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A B S T R A C T   

Se is an essential element in mammals. We review how its bioavailability in soil and the ability of plants to 
accumulate Se in foods depends on the soil Se profile (including levels and formats), besides to describe how the 
various selenoproteins have important biochemical functions in the body and directly impact human health. 
Owing to its favorable characteristics, the scientific community has investigated selenomethionine in most nut 
matrices. Among nuts, Brazil nuts have been highlighted as one of the richest sources of bioavailable Se. We 
summarize the most commonly used analytical methods for Se species and total Se determination in nuts. We 
also discuss the chemical forms of Se metabolized by mammals, human biochemistry and health outcomes from 
daily dietary intake of Se from Brazil nuts. These findings may facilitate the understanding of the importance of 
adequate dietary Se intake and enable researchers to define methods to determine Se species.  
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1. Introduction 

Selenium (Se) is recognized as an essential micronutrient for most 
organisms and is an important part of the diet (Rayman, 2012; Zwolak & 
Zaporowska, 2012). This mineral has a vital role in human health and 
mediates redox signaling, impacting oxidative stress, inflammation, and 
lipid metabolism (Mangiapane, Pessione, & Pessione, 2014). Moreover, 
Se deficiency may contribute to the incidence of cardiovascular disease 
(CVD) and several types of cancer. 

Notably in foods, organic species of Se (selenoproteins) are the most 
bioavailable and are obtained through the conversion of inorganic Se 
(ISe) in the soil to selenoproteins by plants (Drutel, Archambeaud, & 
Caron, 2013). Therefore, the Se content in food is determined by the 
presence and bioavailability of Se in the soil, which varies depending on 
the environmental factors in each country or region. 

Although selenomethionine (SeMet), selenocysteine (SeCys), Se 
methyl selenocysteine (SeMeSeC), and other Se amino acids are the 
main monomeric units constituting selenoproteins, Se is principally 
supplemented as SeMet as it is the predominant Se species found natu-
rally in foods (rice, beans, nuts, cashews) (Santhosh Kumar & Priya-
darsini, 2014). In this review, among several nuts evaluated, Brazil nuts 
are noteworthy as the principal source of organic Se in the diet. 

Furthermore, Se present in SeMet is most easily absorbed by the 
human body (Kubachka et al., 2017). Accordingly, dietary intake of Se is 
recommended to achieve a good Se status and optimal function of 
selenoproteins. At the same time, Se supplementation is controversial 
and is usually discouraged by health authorities except in cases 
requiring correction of deficiency (plasma Se < 70 mg/dL). 

So, owing to the increasing interest in Se analyses, significant efforts 
have been made to develop analytical methods for Se species and total 
Se determination in complex matrices. Liquid chromatography (LC) 
coupled with mass spectrometry (MS) or high-performance liquid 
chromatography (HPLC) coupled to inductively coupled plasma mass 
spectrometry (ICP-MS) (da Silva, Verola Mataveli, & Zezzi Arruda, 2013; 
Gao, Luo, Hu, & Wu, 2017; Moreda-Piñeiro et al., 2018) are currently 
the most commonly used detection systems for Se species. ICP-MS (İçelli, 
Öz, Bakırdere, & Nuroğlu, 2020; Juranović Cindrić, Zeiner, & Hlebec, 
2018; Kilic & Soylak, 2020) and inductively coupled plasma optical 
emission spectrometry (ICP-OES) (Esteki, Vander Heyden, Farajmand, & 
Kolahderazi, 2017; Karasakal, 2020) are the main systems used for total 
Se determination. 

Regarding Se species extraction, enzymatic hydrolysis with protease 
has been extensively used for Se species extraction, primarily by 
employing an energy supply (microwave, ultrasound) to enhance pro-
tein disruption (Moreda-Piñeiro et al., 2018). For total Se determination, 
wet decomposition using nitric acid as an oxidizing solvent is the 
preferred digestion method to complete the release of Se from nut 
matrices (Astolfi et al., 2020; Gao et al., 2017; Karasakal, 2020; Kilic & 
Soylak, 2020). 

Hence, different strategies can be employed to efficiently extract 
(enzymatic, acid, alkaline, in water or wet decompositions) and quantify 
(HPLC-ICP/MS, LC-MS/MS, ICP-MS, or ICP-OES) inorganic, organic, 
and total Se from foods, especially nuts. This review explores the entry of 
this essential element into the food chain, the health outcomes related to 
food source consumption, and analytical methods to determine Se spe-
cies and total Se in complex matrices. 

2. Se in the soil–plant system 

For plants, the essentiality of Se remains debatable; it can be toxic or 
beneficial depending on the Se concentration and speciation. One of the 
most important dietary sources of Se is the Brazil nut (Bertholletia 
excelsa), with levels of up to 512 mg/kg (Dumont, Vanhaecke, & Cor-
nelis, 2006). In addition to the Se content, they are rich in proteins 
(15%), carbohydrates (9%), and lipids (71%) (Stockler-Pinto et al., 
2014), consumed worldwide, and used for supplementing Se-deficient 

diets (Cardoso, Duarte, Reis, & Cozzolino, 2017). 
In regions of South America, Se levels in Brazil nuts range from 0.2 to 

512 mg/kg (Chang, Gutenmann, Reid, & Lisk, 1995; Parekh, Khan, 
Torres, & Kitto, 2008), and these differences have been attributed to the 
Se concentration in the soil (Reilly, 1999). Variations due to environ-
mental factors of each country and region also occur. According to 
Chang et al. (1995) and Dumont et al. (2006), nuts from the central part 
of Brazil contain approximately ten times more Se than those cultivated 
and harvested in the western region. Se concentrations in nuts from the 
Amazon region (68.15 mg/kg) contain over twenty times the Se con-
centration in nuts in the Acre region (2.52 mg/kg) (Silva Junior et al., 
2017). 

In food, the Se content is determined by its occurrence and 
bioavailability in the soil and its uptake and accumulation by food 
plants. Thus, the Se concentration in food results from the availability of 
Se in the soil where the food plants are grown (Fairweather-Tait et al., 
2011; Mehdi, Hornick, Istasse, & Dufrasne, 2013). Plant intake is the 
main route of Se entry into the food chain. However, there is a relatively 
narrow range (a difference of only one order of magnitude) between Se 
deficiency and concentrations that are toxic to organisms (Lenz & Lens, 
2009). 

2.1. Natural and anthropogenic Se inputs to soils 

Anthropogenic and natural sources are responsible for the release of 
Se into the environment; Se can be found in rocks, soils, air, and water. 
The Se concentration in soils can be attributed to the parent material, 
with rocks being the primary source, in addition to volcanic activity 
(Winkel et al., 2015). In most soils, Se concentrations range between 
0.01 and 2.0 mg/kg, with the world average normal soil Se content 
being 0.44 mg/kg (Fairweather-Tait et al., 2011), although they may 
reach 1200 mg/kg in seleniferous soils (Pilbeam, Greathead, & Drihem, 
2015). 

The Se concentration also varies depending on the rock type. In 
igneous, metamorphic, and sedimentary rocks, Se concentrations of 
0.01–7.0, 0.1–6.5, and 0.01–7.0 mg/kg, respectively, have been re-
ported (WHO, 2020). Higher concentrations have been detected in 
sedimentary rocks such as limestones (<0.1–7.4 mg/kg), sandstones 
(<0.1–1.7 mg/kg), and shales (<0.1–12.0 mg/kg) (Connor & Schaklette, 
1975). Soils rich in Se are the result of marine deposits , while volcanic 
soils usually have high Se concentrations but low availability (Tolu, 
Thiry, Bueno, Jolivet, Potin-Gautier, & Le Hecho, 2014). Owing to the 
presence of animal and plant residues that accumulate Se, organic soils 
tend to present high Se concentrations (Shand, Eriksson, Dahlin, & 
Lumsdon, 2012). Sandy soils have lower Se concentrations than organic 
and limestone soils (El-Ramady et al., 2014). 

The geographic distribution of soils can result in large variations in 
Se concentrations, depending on the climatic factors of each region 
(temperature, amount of precipitation), source material of soils, organic 
matter, and vegetative cover. Se concentrations in Brazilian soils in the 
surface layer (0–20 cm), as reported by Shaltout et al. (2011), are Mato 
Grosso do Sul (113 μg/kg), and Minas Gerais (1692 μg/kg). 

In addition to natural sources, Se is released into the environment 
through anthropogenic sources, which include burning of fossil fuels, 
industrial discharge, agricultural practices, mining processes, and 
insecticide production (Saha, Fayiga, & Sonon, 2017). Several fertil-
izers, foliar sprays, and insecticides used in agriculture contain Se as 
Na2SeO3. Organic fertilizers increase Se in the soil, because animal 
manure contains high concentrations of Se from the supplements added 
to animal feeds . Inorganic fertilizers, such as N, P, and S, affect Se 
speciation in the soil and the ability of plants to absorb Se (Duarte et al., 
2019). Irrigation water may contain Se, increasing its concentration in 
the soil. 

D.B. Alcântara et al.                                                                                                                                                                                                                           



Food Chemistry 372 (2022) 131207

3

2.2. Bioavailability of Se in soil 

In soil, the bioavailability and mobility of Se depend on the total 
concentration, as well as the Se fraction and species (Wang et al., 2013). 
Se speciation is affected by chemical, physical, and biological processes; 
in soil, it is controlled by mineralization/immobilization, oxidation/ 
reduction, and volatilization. 

The fundamental factors that control the form and behavior of Se in 
soils include pH, redox potential, organic matter content, and the 
presence of competing ions, physical processes such as sorption/ 
desorption reactions, Se speciation, texture, mineralogy, and biological 
processes such as microbial activity (Alfthan et al., 2015; Distribution, 
2014; Lenz & Lens, 2009; Wang et al., 2013). These factors, in isolation 
or in combination, alter the Se availability and mobility in the soil, 
modifying the entire Se cycle in the soil–plant system. 

Se occurs in different oxidation states, including II (selenide), 
0 (elemental Se), IV (selenite), and VI (selenate) (Distribution, 2014), 
depending on the redox potential of the soil (Winkel et al., 2015). In soil, 
Se is predominantly present in inorganic forms but can also occur in 
organic forms, including SeMet, selenocysteine (SeCys), and methyl-
selenocysteine (MeSeCys) (Thiry, Ruttens, De Temmerman, Schneider, 
& Pussemier, 2012). However, its mobility and availability in the soil 
depend on the physical, chemical, and biological parameters of the soil 
(Fig. 1). 

Moreover, Se is highly mobile under oxidizing conditions and 
immobile under reducing conditions. Reducing conditions favor the 
formation of elemental Se (Se 0) and metal selenides (Se II). Under high 
redox conditions, selenate (Se VI) is the predominant species in the soil 
solution, and in the medium redox range, the primary species is selenite 
(Se IV), while selenide (Se II) is stable in the low redox range. Selenite 
(Se IV) is the predominant form in acidic soils and humid regions, 
increasing Se mobility in the soil (Tabelin, Hashimoto, Igarashi, & 
Yoneda, 2014). Soil availability decreases in regions with low temper-
ature and high annual precipitation, as Se VI is transformed into Se IV, 
Se 0, and Se II, which are less available forms. 

In alkaline soils, Se appears in the form of selenate (SeO4
2− ), which is 

preferentially absorbed by plants. In acidic soils or with a pH close to 
neutrality, the predominant form is selenite (SeO3

2− ), which can attach 
to oxides of Fe and Al and form complexes with soil organic matter. Se 

forms complexes with organic compounds or is incorporated into pro-
teins and amino acids by plants and microorganisms (Natasha et al., 
2018). 

The association of soil organic matter with the mineral phase can 
affect the Se adsorption capacity (Distribution, 2014), resulting in either 
immobilization or mobilization (pH change) in the soil. The addition of 
organic fertilizers or vegetable residues to the soil, along with a source of 
nutrients and organic matter, could be employed as a strategy to control 
the concentration of Se and other metals in the soil (Park et al., 2011), as 
plants and microbial processes can also immobilize Se. As the physical, 
chemical, and biological characteristics of the soil are altered, the 
chemical behavior and bioavailability of Se also tend to change 
(Fernández-Martínez & Charlet, 2009). 

2.3. Se uptake 

Agricultural crops can receive Se through foliar fertilization, treat-
ment of seeds in a solution of Se prior to sowing, soil fertilization, and 
other methods. Notably, Se fertilization (agronomic biofortification) has 
been used to increase inorganic Se in Se-deficient regions, with satis-
factory results (Alfthan et al., 2015). Regardless of the Se concentration 
in the soil or the method of application to crops, the uptake, trans-
location, and distribution of Se depend on several factors such as plant 
species, form and concentration of Se, soil characteristics, membrane 
transporters, and translocation mechanisms of plants (Li, Wang, Luo, & 
Li, 2008). 

Plants have varying abilities to accumulate Se in root tissues and 
aerial parts (Natasha et al., 2018). In plant roots, Se can be taken up from 
selenate (SeO4

2− ), selenite (SeO3
2− ), or organic compounds, such as 

SeMet and selenocysteine (SeCys) (Gupta & Gupta, 2017). Selenite is 
rapidly converted to organic Se compounds in the roots, whereas sele-
nate is transported to the xylem (White et al., 2004). As a minor 
pathway, Se is transported into the xylem as SeMet and SeMet oxide 
(SeOMet) (Li et al., 2008). Root cells possess sulfate (SO4

2− ) transporters 
in their plasma membranes, allowing the transport of selenate into cells 
(White et al., 2004), while selenite enters via phosphate (PO4

3− ) 
transporters (Li et al., 2008), but its mobility is lower in the phloem. 
Inside the plant, Se is translocated to the leaves and metabolized by the 
sulfur (S) assimilation pathway to SeCys or SeMet. Owing to competition 

Fig. 1. Selenium in the soil.  
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between Se and S for the same absorption sites, Se absorption is stim-
ulated in soils with low sulfate and phosphate concentrations and is 
restricted in soils with a high supply of these nutrients (Schiavon, Pilon, 
Malagoli, & Pilon-Smits, 2015). 

Understanding the behavior of Se in the soil–plant system is crucial 
to human and animal health, as Se deficiency in diets has been attributed 
to low Se concentrations in soil and plants. In this context, the following 
section summarizes and discusses studies on Se species in different nuts. 

3. Bibliographic survey on Se species in nuts 

Globally, Se research is gaining momentum owing to its essential role 
in human health. Several reports have analyzed the presence of this 
micronutrient in nuts (as shown in the bibliographic survey, Table 1 and 
Fig. 2), as they remain the best source of bioavailable Se (bioavailability 
˃80%) (Santhosh Kumar & Priyadarsini, 2014). Additionally, as the Se 
content in food crops varies depending on the soil where they are grown, 
investigations on the total Se concentration in nuts from different 
countries can reveal interesting results. Fig. 2a, for example, shows that 
most studies concentrate on nuts from Brazil, probably due to the large 
total Se concentration (1–100 mg/kg) exhibited by most assayed sam-
ples from this country. 

Studies have also investigated the impact of Brazil nut consumption 
on health outcomes following recognition of this oilseed as one of the 
richest organic Se sources (Santhosh Kumar & Priyadarsini, 2014). 
Among several nuts evaluated in this review, studies mainly focused on 
analyzing Brazil nuts where it was cultured with the greatest variety of 
Se forms and with the highest number of publications regarding total Se 
or SeMet content (Fig. 2b). 

Among several Se compounds, SeMet is important for its non-specific 
incorporation into proteins, rendering it safer and non-toxic for con-
sumption even at high doses, which justifies its use for supplementation 
(Drutel et al., 2013). SeMet was the most analyzed Se species in scientific 
investigations among several nuts, as shown in Fig. 2c. Furthermore, 
SeMet is the predominant Se component detected in nuts, including 
peanuts (Gao et al., 2017), monkeypot nuts (Németh & Dernovics, 
2015), walnuts (Tadayon & Mehrandoost, 2015), and Brazil nuts 
(Moreda-Piñeiro et al., 2018). 

Thus, knowledge regarding the Se content in nuts is important, as nut 
products can be potentially consumed instead of Se-based supplements 
to prevent and control diseases. In the next subsection, we present trends 
in analytical techniques used to analyze Se species in nuts, discussing the 
main preparation and detection methods. 

3.1. Analytical chemistry 

Despite its significance in health-related issues, no official method 
has been approved for the determination of Se in foods. However, before 
chemical analysis, decisions have to be made regarding sample size, the 
appropriate sample preparation method, and which quantification and 
detection systems are sensitive to the target compound. These will be 
based on knowledge of the analyte’s physical and chemical properties, 
the sample matrix composition, and the mechanism of detection 
employed by the instrumental system for quantification. 

The following subsection presents relevant trends regarding the main 
sample preparation methods and detection systems employed for Se 
species and total Se analyses in nut matrices, presenting systematic in-
formation through bar charts. Some reviewed studies are listed in 
Table 1. 

3.1.1. Sample preparation methods for Se and Se-containing molecule 
extraction and applications for nut analyses 

Prior sample preparation is an essential requirement in food analyses 
because these matrices typically are highly complex. Compounds such as 
lipids, sugars, pigments, and other substances with high molar masses 
are possible coextractives that may interfere with the instrumental 

analysis (Alcântara et al., 2019). Therefore, sample preparation entails 
isolating and concentrating the target element at appropriate levels and 
eliminating interference from the sample matrix; this improves the 
performance of the analytical method in terms of selectivity, sensibility, 
precision and accuracy (Cabrera, Caldas, Prestes, Primel, & Zanella, 
2016). Moreover, efficient sample pretreatment preserves the detection 
system and prolongs instrument life (Cabrera et al., 2012). 

Typically, sample preparation is the most time-consuming and 
laborious step of the analytical process, with a high possibility of errors, 
mainly through analyte loss or sample contamination (Jardim, 2010). 
Ideally, these methods should be fast and easy to manipulate, with a 
limited number of steps, in addition to being inexpensive, robust, and 
effective, meeting the requirements of green chemistry (Alcântara et al., 
2018). According to Dionísio, Batistão, and Santos (2010), sample 
preparation methods have evolved to meet analytical demands and 
follow the increased efficiency of instrumental analysis. 

To select a suitable pretreatment procedure, the characteristics of the 
analyte, the nature of the sample, and the analytical technique employed 
for determination must be considered. The physical and chemical 
properties (e.g., charge, polarity, volatility, and pKa) are fundamental 
parameters for the analyte; for the sample matrix, its physical state, 
sample size, and organic matter content (e.g., fat, pigments, proteins, 
etc.) are some important variables (Jardim, 2010). 

For extraction of Se species from foods, all requirements for sample 
preparation are necessary, and over the years, numerous methods have 
been developed to achieve this objective (Table 1). Messaoudi et al. 
(2020), for example, used liquid–liquid extraction with high oxidative 
reagents (H2SO4, HNO3, H2O2, and HCl) as sample digestion solvents to 
determine total Se in pennyroyal (Mentha pulegium L) by radiochemical 
neutron activation analysis (RNAA). According to the authors, the 
detected Se concentration varied between 0.043 and 0.054 mg/kg and 
approximated the value recommended by the Food and Agriculture 
Organization (FAO). Conversely, Hirtz and Günther (2020) determined 
the total Se content in a selenized yeast reference material, SELM-1, 
using microwave digestion (3:1 HNO3:H2O2) and ICP-MS detection to 
obtain values in accordance with the certified range (2059 ± 0.064 µg/ 
kg). Additionally, they evaluated the efficiency of an ultrasonication- 
assisted extraction method employing TRIS buffer as the solubilization 
solvent for Se speciation, reporting an extraction yield of nearly 100% 
for SeMet and methylselenocysteine (MeSeC) from the supplements. The 
authors attributed the superior performance of this sample preparation 
to its minimal invasive feature, preserving the chemical identity of the 
monomeric Se units. 

A bibliographic survey of the main methods employed to extract Se 
species from nuts in recent years is presented in Fig. 2d. In this sense, 
organic Se (SeMet and SeCys) assessment based on enzymatic hydrolysis 
extraction appears to be the preferred procedure. For speciation ana-
lyses, methods must be capable of quantitatively extracting Se- 
containing molecules without altering the nature of the individual spe-
cies, while enzyme extraction, using proteases and lipases as assisted 
enzymes, is the most efficient approach to quantitatively extract Se 
compounds from biological samples with no degradation of the sele-
noamino acids (Zhao et al., 2011). Protease K, for example, efficiently 
cleaves the peptide bonds of the amine group of methionine, while the 
carboxyl group remains intact, preserving the identity of the compound 
(Wrobel, Kannamkumarath, Wrobel, & Caruso, 2003). Vonderheide 
et al. (2002) examined various sample preparation approaches with the 
goal of Se preservation after speciation in Brazil nut samples; treatment 
with proteinase K was found to be the most efficient. Moreda-Piñeiro 
et al. (2018) reported that methods employing proteases were most 
widely used to release protein-bound compounds in several foods, as 
these enzymes mimic the physiological conditions of the human 
intestine. 

However, the prolonged time required for enzymatic cell membrane 
disruption (Egressey-Molnar et al., 2011), the dependence on an accu-
rate sample/enzyme ratio for good extraction, the possible incomplete 
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Table 1 
Nut matrix, Se form analyzed, detection and extraction methods used, and merits of main studies evaluated in this review.  

Reference Matrix Se form Extraction method Detection method Concentration (mg kg-1 as Se) LOD (µg kg-1 as Se) Precision (RSD/%) Accuracy (%) 

Içelli et al., 2020 Hazelnut Total Se Microwave digestion with HNO3/H2O2 of 
dried sample using various temperature 
steps. 

ICP-MS 0.014–0.016 – – – 

Lima et al., 2019 Brazil nut SeMet, 
SeMetSeCys and 
Se-lanthionine 

Sample were dried at 50 ◦C. acid 
digestion (HNO3), heated (for 2 h at 60 
C and 6 h at 125 C) and dilution 

(distilled water). 

ICP-OES Total Se: 29–49 – – – 

Demoliner et al., 
2018 

Sapucaia nut Total Se Microwave digestion of 0.1 g with HNO3/ 
H2O2. 

ICP-MS 26.4–48.5 – – – 

Moreda-Piñeiro 
et al., 2018 

Brazil nut Se IV, SeVI, 
SeCys, 
SeMetSeCys and 
SeMet 

Sample (0.25 g), protease (25 mg), DTT 
(25 mg) and C18 (1.25 g) were mixed and 
subjected to pressurized assisted 
enzymatic hydrolysis (PAEH) and 
microwave-assisted enzymatic hydrolysis 
(MAEH) of defatted and dried samples. 

ICP-MS and HPLC-ICP- 
MS 

Total Se (49.6 to 52.4) by ICP-MS; SeCys 
(0.76 to 0.81) and SeMet (45.2 to 47.6) 
by HPLC-ICP-MS 

Total Se by ICP-MS: 14; 
240 (Se IV); 66 (SeVI); 56 
(SeCys); 99 (SeMetSeCys) 
and 130 (SeMet) by 
HPLC-ICP-MS 

- - 

Gao et al., 2017 Peanut SeCys, 
SeMetSeCys and 
SeMet 

Microwave digestion with HNO3/H2O2 of 
sample (for total Se determination). 
Enzymatic extraction of defatted peanut 
powder, using lipase/protease (2:1) (for 
organic Se determination). ultrasound 
and shaking (37 ◦C, 20). 

ICP-MS (for total Se 
determination); HPLC- 
ICP-MS (for organic Se 
determination) 

Total Se (0.10 to 17.01) by ICP-MS; 
SeMet (0.04 to 10.15) by HPLC-ICP-MS 

0.67 (SeMetSeCys); 0.57 
(SeCys) and 0.39 (SeMet) 
by HPLC-ICP-MS 

3.01 (SeMetSeCys); 
5.95 (SeCys) and 
0.39 (SeMet) by 
HPLC-ICP-MS 

9.6 to 102 (SeMet) 
by HPLC-ICP-MS 

Esteki et al., 
2017 

Almond 
Peanut 

Total Se Digestion of raw unshelled sample with 
HNO3/H2O2 via a Teflon lined stainless 
steel autoclave (180 ◦C, 2 h) 

ICP-OES Total Se: < LOD (almond and peanut) 3750 1.47 - 

de Santana et al., 
2016 

Peanut Total Se Microwave digestion of dried sample 
with HNO3/H2O2. 

MSFIA-HG-AFS 0.0864 to 0.4801 0.14 1.2 to 2 98.3 

Lopes et al., 
2016 

Brazil nut Total Se Shelled and defatted sample was 
subjected to extraction with formic acid 
(optmized with CRM TORT-2) and 
microwave digestion (with CRM TORT-2) 
using HNO3. 

ICP-MS 3.74 to 11.0 (microwave digestion) and 
3.51 to 11.3 (formic acid extraction). 

23 (microwave digestion) 
and 7 (formic acid 
extraction). 

- 97 to 104 

Németh and 
Dernovics, 
2015 

Monkeypot 
nut 

All (Se)- 
containing 
peptides were 
searched 

Cyclohexane extraction of defatted 
sample followed by acetone precipitation 
and reversed phase SPE (C18). 

LC-QTOF/MS Only SeMet was found – – – 

Tadayon and 
Mehrandoost, 
2015 

Walnut Se IV, Se VI and 
SeMet 

Cloud Point Extraction after reduction of 
Se VI and SeMet to Se IV using microwave 
digestion (with HCl) or acid digestion 
(with HNO3) followed by neutralization 
(with NaOH). 

UV/Vis-spectrophotoery 0.38 to 0.46 (Se IV); 0.02 to 0.23 (Se VI); 
5.75 to 6.26 (SeMet) 

9 1.6 - 

Welna and 
Szymczycha- 
Madeja, 2014 

Brazil nut Total Se Microwave-assisted digestion with 
HNO3/H2O2 (P1); hot-plate digestion 
with HNO3/H2O2 (85 ◦C) (P2); 
solubilisation in aqua regia (2 mL), 
sonication and ultrasound (P3) and 
solubilisation in TMAH (25 %, m/v) and 
agitation (80 ◦C, 30 min) (P4). 

ICP-OES 1.61 (P1); 1.62 (P2); 1.67 (P3); < LOD 
(P4) 

2.6 (P1); 3.5 (P2); 0.6 
(P3); 3.3 (P4). 

2.3 (P1); 4.1 (P2); 
3.1 (P3); <LOD (P4) 

93.8 (P1); 90.9 (P3); 
< LOD (P4) 

Németh et al., 
2013 

Monkeypot 
nut Brazil nut 

All (Se)- 
containing 
peptides were 
searched 

Microwave digestion of deffated samples 
with HNO3 for total Se determination; 
Water extraction of sample using 
utrassonic prope for organic Se 
identification before fraction separation 
by SEC with ammonium acetate (pH 7.5, 
0.01 mol L-1). 

ICP-MS (for total Se 
determination); LC- 
QTOF/MS (for organic Se 
identification) 

Total Se: 4480 (monkeypot nut) and 127 
(Brazil nut). SeMet, Se-Met-SeMet, 
SeCysta, δ-Glu-Met-SeCys, δ-Glu-SeMet, 
SeCys, SeHCy (identified in monkeypot 
nut); SeMet, δ-Glu-SeMet, among others 
(identified in Brazil nuts). 

– – – 

Brazil nut – 91 

(continued on next page) 
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Table 1 (continued ) 

Reference Matrix Se form Extraction method Detection method Concentration (mg kg-1 as Se) LOD (µg kg-1 as Se) Precision (RSD/%) Accuracy (%) 

da Silva et al., 
2013 

Se IV, Se VI, 
SeCys and SeMet 

Microwave digestion with HNO3/H2O2 

for total Se determination; water 
extraction with sonication (2 h) for Se 
species extraction. 

ICP-MS (for total Se); 
HPLC-ICP-MS (for Se 
species identification) 

Total Se: 54.8; SeCys and SeMet (40.6) 
were identified 

0.2 (SeIV); 0.3 (SeVI); 0.3 
(SeCys) and 0.4 (SeMet) 

Depoi and 
Pozebon, 2012 

Brazil nut, 
walnut, 
almond and 
hazelnut 

Total Se Cloud point extraction after microwave 
digestion of sample with HNO3/H2O2 

(previous digestion was 12 or 1 h). 

ICP-OES 48.9 to 49.2 (Brazil nuts), < 0.9 (walnut, 
almond and hazelnut). 

0.1–1.8 – 92 (Brazil nuts); 87 
(walnut); 91 
(almond) and 90 
(hazelnut) 

Phan-Thien 
et al., 2012 

Peanut Total Se Microwave digestion with HNO3/H2O2/ 
H2O of ground sample or CRM (previous 
digestion was ≥15 min). 

ICP-MS LOD to 0.304 20.5 2.3 88 

Özkutlu et al., 
2011 

Hazelnut Total Se Microwave digestion with HNO3/H2O2 of 
dried and ground sample 

ICP-OES 0.02–0.05 – – – 

Zachariadis and 
Spanou, 2011 

Pistacia 
lentiscus 

Total Se Microwave digestion with HCl/HNO3/ 
HF. 

ICP-AES 1.1 800 4.4 - 

Egressy-Molnár 
et al., 2011 

Selenium 
enriched yeast 
monkeypot nut 

SeMet MSA hydrolysis with boiling in a reflux of 
50 mg of sample; and proteolytic 
digestion of sample with protease XIV 
(37◦C, 24h) with ammonium acetate 
buffer (0.1 mol L-1, pH 6.8). 

HPLC-ICP-MS Study of D/L enantiomer ratio of SeMet. 
The two techniques resulted in 
significantly different ratio of D,L- 
selenomethionine with the final results of 
2.2–2.7% and 0.5–0.6% of D-SeMet, 
respectively. 

– – – 

Al-Ahmary, 
2009 

Almond 
Peanut 
Hazelnut 
Pistachio 
Pine nut 

Total Se Digestion of sample with HNO3 (150 ◦C, 
4h) on a hot plate. 

ICP-MS 0.015 (almond); 0.145 (peanut); 0.047 
(hazelnut); 0.036 (pistachio); 0.102 
(pine nuts) 

– – 101.5 (from a no 
specified reference 
material) 

Simsek and 
Aykut, 2007 

Hazelnut Total Se Microwave digestion with HNO3/H2O2 

(30 min). 
ICP-MS 0.96–1.39 0.02 - 96 and 98 (from 

whole milk powder 
and tomato leaves 
CRMs, respectively). 

Dumont et al., 
2006 

Brazil nut Identification of 
Se-contanin 
species. 

Microwave digestion of sample with 
HNO3/H2O2 (for total Se); enzimatic 
extraction with protease XIV under 
agitation (37 ◦C, 24h) (for identification) 

ICP-MS (total Se 
analyses); HPLC-ESI- 
tandem-MS together 
with HPLC-ICP-MS (for 
identification) 

Total Se: 5.1 (Bolivia); 49.9 (Brazil); 
SeMet and SeCys were identificated in 
both (Brazil and Bolivia) 

– – – 

Dernovics et al., 
2007 

Brazil nut Identification of 
Se-containing 
peptides. 

Extraction of sample with water in a 
sonicator (30 s, three times on ice). 
Addition of DNase 1, RNase A and MgCl2 
(4◦C, 3 min) and precipitation with 
acetone. 

LC-QTOF/MS 
(identification) 

Several SeMet and SeCys-containin 
peptides were identified. 

– – – 

Chunhieng et al., 
2004 

Brazil nut Identification of 
Se-containing 
aminoacides 

For total Se: Water Extraction (P1), 
Extraction of Proteins by NaCl (P2), 
Extraction of Proteins by 70% Ethanol 
(P3), Extraction of Proteins by NaOH 
(P4); For Se-containing aminoacides 
identification: Protein Enzymatic 
Hydrolysis of sample with Flavourzyme. 

ICP-AES (total Se); 
HPLC-ESI-tandem-MS 
(Se-containing 
aminoacides 
identification) 

total Se: 153 (P1); 63 (P2); 0 (P3); 56 
(P4); SeMet (21.77) and SeCys were 
identificated 

– – – 

Wrobel et al., 
2003 

Yeast 
Brazil nut 

SeMet MSA Hydrolysis of proteins with under 
reflux (2-16h) and enzimatic hydrolysis 
of sample with proteinase K and protease 
XIV 

HPLC-ICP-MS Acid hydrolysis: 816 (yeast); 36.2 (Brazil 
nut), corresponding to 65 and 75 % of the 
total Se, respectively; Enzymatic 
hydrolysis: 581 (yeast); 12.1 (Brazil nut) 
corresponding to 46 and 25 % of the total 
Se, respectively 

– 1.2 Acid hydrolysis: <
85 (yeast). 
Enzymatic 
hydrolysis: 98 
(yeast), 95 (Brazil 
nut). 

Note: Consider using concentrated HNO3 and H2O2 in cases where the respective concentrations are not indicated in this table. PVP, polyvinylpyrrolidone; SPE, solid-phase extraction; EDTA, ethylenediaminetetraacetic 
acid; DTT, dithiothreitol; PMSF, phenylmethylsulfonyl fluoride; APDC, ammonium pyrrolidine dithiocarbamate; MSA, methanesulfonic acid; Se, Selenium; SeMet, Selenomethionine; SeC, Selenocysteine; nd, not detected; 
USA, United States of America; DLLME, dispersive liquid–liquid microextraction; LOD, limit of detection; AAS, atomic absorption spectroscopy; AFS, atomic fluorescence spectrometry; HPLC-ICP-MS, high-performance 
liquid chromatography coupled to inductively plasma mass spectrometry; ICP-AES, inductively coupled plasma atomic emission spectrometer; ICP-MS, inductively plasma mass spectrometry; ICP-OES, inductively coupled 
plasma atomic emission spectroscopy; LC-MS/MS, liquid chromatography coupled to tandem mass spectrometry. 
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release of species after treatment (Vonderheide et al., 2002), and costs 
associated with proteases (Yang, Sturgeon, McSheehy, & Mester, 2004) 
are some limitations associated with enzymatic hydrolysis, thus 
rendering this method obsolete as a single preparation method. 

Thus, novel and emerging technologies that minimize the drawbacks 
of enzymatic hydrolysis have been widely developed. The most prom-
ising technologies include the use of microwaves, ultrasound, and high 
hydrostatic pressurized energies (Moreda-Piñeiro et al., 2018). These 
techniques, combined with enzymatic hydrolysis, enhance cell mem-
brane disruption by applying energies before or concurrently with en-
zymes acting chemically, thereby decreasing the time and amount of 
proteases needed for precise extraction (Moreda-Piñeiro et al., 2018). 

For SeMet release, an alternative method for enzymatic extraction 
from nut matrices was developed by Wrobel et al. (2003) using 4 mol/L 
methanesulfonic acid (MSA) at reflux (125 ◦C) for 8 h to achieve protein 
hydrolysis; this procedure achieved better cleavage of SeMet when 
compared with conventional enzymatic hydrolysis, with a significantly 
higher amount of SeMet detected in yeast and nuts when acid treatment 
was employed. Yang et al. (2004) compared the efficiency of SeMet 
extraction in a yeast certified reference material (CRM) using 14 
different methods, including acid (MSA or HCl), alkaline (tetramethy-
lammonium hydroxide), and enzymatic (protease K, XIV, VIII, or pro-
nase + lipase) digestions; MSA reflux was found to be the most efficient. 

The drawback of the Wrobel et al. (2003) method using MSA is the 
loss of approximately 2% of SeMet by decomposition. Furthermore, it 
was exclusively developed for SeMet analyses; therefore, its efficiency in 
extracting other Se species remains unknown. Thus, enzymatic treat-
ment combined with different energy supplies (such as microwave or 
ultrasound) has remained the most frequently employed strategy for 
extracting several Se species, including SeMet. 

For most proteins, the extraction yield strongly depends on the pH of 
the medium, as amino acids are amphoteric. If values close to the iso-
electric pH are used, the zwitterion forms of most of these molecules 
predominate, impairing their solubility (Phongthai, Lim, & Rawdkuen, 
2016). In studies performed by Xiong, Gao, Wang, Xu, and Zhou (2016), 
the highest protein yield extracted was obtained at extreme pH values 
(<2.5 and > 11.5), while significantly lower extractions were observed 
at intermediate pH (between 3.5 and 8). However, the survey presented 
in Fig. 2d shows that extraction using only water was the second most 
used technique to extract SeMet, SeCys, and Se VI. This can be explained 
by the fact that many of the studies that employed aqueous extraction 
were performed to identify rather than quantify the Se species (Table 1) 
(Bakirdere, Volkan, & Ataman, 2015; Bierla, Szpunar, Yiannikouris, & 
Lobinski, 2012; Both et al., 2018; da Silva et al., 2013; Dernovics, Giusti, 
& Lobinski, 2007; Németh, Reyes, Kosáry, & Dernovics, 2013). This type 
of pretreatment is simple, low-cost, environmentally friendly, and 
convenient to use when only qualitative results are required. 

Several other methods have been reported for the extraction of Se 
species from nuts, including cloud point extraction (CPE) (Depoi, 2012; 
Tadayon & Mehrandoost, 2015), dispersive liquid–liquid micro-
extraction (DLLME) (López-García, Vicente-Martínez, & Hernández- 
Córdoba, 2013), and alkaline extraction (Alcântara, Nascimento, Lopes, 
& Grinberg, 2020; Chunhieng et al., 2004; Kannamkumarath, Wrobel, & 
Wuilloud, 2005). According to Xiong et al. (2016), alkaline treatments 
exhibit good performance in the extraction of water-soluble amino 
acids. The use of sodium dodecyl sulfate (SDS)-buffered alkaline diges-
tion has been reported as an alternative method for Se extraction from 
nuts because it is non-destructive and capable of preserving the chemical 
identity of the Se species (Kannamkumarath et al., 2005). 

For total Se analysis in nuts, microwave digestion (typically with 
nitric acid as an oxidation solvent) followed by simple nitric acid 
extraction was the most commonly used extraction method (Fig. 2d). 
Total Se is the sum of Se atoms from all Se species, implying that com-
plete degradation of all Se proteins is necessary to release the Se 
element. Accordingly, a high digestion power method is needed, and wet 
decomposition is relatively convenient for this purpose. These methods 

use acids with oxidizing potential and heating for the complete miner-
alization of organic matter. The widespread use of nitric acid for solu-
bilization can be attributed to its considerable digestion power at high 
temperatures and its capacity to dissolve several elements, including Se 
(Astolfi et al., 2020). In addition, the risk of explosion when HNO3 is in 
contact with organic matter is low, and a high-purity reagent that is 
extremely convenient for elemental trace analyses is easily obtained by 
sub-boiling distillation (Harris, 2015). In combination with HNO3, 
several studies have used small amounts of hydrogen peroxide (H2O2) as 
an auxiliary oxidizing agent (Esteki et al., 2017; Gao et al., 2017; İçelli 
et al., 2020; Juranović Cindrić et al., 2018; Karasakal, 2020). 

In a hermetically sealed ambient resistant to high pressure, faster 
reactions can be obtained once a sufficiently high temperature is 
attained. By employing HNO3, proteins and amino acids are completely 
digested in a considerably shorter time under these conditions. Micro-
wave furnaces safely meet the requirements of this technology (justi-
fying the utilization of this technique for total Se determination in nuts, 
Fig. 2d). Moreover, the sample temperature rise due to the direct ab-
sorption of electromagnetic radiation is an advantage over conventional 
conductive heating methods (Krug, 2008). Studies have reported that 
significantly higher amounts of trace elements can be obtained in sam-
ples treated with microwave digestion than in those treated with acid 
dilution by heating (Kilic & Soylak, 2020). According to Tarantino 
(2017), microwave digestion offers advantages such as minimal risk of 
sample contamination, feasibility for treatment of microsamples, and 
the ability to concurrently treat several samples by employing small 
volumes of high-purity and high-cost solvents. 

The disadvantage of the microwave digestion technique is that, to 
reduce the risk of explosion due to the pressurized atmosphere, samples 
must be small, which can impair the sensitivity of the method, although 
the use of extremely sensitive and selective detection methods can 
overcome this limitation. 

3.1.2. Main detection and quantification systems used for analyses of Se 
and Se-containing molecules in nuts 

Prior to data analysis, selecting a suitable quantification method is 
the last step in the analytical process and is vital for the successful 
analysis of Se species in foods. Thus, the physical–chemical properties of 
the target compound, the complexity of the sample matrix, and the 
detection mechanism utilized by the instrumental system are some 
variables that must be considered to obtain accurate and reliable results. 
Table 1 summarizes the main systems used to detect and quantify Se 
species and total Se in nut matrices with their respective attributes of 
sensitivity, precision, and accuracy. 

For total Se determination, inductively coupled plasma (ICP) asso-
ciated with MS and OES is commonly employed (Fig. 2e). In ICP, sample 
ionization occurs in the last step of the inductively coupled argon plasma 
shortly after desolvation, vaporization, and atomization (Beauchemin, 
2017). The high temperature involved in this process enables a broad 
atomization spectrum and a comprehensive calibration range (Phan- 
Thien, Wright, & Lee, 2012). 

When coupled with MS, ICP can be a powerful tool for determining 
the total Se in several foods, including nuts. By utilizing the dynamic 
reaction cell (DRC), interference from the sample matrix (e.g., co-eluting 
compounds) and those associated with the system (e.g., isobaric in-
terferences such as 40Ar+2 for 80Se) are minimized, increasing the 
selectivity and sensitivity of the method (Németh et al., 2013; Phan- 
Thien et al., 2012; Pyrzynska & Sentkowska, 2019). Lopes (2016) 
monitored 82Se by ICP-MS in Brazil nuts and babassu coconut using the 
DRC and reported an improvement of approximately three times in the 
limit of detection (LOD) (approximately 7.00 µg/kg), while Simsek and 
Aykut (2007) monitored the 78Se and 82Se isotopes in hazelnuts by ICP- 
MS and obtained an LOD of 0.02 µg/kg. 

However, the OES detector can be a more affordable option when 
coupled with ICP, obtaining sufficiently good data quality for several 
investigations. LOD values in the range of 1 to 100 µg/kg (Fig. 2f) were 
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obtained by both ICP-MS and ICP-OES (Welna & Szymczycha-Madeja, 
2014). 

When hyphenated with a separation system, ICP can provide valu-
able information regarding the quantity of the various Se species, as 
detection is associated with the retention time of each compound pre-
viously separated (Pyrzynska & Sentkowska, 2019). HPLC is an inter-
esting separation technique that enables the simultaneous identification, 
purification, and quantification of several compounds, especially those 
with low volatility (Prathap, Dey, Johnson, & Arthanariswaran, 2013; 
Pyrzynska & Sentkowska, 2019). The non-volatile Se species, SeMet and 
SeCys, were mainly quantified when the HPLC separation system was 
linked to ICP-MS detection (Fig. 2e) (Moreda-Piñeiro et al., 2018). 

Compared with the use of ICP alone, the utilization of HPLC-ICP-MS 
yielded a greater sensitivity, with a trend to obtain LOD values ranging 
between 0.01 and 1 µg/kg Se for the coupled system when compared 
with 1 to 100 µg/kg Se with the ICP-MS system (Fig. 2f). However, it 
should be noted that while HPLC-ICP-MS has been mainly used to 
quantify different Se species in nuts, ICP-MS or ICP-OES is extremely 
convenient for determining total Se in instances where the prior sepa-
ration of species, which increases the analysis time, was not essential. 

Liquid chromatography coupled with tandem MS (LC-MS/MS) sys-
tems have also been employed for organic Se analyses (e.g., SeMet and 
SeCys), as shown in Fig. 2e. However, these systems were mainly used 
for identification purposes (Fig. 2f and g). These techniques present the 
possibility of operating in selected reaction monitoring (SRM) or mul-
tiple reaction monitoring (MRM) modes, which provide additional 
structural information about molecules by utilizing their mass spectra. 
Accordingly, LC-MS/MS is a powerful tool for identifying and confirm-
ing the presence of particular compounds in the matrix (Alcântara et al., 
2018; Oiram Filho, Alcântra, & Rodrigues, 2018; Fernandes et al., 
2020). Several studies have employed a single quadrupole mass analyzer 
in series with the time of flight (qTOF) (Table 1), as this association 
presents a high-resolution capacity. Herein, the quadrupole works as a 
mass filter, while the time of flight can differentiate masses in the order 
of four decimal places. As expected, SeMet and SeCys were identified in 
several reports assessing diverse nut matrices (Fig. 2g and Table 1) 
(Chunhieng et al., 2004; Dernovics et al., 2007; Németh & Dernovics, 
2015; Németh et al., 2013). 

Several other methods have been reported to determine the Se spe-
cies in nut matrices, such as atomic absorption spectrometry (AAS) and 
atomic fluorescence spectrometry (AFS). These techniques can be 
developed as robust strategies for determining Se IV, which arises from 
Se VI and NaBH4 in an acid medium and associated with hydride gen-
eration (HG) (Takase, Pereira, Luna, Grinberg, & Campos, 2002). 
Among the advantages of these systems is the possibility of reducing 
interference caused by the matrix, as the analyte is detached from it as 
the hydride is generated, improving selectivity and sensibility (de Lima, 
Lago, Chaves, Fadini, & Luccas, 2013). 

Thus, different strategies have been presented for the analysis of 
diverse Se species from foods, with several possibilities for sample 
preparation and detection systems. The target Se compound, nut type, 
robustness, and affordability are some of the factors that govern the 
selection of a suitable analytical method. Once the levels of Se in foods 
are known, it is essential to understand its effects on humans, the next 
topic aimed to summarize and discuss the health outcomes of Se. 

4. Health outcomes of Se 

4.1. Se status, supplementation, and health outcomes 

Se is an essential trace element and cofactor of antioxidant enzymes 
and is incorporated into the active sites of approximately 20 seleno-
proteins, including glutathione peroxidases (GPXs) (Colpo & Vilanova, 
2013). Regarding Se absorption and metabolism, the retention of 
organic forms (mainly SeMet and SeCys) is higher than that of inorganic 
forms (selenite, selenide, selenate) in animals and humans, but all 

dietary forms are highly bioavailable (Fairweather-Tait, Collings, & 
Hurst, 2010). 

The recommended dietary allowance (RDA) of Se for adults and the 
elderly is 55 μg/day to achieve the optimal function of most seleno-
proteins, and the tolerable upper intake level (UL) is 400 μg/day to 
avoid harmful effects due to excessive intake (Institute of Medicine, 
2011). Although low Se intake is associated with a high risk of several 
diseases, excess Se can lead to toxicity (selenosis), characterized by a 
strong garlic-like breath and cutaneous odor, gastrointestinal symptoms, 
hair loss, broken and sloughing nails, and even neurological or CVDs 
(Lemire et al., 2012). Selenosis is mostly related to excessive Se sup-
plementation, while food Se toxicity is rare, even in regions with sele-
niferous soils (Lemire et al., 2012). Selenoproteins are crucial to several 
human functions, including Se storage and transport, oxidative stress 
balance, redox signaling, and thyroid hormone modulation (Man-
giapane et al., 2014). SelP is the primary plasma selenoprotein and 
represents 50% of the total plasma Se. The remaining 50% of the sele-
noproteome is composed of eight GPXs, three iodothyronine deiodinases 
(DIO), and three thioredoxin reductases (TRxR) (Mangiapane et al., 
2014; Mehdi et al., 2013). Although SelP is abundant in plasma, sele-
noprotein S (SelS) acts as a membrane protein in the endoplasmic re-
ticulum, protecting cells against the deleterious effects of oxidative 
stress and low-grade inflammation (Curran et al., 2005). 

Moreover, the GPX family is the best-described selenoprotein and is 
widely distributed in the human body. GPX-1 is an intracellular anti-
oxidant enzyme located in the cytosol or mitochondrial compartments, 
which prevents the accumulation of hydrogen peroxide (Lubos, 
Loscalzo, & Handy, 2011). As GPX-1 is the most sensitive to Se status, it 
is the most frequently analyzed Se biomarker in clinical trials, especially 
in erythrocytes (Mangiapane et al., 2014). GPX-2 is less sensitive to 
changes in Se status, as it is predominantly located in the gastrointes-
tinal tissues and liver (Mehdi et al., 2013). In contrast to GPX-1, GPX-3 
exerts an antioxidant effect in plasma and extracellular fluids. GPX-3 
represents up to 30% of the total plasma Se and is sensitive to varia-
tions in Se status. GPX-4 occurs in intracellular compartments such as 
the cytosol, mitochondria, and nucleus. These peroxidases protect 
membranes against peroxidation, convert cholesterol hydroperoxides 
into less toxic derivatives, protect DNA from oxidation, and maintain 
sperm function and motility in males (Mangiapane et al., 2014; Mehdi 
et al., 2013). Other GPXs (GPX-5, GPX-6, GPX-7, and GPX-8) are poorly 
described and warrant further investigation (Mehdi et al., 2013). 

Plasma Se is the most common biomarker of Se status, with a normal 
range of 70–90 μg/L. It reflects the Se intake in the last 4–8 weeks, being 
a good biomarker of Se supplementation in subjects with Se deficiency. 
However, in non-deficient subjects, changes in plasma Se depend on the 
form of Se ingested (organic or inorganic). Inorganic forms increase 
plasma Se by<20%, whereas SeMet substantially increases plasma Se 
levels, even in subjects with a high Se status (Combs, 2015)). Plasma Se 
comprises GPX-1, GPX-3, and SelP, the most common biomarkers 
analyzed in humans. GPX-3 represents 10% – 30% of plasma Se, SelP1 
represents 20–70%, and GPX-1 is commonly assessed in erythrocytes 
(Combs, 2015)). Interestingly, maximal GPX-3 expression is achieved 
when plasma Se concentrations range between 50 and 70 ng/mL, while 
SelP takes longer to reach new steady-state levels. Accordingly, GPX-3 is 
more useful when Se intake does not exceed 55 µg/day, which is 
necessary to achieve a plateau (Combs, 2015)). 

Low plasma Se can affect the synthesis of selenoproteins (Institute of 
Medicine, 2011), contributing to oxidative stress and increased lipid 
oxidation, including low-density lipoprotein (LDL), inflammation, and 
platelet aggregation, thereby increasing atherosclerosis (Mangiapane 
et al., 2014). For this reason, low plasma Se levels also increase the risk 
of CVD and mortality (Alehagen et al., 2016). Clinical trials have 
demonstrated the protective effect of Se supplementation against car-
diovascular events and mortality in Se-deficient populations (Alehagen, 
Alexander, & Aaseth, 2016). However, this effect did not occur when 
subjects presented a normal Se status, and unnecessary supplementation 

D.B. Alcântara et al.                                                                                                                                                                                                                           



Food Chemistry 372 (2022) 131207

9

can lead to excessive plasma Se concentrations and toxicity, and increase 
the risk of non-communicable diseases (NCD) (Alehagen et al., 2016). 
Accordingly, Se intake from dietary sources (e.g., Brazil nuts) can ach-
ieve a good Se status and an optimal function of selenoproteins. 

4.2. Brazil nut supplementation and health outcomes 

4.2.1. Oxidative stress 
Several studies have investigated the impact of Brazil nut con-

sumption as a source of Se and health outcomes (Table 2). Indeed, food 

Fig. 2. Inventory of Se species analyses in different nuts, in terms of number of publications: (a) total Se concentration × sample origin; (b) nut type × Se form ×
concentration; (c) Se form × nut; (d) Se form × extraction method; (e) Se form × detection method; (f) detection method × LOD; (g) detection method × Se form ×
concentration. Note: Se, selenium; SeMet, selenomethionine; SeC, selenocysteine; nd, not detected; USA, United States of America; DLLME, dispersive liquid–liquid 
microextraction; LOD, limit of detection; AAS, atomic absorption spectroscopy; AFS, atomic fluorescence spectrometry; HPLC-ICP-MS, high-performance liquid 
chromatography coupled to inductively plasma mass spectrometry; ICP-AES, inductively coupled plasma atomic emission spectrometry; ICP-MS, inductively plasma 
mass spectrometry; ICP-OES, inductively coupled plasma optical emission spectroscopy; LC-MS/MS, liquid chromatography coupled to tandem mass spectrometry. 
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sources of Se are more sustainable and present a lower risk of toxicity 
than supplementation. SeMet is the main form of Se in Brazil nuts 
(Stockler-Pinto, Carrero, & Weide, 2015), which leads to its high 
bioavailability, and a significant increase in plasma Se can be detected 
within a few hours (3–6 h) after Brazil nut intake, with levels returning 
to baseline within 48 h (Colpo & Vilanova, 2013). These results were 

observed after a single intake of Brazil nuts at low doses (5 g of Brazil 
nut, 156 μg/g of Se) and high doses (50 g of Brazil nut, 1562 μg/g of Se) 
(Colpo & Vilanova, 2013). 

Chronic consumption of one or two Brazil nuts, offering 100 to 290 
μg of Se per day for eight weeks or 3 months sufficiently increased 
plasma Se and GPX levels (Cardoso et al., 2017; Cominetti, de Bortoli, 

Fig. 2. (continued). 
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Garrido, & Cozzolino, 2012). A group of 21 patients undergoing he-
modialysis with Se deficiency at baseline (plasma Se 17.3 ± 19.9 μg/L) 
received one Brazil nut per day (290 μg of Se) for three months. At the 
end of the intervention, no patient presented Se deficiency (Plasma Se 
106.8 ± 50.3 μg/L); however, nine months after the cessation of regular 
Brazil nut intake, the plasma Se returned to levels below the normal 
range (31.9 ± 14.8 μg/L) (Stockler-Pinto et al., 2014). These results 
emphasize the importance of habitual Brazil nut consumption in main-
taining plasma Se status. 

An adequate Se status is essential for GPX activity and antioxidant 
defense, as the main function of these selenoproteins is to neutralize 
hydrogen peroxide and organic hydroperoxides in the intracellular and 
extracellular compartments (Mehdi et al., 2013). GPX-1 and GPX-3 are 
the commonly analyzed GPXs in human studies, including those 
assessing Brazil nut supplementation (Cardozo, Stockler-Pinto, & Mafra, 
2016; Cominetti et al., 2012; Stockler-Pinto et al., 2014), as GPX-1 is a 
biomarker of intracellular Se, especially in erythrocytes, and GPX-3 
represents Se in extracellular fluids (Mehdi et al., 2013). In addition to 
plasma and erythrocyte Se, both GPX-1 and GPX-3 showed increased 
activity after a few weeks of supplementation with only one unit of 
Brazil nut (~290 μg/day of Se) (Cardozo et al., 2016; Cominetti et al., 
2012; Stockler-Pinto et al., 2014). 

Oxidized LDL (ox-LDL) is a biomarker of oxidative stress and is 
inversely associated with GPX-3 (Huguenin, 2015). GPX-3 reduces lipid 
hydroperoxides and prevents LDL oxidation (Mehdi et al., 2013). In a 
Brazilian study assessing adolescents with obesity (622.4–514.9 ng/ 
mL), a significant reduction in ox-LDL was reported after 16 weeks of 
Brazil nut supplementation (15–25 g/day; 108.5 ± 27 μg Se/d) when 
compared with the placebo group (648.8–646.9). 

The intake of one or three Brazil nuts per day (~290 μg Se/day) for 
three months reduced the plasma levels of other oxidative stress bio-
markers, such as 8-isoprostane and malondialdehyde (MDA). Simulta-
neously, the plasma total antioxidant capacity (TAC) increased (Cardozo 
et al., 2016; Stockler-Pinto et al., 2014). However, other reports did not 
detect any changes in MDA, oxygen radical absorbance capacity (ORAC) 
(Cardozo et al., 2016), 8-Epi-Prostaglandin F2 α (Maranhão et al., 2011), 
or the antioxidant enzyme paraoxonase-1 (PON-1) (Strunz et al., 2008), 
even at high Brazil nut doses (15 to 45 g/day; 108.5 or 862.65 μg Se/ 
day) (Maranhão et al., 2011; Strunz et al., 2008). The age and metabolic 
status of subjects seem to be determinants of improvements in oxidative 
stress biomarkers after Brazil nut intake. Studies with obese adolescents 
or healthy subjects did not report any improvements (Maranhão et al., 
2011; Strunz et al., 2008), but significant results have been demon-
strated in cardiometabolic risk subjects (Cardozo et al., 2016; Stockler- 
Pinto et al., 2014). 

Some mechanisms that explain the benefits of Brazil nut intake 
(Fig. 3) may be related to an increase in the nuclear factor erythroid 2- 

related factor 2 (Nrf2) and NAD(P)H dehydrogenase [quinone] (NQO1) 
(Cardozo et al., 2016). The Nrf2 pathway activates the expression of 
NQO1 and other enzymes that improve antioxidant defense (Cardozo 
et al., 2016). NQO1 binds to proteins and stabilizes them against 
degradation under oxidative stress conditions Moreover, NQO1 protec-
tion is associated with ubiquinone and vitamin E (α-tocopherol) quinone 
reduction to antioxidant forms, as well as to the direct reduction of su-
peroxide, especially when superoxide dismutase (SOD) levels are low 
(Ross & Siegel, 2017). 

Brazil nuts are a food matrix containing not only Se, but also MUFA 
and phytochemicals such as phenolic compounds, carotenoids, and to-
copherols, so it is not possible to isolate the Se effect. However, it is 
believed that the beneficial effects of Brazil nuts are mainly attributable 
to Se because: 1) the Brazil nut dose used in most studies is only 1 unit 
per day, which does not significantly increase the intake of MUFA and 
phytochemicals, but may offer up to six times more Se than the daily 
requirement; 2) the effects of Brazil nuts accompany a significant in-
crease in plasma Se and selenoproteins that need Se to be synthesized; 
and 3) other nuts have a lower Se content and require doses>30 g/d to 
exert the same effects observed after the consumption of one unit of 
Brazil nuts. 

In summary, one Brazil nut/day offers a moderate to high Se dose 
(~290 μg), which can restore low plasma Se to the normal range over a 
short period (approximately eight weeks) (Cardozo et al., 2016; Com-
inetti et al., 2012; Stockler-Pinto et al., 2014), achieving steady-state 
levels of selenoproteins in the GPX family. Plasma Se increases within 
a few hours (3–6 h) after Brazil nut intake, but returns to baseline 48 h 
after consumption (Colpo & Vilanova, 2013). Regular consumption is 
necessary to maintain optimal selenoprotein levels and to improve 
oxidative stress. 

4.2.2. Inflammation 
Low-grade inflammation and oxidative stress are associated in a vi-

cious cycle. Inflammation is a biological response composed of pro- 
inflammatory cytokines, chemokines, and leukocyte adhesion mole-
cules that aim to restore homeostasis. Oxidative stress induces inflam-
mation by activating nuclear factor kappa B (NF-κB), which increases 
the production of reactive oxygen species (Cardozo et al., 2016). Se 
deficiency increases inflammation and platelet aggregation and en-
hances the development of atherosclerosis (Mangiapane et al., 2014). 
The mechanisms of Se deficiency were investigated using an in vitro 
model of bovine endothelial cells. Under Se-deficient conditions, these 
cells showed significantly enhanced neutrophil adherence. This finding 
was attributed to the higher mRNA expression of adhesion molecules 
such as E-selectin and intercellular adhesion molecule 1 (ICAM-1) in Se- 
deficient cells stimulated with tumor necrosis factor (TNF)-α (Maddox, 
Aherne, Reddy, & Sordillo, 1999). Notably, leukocyte adherence to the 

Fig. 2. (continued). 
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Table 2 
Characteristics of the main studies evaluating the beneficial effects of Brazil nut intake on human health.  

Author Year 
Country 

Number and 
characteristics of 
subjects (M/W) 

Dose of 
nuts 

Study design 
(Length of 
follow-up) 

Control group Intervention group 
(Selenium content) 

Main Results Supports the 
effect of nuts? 
What disfunction? 

Stockler- 
Pinto et al., 
2014 
Brazil 

n = 40 
Hemodialysis patients 
Age 53.3 ± 16.1 
BMI, and sex not 
informed 

1 unit (±
5g) 

One arm (3 mo) - Supplementation of one 
Brazil nut/d 
290.5 μg of Se 

↑ plasma Se, and GPx 
activity 
↑ HDL 
↓ LDL 
↔ TC, and TG 
↓ TNF-α, and IL-6 
↓ 8-OHdG, and 8-iso-
prostane plasma 
levels  

Yes 
Oxidative stress 
Inflammation 
Lipidic profile 

Cardozo 
et al., 2016 
Brazil 

n = 25 
Hemodialysis patients 
Age 57.1 ± 12.0 
BMI 24.4 ± 3.2 

1 unit (±
5g) 

Two-arm (3 
mo) 

Without 
supplementation 

Supplementation of one 
Brazil nut/d 
290.5 μg of Se 

↑ Nrf2 and NQO1 
↓ NFkB 
↓ MDA 
↓ CRP and IL-6 
*No differences 
between groups, but 
baseline/after.  

Yes 
Oxidative stress 
Inflammation  

Cominetti 
et al., 2012 
Brazil 

n = 37  
Morbidly obese women 
Age 34.5 ± 6.8 
BMI 45.2 ± 4.2 

1 unit (±
5g) 

One arm (8 wk) - Supplementation of one 
Brazil nut/d 
290 μg of Se/d 

↑plasma and 
erythrocyte Se 
↑erythrocyte GPx   

Yes 
Oxidative stress 

Cominetti 
et al. 2012 
Brazil 

n = 37  
Morbidly obese 
women* 
Age 34.5 ± 6.8 
BMI 45.2 ± 4.2 

1 unit (±
5g) 

One arm (8 wk) - Supplementation of one 
Brazil nut/d 
290 μg of Se/d 

↑HDL  
↑Castelli I and II 
indexes    

Yes 
Lipidic profile 

Cardoso 
et al., 2017 
Brazil 

n = 20 
n = 20 (6/14) 
Older adults with MCI* 
Age 77.7 ± 5.3 
BMI < 30  

1 unit (±
5g) 

Two-arm (6 
mo) 

Habitual diet free of 
Brazil nuts 

Supplementation of one 
Brazil nut/d 
288.75 μg of Se 

↑erythrocyte GPx 
↑plasma and 
erythrocyte Se  
↔ ORAC and MDA.   

Yes 
Oxidative stress 

Duarte et al. 
2019 

n = 55 
Obese women 
Age 40.4 ± 9 
BMI 34.6 (30.8-37.4) 

1 unit (±
5g) 

Two-arm (2 
mo) 

Habitual diet free of 
Brazil nuts 

Supplementation of one 
Brazil nut/d (high Se dose) 
± 1261 μg Se/d 

↑plasma and 
erythrocyte Se 
↑GPx-1 and SELENOP 
↑IL-6 and TNF-α 
↑TLR2 e TLR4 
↑TLR 4  

- 
Risk of 
inflammation 

Hu et al. 
2016 
Australia 

n G1 = 9 
n G2 = 10 
n G3 = 11 
Approximately 50% 
male 
Mean Age 64  
BMI not informed 

6 unit/d Three-arm (6 
wk) 

- G1: 6 Brazil nuts/ d 48 μg Se/ 
d 
G2: green tea extract 
capsules 
G3: G1+G2 

G1 and G3: 
↑plasma Se levels, 
rectal SePP  
↑β-catenin mRNA 
↔ CRP   

Yes 
Oxidative stress  

Huguenin 
et al. 2015 
Brazil 

n = 91 (47/44) 
Hypertensive and 
dyslipidemic 
Age 62.1 ± 9.3 
BMI 28.8 ± 5.1 

13 g/d Two-arm, 
Crossover, 
double-blind 
(20 wk) 

10 g of placebo 
(flavored cassava 
flour) 

Partially defatted granulated 
Brazil nut 
227,5 μg of Se/d 

↑ plasma Se 
↑ plasma GPx3 
activity  
↓ Ox-LDL 
Inverse association 
between GPx3 and 
Ox-LDL 

Yes 
Oxidative stress 

Carvalho 
et al. 2015  
Brazil 

n = = 77 (43/34) 
Hypertensive and 
dyslipidemic 
Age 60.05 ± 10.27 
BMI 29.54 ± 5.60 

13 g/d  
+

medicine 

Two-arm (3 
mo) 

Personalized 
balanced diet +
Placebo (dyed 
cassava flour) 

Personalized 
balanced diet + Partially 
defatted granulated Brazil 
nut 
227,5 μg of Se/d 

↓ TC, Apo A-1 
↔ LDL, HDL, TG 
↔ Apo B/Apo A-1 
ratio 
↔ Apo B 
↔ FT3Control 
group:  
↓ FT3  

No 

Maranhão 
et al. 2011 
Brazil 

n = 17 
Age 15.4 ± 2.0 
BMI 35.6 ± 3.3 
Obese female 
adolescents 

15-25 g/d Two-arm (16 
wk) 

Placebo Supplementation of 15-25g 
Brazil nuts/d 
108.5 ± 27 μg Se/d 

↓ TC  
↓ TG 
↓ Ox-LDL 
↑ RBCV 
↔ FPG, insulin, 
HOMA-IR 
↔ CRP 
↔ GPx, 8-epi-PGF2α  

Yes 
Lipidic profile, 
oxidative stress, 
circulation 

Strunz et al. 
2008 
Brazil 

n =15 
normolipidemic 
subjects  

45 g/d 15 days - Supplementation of 45g 
Brazil nuts/d 
862.65 μg Se/d 

↔ HDL, LDL, and TG 
↔ Apo A-I, and Apo 
B 
↔ PON 1 

No 
Lipidic profile 

(continued on next page) 
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endothelium is related to the inflammatory process and a higher risk of 
CVD. 

Therefore, Brazil nut is a good food source of anti-inflammatory 
compounds. In addition to the Se content, Brazil nuts are rich in 
monounsaturated fatty acids (MUFAs) (27.4 g in 100 g), poly-
unsaturated fatty acids (PUFA) (21 g in 100 g), and saturated fatty acids 
(SFA) (15.3 g in 100 g), with values of SFA three times greater than other 
nuts (Taco, 2011). However, because of its markedly high Se and SFA 
content, high doses of Brazil nuts are not recommended (>20 g/day), as 
an excess of Se and SFA could trigger pro-oxidative and pro- 
inflammatory responses (Duarte et al., 2019). 

In patients undergoing hemodialysis, supplementation with one 
Brazil nut/day (290.5 μg of Se) for three months decreased interleukin 
(IL-6), C-reactive protein (CRP), and NF-κB expression levels, which 
were inversely correlated with Nrf2 and associated with reduced cyto-
kine levels (Cardozo et al., 2016). Brazil nuts also demonstrated a 
postprandial anti-inflammatory effect. A single dose of 20 g or 50 g of 
Brazil nuts (31.25 ± 18.7 μg/g of Se) sufficiently decreased IL-1, IL-6, 
TNF-α, and interferon (IFN-γ), and increased IL-10, without CRP 
changes (Colpo & Vilanova, 2013), but IL-1 levels started to decrease at 
24 h after ingestion. Individuals who consumed 50 g of Brazil nuts 
showed decreased IL-6 levels 24 h after intake, but a 20 g dose required 
five days to affect these levels. IL-10 levels increased after 9 h, inde-
pendent of the Brazil nut dose (20 or 50 g). While Se improves the 
oxidative status and, indirectly, the inflammatory outcomes, MUFA and 
PUFA from Brazil nuts may be related to inhibition of the inflammatory 
cascade at the level of cyclooxygenase (COX) and lipoxygenase (LOX), 
inhibiting the synthesis of arachidonic acid-derived lipid mediators 
(Colpo & Vilanova, 2013). 

Despite the reduction in several plasma interleukins, CRP levels did 
not change after acute Brazil nut intake (20 g or 50 g). Other studies 

have also reported unchanged CRP levels (Hu et al., 2016), even after a 
16-week supplementation (Maranhão et al., 2011). Meta-analyses have 
suggested that nuts, in general, cannot alter CRP levels (Mazidi, 2016), 
and reduction in CRP is only achieved when inflammatory foods are 
substituted by nuts or doses of nuts are>50 g (Neale, Tapsell, Guan, & 
Batterham, 2017). In this respect, we believe that CRP changes are 
mainly attributed to MUFAs and other nutrients, while Se may play only 
a minor role. 

The UL of Se is 400 μg/day, and clinical signs of toxicity are 
commonly observed above 1000 μg/day (Institute of Medicine, 2011). A 
single Brazil nut with very high Se content (±1261 μg/unit) was suffi-
cient to increase the levels of IL-6, TNF-α, toll-like receptor (TLR2), and 
TLR4, after two months of daily intake (Duarte et al., 2019). These re-
sults indicate that high Se doses (>1000 μg/d) can have a pro- 
inflammatory effect. Therefore, when the Se dose is adequate, regular 
Brazil nut supplementation improves low-grade inflammation by 
increasing Nrf2 and downregulating NF-κB. Additional studies are 
necessary to confirm the point at which changes in inflammatory bio-
markers occur after Brazil nut consumption. Furthermore, the estab-
lishment of a recommended Brazil nut dose should consider the SFA and 
Se content to avoid an excess of these two compounds, as well as any 
adverse effects. 

4.2.3. Lipid profile 
Dyslipidemia, a recognized risk factor for atherosclerosis, is char-

acterized by an imbalance in plasma lipids, including increased tri-
glycerides (TG), LDL, or total cholesterol, and even decreased high- 
density lipoprotein (HDL) levels (WHO, 2020). The literature de-
scribes improvements in the lipid profile after daily consumption of 
Brazil nut for 3–4 months, with doses ranging between 13 g and 25 g/ 
day, which equates to 108–227.5 μg of Se/day. The results included a 

Table 2 (continued ) 

Author Year 
Country 

Number and 
characteristics of 
subjects (M/W) 

Dose of 
nuts 

Study design 
(Length of 
follow-up) 

Control group Intervention group 
(Selenium content) 

Main Results Supports the 
effect of nuts? 
What disfunction? 

Age 27.3 ± 3.9 
BMI 23.8 ± 2.8 

↑increased the 
reception of 
cholesteryl esters by 
the HDL  

Colpo et al., 
2013 
Brazil 

n = 10 (6/4) 
Healthy individuals  
Age 24.7 ± 3.4 
BMI male = 26.7 ± 3.5 
BMI 
female = 23.4 ± 1.6 

0, 5, 20 or 
50 g 

One arm (one 
nut dose) 

- Accute effect of different nut 
doses (0, 5, 20 and 50 g). 
Measures: before intake and 
at 1, 3, 6, 9, 
24, and 48 h; 5 and 30 days 
after  
31.25 ± 18.7 μg/g of Se 

After 20 or 50 g of of 
Brazil nut 
consumption: 
↓ IL-1, IL-6, TNF-a, 
and IFN-g 
↑ IL-10 
↔ CRP   

Yes 
Inflammation 

Colpo et al. 
2013 
Brazil 

n = 10 (6/4) 
Healthy individuals  
Age 24.7 ± 3.4 
BMI male = 26.7 ± 3.5 
BMI 
female = 23.4 ± 1.6 

0, 5, 20 or 
50 g 

One arm 
(one nut dose) 

- Acute effect of different nut 
doses (0, 5, 20 and 50 g). 
Measures: before intake and 
at 1, 3, 6, 9, 
24, and 48 h; 5 and 30 days 
after  
31.25 ± 18.7 μg/g of Se 

After 6h of all doses: 
↑ plasma Se 
After all doses (data 
not shown): 
↔ CRP 
↔ AST/ALT 
↔ urea 
↔ creatinine 
After 9h of 20 or 50 
g of Brazil nut 
consumption: 
↑ HDL  
↓ LDL 
↔ TC, and TG  

Yes 
Lipidic profile 

Note: *Se deficiency at baseline. M, men; W, women; BMI, body mass index; Se, selenium; G0, control group; G1, intervention group 1; G2, intervention group 2; HDL, 
high-density lipoproteins; LDL, low-density lipoprotein; TC, total cholesterol; TG, triglycerides; ox-LDL, oxidized LDL; TAC, total antioxidant capacity; MDA, 
malondialdehyde; AOP, antioxidant potential; SOD, superoxide dismutase; NFkB, nuclear factor kappa B; NQO1, NAD(P) H:quinone oxidoreductase 1; Nfr2, nuclear 
factor erythroid 2-related factor 2; 8-OH-dG, 8-hydroxy-2-deoxyguanosine; GPx, glutathione peroxidase; DNA, deoxyribonucleic acid; SelP, selenoprotein P; CRP, C- 
reactive protein; FT3, triiodothyronine; TLR, toll-like receptors; RBCV, red blood cell velocity; 8-epi-PGF2a, 8-epi-prostaglandin F2α; FPG, fasting plasma glucose; MCI, 
mild cognitive impairment; AST, aspartate aminotransferase; ALT, alanine aminotransferase; IL, interleukin; TNF, tumor necrosis factor; ORAC, Oxygen radical 
absorbance capacity; GSH-PX, reduced glutathione peroxidase; PON 1, paraoxonase 1. 
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reduction in TG and total and non-HDL cholesterol (Maranhão et al., 
2011). A shorter period (8 weeks) and lower dose (one Brazil nut/day 
(290 μg of Se)) also decreased LDL and increased HDL, with no changes 
in total cholesterol and TG (Cominetti et al., 2012; Stockler-Pinto et al., 
2014). 

Regarding the postprandial effect, subjects who ate higher amounts 
of Brazil nut (20 and 50 g, containing 625 μg and 1560 μg of Se, 
respectively) increased HDL and reduced LDL, with changes starting 6 h 
after intake, compared to lower doses (5 g, containing 156 μg of Se). In 
addition, the 20 g portion of Brazil nut (~4 units) produced greater 
reduction in LDL and increase in HDL than 50 g (Colpo & Vilanova, 
2013). 

Brazil nuts and other nuts are rich in MUFAs and PUFAs, and these 
nutrients contribute to beneficial changes observed in the lipid profile 
(Colpo & Vilanova, 2013). However, only one unit of Brazil nuts, with 
1.3 g of MUFA and 1.0 g of PUFA, could improve plasma lipids. 

The mechanisms underlying the association between Se intake and 
lipid profile in humans remain unclear. Nevertheless, some hypotheses 
are based on animal studies. In this respect, Se pathways may interact 
with lipoproteins (Rayman, Stranges, Griffin, Pastor-Barriuso, & Gual-
lar, 2011). Cholesterol synthesis is linked to selenoproteins via the 
mevalonate pathway of isoprenoid biosynthesis. Statins reduce choles-
terol levels by inhibiting the enzyme 3-hydroxy-3-methylglutaryl co-
enzyme A reductase (HMG-CoA), a rate-limiting enzyme in the 
mevalonate pathway (Lee, Moon, & Chung, 2003; Rayman et al., 2011). 
Moreover, patients treated with statins have lower plasma Se levels 
(Moosmann & Behl, 2004). 

High Se levels also increase HDL levels, probably due to increased 

lecithin-cholesterol acyltransferase (LCAT) and total lipase activities 
(Lee et al., 2003). LCAT is involved in cholesterol esterification and 
metabolism of HDL, LDL, and TG. This enzyme was reduced in rats fed a 
high-fat diet; however, Se and Mg co-supplementation upregulated 
LCAT while downregulating HMG-CoA reductase, presenting a lipid- 
regulating effect (Zhang et al., 2018). 

The enzyme selenocysteine lyase (Scly) supplies Se for selenoprotein 
biosynthesis via the decomposition of the amino acid SeCys. Lipid ho-
meostasis is dependent on Scly activity, which was evaluated in Scly 
knockout (KO) mice. KO animals develop several characteristics of 
metabolic syndromes, including fatty liver. Under low Se intake, meta-
bolic disruption worsened and triggered obesity and hypercholester-
olemia. In conclusion, the absence of the Scly enzyme reduced 
selenoprotein synthesis due to an inadequate Se supply, activated de 
novo lipogenesis, and consequently reduce insulin signaling, which is 
closely involved in dyslipidemia genesis (Seale et al., 2012). 

Finally, Se deficiency may have harmful effects on lipid metabolism, 
and Brazil nut intake modifies plasma lipids. To date, the acute daily 
consumption of 20 g of Brazil nuts (625 µg of Se) was sufficient to 
promote positive changes in LDL and HDL values, which persisted for up 
to 5 days after consumption. Smaller doses (1 unit/day) with Se contents 
ranging between 108 and 290 µg/unit were also sufficient to improve 
the lipid profile; however, daily consumption for at least eight weeks 
might be necessary. 

5. Conclusion 

Although additional studies are necessary to elucidate the specific 

Fig. 3. Effect of Brazil nut intake related to selenoprotein metabolism. Note: Brazil nut intake reportedly provides selenomethionine (SeMet), incorporated into 
selenoproteins, in addition to several glutathione peroxidases (GPX). The liver synthesizes selenoprotein P (SelP), which is distributed in peripheral tissues via 
circulation. Adequate Se intake also increases lecithin-cholesterol acyltransferase (LCAT) and lipase activity, increasing high-density lipoprotein (HDL) levels. 
Instead, 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA) is downregulated, leading to a reduction in total cholesterol (LDL). GPX-2 acts mainly in the 
liver and the gastrointestinal system. In circulation, GPX-3 activity reduces oxidized low-density lipoprotein (ox-LDL) formation and prevents neutrophil adherence, 
indicating a lower risk of atherosclerosis. In cells, GPX-1 and thioredoxin (TRX-1) prevent oxidative stress in the cytosol and mitochondria. Selenoprotein S (SelS), a 
membrane protein in the endoplasmic reticulum, in combination with selenoprotein-15 (SeP15), acts against oxidative stress. Adequate Se intake also upregulates 
nuclear factor erythroid 2-related factor 2 (Nrf2) expression, consequently increasing the expression of NAD(P)H dehydrogenase [quinone] (NQO1) and other 
antioxidant enzymes. Furthermore, the transcription of nuclear factor kappa B (NF-κB) is downregulated, along with inflammatory cytokines, such as intercellular 
adhesion molecule-1 (ICAM), tumor necrosis factor (TNF), interferon-γ (IFN-γ), and interleukins (IL-6 and IL-1). Brazil nut intake inhibits the inflammatory cascade at 
the level of cyclooxygenase (COX) and lipoxygenase (LOX), inhibiting the synthesis of arachidonic acid-derived lipid mediators, such as prostaglandin E2 (PGE2), 
leukotriene B4 (LTB4), thromboxane (TX2), and platelet-activating factor (PAF). 
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role of Se and its metabolites in mechanistic pathways, Se is considered 
the main component underlying the health benefits associated with nut 
consumption, especially Brazil nuts, which have a high Se content 
derived from inorganic Se in the soil. 

SeMet was identified as the predominant form of Se in several nuts, 
where analyses were performed mainly through LC-MS/MS detection 
and enzymatic hydrolysis extraction, despite the coupling between the 
LC with ICP-MS or OES being considered preferable for quantification of 
several Se species. For total Se determination, a microwave furnace 
combined with nitric acid wet decomposition, followed by ICP-MS or 
ICP-OES, has frequently been employed. Although MS provided high 
accuracy by utilizing the DRC cell, OES proved to be a more affordable 
option with sufficient data quality. 

Thus, this review critically discusses the trends of Se and Se species 
analyses in nuts, considering the most relevant matrices, sample prep-
aration, and detection methods over the investigational period, 
emphasizing the biochemical functions of Se in the human body. 
Accordingly, decision making for future research can be facilitated. 
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Juranović Cindrić, I., Zeiner, M., & Hlebec, D. (2018). Mineral composition of elements 
in walnuts and walnut oils. International Journal of Environmental Research and Public 
Health, 15(12), 2674. 

Kannamkumarath, S., Wrobel, K., & Wuilloud, R. (2005). Studying the distribution 
pattern of selenium in nut proteins with information obtained from SEC-UV-ICP-MS 
and CE-ICP-MS. Talanta, 66(1), 153–159. 

Karasakal, A. (2020). Determination of trace and major elements in vegan milk and oils 
by ICP-OES after microwave digestion. Biological Trace Element Research, 197(2), 
683–693. 

Kilic, S., & Soylak, M. (2020). Determination of trace element contaminants in herbal 
teas using ICP-MS by different sample preparation method. Journal of Food Science 
and Technology, 57(3), 927–933. 

Krug, F. J. (2008). Decomposições assistidas por radiação microondas. In F. J. E. KRUG 
(Ed.), Métodos de preparo de amostras: fundamentos sobre preparo de amostras 
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Németh, A., Reyes, J. F. G., Kosáry, J., & Dernovics, M. (2013). The relationship of 
selenium tolerance and speciation in Lecythidaceae species. Metallomics, 5(12), 
1663–1673. 
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D.B. Alcântara et al.                                                                                                                                                                                                                           

http://refhub.elsevier.com/S0308-8146(21)02213-5/h0180
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0180
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0185
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0185
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0185
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0190
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0190
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0190
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0195
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0195
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0200
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0200
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0205
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0205
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0205
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0210
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0210
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0210
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0210
https://doi.org/10.1080/00032719.2019.1669630
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0230
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0230
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0235
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0235
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0235
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0240
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0240
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0240
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0245
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0245
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0245
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0250
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0250
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0250
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0260
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0260
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0260
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0265
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0265
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0265
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0270
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0270
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0270
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0275
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0275
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0275
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0280
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0280
https://doi.org/10.3390/plants8080289
https://doi.org/10.3390/plants8080289
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0290
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0290
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0290
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0290
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0295
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0295
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0295
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0300
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0300
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0300
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0305
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0305
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0305
https://doi.org/10.1186/1743-7075-8-32
https://doi.org/10.1186/1743-7075-8-32
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0320
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0320
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0325
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0325
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0325
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0325
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0330
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0330
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0335
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0335
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0335
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0335
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0335
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0340
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0340
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0340
https://doi.org/10.1136/bmjopen-2017-01686310.1136/bmjopen-2017-016863.supp1
https://doi.org/10.1136/bmjopen-2017-01686310.1136/bmjopen-2017-016863.supp1
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0350
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0350
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0350
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0350
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0355
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0355
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0355
https://doi.org/10.5897/JSSEM.9000074
https://doi.org/10.5897/JSSEM.9000074
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0365
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0365
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0365
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0370
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0370
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0370
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0375
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0375
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0375
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0375
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0380
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0380
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0380
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0385
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0385
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0385
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0390
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0390
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0390
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0395
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0395
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0400
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0405
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0405
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0405
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0410
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0410
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0415
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0415
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0415
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0420
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0420
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0425
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0425
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0430
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0430
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0430
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0430
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0435
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0435
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0435
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0435
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0440
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0440
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0440
http://refhub.elsevier.com/S0308-8146(21)02213-5/h0440


Food Chemistry 372 (2022) 131207

17

Shand, C. A., Eriksson, J., Dahlin, A. S., & Lumsdon, D. G. (2012). Selenium 
concentrations in national inventory soils from Scotland and Sweden and their 
relationship with geochemical factors. Journal of Geochemical Exploration, 121, 4–14. 

Silva Junior, E. C., Wadt, L. H. O., Silva, K. E., Lima, R. M. B., Batista, K. D., 
Guedes, M. C., et al. (2017). Natural variation of selenium in Brazil nuts and soils 
from the Amazon region. Chemosphere, 188, 650–658. 

Simsek, A., & Aykut, O. (2007). Evaluation of the microelement profile of Turkish 
hazelnut (Corylus avellana L.) varieties for human nutrition and health. International 
Journal of Food Sciences and Nutrition, 58(8), 677–688. 

Stockler-Pinto, M. B., Carrero, J. J., Weide, L. d. C. C., Cozzolino, S. M. F., & Mafra, D. 
(2015). Effect of selenium supplementation via Brazil nut (Bertholletia excelsa, HBK) 
on thyroid hormones levels in hemodialysis patients: a pilot study. Nutricion 
hospitalaria, 32(4), 1808-1812. 

Stockler-Pinto, M. B., Mafra, D., Moraes, C., Lobo, J., Boaventura, G. T., Farage, N. E., 
et al. (2014). Brazil nut (Bertholletia excelsa, HBK) improves oxidative stress and 
inflammation biomarkers in hemodialysis patients. Biological Trace Element Research, 
158(1), 105–112. 
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