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1. Phenolic Compounds

Medicinal plants, along with cereals, fruits, herbs, and vegetables, are the main sources of phenolic compounds, of which

nearly 10,000 have been reported in nature to date . They are secondary metabolites produced by plants to protect

them from abiotic factors (e.g., drought, extreme temperatures, floods, heavy metals, pH, radiation, salinity, and soils) and

biotic factors, such as animals and pathogens attack . In addition, they are considered to be mainly responsible for the

organoleptic characteristics (e.g., aroma, flavour, and colour) of plants . To facilitate their identification, they can be

classified into five different subgroups based on their structure (at least one phenol ring), namely, (i) phenolic acids (which

are further subdivided into hydroxybenzoic and hydroxycinnamic acids), (ii) flavonoids (subdivided into flavonols, flavan-3-

ols, flavones, flavanones, isoflavones, flavanonols, and anthocyanidins), (iii) coumarins, (iv) lignans and (v) stilbenes

(Figure 1) . Among them, flavonoids are the most abundant in plants . Flavonols are mostly found in apples, berries,

grapes, broccoli, lettuce, onions, spinach, and tomatoes, while flavan-3-ols are mainly found in apples, bananas,

blueberries, kiwi, peaches, pears, and their juices and jams, cereals, coca, broad beans, lentils, red wine and tea 

. On the other hand, celery, tea, parsley, red pepper, and oranges contain significant amounts of flavones, while lemons

and bitter oranges are rich in flavanones . Isoflavones are mainly found in soy and soy products, lentils, beans and

peas, and flavanonols, in lemons, grapes, oranges, and mint . Finally, anthocyanins are largely identified in berry

fruits and their juices and jams, pigmented cereals, purple corn, red cabbage, and red wine . Regarding other

phenolics, hydroxybenzoic acids have been reported in berries, onions, and black radish, whereas hydroxycinnamic acids

are abundant in apples, berries, pears, plums, artichokes, carrots, chicory, eggplant, lettuce, wheat, and coffee .

Bison, cinnamon, lavender, sweet woodruff, and strawberries contain coumarins, while lignans are mostly found in

sesame and flaxseeds . Finally, stilbenes are predominant in blueberries, grapes, peanuts, and sorghum .

Figure 1. Main phenolic compounds. Non-flavonoids comprise coumarins, phenolic acids, lignans and stilbenes, while
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flavonoids include flavonols, flavan-3-ols, flavones, isoflavones, flavanonols and anthocyanidins. Among them, flavonoids

are the most found in nature.

As mentioned earlier, their structure (Figure 1) allows them to readily neutralize free radicals and reactive species,

interfere with signaling pathways, and reduce pro-inflammatory markers . Therefore, it is not surprising that their

scientific interest, consumption, and use in dietary supplements, functional foods, and pharmaceuticals are increasing

worldwide . However, although understanding the stability, solubility, bioavailability, and bioactivity of phenolics is not an

easy task, it is essential because their health benefits depend mainly on the amount ingested and bioavailability . In

general, the bioavailability of different phenolics varies widely, and the most abundant phenolics in the diet are not

necessarily the most active in vivo, either owing to their poor absorption by the intestine, rapid excretion, high metabolism,

and/or lower intrinsic activity . Nowadays, it is estimated that the absorption rates of the most consumed phenolics

range from 2.7–12.2% for lignans, 8–72% for hydroxycinnamic acids, 33–100% for isoflavones, 12–41% for flavonols and

flavones, 11–16% for flavanones, 2–8% for flavan-3-ols and 2.4–55% for anthocyanins . Nevertheless,

some studies reported that these percentages may eventually be higher . In an attempt to improve the bioavailability

and bioactivity of phenolic compounds, various efforts have been made and discussed. Among the alternatives, their

encapsulation with carbohydrates (e.g., cellulose derivatives and maltodextrins), lipids (e.g., emulsifiers and waxes),

natural gums (e.g., alginates and gum arabic), and/or with proteins (e.g., dairy proteins, gelatin, and soy proteins) seem to

be the most promising strategies .

In addition, it is important to consider that bioavailability rates largely depend on the samples maturity stage, genotype,

and agronomic conditions, which in turn, directly influence phenolic content, food processing, pH, solubility, chemical

structure, and sugar moieties . Furthermore, it is also important to consider interactions with other components

present in food matrix, and the inter-individual variability between individuals (e.g., gender, age, food intolerances, genetic

profile, enzymatic activity, pathological and/or physiological state of intestinal flora), lifestyle, and dietary habits .

Bioavailability of phenolics depends on different processes, including their release from the food matrix, gastrointestinal

absorption, and presystemic metabolism; among them, intestinal absorption is considered the rate-limiting step and is the

main culprit in reducing the bioavailability . It begins in the mouth (Figure 2) with chewing, where the action of the

oral microbiota initiates the metabolism of glycosylated compounds . In the stomach, only a few compounds are

hydrolyzed and deconjugated, with most remaining intact . Here, some aglycones and simpler phenolic acids can be

absorbed (bioaccessibility) . The other pass to the small intestine, where cleavage and release of aglycones occur by

the action of various digestive enzymes, with the activity of cytosolic β-glucosidase and lactase-phlorizin hydrolase being

prominent . Then, phenolics can be taken up by passive diffusion or transporters . Some properties, such as

lipophilicity, molecular weight, and glycosylation pattern, may affect their transport and permeability . For example,

isoflavones and gallic acid are readily absorbed due to their low molecular weight; on the other hand, proanthocyanins

must first be degraded due to their high molecular weight . The high lipophilicity of aglycones allows them to easily

pass through epithelial cells by passive diffusion, whereas polymers, glycosides, and esters cannot pass through the

membrane by passive diffusion and require transporters . Quercetin glycosides, for example, require the action of

sodium-dependent glucose cotransporter-1, while anthocyanins require glucose transporters 1 and 3 .
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Figure 2. Simplified

steps of the metabolic pathways involved in the bioavailability of phenolics in the human body after consumption. CGB—

cytosolic β-glucosidase; SULT—sulfotransferase; UDP-GT—glucuronosyltransferase; COMT—catechol-O-methyl

transferase; SGLT—sodium-dependent glucose cotransporters; LPH—lactase-phlorizin hydrolase.

Nevertheless, the greatest absorption rate is observed in the colon . Here, the gut microbiota catalyzes a series of

reactions, including decarboxylation, demethylation, dihydroxylation, and hydrolysis, and transforms unabsorbed

phenolics into bioavailable metabolites . Usually, flavones and flavanones are degraded to hydroxy-phenylpropionic

acids and polymeric phenolic compounds, while anthocyanins and proanthocyanidins are metabolizated to low molecular

weight phenolic acids, flavonols converted into hydroxyphenylacetic acids, and flavanols into phenylvalerolactones and

hydroxyphenylpropionic acids . These acids are further metabolized to benzoic acid derivatives . In the liver,

they undergo some degree of phase I and/or phase II biotransformation reactions. Phase I includes hydrolysis, oxidation,

and reduction reactions carried out by cytochrome P450 enzymes, while phase II aims to increase hydrophilicity before

excretion . Finally, metabolites may return to the small intestine via enterohepatic recirculation, be further absorbed by

enterocytes, and return to the liver, or be eliminated .

2. The Linkage between Phenolics Structure and Health Benefits

It is clear from the literature, that phenolics have several beneficial effects on human health, including remarkable

antioxidant, vasoactive and anti-inflammatory activities, and the ability to interact with enzymes, and cell receptors .

2.1. Antioxidant Effects of Phenolics

Regarding antioxidant mechanisms, different arrangements of functional groups in the core nuclear structure can confer

metal chelation, radical scavenging, and/or oxidative activity to phenolics . Although the role of free radicals and RNOS

in human metabolism is undeniable, namely in the regulation of gene expression and cell growth, immune responses, and

signal transduction pathways, their overproduction and consequent accumulation lead to DNA, lipids and proteins

damage, necrosis, and useless inflammatory responses and promote the onset of several diseases, such as cancer,

cardiovascular and neurological pathologies . Unlike synthetic antioxidants, whose belief is that their constant intake is

harmful and has undesirable effects, phenolics have already shown a notable ability to reduce oxidative stress levels with

little or no negative effects .

Phenolics are effective in controlling oxidative stress and restoring the redox homeostasis due to their ability to (i)

neutralize and/or reduce free radicals and the formation of reactive species, (ii) chelate trace elements involved in the

formation of these pro-oxidant species, (iii) modulate the activity of related enzymes in cell signaling cascades, and (iv)

stimulate the endogenous defense system by stimulating the action of intracellular antioxidant enzymes (e.g., catalase,

glutathione, and superoxide dismutase) . In this way, phenolics can decrease the production of pro-apoptotic

multidomain effectors Bax and Bak protein, promoting an increase in the ratio of Bcl2–Bcl-xL/Bax–Bak, as well as

stimulate the nuclear factor erythroid 2-related factor 2, and thereby, regulate the transcription of various antioxidant

genes .
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These effects are primarily attributed to their aromatic rings and the presence of several hydroxyl groups, which make

them good hydrogen or electron donors . However, the spatial position and the number of hydroxyl groups can affect

their antioxidant potential . As far as know, phenolics with aromatic rings with two hydroxyl groups in the ortho-position

(catechol group) are better antioxidants than those who only have aromatic rings with a single hydroxyl group (simple

phenol groups) . Procyanidin dimers followed by flavan-3-ols and flavanols are known to be the best antioxidants,

followed by hydroxycinnamic acids and finally by simple phenolic acids .

As for phenolic acids, due to the CH=CH-COOH group and the 7,8-double bond in hydroxycinnamic acids, they are more

efficient in reducing radicals and reactive species than hydroxybenzoic acids, which have only one COOH group (Figure
3A) . In addition, the substitution of the carboxyl group with O-alkyl ester groups can also increase the antioxidant

potential of phenolic acids, as well as the substitution with hydroxyl groups on the benzoic ring at the ortho and/or para-

positions . In contrast to ortho-methoxy groups, ortho-hydroxyl groups enhance these benefits . On the other

hand, the electron-withdrawing activity of the carboxyl group in phenolic acids reduces their capturing abilities . Among

phenolics, gallic and rosmarinic acids are considered to possess the highest antioxidant power (Trolox equivalent

antioxidant capacity (TEAC) values of 3.62 and 4.5 mM, respectively) .

Figure 3. The main structure-

activity relationship is responsible to influence the antioxidant capacity of phenolic acids (A) and flavonoids (B) (adapted

from Bento et al. ).

The antioxidant activity and free radicals scavenging ability of flavonoids are stronger than those of phenolic acids

because they have a higher number of hydroxyl groups . In fact, the presence of (A) an o-diphenolic group and 3′,4′-

catechol hydroxyl groups on B ring, (B) a double bond in positions 2 and 3, and (C) the conjugation between the double-

bond and the 4-oxo group on C ring enhance the antioxidant properties of flavonoids when compared to other phenolic

subclasses (Figure 3B) . Therefore, it is not surprising that the absence of any of these features abolishes the

antioxidant activity of phenolics. The various hydroxyl groups on the B ring confer the capacity to give hydrogen atoms

and electrons to hydroxyl, peroxyl, and peroxynitrite radicals, stabilizing them . Moreover, the hydroxyl group in carbon

3 of the C ring increases the antioxidant power of flavonoids, standing out the quercetin activity (TEAC value of 4.7 mM),

which has almost twice the antioxidant potential of catechin (TEAC value of 2.4 mM) . Another clear example is the fact

that although taxifolin and quercetin have a 4-oxo group, the absence of the double bond between carbons 2 and 3 of

taxifolin, makes it a weaker antioxidant agent than quercetin . In addition, the 5,7-m-dihydroxy arrangement on the A

ring also increases the antioxidant capabilities of flavonoids .
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All of these findings explain the lower antioxidant activity of kaempferol compared to luteolin; although both have the same

hydroxyl configuration, kaempferol does not have the catechol group on the B ring, and, therefore, is less effective .

Moreover, the presence of a free hydroxyl group at position 3 in flavan-3-ols and flavonols is an added value because it

can originate intramolecular hydrogen bonds with the 3′,4′-catechol structure of the B ring, aligning it towards the A ring

. This torsion angle on the B ring concerning the rest of the molecule contributes to the planarity of the structure,

promotes conjugation and electron dislocations, and thus reduces radical species amounts . A good example of this

evidence is quercetin, which effectively presents remarkable chelating and scavenging potential, while flavones and

flavanones are less effective in reducing oxidative stress because they do not possess a 3-hydroxyl group in their

structure . On the other hand, conjugation with carbohydrate and glycoside residues on A and/or B rings decreases the

antioxidant activities of flavonoids . This explains why quercetin aglycone has a stronger scavenging potential towards

peroxyl radicals and ferric species than its O-glycosylated derivatives . Among the sugar substitutions, the

glycosylation at position 4′ is more suppressive than the substitutions at positions 3 and 7 of the C- and A-rings,

respectively, whereas the substitution at position 3 elicits a higher antioxidant potential than that at position 7 . Finally, it

has also been reported that the polymerization of flavonoids also raises their antioxidant potential . For this reason,

procyanidin dimers and trimers are more effective than monomeric flavonoids in reducing free radicals and reactive

species .

Relatively to stilbenes and lignans, the relationship between structure and biological activity is not completely understood.

Until now, it is certainly that, in stilbenes, the hydroxylation at position 4 and the increasing number of hydroxyl groups at

the ortho position are added values, conferring more solubility and facilitating interaction with proteins . Concerning

methoxylated groups, they confer resistance to degradation; nevertheless, an excessive number of them may difficult

target interactions . Regarding lignans, their antioxidant potential is positively associated with the presence of catechol

(3,4-dihydroxy phenyl) residues and the butanediol structure but a higher degree of oxidation at the benzylic positions

diminish their ability to scavenge free radicals and reactive species .

Furthermore, it is also important to consider the O-methylation of hydroxyl groups also influences the planarity of

phenolics; particularly, the obstruction of the 3′,4′-catechol group by 4′-O-methylation significantly compromises their

scavenging effects. A clear example happens with quercetin: its 4′-O-methylation decreases abruptly the capacity to avoid

ferrous sulphate-induced lipid peroxidation . Similar effects were observed with the kaempferol-3′,4′-dimethylether,

where its capacity to scavenge peroxyl radicals is reduced to about half when compared to kaempferol .

However, it is important to keep in mind that phenolics’ chemical structure, including their catechol and pyrogallol groups,

makes them susceptible to autoxidation . When a phenolic loses an electron or acts as a reducing agent, and becomes

a radical, although it can be stable, its oxidized intermediates can acquire a pro-oxidant behaviour . For example,

the interaction between phenolics and transition metals can lead to pro-oxidant events that, at high concentrations, can

cause side effects to human health . For instance, it is interesting to note that the glycosylation and methylation of

hydroxyl groups of flavonoids can weaken the pro-oxidative behaviour . Additionally, pH can also influence phenolics

antioxidant capacity . In general, a lower pH increases iron-reducing activity but inhibits iron catalytic activity and

reduces chelate properties. For instance, at pH 7.4, ρ-hydroxybenzoic acid shows scavenging potential, while apigenin 7-

glucoside presents a pro-oxidative behaviour. However, both compounds at pH 5.8 do not have any antioxidant or pro-

oxidant activity .

Considering the preceding, it is extremely important to understand the relationship between the chemical structure and the

activity of phenolics in order to avoid their auto-oxidation and find the most promising ones.

2.2. Anti-Inflammatory Properties of Phenolics

Inflammation is part of the complex biological response of body tissues to harmful stimuli caused by injury, infection,

toxins, or rash . During this process occurs the release of pro-inflammatory cytokines, such as tumor necrosis factor

(TNF-α), interleukin (IL)-1β and IL-6, heat shock proteins, prostaglandins, and RNOS, including superoxide, nitric oxide,

and hydrogen peroxide radicals . When it is exaggerated, it triggers protein oxidation, damages carbohydrates, and

nucleic acids and induces lipid peroxidation, and interferes with cellular functions, favouring the occurrence of several

related ailments, such as metabolic problems, infections, rheumatoid arthritis, hypertension, and cancer . Therefore, in

uncontrolled situations, its removal is critical. Several efforts have been done to fully discover the anti-inflammatory

capabilities of phenolics, being already reported that some of them can effectively relieve inflammatory responses,

inhibiting expressions and/or activities of pro-inflammatory genes, including cyclooxygenases, angiotensin-converting

enzyme, nuclear factor (NF)-κB, phosphoinositide 3-kinase/Akt (PI3 K/Akt) and mitogen-activated protein kinases

(MAPKs) . In addition, phenolics can activate p53, and hence, remove inflammation . For example, ρ-coumaric acid
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showed a strong capacity to reduce TNF-α levels in a rat model of adjuvant-induced arthritis rats, whereas caffeic acid

was able to inhibit lipopolysaccharide (LPS)-inducible nitric oxide synthase (iNOS), cyclooxygenase (COX)-2 expression,

and TNF-α and IL-1β levels in RAW 264.7 macrophages . Caffeic acid and ellagic acid together at 2% also

demonstrated the capacity to mitigate the production of IL-1β, IL-6, and TNF-α in diabetic mice . By focusing on

flavonoid compounds, coloured and non-coloured phenolics extracted from sweet cherries revealed the capability to

inhibit oxide nitric production (IC  scores of 338.31 and 367.93 µg/mL, respectively) and to suppress iNOS and COX-2

expression in LPS-activated murine macrophage RAW 264.7 cells , while daidzein, isorhamnetin, genistein,

kaempferol, naringenin, and quercetin showed the capacity to suppress NF-κB and iNOS activation in murine J774

macrophages at 100 µM . Kaempferol (0.02%) also revealed the ability to modulate the expression of NF-κB genes in

older rats .
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