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ABSTRACT

Quinoa (Chenopodium quinoa Willd.) is an ancestral pseudocereal native to the Andean region of South
America. Due to its wide genotypic diversity, it has been described as a species capable of adapting to
different agroclimatic environments, which influence the composition of the seed. Quinoa is known for its
high protein and essential amino acid content. It is also rich in vitamins, minerals, and phenolic compounds.
This review summarizes the scientific information on the content of phenolic compounds and the in vitro
antioxidant capacity of quinoa seeds determined by spectrophotometric methods. Discrepancies in the
available data, resulting from the use of different experimental variables, have also been addressed. The
data analysis identified a clear need for standardized methodology to produce comparable results. Regarding
antioxidant potential, in vitro studies provided basic information, which is complemented by in vivo
bioavailability studies. According to the information collected, future research is required to evaluate the
effect of environmental stress, geographic aspects, and quinoa growing conditions on the antioxidant
potential of the seed.
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INTRODUCTION

Secondary metabolites (SM) are recognized as essential compounds, playing important roles in plant
defense and adaptation (Jamwal et al., 2018). The production of SM depends on the development and
physiological stage of the plant, constituting less than 1% of dry mass (DM) content (Thakur et al., 2019).
Based on the biosynthetic pathways, SM can be grouped into terpenes, N-containing compounds, and
phenolic compounds. The main synthesis routes of phenolic compounds are the malonic acid and shikimic
acid pathways (Verma and Shukla, 2015; Kumar et al., 2021). Phenolic compounds in plants have a role in
the uptake of reactive oxygen species (ROS), aiding the plant in recovering from oxidative stress (Igbal et
al., 2018). This type of stress occurs when there is an imbalance between ROS production and the
antioxidant defense, resulting in damage and changes in the tissue environment (Tang and Tsao, 2017;
Siddeeg et al., 2021).

Phenolic compounds have been associated with the prevention of various degenerative diseases caused
by oxidative stress due to their antioxidant and/or modulating action on numerous enzymatic functions
(Carciochi et al., 2015; Hemalatha et al., 2016). Their potential biological activity has been widely examined
through in vitro assays and post-ingestion bioavailability studies (Pereira et al., 2020). However, various
technical and conceptual limitations have been reported when evaluating biological activity through this
type of assay (Schaich et al., 2015). In this sense, a study conducted by Pellegrini et al. (2017) demonstrated
that chemical identification or in vitro evaluations do not predict the potential effect on human health.
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Furthermore, Ferreira et al. (2017) mention that bioavailability is a complex process that involves the release
of compounds from the food matrix, absorption, distribution, metabolism, and excretion.

Quinoa (Chenopodium quinoa Willd.) is a pseudocereal native to South America. In recent decades,
around 193 SM have been identified in its seed, among these are phenolic acids, flavonoids, terpenoids,
steroids and nitrogenous compounds (Lin et al., 2019). The protein content in quinoa seed is particularly
high, varying between 13.8% and 16.5% on a dry basis (Navruz-Varli and Sanlier, 2016; Multari et al.,
2018; Lan et al.,2023). It also contains 16 types of amino acids, nine of which are considered essential for
humans (Escuredo et al., 2014; Filho et al., 2017), especially for the development and maintenance of
various metabolic needs (Chito Trujillo et al., 2017). Quinoa seed is rich in B complex vitamins, vitamins
E and C (Valcércel-Yamani and Lannes, 2012; Tang and Tsao, 2017), and minerals such as Ca, Fe, Mg,
Mn, P, K, Cu and Zn (Miranda et al., 2012; Filho et al., 2017; Ramzani et al., 2017; Contreras-Jiménez et
al., 2019; Dakhili et al., 2019; Han et al., 2019a; Chaudhary et al., 2023). In addition, the lipid content of
quinoa ranges between 4.0 and 7.6 g 100 g* (Nowak et al., 2016), with linoleic acid (39.68%-58.15%) being
the most predominant compound, followed by oleic acid (13.57%-25.98%), palmitic acid (6.47%-13.73%)
and a-linolenic acid (6.57%-12.95%) (Chen et al., 2023). Palmitic acid is the predominant saturated fatty
acid in quinoa, representing 10% of the total content (Lan et al., 2023).

This review summarizes the scientific information on the content of phenolic compounds and antioxidant
capacity of quinoa seeds. It focuses on the available data obtained by in vitro analytical methods, also
analyzing the factors that have led to discrepancies in the levels of compounds reported in the literature.

PHENOLIC COMPOUNDS

Phenolic compounds are a heterogeneous group of SM biosynthesized through the pathways of pentose
phosphate, shikimate and phenylpropanoid (Mark et al., 2019; de Aradjo et al., 2021). They are hydrophilic
in nature, being mainly found in the quinoa seed coat (Tang and Tsao, 2017; Mufari et al., 2018). These
compounds can be found in free, soluble conjugated (with sugars or other components of low molecular
mass), and insoluble-bound forms. Most phenolic compounds in quinoa are present in the free form, ranging
from 167.2 to 308.3 mg gallic acid equivalents 100 g* dw (Tang and Tsao, 2017; Martinez-Villaluenga et
al., 2020). Free phenolic acids are found in the vacuole of the plant cell (Zhang et al., 2020), while bound
phenolic acids are attached to components such as cellulose, hemicellulose and proteins that constitute the
cell wall (Multari et al., 2018), being linked by covalent bonds, hydrogen bonds and/or hydrophobic
interactions (Zhang et al., 2020), i.e., they remain in the residue after the aqueous-organic extract. Some of
these compounds are hydrolysable tannins like phenolic and hydroxycinnamic acids. In these cases, there
are bound to carbohydrates and proteins, as well as macromolecules such as condensed tannins
(proanthocyanidins).

The antioxidant function of phenolic compounds lies in their ability to generate a defensive barrier
against oxidative stress by inhibiting reactive oxygen species (ROS). This function that is attributed to the
presence of hydroxyl groups attached to aromatic rings in their molecular structure (Buitrago et al., 2019).
Phenolic compounds of natural sources have been classified as primary antioxidants because they directly
inhibit oxidation reactions, unlike secondary antioxidants, which act indirectly (Amarowicz and Pegg,
2019). According to the biological potential, phenolic compounds have demonstrated activity both in vitro
and in vivo against various diseases and metabolic conditions (Pellegrini et al., 2018).

Phenolic compounds are ingested as complex mixtures present in a food matrix (Bermddez-Soto et al.,
2007), and their bioactivity in humans depend on the processes of digestion, absorption, and metabolism
(Pellegrini et al., 2017; Balakrishnan and Goodrich-Schneider, 2020; de Aradjo et al., 2021). Bioavailability
depends on factors such as compound concentration, chemical structure, conjugation with other compounds,
molecular size, polymerization degree, and solubility (de Aradjo et al., 2021). In vivo, soluble phenolic
compounds in free and conjugated forms can be released into the digestive fluids of the stomach, with
approximately 5%-10% absorbed in the small intestine. The remaining 90%-95% of phenolic compounds
that are not absorbed, including soluble and insoluble compounds bound to the food matrix, continue their
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passage to the colon where they are subjected to digestive enzymes or interactions with the gut microbiota
(Bommegowda and Singh, 2020; Zhang et al., 2020). The benefits of insoluble phenolic compounds depend
on the type of food matrix and colonic fermentation, as well as the amount and type of compounds released,
and their potential synergistic effects. In fact, phenols can act by exerting bioactive functions in the intestinal
epithelium, endothelial cells, and systemic circulation, modulating inflammatory processes and mediating
cell signaling pathways (Zhang et al., 2020).

Balakrishnan and Goodrich-Schneider (2020) examined the impact of in vitro gastrointestinal digestion
on the bioaccessibility of flavonoid compounds present in quinoa, reporting that seven of the eleven
flavonoid compounds identified were found intact after digestion, with a significant increase in flavonoid
concentration, which led to an approximately two-fold increase in antioxidant capacity. The authors
suggested that efficient extraction by digestive enzymes could release compounds that are associated with
health benefits and bound to other nutrients. Additionally, Han et al. (2019a) have indicated that binding
phenolic compounds, when ingested, could survive the gastrointestinal digestion process, exerting
protective effects within the colon.

One method commonly used to determine the total phenolic content (TFC) in foods is the
spectrophotometric method developed in 1927, which uses the Folin-Ciocalteu (FC) reagent (Lester et al.,
2012; Ou et al., 2019). This method has wide application in evaluating antioxidant extracts from various
sources, including extracts from herbs, spices and fruits, cereals, and legumes, and plants (Gulgin, 2020).
The principle of the method is based on the ability of phenolic compounds to reduce a mixture of
phosphomolybdic acid/phosphotungstic acid, in an alkaline medium, to blue oxides of tungsten and
molybdenum, respectively (Bridi et al., 2014). The resulting blue compounds exhibit maximum absorbance
at 760 nm (Galili and Hovav, 2014). Under reaction conditions, the FC reagent can quantify oxidation of
non-phenolic compounds as well as some inorganic substances, providing a high apparent result (Bridi et
al., 2014; Pe¢kal and Pyrzynska, 2014). Sugars (fructose and sucrose), ascorbic acid, aromatic amines, Fe
(1), organic acids and sulfur dioxide can interfere with the measurement of TFC, therefore, it is crucial to
remove these interfering substances for accurate determination (Lester et al., 2012). The TPC is commonly
expressed as gallic acid equivalents per 100 g dry matter (mg GAE 100 g* DM) or other phenolic compound
equivalents, such as caffeic acid, catechin, chlorogenic acid, or ferulic acid equivalents.

Han et al. (2019a) studied the Chinese quinoa Jinli-1°, and reported levels of free phenolic compounds
of 162.90 mg GAE 100 g* DM, and lower levels of bound compounds of 37.50 mg GAE 100 g DM.
Similar results were reported in red, white and black quinoa of Chinese and Peruvian origin, ranging from
124.73 to 173.23 mg GAE 100 g** DM and from 42.42 to 143.47 mg GAE 100 g DM for free and bound
forms, respectively (Han et al., 2019b). This agrees with Vega-Galvez et al. (2018), who evaluated six
Chilean quinoa cultivars and reported values of free fractions two to seven times higher than the bound
fractions. Additionally, a study on colored quinoa from the Peruvian highlands indicated a TPC range of
250 to 792 mg GAE 100 g* DM, with values that fluctuated between 128 and 452 mg GAE 100 g DM,
and between 123 and 341 mg GAE 100 g* DM for bound and free fractions, respectively (Abderrahim et
al., 2015). Such differences cannot be attributed to a specific factor since the studies differ in type and origin
of the quinoa cultivar, edaphoclimatic and crop conditions, and extraction methodologies (Table 1).

According to Abderrahim et al. (2015) and Valencia et al. (2017), ecotype is one of the factors that
influences the concentration of TFC in quinoa. An ecotype is a group of cultivars delimited by
morphological, distribution, agronomic and ecological criteria. However, other authors have suggested that
environmental conditions, agricultural or cultivation management techniques, and genetic factors are also
responsible for the differences observed in TPC in quinoa (Filho et al., 2017; Han et al., 2019b). Pellegrini
et al. (2018) have noted that such differences could be associated with the extraction procedures used in the
laboratory and the reactivity of the Folin reagent with the other non-phenolic compounds present in the
sample, such as vitamins, amino acids, and proteins. In addition, Wianowska and Gil (2019) have attributed
variations in TFC to the location of the metabolites in the sample, the type of interactions between
metabolites and other compounds, as well as the type and concentration of interfering substances.
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Table 1. Extraction solvents to determine total phenolic content in quinoa seeds by the Folin-Ciocalteu
assay. GAE: Gallic acid equivalents; GA: gallic acid; DM: dry matter; FM: fresh matter.

Ecotvpe/cultivarvanety Extraction solvent(s) FEesults Ut Beforence
Colored qumea from the Ilathanol acidifiad 230-792 mg GAE 100 g' DM Abderrzhim ot al.
Peruvian highlands (13 with hydrochlone (201%)
typasz] acidwater (30:30
W), acetona water
{70:30 vw'x) and
methanol sulfirie
acd (90:10 w5
Cuinoa {cultvated in Ifathancl 717 mgz FAFE 100 g' DM Alvarez-Tubete et al.
EBolraz) (20100
Chuinoa (UBA) Aqueons mathanol 137 mg GAE 100 g' DM Balakrichnan  and
acidified with acehic Goodrich-Sckneider
zcid; 4 L sodnem (20200
hydroxide; & B
hydrochloric acid; 2
MM hydrochlorie acid
(rreenhouse cultivated Ethanel %6% (v 1500 (freaze-dried) mgz GAE 100g' DM Buitraze o  al
gquinca [Colombiz) ultrasound assistad 700 {zr-dried) {20199
Chumea varisty Feal Ethanol (0, 40, 30%% §7.530-102.86 mg GAE 100 g' DM Carciochi ot al
(Argentina) W) (2015)
28 vaneties (Paru, TUEA, Methanol-water (4:1 265-3E9 mg GAE 100 g' DM Chen etal (2019
Bolreiz, Demmark Chila) W)
Chunoa (Peru) Hydrochloric acid 130 mg GAE 100 g' DM Chinmes et al
(0.1%%) and (2013).
methanol-water
(8020 wv)
CQuinca pre-cooking hethanaol watar T72 [zwwaat) mg GAE 100 g' DM Dhnd ot 2l (2010)
{zweet from Ecuador, B0:20 (v 364 (batter)
bitter from Pema)
Crumea (vaneties Methanol 99% (w7 330 (f=ld) mg GAE 100 g' DM Fischer et al. (2013)
Eegalona, BORO, AG2010 5B0-640
Clule) {gresnhouse)
Jinli-1 {Chinz) Acetona 80%0 (w); 200.40 mg GAE 100 g' DM Han et al (20159a)
methanol, 2 M
sodium kdrosxids; 6
M hydrochlorie acid;
ethrv] acatate
Fed, whits and black A petoma 808G (ui); 167.15-308.52 mg GAE 100 g' DM Han ot al (2019k)
quinca (China and Peru) methanol, 2 b
sodivm kvdrosxida; 6
M hydrochloric acid;
ethrv] acatate
(rumea varisty Feal Ethancl (30, 30 and 17%-229 mg GAE 100 g' DM Luisett et al. {2020)
(Argentina) T wiv)
Ecotypes Ancovinto, Methanol (90%) + 14 22-65.5% mg A 100 g DM Wiranda et  al
Cancosa, Cabmil, Faro, acatic acid (0.5%) (20113
Eeazalona and Villarriea
(Chile)
Ecotvpes Fazalona and Idathanol (90%) + 1920 Eezalona mg A 100 g DI Liiramdas =t  al
Willarrica {Chila) acatic acid (0.5%4) cultivated in the ({2013)
north [(Vienfia) and
12.39 m the south
(Temuca)
31.92 Villarmea
cultivated in the
north (Vicusia) and
22.87 in the south
i Temuca)
Ecotypes Ancovinto, Ethanel 59% (v 3.71-16.55 mg &4 100 g D hiiranda et  al

Cancoza, Cabul, Faro,
Eegalona and Villarrica
{Chile)

2014)

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 83(6) December 2023 - www.chileanjar.cl

757


http://www.chileanjar.cl/

Kumar et al. (2021) have highlighted the importance of the extraction solvent, which depends on several
factors such as the chemical nature of the compounds to be extracted, quantity and position of their hydroxyl
groups, molecular size, solvent concentration, temperature, contact time, particle size, and mass-solvent ratio,
among others. In quinoa, Luisetti et al. (2020) recommend using 39% ethanol, with a liquid/solid ratio of 31:1
and a temperature of 54 °C, identifying the percentage of alcohol as the main factor influencing extraction.
Similarly, Carciochi et al. (2015) and Fiorito et al. (2019) agree on the use of ethanol as extraction solvent but
differ in terms of concentration and temperature. They reported a phenolic contents of 102.86 mg GAE 100 g*
DM in quinoa seeds extracted with 80% (v/v) ethanol at 60 °C. In contrast, Hemalatha et al. (2016) reported that
the highest extraction of phenolic compounds in quinoa was achieved using methanol (80%) acidified with 1%
hydrochloric acid, with stirring in a thermoregulated bath at 50 °C for 3 h.

Abderrahim et al. (2015) have reported that using a mixture of sulfuric acid and methanol is efficient for
extracting bound phenolic compounds in quinoa, yielding better results than methanol and hydrochloric
acid. In addition, Han et al. (2019b) have highlighted the importance of estimating both bound and free
phenolic compounds, otherwise TPC would be underestimated. The authors have also addressed the
potential health benefits of phenolic compounds in food, as they are slowly released and continue to exert
effects through the microflora in the colon. When studying bioavailability in humans, it has been found that
the absorption of phenolic compounds from the diet is generally incredibly low, with plasma concentrations
ranging from micromolar to nanomolar levels. The time required to reach maximum concentration varies
between 30 min and several hours, depending on the site of absorption (Bermldez-Soto et al., 2007).

Phenolic acids

Phenolic acids are represented by derivatives of benzoic and cinnamic acid, which consist of seven and nine
C atoms, respectively (Teixeira et al., 2013). The benzoic acid derivatives are called phenolic acids and
cinnamic acid derivatives are referred to as phenylpropanoids (Shahidi and Ambigaipalan, 2015). Benzoic
acid derivatives include p-hydroxybenzoic, 3,4-dihydroxybenzoic, gallic, protocatechuic, vanillic, and
syringic acids, while cinnamic acid derivatives include caffeic, p-coumaric, rosmarinic, ferulic, cinnamic,
and chlorogenic acids (Gulgin, 2012). In quinoa, around 29 analogues of phenolic acid have been identified
and, according to their structural characteristics, classified as benzoic acid analogues, which include
benzoic, gallic, protocatechuic, syringic, vanillic acids, as well as cinnamic acid derivatives such as caffeic,
chlorogenic, cinnamic, coumaric, ferulic, rosmarinic, sinapinic acids (Lin et al., 2019).

Flavonoids
Flavonoids are cyclized diphenylpropanes found in plant foods and plants (Shahidi and Ambigaipalan, 2015;
Gulgin, 2020). These compounds accumulate in the apical meristem and the hypodermis of stems and leaves,
while they are also found in pollen (Khalid et al., 2019). Flavonoids are derived from malonyl CoA and
phenylalanine, synthesized in the cytosol, and stored in the vacuole or transported to other parts of the plant,
where they function as bioactive molecules (Alseekh et al., 2020). The general structure of flavonoids is a
fifteen-C skeleton with two benzene rings connected by a heterocyclic pyrene ring (Lin et al., 2019). The
presence of functional groups in the rings and the presence of conjugated double bonds in the molecule
structure enhances their antioxidant properties. Flavonoids exhibit a wide range of activity due to their
functional versatility and structural diversity. In fact, flavonoids module ROS in plant tissues, regulate auxin
transport and contribute to the coloration of flowers (Khalid et al., 2019). In quinoa seeds, flavonoids are
the second most abundant phenolic compound (Martinez-Villaluenga et al., 2020). The main compounds
reported are flavanols, quercetin (Gordillo-Bastidas et al., 2016; Multari et al., 2018), kaempferol and its
glycosides (Alencar and Oliveira, 2018; Campos et al., 2018; Buitrago et al., 2019; Lin et al., 2019;
Balakrishnan and Goodrich-Schneider, 2020; Pereira et al., 2020; Chaudhary et al., 2023), as well as
myricetin (Pellegrini et al., 2018).

One way to determine the total flavonoid content (TFC) is by spectrophotometry using the aluminum
chloride (AICIs) reagent. In fact, AlCls forms stable acidic complexes with the C4 keto group, either the C3
or C5 hydroxyl groups, and the ortho-di-hydroxyls groups on ring B (Chirinos et al., 2013). The addition of
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AICl; solution is selective for flavones and flavonols (Pg¢kal and Pyrzynska, 2014). In the case of quinoa,
Han et al. (2019a) reported a TFC of 224.56 mg EC 100 g DM, corresponding to 147.95 and 76.61 free
and bound flavonoids, respectively. A similar trend was observed in red, white, and black quinoa from China
and Peru, with free flavonoids ranging from 96.09 to 174.44 mg EC 100 g* DM, and bound flavonoids
ranging from 43.26 to 151.27 mg EC 100 g** DM (Han et al., 2019b).

Flavonoid content is strongly influenced by genotype, soil, environmental conditions, plant maturity,
harvest, and postharvest conditions (Pellegrini et al., 2018). The determination of TFC depends on the
extraction method, solvent composition (Table 2), temperature, and nature of the plant matrix (Carciochi et
al., 2015). The polarity of flavonoids varies depending on glycosides, isoprenoids, and substitution (aliphatic
or aromatic), and allowing for the use of different solvents ranging from water to ethyl ether, for their
extraction (Khalid et al., 2019).

Table 2. Extraction solvents to determine total flavonoid content in quinoa seeds using
colorimetric methods. CE: Catechin equivalents; QE: quercetin equivalents; DM: dry matter; FM:
fresh matter.

Ecotype/cultivar/variety Extraction solvent(s) Results Unit Reference
Greenhouse cultivated Ethanol 86% (v/v) 504 (freeze-dried) meg QE 100 g DM Buitrago et al (2019)
quinoa (Colombia) ultrasound assisted 154 (air-dried)
Quinoa variety Real Ethanol (0, 40, 80% v/v) 1.65-26.93 mg QE 100 g1 DM Carciochi et al (2015)
(Argentina)
Quinoa (Peru) Hydrochloric acid (0.1%) 110 mg QE 100 g DM Chirinos et al. (2013)
and methanol-water (80:20
Vi)
Quinoa pre-cooking Methanol water (80:20 v/v) 139 (sweet) mg CE 100 g' DM Dini et al. (2010)
(sweet from Ecuador, 81 (bitter)
bitter from Peru)
Jinli-1 (China) Acetone 30% (viv); 2M 22456 mg CE100g! DM Hanetal (2019a)
methanol, & M sodium
hydroxide; hydrochloric
acid; ethyl acetate
Red, white and black Acetone 80% (v/v); 138.35-307.11 mg CE100g!DM  Hanetal (2019h)
quinoa (China and Peru) methanel, 2 M sodium
hydroxide; 6 M
hydrochloric acid; ethyl
acetate
Quinoa (India) Methanol 80% (v/v) and 109 mg CE 100 g' DM Hemalatha et al. (2016)
HCl 1%
Ecotypes Ancovinto, Ethanol 89% (v/v) 7.77-1437 mgQE 100 g'DM  Miranda et al. (2014)
Cancosa, Cahuil, Faro,
Regalona and Villarrica
(Chile)
Quinoa Ethanol 70% (v/v) 20.91 (Korea) mg QE 100 gTDM  Park et al. (2017)
13.24 (USA)
11.51 (Peru)
24 quinoa accessions Ethanol:water (1:1) 199-1029 mg CE100 g'FM  Valencia et al. (2017)
(Peru)
Quinea (Chile and Methanol (10%) 70.1 (Chile) mg QE 100 g1 FM  Vizquez-Luna et al
Mexico) 254 (Mexica) (2019)
Ecotypes (Chile) Acetonerwater (4:1) 1094-2111 mgCE100 g DM Vega-Gilvez et al

Ancovinto Cancosa
Cahuil, Faro, Regalona,
Villarrica

(2018)
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In human metabolism, flavonoids are captured and absorbed mainly by the mucosa of the small intestine
and later in the colon, where they are metabolized by the microbial flora. They function as prebiotics
properties by promoting the growth of beneficial bacteria such as bifidobacteria and lactobacilli, thus
influencing the composition of the intestinal flora (Hoensch and Oertel, 2015). Balakrishnan and Goodrich-
Schneider (2020) reported a greater release of these compounds from the matrix under physiological
conditions compared to those obtained in the chemical extraction process conducted with methanol in the
laboratory. Seven of the eleven compounds identified were found intact after the in vitro digestion process.
The availability of flavonoid compounds in the human intestinal tract can be negatively affected by gastric
acids, enzymes, and bile salts (Liu et al., 2021). Additionally, flavonoids can exhibit both antioxidants and
pro-oxidants activities in the gastrointestinal tract and cell culture systems (Gutteridge and Halliwell, 2010).

ANTIOXIDANT ACTIVITY

The antioxidant activity of foods depends on numerous factors such as concentration, temperature, oxygen
tension as well as the presence of other antioxidants and nutrients (Miranda et al., 2010). Antioxidants exert their
activities through one of seven mechanisms: Sequestering free radicals from the environment, chelating metallic
ions, inhibiting enzymes that produce free radical, activating endogenous antioxidant enzymes, preventing lipid
peroxidation; avoiding DNA damage, and inhibiting protein modification and sugar destruction. Phenolic
compounds function through radical scavenging mechanisms, in which antioxidants donate an electron or a
hydrogen atom from their hydroxyl, thus stabilizing the radical (Carocho et al., 2018).

Evaluation of in vitro antioxidant activity

An antioxidant is a substance that can significantly delay or prevent substrate oxidation, even at low
concentrations compared to the oxidizable substrate (Carocho et al., 2018; Giilgin, 2020). Real samples often
contain a mixture of antioxidant species; therefore, antioxidant character is considered as a collective property.
The analysis results are often compared to the action of a species used for calibration (Kinyua Muthuri et al.,
2021). The chemical diversity of natural antioxidants, along with the presence of glycosides and isomers in plant-
based matrices, poses challenges in their separation and individual quantification (Celik et al., 2010; Xiao, et al.,
2020). In fact, these are influenced by reaction mechanisms, interactions between antioxidants and their
biological role (Durazzo, 2017).

The terms “antioxidant activity” and “antioxidant capacity” are often used interchangeably. However, some
authors prefer to introduce a distinction between antioxidant activity, the constant of a reaction occurring between
an antioxidant and an oxidant (Glgin, 2020), and antioxidant capacity, the concentration of free radicals
scavenged (Siddeeg et al., 2021). Antioxidants are classified into primary and secondary antioxidants depending
on their mechanism of action. Primary antioxidants can inhibit oxidation reactions, while secondary antioxidants
act indirectly, i.e., they can react with pro-oxidants or be capable of eliminating oxygen. As primary antioxidants,
phenolic compounds, act according to two mechanisms: hydrogen atom transfer (HAT) or single-electron
transfer (SET) (Amarowicz and Pegg, 2019).

The HAT-based assays include various methods such as the total radical-trapping antioxidant parameter
(TRAP) assay, oxygen radical absorbance capacity (ORAC) assay, cellular antioxidant activity (CAA) assay, -
carotene bleaching assay and thiobarbituric acid (TBA) assay (Xiao et al., 2020). While assays that involve SET-
based reactions include Trolox equivalent antioxidant capacity (TEAC), ferric reducing ability of plasma (FRAP),
inhibition of diphenyl-1-picrylhydrazyl radical (DPPH), cupric (or copper (II) ion) reducing antioxidant capacity
(CUPRAC), and TPC using the Folin-Ciocalteu reagent (Prior, 2015). The main factors that determine the type of
mechanism and efficacy of antioxidants are binding dissociation energy and ionization potential. Depending on the
characteristics of the samples, in vitro assays use different extraction solutions such as ethanol, ethanol/water,
acetone/water, methanol/water, acid methanol/water followed by acetone/water (Celik et al., 2010).

In HAT-based assays using temperature, the antioxidant and the substrate compete for peroxyl radicals
through the decomposition of azo compounds. On the other hand, SET-based assays measure the ability of an
antioxidant to reduce an oxidant, resulting in a color change (Zulueta et al., 2009; Mishra et al., 2012). HAT-
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based reactions are described as rapid reactions, occurring within seconds or minutes. The high reactivity could
be attributed to the presence of reducing agents (Prior et al., 2005). In contrast, SET-based reactions are slow and
may require more time to reach completion (Siddeeg et al., 2021), so calculations are based on the decomposition
rate of the product rather than kinetics. Interference from trace components, particularly metals, can lead to high
variability, low reproducibility, and consistent results (Prior et al., 2005). Changes in absorbance in SET-based
assays are compared to the concentration of a standard antioxidant used to produce a linear curve called the
calibration curve. Therefore, the change in absorbance correlates with the concentration and capacity of the
antioxidant (Siddeeg et al., 2021).

At the molecular level, the antioxidant potential of phenolic compounds depends on the number and
arrangement of the hydroxyl groups present, binding site, and presence of other functional groups, such as double
bonds and their conjugation with hydroxyl or ketone groups (Mishra et al., 2012; Schaich et al., 2015; Giilgin,
2020). When estimating antioxidant activity, various variables should be considered, including concentration,
temperature, light level, substrate type, physical state of the system, and microcomponents that function as pro-
oxidants or synergists (Gulgin, 2020). In quinoa seeds, antioxidant capacity has been determined using both
HAT- and SET-based assays (Table 3).

Table 3. Antioxidant capacity in quinoa seeds by DPPH, FRAP, ORAC, ABTS methods. TE:
Trolox equivalents; DM: dry matter; FM: fresh matter.

Ecotype/cultivar/ Solvent(s) and extraction
variety/origin method Method Result Unit Reference
Quinoa (Bolivia) Methanol DPFFH 57.7 mg TE 100 g' DM Alvarez-Jubete et al
FRAP 921 (2010)
28 varieties (Peru, Methanol:water (4:1 wv) DFFH 106-248 mg TE 100 g' DM Chen et al. (2019)
USA, Bolivia,
Denmark, Chile)
Quinca (Peru) Hydrochloric acid (0.1%) ABTS 230 pmol TE 100 g' DM Chirinos etal. (2013)
and methanol-water (80:20 DFPH 330
i) ORAC 1320
Quinoa (sweet Methanol-water (30:20 DFFH 287 (sweet) pmol TE 100 ' DM Dind etal (2010)
Ecuador, bitter Peru) viv) 671 (‘bitter)
FRAP 236 (sweet)
873 (bitter)
Quinoa (Regalona, Methanol 99% (v/v) DFFH 140-320 (field condition) mg GAE 100 g' DM Fischer et al. (2013)
BO80, AG2010 480-610 (greenhouse)
Chile) CUPRAC 140-170 (field condition)
210-230 (greenhouse)
Jinli-1 (China) Acetone 30% (viv); FRAP 196.43 mg TE 100 g' DM Han et al. (2019a)
methanol, 2 M sodium ORAC 1403
hydroxide; 6 M
hydrochloric acid; ethyl
acetate
Red, white and Acetone 30% (viv); FRAP 110.26-216.71 mg TE 100 g' DM Han et al. (2019%)
black quinoa (China methanol, 2 M sodium ORAC 37.61-70.48
and Peru) hydroxide; 6 M
hydrochloric acid; ethyl
acetate
BRS5-Piabiru Methanol FRAP 15.25 mg TE 100 g' DM Nickel et al. (2016)
(Brazil) DFFH 30.34
Quinoa Ethanol 70% (v/v) FRAP 13.13 (Korea) mMFe'' kg' DM Park et al. (2017}
842 (USA)
7.12 (Peru)
Quinoa (Bolivia) Methanol, 0.16 M ABTS 2719 mmol TE kg' DM Pasko et al. (2009)
hydrochloric acid and DFFH 3884 mmol TE kg' DM
water (8:1:1) FRAP 497 mimol Fe'* kg' DM
Commercial Red, Methanol 80% and acetone ABTS 388-T76 mg TE 100 g' FM Pellegrini et al. (2018)
white and black T0% (viv) DFFH 194-501
quinea (Spain, FERAP 237-437
Bolivia, Peru)
24 Quinoa Ethanol-water (1:1) ABTS 878.44-1307.94 pmol TE 100 g' FM Valencia et al. {2017)
accessions (Peru) DFPH 486.08-1195.74
Methanol-water (2:1) ABTS 1036.53-1833.78 pmel TE 100 g' FM
DFFH 474.21-972.87
Ecotypes (Chile) Acetonerwater (4:1) DPFFH 10.74-20.17 mmol TE 100 g* DM Vega-Gdlvez et al
Ancovinto Cancosa ORAC 2235.73.16 (2018)
Cahuil, Faro,

Regalona, Villarrica
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It is important to point out that the comparability of results in the literature is limited due to variations in
experimental conditions among different laboratories (Alvarez-Jubete et al., 2010). However, reference
ranges can be established. By using extraction solvents with different polarities, Celik et al. (2010)
determined that it is possible to obtain significant differences in the results depending on the predominant
assay mechanism. Zhang et al. (2020) addressed the need for an efficient extraction method that does not
cause degradation to dissociate insoluble phenolic compounds covalently bound or trapped in the
macromolecules of the food matrix through ester, ether, or C-C bonds or by hydrophobic interactions and
hydrogen bonds. Various techniques, including acid, alkaline or enzymatic hydrolysis assisted by
ultrasounds or microwaves, as well as solvent/liquid pressure extractions, can be used.

In the absence of an official standardized method to determine antioxidant capacity, Zulueta et al. (2009)
have recommended the use of different oxidation conditions and quantification methodologies. Schaich et
al. (2015) have also reported on the lack of standardization of the results, indicating that a time of 20 and
30 min may not allow for a stable reaction state, which generates an underestimation of radical scavenging
activity for slow-reacting molecules (Mishra et al., 2012). When expressing results, de Menezes et al. (2021)
suggest that, although the 50% inhibitory concentration (ICso) can be easily determined, care must be taken
to avoid errors in data interpretation and improve measurement reliability.

In quinoa, differences in antioxidant capacity have been related to genetic and agrotechnical factors, as
well as environmental conditions (Miranda et al., 2011). When studying different varieties of quinoa,
Fischer et al. (2013) attributed such differences to the interaction between genotype and environment.
Ecotype and geographic location of the crop also play a role in antioxidant capacity (Reguera et al., 2018;
Vega-Galvez et al., 2018). However, it is important to note that in vitro antioxidant activity does not
necessarily reflect the bioavailability and activity of antioxidants in biological systems, considering the high
concentrations used in in vitro tests and the varied results from clinical trials (Prior, 2015; Amarowicz and
Pegg, 2019). It should be noted that a bioactive compound is available for absorption once the
gastrointestinal digestion process has elapsed (Pellegrini et al., 2017). In this sense, understanding the
contribution mechanisms of phytochemicals to human nutrition and health, both individually and
collectively, is crucial (Tang and Tsao, 2017).

Depending on the nature and combination of antioxidants, the mechanisms used by antioxidants in a
food matrix vary from no interaction between bioactive compounds to concerted and synergistic actions or
antagonistic interactions (Durazzo, 2017). In this context, the pH of the food environment, the structure and
stability of antioxidants have been identified as key variables (Siddeeg et al., 2021). At the level of
interactions, Swieca et al. (2014) reported that the joint action of proteins and phenolic compounds could
affect both the antioxidant capacity and bioavailability of these compounds. Despite the beneficial effects
of phenolic compounds on human health, they can function as pro-oxidants when ingested in high
concentrations, resulting in toxicological effects (Shahidi and Ambigaipalan, 2015; de Aradjo et al., 2021).
Additionally, Gutteridge and Halliwell (2010) point out that excessive consumption of antioxidants may
also affect endogenous production and the immune system.

Currently, consumers awareness regarding food quality and functionality, has led to the recognition of
quinoa as a promising ingredient. Its nutritional composition and bioactive ingredients make it an attractive
option to meet population requirements. In a study by Romano et al. (2020), it was demonstrated that
appropriate technique like pray drying, can preserve the nutritional value, and improve the technological
parameters of quinoa extracts, which could be used as functional ingredients to diversify the supply of
products based on this pseudocereal.

CONCLUSIONS

The scientific information summarized in this review provides evidence of the composition of quinoa seeds
in terms of phenolic compounds and antioxidant capacity. The data correspond to the results obtained by
spectrophotometric methods, with values expressed in the same unit of measurement. However, due to
differences in geographic and genetic diversity as well as in analytical conditions, the results could not be
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analyzed comparatively. However, the analyzed information allowed establishing reference ranges and
identifying the factors involved in the different methods used for compound determination. The
reproducibility and reliability of the results could be improved by further limiting the experimental variables.
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