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ABSTRACT

Quinoa (Chenopodium quinoa Willd.) is a pseudocereal traditionally cultivated by Andean
cultures which production and consumption has increased worldwide in the last decades. Quinoa
was defined as “one of the grains of the 21 century” because of its resistance to extreme
environmental conditions and its nutritional and functional properties. In addition to its high
content in protein, lipids, fiber, vitamins, and minerals, and its excellent balance of essential
amino acids, quinoa contains a plethora of phytochemicals including saponins, phytosterols,
phytoecdysteroids, phenolic compounds, polysaccharides, and bioactive proteins and peptides.
The recent investigations demonstrating the beneficial effects of these compounds on metabolic,
cardiovascular, and gastrointestinal health have made quinoa to gain recognition as a functional
food and nutraceutical. This review summarizes the available data on the nutritional and
functional role of quinoa emphasizing the bioactive compounds mainly responsible for the health
benefits attributed to this crop.
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General aspects
The genus Chenopodium (family Chenopodiaceae) is distributed worldwide and includes 250
species with a great diversity in plants and inflorescences. Cultivated and collected
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Chenopodium species have been part of the pre-Columbian (Tiahuanacotan and Incan) cultures.
Chenopodium quinoa is tetraploid specie, similar to beets and amaranth. Originated in the
Andean region of Bolivia and Peru, quinoa has been cultivated in these areas for the last 50
centuries [1]. For the Incas, quinoa was a very important crop together with corn and potato. In
addition to its role in human and animal nutrition, quinoa had a sacred value as a gift from the
gods [2]. It is known with different local names such as supha, suba, jupha, and dahue although it
is called quinoa or quinua in Bolivia, Peru, Ecuador, Argentina and Chile where is mainly grown.

The plant is able to tolerate extreme environmental conditions (salinity, cold, solar radiation,
and drought), and it can be cultivated in high altitudes in the mountain areas where it is not
possible to grow maize. Its genetic variability is great, with cultivars of quinoa being adapted to
growth in a wide range of environments from 20° latitude North in Colombia to 40° latitude
South in Chile, and from sea level to an altitude of 3,800 m [3]. The high adaptability of this crop
to diverse agro-climatic habitats and edaphic conditions has increased the yields of diverse
varieties in countries outside South America, such as USA, Canada, Europe, India, and China [4,
5]. Thus, the world production of quinoa has augmented in the last years and was close to
150,000 tonnes in 2016 (Figure 1) [6].
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Figure 1. World production quantity (in tonnes, blue rombus) and harvested area (in ha, red
square) of quinoa from 2000 to 2016 (FAOSTAT 2018).

This plant is considered as pseudocereal as it does not belong to the Gramineae family
although it has the characteristics of grains. It produces seeds that can be milled into flour and
used as a cereal crop. A number of toasted and baked goods are produced from quinoa flour,
such as bread, cookies, biscuits, noodles, pasta, tortilla, and pancakes [7]. Moreover, quinoa
seeds can be fermented to make beer and “chicha”, a ceremonial alcoholic beverage from South
America [8]. Quinoa leaves are similarly consumed as spinach [9], and the germinated seedlings
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(sprouts) are added to salads [10]. Also, the whole plant has been also used as a rich nutritional
source to feed livestock, including cattle, pigs, and poultry [7].

Because of its stress-tolerant characteristics and its nutritional and biological properties,
quinoa has been described as “one of the grains of the 21* century” [10]. In 2013, the Food and
Agriculture Organization of the United Nations (FAO) launched the International Year of Quinoa
to promote the planting, production, preservation, consumption, and research on this plant [11].
Moreover, recent investigations focused on the chemical constituents and therapeutic properties
of quinoa have made it to gain recognition as a functional food and nutraceutical [12]. This
review presents a summary of the available literature on the nutritional and biological properties
of quinoa seed emphasizing on the bioactive compounds which are mainly responsible for the
health benefits attributed to this crop.

Nutritional quality of quinoa

Table 1 shows a comparison of the nutritional values of quinoa in relation to durum wheat, white
rice (medium-grain, raw, un-enriched), and yellow corn grain, considered as some of the most
crucial foods worldwide in both human and animal diets [13].

Table 1. Approximate chemical composition of quinoa (uncooked) compared to wheat (durum),
white rice (medium-grain, raw, un-enriched), and yellow corn grain. Data obtained from USDA
(2018)

Nutrient Quinoa Durum wheat White rice Yellow corn
grain
Water® 133 10.9 12.9 10.4
Energy (Kcal) 368.0 339.0 360.0 365.0
Total protein® 14.1 13.7 6.6 9.4
Total fat* 6.1 2.5 0.6 4.7
Carbohydrates® 64.2 71.1 79.3 74.3
Dietary Fiber* 7.0 n.r. n.r. 73
Ash* 2.4 1.8 0.6 1.2
Minerals
Calcium® 47.0 34.0 9.0 7.0
Iron® 4.6 3.5 0.8 2.7
Magnesium® 197.0 144.0 35.0 127.0
Phosphorus® 457.0 508.0 108.0 210.0
Potassium” 563.0 431.0 86.0 287.0
Sodium® 5.0 2.0 1.0 35.0
Zinc® 3.1 4.2 1.2 2.2
Copper® 0.6 0.6 0.1 0.3
Manganese® 2.0 3.0 1.1 0.5
Selenium*® 8.5 89.4 ND 15.5
Vitamins
Vitamin C* n.r. 0.0 0.0 0.0
Thiamin (B,)® 0.36 0.42 0.07 0.39
Riboflavin (B,)" 0.32 0.12 0.05 0.20
Niacin (B;)° 1.52 6.74 1.6 3.63
Pantothenic acid® 0.77 0.94 1.34 nr.

Pyridoxine (Bg)" 0.49 0.42 0.15 0.62
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Nutrient Quinoa Durum wheat White rice Yellow corn
grain
Folate® 184 43.0 9.0 19.0
Folic acid® 0.0 0.0 0.0 0.0
Choline total® 70.2 n.r. n.r. n.r.
Betaine® 630.4 nr nr. nr.
Vitamin B,,° 0.0 0.0 n.r. n.r.
Vitamin A° 1.0 0.0 nr. 11.0
B-carotene® 8.0 n.r. n.r. n.r.
a-carotene® 0.0 n.r. n.r. n.r.
B-cryptoxanthin® 1.0 nr. nr. nr.
Lycopene® 0.0 nr. nr. n.r.
Lutein + Zeaxanthin® 163.0 n.r. n.r. n.r.
a-tocopherol (E)° 2.44 n.r. n.r. 0.49
B-tocopherol® 0.08 n.r. n.r. n.r.
y-tocopherol® 4.55 n.r. n.r. n.r.
3-tocopherol® 0.35 nr. nr. nr.
Vitamin D (D,+D5)° 0.0 0.0 0.0 0.0
Vitamin K° 0.0 n.r. n.r. 0.3
Lipids
Fatty acids, SFA® 0.71 0.45 0.16 0.67
Fatty acids, MFA® 1.61 0.34 0.18 1.25
Fatty acids, PFA? 3.29 0.98 0.16 2.16
Essential amino acids
Trp* 0.17 0.18 0.08 0.07
Thr* 0.42 0.37 0.24 0.35
Ile* 0.50 0.53 0.29 0.34
Leu® 0.84 0.93 0.55 1.16
Lys* 0.77 0.30 0.24 0.27
Met* 0.31 0.22 0.16 0.20
Cys® 0.20 0.29 0.14 0.17
Phe? 0.59 0.68 0.35 0.46
Tyr* 0.27 0.36 0.22 0.38
Val* 0.59 0.59 0.40 0.48
Arg 1.09 0.48 0.55 0.47
His* 0.41 0.32 0.16 0.29
Ala* 0.59 0.43 0.38 0.71
Asp® 1.13 0.62 0.62 0.66
Glu* 1.87 4.74 1.29 1.77
Gly* 0.69 0.50 0.30 0.39
Pro* 0.77 1.46 0.31 0.82
Ser” 0.57 0.67 0.35 0.45
2g/100 g edible portion
®mg/100 g edible portion
°ug/100 g edible portion

n.r.: not reported

SFA: saturated fatty acids

MFA: monounsaturated fatty acids
PFA: polyunsaturated fatty acids

Quinoa's superiority over these and other grains results from its richer protein, lipid, and ash
content. According to the USDA Food Composition database, the protein content of quinoa
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seeds is 14.1%, although a range from 13.8-16.5% protein has been reported [14]. The major
storage proteins of quinoa are albumins (35%) and globulins (37%), while the prolamins are
present in low concentrations [15]. The protein fraction of type 2S albumins presents a
heterogeneous group of polypeptides with a molecular mass of 8-9 kDa under reducing
conditions. The globulin 118, called chenopodin, is a 320 kDa oligomeric protein composed by
monomers or subunits, which consist of an acid (30-40 kDa) and a basic polypeptide (20-25
kDa), linked by disulfide bonds. Chenopodin has become a reference source of leucine,
isoleucine, phenylalanine, and tyrosine by the FAO [15].

The nutritional quality of the protein is determined by the proportion of essential amino
acids, namely those that must be supplied in the diet because they cannot be synthesized by
animals. Quinoa is one of the few plant foods that provide all essential amino acids with an
adequate balance for human life. According to FAO/WHO recommendations, quinoa protein can
supply over 180% of the daily recommended intake of essential amino acids for adult nutrition
[16]. Specifically, quinoa proteins are high in lysine (ranged from 2.4 to 7.8 g/100 g protein),
methionine (0.3-9.1 g/100 g protein), and threonine (2.1-8.9 g/ 100 g protein) that are the
limiting amino acids in conventional cereals, such as wheat and maize [17].

The protein quality also depends on the digestibility of protein, the influence of
anti-nutritional factors, and the ratio between tryptophan and neutral amino acids [18]. In animal
feeding assays, quinoa proteins have shown high digestibility, and thus, 91.6% of proteins from
raw seeds were absorbable, increasing up to 95.3% after heat treatment (cooking) [19]. The high
protein’s bioavailability is partially due to the relatively low content of trypsin inhibitors in
quinoa seeds which reduce protein enzymatic digestion and absorption [11].

The carbohydrate content of quinoa seed is slightly lower than that of wheat, rice and maize
(Table 1). Starch is the major component, comprising 58-1%-64.2% of the dry weight [20]. The
content of total dietary fiber in quinoa seeds ranges from 7-10% [13, 21]. Although this content
is similar to that present in cereals, its monosaccharide subunit composition is more comparable
to that of fruits, vegetables, and legumes. Insoluble quinoa fiber represents 78% of total fiber
content and is constituted mainly by galacturonic acid, arabinose, galactose, xylose, and glucose.
Soluble quinoa fiber corresponds to 22% of total fiber and comprises glucose, galacturonic acid,
and arabinose. The grains of quinoa also contain free disaccharides such as sucrose (2.90 g/100 g
dry weight) and maltose (1.40 g/100 g dry weight), and monosaccharides such as glucose (1.70
g/100 g dry weight) and fructose (0.20 g/100 g dry weight) [20].

Besides its high content of protein with good biological quality, quinoa seed has an
interesting lipid composition of 6.1 g/100 g edible portion (Table 1), higher than durum wheat
(2.5 g/100 g edible matter), white rice (0.6 g/100 g edible matter), and yellow corn grain (4.7
g/100 g portion), making quinoa be considered as an alternative oilseed crop [14]. Triglycerides
and diglycerides are the major fractions present, accounting for over 50% and 20%, respectively,
of the neutral lipids of quinoa seeds [22]. Lysophosphatidyl ethanolamine and phosphatidyl
choline are the most abundant (57%) of the total polar lipids. Quinoa fatty acids are mainly
monounsaturated (27%) and polyunsaturated (55%), while saturated fatty acids represent 12% of
the total fatty acids (Table 1). The total unsaturated fatty acids content of quinoa (82%) seeds is
similar to that present in yellow corn grain (73%) and 1.5- and 1.4-times higher than that present
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in durum wheat and white rice, respectively. The major unsaturated fatty acids in quinoa are
linoleic acid (50%), oleic acid (23%), and alpha-linolenic acid (5%), similar to the soybean oil
composition [20, 23].

Quinoa is also rich in micronutrients, such as vitamins and minerals (Table 1). Although
there is limited research on the vitamin content of quinoa seeds, it is known that it contains
vitamin A precursor f-carotene (8.0 pg/100 g), thiamin/vitamin B, (0.36 mg/100 g),
riboflavin/vitamin B, (0.32 mg/100 g), niacin/vitamin B; (1.52 mg/100 g), panthothenic
acid/vitamin By (0.77 mg/100 g), pyridoxine/vitamin By (0.49 mg/100 g), and total folate (184
ng/100 g) [13]. The contents in 100 g of pyridoxine (B4) and folic acid can meet the needs of
children and adults while the content of riboflavin (B,) contributes 80% of the daily needs of
children and 40% that of adults, as cited by Abugoch James [15]. The values of riboflavin (B,),
pyridoxine (By), and folic acid are higher than those found in most cereals such as wheat, oat,
barley, rye, rice, and maize, while that of thiamine (B,) is lower than those contained in oats or
barley. Moreover, quinoa is an excellent source of vitamin E (=7.4 mg/100 g edible portion) than
can protect fatty acids of cell membranes against oxidative damage [15, 24]. The range of
reported ascorbic acid levels is very wide, from 0 to 63.0 mg/100 g dry weight, because of the
high susceptibility of this vitamin to oxidation that can misrepresent the results. Quinoa also
contains a great concentration of betaine (630.4 mg/100 g dry portion) and its metabolic
precursor choline (70.2 mg/100 g dry portion). Betaine has been found to contribute to overall
health management and to prevent chronic diseases associated to low levels of plasma
homocysteine [25]. Choline is a vitamin-like nutrient involved in the synthesis of phospholipids
phosphatidylcholine and sphingomyelin that are essential for cell membrane functions [26].
Although these two compounds are not essential, they cannot be synthesized in adequate
quantities by the human body, thus they are obtained from foods rich in betaine and choline or by
oral supplements with pure preparations [27]. Of commonly consumed foods, refined and whole
grain wheat are the best sources of betaine [28]. The high content of betaine and choline found in
quinoa has made its incorporation into gluten-free products a good alternative to improve dietary
intake of these compounds among people adhering to gluten-free diets [29].

Quinoa has higher total mineral (ash) content (2.4%, USDA, 2018) than durum wheat
(1.8%), white rice (0.6%), yellow corn grain (1.2%), and other cereals [7, 13]. Thus, quinoa grain
contains large quantities of minerals, mainly potassium (0.01-1200 g/100 g edible matter),
phosphorus (140-530 g/100 g edible portion), magnesium (26.0-502.0 g/100 g), and calcium
(27.5-148.7 g/100 g). Other minerals present in quinoa are iron (1.4-6.8 g/100 g), zinc (2.8-4.8
g/100 g), and copper (0.2-5.1 g/100 g) [7, 11, 13, 20]. The wide variation among values obtained
for each mineral may be related to the fact that the samples belong to different genotypes and
were grown in regions with varying soil types and different mineral compositions and/or applied
fertilizers. Many of these minerals are present in higher concentrations than those found in
common grains. Moreover, calcium, magnesium, and potassium are found in quinoa in
bioavailable forms, thus their contents are considered to be adequate for a balanced diet [11, 20].
According to the National Academy of Sciences [30], the magnesium, manganese, copper, and
iron present in 100 g of quinoa seed cover the daily needs of infants and adults, while the
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phosphorus and zinc content is enough for children, but covers 40-60% of the daily requirements
of adults. The potassium content can cover 18% and 22% of infant and adult needs, respectively,
while the calcium content can meet 10% of the requirements.

Bioactive compounds in quinoa

In addition to its high nutritional value and gluten-free nature, quinoa exerts beneficial effects on
high-risk group consumers, such as children, the elderly, lactose intolerant, and people with
diabetes, obesity, dyslipidemia, anemia, and celiac disease. These effects have been associated
with its content of protein, fiber, vitamins and minerals, fatty acids, and especially with the
presence of different phytochemicals that provide quinoa a noteworthy advantage over other
grains in terms of human nutrition and health [14]. Here, the effects of quinoa bioactive
compounds and the evidence on their impact on human health will be summarized.

Saponins
Saponins are secondary metabolites largely distributed in the plant kingdom and mainly found in
seeds, leaves, roots, fruits and stems. They are produced for plant protection against harmful
microorganisms, birds and insects [31]. Saponins contain sugar chains and a triterpenoid
aglycone (sapogenin) in their structure and are classified according to the number of sugar chains
as mono-, di-, and tridesmosidic. Quinoa’s outer seed coat is rich in saponins, and thus, the
content in bitter genotypes varies from 140 to 2300 mg/100 g dry weight while that of sweet
genotypes is ranged from 20 to 40 mg/100 g dry weight [32, 33]. Saponins from quinoa are a
complex mixture of triterpene glycosides derived from oleanolic acid, hederagenin,
phytolaccagenic acid, serjanic acid, and 3b,23,30-trihydroxyolean-12-en-28-oic acid, which bear
hydroxyl and carboxylate groups at C-3 and C-28, respectively. The major carbohydrates are
glucose, arabinose, and galactose, while glucuronic acid and xylose have been found in low
quantity [34]. Although the majority of studies report around 20 saponins in quinoa [34, 35],
Madl and coworkers identified, by nano-HPLC electrospray ionization multistage tandem mass
spectrometry, 87 saponins in a complex triterpene saponin crude extract from quinoa seed coats
[36]. The recent published quinoa genome has allowed the identification of the transcription
factor involved in controlling the triterpenoid seed saponins synthesis [37]. This finding is
expected to advance on the selection for sweet varieties of quinoa with low content of saponins.
Saponins are the most important anti-nutritional factors present in the seed coat of quinoa
that interfere with its palatability and digestibility making their removal before seed consumption
necessary. They are removed either by the wet method, i.e. washing and rubbing in cold water, or
by dry method, i.e. toasting and subsequent rubbing of the grains to remove the outer layers [38].
In spite of their indigestible characteristics, a broad range of biological activities have been
described for saponins, including antiviral, antimicrobial, antioxidant, anti-inflammatory,
cytotoxic, analgesic, hypocholesterolemic, hypoglycemic, anti-thrombotic, diuretic, minerals and
vitamins absorption modulatory, neuroprotective, and immunostimulatory activities [39]. First
studies reported the inhibitory capacity of quinoa saponins against the growth of Candida
Table 2. Biological activity of quinoa protein hydrolyzates and peptides
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Strategy Biological Outcomes Protein source Bioactive sequences Reference
activity
Alcalase hydrolysis of Anti-hypertensiv - ACE inhibition n.d. n.d. [92]
protein concentrate and e - DPPH radical
ultrafiltration scavenging activity
Antioxidant
Hydrolysis of protein Anti-diabetic - DPP-IV inhibitory n.d. n.d. [93]
concentrate with papain and Antioxidant activity
microbial papain-like enzyme - Peroxyl radical
scavenging activity
Water/salt soluble extract Antioxidant - DPPH and ABTS * 118 seed storage * IVLVQEG; [94]
from quinoa dough fermented radical scavenging globulin B TLFRPEN
with Lb. plantarum TOA10 activity
- Inhibition of * Salt overly
linoleic acid sensitive * VGFGI; FTLIIN
autoxidation
- Protective effects * Maturase K * LENSGDKKY
against oxidative
stress induced in
human keratinocytes
NCTC 2544
In vitro simulated Anti-diabetic - DPP-1V, a-amylase ~ * 11S Globulin B * IQAEGGLT; [95]
gastrointestinal digestion of and a-glucosidase DKDYPK;
protein concentrate and inhibitory activity * Maturase K GEHGSDGNV
ultrafiltration * Betaine aldehyde * JFQEY; SFFVFL
dehydrogenase * RELGEWGI
* Starch synthase,
chloroplastic/amylo ~ * GGLGDVLGGLP
plastic
Ultrasound pretreatment and Antioxidant - DPPH, ABTS, and n.d. n.d. [97]
alcalase hydrolysis of protein hydroxyl radical
isolate scavenging activity
- Reducing power
- Metal ion chelating
activity
In vitro simulated Antioxidant - Peroxyl radical * 118 Globulin A * JRRTIE; LWREGM [96]

gastrointestinal digestion of
protein concentrate and
ultrafiltration

Anti-cancer

scavenging activity
- Colon cancer cell
inhibitory activity

* 118 Globulin B

* 118 Globulin

* Maturase K

* Betaine aldehyde
dehydrogenase

* Starch synthase,
chloroplastic/amylo
plastic

* JQAEGGLT;
DKDYPK;
GEHGSDGNV
* JQAEGGL;
AGKPQQ;
NSGNEPL;
QAGEEGFE;
SENIDDPS;
DVYSPEAG;
EAGRLTTL;
IRAMPV

* [FQEYI; SFFVFL
* RELGEWGI

* GGLGDVLGGLP

albicans [40] and Botrytis cinerea [41]. Last authors reported that alkali treatment of
saponin extracts significantly increased the inhibitory capacity of mycelia growth and conidial
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germination. Quinoa bidesmosidic saponins and their aglycones have been found to exert
cytotoxic effects through apoptosis induction in colon carcinoma Caco-2 cells [34]. Recently,
Yao and coworkers demonstrated that saponin-rich quinoa seed extracts reduced the production
of nitric oxide and the release of pro-inflammatory cytokines in lipopolysaccharide-stimulated
RAW 264.7 macrophages [42]. Quinoa saponins were also able to suppress 3T3-L1 adipocytes
differentiation and to decrease cell viability during the differentiation process [43]. These
findings indicate that quinoa saponins are capable of suppressing adipogenesis, and therefore,
they seem to be natural bioactive factors effective in adipose tissue mass modulation. Although
the evidence on biological activities of quinoa saponins in animals is scarce, these compounds
have demonstrated to enhance the production of humoral and cellular immune responses in mice
subcutaneously immunized with ovalbumin [44].

Phytosterols

Phytosterols are triterpenes containing a 27-30-carbon ring-based structure with hydroxyl groups
[45, 46]. Their structure is similar to cholesterol found in animals and humans, making
phytosterols compete for cholesterol’s intestinal absorption and decrease atherogenic lipoprotein
production in the intestines and liver, thus exerting reduction of serum cholesterol levels [47]. In
addition to their cholesterol reducing properties, phytosterols have also demonstrated to exert
antioxidant, anti-inflammatory, and anticancer effects [48]. The total phytosterols content
reported in quinoa varies from 38.8 to 82.5 mg/100 g [48, 49], with B-sitosterol, campesterol,
brassicasterol, and stigmasterol being the major components [50]. The quantities of these
phytosterols are higher than those measured in barley, rye, millet, and corn [48].

Phytoecdysteroids

Phytoecdysteroids are polyhydroxylated steroids involved in plant defense against insects
because of their structural relationship with molting hormones. In addition to their protection
activity, phytoecdysteroids have demonstrated to improve keratinocyte differentiation [51], and
to enhance dermal thickness and promote wound healing in vivo [52, 53]. Also, these compounds
have been found to augment protein synthesis in skeletal muscle cells [54], and to reduce cobalt
chloride and H,0O,-induced production of reactive oxygen species (ROS) in rat
pheochromocytoma PC12 and rat neuroblastoma B35 cells, respectively [55]. Quinoa is one of
the richest edible sources of phytoecdysteroids, with a content ranged from 13.8 to 57.0 mg/100
g dry weight [56]. Among 13 different types of phytoecdysteroid identified in quinoa,
20-hydroxyecdysone (20HE) is the most abundant, constituting 62-90% of total quinoa
phytoecdysteroids [56, 57]. Other minor phytoecdysteroids identified in quinoa are makisterone
A,  24-epi-makisterone A,  24(28)-dehydromakisterone @A and polypodine B,
24,25-dehydroinokosterone, 25,27-dehydroinokosterone, and
5b-hydroxy-24(28)-dehydromakisterone A [56]. Administration of 20HE (10 mg/kg body weight
for 13 weeks) to diet-induced obese and hyperglycemic mice significantly reduced blood glucose
levels, body weight and adiposity, and increased insulin sensitivity compared with the control
mice, without affecting food consumption [58]. More recently, a 20HE-enriched quinoa extract
has been found to prevent the onset of diet-induced obesity and to regulate the expression of
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adipocyte-specific genes in mice [59, 60]. This anti-obesity effect might be explained by a global
augment in energy expenditure, a shift in glucose metabolism towards oxidation to the detriment
of lipogenesis, and a reduction in lipid absorption leading to reduced dietary lipid storage in
adipose tissue [61]. Currently, Graf and coworkers used the Caenorhabditis elegans model to
demonstrate that treatment with a quinoa preparation enriched in 20HE improves lifespan,
locomotory performance, basal respiration rate, and reduces advanced glycation end-product
pigment and ROS accumulation [62]. This finding suggests that supplementation with
20HE-containing quinoa products may promote metabolic health in C. elegans through a
conserved mechanism that might be extrapolated to humans.

Phenolic compounds

Phenolics are a large and diverse family of secondary plant metabolites with a highly stable
chemical structure containing hydroxyl group(s) attached to at least one aromatic hydrocarbon
ring. In general, phenolic compounds are divided into several groups, including phenolic acids,
flavonoids, lignans, coumarins, phenols, phenylpropanoids, quinines, stilbenoids, and xanthones.
The total polyphenol content determined in quinoa seeds was in the range between 0.46 and 1.84
mg/g dry weight [63]. Flavonol glycosides represent the most abundant phenolics in this plant
[64]. They are constituted mainly by quercetin and kaempferol derivatives, with concentrations
of individual compounds around 0.84 mg/g dry weight [65, 66]. According to Pasko et al. quinoa
seeds contained flavonoids, mainly orientin (1.08 mg/g dry weight), vitexin (0.71 mg/g dry
weight), and rutin (0.36 mg/g dry weight), but also morin (88.9 pg/g dry weight), hesperidin
(1.86 ng/g dry weight), and neohesperidin (1.93 pg/g dry weight) [67]. Individual phenolic acids
such as ferulic, caffeic, and p-coumaric acids are present at concentrations of 251.5, 6.31, and 1.1
pg/g dry weight, respectively [68]. Two recent studies have identified 23 and 19 phenolic
compounds in either free or conjugated (liberated by alkaline and/or acid hydrolysis) forms in
quinoa seed extracts [69, 70]. They are mainly phenolic acids consisting of vanillic, ferulic,
p-coumaric, protocatechuic, 4-hydroxybenzoic, and 8,5'-diferulic acids and their derivatives,
along with flavonoids quercetin, kaempferol and their glycosides. Ferulic acid-4-glucoside,
present at concentrations ranged from 132-161 pg/g dry weight was the predominant free
phenolic compound, while vanillic acid and ferulic acid were the two dominant extractable
phenolics in bound forms, at concentrations of 207-250 pg/g and 169-231 pg/g of quinoa seed,
respectively. Lutz and others identified isoflavones in 10 different quinoa seed varieties,
reporting concentrations of 0.5 to 4.1 pg of genistein/g and 7.0 to 20.5 pg of daidzein/100 g [71].
A tannin content of 0.05% has been determined for quinoa, whose value is comparable with that
of amaranth and higher than that determined in rice (0.035%) and soybean (0.034%) [68].

The stable chemical structure of phenolic compounds confers them potent antioxidant
properties exerted through different mechanisms. They act as reducers, have the ability to
scavenge free radicals and chelate metal ions - cofactors of enzymes catalyzing oxidative
reactions, inhibit oxidases, terminate radical chain reactions and/or stabilize free radicals [72]. A
great number of studies have assessed the in vitro antioxidant activity of quinoa seeds in relation
to their phenolic content and composition [66, 73] and compared to that of some legumes,
cereals, and pseudocereals [24, 68, 74]. Although some recent studies have found a positively
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correlation between the free, bound, and total phenolic compounds contained in quinoa seeds and
their antioxidant capacity [75], the contribution of non-phenolic compounds on this capacity has
also been suggested [69, 76].

In addition to their antioxidant properties, phenolic compounds have been shown to exert
other biological activities such as anti-inflammatory, anticancer, anti-diabetic, anti-obesity, and
cardioprotective effects [39]. Quinoa polyphenols have been reported to down-regulate
interleukin (IL)-1pB, IL-8, and tumor necrosis factor (TNF) cytokines in colonic epithelial Caco-2
cells, and to prevent obesity-induced inflammation and promote gastrointestinal health in mice
[77]. Hemalatha and coworkers found that phenolics from whole grain quinoa and its milled
fractions acted as potent antioxidants and inhibitors of a-amylase and a-glucosidase [78].
Inhibitory effects on a-glucosidase and pancreatic lipase activities have also been described for
bound phenolics identified in quinoa [70]. These findings suggest that quinoa phenolics may
have the potential to prevent hyperglycaemia and its associated complications because their
ability to slow both intestinal digestion of carbohydrates and oxidation-related damage [78].

Polysaccharides

Nowadays, polysaccharides from natural sources have gained interest due to their role as
scavengers of free radicals, lipid oxidation inhibitory agents, promoters of natural killer cells,
and macrophages and interleukins activators [79, 80]. Studies carried out in the last years have
focused on the polysaccharides contained in the quinoa fiber fraction. Cordeiro et al.
characterized a pool of arabinan and arabinan-rich pectic polysaccharides present in quinoa seeds
which anti-ulcer effects in an ethanol-induced gastric damage rat model were also demonstrated
[81]. Four polysaccharide sub-factions isolated and purified from quinoa showed significant
antioxidant and immunoregulatory activities [82]. Recently, a novel polysaccharide fraction
constituted by galacturonic acid and glucose has been identified [83]. The purified fraction
exhibited significant radical scavenging and macrophage RAW264.7 proliferation promoting
activities, while it suppressed the nitric oxide production on inflammatory RAW264.7
macrophages. Moreover, polysaccharide fraction displayed cytotoxic effects against human liver
cancer SMMC 7721 and breast cancer MCF-7 cells, while no effects on normal cells were
observed [83].

Betalains

Betalains are nitrogenous plant pigments that belong to the order Caryophyllales. According to
their chemical structure, they can be subdivided into red-violet betacyanins or yellow-orange
betaxanthins which combination makes the orange and red shades that coexist in nature. Extracts
containing betalains have been approved as natural colorants in food products and
pharmaceuticals by the European Union (additive E-162) and the US FDA [84]. Moreover, in
recent years, betalains have gained popularity as ingredient of functional foods owing to their
antioxidant, anticancer, anti-lipidemic and antimicrobial activities [85, 86]. Quinoa is considered
a promising crop for the extraction of betalains although the results on their content in different
quinoa varieties are controversial. Repo-Carrasco-Valencia et al. [87] did not detect the presence
of betacyanins in some Peruvian Altiplano’s red quinoa seeds while Abderrahim and coworkers
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[88] determined variable betalain contents (0.15-6.10 mg/100 g, expressed as the sum of
betacyanins and betaxanthins) in coloured quinoa seeds from the same Peruvian zone. Tang and
coworkers (2015) reported a similar betanin and isobetanin content in red and black quinoa
cultivated in Canada than that found in beet root although quantitative data were not provided
[69]. A recent study has allowed identifying novel betacyanins and betaxanthins in 29 Peruvian
quinoa varieties, correlating their presence with the high antioxidant and free radical scavenging
activities measured in grain extracts [89]. These authors suggest that colored quinoa seeds might
be interesting as a natural source of bioactive betalains. To stabilize these compounds,
microencapsulation has been recently studied [90]. Maltodextrin-microencapsulations containing
betacyanin and low saponin concentration might confer unique health-promoting properties.

Bioactive proteins and peptides

In addition to their nutritional properties, quinoa proteins have been found to exert biological
properties. A quinoa protein-enriched fraction was found to prevent the increase of total
cholesterol levels in plasma and liver of mice through inhibition of the re-absorption of bile acids
in the small intestine and control of cholesterol synthesis and catabolism [91]. Moreover, quinoa
proteins have been currently recognized as a source of bioactive peptides although the studies
are still scarce (Table 3). Aluko and Monu reported by the first time the antioxidant and
angiotensin-converting enzyme inhibitory activities of a quinoa protein hydrolyzate obtained
with alcalase [92]. Then, papain hydrolyzates from quinoa protein were also found to exert
antioxidant and dipeptidyl peptidase IV (DPP-1V) inhibitory effects [93]. The results of this
study presented quinoa protein as a promising functional ingredient with anti-diabetic properties
although the peptide sequences responsible for the observed effects were not identified. In the
last few years, peptides from different sequenced quinoa proteins have been identified in both
fermented dough [94], and gastrointestinal digests [95, 96]. The multifunctional properties
including antioxidant, anti-diabetic, and chemopreventive activities demonstrated for some of
those peptides have made quinoa proteins gain importance as food ingredients for the prevention
and/or management of chronic diseases related to oxidative stress, hypertension and/or diabetes.
However, the bioavailability and mechanism of action of these peptides should be further
explored to confirm their in vivo effects.

Health benefits of quinoa

In spite of many compounds contained in quinoa have been described to contribute on the
beneficial effects on human health attributed to this pseudocereal, to date, the evidence on these
benefits demonstrated in both animals and humans is still limited. Quinoa supplementation in the
diet administered to oxidative stress-induced rats reduced malondialdehyde levels in plasma and
increased antioxidant enzymes activities [98]. Another study of these authors demonstrated the
ability of quinoa to reduce serum glucose, triglycerides (TG), and total and low density
lipoproteins (LDL) cholesterol levels in male Wistar rats fed a fructose-enriched diet, inhibiting
the negative effects of fructose on high density lipoproteins (HDL) [99]. These findings indicate
the protective effects of quinoa against oxidative stress by increasing the antioxidant capacity
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and reducing the lipid peroxidation in plasma and tissues of animals. The preventive role of
quinoa against obesity has been also investigated [100].

Table 3. Evidences on the effects of quinoa and derived products in humans

Participants No. of Treatment Duration Outcomes Reference
participants (days)
50-65-month-ol 40 200 g 15 Increase of IGF-1 [19]
d boys quinoa-porridge or
beverage/day
18-45 years old 22 Quinoa candies 30 Reduction of TG, total and [101]
students LDL-cholesterol
Reduction (no significant) of
blood pressure, blood sugar
and body weight
Post-menopaus 35 25 g  quinoa 28 Reduction of TG, TBARS [102]
al  overweight flakes/day and vitamin E levels
women Increase of urinary secretion
of enterolignans
Decrease of total and
LDL-cholesterol
Increase of GSH
Overweight and 50 50 g quinoa/day 84 Reduction of TG [103]
obese adults Reduction of prevalence of
metabolic syndrome
Overweight 37 Quinoa-enriched 28 Reduction of blood pressure [104]
men bread (20 g quinoa and LDL-cholesterol
flour)/day
Adult celiac 19 50 g quinoa/day 42 Improvement of histological [105]
patients parameters
Reduction of total, LDL, and
HDL cholesterol, and TG
Healthy adults 12 Quinoa “risotto” Increase of satiating [106]
efficiency indices
Pre-diabetic 30 Commercial 28 Reduction of IMC and [107]
individuals quinoa flour (20 g glycated hemoglobin
quinoa)/day Increase in the satiation and
fullness (complete) degree
Healthy adults 30 Macaroni and - Increase of the peak [108]

cheese dish
prepared with
quinoa flour

glycemic response following
meal ingestion

These authors showed that administration of 20HE-enriched quinoa extract to mice fed a high fat
diet for 3 weeks resulted in the reduction of the development of adipose tissue without changes
in body weight gain. This adipose tissue-specific effect was associated to the down-regulation of
expression of genes involved in lipid storage.

To date, a reduced number of human trials have been conducted to evaluate the benefits of
quinoa consumption (Table 3). Administration, twice a day, of 100 g quinoa to 50-65 month old
boys in low-income families in Ecuador for 15 days significantly augmented the plasma
insulin-like growth factor (IGF-1) levels, when compared to the control group. Thus, it was
indicated that quinoa-enriched baby food provided sufficient protein and other essential
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nutritional elements capable to prevent child malnutrition [19]. Moreover, supplementation of
diet with quinoa has been demonstrated to modulate cardiovascular and metabolic parameters in
both healthy [101] and overweight and obese individuals [102-104]. In order to evaluate the
safety of its consumption, quinoa was administered to celiac patients as a gluten-free alternative
to cereal grains [105]. This study reported an improvement in histological and gastrointestinal
parameters and reduction in TG, and total, LDL, and HDL cholesterol after consumption of 50 g
quinoa/day for 6 weeks.

CONCLUSIONS

Quinoa is a traditionally important and environmental stress-tolerant pseudocereal with high
nutritional value. One serving of quinoa (about 40 g) has been reported to meet a significant part
of daily recommendations for essential nutrients, mainly amino acids, vitamins, and minerals.
Therefore, its potential to provide nutrition to millions of malnourished people worldwide has
been recognized. Moreover, quinoa is gluten-free, and thus, it is generally safe for people with
celiac disease. Apart from having excellent nutritional profile, quinoa contains a plethora of
bioactive compounds including saponins, phytosterols, phytoecdysteroids, phenolic compounds,
polysaccharides, and bioactive proteins and peptides. These compounds exert positive effects on
different body systems helping to promote human health and to reduce risk of different chronic
disorders including cancer, cardiovascular diseases, diabetes, and aging. However, to data, the
available evidence on these health benefits is still limited, making need for further studies,
including animal assays and human trials that allow confirming quinoa’s properties, emphasizing
on the phytochemicals’ mechanisms of action, bioavailability, and interactions. The development
of new functional foods that integrates quinoa in modern diets should be also of great value to
improve public nutrition and health using traditional agricultural resources more efficiently.

List of abbreviations: DPP-IV: dipeptidyl peptidase IV; FAO: Food and Agriculture
Organization, HDL: high density lipoproteins; IGF-1: insulin-like growth factor-1; IL:
interleukin; LDL: low density lipoproteins; ROS: reactive oxygen species; TG: triglycerides;
TNF: tumor necrosis factor; 20HE: 20-hydroxyecdysone.
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