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1. Introduction

Phenolic compounds are secondary metabolites widely spread throughout the plant kingdom with around 8000 different

phenolic structures . They are involved in adaptation processes in plants during stress conditions such as wounding,

infection or exposure to UV radiation .

In relation to their chemical structure, these compounds contain at least one phenol group . This phenol is composed of

an aromatic ring with one or more hydroxyl groups. Although phenolic compounds can be present in their free form in

plants, they are generally present bound to sugars or proteins .

The interest of phenolic compounds has increased during the last decade due to their antioxidant power. Their free

radical-scavenging properties help to the prevention of chronic and oxidative stress-related disorders such as cancer,

cardiovascular and neurodegenerative diseases .

Phenolic compounds can be classified in different ways. In relation to their carbon chain, they can be divided into 16

classes (for a detailed review, see ). On the other hand, according to the most important classes found in the human diet,

phenolic compounds are organized in phenolic acids, flavonoids and tannins.

2. Classification

The classification used in this entry is based on the number of phenol rings and on the structural elements linking such

rings, so that phenolic compounds are categorized as flavonoids and non-flavonoids .

2.1 Flavonoids

Flavonoids constitute the major group of phenolic compounds. They are responsible, along with carotenoids and

chlorophylls, for the blue, purple, yellow, orange and red colors in plants . They have a C -C -C   skeleton with two

aromatic rings connected by a three-carbon link (Figure 1) . Their antioxidant activity depends on the presence, number

and position of hydroxyl groups in the chemical structure of these compounds . Flavonoids can be divided into six

subclasses: flavones, isoflavones, flavonols, anthocyanins, flavanols and flavanones. The differences between them are

due to variations in the number and positions of the hydroxyl groups as well as in their range of alkylation and

glycosylation (Figure 1) .
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Figure 1. Basic flavonoid structure and main types of flavonoids.

Flavones, which contain a keto group at C4, a double bond between C2 and C3, and a B ring linked to C2 (Figure 1),

represent the most basic flavonoid structures. Apigenin, luteolin and their glycosides are the most abundant flavones in

fruit and vegetables .

Isoflavones are flavones with the B ring connected to C3 (Figure 1). They are phytoestrogenic compounds found in

leguminous plants. Genistein and daidzein are their principal members .

Flavonols are flavones hydroxylated at C3 (Figure 1) and they represent the most numerous flavonoids in fruit and

vegetables. The main compounds in this subclass are myricetin, quercetin and kaempferol . Cherries, grapes, apricots,

red wine, chocolate and various types of tea are all rich in flavonols .

Anthocyanins are water-soluble pigments that provide blue, purple and red colors to vegetables. The most common are

cyanidin, delphinidin, malvidin, pelargonidin, petunidin, and peonidin .

Flavanols comprise a complex subclass and their predominant compounds are catechin, epicatechin, gallocatechin,

epigallocatechin, their 3-O-gallates, polymers and oligomers. Proanthocyanidins are oligomeric flavanols but their

polymeric form are called condensed tannins . Flavanols contribute to astringency, bitterness, sourness, salivary

viscosity, aroma and color formation in food .

Flavanones compose the smallest subclass because of their limited presence, mostly, in citrus. Hesperidin is responsible

of sour taste in orange juice while naringin possesses a sweeter taste .

Chalcones and dihydrochalcones can be also considered flavonoids because they are intermediate products in their

biosynthesis. The most frequent compounds within this group are phloretin and its glucoside phloridzin, which are found in

apples .

2.2. Non-flavonoids

Compounds with smaller and simpler chemical structures than flavonoids belong to this class. However, there are also

non-flavonoids with complex structures and high molar mass . Phenolic acids, coumarins, stilbenes and lignans

constitute mainly this group.

Phenolic acids participate in color stability, aroma profile and antioxidant activity, which depends on the number of

hydroxyl groups included in the molecule . They are classified in hydroxybenzoic and hydroxycinnamic acids .

Hydroxybenzoic acids have a C6-C1 skeleton and are the simplest phenolic acids found in nature . They are frequently

glycosylated, joined to small organic acids or linked to structural compounds of plant cells . The content of these

compounds in edible plants is low, except for certain red fruits and onions . Some of the most common hydroxybenzoic

acids are gallic, protocatechuic, vanillic, syringic and salicylic acids . On the other hand, hydroxycinnamic acids are

composed by a C6-C3 skeleton and they are more common than hydroxybenzoic acids . The principal dietary sources

of these compounds are fruits such as apples, cherries, peaches, and citrus fruits. Some examples of hydroxybenzoic

acids are coumaric, caffeic, ferulic and rosmarinic acids, p-coumaric and caffeic acid being the most abundant in fruits .
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Coumarins are a group of phenolic compounds biosynthesized via the shikimic acid pathway, being structural derivatives

of o-cumaric acid . They are present in plants in either their free forms or as coumarin glycosides, and they absorb UV

light which results in their characteristic blue fluorescence . Coumarins are mostly found in olive oil, oats and spices,

and their main representatives are coumarin, umbelliferone, esculetin and scopoletin .

Stilbenes have a C -C -C  structure and are derivatives of the same biosynthetic route as flavonoids since the first part of

the synthetic pathway is common to both compounds . Stilbenes help to protect plant tissues from the attack of fungi,

insects, and other organisms. Moreover, the synthesis of antifungal stilbenes can be induced by infections or by abiotic

stimulus such as UV light . Resveratrol is the most important and studied stilbene due to its antitumoral effect and can

be found in grapes and wines .

Lignans are phytoestrogens and are synthetized by union of two cinnamic acid residues or their biogenic relatives .

They are present in all the organs of many vascular plant families but exhibit a low concentration in cereals, fruits, nuts,

and vegetables . An example of a plant lignan is secoisolariciresinol diglucoside. When ingested, this compound is first

converted into enterodiol and eventually transformed into enterolactone by microbial enzymes in the colon .

3. Biological Effects of Phenolic Compounds

Phenolic compounds have been recently widely studied due to their biological effects, which could be beneficial for human

health . These benefits are mainly related to both their direct and indirect antioxidant actions. In fact, polyphenols are

able to donate electrons to oxidant species, scavenge free radicals and chelate metal ions , but can also indirectly

attenuate production of reactive oxygen species (ROS) by either improving antioxidant enzymes’ activity or inhibiting

enzymes that induce pro-oxidant effects . For example, kaempferol depicts a high antioxidant capacity because of its

tendency to donate electrons . Similarly, fisetin shows protective effects against cell death, ROS scavenging actions and

stimulation of glutathione antioxidant capacity, thus significantly reducing oxidative damage in lipids, DNA and proteins in

Chinese hamster lung fibroblasts . The same effect was observed with a grape seed extract rich in catechins,

proanthocyanidins and anthocyanidins in human keratinocyte cell line HaCaT. The antioxidant power of this extract

protected keratinocytes against ROS formation, thereby reducing oxidative stress, DNA damage and apoptosis, while

increasing cell survival . Antioxidant activity, whether direct or indirect, has also been demonstrated in other phenolic

compounds such as phenolic acids and tyrosol, the former prevents metal catalysis and free radicals formation and the

latter inhibits damage caused by ROS in human umbilical cord vein endothelial cells . On the other hand, phenolic

compounds also possess other biological effects related to their antioxidant capacity such as antimicrobial, anti-

inflammatory, anticancer and cardioprotective activities (Figure 2). Additionally, it is important to note that phytochemical

mixtures can influence the expected biological effect caused by the individual compounds. For example, it has been

observed that the combination of extracts from Potentilla fruticose L. leaves and green tea polyphenols showed enhanced

radical scavenging properties mainly due to the synergistic activities of the phenolic compound hyperoside (abundant in P.
fruticose L. leaves) with epicatechin gallate (ECG; present in green tea) . Likewise, it has been shown that the

combination of chlorogenic acid and isoquercitrin improved their superoxide anion scavenging actions .

Figure 2. An overview on the biological effects of dietary phenolic compounds.

3.1. Antimicrobial Activity

The antimicrobial properties of phenolic compounds are due to the ability of their hydroxyl groups to bind the active sites

of key enzymes and modify the metabolism of microorganisms . Antimicrobial activity depends on the position of the

hydroxyl substitution in the aromatic ring, as well as on the length of the saturated side-chain . For example, it has been
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demonstrated that caffeic acid possesses higher antimicrobial activity than  p-coumaric acid because the first one has

more hydroxyl groups substituted in the phenolic ring .

Some of the investigations that examine antibacterial and antifungal activity of different phenolic compounds are

highlighted in the next few lines. For instance, catechin inhibits the growth of Helicobacter pylori and Escherichia coli
. Likewise, resveratrol displays antibacterial capacity against Enterococcus faecalis, Campylobacter spp., Arcobacter

butzleri and Candida albicans . Moreover, the pulp of two varieties of Portuguese red grape shows an effective

growth inhibition against Klebsiella pneumoniae, Staphylococcus epidermis, Listeria monocytogenes and Staphylococcus
aureus due to their content in anthocyanins and tannins . Finally, essential oils from different thyme species that are rich

in phenolic compounds act against microorganisms like  Pseudomonas aeruginosa,  Cronobacter sakazakii,  Listeria
innocua, Streptococcus pyogenes, Candida albicans, Saccharomyces cerevisiae, Staphylococcus aureus and Salmonella
enterica .

Synergistic interactions of phenolic compounds with antibiotics have been also investigated with the aim of counteracting

antibiotic resistance. Thus, licoarylcoumarin, glycycoumarin and gancaonin, which are found in licorice, were reported to

evoke antibacterial effect on vancomycin-resistant strains of  Enterococcus faecium  and  Enterococcus faecalis .

Furthermore, polyphenols present in Cabernet Sauvignon grape pomace were shown to potentiate the effect of different

classes of antibiotics against Staphylococcus aureus and Escherichia coli, especially against multi-drug resistant clinical

isolates .

As for in vitro antiviral effect, various studies have reported the potential of phenolic compounds. For example, it has been

observed that gallic acid presented a potent effect on Herpes simplex virus type 1 (HSV-1) and parainfluenza type 3 .

Besides, one flavanone, naringenin, has been shown to inhibit Dengue virus replication in infected primary human

monocytes . Additionally, epigallocatechin gallate (EGCG), particularly abundant in green tea, was demonstrated to

block Hepatitis B virus entry into immortalized human primary hepatocytes . In this line, EGCG alongside delphinidin

were proven to reduce the infectivity of Dengue virus, Zika virus and West Nile virus by affecting the attachment and entry

steps of the viruses life cycle . Both compounds have also demonstrated to impede hepatitis C virus entry in primary

human hepatocytes by alteration of the viral particle structure, which hinders its attachment to the cell surface .

3.2. Anti-Inflammatory Activity

The inflammation process exacerbates ROS and reactive nitrogen species (RNS) production, thereby increasing the

activity of proinflammatory agents . Anti-inflammatory activity of phenolic compounds interrupts ROS-dependent

inflammation cycle  and acts against pro-inflammatory mediators like tumor necrosis factor-α (TNF-α), interleukin

(IL)-1β, -6 and -8, inducible nitric oxide synthase (iNOS), COX, and leukotrienes. Besides, phenolic compounds also

regulate expression of transcription factors such as nuclear factor kappa-light-chain-enhancer of activated B cells (NK-

κB).

Among phenolic compounds, stilbenes are one of the most thoroughly studied compounds. In this line, various studies

have shown the capacity of resveratrol to inhibit COX activity, inactivate peroxisome proliferator-activated receptor gamma

(PPARγ) and induce endothelial nitric oxide synthase (eNOS) in murine and rat macrophages. Besides, a resveratrol

analog, RVSA40, was proven to inhibit TNF-α and IL-6 production in RAW 264.47 (murine macrophages cell line) .

Likewise, a study with 25 different stilbenes revealed that piceatannol and pinostilbene demonstrated a comparable

activity to the anti-inflammatory drugs zileuton and ibuprofen in inhibiting COX-1, COX-2 and 5-lipoxygenase (5-LO)

activity . In addition, in the same study, it was shown that the majority of those 25 compounds managed to reduce the

activity of NF-κB/activator protein-1 (AP-1) and attenuate the expression of TNF-α in human monocytic leukemia cell line

THP-1 . Similarly, in another study, it was observed the inhibition of COX-2 by pinostilbene and of COX-1 by

pinostilbene and oxyresveratrol. In relation to 5-LO, the effective inhibitors were shown to be pterolstilbene alongside

oxyresveratrol .

Anti-inflammatory effects were also found in different metabolites of phenolic compounds. For example, 4’-O-methyl-gallic

acid is a metabolite generated after fruit juice consumption that reduces the release of pro-inflammatory cytokines and

inhibits the expression of COX-2 and iNOS genes by the suppression of NF-κB activation in macrophages. Likewise,

quercetin-3’-O-glucuronide proved to decrease the transcription of genes implicated in inflammation, such as pro-

inflammatory interleukins and enzymes involved in oxidative stress responses . Other metabolite, apigenin-7’-O-

glucuronide, was reported to suppress the release of nitric oxide (NO) and TNF-α in lipopolysaccharide-stimulated RAW

264.47 macrophages, and also prevented lipopolysaccharide-induced mRNA expression of iNOS, COX-2 and TNF-α 
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3.3. Anticancer Activity

Sustained oxidative stress and increased ROS levels are typical features of cancer. Phenolic compounds can interrupt or

reverse carcinogenesis by both modulating intracellular signaling molecules involved in cancer initiation and/or promotion,

and blocking the progression of cancer . For instance, gingerol, a ginger-derived phenolic compound, and its derivative

6-shogaol show anticancer activity in brain, lung and breast cancer . Such an anticancer ability was also

demonstrated for hesperetin, which reduced cell viability and induced apoptosis in human cervical cancer SiHa cells .

Numerous studies have shown the important role of phenolic compounds in different types of cancer. Specifically,

flavonoids were shown to hinder cell proliferation and stimulate DNA repair by reducing oxidative stress, thus preventing

cancer initiation and promotion. Furthermore, in the progression stage, flavonoids were also reported to inhibit

proangiogenic factors, regulate metastasis-related proteins and induce apoptosis . On the other hand, EGCG was

described to decrease the number and size of tumors, improve oxidative stress markers and inhibit expression of

proangiogenic factor such as CD44, VEGF, Ki-67 and MMP-2 in rats bearing mammary cancer . Likewise, it has been

demonstrated that the combination of EGCG and curcumin produced a synergistic effect that enhanced inhibitory actions

of EGCG on cell proliferation of PC3 prostate cancer cell line .

Phenolic compounds found in olive oil have been also widely studied in relation to the prevention of cancer risk in different

tissues. For example, oleocanthal was shown to inhibit the growth of three breast cancer cell lines, namely BT-474, MCF-

7 and T-47D, in mitogen-free media by decreasing nuclear expression of estrogen receptor-α. Moreover, combined

treatment with oleocanthal and tamoxifen produced a synergic inhibition of cell proliferation in these cell lines, thereby

suggesting that oleocanthal improves sensibility to tamoxifen treatment . Likewise, hydroxytyrosol, a metabolite of

oleuropein, as well as phenylacetic and hydroxyphenylpropionic acids were informed to arrest cell cycle and induce

apoptosis in Caco-2 and HT-29 cell lines . On the other hand, high doses of hydroxytyrosol also caused apoptosis in

papillary (TPC-1 y FB-2) and follicular (WRO) thyroid cancer cell lines via mitochondrial apoptotic mechanism involving

the release of cytochrome c and the up-regulation of p53 and BAD . Finally, combination of oleuropein and doxorubicin

produced stronger cytotoxic and apoptotic effects than individual treatment with high doses of doxorubicin in MDA-MB-

231 breast cancer xenografts .

Regarding human trials, it has been demonstrated that consumption of freeze-dried strawberries powder for 6 months

reduced the histologic grade of dysplastic premalignant lesions in 80.6% of patients with esophageal dysplastic lesions in

a high-risk area for esophageal cancer. Besides, this strawberry powder also decreased expression levels of the pro-

inflammatory mediator iNOS and did not cause any toxic effect . In other study, the supplementation of pomegranate

extract in patients with colorectal cancer had a significant down-regulating effect on the expression of colorectal cancer-

related genes such as CD44, CTNNB1, CDKN1A, and EGFR in surgical colon samples .

3.4. Cardioprotective Actions

Cardiovascular diseases are mostly caused by oxidative stress and behavioral risk factors such as tobacco use, alcohol

abuse, sedentary lifestyles and high-fat diets. Different studies have claimed that the consumption of phenolic-rich food

reduces the risk of suffering such diseases . In fact, phenolic compounds can alter lipid metabolism, prevent oxidation of

low-density lipoproteins (LDL), increase levels of high-density lipoproteins (HDL) and manifest vasodilatory properties,

hence decreasing the risk of coronary issues, ischemia and cardiomyopathies. These compounds also promote

antiplatelet aggregation, improve endothelial function and diminish the expression of cell adhesion molecules .

Atherosclerosis is a multifactorial disease characterized by an endothelial dysfunction that involves ROS-dependent LDL

oxidation (ox-LDL) . In this regard, quercetin has been demonstrated to inhibit ox-LDL-induced adhesion of endothelial

leukocytes by attenuating the Toll-like receptor(TLR)-NF-κB signaling pathway and decreasing the atherosclerotic

inflammatory process in rats fed a hypercholesterolemic diet . This flavonoid is also capable of regulating expression of

NADPH oxidase subunits, which are the main source of ROS in phagocytic and vascular cells, and reducing the

atherosclerotic plaque area in mouse fed a high-fat diet . On the other hand, extra virgin olive oil has been proven to

modulate expression of microRNAs (miRNAs), which are small non-coding RNA molecules involved in post-translational

regulation of gene expression that has been found to be dysregulated in different diseases such as atherosclerosis or

cancer. Specifically, consumption of extra virgin olive oil, which is rich in phenolic compounds, diminished the

overexpression of miR-146b-5p (characteristic of atherosclerotic plaques), miR-769-5p and miR-192-5p (associated with

the alteration of glucose metabolism, fatty liver and acute myocardial infarction) . Besides, an olive extract rich in

secoiridoids has shown its capacity to weaken initial steps of atherosclerosis due to significant reduction of endothelial
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dysfunction biomarkers such as E-selectin, VCAM-1, MCP-1, ICAM-1 and F4/80 in ApoE  mice, an atherosclerosis-

prone mouse model . Moreover, epicatechin was shown to attenuate pro-atherogenic inflammatory processes in female

ApoE*3-Leiden transgenic mice, a well-established model of hyperlipidemia and atherosclerosis induced by diet .

The cardioprotective effect of phenolic compounds has been shown in different other studies. For instance, it was

observed that characteristics of metabolic syndrome induced with a high-fat, high-fructose diet in Wistar rats were

attenuated by supplementation with a grape pomace that was rich in 26 different phenolic compounds . Additionally,

Wistar rats fed for 14 months with an extract rich in malvidin, delphinidin, rutin, quercetin, catechin, coumaric acid,

kaempferol and trans-cinnamic acid prevented hypertrophy, inflammation, fibrosis and cardiomyocytes apoptosis .

Finally, vasorelaxant activity of a ferulic acid metabolite, ferulic acid-4-O-sulfate, was also demonstrated in both isolated

mouse arteries and anesthetized mice .

As for human studies, two trials investigated the effect of green tea catechins on LDL oxidation. In both studies, total

antioxidant capacity of plasma was increased and LDL oxidizability was reduced. These findings suggest the importance

of green tea catechins intake with regards to the reduction of atherosclerosis risk . Likewise, another study explored the

effect of consuming phenolics-rich extra virgin olive oil in 18 healthy subjects and noticed that its consumption decreased

systolic pressure, apparently, through the modulation of ACE and NR1H2 gene expression, which are related to the renin-

angiotensin-aldosterone system .

3.5. Other Health Benefits

There are other beneficial effects, such as antidiabetic effects, that have been attributed to different polyphenols. Type II

diabetes mellitus causes chronic oxidative stress as a consequence of hyperglycemia, insulin resistance, inflammation

and dyslipidemia, and may result in defective expression of insulin gene and impaired insulin secretion . Two

flavanones, naringin and naringenin, have been reported to produce antidiabetic actions by enhancing expression of

insulin receptor, glucose transporter GLUT4 and adiponectin in type II diabetic rats, thereby improving insulin

resistance . Similar results were observed with the procyanidin cinnamtannin A2, which prevented hyperglycemia and

enhanced glucose tolerance by promoting GLUT4 translocation and glucose uptake . In addition, other flavanone,

hesperidin, has been demonstrated to improve glycemic control and reduce DNA oxidative damage and lipid peroxidation

associated to hyperglycemia in type II diabetes patients .

The health benefits of phenolic compounds have been also studied in neurodegenerative diseases such as Alzheimer’s

and Parkinson’s. In Alzheimer’s disease, which is characterized by accumulation of amyloid-β (Aβ) and tau aggregates,

EGCG was shown to be an effective inhibitor of tau aggregation and toxicity, which could be beneficial to hinder

Alzheimer’s progression . Previous research in mice has also shown that quercetin administration reduced

histopathological characteristics of the disease such as extracellular β-amyloidosis, tauopathy, astrogliosis and

microgliosis in the hippocampus and the amygdala, while improving cognitive and emotional dysfunction  Importantly, in

a clinical study, it has been demonstrated that daily consumption of anthocyanin-rich cherry juice improves verbal fluency,

short-term memory, and long-term memory in older adults with Alzheimer’s. Besides, both systolic and diastolic blood

pressure was lower in these patients .

As for Parkinson’s, which is characterized by dopaminergic neuronal loss in substantia nigra associated to oxidative

stress, neuroinflammation and apoptosis, some phenolic compounds have been proven potentially effective as

therapeutic agents. Thus, the flavone apigenin was reported to decrease both α-synuclein accumulation, a protein

associated with sporadic and hereditary cases of the disease, and motor deficits in a rotenone-induced rat model of

Parkinson’s. Furthermore, apigenin also protected against neuronal apoptosis via regulation of tyrosine hydroxylase, and

increased dopamine biosynthesis as well as the expression of dopamine D2 receptor . Finally, rutin was informed to

suppress the expression of genes related to dopaminergic neuronal cell death such as Park5, Park7 and Casp3, while

isoquercitrin inhibited Park5 and Park7 expression in rat pheochromocytoma PC12 cells .

3.6. Safety Profile of Phenolic Compounds

Although phenolic compounds reportedly possess a plethora of biological activities, it is necessary to address the issue of

their safe dosage. In fact, phenolic compounds generally exhibit bimodal pharmacological effects as they can exert

therapeutic actions at low doses while producing toxicity at high doses. However, current studies on the harmful effects of

phenolic compounds are mostly based on cell experiments and animal models, with few studies in humans. For instance,

safety studies on EGCG have established a no-observed adverse effect level (NOAEL) of 500 mg EGCG/kg/day in both

rats and dogs . In this line, a NOAEL of 600 mg EGCG/day and an acceptable daily intake for 70-kg adult humans of

322 mg EGCG/day were reported for humans . As for resveratrol, it is quite well tolerated by experimental models, with

oral doses of 200 mg/kg/day in rats and 600 mg/kg/day in dogs showing no apparent side effects . Likewise, a dose of

−/−
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450 mg resveratrol/day was described to be safe for a 60-kg person . In the case of proanthocyanidins, toxicity tests

indicated that Oligopin  and Enzogenol , two pine bark extracts rich in proanthocyanidins, were well tolerated following

repeated oral administration to rats, with a NOAEL of 1000 mg/kg/day and 2500 mg/kg/day, respectively . Moreover,

consumption of 960 mg/day for 5 weeks in human studies suggested lack of toxicity of Enzogenol . It has been also

described that protocatechuic acid is well tolerated in animal models, the lethal dose 50 of protocatechuic acid being 800

mg/kg for intraperitoneal injection, 3.5 g/kg for intravenous injection, and 500 mg/kg for oral administration . Therefore, it

seems obvious that toxic doses of phenolic compounds are much higher than those delivered by daily food consumption;

however, dosage of phenolic compounds in the context of dietary supplements may require further research in animal

models and clinical trials before a definite recommendation is done.
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