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BACKGROUND: Anthocyanins (ACNs) are phenolic compounds present in foods. However,
various ACN properties considered relevant to human health are stil unknown. In
consequence, the present work aims to increase the scientific knowledge on ACNSs, providing
answers to various questions such as the ACN fissue bioavailability, consumption biomarker,

and the effects of the ACN oral infake on human health.

METHODS: 1 animal experiment on hypercholesterolemic rats and 6 systematic reviews from
the scientific literature were conducted following the most adequate methodological

proceedings between February 2018 and February 2021.

RESULTS: From various systematic reviews: 15, ACNs can be detected in multiple target fissues
with medical relevance, suggesting some health effects. 2nd, C3G is the only ACN fulfilling the
criteria to be considered an adequate food-intake biomarker for berry consumption in human
plasma and urine. 39, Consuming 100-150 g/day of whole-apples improves multiple CVD risk
factors and reduces the risk of CVD and CVD mortality. 4™, From the animal intervention, ACN-
rich apples have an anti-inflammatory effect, while white-fleshed apples reduce complement
system-related proteins in hearts and aortas of hypercholesterolemic rats, suggesting a
beneficial apple matrix effect, regardless of their ACN content. 5th, The oral ACN intake,
regardless of its source, is associated with a reduced risk of T2DM and hypertension in humans.
Moreover, oral ACNs also improve the plasmatic lipid profile, glucose metabolism, and
endothelial function, reasonably explaining the T2DM risk reduction associated with the dietary
ACN intake. 6th, The oral PC administration in animals improves the intestinal barrier integrity
and function from three main mechanisms: a) The reduction of pro-inflammatory molecules,
b) the improvement in tight-junction protein expression, and c) the improvement of the
anfioxidant intracellular activity. 7th, Resveratrol, and other phenolic compounds (PCs)

significantly reduce the acute lung injury secondary to sepsis in diverse animal models.

CONCLUSION: Therefore, as a result of the present work, our hypothesis is vertified, and the
anthocyanins provided by fruits, extracts or other products help improve cardiovascular risk
factors and other diseases. It can be concluded that, regardless of their source, the whole-
apple, and ACN oral intakes should be considered effective for the prevention and treatment
of cardiometabolic disease in humans. Moreover, in animal models, resveratrol or other PCs
showed an improvement of the intestinal barrier integrity loss and in the management of the
acute lung injury associated with the systemic inflammation in critical illnesses, such as sepsis,

opening new promising application in humans.

27



UNIVERSITAT ROVIRA I VIRGILI

THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.

STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT.

Berner Andrée Sandoval Ramirez

JUSTIFICATION

28



UNIVERSITAT ROVIRA I VIRGILI

THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.

STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT.

Berner Andrée Sandoval Ramirez

In 2017, around the world approximately 17.8 million people died from cardiovascular
disease (CVD), making CVD the leading cause of death !. Accordingly, over the last
decades, nutrition has acquired an important role in healthcare systems primarily due
to the increase of the aged population and the prevalence of non-communicable
diseases such as CVD, obesity, type 2 diabetes, metabolic syndrome, and

hypertension 23,

Traditionally, most of the health benefits associated with frequent fruit and vegetable
consumption have been attributed to their content of fiber, vitamins, minerals, and
more recently, to naturally occurring bioactive molecules present in plants called
phenolic compounds (PCs) 48, PCs are a complex and extensive family of
biomolecules, evidence suggests that although some PCs share effects 572, most of
their specific mechanisms of action and effects remain unclear. Nevertheless,
flavonoids, particularly anthocyanins (ACNs), have demonsfrated the potential to

prevent diverse chronic 10-13, and neurodegenerative diseases 4.

ACNs are natural plant pigments responsible for the red-blue colors present in plants,
especially in the skin and flesh of berries, red-fleshed apples, and other fruits 1517,
Current research has been focused on the study of the ACN effects using extracts ?.
However, studying fruits and vegetables as whole-foods remains essential, as whole-

foods are the most common way in which people consume any given nutrient 1819,

Despite the efforts made to discover the properties of various ACN-rich fruits, essential
aspects such as the ACN tissue bioavailability, the health-related consequences of
the ACN presence on different target tissues, or the existence of an ACN-rich food
infake biomarker, have not been determined. The reasons range from the absence
of methods allowing the detection of ACNs in living human tissues, forcing us fo rely
on animal experimentation, or the economic and technical limitations making
currently impossible the determination of an intake biomarker for large food groups
(e.g. ACN-rich fruits) from one single randomized conftrolled ftrial. Nonetheless, the
tissue bioavailability of ACNs would fairly explain the positive health effects and
associations for which apples and other ACN-rich fruits are healthy and amongst the

most consumed fruits in the world 20,
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It is important fo remind that the phenolic content and composition of apples, and
probably from other ACN-rich fruits, can fluctuate significantly influenced by aspects
such as the soil quality, growth period, harvest moment, storage conditions, maturity
status altering their matrix composition, and natural differences between varieties 21,
In consequence, more research is needed to determine the health effects of ACN-

rich fruits like berries, but also from novel fruit varieties, such as Redlove apples.

In accordance, a multicentric research project called “The AppleCOR Project” was
designed by investigators from the Rovira i Virgili and Lieida universities with the main
goal of advancing the knowledge of the effects of ACNs on human health, more
specifically of ACN-rich fruits such as Redlove apple variety on different CVD risk
factors. The AppleCOR project is a large two-part project including first, a randomized
conftrolled trial in humans, and second, an in vivo animal experiment, both designed
to assess the cardiovascular effects and to determine the mechanisms of action of
ACN-rich Redlove apple variety, an ACN-free white-fleshed apple and an ACN-rich

infusion obtained from Aronia melanocarpa.

Current evidence suggests that ACN intake may be beneficial for the prevention of
disease and seem to have significant potential for the tfreatment of different human
illnesses and conditions. Therefore, the present work aims to increase the scientific
knowledge on ACNSs, providing answers to various ACN-related questions such as the
ACN fissue bioavailability, consumption biomarkers, and the effects of ACN and ACN-

rich fruit infake on human health.

Finally, two novel applications for ACNs on human health are discussed and
proposed as a part of this work, exploring the possible health benefits of the ACN
supplementation on different pathological alterations suffered by critically ill patients
such as the intestinal barrier infegrity and the acute lung injury associated to the
condifion. A summarize of the previous justification of the present doctoral Thesis has

been represented in FIGURE 1.
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1.INTRODUCTION
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1.1.  CARDIOVASCULAR DISEASE

Cardiovascular disease (CVD) is the leading cause of death worldwide.
CVD-related deaths are most frequently caused by ischemic heart
disease 22-24, However frequent, CVD has a heterogeneous distribution

among populations 22.23,

It has been estimated that in developed countries like the United States,
more than16.5 million individuals over 20 years old already have some
degree of coronary heart disease, whereas the prevalence of
myocardial infarction in the same population is around 3% 25.
Consequently, only in the United States, at least one person dies every
40 seconds from CVD 25,

CVD s preventable 24, Estimates say that almost 90% of all cardiovascular
events could be prevented from improving various risk factors such as
consuming a healthy diet 27-30, increasing physical activity, or avoiding
tobacco and alcohol 31-35, Also, the tfreatment of risk factors such as the
plasmatic lipids, blood pressure, and plasmatic glucose values is

considered beneficial for CVD prevention 36-38,

However, despite the efforts fo reduce CVD, the latest reports confirm
that CVD is still the leading cause of death 1223240 Although, the CVD
mortality rates have declined between 1979 and 2015 when CVD

accounted for more than 2.7 million (74.2%) of all deaths 41.

Among CVD, coronary heart disease is the most frequent pathology
accounting for 43.8% of deaths, followed by stroke (16.8%), elevated
blood pressure (9.4%), heart failure (9.0%), arterial diseases (3.1%), and
other CVDs (17.9%) 41. As a result, economic projections reveal that by
the year 2035 over 130 million US adults will suffer some form of CVD, with
expected associated costs reaching 1.1 trillion US dollars in 2035 4. The
global frends in CVD mortality reveal that it is constantly rising at a

relatively low rate in a rise-and-fall pattern 41,
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Since CVD is comprehended by a heterogeneous group of diseases,
there is no single underlying mechanism, for instance, coronary heart
disease and stroke are mainly caused by atherosclerosis 234245, while
aortic aneurisms can be congenital or caused by an altered blood flow
46, However, stroke, coronary artery disease, and peripheral artery
disease, all share atherosclerosis as an important pathophysiological
element 2342-45 Therefore, for the present thesis, only pathologies

secondary to atherosclerosis will be considered CVDs.
1.1.1. CVD Risk factors.

In epidemiology, arisk factoris the behavior, circumstance, or conditfion,
increasing the risk of developing CVD #7. The cardiovascular-related risk
factors can be classified as modifiable (i.e. plasmatic lipids and blood
pressure values) or as non-modifiable (i.e. sex, ethnicity, age, and others)
48, Since the novel cardiovascular risk factors have not been fully
established, only the traditional risk factors will be described in the
following sections, while full information on the known CVD risk factors is

confained in TABLE 1.
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TABLE 1: Update on the reported cardiovascular disease risk factors.

Risk factors

Area
Group Sub-group

Socioeconomic and environmental

e  Sanitation

and living
conditions.
. Natural and
physical
environment.

. Increased
air pollution.

e Increased
noise.

. Reduced
green
spaces.

. Extreme
temperatur
es.

. Low
socioecono
mic status.

. Social
environment.

. Low
socioecono
mic status.

. Low
education

. Poverty.

. Increased
inequality.

Behavioral factors and infections
e Physical
inactivity.
e  Smoking.
. Alcohol
consumption.

. Infections.

. Poor diet.
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e Highintake
of
processed
meat.

e Highintake
of salt.

. Low intake
of fruits and
vegetables.

. Low intake
of fiber.

. Low intake
of whole
grains.

e Highintake
of frans fafs.

Increased adiposity

Biological risk factors

. Hypertension.
. Dyslipidemia.

. High LDLc.
. Low HDLc.

. Diabetes and
high blood
glucose.

. Thrombosis
and
inflammmation.

. Altered
metabolome,
epigenome,
proteome,
franscriptome.

. Altered
intestinal
microbiome.

e  Obesity.

Subclinical atherosclerosis

Early markers due to genetic
polymorphism

e Positive family
history.

. Increased
lipoprotein
(a).

. ngh
homocysteine
levels.
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Markers of existing disease

. Increased
coronary
artery calcium
score.

. Increased C-
reactive
protein.

. Increased
apolipoprotei
n Al and B.

. Increased
lipoprotein
(a).

. Increased
carotid
infima-media
thickness.
myeloperoxid
ase

. F2-
isoprostanes.

. Increased
ankle-brachial
index

. Increased
leukocyte
count.

. increased
fasting blood
glucose levels.

. Periodontal
disease.

. ngh
homocysteine
levels.

. Low vitamin D.

. Increased
lipoprotein
phospholipas
e A2.
. Increased
myeloperoxid
ase.
. Increased F2
isoprostanes.
. Brain and pro-
brain
natriuretic
peptide
. Renal function
markers
. Increased
creatinine
. Increased
urea.
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Gene modification targets

e D3774Y gene
e LDLr
e LYSM-Cre

Table elaborated from 24.49-51,

1.1.2. Established CVD risk factors
1.1.2.1.  Lipids

The plasmatic lipids are strongly associated with CVD in humans 5253, This
association was confirmed from the strong relationship between high
serum total cholesterol (TC) and the risk of CVD 5253, Moreover, increased
low-density lipoprotein cholesterol (LDLc) levels in plasma are also
associated with an increased CVD risk in a concentration-dependent
manner 5455, Interestingly, from the information on proprotein convertase
subtilisin/kexin type 9 (PSCK9) inhibitor drugs, it has been suggested that
targeting for extremely low LDLc concentrations might be beneficial for
human health 3. On the other hand, high-density lipoprotein (HDL) has
demonstrated an inverse relationship with cardiovascular risk while other
functional properties of HDL particles, might beneficially influence
inflammation, oxidation, angiogenesis, and glucose homeostasis 557-57,
As a consequence, the reduction of TC (200 mg/dL), and LDLc (<120
mg/dL), as well as the increase of HDLc (260 mg/dL) are considered

therapeutic targets in current guidelines to prevent CVD 6041,

1.1.2.2. Hypertension

As a result of the Framingham study, in 1980 it was demonstrated that
blood pressure and isolated systolic hypertension were associated with
CVD ¢2¢63, Currently, the normal blood pressure values are still under
debate, as a consequence, there are different criteria for the

classification of normal blood pressure and hypertension ¢465, The ranges
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and classifications for the normal blood pressure values and

hypertension diagnosis in humans are presented in TABLE 2.

Consequently, current American guidelines suggest that systolic pressure
values £130/80 mmHg should be considered the therapeutic target for
hypertension. However, the optimum blood pressure target is still under
strong debate, as meta-analysis suggest that achieving blood pressure
levels under 135/85 mmHg does not provide further benefit for CVD
prevention ¢4, thus, supporting the European target of <135/85 mmHg for

hypertensive patients.

TABLE 2. Blood pressure classification and hypertension diagnosis.

ACC/AHA ESC/ESH
Classification  Value (mmHg) Classification  Value (mmHg)

Variable

Normal <120/<80 Optimal <120/<80
Normal blood Elevated  120-129/<80 Normal  120-129/<80-84
pressure
High normall 130-139/85-89
Stage | 130-139/80-89 Grade | 140-159/90-99
Hypertension Stage I >140/290 Gradel ll 160-179/100-109
Grade lll >180/2110
Hypertension >130/280 >140/290

diagnosis value

ACC, American College of Cardiology; AHA, American Heart Association; ESC, European
Society of Cardiology; ESH, European Society of Hypertension; mmHg, milimeters of
mercury. Table elaborated from 6465,

1.1.2.3. Smoking

In 1962 smoking tobacco was first associated with an increased risk of
CVD also as a result of the Framingham study 47, and confirmed in other

epidemiological studies not only for active but also for passive smoking
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49.67.68, As a consequence, smoking cessation is considered one of the
most important and effective measures for the reduction of CVD in
humans ¢°. The life expectancy of smoking individuals is reduced

between 2.5 years (past smokers) and 12 years (25+ cigarettes/day) 70.
1.1.2.4. Diabetes

Type 2 diabetes mellitus is significantly associated with a 3-fold increase
in the risk of developing CVD 71, in particular for women 7273, Furthermore,
glucose intolerance represents a 1.5-fold increase in the CVD risk 74. As a
result, achieving a target HbA1c <7% significantly reduces microvascular
complications 75. However, HbAlc targets should range between 6.0-
6.5% in young patients with no evidence of CVD, while an HbAlc <8%

should be the goal for elderly patients 75.

1.1.2.5.  Physical Inactivity

Physical inactivity is considered an established CVD risk factor 7478,
Compared to sedentary individuals, the people that achieve the
recommended 2.5 h/week of moderate-intensity aerobic activity are
associated with a lower CVD mortality risk (-23%), and incidence (-17%)
78, Furthermore, individuals performing physical activity for 25 h/week
can expect to live between 2-3 years longer than their inactive

counterparts (0.5-2 h/week) 7°,
1.1.2.6. Obesity

Obesity is considered a chronic metabolic disease that has been linked
to CVD 77-81 and reduces life expectancy up to 5.5 years 70, Additionally,
childhood obesity has been positively associated with CVD 78, Currently,
the concept of the "metabolically healthy obese” has been infroduced
to name the paradox that suggests that obesity is not always related to
metabolic abnormalities and increased risk of CVD 82, However, the
information from the systematfic review and meta-analysis of

observational 83, and mendelian randomization studies 84, demonstrate
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that obesity is independently associated with CVD in humans 84, Thus,
achieving ideal body weight is the ultimate goal for CVD prevention 8s.
However, bodyweight reduction should be encouraged for most
patients with overweight/obesity, and weight maintenance should be

promoted when weight loss cannot be achieved 85,
1.1.3. Emerging CVD risk factors

Apart from traditional CVD risk factors, some molecules appear to be
emerging as biomarkers of cardiovascular risk 8. For instance, the
increase of the high-sensitivity C-reactive protein (CRP) as a biomarker
of inflammation, is significantly and independently associated with
CVD8, however, with an undetermined causal association 8. Other
biomarkers such as the growth-differentiation factor (GDF)-15 which is
considered a strong predictor of cardiovascular events and a potential
tool for the stratification of CVD risk 8, and other markers such as
fibrinogen or uric acid since both have been positively associated with
an elevated risk of CVD 8, Thus, the field on novel CVD biomarkers is

under frequent updates.

Furthermore, genetic modification seems to be the future for CVD risk
reduction. An interesting target might be the D377Y gene in mice
(equivalent to D374Y in humans) as the CRISPR genetic modification of
this gene increases its activity and reduces the atheroma plaque
formation 31. Thus, suggesting the importance of D374Y in humans 51,
Additionally, the LDL receptor (LDLr) seems a promising target for CVD
risk, in particular, the LYSM-Cre modification in macrophages seems o
lead to reduced atherosclerosis and reduced activity of
hydroxymethylglutrayl (HMG)-CoA finally leading to a reduced

atheroma plaque formation even in hypercholesterolemic conditions 1.
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1.2.  THE PATHOPHYSIOLOGY OF
CARDIOVASCULAR DISEASE

The atheroma plaque is the key element of many CVDs including
coronary heart disease, stroke, and peripheral artery disease 234245, The
atheroma plague formation is complex and multiple systems like the
coagulation and immune systems are involved (FIGURE 2) 234245 |t s
considered that hypercholesterolemia is one of the main drivers of
atherosclerosis 8788, however, the same process is also favored by
abnormal arterial blood flow and a pro-/anti-coagulant imbalance

(FIGURE 2-A) 424345,

The increased plasmatic cholesterol enhances the vascular endothelial
permeability, mainly from increasing the expression of scavenger
receptors (SR) such as CD36 and LOX-1 4587, allowing LDLc particles into
the arterial wall 424587 (ricure 2-A). Additionally, several circulating
monocytes are recruited by the monocyte chemoatiractant released
by the endothelial cells 2343, recruiting monocytes and causing their
attachment to the vascular wall via selectins or adhesion molecule-1
(VCAM-1) expressed by endothelial cells (FIGUrE 2-A) 2387, These changes
allow the monocyte migration into the sub-endothelial space via

diapedesis (FIGURE 2-B) 4345,

Once in the sub-endothelial space, monocytes migrate either into a pro-
or anti-inflammatory phenotype depending on unknown local stimuli
(FIGURE 2-C) 2344 After expressing a pro-inflammatory phenotype, the
macrophages located in the sub-endothelial space increase their
production and release of nuclear factor kappa B (NF-kB) and activator
protein (AP)-1 (FIGURE 2-D) 4243, NF-kB and AP-1 are responsible forincreased
necrosis of the endothelial cells, which in turn release interleukin (IL)-6, IL-
1B, and IL-8, further increasing the monocyte recruitment (FIGUre 2-F) 42, On
the other hand, the pro-inflammatory macrophages located in the

intima layer, start turning info foam cells (Ficure 2-E) from the increased
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expression of multiple SRs (Al, All, Alll, Bl, Bll, CD36, LOX-1), causing an
increase in the macrophage’s cholesterol uptake capacity, and from
the decrease in the macrophage’s cholesterol efflux capacity 4345 (FIGURE

2-D).

Foam cells are macrophages located in the fafty deposits of blood
vessel walls that became laden with lipids after saturation with LDLc 8. It
has been reported foam cells enable the angiogenesis and the necrotic
pool creation that increases atherosclerosis and plague instability 8790,
Foam cells are considered fundamental in the atheroma plaque
formation 439192 due to their release of tumor necrosis factor (TNF),
reactive oxygen species, and metalloproteases that increase
inflammation (FIGRE 2-6) 234345 Additionally, foam cells release
myeloperoxidase, 12/15 lipoxygenase, and other cytokines causing
further monocyte chemo-attraction (Ficure 1-H) and further enhancing the
oxidation of other LDLc particles in the intima layer or the arterial wall
(FIGURE 2-1) increasing the plaque instability causing it fo finally break and
form a clot that will obstruct blood flow and cause the clinical

manifestations of CVD 8991,
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FIGURE 2. THE PATHOPHYSIOLOGY OF THE ATHEROMA PLAQUE FORMATION. 2-A) Hypercholesterolemia, an
abnormal blow flow, and the expression of scavenger receptors such as CD36 and LOX-1 favor the
atheroma plague formation. 2-B) The sub-endothelial migration of monocytes via diapedesis occurs.
2-C) The monocyte differentiation into a pro- or anti-inflammatory phenotype occurs from unknown
stimuli. 2-D) The macrophages located in the sub-endothelial space increase their production and
release of nuclear factor kappa beta (NF-kB) and activator protein (AP)-1 causing inflammation and
further monocyte recruitment occurs. Additionally, the macrophage’s cholesterol uptake capacity is
increased. 2-E) The cytokine release from the NF-kB and AP-1 activation causes further inflammation.
2-F) Foam cell formation starts. 2-G) NF-kB and AP-1 increase the necrosis of the endothelial cells
releasing interleukin (IL)-6, IL-1B, and IL-8. 2-H) Cytokines cause further monocyte recruitment. 2-1) The

intima layer LDL particle oxidation is increased, and the plagque becomes unstable.
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1.3.  THE CVD RISK TREATMENT AND PREVENTION

1.3.1. CVD primary prevention

The CVD primary prevention is the reduction in CVD risk that is conducted before a CVD
event takes place for the first time, and is achieved from the modification of diverse CVD risk
factors 8. Consequently, from the 2019 American College of Cardiologist (ACC)/American

Heart Association (AHA) guidelines for the primary prevention of CVD 8s:

1st. The most effective preventive measure for the prevention of CVD is obtained through a

healthy lifestyle 8s.

2nd, Whenever possible a team-based multidisciplinary strategy assessing not only the

biological but also the social determinants of CVD should be followed 85,

3rd. Individuals aged between 40 - 75 years old who are under current evaluation for CVD
prevention should undergo CVD risk estimation and discuss their pathology with their

clinicians before starting pharmacological therapy 8.

4t Adults should consume a diet rich in fruits, vegetables, nuts, lean protein (animal or
vegetal), and fish while decreasing the intake of red and processed meats, and refined

sugars, for adults with overweight or obesity weight loss should be recommended 8s.

5th. A 150 minute/week target of moderate-intensity or 75 minutes/week of intense physical

activity is recommended for adults who are looking for CVD prevention 85,

6th. The improvement of dietary habits and exercise are crucial for CVD prevention in T2DM
patients, if medication is needed, metformin should be considered the first-line drug,
followed by either a sodium-glucose cotransporter 2 (SGLT2) inhibitor or a glucagon-like

peptide (GLP)-1 receptor agonist 85,
7th, Smoking cessation is stfrongly advised 85,

8. Acetylsalicylic acid (aspirin) should not be used frequently to prevent CVD due to alack

of effect 8s.

9th, Statins are considered the first-line drugs for CVD primary prevention in patients with
increased LDLc levels, patients with T2DM in the ages between 40 - 75, and those with an

increased CVD risk 8.

10t. In individuals with high blood pressure or hypertension, pharmacological and non-

pharmacological interventions are recommended to achieve a blood pressure target of
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<130/80 mmHg &, however as mentioned before the last recommendation is still under strong

debate 6465,
1.3.2. CVD secondary prevention

The secondary prevention of CVD consists of the prevention in the progression or recurrence
of CVD after a first event has occurred 9394, Secondary prevention consists in further
enforcing the measures recommended for primary prevention such as smoking cessation or
achieving ideal body weight 9394, however, the pharmacological treatment with lipid-
lowering agents 74-%¢, or the use of anti-diabetic 73.97-9?, anti-platelet 19, or anfi-hypertensive

drugs 197, and the implementation of a healthy diet are also strongly recommended.

Regarding the plasmatic LDLc cholesterol values, LDLc targets of <70 mg/dL (<1.8 mmol/L),
or a 50% reduction in plasmatic LDLc if the baseline is between 70 — 135 mg/dL (1.8 - 3.5
mmol/L) is recommended 7596, Statins like atorvastatin (40 - 80 mg/day), or rosuvastatin (20 -
40 mg/day) are considered the first-line drugs for the secondary prevention of CVD showing
some therapeutic equivalence 259, Additionally, the proprotein convertase subtilisin-Kexin
type ? (PCSK-?) inhibitors, such as evolocumab or alirocumab, are also recommended as

PCSK-9 inhibitors significantly reduce up to 60% of plasmatic LDLc if associated with statins 74-

9.

For glucose management, the recommendation for a target HbAlc level of <7% (< 53
mmol/mol) is recommended for most adults with TIDM or T2DM but not for pregnant women
85, Metformin has demonstrated to reduce the risk of CVD in all-cause and cardiovascular
mortality in patients with coronary artery diseases 102, However, metformin’s cardio-
protective effects are also being demonstrated beyond its glucose-lowering effect from an
unknown mechanism of action 193, To reduce cardiovascular and all-cause mortality, SGLT2
inhibitors, such as empagliflozin or canagliflozin, should be considered early in the course of
CVD 9397-99,

Regarding the anti-platelet drug management, the use of acetylsalicylic acid (ASA) is
recommended in all patients in secondary prevention to all individuals that suffered an
acute coronary syndrome and are without confraindications at an initial loading ASA dose
of 150 -300 mg posteriorly reducing it fo 81 mg/day (acceptable: 75 -100 mg/day) 190,
Moreover, a P2Y12 inhibitor such as clopidogrel (75 mg/day), or prasugrel (10 mg/day)
should be added as soon as possible and maintained for at least 12 months 190, [t should be
noted that no differences in clinical efficacy and safety have been noted between P2Y12

inhibitors 100,
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To reduce CVDrisk, achieving blood pressure values <140/90 mmHg isrecommended 3. The
use of angiotensin-converting enzyme inhibitors (ACEls) such as enalapril or captopril,
angiotensin-Il receptor (ARA-Il) blockers like valsartan or losartan, and the use of diuretics
significantly reduced the risk of cardiovascular events 101, Moreover, ACEls significantly
reduce all secondary outcomes, while the calcium channel blockers and diuretics

significantly reduce stroke 101,

Finally, the Dietary Approaches to Stop Hypertension (DASH) pattern demonstrated an
improvement in the cardiac function, blood pressure values, functional capacity, oxidative
stress, and mortality in the secondary CVD prevention 104, Additionally, other dietary patterns,
like the Mediterranean diet, significantly improved inflammation, cardiac function, and
quality of life in cross-sectional studies 194, While patterns such as the hyper-proteic or low-
carbohydrate diets suggest some improvement in the functional capacity of patients with

heart failure 104,

1.4.  EPIDEMIOLOGICAL STUDIES.

In medical sciences, the epidemiological studies on human populations are an attempt to
correlate diverse health effects in humans, to its underlying cause 105, For these purposes, the
epidemiological study designs can be classified as observational or experimental 195, In
observational studies (OS'), scienfists limit themselves o observing nature’s course
consequently describing what happens to provide with associations between an exposure
and an outcome, while in experimental study designs, one or all factors from a certain case
are controlled, allowing the identification of causal relationships between exposures and

oufcomes 105,
1.4.1. Observational studies

OS' are usuadlly formed by two components, one descriptive and one analytical. The
descriptive side of OS’ provides answers for the questions “who, what, where, and when" of
a health event, while the analytical component tries to answer "*how” a health event occurs

105-107 OS’ can be classified as:

e Ecological studies: are usually a retrospective designed basic type of
OS thatis usually used to compare clusters of people that have been grouped based

on their location or temporal association and providing prevalence ratios 105-107,
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e Report of case-series: reports the clinician’s experience usually providing basic
common characteristics, on one single patient, a small group of patients sharing the

diagnosis, or a factor potentially causing iliness 105107,

e Case-control studies: are refrospective studies where individuals suffering from a
disease (cases), are compared against a group of individuals that do not suffer from
the disease (conftrols), to look back for potential exposures causing the disease in the
cases but not in the controls 105-107_ [t provides the odds rafio, prevalence odds rafio,

prevalence ratio, and prevalence difference 105-107,

e Cross-over studies: cross-sectionals are also known as “prevalence studies” because
of their utility for assessing the population’s prevalence of a disease at a single point
in fime 105107 Individuals are selected based on their exposure and not their outcome
which is obtained after the parficipant’s enrolment 105107 Cross-over studies are
particularly useful to determine the odds ratio, prevalence odds ratio, prevalence

ratio, and prevalence difference 105107,

e Cohort studies: in cohorts, subjects are included and followed for a long time based
on their status on exposures, meaning that cohorts are followed through time, starting
disease-free, to posteriorly assess the outcome results and look back for exposures in
sick individuals 105-107 Cohort studies are especially useful to determine the odds ratio,
prevalence ratio, prevalence odds ratfio, prevalence difference, afttributable risk,

incidence ratio, relative risk, and risk ratio hazard ratio 105-107,

1.4.2. Experimental studies

For experimental or intervention studies, an experimental model is employed to confirm a
causal relationship previously evidenced from OS’, or to test the causality of new hypothesis

105106, There are different types of experimental designs:

e Pre-post trial: This type of study assesses the effects after the implementation of a
particular intfervention not controlled by the investigator (i.e. banning smoking in
closed spaces) 105106,

¢ Non-randomized trials: Are intferventional study designs that compare a group where

an intervention was performed with a group where there was no intervention. These
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studies are considered particularly predisposed to distinct types of bias for which are

not considered a preferred study design 105106,

¢ Randomized controlled trials (RCTs): are often medical experiments aiming to reduce
bias when testing the effectiveness of a new freatment by randomly assigning
subjects info two or more groups with different tfreatments, to posteriorly compare

them against an untreated confrol group 105106,

e Cross-over RCTs: are interventional studies where parficipants are intentionally
switched to the other freatment arm 105106, Cross-over RCTs, begin as a fraditional
RCT, however, at the end of each treatment phase, each participant is re-allocated
to another group with a different tfreatment usually after a wash-out period 105106,
Cross-over studies demonstrate the reversibility of intervention and compensate for

bad randomization 105.106,

e Field trials: like randomized conftrolled trials, field trials are intferventions where subjects
are randomly assigned to a treated or control group to determine causal
relationships 108, Field ftrials are distinguished from RCTs because they are usually
conducted discretely in the “real world” relying on an external force (i.e. government

disposition or climatic event) to act as an exposure 108,

¢ Community-based ftrials: are clinical trials commonly designed to be executed by
primary care physicians, community health centers, or local health facilities directly

at a community level rather than inside of research facilities 197,
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1.5.  SYSTEMATIC REVIEWS OF THE SCIENTIFIC LITERATURE

The systematic reviews and meta-analyses are considered the pinnacle of evidence
110, Systematic reviews improve the complex interaction that exists between the
information from scientific studies and the clinical experience from day-to-day
practice to stay up to date with the ever-increasing amounts of information 1. It is
for those reasons that systematic reviews and meta-analyses are often used as the
starting point to develop new guidelines and solve other challenging questions that

cannot be solved in other ways due to methodological complications 112113,

The rationale behind the position of systematic reviews and meta-analyses at the
top of the pyramid focuses on the methodological design of studies to determine
the value of their contributions 170, However, the study design does not ensure the
certainty of the information or account for bias. Thus, challenging the traditional
pyramidal design 0. In consequence, it is currently considered that systematic
reviews should be seen as tools to assess the information from all the other levels of
evidence (e.g. RCTs and OS’) since the quality of the designs themselves challenge
the limits on the quality of information and the traditional pyramid design 10, In other
words, systematic reviews should be considered not only the highest level of the
pyramid but also the lens through which large amounts of information should be

analyzed to find the most accurate answers and provide new conclusions 110113,
FIGURE 3.
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CASE REPORTS CASE-CONTROL STUDIES COHORT STUDIES RANDOMIZED CONTROLLED SYSTEMATIC REVIEW/
TRIALS META-ANALYSIS

FIGURE 3. THE NEW PYRAMID OF EVIDENCE. 1)_classical evidence pyramid: the classical representation with

increasing validity from base to top. 2)_the new pyramid of evidence: The lines dividing each level become blurry

as the quality of information determines the value of each level, the top of the pyramid is separated and surrounds
the other studies as systematic reviews and meta-analysis should be seen as alens providing a better understanding

of all other levels of information. Figure adapted from 110,

1.5.1. Types of reviews

Review articles are one of the most cited types of artficles suggesting that the summary of
large amounts of information from a critical point of view is highly valued amongst scientists
113, Accordingly, at least 14 types of reviews have been identified, although many review
types lack explicit methodologies and are not mutually exclusive 113. More information on

the characteristics of the known types of reviews is presented in TABLE 3.
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TABLE 3. The characteristics of the reported types of reviews.

Type

Description

Goals

Search

Quality assessment

Analysis of content

Critical review Demonstrates the writer's
extensive search and critical information in the field.

Literature
narrative
review

Mapping
review

Meta-analysis

Mixed
methods
review

assessment on a fopic

beyond the level of a simple

description usually resulting
in a hypothesis.

It is the generic term for the
materials that examine
current literature. Usually
cover at different levels of
complexity.

Maps and categorizes the
existing literature to
determine future reviews or
primary research

Itis a statistical set of
techniques that combine

the results of quantitative or

qualitative studies.

It is the combination of
methods where the central
component is a scientific
literature review, usually
systematic.

To identify the most relevant Not required for the report.

Undetermined (specific
goal-oriented).

To identify gaps in the
literature to provide new
research topics.

To provide a precise

measurement of the effect
of the results of the analyzed

studies.

To provide a combined
approach to solve a
complex question.

Might be reported (not
required).

A complete search must be
reported and determined
using time or scope
constraints.

Aims for a complete and

detailed search that must be

reported.

Not mandatory (recommended A significant analytical

PRISMA statement).

component usually in a
narrative form.

Not mandatory (recommended Undetermined (specific goal-

PRISMA statement).

Not required.

Exhaustive and comprehensive.

Might use other statistical
techniques like the funnel plot
to assess its completeness.
Following the PRISMA
statement.

A broad, and separate search This method requires either a
must be performed to refrieve generic appraisal tool or the

all studies relevant for the
variables included.

use of separate adequate tools

to assess bias independently.
Following the PRISMA
statement.

oriented).

Has an emphasis on the
characteristics: the quantity
and quality of literature, not
the content nor the results.
Usually presented in a
graphical or fabular form.

It is the numerical analysis of
the measurement of the
effect, in the absence of
heterogeneity. Presented in
graphical, tabular, and
commented in a narrative
form.

Analyzes both results and look
for correlations,
characteristics,
discrepancies, and gaps
used to provide new
conclusions.
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Overview

Quallitative
systematic
review

Rapid review

Scoping
review

State-of-the-
art review

Systematic
review

It is the generic term for the
summary of the literature
usually in the medical field.

It is the method fo integrate
and compare the results
from qualitative studies.

It is the assessment of what is
already known about a
specific practice or policy
issue, using systematic
review methods for the
search and assessment of
the included publications.

It is the preliminary
assessment of the size and
scope of literature.

Addresses current matters in
contrast to other
approaches, current or
previous.

It is the systematic search of
all literature on a specific
topic, often adhering to
guidelines on the
conduction of the review.

THE APPLECOR PROJECT.

To survey the (medical)
literature and describe its
characteristics.

To identify common themes
or constructs between
different individual
qualitative studies.

To provide with a scope on
the direction of effects in the
literature.

To identify the nature and
extent of research evidence,
usually including the
ongoing projects.

To offer new perspectives on
an issue or to point out an
area or research.

Aims to appraise and
synthesize all research
evidence on a
predetermined specific
subject fo provide answers
to complex questions and
drive new conclusions not
apparent from individual
studies.

Might include a systematic
search, depending on the
nature of the overview
(systematic or not).

Might include quality
assessment, depending on the
nature of the overview
(systematic or not).

The analysis is presented
following the nature of the
overview. It might be
conceptual, thematic,
chronological, etc.

Might be selective or purpose- Usually assess to justify the union It provides a thematic
of messages or concepts, not to analysis that might include
include or exclude publications. conceptual models in a

depending.

Must include a complete
search determined by time
and scope limitations. The
complete search term,
process, inclusion, and
exclusion criteria should be
published.

Includes a complete search
determined by time and
scope limitations. It usually
includes ongoing research.

Aims for a complete and

Thorough quality assessment
using the most adequate tool

narrative form.

Focused on the quantity,
quality, and direction of

depending on the study design effect found from literature,
and purpose oriented. Following usually presented in a

the PRISMA statement.

No formal quality assessment
required.

No formal quality assessment

comprehensive search, ideally required.

reported (not required).

Must include a complete
search determined by time
and scope limitations. The
complete search term,
process, inclusion, and
exclusion criteria should be
published.

Thorough quality assessment
using the most adequate tool

narrative form with tabular
elements.

Gives insights on the quantity
and quality of literature
focused on a specific key
feature in an attempft to
identify a possible viable
review.

Focuses on the current state
of knowledge to provide new
insights and ideas for future
investigation or research.

Focuses on what is known,
gives recommendations for

depending on the study design practice. Identifies what is still
and purpose oriented. Following unknown and suggests future

the PRISMA statement.

research.
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Systematic
search and
review

Systematized
review

Umbrella
review

It is a review method that
combines the strengths of
the critical review with a
comprehensive search
process.

It is an attempt to include
the elements of a systematic
review while not fully
complying with all formal
requirements. Usually
conducted as postgraduate
assignments.

It refers o the compilation of
multiple reviews into one
accessible and usable
document. It focuses on
ample condifions or
problems for which there are
multiple reviews,
interventions, or results.

THE APPLECOR PROJECT.

To produce the "best
evidence synthesis"

To appraise and summarize
the information on a specific
topic. It does not need to be
thorough.

To broadly explain what is
known and provide answers
to broad and complex
questions.

Focuses on what is known,
giving recommendations for
practice in a minimal
narrative, and presenting a
tabular summary of the
studies. Highlights limitations.

Must include a complete
search that might be
detfermined by time and
scope limitations.

Might include quality
assessment (notf required).

Focuses on what is known
and the limitations of the
methodology, usually
presented in a narratfive
manner with a tabular
component.

Aims for a comprehensive
search, ideally reported (not
required).

No formal quality assessment
required.

Focuses on what is known on
complex questions, providing

Aims for a comprehensive Thorough quality assessment for
search, focusing only on the  the included reviews using the
identification of the reviews to most adequate depending on answers and

be included in the analysis, the study design and purpose  recommendations for

does not search for primary  oriented. The quality assessment practice. Identifies what is sfill
components. The search must determines inclusion or unknown and suggests future
be reported asifin a exclusion. research.

systematic review.

PRISMA, Preferred Reporting ltems for Systematic Reviews, and Meta-Analyses. Table elaborated from 112-117
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1.5.2. Scientific review’s quality assessment

To ensure the quality of systematic reviews, protocols must be elaborated usually
using the Preferred Reporting Items for Systematic Reviews (PRISMA) protocols 118, or
the Methodological Expectations for Cochrane Intervention Reviews (MECIR) 17, and
should be registered in an international registry such as the “International Prospective
Register of Systematic Reviews” (PROSPERO), established by the University of York or
the registries established by the Campbell or Cochrane collaborations. Additionally,
as a general recommendation, a web-based search must be performed in at least
two scientific libraries using the most fitting set of words depending on the specific
goals 114117120122 Moreover, the reporting of the results should be done in a structured
manner, using methodologies such as the PRISMA methodology 2. A detailed list of

the quality assessment tools for different types of studies is presented in TABLE 4.

TABLE 4. Tools for study quality and risk of bias assessment.

Name Acronym Uses Authors Country

Randomized controlled trials

Individually and cluster-randomized parallel-
Risk of Bias Tool ROB 2.0 group trials, and individually randomized cross- Cochrane collaboration. United Kingdom
over trials.

Systematic Reviews, Randomized Controlled
Critical Appraisal Skills Trials, Cohort Studies, Case-Control Studies, Public Health Resource . .
ASP K
Program CAS Economic Evaluations, Diagnostic Studies, Unit, NHS, England. United Kingdom

Qualitative studies, and Clinical Prediction Rule.

Analytical cross-sectional studies, case-control
studies, case reports, case series, cohorts,
Joanna Briggs Institute 18l diagnostic test accuracy studies, economic
assessment tools evaluations, prevalence studies, qualitative
research studies, quasi-experimental research,
randomized controlled trials, systematic reviews.

Joanna Briggs Institute Australia

Non-randomized controlled trials and observational studies

57



UNIVERSITAT ROVIRA I VIRGILI

THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.
STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL

WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT.
Berner Andrée Sandoval Ramirez

Risk of Bias for non-

randomized ROBINS-  Non-randomized studies or cohorts of
(observational) studies or | interventions.

cohorts of Interventions

Risk of Bias for non-

randomized ROBINS-
(observational) studies or E
cohorts of Exposures

Non-randomized studies or cohorts of exposures.

Newcastle-Ottawa scale NOS Case-control or cohort studies.

Institute of Health
Economics Case Series
Studies Quality Appraisal
Tool

IHE Case series studies (modified Delphi technique).

Analytical cross-sectional studies, case-control
studies, case reports, case series, cohorts,
Joanna Briggs Institute 18I diagnostic test accuracy studies, economic
Assessment Tools evaluations, prevalence studies, qualitative
research studies, quasi-experimental research,
randomized controlled trials, systematic reviews.

Systematic Reviews, Randomized Controlled
Critical Appraisal Skills Trials, Cohort Studies, Case-Control Studies,
CASP ) - R - X
Program Economic Evaluations, Diagnostic Studies,
Qualitative studies, and Clinical Prediction Rule.

The Methodological Index
for Non-Randomized MINORS  Non-randomized intervention studies.
Studies

Provides with multiple documents on the
AHRQ applications of systematic reviews and systematic
review quality assessment.

Agency for Healthcare
Research and Quality

Cochrane Bias Methods
Group and the Cochrane
Non-Randomized Studies
of Interventions Methods
Group.

Cochrane Bias Methods
Group and the Cochrane
Non-Randomized Studies
of Interventions Methods
Group.

Department of
Epidemiology and
Community Medicine,
University of Ottawa.

Institute of Health
Economics.

Joanna Briggs Institute.

Public Health Resource
Unit, NHS, England.

Slim, K. et al.

Agency for Healthcare
Research Quality.

The United
Kingdom.

The United
Kingdom.

Canada.

Canada.

Australia.

The United
Kingdom.

France.

The United
States.

STUDY
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critical appraisal tool to

Australia/United

assess the quality of AXIS Cross-sectional studies. Downes, M. et al. "
R . Kingdom.
cross-sectional studies
Transparent Reporting of Centers for Disease The United
Evaluations with TREND  Non-randomized controlled trials. Control and Prevention
. . States.
Nonrandomized Designs (cDC).
Strengthening the Multiole
reporting of observational ~STROBE  Cohort, case-control, cross-sectional. STROBE Group. p
. countries.
studies
McMaster Critical Review The evidence-based
Forms and Guidelines Qualitative studies practice research group, Canada.
for Qualitative Studies McMaster University.
. . Complex systematic literature reviews that
Mixed Methods Appraisal ) o . . . . .
Tool PP MMAT  include qualitative, quantitative and mixed Mc Gill University Canada
methods studies (mixed studies reviews)
Systematic Reviews
Assessing the . .
AMSTAR f I - R .
Methodological Quality of S Systematlc‘rewews c_’ controlled or non Bruyeére Research Institute Canada
. . 2 controlled interventions.
Systematic Reviews
Systematic Reviews, Randomized Controlled
Critical Appraisal Skills Trials, Cohort Studies, Case-Control Studies Public Health Resource
PP CASP € es, La ! 1cles, ° United Kingdom
Program Economic Evaluations, Diagnostic Studies, Unit, NHS, England.
Qualitative studies, and Clinical Prediction Rule.
Provides with multiple documents on the
Agency for Healthcare L P . R . Agency for Healthcare R
. AHRQ applications of systematic reviews and systematic . United States
Research and Quality . . Research Quality
review quality assessment.
Analytical cross-sectional studies, case-control
studies, case reports, case series, cohorts,
Joanna Briggs Institute diagnostic test accuracy studies, economic . . .
JBI Joanna Briggs Institute Australia

assessment tools

Animal Studies

evaluations, prevalence studies, qualitative
research studies, quasi-experimental research,
randomized controlled trials, systematic reviews.
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Systematic Review Centre
for Laboratory Animal SYRCLE  Risk of bias in animal studies. Hooijmans, C. et al. Netherlands
Experimentation

National Centre for the
Replacement, Refinement,
and Reduction of Animals
in Research

Animal Research:
Reporting of In ARRIVE  Animal studies
Vivo Experiments

United Kingdom

1.6. PHARMACOLOGY CONCEPTS IN NUTRITION

In pharmacology, bioavailability is defined by the Food and Drug Administration
(FDA) as ‘‘the rate and extent to which the active ingredient or moiety is absorbed
from a drug product and becomes available at the site of action’ 124, However, the
putative benefits coming from the ingestion of nutraceuticals (natural compounds
claiming to have beneficial effects in the treatment or prevention of a disease or
condifion 125), such as flavonoids or ACNs, are not often adequately evidenced due

to their low and variable oral bioavailability 126,

It is considered that the low and variable bioavailability of nutraceuticals might be
secondary to several physicochemical and physiological aspects such as the food
matrix, their solubility on gastrointestinal fluids, the formation of insoluble complexes
with other compounds, their low permeability across the intestinal barrier, and several
molecular modifications suffered from the intestinal microbiota 126, Additionally
evidencing the need for biomarkers that can help assess the adequate consumption

and effects of various nutrients with unrelated bioavailability 127,

Consequently, the concepts of nutritional bioavailability and nutrition biomarkers will

be briefly infroduced in the following sections.
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1.6.1. Definitions

e Bioavailability: “The extent to which a xenobiotic can be used by the body”
128,

e Systemic availability: “The proportion of the dose of a xenobiotic that reaches
the systemic circulation intact after oral administration” 128,

e Apparent bioavailability: For PCs that suffer the first-pass metabolism is the
proportion of the “original” PC that reaches the systemic circulation after oral
administration 128,

e Total bioavailability: “The absorbed proportion of a xenobiotfic that is
absorbed through the gastrointestinal wall and enters the systemic circulation
both in its original form and as a metabolite(s) produced by the first-pass

metabolism™ 128,

1.6.2. Bioavailability in nutrition

To characterize the most important factors that restrict the oral bioavailability of
drugs, a scheme was developed where compounds were classified from class | — IV
depending on their high or low permeability and solubility 126, However, as noted
before, the bioavailability of nutraceuticals (i.e. ACNs) is highly dependent on

multiple factors 126,

Accordingly, a new scheme was developed to better understand the factors that
limit the bioavailability of nutritional compounds 126, In this new model, the
nutraceutical’s bioavailability can be classified accordingly within 3 major classes
and 10 subclasses that will be presented in Ficure 4, and briefly summarized and

explained in the following sections.
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Major factor Sub-factor
= Liberation
— B —t— S Solubilization
Bioaccessibility
L Interactions
— ML Mucus layer
L TJ Tight junction transport
NUTRACEUTICAL A
BIOAVAILABILITY —_ . —t— BP Biayer permeability
CLASSIFICATION Absorption
l— AT Active transporters
— ET Effluxtransporters
> — C Chemical degradation
T
Transformation |l M Metabolism

FIGURE 4. THE NUTRACEUTICAL BIOAVAILABILITY CLASSIFICATION SCHEME

Figure adapted from 126

1.6.2.1.  Bioaccessibility (B*)

The Bioaccessibility class refers to the group of limiting factors that are related to the
Bioaccessibility of the nufraceutical within the intestinal fluids of the gastrointestinal
fract. In other words, the nutraceutical must be present in a physical form suitable for
absorption 12¢, Nutraceuticals with high Bioaccessibility (>75%) are designated as
B*(+), while those with low Bioaccessibility (<75%) are classified as B*(-) 125,
Additionally, the bioaccessibility can be further classified intfo three sub-classes of

limitations:

e Liberation limited (L): when the bioavailability of a molecule is limited by the

nutraceutical’s ability to be released from the food matrix 12¢,
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o Solubility limited (S): when the bioavailability of a molecule is limited by the

nutraceutical’s ability to be solubilized within the intestinal fluids 126.

e Interaction limited (I): when the bioavailability of a molecule is limited by its

interaction with other components present in the intestinal fluids 126.

1.6.2.2. Absorption (A*)

The absorption describes the factors that are related to the trespassing of the
nutraceutical from the gastrointestinal fluids, across the epithelium and into the
systemic circulation 26, Additionally, the absorption can be further classified into five

sub-classes of limitations:

e Mucin layer fransport limited (ML): when the bioavailability of a molecule is
limited by the pass of the molecule through the mucus layer that protects the
gastrointestinal fract due fo its size, electrostatic or hydrophobic interactions

of the molecule with the mucus layer 126,

o Bilayer permeability limited (BL): when the bioavailability of a molecule is
limited by the ability of the molecule to travel across the nonpolar
phospholipid bilayer of the cell membrane 126, The BL characterizes the
absorption of molecules from their oil-water partition coefficient, where a high
coefficient favors the molecule’s absorption, and low oil-water partition

coefficient values are associated with the low absorption of a molecule 12¢,

e Tight junction transport limited (TJ): when the bioavailability of a molecule is
limited by the molecule’s ability to be fransported across the epithelium
through fight junctions under physiological conditions (pore radios >0.7 nm)
126, a type of cell-cell junction in the intestinal epithelia, primarily composed
by occludin and claudin proteins, and forming a barrier impermeable most

soluble molecules 129,
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e Active fransport limited (AT): when the bioavailability of a molecule is limited
by active transport mechanisms, and defined as the absence of an active
transport mechanism for a given molecule or by the saturation of said action

mechanism 126,
e Efflux fransported limited (ET): when the bioavailability of a molecule is limited

by efflux transporters located within the epithelium cell membranes that

actively carry the molecule back into the intestinal lumen 126,

1.6.2.3. Transformation (T*)

The bioavailability of a molecule could be limited by its transformation into an inactive
form in the gastrointestinal tract 126, Additionally, the transformation can be further

classified into two sub-classes of limitations:

¢ Chemical degradation limited (C): when the bioavailability of a molecule is

limited by its chemical transformation (i.e. oxidation, reduction, or hydrolysis)

126,

e Metabolism limited (M): when the bioavailability of a molecule is limited by
their metabolization from specific enzyme systems in the gastrointestinal tract
126 Sych is the case for many phenolic compounds like ACNSs, resveratrol,
quercetin, and epicatechin that are susceptible to phase | and Il metabolism

reactions within the gastrointestinal tfract 12,

1.6.2.4. Interpretation and use of the nutraceutical bioavailability

classification scheme

To be of use, the scheme classifies molecules by a B* A* T* label following the major
factors that limit its bioavailability 126, A plus sign (+) is added next to each major
physicochemical factor that is considered nonlimiting, however, if it is considered a
limiting factor a minus sign (-) will be placed instead 126, Additionally, to specify which

single or multiple specific sub-factors are the ones that might be influencing the
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bioavailability for a specific molecule, their abbreviations should be placed in
subscript next to their appropriate major factors 12¢, For instance, resveratrol would be
classified as B*(-) s; A*(-) er; T*(-) m, ¢, since resveratrol has low solubility 12¢, it is efflux-
fransported back into the intestinal lumen by the multidrug resistance-associated
protein 2 (MRP2)transporter protein 126 and suffers from methylation, sulfonation, auto-

oxidation and degradation processes within the intestinal lumen 126,
1.6.3. Biomarkers in nutrition

The suitability of the nutritional status of an individual is determined by the extent to
which the physiological nutrient requirements were achieved at a particular stage in
life 130, In medicine, the development of biomarkers has been largely driven by their
uses for the identification and quantification of a disease or its progression, while in
nutrition the purpose of biomarkers is focused on the prevention of disease and the
promoftion of health 130, As a consequence, a different approach suggesting the

consideration of biomarkers to be for health instead of disease 130,

Consequently, there is a need to assess the adequate intake of any given nutrient at
a stage of life in an objective and precise manner 130, However, the dietary
assessment and nutritional status of an individual is usually performed using dietary
intake recalls, food records, and food frequency questionnaires with inherent
limitations such as the subjective nature of their data, the insufficient information in
food composition tables, and other factors that influence the bioavailability of the
nutrients 130, Therefore, there is a need for molecules that can be detected through
biochemical analysis indicating their consumption, further lowering methodological
errors, and detecting deficiency states in a more precise manner than a dietary
assessment 130, Such biomarkers are clinically useful, in particular, to detect

deficiencies and suggest treatment 130,

However, there is a lack of well-accepted biomarkers of food intake for commonly
eaten food groups such as alcoholic and non-alcoholic beverages, dairy products,
meaft, fatty fish, eggs, and others, consequently resulting in an urgent need tfo

discover and validate new biomarkers 131,
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Currently, a considerable number of candidate food intake biomarkers (FIBs) are
being noted from the metabolomic studies, systematic reviews, and intervention
studies, however, the FIB candidates must be validated '32. The validation of an FBI
does not depend only on the analytical validity of the biomarker, the nutritional or
biological validity should also be judged 132, Therefore, to consider the validation and
application of a biomarker the following characteristics should be tfaken into

consideration:

1.6.3.1.  Plausibility:

Takes into consideration various confounding factors, such as the molecule’s
presence in other foods, ifs industrial uses, or its endogenous production from other
compounds demonstrating the causal relationship between the presence of the

molecule in the analyzed fluids or tissues, and the ingestion of specific food or group

132,

1.6.3.2. Dose-response:

It refers to the existing relationship between the dose of an ingested molecule and its
presence in organs or fissues, determined by its bioavailability, and taking infto

consideration the molecule’s kinetics 132,

1.6.3.3. Time-response:

Assesses the time at which the candidate molecule’'s maximum concentration is
reached in various body fluids and the range of time for its measurement taking into
account its absorption and elimination rates under the specific purpose of the

biomarker 132,
1.6.3.4. Stability:

Evaluates the best practices that are needed to collect and store the samples to

avoid their degradation and thus the ability to determine their concentration 132,

66



UNIVERSITAT ROVIRA I VIRGILI

THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.

STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT.

Berner Andrée Sandoval Ramirez

1.6.3.5.  Analytical performance:

Denotes the reliability of a molecule's chemical analysis taking into consideration its
accuracy, precision, and measurement variability. This criterion is minimally fulfilled by

a molecule’s capability of being measured at different concentrations 132,

1.6.3.6. Reproducibility:

Evaluates the detection of a molecule performed in at least two different

laboratories, and assessed through inter-laboratory comparison tests 132,
1.6.3.7. Robustness:

The robustness refers to the candidate knowledge on the biomarker's behavior in
complex diets from intervention studies 132, In other words, it evaluates the interaction
between the candidate biomarker and other food components that might affect its

use as a biomarker 132,

1.6.3.8. Reliability:

It evaluates the candidate for a biomarker and compared it against the current gold-
stfandard methodology to give a good measure of exposure 132, Additionally, a
comparison between the candidate biomarker and a dietary assessment tool should

be performed 132,

1.7.  PHENOLIC COMPOUNDS

The PCs are a group of molecules characterized by the presence of at least one
phenol unit as a part of their chemical structures usually with a hydroxy group
aftached directly to the phenyl or another aryl group 3. From their chemical
stfructure, PCs can then be subdivided info phenolic acids, tannins, quinones,

curcuminoids, sfilbenes, lignans, quinones, coumarins, and flavonoids 133,
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1.7.1. Flavonoids

Flavonoids are PCs characterized by a flavan nucleus and represent one of the most
common classes of PCs present in fruits and vegetables 13413¢, There are more than
8000 flavonoid derivates identified in plants where they are usually responsible for their

red or blue pigmentation also protecting from pathogens and ultraviolet radiation

134,136

Flovancne

a K
L,

Flawvancnols Anthocyanidin

FIGURE 5. THE CHEMICAL STRUCTURE OF FLAVONOIDS. The chemical structure of a flavonoid consists
of a skeleton made from 15 carbons, and 3 rings, two phenyl rings (A and B), and one
heterocyclic (C) 137:138, Additionally, from their basic structure, flavonoids can be classified as

anthoxanthins, flavanones, flavanols, flavanonols, and flavans 137.138

Figure elaborated from 143144
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Flavonoid consumption is considered beneficial for human health 135, Some
epidemiological studies suggest that flavonoids have anfi-inflammatory 139, and
anficancer properties 140-142. Additionally, various studies demonstrate that oral
flavonoid intake significantly reduces the risk of CVD mortality 143144, However, due to
the extent of the information on flavonoids, the following sections will be limited to

anthocyanins, the glycoside version of anthocyanidins 145146,

1.8.  ANTHOCYANINS

ACNs are phenolic compounds part of the flavonol subclass and one of the most
studied and well-known group of bioactive molecules 147. ACNs are water-soluble
plant pigments considered responsible for the red, pink, purple, or blue coloration in

the leaves, flowers, fruits, and seeds of many plants ?.

1.8.1. Chemical structure

ACNs molecules soluble and unstable in aqueous solution, existing in six core
aglycone versions (cyanidin, delphinidin, pelargonidin, malvidin, peonidin, and
petunidin) (FIGURE 6). however, the addition of either a sugar such as glucose,
galactose, arabinose, or others in different positions of their C- or A-rings yields over
700 derivative glycoside structures 128, ACNs are characterized by their positively
charged oxygen atom making them potent antioxidants 48, as a result, ACNs are
highly reactive to changes in pH, shifting from its flavylium form when diluted in acid

solutions (pH 1-3) to their carbinol or chalcone forms at higher pH values (>4) 128, (FIGURE
6).
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Jost

Malvidin Pecnidin Petunidn

FIGURE 6. THE CHEMICAL STRUCTURE OF ACNS.

Figure adapted from 128

1.8.2. ACN natural occurrence

ACNs are commonly found in the skin of various red and blue colored fruits, as well as
in the flesh of some berries or apples at a concentration that ranges between 0.1%
and 1.0% of their dry weight 147.1%0, The known natural sources of ACNs are summarized

iN (TABLE 5).

70



UNIVERSITAT ROVIRA I VIRGILI

THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.

STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT.

Berner Andrée Sandoval Ramirez

TABLE 5. ACN content in fruits and vegetables.

Average
Food Scientific name Q\itN oT\?e/ ;2&%?:;:?&1 conier?i

(mg/100 g)
Apple Malus Domestica 0-60.00 30
Golden delicious 24.52 24.52
Red love 6.87 6.87
Gala 0.86 0.86
Fuji 3.68 3.68
Granny Smith 1.36 1.36
Bilberry Vaccinium myrtillus 300-698 499
Black bean Phaseolus vulgaris 24.1-44.5 32.8
Black currant Ribes nigrum 130-476 303
Black olives Olea europaea 42-228 135
Black rice Oryza sativa 10-493 251.5
Blackberry Rubus sp. 82.5-325.9 204.2
Blueberry Xg’;ﬁ’q’;}"é’:} - 61.8-299.6 180.7
Bog whortleberry Vaccinium uliginosum 154 154
Cherry Prunus sp. 2-450 226
Chokeberry Aronia melanocarpa 410-1480 945
Cranberry Vaccinium Oxycoccus  67-140 103.5
Crowberry Empetrum nigrum 360 360
Eggplant Solanum melongena 8-85 46.5
Elderberry Sambucus 664-1816 1240
Goiji Lycium barbarum 49.4 49 .4
Gooseberry Ribes uva-crispa 2.0-43.3 22.65
Grapefruit Citrus x paradisi 5.9 5.9
Lettuce Lactuca safiva 2.5-52 3.85
Nectarine Ezuggziggca var. 2.4 2.4
Peach Prunus persica 4.2 4.2
Pear Pyrus sp. 5-10 7.5
Plum Prunus subg. Prunus 2-25 15
Purple corn Zea mays L. 1642 1642
Raspberry Rubus idaeus 20-687 353.5
Red cabbage i’é’;ﬁgfcolferz oeavdl a2 322
Red currant Ribes rubrum 22 22
Red grape Vitis vinifera 30-750 390
Red onion Allium cepa 23.3-48.5 35.9
Red radish Raphanus sativus 100-154 127
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Rhubarb Rheum rhabarbarum 4-200 102
Rowanberry Sorbus aucuparia 14 14
Saskatoon berry Amelanchier alnifolia 234 234
Strawberry Fragaria x ananassa 19-55 37

ACN mg/100 mL of liquid

Pomegroncﬁg, . Punica granatum 0.15-2.52 1.33
unprocessed juice
Red wine 16.4-35 25.7

Table elaborated from 16151,

1.8.3. ACN pharmacokinetics

ACNs can be absorbed in different rates and extents depending on their reactive
groups and chemical complexity 128, Additionally, ACNs suffer multiple structural
changes during their pass through the human body 152154, Due to the complexity and
importance of the ACN's pharmacokinetics, the absorption and metabolism of ACNs

will be described in the following sections and presented in FIGURE 7.

1.8.3.1. The absorption and metabolism of ACNs

ACNs can be absorbed intact despite their chemical structure and the pH conditions
along the gastrointestinal fract 128152154 Additionally, the co-ingestion of ACNs with
other foods or beverages has an impact on its bioavailability 128155, for instance, the
co-ingestion of ACNs with milk significantly reduces their bioavailability 128155, on the
other hand, the ACN ingestfion along with dairy cream (48% fat) does not impact the

ACNs' Cmax but it significantly increases the Tmax 155,
l. Oral cavity

There is not much information on the biotransformation or absorption of ACNs from
the oral cavity, however, it has been demonstrated that ACNs can be degraded in
the oral cavity by the interaction with undetermined salivary protfeins as has been

demonstrated with malvidin-3-glucoside 155,
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[I. Sfomach

After the initial degradation that occurred in the oral cavity, the ACNs travel into the
gastric lumen, where 19 — 37% of total ACNs are absorbed from the gastric fluids,

usually in an intact form 128.154,

Traditionally, the gastric absorption has been attributed mainly to bilitranslocase
128154156 gn organic anion trans-memlbrane carrier with a high affinity for bilirubin 157.
However, it has been demonstrated that ACNs can also be absorbed from the gastric
lumen and into the systemic circulation via GLUT1 154, GLUT3 154, organic cation
tfransporter 1 (OCT1) 1%, organic anion transporter 2 (OAT2) 1%, and the

sodium/monocarboxylate transporters (SMCT) 1 and 2 154,

Finally, it is considered that ACNs do noft suffer any sfructural changes in the gastric

lumen since they remain in their glycosidic form at the gastric pH (1-4) 128.151.154.155,
lll. Small intestines

After gastric absorption, ACNs continue their travel through the gastrointestinal tract
intfo the duodenum where 10.4 + 7.6 % of ACNs are absorbed 128, the remaining ACNs

continue to the jejunum 128.154155158,159,

In the small intestine, ACNs can be actively absorbed from the intestinal lumen
through SGLT1, GLUT2, and bilitranslocase transporters located in the intestinal brush
border 158160161, On the other hand, ACNs can also be absorbed through passive
diffusion after the hydrolyzation of ACNs, and thus, their conversion into
anthocyanidins by the B-glucosidase or lactase-phlorizin hydrolase enzymes located

in the brush border of the intestinal epithelium 154158,

It has been demonstrated that around 7% of ingested ACNs can be detected in the
intestinal walls of animals affer 2 h after the oral ACN ingesfion 128162, and
concentrations appear to be time-accumulative 12815, However, only frace amounts
of ACNs are absorbed in the small intestine, while the majority of ACNs are absorbed

in the large intestine 155,
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Some of the ACNs that are absorbed into the intestinal epithelial cells suffer the
sulfation, methylation, or glucuronidation of their chemical structures yielding multiple
ACN metabolites inside the intestinal epithelial cell that will be then transported along

with the unaltered ACNs into the inferior vena cava circulation 158,

Alternatively, the unabsorbed ACNs continue their passing through the intestinal tract
into the colon, where they can be degraded into phenolic acids or aldehydes within
the colonic lumen by the 300 - 500 bacterial species that make the colonic

microbiota 154158,
IV. Large intestine and the influence of the intestinal microbiota

After the maijority of ingested ACNs arrive at the colon, the 3-O-glycosidic sugar
moiety of ACNs is hydrolyzed by bacteria from the Clostridium, Bifidobacterium,
Bacteroides, and Eubacteria species, thus converting some of the remaining ACNs

info anthocyanidins, and another phase | and Il conjugates 128.154.155.158,

It has been described that the release of deglycosylation enzymes from the intestinal
bacteria and ACN bacterial metabolization results in the production of several
metabolites including the protocatechuic, vanillic, benzoic, caffeic, and p-coumaric

acids amongst many other PCs 128.154,158,163,

The importance of the ACN colonic metabolites should not be underestimated, as it
has been demonstrated that at least 30% of ingested ACNs could remain stable in
their original form after 8 h of ingestion and their intestinal passage 1¢4. Moreover, only
20% of the metabolites are absorbed from the small intestine suggesting that the
colon is a major absorption site for ACNs and their metabolites 1¢4. While the remaining

ACNs are excreted through feces 128.154.155,158,159,163,
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1.8.3.2. The classification of ACNs according to the nutraceutical

bioavailability classification scheme

ACNs are considered highly bioaccessible molecules (>75%), soluble, and easily
liberated from the food matrix, however, due to their size and physicochemical
properties its absorptfion is limited by the intestinal bilayer permeability which is
mediated through active transport, finally, the bioavailability of ACNs might be
limited by the pre-absorptive metabolization of their structures 126, Thus, ACNs can be

classified from their absorptive properties as:

B¥(+): A*(=) ee; TH(=)c 2.

1.8.4. ACNs in the systemic circulation

If ACN metabolites and catabolites are taken into consideration, ACNs are more
bioavailable than previously thought 155, Parent ACNs can be rapidly detected in the
systemic circulation reaching their maximum peak (Cmex: 141 nM) and
disappearance from the bloodstream at 1.8 and é h post-consumption respectively
158, Additionally, the ACN metabolite maximum peak (Cmax: 0.2-2 uM) has been
detected in the first 10 h after the parent ACN oral ingestion and remains detectable

in circulation for up to 48 h 158,

This evidences a biphasic ACN profile in the blood with a first peak encountered
between 0 and 5 h, and a second and more intfense peak around é and 48 h,

corresponding to the gastric/intestinal and colonic absorption peaks, respectively

155,158,

Once in the circulation ACNs undergo massive biotransformation processes mainly in
the liver where phase | and Il metabolization reactions occur, however, the same
reactions have been demonstrated in the lungs and kidneys of humans however to

a lesser extent where they are also excreted 128.154.155,158,159,163,
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1.8.5. The health benefits of ACNs

From observational studies, it has been determined that the dietary ACN intake is
inversely associated with the risk of CVD in both European and US populations 143,
Addifionally, consuming around 20-320 mg of ACNs significantly decreases serum
LDLc between 16-25% when compared against placebo 1¢5. On the other hand, ACNs
seem to be able to beneficially modify the low-grade systemic inflammation 146, and
ACNs have a potent antioxidant activity, thus reducing the damage caused by the
reactive oxygen species ?. Finally, the dietary ACN intake seems to be beneficial for
the prevention of type 2 diabetes mellitus, some types of cancer, and hypertension
17.167.168 . A more detailed description of the ACNs health properties is enclosed within

the present thesis.

Therefore, the main objective of the present thesis is to determine the effect of

anthocyanin consumption on different cardiovascular risk factors and other diseases.
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2. HYPOTHESIS AND OBJECTIVES

78



UNIVERSITAT ROVIRA I VIRGILI

THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.

STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT.

Berner Andrée Sandoval Ramirez

HYPOTHESIS:

The anthocyanins provided by fruits, exiracts, or other products help to
improve cardiovascular risk factors and other diseases.

2.1. MAIN OBJECTIVE:

To determine the effect of anthocyanin consumption on different
cardiovascular risk factors and other diseases.

2.2.  SPECIFIC OBJECTIVES:

2.2.1. OBIJECTIVE 1. To determine the presence of anthocyanins in different

animal tissues and their possible effects on health. (Systematic review
1: Anthocyanin tissue bioavailability in animals: possible implications for human
health. A systematic review) (published IF: 6.500; Q1;D1 (8/89).

2.2.2. OBJECTIVE 2. To determine the existence of a biomarker of

consumption of red fruits rich in anthocyanins. (Systematic review 2:
“Possible biomarkers for anthocyanin-rich berry intake in human body fluids a
systematic review and qualitative metaanalysis”) (puslished).

2.2.3. OBIJECTIVE 3.To determine the known effects of apple consumption

on different cardiovascular risk factors. (Narrative review 3: “The effects
and associations of whole-apple intake on diverse cardiovascular risk factors. A
narratfive review") (published IF: 3.571; Q1;D1 (28/135).

2.2.4. OBIJECTIVE 4. To determine the effects of the sustained consumption
of red-fleshed apples and other anthocyanin-rich fruits on diverse
cardiovascular disease risk factors in humans, and the protein

expression of the tissues in the hearts and aortas of rats. (Article 5:
“Red-and white-fleshed apples modulate aorta and heart protfeome in
hypercholesterolemic rats. The Apple COR project”) (under peer review).

2.2.5. OBIJECTIVE 5. To determine the known effects and associations of

anthocyanin consumption on different diseases and risk factors.
(Umbrella review 4: “The health benefits of anthocyanins: an umbrella review of
systematic reviews and meta-analysis of observational studies and clinical
controlled h’iO|S”) (under peer review).
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2.2.6.

2.2.7.

OBJECTIVE 6. To determine the effects of different phenolic
compounds in the reduction of the damage to the structure and
barrier function of the intestinal epithelium. (Systematic review é:
"Exploring the effects of phenolic compounds to reduce intestinal damage and
improve the intestinal barrier integrity: A systematic review of in vivo and in vitro
studies”) (published IF: 6.360; Q1:D2 (9/89)

OBJECTIVE 7. To determine the effects of different phenolic
compounds in the reduction of the damage suffered by the lungs
during the acute lung injury induced by sepsis. (Systematic review 7:
“Exploring the Effects of the Phenolic Compound Administration fo Reduce the

Acute Lung Injury Secondary fo Lipopolysaccharide Administration in Animals: A
Systematic Review of in vivo Animal Studies”) (Submitted).
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3.METHODS AND RESULTS
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:.1. Chapter 1

Cyanidin-3-glucoside as a possible biomarker of anthocyanin-rich
berry intake in body fluids of healthy humans: a systematic review of
clinical trials.
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A, Llaurado E, Sola R. Cyanidin-3-glucoside as a possible biomarker of
anthocyanin-rich berry intake in body fluids of healthy humans: a systematic
review of clinical trials. Nutr Rev. 2020 Jul 1;78(7):597-610. doi:
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Cyanidin-3-glucoside as a possible biomarker of anthocyanin-
rich berry intake in body fluids of healthy humans: a systematic
review of clinical trials

Berner Andrée Sandoval-Ramirez, Ursula Catalan, Sara Fernandez-Castillejo, Anna Pedret,
Elisabet Llaurado, and Rosa Sola

Context: Anthocyanins are phenolic compounds found in berries. They exhibit
promising health benefits in humans, but no accurate biomarkers of berry intake
have been identified thus far. Objective: The aim of this systematic review is to
propose a biomarker of anthocyanin-rich berry intake in human plasma and urine.
Data Sources: PubMed and Cochrane databases were searched from January
2008 to January 2019. Study Selection: Databases were searched for human in-
tervention studies that assessed the presence of anthocyanins in human body fluids
using high-throughput techniques. Non-English articles and studies publishing tar-
geted analyses were excluded. Data Extraction: Ten clinical trials, in which 203
phenolic compounds were identified, were included and assessed qualitatively. The
following criteria were used to identify biomarkers of berry intake: frequency, plau-
sibility, dose-response, time response, robustness, reliability, stability, analytical per-
formance, and reproducibility. Sensitivity and specificity of potential biomarkers
were determined by the receiver operating characteristic curve. Results: Of the 203
phenolic compounds identified in human samples, the anthocyanin cyanidin-3-
glucoside was the molecule found most frequently in urine (58.06%) and plasma
(69.49%). Cyanidin-3-glucoside fulfills the essential criterion of plausibility as well as
the dose-response, time response, stability, and analytical performance criteria. Its
positive predictive value is 74% (P = 0.210) in plasma, which is acceptable, and
61.7% (P=0.402) in urine. Conclusions: Current evidence suggests that cyanidin-
3-glucoside is a potential biomarker of anthocyanin-rich berry intake in plasma
and urine of healthy humans.
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In recent years, interest in the implementation of
healthy diets high in fruits and vegetables,'® shown to
have positive effects on disease prevention’ * and life
expectancy, has been increasing.'” Some of the health
benefits attributed to the frequent consumption of fruits
and vegetables can be attributed, at least in part, to phe-
nolic compounds, which are naturally produced biomo-
lecules contained in a variety of plants.""'” Phenolic
compounds, however, are classified into widely varying
families of biomolecules, and not all families have the
same effects on maintenance of health and prevention
of disease.”*'* One of the most important classes of
phenolic compounds are the flavonoids, particularly the
anthocyanins, which have shown promising potential in
the prevention of diseases and conditions such as obe-
sity,”'7 type 2 diabetes,"”” """ hypertension,” prostate
cancer,”'** lung cancer,”* " heart failure,”” renal fail-
ure,™ " Alzheimer disease, and Parkinson disease.”’ "
Anthocyanins are water-soluble pigments responsible
for the red or blue coloration of certain flowers, seeds,
fruits, and plants.”® They are most commonly found in
great concentrations in both the flesh and the skin of
red-fleshed apples® and in most berries.” They can be
further divided into parent anthocyanins or anthocya-
nin metabolites, depending on their chemical structure
or their metabolization.” Parent anthocyanins are
cyanidin-3-glucoside (C3G), peonidin-3-glucoside, and
malvidin-3-glucoside, while anthocyanin metabolites
are cyanidin-3-glucuronide, peonidin-3-0O-arabinoside,
and malvidin-3-galac(oside.”

Despite the important role of fruits and vegetables
in human health, only a few biochemical markers that
can assess individual intake of specific food items have
been described.”*" The identification of biomarkers of
anthocyanin-rich foods such as berries*” could help fur-
ther elucidate the specific health benefits of
anthocyanins.

It is possible, however, that a biomarker of antho-
cyanin intake could have low specificity. One possible
explanation for the lack of specific biomarkers de-
scribed thus far might be the heterogeneous composi-
tion of foods, which hinders the identification of viable
biomarker candidates, Hence, there is a need to identify
specific biomarkers to assess the consumption of ber-
ries. Recently, guidelines for addressing the complex as-
sessment and validation of biomarkers of food intake
have been proposed.’*"* Dragsted et al'® were the first
to propose a comprehensive guideline for the validation
of biomarkers of food intake after conducting a system-
atic review of the literature. They proposed a novel pro-
cess, based on the analysis of different criteria, for the
identification of possible biomarkers of food intake.

clinical trials, conducted in accordance with the
PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) guidelines, is to propose a
possible biomarker of phenolic compounds present in
human body fluids after the ingestion of anthocyanin-
rich berries.

METHODS
Search strategy and selection criteria

The present systematic review of human clinical trials
of berry consumption was conducted in accordance
with the PRISMA methodology® and was previously
registered in  University of York’s PROSPERO
(International Prospective Register of Systematic
Reviews) with the registration number
CRD42018096796,

A Web-based search of the PubMed and Cochrane
Library databases was performed using with the follow-
ing terms, which included all berries with high anthocy-
anin content: (blackcurrant OR “blackcurrant extract”
OR blackberry OR “blackberry extract” OR raspberry
OR “raspberry extract” OR blueberry OR “blueberry
extract” OR cherry OR “cherry extract” OR redcurrant
OR “redcurrant extract” OR grape) AND {biomarker*
OR marker* OR metabolite* OR pharmacokinetics OR
biokinetics) AND (intake OR ingestion OR consump-
tion OR eating OR diet) AND (human OR men OR
women OR patient) AND (urine OR blood OR plasma
OR serum OR faeces OR feces) NOT (animal OR
mouse OR mice OR rat OR pig OR juice OR drink OR
cell OR in vitro OR questionnaire OR self-reported OR
systematic review).

Published articles were screened on the basis of
their titles, abstracts, and full texts, with the following
inclusion criteria applied: (1) intervention studies per-
formed in humans; (2) healthy male or female partici-
pants; (3) participant age between 18 and 90years;
{4) parallel studies; (5) untargeted analytical approach;
(6) diet free of phenolic compounds for > 24 hours be-
fore the start of the study; (7) analysis of body fluids
{blood, plasma or urine, feces, or saliva) performed; (8)
body fluids analyzed at baseline; (9) dose characteriza-
tion performed; (10) use of a controlled, polyphenol-
free diet during the intervention; and (11) studies pub-
lished from January 1, 2008, to January 10, 2019. The
following exclusion criteria were applied: (1) articles
not published in English; (2) crossover washout period
of less than 48 hours; (3) administration of phenolic
compound-rich fruits in conjunction with other nutri-
tional elements; (4) presence of gastrointestinal
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chronic malabsorption syndrome; (5) participants un-
der any kind of medication or treatment; (6) targeted
(ie, nongeneral) analytical approach; (7) nonhealthy
individuals; and (8) any inclusion criterion not fulfilled.
Further information about the PICOS (Population,
Intervention, Comparison, Outcomes, and Study de-
sign) criteria is detailed in Table 1.

Process for selecting a biomarker candidate

In the present systematic review, the following process is
proposed for selecting a biomarker candidate. First, a
systematic review was performed to search for all studies
of possible phenolic compounds present or absent in hu-
man body fluids. Second, the risk of bias of all included
clinical trials was assessed to determine study quality,
Third, of the phenolic compounds found in human body
fluids, the one described most frequently was identified.
Fourth, the 8 criteria proposed by Dragsted et al™ for
validating biomarkers of food consumption were applied
to the biomarker candidates found most frequently. This
was done to identify the most viable candidates. Special
emphasis was placed on the plausibility criterion, which
is an essential criterion for any biomarker of food in-
take.” Fifth, to determine which phenolic compounds
identified would be most viable as biomarker candidates,
further statistical analysis was conducted to determine
the specificity and sensitivity of each compound by cal-
culating the area under the curve (AUC) receiver operat-
ing characteristic (ROC) curve. Finally, results were
discussed in relation to the bibliographic references
available, and conclusions were drawn.

Data extraction and analysis

Using the PRISMA criteria,"’ 2 authors (U.C. and B.A.S-
R.) independently extracted published data from the
main text and tables. Any differences were resolved by a
third author (RS.). The following information was
extracted from all included articles: (1) study characteris-
tics, including type (postprandial, parallel, or crossover)
and length of study, type of samples analyzed, sources of
anthocyanins, routes of administration used, and num-
ber and size of doses used; (2) number and characteris-
tics of participants, including age, sex, and health status;
and (3) total or specific amounts of phenolic compounds
reported. The PRISMA checklist is provided as Table S1
in the Supporting Information online.

Risk-of-bias assessment

Two authors (B.AS-R. and U.C.) independently
assessed the potential risk of bias of the studies that met

Nutrition Reviews* Vol. 0(0):1-14

the inclusion criteria, using the methodological index
for nonrandomized studies (MINORS)." Items were
scored with 0 if no data were reported; with 1 when
data were reported but were inadequate; and with 2
when data were both reported and adequate. If, after ap-
plying the MINORS criteria, a study received a score of
13 or above, with 24 being the maximum score, risk of
bias was considered low." Additionally, in accordance
with the PRISMA guidelines,44 2 authors (B.A.S-R. and
U.C.) reached a consensus, and a third author (R.S.) in-
dependently resolved any discrepancies between the
other 2 authors. The potential risk of bias of the present
systematic review was assessed by AMSTAR 2, a tool
for the critical appraisal of systematic reviews that in-
clude randomized or nonrandomized studies of health-
care interventions." AMSTAR 2 is based on the
evaluation of 16 items by means of simple response cat-
egories. The results of the systematic review can then be
rated as being of high, moderate, low, or critically low

quality.
Criteria for assessment of biomarkers of berry intake

The assessment and validation of biomarkers of food
intake was performed according to Pratico et al"* and
Dragsted et al'* and included the 8 criteria proposed by
Dragsted et al*’: (1) plausibility or specificity, to deter-
mine if the biomarker was specific or could be attrib-
uted to a food or food group. If the phenolic compound
composition of the berries was not reported in the in-
cluded studies, it was retriecved from the Phenol-
Explorer database™; (2) dose-response, to determine if
the concentration of the biomarker in the sample(s) an-
alyzed increased or decreased in agreement with the
dose of molecule used; (3) time response, to determine
if the description of the kinetics of the molecule is ade-
quate to enable prudent choices about sample type and
time window; (4) robustness, to determine if the bio-
marker remains robust even after the ingestion of dif-
ferent types of complex meals; (5) reliability, to
determine if the biomarker compares well with other
biomarkers or other data following intake of the same
food or food group; (6) stability, to determine if the
marker is stable during collection, processing, and stor-
age; (7) analytical performance, to determine if the spe-
cificity and sensitivity of the molecule are adequate, and
if the molecule can be measured with accuracy; and
(8) reproducibility, to determine if analysis of the mole-
cule has been successfully reproduced in another labo-
ratory.”® To evaluate each of the 8 criteria, the
researcher could answer as follows: (a) yes, which indi-
cates the phenolic compound was investigated and
meets the criterion completely; (b) no, which indicates
the phenolic compound was investigated but did not
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Berner Andatdel PiCOKeritérikforimdusion and exclusion of studies

Criteria Inclusion criteria

Exclusion critena

Population Healthy men and women

Intervention

or saliva) performed
Comparison None
Outcome
Study design
and randomized controlled crossover trials

Oral or intravenous administration of an anthocyanin-rich
berry; analysis of body fluid {blood, plasma, urine, feces,

Participants receiving any kind of medication or treat-
ment; nonhealthy individuals; individuals with gas-
trointestinal pathologies such as inflammatory
bowel disease or chronic malabsorption syndrome

Administration of fruits rich in phenolic compounds
in conjunction with other nutritional elements

None

Bioavailability of phenolic compounds in plasma and urine None
Human intervention studies, randomized controlled trials,

Observational studies, studies without a washout
period, studies that used a targeted analytical
approach

meet the minimum requirements for the criterion to be
met; or (¢} undetermined, which indicates the phenolic
compound has not yet been researched or the results
obtained were uncertain. However, a molecule could be
considered a specific biomarker of food intake even if
not all these criteria were answered with “yes”
responses. If a phenolic compound candidate fulfills all
criteria except the plausibility criterion, it must be dis-
carded as a potential biomarker. Moreover, each pheno-
lic compound should be analyzed in accordance with
the objectives of its specific use. For instance, an unsta-
ble biomarker might be useful for short-term, but not
long-term, assessment of exposure,

Statistical analyses

The frequency with which each phenolic compound
appeared in human body fluids was calculated and
expressed as a percentage. The dose of anthocyanin-
rich berries consumed was expressed as the mean and
standard deviation (SD). Since quantitative information
about the concentration of each phenolic compound in
each sample could not be obtained from the studies in-
cluded in the review, the concentrations that were
reported have been translated into a qualitative dichoto-
mic variable expressed as the presence or absence of
any given phenolic compound molecule in plasma and
urine. A cutoff point of phenolic compound metabolites
that appeared in more than 40% of the plasma or urine
samples of all individuals analyzed was established. The
#* test was used to compare the presence of the most
frequent phenolic compound metabolites in the 2 ma-
trices. Sensitivity (true positive) and specificity (false
positive) values were calculated using the AUC ROC,
which was obtained from the calculation of the logistic
regression model that was constructed for phenolic
compounds deemed most promising on the basis of the
trapezoidal rule. Thus, AUC values close to 100% indi-
cate better discriminatory power, Results from the qual-
itative variables were expressed as percentages. It is

possible that biomarker candidates could be composed
of 2 or more less-specific phenolic compounds, and
therefore the bivariate Pearson correlation was used to
calculate correlations between phenolic compounds
found in urine or plasma. All statistical analyses were
performed using IBM SPSS software, version 25.0. All P
values less than 0.05 were considered statistically
significant.

RESULTS
Literature search and study selection

The initial screening identified 103 trials published be-
tween January 1, 2008, and January 10, 2019. After the
further analysis, 79 studies were excluded for not meet-
ing the inclusion criteria, and 6 were excluded as dupli-
cate publications. As a result, 18 publications met the
inclusion criteria and were examined further. Eight of
these 18 publications were excluded for other reasons,
shown in Figure 1; thus, 10 articles were included in the
review.” ™ One of the 10 articles performed both
short- and long-term  exposure experiments.*”
Therefore, these experiments were included separately
in the review, resulting in a total of 11 studies. No study
had a control group. The complete selection process is
shown in Figure 1.

Risk-of-bias assessment

The MINORS methodology was used to determine the
risk of bias in all 10 articles included. Six studies had no
conflict of interest,"***?"***%7 3 d4id not report any in-
formation about possible conflicts of interest,””**>*
which led to a lower score, and 1 study reported con-
flicts of interest for receiving funding from the alcoholic
beverage industry, though the funding did not influence
the study results.”® All 10 articles received a score above
13 points (mean = SD, 18.10 = 1.45 points), which was
considered a low risk of bias. The MINORS scores for

Nutrition Reviews™ Vol. 0{0):1-14
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Figure 1 Flow diagram of the literature search process. Abbreviation: RCT, randomized controlled trial,

all studies that met the inclusion criteria, along with the
results of further analysis, are provided in Table S2 in
the Supporting Information online.

The AMSTAR 2 tool was used to assess the non-
randomized clinical trials included in the present re-
view. The results show this review to be of high quality
for its low risk of bias (see Appendix SI in the
Supporting Information online).

Overview of findings

Consumption of the following berries was reported in
the 10 articles included: red raspberry,* raspberry,”
wild blueberry,"** black raspberry,” grape pomace,”
mixed berry puree,” blackberry,”*” elderberry, and
lowbush blackberry.™

Since none of the included studies reported the
composition of the different berries administered, the
Phenol-Explorer database®” was used to determine the
polyphenol content of berries. The daily oral dose of

Nutrition Reviews* Vol. 0(0):1-14

anthocyanins ranged between 12g of elderberry ex-
tract™ and 500 mL of mixed berry puree, which was de-
scribed as being equivalent to 500 g.”* The mean dose of
anthocyanins administered was 181 * 130 g/d. A total
of 105 participants were included in the analysis (39
men, 36 women, and 30 individuals whose sex was not
reported).

The following methods were used for the detection
of phenolic compounds: high-performance liquid chro-
matography (HPLC) in 5 studies™**** HPLC cou-
pled with quadrupole high-resolution time of flight
mass spectrometry (HPLC-QTOF-MS) in 2 studies,”**
HPLC coupled with a diode-array detector (HPLC-
DAD) in 1 study,” HPLC-electrospray ionization tan-
dem mass spectroscopy (HPLC-ESI-MS/MS) in 1
study,” and ultra HPLC-QTOE-MS (UHPLC-QTOE-
MS) in 1 study."

Of the 10 studies included in this review, 1 evalu-
ated phenolic compounds in plasma only,™ 5 evaluated

g . . 50.52.54-5
phenolic compounds in urine only,”**** and
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Berner Andatée? Chardcterstickafiinchided studies in which parent anthocyanin or anthocyanin metabolites were assessed in hu-
man body fluids after ingestion of anthocyanin-rich berries

Type of study Reference Source of anthocyanins No.of Dose Duration of Study participants Sample
doses given intervention
Sex Age (y) No.
M {no.) F(no.) Plasma Urine
Long-term
Zhang et al (2018)*"  Red raspberry 32 125¢ 32d NR NR NR r S X
Feliciano et al (2016)" Wild blueberry 60 100g 30d 18 - 18-70 18 X X
Tian et al (2006)°°  Black raspberry 7 409 7d MR NR NR 10 NP X
Short-term
Ludwig et al (2015)°'  Raspberry 1 300g 48h 4 5 2-44 9 X X
Feliciano et al (2016)*° Wild blueberry 1 100g 24 h 19 - 1871 18 X X
Sasot et al (2017)””  Grape pomace extract 1 200mL  24h 6 6 24-40 12 NP X
Zhong et al (2017)**  Wild blueberry beverage 1 150g 24h 6 6 20-45 12 X NP
Pimpao et al (2014)**  Mixed berry puree 1 500mL 24 h 3 6 23-54 9 NP X
Felgines et al (2005)** Blackberry 1 200q 24h 02 03 NR 5 NP X
Wu et al (2002)°° Elderberry extract 1 12g 24h - 04 60-70 4 NR X
Lowbush blueberry 1 189¢ 24 h - 06 60-70 6 NR X
Marques et al (2016)°” Blackberry 1 250g 2h NR NR NR 18 X X
Abbreviations and symbols: NR, not reported; NP, not performed; X, analysis performed.

4 evaluated phenolic compounds in both urine and
plasma™ 157 of the last 4 studies, 1 included short-
term and long-term experiments in a single study.”
None of the included studies assessed the presence of
parent anthocyanins or anthocyanin metabolites in ma-
trices other than plasma or urine, such as in saliva,
blood, or feces.

With regard to the period of berry consumption, 7
studies were conducted as short-term trials, which in-
cluded periods ranging between 2hours and
48 hours,*”?"™ 2 studies were performed as long-term
trials, which ranged between 7 days and 32 days,***
and 1 study performed both long-term and short-term
experiments.”” The mean (= SD) length of the long-
term interventions was 23 = 11.34 days. Complete in-
formation about the included studies is reported in
Table 2.4*%7

Phenolic compounds detected in plasma and urine

Phenolic compounds detected most frequently. A total of
203 different phenolic compounds were detected in
urine and plasma after consumption of anthocyanin-
rich berries in the human studies included in the pre-
sent review (see Table S3 in the Supporting Information
online). Ninety-seven phenolic compounds were found
in both plasma and urine, 21 were found only in
plasma, and 85 were found only in urine. Of these,
those that appeared in more than 40% of samples (the
cutoff value established to designate the most frequently
detected phenolic compounds, since a higher cutoff sig-
nificantly limited the number of candidate phenolic
compounds) of human plasma, urine, or both were

selected, resulting in 19 different phenolic compounds
(Table 3).

The following 10 phenolic compounds, in decreas
ing order, were detected most frequently in urine: C3G
{(58.06%); 3,4-dihydroxyphenylacetic acid (44.09%); 4-
hydroxybenzoic acid (44.09%); caffeic acid (44.09%);
gallic acid (44.09%); hippuric acid (44.09%); 2-methyl-
pyrogallol-O-sulfate (41.94%); 4-hydroxyhippuric acid
{41.94%); dihydrocaffeic acid (41.94%); and protocate-
chuic acid (41.94%).

In plasma, the following 15 phenolic compounds,
in decreasing order, were detected in more than 40% of
samples: C3G  (69.49%); cyanidin-3-glucuronide
(69.49%); 4-hydroxyphenylacetic acid (54.24%); ferulic
acid (54.24%); hippuric acid (54.24%); p-coumaric acid
{54.24%); 4-hydroxybenzoic acid (50.85%); caffeic acid
(50.85%); syringic acid (50.85%); vanillic acid (50.85%);
3,4-dihydroxyphenylacetic acid (49.15%); 4-hydroxy-
hippuric acid (45.76%); ferulic acid 4-O-glucuronide
(45.76%), ferulic acid 4-sulfate (45.76%); and isoferulic
acid 3-0-fi-D-glucuronide (45.76%).

The phenolic compounds C3G, 3,4-dihydroxyphe-
nylacetic acid, 4-hydroxybenzoic acid, caffeic acid, hip-
puric acid, and 4-hydroxyhippuric acid were present in
high frequencies in either plasma or urine samples. In
particular, C3G was the phenolic compound most fre-
quently detected in both urine (58.3%, n =54 of 93
samples) and plasma (69.49%, n=41 of 59 samples).
Cyanidin-3-glucuronide was frequent in plasma
(69.49%, n=41 of 59 samples), but not in urine
{26.88%, n=25 of 93 samples). Complete information
on the 19 most frequently detected phenolic com-
pounds is shown in Table 3.

Nutrition Reviews™ Vol. 0{0):1-14
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Berner Andiédk 3Rhedolicdonijzouhds found in more than 40% calculated. The AUC was 74% (P=0.210) in plasma

of urine or plasma samples, as indicated by gray
shading.

Metabolite Urine Plasma
(N=93) (N=59)
No. (%) No. (%)
Cyanidin-3-glucoside 54 (58.06) 41 (69.49)
3,4-Dihydroxyphenylacetic acd 41(44.09) 29 (49.15)
4-Hydroxybenzoic acid 41 (44.09) 30 (50.85)
Caffeic acid 41(44.09) 30(50.85)
Hippuric acid 41 (44.09) 32 (54.24)
4-Hydroxyhippuric acid 39(41.94) 27 (45.76)
Gallic acid 41 (44.09) 2(339)
2-Methylpyrogallol-O-sulfate 39(41.94) 18(3051)
Dihydrocaffeic acid 39 (41.94) 18 (30.51)
Protocatechuic acid 39(4194) 12(20.34)
Cyanidin-3-glucuronide 25(26.88) 41 (69.49)
4-Hydroxyphenylacetic acid 32(34.41) 32(54.24)
Ferulic acid 29(31.18) 32 (54.24)
p-Coumaric acid 14 (15.05) 32 (54.24)
Syringic acid 30(32.26)  30(50.85)
Vanillic acid 29(31.18) 30 (50.85)
Ferulic acid 4-0-glucurenide 9(9.68) 27 (45.76)
Ferulic acid 4-sulfate 30(32.26) 27 (45.76)
Isoferulic acid 3-0- i-D-glucuronide 18 (19.35) 27 {45.76)

Correlation between phenolic compounds found most
frequently. The 19 phenolic compounds found most fre-
quently in this systematic review (Table 3) were used to
create a correlation matrix to determine whether any
correlations exist between the phenolic compounds. In
plasma, 15 phenolic compounds were found to be signifi-
cantly correlated (P < 0.05), whereas in urine, 10 pheno-
lic compounds were correlated (P < 0.05). Cyanidin-3-
glucoside was correlated with cyanidin-3-glucuronide in
plasma (r=1.00; P < 0.001), but not in urine. The corre-
lation matrix of the most frequent metabolites found in
plasma or in urine is presented in Figure 2.

Assessment of a candidate biomarker of anthocyanin-
rich berry intake. The 19 phenolic compounds detected
most frequently in this systematic review (Table 3) were
assessed as potential biomarkers of anthocyanin-rich
berry intake, using the 8 criteria proposed by Dragsted et
al™® (Figure 3). Cyanidin-3-glucoside fulfills the plausibil-
ity criterion, which is an essential criterion for any bio-
marker of food intake, as well as the dose-response, time
response, stability, and analytical performance criteria.
Cyanidin-3-glucuronide, a metabolite of C3G, also fulfills
the plausibility criterion, but its presence in plasma and
urine has scarcely been studied. The other 17 phenolic
compounds do not fulfill the plausibility criteria and thus
were excluded as candidate biomarkers of berry intake,

Sensitivity and specificity analyses of C3G as a bio-
marker of anthocyanin-rich berry intake. To test the sen-
sitivity and specificity of C3G as a biomarker of berry
intake, the AUC ROC of C3G in plasma and urine was

Nutrition Reviews* Vol. 0(0):1-14

and 61.7% (P=0.402) in urine (Figure 4).
DISCUSSION

Of the 203 phenolic compounds identified in the pre-
sent review, 2 anthocyanins are detected most fre-
quently after consumption of anthocyanin-rich berries.
Cyanidin-3-glucoside is the phenolic compound and
anthocyanin detected most frequently in both urine and
plasma, while cyanidin-3-glucuronide is the second
most frequent anthocyanin in plasma, but not in urine.

As noted in the section “Assessment of a Candidate
Biomarker of Anthocyanin-Rich Berry Intake” C3G is
one of two phenolic compounds that fulfill the criterion
of plausibility. In order for a molecule to be considered
a biomarker of intake, it must meet the plausibility cri-
terion.”” Since the other phenolic compounds did not
fulfill the plausibility criterion, they were not considered
viable candidates as biomarkers of anthocyanin-rich
berry intake. Cyanidin-3-glucoside also met several
other criteria. Consequently, each of the 8 Dragsted
etal™ criteria is analyzed and discussed below, but only
for C3G.

Criteria for validation of C3G as a biomarker of
anthocyanin-rich berry intake

Plausibility. The plausibility of a specific molecule
within a certain food or food group to become a bio-
marker requires consideration of different confounding
factors, such as the molecule’s presence in other foods
as well as whether the molecule is used as an additive or
is generated endogenously from the metabolization of
other compounds.” As a result, plausibility demon-
strates a causal relationship between the ingestion of an
anthocyanin-rich berry and the presence of the antho-
cyanin in biological samples. According to Phenol-
Explorer, C3G is found in the anthocyanin-rich berries
consumed in the studies included in this review."” The
results show that C3G was present in 69.49% of the
plasma samples and 58.06% of the urine samples
obtained from participants after intake of anthocyanin-
rich berries in clinical trials.

Cyanidin-3-glucoside is a relatively infrequent mol-
ecule in nature, present mostly in red- or blue-
pigmented fruits such as berries but also in certain veg-
etables such as red cabbage and olives."” Additionally,
C3G has been found in several organs, such as the
brain, liver, vascular endothelium, kidney, and lungs, in
different animal models following ingestion of diverse
anthocyanin-rich foods,” "

Cyanidin-3-glucoside is not a derivative of other
chemical substances commonly present in mammalian
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Flgure 2 Correlation matrix of the most frequent metabolites found in plasma or urine. (A) Correlation between the significant metabo-
lites found in plasma. (B) Correlation between the significant metabolites found in urine. All percentages of correlation values are statistically
significant (P < 0.05) unless otherwise indicated; asterisks (*) indicate nonsignificant values. Metabolites: M012, 2-methylpyrogallol-O-sulfate;
MO015, 3,4-dihydroxyphenylacetic adid; M036, 4-hydroxybenzoic acid; M040, 4-hydroxyhippuric acid; M041, 4-hydroxyphenylacetic acid; M0SS,
caffeic add; M077, cyanidin-3-glucoside; MO78, cyanidin-3-glucuronide; M08, dihydrocaffeic acid; M116, ferulic acid; M117, ferulic acid 4-O-
glucuronide; M118, ferulic acid 4-sulfate; M121, gallic acid; M123, hippuric acid; M127, isoferulic acid 3-0-fi-D-glucuronide; M160, p-coumaric

acid; M177, protocatechuic acid; M188, syringic acid; M199, vanillic acid.

organs, such as 3,4-dihydroxyphenylacetic acid, a deriv-
ative of dopamine that can be found in animal
brains,”' ~* or ferulic acid, which can be obtained from
the metabolization of caffeic acid and is also present in
diverse foods such as some fermented alcoholic bever-
ages,” fruit,”” cereals,”® vegetables,””** vegetable oils,*
and seeds.”"* Moreover, C3G is not used as an additive
for the preservation of processed foods.” Cyanidin-3-
glucuronide, a metabolite of C3G, also fulfills the plausi-
bility criterion, but information about its metaboliza-
tion and presence in food is scarce.

Dose-response. The dose-response criterion refers to the
relationship between the dose of anthocyanins ingested
and the presence of anthocyanins in organs or tissues.
The dose response depends on the bioavailability of
C3G, taking into account the limits/levels of saturation
and the saturation kinetics of C3G."* After a single oral
ingestion of 150g of wild blueberry puree, the mean
Cunax of C3G was 2.4 * 0.2 nmol/L.** After oral inges-
tion of 300g of raspberries, the mean C,. was
0.2 = 0.1 nmol/L."" After a single oral ingestion of
250g of blackberries, the mean C,,,, was 47 * 8 ng/
mL.>” An oral dose of 500mg of "*C-labeled C3G
resulted in a maximal C3G concentration of
141nM * 70nM in human serum.”’ Several aspects de-
termine the bioavailability of C3G. First, C3G is chemi-
cally composed of a benzopyran core, which, in turn, is

integrated by a phenolic ring, a pyran ring, and a ben-
zoyl ring.” Second, it has a molecular weight of 449.4 g/
mol, a polar surface area of log P=0.39, a partition co-
efficient of A=191, and known hydrophobic/hydro-
philic characteristics.” Third, it can undergo
glycosylation and methylation, both of which affect its
pharmacokinetics.”” For instance, a second glycosyla-
tion in the fifth carbon is known to increase the hydro-
philic properties of C3G, thereby increasing its
bioavailability, while an extra malonyl group makes it
more hydrophobic, thereby decreasing its bioavailabil-
ity. ™7 Fourth, C3G’s absorption saturation is ob-
served around an ingested dose of 200nM, primarily
because C3G binds and interacts with other molecules
{eg, cellulose) while being absorbed.” On the basis of
these findings about the bioavailability of C3G, it seems
likely that C3G meets the dose-response criterion to be-
come a suitable biomarker of berry intake.

Time response. The time response criterion refers to the
time required for the maximum C3G concentration to
be reached in plasma and urine as well as to the range
of time that C3G concentrations are measurable,"
which in turn is influenced by the absorption and elimi-
nation of C3G. When evaluating whether the time re-
sponse criterion is met, the specific purpose of the
biomarker should be considered. In the case of C3G,
time-response kinetic parameters have been determined

Nutrition Reviews™ Vol. 0(0):1-14
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Figure 3 Criteria for validating biomarkers of food intake, applied to molecules that appeared in more than 40% of samples. Dark
green: yes; the criterion is fulfilled for at least some use of the biomarker; light green: partial yes; the criterion is fulfilled, but more information
is needed for complete validation; yellow: undetermined; information is insufficient to validate the criterion; red: no; the criterion has been in-
vestigated but is not fulfilled,
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Figure 4 Results of the receiver operating characteristic (ROC) analysis, performed to determine the sensitivity and specificity of
€3G in (A) plasma (AUC 74%; P = 0.210) or (B) urine (AUC 61.7%; P = 0.402).
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Berner Afgsagh SedgtederRamyisiGratic review. In human
plasma, the mean (£SD) T, of C3G was
1.8 * 0.3 hours after a single oral dose of 150 g of wild
blueberry puree, and the AUC was 62.2 * 10.3 nmol/h/
L.>* The rapid absorption of C3G has also been con-
firmed by the following values in human plasma: T,
of 66 *15 minutes after ingestion of 250 g of blackber-
ries,”” and T, of 1hour after ingestion of 300g of
raspberries."" In human serum, the T, of C3G was
1.8 * 0.2 hours after a single oral dose of 500 mg of
“C-labeled C3G.™ In another study, C3G was found to
have a minimum mean bioavailability of
12.38%  1.38% in humans.™

Several animal studies have reported different peak
C3G levels, depending on the animal, the specimen, or
the organs investigated.”” In mice plasma, the oral ad-
ministration of C3G extract at 500 mg/kg resulted in an
elimination rate constant of 0.43h ', and the intrave-
nous administration of 1 mg/kg resulted in an elimina-
tion rate constant of 1.84h™","" with the half-life of C3G
being 1.6 hours after oral ingestion and 0.4 hour after in-
travenous administration.”” In addition, Marczylo et al™
reported AUC values of 25.1 nmol/h/mL after C3G oral
intake and 3.01 nmol/h/mL after intravenous administra-
tion in mice. Moreover, the maximum peak concentra-
tion of C3G in the heart tissue of mice, 1.40 x 10" pmol/
g, was reached 10 minutes after oral administration of
C3G extract at a dosage of 500 mg/kg.***"

In brain tissue of mice, the maximum peak concen-
tration of 44.98 pmol/g was reached 15 seconds after in-
travenous administration of 668nmol of C3G
extract.””* In brain tissue of pigs, the concentration of
C3G was 3.17 pmol/g after long-term (3 weeks) oral ad-
ministration of bilberry extract at 82.5 mg/kg/d.**"®

Stability. The stability criterion refers to the best practi-
ces needed for collection and storage of biological speci-
mens to avoid degradation of C3G, thereby permitting
C3G concentrations to be measured in such speci-
mens.* Like other anthocyanins, C3G is unstable at
high temperatures.”” For example, microwave heating
with 300 W at high temperatures reduces the content of
C3G in pomegranate juice.”” Similarly, longer expo-
sures to lower baking temperatures (30 minutes at
140°C and 15 minutes at 240°C) also reduce the amount
of C3G found in muffins enriched with raspberry and
cranberry pomace powder.” Storage temperature can
significantly affect the stability of C3G in foods kept at
5°C, 20°C, and 35°C, even if phenolic acids, procyani-
dins, and flavone glycosides are added to protect the
structure of C3G from degradation.” The stability of
C3G is also affected by pH.™ At low pH values
(pH < 4.0), C3G exists as a flavylium cation and, as pH
rises, transforms into either its carbinol (pH =5.2) or

10

its quinoidal (pH = 5.5-6.0) form, whereas at higher pH
values (pH > 6.0), C3G reaches equilibrium and
acquires a cis-chalcone conformation.™”

Analytical performance. The analytical performance cri-
terion for C3G refers to the reliability of its chemical
analysis, ie, whether analytical variability, accuracy, sen-
sitivity, and specificity are adequate.”” The minimum
requirement for this criterion to be fulfilled by C3G is
the ability to measure C3G at different concentrations,
a so-called semiquantitative analysis."® In the case of
C3G, high-throughput analysis techniques such as
HPLC allow identification and quantification of C3G in
a wide range of different concentrations in human body
fluids"**'** and in diverse animal organs and
tissues, 3%5976.83

For instance, Czank et al”* demonstrated that '*C-
marked C3G molecules could be identified and mea-
sured in human blood, urine, breath, feces, and plasma,
with maximum concentrations in plasma ranging be-
tween 1.4 and 592 nmol/L.** Moreover, the analytical
performance of C3G has also been evaluated by liquid
chromatography-tandem mass spectrometry (LC-MS/
MS), which has a precision that ranges from 1.2% to
14.5% and an intraday and interday accuracy of 5.1% to
13.6% and 11.5% to 10.9%, respectively. As a conse-
quence, LC-MS/MS was found to be a reproducible, re-
liable, and accurate method for measurement of C3G.*

In order for C3G to meet the criterion of analytical
performance and be fully validated as a suitable bio-
marker, a stable isotope-labeled standard would need to
be present in every sample.”” The gold standard of this
isotope-labeled molecule for C3G has not been de-
scribed to date.

Reproducibility, robustness, and reliability.
Reproducibility is achieved only when the analysis of
C3G detection has been performed identically in at least
2 different laboratories and evaluated by interlaboratory
comparison tests, Such standardized analysis is not
commonly performed and represents an area of
uncertainty.

Another criterion not fulfilled by C3G is robust-
ness, which evaluates the behavior of C3G in complex
diets. Like most putative biomarkers, C3G has been
identified in a limited number of well-designed, highly
controlled intervention studies.”” To date, however, it
has not been evaluated when ingested along with other
nutrients as a part of a complex meal.

Lastly, the purpose of the reliability criterion is to
compare C3G as a new biomarker against the current
gold-standard methodology, HPLC, in a controlled set-
ting with supervised food intake and then validate the
results via direct comparison using methods such as
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Berner ArpiaégSRaldel adgrRamiic€ince this has not yet been usually berries such as strawberries or blueberries, or

done, the reliability criterion has not yet been met, other fruits like apples. Thus, authors commonly place
special emphasis on the specific phenolic compound
C3G as a useful biomarker of anthocyanin-rich berry found in a single anthocyanin-rich food when reporting
consumption, Of all the possible phenolic compounds their results, while complete reports of the phenolic
that were found to be viable biomarkers of berry intake, compounds found in all samples analyzed are usually
C3G is the molecule found most frequently in plasma not described." " On the other hand, studies that used
and urine. It therefore fulfills the key criterion of plausi- a targeted analytical approach were not included in the
bility because its presence has been demonstrated in present review, and only a few studies met the inclusion
anthocyanin-rich berries,"” supporting C3G as a bio- criteria for use of an untargeted analytical approach in
marker of anthocyanin-rich berry intake. Moreover, it plasma and urine. The systematic review methodology
also fulfills 4 additional criteria for use as a biomarker, for identifying biomarkers of food intake by untargeted
ie, dose-response, time response, stability, and analytical analysis might not have detected or measured all com-
performance. pounds in a specimen, and therefore it is possible that
Since C3G is a relatively rare anthocyanin in plants, another biomarker of anthocyanin-rich berry intake
and because it is not produced by the metabolization of might exist. However, at this time, and with the infor-
other compounds, the presence of C3G in human body mation available, C3G remains the best candidate as a
fluids after the consumption of food is caused directly biomarker of anthocyanin-rich berry intake. Moreover,
by C3G ingestion. The positive predictive value of C3G although C3G is a good biomarker of berry intake, it
as a biomarker of anthocyanin-rich berry intake is 74% might also be suitable as a biomarker for intake of other
in plasma and 61.7% in urine, although these values are foods that contain C3G, but this requires further study.
not significant. Predictive values between 70% and 80% Another important limitation of the present review
are considered acceptable,”” and thus a 74% predictive is the variation in the sample size of the clinical trials in-
value of C3G in plasma is acceptable, suggesting that, in cluded. To account for the small sample size of some
plasma, C3G could be a suitable biomarker of studies, a qualitative meta-analysis of the data was per-
anthocyanin-rich berry intake, although further confir- formed. As a result, all studies of different sizes contrib-
matory studies are warranted. uted equally to a pool of information, which was further
analyzed to reach conclusions.
C3G and human health. The ability to detect C3G might Another objective of the present review was to
play an important role in human health, particularly identify an anthocyanin biomarker in different human
since epidemiological studies have shown that the con- body fluids. Thus far, however, there is insufficient in-
sumption of more than 2 cups of blueberries per week formation about the presence of anthocyanins in body
is associated with a significantly slower rate of lung fluids other than plasma and urine, such as saliva, which
function loss.* can be collected easily and noninvasively to obtain bio-
Cyanidin-3-glucoside has also shown anticancer logical information.
properties in cell and animal experiments in which it The methodological heterogeneity of anthocyanin
was isolated and administered intravenously at rela- identification and quantification in human plasma and
tively high doses of 250nM and 500nM.*"***" Among urine also represents a critical limitation of this qualita-
the acknowledged activities of C3G, its roles in DNA tive review. As result, quantitative data could not be an-
protection,” in reduction of body weight and ameliora- alyzed because of differences in the doses used for
tion of insulin resistance in mice with diet-induced obe- experimentation, the methods used for quantification,
sity, in reduction of hepatic steatosis,” and in and the sources of anthocyanins administered.
activation of fatty acid metabolism™ are worth The dose of anthocyanin-rich berries used in most
highlighting, along with its anti-inflammatory® antimi- of the included studies varied widely, from 12g/d to
crobial, and protective epigenetic effects in cancer and 300 g/d orally, but the complete chemical composition
neurological diseases.”*** of the ingested berries was not described. Furthermore,
the time between administration of the dose and collec-
Limitations tion of body fluid samples also presented an important
variable.
One of the main limitations of this systematic review is
the design of the studies originally screened, which CONCLUSION
were nonrandomized clinical trials, Such studies often
use untargeted analysis to assess the presence of a spe- Up to 203 different phenolic compounds have been
cific biomarker in a single anthocyanin-rich food, reported in plasma and urine samples from healthy
Nutrition Reviews® Vol. 0(0):1-14 n
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Berner ARdig@sSTRPIREoRa®bAEGHUNd identified most fre- Supporting Information

quently after consumption of anthocyanin-rich berries
is C3G, found in 69.49% of plasma samples and in
58.06% of urine samples. When the process proposed
here for the selection of a biomarker candidate is ap-
plied, C3G meets the critically important plausibility
criterion, as well as the dose-response, time response,
stability, and analytical performance criteria. In addi-
tion, it has an acceptable positive predictive value of
74% in plasma. Thus, C3G is a promising biomarker of
anthocyanin-rich berry consumption in plasma and
urine samples of healthy humans.
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ABSTRACT: Anthocyanins (ACNs) are promising health-enhancing phenolic compounds. We focus on ACN animal tissue
bioavailability to provide an evidentiary link between tissue ACNs and their associated health properties. We performed a
systematic review of electronic libraries; 279 results were retrieved, and 13 publications met inclusion criteria. Extracted
information included animal model employed, administration route, doses, analysis method, and ACN concentration values in
tissues. Total ACN concentrations were detected in mice kidney (2.17 X 10° pmol/g), liver (1.73 X 10° pmol/g), heart (3.6 X
10° pmol/g), and lung (1.16 X 10° pmol/g); and in pig brain (6.08 X 10° pmol/g). ACNs showed a predominance of parent
ACNs in long-term experiments versus an ACN metabolite predominance in short-term experiments. ACNs detected in animal
tissues, such as cyanidin-3-glucoside, suggest it may have an important role in human health. This information could be useful to
determine proper ACN-intake biomarkers in biological samples in futures studies.

KEYWORDS: anthocy
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B INTRODUCTION

In recent years, preventive medicine has acquired a signifi-
cantly more important role in healthcare systems primarily due
to the increase in aged population and the prevalence of
obesity, diabetes, metabolic syndrome, and hypertension'"”
in which a healthy diet and lifestyle play a significant role.’
Dictary changes and healthy eating patterns such as the
Mediterranean diet are characterized by a high intake of fruit,
vegetables, fish, nuts, and olive oil, that can reduce the risk for
chronic noncommunicable diseases.”” However, most bio-
active molecules present in fruits and vegetables and the corre-
sponding biochemical pathways that grant them their associated
health benefits are still unclear.

Among the most well-known bioactive molecule groups
found in fruits and vegetables are the phenolic compounds
such as anthocyanins (ACNs). ACNs are water-soluble plant
pigments responsible of giving red and blue coloration in fruits,
flowers, seeds, and plants.” They are frequently found in the
skin of many fruits and in the flesh of some berries,” with con-
centrations ranging from 0.1% up to 1.0% of the fruit’s or vege-
table’s dry weight." ACNs consist of a wide range of molecule

important ACN’s metabolization by colonic microbiota which
can occur within the first 2 h after the ingested ACNs reach the
human colon.® Thus, colonic metabolization often results in
new metabolites that were not present in the original ACN
food source.”” " These colonic ACN metabolites have shown
interesting potential for human health and could even have
greater biological activity than their parent molecules, since
colonic ACN metabolites are more abundant and are quite
often better absorbed than their ACN parents.”””' Conse-
quently, ACNs colonic metabolization has a direct impact in
the amount and half-life of different metabolites of ACNs.™
The mentioned differences in ACN absorption and metabo-
lization render different plasmatic phenolic profiles that in turn
may be of paramount importance when determining tissue
profiles and the benefits of long-term versus short-term ACN
ingestion; however, this remains an area of uncertainty. Thus,
absorption and metabolization probably contributes to the
ACN tissue bioavailability, and this might be a key relevant
aspect for determining biomarkers to assess the intake of ACN
containing foods. Moreover, bioavailability of ACNs in tissues
and cells show great potential for the‘ treatment and prevention

See https://pubs._acs.org/sharingguidelines for options on how to leg;

classes and subclasses,” each one with its own properties and
most of them capable of modulating or regulating wide and
diverse biochemical pathways.'”"'

It is well-known that the ACN’s absorption site'* and the
chemical structure of anthocyanins'’ have an impact on the
phenolic profiles that can be detected in human body fluids.
These differences can be attributed to changes in pH between
the gastric and colonic lumens,"”'* but also because of an

A4 ACS Publications = 2018 Amerian Chemical Society

of different pathological entities.”
In the current Review, we hypothesize on how the ACNs,
either parent ACNs, such as cyanidin-3-glucoside (C3G),
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Figure 1. PRISMA statement flowchart for anthocyanin tissue availability adapted to animal studies.

delphindin-3-glucoside, malvidin-3-glucoside, peonidin-3-glu-
coside (P3G), and petunidin-3-glucoside, or their metabolites
could be detected in target tissues might exert an effect in the
cells in which they are present. In consequence, providing a
link between ACNs present in tissues after their consumption
and the described intracellular mechanisms of action are an
explanation of ACN reported beneficial effects on human
health. We adapted the concept published by de Ferrars et al."’
and defined "parent”™ ACNs as an ACN structure from which
other molecules, namely, metabolites, are obtained by substi-
tuting or adding radicals through the methylation, conjugation,
sulfation, and glucuronidation. Thus, our primary goal is to
perform a systematic review of the current knowledge reported
on the tissue bioavailability of ACNs in different animal tissues
after the administration of diverse ACN sources and conse-
quently identifying possible bioactive molecules that could be
clinically relevant. Moreover, through an up-to-date descriptive
review of in vitro experiments, we aspire to provide an explana-
tion for the reported in vivo ACN health effects.

B MATERIALS AND METHODS

Search Strategy and Selection Criteria. For the present Review,
our group adapted the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statement (http://www.
prisma-statement.org/), designed for clinical trials,™ to the systematic
review of animal studies due to the lack of a better and more
standardized screening method. An electronic-based search in the
scientific libraries PubMed (http://www.nchinlm.nih.gov/pubmed)
and Scopus (http://www.scopus.com) was performed. A broad search
term of “anthocyanin AND bioavailability” was used for our search,
since more specific options did not render all studies that could meet
the inclusion criteria used for the present Review. Results were

11532

screened based on their titles, abstracts, and full-text availability
according to our inclusion criteria: (1) animal interventions using
ACNs extracts or ACN supplementation and (2) ACNs tissue
bioavailability evaluation. All non-English publications, and studies
that did not report specific metabolite concentration values in tissues
were excluded from the discussion.

Data Extraction, Standardization, and Analysis. Two
independent authors (B.AS.-R. and U.C.) extracted published data
from text and tables; for data published as graphics, approximates
were estimated through scaling; all differences were resolved by a
third reviewer (R.S.). The following information was extracted from
all reviewed studies: (1) study characteristics including the animal
model used, ACN administration routes, doses, and sample analysis
method; and (2) total ACN, parent ACN, or ACN metabolite con-
centration assessed in animal tissues.

All concentration units were converted and homogenized into the
international system of units {(molar) using metabolite molecular
weight published in the Phenol-Explorer (http://phenol-explorer.en/).*
After homogenization, data was analyzed and text, Tables, and Figures
were elaborated, presented, and discussed,

B RESULTS

Literature Search, Studies Selection, and Character-
istics. A total of 279 results published from inception up to
February 2018 were found in our initial screening. All entries
titles and abstracts were assessed for relevance according to
inclusion criteria; 265 studies did not meet inclusion criteria
and 1 study was excluded because it was not a paper. Thirteen
publications'®'"**~*" were identified and further examined as
full texts. The flow diagram of the selection process used is
shown in Figure 1.

Of all publications evaluated, 7 short-term experiments
assessed ACN tissue bioavailability after a single dose of ACN

11333740

DOX: 10 1021/acs jafc Bb04014
J. Agric. Food Chem. 2018, 66, 1153111543



UNIVERSITAT ROVIRA I VIRGILI

.THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.

STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT.

Berner Andnéel SéndeivaltuRdmbdenod Chemistry

administered either orally or intravenously (IV). The remaining
6 experiments' ¥ assessed ACN tissue bioavailability
after a long-term oral-controlled ACN supplementation. Out of
the 13 studies, S were performed on Wistar rats, 39737 3 5
mice," ™ 2 on S‘Praguc—Dawlcy rats,""*" 2 on pigs.”’“ and
1 on Zucker rats.*

High-performance liquid chromatography and mass spec-
trometry were the most used analysis techniques to determine
ACN concentration in tissues. Kidney, liver, and brain were the
most frequently analyzed organs with highest total ACN
concentrations: 2.17 X 10° pmol/g in mice kidneys,'' 1.73 X
10° pmol/g in mice liver,”” and 6.08 X 10° pmol/g in young
swine brain."* Complete information on general characteristics
of studies that assessed ACN tissue bioavailability in animals as
well as the total ACN concentrations detected in analyzed
tissues are presented in Table 1.

Short versus Long-Term Tissue ACNs Bioavailability.
One of the differences that was noted through our findings was
that the ACN bioavailability profiles in animal tissues after a
short versus long-term administration of ACNs showed dif-
ferent patterns. We observed a clear predominance of parent
ACNs in long-term experiments, as shown in Table 3, versus
ACNs metabolites predominance in short-term experiments
reflected in Table 2. These differences will be further addressed
and explained in more detail in the following sections.

Tissue Bioavailability in Short-Term Experiments.
In short-term experiments, high methodology variability was
observed. These experiments were performed after a single dose
of an ACN concentrate either orally or IV. Oral doses presented
high van'abilit?' between 8 mg/kg grape extract’” and 500 mg/kg
C3G extract,” while IV doses ranged between 1 mg/kg C3G
extract' ' and 5 mg/kg bilberry extract.”* Animals were sacrificed
between 0 min and 24 h after administration, although sacrifice
was most commonl?' performed 15 min after ACN either oral or
IV administration.’ >

4'-0-methylcyanidin-3-0-f-glucopyranoside highest concen-
tration (19.18 pmol/g) in liver was found 15 min after a § mg/kg
IV ACN dose after bilberry extract administration,” while
in kidneys petunidin-3-glucoside was the highest ACN
(2317.00 pmol/g) found at 15 min after a 670 nmol ACN IV
dose.™ C3G was the parent ACN found at highest concentrations
in brain at 0.25 min (40.46 pmol/g) after the IV administration
of bilberry extract.”> Moreover, C3G was also found in gastro-
intestinal tract (8 X 10° pmol/g), lung (5.19 x 10* pmol/g),
and prostate (4 X 10* pmol/g) with peak concentrations
at different times after an oral single dose of C3G extract."’
Complete information regarding peak concentrations of
parent ACNs and ACN metabolites at different doses and
times from short-term animal interventions are reported in
Table 2.

Tissue Bioavailability in Long-Term Experiments.
High heterogeneity in oral ACN administrated doses was
also noted for long-term interventions: doses ranged from
27.5 mg/kg/day™ up to 617.6 mg/kg/day.”* Animal sacrifices
were performed at different periods comprehended between
10 days and 8 weeks. In long-term experiments, animal brains
were the most common organs analyzed.'”** 794! I the
analyzed brains, the highest concentration for an ACN
was found for malvidin-3-glucoside (4.43 pmol/g) after an
82.5 mg/kg/day oral supplementation with bilberry extract for
3 weeks in young swine pigs""‘

Cyanidin-3-rutinoside-5-f-p-glucoside was found in the
heart (1.50 X 107 pmol/g), brain (1.85 X 107" pmol/g),

liver (3.34 X 10~ pmol/g), kidney (9.24 X 10~ pmol/g), and
bladder (2.16 X 107" pmol/g) after 2 weeks of 200 mg/kg/day
oral supplementation with bilberry in Wistar rats.”’ Complete
information regarding doses, maximum ACN peak or metabo-
lite concentration, and animal organ tissues analyzed for long-
term animal interventions are reported in Table 3.

ACNs Bioavailability in Animal Tissues. Cardiac Tissue
Bioavailability. Out of the 13 studies assessed, 3 studies evalu-
ated the presence of ACNs in animal hearts using different
ACN sources.'"*** For mice hearts obtained after a 2 week
ACN 617.6 mg/kg/day oral supplementation with C3G extract,
tissue ACN concentrations were not detected,”” whereas ACN
concentrations of 1.11 pmol/g were reported in heart tissue for
oral ACN doses as low as 200 mg/kg/day in a 3 week inter-
vention using bilberry extract in Wistar rats."’ These differ-
ences in heart ACN detection were probably due to differences
in sample processing proceedings, ACN source, or animal
model used since analysis methods used for ACN detection did
not differ between both studies. Interestingly, higher supple-
mentation oral doses of 2000 mg/kg/day using bilberries in
Wistar rats reported a 54% (0.51 pmol/g) reduction for
heart tissue ACN bioavailability compared with lower doses
(200 mg/kg/day) of bilberry extract,™ suggesting the possible
increase or upregulation in ACN's degradation and elimination
mechanisms available inside cardiac cells.

In mice hearts, ACNs were also found in short-term
experiments performed when a single C3G extract oral dose of
500 mg/kg was administered to mice, the study reported peak
of C3G (1.4 x 10* pmol/g) 10 min post administration."’
Cyanidin metabolites were the most commonly in animal
hearts analyzed, with the highest concentration reported for
long-term studies was 4.95 X 107* pmol/g after administrating
a 200 mg/kg/day oral dose of bilberry for 3 weeks in Wistar
rats,”” and 1.40 X 10* pmol/g on heart for short-term studies
after a single 500 mg/kg oral dose of C3G extract in mice."’

There is no consensus on ACN daily doses and adminis-
tration times that are needed to detect ACNs in target tissues.
However, as stated before, the minimum ACN time and oral
dose supplementation to achieve heart tissue detection has been
demonstrated in rats after 3 weeks of bilberry extract supplemen-
tation with 200 mg/kg/day.”’ This oral dose of 200 mg/kg/day in
rats represents a human oral dose of 32.4 mg/kg/day, representing
around 2 g of bilberry extract for a standard 70 kg human.™

Brain Tissue Bioavailability. ACN brain bicavailability was
evaluated in 7 out of the 13 studies that met inclusion criteria
for the present review. """~ *7**** ACNs were not detected
in brain tissue after a 48 mg/kg/day oral ACN extract supple-
mentation for an 8 week period with wild blueberry in Sprague—
Dawley rats,'’ after 509 mg/kg/day oral dose of blueberry
powder after 10 days in Zucker rats, or after a 617.6 mg/kg/day
oral grape seed extract supplementation for 2 weeks in mice."”

However, a maximum ACN concentration of 6.08 X
10° pmol/g was found in analyzed brains after a 3 week experi-
ment performed on young swine pigs in which an 82.5 mg/kg/
day oral dose of tart cherry was administered, whereas an ACN
distribution pattern was determined for every brain region.™
In same study, also a direct correlation between dose consumed
and tissue bioavailability was observed.™

In the brain, after an 82.5 mg/kg/day ACN oral dose of tart
cherry, petunidin-3-glucoside was the ACN found in highest
concentration (6.66 pmol/g), followed by malvidin-3-gluco-
side (443 pmol/g) and P3G (4.40 pmol/g)."" Moreover, in
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brain, a P3G peak concentration of 2.07 pmol/g was found
after 2 min for a single 8 mg/kg oral raspberry dose.”’

Liver Tissue Bioavailability. Total ACN concentrations
were reported in liver, ranging from not detected in Sprague—
Dawley rats after an 8 week period of oral intervention of
48 mg/kg/day with wild blueberry extract,"” to a detected con-
centration of 1.73 X 10° pmol/g in mice livers after a 2 wv.ck
oral intervention with 617.6 mg/kg/day of bilberry extract.”
In short-term studies, 4'-O-methyl cyanidin 3-0-f-p-glucopyr-
anoside was the ACN metabolite found in highest concen-
tration (19.18 pmol/g), 15 mm after a 5 mg/kg IV dose of
bilberry extract in Wistar rats.”" In long-term experiments,
cyamdm 3-rutinoside-5-fi- D-glucmlde was the ACN metabolite
found in highest concentrations (1.16 X 10 pmol/g), after a
2000 mg/ k&/day oral dose for 3 weeks of tart cherry extract in
Wistar rats.

Kidney Tissue Bioavailability. ACN concentrations detected
in kidney ranged from 1.65 pmol/g after an oral supplemen-
tation of 2000 mg/kg/day with bilberry for 3 weeks,*
to 2.17 X 10° pmol/g for a C3G extract unique oral dose of
500 mg/kg presenting a maximal C3G concentration at 10 min
after oral administration in rats.'’ In kidney a maximal C3G
concentration was found at 10 min after a unique oral C3G
extract administration,'’ while after a single oral dose of
500 mg/kg of raspberry other ACN metabolites such as malvidin-
3-glucoside, P3G, and petunidin-3-glucoside maxxmum peaks
were detected at 10, 10, and 15 min, respectively.’®

Lung Tissue Bioavailability. In lung tissue, C3G was
found at a peak concentration of 3.86 X 10° pmol/g after 2
single 5 mg/kg C3G extract TV administrated dose in mice;"’
and at a concentration of 1.15 x 10 pmol/g after an oral
supplementauon with 617.6 mg/kg of a C3G extract for
2 weeks in mice.”” Beyond C3G, other parent ACNs such as
delphinidin-3-glucoside (3.40 X 10* pmol/g) and P3G (8.80 X
10* pmol/g) were also found in lungs after oral doses of
617.6 mg/kg of supplementation with a C3G extract for
2 weeks in mice.”

ACN Bioavailability in Other Animal Tissues. ACNs were
also detected in prostatic tissue of mice (total concentrations
of 4.96 X 10‘ pmol/g) after a single oral 500 mg/kg dose of
C3G extract,'' and on testes of mice (1.16 x 10° pmol/g) after
a 2 week intervention using a dose of 617.6 mg/kg/day of
bilberry oral supplementation,”” However, to date not enough
bioavailability assays have been published regarding ACN
presence in these tissues to properly determine the importance
of specific phenolic compounds in relation of the health of
these organs.

W DISCUSSION

The present work aims to summarize the knowledge reported
on the ACN's tissue bioavailability after the administration of
different ACN sources in animals. Thus, identifying possible
bioactive molecules in animal tissues could suggest clinical
relevance for humans. Surprisingly, there is a remarkable lack
of studies that describe both ACN tissue bioavailability and
their pharmacodynamics explaining ACN effects. In order to
solve this issue, we describe the relationship between the ACNs
detected concentrations in animal tissues and their possible
health effects, by providing a link between the findings of ACNs
in in vivo animal assays and in vitro experiments, leading to
determine specific mechanisms of action in cell or/and tissues.
This allowed us to provide a potential explanation of ACN's
health effects in humans.
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Tissue ACN Profile Differences in Short versus Long-
Term in Animal Oral Interventions. From current data, we
suggest that the difference in tissue ACN bioavailability profiles
obtained after short and long-term oral assays performed in
animal interventions could be explained by the saturation of
the absorption mechanisms, mainly at gastric level via bili-
translocase, and by the further colonic metabolization of non-
absorbed ACNs after an oral consumption.'” Gastric absorp-
tion is then followed by hepatic metabolization in which ACN
metabolites are created by glucosidation, methylation, and
glucuronidation, and then liberated into the plasma, causing a
rise of ACN mctabohtc forms that are further delivered to the
different tissues.'

Furthermore, from our results, in oral short-term experi-
ments, a predominance of parent ACNs in tissues is detected,
whereas the long-term oral administration of ACNs can cause
the saturation of the ACN gastric absorption mechanisms,
mainly bilitranslocase loca(ed in the mucosecretory and parietal
cells of the stomach.”" This saturation leads to the hydrolysis
of parent ACNs into their metabolites. As a result, total ACN
metabolite concentration increases in the stomach, following
later stages of the digestion process when ACNs are suscep-
tible to be metabolized by colonic microbiota.'™'” Therefore,
in long-term ACN administration, colonic microbiota reconvert
ACNs into their metabolized versions, that are then absorbed
through the colonic epithelia, transferred to the blood.stre.lm,
and from there distributed to the rest of tissues in animals.'
This colonic process is also probably the same for humans.
Whereas in short-term exposure, the main absorption is per-
formed through the gastric epithelia.”™*!

A good example of how ACN gut microbiota metabolization
and colonic absorption are relevant to their bioavailability is
the generation of the two major molecules product of C3G's
degradation: protocatechuic acid (PCA) and pholoroglucinal-
dehyde (PGA). After C3G's ingestion and gastric absorption,
C3G’s remnant concentrations arrive at the colon, where gut
microbiota start its degradation yielding PCA out of C3G's
B.ring and PGA out of its A-ring.'"** Afterward, these mole-
cules are absorbed, giving rise to their respective plasmatic
concentration peaks and therefore rending maximum concen-
tration times (T-max; 3.3 + 0.7 h for PGA and 2.8 + 1.1 h for
PCA), much later than their parent C3G (1.8 + 02 h)."" This
information suggests that the observed time/dose response over
tissue ACN profiles might be of relevance for tissue-specific
health effects derived from ACN administration. As conse-
quence, the result is that short-term oral exposure to ACNs
leads to a higher presence of parent ACNs, while the long-term
administration renders a more diverse pattern in which ACN
metabolites are more commonly found.

ACN’s Mechanisms of Action and Possible Health
Repercussions. Since ACN mechanisms of action in humans
cannot be determined due to the intrinsic methodologic limita-
tions and ethical concerns to detect their presence in human
tissues, this subject has not yet been properly studied. Because
of that, complementary to animal studies, in vitro studies per-
formed on cellular models become relevant when determining
important bioactive ACN molecules and their effects on
biochemical pathways involved in the treatment or prevention
of a series of pathologies.”™* ACNs have shown great poten-
tial in cellular models of experimentation as bloactwc. molec-
ules capable of not just reducing oxidative stress,'” "' but also
possibly being capable of modifying pathways from different
types of cancer (hepatocarcinoma,” * colorectal cancer,”™* and

breast cancer’™*") or mudulatlng obesity and its associated

low-grade inflammation state.”

ACNs and Cardiac Health. Cardioprotective effects of
some ACNs such as C3G have been dcmonﬁtratcd in mice,
both in cellular and in animal model experiments,™ since it has
been shown to be able to reduce doxorrubicin’s, an anticancer
drug, cardiotoxicity in myocytes; where after high doses of pure
C3G extract, cellular death was reduced after a 3 week oral supple-
mentation.” Another study evaluated on an isoproterenol-
induced myocardial infarction mice model, after 28 days of
ACN oral administration, In this study, mice showed reduced
plasmatic protein levels of creatine kinase muscle/brain (CK-MB),
a cardiac necrosis biomarker, increased levels of intracellular
enzymatic antioxidants, and decreased levels of apoptotic markers
probably achieving C3G's effects through the activation of £
adrenergic receptors in cardiac cells,” which in turn could reduce
cytochrome ¢ intracellular concentrations, therefore leading to
fewer cardiac cellular damage and apoptosis.””

Moreover, after 4 weeks of 10 mg/kg/day C3G oral supple-
mentation in rats with myocardial infarction, left ventricle
dilatation and body mass loss were prevented while not showmg
any improvements in cardiac structure and function,” These
cardioprotective effects of C3G were not observed after
8 weeks of ACN administration of the same doses.”” The dis-
crepancy the results obtained after 4 and 8 weeks of daily C3G
consumption need to be addressed.

However, ACN metabolization in the heart might be
generated to counteract possible adverse effects of ACN
activity, since high concentrations of phenolic compounds can
cause rather negative intracellular effects, the opposite of what
has been demonstrated for lower ACN concentrations as
reported before.”'

Up to the date of the present Review, few studies have
evaluated the effect of oral ACNs in humans and showed a
lower systolic blood pressure, lower plasmatic triglyceride
(TG) levels, and healthier TG/HDL cholesterol ratio.”**~*
No experimental studies assessing protective effects of ACN
supplementation after myocardial infarction or heart failure in
humans have been performed.

ACNs and Brain Health. In brain, it has been demon-
strated that ACNs are able to cross the blood-brain barrier;*
however, to the best of our knowledge, the exact mechanism
by which it happens is still unclear.

In animal models, ACN natural dietary supplementation
not only reduced oxidative stress but also neurodegeneration
and memory impairment for a mice model of Alzheimer’s
disease, which could be explained by the regulation of the
phosphorylated-phosphatidylinositol  3-kinase-Akt- glycogen
synthase kinase 3 beta (p-PI3k/Akt/GSK3f) pathway.” The
p-PI3k/Akt/GSK3f reduced reactive oxygen species elevations,
further preventing apoptosis, neurodegeneration,”” and glial
cell death induced by H,0,, as a consequence delaying the age-
related degenerative changes in brain cells.” Some ACN's
possible mechanisms of action have been described in in vitro
experiments were the improvement of free radical scavenging,
reactive carbonyl trapping, antiglycation, anti-amyloid § (Af)
fibrillation, and microglial neuroprotective effects in murine
cell cultures,” and in the human neuroblastoma cell line
SK-N-SH.**

The effects of ACNs on brain tissue were observed at oral
doses as low as 15 mg/kg/day in mice,” which represents a
human equlvalent of 1.3 mg/kg/day (91 mg/day for a 70 kg
average person) The ACN brain effects could be enhanced

DOf: 10 1021/acs jafc BbO40 14
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by the use of nanovehicles by loading polyethylene glycol- gold
nanoparticles with ACNs to increase brain bioavailability.”
As result, ACN exerts an enhanced cellular protection against
Af induced oxidative stress involved in Alzheimer's diseases.””
The nanoparticle delivery system could be a good strategy to
increase intracellular concentrations of ACNs in other tissues.
Moreover, ACN antioxidant protective effects could provide
beneficial effects not only in Alzheimer’s disease, but also in
other neurodegenerative diseases such as Huntington’s demon-
strated in mice where supplementation with ACNs for 3 weeks
showed an improvement in motor functions,””"” and Parkinson’s
disease whue ACNs acted mainly by their free radical scavenging
properties. ' Thus, the demonstrated ACN effects support their
potential for the treatment and prevention of neurodegenerative
diseases.

ACNSs hold various pharmacokinetic and pharmacodynamics
profiles due to their structural differences, as demonstrated
with models that used C-labeled ACN molecules that evi-
denced their specific properties. In humans, after a 500 mg
bolus dose of isotopically labeled C3G, maximum plasmatic
concentrations ranged between 10 and 2000 nM and T-max
values comprehended between 2 and 20 h."* In accordance
with these findings, we suggest that sustained consumption and
ACN source could be of importance when analyzing their
profiles present in the tissues.

ACNs and Hepatic Health. There is a considerable amount
of published evidence about the presence of ACNs on hepatic
tissue, >urely because its paramount role in ACN metabo-
lization,' "' ** and its central role in the degradation and excre-
tion of many molecules. Evidence indicates that ACNs could
help reduce liver inflammation demonstrated by the lower
activity of alanine aminotransferase and aspartate amino-
transferase, two key hepatic inflammation biomarkers, reported
in a murine model of hepatic damage induced by IV injected
lipopolysaccharide and Propionibacterium acnes, in which a
positive reduction of inflammation was observed after the
intake of 50—150 mg/kg/day bilberry extract for 7 days.”
However, there is a remarkable lack of studies that assess the
impact of specific ACN presence in the liver as to prevent
hepatic diseases.

ACNs and Renal Health. The evidence that suggests that
the presence of malvidin-3-glucoside, P3G, and petunidin-3-
glucoside in renal tissue prevented and delayed the progression
not only of renal disease against cisplatin-induced acute kidney
mpury that is produced after its use as an anticancer treat-
ment,’ but also of ischemia-reperfusion injury as demonstrated
in mice,” In consequence, these results suggest a potential aid in
preventing and delaying the progression of acute kidney injury in
humans. On the other hand, ACNs have shown nonspecifically
inhibition properties against the connective tissue growth
factor's expression, also known as CCN2. This growth factor
has been identified as an important molecule in the development
of kidney failure in diabetic nephropathy, lhrougb the retardation
of tumor growth factor-§ signaling pathway.” ACN supple-
mentation with doses as low as 10 mg/kg every 2 weeks for
4 doses in humans retarded glomerular angiogenesis and inhibited
endothelial tube formation promoted by high glucose-exposed
mesangial conditioned media.”

We suggest that ACN source is of importance when ana-
lyzing different polyphenol profiles in different animal tissues;
therefore, not all ACN sources could provide the same health
benefits for humans. Despite the promising effects of ACN on
kidney protection, up to date no human studies regarding the

applications of ACN therapy in kidney discase or glomerular
injuries have been described.

Health Implications of ACNs in Lung and Other
Tissues. ACNs have shown anti-lung-cancer properties as
supported by the results from ACNs’ successful inhibition of
lung cancer cell migration and invasion by suppressing matrix
metalloproteinase (MMP)-2 and MMP-9, as well as different
proteins related to in cancer proliferation, adhesion, and angio-
genesis involved in lung cancer development. " These
anticancer benefits might be specifically provided by P3G, an
ACN which has demonstrated to inhibit the invasion, motility,
and secretion of MMPs such as MMP-2, MMP-9, and urokinase-
type plasminogen activator in lung cancer cells, by inhibiting
extracellular signal-regulated kinase (ERK)-1/2, a mitogen-
activated protein kinase (MAPK) family member involved in
the regulation of MMP molecules as demonstrated in a lung
cancer cell in vitro model.”” Furthermore, so-called suboptimal
in vitro concentrations of a combination of ACNs have
demonstrated to act synergistically inhibiting the growth of
aggressive non-small-cell lung cancer cells, possibly by their
inhibitory effects on molecules like f-catenin, cyclin Bl, and
MMP-9 as well as the inhibition of TNFa-induced nuclear
factor-kappa B (NF-xB) activation. ™

Delphinidin is another ACN that has shown anticancer
properties. It is capable of inducing cell apoptosis in lung
cancer cells by inhibiting the epidermal growth factor receptor
(EGFR)/vascular endothelial growth factor receptor 2 (VEGFR2)
pathway,” and through the suppression of hypoxia-inducible
factor 1-alpha (HIF-1a).”" However, up to date, studies per-
formed on humans have not shown lung cancer preventive
benefits, as is the case of the Kuopio Ischemic Heart Disease
Risk Factor Study, an ongoing prospective study performed in
2682 middle-aged men from Finland, in which a nonsignificant
lung cancer risk reduction of 20% for men was found when
comparing the highest and lowest ACN consumption quartiles.”’

One other relevant area of interest that has not been
addressed in this Review is the importance of ACNs in the ?”
tromntestinal tract for the prevention of colorectal cancer,
mainly due to the shortage of studies that provide evidence of a
complete ACN profile in gastrointestinal tissues. Nonetheless,
reports of total ACN concentration values of 8.1 ug/g"” or
4.48 X 105 pmol/g'" of intestinal mucosa were described in
mice. Moreover, evidence exists regarding the ability of ACNs
to inhibit intestinal tumor development in ApcMin mice and
growth of human colon cancer cell lines,"* and to induce
cytotoxicity and decrease viability of Caco-2 cells, facts that
could hinder the growth of tumoral cells in vivo.™ These studies
demonstrate the presence of ACNs in colorectal tissues and ACN
capability for colon cancer prevention. Though, the lack of more
studies in animals and human populations make difficult the
correlation of ACN consumption and colorectal cancer prevention.

Limitations of the Review. One of the greatest limita-
tions on performing our review was the heterogeneity between
the study methodologies, regarding the animal models
employed, doses used, experiment duration, ACN sources
and profiles, which could hinder the direct comparisons
between studies. Another limitation observed was that ACN
source composition was rarely described in published articles,
making difficult to determine the molecular origin of the ACN
profiles demonstrated, which is of paramount importance to
differentiate the possible best ACN sources for specific tissues
or health effects or pathologies. Published studies were found
to be either focused on the metabolism, bicavailability, or
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health effects, but there are no studies that integrate this infor-
mation altogether. As a consequence, under these conditions,
it is not easy to determine which parent or ACN metabolite is
actually responsible for observed health effects in in vivo
studies.

Final Remarks. The presence of parent or ACN metabo-
lites in animal tissues could explain the myriad of health
benefits attributed to oral or IV administration of ACNs. C3G
and its metabolites are one of the most frequently found

tumor necrosis factor ¢; MMP, matrix metalloproteinase; ERK,
extracellular signal-regulated kinase; MAPK, mitogen-activated
protein kinase; NF-kB, nuclear factor kappa B; EGFR,
epidermal growth factor receptor; VEFGR2, vascular endothe-
lial growth factor receptor 2
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Fergus M. Clydesdale, Ph.D.

Editor-in-Chief, Critical Reviews in Food Science and Nutrition

13/03/2020

Dear Prof. Clydesdale,

Please, find enclosed our manuscript entiled “The health benefits of anthocyanins: an
umbrella review of systematic reviews and meta-analysis of observational studies and
clinical controlled trials.” which we would like to be considered for its publication on the

Critical Reviews in Food Science and MNutrition Journal.

Anthocyanins [ACNs) are phenclic compounds part of the flavonol subclass present in
most red-colored fruits, such as berries, with promising health properties. However, the
health-related benefits of ACN consumption remain unclear. The present umbrella
review aims to bring information concerning the effects (from the systematic review and
mefa-analysis (SRM) of randomized confrolled frials; RCTs) and associations (fram the SRM
of observational studies; 05') for ACMs and human health. Thus, providing information
regarding ACN's health properties. To the best of our knowledge, no other study has
summarized and analyzed all the infermation from SRMs regarding the impact of ACNs

on multiple health outcomes.

The highest level of evidence regarding ACNs is obtained from the systematic reviews
and meta-analyses of randomized controlled fricls and observational studies;
accordingly, the methadology proposed fo determine the currently known properties of
ACHNs is an umbrella review. We believe that is the Interpretation of the results obtained
from both RCTs and OF' that a better understanding of the efficacy/effectiveness and
safety of a food or bioactive compound can be attained. Meta-analyses using both RCTs
and OF§' should be used to highlight some questions that neither an RCT, nor an OF would

not solve by themselves.

Accordingly, from OS°, the main results of the present work demonstrated that ACKNs are
significantly associated with o reduction in the risk of type 2 diabetes mellitus, and
hypertension. Moreaver, from RCTs, ACMs also significantly improved the plasmatic lipid
profile, glucose metabelism, and vascular health in different populations without effects
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on the blood pressure values. Moreover, the ACN dietary intake did not show significant
associations with the rsk of breast cancer, nor of gastric cancer. Moreover, due o the
conjunct analysis of both O5- and RCT-5RMs, considered the highest level of scientific
information, For the first time, the possible mechanism of action for the T2DM risk reduction
associated with the chronic ACN dietary intake has been provided from the analysis of
both OS'- and RCT-5RMs.

On behalf of the co-authors, | affirm that the data has not been previously published, the
manuscript is not under consideration for publication by any other journal, and all of the
authors comply with the criteria needed for authorship. Any more data could be sent

upon request if during the review process is needed.

We believe that the findings of our umbrella review make a valuable contrioution to the
current body of knowledge regarding the scienfifically proven properties of ACNs
caming from fruits or extracts, and would be of inferest to the general as well as the

specialized reader of the Critical Reviews in Food Science and Nutrition journal.

We look forward to your opinion as to the sultability of cur manuscript for the inclusion in

Crfical Reviews in Food Science and Nutrition.

Yours sincerely,

Ursula CATALAN, PhD

Universitat Rovira i Virgill (URY)

Faculty of Medicine and Health Sciences

Functional Mutrition, Oxidation, and Cardiovascular Disease Research Group (NFOC-
Salut)

Fundacié EURECAT-Technological Center of Nutrition and Health (CTNS), Reus, Spain.
Avda/f Universitat, 1. CP/ 43204 Reus, Spain
Tel: (+34) 977 7593 77

E-mail: ursula.catalan@eurecat.org / ursula.catalan@urv.cat
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The health benefits of anthocyanins: an umbrella review of systematic
reviews and meta-analysis of observational studies and clinical controlled

trials.

Abstract:

Background: Anthocyanins (ACNs) are phenolic compounds, called flavonols, present in foods whereas
ACN’s health benefits remain undefined. The present umbrella review aims to bring information concerning
the effects (from systematic reviews and meta-analyses (SRM) of randomized controlled trials; RCTs) and
associations { from SRM of observational studies; 0S5") between ACNs and human health. Methods: Following
the PRISMA methodology, the PubMed. SCOPUS, and Cochrane databases were searched up to December 19
2019 for 0OS-SRMs and RCT-SRMs regarding ACNs and different health outcomes. The RCT-SRM’s risk of
bias was evaluated using the AMSTAR 2, while for OS-SRMs the Joanna Briggs Institute methodology was
employed. Results: From four OS-SRMs (including 38 studics and 1,532,282 participants). ACNs of different
sources were significantly associated with the reduction of the risk of hypertension, and type 2 diabetes mellitus.
From six RCT-SRMs (including 103 interventions and =2,668 participants), ACNs of different sources
improved the plasmatic lipid profile, glucose metabolism, and endothelial function without significant effects
on blood pressure. In contrast, no associations between ACNs and the breast, nor gastric cancer risks were

found. Conclusion: ACNs open new pathways in the m nent of the glucose metabolism, plasmatic lipid

profile, and the improvement of the endothelial function in humans.
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1. Background:

Anthocyanins (ACNs) are phenolic compounds part of the flavonel subclass (Marczylo et al. 2009). ACNs
are natural plant pigments responsible for the red, pink, blue and purple colors present in the seeds, Nowers,
fruits, and leaves of different plants (Khoo et al. 2017). Despite ACNs are soluble and unstable molecules when
in aqueons solution, ACNs exist in at least six main aglycone versions (cyanidin, delphinidin, petunidin,
peonidin, pelargonidin, and malvidin), however, the addition of either glucose, galactose, arabinose, rutinose,
rhamnose or xylose in different positions of their C- or A-rings generate more than 700 different derivative
glycoside structures (Fang 2014).

ACNs possess a positively charged oxygen atom as a part of their molecular structure, making them potent
hydrogen-donating antioxidants (Kong et al. 2003). As a result, when in aqueous solution, ACNs are highly
responsive to pH changes, shifiing into a flavylium cation conformation in acid solutions (pH= 1-3), while at
higher pH values (=4), ACNs change their structural conformation into a carbinol and/or chalcone form (Lila
et al. 2016; Fang 2014). The structural conversions endured by ACNs modify their metabolization throughout
the gastrointestinal tract due to different pH values in the gastric and intestinal lumens, as a result, changing the
ACN’s absorption site, and determining the ACN bioavailability and ulterior presence in the diverse body fluids
and tissues {Wu, Yang, and Chiang 2018; Keppler and Humpf 2005; Fang 2014; Sandoval-Ramirez etal. 2018).

Thus, in intestinal lumen, ACNs undergo an important metabolization process by the colonic microbiota
after the first 2 hours of ingestion (Keppler and Humpf 2003; Marczylo et al, 2009) often yielding metabolites
not present in the original food source (Hribar and Ulrih 2014; Kamiloglu et al. 2015), increasing the diversity,
concentration, lissue presence and half-life profiles of ACNs (Sandoval-Ramirez et al. 2018).

From the aforementioned characteristics of ACNs emerges their potential use for the prevention and
treatment of different diseases. Hence, the benefits of ACN consumption and its impact on human health such
as the prevention of cardiovascular, neurological, renal disease and other human conditions including the low-
grade systemic inflammation should be compiled (Sandoval-Ramirez et al. 2018; Lila et al, 2016; Lee et al.
2017; Skrovankova et al. 2015; Marczylo et al. 2009; Lin et al. 2017).

The interpretation of the results obtained from both randomized clinical trials (RCTs) and observational

studies (0S) can help determine the effectiveness, safety and health properties of whole-foods and bioactive
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compounds (Faraoni and Schaefer 2016). Moreover, the combination of both, RCTs and OS’, may help
understand and solve questions that could not be answered by the analysis of either one type of study alone
(Faraoni and Schaefer 2016). In accordance, to provide with a full summary on the available data regarding the
health properties of ACNs, our work integrates the information on both the associations between ACNs and
diverse health outcomes { from 087), as well as the ACN effects on diverse cardiovascular and metabolic disease
risk factors (from RCTs), Moreover, the available information on ACNs from multiple systematic and meta-
analysis (SRMs) can be compiled into an umbrella review {Aromataris et al. 2015) to provide the reader with
ong accessible and usable document on the proven health benefits of ACNs. Therefore, the present umbrella
review aims to appraise and summarize the current knowledge regarding the effects (RCT-5RMs) and

associations (OS-SRMs) of ACNs on diverse aspects of human health.

2. Methods

21 Search Strategy and Selection Criteria

As an umbrella review, a summary of the existing SRMs on a specific subject, such as ACN health bencfits
from the ACN consumption in humans. Thus, an umbrella review is a way to provide decision-makers with the
all known information obtained from systematically performed research, therefore organizing and assessing the
evidence from various health outcomes associated with the ACN consumption (Aromataris et al. 2015).

In this sense, for the present umbrella review, our group followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) methodology (http://www.prisma-statement.org’) (Moher
et al. 2009). The protocol of the present umbrella review was previously registered in the University of York’s
International Prospective Register of Systematic Reviews (PROSPERO: hitps:/www.crd.york.ac.uk/prospero/)
with the registration number: pending,

A web-based scarch in three of the most important reference scientific libraries: PubMed

(bt www nebinlm.nih gov/ipubmed), the SCOPUS library (www.scopus.com), and the Cochrane Library

(http:/fwww cochranelibrary.com/) was performed. The following search term was used to retrieve all possible

included articles: “(Anthocyanin OR ACN OR anthocyanins) AND (“systematic review” OR meta-analysis OR
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metaanalysis OR meta analysis) AND (health OR cardiovascular OR cancer OR disease OR metabolic OR
chronic OR diabetes OR illness OR mortality OR risk)™.

The results were screened based on their titles, abstracts, and full texts according to the previously
established inclusion as follows: 1) SRMs of RCTs regarding the effects of the consumption or supplementation
of ACNs on any health outcome; 2) SRMs of 08" regarding the epidemiological associations between the ACN
consumption/supplementation and any health outcome; and 3} studies published from inception up to December
Ist, 2019, All non-English articles, articles presenting the results from non-clinical outcomes, articles not
fullilling the inclusion criteria, articles reporting incomplete methodology, as well as low-guality SRMs were

excluded from our analysis.

2.2, Data extraction and analysis

Two independent authors extracted the published data from the main text and tables (U.C. and BA. 5-R.),
and all differences were resolved by a third author (R.S.) as recommended by the PRISMA criteria (Moher et
al. 2009). The following information was extracted from the finally included articles: 1) general information
including title, author, year published, and health outcome assessed: 2) type of review performed; 3) assessed
population; 4) databases searched; 5) date range of database search; 6) intervention type of the reviewed articles;
7) publication date range of the included articles; 8) quality appraisal tool used for bias assessment; and 9) main
conclusions. However, the extraction of the findings and results for an umbrella review ought to be limited to
those results obtained directly from the results of SRMs; thus, primary study level data should not be reported
in an umbrella review (Aromataris et al. 2015). Finally, for heterogeneity (I%) assessment, the cut-off values for

a low, moderate and high heterogeneity were 25%, 50%, and 75% respectively (Higgins et al. 2003).

2.3 SRM Risk of bias assessment

The potential risk of bias was independently assessed by two authors (BA.8-R. and U.C.) for the SRMs
that met our inclusion criteria, using the critical appraisal wol for systematic reviews including randomized or
non-randomized studies (AMSTAR 2) (Shea et al, 2017), The AMSTAR 2 was based on the evaluation of 16
items for which simple response categories must be fulfilled, the results rate the assessed SRMs as of high,

moderate, low or eritically low quality (Shea et al. 2017). Moreover, the risk of bias of the meta-analysis of’
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08" was performed using the Joanna Briggs Institute risk of bias assessment { Aromataris et al. 2015). Following
the PRISMA criteria, two authors (BA.S-R. and U.C.) reached a consensus for the risk of bias evaluation scores,

all discrepancies were resolved by a third independent author (R.S.).

3. Results

.1 Literature search, studies selection, and characteristics

From our initial screening, 57 SRMs published from inception up to December Ist, 2019 were retrieved.
After assessing all titles and abstracts, 45 SRMs were excluded for not meeting the inclusion criteria, while no
studies were excluded as repeated entries,
The resultant 12 SRMs were further examined, and 2 out of the 12 eligible publications were excluded
due to low-quality risk of bias assessment (n=1), and incomplete results (n=1) (Figure 1), leading to the final
inclusion of 10 SRMs (Guo et al. 2016: Godos et al. 2019: Liu et al. 2016; Ellwood et al. 2019; L. Yang et al.
2007 Hui et al, 2013; DY, Yang et al. 2019; Yongjian Zhu et al. 2016; Fairlie-Jones et al. 2017, Wallace,
Slavin, and Frankenfeld 2016).
From the 10 SRMs finally included in the present umbrella review, 4 OS-SRMs comprising the
information from 38 OS and 1,532,282 participants {1 prospective study, 1 cross-sectional and prospective
studies; and 2 prospective with case-control studies) (Guo et al. 2016; Godos et al. 2019; Hui et al. 20013: DY
Yang et al. 20019). Moreover, as a part of the present umbrella review, 6 RCT-SRMs were included,
summarizing the information from 103 RCTs and =2668 volunteers (Fairlie-JTones et al, 2017, Wallace, Slavin,
and Frankenfeld 2016; Yongjian Zhu et al. 2016; Liu et al. 2016; Ellwood etal. 20019; L. Yang et al. 2017) were
included. Regarding the ACN-related outcomes assessed on the included SRMs:
a)  The type 2 diabetes mellitus (T2DM) risk associations with ACNs and their effects over diverse
glycemic control biomarkers were assessed in 2 SRMs. The first OS-5RM including 3 prospective
cohort studies (Guo et al. 2016) assessing the risk of T2DM, and 1 RCT-SRM including 32 RCTs o
assess the effects of ACNs on the diverse glycemic control biomarkers (L. Yang et al. 2017}

b} The etfects of ACNs on hypertension and the blood pressure levels were assessed in 3 SRMs: 1 0S-

SRM including 20 O8" (15 eross-sectional trials and 7 prospective 087} (Godos et al. 2019); 1 RCT-
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SRM including & RCTs (1 of them a cross-over) (Yongjian Zhu et al. 2016), and finally | RCT-SRM
where 6 RCTs were included (Ellwood et al. 2019).

¢} The effects of ACNs on diverse cardiovascular disease (CVD) biomarkers, such as lipids, were
evaluated from 2 RCT-SRMs: | including 12 RCTs (Wallace, Slavin, and Frankenfeld 2016). and |
RCT-5RM including 6 RCTs (Liu et al. 2016).

d)  The effects of ACNs on the vascular function were assessed from | RCT-SRM including 29 RCTs (8
acute and 2| chronic interventions) (Fairlie-Jones et al. 2017).

¢) Finally, the associations between the ACN dietary intake and cancer were assessed:
1= The breast cancer risk and its associations with the ACN dietary intake were evaluated from |

05-5RM from 12 OS8’ {6 prospective cohorts, | nested case-control, 2 population-based case-

control, and 3 hospital-based case-controls) (Hui et al. 2013), while the associations between

(%
f

The gastric cancer risk and the dietary ACN consumption were assessed from 1 OS-SRM
including 6 articles (2 cohorts and 4 case-control studies) (D. Y. Yang et al. 2019).

Complete information on the general characteristics of the included OS-SRM and RCT-SRM is presented
in Table 1,

In relation with the ACN sources, due to the diverse ACN sources (purified ACNs, n=37; fruit extracts,
n=42; freeze-dried fruits, n=11; fruit juices, n=13) reported in the original RCTs assessed in the SRMs included
as a part of our umbrella review, the specific source for attaining ACN’s benefits could not be identified.
Accordingly, the ACN results should be interpreted as the effects or associations of a given ACN dose/dietary

intake regardless of its source (i.e. extracts or fruits).

1.2 Methodological quality and funding from the included studies

The AMSTAR 2 was used to assess the methodological quality of the included RCT-SRMs, all of which
were selected from inception (Shea et al. 2017). As a result, 6 of the RCT-SRM included were scored as high
quality (Wallace, Slavin, and Frankenfeld 2016; Fairlie-Jones et al. 20017; Yongjian Zhu et al. 2016; Liu et al.
2016; Ellwood et al. 2019; L. Yang et al. 2017), and | systematic review was excluded from this analysis due

to a eritically low score (Igwe et al. 2019).
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None of the RCT-SRM included reported any relevant conflict of interest concerning their funding.

Complete analysis of the AMSTAR 2 risk of bias nt from the included RCT-SRMs is shown in Table
2. Moreover, the risk of bias of the compiled OS-SRM (Guo et al, 2016; Godos et al, 2019; Hui et al. 2013, D.
Y. Yang ct al. 2019) was assessed with the Joanna Briggs Institute risk of bias assessment tool (Aromataris et

al. 2015) (Table 3).

1.3 The effects and associations af ACNs on human health

331 Glucose metabolism and type 2 diabetes mellitus

The associations between dietary ACN consumption and the risk of T2DM was assessed in 1 high-quality
O8-SRMs of 3 prospective cohort studies published in 2012, from a total sample of 200,894 participants (12,611
diagnosed as T2DM patients) (Guo et al. 20016). As a result, the individuals consuming the highest dictary ACN
intake (=22 mg/day), estimated through food frequency questionnaires, showed a significant reduction of 15%
in the risk of T2DM [relative risk (RR) = 00L85; 95% CIL: 0.80, 0.91; I 14.5%] (Guo et al. 2016). Moreover, it
was noted that the risk of T2DM was decreased in 3% per each 7.5 mg/day increment of dietary ACN intake
(RR = 0.95; 95% CI: 0.93, 0.98; T*: 0.00%) (Guo et al. 2016). Also, significant curvilinear associations were
deseribed for the dietary intake of ACNs (P for nonlinearity = 0.006) (Guo et al. 2016).

The effects of ACNs on different glucose metabolism biomarkers were appraised in the high-quality RCT-
SEM, including 1,491 volunteers (732 cardiometabolic patients / 759 controls) from 32 RCTs published
between 2004 - 2016 (L. Yang et al. 2017). As a resull, the supplementation with 200-400 mg/day of ACNs
significantly reduced the fasting glucose levels in 0.31 mmol/L equal to 5.58 mg/dL (SMD: -0.31; 95% CI: -
0.59, -0.04; [* = 80.7%), and also decreased the glycated hemoglobin (HbAIc) values in 0.65% (SMD: -0.65;
95% C1: -1.00, -0.29; I = 72.7%) of cardiometabolic patients when compared against control subjects (L. Yang
etal 20017).

Furthermore, the ACN consumption in overweight-obese subjects significantly reduced the HOMA-IR in
0.65 units (SMD: -0.65; 95% CI: -1.23, -0.06; I* = 45.2%) (L. Yang ct al. 2017). and the 2-h postprandial

glucose values in 0.82 mg/dL (SMDx: -0.82; 95% CIL: -1.49, -0.15; I = 77.7%). However, due to scarce data
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described in RCT-SEM (L. Yang etal. 2011 7), the precise ACN dose needed for reduction of the 2-h postprandial
glucose response was not defined (L. Yang et al. 2017).

In short, from OS°, the ACN chronic dietary intake (mainly from fruits) was associated with a reduced
risk of T2D, this association can be explained by the effects of ACNs from RCTs (extracts or purified ACNs),
which cause the significant decrease of the fasting glucose levels, HbAle, and HOMA-IR, as T2DM

biomarkers.

332 Endothelial Function Assessment by Artevial Flow-mediated Dilation (FMD).

The effects of ACNs on the endothelial function were assessed in one high-quality RCT-SRM of 29 RCTs
[Acute (n = &), chronic (n = 21)] (Fairlie-Jones et al. 2017), The included 29 RCTs were published between
2006-2016 and conducted in adult male, female and post-menopausal female populations, aged over 18 years
old, from the United Kingdom, North America, China, Korea, Italy, Australia, Greece and Israel (Fairlie-Jones
etal, 2017). As aresult, the acute ACN intake with doses between 1 - 724 mg/day from different sources caused
a significant 3.92% improvement in the arterial FMD [standard mean deviation (SMD): 3.92%, 95% CI: 1.47-
6.38. P=10.002, I>= 91.8%). In the same way, the chronic ACN consumption from diverse sources significantly
improved the arterial FMD (SMD; 0,84%, 95% CI; 0.55-1,12, P < 0.001; I'= 62,5%) (Fairlie-Jones et al, 2017),

Finally, the acute ACN supplementation significantly enhanced the pulse wave velocity in -1.27 m/s
(SMD: -1.27, 953% Cl: -1.96, -0.58, P < 0.001; I* = 17.8%), and increased the vascular reactivity in 141%
(SMD: 2.41, 95% C1: -0.91, -3.91, P=0.002; I* = 92,6%) (Fairlic-Jones et al. 2017), These vascular benefits
were noted equally for healthy and non-healthy populations including obese, overweight and hypertensive
subjects (Fairlie-Jones et al. 2017). No significant differences were noted for the arterial augmentation index, a
measure of systemic arterial stiffness (Fairlie-Jones et al. 2017). Hence, ACNs (mostly as extracts or purified
ACNSs) significantly improve the endothelial function in both healthy and non-healthy subjects such as obese,

overweight and hypertensive subjects.

333 Blood pressure and hypertension

In the OS-8RM of 20 08’ [cross sectional (n = 15), prospective cohort (n = 7)]. published in 2002 — 2018,

the association between the dietary ACN intake and the occurrence of hypertension was assessed from 200,256
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participants (45,732 cases of hypertension). As a result, the dietary ACN intake was significantly associated
with an 8% reduction in the risk of hypertension, when comparing the highest against the lowest dietary
exposure to ACNs (RR: 0,92, 95% CT. 0,88, 0.97; I = 74%) (Godos et al. 2019).

However, the effects of ACNs on blood pressure and other CVD biomarkers were assessed in the RCT-
SREM from 12 RCTs published between 2005 — 2014 (Wallace, Slavin, and Frankenfeld 2016), while no
significant effects of the ACN interventions and the participants' blood pressure values were noted for doses
between 192 - 640.0 mg/day (Wallace, Slavin, and Frankenfeld 2016). Interestingly, no adverse effects of
anthocyanins were reported across studies at levels up to 640 mg/day (Wallace, Slavin, and Frankenfeld 2016).
Nonetheless, one of the RCTs included in the RCT-SRM an 85 mg/day dose of a flavonoid-rich chokeberry
extract (Aronia melanocarpa; 25% ACNs) or a placebo were added to the statin therapy of post-myocardial
infarction patients for & weeks resulting in significant decreases of both the systolic and diastolic blood pressure
values (Naruszewicz et al. 2007; Wallace, Slavin, and Frankenfeld 2016).

Accordingly, in an RCT-8RM from 6 clinical studies [RCTs (n = 5), crossover (n = 1)], including 472
post-menopausal, light smokers or healthy participants (China, England, Norway and Italy), ACN doses
between 162-640 mg/day had no effects over the systolic blood pressure (Weighted Mean Difference (WMD)
1.15 mmHg, 95% CI: -3.17, 5.47; I* = 56%), nor the diastolic blood pressure were identified (WMD: 1.06
mmHg, #5% CL: -0.71, 2.83; [* = 0.00%) (Yongjian Zhu et al. 2016).

Additionally, in another RCT-SRM the effects of the flavonoid-rich fruit intake, compared the
administration of any type of flavonoid-rich fruit or equivalent supplement, including ACNs, against a placebo
or other interventions in 119 adult subjects with hypertension from 3 RCTs published between 2007 - 2016
(Ellwood et al. 2019). The subgroup analysis showed no significant effects between the ACN intake and the
systolic or diastolic blood pressure values (MD: 0.96, 0.96, 95% CI: 3.22, 1.30; P = 0.41, I* = 0.00%), when
compared against a placebo (Ellwood et al. 2019). In accordance, no significant effects were observed on the
systolic or diastolic blood pressure (p=0.035) (L. Yang et al. 2017).

Therefore, despite the positive association between the chronic intake of ACNs and a decreased risk of
hypertension found in OS’, no effects of the ACNs (mostly as extracts or purified ACNs) on hypertension were

determined from the RCTs. This discrepancy between the effects and associations of ACNs and hypertension
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might be explained by undetermined confounding factors reducing the risk of hypertension; moreover, other

food ingredients could determine the effects of ACNs on the blood pressure.

334, Plasmatic lipid prafile

The effects of ACNs on the lipid profile of humans were assessed in 3 RCT-SRMs (Wallace, Slavin, and
Frankenfeld 2016; L. Yang et al. 2017 Liu et al. 2016).

In the systematic review of 12 RCT articles, representing 10 studies describing the effects of ACNs on
diverse CVD biomarkers were assessed in European (n = 5), Chinese (n = 2}, Iranian {n = 2), and Mexican (n
= 1) populations (Wallace, Slavin, and Frankenfeld 2016). As a result, the consumption of ACN doses between
19.2 - 640.0 mg/day, demonstrated significant decreases of = 14.08% in the values of plasmatic low-density
lipoprotein cholesterol (LDLc), notably all 4 RCTs reporting positive results were conducted on hyperlipidemic
(n=3) and dyslipidemic populations (n=1), while healthy populations did not report significant changes in LDLe
(Wallace, Slavin, and Frankenfeld 2016). The different responses of LDLe blood concentration in
hypercholesterolemic or healthy populations could be explained by the higher baseline LDLc levels in
hypercholesterolemic patients.

Moreover, from another RCT-SRM, the effects of ACN supplementation with the same doses also showed
significant increases of =11.79% in the high-density cholesterol (HDLc) plasmatic levels in hyperlipidemic
subjects (n = 2), dyslipidemic (n =1), healthy individuals (n = 2), metabolic syndrome patients (n = 1), and in
pre-hypertensive patients (n = 1) (Wallace, Slavin, and Frankenfeld 2016). Finally, ACNs significantly reduced
the TC values between 5.86 - 25.53% (p=0.01}, in patients with metabolic syndrome (n=1) or hyperlipidemia
(n=2) (Wallace, Slavin, and Frankenfeld 2016).

In addition, the cholesterol lowering properties of ACNs were assessed in the RCT-SRM of 586
dyslipidemic subjects coming from 6 RCTs (Liu et al. 2016). As a result. when compared against the placebo
group, the consumption of ACN doses of 90 - 320 mg/day for 4 - 24 weeks significantly reduced the plasmatic
levels of total cholesterol (TC) in 24 mg/dL (Mean difference (MD): -24.06, 95% CI: -45.58, -2.64 mg/dL; I* =
93%), of triglycerides in 26.14 mg/dL (TG; MD = -26.14, 95% CL: -40.20, -3.08 mg/dL; I* = 66%), and of
LDLe in 22,10 mg/dL (MD: -22.10, 95% CI: -34.36, -9.85; mg/dL; I* = 61%), while increasing the HDLc in
5.58 mg/dL (MD: 5,58, 95% CL: 1,02, 10,14 mg/dL; I* = 90%) (Liu et al. 2016),
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These ACN effects were particularly true for Iranian [MD: -50.58, 95% CI: -86.52, -14.64 mg/dL, I* =
89%) and Chinese (MD: -6.59, 95% CI: -12.44, -0.73 mg/dL. I* = 1%) populations {Liu et al. 2016).

Moreover, in a high guality RCT-SRM of 27 trials, the effects of ACNs over the glvcemic control and
plasmatic lipids were assessed from 1491 volunteers (732 cardiometabolic patients) (L. Yang etal. 2017). As a
result, the intake of 200 - 400 mg/day of ACNs, from diverse sources, was associated with the decrease of TC
in 0.33 mmol/L [(12,76 mg/dL) SMI:; -0.33; 95% CI, 0,62, -0,03; I = 86.9%], and of LDL¢ in 0.35 mmol/L.
[(13.53 mg/dL) SMD: -0.35; 35% CI: -0.66, -0.05; I* = 85.2%], while marginally increasing HDLe values in
0.24 mmol/L [(9.28 mg/dL) (SMD: 0.24; 93% CI: 0.00, 0.49; I* = 81.1%] (L. Yang et al. 2017). Moreover, the
TG, ApoAl and ApoB plasmatic values were not significantly modified (L., Yang et al. 2017),

The information available on the effects of ACN intake (mostly as extracts or purified ACNs) on the

plasmatic lipids showed a reduction in the TG, TC, and LDLe while increasing the HDLc plasmatic values.

335 Cancer

The associations between the dietary ACN intake and cancer were assessed in | moderate- (Hui et al.
2013), and 1 high-quality OS-SRM (D. Y. Yang et al. 2019). In the first OS-SRM, the associations between the
ACN dietary intake and the breast cancer risk were assessed from 9,513 breast cancer patients and 181,906
controls involved m 12 05" [prospective cohort (n = &), nested case-control (n=1). population-based case-
control (n = 2), hospital-based case-contrel (n = 3)], published between 1997 - 2010 (Hui et al, 2013). As a
result, there were no significant associations between the ACN dietary intake and the breast cancer risk (Relative
Risk (RR) = 0.97, 95% CI: 0.87, 1.08) (Hui et al. 2013).

Additionally, the associations between the ACN dietary intake and the gastric cancer risk were assessed
in 949,226 patients and controls from 6 OS" [cohort (n = 2), case-control (n = 4)], published between 2004 -
2007 (D. Y. Yang et al. 2019). As a result, no significant associations between the dose-response relationship
was not found in this OS-SRM (RR = 0.92, 95% CI: 0.81, 1.04) (D. Y. Yang et al. 2019). Additionally, no
significant associations were found for the linear or the non-linear dose-response of ACNs in the subgroup
analysis by gender (men: RR = 1.02, 95% CI: 0.73, [ .40: women: RR = 0.80, 95% CI: 0.52, 1.23). nor for tumor
location (cardia: RR = 0,90, 95% CI: 0.62, 1.31; non-cardia: RR = 0.86, 95% CI: 0.69, 1.07)(D. Y. Yang et al.

2019,
14 of 50

URL: http://mcmanuscriptcentral.com/bfsn Email: fergc@foodsci.umass.edu

Page 16 of 53

132



UNIVERSITAT ROVIRA I VIRGILI

THE TISSUE BIOAVAILABILITY, BIOMARKERS,

AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.

STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT.
Berner Andrée Sandoval Ramirez

Page 17 of 53

1

2

3 346
4

5 347
6

7

8 348
9

10 349
11

12 350
13

14 351
15

16 352
17

18 353
19

20 354
21

22 355
23

24

25 356
26

27 357
28

29 358
30

31 359
32

33 360
34

35 361
36

37 362
38

39 363
40

41 364
42

a3 365
44

45 366
46 367
47

48 368
49

50 369
51

52 370
53

54 371
55

56

57

58

59

60

Critical Reviews in Food Science and Nutrition

Thus, the ACN dietary intake showed no significant associations with breast cancer nor with the gastrie

cancer risks.

4. Discussion

In the present umbrella review of 10 SRMs about ACNs, from four O3-5RMs (38 studies and 1,532 282
participants), ACNs of different sources were significantly associated with the reduction of the risk of
hypertension, and type 2 diabetes mellitus, From 6 RCT-SRMs (including 103 interventions and =2,668
participants), ACNs mainly from extracts improved the plasmatic lipid profile, glucose metabolism, and
endothelial function without significant effects on blood pressure.

In consequence, the information obtained from OS-SRMs and RCT-SRMs provides new perspectives in

the management of cardiometabolic diseases in humans.

4.1 ACNSs, glucose metabolism and T2DM

T2DM is characterized by insulin resistance and high blood sugar with diverse long-term complications
including coronary heart disease, stroke, kidney failure and reduced blood flow to the extremities (Brunton
2016). In recent years, T2DM has considerably increased its prevalence among the general population,
particularly in younger individuals, contributing to longer disease exposure and an increased risk of
complications with numerous adverse effects (Lascar et al. 201 8). As a result, the prevention and treatment of
T2DM acquired significant interest from the seientific and medical communities, In accordance, an umbrella
analysis on the effects of ACNs on glycemic control and the associations between ACNs over the risk of T2DM
was conducted. As a result, the OS-SRM (200,894 participants), suggests that individuals consuming the
highest dietary intake of = 22 mg/day of ACNs from different sources have a 15% reduetion in the risk of T2DM
(Guo et al, 2016). Moreover, an additional 5% reduction in the risk of T2DM has been noted per each increment
of 7.5 mg/day on the dietary ACN intake in the prospective 08 (Guo et al. 2016).

The reduction of the T2ZDM risk from the ACN intake is in accordance with the information retrieved from
the RCT-S5RM regarding the effects of ACNs (mostly as extracts or purified ACNs) on diverse glucose
metabolism biomarkers, where the ACN supplementation with doses between 200 - 400 mg/day significantly

reduced the fasting glucose levels in 5.58 mg/dL and of Hb1Ac in 0.65% (L. Yang et al. 2017).
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Furthermore, ACN consumption significantly decreased the HOMA-IR, an index used to express the level
of insulin resistance (Shashaj et al. 2016), by 0,65 HOMA units in overweight-obese subjects (L. Yang et al.
2017). The ACN glucose metabolism regulation assessed by i vitre studies performed on HepG2 cells have
demonstrated that ACNs promoted the glycogen synthesis and the reduction of gluconcogenesis (Yan et al.
2016). The reduction of gluconsogenesis, can be explained by a decreased activity of the phosphoenolpyruvate
carboxykinase and the glucose-6-phosphatase enzymes, secondary to the activation of PPARy in HepG2 cells
from ACNs (Yan et al. 2016; Yan, Dai, and Zheng 2016} and adipocytes (Choi et al. 2017; Luna-Vital, Weiss,
and Gonzalez de Mejia 2017). Consequently, ACNs seem to be able to increase the cellular glucose intake and
reduce insulin resistance by adipocyies and hepatic cells. Moreover, in a human intestinal Caco-2 cells model,
ACNs downregulated the expression of the GLUT2 transporter, possibly explaining the diminished intestinal
glucose absorption and the postprandial glycemia (Alzaid et al. 2013; Luna-Vital, Weiss, and Gonzalez de
Mejia 2017),

Finally, ACNs significantly reduce the risk and aid in the management of T2DM in humans. Moreover,
since SRMs are considered the highest level of scientific evidence (Murad et al. 2016), the analysis of the
information from both O8’-SRMs and RCT-SRMs evidenced, for the first time, a summary of the effects from
ACNs which act as the possible mechanism of action for the T2DM risk reduction that 1s associated with the

chronic ACN dietary intake.

4.2 ACNs and the Arterial Flow-mediarted Dilation Functional Assessment.

So far, the effects of ACNs on the endothelial function have been assessed in one high-quality RCT-SRM.
As a result, the acute ACN supplementation with doses between 1 - 724 mg/day significantly improved the
arterial FMD in 3.92%, and reduced the pulse wave velocity in 1.27 m/s, while also improving the vascular
reactivity (Fairlie-Jones et al. 2017).

On the other hand, the chronic ACN intake revealed a smaller, however significant, improvement of the
arterial FMD of 0.84%, in both healthy and non-healthy populations (Fairlic-Jones et al. 2017). It has been
suggested that the effects observed after the acute intake of ACNs (mostly as extracts or purified ACNs) might

be related to the plasmatic presence of vanillic and benzoic acids on the first 2 hours after ACN consumption,
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while the effects after 6 hours might be related to the added presence of hippuric and homovanillic acids
(Rodriguez-Mateos et al. 2013).

Moreover, the effects on the vascular function improvement by the ACN intake appears related to the
regulation in the expression of diverse proteins invelved in the nitrous oxide (NO) metabolism, in consequence
enhaneing the endothelial function {Rodriguez-Mateos et al. 2013; Speciale et al. 2014). The NO-related
regulation by ACNs is also linked to the prevention of the peroxynitrite-mediated endothelial dysfunction by
cyanidin-3-glucoside. an ACN metabolite, as demonstrated in a human umbilical vein endothelial cell model
(Speciale et al. 2014). Additionally, ACNs reduced the expression of diverse adhesion molecules in endothelial
cells, leading to lesser monocyte presence, monocyte activity and inflammation in mice (Rodriguez-Mateos et
al. 2013). As aresult, the ACN's mechanisms described explain the observed effects of ACNs in the significant

improvement of the endothelial function in humans.

4.3, ACNs and blood pressure

Only the OS3-SRMs have demonstrated associations between the chronic ACN intake and a reduced risk
of hypertension (Godos et al. 2019). As a result of the present umbrella review, the ACN supplementation with
doses between 162 - 640 mg/day showed no significant effects on the reduction of either the systolic nor of the
diastolic blood pressure values neither in post-menopausal women, light smokers nor in healthy subjects
(Yongjian Zhu et al. 2016). However, a noteworthy exception exists for patients after an acute myocardial
infarction as reported in an RCT which was analyzed in one of the RCT-SRMs (Yongjian Zhu et al, 2016)
which is included in present umbrella reviews (Naruszewicz et al. 2007). Where the combined therapy of statins
supplemented with a flavonoid-rich extract (25% ACNs) in a group of post-myocardial infarction patients
resulted in significantly lower (-11 mmHg; p<0.03) systolic pressure values when compared against a statin
only treated group (-7.2 mmHg; p<0.03) (Naruszewicz et al. 2007). Nonetheless, the same effects for ACNS
were not noted in any other of the assessed populations.

From current evidence, the ACN effects (from RCTs) on the blood pressure reduction do not coincide
with the beneficial association of the ACN dietary intake and a lower hypertension risk. The discrepancies
between the observational and experimental results might be due 1o multiple causes. First, the inherent

limitations and biases related to the data recollection and design in food frequency questionnaires used in 08,
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Second, there might exist inadvertent and unanalyzed confounding variables that could explain a lesser risk of
hypertension in individuals who are also consuming larger amounts of ACN-rich fruits (Rodrigo et al. 2015;
Béjar and Vizquez-Liman 2017), Third, the observed effects of ACNs in the RCT-SRMs might come from a
higher ACN extract intake for relatively short periods, rather than lower ACN doses consumed as a part of the
dietary intake from participants in the OS-SRMs. And finally, the observed ACN associations with blood
pressure might be related to the chronic intake of other bivactive compounds also linked to the ACN-rich fruits,
such as fiber, influencing the associations between ACNs and the risk of hypertension (Streppel et al. 2005).
The above-mentioned inconsistencies between 087 and RCTs also represent a void in the current body of
knowledge as well as a research opportunity regarding the possible effects of ACNs on blood pressure and

hypertension.

4.4. ACNs and the plasmatic lipid profile

The ACN effects from doses between 200 - 4000 mg/day (mostly from extracts or purified ACNs) have
demonstrated to significantly decrease the plasmatic concentrations of TC in 12.76 mg/dL, of LDLc in 13.53
mg/dL mg/dL. and of TG in 26.14 mg/dL, as well as the increase of HDLe plasmatic values in 9.28 mg/dL,
observed not only for hyperlipidemic subjects, in individuals suffering from metabolic syndrome, and in pre-
hypertensive patients but also, in a lesser magnitude in healthy volunteers.

The possible ACN mechanisms of action on the lipid metabolism can be related to: The improvement in
the reverse cholesterol transport and the HDL particle functionality beyond the simple increase in the HDLe
concentrations by ACNs, as previously reviewed (Millar, Duclos, and Blesso 2017). Additionally, ACNs
enhanee the cholesterol efflux in HDL particles, inhibiting the cholesteryl ester transfer protein (CETP) in
dyslipidemic subjects (Liu et al, 2016). Also, ACNs improve the paraoxonase-1 activity in HDL particles
leading to increased HDL functionality in hypercholesterolemic subjects (Yanna Zhu et al. 2014) and reduce
the aortic cholesterol levels as proven in a hyperlipidemia mice model (Farrell et al. 2015). In in vitro assays,
diverse ACN metabolites, predominantly cyanidin-3-glucoside and peonidin-3-ghicoside, demonstrated the
significant suppression of the cholesterol uptake in Caco-2 cells vig competitive inhibition, therefore increasing
the luminal precipitation of cholesterol (Yao et al. 2013), and explaining the higher fecal ACN excretion and

lower plasmatic cholesterol values observed in hamsters (Liang et al, 2013),
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Finally, in mice, cyanidin-3-glucoside, significantly inhibited the aortic sinus plaque formation, reduced
hypercholesterolernia, promoted the fecal bile acid exeretion and upregulated hepatic cholesterol Ta-
hydroxylase expression (CYPTAT) in mice (Wang et al, 2012).

Thus, ACN intake produces a more beneficial lipid profile and improves the HDL functionality in humans.

4.5, ACNs and Cancer

The present umbrella review analyzed the associations between the ACN dietary intake and the cancer
risk in humans from two high-quality O5-S8RMs of cohort studies. As a result, the ACN dietary intake was not
associated with a decreased risk of breast cancer in a sample of 191,419 participants from 12 OS” (Hui et al.
2013), nor of gastric cancer in a sample of 949,226 participants from 6 OS* (D. Y, Yang et al. 2019). Thus, so
far, ACNs are not related to a reduced risk of developing gastric nor breast types of cancer.

On the other hand, despite the lack of positive results in the SRM from O8°, ACNs have shown promising
results for the prevention of breast cancer in previous animal and cellular models discussed below.

However, in vitro models, ACNs have been related to the inhibition of the HER-2-positive breast cancer
epithelial-mesenchymal transition-mediated metastasis by suppressing FAK signaling (Zhou et al. 2017), and
have also the ability to promote the apoptosis of triple-negative breast cancer cells (Wang et al, 2016).
Additionally. the oral administration of 150 mg/kg/day of ACNs to nude mice reduced the tumor growth,
inhibited the pulmenary metastasis and decreased the oceurrence of tumoral nodules (Luo et al. 2014), Besides,
ACNs might have a protective role in the onset of other cancer types such as prostate cancer, the in vitro

evidence demonstrates that ACNs induce the apoptosis of DU-145 cells while inhibiting the xenograft growth

of prostate cancer (Ha et al. 2015), causing the apoptosis and cell differentiation of the p cancer cells
{Sorrenti et al, 2015).

Additionally, ACNs have also shown potential in the prevention of colon cancer, where ACNs
significantly increase the activation of the apoptotic pathway through the activation of caspase-3 and the
inactivation of diverse transcription factors (Forester et al. 2014). Accordingly, in animal experiments, mice
consuming 10% of ACNs showed a significantly lower number of colon tumors when compared against the

control and 1% ACN-supplemented mice (Lippert et al. 2017).
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Furthermore, the ACNs and ACN-metabolites present in the plasma of healthy volunteers have shown to
inhibit the pancreatic cancer cell migration (Kuntz, Kunz, and Rudloff 2017), therefore deserving further
attention as a potential bioactive phvtochemicals in cancer prevention.

On the other hand, ACNs have demonstrated the potential to reduce the cancer progression by inducing
apoptosis and autophagy of thyroid cancer aflected cells in vitro (Long et al. 2018).

Despite the discouraging findings arising from the results of our umbrella review, the potential beneficial
associations of ACNs on the rnisk of other types of cancer, such as the prostate or colon cancer, have not been

addressed in high-quality SRMs so far, thus representing an ongoing opportunity for future research in the field.

5. Conclusions

The information obtained from SRMs including 38 OS°, gathering more than 1.5 million participants,
revealed that ACNs provided by fruits are associated with the reduction of the T2DM and hypertension risks
while showing no association with the breast nor gastric cancer risk,

Additionally, the umbrella review of the SRM of 103 RCTs regarding the effects of the ACN
supplementation (mostly as extracts or purified ACNs) to >2668 volunteers demonstrated the ACN
consumption significantly reduces the fasting glucose levels, the HblAc, the HOMA-IR, and the plasmatic
values of TC, triglycerides, and LDLe, while increasing the HDLe values. Moreover, ACNs showed a
significant effect on increasing the arterial FMD, the pulse wave velocity, and vascular reactivity,

For the first time, the possible mechanism of action for the T2DM risk reduction associated with the
chronic ACN dietary intake has been provided from the analysis of both 05"~ and RCT-SRMs.

The current evidence demonstrated that ACNs, regardless of their source, have no effects on the systolic
blood, nor the diastolic blood pressure,

The precise dose needed to attain most of the benctits related to the ACNs consumption could not be
acquired from the current evidence due to scarce information; however, doses between 200 - 400 mg/day seem
to provide significant health benefits, particularly for cardiometabolic health. The determination of the precise
sources of ACNs (i.e. fruits, extracts. juices, etc.) to attain their related benefits could not be determined
therefore, the positive effects and associations of ACNs are related to their total intake amount regardless of

their source,
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505 Finally, the chronic ACN dietary intake, regardless of its source, aids in the prevention of T2D and
506 hypertension, while the ACN-rich extract or purified ACN supplementation should be considered in the

507  management of glucose metabolism, hypercholesterolemia, and the improvement of the endothelial function in

o~ Oy Bk =

] 508 humans.
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Red and white-fleshed apples modulate aorta and heart proteome in
hypercholesterolemic rats. The Apple COR project.
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Manuscript Draft

Manuscript Number:

Title: Red-fleshed apples rich in anthocyanins and white-fleshed apples
modulate acrta and heart preoteome in hyperchelesterolemic rats. The
AppleCOR study

Article Type: Research Article (max 7,500 words)

Keywords: anthocyanins; phenolic compounds; proteomics; aorta and heart
rat tissues; apple

Corresponding Author: Dr. Anna Pedret,
Corresponding Author's Institution:
First Author: Ursula Catalén

oOrder of Authors: Ursula Catalén; Anna Pedret; Silvia Yuste; Laura Rubié;
Carme Pifiol; Berner A Sandoval-Ramirez; Judit Companys; Elisabet Foguet;
Pol Herrero; Niria Canela; M®José Motilva; Rosa Secla

Abstract: New mechanisms-of-action of anthocyanins (ACHs) provided by a
red-fleshed apple compared with a white-fleshed apple, and with an ACHN-
rich extract on the proteome profile of aorta and heart as cardiocvascular
key tissues were determined. Hypercholesterolemic Wistar rats were
separated into the corresponding groups to analyze the proteomic profile
of the aorta and heart tissues using nano-liguid chromatecgraphy coupled
to mass-spectrometry. Red-fleshed apple downregulated CRE, CIQE and CFP
related-inflammation. White-fleshed apple reduced C1QB, CFB, CFD, C3, and
C9 related to the complement system, reduced MB and CP related to iron
metabolism, and increased MEl, PEM, and PC related to energy homeostasis.
ACN-rich extract increased FMOD, TAGLN, and CAPl related to cellular
structure and decreased PREACA, IQGAPl, and HSPYOABL related to cellular
signaling. Red-fleshed apple rich in ACNs suggested an anti-inflammatery
effect while white-fleshed apple reduced the complement system protein-
related. An apple matrix effect reduced inflammatory proteins regardless
their ACN content.
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Cover Letter

Paul Finglas, Ph.D.

Editor-in-Chief, Food Chemistry

08-06-2020

Dear Dr. Finglas,

Please, find enclosed our manuscript entitted “Red-fleshed apples rich in
anthocyanins and white-fleshed apples modulate aorta and heart
proteome in hypercholesterclemic rats. The AppleCOR study” which we

would like to be considered for its publication on the Food Chemistry.

Itis known that apples are amid the most popular fruits consumed around the
world, however, despite the growing efforts to study the mechanisms by which
apple consumption can improve cardiovascular disease, the effects of different
apple varieties that differ between each other in anthocyanin composition is still
unknown. The aim of the current paper is to describe for the first time the
effects of a high-fat diet supplemented with a red-fleshed apple rich in
anthocyanins, a white-fleshed apple without anthocyanins used as matrix
apple control, and anthocyanin-rich extract from Aronia melanocarpa
used as a control of anthocyanin intake on the proteome profile of aorta
and heart as cardiovascular key tissues in hypercholesterolemic Wistar

rats.

The main findings of the study revealed that red-fleshed apple rich in
anthocyanins consumption suggested an anti-inflammatory effect on the heart
in hypercholesterolemic rats. White-fleshed apple reduced mainly the

complement system protein-related in heart and aorta while the anthocyanin-

1of3
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rich extract intake modified the expression of different structural and signaling
proteins related to cardiovascular disease in the aorta. Moreover, an apple
matrix effect was observed by reducing inflammatory proteins on the aorta

and/or heart regardless of their anthocyanin content.

Here we show you a graphical abstract that summarizes the main findings of

the study.
Rk
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Moreover, on behalf of the co-authors, | affirm that the data has not been
previously published nor the manuscript is under consideration for publication
by any other journal in the same or a substantially similar form. As requested,
all of the authors comply with the criteria needed for authorship and originality,
and no copyright to any other work was breached in the manuscript's creation.

20f3

174



UNIVERSITAT ROVIRA I VIRGILI

THE TISSUE BIOAVAILABILITY, BIOMARKERS, AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.

STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS AND A NUTRITIONAL PRE-CLINICAL STUDY
WITH ANTHOCYANIN-RICH RED FLESHED-APPLES. THE APPLECOR PROJECT.

Berner Andrée Sandoval Ramirez

We believe that the findings of the present scientific article make a valuable
contribution to the current body of knowledge, regarding the scientifically proven
properties of whole-fruits, particularly apples, and would be of interest to the

general as well as the specialized reader of the Food Chemistry.

Without any other concern, we look forward to your opinion as to the suitability

of our manuscript for the inclusion in Food Chemistry.

Yours sincerely,

Anna PEDRET, PhD

Universitat Rovira i Virgili (URV)

Faculty of Medicine and Health Sciences

Medicine and Surgery Department

Functional Nutrition, Oxidation, and CVD Research Group (NFOC-Salut)

Fundacio EURECAT-Technological Center of Nutrition and Health (CTNS),

Reus, Spain.
Avda/ Universitat, 1. CP/ 43204 Reus, Spain
Tel: (+34) 977 7593 75 / Fax: (+34) 977 7593 22

E-mail: anna.pedret@eurecat.org
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*Highlights (for review)

HIGHLIGHTS

+ Red-fleshed apple rich in ACNs exerled an anti-inflammatory effect in rat heart

+  White-fleshed apple reduced the complement system proteins in heart and aorta

®  ACN-rich extract up-or downregulated CVD structural and signaling proteins in
aorta

* An apple matrix effect regardless of the ACN content reduced inflammatory

proteins
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44  ECHI1: enoyl-CoA hydratase 1

45  FC: fold-change

46 FMOD: fibromodulin

47 GLRX3: glutaredoxin-3

48 GPX1: glutathione peroxidase 1

49 HDLe: high-density lipoprotein cholesterol

50 HFD: high-fat diet

51 HFD+A: high-fat diet plus Aronia infusion

52 HFD+Atorv: high-fat diet plus atorvastatin

53  HFD+R: high-fat dict plus red-fleshed apple
54  HFD+W: high-fat diet plus white-fleshed apple
55  HSP90ABI: heat shock protein 90-beta

56 IQGAPI: IQ motif containing GTPase activating protein |
57  LDLc: low-density lipoprotein cholesterol

58 LDLR: low-density lipoprotein receptor

59  MYL6: myosin light polypeptide 6

60  NO: nitric oxide

61  PCs: phenolic compounds

62  SCD: Standard chow diet

63  TAGLN: transgelin
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64  Abstract

65  New mechanisms-of-action of anthocyanins (ACNs) provided by a red-fleshed apple
66  compared with a white-fleshed apple, and with an ACN-rich extract on the proteome
67  profile of aorta and heart as cardiovascular key tissues were determined.

68  Hypercholesterolemic Wistar rats were separated into the corresponding groups to

69  analyze the proteomic profile of the aorta and heart tissues using nano-liquid

70 chromatography coupled to mass-spectrometry. Red-fleshed apple downregulated CRP,
71 Cl1QB and CFP related-inflammation. White-fleshed apple reduced C1QB, CFB, CFD,
72 (€3, and C9 related to the complement system, reduced MB and CP related to iron

73 metabolism, and increased ME1L, PKM, and PC related to energy homeostasis. ACN-
74 rich extract increased FMOD, TAGLN, and CAP1 related to cellular structure and

75  decreased PRKACA, IQGAPI, and HSP90OABI related to cellular signaling. Red-

76 fleshed apple rich in ACNs suggested an anti-inflammatory effect while white-fleshed
77 apple reduced the complement system protein-related. An apple matrix effect reduced

78  inflammatory proteins regardless their ACN content.
79  Data are available via ProteomeXchange with identifier PXDO018885.
80  Word count: 149/150

81  Keywords: anthocyanins; phenolic compounds; proteomics; aorta and heart rat tissues;

82  apples
83
84
85

86
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87 1L.INTRODUCTION

88  In 2025, the mortality target a 25% reduction in premature mortality from
8%  noncommunicable diseases, including cardiovascular disease (CVD), the leading cause

90  of death worldwide (Roth et al., 2017).

91  Lifestyles performing frequent physical activity and consuming high amounts of
92 wvegetables and fruits (Warburton & Bredin, 2017), including apples, demonstrated

93  protection on CVD (Medina-Remon, Kirwan, Lamuela-Raventos, & Estruch, 2018).

94 In particular, apples are amid the most popular fruits consumed around the world due to
95  their geographical distribution, organoleptic propertics, and seasonal availability (N.
96  Wang et al., 2018). Moreover and throughout history, apples have enjoved a good
97  reputation in terms of their beneficial health properties, traditionally attributed to their
98  high amounts of fiber, vitamins, minerals (Veronese et al., 2018), and high content of
99  phenolic compounds (PCs) (Bondonno et al., 2018). The apple PC content ranges
100 between 5,230 to 27,240 mg/kg of their dry weight, out of which the most common PC
101 types are the hydroxycinnamic acids (50-3,000 mg/kg), flavanols (4,622-25.480 mg/kg),
102 anthocyanins (ACNs; 10-551 mg/kg), and dihydrochalcones (49-434 mg/kg) (Hyson,
103 2011). Notwithstanding, the phenolic pattern of the apple fruit changes amongst their
104  different varieties, and also by the weather, season, geographical distribution, and

105  maturity of the fruit at the time of the harvest between other factors (Stirpe et al., 2017).

106 ACNs are phenolic compounds part of the flavonol subclass. ACNs exist naturally as
107 plant pigments responsible for the red, pink, blue and purple colors present in the seeds,
108  flowers, fruits, and leaves of different plants. The health benefits related to ACNs

109  consumption and their impact on humans are the prevention of CVD, neurological, and

110 renal disease (Sandoval-Ramirez et al., 2018). In the last few years, there has been an
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111  increasing interest in potential crops for coloring food naturally without transgenic

112 programs in order to obtain added healthy properties, such as red-fleshed apples

113 containing a high amount of ACNs in their flesh. Due to the enhanced content of ACNs
114  reported in these specific apple varieties, different studies have shown that the total

115  phenolic content and antioxidant capacity were significantly higher compared to

116  common white-fleshed apples, which indicates that these red-fleshed apples could have
117 presumably added healthy properties (Bars-Cortina, Macia, Iglesias, Romero, &

118 Motilva, 2017).

119 In humans, whole-apple intake, regardless of its PC, demonstrated the capability of

120 improving CVD risk factors (Sandoval-Ramirez et al., 2020).

121 Apple’s particular mechanisms of action on CVD have been studied for example, of up-
122 regulating the expression of different antioxidant proteins such as the glutathione

123 peroxidase, catalase dismutase and superoxide dismutase in the liver, as well as up-

124 regulating the hepatic genes associated to PPAR«, therefore providing a healthier

125  metabolic profile in obese Zucker rats (Manzano et al., 2016).

126 Therefore, despite the growing efforts to study the mechanisms by which regular apple
127 consumption could protect from CVD, the interest of the new red-fleshed apple

128  varieties that differ between each other in ACN composition are still unknown. On the
129  other hand, to explore the underlining mechanisms, the tissues proteomic analysis offers
130 new perspectives to investigate how apple intake could regulate protein expression to
131 potentially protect from CVD. Thus, present study aims to determine new mechanisms-
132 of-action of ACNs provided by a red-fleshed apple variety compared with a white-

133 fleshed apple without ACNs, and with an extract rich in ACNs from Aronia
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134 melanocarpa on the proteome profile of aorta and heart as cardiovascular key tissues in

135 hypercholesterolemic rats.
136 2. MATERIAL AND METHODS
137 2.1. Preparation of the supplemented diets in Wistar rats

138 To compare the ACNs effect provided by apples, two different apple varieties were

139 selected: 1) the red-fleshed “Redlove™ apple variety, a new genotype naturally

140 biofortified in ACN, and ii) the white-fleshed Granny Smith apple variety. Additionally
141 and to study the effect of ACNs without the possible interaction of the apple matrix, an
142 ACN-rich extract was selected.

143 Both apple varictics were provided by NUFRI SAT (Mollerussa, Lleida, Spain), and
144 had a similar phytochemical profile except for ACNs. To prepare feed, freeze-dried
145  flesh apple was used to preserve the ACNs and the rest of phenolic compounds. First,
146 the apple cores were removed and the whole-apples (with peel) were cut into 1 em-sized
147  cube. Then. the apple cubes were frozen in liquid nitrogen and then lyophilized on a
148  Lyobeta 15 TELSTAR Lyophilizer (Terrassa, Spain) and were immediately transterred
149 to airtight plastic containers and refrigerated (2 °C) until their use in the preparation of
150  the supplemented diets. -To obtain the ACN-rich extract, a cold water infusion of an
151 Avonia melanocarpa fruit powder (Aronia Pulver, BIOJOY, Nuremberg, Germany) was
152 prepared, which was equivalent in dose and type of ACNs with red-fleshed apple. The
153  Aronia powder was mixed with distilled water (1:1 proportion) and the mixture was

154  homogenized (Kinematica Polytron, Polytron Corporation, Montreal, Canada) for 60
155  seconds. The resulting infusion was centrifuged and the supernatant was analyzed and
156 added to the drinking water of the rats. The phenol characterization of the freeze-dried

157  flesh apples and the ACN-extract is shown in Supplementary Table S1.
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2.2. Animals and experimental procedure

Thirty-six Wistar rats weighing between 300 and 350 g were purchased from Charles
River Laboratories (Barcelona, Spain). The rats were divided into 6 groups of 6
amimals each (3 males and 3 females) as follows, Group 1: standard chow diet (SCD)
(2014, rodent maintenance diet, Envigo, Huntingdon, Cambridgeshire, United
Kingdom); Group 2: high-fat diet (HFD) (Atherogenic Rodent Diet TD. 02028, Envigo,
Huntingdon, Cambridgeshire, United Kingdom) to induce hypercholesterolemia; Group
3: HFD + red-fleshed apple (HFD+R); Group 4. HFD + white-fleshed apple (HFD+W),
Group 5: HFD + ACN-rich extract (HFD+A); and Group 6: HFD + Atorvastatin

(HFD+Atorv) as hypolipemiant drug.

Group | was fed with chow diet for 9 weeks (Supplementary Figure 1). The other
groups were fed during 3 weeks with a HFD and the following 6 weeks with the HFD
supplemented with the different products, For HFD+R and HFD+W groups (Groups 3
and 4), HFD pellets were crushed in a mill along with the freeze-dried flesh apples. For
HFD+A (Group 5), the Aronia extract was dissolved daily in the drinking water. Rats
from group HFD+Atorv (Group 6) were given the drug Atorvastatin (Pfizer-Egypt
Company) at a dosage of 4 mg/kg/day dissolved daily in the drinking water, Moreover,
the HFD (Group 2) and the Groups 5 and 6 diets were modified by adding 25% of chow
diet in the same proportion as apples, so that all groups except Group 1, would take the
same proportion of HFD during the supplementation period. (Supplementary Figure
1). HFD+R and HFD+A were supplemented with the same dose and type of ACNs, 1.8
and 1.9 mg/day/rat, respectively. The ACNs administered dose results in a human

equivalent dose of 70 mg/day, which was calculated according to(Reagan-Shaw, Nihal,
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181 & Ahmad, 2007). The nutritional composition regarding macronutrients and energy of

182 each diet used in the study is shown in Supplementary Table S2.

183 During the study, rats were housed in cages on a 12 h light-12 h dark schedule at a
184  controlled temperature (20 + 2 °C) and humidity (55 £ 10%). Food and water were
185  available ad libitum. The body weight, food, and water intake were recorded every 3

186  days.

187 Atthe end of the study, the rats were anesthetized with isoflurane (IsoFlo, Veterinarian
188  Esteve, Bologna, Italy) and sacrificed by cardiac puncture. The rats were perfused with
189  an isotonic (0.9%) sodium chloride solution, to remove the remaining blood in the

190  tissues. The hearts and the descending portion of the aortas were excised and

191  immediately snap-frozen in liquid nitrogen. All rat procedures were conducted

192 following the European Communities Directive 2010/63/EU regulating animal research
193 guidelines. All protocols were approved by the Animal Ethical Committee of the

194  University of Lleida (CEEA 01-10/17) and performed under a Generalitat de Catalunya
195  Project License (10038). The study complies with the ARRIVE guidelines developed by

196  the NC3Rs (Kilkenny, Browne, Cuthill, Emerson, & Altman, 2010).
197  2.3. Proteomic analysis
198  2.3.1. Protein extraction and quantification

199  To determine total protein content, the aortas and hearts were weighed (25-30 mg),
200 lysed following the radio-immunoprecipitation assay buffer protocol (Thermo Fisher
201 Scientific, Madrid. Spain), and processed as explained in more detail in the

202 Supplementary Information.

203 2.3.2. Protein digestion and peptide 10-plex Tandem Mass Tag (TMT) labeling
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204 A total of 30 pg of proteins obtained from the aorta or heart tissues were reduced with
205  4mM 1.4-Dithiothreitol for 1h at 37°C and alkylated with 8 mM iodoacetamide for 30
206 min at 25°C in the dark. Afterward, the samples were digested overnight (pH 8.0, 37°C)
207 with sequencing-grade trypsin (Promega Biotech Iberica SL, Alcobendas, Madrid) at an
208  enzyme: protein ratio of 1:50. Digestion was quenched by acidification with 1% (v/v)
209 formic acid, and peptides were desalted on the Oasis HLB SPE column (Waters,

210 Cerdanyola del Vallés, Barcelona, Spain) before Tandem Mass Tag (TMT 10-plex

211 labeling (Thermo Fisher Scientific. Madrid, Spain) following manufacturer instructions.
212 Samples were normalized along with the different TMT-multiplexed batches using, a

213 TMT-126 tag labeled pool containing all the samples was included in each TMT batch.

214 The different TMT 10-plex batches were desalted on Qasis HLB SPE columns before

215 the nano-liguid chromatography coupled to mass spectrometry (LC-MS) analysis.
216 2.3.3. Off-gel nano LC~(Orbitrap) MS/MS analysis

217 The multiplexed and labeled aortas or hearts were fractionated by Off-gel (Agilent,

218  Madrid, Spain) as instructed in the manufacturer’s protocol. Samples were fractioned in
219 12 non-linear pH 3-10 fractions (Supplementary information). The chromatographic
220 separation was performed with a 90 min gradient using Milli-Q water (0.1% formic

221 acid) and acetonitrile (0.1% formic acid) as a mobile phase at a flow rate of 300 nL/min.

222 Mass spectrometry analyses were performed on an LTQ-Orbitrap Velos Pro from

223 Thermo Fisher Scientific by an enhanced Fourier transform-resolution MS spectrum
224 (R=30,000 FHMW) followed by a data-dependent the Fourier Transform coupled to
225  double Mass Spectrometer (FT-MS/MS) acquisition (R=15,000 FHMW, 40% HCD)
226 from the most intense ten parent ions with a charge state rejection of one and dynamic

227 exclusion of 0.5 min.

10
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228 2.3.4. Protein identification/quantification

229  The aorta or heart protein identification and quantification were performed on the

230  Proteome Discoverer software v.1.4.0.288 (Thermo Fisher Scientific, Madrid, Spain) by
231 Multidimensional Protein Identification Technology combining the 6 raw data files
232 obtained after the Strong cation-exchange chromatography fractionation. For protein
233 identification, all MS and MS/MS spectra were analyzed using the Mascot search

234 engine (v.2.5). The Mascot was set up to search SwissProt_ 2018 03.fasta database
235 (557012 entries), restricting for Human taxonomy (20317 sequences) and assuming
236 trypsin digestion. Two missed cleavages were allowed, and an error of 0.02 Da for FT-
237 MS/MS fragmentation mass and 10.0 ppm for an FT-MS parent 1on mass were allowed.
238 TMT-10plex was set as the quantification, modification, and oxidation of methionine,
239 and the acetylation of N-termini was set as a dynamic modification, whereas

240 carbamidomethylation of cysteine was set as a static modification. The false discovery
241 rate and protein probabilities were calculated by Perclorator.

242 For protein quantification, the ratios between each TMT-label against each 126-TMT
243 label were used, and the results were normalized based on protein median values. No
244 protein western blot confirmation was conducted supported by the argument of

245  Acbersold R. ¢f al., who confirmed that the results obtained by MS-based proteomics
246 (also recognized by the journal Nature Methods as the method of the year 2012

247 ("Method of the Year 2012.,” 2013) are vastly superior to the obtained by western blot
248 for several reasons (Aebersold, Burlingame, & Bradshaw, 2013). Moreover, analyzing
249 individual biological aorta or heart replicates instead of pooling samples, as is the case
250 of our study, gives more statistical power to the differentially expressed proteins and
251  makcs the use of additional methods for validating the findings unnecessary. The MS

252 proteomics data have been deposited to the ProteomeXchange Consortium via the
11
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253 PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier

254 PXDO01888S5.

255 2.4, Statistical analysis

256 2.4.1. Data pre-processing

257  For statistical analyses, only those proteins present in = 67% of the samples in all

258  groups were considered. In addition, log base 2 (log2) transformations were applied to
259  the data including the variance stabilization, data range compression, and normalizing
260  the data distribution.

261 Another important advantage of using log2 transtormation is the ratio comparisons,
262 such as the fold-change (FC), when comparing, for example, the HFD vs the SCD

263 (HFD/SCD ratio).

264  Finally, the protein data set was mean-centered and Pareto scaled by being divided by
265 the square root of the standard deviation (SD) of each variable to reduce the influence of
266  intense peaks while emphasizing weaker peaks that may have more biological

267  relevance, although not giving to much relevance to noise signals.

268 2.4.2. Multivariate statistical analysis
269 A multivariate statistical approach was initially performed in protein identified using the

270 Metaboanalyst 4.0 (http:/'www.metaboanalyst.ca/) software. The modeling made use of

271 hierarchical clustering and other supervised methods including the partial least squares
272 discriminant analysis and an orthogonal projection to latent structures discriminant

273 analysis (Supplementary information). All these methods were applied using a Pareto
274 scaling.

275  Multivariate analysis was based on the Eigen-decomposition of a cross-product matrix
276 (e.g., covariance matrix) and thus require complete datasets. To estimate missing values,

12
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277  we used a Bayesian principal component analysis for values missing at random. The
278  protein component analysis is calculated using Bayes theorem while the Bayesian

279  estimation is used to calculate the likelihood of an estimated value.

280 2.4.3. Univariate statistical analysis

281 A univariate test was performed for each protein. For the univariate case, data were not
282 Pareto scaled. A Kolmogorov-Smirnov test was carried out to check for distribution
283 normality. For pairwise comparisons, cither a Student’s t-test or a Wilcoxon test was
284  performed depending on each protein’s distribution. In the first case, a test for equality
285  of variances was performed before the t-test analysis. P values were adjusted using the
286 Benjamini-Hochberg method for multiple testing considerating a 5% false discovery rate.
287  The reported results included the fold change and the p values for each group. For

288  comparisons involving more than two groups, an analysis of variance (ANOVA) or a
289 Kruskal-Wallis test was performed. The Tukey HSD or the Nemenyi post-hoc tests

290  were carried out accordingly. In any case, the p values of the post-hoc pairwise

291  comparisons were further corrected for multiple testing for all the variables using a

292 Benjamini-Hochberg false discovery rate correction. A P-value <0.02 was considered to

293 be statistically significant.
294 2.5, Clustering and pathway analysis

295  Aninitial functional evaluation was performed using the UniProt (www.uniprot.org)

296  database, with a focus on the protein function and relevant biological processes.

297  The Ingenuity Pathway Analysis (IPA software; Ingenuity System Inc., Redwood, CA,
298  USA; www.ingenuity.com) was employed to examine the functional correlations within
299  groups. Datasets containing protein identifiers (UniProt-KB) and their corresponding

300  expression values (FC) of each two comparative groups were uploaded. Each protein

13
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301  identifier was mapped to its corresponding protein object in the Ingenuity Pathways

302 Knowledge Base. All mapped proteins were differentially expressed with p < 0.05 and
303  overlaid onto global molecular networks developed from information contained in the
304  knowledge base. The networks were then algorithmically generated based on their

305  connectivity. Networks were “named” in the most prevalent functional group(s) present.
306  Networks were ranked by a score that defines the probability of a collection of nodes
307  being equal to or greater than the number in a network achieved by chance alone.

308  Canonical pathways, Diseases, and Bio Functions, Ingenuity Tox List, and Molecule

309  Activity Predictor tools were overlaid on the networks.
310 3. RESULTS AND DISCUSSION
311 3.1. Proteomic analysis in aorta and heart rat tissues.

312 After proteomic analysis, a total of 1163 in the aorta and 1149 proteins in heart tissues

313 from the Wistar rats were identified.

314  The complete information regarding the protein’s relative quantification and
315 identification, the protein coverage as well as the peptides identified from the proteomic
316  analysis in the aortas and hearts of rats are shown in Supplementary Tables 83 and 54

317 respectively.

318  After the 70% frequency filter was applied, 750 proteins were considered for further

319  statistical analysis in the aorta samples and a total of 761 proteins in the heart samples.

320 3.2. Tissue proteome modulation by the different diets in the aorta and the heart

321  tissues

14
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322 When we compared between groups split by sex, no differences were found in the
323 proteomic analyses. Therefore, the results comparing the different diet groups are not
324 gender split (n=6/group).

325  3.2.1. HFD versus SCD

326 After HFD treatment we observed a significant increase or decrease of certain proteins
327  compared to the SCD in both tissues, aorta, and heart Wistar rat tissue, which are described in

328  Supplementary Table 55
329  3.2.2. The red-fleshed apple effects

330 Table 1 shows the results of the significantly expressed up- or downregulated proteins in the

331  aorta or the heart tissues after the HFD+R diet compared to the HFD (p=0.02).
332 3.1.1.1. The red-fleshed apple effects on cardiovascular-related proteins.

333 Inthe aorta tissues, the HFD+R diet significantly (p<0.02) upregulated the expression of N{G),
334 N(G)-dimethylarginine dimethylaminohydrolase 1 (DDAH1) compared to the HFD, an enzyme
335  that catalyzes the hydrolyzation of two endogenous inhibitors of the NO synthases inhibiting
336 their protecting activity from cardiovascular morbidity. The significantly upregulated

337 expression of both DDAHI and DDAH2 was observed by ACNs isolated from the comelian

338 cherry fruit in atherosclerotic New Zealand rabbits induced by diet (Sozanski et al., 2019).

339 Additionally, in the present study, the HFD+R. treatment significantly upregulated the

340 expression of glutathione peroxidase 1 (GPX1) in heart tissue. GPX1 is an antioxidant enzyme
341 able to restore the endothelial phenotype in some high oxidative stress pathologies such as
342 hyperhomocysteinemia, and the activity of GPX1 has been inversely correlated to CVID in

343 patients with coronary artery disease (Blankenberg et al., 2003).
344 In the heart of Wistar rats, our findings demonstrate for the first time that the ingestion of an
345 HFD supplemented with an ACN-rich apple can significantly upregulate the GPX1 expression

346  despite the detrimental effects of an HFD.
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347  Inrat aorta’s tissues, the HFD+R supplementation significantly upregulated the expression of
348  cathepsin D (Table 1). a cholesterol efflux inducing molecule that increases the expression of
349  the phospholipid-transporting ATPase 1 (ABCAT1) and the apolipoprotein A-I, mediated lipid

350 efflux,

351  Therefore, the HFD+R-mediated the upregulation of DDAH]1 in aorta and GPX1 in heart tissue,
352 consistent with a healthier pattern of CVD biomarkers in rats. These findings support the

353 beneficial role of red-fleshed apples rich in ACNs for the prevention of CVD.

354  3.2.1.12. The red-fleshed apple effects on the CRP, complement system proteins, and energy

355 homcostasis

356 In the heart tissue, the HFDHR significantly reduced the expression of CRP compared to HFD,
357  suggesting an anti-inflammatory effect (Table 1). CRP is a pro-inflammatory molecule
358 involved in diverse reactions that are related to the activation of the inflammatory process

359  associated with the development of atherosclerosis and other cardiovascular events.

360 In addition, in aorta tissue, the HFD=R treatment significantly downregulated the expression of
361 CI10OB and CFP involved in the complement system (Table 1), and also downregulated ECHI
362  invelved in energy homeostasis in heart tissue. As discussed below, similar changes were

363  observed in HFD plus white-fleshed apple (HFD+W) group.
364 3.2.3. The white-fleshed apple effects.

365  The differentially expressed proteins modified after the HFD+W diet and classified by tissues

366 are shown in Table 2.

367  Regarding the HFD+W treatment compared to HFD, a decrease of 7 differentially expressed
368  proteins in both tissues, in the aorta and also in the heart tissue; C3, CP, TF, SERPINA3N, (9,

369  HP, and HPX were observed (Supplementary Figure 82; p<0.02).

370 3.2.3.1. The white-fleshed apple effects on the complement system and anti-inflammatory

371  proteins.
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The HFD+W treatment downregulated the expression of proteins involved in the activation of
both the classical and alternative complement pathways, such as the complement factor 3 (C3)
and C9 in the hearts and aortas of rats, while complement factor B (CFB), properdin (CFP),

C4BPA, and C1QB were reduced only in the rat aortic tissue.

A decrease of the C3 concentration produces the reduction of the spontancous conversion of C3
into hydrolyzed C3 [C3(H20)] (McGrath et al,, 2006}, In turn, C3(H20) should functionally
bind to the CFB, which was also downregulated by the HFD+W diet, and to complement factor
D (CFDy) to generate the metastable molecule C3b, a key opsonizing molecule part of the innate
immune system (Hertle, Stehouwer, & van Greevenbroek, 2014), protecting against infections

in mammals,

The HFD+W treatment also significantly downregulated the expression of the C4 binding
protein alpha chain (C4BPA), and complement Clq subcomponent subunit B (C1QB) in the rat
aorta, while reducing the complement factor 9 (C9) in both aorta and heart tissues {Table 2).
Reduction of C9 expression could reflect a reduction of the atherosclerotic plaque formation
process; since it has been demonstrated that high concentrations of C9 are present as deposits in
the intima layer of grade Il atherosclerotic lesions in the human aorta (R, Vlaicu, Rus,
Niculeseu, & Cristea, 1985). Hence, the novel results of the present study, regarding the effects
of an HFD+W supplementation in rats, showed significant downregulation in the expression of
proteins involved in the complement system such as CFP, CFB, C3, C4BPA, C1QB, and C9%.
Such downregulations might be involved in the reduction of CVD risk as the formation of the
atherosclerotic plague is a complex process performed between the modified lipid particles and
diverse innate immune system molecules (S. I. Vlaicu et al., 2016). Additionally, the HFD+W
supplementation in rats reduced other pro-inflammatory molecules such as the SERPINA 1 (ul-
antitrypsin) in heart tissue, and SERPINA3N (ol -antichymotrypsin) in both heart and aorta,
suggesting a positive effect of the HFDHW on the cardiovascular risk through the regulation of

the inflammatory process.
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398  3.2.3.2, The white-fleshed apple effects on the iron homeostasis proteins.

399 As a result of our experiment, HFD+W treatment significantly reduced the expression of
400  proteins involved in the iron homeostasis such as myoglobin (MB) in the heart tissue, while
401  reducing the expression of haptoglobin (HP), serotransferrin (TF), hemopexin (HPX). and

402 ceruloplasmin (CP) in both heart and aorta tissues, when compared to the HFD group (Table 2).

403 The iron-binding molecule, myoglobin (MB), serves as a dioxygen reservoir in the muscles of
404  mammals. MB can act as a potent nitric oxide (NO) scavenger, thus representing a control

405  system for the preservation of mitochondrial respiration. These findings suggest that a reduction
406  in the expression of myoglobin might be beneficial for hypertensive states where there is a

407 lesser bioavailability of vascular NO (Hermann, Flammer, & Lilscher, 2006). Morcover, the
408  HFD+W supplementation downregulated the expression of CP, a copper-binding glycoprotein
409  with ferroxidase activity and antioxidant properties, linked to the promotion of deleterious

410 wascular effects being considered a risk factor for CVD (Grammer et al., 2014). In addition to
411 the already described effects, the HFDHAW treatment significantly reduced the expression of
412 transferrin, an iron-binding protein able to control ferric iron concentrations in human body

413 fluids (W, Wang, Knovich, Coffman, Torti, & Torti, 2010).

414 High transferrin concentrations (=160 mg/dL) are associated with an increased CVD mortality
415 risk in individuals where both transferrin and LDLc levels are elevated {Shipra et al., 2014).
416 Thus, the HFD+W supplementation resulted in the decrease of myoglobin, transferrin, and
417 ceruloplasmin proteins involved in the iron homeostasis which participates in essential

418  reduction-oxidation reactions for several fundamental biological processes.

419 Finally, the HFD+W treatment significantly reduced the expression of HP, an acute-phase
420 protein, in heart, and aorta tissues. This reduction is considered positive, and it has also been
421 observed in a study with olive oil phenolic compounds (Pedret et al., 2015), where the reduction

422 in the expression of haptoglobin was related to an improvement in the cholesterol efflux
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423 capacity of the HDL particles in humans. Therefore, HFD+W supplementation can exert a

424 positive effect over the CVD through the regulation of iron homeostasis related proteins.
425 3.2.3.3. The white-fleshed apple effects on the energy homeostasis proteins.

426 The HFDHW treatment downregulated the expression of enoyl-CoA hydratase 1 (ECHI) in the
427 heart tissue (Table 2), an enzyme in charge of catalyzing the second step in the fatty-acid p-
428  oxidation and the metabolization of branched-chain amino acids. The downregulation of ECHI
429 has been linked to enhanced resistance to ischemia-reperfusion injury in the hearts of Brown

430 Morway rats (Du et al., 2013).

431  Moreover, the HFDHW supplementation also significantly downregulated the expression of
432 Glutathione S-transferase Mu 2 (GSTM2) in heart, a molecule that reduces the activity of the
433 ryanodine receptors in the sarcoplasmic reticulum, causing a reduction in spontaneous

434 contraction frequency and the myocyte shortening (Hewawasam, Liu, Casarotto, Board, &

435  Dulhunty, 2016), therefore improving the heart’s contractility.

436 One interesting finding is that the HFD+W treatment downregulated the expression of annexin
437 A2 in the hypercholesterolemic heart rat tissue, a calcium-regulated binding protein that reduces
438  the expression of the proprotein convertase subtilisin/Kexin Type 9 (PC5K9) enzyme (Scidah et
439 al, 2012). The PCSK9 receptor is an enzyme known for its capability to bind the LDL receptors
440 (LDLR}) on the liver promoting their degradation, hence a reduction in the degradation of

441  LDLRs, increases the clearance of the cholesterol inside of LDL molecules, consequently

442 reducing the LDLc plasmatic levels.

443 Moreover, the HFD+W treatment upregulated the expression of the pyruvate kinase levels in the
444 aorta, and the pyruvate carboxylase and the NADP dependent malic enzyme (ME1) in hearts
445  tissue. The upregulation of these enzymes, increases the intracellular concentrations of

446 oxaloacetate and malate, substrates needed to start the tricarboxylic acid eycle, therefore,

447 suggesting a possible increase in the intracellular energy levels (Jitrapakdee & Wallace, 1999).
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448 3.2.4. The ACN-rich extract effects

449 After evaluating the impact of ACNs diet supplementation through the apple, we evaluated the
450 impact of ACNs minimizing the apple matrix effect. Regarding the up- or downregulation of the
451 differentially expressed proteins modified by the HFD+A compared to HFD. we observed that
452 the diet only moditfied 3 significant proteins in heart tissue (PHYH, GLRX3, and MRPL3#:

453 p=0,02)). However, many more proteins were modulated in aorta tissue by the HED+A diet

454 compared to the HFD, as shown in Table 3 (p=<0.02).
455  3.2.4.1. The ACN-rich extract effects on cellular signaling proteins.

456  In the aorta, the ACN-rich extract significantly modified the expression of different proteins
457 such as downregulation the expression of the protein kinase, cAMP-dependent, catalytic alpha
458  (PRKACA). The decrease of PRKACA expression observed after the HFD+A supplementation
459 would favor the inhibition of the spontaneous and pathological blood clot formation in blood

460  wvessels (Gambaryan et al., 2010} as result, potentially reducing the risk of cardiovascular events.

461 Additionally, the HFDHA downregulated the expression of the 1Q motif containing GTPase
462 activating protein 1 (IQGAPT) in aorta tissue (Table 3), a protein with a crucial role in

463  regulating the assembly and dynamics of the actin cytoskeleton. On the other hand, IQGAP1’s
464  overexpression has been associated with the cell proliferation, migration, and rearrangement of

465  the vascular smooth muscle cells in varicose veins (Huang et al., 2014).

466  The HFD+A also downregulated the expression of the heat shock protein HSP 90-beta
467  (HSP90ABI1) in the aorta, a molecule necessary for a large number of cellular processes, acting
468 as a chaperone promoting the maturation and structural maintenances of different specific

469  proteins involved in the cell cyele control and signal transduction (Haase & Fitze, 2016).
470 3.2.4.2. The ACN-rich extract effects on cellular structure related proteins.

471 In the aorta, the HFD+A upregulated fibromodulin (FMOD) in the rat. FMOD is a protein
472 participating in the assembly of the collagen fibers in the extracellular matrix and known for
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473 triggering the platelet aggregation through the activation of a collagen-specific receptor. This
474 upregulation supports the interest of ACNs, as a positive moderator of the intravascular

475 coagulation process,

476 Additionally in the aorta, the HFD+A treatment raised the aortic expression of transgelin

477  (TAGLN)and TAGLN2, proteins that are involved in the calcium-related contractile properties
478 of the cell. Moreover, the HFD+A diet upregulated the aortic protein expression of the myosin
479 light polypeptide 6 (MYL6), a structural protein acting as a non-calcium binding regulatory

480  protein of myosin.

481 Furthermore, in the aorta, the HFD+A diet significantly downregulated the expression of the
482  adenylyl cyclase-associated protein 1 (CAP1), a human resistin-receptor that increases the
483 expression of CD36 mRNA, associated with the coronary artery disease. Moreover, CAP1 has
484 also been identified as one important regulator of the PCSK9, a modulator of LDL receptor

485 degradation in the liver (Jang et al_, 2019).
486 3.12.5. HFD+Atory versus HFD

487  The results regarding the HFD+Atorv diet are shown in Supplementary Table 86. In aorta

488 tissue, the treatment of the HFD+Atorv only increased of MYPOP and a decrease of SEPT9,
489 MAP4, and FHLI (p<0.02) compared to HFD. However, in heart tissue, HFD+Atorv, increased
490 TNSI, PCBP2, DPYSL2, LMNA, GPX1, and ES1 protein homolog, mitochondrial and a

491  decrease of ECHI, MB, GSTM2, PHB, CBR1, NDUFB7, PGAM1, NME2, AKR1C15, and
492 CKMT2 (p=<0.02) compared to HFD. After the hearta and aorta proteome analysis has been
493 demonstrated the pleiotropic effects of Atorvastatin, which can affect the cardiovascular system

494 beyond their effect on the lipid profile (Blum & Shamburek, 2009).
495 3.2.6. The apple matrix effect

496 In the aorta of the hypercholesterolemic rats which consumed the HFDHR or the HFD+W diets,

497 regardless of their ACN content, common significant downregulation of CFP and C1QB was
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498  observed. C1QB is a protein-related to the activation of the complement classical pathway due
499  to its important role as an important fragment of C1, which is the first component and main

500  activator of the classical pathway of the complement system (Son, Diamond, & Santiago-

501  Schwarz, 2015). The downregulated effects of the apple’s matrix on C1QB was accompanied by
502  the reduction of the complement system regulator, CFP (Harboe et al_, 2017), thus, leading to a
503  stimulus for the reduction in the complement system activation. The HFD+W significantly

504  decreased the expression of CFP and C10QB largely than the HFD+R supplemented group.

505  In addition, in aorta tissue, the HFD+R treatment significantly downregulated the expression of
506  SERPINAI and ECHI in heart tissue, thus HFD+R showed similar effects than the observed in
507  HFD+W. Consequently, the apple consumption, independently of the ACN content present in

508  red-fleshed apples, induced a comparable effect on aorta proteome involved in the complement

509  system.

510 Furthermore, the HFDHR and the HFD+W treatments downregulated the expression of ECHI in

511 rat hearts, showing the same effects as observed in HFD+Atorv.
512 3.1.7. Red and white-fleshed apples and ACN-rich extract comparisons with atorvastatin

513  The Atorvastatin diet was used as a control due to its hypolipemiant and antioxidant properties

514  but it could have also other attributed effects.

515  Inaddition to the apple matrix effect, it was noted that the rats consuming an HFD+W, HFD+R,
516 or HFD+A diets, promoted a change in proteins also modified by the HFD#Atorv intervention
517  (Figure 1), which was the positive control. The HFD+Atorv decreased the protein expression of
518  ECHI, this was also observed in our rats after the HFD+W and the HFD=R interventions, an

519  effect that has not been reported up to date by other authors.

520 Inaddition, GPX1 was downregulated in the HFD+R group, while GSTM2 and MB were both
521  downregulated in the HFD+Atorv and the HFDAW groups. Finally, both the HFDHA and the

522  HFD+Atorv evidenced the same downregulation in the Four and a half LIM domains protein 1
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523  (FHLI), a protein whose specified functions remain unknown. However, FHLI is significantly
524 increased in cardiac failure, cardiac hypertrophy, pulmonary hypertension, and arrhythmias
525  (Chu & Chen, 2011). Therefore, we suggest that apples and atorvastatin share common

526  mechanisms of action which impact positively on diverse CVD risk factors.

527  The summary of the main tindings after the HFD+R, HFD+W, and HFD+A supplementation
528  diets are represented in Supplementary Figure 83,
529 3.3, Common proteins modified after the different diets in the aorta and heart tissue

530 3.3.1. Aorta tissue

531  The common differentially expressed proteins after the different treatments in aorta tissue are

532 represented in Figure 1A,

533 FHL1 was reduced in aorta tissue after HFD+Atorv (-1.465 FC, p=0.0108) and after HFD+A (-

534  1.669 FC, p=0.0022) diets compared to the HFD.

535  PRKACA (-1.122 FC, p=0.0043), CCT3 (-1.634 FC, p=0.0152), and GLUDI (-1.256 FC,
536  p=0.0162) were reduced, and MYL6 (1.653 FC, p=0.0119) was increased after HFD+A diet
537  compared to HFD diet. However, the inverse effect was observed after HFD being PRKACA,
538  CCT3, and GLUDI increased (1.240 FC; p=0.0064, 1,622 FC; p=0.0087, and 1.297 FC;

539  p=0.0118, respectively) and MYL#6 reduced (-1.631 FC, p=0.0167) compared to the SCD.

540  DDAHI (1.554 FC, p=0.0090) and DDT (1.427 FC, p=0.0164) increased afier HFD+R diet
541  compared to the HFD, and the same proteins were decreased after HFD (-1.365 FC, p=0.0190

542  and -1.466 FC, p=0.0120, respectively) compared to the SCD.

543 C3(-2.158 FC, p=0.0001) was decreased after HFD+W compared to the HFD whereas

544 increased after HFD (1.489 FC, p=0.0019) compared to SCD.
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545  CIOQB was decreased after HFD+W (-2.554 FC, p=0.0004) and after HFD+R {-1.674 FC,
546  p=0.0087) diets compared to HFD and increased after HFD (2.001 FC, p=0.0111) compared to

547  SCD.

548 CFP was decreased after HFD+W (-1.701 FC, p=0.0087) and after HFD+R (-1.454 FC,

549  p=0.0152) compared to HFD.

550  Thus, in rat aorta tissue, CFP and C10QB decreased after HFD+W and HFD+R suggesting an
551  apple matrix effect. DDAHI and DDT were increased after HFDHR suggesting an ACN effect
552  provided by red-fleshed apple. In the same tissue, PRKACA, CCT3, FHL1, and GLUD1 were

553  reduced while MYL6 was increased after HFD+A suggesting an ACN-rich extract effect.
554  3.3.2. Heart tissue

555  The common differentially expressed proteins that were commonly modified after the different

556 treatments in heart tissue are represented in Figure 1B.

557  HFD+A diet did not modify any common protein modified by other different treatments in heart

558  tissue.

559  PCBP2 was increased after HFD+Atory diet (1.245 FC, p=0.0022) compared to the HFD, and

560 PCBP2 was reduced after HFD (-1.273 FC, p=0.0022) compared to the STD.

561  GSTM2(-1.354 FC, p=0.0041), CKMT2 (-1.49% FC, p=0.0172). and MB (-1.727 FC,

562  p=0.0027) were reduced after HFD+Atorv diet and also after HFD+W diet (-1,326 FC;

563  p=0.0047,-1.418 FC; p=0.0116, and -1.512 FC; p=0.0199, respectively) compared to HFD but,
564 in contrast, GSTM2 (1.386 FC, p=0.0034), CKMT2 (1.532 FC, p=0.0015), and MB (1.609 FC,

565  p=0.0100) were increased after HFD compared to SCD.

566 However, TNS1 was increased after HFD+Atorv diet (1.297 FC, p=0.0008) and after HFD+W
567 (1.273 FC, p=0.0083) compared to HFD but decreased after HFD (-1.280 FC, p=0.0176)

568  compared to SCD,
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569 LMNA and GPX1 were increased after HFD+Atorv diet (1.267 FC, p=0.0023 and 1.177 FC,
570 p=0.0065, respectively) and after HFD=R diet (1.153 FC, p=0.0187 and 1.179 FC, p=0.0110,

571  respectively) compared to HFD.

572 SERPINAI was decreased after HFD+W diet (-1.273 FC, p=0.0188) and after HFD+R diet (-
573 1.263 FC, p=0.0054) compared to HFD. In contrast, SERPINA1 was found to increase after
574  HFD(1.234 FC, p=0.0177) compared to SCD.ECHI was decreased after HFD+Atorv (-1.298
575 FC, p=0.0012), HFD+W (-1.305 FC, p=0.0152), and HFD+R (-1.144 FC, p=0.0133) compared

576  to HFD. But, ECHI was found increased after HFD (1.175 FC, p=0.0083) compared to SCD.

577  Inrat heart tissue, GSTM2, CKMT2, and MB were reduced and TNS1 was increased after
578 HFD+W suggesting a differential effect of white-fleshed apple. SERPINA1 and ECHI were
579  decreased after HFD+W and HFD+R suggesting and apple matrix effect. LMNA and GPX|
580  were increased after HFD+Atorv and HFD+R suggesting an ACN effect provided by red-

581  fleshed apple similar to the hypolipemiant drug effect.

582 3.4, Pathway analysis of the differentially expressed proteins in heart and aorta tissue

583  modulated by HFD+W or HFD+A

584  To evaluate the interest of the presence of anthocyanins in apple flesh, we conducted the

585  clustering and pathway analysis through the IPA software with the differentially expressed

586  proteins (p<0.02) in the aorta and heart Wistar rat tissues after HFD+W as a standard apple

587  intake source or HFDHA as an anthocyanin-apple source. Due to the origin of the differentially
588  express proteins modified by the HFDHR treatment, the pathway analysis could not be predicted

589 by IPA software to construct a predicted network.

590  After the HFD+W diet, the top network found by IPA was “Neurological Disease,
591  Hematological Disease, and Cardiovascular Disease” (score=25). 15/46 differentially expressed

592  proteins formed part of this network (Figure 2).
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593  Furthermore, after the HFD+A diet, the top network found by IPA was “Energy Production,
594  Cellular Function and Maintenance, and Post-translational Modifications™ (score=17). 10/28

595  differentially expressed proteins formed part of this network (Figure 3).

596  The graphical representation of the main Networks modified by HFD+W or HFD+A is shown
597  in Figure 2 and Figure 3, respectively, in which the modulated proteins or others predicted
598  proteins involved in the Network are located in the cell compartments, The differentially

599  expressed proteins modified by HFD+W or HFDH-A have been highlighted in color and

600  indicated when the proteins were up- or downregulated (red means upregulated and green

601  means downregulated) compared to HFD.

602  The top canonical pathways modulated afier the proteome analysis of the HFDHW diet were
603  Acute Phase Response Signaling (C3, C9, C4BPA, CFB. CP, HP, HPX, ORMI, SERPINAL,
604  SERPINA3, and TF), Complement System (C3, C9, C1QB, C4BPA, and CFB), LXR/RXR
605  Activation (C3, C9, HPX, ORMI, SERPINA1, and TF), FXR/RXR Activation (C3, C9, HPX,
606  ORMI, SERPINAI1, and TF) and Coagulation System (F9, F12, and SERPINAT1) Iron

607  homeostasis signaling pathway (CP, HP, HPX, and TF). The top canonical pathways modulated
608  after the proteome analysis of the HFD+A diet were CDKS Signaling (LAMCI, PRKACA, and
609  RRAS2), Epithelial Adherens Junction Signaling (IQGAPI, MYL6, and RRAS2), Glutamate
610 Biosynthesis I1 (GLUD1), Glutamate Degradation X (GLUDI1), PPARw/RXRa Activation

611  (HSP9OABI, PRKACA, and RRASZ), Actin Cytoskeleton Signaling (IQGAPI, MYL#6, and

612  RRAS2).

613 3.5, Upstream regulators of the protein dataset modified after HFD+W or HFD+A of the

614  heart and aorta rat tissue

615  The IPA upstream regulators identify the cascade of upstream transcriptional regulators that can
616  explain the observed gene expression changes in the proteins dataset. After the HFD+W diet,
617  the top five upstream regulators of the protein dataset modified in aorta and heart rat tissue are
618  TNF, AGTR2, NFE2L2, EGRI, and PRL. Regarding the HFD+A diet, the top five upstream
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619  regulators of the protein dataset modified in the aorta and heart Wistar rat tissue, are FLNA,
620  FRS2, MYOCD, PIASI, and Yap/. Those regulators help to illuminate the biological activities

621  occurring in the tissues or cells,
622 3.6. Top relevant diseases and biological functions after HFDH-W or HFD+A

623 The top relevant diseases and biological functions after HFD+W diet in aorta and heart tissues
624  and the main proteins involved in Blood coagulation (C3, C9, F12, and F9), Homeostasis of
625 iron ton (CP and TF), Complement activation (C3 and CFB), Transport of transition metal ion
626  (CP and TF), Complement-mediated lysis of red blood cells (CFB), Classical complement
627 pathway (C3), Transport of iron ion (TF), Transport of Cu" (CP), Myocardial infarction (C3),

628  and Contraction of aortic ring tissue (HPX).

629  Regarding the top relevant diseases and biological functions after HFD+A diet were Nervous
630  system development (PRKACA, CLTC, CAP1, SEPT2, and IQGAP1), Cell death and survival
631 (PREKACA, RRAS2, HSPIOARBI, PPIA, and NNT) Small molecule biochemistry (AK2,

632  ATP5SPB. GLUDI, and NNT).
633 4. CONCLUSION

634  Red-fleshed apple, white-fleshed apple, and ACN-rich extract, all three interventions were able
635  to modify the expression of multiple proteins on aorta and heart tissues in hypercholesterolemic

636 rats, in different pathways, which are positively related to the CVD benefits.

637  Concretely, the red-fleshed apple was involved in the downregulation of C1QB and CFP on

638  aorta tissuc and CRP on heart tissue related to the complement system and inflammation.

639  The white-fleshed apple consumption was involved in the downregulation of proteins related to
640 the complement system (C1QB, CFB, CFP, C9, and C3 on aorta tissue and also C9 and C3 in
641 heart tissue), the iron homeostasis system (CP, HP, TF, and HPX on aorta tissue, and also HP,

642  TF, HPX, and MB on heart tissue), while regulated proteins positively involved in the cellular
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643  energetic homeostasis (upregulation of MEI, PKM, and PC in aorta tissue and downregulation

644  of ECHI, GSTMZ2. and ANXAZ2 in heart tissue).

645  Moreover, red-fleshed and white-fleshed apple consumption, independently of their ACN
646  content, reduced proteins related to the complement system, suggesting an anti-inflammatory
647  effect of the apple matrix, which could be related to other phenolic compounds different from

648  ACN, or with other apple components as soluble fiber.

649  On the other hand, ACN-rich extract intervention significantly regulated proteins related to the
650  cellular structure (upregulation of FMOD, TAGLN, TAGLN2, and MY L6, and downregulation
651  of CAP1), while downregulating proteins related to the cellular signaling pathways (PRKACA,

652  IQGAPIL, and HSP90OABI) on aorta rat tissue.

653  The proteomic data obtained revealed more information about the metabolic pathways
654  modulated by ACNs from apple and its matrix, thereby increasing our understanding of the
655  underlying mechanism by which apple regulates protein expression to potentially protect the

656  heart and aorta tissues from CVD,

657  From our results, we conclude that red-fleshed apple rich in ACNs consumption suggested an
658  anti-inflammatory effect based on the heart proteome modulation in hypercholesterolemic rats.
659  White-fleshed apple reduced mainly the complement system protein-related in heart and aorta
660  while the ACN-rich extract intake modified the expression of different structural and signaling
661  proteins related to CVD in the aorta. Moreover, the apple matrix could have an effect on

662  reducing inflammatory proteins on the aorta and/or heart regardless of their ACN content.

663  Therefore, these findings provide a more complete picture of the biological roles of apple intake

664  in both inflammation and other aspects of cellular biology.
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842  Figure 1. Venn diagram of the common differentially expressed proteins compared to the

843 different treatments. A) Aorta, and B) heart tissue, SCD, standard chow diet; HFD, high-fat diet;
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844  HFD+R, HFD+red-fleshed Apple: HFD+W, HFD+white-fleshed Apple; HFDH+A, HFD+Aronia
845  (anthocyanin-rich extract): HFD+Atorv, HFD+Atorvastatin. The common proteins up- (1) or

846  down-regulated (]) by the different treatments are shown in the diagram.

847 Figure 2. Network of Neurological, hematological and cardiovascular disease system showing
848  the differentially expressed proteins in heart and aorta Wistar rat tissues after HFD-+white-
849  fleshed apple treatment, Proteins are represented in red or green color if the protein is up- or

850  downregulated, respectively.

851 Figure 3. The network of Energy production, cellular function and maintenance, and post-
852  tramslational modifications showing the differentially expressed proteins in heart and aorta
853  Wistar rat tissues after HFD+Aronia (anthocyanin-rich extract) treatment. Proteins are

854  represented in red or green color if the protein is up- or downregulated, respectively.

855  Supplementary Figure S§1. 36 Wistar rats were divided into & groups of 6 animals each (3

856  males and 3 females). Group 1: standard chow-diet (SCD), Group 2: high-fat diet (HFD), Group
857  3: high-fat diet + red-fleshed apple (HFD+R), Group 4: high-fat diet + white-fleshed apple

858  (HFD+W), Group 5: high-fat diet + Aronia (anthocyanin-rich extract; HFD+A); and Group 6:

859 high-fat diet + Atorvastatin (HFD+Atorv).

860  Supplementary Figure 82. Venn diagram showing the significant protein changes after
861  HFD+W versus HFD in the aorta, and B) heart tissue. Proteins colored in green means decrease

862  and proteins colored in red means increase compared to HFD.

863  Supplementary Figure 83. Summary of the main findings in the aorta and heart proteome after

864  the supplementation with red-fleshed apple, white-fleshed apple, and anthocyanin-rich extrat,

865
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Click here to download Figure(s): Figure 3. IPA HFD+A in aorta and heart tissues.pptx

Figure 3
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Supplementary Information
Click here to download Supplementary Material: Supplementary information.docx

SUPPORTING INFORMATION
2. Material and Methods

2.3. Proteomic analysis

2.3.1. Protein extraction and quantification

First, samples were frozen with liquid nitrogen. Second, the samples were mixed with 1 mL of a
radio-immunoprecipitation buffer and homogenized completely with a BlueBender using
frozen/drawn cycles. Third, the samples were agitated for | hour at 4 °C and centrifuged (13,000
x g). Fourth, after centrifugation, the samples were sonicated with a 30s pulse at 50% amplitude.
Fifth, the samples were then centrifuged at 13,000 x g for 15 min at 4°C and supernatants were
collected for protein precipitation with the addition of 10% trichloroacetic acid (TCA)/acetone.
And Sixth, the protein pellets were re-suspended in 6M urea/50 mM ammonium bicarbonate

solution and quantified by Bradford’s method.
2.3.3. Offgel-nano LC-(Orbitrap) MS/MS analysis

Thus, fraction 1 (F1) was mixed with F7, F2 was mixed with F8, and so on uatil all
fractions were mixed accordingly. In total 6 fractions were obtained and separated onto
a C-18 reversed-phase nano-column (75pm [.D.; 15cm length; 3pum particle diameter,
Nikkyo Technos Co. LTD, Japan) on an EASY-IT nanoL.C from Thermo Fisher
Seientific.

2.4, Statistical analysis

2.4.1. Data pre-processing

Ratios have the disadvantage of showing a non-intuitive scale. Thus, those proteins with
a two-fold increase in rat aorta or heart tissue samples will have an HFD/SCD ratio of 2,
whereas those with a two-fold decrease will have an HFD/SCD ratio of 0.5. The use of
a log2 scale has the advantage of producing a continuous spectrum of values and

treating a two-fold change in a similar fashion. Hence, a two-fold increase in the
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patients will be given by log2(2) = +1, whereas a two-fold decrease will be given by
log2(1/2)=-1.

2.4.2. Multivariate statistical analysis

2.4.2.1. Unsupervised methods

Unsupervised methods were initially applied to identify trends, groupings, and outliers. These
methods work on unlabeled data, that is, they do not incorporate information such as a sample
class (Y: treatments/controls). PCA is a projection method that summarizes the multivariate data
(X) in a small number of principal components (which are linear combinations of the original
variables X based on the largest variation in the dataset. In the PCA scores plot, each dot
represents the complete proteomic profile of one sample.

On the other hand, HCA clusters observations based on the similarity of their proteomic profiles
and results are usually visualized as dendrograms and heat maps. For a comparative analysis
across different proteins, data were standardized as z-scores across samples for each protein
before clustering so that the mean was ) and the standard deviation was 1. The standardized
matrix was used in unsupervised HCA for samples and proteins using Euclidean-based

distances from which hierarchical clusters were generated using a Ward-linkage.

2.4.2.2. Supervised methods

Supervised methods incorporate additional information about the samples into the models to
identify variation in the data that is correlated with the phenotypic response variables. Similar to
PCA, PLS is a projection method that captures in its components the maximum covariance
between the data (X) and the variable of interest (Y: response/class/phenotype). It is a
multivariate regression technique to predict the response variable (Y) from linear combinations
of the original variables (components). To evaluate the performance of each model, the
goodness of fit (R2X) and the predictive performance (Q2Y), which relate to the explained and
predicted variance. respectively, were calculated. The R2X always increases with the number of
components, from (), indicating that no variation in the data is modeled, to 1, where all the

variation is modeled. On the other hand, Q2Y varies from -oo, which means that your model is
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not all predictive or is overfitted, to 1, which reflects a perfect predictive precision. Unlike R2X,
it increases with the number of components but at some point it falls, indicating the no more
components should be added. The difference between Q2Y and R2X is a rough measure of

overfitting.

The importance of each individual X-variable on the model was estimated the Variable
Importance for the Projection (VIP), which is a weighted sum of squares (SS) of the PLS
weights, w,;, with the weights calculated from the amount of Y-variance of each PLS

component.

OPLS is similar to PLS but incorporates and orthogonal signal correction filter to improve
interpretation, although it has the same predictive performance as PLS. It works by
decomposing the data (X) in the so-called predictive component, related to the response variable
Y, and the orthogonal components, containing the non-related information to the response. In
order to assess the significance of class discrimination, a permutation test was performed.

In order to avoid overfitting, model validity was established by permutation testing (1000
permutations). It consists of comparing the Q2Y obtained for the original dataset with the
distribution of Q2Y values calculated when the original Y values are randomly assigned to the
individuals. Then, the position of the Q2Y for the original model in the distribution of Q2Y
values obtained from the permutations is used to calculate a p-value to estimate the significance

of the OPLS model.

In both PLS and OPLS methods, the response variable can be continuous or categorical. In the
latter case, the term discriminant analysis (DA) is used and the response variable refers to the
class membership. In this case, the objective is to discriminate/classify two or more classes and
investigate the causes for class separation (in our case proteins that are in higher/lower
concentration in patients compared to controls).

A tool for visualization and interpretation of multivariate classification OPLS-DA models is the

S-plot. It visualizes both the covariance (p/1/). also called model loadings, and correlation

(pfcorr)[1]):
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The p[1] axis describes the magnitude of each variable in X, whereas the p(comr)[1] axis
represents the reliability of each variable in X. Biomarkers should have high reliability.
However, peaks with high reliability but low magnitude/intensity are close to the noise level and
there is a high risk for spurious correlations. Therefore, ideal biomarkers have high magnitude

and high reliability and can be easily identified by both extremes of the S-plot.
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Supplementary Table 51
Click here to download Supplementary Material: Supplementary Table $1_Phenolic composition in the snacks and aronia RATS

Supplementary Table S1. Phenolic composition of the main phenolics (pg phenolic/day/ rat) in
the white-fleshed apple snack, red-fleshed apple snack, and anthocyanin-rich extract from Aronia

melanocarpa.
White-fleshed Red-fleshed Anthocyanin-rich
Phenolic compounds apple snack apple snack extract
(mean = 5D) {mean + SD) (mcan + SD)
Cyanidin arabinoside HEE L 6,12 167 4 6,00 480+ 18.0
Cyanidin galactoside 218 =181 1690 £ 36.0 1426 £ 48.0
Total Anthocyanins 28.6 £ 24.2 1857 £ 42.00 1906 = 67.0
Protocatechuic acid n.d. 108 +67.3 462 =650
Coumaric acid hexoside 487+ 7.03 48.7+7.03 2.00 £ 0.00
Ferulic acid hexoside 67.3+ 744 134+ 164 5,00+ 0,00
Vanillic acid n.d. n.d. 14.0 4 1.00
Vanillic acid hexoside 3824405 271+7.24 138220
5-0-caffeoylquinic acid 1386+ 28.08 5004 = 174 814 =434
3-O-caffeoylquinic acid n.d. .. 362+97.0
Gallic acid n.d. n.d. 36.0+5.00
Gallic acid hexoside n.d. .. 2504 6.00
Caffeic acid n.d. n.d. 3204 1.00
Homogentisic acid n.d. n.d. 2104 7.00
Total Phenolic acids 1837 £ 56.2 5566+ 211 1911+ 638
Catechin 377T+£253 n.d. n.d.
Epicatechin 1867 + 271 3534403 12,04+ 1.00
Dimer 3663+ 121 438+ 18,1 320+ 7.00
Trimer 350£51.6 82,0734 8.00 £ 1.00
Total Flavan-3-ols 62590+ 226 875+ 749 52,04 9.00
Quercetin arabinoside 166+ 24,3 232287 3,004 1.00
Quercetin thamnoside 230+ 26.0 587597 n.d.
Quercetin glucoside 541+ 81.0 279+ 359 133£11.0
Quercetin rutinoside n.d. n.d 87.0+12.0
Total Flavenols 938 + 132 1098 £ 124.5 225240
Eriodictyol hexoside n.d. 2604+ 142 T.00+2.00
Naringenin n.d. n.d. n.d.
Total Flavanones n.d. 264+ 1.42 700+ 2.00
Phloretin glucoside 247+345 1371 = 160 n.d.
Phloretin xylosyl glucoside 276+ 17.6 7304327 n.d.
Hydroxyphloretin xylosyl 1424 101 205+ 152 n.d.
glucoside
Total Dikydrochalcones A3 £ 35310 2130 %= 195 n.d.
TOTAL PHENOLICS 9598 £ 487 11552+ 1420 4101+ 740

n.d., non-detected; 5D, standard deviation.
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Accession

Deseription | = proteins

P11517
PO1946
ACADGISVE
ADADGZISW3
QSXFX0
Q62669
PO5964
POBO10
PROZ54
P62329
PE2738
G3VBC3
P31232
PO2770
ADADGZISHS
Q08290
P36972
Q7MOE3
P63102
P10111
Q9QZ76
P62963
PO7150
P70623
P45592
P26772
P47875
P48500
PB5G72
Q63610
QIWUH4
Q6P725
Q92372
POS065
P11030
ACAOG2ZIVG3
P61983
P11980
MOR534
BSDFDE
P39069
ADAOG2)S04
ADADG2ISZ2
G3VED3
PO4636
P11762
Q99MCO
G913
Q63607
ADADGZKEIS
PO7943
Q07936
PO9527
PO4276

Hemoglobin subunit beta-2 0S=Rattus norvegicus OX=10116 PE=1 5V=2 - [HEBZ_RAT]
Hemaoglobin subunit alpha-1/2 0S=Rattus norvegicus 0X=10116 GN=Hbal PE=1 5V=3 - |
Globin €2 OS=Rattus norvegicus OX=10116 GN=Hba-a2 PE=1 5V'=1 - [ADAOGZISVE_RAT
Globin a4 0S=Rattus norvegicus OX=10116 GN=Hbb PE=1 SV=1 - [ADADG2ISW3_RAT]
Transgelin-2 0S=Rattus norvegicus OX=10116 GN=Tagln2 PE=1 SV'=1 - [TAGLZ_RAT]
Beta-globin O5=Rattus norvegicus OX=10116 GN=L0OC103694855 PE=1 SV=1 - [(62669
Protein $100-A6 OS=Rattus norvegicus OX=10116 GN=5100a6 PE=1 SV=3 - [S1046_RA1
Glutathione S-transferase Mu 2 O5=Rattus norvegicus OX=10116 GN=>Gstm2 PE=1 5V=2
D-dopachrome decarboxylase 0S=Rattus norvegicus OX=10116 GN=Ddt PE=1 5V=3 - [
Thymosin beta-4 05=Rattus norvegicus OX=10116 GN=Tmsb4x PE=1 5V=2 - [TYB4_RAT
Actin, aortic smooth muscle OS=Rattus norvegicus OX=10116 GN=Acta2 PE=2 SV=1 - [A
Vimentin OS=Rattus norvegicus 0X=10116 GN=Vim PE=1 SV=1 - [G3VBC3_RAT]
Transgelin O5=Rattus norveaicus OX=10116 GN=Tagln PE=1 5V=2 - [TAGL_RAT]

Serum albumin O5=Rattus norvegicus OX=10116 GN=Alb PE=1 SV=2 - [ALEU_RAT]
Serum albumin OS=Rattus norveagicus 0X=10116 GN=Alb PE=1 SV=1 - [ADADGZ2ISH5_RA
Calponin-1 OS=Rattus norvegicus OX=10116 GN=Cnnl PE=1 SV=1 - [CNN1_RAT]
Adenine phosphoribosyltransferase OS=Rattus norvegicus OX=10116 GN=Aprt PE=1 5V=
Destrin 05=Rattus norvegicus OX=10116 GN=Dstn PE=1 5V=3 - [DEST_RAT]

14-3-3 protein zeta/delta OS=Rattus norvegicus OX=10116 GN=Ywhaz PE=1 S¥=1 - [143
Peptidyl-prolyl cis-trans isomerase A OS=Rattus norvegicus OX=10116 GN=Ppia PE=1 5V:
Myoglobin OS=Rattus norvegicus OX=10116 GN=Mb PE=1 SV=3 - [MYG_RAT]

Profilin-1 O5=Rattus norvegicus OX=10116 GN=Pfnl PE=1 SV=2 - [PROF1_RAT]

Annexin Al OS=Rattus norvegicus OX=10116 GN=Anxal PE=1 SW=2 - [ANXA1 RAT]
Fatty acid-binding protein, adipocyte OS=Rattus norvegicus OX=10116 GN=Fabp4 PE=1 ¢
Cofilin-1 O5=Rattus norvegicus OX=10116 GN=Cf1 PE=1 5V=3 - [COF1_RAT]

10 kDa heat shock pratein, mitochondrial O5=Rattus norvegicus OX=10116 GN=Hspel PE
Cysteine and glycine-rich protein 1 OS=Rattus norvegicus OX=10116 GN=Csrpl PE=1 SW:
Triosephosphate isomerase 0S=Rattus norvegicus OX=10116 GN=Tpil PE=1 SV=2 - [TPI
Vinculin OS=Rattus norvegicus OX=10116 GN=Vel PE=1 SV=1 - [VINC_RAT]
Tropomyasin alpha-3 chain 0S=Rattus norvegicus OX=10116 GN=Tpm3 PE=1 5V=2 - [TF
Four and a half LIM domains protein 1 OS=Rattus norvegicus OX=10116 GM=Fhll PE=2 £
Desmin O5=Rattus norvegicus OX=10116 GN=Des PE=1 SV=1 - [Q6P725_RAT]
Tropomyosin 1, alpha, isoform CRA_a O5=Rattus norvegicus OX=10116 GN=Tpm1l PE=1
Fructose-bisphosphate aldolase A OS=Rattus norvegicus OX=10116 GN=Aldoa PE=1 SV=|
Acyl-CoA-binding protein 0S=Rattus norvegicus 0X=10116 GN=Dbi PE=1 SV=3 - [ACBP_|
Pyruvate kinase O5=Rattus norvegicus OX=10116 GN=Pkm PE=1 SV=1 - [AOAOG2ZIVG3_I
14-3-3 protein gamma OS=Rattus norvegicus 0X=10116 GN=Ywhag PE=1 5V=2 - [1433(
Pyruvate kinase PKM OS=Rattus norvegicus OX=10116 GN=Pkm PE=1 SV/=3 - [KPYM_RA
Uncharacterized protein O5=Rattus norvegicus OX=10116 PE=3 SV=1 - [MOR5]4_RAT]
SH3 domain-binding glutamic acid-rich-like protein 0S=Rattus norvegicus OX=10116 GN=
Adenylate kinase isoenzyme 1 05=Rattus norvegicus 0X=10116 GN=Akl PE=1 5v=3 - [K
Tropomyasin 1, alpha, isoform CRA_p 0S=Rattus norvedicus 0X=10116 GN=Tpm1 PE=1
RCG32102, isoform CRA_a O5=Rattus norvegicus OX=10116 GN=>5Svs4 PE=4 5V=1 - [AD#
ATP synthase subunit beta OS=Rattus norvegicus OX=10116 GN=Atp5f1b PE=1 SV=1- 1
Malate dehydrogenase, mitochondrial 0S=Rattus norvegicus 0X=10116 GN=Mdh2 PE=1 *
Galectin-1 O5=Rattus norvegicus OX=10116 GN=Lgals1 PE=1 5V=2 - [LEG1_RAT]
Protein phosphatase 1 regulatory subunit 14A OS=Rattus norvegicus OX=10116 GN=Ppp1
Heat shock 27kDa protein 1 OS=Rattus norvegicus OX=10116 GN=Hspbl PE=1 SV=1 - [(
Alpha-tropomyosin 3 05=Rattus norvegicus OX=10116 GN=Tpm1 PE=1 V=1 - [Q63607_
Myosin light polypeptide 6 OS=Rattus norvegicus OX=10116 GN=Myl6 PE=1 SV=1 - [ADA
Aldose reductase 0S=Rattus norvegicus OX=10116 GN=Akr1bl PE=1 5V=3 - [ALDR_RAT
Annexin A2 OS=Rattus norvegicus OX=10116 GN=Anxa2 PE=1 SW=2 - [ANXA2_RAT]
Ras-related protein Rab-7a O5=Rattus norvegicus OX=10116 GN=Rab7a PE=1 5V=2 - [R
Vitamin D-binding protein 0O5S=Rattus norvegicus 0X=10116 GN=Gc PE=1 SV=3 - [VTDE_

L N Nt L ML
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| Accession Deseription | z# Proteins | z# Unique Peptides

QUQZT6 Myoglobin O5=Rattus norvegicus OX=10116 GN=Mb PE=1 5V=3 1 21
PO8733 Myosin regulatory light chain 2, ventricular/ cardiac muscle isoform 3 20
ADADG2ISWS Globin a4 OS=Rattus norvegicus OX=10116 GN=Hbb PE=1 SV=1 4 6
PO1946 Hemaglobin subunit alpha-1/2 0S=Rattus norvegicus OX=10116 ¢ 2 2
P11517 Hemaglobin subunit beta-2 OS=Rattus norvegicus OX=10116 PE= 4 5
ADADGZISVE Globin c2 O5=Rattus norvegicus OX=10116 GN=Hba-a2 PE=1 5V 2 2
PO7483 Fatty acid-binding protein, heart OS=Rattus norvegicus OX=1011¢ 1 9
P23928 Alpha-crystallin B chain 05=Rattus norvegicus OX=10116 GN=Cry 1 8
QSKFX0 Transgelin-2 05=Rattus norvegicus OX=10116 GN=Tagln2 PE=1! 2 7
088767 Protein/nucleic acid deglycase DJ-1 05=Rattus norvegicus OX=10 2 10
P26772 10 kDa heat shock pratein, mitochondrial OS=Rattus norvegicus G 2 9
P39069 Adenylate kinase isoenzyme 1 05=Rattus norvegicus 0X=10116 C 3 10
063362 MNADH dehydrogenase [ubiquinene] 1 alpha subeamplex subunit 5 1 7|
P48500 Trinsephosphate isomerase 05=Rattus norvegicus OX=10116 GN= 3 18
PE0254 D-dopachrome decarboxylase OS=Rattus norvegicus OX=10116 G 1 5
P16409 Myosin light chain 3 05=Rattus norvegicus OX=10116 GN=Myl3 F 1 13
P31399 ATP synthase subunit d, mitochondrial 0S=Rattus norvegicus OX= 2 10
POS065 Fructose-bisphosphate aldolase A O5=Rattus norvegicus 0X=1011 6 21
P10111 Peptidyl-proly| cis-trans isomerase A OS=Rattus norvegicus OX=1( 4 7
PO4692 Tropomyosin alpha-1 chain 0S=Rattus norvegicus OX=10116 GN= 9 23
P70623 Fatty acid-binding protein, adipocyte OS=Rattus norvegicus OX=1I 5 7
PO2770 Serum albumin OS=Rattus norvegicus OX=10116 GN=Alb PE=1 5 1 3
ADADG2ISHS Serum albumin 0S=Rattus norvegicus OX=10116 GN=Alb PE=1 § 1 2
F31044 Phaosphatidylethanolamine-binding protein 1 OS=Rattus norvegicu: 1 12
G3vauz 3-ketoacyl-Cod thiolase, mitochondrial OS=Rattus norvegicus OX= 3 24
Q9Z2L0 Voltage-depandent anion-salective channel protein 1 OS=Rattus n 1 17
P63039 60 kDa heat shock protein, mitochondrial 05=Rathus norvegicus O 1 35
PO4642 L-lactate dehydrogenase A chain OS=Rattus norvegicus OX=1011¢ 4 14
D4A4D5 Similar to 605 acidic ribosomal protein P2 OS=Rattus norvegicus C 3 4
Q05962 ADP/ATP translocase 1 05=Rattus norveglcus OX=10116 GN=5lcl 4 13
P11030 Acyl-CoA-binding protein O5=Rattus norvegicus OX=10116 GN=D 2 3
D4ASLS Uncharacterized protein O5=Rattus norvegicus OX=10116 PE=3 5 3 10
P29419 ATP synthase subunit &, mitochondrial OS=Rattus norvegicus OX= 1 [
Q5Ma15 Cytochrome b-cl complex subunit &, mitochondrial 0S=Rattus nor 1 2
G3VED3 ATP synthase subunit beta O5=Rattus norvegicus OX=10116 GN= 2 30
P13803 Electron transfer flaveprotein subunit alpha, mitachondrial 05=Rat 1 20
P11980 Pyruvate kinase PKM OS=Rattus norvegicus OX=10116 GN=Pkm | 5 30
D4AOTO NADH:ubiguinone oxidoreductase subunit B10 OS=Rattus norvegi 1 11
Q06647 ATP synthase subunit O, mitochondrial OS=Rattus norvegicus 0X= 1 10
D3ZD0S Cytochrome ¢ axidase subunit 0S=Rattus norvegicus OX=10116 & 2 7
ADADGZK3IZ9 Uncharacterized protein O5=Rattus norvegicus OX=10116 PE=4 5 3 8
P45592 Cofilin-1 OS=Rattus norvegicus OX=10116 GN=Cfl1 PE=1 5V=3 - 2 7l
FILPGS NADH:ubiquinone oxidoreductase subunit B4 OS=Rattus norvegicl 3 4
MORSM4 Uncharacterized protein O5=Rattus norvegicus OX=10116 PE=3 & 2 16
BSDELE NADH dehydrogenase (Ubiguinone) Fe-5 protein 5 05=Rattus non 2 4
035115 Four and a half LIM domains protein 2 OS=Rattus norvegicus OX= 1 13
P&7779 Prohibitin 05=Rattus norvegicus 0X=10116 GN=Phb PE=1 5V=1 2 17
P19804 Nucleoside diphosphate kinase B OS=Rattus norvegicus OX=1011¢ 2 5
PO4636 Malate dehydrogenase, mitochondrial 0S=Rattus norvegicus OX=1 1 24
GIVBC3 Vimentin OS=Rattus norvegicus OX=10116 GN=Vim PE=1 SV=1 - 12 17
Q62669 Beta-globin O5=Rattus norvegicus OX=10116 GN=LOC103694855 1 8
G3V7UD Cysteine and glycine-rich protein 3 OS=Rattus norvegicus OX=101 3 8
D3ZE1S NADH:ubiguinone oxidoreductase subunit A13 0S=Rattus norvegi 2 4
035244 Peroxiredoxin-6 OS=Rattus norvegicus OX=10116 GN=Prdx6 PE= 1 13
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3. Chapter 5

The effects and associations of whole-apple intake on diverse
cardiovascular risk factors. A narrative review.
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The effects and associations of whole-apple intake on diverse cardiovascular risk
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ABSTRACT

Apples are among the world’s most consumed fruits. However, while the impact of whole-apple intake
on cardiovascular disease (CVD) remains unknown, This narrative review summarizes a novel inte-
grated view of whole-apple intake, CVD risk association (through observational studies; OSs), and the
effects on CVD risk factors (randomized trials; RTs). In 8 OSs, whole-apple intake was associated with
a reduced risk of CVD mortality, ischemic heart disease mortality, stroke mortality, all-cause mortality,
and severe abdominal aortic calcification, as well as with lower C-reactive protein (CRP) concentrations.
In 8 RTs, whole-apple consumption reduced total cholesterol, low-density lipoprotein cholesterol,
systolic blood pressure, pulse pressure, and plasma inflammatory cytokines, and noticeably reduced
CRP, whereas it increased high-density lipoprotein cholesterol (HDLc) and improved endothelial
function. Thus, consuming between 100 and 150 g/day of whole apples is associated with a lower
CVD risk and decreases in blood pressure, pulse pressure, total cholesterol, low-density lipoprotein
cholesterol, and inflammation status as well as with increases in HDLc and endothelial function. These
results, support the regular consumption of whole apples as an aid in the prevention of CVD.

Introduction et al. 2017; Dias et al. 2017) and fiber {(Veronese et al. 2018).
However, the total phenolic composition, pattern, and con-
tent of apples differ significantly between varieties
(Kalinowska et al. 2014). Furthermore, apple diversity is
influenced by a set of environmental factors including the
soil, growing season, and harvest season, as well as their
storage conditions and maturity status (Kalinowska et al.
2014; Stirpe et al. 2017). Despite these differences, the most
frequently found PCs in apples are hydroxycinnamic acids
(0.05-3 g/kg), flavanols (4.6-25.48 g/kg), dihydrochalcones

Cardiovascular disease (CVD) is the current leading cause of
death worldwide, despite the important efforts toward the
prevention of cardiovascular events through the implemen-
tation of healthy lifestyles (Onor et al. 2017; Warburton and
Bredin 2017; Joseph et al. 2017), which include dietary man-
agement and physical activity (Martinez-Gonzilez et al.
2015). Consequently, more strategies are needed to address
the management and prevention of CVD. Additionally, con-
suming high amounts of fruits and vegetables is associated

with diverse cardiovascular health benefits, such as the
reduction in various cardiovascular risk factors and the asso-
ciated risk of cardiovascular events and CVD mortality
(Slavin and Lloyd 2012; Miller, Thangthaeng, et al. 2017;
Alissa and Ferns 2017; Collese et al. 2017), Apples are one
of the most popular fruits worldwide due to their seasonal
availability, geographical distribution and organoleptic prop-
erties (Wang et al. 2018). Currently, apples’ health effects
are attributed mostly to their high content of phenolic com-
pounds (PCs) (GutiErrez-Grijalva et al. 2016; Guasch-Ferré

(0.049-0.434 g/kg), and anthocyanins, which are mainly in
the red peel {0.010-0.551 g/kg), which contribute to a total
phenolic content that ranges between 5.23 and 27.24 g/kg of
their dry weight (Hyson 2011; Gerhauser 2008). In addition,
apples contain by a complex set of components such as vita-
mins A, Bl, B2, C, and K, and minerals including iron,
phosphorus, and potassium, as well as natural sugars (Stirpe
et al. 2017). Therefore, to reveal the impact of whole-apple
consumption on CVD risk factors, information from obser-
vational studies {OSs) and randomized trials (RTs) was

CONTACT Ursula CATALAN
Medicinia i Ciencies de la Salut, Functional Nutrition,
Catalonia, Spain.

ursula.catalan@urv.cat 9 Institut d'Investigacié Sanitaria Pere Virgili (HSPV), Universitat Rovira i Virgili (URV), Facultat de
idation, and Cardiovascular Disease Research Group (NFOC-Salut), C/Sant Lloreng, 21. 43201 Reus,

Color versions of one or more of the figures in the article can be found online at www tandfonline com/bfsn.
0 Supplemental data for this article can be accessed at https://dol.org/10.1080/10408398.2019.1709801.
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Figure 1. Beneficial effects of whole-apple consumption from observational studies (associated risk reductions) and randomized trial studies {attributed effects).
The figure showed the health benefits of the consumption of approximately 1009 of whole-apple, corresponding to 1 apple a day, on diverse cardiovascular risk
factors. Low-density lipoprotein cholesterol (LDLc), total cholesterol (TC), high-density lipoprotein cholesterol (HDLc), C-reactive protein (CRP), millimeters of mercury
(mmHg), systolic blood pressure (SBP), pulse pressure (PP), coronary heart disease (CHD), cardiovascular disease (CVD), flow-mediated dilatation (FMD). All values
presented, are statistically significant (p < 0.05) with the exception of the CRP values in randomized clinical trials.

analyzed. First, the associations between whole-apple con-
sumption and CVD risk protection were assessed based on
the analysis of OS. Second, the causal effects of whole-apple
consumption on CVD risk factors were assessed through
RTs. As a food, the causal effects of whole-apple consump-
tion on CVD risk factors in humans should be considered
with attention to particular methodological considerations
regarding the compliance of different key quality character-
istics of randomized controlled trials (RCTs) such as the
impossibility for a double-blinded trial and the lack of
adequate controls and/or placebos (Kalinowska et al. 2014;
Hébert et al. 2016).

Such is the case of the seminal study by Gormley et al.
conducted in 1977, which involved noncontrolled and non-
randomized parallel intervention trial design, on 76 free-liv-
ing male volunteers aged between 30 and 50years old
{Gormley et al. 1977). The participants were divided into
two groups based on similar cholesterol levels: Group 1 con-
sumed between 2 and 3 Irish Golden Delicious (GD) apples/
day whereas Group 2 consumed only 3 Irish GD apples/
week. Both groups were evaluated before and after a period
of 4months (Gormley et al. 1977). Despite the positive
results reported by the authors regarding a serum cholesterol
reduction of 8.1% when comparing both groups at the end
of the intervention {Gormley et al. 1977), the study design
does not comply with the present-day quality standards of
an RCT (Schulz, Altman, and Moher 2010). Moreover, since
there is a current interest in assessing the effects of whole-
food intake, we focused on the effects of the intake of whole
apples instead of their individual components, extracts or

juices. In that context, the objective of this narrative review
is to render a novel and integrated view of whole-apple
consumption by summarizing its associations with different
CVD risk factors through OSs as well as the effects of
whole-apple intake on CVD risk factors such as blood
pressure, endothelial function, lipids, and inflammation
in RTs.

Literature search

This narrative review is structured based on the criteria
proposed by different authors (Green, Johnson, and
Adams 2006; Ferrari 2015) and utilizes a methodological
systematic approach to the literature search based on the
general principles published in the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines (Moher et al. 2009). The PRISMA
flowchart (Supplementary material, Figure 1) and checklist
(Supplementary material, Table 1) for the present narrative
review are provided. The Quality Assessment Tool for
Observational Cohort and Cross-Sectional Studies from
the National Heart, Lung and Blood Institute (NHLBI)
was used to assess the included observational studies
(National Institutes of Health 2014) for the OSs included
in this narrative review (Supplementary material, Table 2).
For the included RTs, the Revised Tool to Assess Risk of
Bias in Randomized Trials (RoB 2) (Higgins et al. 2011)
was employed (Supplementary material, Table 3 and
Supplementary Data).

&
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Information sources and search strategy

The scientific web libraries SCOPUS (https://www.scopus.
com), Cochrane Library (https://www.cochranelibrary.com/),
and PubMed (https://www.ncbi.nlm.nih.gov/pubmed/) were
explored using the following search terms for this narrative
review: “(Apples OR malus) AND (health OR health out-
come) AND (RCT OR randomized clinical trial OR epi-
demiological OR observational OR randomized control*
trial OR cohort OR cohort studies OR case-control studies)
NOT (review)”. Only studies published in the last 20 years,
from January 1999 to April 2019 were finally selected.

Article’s selection criteria employed

Our group identified 802 articles from the database search
after duplicates were removed, and no additional articles
were found by hand-searching. Only peer-reviewed articles
written in English were included. Two independent authors
(B.AS.-R. and U.C.) extracted the published data and a
third reviewer (R.S.) resolved all differences. After the ana-
lysis of the titles and abstracts, a total of 16 articles (Arts
et al. 2001; Mink et al. 2007; Hodgson et al. 2016;
Bondonno et al. 2012; Bondonno et al. 2018; 2016; Knekt
et al. 2002; Chun et al. 2008; Chai et al. 2012; Hansen et al.
2010; Borgi et al. 2016; Tenore et al. 2017; Vafa et al. 2011;
Ravn-Haren et al. 2013; Auclair et al. 2010; Liddle et al.
2019) were included according to our search strategy for
this narrative review.

The effects and associations of whole-apple intake
on cardiovascular risk factors

The information regarding the associations between whole-
apple consumption and cardiovascular risk factors provided
by the OSs and the beneficial effects attributed to whole-
apple intake on CVD risk factors, acquired from the RTs,
are shown in Table 1.

Observational studies

Our research strategy identified 8 OSs that reported associa-
tions between whole-apple intake and variouscardiovascular
risk factors (Mink et al. 2007; Hodgson et al. 2016;
Bondonno et al. 2016; Knekt et al. 2002; Arts et al. 2001;
Chun et al. 2008; Hansen et al. 2010; Borgi et al. 2016). Of
these articles, 7 were cohort studies (Mink et al. 2007;
Hodgson et al. 2016; Bondonno et al. 2016; Knekt et al.
2002; Arts et al. 2001; Hansen et al. 2010; Borgi et al. 2016),
and 1 was a cross-sectional study, which was included in
our analysis due to scarce data (Chun et al. 2008).

Observed cardiovascular effects of whole-apple intake

Many beneficial associations have been consistently demon-
strated in OSs between higher intakes of PCs, obtained
through fruit consumption, and various CVD risk factors
(Aune et al. 2017; Miller, Thangthaeng, et al. 2017).
However, to the best of our knowledge, a comprehensive

analysis on the associations between whole-apple intake and
different CVD risk factors has not been performed to date.
In that context, the Jowa Women's Health Study, a pro-
spective cohort study performed on a total sample of 34,489
postmenopausal women aged between 55 and 69 years old,
between 1986 and 2002, sought to unveil the possible
health-related associations between the fruit and vegetable
intake, determined through food-frequency questionnaires
(FFQ), and various cardiovascular outcomes (Mink et al,
2007). The authors reported that the postmenopausal
women who consumed >1 whole-apple/day reported a sig-
nificant 25% reduction in CVD mortality [hazard rate ratio
(HRR) (95% confidence interval: CI)] [0.75 (0.68, 0.82;
p<0.001)] (Mink et al. 2007), Additionally, it was demon-
strated that consuming >1 whole-apple/day is also associ-
ated with a 26% reduction in coronary heart disease (CHD)
mortality [0.74 (0.65, 0.84; p<0.001)] and with a 27%
reduction in stroke mortality [0.73 (0.59, 0.90; p=0.018)]
compared with postmenopausal women who consumed <1
apple/week (Mink et al. 2007). Additionally, in another
cohort study in which the total fruit intake of 1,456 elderly
women (>70years old) was assessed through FFQs for a
period of 15years (Hodgson et al. 2016), the results of the
study reveal that, after multivariable adjustments, for each
53 g/day increase in whole-apple intake there is a significant
14% risk reduction in the all-cause mortality among the
nonsmoking population [HR = 0.86 (0.75, 0.97; p < 0.05}].
However, the same effects were not observed for the smok-
ing population (Hodgson et al. 2016).

Furthermore, in the “Calcium Intake Fracture Outcome
Study” (CAIFOS), a five-year-long (1998-2003) prospective
cohort study, in which the whole-apple consumption was
assessed through FFQs on a sample of 1052 elderly women
(over 70years old), and abdominal aortic calcification
(AAC) was assessed as a biomarker for subclinical vascular
disease (N. P. Bondonno et al. 2016). After multivariable
adjustments, the results showedthat for each extra 50 g/day
of whole-apple intake there was a 24% lower odds of having
severe abdominal aortic calcification [odds ratio (OR): 0.76
(0.62, 0.93), p=0.009)] (N. P. Bondonno et al. 2016).

Similar results have also been published in a 6year
(1966-1972) cohort study in which the flavonoid intake of
10,054 Finnish men and women between 52 and 65 years
old was determined through dietary history (Knekt et al.
2002). The results showed that in comparisons between the
highest and lowest quartiles of consumption, the ingestion
of quercetin, an apple-attributed flavanol, reduced the total
mortality relative risk (RR) by 13% [0.87 (0.77, 0.99;
p=0.003)], the RR for ischemic heart disease mortality by
25% [0.75 (0.60, 0.94; p=10.007)], and the RR of thrombotic
stroke by 25% [0.75 (0.57, 0.99; p=0.009)] (Knekt et al.
2002) following multivariable adjustment. Moreover, the
association between total mortality and the whole-apple con-
sumption was further described in the Iowa Women's
Health Study population (Arts et al. 2001). In this cohort
study, the whole-apple intakes of 34,492 postmenopausal
women (55-69 years old) were assessed for a 12-year period
(1986-1998) through FFQs (Arts et al. 2001). The results

&
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AND EFFECTS OF ANTHOCYANINS ON HUMAN HEALTH.
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STUDIED THROUGH SYSTEMATIC REVIEWS ON ANTHOCYANIN-RICH FOODS A%BTI&LW&WIE%@BSB

WITH ANTHOCYANIN-RICH RED FLESHED-APPLES.
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