previous work in
hypercholesterolaemic rats showed CMD protective effects
after 6 weeks of diet supplementation with the same tested
products (RFA, WFA and AI). Specifically, a significant
reduction in the aorta thickness, an improvement in kidney
function in females, a decrease in insulin plasma concen-
tration in males (both apples)14 and an anti-inflammatory
effect were reported through the complement system by both
apple consumption and reduced hs-CRP only by RFA.15 In this
sense, our previous results in rats showed that regardless of
the ACN content, the apple diet supplementation (RFA and
WFA) achieved the reduction of inflammatory proteins.

Our present results showed that after 6 weeks of AI inges-
tion, the lipid profile was significantly improved compared
with its baseline, whereas no significant and relevant changes
were observed after the intake of WFA or RFA. However,
different systematic reviews have indicated that the consump-
tion of ACNs is linked to an improvement in the lipid
profile.25,26 Recently, in line with our results, a randomized
controlled trial with barberry, rich in ACNs, showed that sus-
tained barberry consumption improves the lipid profile,
decreasing plasma levels of TG, total cholesterol, LDL-c, non-
HDL-c, and total cholesterol/HDL-c ratio in subjects with
cardiovascular risk factors.27 We hypothesized that both pro-
ducts rich in ACNs (RFA and AI) would modulate the lipid
profile similarly; however, RFA, with practically the same con-
centrations of ACNs as AI, did not manage to improve the lipid
profile. Thus, the complexity of the food matrix where ACNs
are present could play an important role. In this regard, AI is a
simple source of solubilized ACNs which favours their bio-
availability and RFA is a complex matrix where the ACNs are
linked to fibre. Specifically, pectin, a soluble fibre present in
apples, has been shown to affect flavonoid absorption due to
the binding interactions between fibre and flavonoids.28 These

differences in the food matrix could affect the bioaccessibility,
bioavailability, and ultimately the effect of ACNs on the lipid
profile. Subsequently, our group recently demonstrated a clear
apple matrix effect between the RFA and AI, reporting a higher
bioavailability and excretion of ACN after AI intake compared
to RFA.21 These results emphasize the significance and com-
plexity of PC interactions within other food components and
confirm the findings of other studies using different food
matrices,29 reporting that mainly dietary fibre may induce a
disadvantageous impact on the bioavailability of flavonoids
acting as entrapping agents.

In line with our results, a recent meta-analysis of random-
ized controlled trials (RCTs) evaluating the effect of dietary
PCs on selected markers of cardiometabolic health concluded
that purified food PC extracts improved the lipid profile more
than the consumption of whole PC rich foods.30

In the present study, we used IRH, as a non-invasive
method to assess endothelial function. IRH reduction reflex
impaired flow-mediated vasodilation, which is considered an
initial indicator of atherosclerosis and is associated with
increased carotid intima-media thickness and left ventricular
hypertrophy.31 In our study, increases in IRH after RFA inter-
vention were observed both after a single dose and after sus-
tained consumption. After 6 weeks of RFA consumption,
IRH increased compared to WFA. At 6 h postprandial
after RFA ingestion, IRH increased compared to its baseline
in both studies, at the beginning and at the end of the sus-
tained study. At the end of the sustained study, IRH also
increased at 6 h postprandial and versus its baseline after WFA
and AI. Thus, an optimization of the vasodilatory effect by an
acute postprandial intake was stated, suggesting a beneficial
consequence of sustained consumption of each three
products.

ACN-rich foods or ACN extract consumption (acute or sus-
tained) has previously been demonstrated to improve vascular
reactivity, specifically endothelial function determined by flow-
mediated dilatation.32

In the present study we were able to demonstrate that RFA,
rich in ACNs, improved the endothelial function after a sus-
tained consumption and compared to WFA, even so, we could
not demonstrate that AI (with a similar content of ACN)
improved it significantly. This may be because, apart from
ACNs, the RFA has a different PC profile than AI, with higher
concentrations of some other PCs (159 mg of other PCs vs.
61.7 mg), such as other flavonoids. In this sense, other flavo-
noids have also been linked to an improvement in endothelial
function.33 Thus, other PCs present in the RFA may have
exerted a synergistic effect with ACNs by improving endothelial
function, which was therefore not achieved with AI consump-
tion. Otherwise, this synergistic effect is also apparent when
the WFA, despite having a high concentration of PCs (197 mg),
not only fails to improve endothelial function, but also
decreases IRH after sustained consumption. Therefore, to
achieve the beneficial effects on endothelial function, the com-
bination of ACNs plus other PCs was probably necessary and
presented as an apple matrix.
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The anti-inflammatory effect of ACN supplementation by
reducing TNF-α, IL-6, and hs-CRP was stated by a meta-ana-
lysis.26 Our results are in line with this meta-analysis, since
both the RFA and the AI managed to improve the inflamma-
tory status by reducing the different inflammation markers
evaluated. RFA decreased hs-CRP and IL-6 compared to WFA
and AI decreased P-selectin compared to WFA and ICAM-1
compared to the baseline. The anti-inflammatory effect of RFA
has previously been demonstrated by our group since in our
previous study with hypercholesterolaemic rats we also
observed a decrease in CRP by proteomic analysis of the heart
tissue after the consumption of RFA.15 In contrast, a published
study assessing the effects of a red apple on the lipid profile
and CRP compared to a green apple, found no significant
effects on any of the analysed parameters.17 However, it should
be considered this study17 was a cross-over study where the
intervention lasted 2 weeks followed by a one-week washout
and a further two-week crossover period. So, maybe two weeks
were not sufficient to modulate inflammation through CRP;
however, the 6 weeks that our intervention lasts are sufficient
to produce the effects on CRP. Taken together, our results
suggest that the incorporation of red-flesh-coloured apples in
our diet can alleviate inflammatory markers compared to the
common WFA.

Molecules related to the complement system were modu-
lated after all treatments (WFA, AI and RFA). Complement
C1q, C4 and factor B proteins were reduced after WFA, AI and
RFA compared to the baseline. Complement C3 was also
reduced after AI and RFA compared to the baseline. These
results are replicated through the plasma proteomic analyses,
where downregulation of complement C4 protein was identi-
fied after all the treatments.

In addition, with the analysis of the major relevant biologi-
cal pathways carried out in the present study, with the differen-
tially expressed proteins (by proteomics and phosphoproteo-
mics) after the RFA, WFA and AI interventions, it has been
identified that the immune system is one of the most relevant
biological pathways implicated in the three products.
Specifically, the main immune system pathways involved are:
regulation of complement cascade, activation of C3 and C5,
complement cascade and initial triggering of complement. In
this sense, the proteins involved in these pathways are: C4A,
SERING1 (for RFA), C1R, LRG1, C4A, PROS1, F2, FGB, FGG,
HP (for WFA) and C4A, IGLL1 (for AI).

The complement system is a multifaceted protein network
of the immune defense system, being important in the acti-
vation of the innate and adaptative immune response. It con-
sists of membrane-bound and soluble proteins working in cas-
cades of step-by-step protease activation.34 Activation of the
complement system can occur through different pathways,
known as the classical pathway (includes C1qrs, C2, and C4
components), the alternative pathway (includes C3 com-
ponents, factor B, and properdin) and the lecithin pathway
(including but not limited to the mannan-binding lectin). The
observation that the complement components are elevated or
decreased does not allow us to identify a specific pathological

situation, but it does indicate that the immune system is
involved in the pathological process that affects the
individual.35

Complement components C3 and C4 were previously exten-
sive associated with CVD, metabolic syndrome, and type 2 dia-
betes.36 Thus, increased levels of serum C3 and C4 have been
related to obesity and insulin resistance. Moreover, increased
activation of C1q induced the biosynthesis of inflammatory
cytokines and chemokines in the adipose tissue, resulting in
adipose tissue inflammation.36

Fat ingestion has been postulated as a possible inductor of
components of the complement system.37 A randomised,
double-blind, intervention study demonstrated that dietary
medium-chain saturated fatty acids from milk downregulated
genes related to the complement system towards a decreased
inflammatory state of the adipose tissue.37 Although some
studies relate a possible effect of PCs on the inhibitory effect
on all complement pathways,38 the literature is still limited. In
this sense, a downregulation of proteins involved in the comp-
lement system has been previously demonstrated by proteomic
analysis after RFA and WFA in hypercholesterolemic rats sup-
porting effects and possible mechanisms of action of the
apple.15 Therefore, we corroborate that the effect on the comp-
lement system could not only be exclusive to ACNs but also to
other PCs present in the matrices of the three products
studied. Complement components can rise due to inflam-
mation, rising even earlier than other markers such as CRP.39

As we previously mentioned, the results of the proteomic
analyses showed that WFA, AI or RFA cause the modulation of
plasma proteins. Some of the proteome changes observed are
common to the three interventions, such as the downregula-
tion of complement C4, other changes coincide between RFA
and AI, such as immunoglobulin lambda variable 2–8 and
4–69, and others are specific to each treatment. In the present
study, many of the changes observed in the three intervention
groups are related to immunoglobulins. The effect that
different foods rich in PCs can have on the expression of
plasma immunoglobulins has previously been defined.40 In
addition, our results are in line with a recent study in humans
where the healthy effect of red apples was tested against green
apples demonstrating that the consumption for two weeks of
the two varieties of apples produces changes in the expression
of immunoglobulin coding genes.17 At the same time, with the
results of the correlations made between the proteins changed
after the three interventions and the main inflammation
markers modified during the intervention, we observe that
IGLV2–8 protein was directly related to hs-CRP serum concen-
trations and IGLV4–69 was directly related to IL-6 serum con-
centrations, indicating a possible anti-inflammatory role of
immunoglobulin variables which should be further studied.

Thus, our results suggest that the consumption of WFA, AI,
and RFA for 6 weeks can improve immune responses through
the modulation of the expression of proteins of the comp-
lement system, immunoglobulins and CRP.

Concerning the phosphoproteomic results, one of the most
noticeable changes observed is the decrease in phosphoryl-
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ation of the ESSSHHPGIAEFPSR peptide sequence of the fibri-
nogen alpha chain protein. Fibrinogen has been linked to the
adaptative and innate immune response, blood coagulation
and inflammation.41 Otherwise, with the results of the corre-
lations made between phosphoproteomic changes after the
three interventions and the main inflammation markers modi-
fied during the intervention, we observe that the
ESSSHHPGIAEFPSR peptide phosphorylation was inversely
related to IL-6 serum concentrations, also indicating the poss-
ible role of the phosphorylation of this peptide on inflam-
mation. The proteome and phosphoproteomic changes and
these correlation results open new standpoints about which
target molecules are involved in the anti-inflammation effects
of RFA or AI. Even so, more studies are needed to corroborate
the specific function of the results obtained on
phosphorylation.

The study has strengths and limitations. As a strength, the
participants’ diets were supervised during the entire study,
and evading ACN-rich foods and avoiding eating functional
foods intended to improve cholesterol levels were given as
dietary recommendations to all the participants, which is of
special interest in nutritional randomized controlled trials
(RCTs) because these guidelines would limit confounding
between other dietary compounds and the dietary interven-
tion. The general dietary recommendations were standardized
for all the intervention groups to reduce the potential con-
founding effects of other dietary components beyond the inter-
vention foods. Moreover, in most previous studies, only a
single food component or isolated pure flavonoids were used,
and very scarce studies have evaluated more than one matrix
component with ACN-rich foods, being one of the main
strengths of our study.

Another important strength is that this study constitutes
the first human RCT that assessed compliance markers of RFA
(phloretin-O-xylosyl glucoside), AI (peonidin-O-glucuronide
and peonidin-3-O-arabinoside) and peonidin-3-O-galactoside, a
common biomarker of AI and RFA and observed associations
with CMD biomarkers (sustained lipid biomarkers, CRP and
C3, respectively), and thus, these results add robustness to our
study. Moreover, in the present study, the human clinical
results have been complemented with proteomic human ana-
lysis, which also demonstrated a modulation of the immune
system by both the complement system and of the immunoglo-
bulins after all treatments, thus giving more strength to the
results. In addition, of great value is that the results in the
present human study replicate the results found in hypercho-
lesterolaemic rats, in which a decrease in inflammation and
an improvement of the immune system were also observed by
proteomic analysis.

One limitation is the inability to assess potential inter-
actions between the interventions and other dietary com-
ponents. The fact that participants were hypercholesterolaemic
individuals limits the extrapolation of the results to the
general population. Whether different or added effects would
have been detected over longer periods is unknown, but longer
intervention may affect the compliance of the volunteers.

5. Conclusions

In conclusion, several CMD biomarkers are modulated in
response to the consumption of ACN-biofortified apple (RFA)
and Aronia ACN-rich infusion (AI) containing similar concen-
tration and composition of ACNs but differing in the food
matrix. The diet supplementation during 6 weeks with RFA
improves endothelial function, with AI improving the lipid
profile and both of them reducing inflammation. The finding
that RFA induces more improvements in inflammation than AI
could be due to the synergy of ACNs with other bioactive com-
pounds present in the apple matrix. In contrast, the diet sup-
plementation with AI resulted in a better modulation of the
lipid profile, compared with RFA, probably related to the
higher ACN bioavailability. Moreover, our results suggest that
the consumption of WFA, AI, and RFA for 6 weeks can improve
immune responses through the modulation of the expression
of proteins of the complement system and immunoglobulins
and changes in the complement and coagulation cascade bio-
logical pathways. Taken together, the present study supports
previous human evidence related to the beneficial effects of
ACNs on ameliorating the risk of lifestyle-associated metabolic
disorders and reinforces the interest in the newly emerging
biofortified RFA cultivars as an interesting and attractive
source of bioactive phenols with added health properties com-
pared to common WFA.
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