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Chapter

Eat Tasty and Healthy: Role of
Polyphenols in Functional Foods
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Numno Mateus, Victor de Freitas, Susana Soares
and Rosa Pérez-Gregorio

Abstract

Adverse reactions to food such as allergies and celiac disease are increasingly
recognized as a growing public health burden. There is currently no cure for these
diseases so that there is an unmet need to evaluate different nutritional approaches
aiming at improving the quality of life of affected patients and their families.

In this context, healthy promising nature-derived compounds, most of which
contained in fruits and vegetables, have been studied as an alternative to attenu-
ate the epidemic. Indeed, phenolic compounds have become an emerging field of
interest in nutrition in the last decades. A growing build of research suggests that
phenolic compounds inhibit pro-inflammatory transcription factors by interacting
with proteins involved in gene expression and cell signaling, leading to protective
effects against many inflammation-mediated chronic diseases. However, the use of
phenolic compounds as attenuating agents of immune reactions to food has to be
aligned to the organoleptic characteristics of food, since many compounds present
unpleasant taste properties, namely bitter taste and astringency. In this framework,
tasty but healthy phenolic compounds arise as attractive ingredients in the design
and formulation of functional foods. This book chapter is focused on revisiting the
organoleptic properties of phenolic compounds while evaluating the role of these
compounds in health promoting actions, namely the management of immune
reactions to food such as Food Allergies and Celiac Disease.

Keywords: food allergies, celiac disease, functional foods, phenolic compounds,
clean label

1. Introduction

“Healthy” and “natural” are two keywords appealing for consumers. Along with
these, there is a growing demand for “functional” and “clean label” food products.
The food system and consumers demand for new functional products that have
potentially positive effects on health besides basic nutrition alongside to products
made with few ingredients, preferably natural ones and assuring that these new
ingredients are easy-to-recognize. In fact, “clean label” is a new “action” of food
system to recover consumer trust, somehow lost in the past decades due to different
issues, such as low transparency about ingredients. The term clean label is complex
and multidimensional. While there is not a specific definition of the term, it is
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while accepted that clean label refers to “natural” food, with simple, well-known
and short ingredients list while avoiding the use of synthetic additives [1, 2]. In this
context, the use of natural extracts rich in bioactive compounds able to reduce the
use of synthetic additives arise as a new reality. Consumers’ of nowadays are more
informed and demanding. In addition, to healthy, functional and natural, consum-
ers are also demanding for sustainable food products. Within this framework, plant-
based ingredients and bioactive compounds arise as promising tools because they
comprise all these topics. This chapter will focus on a class of plant-based bioactive
compounds, the phenolic compounds, and their potential to be added to functional
and clean labelfoods. This chapter will start by covering the structural classification
and occurrence of phenolic compounds, their health bioactivities as well as their
potential application for modulation of immune reactions to food (food allergies
and celiac disease). While these compounds are undoubtedly healthy, their supple-
mentation in food can affect the sensory properties leading to unpleasant effects,
namely bitter taste and astringency perception. This will be also focused inside this
chapter. The technological properties of phenolic compound as new ingredients
will be also discussed considering the interactions within food matrices. Despite
their importance, these interactions are usually overlooked in functional and clean
label foods. At the end, this chapter aims to highlight that functional foods should
constitute a part of a healthy but tasteful diet.

2. Nature and occurrence of phenolic compounds: from food to waste

Phenolic compounds (PC) are secondary metabolites with a high array of
unique bioactive properties, which makes them vastly appreciated for their
beneficial effects on human health and well-being. PC constitute a wide family
of bioactive compounds comprising more than 8000 different structures already
identified [3]. Besides the great structural heterogeneity, some common features
allow classifying PC into two different families: flavonoids (flavones, flavonols,
flavanols, flavanones, isoflavones, and anthocyanins) and non-flavonoids (phe-
nolic acids and derivatives, stilbenes and lignans) as summarized in Figure 1. In
nature, these structures could also occur esterified, acylated and/or glycosylated.
Indeed, the extreme diversity of these compounds joined with their extensively
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Polyphenols classification and basic structures.
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probed bioactivities makes them one of the most largely studied family of plant
metabolites.

PC are found almost in all families of plants and are concentrated in leaf tissue,
the epidermis, bark layers, flowers and fruits. The PC distribution could vary
within the plant tissues. Indeed, differences in PC composition from seeds, pulp
and peels have been extensively studied [4]. Overall, anthocyanin pigments are
mainly accumulated in peels while flavan-3-ols appear in higher concentration in
seeds [5]. Furthermore, PC occurrence in Plant Kingdom depend on biotic and
abiotic factors such as genetic variations, environmental conditions and agronomic
practices among others [6]. Besides these variations, the PC content could vary
during processing from technological and industrial processes to homemade
practices such as culinary treatments or vegetables storage [7, 8]. All these
features must be considered before analyzing the real intake of PC and related
health outcomes observed. Indeed, the amount of a bioactive compound required
to deliver the health-related effects is the key to design a new functional food.
Besides the great diversity of PC and the wide range of foods containing them, the
major daily intake comes from cereal grain accounting for over 50% of their total
intake. Among phytochemicals identified in cereal grain the most important are
the phenolic acids and condensed tannins (flavan-3-ols polymers) [9]. In parallel,
flavonoids are the main bioactive compounds found in fruits [10] and herbs and
spices are rich in hidroxybenzoic acids [11].

PC are not only present in foods but also Agro-Food wastes such as fruit
pomace, wood material or even waste water [12]. In this context, the valorization
of Agro-Food by-products have emerged over the last years especially because
of their easy obtention in large volumes with reduced costs [13]. Apart from
their functionality as a source of energy, Agro-Food by-products should also be
considered as value-added residues due to their chemical heterogeneity, structure
and subsequent applications in the food sector as functional food ingredients or
nutraceuticals contributing not only for a sustainable and circular economy but
also for the implementation of zero waste politics [14].

Agro-Food wastes have been traditionally used as organic fertilizer, livestock
feeds, or as a source for biofuel production [13]. The evolution in Green-chemistry
with cutting-edge technology to properly obtain bioactive compounds from Agro-
Food wastes opens a new perspective to produce value-added products [15]. Much
evidence has been highlighted to use by-products of fruit industry or wineries,
among others. Edible parts of fruits and vegetables usually contain lower amounts of
bioactive compounds than skin, twings or peels non-edible portions. Indeed, wastes
obtained after pressing the juice are a valuable source of PC. In parallel, winery and
overall beverages industry generates large volumes of pomace (a mixture of pulp,
skin, seeds, and stem) with higher amounts of PC when compared with edible fruits
and vegetables [16]. Among fruit-derived by-products or wastes, apple pomace
contains high amounts of flavonols, flavanols, phenolic acids, dihydrochalcones and
anthocyanins [17]. Furthermore, significant amounts of a well-known antidiabetic
agent named phlorizin is widely found in apple-derived by-products [18]. Peels from
fruit such as banana peel, rich in phenolic acids, flavonols, flavanols, and catechol-
amines accounting three times the edible part of the fruit, have been reported as
providing strong antioxidant and anti-microbial activities, in addition to exhibit
other health benefits like reducing cholesterol and blood sugar, neuroprotective
effect and anti-angiogenic activity were also described [13]. Citrus peels have been
also studied to recover high-value bioactive compounds like flavones (apigenin-
glucoside and diosmetin-glucoside) and flavanones (eriocitrin and hesperidin) from
lemon peel and phenolic acids (hydroxybenzoic and caffeic acids) and flavanones
(hesperidin and narirutin) from orange peel and pulp [19]. Potato peel has been
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reported as containing phenolic acids and beetroots peel and pulp contain flavo-
noids, phenolic acids and betalains, which exhibited good antioxidant activity and
hepatoprotective effects [20]. One of the most recently studied food material was
onion and garlic skin/peel, which generates huge volume of wastes especially rich in
quercetin derivatives as well as other aglycone flavonoids exhibiting bioactivities like
antioxidant, antimicrobial, antispasmodic, and antidiabetic activity [21]. Berries
by-products such as branches obtained from elderberry processing are a valuable
source of anthocyanins [22]. Furthermore, seeds/kernel which is a major waste after
processing holds promise as a potential therapeutic source with numerous PC being
isolated such as flavonols and gallotannins [23].

Some of the mentioned food by-products or Agro-Food wastes have been already
proposed as additive in the formulation of bakery and dairy products to enhance
their contents in bioactive compounds [24, 25]. In addition, the presence of natural
compounds, pigments and volatile compounds can enhance the sensory properties
and overall quality of the final product but some research is needed to deep in the
technological effects of these new ingredients with highly probed bioactivities.

3. Phenolic compounds as modulators of immune reactions to food

Over the past several years, non-communicable diseases (NCDs) such as cancer,
cardiometabolic, neurodegenerative and autoimmune disorders have become
of important health concerns for consumers and a growing public health issue
everywhere in the world [26]. They typically result from an imbalance between
people and their environment and lifestyle patterns, including physical inactivity,
tobacco usage, alcohol abuse and related metabolic risks [27]. Essential for life, diet
provides a vast source of molecules that are largely harmless for the majority of
the world population. Nonetheless, compelling observational and interventional
evidence is now available on the implication of modern unbalanced dietary habits/
diet - with its high saturated fat and sugar intake - on the incidence of low-grade,
chronic, and systemic inflammation [28]. Furthermore, for some individuals, the
intake of staple food like milk, eggs, nuts or bread can trigger a set of immune
mechanisms that can lead to a severe allergic condition termed food allergy [29].
Besides food allergy there is a high number of immune reactions to food, some
of them autoimmune disorders such as Celiac Disease. The rise of immunologic
reactions to food are substantial and evolving public health issues, increasing over
the last decade as epidemic [30]. Nevertheless, therapeutic options remain limited.
One of the mechanisms leading to this subclinical, yet persistent adverse response to
nonlife-threating situations, occurs through, for instance, food-induced structural
and behavioral changes in gut microbiota [31]. The bacterial ecosystem living up
in the gut play crucial roles in the induction of protective responses to pathogens,
maintenance of body’s homeostasis and tolerance to innocuous food antigens [32].
As a consequence, any environmental factor disturbing the richness and diversity
of bacteria making up the gut microbiome could potentially affect host metabo-
lism, impact intestinal barrier integrity and immune system functions [33]. A
better understanding of the key nutritional mechanisms involved in such immune
responses will likely be vital for disease prevention and development of new thera-
pies. Indeed, consumption of antioxidants, mainly dietary phenolic compounds
found in fruits and vegetables, has been related with low prevalence of immune
reactions to food [34]. Used as nutraceuticals, PC are thought to dampen the onset
of immune-related inflammation [35, 36]. Moreover, recent studies proved the
ability of PC to bind food antigens [37, 38], which could modulate the disorders,
but concerns still remain about their real function by the organism that assumes
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PC through diet, because of their bioavailability, metabolism and pharmacokinet-
ics. Scientific knowledge has to be improved to establish the basis for nutritional
recommendations that help to prevent or minimize the prevalence and symptoms
of immune reactions. A broad approach is herein explained to fully understand the
immunomodulatory process of PC in food allergies and celiac disease from inges-
tion to immune systemic effects manifestation.

3.1 Food allergies

This hypersensitivity to particular proteins present in food, known as allergens,
occurs when the immune system erroneously perceive foreign proteins as danger-
ous, initiating an allergic immune reaction [29].

The most common type of food allergy is mediated by immunoglobulin E
(IgE), and is estimated to have an impact in the life of 5-8% of the children and
up to 4% of the adults worldwide [39]. Food allergic reactions mediated by IgE
comprise distinct phases; the allergic sensitization, where the food antigen is taken
up, processed and displayed on the surface of antigen presenting cells (APCs);
which, in the presence of interleukin-4 (IL-4) and/or IL-13, provide signals for the
activation of the T helper 2 (TH2) subtype of T cells. Then, TH2 cells in conjuga-
tion with IL-4 and IL-13, will induce class switching in B cells, which differentiate
into plasmocytes (antibody-producing cells) that secret allergen-specific IgE [40].
After the allergic sensitization, the subsequent re-exposure (elicitation phase)
to the allergen, will now result in a more robust immune response. Here, the
antigen-specific IgE binds to the surface receptor FceRI expressed on mast cells and
basophils. The cross-link of the FceRI receptors with IgE will trigger mast cells and
basophils degranulation, which leads to the secretion of inflammatory mediators
e.g. p-hexosaminidase and histamine. In addition, allergen-induced cytokines (IL-4
and IL-13) are also released fostering the typical food allergic symptoms, which can
range from mild to a life-threatening allergic reaction (anaphylaxis) [39, 40]. Given
that, the incidence as well as the severity of food allergy, is gradually increasing, the
search for novel therapeutics to mitigate this condition is in high demand [29].

As described earlier, there are various immune mechanisms implicated in food
allergy that may, therefore, be targeted in prospective anti-allergic strategies. In this
light, the extraordinary structural characteristics, wide distribution in fruits and
vegetables, and the well-studied anti-inflammatory and anti-oxidant properties of
PC, make these bioactive compounds fitting candidates for anti-allergic therapies
[41]. In fact, various studies with PCs have suggested that some of these metabo-
lites, especially phenolic acids and flavonoids, may exhibit certain anti-allergic
benefits and although the exact mechanisms behind their action are not clear, data
shows that PC can intervene at both the allergic sensitization and the elicitation
phases [42, 43]. Moreover, PC can also modulate gut microbiota and potentially
influence food allergy [44].

Several methodologies are currently in use to evaluate the capacity of distinct
PC to interact with specific allergen proteins. Plundrich et al. performed in silico
analyses to narrow down the search for PC present in cranberries/ and or lowbush
blueberries (rich in anthocyanins), which could theoretically interact with Arah 2,
the most pro-allergenic protein in peanuts, specifically in the region that is thought
to be the binding site for IgE [45]. This screening, in concert with further in vitro
experiments revealed that procyanidin C1 and chlorogenic acid could potentially
interact with Ara h 2 inducing conformational changes, which masked the IgE
epitope [45]. Covalent interactions between chlorogenic acid and ovalbumin
(OVA), the major allergen found in the egg white, also induced modifications in
OVA conformation, resulting in the direct shielding of the linear IgE epitope, which
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attenuated allergic mechanisms [46]. Accordingly, histamine release experiments,
showed that the basophil degranulation was inferior in human basophils sensitized
with the OVA conjugated with chlorogenic acid when compared to OVA uncon-
jugated, implying a decrease in the crosslinking of the FceRI receptors via IgE-
allergen interaction [46]. Also, the ability of phenolic compounds to bind to dietary
allergen is pointed out as having a beneficial effect due to precipitation events [47].
Accordingly, Yichen Li et al. observed that PC from pomegranate juice could form
stable complexes with cashew nuts, thus reducing allergen recognition by antibod-
ies, and consequently the immunoreactivity to cashew nuts [47].

Despite not completely mimicking the human pathophysiology of food allergy,
animal models of food allergy are important pre-clinical research tools for the
food industry. These models are elected due to their capacity to simulate the most
common reactions observed after the exposure to specific allergens, namely IgE
production, TH2 related cytokine expression and mast cells degranulation [48, 49].
In fact, various animal models are now used to study the effect of PC as modula-
tors of allergy. For example, the metabolites derived from epicatechin found in the
circulating plasma of a mouse model of OVA allergy fed with phenolic compounds
extracts isolated from apple/ or purified epicatechin, were associated with the
reduction of several clinical allergic symptoms [49]. Additionally, in the ileum,
the mRNA levels of the TH2 - related cytokine IL-13 and the pro-inflammatory
cytokine IL-12 were decreased as well, suggesting that epicatechin could be a
possible modulator of allergic reactions [49]. Also, Abril-Gil et al., used Brown
Norway rats to investigate the potential protective effect of cocoa diets, which
contain high amounts of flavanols (e.g. epicatechin, catechin and procyanidins)
in allergic immune reactions upon OVA re-exposure [50]. Strikingly, their find-
ings showed that while in the group of rats deprived of cocoa high levels of serum
specific anti-OVA IgE were observed, in the other groups where cocoa was offered,
IgE was significantly lower [50]. Moreover, the in vitro analysis of spleen and
mesenteric lymph node cells (MLN) cytokines secretion revealed that IL-5 and
IL-13 were reduced in the MLN, and that in the spleen, IL-4 was also reduced in a
specific cocoa diet. Interestingly, the cocoa diet was also important for attenuating
degranulation events by reducing the FceRI and mast cell mediators (proteases)
gene expression and release [50].

More recently, a mouse model (C3H/He] mice) representative of peanut allergy
was used to evaluate the capacity of PC rich-extracts obtained from blueberry and
cranberry to minimize the allergenicity of peanut proteins [51]. Here, colloidal
aggregates composed of PC extracts (with different percentages) and proteins
derived from peanut were introduced in the diet of peanut sensitized mice for
several weeks, before challenging the mice with a higher dose of peanut flour. At the
end of the experiment, it was observed that mice pre-treated with the PC aggre-
gates, showed reduced IgE and IgG levels; and lower expression of the allergen-
induced basophil activation protein marker CD63 in spleen lysates, when compared
to mice kept on a diet with non-complexed peanut proteins [51].

The manifestly promising results demonstrated by these and other iz vivo
experiments, suggest that in the presence of PCs, the re-exposure to allergens
result in less exuberant allergic responses. In this way, the use of these bioactive
compounds hold promise to surmount the immune responses triggered by the oral
administration of food antigens, contributing therefore, to the oral tolerance to
dietary proteins [52].

In summary, the urgent need for effective therapeutics for food allergy and
given the complex mechanisms involved in this escalating pathology, diverse anti-
allergic strategies are being explored. In this perspective, the natural ability of PC
to interact with food allergens, interfere with IgE interaction or production, reduce
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the secretion of allergic mediators and modulate the expression of allergy related
cytokines make PCs attractive agents for mitigating food allergy.

3.2 Celiac disease

Celiac Disease (CD) is an immune-mediated enteropathy triggered by the
ingestion of gluten proteins by genetically susceptible individuals [53]. Although
there is, so far, no clear explanation for the burst of gluten-related disorders in
recent years, it has been speculated that this may have occurred due to an increase
in the consumption of gluten-containing foods, some based on novel wheat stains
produced for technological rather than nutritional reasons, and the humans’ over
usage of antibiotics and pesticides, both of which rendered people more sensitive to
allergenic plant proteins [54].

Mechanistically, CD is characterized by an aberrant T-cell response towards
gluten peptides that, because of their high proline content, are left undigested at the
gut lumen [55]. According to recent findings, some of these gluten peptides have
the ability to bind to the chemokine receptor CXCR3 on the surface of intestinal
epithelial cells, leading to a PKC-a dependent tight junctions disassembly and
increased intestinal permeability [56]. In the lamina propria, gluten peptides are
selectively deamidated by the enzyme tissue transglutaminase 2 (TG2) and later
presented to gluten-specific HLA-DQ2 or HLA-DQ8-restricted CD4+ T cells by
antigen-presenting cells [57]. Once activated, and in response to tissue signals pro-
vided by stressed epithelial cells, gluten-specific CD4+ T cells support the activation
and differentiation of both autoreactive TG2 and gluten-specific B cells into IgA and
IgG-producing plasma cells while increasing the cytolytic properties of intraepithe-
lial cytotoxic T lymphocytes which kill distressed intestinal epithelial cells based
on the recognition of stress-induced ligands e.g. MHC-class I polypeptide-related
(MICA/B) and HLA-E molecules [58].

The rapid increase in the global incidence of CD, together with the growing
concern of CD patients regarding their quality of life when on a gluten-excluding
diet, led researchers scrambling for alternative (or complementary) ways to tackle
the celiac gut’s response to gluten and potentially restore tolerance [59]. Among
the candidates, recent evidence brough PC into the spotlight as promising agents
to be used in CD management due to their wide range of beneficial properties and
positive impact on human health. Nevertheless, and despite the advances made in
the past few years, there are still many unresolved questions in this area, due to the
multitude of action mechanisms underlying the response to PCs intake and large
interindividual variability [60].

In a CD context, PC could act at several levels: they could impair gluten diges-
tion and peptide availability at the intestinal lumen, reduce inflammation, enhance
intestinal barrier integrity and function and have a prebiotic effect through inhibi-
tion of certain pathogenic groups and stimulation of beneficial bacterial growth
[61]. As shown by Dias et al. green tea PC and grape seed procyanidins can readily
interact with one of the most immunoreactive gluten peptides - the 33/32-mer - pri-
marily through an unspecific, entropy-driven, hydrophobic effect [62]. In general,
these interactions were found to be similar to the interactions between polyphenols
and proline-rich salivary proteins in that they are the result of cooperative bind-
ing mechanisms involving both enthalpic and entropic effects. Staggeringly, the
primarily PC-binding sites within the 32-mer peptide sequence were also unveiled:
they correspond to leucine, tyrosine and phenylalanine-containing domains,
located in four well-defined and almost indistinguishable hydrophobic clusters,
equally spaced by non-polar proline residues [63]. Subsequent transepithelial trans-
port studies on Caco-2 cell monolayers highlighted the ability of dietary doses of
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EGCG to scavenge and reduce the apical-to-basolateral translocation of the 32-mer
peptide in vitro to nearly undetectable levels [62]. Still, it remains unclear whether
this attenuation will have any implication in the activation and triggering of a
gluten-specific T-cell mediated immune response, though the structural changes
induced on the peptide upon binding provides foundational support for functional
changes in its immunostimulatory action [64].

On another recent breakthrough, green tea catechins were found to prevent
gluten digestion through physical interactions with gluten proteins and preven-
tion of hydrolysis by digestive enzymes [65]. According to this study, the presence
of green tea catechins resulted in a decreased formation of low molecular weight
gluten peptides, decreased intestinal permeability and reduced inflammation [66].
A similar finding was also made available by Kramer and coworkers which shown a
significant inhibition of IFN-y- or gluten peptide p31-43-induced increases in CD
inflammatory biomarkers including TG2, COX-2, IL-15, IL-1p, IL-6, and IL-8 by
procyanidin B2-rich cocoa extracts [67].

Regarding the effect produced by PC-rich dietary patterns on gut and blood
microbiomics in CD patients, data are still scarce. Nevertheless, there is now several
pieces of evidence suggesting that PCs may represent a relevant factor in shaping
the intestinal microbial ecosystem (i.e. the microbiota and derived metabolic prod-
ucts) and modifying the relative abundance of specific bacterial taxa in dysbiotic
CD subjects [68]. By modulating the concentration of health-affecting microbial
metabolites in the gut e.g. butyrate, polyphenols are likely to regulate a plethora
of biological responses at the intestinal level that control, for instance, tight junc-
tion integrity, anti-inflammatory signaling, immune cell migration, adhesion, and
cellular functions such as proliferation and apoptosis [69]. Accordingly, it has been
found that treatment of CD-derived organoids with microbiota-derived bioprod-
ucts, including butyrate, improved epithelial barrier functionality and reduced
gliadin-induced IFN-y and IL-15 secretion [70]. Of note, both butyrate and lactate
have been shown to exert a relevant role in regulating FoxP3 isoform expression in
T cells and consequent activation of a Th17-driven immune response in CD subjects
[71]. But, as well-controlled intervention studies are still lacking, future studies
should be focusing on providing a proof of concept of the reliability of a PC-based
dietary intervention in the context of microbiota-intestinal permeability and CD
health outcomes.

4. Use of phenolic compounds as alternative to synthetic additives in
functional foods

In the last 50 years, food systems have dramatically changed where the access to
foods, with high levels of salt, sugars and saturated fats have become cheaper and
more widely available than micronutrient rich foods—such as fresh fruits and veg-
etables. Consequently, the incidence of NCDs greatly increase such as obesity, type
2 diabetes as well as immune reactions to food, claiming for action. Food industry
faces important challenges regarding the increase in these NCDs. In addition,
besides the health challenge, other key points demand advances for the production
of food and significant changes in food systems, namely population growth, rural
development, globalization and climate changes.

Diverse personal, cultural or economic factors influence consumers’ dietary
behavior. Furthermore, political issues as well as the food labeling, marketing,
information about food and policies could impact on price affecting consumer
demand. Under this framework, strategies to protect vulnerable populations can
be addressed to achieve a global access to healthy and sustainable diets. Based on
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Use of polyphenols as ingredients in functional foods.

aforementioned, PC extracts arise as ingredients able to promote health benefits
while reducing the use of synthetic additives. This section summarizes the inter-
est in using PC as new ingredients in food formulations including the effects on
technological processes (Figure 2).

4.1 Reduction of sugar

As already mentioned, the Food Industry needs to diminish the sugar in food
and beverages to minimize the impact of sugar consumption in the prevalence
of metabolic disorders. Furthermore, public health policy strategies including
sugar taxes for food industry accelerate the process. Zero-calorie high-potency
sweeteners with improved taste perception are needed as new ingredients. To date,
the scientific community has made some efforts to obtain natural sweeteners or
designing synthetic compounds with high sweetening power. The most widely
artificial sweeteners used in the Food Industry are aspartame, sucralose, saccharine,
neotame, advantame and acesulfame potassium-k but whether the use of these
sweetener affect our health is still not well understood [72]. Natural alternatives
have been explored such as molasses, honey, coconut sugar, date sugar, maple
syrup, agave nectar, and xylitol [73]. Most of them are carbohydrates obtained from
vegetables, trees, seeds, roots, and nuts. Moreover, dihydrochalcone sweeteners are
PC-derived compounds with proved beneficial health effects arising as a good alter-
native for sugar reduction [74]. However, difficulties associated with browning,
replacement of the bulking and other properties that sucrose, glucose and fructose
provide in many solid food products must be carefully analyzed.

4.2 Reduction of salt

Reducing the consumption of salt in general population has been identified as a
priority intervention to reduce NCDs. Indeed, the World Health Organization has
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agreed to diminish 30% of salt intake by 2025. The use of vegetable extracts able to
enhance flavor while improving health benefits arises as a promising alternative.
Under this framework, extracts rich in PC have been already used in food industry.
Indeed, green tea extracts were used to enhance the flavor of fish flesh [75], soybean
isoflavones enhance the flavor quality in the muscle of grass carp while contribute
to health benefits [76]. Furthermore, PC-rich extracts containing aromatic com-
pounds such as onion, garlic, celery spices and herbs could also be a nutraceutical
alternative to reduce salt.

4.3 Preservative agents

Spoilage are one of the main causes of economic loses in food industry [77].
Traditionally, the use of artificial preservative technologies such as drying, freezing,
thermal treatments and more recently modified atmosphere packaging and non-
thermal physical treatments (pulsed electric fields and high hydrostatic pressure)
have been employed to extend shelf life of food [78]. Synthetic chemical preserva-
tives such as, tartaric or citric acids; sulphites, sorbate, propionate and benzoate;
or nitrites and nitrates, have been extensively used but in recent times the use of
natural products as preservative agents acquire relevance [79]. The increase in the
consumption of minimally processed foods joined with the clean label requirements
boost the trend to explore the use of natural antimicrobials for food preservation.
PC have been widely reported as antimicrobial agents [80]. Indeed antimicrobial
extracts containing PCs have been already designed for this purposes, such as an
extract of moso bamboo (Takeguard™) launched by Takex Labo (Osaka, Japan)
or a mixture of different natural antimicrobial extracts (Biovia™ YM10) including
green tea extract launched by Danisco DuPont [81]. Table 1 summarizes the already
tested PC from food byproducts with antimicrobial properties.

4.4 Colorant agents

Some PC are natural pigments with high potential to be incorporated into food
systems as colorant agents. However, the great reactivity and lack of chemical sta-
bility make necessary to deliver these compounds in encapsulated forms. Among PC
sources, flowers such as Clitoria ternatea petals are commonly used in health drinks
and natural food colorants [95]. Moreover, Brazilian fruit peel - jabuticaba (Plinia
cauliflora (Mart.) Kausel) and propolis from Tubuna (Scaptotrigona bipunctata)
encapsulated in alginate beds have been tested as a new ingredient with colorant
properties and health outcomes [96]. Betacyanins (red-violet) and betaxanthins
(yellow-orange), from beets are also powerful antioxidants, which can be used as
natural colorants in the food industry [97]. Furthermore, pecan nut shell has been
already studied as a food colorant for active packaging for color stabilization [98].

4.5 Emulsifier agents

New alternatives to reduce the content of saturated fats while maintaining the
emulsifying properties of sauces must be evaluated. To date, some amphiphilic
plant proteins such as wheat gliadins and maize zeins have rheological proper-
ties suitable to fabricate colloidal particles for stabilizing foams and emulsions.
However, in recent years the use of novel emulsifiers to obtain nutraceutical emul-
sions are being studied. In this context, the ability of PC to bind to proteins have
been described as able to improve the chemical and physical stability of emulsions,
arising as a good source of nutraceuticals while emulsifier agents. The emulsifying
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Food Polyphenol Target organisms References
Byproducts
Coffee extract Flavan-3-ols, Pseudomonas fluorescens, [82]
hydroxycinnamic Staphylococcus aureus, Aspergillus
acids, flavonols, and flavus, Listeria monocytogenes,
anthocyanidins Bacillus subtilis, Candida albicans
Green tea waste Flavan-3-ols (Tannins) Staphylococcus aureus, Escherichia [83]
coli, Listeria monocytogenes, Bacillus
coagulans, Shigella flexneri
Green, white and Flavan-3-ols (Tannins) Salmonella typhimurium, Listeria [84]
black tea extracts monocytogenes
Olive pomace Phenolic acids Escherichia coli 0157:H7, Salmonella [85]
(oleocanthal, enteritidis, Listeria monocytogenes,
deoxyloganic acid) and Staphylococcus aureus
Olive leaf extract Phenolic acids and Listeria monocytogenes, Escherichia [86]
flavonoids coli O157:H7, Salmonella enteritidis,
Candida albicans
Pomegranate Phenolic acids and Salmonella spp., Listeria [87]
fruit peel extract flavonoids monocytogenes, Staphylococcus
aureus, Escherichia coli, Yersinia
enterocolitica, and Pseudomonas
fluorescens, Pseudomonas stutzeri,
Gram-negative bacteria, Gram-
positive bacteria, and fungi
Winery products Phenolic acids, flavonoids, Bacillus cereus, Campylobacter [88]
stilbenes jejuni, Escherichia coli, Listeria
monocytogenes, Salmonella enterica,
Staphylococcus aureus, Yersinia
enterocolitica
Grape pomace Phenolic acids, flavonoids, Staphylococcus aureus, Salmonella, [89]
stilbenes Enterococci, total aerobic mesophilic
and psychrotrophic bacteria
Grape fruit seed Flavonols, phenolic Pseudomonas spp. [90]
extract acids, catechins,
proanthocyanidins and
anthocyanins
Myrtle berries Phenolic acids and Escherichia coli, Staphylococcus [91]
seeds extract flavonoids aureus, Salmonella typhimurium,
and Bacillus cereus
Date extract Phenolic acids and Escherichia coli, Bacillus subtilis, [92]
flavonoids Enterococcus faecalis, and Salmonella
Spp-
Buckwheat hull Flavonols (quercetin Gram-positive (Bacillus cereus, [93]
extract derivatives) Staphylococcus aureus, Enterococcus
faecalis) and Gram-negative bacteria
(Salmonella choleraesuis, Escherichia
coli, and Proteus mivabilis)
Pumelo peel Flavonoids Escherichia coli, Pseudomonas [94]
extract aeruginosa, Bacillus subtilis,
Staphylococcus aureus,
Chromobacterium violaceum, and
Vibrio anguillarum
Table 1.

Polyphenols as food preservatives. Adapted from [81].
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properties of proteins have also been modified by introducing polysaccharides;
however, little to nothing is known about how ternary interactions could affect the
physical stability of emulsions. Ternary conjugates were fabricated by covalently
bonding polyphenol, protein, and polysaccharide together. The protein was used to
provide surface activity, the polysaccharide to provide strong steric repulsion, and
the PC to provide functional properties [99]. But, some PC have poor interfacial
activity, like green tea PCs [100]. However, the interaction between green tea PC
and the protein B-lactoglobulin (B-lg) (spontaneous nanocomplexes formation) was
sucesfully used as an emulsifier agent in fish oil [101]. Colloidal complexes were also
prepared from pea protein and grape seed proanthocyanidin and the ability of these
complexes to form and stabilize oil-in-water emulsions were verified [102]. Overall,
covalent and noncovalent interactions between proteins and PC have provide novel
insights into the interfacial behaviors of novel emulsifiers [103].

4.6 Matrix effect

There are several factors which could influence the PC delivery to bloodstream,
to their target tissues and biological activities. Disruption of the natural matrix or
the microstructure created during processing may influence the release, transforma-
tion, and further absorption of some nutrients as well as functional ingredients such
as PC in the digestive tract. Some in vitro studies verified the effect of milk proteins
in PC bioaccesibility and bioactivities after consuming oat based breakfast cereals
with blueberry fruit [104]. The absorption of flavanols, such as green tea catechins,
is influenced by epimerization reactions, which usually occur during technological
processing as well as the presence of lipids and carbohydrates. Moreover is enhanced
by the presence of piperine and tartaric acid [105]. Phenolic acids and Flavanones
such as hesperidin are affected by the attached sugar, which can covalently link
these compounds to the cereal bran matrix [106, 107]. There are only a few examples
reported on PC release from the food matrix, but existing information established
a direct relationship between the absorption and dose but is sometimes linear and
sometimes saturated [108]. The lack of systematic information on the effects of other
components on the bioavailability of PCs needs to be performed. This information
must be completed by human studies to further establish general principles affecting
absorption in vivo. Information derived from such experiments could be useful for
the optimal design of future bioefficacy studies for functional foods production.

5. When sensory properties can compromise the intake of potential
healthy phenolic compounds

It is undeniable that PC are a key target for the Food Industry on the design of
new healthy products, as widely documented in the previous sections. Nevertheless,
PC account for the main organoleptic properties of food products, mainly color and
taste. Anthocyanins account for the (red) color of fruits and derived products, and
flavanols and tannins are linked to unpleasant taste properties, namely astringency
and bitterness. So, while PC have high expectations towards the development of
health-orientated and functional products, a central challenge could be aligning
their applications with consumer acceptability.

5.1 PC sensory properties

Astringency is a trigeminal sensation described as a mouthfeel of dryness,
roughness and puckering sensations. It is induced by different classes of compounds
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such as tannins, acids and alumns. In food, tannins are the main contributors to
astringency perception. Several mechanisms are currently proposed to explain
astringency molecular onset. The most studied one relies on the interaction and
precipitation of particular families of salivary proteins, namely proline-rich
proteins. The involvement of oral epithelial cells has been also reported and more
recently the activation of G-protein coupled receptors was also reported. The
involvement of oral mechanoreceptors is also a hypothesis despite no tangible data
has been reported so far.

On the other hand, the perception of bitter taste is well characterized. Bitterness
is perceived by activation of specific receptors, the bitter taste receptors (TAS2Rs).
Humans express 25 TAS2Rs to perceive hundreds of bitter tasting molecules, with
very wide structural features. These receptors occur at the cell-membrane of gusta-
tive cells within taste buds of human tongue. Among the wide diversity of TAS2Rs
agonists reported there are several PC. In fact, some of these compounds are highly
efficient agonists activating TAS2Rs at very low concentrations.

The importance of these taste properties is that they have elicited negative
consumer reactions when present at high intensity in some products [109], decreas-
ing the overall acceptability. This can compromise the intended intake of these new
and functional food products.

5.2 Phenolic compounds as ingredients in functional foods

In the last years, the application of PC in functional and/or fortified foods has
been widely reported. This has been mainly achieved by using either food industry
by-products or wastes. Most studies use by-products from fruits (43%), followed
by the application of winery (19%) and vegetable (13%) by-products [110]. Among
fruit and vegetable by-products, citrus, tomato, grape, and apple by-products have
been used in a wide range of food products (Table 2). One of these by-products is
pomace (e.g. derived from apple or, grape), the main solid waste generated in juice
or winemaking factories. It contains plenty of different varieties of nutritionally
important compounds, such as dietary fibers, carbohydrates, PC, and minerals
presenting a huge potential as a source of bioactive compounds. In addition to
by-products or wastes, also some other high-PC content sources have been used to
supplement food such as green tea.

Most of the reported studies use different fruit cultivars, obtained from differ-
ent industry practices but without a deep characterization of the PC content. So,
global relationships between PC composition-rheological-sensory properties-health
inputs are not easily attained.

A cross-cut problem in most studies associated with the incorporation of these
compounds in food matrices is that they can modify sensory properties leading to
astringency and bitterness.

5.2.1 Addition of PC to bakery products

A significant amount of grape PC (near 70%) remains in pomace after wine
making, the most important being tannins, anthocyanins, and phenolic acids, the
quantities depending on the grape variety and winemaking practices. This by-prod-
uct has been applied in bread, pancakes, pasta, biscuits, and other derived products.
Some studies are summarized in Table 1.

White grape pomace has been also used to supplement biscuits [111]. In this
case, the profile of PC was dominated by gallic acid, tyrosol and y-resorcylic
acid, which contributed nearly 87% of total PC. In this case, at sensory level, the
replacement by grape pomace affected mainly on two attributes: fruity-acidic
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PC matrix Goal Food product Sensory properties Ref.
Physical Color Taste Overall acceptability
Wine grape Antioxidant activity Biscuits Reduced thickness, Lower lightness, 10% of grape pomace [111]
pomace increased hardness higher red color,
lower yellow
Functional food, Wheat bread Decreased Increased bitterness, Zenel grape pomace was suggested [112]
wastes valuation, brightness, aftertaste to be used
antioxidant properties increased red
color
Grape pomace Healthier and high Muffins Decreased High acceptability using at 10% [113]
dietary fiber content lightness
Biscuits No changes in Darkness Increased bitterness 5% improved their acceptability [114]
thickness
Grape seed Healthier, extended Yogurt Increased hardness — Decreased taste Decreased overall rating [115]
extract shelf-life products and consistency rating
Grape pomace Higher antioxidant Yogurt General loss of — Unpleasant flavors, Decreased overall rating [116]
activity textural quality not enough sweet
(Water- Alternative fiber for oil Cake Increased hardness, Darker and more Increased bitterness Water-treated coffee silverskin [117]
treated) Coffee replacement similar springiness yellow color especially for (up to 30%) induces no significant
sylverskin and cohesiveness non-treated coffee alterations on cake characteristics.
sylverskin
Tomato pomace Alternative fiber Beef frankfurter, Increased hardness Increased No significant Overall acceptance equal or higher [118]
and protein sources; beef ham and and chewiness yellowness and changes in taste than control
increase antioxidant meat-free lightness (meat-
activity sausages free sausages);
highest redness
Alternative Chicken Decreased chewiness No significant No significant Overall acceptability (3%) equal [119]
fiber, byproduct sausages and guminess, no changes changes to control

valorization, increased
health properties

changes in hardness
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PC matrix Goal Food product Sensory properties Ref.
Physical Color Taste Overall acceptability
Tomato powder Replace synthetic Frankfurters Decreased Increased Better flavor Overall acceptability increased [120]
colorants and reducing tenderness yellowness
the nitrite level
Plant extracts Functional (healthier Milk-derived No significant No significant Some extracts (e.g. Overall acceptability was found to [121]
(Ilemon balm, and tastier) goat-milk beverage changes changes lavender) induced be mint>rosemary>sage>lemon
mint, lavender, new beverage bitterness and balm>lavender
rosemary and astringency
sage)
Apple pomace Cookies Reduced thickness Decreased Improved taste Overall acceptability equal to [122]
but no other lightness and (higher fruity control
significant changes more brown color flavor)
Fortification of bakery Meat products Lower hardness, Darker and — — [123]
and meat products (chicken patties springiness, higher redness
and beef) cohesiveness, and
chewiness
Increased antioxidant Cider — Increased yellow Higher bitterness Overall acceptability higher than [124]
activity color, higher and astringency control
luminosity
Rheology (dough) and texture properties
Wine grape Antioxidant activity Biscuits Decreased water Reduced stability Development time [111]
pomace absorption not modified
Functional food, Wheat bread Decreased water Increased Higher development Changes in all texture properties [112]
wastes valuation, absorption (Merlot stability time (Merlot (stickier crumb, decreased crust

antioxidant properties

dough); no changes
to control (Zelen
dough)

dough); no changes
to control (Zelen
dough)

toughness, increased sand feeling)
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PC matrix Goal Food product Sensory properties Ref.
Physical Color Taste Overall acceptability

Grape pomace Healthier and high Muffins hardness and chewiness increased; [113]

dietary fiber content springiness, cohesiveness,
resilience decreased

Grape peels Supplementation of Dough Not modified Reduced stability Development time Higher hardness, lower [125]

dietary fibers not modified adhesiveness, lower cohesiveness
Table 2.

Effect of fortification with PC in sensory properties of functional foods.
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flavor notes and color. These authors studied the stability of PC during the bak-
ing process. Within the PC, the most stable ones were as follows: y-resorcylic acid
(loss of 11%) < gallic acid (loss of 18%) < tyrosol (loss of 21%) < catechin (loss of
31%) < isovanilic acid. Moreover, procyanidins B1 and B2, which were identified
in the pomace were not retained after the baking process. At the end, there was an
almost tenfold increase in bioactive compounds in the biscuits enriched with 30%
of pomace, from 0.11 mg.g‘1 (control) to 1.07 mg.g‘l.

The stability of PC at the end of the baking process was also assessed upon
supplementation of biscuits and bread with green tea extracts to increase the
antioxidant ability of the final product [126]. While it was found ca. 30 and 21%
of retention of epicatechin gallate and epigallocatechin gallate, respectively, for
biscuits supplemented with 300 mg green tea extract per 100 g flour [127], the
retention in freshly baked bread were ca. 83 and 91%, respectively [105]. At the end,
it was determined that one piece of bread (53 g) containing 150 mg of GTE/100 g
of flour will provide 28 mg of tea catechins, which is ~35% of those infused from
one green tea bag (2 g). However, none of these studies inferred about the sensory
profile of these food products.

Ross and colleagues studied the consumer acceptance of grape-seed (GS)
flour-containing food products, namely pancakes and noodles [128]. The GS flour
was obtained from winemaking by-products from different grapes (Merlot and
Cabernet Sauvignon). Despite the PC content of the GS flour was not character-
ized, this organic material is well-known to have a high content in procyanidins. It
was observed that the supplementation with GS flour led to a decrease on consumer
acceptability of pancakes and noodles, especially for taste (bitterness), mouthfeel
(astringency) and texture. This is not surprising since astringency and bitterness
are the two main descriptors of procyanidins.

Coffee sylverskin, a byproduct of coffee industry highly rich in PC, has been
also evaluated to supplement baking products such as cookies [129] or cakes [117].
The supplementation with this byproduct had improved the functional quality of
cookies by increasing their PC contents, antioxidant capacities and iz vitro bioac-
cessibilities. However, all supplementation concentrations had lowered the consum-
ers’ flavor-taste scores and overall acceptability, which was attributed to the bitter
taste of this food matrix.

The use of apple pomace has functional ingredient has been recently reviewed
[130] and has been applied with success in several bakery products, namely bread,
scones, cakes, and muffins. The addition of 5% of the apple pomace was found to
not significantly impact the sensory properties of cookies [131].

5.2.2 Addition of PC to coffee

GS pomace (derived from Chardonnay winemaking), was evaluated to be used
as a functional ingredient in brewed coffee [132]. This GS pomace could be added at
6.25% replacement without significantly affecting the overall consumer acceptance
of coffee compared to the control (0%). These authors chose the GS pomace from
a white grape variety because it has lower levels of tannins and no anthocyanins
compared to red varieties, and so it can be expected a lower contribution to bitter-
ness and astringency. In fact, not only astringency and bitterness did not increase
upon replacement as it was observed their significant reduction for all replacement
percentages in comparison to the control coffee. Although the authors do not dis-
cuss this result, one hypothesis is that the white grape varieties are also well-known
for a higher content in sugar. Mouthf eel and texture, pancakes made with Cabernet
Sauvignon (25% replacement) showed the lowest acceptance, significantly differ-
ent from 30% replacement with a higher acceptance. This result suggested that the
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impact of GSF concentration was more apparent for in-mouth attributes mouthf eel
and texture, pancakes made with Cabernet Sauvignon (25% replacement) showed
the lowest acceptance, significantly different from 30% replacement with a higher
acceptance. This result suggested that the impact of GSF concentration was more
apparent for in-mouth attributes.

5.2.3 Addition of PC to pasta

Gaita and colleagues supplemented pasta with grape pomace [133]. These
authors quantified the PC in control pasta and in the fortified one and showed an
effective enhancement of PC levels. These increases were dependent on the pomace
grape variety, but in general were effective for gallic, caffeic, ferulic and coumaric
acids, rutin, and resveratrol. Moreover, the pasta samples with addition of pomace
to alevel of 3 and 6% showed improved sensory characteristics versus the control
sample while the kneading and dough processing operations have not been affected.

5.2.4 Addition of PC to dairy products

Grape pomace of Chardonnay, Moscato and Pinot noir varieties has been used
to supplement yogurt [116]. A total of nine PC were characterized in fortified
yogurt depending on the origin of the grape pomace: phenolic acids (gallic acid,
protocatechuic acid and vanillic acid); flavan-3-ols (procyanidin B1, catechin and
epicatechin) and flavonols (rutin and quercetin). For most of these PC, they were
stable at least for 21 days. Independently of the origin of grape pomace, all enriched
yogurts add a lower liking score, especially regarding the organoleptic properties
(flavor and taste). The Moscato yogurt was less accepted, with a very low mean lik-
ing score, particularly for taste and flavor. In contrast, Chardonnay was the sample
with the highest mean scores for appearance, flavor and overall liking. Several
informal attributes were reported by tasters such as “not enough sweet,” with
“unpleasant flavors”, “not homogeneous” and “grainy/sandy.” However, no correla-
tion was found with the quantified PC.

Komes and colleagues used plant extracts (lemon balm, mint, lavender, rosemary
and sage) for the development of functional and nutritively valuable goat’s milk-
based beverages [121]. The concentration of bioactive PC (rosmarinic acid, hydroxy-
cinnamic acid derivatives and luteolin derivatives) were significantly increased in
goat’s milk in dependence of the added plant extract. While the extracts alone were
found to be bitter and astringent, when added to the milk, some of the final beverages
had acceptable levels of these two taste properties. However, the beverage enriched
with lavender extract was characterized by the highest intensity of bitterness and
astringency and thus consequently low overall acceptability. On the other hand, the
beverage with mint extract was one of the preferred ones. Interestingly, this beverage
was the one with the highest concentration of total PC, total flavonoids and antioxi-
dant ability while was one of the less bitter and astringent beverages. This suggests
that the profile of the PC present (not the concentration) should be the key to the
perceived taste properties. At the end, apart from the accomplished bioactive enrich-
ment and stability, the new functional beverages exhibited significantly enhanced
sensorial properties when compared to plain goat’s milk, with the highest overall
satisfactoriness determined for samples fortified with mint and rosemary extracts.

5.2.5 Addition of PC to meat products

Tomato and derived-processed products generates considerable amount of
by-products in the form of pomace, peel and seeds. They are rich sources of dietary
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fiber and bioactive compounds. In addition to carotenes, tomato by-products are
rich in vitamins as well as PC, namely phenolic acids and flavonoids. Due to their
color properties, these by-products have major applications in meat and meat-
derived food products, as reviewed recently [134]. The higher antioxidant activity
observed for tomato waste (composed by skin and seeds) has been related with the
fact that this product had the highest phenolic and flavonoid amounts, in par-
ticular rutin, quercitrin and naringenin may be more efficient as antioxidant than
carotenoids with respect to preventing lipid oxidation in pressurized chicken meat.
Different researches have observed some general trends in the application of tomato
by-products, namely improved nutritional quality, reduced lipid oxidation and
increased stability during the shelf-life period of meat products, while maintaining
or increasing sensory properties and general satisfactoriness.

Green tea extracts have been also used in meat products (e.g. raw beef and
chicken patties). In raw beef and chicken patties, the tea catechins treatment
resulted in no significant differences in the sensory flavor, taste, and tenderness
[135]. Moreover, even only a marinade with green tea instead of enrichment of meat
was found to reduce the formation of heterocyclic aromatic amines while bitterness
and astringency perception was neglectable [136].

At the end, surprisingly, the sensory profile reported for green tea extract-
supplemented meat products (turkey burgers [126], raw beef and chicken patties
[135], pan-fried beef [136] as well as other food products (biscuits, cake [137]) is
usually equal or superior to the control conditions (usually containing synthetic
antioxidants). Since green tea extract is well-known for its bitter and astringent
taste properties this could be probably due to interactions with the food matrix
compounds, as discussed ahead.

5.3 Interactions of phenolic compounds with food macronutrients

In the human diet, PC are generally consumed in foods along with macronutri-
ents (e.g. proteins, lipids and carbohydrates). The effect of interactions between PC
and food constituents is a very important topic since they can have several implica-
tions on their sensory properties and lastly on their biological effects.

5.3.1 Interaction with proteins

In food matrices, PC interaction with proteins may affect their physicochemical
properties, and consequently, their sensory characteristics. The sensory implica-
tions of PC interaction with proteins are not just centered on taste. Indeed, these
interactions can also influence the appearance (e.g. haze, color), aroma and texture
of food products.

One of the most known effect of this interaction is haze formation in some plant-
based beverages like beer, wine and fruit juice [138]. Consumers expect that these
beverages are clear (free of turbidity) and to remain so during the shelf life of the
product. The development of haze in beverages results in the formation of insoluble
particles of colloidal or larger size that can be detected visually. This is often noted
as a negative attribute affecting their acceptance and the likelihood of this product
to be purchased again. Astringency and bitterness are also affected by the develop-
ment of haze. Indeed, red wine astringency can be reduced by the addition of some
fining agents (ovalbumin, gluten proteins or yeast protein extract) which remove
reactive compounds capable of haze formation [139]. Also, in beers, the interaction
between PC and malt proteins causes haze and flocculation which can be modulated
by adding some fining agents that will help in the process of clarification [140].
However, fining agents should be used appropriately as they could also compromise
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the flavor and the overall quality of the final product. Moreover, the use of fining
agents can also remove a considerable amount of PC compromising their potential
health benefits. Another example of PC interaction with proteins in beverages is the
case of tea. In fact, tea astringency can be rectified by the addition of milk in which
PC (flavan-3-ols) interact with milk proteins (casein and whey protein) [141].

Grace and colleagues [142] studied the effect of the fortification of soy protein
isolate with concentrated PC-rich fruits and vegetables (muscadine grape and kale)
by sensory analysis. These authors observed that the appearance of the incorpora-
tions had resulted in different colors, a purple-red powder for the incorporation
with muscadine due to the presence of anthocyanins, and a mid-intensity green
with kale caused by chlorophyll incorporation into the matrix. Also, panel evalu-
ators indicated that unfortified protein formed clumps in the mouth, while the
fortified muscadine and kale matrices presented a creamy consistency in the mouth.
Furthermore, the panel evaluators mentioned that muscadine-protein matrix
presented a pleasant flavor with delicate notes of grape aroma, slight astringency,
no bitterness, and low sourness in comparison with unfortified soy protein. On the
other hand, soy protein fortified with kale showed a reminiscent flavor of cooked
beans, moderate sweetness, low sourness, and no bitterness.

In all these examples above mentioned, PC interact with proteins in food
matrices, contributing to a lower amount of PC available to interact with oral cavity
constituents, including salivary proteins, resulting in a decrease of astringency
perception [143] and also bitter taste.

5.3.2 Interaction with lipids

Contrary to PC-protein interactions that have been widely studied, interactions
with other food constituents such as lipids are lacking a deeper and comprehensive
research. The main references to the interaction between PC and food lipids concern
on plant oils, especially olive oil. Bitterness is a key sensory attribute in olive oil
determining its acceptability. However, the lipid matrix composition seems to be
a determinant factor on the perception of bitter taste. Garcia-Mesa and colleagues
[144] demonstrated that two virgin oil matrices spiked with the same level of PC
were able to produce different effects on bitterness, depending on the degree of
unsaturation of the olive oil matrix. The most unsaturated matrices resulted in softer
sensations and reduced bitterness in comparison with the less unsaturated ones.

The interest on using PC as food additives in food lipid matrices has also been
growing. Indeed, lipid oxidation is the main source for food quality deterioration
and generation of undesirable odors and flavors, compromising shelf-life, chang-
ing texture and color and reducing the nutritional value of food [4]. The use of
green tea catechins as food additives with antioxidant properties is a good tool to
increase the shelf life and to decrease the susceptibility of oxidative damage of
food products. Furthermore, as previously referred, tea PC are able to interact with
milk proteins suggesting a good retention in the cheese matrix [145]. Giroux and
colleagues [145] evaluated the effect of green tea extract enrichment on the texture
and organoleptic properties of Cheddar cheese during storage. The main effects
observed were a decrease in the typical cheddar flavor, an increase in the global fla-
vor intensity and astringency, color changes and increase in hardness. Nevertheless,
the impact of green tea enrichment was dependent on the concentration used.

5.3.3 Interaction with carbohydrates

The first evidence of the interaction between PC and carbohydrates can be
observed in fruits in which they interact in plant cell wall. Several classes of PC
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have already been described to interact with carbohydrates such as anthocyanins,
phenolic acids and procyanidins [143].

In the case of red wine, PC are the main contributors to color, astringency and
bitterness. Several authors have reported that yeast mannoproteins interaction with
PC have numerous effects on wine sensory properties, namely on color stabilization
[146], reduction of astringency [147] and increased body and mouthfeel [148].

In fact, the formation of PC-carbohydrate complexes influences their association
with salivary proteins leading to a decrease on astringency perception. The same
reduction trend on astringency was observed for other matrices, in which soluble
pectins were added to persimmon fresh juice, resulting in the complexation with
soluble tannins [149]. The interaction between PC and carbohydrates depends on
their structure and physicochemical properties (e.g., ionic character and viscosity).
Indeed, carbohydrates which present higher viscosity can greatly affect sensorial
properties. Peleg and coworkers [150] observed that the increase of viscosity of

a PC-rich cranberry juice by the addition of carboxymethyl cellulose lowered the
perceived astringency at 25 °C.

In conclusion, interactions between PC and macronutrients can occur in food
items and impact their sensory properties. The design of new foods with high
nutrient content, tasty and affordable could be a good tool to increase the consump-
tion of these bioactive compounds. However, the creation of these foods without
comprising quality, sensory properties and functionality remains a big challenge.

At the end, most of the studies based on supplementation of food products
with extracts, or with food industry by-products rich in PC are somehow empiric
approaches. They find an optimal dose of an extract, by-product or waste or able to
have a high expected (functional/biological) activity while the negative side-effects
(e.g. low loaf volume, undesirable taste properties and textural characteristics)
are minimized. While this trial-error has led to some successful examples, the use
of this knowledge by the food industry depends on a more systematic approach. A
deep and extensive characterization of the PC profile of the extracts, by-products
and wastes should be a critical point in these studies. Furthermore, consistent data
regarding the binding of the PC with food matrix components, the effect of cooking
practices as well as the final bioactivities are lacking. These topics will be a valuable
tool to align tastiness to healthiness in a systematic and reliable way to aid food
industry towards the development of functional and clean label food.

6. Conclusions

The consumption of plant-based foods, including fruits, seeds, cereals, veg-
etables, and derived foodstuffs, such as beverages, has been nowadays claimed to
be beneficial for human health. This awareness has been shared not only by the
scientific community but also by the general public. The increase in the prevalence
of non-communicable diseases and particularly the immune reactions to food,
prompted the establishment of nutritional recommendations to design functional
and sustainable foods. In this framework, PC have a significant potential! However,
attention should be paid to PC organoleptic properties, which can compromise the
final consumer acceptance.

The potential use of PC on modulation of immune reactions to food has been
recently explored. In this context, PC have a double potential, before and after the
food intake. From one side, the recently discovered ability of PC to bind to food
immunologic proteins, and general food macromolecules such as lipids, proteins
or carbohydrates could influence their bioactivities opening a new way to explore
the relationship between dietary PC and health outcomes. On the other side, the
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modulator effects of PC on enzymatic activity, cellular redox potential, cell signal-
ing transduction pathways or cell proliferation, as well as the ability to bind to cell
receptors, that have been demonstrated sets them as potent anti-inflammatory and
antioxidant compounds.

Although significant progress has been made to deepen these interactions with
food macromolecules and bioactivities, considerable attention should be paid to the
astringency and bitter taste elicited by PC. At the end, no matter how healthy a food
is, if it does not appeal to its consumer, it is unlikely to succeed.

Going beyond, constructing food systems to all and designing foods suitable for
people with specific nutritional requirements must be a priority. Under this frame-
work, the design of clean label functional foods containing PCs as modulators of
immune reactions to food while impact positively the organoleptic and technologi-
cal properties of food emerge as a new reality.
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