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1. Introduction

Red raspberries (Rubus idaeus) are native fruits from Europe. The genera Rubus contains approximately 740 species,

which are classified into 15 subgenera. Raspberries belong to the subgenus Idaeobatus . Raspberries have been

studied by the pharmaceutical, cosmetical, agricultural and food industries . They have become popular and highly

distinguished for their flavor and characteristic color. Their red color is produced by a pigment known as anthocyanins,

which, in other types of berries, can give a blue or purple pigment . This fruit is known to provide the vitamins, minerals,

fatty acids, proteins, carbohydrates and dietary fiber needed for healthy nutrition in humans and animals . Additionally,

they contain a polyphenolic compound profile associated with the prevention and treatment of some pathologies and

chronic degenerative diseases . In plant physiology, a phenolic compound family can act as an antioxidant and

antimicrobial agent, and their biosynthesis follows the shikimate and phenylpropanoid pathways, described in the

following sections . While raspberries have been reported to have a wide antioxidant capacity, approximately 75%

is due to their anthocyanin and ellagitannin contents and 20% to vitamin C; here, a synergistic effect is produced when in

contact with polyphenols; the remaining 5% is attributed to other compounds in the matrix .

During the development of several common chronic degenerative diseases, the evidence suggests that reactive oxygen

species (ROS) and reactive nitrogen species (RNS) play an important role by being responsible for producing oxidative

stress in cells. Oxidative stress occurs when ROS and RNS are present at a higher rate than normal; therefore, the

antioxidant defenses cannot cope with this imbalance, and the free radicals are unpaired . Different types of ROS, such

as superoxide anion radical (O ), O , hydroxide (HO ) or hydrogen peroxide (H O ), can be produced in plants when

there is an imbalance in the electron transport chain or Calvin reactions . Molecules are classified as RNS when

they are derivatives from nitric oxide and have a strong oxidizing effect. The most common RNS are nitrosyl cation (NO ),

nitrosyl anion (NO ), nitrogen dioxide (NO ), dinitrogen trioxide (N O ), peroxynitrite (ONOO ), nitrite (NO ), nitrate

(NO ) and nitroxyl (HNO) . There are endogenous and exogenous factors that can increase the level of ROS and RNS

production in the body. The endogenous factors are related to the biochemical reactions in enzymatic and nonenzymatic

pathways in the cell. On the other hand, exogenous factors are linked to environmental and lifestyle factors, such as

pollution, alcohol, drugs, radiation and diet. The excess of free radicals in cells is related to aging and many chronic

diseases, such as cancer and diabetes . Antioxidant compounds function as potential aids by decreasing oxidative

stress when pairing ROS-free electrons . Additionally, chronic diseases are also accompanied by an inflammatory

response in most cases. Inflammation is a self-defense response of cells that can be triggered by a pathogen or an

injury/damage. The inflammatory response is produced by the immune system and is usually acute. In some diseases,

this can become chronic and have a negative effect on the cells. Some of the consequences of chronic inflammation

include: damage of macromolecules, DNA, tissues, ROS and RNS accumulation and an increase of oxidative stress 

. Most of the anti-inflammatory assays are based on measuring the proinflammatory proteins and associated

compounds, such as interleukins, tumor necrosis factor alpha and cytokines, among others .

Various phenolic family compounds have been proven to have an antioxidant and anti-inflammatory capacity when

administered to humans and animals for epidemiological studies. Therefore, members of the phenolic family are

considered nutraceuticals, and this is based on the health benefits they confer. Great interest and resources have been
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focused in developing sustainable protocols to extract these polyphenols from multiple berries with the purpose of

producing supplements with a higher concentration compared to its original source. Nevertheless, side effects have been

reported when high doses are consumed, mostly through supplements that have been produced by isolating these

compounds from their food matrix . The adverse side effects are liver injuries or stroke. Although some supplements

contain multiple bioactive compounds and polyphenols, it could be assumed that the side effects linked to supplements

are caused by the phenolic family compounds or, if there is a synergetic effect when combining them, with other vitamins

or isolated compounds. These risks may be related to the difficulty in mimicking the in vivo conditions when performing the

in vitro models of study . Hence, several authors keep performing in vitro and in vivo assays with high doses of

polyphenols to determine their cytotoxicity.

There is a vast quantity of antioxidant, anti-inflammatory and cytotoxicity assays that are the key to performing preclinical

and clinical trials before selling these supplements. Multiple studies have shown that phenolic family compounds have the

ability to scavenge free radicals . These findings are based on the data obtained by applying methodologies

to determine their antioxidant activity; such as: the oxygen radical absorbance capacity (ORAC), 2,2-diphenyl-

1picrylhydrazyl (DPPH), ferric-reducing antioxidant power (FRAP) and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic

acid (ABTS) assays . The nitric oxygen (NO) assay and protein denaturation inhibition assay are commonly used to

evaluate the anti-inflammatory effects on cells. Researchers discusses the antioxidant and anti-inflammatory activity

reported in chemical, in vitro and in vivo assays using phenolic family compounds obtained from raspberries; additionally,

it explores the antioxidant and anti-inflammatory activity potential attributed to raspberries due to their phenolic compound

contents that act as effective nutraceuticals. Cytotoxicity assays are examined and compared with the reported doses

used in cancer cell lines from several published studies. An overview of the metabolism, mechanism of action and the

beneficial effects that have been observed in patients with chronic degenerative diseases, such as cancer, when provided

with raspberry extracts will be further discussed. Further studies are needed to determine if consuming polyphenols in

their original food matrix have increased benefits compared to the isolated forms in the human body.

2. Phenolic Compound Family Found in Raspberries

2.1. Role of the Phenolic Compound Family in Plant Physiology

Phenolic compounds are the most abundant secondary metabolites in plants, and they play an important physiological

role; however, that is not the case in plant development . Bioactive compound profiles may vary depending on

conditions such as the growth stage and raspberry variety. Particularly, polyphenols serve a self-protection role in plants,

and their concentration can be increased as a response to abiotic and biotic stresses, including pests, bacteria, diseases,

ultraviolet light, low temperatures, soil nutrients and drought . Since they are sessile to soil, it is difficult for them to

attack pathogens and react against adverse environmental conditions. Plants have developed molecular, physiological

and morphological mechanisms to overcome stress, included the production of secondary metabolites . For

example, the synthesis of polyphenols contributes to the stability and robustness of raspberries by adapting certain

environmental conditions and as a defense against mechanical damage . Anthocyanins and ellagitannins have been

reported as the main contributors of the antioxidant effect in raspberries and other plants from the genera Rubus . A

transcriptomic analysis by RNA-Seq conducted by Gutiérrez-Albanchez et al. showed a plant protection of up to 88% in

blackberries (Rubus ulmifolius) when the regulating and core genes of the flavonol–anthocyanin pathway were expressed

in the plant . Ellagitannins from raspberries were proven to have an in vitro and in situ antifungal capacity

against Geotrichum candidum .

Anthocyanins are mainly found in the vacuoles of plant cells. In raspberries, the ones identified at higher concentrations

are: cyanidin-3-O-sophoroside, cyanidin-3-O-glucosylrutinoside and cyanidin-3-O-glucoside . Regarding

ellagitannins, sanguiin H-6 and lambertianin C have also been found at significant amounts in raspberries . In a

chemical composition study of raspberry seeds conducted by Kosmala et al., the content of ellagitannins was analyzed.

Their results showed that sanguiin H-6 was almost 50% of the total ellagitannins content, whereas lambertianin C

represented 34% of the total phenolic content . The reported contents of the phenolic compounds by each author may

vary; this is due to the variety in origin, location and the chosen extraction method.

The physicochemical characteristics are linked to biotic and abiotic stresses. Some factors that may contribute to these

variations in the content values are harvesting, transportation, storage conditions and applied treatments . Mazur et al.

 evaluated the raspberry genotype variations in three different harvesting seasons, proving that the phenolic content,

color and general characteristics were significantly affected. In a recent study, twelve different cultivars of raspberries from

Spain and Morocco were examined to prove that the chemical composition results varied even when applying the same

conditions . On the other hand, some authors have focused their studies on a specific phenolic family. Chen et al.
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evaluated the anthocyanin degradation kinetics on raspberry juices at different times of storage. Their results confirmed

that the anthocyanins concentration was reduced when longer storage times were applied . In another study, the

ellagitannin and anthocyanin contents were quantified from frozen and fresh raspberries; for both compounds, higher

concentrations were found in the frozen samples . Ponder & Hallmann performed a phenolic analysis between

conventional and organic cultivars of raspberries; the variables they considered were the type of soil, location, dosage and

time of the given fertilizers. The antioxidant activity results showed higher values for raspberries that were cultivated under

organic conditions than the conventional method . In brief, the harvesting season, region and storage conditions have a

strong effect on the physicochemical properties of raspberries.

2.2. Classification

The phenolic family compounds are divided and classified into two major groups: flavonoids and non-flavonoids, also

called simple phenols. Flavonoids have two phenyl rings linked by a pyran ring and may or may not be attached to a

sugar molecule. Glycosides are bound to any sugar apart from glucose; on the other hand, glucosides are only bound to

glucose, and aglycones are not bound to a sugar molecule. Aglycones have a flavylium ion (2-phenylbenzopyrilium) with a

cation function and are composed of two aromatic groups: a benzopyrilium and a phenolic ring . As shown in Figure
1, flavonoids are subdivided into six subclasses: anthocyanidins, flavonols, flavanones, flavanols, flavones and

isoflavones. Non-flavonoids are subdivided in four subclasses: stilbenes, tannins, coumarins and phenolic acids .

Phenolic acids are ordered into three categories: hydroxybenzoic, hydroxyphenylacetic and hydroxycinnamic acids .

Figure 1. Phenolic family compound basic skeletal structure and their classification in subclasses as stated by . There

are two major groups: flavonoids and non-flavonoids. Flavonoids have six subclasses: anthocyanidins, flavonols,

flavanones, flavanols, flavones and isoflavones. Anthocyanidins become anthocyanins when sugars are linked in their

chemical structures. Non-flavonoids are subdivided into four subclasses: stilbenes, tannins, coumarins and phenolic

acids. Tannins are categorized into condensed, hydrolysable and complex. For phenolic acids, a more specified

classification is to divide them into three groups: hydroxybenzoic, hydroxyphenylacetic and hydroxycinnamic acids.

Created using licensed BioRender (2022).

Tannins are categorized in three groups: hydrolysable tannins and condensed tannins; this last one is also known as

proanthocyanidins . The characterization is according to the chemical bonds that link their monomers. Hydrolysable

tannins have ester bonds, whereas condensed tannins have carbon–carbon and carbon–oxygen–carbon bonds. The

conjugations between the condensed and hydrolysable are known as complex tannins . Ellagitannins are categorized

as hydrolysable tannins since they release gallic and ellagic acid when hydrolyzed. Gallic acid and multiple

hexahydroxydiphenoyl (HHDP) moieties are the core subunits in the ellagitannins chemical structure . Anthocyanins

are anthocyanidins with sugar molecules coupled to their chemical structure. Anthocyanins and ellagitannins are two of

the most representative and studied phenolics found in raspberries .
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2.3. Phenolic Compound Family Biosynthesis

Phenolic compound family biosynthesis is known to follow the phenylpropanoid and flavonoid pathways in the rough

endoplasmic reticulum of the plant cell. This plant metabolic pathway is based on secondary metabolites generated from

the shikimate pathway, which takes place in the plastids . The shikimate pathway synthesizes secondary metabolites

such as ellagitannins, gallotannins and phenylalanine, as depicted in Figure 2. The production of secondary metabolites

through the shikimate pathway takes place in a wide variety of bacteria, fungi and plants . It starts with the production

of dihydroshikimate when erythrose 4-phosphate and phosphoenolpyruvate (PEP) have an aldol condensation reaction

. The enzyme shikimate dehydrogenase (SDH) catalyzes the production of gallic and shikimic acid. The final products

of this pathway are ellagitannins, gallotannins and phenylalanine .

Figure 2. Biosynthesis of the phenolic compound family in the plant cell through the shikimate, phenylpropanoid and

flavonoid pathways. The shikimate pathway begins with the reaction of erythrose 4-phosphate and phosphoenolpyruvate

(PEP) to produce dehydroshikimate. With this precursor, the enzyme shikimate dehydrogenase (SDH) can catalyze the

production of ellagitannins, gallotannins and phenylalanine. The phenylpropanoid pathway begins with the condensation

of phenylalanine and acetate by the action of the phenylalanine ammonia lyase enzyme (PAL). Consequently, p-coumaryl

CoA is produced by the action of the cinnamate 4-hydoxylase enzyme (C4H) and 4-coumarate CoA ligase (4CL). The

precursor of the flavonoid pathway is p-coumaryl CoA, which reacts with three molecules of Malonyl CoA to later produce

multiple phenolic family compounds, such as anthocyanins and stilbenes. The enzymes involved in the flavonoid pathway

are the following: chalcone synthase (CHS), stilbene synthase (SS), chalcone isomerase (CHI), flavanone 3-hydroxylase

(F3H), flavanone 3′-hydroxylase (F3′H), flavanone 3′5′-hydroxylase (F3′5′H), dihydroflavonol 4-reductase (DFR) and

anthocyanidin synthase (ANS). Created using licensed BioRender (2022).

The general phenylpropanoid pathway begins with the condensation of phenylalanine and acetate by the action of the

phenylalanine ammonia lyase enzyme (PAL) to produce trans-cinnamic acid. The cinnamate 4-hydoxylase enzyme (C4H)

catalyzes trans-cinnamic acid into p-coumaric acid. Afterwards, p-coumaric acid reacts with 4-coumarate CoA ligase (4CL)

to produce p-coumaroyl CoA . Overall, in the case of phenolic acids, p-coumaric acid functions as a precursor, while

[10]

[58]

[58]

[59][60]

[61]



flavonoids use p-coumaroyl CoA . The flavonoid pathway starts p-coumaroyl CoA. Multiple phenolic compound family

biosynthesis follows the general phenylpropanoid pathway, as shown in Figure 2, including anthocyanins and stilbenes.

For this purpose, enzymes such as chalcone synthase (CHS), stilbene synthase (SS), chalcone isomerase (CHI),

flavanone 3-hydroxylase (F3H), flavanone 3′-hydroxylase (F3′H), flavanone 3′5′-hydroxylase (F3′5′H), dihydroflavonol 4-

reductase (DFR) and anthocyanidin synthase (ANS) are also required .
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