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1.0 Introduction

Selenium (Se) was discovered by Jons Jakob Berzelius in 1817, a year which has initiated an
immense research on its medicinal applications. It is a rare element on earth crust with atomic
number 34 and atomic mass of 78.96. It belongs to group VIA of periodic table, located between
sulfur and tellurium. It resembles with sulfur properties and follows the trans-sulfuration pathways
(Birringer et al., 2002). It is a metalloid (Wilber, 1993) which possesses both metallic and
nonmetallic properties (Wilber, 1993), with four states, i.e., +6 (selenate), +4 (selenite), O
(elemental) and -2 (selenide) (Marian, 1984). Most of the inorganic species of Se contains
selenium at the selenite and selenate states and the organic species are encountered by selenide

state (H2Se).

The global Se distribution varies significantly throughout the world, dividing the regions into
seleniferous and non-seleniferous (McNeal and Balistrieri, 1989). Se deficient (SeDef) countries
such as Africa, Australia, China and Finland have extremely low Se levels in soils with only 0.09
pg/g dry weight (Alfthan et al., 2000; Judson and Reuter, 1998; Koivistoinen and Huttunen, 1986).
Plants and cereal crops grown on these soils do not provide sufficient Se intake in food meals
(Fairweather-Tait et al., 2011). Thus, Se deficiency leads to numerous health diseases such as
Keshan Disease (Chen, 2012), Kashin Beck Disease (Jirong et al., 2012), pancreatitis (McCloy,
1998; Kuklinski et al., 1991), arthritis (Peretz et al., 2009), asthma (Norton and Hoffmann, 2012),
muscular dystrophy (Kurihara et al., 1990), osteoarthritis (Kurz et al., 2002) and many other
diseases which due to long exposure, ultimately give rise to systemic inflammatory syndrome

(Angstwurm et al., 1999).

1|Page



In contrast, the extensive research and agri-extension activity of last two to three decades at
Nawanshahr-Hoshiarpur districts of Punjab, India, found significantly highest Se concentrations
in soil and cereal crops when compared with global averages (Dhanjal et al., 2016; Jaiswal et al.,
2015). Soil of this region has Se levels as high as 10 pg/g (Dhillon and Dhillon, 1991). These soils
can produce naturally fortified food crops without any artificial addition of Se fertilizers,
containing 90% of organic Se (mainly SeMet), which is least toxic and have long term storage
capacity in human body. Se content in cereal grains grown at said region was reported as highest
as 670 pg/g (Dhanjal et al., 2016; Jaiswal et al., 2012a; Jaiswal et al., 2012b; Aureli et al 2012;
Sharma et al., 2009). High Se content in these cereal grains influence the whole elemental profile
with elevated mineral composition in comparison to non-Se crops (Boldrin et al., 2013). Se
fortified crops have improved yield and nutrient quality of essential micro and macro elements

(Souza et al., 2014).

The recommended daily Se allowance values of Se intake in adults is from 40 to 55 pg/g (Combs,
1988). The fraction of this intake available for absorption through intestinal lining is known as
bioavailable fraction (Stahl et al., 2002) and the Se fraction that enters the blood circulatory
pathway is known as bioaccessible fraction (Suzuki et al., 1998). Through blood plasma, when the
absorbed Se enters hepatic portal system for selenoprotein synthesis is known as bioactive fraction
(Van-Campen and Glahn, 1999). The bioactivity of Se is determined by its bioaccessibility after
in vitro gastrointestinal digestion of seleniferous whole grains and its protein fractions. It quantifies
the degree of Se absorption in ex-vivo conditions, which is a powerful screening technique to
confirm the healthy Se intake as compare to normal Se intake. Cereal grains have higher Se
bioavailability than from animal foodstuffs (Combs, 1988). The Se availability from dietary food

(mainly as SeMet) is further recommendable over inorganic Se intake (Thiry et al., 2012). G/GlI
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fluids oxidize the SeMet into SeOMet forms, which have better bioaccessibility to conduct Se-

dependent metabolic functions in body (Kapolna and Fodor, 2009).

These selenoproteins are metabolically active Se markers (Mugesh et al., 2001) present in body
with strong antioxidant properties (Johansson et al., 2005). In our body more than 25 different
selenoproteins are present (Gromer et al., 2005) including GPx, TRx, DIO, SelH, SelK, SelM,
SelN, SelP, SelR, SelS, SelT, SelV, and Selw (Gandhi et al., 2013). These proteins are function
and location specific with some mainly involved in suppression of the oxidative damage produced
by free radicals. However, among all these selenoproteins, GPx maintains the over-all mammalian
antioxidant network against RONS to mitigate the inflammation by down-regulation of pro-
inflammatory enzymes such as COX-2, iNOS and mPGES-1 along with up-regulation of anti-
inflammatory enzyme, H-PGDS. H-PGDS further catalyzes the synthesis of anti-inflammatory D
an J series of prostanoids (Ricciotti and Fitzgerald, 2011). Thus, GPx regulates the switching-on

process of “eicosanoid class mechanism” (Duntas, 2009; Vunta et al., 2007; Yui et al., 2015).

The Se levels in blood plasma accounts for the degree of up-regulation of selenoenzyme-gene
expression in body (MacPherson et al., 1997). The supra-nutritional Se-supplementation increase
the GPx activity upto 16-18 times within hours (Sun et al., 1998). In addition, the supra-nutritional
intakes execute the anti-tumorogenesis properties (Sabichi et al., 2006), antibacterial and antiviral
functions (Smith et al 2011), antistroke properties (Tapiero et al., 2003), anti-oxidant stress buster
(Semchyshyn and Lushchak, 2012) and suppress inflammatory process via suppression of pro-

inflammatory gene expressions (Vunta et al., 2008).

At physiological concentration, the free radicals (RONS) acts as secondary messengers in response

to the external/internal stimuli. However, the persistent generation of these radicals oxidize the
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cellular material which results in malfunctioning of proteins, enzymatic activities and DNA
damage leading to cancerous stage or cell death (Kohen and Niska, 2002). The physical, chemical
or thermal stress, trauma or auto-antibody generated immune response results in the primary
infections-protective response of body i.e., inflammation. The inflammatory site start signaling its
cardinal signs such as calor (heat), dolor (pain), robor (redness), tumor (swelling) and functio laesa
(loss of function). These signs switch-on the inflammatory pathways with activation of
cyclooxigenase mediators (COXs) and oxidant generating enzymes such as iINOS. The inducible
enzyme complexes such as mPGES-1-COX-2 and iNOS-COX-2 are the key underlying basis of
inflammation, the overproduction of which results in various cancer types such as breast cancer
(Jana et al., 2014), colorectal cancer (Roelofs et al., 2014), lung cancer (Sandler and Dubinett,

2004), prostate cancer (Fenner, 2016), skin cancer (Zhu et al., 2015) and so on.

For timely resolution, macrophages play vital role in prevention of acute to chronic condition.
These macrophages switch-on the arachidonic acid (AA) pathway to regulate the expression of
pro-/anti-inflammatory genes (Vunta et al., 2008). Arachidonic acid is a 20-carbon fatty acid chain,
which rearrange into multi-enzyme complexes called pro-/anti-inflammatory eicosanoids. There
are four principle bioactive eicosanoids including PGD»,, PGE2, PGl> and PGF2a, which are
ubiquitously produced under homeostatic conditions. However, the lipopolysaccharide (LPS)
induced chronic inflammation increase the expression of inducible COX-2 enzyme, which in turn
activate the key product of AA pathway i.e., PGH2. Depending upon the state of inflammation,
PGH, differentiate the pathway into pro-inflammatory PGs (PGE. and TXA;) and anti-
inflammatory PGs (PGD2 and their downstream products A'?>-PGJ; and 15d-PGJ,). PGD; activates
PPARy (Kapoor et al., 2007) dependent M»-specific alternate macrophages anti-inflammatory

response to resolve inflammation (Nelson et al., 2011; Gandhi et al., 2011).
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The anti-inflammatory genes suppress the activation of key regulator of sepsis i.e., NFkB (Poli et
al., 2004). In Se and GPx deficient conditions, prolonged NFkB activation results in neuro-
inflammation by promoting the pro-inflammatory state (Lubos et al., 2011). NFxB, COX-2, iNOS,
TNFa have inverse relationship with Se supplementation (Prabhu et al., 2002). Se molecules
quench the acylation process of histone H4 at K12 and K16 position of COX-2, NFkB and TNFa
promoters for down-regulation of inflammatory gene expression (Narayan et al., 2015). Therefore,
Se supplementation is necessary to protect the cells from systemic manifestation of RONS. Se
supplementation in the form of Se-rich natural dietary matrices facilitate the slow and steady
release of Se through SeMet enzymatic-cleavage with better anti-oxidant and anti-inflammatory

capacity in comparison to the inorganic Se-sources (Cao et al., 2014).

Numerous studies had been carried out to down-regulate the LPS stimulated COX-2, m-PGES-1
and INOS expression with inorganic sodium selenite supplementation. However, the application
of Se in the form of naturally grown seleniferous cereal grains has not been explored till present
date to the best of our knowledge. Therefore, keeping this in view, the work presented here has
been carried out to understand the growing importance of the natural source of bioavailable Se in

edible crops as Se-neutraceuticals among SeDef population.
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2.0 Review of Literature

Selenium ranks at 69™" position, among its abundance in natural existence, ranging from 0.1 to 2.0
Kg Se/g in soil (Swaine, 1955). The oxidised states i.e., selenite and selenate are present in well-
aerated, humid and alkaline soils (Goh and Lim, 2004). Whereas, the elemental (Se°) and reduced
state (Se®) are characteristically present in poorly aerated and acidic soils (Sharma and Singh,
1983). Sedimentary (Tamari et al., 1990) and igneous rocks (Charter et al., 1995; Fordyce, 2005)
contributes up to 0.08 pg/g to 1.0 pug/g Se to the soil. The formation of these igneous and
phosphatic rocks during volcanic eruptions, add-on about 10% of total selenium in environment
(Andren et al., 1975; Suzuki, 1965), while in limestone and granite rocks, the Se concentration is
very low (Van Metre and Callan, 2001). However, the cretaceous shales and pyrites (Masscheleyn
et al., 1991; Neal and Sposito, 1989) contain high Se levels up to 4.5 pg/g (Lakin, 1972). These
rocks are the primary source of Se contribution in natural soil (Fleming, 1980; Christophersen et
al., 1995). In addition to these rocks, about 60-80% of water bodies also contribute Se to the
environment, even in remote areas like Antarctica (Zoller et al., 1974) and ice sheets of Greenland

(Weiss et al., 1971), out of which 30-50 % is dimethylselenium (Doran and Alexander, 1977).

The availability of Se in nature, its utilization by livestock, ultimately depends upon the diversity
of Se-species present in soil and its uptake by plants. In biological systems, it exists as inorganic
and organo-selenium molecules such as selenoproteins, Se-amino acids: selenocysteine (SeCys)
and selenomethionine (SeMet), low molecular selenosugars and other methylated Se-species

(Table 2.1).
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Table 2.1: The most common Se-species found in environmental and biological systems (Aureli
et al., 2012; Huang et al., 2012; Behne and Kyriakopoulos, 2001; Dedina and Tsalev,

1995).
Type Se-species
Inorganic Selenate, Selenite, Elemental, Selenide
Organic
Methylated species Methylselenol (MeSeH), Dimethyl selenide (Me;Se),
Dimethyl  diselenide  (Me2Sez),  Trimethylselenonium
(MesSe™), Dimethyl selenone (Me2SeQ.), Dimethyl selenoxide
(Me2Se0), Selenourea (Se=C(NH).)
Amino acids Selenomethionine (CsH11NO2Se), Selenocysteine

(CsH7NO2Se),  Se-methylselenocysteine  (CsH9NO2Se),
Selenocysteic acid (CsH7NOsSe)

Low molecular mass species  Se-methylselenomethionine (CeH14NO,Se), Selenomethionine
selenoxide (CsH11NO3Se), Selenoniocholine (CsH110,Se™),
Selenobetaine (C4Hg02Se™), 2,3-dihydroxypropionyl-
selenolanthionine (C10H1sN20eSe)

Other Se-compounds Selenoosugars  (Se containing monosaccharides  and
disaccharides), Selenoproteins (section 2.4.1), Se-metal
metallothioneins (Se-Hg, Se-Zn, Se-Fe, etc.)

In India, Nawanshahr-Hoshiarpur districts of Punjab regions, the parent seleniferous material of
soil is derived from Upper Shiwalik rocks (Dhillon and Dhillon, 2003) into run-off water through
hills of Shiwalik range, significantly increase the Se levels of irrigation water (Bajaj et al., 2011),
which get adsorbed on soil particles of low-lying areas of affected region (Dhillon and Dhillon,
1991). The soil irrigation with this water source can potentially convert normal area into
seleniferous area. The extensive research and agri-extension activity at this site have resulted in
Se levels in soils to as high as 10 pg/g (Dhillon and Dhillon, 1991; Dhillon et al., 1992; Dhillon
and Dhillon, 2003a). Dhillon and Dhillon (1997) observed that the affected villages of this area

were Barwa, Bhano Majra, Jainpur, Mahenpur, Nazarpur, Rakker, Sikandarpur and Simbli. Other
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high Se-contaminated states of India includes Assam and Meghalata (Dey et al., 1999), West
Bengal (Gosh et al., 1993), Haryana (Sharma and Singh, 1983; Arora et al., 1975). Sharma et al.
(2009) reported Se concentration in soils of certain areas of Punjab ranges from 2.7-6.5 pg/g. In
other countries like, the San-Joaquin valley of California, U.S.A. and Huleh valley of Israel, were
also reported to accumulate high Se in soil samples up to 6 pg/g (Rosenfeld and Beath, 1964). The
soluble and available fraction of Se in water was observed to be 30% of total Se present on these
soil particles (Ravikovitch and Margolin, 1957). In contrast, the Se-deficient areas like Australia,
Africa, China, Finland and others, the Se concentration in soil samples were observed only up to
0.09 pg/g (Alfthan et al., 2000; Judson and Reuter, 1998; Koivistoinen and Huttunen, 1986).
Therefore, the Se distribution throughout the world varies from region to region dividing the global
soils into seleniferous and non-seleniferous (McNeal and Balistrieri, 1989).

In earlier times, when the application of this important metalloid was not known, the highly Se-
affected areas of Western U.S. (Rosenfield and Beath, 1964) were considered to be significantly
contaminated with an unknown toxic element causing poisoning effect to the human health
(Alarcon and Martinez, 2000). In those days, it was known as alkali disease, named after “more
alkalinity soil concept” (Sharma and Singh, 1983). Later it was recognized as “selenosis” due to
high Se content. However, after 156 years of its discovery, the first case study on appropriate doses
of Se dietary intake acknowledged Se as the key regulator of antioxidant enzyme glutathione
peroxidase (Gromer et al., 2005). In the following years to the present day, Se continues to be a

hot topic of research and application due to its nutritional requirements in Se-deficient areas.
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2.1 Ingestion, absorption, utilization and excretion of dietary selenium

Se absorption and utilization depends upon the chemical form of ingested selenium. Both organic
and inorganic species present in food samples have variable degree of bioavailability (Meltzer et
al., 1990; Amoako et al., 2009). The organic forms are more retained (Zeng et al., 2008; Rider,
2009) and less toxic than inorganic ones (Ammar and Couri, 1981). The Se-retention level of
dietary Se in blood or specific organ can be examined through selenoenzymatic activity. The
excess levels account to its toxicity or excretion (Whanger and Butler, 1988; Rider et al., 2010).
Upon ingestion, any chemical species of Se ultimately gets transformed and stored in organic
forms like selenomethionine, selenocysteine and methylated selenocysteine (Dumont et al., 2006).
2.1.1 Selenium in foods and diets

Se concentration in plant depends upon the quantity of Se present in soil and its capacity to
accumulate, which segregates them into three categories i.e., non-accumulators, Se-indicators and
accumulators (Brown and shrift, 1982; Dhillon and Dhillon, 2003a; Rosenfeld and Beath, 1964).
The non-accumulator plants are resistant to Se exposure, as they exhibit toxic symptoms even at
concentrations less than 100 ug/g (White et al., 2004). The Se-indicators can tolerate concentration
up to 100 ug/g (Rodriguez et al., 2005), whereas the Se-accumulators can absorb significantly
higher Se-concentrations above 1000 pg/g (Mayland et al., 1989). Among these Se-accumulators,
allium species accumulate significantly high Se concentration from soils in non-toxic,
methylselenocysteine and y-glutamyl methylselenocysteine forms (Huerta et al., 2006; Ogra et al.,
2004; Wrobel et al., 2004). Crops like wheat, maize, rice, mustard and their residues grown on Se-
rich soils can accumulate significant concentrations up to 670 pg Se/g dry weight (Dhanjal et al.,
2016; Jaiswal et al., 2012a; Jaiswal et al., 2012b; Sharma et al., 2009). In these grains, the most

abundant and non-toxic Se-form present is selenomethionine (Cubadda et al., 2010; Guzman et al.,
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2009; Stadlober et al., 2001), with efficient retention capacity (Behne et al., 2009; Levander et al.,
1983; Meltzer et al., 1993).

Se deprived populations are necessary to have Se-rich diets either through intake of Se-rich edible
crop products or through artificially Se-fortified food products or via direct ingestion of inorganic
Se tablets available in markets to elevate the selenium levels in their bodies. The Se-fortification
technique in plants grown with seleniferous manure addition in soils have been adopted in Se-
replete areas, like Finland, to raise the ingestion levels of Se-food products from 25 pg/day to 110
ug/day per person (Eurola et al., 1990). This step was expected to enhance the concentration of Se
in blood plasma (Varo et al., 1988; Rayman, 2008). Similarly, many other countries has adopted
cost effective and zero toxic method of culturing and incubating Saccharomycese cerevisiae
(Baker’s yeast) with sodium selenite, which biologically metabolizes this inorganic form into
organic forms, mainly as SeMet (Ip et al., 2000; Moreno, 2004; Reyes et al., 2006). These
seleniferous yeast tablets available in markets are the rich source of Se as revealed by the ICP-MS
and ESI-MS Se-detectors indicating the presence of other 49 Se-species (organic and inorganic)
in addition to SeMet (Preud’homme et al., 2012). Rider and his coworkers (2010) observed that
the bio-absorptive capacity of Se from Se-yeast is much more than the inorganic form (selenite).
Therefore, these Se-fortified products provide variable amount of both organic and inorganic
sources (Lobinski et al., 2000; Dumont et al., 2006). Reilly (1996) analyzed the Se richness or
poorness from these consumed food products like cereal grains (0.01-0.6 ug/g), broccoli (0.1-0.5
ug/g), Brazil nuts (0.5-0.9 pg/g) and mushrooms (0.01-1.4 pg/g fresh weight). About 70 to 90%
of Se requirement from these dietary products ingested are bioavailable to carry out metabolic

functions in body (Finley, 2006).
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In evaluating Se intake levels in Se-rich and Se-deficient populations all over the world, different
countries have set variable recommended Se-dietary allowance (RDA) values (Table 2.2). The
common range of RDA value in adults is from 40 ug Se intake per day to 55 pg/day (Combs,
2001). However, the intake of 200 pug Se/day was observed to have superanutritional effects in
cancer prevention (Linda et al., 2005) and 400 pg Se/day being considered as upper tolerable limit
(Hurst et al., 2013), above which proves toxic to the health (Hira et al., 2003).

Table 2.2: Recommended dietary allowance (RDA) values of selenium intake in different
countries to benefit human health.

Country Se-RDA values Reference
(pg/day)

Belgium 60-70 Superior Health Council (SHC, 2009)
Europe 55 Scientific Committee in Food (SCF, 2000)
France 53.7 Scientific Committee in Food (AFSSA, 2009)

India 26-36 World Health Organization (WHO, 2004)
United kingdom 48-58 Rose et al., 2010
US.A. 55 US Department of Health and Human Services and

US Department of Agriculture (USDA, 2015)

2.1.2 Absorption, transport and distribution of dietary selenium

The degree of Se-absorption primarily depends upon the (a) ingested chemical Se-form i.e., either
organic or inorganic; and (b) the age, sex and life style of living being (Thompson, 2004).
Secondly, other factors like competence with -SH groups (Waschulewski and Sunde, 1988), lipid
content in dietary intake (Mutaten and Mykkanen, 1984), presence of heavy metals (Ralston et al.,
2008; Reeves et al., 2007) reduce Se absorption capacity in body. Stahl et al. (2002) reported that
of the total Se absorbed in body, 30% retained in liver, 30% in reflex muscles, 15% in kidney, 10%
in plasma and rest in other parts like RBC’s, spleen, pancreas and skeleton. The major transporter
and distributor among selenoproteins is Se-plasma protein (SelP), which along with albumin

travels to liver and kidney where it either undergoes Se-protein synthesis (Brandon et al., 2006;
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Schumann et al., 1997; Suzuki et al., 2009) or channeled up to utilization under following
categorizes:

2.1.2.1 Bioavailable fraction

This fraction accounts for Se available from food matrix for the absorption through intestinal lining
(Ruby et al., 1999; Shen et al., 1997; Stahl et al., 2002). Different kind of food products like plants
and meat sources have highly variable degree of bioavailability, which determines the response to
Se supplementation (Meltzer et al., 1990). The most abundant bioavailable Se-species present in
plants is selenomethionine (SeMet), whereas in animal meat sources, it is available as
selenocysteine (SeCys) (Yang et al., 1988). In comparison, between plants and inorganic sources,
SeMet-rich wheat has more Se-availability with longer retention and lower toxicity in stimulated
conditions (Cubadda et al., 2010) as well as in vivo systems such as intestinal lumen of Se-rich
trouts (Rider et al., 2009; Rider et al., 2010) and lambs (Tiwary et al., 2006), indicating better
bioavailability of SeMet in contrast to inorganic Se intake (Whanger and Butler, 1988).

2.1.2.2 Bioaccessible fraction

The Se fraction absorbed through intestinal lumen and entering into circulation pathway through
blood plasma, is known as bioaccessible fraction (Suzuki et al., 1998). The in-vitro gastrointestinal
digestion studies revealed that milled and processed food has more bioaccessibility than raw food
(Dhanjal et al., 2016; Reeves et al., 2007). To access the amount of cellular Se-uptake, Se-
retention, transportation and the degree of utilization in metabolism of these selenoproteins (Zeng
et al., 2008), Caco-2 cell model was mimicked with intestinal lumen under ex-vivo conditions by
forming a uniform interconnected layer (Simon et al., 2007). The rate of bioaccessibility from 167
ug/g pre-digested seleniferous food matrix was more in case of Se-yeast (144+3 pg/g) followed

by selenite (351 pg/g) and selenate (30+2 pg/g). This confirms the lower absorption and
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bioaccessibility of inorganic species when compare to the organic fractions (Thiry, 2013).
Seleniferous broccoli as dietary plant product, in comparison to inorganic selenite/selenate intake,
provided better absorption (Zeng et al., 2008) and maximum antioxidant protection in Se-repleted
mice (Finley, 1998).

2.1.2.3 Bioactive fraction

The absorbed Se, when enters the hepatic portal system through trans-selenation pathway and
transforms into active selenometabolites, is known as bioactive form (Van-campen and Glann,
1999). In trans-selenation pathway, the active form of SeCys donor i.e., phosphorylated Se
(Stadtman, 1996; Suzuki, 2005) bonds with dedicated t-RNA to form selenocystyl-t-RNA
(Chambers et al., 1986). The product, selenocystyl-t-RNA in the presence of UGA codon (usually
a stop codon) (Butler and Whanger, 1989; McConell and Hoffman, 1972) and a stem loop like
structure called SECIS (selenocysteine insertion sequence), permits the recognition of UGA codon
as SeCys-coding sequence (Stadtman, 1996; Whanger, 2002). It translates into 21 amino acid,
selenocysteine (SeCys) (Bock et al., 1991; Suzuki, 2005). These SeCys-subunits acts as bioactive
Se-form in the active center of antioxidant enzymes like glutathione peroxidase (GPx) (Latreche
et al., 2012), thioredoxin reductases (TRx) and iodothyronine deiodinase (DIO). In turn, the
expression of these enzymes are the marker of the bioactive Se present in the cells (Thiry et al.,
2012). This fraction has various metabolic properties to conduct antioxidant, anti-inflammatory,
anti-cancerous and immuno-stimulant functions (Brandon et al., 2006; Garcia et al., 2009;
Schumann et al., 1997). Se-rich Brazilian nuts feeding tend to shoot up the bioactive Se content in
liver cells (Chansler et al., 1986), which up regulates the GPx activity (Thompson et al., 2008).

2.1.3 Utilization and excretion
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The different chemical forms of bioavailable Se have variable propensities for its utilization in
human body. For an example, the bioactive Se-forms like selenite, selenate and SeCys, are the
common precursor of HxSe formation, which directly participates in Se-protein synthesis. On the
other hand, SeMet passively (Stadtman, 1996) channelizes into storage form (Behne et al., 2009)
in liver (Beilstein and Whanger, 1988; Schrauzer, 2000; Suzuki et al., 2006; Suzuki et al., 2008)
or blood and plasma proteins (Burk et al., 2001). SeMet unspecifically imitates sulfur and get
incorporated into sulfur containing proteins (Schrauzer, 2000). Thus, SeMet itself is not a
selenoprotein, but considered as Se-containing protein (Alarcon and Vique, 2008; Ducros and
Favier, 2004). Under Se-deficient conditions, the stored SeMet transforms into methylselenol
(Suzuki et al., 2006; Zeng et al., 2008), which further dimethylate into H,Se to take part in protein
synthesis (Combs, 1988; Pedrero and Madrid, 2009; Suzuki et al., 2006).

The hyperaccumulation of Se in plants and animals may cause toxicity, therefore, the excess
amount is necessary to get utilized (Suzuki et al., 2006) or excreted out (Vander Torre et al., 1991).
In animals and humans, the excess Se is either urinated as trimethylselenonium ions or evaporated
through breath as dimethylselenide with garlic odor (Pyrzynska, 1998; Levander, 1972; Suzuki et
al., 2006). In plants, the excess form is converted into dimethylselenide ([CH3].Se) by microbial
and phytomethylation of selenite and selenate species present in soil particles (Kabata and
Mukherjee, 2007; Terry et al., 2000).

2.2 Selenium Deficiency

Se is an immuno-stimulant, which in adequate concentrations, provides the maximum antioxidant
properties in combination with vitamin A, C and E, p-carotene (Baraboi and Shestakova, 2004),
to suppress the excess redox radicals generated in cells. Due to its deficiency in China and eastern

parts of Siberia, two overt diseases, Keshan and Kaschin-Beck have been recorded (Reilly, 1996).
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Keshan disease mainly occurred in children and women of childbearing age. It involved the cardiac
enlargement and arrhythmia, due to coxsackie B virus prevalence along with Se and vitamin E
deficiency (Yang et al., 1994; Levander and Beck, 1999; Liu et al., 2002). Kaschin-Beck disease
is due to deficiency of Se and vitamin E along with iodine (Neve, 1999). It is a distortive
osteoarthritis disease caused due to fulvic acid and mycotoxins present in food, resulting in
dwarfism with shortened fingers and swollen joints (Reilly, 1996). The daily Se-intake by these
people was less than 10 pg/day (Alarcon and Vique, 2008). Later upon Se-supplementation, the
Se-replete China’s population had recovered from both the diseases (Fairweather-Trait, 1997;
Yang, 2006). Se supplementation in combination to vitamin E synergistically enhance the GPx
activity (Thompson, 2004), which prevent necroses in liver cells of rat (Schwarz and Folts, 1957).
Se deficiency had been reported to cause several health ailments like acute pancreatitis (Kuklinski
et al., 1991), chronic pancreatitis (McCloy, 1998), arthritis (Peretz et al., 2009), asthma
(Norton and. Hoffmann, 2012), cystic fibrosis (Kauf et al., 1994), diabetes (Kowluru et al., 2001),
kwashiorkor (Ashour et al., 1999), male infertility (Rayman, 2000), muscular distrophy (Kurihara
et al., 1990), osteoarthritis (Kurz et al., 2002), rheumatoid arthritis (Rayman, 2000), systemic
inflammatory syndrome (Angstwurm et al., 1999).

2.3 Selenium toxicity

Dietary selenium is like a double edged sword which shows impaired performance at accidental
deficiency or excess ranges i.e., from 0.1 to 7000 ug Se/day (Fordyce, 2005; Rayman, 2002;
Rayman, 2008; WHO, 2004). The higher intakes in China, up to 5000 pug Se/ day (Yang et al.,
1983), or lower Se-intakes of less than 50 pg Se/day in European countries (Flynn et al., 2009;
Rayman, 2004; Rayman, 2005; Rayman, 2008) showed detrimental health ailments. Toxicity is

significantly concentration dependent from nM to uM doses to maintain the selenoenzymatic
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activities in the body. Therefore, a very thin line exists to understand the optimal intake of Se to
overcome deficiency, provide essential Se and prevent toxicity. Like the deficiency resulting in
health deprivation, the Se intake above upper tolerable limit of 400 pg/day can lead to selenosis
(FAO/WHO, 2002). In some endemic and non-endemic areas of China, the average Se-intake
values had been recorded to be >910 pg/day (Yang et al., 1989). Se toxicity in China (Oldfield,
2006) due to accidental intake of 3200 pg Se/day to 5000 pg Se/day (Combs, 2001; Letavayova et
al., 2006; Whanger, 2004) divided selenosis into two categories, i.e., acute and chronic selenosis.
The acute selenosis is due to long exposure of low Se concentration resulting in respiratory and
gastro-intestinal problems. On the other hand, the chronic selenosis is due to extensive intake of
Se above 5000 pg/day (Dhillon and Dhillon, 1991) leads to nail cracking, hair loss (Yang et al.,
1983), yellowing of teeth, impaired growth rate, male sterility and poor muscle reflex action
(Draize and Beath, 1935). In case of plants, chlorosis was reported in wheat grown on Se
contaminated areas of Nawanshahr-Hoshiarpur districts of Punjab, India (Dhillon and Dhillon,
1991). Selenosis has also been reported in human population with intake of Se-rich diet of this
region (Hira et al., 2003).

Another factor on which toxicity depends is the ingested form of Se (organic or inorganic) and its
bioaccessability in the body. The half-life of inorganic Se in the body is much shorter, since in
excess it is not stored and is directly excreted out (Levander et al., 1983). These inorganic forms
are accepted to be more toxic and bioactive than the organic ones (Farzaneh, 2015). The excess
amount of Se can lead to activate the pro-oxidant actions (Vinceti et al., 2001: Gosetti et al., 2007),
thereby, resulting in non-availability of the functional state of Se (H.Se), leading to reduced
antioxidant capacity of selenoenzymes. In this condition, the oxidative stress shoots up in between

cells called Se-induced toxicity (Gad and Twab, 2009). In another way, the oxidation of hydrogen
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selenide (H2Se, precursor of Se-protein synthesis) forming 02 and OH- radicals, which breaks and
mutates DNA strands producing RONS (Combs and Gary, 1998). The capacity of selenite to form
superoxide ion, is maximum in comparison to selenate (Mezes and Balogh, 2009), whereas, SeMet
acts inert in producing free radicals and do not follow the H.Se formation pathway. The organic
forms are more bioaccessible, facilitating availability of Se as SeMet and act as efficient reservoir
of Se (Behne et al., 2009). Therefore, oxidation chances of HzSe is negligible in case of SeMet in
comparison to inorganic sources (Brozmanova et al., 2010). Franke and Painter (1938) observed
the decreasing toxicity order among inorganic species as selenate and selenite followed by selenide
and elemental Se state.

2.4 Biological roles of selenium to benefit human health

2.4.1 Antioxidant functions

Se acts as a cofactor for various antioxidant enzymes present in humans and animals as
metabollically active Se-markers (Contempre et al., 1996; Ganther, 1999; Mugesh et al., 2001).
Biologically, the incorporation of Se forms into these selenoproteins exhibit the excellent
antioxidant properties (Arteel and Sies, 2001; Johansson et al., 2005). The selenoenzymatic family
relays upon about 30% of Se present in human body (Mezes and Balog, 2009), out of which more
than half maintains the antioxidant functioning (Tapiero et al., 2003). Therefore, the dietary Se-
intake has direct relationship in prevention of oxidative damages produced due to free radical
generation. At least 25 selenoprotein categories were recognized in human body (Gromer et al.,
2005) including glutathione peroxidase (GPx), thioredoxin reductases (TRx), deiodinases,
selenoprotein H (SelH), selenoprotein | (Sell), selenoprotein K (SelK), selenoprotein M (SelM),
selenoprotein N (SelN), selenoprotein P (SelP), selenoprotein R (SelR, MsrB1), selenoprotein S

(SelS, Selenos), selenoprotein T (SelT), selenoprotein V (SelV), selenoprotein W (SelW) and
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selenophosphate synthase (SPS2) and others (Gandhi et al., 2013; Huang et al., 2012; Behne and
Kyriakopoulos, 2001) (Table 2.3).

The glutathione peroxidase family includes mainly four isoforms according to their location and
function. GPx1 (cellular GPx) is the most abundant selenoenzyme presides in liver and
erythrocytes (Behne and kyriakopoulos, 2001), indicates the long term storage of Se in body
(Arthur, 1994). The upregulation of GPx2 has been effective in suppressing the inflammation-
associated with gastrointestinal lining upon Se supplementation (Susanne et al., 2012). GPx3
(extracellular or plasma GPXx) is the second most abundant selenoprotein after selenoprotein P,
present in plasma. Its activity is found to influence systemic inflammatory response syndrome
(SIRS) of ICU patients (William et al., 2009). GPx4 (phospholipid GPx) has been mostly found in
cytosol and mitochondria, helps in reduction of fatty acid hydroperoxides that are esterified to
phospholipids (Tapiero et al., 2003).

The other class of antioxidant enzyme is thioredoxin reductases (TRx) in which Se acts as an active
immunomodulator in regulation of thyroid hormone biosynthesis (Allan et al., 1999; Beckett and
Arthur, 2005; Kohrle, 1999). Among the three main TRx isoforms, TRx1 (cytosolic) is the most
abundant. TRx2 is mitochondria related enzyme and TRx3 is specific to testis (Gromer et al.,
2005). With increase in Se supplementation, the synthesis of thyroid hormone (T3) and thyroxine
(T4) increases and vice-verse (Beckett et al., 1987). Another Se dependent antioxidant class is
iodothyronine deiodinases, which in presence of adequate amount of Se prevents the risk of goitre

(Vanderpas et al., 1993).
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Table 2.3: List of selenoproteins with their specific distribution and function (Gandhi et al., 2013;

Huang et al., 2012).

Selenoprotein

Localization

Significance and function

Reference

Glutathione
peroxidase 1

Cytoplasm
(Negro, 2008;
Lei et al., 1998)

First line of defence against ingested
pro-oxidants or gut microbes
Respond to oxidative stress,

inflammation

Reeves and
Hoffmann, 2009
Crack et al., 2001

Glutathione
peroxidase 2

Gastrointestinal
(Negro, 2008;
Chu et al., 1999)

Inhibiting oxidative stress by COX-2
downregulation
Quench gastrointestinal inflammation
and cancer development
Reduce inflammation

Banning et al., 2008

Papp et al., 2007;
Yan and Chen, 2006
Krehl et al.,2012

Glutathione
peroxidase 3

Plasma
(Negro, 2008;
Lei et al., 1998)

Local extracellular antioxidant,
constitute 20% of total Se in body
Supress prostate cancer
Supress oxidative stress
Biomarker of systemic inflammation

Upregulate the antioxidant capacity of
PPARYy
GPx-3 deficient cells promote
thrombosis
Cardioprotective role by reducing
nitric oxide (NO) levels

Koyama et al., 1999

Yu et al., 2007
Lee et al., 2008;
Manzanares et al.,
2009
Chung et al., 2008

Jinetal.,, 2011

Kenet et al., 1999

Glutathione
peroxidase 4

Plasma membrane
(Negro, 2008;
Lei et al., 1998)

A phospholipid hydroperoxide in
membranes
Necessary for lipooxygenase
metabolism
Essential for male fertility

Sensor of oxidative stress, gives pro-
apoptotic signals

Conrad et al.,2007

Seiler et al., 2008;
Villette et al., 2002
Schneider et al.,
2009;

Papp et al., 2007
Seiler et al., 2008;
Ran et al., 2004

Thioredoxin
reductase type |

Cytoplasm and
nucleus

(Calvo et al., 2013)

Regulate cell signaling, growth and
proliferation

Metabolize Se-compounds like SeOz*

, SeCys, SeMet and ebselen in trans-
selenation pathway.

Regulate NFkB activation
Supress breast and lung cancer

Jakupoglu et al.,
2005;

Rhee et al., 2005;
Rundlof and Arner,
2004
Gromer and Gross,
2002;

Zhao et al., 2002;
Bjornstedt et al.,
1992; Kumar et al.,
1992
Sakurai et al., 2003
Cadenas et al., 2010;
Yoo et al., 2006

19| Page



Thioredoxin
reductase type Il

Mitochondria
(Choi et al., 2002)

Mitochondrial antioxidant, mutation
can cause glucocorticoid deficiency

Prasad et al., 2014;
Nalvarte et al., 2004

Protect heart and skeletal muscles Wellman et al.,
from ROS stress 2013; Stanley et al.,
2011
Thioredoxin Testis Marker of spermatogenesis Jimenez et al., 2004
reductase type (Vizuete et al., It is mammalian testis specific Vizuete et al., 2004
1l 2004) thioredoxin hormone

Deiodinase type |

Plasma membrane
(Lu and Holmgren,
2008)

For systemic active thyroid levels

Regulates pro-inflammatory cytokine

production

Tien et al., 2007;
Zavacki et al., 2005;
Solis et al., 2004
Baur et al., 2000

Deiodinase type
I

Endoplasmic
reticulum (ER)
(Lu and Holmgren,
2008)

For local active thyroid levels
Deficiency can cause mental
retardation in iodine deficient area

Deficiency results in hearing loss and

retarded cochlear development

Tuetal., 1997
Guo et al., 2004

Richard et al., 1998

Deiodinase type

Plasma membrane

Hypothyrodism, inactivate thyroid

Hernandez et al.,

i (Lu and Holmgren, hormone 2006;
2008) Huang et al., 2000
Selenoprotein H Nucleus DNA binding protein, regulates Pillai et al., 2014
(Hatfield et al., transcription
2014; Mediates antioxidant function Panee et al., 2007
Pillai et al., 2014; through GPx synthesis and phase Il
Novoselov et al., detoxification.
2007) Reduce inflammatory response Curran et al., 2005

Control ER stress

Gao et al., 2006

Selenoprotein |

Plasma membrane
(Horibata and
Hirabayashi, 2007)

Mammalian form of ethanolamine
phosphotransferase I, involved in
phospholipid synthesis

Horibata and
Hirabayashi, 2007

Selenoprotein K

ER and plasma
membrane
(Vermaetal., 2011;
Lu et al., 2006)

Reduce the risk of prostate cancer
Regulates Ca?* flux
Protect heart muscles by supressing
ROS generation
Supervise ER homeostasis

Meplan et al., 2012
Vermaet al., 2011
Luetal., 2006

Shchedrina et al.,
2011;
Duetal., 2010

Selenoprotein M

ER
(Reeves et al.,
2010)

Neuroprotective function and Ca?*
regulation
SelM deletion leads to obesity
Redox signaling to supervise
peroxidase activiy

Reeves et al., 2010

Pitts et al., 2013
Triana et al., 2010

Selenoprotein N

ER
(Chung et al., 2009;
Petit et al., 2003)

Ca?* homeostasis
Redox signaling

Jurynec et al., 2008
Arbogast and
Ferreiro, 2010
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Deficiency results in muscular
disorders

Castets et al., 2011;

Ferreiro et al., 2004;

Moghadaszadeh et
al., 2001

Selenoprotein 15

ER
(Reeves and

Regulate ER stress
Redox homeostasis in cancer etiology

Korotkov et al., 2001
Kasaikina et al.,

Hoffmann, 2009; 2011

Gromer et al., 2005) Maintain lens transparency (Anti- Kasaikina et al.,
cataract) 2011

Selenoprotein P Endothelial cells, Hepatically drived maintain Se Schweizer et al.,
liver cells homeostasis in plasma 2005

(Burk and Hill, Intracellular antioxidant inhibits Steinbrenner et al.,
2005; Yang et al., oxidative damage 2006
2000) Protection against oxidation of low  Traulsen et al., 2009

density lipoproteins
Protection against peroxy-nitrite
mediated oxidation
Mediates sperm maturation

Arteel et al., 1998

Olson et al., 2005

Selenoprotein R,
MsrB1

Cytoplasm and
nucleus
(Negro, 2008; Kim
and Gladyshev,

Function as Zn containing methionine
sulfoxide reductase to control
oxidative insult

Kim and Gladyshev,
2007,
Kryukov et al., 2002

2004)
Selenoprotein S ER and Plasma Remove the misfolded protein from Curran et al., 2005;
membrane ER membrane Gao et al., 2004
(Jun and Sharon,
2015)

Selenoprotein T

Golgi apparatus and
perinuclear speckles
(Moustafa and
Antar, 2012;
Sengupta et al.,
2009; Grumolato et

Ca®*" mobilization and homeostasis,
monitor neuro-endocrine secretion.

SelT deficiency alters cell adhesion

You et al., 2014;
Grumolato et al.,
2008

Sengupta et al., 2009

al., 2008)
Selenoprotein V ER Testis specific expression Hoffmann et al.,
(Hatfield et al., 2007;
2014) Ursini et al., 1999
Selenoprotein W Cytoplasm Glutathione dependent antioxidant Yao et al., 2013;
(Chung et al., Musiani et al., 2011;
2009) Jeong et al., 2002;

Accumulates in skeletal muscles for
muscle growth

Vendeland et al.,
1993
Loflin et al., 2006;
Gu et al., 2000

Selenophosphate
synthetase

Blood plasma and
nuclear membrane
(Kim et al., 2010)

Precursor of Se-donor in trans-
selenation pathway

Allmang et al., 2009;
Papp et al., 2007;
Xu et al., 2007;
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2.4.2 Anti-tumorogenesis effect at superanutritional doses of selenium

Although Se is toxic in large doses, yet it is an essential micro-nutrient at superanutritional doses
with reference to cancer treatment. Dose dependent Se supplementation to cancer patients depends
on the degree of Se deficiency as; (a) Se deficient patients and (b) Se replete patients. The Se
deficient patients can recover by optimal Se-intake, whereas the Se replete patients are dependent
on superanutritional doses of SeMet and sodium selenite (Combs, 1997; ElI-Bayoumy, 1991; Ip,
1986; Medina and Morrison, 1988). Most of the in-vitro and animal studies carried out in the last
35 years demonstrate that the application of Se at supra-nutritional levels can inhibit tumorogenesis
(Clark et al., 1996; Combs and Gray, 1998; Ip, 1998; Linda et al., 2005; Shamberger and Frost,
1969). To combat with cancerous effects through selenoenzymes which impart antioxidant
activity, are likely to involve the production of specific anti-tumorogenic metabolites, such as
methylselenol (Ip, 1998). The efficiency range to cure cancer is more in Se-methylselenocysteine
(Ip et al., 1991) followed by sodium selenite and SeMet (Suzuki and Ogra, 2002). Studies have
suggested that Se provided in certain forms can neutralize carcinogens, enhance the immune
system, alter gene (including p53) expression, inhibit tumor cell metabolism and neo-angiogenesis
(blood vessel development around tumors), and promote apoptosis (Combs and Gray, 1998; Davis
et al., 2002). GPx activity in blood plasma through SelP inversely measures the degree of cancer
risk (Clark et al., 1984; Ghadirian et al., 2000; Sabichi et al., 2006; Vogel and Mcpherson, 1989).
2.4.3 Antibacterial and antiviral functions

The bacterial infection from Listeria monocytogenes and Citrobacter rodentium in Se deficiency
leads to weaker immunity (Smith et al., 2011; Wang et al., 2009). Se supplementation in the form
of Seppl, prevents Trypanosoma congolense infection (Bosschaerts et al., 2008). In viral

infections too, Se has inverse relationship (Taylor, 1997) in pervention of septicaemia,
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lymphoedema and viral hemorrhagic fever (Schrauzer, 1998). In Se replete HIV patients, the sepsis
effect has been reported to promote AIDS (Baeten et al., 2001; Baum and Shor-Posner, 1998;
Campaetal., 1999), which turns inert and harmless coxsackie virus into pathogenic form, resulting
in oxidative burst among cells (Beck et al., 1998). This initiates the recurrent inflammatory pains
(Tapiero et al., 2003). However, Se supplementation proves fruitful in prevention of hepatitis B
viral infection (Yu et al., 1997).

2.4.4 Relationship between selenium intake and cardiovascular diseases

Se deficiency was reported in a fatal case study in a patient with coronary heart disease (Salonen
et al., 1982). It was due to accumulation fatty esters and cholesterol in artery walls of heart. With
Se supplementation, the phospholipid glutathione peroxidase (GPx4) activity increases to reduce
these stroke diseases (Sattler et al., 1994; Tapiero et al., 2003).

2.4.5 Selenium supplementation effects on skin and hair

The beneficial effects of Se along with other antioxidants from UV-rays and chemical pollutants
in environment improves the scaling effect and skin density (Heinrich et al., 2006). An inverse
relationship has been observed between Se intake and keratinocyte functions resulting in erythema
symptoms, hyperplastic rough epidermis and abnormal hair follicle morphogenesis, brittle hair
(Sengupta et al., 2010). To control the roughness and to escape from dandruff, selenium disulfide
(S2Se) can be added to the shampoos (The American Society of Health-System Pharmacists, 2017).
2.5 Role of selenium in prevention of oxidative stress

Cellular energy (ATP) production in the aerobic organisms is conducted by mitochondrial
respiratory chain through transfer of four electrons, producing the electrochemical gradient on the
membrane. If in case, Oz accepts less than four electrons, it leads to the formation of partially

reduced O species called reactive oxygen species (ROS) (Semchyshyn and Lushchak, 2012).
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These are highly reactive compounds which tend to rip off an electron from another liaison as
quickly as possible. These reactive species include hydrogen peroxide (H202), lipid
hydroperoxides, superoxide radical (O2"), hydroxyl radical (¢*OH), nitric derivatives (*NO,
ONOO-) and various organic radicals (*RO) (Semchyshyn and Lushchak, 2012). At physiological
concentrations, these species act as secondary messengers able to regulate apoptosis, to activate
transcriptional factors and to modulate the expression of genes. But when present at high
concentration (under stress, smoking, pollution, radiation, etc.), these compounds can readily
oxidize the cellular material within the first line of membranous lipids, thiol groups of cell proteins
and enzymes, and DNA bases. Consequences of these oxidations include the diminution of
cellular exchanges, loss of some transcription signals, misfunction of certain proteins, loss of
enzymatic activity, inflammation, DNA breaks, and occurrence of genetic mutations, possibly
leading to cell death (aging) by apoptosis and necrosis, or to cancers (Kohen and Niska, 2002).
Hydroxyl radical is extremely reactive and directly involved in DNA damage (Letavayova et al.,
2006). Selenium is an essential element for antioxidant reactions in humans and animals.
Biochemically, Se is a component of the enzyme glutathione peroxidase, which along with
superoxide dismutase, catalase and vitamin E protects against damage to cellular components by
preventing the accumulation of peroxides in the tissue.

2.5.1 Immuno-stimulant effects of dietary selenium

Dietary selenium influences the immuno-competence by enhancing the lymphocytic activity,
imparting immuno-stimulant effects (Schumacher et al., 1994; Rayman, 2000). This involves the
activation, proliferation and differentiation capacity of B and T-cells, natural killer cells, driving
the innate and adaptive immune response. However, the Se deficiency leads to the impairment of

macrophages and neutrophils (Boyne and Arthur, 1986; Spallholz et al., 1990).
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2.5.2 Role of Se in inflammation and arachidonic acid pathway

Inflammation is the primary infectious-protective response of body towards external or internal
stimuli like injury, physical, chemical or thermal stress, trauma or auto-antibody generated auto-
immune response. To bring the timely resolution, macrophages play prime role as responders of
inflammation site. They prevent the reach of protective and acute inflammation state up to
destructive and chronic state. The chronic inflammation through massive RONS (reactive oxygen
and nitrogen species) production prevails the most common problem as swear pain throughout the
world. RONS has been recognized as important secondary messenger that affects signaling
functions of variety of cell types and cell to cell communication. RONS produced by macrophages
and neutrophils are essential for oxidative destruction of phagocytosed foreign pathogens to
provide fully effective immunity. The antioxidant capacity of macrophages plays vital role,
regulating the expression of pro-inflammatory genes (Vunta et al., 2008) with tightly controlled
intracellular oxidative tone. However, the massive oxidative stress leads to propagate
inflammatory signals (Reuter et al., 2010; Poli et al., 2004), which switch-on the AA pathway and
MAP kinase pathway through NF«B activation, which is the key regulator of inflammation (Poli
et al., 2004; Wang et al., 1998). NF-kB plays key role in the regulation of immune response to
infection via pro-inflammatory signaling pathway (Lawrence et al., 2001). However, the prolonged
activation of these pathways in overproduction of these pro-inflammatory cytokines leads to
atherosclerosis, hypertension, cardiovascular and chronic inflammation (Bergamini et al.,

2004).

Macrophage activation under oxidative stress produce two types of mediators for signaling, i.e,
protein mediators and lipid mediators. The protein mediators include IL-1, IL-6 and TNF-a and

lipid mediators are AA derived eicosanoids. These eicosanoids includes four additional types of
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mediators, i.e., prostaglandins, prostacyclins, thromboxane, leukotrienes and lipoxins. These are
the important modulators of inflammation and immune response (Ma et al., 2003). AA is the 20-
carbon fatty acid chain which rearrange into multienzyme complexes called pro-/anti-
inflammatory prostaglandins (PGs). Under inflammatory stimuli (LPS), COX-2 induce the AA
pathway with release of key product, PGH>, which depending upon state of inflammation further
mediates different varieties of PGs like PGE2, PGD2, TXA2 and PGl,, catalyse by PG synthase
enzymes namely, microsomal PGE synthase (mPGES-1), hematopoietic PGD synthase (H-
PGDS), TXA: synthase (TXAS) and prostacyclin synthase (PGIS), respectively (Gandhi et al.,
2013). These lipid mediators plays dual role in inflammation, divide PG’S into two categories,
pro-inflammatory PGs (PGE2 and TXA:>) and anti-inflammatory PGs (PGD- and its downstream
products, i.e., A2 PGJ, and 15d-PGJ;) (Figure 2.1). The resolution of acute inflammation is
through shunting of pro-inflammatory PGE: into anti-inflammatory PGD> and its downstream
product 15d-PGJ. and peroxisome proliferators activated receptor - gamma (PPARYy) (Kapoor et
al., 2007). PPARYy activates M»-specific alternate macrophages which increase the production of
its markers, i.e., Arg-1, Fizz-1 and Mrc-1 (Nelson et al., 2011) to resolve inflammation (Odegaard
et al., 2007). 15d-PGJ> inactivate the pro-inflammatory transcription factors (AP-1 and STAT3)
and activate anti-inflammatory transcription factor (Nrf-2) (Surh et al., 2011; Gandhi et al., 2011,

Ji et al., 2005; Itoh et al., 2004; Sawano et al., 2002) (Figure 2.2).
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Figure 2.1: Arachidonic pathway derived pro-/anti-inflammatory prostaglandins (Kawahara et al.,
2015; Smith and Murphy, 2002).
In response to external stimuli, the recruitment of leukocytes leads to the respiratory burst caused
due to increased uptake of oxygen and macrophages, may express many pro-inflammatory
enzymes of AA pathway including COX-2 and mPGES-1, which generate PGE> (Zamamiri et al.,
2003). PGE: is the prototypical biomarker of inflammation, while PGD, possesses anti-
inflammatory properties (Gandhi et al., 2011) and serves as the other arm of the AA pathway.
COX-2 not only contributes to the onset of the inflammatory reaction through synthesis of pro-
inflammatory prostaglandins, but also plays an important role in activating pathways of resolution
through the preferential synthesis of PGD, by PGD synthase (PGDS) (Huang et al., 2012). The
ability of this enzyme cascade to act on wide variety of RONS has supported the understanding of

the role and importance of Se as a potential chemopreventive agent (Combs and Gray, 1998).
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Figure 2.2: Dietary Se dependent shunting of AA pathway in suppression of NFkxB, mPGES-1,
INOS and COX-2 expressions through elevated levels of anti-inflammatory
prostaglandins i.e., PGD: and its downstream products, A2 PGJ; and 15d-PGJ;
(Gandhi et al., 2013).

Se supplementation activates PPARYy, increase 15d-PGJ2 production and modify cysteine thiols

(IKK-B) for NFkB down regulation (Vunta et al., 2007). Anti-inflammatory PGs are dependent

upon Se regulated GPx moieties, having H20- reducing properties through PGIS (Maddipati and

Marnett, 1987). Selenoproteins such as GPx affects the activity of oxidant mediated activation of

redox sensitive transcription factor NF-xB (Prabhu et al., 2002). Hattori and his co-workers (2005)

had shown the importance of Se supplementation through these selenoproteins, can mitigate the

production of ROS and its downstream effects like inflammatory pains. Human neutrophils

stimulated with TNF-a shows increased GPx4 expression in ROS dependent manner. The

increased Se levels, directly react with thiol groups on molecules to form RS-Se-SR adduct and
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inhibit cell signaling events. For example, DNA binding capacity of NF-xB in cell lysates was
inhibited by addition of high levels of Se (Kim and Stadtman, 1997). Higher Se status in RAW
264.7 mouse macrophages inhibited NF-kB activation induced by LPS (Youn et al., 2008). The
downstream effects of NF-«B activation, i.e., expression of cyclooxygenase-2 (COX-2), inducible
nitric oxide synthase (iNOS) and tumor necrosis factor- alpha (TNF-a) were also decreased with
Se supplementation in rat Kupffer cells (Prabhu et al., 2002).

2.6 Other health effects

Se is essential for male fertility and motility because the selenoprotein phospholipid glutathione
peroxidase (GPx4) is both an abundant antioxidant enzyme and a structural protein in mature
spermatozoa (Behne et al., 1996; Maiorino and Ursini, 2002; Pfeifer et al., 2001; Ursini et al.,
1999). A case study in U.S.A. on superanutritional Se intake of 226 pg/day reduces the cognitive
impairment, anxiety, depression (Castano et al., 1997) and bad mood parameters as compared to
the low level Se intake (32.6 pg/day) (Rayman, 2000). Se acts as potent anti-inflammatory agent
in intestinal sores (Barrett et al., 2013; Krehl et al., 2012; Steinbrenner et al., 2011) with quick
macrophage movement and action (Huang et al., 2012). SelP deficiency leads to movement
disorders (Schweizer et al., 2004).

Gaps in knowledge and significance of the study

Selenium, in the form of selenoproteins, has a pivotal role in down-regulation of inflammation,
which is a critical component that forms the underlying basis for cancer and other diseases.
However, influence of bio-accessible Se from dietary sources such as Se rich cereals on
inflammation has not been well understood, despite the need of identifying an alternative source
of Se supplementation to selenite or selenomethionine. Significant gap exists that must be resolved

in order to introduce Se rich cereals towards optimal nutrition. While there are several studies that
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have examined the anti-inflammatory properties of inorganic Se as selenite, there are limited
studies on selenomethionine or other naturally bio-available organic forms of Se. More specifically
the ability of these accessible Se compounds to shunt pathways of arachidonic acid towards anti-
inflammatory responses. Thus, the proposed study is based on the hypothesis that Se compounds
bio-available in aqueous and bio-accessible fractions of cereal grains mediate the shunting of AA
pathway in macrophages to negatively modulate the expression of inflammatory genes vis-a-vis

enzymes.

Based on the gaps identified in the literature and the studies carried out by other research groups,

following objectives were framed for the study:

1. Extraction and quantification of selenium in various fractions of Se rich cereal grains.

2. Impact of Se supplementation on pro-inflammatory effects through expression of anti-
inflammatory enzymes.

Determination of gene expression profile relevant to pro- and anti-inflammatory cascade in presence of Se

supplementation.
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3.0 Materials and Methods

3.1 Sample collection

The post-harvested cereal grains such as wheat (Triticum aestivum), maize (Zea mays) and rice
(Oryza sativa) were collected in November 2014 and October 2015 from Se contaminated sites
near the villages of Jainpur and Barwa geographically located at 31°13° N, 76°21° E, in the
Nawanshahr-Hoshiarpur districts of Punjab, India. Samples were collected from three different
locations of each field, and composite samples were prepared and processed separately. Similarly,
non-seleniferous samples (controls) were collected from agricultural fields of Patiala (30°32° N,
76°40’E), Punjab, India. Healthy grains were manually separated from damaged ones, washed,

air-dried and grounded to fine powder with an electric blender.
3.2 Quantification of selenium in various fractions
3.2.1 Extraction of Osborne fractions

The grounded flour was passed through 0.5 mm sieve to obtain homogeneous fine powder. 200 g
of each samples were defatted with 300 mL hexane (twice for 2-3 h) so as to separate albumin,
globulin, glutelin and prolamin subunits (Burnouf and Bietz, 1989). The samples were air-dried at
room temperature to evaporate the remaining hexane present in flour and store at 4°C for further

analyses.

Osborne fractions (namely, aloumin, globulin, glutelin, and prolamin) were extracted from cereal
grains according to the method of Ju et al. (2001) with minor modifications. The scheme was
common for wheat, rice, and maize protein extracts and is given in the flow chart (Figure 3.1).

Fractions were extracted, independently, from defatted sample flour based on their solubility in
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distilled water (albumin), 5% NaCl (globulin), 0.1 N NaOH (glutelin), and 70% ethanol (prolamin)
at 25°C. In brief, 200 g of defatted sample was stirred in 200 ml of distilled water for 4 h, at room
temperature. The first fraction, albumin was separated by centrifugation of aqueous slurry at 4500
rpm, 4°C for 20 min. The supernatant containing aloumin was collected and passed through 0.45
pm filter under vacuum. The residue left behind after albumin separation was re-suspended in 200
mL of distilled water containing 5% NaCl with continued stirring for 4 h, at room temperature.
The supernatant containing the second fraction i.e., globulin was filtered and stored at 4°C for
further processing. The left-over residue was treated with 200 ml of 0.1 N NaOH at pH 11 for 4 h,
at room temperature to obtain glutelin supernatant (third fraction). For the last fraction, the residue
was re-dissolved in 70% ethanol with continued stirring for 4 h, at room temperature. The
extraction procedure for each fraction was repeated twice to extract the maximum amount of
proteins out of slurry. For precipitation of proteins, the pH of different supernatants were adjusted
to their isoelectric points (titration of aliquot and as indicated by pH electrode) by adding 5-6 drops
of 1 N HCI and kept overnight at 4°C to ensure the complete aggregation. The extracts were then
centrifuged at 12,000 rpm for 30 min (4°C). The supernatants were discarded and pellets were

washed with acetone, cryodried, and crushed into fine powder for further analyses.
3.2.2 Crude starch extraction

The residue left after the extraction of different Osborne fractions, was repeatedly washed with 1
L of distilled water for 24 h, followed by salt washing with 2% NaCl for 24 h, alkali washing twice
with 0.1 N NaOH for 48 h, and alcohol washing with 80% ethanol at 80°C in a water bath for 1 h
to remove and denature the remaining protein, if any. The supernatant was discarded and the
residue was air dried for overnight, at ambient temperature (37°C) to get crude starch powder

(Reddy and Bhotmange, 2013). For wheat and maize, to reduce the interference of unwanted
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materials such as fiber, fine cell residues, and other soluble materials, the upper white starchy layer
was collected manually and resuspended in 1 L of 0.1 N NaOH for 48 h and in diethyl ether for 4

h at room temperature before the alcohol washing step.
3.3 Elemental determination and quantification of selenium

Elemental composition (K, Na, Mg, Ca, Zn, Mn and Cu) and Se levels were determined in defatted
whole grain flour, starch residue, and all protein fractions of wheat, maize and rice following the
procedure given by Levesque and Vendette (1971) with minor modifications (Figure 3.1). In brief,
this method involved close vessel oxidation of whole grain flour, starch fraction (=200 mg) and
Osborne fractions (=20 mg) with 5 mL of HNOz and HCIO4 (3:1) (SD Fine-Chem, India) for 30
min at 200°C, followed by reduction with 5 mL of 6 N HCI (SD FineChem, India) for 10 min at
150°C in a microwave digester (MARS 6 240/50:910905, CEM, Matthews, NC, U.S.A.). The
reduced Se (Se**) was then transferred into 50 mL volumetric flask to volume made-up with 0.1
N HCI. The elemental composition was analyzed by microwave plasma atomic emission
spectrometry (4100 MP-AES, Agilent Technologies). For Se quantification, 500 pL of digest was
taken in a test tube along with 100 pL of 0.04 M Na,EDTA (Himedia, India) solution in 10%
hydroxylamine hydrochloride (stabilizing solution; Himedia, India) and 100 pL of 12.5 M formic
acid (SD FineChem, India). The pH of solution was adjusted to 1.8 with 4.0 N NH4sOH (Himedia,
India) and placed in water bath at 50°C for 10 min. After cooling, the reaction mixture was allowed
to complex with 500 pL of 2,3-diamino-naphtalene ( 0.1% DAN in 0.1 N HCI; Himedia, India) to
obtain yellow coloured piazselenol complex in 3 mL of cyclohexane layer. The colour intensity
was measured with fluorescence spectrometer (LS-45, Perkin Elmer, Waltham, MA, U.S.A.) at
emission spectrum of 520 nm (detection limit of 2 ng/mL) corresponding to the amount of selenite

present in the cereal grains and their protein fractions. Selenium quantification in each sample was
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carried out by a relative method using the emission spectrum of National Institute of Standards
and Technology certified selenium ICP standard solution (SRM-1349). Every sample was

analysed in triplicate and results are expressed as meanzSD.
3.4 Bioaccessibility of selenium by In-vitro gastrointestinal digestion

In-vitro gastrointestinal digestion (GI) was performed in triplicates according to the method of
Kulkarni et al. (2007) with some modifications (Figure 3.1). The in-vitro enzymolysis was
mimicked with human gastrointestinal digestion by incubating whole grain flour (=500 mg) and
Osborne fractions (=20 mg) with 10 mL of gastric juice (1% w/v pepsin in 0.15 M NaCl, pH 1.8).
The slurry was vigorously shaken for 1-2 min to degas the samples and the tightly sealed flasks
were placed in shaker-incubator set at 37°C with gentle shaking (50 rpm) for 4 h. Further, for
intestinal digestion, the pH was adjusted to 6.8 with saturated solution of NaHCO3z and
supplemented with 10 mL of intestinal juice (3% w/v pancreatic, 1.5% w/v a-amylase and 1% w/v
bile salts in 0.15M NaCl). Flasks were again degassed and incubated at 37°C for 4 h. Samples
were centrifuged at 8000 rpm for 10 min (4°C) and supernatants were filtered through 0.45 pm
pore sized filters. 1.0 mL of clear digests from different fractions were subjected to quantification
of bioaccessible selenium by similar method mentioned earlier (section 3.2.3). The percentage

bioaccessibility (%B) of Se in GI digest was calculated using following formula:

%B=100 x [(Gl)se/(T)se]

Where, (Gl)se is the concentration of Se in gastro-intestinal digests and (T)se is the total Se present

in whole grain samples or Osborne fractions, respectively.
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Figure 3.1: The scheme for the extraction of Osborne fractions, in-vitro gastrointestinal digestion
and estimation of selenium (Dhanjal et al., 2016).
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3.5 Anti-inflammatory studies of bioavailable selenium in cereal grains

To investigate the significant role of dietary Se in modulating pro and anti-inflammatory pathways
and its bioavailability from cereal matrices, extracts were supplemented with/without stress

conditions to the murine macrophage model. This section is focused on:

(i) Preparation of wheat and maize extracts (ii) Impact of Se supplementation on expression of
inflammatory responses, and (iii) role of rMETase in enhancing the bioaccessability of selenium
from dietary matrices. In this study, seleniferous wheat and maize grains were selected due to high

Se concentration, better bioaccessibility and less starch content as compare to rice grains.
3.5.1 Extraction of water soluble selenium fraction from wheat and maize flour

5 g of seleniferous and non-seleniferous samples were dissolved in 10 mL of 1X PBS buffer
(Lonza, India) and vortexed for 10 min. Samples were kept on rest for another 10 min and
centrifuged at 4000 rpm for 30 min (4°C). The supernatants were transferred into ultra-centrifuge
vials and re-centrifuged at 16000 rpm for 1 h (4°C). The pellets were discarded and the filterates
were collected under sterile conditions by passing through 0.22 pum sterile filters twice to avoid
any contamination. The Se concentration in extracts were quantified according to the procedure

outlined earlier. The vials were stored at -80°C till further studies.
3.5.2 Growth conditions of RAW264.7 macrophage cell lines

A murine macrophage cell line, RAW264.7 was procured from National Centre for Cell Science
(NCCS), Pune, India. Cells were maintained in Dulbecco’s Modified Eagle Medium (Lonza, India)
supplemented with 10% defined fetal calf serum (Himedia, India), 4.5 g/L glucose, 2 mM L-
glutamine (Sigma Aldrich, U.S.A.), 1% v/v penstrep containing 100 U/mL penicillin (Sigma

Aldrich, U.S.A.) and 100 pg/mL streptomycin (Sigma Aldrich, U.S.A.), 0.5% amphotericin B
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solution (Sigma Aldrich, U.S.A.) at 37°C with 5% COa. Cells devoid of any selenium source

(SeDef) were passaged and maintained with regular change in growth medium in 24 h.
3.5.3 Profiling of enzymatic expressions on Se supplementation

SeDef cells (1x10°) were then cultured in five different Se-supplemented media (SeSup) for three
days along with respective controls (Table 3.1). The growth medium was changed in every 12 h.
After 72 h, cells were stimulated with 1 pg/mL bacterial endotoxin lipopolysaccharide (LPS)
(Sigma Aldrich, U.S.A.). Time kinetics was set from 0 to 4 h LPS stimulation to investigate the
significant change in expression profile of GPx-1 and COX-2 enzymes, with time lag studies up
to 12 h for mPGES-1 and H-PGDS as their endocellular expression tend to increase after 6 h
according to the literature (Gandhi et al., 2011; Shemi et al., 2000; Vunta et al., 2007). For iINOS
expression and NO production, cells were incubated with LPS up to 24 h as the release of
extracellular nitrates starts after 8 to 11 h (approx.) of induced stress (Prabhu et al., 2002). Cells
were collected at different time intervals, washed twice with PBS (Lonza, India), scraped and

centrifuged at 2000 rpm. The pellets were stored at -80°C until further processing.

The growth rate and cell viability pattern under high dose selenium (upto 500 nM) with/without
LPS treatment was assessed by MTT (Himedia, India) assay in 96 well plates. It involved the
mitochondrial reduction of MTT [3-(4,5-dimethylthiazolyi-2)-2,5-diphenyltetrazolium bromide]
into purple coloured formazan crystals by live cells and the intensity of colour is directly
proportional to the viable cells. In brief, 20 ul of MTT reagent (5 mg/mL, in PBS) was added and
kept at 37°C for 4 h. On appearance of purple crystals were visible under microscope, 100 pL of

dimethyl sulfoxide (DMSO; Himedia, India) was added and absorbance was measured at 570 nm.

37|Page



Table 3.1: Different source of Se-supplementation with increasing three different Se
concentrations (50nM, 100nM and 500nM) w.r.t. their controls. Control (C)
represents cells devoid of any source of Se-supplementation. In case of (NSeW)e,
(NSeM)e, (NSeW)e+rMET and (NSeM)e+rMET, ‘e’ represents the volume of non-
seleniferous extract taken equivalent to seleniferous extracts with 500nM Se
concentration.

Sr.No. Sesource in Se-supplemented cells  Corresponding controls in Se-deficient

(SeSup) cells (SeDef)
1. sodium selenite (SS) control (C)
2. seleniferous wheat extract (SeW) non-seleniferous wheat extract (NSeW)
3. seleniferous wheat extract + rMETase non-seleniferous wheat extract + rMETase
(SeW+rMET) (NSeW+rMET)
4. seleniferous maize extract (SeM) non-seleniferous maize extract (NSeM)
5. seleniferous maize extract + rMETase non-seleniferous maize extract + rMETase
(SeM+rMET) (NSeM+rMET)

3.5.3.1 Preparation of cell lysates

The pellets were retro-pipetted with 100uL of CelLytic™ M protein extraction reagent (Sigma
Aldrich, U.S.A.) containing Pierce™ protease inhibitor (Life Technologies, India) and kept for 30
min at 4°C with intermittent vortexing. CelLytic™ M reagent contains dialyzable mild detergent
dissolved in bicine buffer for minimal interference with cell protein. The protease inhibitor cocktail
contains 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF), penstatin A,
aprotinin, leupeptin, bestatin and E-64 which inhibits the proteolytic degradation of serine-
proteases, cysteine-proteases and other aminopeptidases present in cell lysates. The cell lysates
were centrifuged at 12000 rpm for 30 min at 4°C and protein containing supernatant was collected
in fresh sterile tube, stored at -20°C. For mPGES-1 analysis, the pellet containing membranous
proteins were re-suspended in extraction buffer, centrifuged at 16000 rpm for 1 h at 4°C and the
supernatants were collected. The protein concentration in all fractions were estimated using

Bradford method (Alabi, 2014).
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3.5.3.2 Protein quantification

The Bradford reagent (Sigma Aldrich, U.S.A.) contains Coomassie Brilliant Blue G-250 dye
having free electrons under acidic conditions which interacts with ionzable groups present on
proteins. The protein-dye complex denatures the quaternary structure exposing the hydrophobic
pockets. The anionic charge on the dye forms VVan der Waal interaction with these tertiary pockets
of protein and stabilizes the blue form of dye having absorbance at 595nm (Reisner et al. 1975;
Groth et al. 1963). To determine the concentration of protein in unknown samples, standard curve
was plotted at 595nm using bovine serum albumin (BSA; Sigma Aldrich, U.S.A.) as standard
protein. The microplate assay calculations for blank, standard and unknown protein is given in

table 3.2.

Table 3.2: Estimated concentration and volume of standard protein (BSA, 1.0 mg/mL stock
solution) taken in complexing with Bradford reagent to draw the standard curve and
predict the protein concentration of unknown samples.

BSA BSA volume Unknown H20 Bradford Total
Concentration (stock solution- sample  volume reagent volume volume
(mg/mL) 1.0 mg/mL) volume (uL) (uL) (uL)
(ML) (ML)

Blank 0 0 10 190 200

0.2 2 0 8 190 200

0.4 4 0 6 190 200

0.6 6 0 4 190 200

0.8 8 0 2 190 200

1.0 10 0 0 190 200
Unknown sample 0 10 0 190 200

3.5.3.3 Western blot analysis

A 30 pg of protein was thoroughly mixed with reaction mixture containing 2 pL of 5X
denaturing dye (containing 0.15 M tris HCI (Himedia, India), 5% SDS (Sigma Aldrich, U.S.A)),

25% glycerol (Sigma Aldrich, U.S.A.), 12.5% B-mercaptoethanol (Sigma Aldrich, U.S.A.) and
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0.006% bromophenol blue (Himedia, India), pH 6.8); and heated at 100°C for 5 min. Along with
prestained protein ladder (PUREgene Genetix Biotech, India), samples were separated on 15%
SDS-polyacrylamide gel for 1 h. In the meantime, the PVDF membrane (0.2 pm, Biorad) was
incubated in methanol for 5 min and saturated with transfer buffer (1X Tris glycine containing
25 mM Tris base (Himedia, India), 190 mM glycine and 20% methanol). Simultaneously, the
filter papers and cushioned pads were soaked in transfer buffer. For electrophoretic transfer, the
sandwich assembly for ‘wet’ transfer was arranged. An electric field with constant current of 50
mA was applied for 2 h to move the proteins out of polyacrylamide gel and transblotted onto
PVDF membrane. The membrane was blocked with TBST containing 10 mM Tris, pH 8.0, 150
mM NaCl (Sigma Aldrich, U.S.A.), 0.05% Tween-20 (Sigma Aldrich, U.S.A.) and 5% skim
milk (Sigma Aldrich, U.S.A.) for 1h at room temperature. Skim milk prevents non-specific
binding of antibody to the membrane and hence, reduce the background noise during staining.
The membrane was washed with TBST for four times and cut the strips according to the
molecular weight of protein to be tagged to the antibody. Anti-rabbit-GPx-1 (Abcam, Cat #
ab108427); mouse anti-GAPDH (Cat # 437000) and HRP goat anti-mouse 1gG (H+L) (Cat #
626520) were procured from Life Technologies; while goat anti-rabbit IgG HRP (Cat #
10004301), COX-2 polyclonal antibody (Cat # 160126), H-PGDS polyclonal antibody (Cat #
160013) and mPGES-1 polyclonal antibody (Cat # 160140) were procured from Cayman
Chemical Company. The primary antibodies were probed overnight at 4°C. The blots were
washed with TBST for about four times to remove the excess unbounded antibody and re-probed
with an appropriate secondary antibody coupled to HRP for 1 h at room temperature. Anti-
GAPDH blots were considered for normalize protein loading. The blots were re-washed with

TBST to remove the excess unbound secondary antibody followed by staining with 3,3°,5,5’-
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tetramethylbenzidine (TMB, Sigma Aldrich, U.S.A.) to obtain signal (blue) for the presence of
test-protein. The immunoreactive bands were recorded according to their molecular weight i.e.,
for GPx-1- 22 kDa, COX-2- 72 kDa, mPGES-1- 16 kDa, H-PGDS- 23 kDa and GAPDH- 37

kDa. These bands were analyzed densitometrically using ImageJ (Schneider et al., 2012).

3.5.4 Profiling of molecular expression of pro- and anti- inflammatory genes at pre-

transcriptional levels
3.5.4.1 RNA extraction

Total RNA was extracted from SeDef and SeSup cells by TRIzol reagent (Life Technologies,
India) according to the manufacturer’s instructions. The technique is known as acid guanidinium
thiocyanate-phenol-chloroform extraction, contains the monophasic solution of guanidine
isothiocyanate and phenol. Under acidic conditions, phenol and chloroform seperates the solvent
into two phases i.e., upper aqueous phase in which total RNA is dissolved and lower organic phase
in which proteins are dissolved in phenol and lipids in chloroform. Whereas, guanidine
isothiocyanate with lysing action, denatures the proteins, RNase and DNase enzyme activity which
otherwise interrupt the pure total RNA extraction. Before starting the process of RNA extraction,
all the lab-ware such as tips, tip-boxes, eppendorfs, gloves, reservoirs and millipore water were
incubated in diethyl pyrocarbonate (DEPC; Himedia, India) treated water, overnight and
autoclaved at 121°C for 30 min to inactivate RNase. In brief, the methodology includes addition
of 500 pL of TRIzol reagent to cell pellet with retro-pipetting many times. The mixture was
allowed to incubated for 5 min at room temperature and 150 pL of chloroform was added. The
solution was mixed by tube-inversion for at least 15 times. The sample was then allowed to
incubated for 5 min at room temperature to dissolve the proteins and lipids in organic phase. The

mixture was centrifuged at 10,000 rpm for 15 min at 4°C. The upper aqueous phase containing
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total RNA was carefully transferred in new eppendorf and 250 pL of isopropanol (Himedia, India)
was added. The solution was mixed by inverting the tube and incubated for 10 min at room
temperature for precipitation of RNA. The mixture was centrifuged at 12,000 rpm for 10 min at
4°C to spin down the RNA pellet. To inhibit any DNA contamination, RNA samples were treated
with RNase-free DNase (Sigma Aldrich, U.S.A.) for 15min at room temperature. The supernatant
was discarded and the pellet was washed with 70% ethanol (diluted in DEPC treated water). The
sample was then centrifuged at 10,000 rpm for 5 min at 4°C. The RNA pellet was carefully tapped
onto tissue paper to elute the remaining ethanol. The pellet was then dried in laminar air flow and

dissolved in 100 pL of RNase free water.

The purity and yield of total RNA was determined spectrophotometrically using Nanodrop (ND-
1000 V.3.7.1, Thermo Scientific, U.S.A.) on the basis of UV absorbance values at 260 and 280
nm. Pure RNA exhibits an Azsor2s0 ratio of 2.0 and Azeor230 ratio of 1.8. The integrity of intact RNA
was checked prior to cDNA synthesis by running the gel in MOPS (Himedia, India) electrophoresis
buffer (1.0 M MOPS (3-(N-morpholino) propanesulfonic acid), 1.0 M sodium acetate.3H,0, 1.25
M EDTA and 37% formaldehyde). In brief, 1 pg of RNA sample was mixed with 2 pL of 5X
RNA loading buffer (contains 0.025% bromophenol blue, 0.025% xylene cyanol FF, 0.025% SDS,
0.025% ethidium bromide, 20% glycerol, 95% formamide and 0.5 mM EDTA) and loaded onto
2% agarose gel. The gel was electrophoresed in 1X MOPS buffer at constant voltage of 40V to
avoid overheating for 45 min. The 28S, 18S and snRNA bands were visualized under UV trans-
illuminator and were quantified on GEL DOC XR system (Biorad) using Quantity One 1-D

Analysis (Biorad) software program.

42 |Page



3.5.4.2 Semi-quantitaive reverse transcriptase PCR
3.5.4.2.1 cDNA synthesis

One microgram of total RNA was reverse-transcribed using Superscript® Il First strand synthesis
kit (Life Technologies, India). According to the manufacturer’s protocol, 1 pg of total RNA was
mixed well with 1pL of 50puM oligo(dT)zo, 1uL of 10 mM dNTP’s and the volume was made to
10pL with DEPC-treated water. The primer mixture was incubated in thermal cycler at 65°C for
5 min. In the meantime, cDNA synthesis mixture (for 1 reaction) was prepared by adding 2 pL of
10X RT buffer, 4 uL of 25 mM MgClz, 2 uL of 0.1 M DTT, 1 pL of RNaseOUT™ (40 U/uL) and
1 uL of SuperScript ® 111 RT (200 U/uL). RNaseOUT™ is the recombinant RNase inhibitor was
added in the reaction mixture to safeguard the target RNA degradation. In total, 10 pL of cDNA
synthesis mix was added to the primer mixture, gently mixed and re-incubated at 50°C for 50 min.
The reaction was terminated by heating the samples at 80°C for 5 min. 1 pL of RNaseH was then
added to the tube and incubated at 37°C for 20 min to denature RNA (if present). The purity and
yield of cDNA product was determined spectrophotometrically and stored at -20°C until further

use.

3.5.4.2.2 Polymerization of reverse transcribed product (cDNA) for the profiling of mMRNA

expressions

Equal amount of cDNA (100 ng) from each sample was polymerized using Applied Biosystems
Veriti thermal cycler. Primers for GPx-1, COX-2, mPGES-1, H-PGDS, iNOS, GAPDH and -
Actin were procured from Eurofins Genomics and are listed in table 3.3 with Tm values (annealing
temperature). Denaturation and extension parameters for PCR amplification were similar as
described for mycoplasma DNA amplification, except the specific annealing temperatures for

these genes. The polymerized product was electrophoresed on 2% agarose gel and cDNA bands
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were quantified on GEL DOC XR system (Biorad) using Quantity One 1-D Analysis (Biorad)

software program. The intensity of bands were analyzed densitometrically using ImageJ software.

Table 3.3: Primers used for pro-/ anti-inflammatory genes in PCR amplification. One
microgram of total RNA was reverse transcribed from each sample and amplified by
PCR polymerization. Gene expression in SeSup and SeDef samples were then
quantified densitometrically using ImageJ software program and normalized to the
expression of GAPDH and 3-actin.

Primer Forward (5to 3) Reversal (Sto 3) Tm value
(°C)
Gpx1 ACAGTCCACCGTGTATGCCTT CTCTTCATTCTTGCCATTCTCCT 66
C G
COX-2 CCCCCACAGTCAAAGACACT CCCCAAAGATAGCATCTGGA 65
H-PGDS CCTGGGCAGACTTCTACTGG AAACTGCAACACCCCTTGAG 67
MPGES CACCTTGTAGGGTGCTGGTT CAGCCTAATGTTCAGCGACA 66
iNOS AATGGCAACATCAGGTCGGC GCTGTGTGTCACAGAAGTCTC 66
CATCACT
GAPDH TGTTCCTACCCCCAATGTGT  CCCTGTTGCTGTAGCCGTAT 55
B-actin TGGAATCCTGTGGCATCCAT  TAAAACGCAGCTCAGTAACAGT 70
GAAAC CCG

3.5.5 Nitric oxide assay

Nitric oxide (NO), released under stress into the cell free medium (as nitrite), was measured
extracellularly from the culture media taken from cells cultivated and stimulated with LPS under
identical conditions. In brief, 100 puL of LPS exhausted cell free media at different time intervals
were spiked with 100 pL of Griess reagent (GR; Sigma Aldrich, U.S.A.) and incubated at room
temperature for 15 to 20 min under dark conditions. GR is the combination of 0.2% naphthyl
ethylene diamine dihydrochloride (NEDD) and 2% sulphanilamide in 5% phosphoric acid for the

determination of nitrites released under stress conditions. For standard curve, NaNO (Himedia,
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India) was used from scale 0 uM to 100 uM and incubate with GR with similar experimental
conditions. Extracellular nitrite excretion was measured in a plate reader at the wavelength of 548

nm.
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4.0 Results and Discussion

The present study was aimed at examining the propensity of seleniferous cereal grains in
modulating arachidonic acid (AA) pathway towards the suppression of LPS stimulated
inflammatory responses in RAW264.7 macrophage cell lines. It includes the following activities,

which have been presented in the following sections:

Section A

e Se quantification and bioaccessibility in Se-rich cereal crops with reference to non-
seleniferous matrices;

Section B

e Selenium induced upregulation of anti-inflammatory responses; and

Role of rMETase in exuberating the bioaccessibility of Se from Se-rich cereal matrices.
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Section A

Quantification and In-vitro bioavailability of Se from Osborne

fractions of Se-rich cereal grains.
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4.1 Selenium in soil

The total Se concentration in soil samples collected during different cropping seasons were
analyzed by fluorescence spectrophotometer and presented as mean = SD in table 4.1. Soil
collected from seleniferous region of Nawanshahr-Hoshiarpur districts of Punjab showed 20 times
higher levels of Se than soils of non-seleniferous region of Patiala, Punjab. Our earlier estimates
of the Se concentration in soils of the same seleniferous region ranged from 2.7 to 6.5 pg/g, as
analysed by neutron activation analysis (Sharma et al., 2009). Dhillon and Dhillon (1991) reported
that soil in the said region had 4-5 times more Se than non-seleniferous regions. The concentration
varied from 0.23 to 4.55 ug Se/g up to 180 cm depth of soil layers. Another group also reported
this area to have significant impact of Se in irrigation water (340 pg/L) (Bajaj et al., 2011),
resulting in hyperaccumulation of Se in plants and cereal grains cultivated on this soil (Dhillon
and Dhillon, 2003a). In following years, Srivastava and his coworkers (2006) found a significant
increase in Se levels at same site reaching up to 1.5 fold (479 ug/L) in ground water. The maximum
permissible level for Se in water used for drinking is 10 pg/L and for irrigation is 20 pg/L, as
recommended by United States Environmental Protection Agency (NAS-NAE, 1973). In China, a
significant correlation of 0.58 (P<0.001) has been established between total Se and water soluble
Se present in soils (Tamas et al., 2010). The soils of SeDef (selenium deficient) areas of China
along with other countries like New Zealand, Denmark, Finland and the Atlantic Region of Canada
contain only 0.01 to 0.6 pg Se/g (Reilly, 1996; Koivistoinen and Huttunen, 1986). Soil with Se
concentration of < 0.4 ng/g are generally considered SeDef (Plant et al., 2005), leading to reduced
uptake of Se in diet (Rayman, 2008; Rayman, 2012), further causing numerous SeDef diseases,
such as Keshan disease (Chen, 2012) and Kashin Beck disease (Jirong et al., 2012) in China.

Therefore, bio-fortification of these SeDef areas was envisaged and experimented in Africa,

48 |Page



Australia, China, Finland, UK and other countries (Alfthan et al., 2000; Judson and Reuter, 1998;
Koivistoinen and Huttunen, 1986), either through forage spraying or adding Se-rich fertilizers in
soil. Such experiments have resulted in enhancing the dietary intake of Se as examplified by the
foliage spraying of 0.2 to 0.5 pg sodium selenite per gram fertilizer in rice fields of Southern China
providing an increased average dietary Se-intake from 6-18 pg/day to 50-100 ug/day (Hu et al.,

2002).

The Se availability, its uptake by plants and utilization by livestock and human beings through
food chain, ultimately depends upon the concentration and nature of Se-species present in soil. To
investigate the absorptive properties of different Se-rich fertilizers, Gupta and Macheod (1994)
spiked 10 g Se/hectare in SeDef field with sodium selenite, selcote and lime coated Se granules.
Among these different chemical forms, sodium selenite showed better adsorption and higher
uptake by plants. Biofortification of UK soil with selenate fertilizer resulted in conversion of
selenate to 70% in the form of selenite and 30% to other soluble organic forms (mainly SeMet) in

wheat crop (Stroud et al., 2010).

The extent of assimilation of these Se-species from soil up to the plant parts depends upon various
agricultural practices like pH of soil, sulphur content present in fertilizers, redox potential of soil,
aeration, water logging, rainfall, humidity etc., (Temmerman et al., 2014; Spadoni et al., 2007).
The adsorption or absorption rate of Se-species is critically dependent upon pH of soil surface. At
neutral pH, the selenite adsorption on soil particle predominates, whereas, shifting of pH range
towards alkalinity, the solubility and absorbance rate of selenate ions increases (Goh and Lim,
2004). In contrast, under acidic conditions, the available Se complexes with iron hydroxide
[Fe(OH)2] molecules present in soil and thus reduces its assimilation by plant roots. Sulfur

competence with Se is another factor due to similar properties which decreases its uptake by plants
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(Terry etal., 2000). Dhillon and Dhillon (2000) studied the application of 0.8 ton gypsum (calcium
sulfate) per hectare with significant reduction of Se accumulation by 50% in straw portions and
64% in grains of wheat and rice crops. Geering et al. (1967) observed the solubility of Se in soils
were affected by redox potential created by ferric oxide-selenite complex. The presence of other
ions in fertilizers like phosphate (Sors et al., 2005), chloride (Grieve et al., 2001), iron and
aluminium (Jonnalagadda and Rao, 1993) forms complex with Se and further inhibits Se-uptake
by plants. Under water logged conditions and poor aeration, the brown rice grains had accumulated
only 0.029 ug Se/g from the soil, out of which the bioavailable form accounted for extremely low

Se content up to 0.009 pg/g (Cao et al., 2001).

It can be interpreted from studies carried out since last two decades, by various research groups,
that the soils of Nawanshahr-Hoshiarpur region have significantly high Se levels and therefore, it
IS being hypothesized that these soils can be used to produce fortified food products enriched with
naturally bioavailable selenium. These matrices can further be used for formulating Se
supplements according to the recommended intake values and be distributed amongst SeDef
population. These cultivated Se-rich food products contain 90% of organic form of Se (dominantly
as SeMet), that are relatively non-toxic and have long term retentive capacity in human body,
providing slow and sustained release of bioavailable Se when required. Following section presents
the data on the levels of Se in cereal grains grown in said seleniferous soils in comparison to those

cultivated in non-seleniferous region.
4.2 Selenium in cereal whole grains

The concentrations of Se in whole grains of wheat grown on seleniferous area was 122.9 + 0.6
Mag/g when compared with Se level in grains (1.1 £ 0.03 pg/g) from a non-seleniferous area (Table

4.1, Figure 4.1). Se-rich wheat grains have significantly higher Se levels (p<0.001) with respect to
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non-seleniferous wheat grains collected from non-seleniferous fields, with 112 folds increase in

Se content in comparison to non-Se grains.

Table 4.1: Total Se content in dry weight of soil and cereal whole grains collected from
seleniferous (Se) fields of Nawanshahr-Hoshiarpur districts of Punjab and their
respective controls (NSe) grown on local fields of Patiala, Punjab. Samples were
analyzed by fluorescence spectrophotometer with detection limit of 2 ng/mL. Results
shown are representative of six independent analyses.

Sample Total Selenium (ug Se/g DW)
Seleniferous (Se) Non-seleniferous (NSe)
Soil 3.32+0.15 0.17+0.03
Wheat grains 122.86+0.6 1.11+0.03
Maize grains 26.45+0.2 1.29+0.63
Rice grains 19.72+0.2 1.28+0.52
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Figure 4.1: Concentration of Se in cereal grains from Se impacted (Se, scale at left) and normal
soils (NSe, scale at right).
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Depending upon the geographical location, globally, there is wide variation in Se content with
extremely low levels of Se in wheat grains of Western Australia (0.001 pg/g) to moderately high
values in South Dakota, U.S.A. (30 pg/g) (Lyons et al., 2004; White et al., 1981). Other countries
like China (0.01-0.23 pg/g; Alfthan and Neve, 1996), Finland (0.01-0.015 pg/g; Koivistoinen and
Varo, 1987), Eastern Europe and New Zealand (0.01-0.028 pg/g; Mihailovic et al., 1996) have
sub-optimal levels of Se in wheat, wherein Se was biofortified to provide sufficient levels for
normal supplementation in population. Different SeDef countries have attempted fortifying their
crops by adding Se-enriched fertilizers in soil or direct forage spraying application. In Canterbury,
New Zealand, the foliage spray of sodium selenate at the rate of 20 g/ha increased the Se
concentration of wheat grain upto 0.5 pg/g in comparison to its control (0.03 pg/g) (Curtin et al.,
2010). Even 6.45 g/ha (Tveitnes et al., 1996) or 10 g/ha (Stephen et al., 2012) sodium selenate
supplementation has been reported to increase the Se concentration of wheat grain to desired level.
A continuous case study of 17 years was conducted from 1982 to 1998 in United Kingdom,
wherein fortification of their soils was initiated with Se fertilizers to meet the daily Se need (Adams
et al., 2002). Sodium selenate application increased the Se content in wheat grains to 0.2 pg/g vis-
a-vis in food products like wheat bread (6.4 to 7.1 pg Se/slice, approximately) (Hart et al., 2011).
Belgian soil had low Se levels of 0.14 to 0.7 pg/g dry weight, which upon Se-fortification
accumulates high Se in Brassica and Allium species (Temmerman et al., 2014). In Se-fortification
process, selenate fertilizers are more efficient than selenite fertilizers (Poblaciones et al., 2014;
Stroud et al., 2010). In contrast, the present study showed that the Nawanshahr-Hoshiarpur region
of Punjab, India, naturally impacted with high Se soils, have Se levels in wheat grains significantly

higher (12340.6 pg/g) than those reported in other Se-contaminated countries (Aureli et al., 2012).
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Se levels of rice grains collected from seleniferous site were 19.7 = 0.2 pg/g when compared to Se
content of grains (1.3 £ 0.5 pug/g) from non-Se site. This significant difference (p<0.001) showed
15 fold higher Se concentration in rice grains of Nawanshahr-Hoshiarpur region as compare to
non-Se region (Patiala) of Punjab, India. The Se content in white polished rice samples were
estimated globally to be extremely low (Table 4.2), which on average of 300 g rice consumption
(per day per individual) failed to provide 70% of recommended values of Se intake (William et
al., 2009). Sun and his coworkers (2010) estimated the Se distribution in rice bran was 1.94 times
more than the whole grain followed by polished rice and husk. In China, two independent studies
were conducted in year 2002, in which the SeDef rice grains were reported to have 0.015 - 0.046
ug Se/g. According to the China Nutrition Society, the daily consumption of 300-500 g of these
SeDef rice per person provided insufficient amount of Se, i.e. 6-18 ug Se/day. Foliar spray of
sodium selenite (14-18 g/ha) or sodium selenate (20 g/ha), to fortify the Se in crops significantly
increased the grain Se content upto 0.18-0.042 pg/g and 0.47-0.64 ng/g, respectively. Among Se
fertilizers used in these studies, selenate fertilizer proved 36% higher efficiency in increasing Se
content of rice grains than selenite fertilizers (Chen et al., 2002; Hu et al., 2002). In the following
years, Fang and his coworkers (2008) confirmed that the Se-fortification with 15 g/ha Se fertilizer
application increased the rice grain Se content by 194% in China. The present study reports the
highest Se concentration in rice grains (19.72+0.2 pg/g) in comparison to the previously reported
at the same site (5-16.2 pg/g) by Dhillon and Dhillon (2009) and Sharma et al. (2009). An
important observation in our results is that even non-seleniferous rice grains collected from Patiala
region of Punjab, contained moderate amount of Se (1.28+0.52) in comparison to the different

areas of other countries listed in table 4.2.
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Maize grains collected from the same seleniferous region contained 26.5 + 0.2 pg/g Se in
comparison to non-seleniferous grains (1.3 + 0.6 pg/g) collected from local sites of Patiala region.
Se-rich grains have significant difference (p<0.001) with 20 fold increase in Se content when
compared to the non-seleniferous grains. Maize is another important staple food consumed by
population throughout the world. In Kenya, 96% of whole population consume maize as their
primary staple food, in which the Se content ranges from 1.82+0.76 ug/g to 11.0+0.86 pg/g (Otieno
et al., 2015). In other countries like South Africa (Courtman et al., 2012) and Malawi (Chilimba
etal., 2011), 94% of maize samples contain only 0.005 ug/g Se content, which provide the dietary
Se-intake of 6.7 pg Se/day per individual. This has led to several chronic health problems among

SeDef areas.

Table 4.2: Global Se variation in white polished rice grains (William et al., 2009).

Country Se concentration (ug Se/g DW)
China 0.002-1.37
Egypt 0.006-0.087
France 0.053-0.241
Ghana 0.021-0.254
India 0.035-0.371
Italy 0.032-0.158
Japan 0.026-0.109
Philippines 0.056-0.241
Spain 0.006-0.104
Thailand 0.006-0.487
U.S.A. 0.006-0.406

Even the capacity of Se-uptake among different cereal species (wheat, maize and rice) grown on

similar seleniferous fields were significantly different from each other (p<0.001). Wheat grains
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accumulate significantly high Se levels followed by maize and rice grains. Se content in Se-rich
wheat grains was 4.6 fold and 6.2 fold higher than seleniferous maize and rice grains, respectively.
The Se levels in the seleniferous area under study also indicated moderately higher levels when

compared with global averages (Jaiswal et al., 2015).

For humans, the staple food including the cereal grains are the major source of Se supplementation
(Combs, 2001). Large number of studies has been carried out by various scientists on speciation
of the major forms of Se present in the cereal grains and it was found that up to 85% of total Se
present is protein bound form of SeMet (Cubadda et al., 2010; Diaz et al., 2003; Guzman et al.,
2009; Hart et al., 2011; Kirby et al., 2008; Olson et al., 1997; Olson and Palmer, 1976; Poblaciones
et al., 2014; Sharma et al., 2009; Stadlober et al., 2001; Sun et al., 2010; Warburton et al., 2007;
Whanger, 2002). Yang and his coworkers (1997) estimated the percentage of SeMet in wheat (50-
81%), maize (46-82%) and rice (55-87%). Among the inorganic forms, selenate was identified as
the major species present in wheat and rice, but not so significant in maize grains (Aureli et al.,
2012). Selenate is more mobile up to the xylem and is less readily transformed into organic forms
(Terry et al., 2000; Sager 2006), whereas selenite adsorbs on humid material present in soil, forms
hydroxides and oxyhydroxides with iron, manganese, or aluminium and gets rapidly metabolized
into SeMet or SeCys forms (Seby et al.,, 1998). Other species found are Se-methyl-
selenomethionine, selenocysteine, Se-methyl-selenocysteine (Brody, 1994) and Se-containing

sugars such as 2,3-dihydroxypropionyl-selenolanthionine (Aureli et al., 2012).
4.3 Elemental profile of seleniferous crops versus non-seleniferous crops

In the present study, the influence of Se levels have been observed on whole elemental profile and
it is confirmed that the seleniferous crops have elevated mineral composition in comparison to the

non-seleniferous crops. Potassium among macro elements and Se among micro elements were of
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relatively high concentration than cereal grains grown on non-seleniferous soils. Calcium was
3.2%, 2.0% and 5.7% more in seleniferous wheat, maize and rice grains, respectively, with
reference to non-seleniferous counterparts. The overall mineral composition of Se-rich wheat
grains was significantly high (p<0.001) than maize and rice grains. As the Se trend in Se-rich
wheat is followed by seleniferous maize and rice grains, the elemental profile follows the same

(Table 4.3).

Table 4.3: Elemental composition (K, Na, Mg, Ca, Zn, Se, Mn and Cu) of seleniferous wheat, rice
and maize grains versus non-seleniferous grains (g Se/g) [n = 3].

Elements Wheat Maize Rice

Se NSe Se NSe Se NSe

Potassium  4871+11.4 4546+6.8 3881+7.2 3242+14.8 1545+2.1 756%2.0
Sodium 2499+3.5 483+3.2 679+1.4 227+1.9 536+2.7 187+1.8
Magnesium 1797459  1215+4.7  955+8.8 747+6.9 270+6.2 231+3.8
Calcium 1319+9.8 42045.2 220+2.9 115+0.4 301+0.9 53+0.2
Zinc 113+1.5 43+1.5 56+1.6 28+0.2 27+0.3 22+0.8
Selenium 123+0.6 1.1+0.0 27+0.2 1.3+0.6 20+0.2 1.3£0.5
Manganese 53+4.5 35+2.5 6+1.5 5+0.2 9+1.0 8+0.3

Copper 42+3.4 28+0.5 16+2.6 9+1.5 11+1.3 7+0.6

Earlier, it was reported that in whole wheat grains, the concentration of Mn, Fe, Zn, Cu and Se in
Hg/g were 46.0, 43.0, 35.0, 5.0 and 0.6 respectively (Miller, 1996). The buckwheat grain biomass
contains 91% Zn, 87% P, 70% S, 62% Mg, 60% K, 54% Cu, 53% Mn and 35% Fe in endosperm,
whereas, the husk contains 85% Ca, 84% Al, 83% Si and 76% ClI, 69% Ti and 46% Fe (Mikus et

al., 2009). Maize grain have high K level (3248 ug/g) followed by P (2996 pg/g), Mg (1079 pg/g),
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Na (592 pg/g), Ca (483 ug/g), Fe (48 pg/g), Zn (46 pg/g), Cu (13 pg/g) and Mn (10 pg/g) (Gu et
al., 2015; Bressani et al., 1989). The polished rice have half the total Zn, two-third Fe and zero K
present and after milling process, whole K, Ca and Mn content is removed (Villafane et al., 2017,
Lu et al., 2013). However, Juliano (1985) observed that milled rice still retain 83% of N content,
74% Ca and 63% Na content in brown rice. Brown rice has better mineral content as compare to
white polished rice (Antoine et al., 2012). In brown rice, Mg, K, Mn and P are present in outer
portion with highest Mg/K ratio in rice kernals (Tomio et al., 2002). P, K, Mg high ratio is the

characteristics of sticky rice (Kokot and Phuong, 1999).

The higher uptake of Se by these cereal grains seems to prevent the accumulation and toxicity of
certain other elements like arsenic (As), mercury (Hg), lead (Pb) and cadmium (Cd) by reducing
their uptake from soil (Rogan et al., 2009). As increasing As content significantly decline the
nutrient quality by limiting the uptake of other essential micronutrients (Williams et al., 2009), it
is essential to understand the prevention of risk of As contamination. Carey et al. (2012)
established the localization and speciation of Se and As in grains, in which Se helps in elucidating
its transportation mechanism in grains. Similarly, in another heavy metal (Hg) contaminated area
of Guizhou, China, 0.5 pg/mL sodium selenite application lead to least Hg accumulation in rice
grains (Li et al., 2015). Se was reported to modulate (Zhao et al., 2014) and inhibit the uptake of
Hg from soil (Zhang et al., 2012). Se (0.5 pg/g) is reported to decrease the metal mobility and thus,
reduce the translocation of Cd and Pb by 71% and 33%, respectively (Hu et al., 2014; Lin et al.,
2012). Se deficiency along with other mineral deficiency of iodine is the major reason for
prevalence of goiter in Southwest zone of Shri Lanka (Fordyce et al., 2000). In contrast, Se-
fortification along with Zn improves the Fe uptake and accumulation in wheat grains and hence,

improving the nutrient quality of grains (D’Souza et al., 2014). Hence, Se-fortified dietary food
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products also facilitate enhanced nutrient quality of essential micro and macro elements in
comparison to non-Se food products, required for proper functioning and metabolism of body in

addition to the supplementation of Se.
4.4 Osborne fractions and selenium content

The amount of Osborne fractions with reference to the total protein yield and Se content is listed
in table 4.4. Referring to the protein yield among four protein fractions, the glutelin fraction
dominated over other fractions across all the grains tested. This fraction has viscoelastic properties
which allows the dough to be processed into food products like bread, pasta and noodles etc.
(Shewry, 2009). Earlier it was reported that 31.3% of the total protein fraction (83.5%) was glutelin
containing maximum Se content (52.3%) (Fang et al., 2010; Kamara et al., 2009) which matches
with our results. Kim et al. (2013) estimated the Osborne fractions yield in rice grains in which
brown rice had 7.3% glutelin, 1.9% albumin, 0.5% globulin and 0.05% prolamin, whereas milled
rice had 8.4% glutelin, 0.5% albumin, 0.3% globulin and 0.1% prolamin. The previous reports
from other researchers showed that albumin and globulin content was majorly present in bran part
of rice grains, whereas prolamin was evenly distributed throughout the endosperm in minute
quantities (Cagampang et al., 1966). Prolamin, despite being the lowest among all protein
fractions, is the best storage protein with high lysine content (Doll, 1977) and our observations
further confirm this aspect as indicated by significant Se levels in this fraction, across all grains
(Figure 4.2). In our results, the overall Se content in prolamin and glutelin fractions was higher
than in other proteins, except in case of rice. A multiple comparison test showed significant
variation (p<0.05) in Se levels across grains but not significant amongst proteins. Nearly similar

observations were also obtained in wheat samples
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Table 4.4: Percent protein yield and corresponding selenium content of protein fractions.

Fraction Wheat Maize Rice

Protein Se Conc. Protein Se Conc. Protein Se Conc.
Yield (%) (Mg/9) Yield (%) (Lg/9) Yield (%) (Lg/9)

Albumin 11+01 401+1.9 20+ 0.8 280+ 2.6 8+0.9 28+ 15
Globulin 24+26 264 +4.2 34+0.8 192 +0.8 26+2.2 241+16
Glutelin 49+2.1 563 +2.1 38+1.1 359+23 59+1.8 177+£1.3

Prolamin 16+1.1 629 £6.9 8+0.6 339+1.3 7+05 257 +1.3

Wheat Maize
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3 Protein (%) 3 Se (ug/g) - 3 Protein (%) 3 Se (ug/g) ",
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Figure 4.2: Selenium content in different protein extracts of various cereal grains, protein yield at
right scale and Se content at left scale.
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obtained from other locations in the seleniferous belt (Jaiswal et al., 2015). Correspondingly, Se
levels in the residual starch were below detectable limits with respect to the presence of 2,3-
dihydroxypropionyl-selenolanthione (m/z 345), hexose moiety (m/z 317 and m/z 358), and hexose
pentose moiety (m/z 407 and m/z 408) as selenosugars in cereal grains (Aureli et al., 2012). In the
spent residue, Se was present in traces with 2.0 £ 0.7, 0.5 £ 0.2, and 1.0 £ 0.1 pg/g concentration

in wheat, maize, and rice, respectively, which was considered as percent residual loss.

Abundance of methionine and cysteine in each fraction represents nonspecific incorporation of
SeMet and SeCys, respectively, into proteins (Strub et al., 2003). Aureli et al. (2012) reported that
the total Se in rice is present in organic form (SeMet) dominantly in the glutelin fraction (31.3%)

and only about 3% is possibly available as inorganic Se.

In turn, Se-methyl-selenocysteine and selenocystathionine are present in nonprotein fractions of
Se-accumulating plants. During maturation phase of plants, the peptide subunits of these Osborne
fractions vary significantly (Chrastil and Zarins, 1994), with high nutritional quality in storage
proteins (Santos et al., 2013). It would, therefore, be of further interest to understand the profile of
Se moieties in these Se-rich Osborne fractions. The degree of bioaccessibility, bioavailability and
bioactivity of Se from different fractions will be discussed in next section on in vitro
gastrointestinal digestion which describes the absorptive capacity of gastric and intestinal

enzymatic process.
4.5 Selenium bioavailability

To access the degree of bioavailability and bioaccessibility of Se from Se-rich whole grains and
their protein fractions, the present study was conducted following stimulated in vitro
gastrointestinal digestion. The aim of this component of the study was to quantify the extent of Se

absorption in ex-vivo conditions from cereal whole grains and their respective Osborne fractions.
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G/GI method is a useful primary screening technique which gives an idea of how much of Se is
bioaccessible from seleniferous dietary source, nature of food matrix and to select a considerate

amount of healthy Se-intake as compare to normal Se-intake.

Different parameters like pH of gastric and intestinal juices; pepsin and pancreatic enzyme
concentration; temperature; and time allowed to complete the process were mimicked with human
enzymatic digestion conditions. After complete gastric and intestinal digestion, the clear extract
with soluble Se content, released from whole grain flour and their respective protein fractions,
were analyzed using fluorescence spectrometer. The mean + SD percentage of bioaccessibility of
Se from different samples after gastric and intestinal break down are listed in table 4.5 and table

4.6, respectively.

The bioavailability of Se in different protein fractions is directly proportional to its concentration
in the fractions. Results indicate that the predigested food in stomach (G) with acidic pH partially
solublizes the Se embedded in cereal matrix, which upon intestinal digestion (GI, neutral pH,

pancreatin and bile salts), breaks down the Se-containing proteins.

The in vitro gastrointestinal digestion showed that cereal grains (Jaakkola et al., 1983) have higher
Se bioavailability than from animal foodstuffs (Combs, 1988). For an example, G/GI digestion of
fish and mollusk was reported to be as low as 6.7 = 3.4% and 5.5 + 2.4%, respectively (Pineiro et
al., 2013). Whereas, from cereals (10-24%), pulses (12-29%) and green leafy vegetables (10-31%),
the bioavailable fraction was significantly higher (Khanam and Platel, 2016). Se bioavailability
depends upon species present in dietary food, in which SeMet is recommendable over inorganic-
Se intake in a balanced diet (Thiry et al., 2012). Hakkarainen (1993) reported the Se bioavailability

from wheat (83-100%), barley (78-85%), oats (41-45%),
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Table 4.5: Percent bioaccessibility of Se from Osborne fractions of Se-rich cereal grains during
gastric digestion (G).

Fraction % Bioaccessibility (G)
(mean = SD)
Wheat Maize Rice
Whole grain 749 8.0 59.1+5.9 51.4+9.0
Albumin 78.3+£0.8 788+1.0 42.2+5.0
Globulin 742+23 75.1+1.2 91322
Glutelin 79.4+0.8 60.2+1.0 70.7 £2.0
Prolamin 78.3+0.5 448+ 1.1 942+1.0

Table 4.6: Percent bioaccessibility of Se in cereal grains and their respective protein fractions after
gastric digestion followed by intestinal digestion (Gl).

Fraction % Bioaccessibility (GI)
(mean = SD)
Wheat Maize Rice
Whole grain 97.8+21 952+1.6 824144
Albumin 88.3+£0.5 99.9+£6.5 70.8+6.8
Globulin 79415 98.4+49 95.1+1.38
Glutelin 85.3+1.0 95.1+1.8 815+£31
Prolamin 82.0+1.3 80.4+2.3 97.4+24

fish (64-80%), and meat meal (22—-30%). In addition, the in vitro G/GI digestion of plant products,
such as selenized green onion and chive samples revealed that the G/GI fluids oxidize the selenite
and SeMet species into selenate and SeOMet forms. The bioavailability of these oxidized forms
further results in their better bioaccessibility to carry out Se dependent metabolic functions
(Kapolna and Fodor, 2009). Among selenate and selenite supplementation, selenate bioavailability

remains stable during G/GI digestion. However, the presence of SeMet in various Se enriched food
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crops produce several minor Se-metabolites during digestion (Lavu et al., 2016; Cubadda et al.,
2010). Thus, this variation in the bioavailability of major fraction (SeMet) indicate the efficacy of
G/GI enzymes in facilitating complete breakdown of selenized species into simpler forms leading

to their bioaccessiblity and for further utilization by human body.

The bioaccessible fraction depends upon two main factors, i.e., the amount of bioavailable Se and
chemical nature of Se species present (organic or inorganic) in food matrix. In accordance to the

first factor, the present data showed significant variation across the cereal grains (Table 4.4).

The food supplements mainly provide organic Se species, dominantly SeMet followed by SeCys,
Se-methyl SeCys, selenite, selenate and low molecular Se-species (Lavu et al., 2012; Thiry et al.,
2012). The G/GI digestion of SeMet-enriched bread containing 80% of selenomethionine showed
100 £ 3% Se-bioaccessibility (Martinez et al., 2015). Various selenocompounds were also
identified during G/GI digestion in which 89 + 3% of total Se present was SeMet and 11 + 1% was
still present in left-over behind residue as non-protein bound Se (Reyes et al., 2006). Da’Silva et
al. (2013) reported the presence of SeMet and SeCys in Brazilian nuts through G/GI digestion, in
which 74% of bioaccessible fraction was SeMet containing 54.8 £ 4.6 ug Se/g. Whereas, SeCys
was majorly detected in urine samples, indicating that amongst the organic fractions present in

nuts or food matrix, SeMet was a major bioaccessible form (Cubadda et al., 2010).

In present study, the bioaccessible percentage of Se from maize whole grains after G and Gl
digestion was 59.1 £+ 5.9% and 95.2 + 1.6%, respectively, which is significantly higher than
reported earlier, as out of total Se concentration present in maize flour (29 ng/g), 32% and 51%
was bioaccessible after G and Gl digestion, respectively (Jaiswal et al., 2012). However in rice
grains, the Se bioaccessibility was low. The Se in G and Gl digested whole grains was 51.4 + 9.0%

and 82.4 + 4.4% bioaccessible, respectively (Table 4.5 and 4.6). It is presumably due to: a) the
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lower Se accumulation in rice grains; and b) the small proportion of Se-containing protein being
still bound to the starch matrices (Fang et al., 2010). Among Osborne fractions, Se from albumin
of Gl digestion of wheat and maize showed higher bioaccessibility, whereas, in rice grains, Se
from prolamin was higher. The order of Se availability after complete Gl digestion in different
protein fractions of different cereal grains were highly variable. The bioaccessibility and
bioactivity of Se from water soluble fraction (presumably albumin fraction) of maize matrix was
significantly higher in comparison to Se from wheat matrix, as indicated in the later section (4.7.1).
It is due to the Se species present in aqueous fraction of maize grains that were observably more

bioaccessible (100%) upon Gl digestion when compared to the wheat grains (~88%) (Table 4.6).

About 60% of predigestion of the Se enriched food products is already completed in stomach
followed by remaining 20-40% in intestine (Lavu et al., 2012). Se from cereal grains in organic
forms (SeMet and SeCys) are more bioaccessible and are efficient reservoirs for long-term storage
(Behne et al., 2009). In Se-rich garlic, the fractions of G/GI digestion indicated the presence of
SeMet, Se-methyl SeCys and y-glutamyl-Se-methyl SeCys in decreasing order of their abundance
as bioaccessible species (Dumont et al., 2006). The HPLC-ICP MS and ES-MS quantified 12% of
selenite in G/GI processed canned cod (Crews et al., 1996). Canned items had lower Se
bioaccessibility than fresh raw food (Afonso et al., 2015). Other than plant sourced items, the
selenized fermented milk contains 76 + 3% of bioaccessible and 24 + 6% of insoluble Se, in which

SeCys and Se-methyl SeCys species were most abundant (Alzate et al., 2010).
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Section B

Selenium dependent regulation of inflammatory responses in lipopolysaccharide-

stimulated RAW264.7 murine macrophages.
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This section describes the role of organically bound selenium in resolving the LPS-induced
inflammatory response in RAW264.7 macrophage model, with reference to the selenite
supplementation. Further, the efficacy of rMETase treatment in enhancing the accessibility of
bound selenium on upregulation of GPx-1 and H-PGDS genes and corresponding down- regulation
of COX-2, mPGES-1 and iNOS genes at both pre-transcriptional and post-translational levels is

being demonstrated.
4.6 Cell viability

Different forms of Se supplementation viz., sodium selenite (SS), selenium-rich wheat/maize
extract (SeW/SeM) in resolving LPS induced inflammation on RAW264.7 macrophages. All the
sources of Se were observed to be non-toxic with 100 percent viable cells at 500 nM concentration

of Se, as indicated by MTT assay.
g‘a\o . .{'
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Figure 4.3: Microscopic image (at 400X) showing formazan crystals formed in live cells of
RAW264.7 macrophages, i.e., control (A) and pretreated with 500 nM sodium
selenite (B); 500 nM seleniferous wheat extract (C); 500 nM seleniferous maize
extract (D).
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MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is the well-known water
soluble, yellow coloured tetrazolium salt used for colorimetric assay. It gets reduced by NADPH
dependent dehydrogenase enzyme into purple coloured formazan crystals (Figure 4.3), only in
metabolically active cells. These crystals can be solubilized in DMSO and quantified
spectrophotometrically. Cell viability is directly proportional to the extent of MTT reduction and

intensity of purple colour production.

During oxidative stress, the free radicals generated by oxidation of low density lipoproteins initiate
the cytotoxic and apoptotic effects and results in cell death. Sodium selenite, at 100 uM, was
reported to result in generation of RONS and apoptotic condition (Song et al., 2009). In contrast,
the lower concentration of sodium selenite supplementation from 50 nM to 500 nM did not affect
the cell cycle and had no variation in morphological structure (Vunta et al., 2008; Zeng and Botnen,
2007). Thus, it suggested that Se supplementation up to 500 nM provides anti-toxic and anti-

apoptotic effect along with protection from organic peroxides.
4.7 GPx as a marker of selenium supplementation

GPx is the Se containing enzyme, in which the selenol group of selenocysteine is present at the
catalytic site of the enzyme (Roy et al., 2005). The increase in Se levels accounts for the up
regulation of gene expression of this antioxidant selenoenzyme, GPx (Vunta et al., 2008;
MacPherson, 1997; Reilly, 1996). For studies at cellular and organismal level, Se-status in plasma
(SelP) is a useful biomarker of GPx activity and GPx saturation is considered to be pre-requisite

for efficient antioxidant functioning (Duffield et al., 1999; Thomson et al., 1993).

In present study, GPx-1 expression was found negligible in RAW264.7 macrophages that were
devoid of Se supplementation (control). However, the expression increased up to 9.4 fold with

1500 nM sodium selenite supplementation. At 50 nM of Se supplementation, GPx-1 expression
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reached at saturation point with 7.7 fold increase, beyond which the expression levels stabilized
(Figure 4.4). Earlier reports showed that GPx levels saturated at 100 nM sodium selenite with 10
fold increase in GPx-1 expression in RAW264.7 cells (Vunta et al., 2008). The present study

further confirmed the expression profile of GPx-1 under similar conditions.
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Figure 4.4: GPx-1 expression profile with exogenous sodium selenite supplementation in
RAW264.7 cells. Densitometric values normalized to GAPDH are shown below each
panel with mean £ SD of triplicate samples.

Se is an antioxidant that modulates RONS, inflammation and other immune responses (Hoffmann
and Berry, 2008). The role of selenoproteins have already been well-documented in regulation of
intracellular redox signaling through mitigation of RONS induced oxidative stress (Papp et al.,
2007). Being one of the major selenoprotein, i.e., GPx, maintains the whole mammalian
antioxidant network in prevention of lipid peroxidation with reduction of phospholipid H20O> in

membranes, mitigating inflammation, atherogenesis, neurodegeneration and resistance to y-
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radiation (Conrad et al., 2007; Yant et al., 2003). Depending upon the state of inflammation, it has
pivotal role in regulation of macrophage markers from classically activated M1 markers
(inflammatory precursors) towards alternatively activated M2 markers (inflammatory suppressor).
M1 macrophage markers (TNF-B and IL-1B), tend to produce RONS in SeDef-GPx knockout
mice, whereas, M2 markers (Arg-1, Fizz1 and Mrc-1) attenuates RONS with Se supplementation
maintaining GPx activity. Therefore, Se supplementation mediates PPARy dependent macrophage
mode switch on from M1 to M2 type, resolving inflammatory process and wound healing (Nelson

etal., 2011).

Dietary intake of supranutritional doses of Se increases the GPx activity, up to 16-18 times, within
hours (Sun et al., 1998). This increased activity gives significant protection against inflammation,
apoptosis and carcinogenesis (Krehl et al., 2012). Se supplementation can increase the GPx-1 and
GPx-2 expression by 13 and 5 fold, respectively, preventing the hydroperoxide damage in CaCO>
cell line and balancing the oxidative challenge (Wingler et al., 2000). These two isoforms are also
inflammatory markers of inflammatory bowel disease (IBD) (Te-Velde et al., 2008), that prevent
the inflammatory response of intestinal mucosa (Esworthy et al., 2001; Tham et al., 1998).
Immunohistochemistry revealed that in the presence of Se, GPx-2 increases the expression of its
isoform GPx-1 in crypt bases of ileum and colon where it is typically localised (Florian et al.,

2010).

Pivotal role of Se- dependent GPx-1 against RONS is known to mitigate inflammation and bolster
immunity that involves down-regulation of COX-2 and mPGES-1, while upregulating H-PGDS to
effect a process called “eicosanoid class switching mechanism” (Yui et al., 2015; Duntas, 2009;
Vunta et al., 2007). However, in SeDef conditions, there is increased ROS generation that is closely

associated with increased inflammatory genes and augmentation of oxidative stress, which further
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exacerbates the modulation of pro-inflammatory cytokines via activation of transcription factor
NF«B (Cai et al., 2015). Prolonged NF«kB activation results in neuro-inflammation followed by
neurotoxicity, as it is ubiquitously expressed in neurons (Shih et al., 2015). GPx-1 deficiency under
atherogeneses, increased the adhesion molecule expression by augmenting NFxB activation,
promoting the pro-inflammatory state (Lubos et al., 2011). Therefore, increased GPx-1 expression
upon Se supplementation is necessary to keep up the antioxidant activity and down regulation of
pro-inflammatory eicosanoids including NFkB deactivation. In present study, the increase in GPx-
1 expression is directly proportional to the concentration of Se supplementation and it further
increases upon LPS stimulation, which proves that under oxidative stress, cellular GPx-1 protects

the cells from systemic manifestation of reactive oxygen species.

Keeping in view, the concentration of total Se present in Se-rich cereal grain matrices, further
studies on resolution of inflammation by organic/inorganic Se was carried out with Se

concentrations ranging from 50-500 nm.

The expression profile of Se-dependent pro-/anti-inflammatory genes were measured using
RAW264.7 macrophage model. Cells were grown in various conditions as SeDef (Control, NSeW,
NSeW+rMET, NSeM and NSeM+rMET) and Se supplemented media (SS, SeW and SeW+rMET,
SeM and SeM+rMET) with different Se concentrations (50 nM, 100 nM and 500 nM). The anti-
inflammatory enzyme expression of GPx-1 was increased with increasing sodium selenite
concentration (500 nM > 100 nM > 50 nM > 0 nM, 0Oh) of SeSup cells with 3.5 fold higher
expression as compared to SeDef cells (Figure 4.5 A). With oxidative stress, induced due to LPS
stimulation, control RAW264.7 cells that were devoid of Se, also showed mild GPx-1 expression
after 4 h (Figure 4.5 A) which clearly indicates the self defense mechanism against the ROS

generation. However, upon LPS stimulation followed by incubation of up to 4 h, Se
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supplementation increased GPx-1 levels to a significant extent with increasing concentration (500
nM > 100 nM > 50nM) with respect to control i.e., from 2.4 fold at 50 nM to 9.0 fold at 500 nM

(Figure 45 A).
4.7.1 rMETase facilitated bio-availability of selenium from cereal matrices

The figure 4.5 shows both western blots and mRNA profiles of GPx-1/GAPDH expressions, with
reference to role of rMETase on facilitation of Se from Se-rich cereal matrices in comparison to
the sodium selenite supplementation. rMETase is the recombinant L-methionine y-lyase or
methioninase, a pyridoxal 5’-phosphate containing enzyme. It catalyzes the a- and y-elimination
of methionine, sulfur containing amino acids. Likewise, it is able to cleave C-Se and C-O bonds
of selenium and oxygen containing amino acids (Fukumoto et al., 2012; Nakayama et al., 1984)

and making them optically more active and bioavailable in functioning (Tanaka et al, 1985).

Se-supplementation in the form of seleniferous wheat extract (SeW) marginally elevated the
overall GPx-1 expression when compared to non-seleniferous wheat extract (NSeW). Even at
maximum concentration of SeW tested (500 nM), RAW?264.7 cells showed 1.1 fold increase in
GPx-1 expression at 4 h of LPS stimulation with respect to control (C) (Figure 4.5 B). The SS and
SeW+rMET incubated cells showed 9.0 and 8.0 fold higher GPx-1 expression, respectively, over
SeW supplemented cells at similar concentration and time. This clearly demonstrates that Se bound
to the wheat matrix was not completely bio-available and accessible to the cells. Hence, to facilitate
the accessibility of Se and assess its efficacy on GPx-1 expression, cells were incubated with
rMETase (Gandhi et al., 2011) at 0.2 units/mL along with SeW extract. The observations clearly
indicated enhanced GPx-1 expression trending similar to SS-stimulated cells, as a function of the
Se released from matrices. Our results also showed the significant difference with rMETase

application in comparison to controls with facilitation of free Se from wheat matrices, impacting
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the elevated trend of anti-inflammatory enzymes and down-regulation of pro-inflammatory

enzymes.

In LPS unstimulated (Oh) SeW+rMET supplemented cells, the GPx-1 expression enhanced up to
3.2 fold with increase in Se concentration (500 nM > 100 nM > 50 nM), in comparison to
NSeW+rMET incubated cells (Figure 4.5 C). Under similar conditions, the supplementation of
SeW extract showed poor GPx-1 response of up to 1.1 fold (Figure 4.5 B). At 4 h of LPS
stimulation, further GPx-1 expression increased to 6.2 fold with respect to NSeW+rMET (Figure

4.5 C).

Similarly, with Se-supplementation in the form of seleniferous maize extract (SeM), GPx-1 was
1.5 to 2.3 fold higher than wheat matrix (SeW, 0.2 to 0.3 fold) at 50 to 500 nM supplementation
(Figure 4.5 B, D). However, with rMETase treatment and 500 nM SeM+rMET supplementation
(without LPS stimulation, Oh), the GPx-1 expression was up to 8.6 fold in comparison to SeM (2.3
fold). Upon LPS stimulation of 4h, 500nM SeM+rMET showed 14.0 fold increase in GPx-1

expression as compare to SeM treated cells (5.0 fold) (Figure 4.5 D, E).

From these observations, it was evident that, although wheat grains accumulate higher Se levels
than maize grains, the accessibility and activity of Se from water soluble fraction of maize extract
was significantly higher than that of wheat extract when supplemented with RAW264.7
macrophages. As albumin is highly water soluble with binding sites on its surface that adsorb
positively or negatively charged molecules (Se in this case), it is expected to effectively deliver

the non-covalently bound Se molecules to various parts of the body (Bronze-Uhle et al., 2017).
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Figure 4.5: Western blots and mRNA profiles of GPx-1 expression in RAW264.7 macrophages
[n=3]. Cells were treated with 50nM, 100nM and 500nM Se-concentration in
different forms: (A) Sodium selenite (SS), (B) Seleniferous wheat extract (SeW),
(C) Seleniferous wheat extract in presence of rMETase incubation (SeW+rMET)
(D) Seleniferous maize extract (SeM) and (E) Seleniferous maize extract in
presence of rIMETase incubation (SeM+rMET) with respective to their controls, for
72 h followed by inflammation induced with 1 pg/mL LPS for 4 h. Densitometric
values normalized to GAPDH and meanzSD and values are given below each panel
of MRNA expression.

Additionally, maize albumin containing feruloylated oligo-/polysaccharides, exhibit enhanced
antioxidant activity in comparison to wheat extract (Yang et al., 2014). Even the non-seleniferous

maize grains had notable GPx-1 expressions in comparison to non-seleniferous wheat grains
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with/without rMETase treatment (Figure 4.5 B, C, D and E), which proves that the bioaccessibility
and bioactivity of even low levels of Se in these controls significantly differs in different cereal

crops due to the nature and properties of these matrices.

Collectively, our data confirms the role of rMETase in facilitating the release of bio-available Se
from Se-rich maize and wheat grain (SeM+rMET and SeW+rMET) and its antioxidant expression
in comparison to the SeM and SeW supplementation, respectively. The accessibility and activity

of Se from SeM and SeM+rMET was significantly higher than SeW and SeW+rMET.

About 72-85% of selenocompounds present in these Se-rich cereal grains account to
selenomethionine (SeMet) (Cubadda et al., 2010), which is the major form consumed by humans
(Finley, 2006). It can thus be hypothesized that Se-rich natural dietary matrices facilitate sustained
and slow release of Se through enzymatic cleavage of SeMet to be metabolized to bioactive forms
that increase plasma Se levels with better anti-oxidant and anti-inflammatory capacity (Cao et al.,
2014). SeMet supplementation in minute concentration up to 3 pg/g abrogates the allergies caused
due to these inflammatory responses under Se deficiency (Sakazaki et al., 2014). The present study
confirms that although the overall trend of cellular GPx expression increases with increase in Se
supplementation through Se-rich cereal grains, the release of SeMet from these matrices was less
accessible in comparison to the enzyme treatment (rMETase). Similarly, the enzymatic processes
in biological systems can also facilitate sustained release of Se from bound organic dietary

matrices during supplementation.
4.8 COX-2 as a marker of inflammation

The cardinal signs of inflammation, i.e., dolor (pain), calor (heat), rubor (redness), tumor
(swelling) and functio laesa (loss of function), switch on the expression of main three inflammatory

signaling indicators, a) inflammatory cyclooxygenase mediators (COXs), b) oxidant generating
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enzymes (iNOS), c) arachidonic acid or p38 MAPK signaling pathway that leads to NF«B
activation (Ohshima et al., 2005; Prabhu et al., 2002). The COXs mediators upon receiving the
inflammatory signal, initiate the arachidonic acid pathway to express the prostaglandin H synthase
which further catalyzes synthesis of PGH.. Depending upon the state of inflammation, i.e, acute
or chronic, PGH> starts stimulating substances such as eicosanoids (Wallace, 2002). There are four
principle bioactive eicosanoids including PGD», PGE;, PGl. and PGF2a, which are ubiquitously
produced as lipid mediators to maintain the homeostatic condition of body. These help in cell
proliferation, permeability, blood clotting, tissue repair and inflammation. Therefore, the
regulation and synthesis of these eicosanoids finally depend upon the release of synthase enzymes
like COXs, which through cyclooxygenase pathway start releasing inflammatory signals (Smith et

al., 2000).

COXs have two isoforms, i.e., COX-1 and COX-2. COX-1 is the housekeeping enzyme with
cytoprotective properties. It is constitutively expressed throughout the gastrointestinal mucosa so
as to maintain the homeostatic condition (Ricciotti and FitzGerald, 2011). In contrast, COX-2 is
an inducible isoform, expressed under oxidative insult, in addition to malfunctioning of hormones,
etc. It is one of the nine genes of arachidonic acid metabolism (annexin-1, annexin-11, S100A8,
S100A10, S100P, GPx-3, phosphotidyl choline transfer protein, aldo-keto reductase family 1 and
COX-2) that up regulates in sepsis-condition of oesophageal squamous cell carcinoma (Zhi et al.,
2003). It preferentially couples with PGE2, PG> and PGF2a isoforms that respond to inflammatory
expressions. COX-2 and oxidative stress is directly linked to each other (Pathak et al., 2005). To
combat the initial phase of acute inflammation, COX-1 expresses in the target tissue, however,
COX-2 appears to be dominant during adverse inflammatory effects and in present study, these

adverse effects were induced with 1 ug/mL bacterial endotoxin lipopolysaccharide in RAW264.7
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macrophages to reflect the COX-2 expression. The intensity of the expression increased up to 9.2

fold with increase in duration of LPS stimulus from 0 to 24 h (Figure 4.6).

Time (h)
0 1 2 4 6 12 24
cox-2 e — eas axs axe WD
GAPDH —— e e WS S
COX-2/GAPDH 0.0+ 0.0 1.0:01 1903 3802 5.0£05 5303 9.2+05

Figure 4.6: COX-2 expression in RAW?264.7 cells with exogenous stimulation of 1 ug/mL LPS
up to 24 h. Densitometric values normalized to GAPDH are shown below each panel
with mean £ SD of triplicate samples.

However, Se supplementation down-regulated the expression of COX-2 (Figure 4.7). With LPS
stimulation, the COX-2 levels increased by 4.5 fold during first 4 h in SeDef cells in comparison
to SeSup cells (Figure 4.7 A). Se supplementation in the form of SeW+rMET showed nearly
similar trend to SS-incubated cells with weaker expression of COX-2 after 4 h of LPS stimulation

in comparison to SeW treated cells (Figure 4.7 A, B, C).

Upon SS supplementation, the COX-2 expression was down-regulated by 3.0 to 4.3 folds in 4 h
with 50 nM and 500 nM Se, respectively (Figure 4.7 A). Among SeW and SeW+rMET treated
cells, COX-2 levels decreased from 1.4 to 2.0 fold and 2.2 to 4.0 fold with increasing dietary Se
levels (500 nM >100 nM >50 nM) as compared to the NSeW and NSeW+rMET treated cells,
respectively (Figure 4.7 B, C). The observations further confirmed the role of rMETase in release

of bound Se and enhancing its availability in down-regulating pro-inflammatory COX-2.
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Western blots and mRNA profiles of COX-2 expression in RAW264.7
macrophages [n=3]. Cells were treated with 50nM, 100nM and 500nM Se-
concentration in different forms: (A) Sodium selenite (SS), (B) Seleniferous wheat
extract (SeW), (C) Seleniferous wheat extract in presence of rMETase incubation
(SeW+rMET) (D) Seleniferous maize extract (SeM) and (E) Seleniferous maize
extract in presence of rMETase incubation (SeM+rMET) with respective to their
controls, for 72 h followed by 1 pg/mL LPS for framed stimulation over 4 h.
Densitometric values normalized to GAPDH and mean+SD and values are given
below each panel of mMRNA expression.

The maize extracts also exhibited notable down regulation of COX-2 similar to Se-rich wheat and

sodium selenite treated samples. Among SeM and SeM+rMET treated cells, COX-2 levels
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decreased from 1.1 to 3.8 fold and 1.6 to 24.8 fold with increasing dietary Se levels from 50 to 500
nM in comparison to NSeM and NSeM+rMET treated cells, respectively (Figure 4.7 D, E). The
results showed that at 500 nM, COX-2 down regulation was 12.4, 6.2 and 5.8 fold higher through
maize supplementation (SeM+rMET) when compared to SeW, SeW+rMET and SS treated cells,

respectively (Figure 4.7).

Thus, the bioactivity of Se from maize was observably higher than that of wheat matrix. The non-
seleniferous counterparts down regulated COX-2 up to 1.1 (NSeW), 1.1 (NSeW+rMET), 1.4
(NSeM) and 1.7 (NSeM+rMET) folds only, which explains the marginal activity of constituents

other than Se.

4.9. Downregulation of mPGES-1 expression by Se supplementation in LPS stimulated

RAW264.7 cells

mPGES-1 is the glutathione dependent enzyme which induce the production of PGE> (Chen et al.,
2015). It has three isoforms including mPGES-1, mPGES-2 and cPGES (cytosolic) present in
fibroblasts and epithelial cells, among which only isoform-1 parallels the inducible COX-2
production and is critical for PGE2 expression under excessive RONS production with acute and
chronic inflammatory signals (Baragatti et al., 2008; Gudis et al., 2005). Various studies have
demonstrated the role of PGE: in cancer cell proliferation and tumor development due to activation
of NF«kB, p38 MAP-kinase and JNK pathways in myocytes and fibroblasts to induce high

inflammation (Cahlin et al., 2008; Giannico et al., 2005; Radmark and Samuelsson, 2010).

The effect of Se on mPGES-1 expression, a downstream marker of COX-2 activity, was therefore
examined. RAW?264.7 cells were grown in SeDef and SeSup DMEM media with/without 1 pg/mL
LPS stimulation from 0 to 12 h. In all SeDef and SeSup cells, an overall increasing trend in

MPGES-1 expression was seen with respect to time (Figure 4.8). Under normal cell conditions
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(without LPS stimulation, 0 h), 500 nM sodium selenite completely down-regulated the mPGES-
1 expression as shown in figure 4.8 A. In contrast, upon LPS stimulation vis-a-vis generation of
RONS, in SeDef conditions (control 0 nM), the mPGES-1 levels increased by 3.8 fold at 12 h in
comparison to the SeSup cells (Figure 4.8 A). However, Se supplementation in the form of sodium
selenite with LPS stimulation of 12 h, decreased the mPGES-1 expression from 2.5 fold at 50 nM
to 4.5 fold at 500 nM. This accounts to 62 to 78 % suppression with respect to control (Figure 4.8
A). Increase in SS supplementation from 25 to 250 nM has already been reported to mitigate
inflammation with reduced mPGES-1 expression in RAW264.7 macrophages (Gandhi et al.,
2011). However, similar trends in mPGES-1 expression, with supplementation of Se from dietary
matrices, has not been reported earlier. Thus, it was noted that with seleniferous wheat and maize
grains showed significant down regulation of mMPGES-1 similar to that of SS treatment, when Se

was made accessible through rMETase treatment (Figure 4.8).

At 12 h of LPS stimulation and 500 nM SeW+rMET supplementation, mMPGES-1 expression
significantly decreased up to 12 fold in comparison to the SeW cells (3.3 fold) (Figure 4.8 B, C).
Similar to the decreased COX-2 expression, a significant down regulation of mPGES-1 expression
was also noticed in cells supplemented with seleniferous maize extracts when compared to wheat
extracts (Figure 4.8 D, E). The 500 nM Se as SeM+rMET suppressed the mPGES-1 upto 21 fold

in comparison to SeW+rMET (12 fold) treated cells (Figure 4.8 C, E).

The results showed the damping of mMPGES-1 with Se supplementation in early hours (4 h) of LPS
stimulation, which further modulates over a 12 h period (Davis et al., 2002; Eskew et al., 1989).
During resolution of inflammation, Se supplementation shifts AA metabolism from PGE> towards

PGD: and its down-regulated product 15d-PGJ. through inactivation of NF-xB (Davis et
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Figure 4.8: Western blots and mRNA profiles of mPGES-1 expression in RAW264.7
macrophages [n=3]. Cells were treated with 50nM, 100nM and 500nM Se-
concentration in different forms: (A) Sodium selenite (SS), (B) Seleniferous wheat
extract (SeW), (C) Seleniferous wheat extract in presence of rMETase incubation
(SeW+rMET) (D) Seleniferous maize extract (SeM) and (E) Seleniferous maize
extract in presence of rMETase incubation (SeM+rMET) with respective to their
controls, for 72 h followed by 1 pug/mL LPS stimulation for 4 h. Densitometric
values normalized to GAPDH and meanxSD and values are given below each panel
of MRNA expression.

al., 2002; Gandhi et al., 2011; Kaushal et al, 2014; Nelson et al., 2011; Vunta et al., 2007). Further,

15d-PGJ> covalently modifies key cysteine thiols in I Kappa B Kinase (IKK)-p (IKK2), which
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regulates the activation of NF-xB in LPS-treated macrophages (Cai et al., 2015; Gandhi et al.,

2011).

In resolution of acute inflammation, COX-2 enzyme modulates its downstream enzyme, mPGES-
1 and thus, helps in the activation of other anti-inflammatory PG enzymes such as H-PGDS, which
produces the precursor of anti-inflammatory cyclopentenone prostaglandins, A2-PGJ, and 15d-
PGJ.. With a delayed time lag of expression, levels of COX-2 and mPGES-1 correlate with each
other and NF-«B transcription (Kirkbya et al., 2016) with an increase at the protein level under Se
deficiency upon LPS stimulation (Davis et al., 2002). COX-1 and COX-2 deficiency reduce the
PGE: level up to 25% and 75%, respectively (Langenbach et al., 1999). However, under enhanced
levels of COX-2, COX-1 switches on its housekeeping balance towards generation of anti-
inflammatory PGs, such as PGD and 15d PGJ. with low levels of PGE, (Vunta et al., 2007;
Morteau et al., 2000) and PGIl> (Weaver et al., 2001), resolving the process through PPARy
activation (Bell-Parikh et al., 2003). PPARy induce 15 hydroxyprostaglandin dehydrogenase,
which plays vital role in degradation of COX-2 and PGE: (Hirsch and Lippman, 2005). Such a
functional coupling of COX-2 and mPGES-1 versus COX-1 and H-PGDS, through PPARy
activation is known to drive the PG metabolism towards either pro-inflammatory or anti-

inflammatory pathways under differential Se status (Vunta et al., 2007; Gandhi et al., 2011).

The over-expression of COX-2 and mPGES-1 due to Se deficiency is thought to be one of the key
underlying basis of inflammation that is seen in inflammatory bowel disease (IBD) (Kudva et al.,
2015; Reifen et al., 2015), AIDS, (Ipp et al., 2014), asthma (Daham et al., 2014), brain tumour
(Eberstal et al., 2014), breast cancer (Jana et al., 2014), colorectal cancer (Roelofs et al., 2014),
diabetic cardiac heterotrophy (Dhanya et al., 2014; Li et al., 2010), gynaecological cancer (Adnan

and Rouba, 2005), head and neck cancer (Park et al., 2003; Lin et al., 2002; Gallo et al., 2001),
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lung cancer (Sandler and Dubinett, 2004), pancreatic cancer (Hill et al., 2012), prostate cancer
(Fenner, 2016), urinary bladder cancer (Tabriz et al., 2013) and UV rays induced skin cancer (Zhu

etal., 2015).

Collectively, the up-regulation of these COX-2and mPGES-1 inductive inflammatory enzymes are
due to increased production of RONS, thiobarbituric acid reactive substances (TBARS), iNOS,
TNFa, IL-B, IL-6 mMRNA expressions and low levels of GSH and antioxidant enzyme production
(Zhu et al., 2015). However, Se supplementation bolster the antioxidant level through up-regulated
selenoenzymes like GPx, which combat both COX-2 activity and COX-2 dependent PGE:
expression (Banning et al., 2008). Se down regulates the acylation of histone H4 at K12 and K16
position of COX-2, NFkB and TNFa promoters for epigenetic regulation of inflammatory gene
expression (Narayan et al., 2015), which curtails the process of angiogenesis, deter invasion and
bolster immune surveillance (Wallace, 2002). Numerous studies had explored the application of
sodium selenite upon suppression of LPS stimulated COX-2, TNFa and NFkB activation along
with kB degradation, ERK, JNK and P38 phosphorylation (Morin et al., 2015; Zhang et al., 2014;
Gandhi et al., 2011; Vunta et al., 2007; Davis et al., 2002; Prabhu et al., 2002). However, there are
limited reports available at the application of SeMet and other forms of Se present in Se-rich
cereals and plant dietary source in resolving these inflammatory mediators. Few researchers have
reported the direct application of commercially available SeMet upon the anti-inflammatory
therapy to inhibit the overproduction of COX-2, TNFa, iNOS, NO, and PGE2 expression (Shen et
al., 2015; Ying et al., 2013; Gandhi et al., 2011; Baines et al., 2002). SeMet supress the activation
of NF«B activation by blocking IkBa proteins and translocation of P50 subunits (Shen et al., 2015;

Gandhi et al., 2011).
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4.10. Expression of hematopoietic prostaglandin-D synthase as a function of Se

supplementation

H-PGDS catalyzes the synthesis of anti-inflammatory D and J series of prostanoids (Joo and
Sadikot, 2012; Kanaoka et al., 2000; Ricciotti and Fitzgerald, 2011) from its precursor PGH>
(Urade and Hayaishi, 2011). It has two isoforms, H-PGDS (hematopoietic) and L-PGDS
(lipocalin), with different chromosomal sequences, tertiary structure, cellular localization and
tissue distribution (Helliwell et al., 2004; Urade and Hayaishi, 2000). H-PGDS is the glutathione-
dependent enzyme (Kanaoka and Urade, 2003; Meyer and Thomas, 1995; Ujihara et al., 1988),
characterized as a member of sigma class of glutathione gene family (Kanaoka et al., 1997). The
localization of H-type is cytosolic in antigen presenting cells, mast cells, dendritic cells and
langerhans (Mahmud et al., 1997) in response to inflammatory allergic signals in various tissues
and diseases (Kanaoka and Urade, 2003; Rajakariar et al., 2007; Redensek et al., 2011; Sarashinaa
et al., 2014; Satoh et al., 2006; Scher and Pillinger, 2017; Tanaka et al., 2000; Urade et al., 1989).
In contrast, L-type PGDS is a glutathione-independent enzyme, present in cerebrospinal fluid
(Hoffmann et al., 1993; Watanabe et al., 1994) responsible for PGD> synthesis in brain (Narumiya
et al., 1982; Ogorochi et al., 1984), heart (Osanai and Okumura, 2011; Tokudome et al., 2009),
kidneys (Donadio, 2010) and lungs (Ragolia et al., 2010). It has tissue based several key regulatory
roles (Herlong and Scott, 2006) such as sleep-wake cycle (Hayaishi and Urade, 2002; Jordan et al.,
2004; Pinzar et al., 2000; Urade and Hayaishi, 2011), labor pain during gestational period
(Helliwell et al., 2006), male reproductive organs (Tokugawa et al., 1998), decline obesity (Tanaka
et al., 2009) and inhibit lung cancer (Ando et al., 2003; Murata et al., 2013), arthritic joint
destruction (Shan et al., 2004), suppress spinal inflammation (Grill et al., 2008) and nasal polyp

formation (Hyo et al., 2007). PGD: further generates the downstream non-enzymatic metabolites
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such as A-PGJ; and 15 deoxy A4 PGJy, which activates PPARY receptors (Herlong and Scott,
2006; Jowsey et al., 2003) to inhibit the pro-inflammatory transcription factors such as NF«xB
(McAdam et al., 2000; Ricote et al., 1998; Simmons et al., 2004). Therefore, collectively the H-
PGDS gene expression accounts for innate immune response with resolution of chronic allergic
inflammation through PGD> and its downstream mediators production (Gilroy et al., 2004; Satoh

et al., 2006; Serhan et al., 2007).

In present study, the culturing of RAW264.7 cells in LPS stimulated SeDef and SeSup cells
showed enhanced H-PGDS expression. Under Se deficient environment and LPS stimulation of 0
to 12 h, a 7.0 fold difference was observed in H-PGDS expression (Figure 4.9 A). This increase in
expression of H-PGDS against the LPS generated RONS clearly indicates the self defense
mechanism of macrophages. Upon Se supplementation, the expression of H-PGDS increased with
concentration of Se (500 nM > 100 nM > 50 nM) either in form of SeW+rMET or SS as compared
to the corresponding controls with respect to time from 0 to 12 h (Figure 4.9 A, C). Under normal
conditions (without LPS stimulation, 0 h), the Se supplementation in the form of SS increased the
H-PGDS levels from 1.5 fold at 50 nM to 5.9 fold at 500 nM. Under similar experimental
conditions, a prominent hike in H-PGDS levels were observed in SeW+rMET and SeM+rMET
treated cells, from 3.4 to 6.9 fold and 5.6 to 16.5 fold in comparison to SeW (0.6 to 3.8 fold) and

SeM (2.3 to 5.4 fold) treated cells.

These observations suggested that the natural source of Se supplementation up-regulates the H-
PGDS expression to significantly high levels compared to inorganic SS supplementation, with
maize extract showing relatively better bioactivity at 500 nM. With LPS stimulation of 12 h, 500
nM of SeW+rMET and SeM+rMET showed 3.2 and 3.3 fold increase in expression levels when

compared to the SS (2.1 fold), SeW (1.0 fold) and SeM (1.0 fold) treated cells (Figure 4.9).
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Figure 4.9: Western blots and mRNA profiles of H-PGDS expression in RAW264.7 macrophages
[n=3]. Cells were treated with 50nM, 100nM and 500nM Se-concentration in
different forms: (A) Sodium selenite (SS), (B) Seleniferous wheat extract (SeW),
(C) Seleniferous wheat extract in presence of rMETase incubation (SeW+rMET)
(D) Seleniferous maize extract (SeM) and (E) Seleniferous maize extract in
presence of rIMETase incubation (SeM+rMET) with respective to their controls, for
72 h followed by stimulation with 1 pg/mL LPS over 4 h. Densitometric values
normalized to GAPDH and mean+SD and values are given below each panel of
MRNA expression.

Similar results were observed in earlier studies by Gandhi et al. (2011) with SS stimulation of

macrophages wherein enhanced levels of H-PGDS enzyme catalyzed PGH, to PGD> conversion
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for the down-regulation of inflammatory processes. This PGD> product metabolizes into anti-
inflammatory 15d-PGJ; eicosanoids by a non-enzymatic reactions (Ishii, 2015; Shan et al., 2004),
which acts as an endogenous ligand for PPARy receptor, a transcription factor that inhibits the
expression of NF-kB regulated genes (Scher and Pillinger, 2005; Tyagi et al., 2011). During
resolution phase of inflammation in wound repair, the PGD> and the downstream mediators such
as 15-Deoxy-A214-PGJ, and PPARYy deter the overproduction of inducible COX-2 and mPGES-1

expression (Banning et al., 2008; Grill et al., 2006; Kapoor et al., 2007).
4.11. Inducible nitric oxide synthase (iNOS) and nitric oxide (NO) production

INOS catalyzes the production of nitric oxide (NO), when L-arginine oxidises into citrulline
(Knowles and Honcada, 1994). L-arginine is the co-factor for overproduction of NO and iNOS
levels (Aktan, 2003). NOS have three isoforms including two constitutive (neuronal, NOS1 [nNOS]
and endothelial, NOS3 [eNOS]) and one inducible (NOS 2, [INOS]) type. nNOS, iNOS and eNOS
are located at chromosome number 12, 17 and 7, respectively (Knowles and Honcada, 1994).
nNNOS helps in cell communication by producing NO in nervous tissues and skeletal muscles
(Forstermann and Sessa, 2012). eNOS generates NO in endothelium of blood vessels for
vasodilation (Manicam et al., 2017). In present study, the NO level of SeSup supernatants were

significantly lower as compared to the SeDef supernatants (Figure 4.10).

The time kinetics from 0 to 24 h was carried out, in which the release of nitric ions gradually
increased after 6h of LPS stimulation, in all cases, although there was no significant different
(p>0.05) in the trend of NO release through time. However, Se supplementation revoked the
extracellular release of these ions. At 500 nM Se supplementation, RAW264.7 macrophages

released 1.6, 1.4, 2.0, 1.6 and 2.4 fold less NO in SS, SeW, SeW+rMET, SeM and SeM+rMET
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supplemented media in 24 h of LPS stimulation with respect to controls, respectively (Figure 4.10).
At 24h (of LPS stimulation followed by 500 nM Se supplementation), the NO levels in Se
supplemented samples, without rMETase, were significantly different with reference to their
respective controls [NSeW vs SeW — p: 0.001; NSeM vs SeM — p: 0.001]. In the cells that were
pre-treated with rMETase, the release of NO significantly decreased, when compared to those that
were not pre-treated [SeW vs SeW+rMETase — p: 0.0004; SeM vs SeM+rMETase — p: 0.004].
With reference to the comparison with the sodium selenite (SS) treatment, Se rich wheat extract,
with rMETase pre-treatment, showed relatively less significant difference (SS vs SeW+rMETase

—p: 0.02) than Se rich maize extract with rMETase (SS vs SeM+rMETase — p: 0.003).

The observations clearly indicate that upon LPS stimulation, Se deficiency results in exogenous
NO production (Hoffmann, 2007), which is part of inflammatory markers along with other
cytokines like TNF-a, IL-1pB, and IL-6 in LPS-induced J774.1 mouse macrophages (Safir et al.,
2003). The presence of NO (measured as nitrite) in cell free supernatants directly counts to the
level of INOS expression and peroxynitrite production in cytosol (Possel et al., 2000). Therefore,
to evaluate the effect of Se supplementation upon down-regulation of intracellular iINOS
production, RAW?264.7 cells were grown in SeSup and SeDef conditions and molecular
expressions of INOS gene were studied at pre-transcriptional levels. Upon LPS stimulation, iNOS
expression was increased in all treatments. However, in SeDef (i.e., C, NSeW, NSeW+rMET,
NSeM and NSeM+rMET treated cells), the mRNA expression was significantly higher than in
SeSup cells (Figure 4.11). With increasing concentration of Se from 50 to 500 nM, iNOS
expression was effectively inhibited within 4 h in all SeSup cells. The rMETase treated grain
extracts (SeW+rMET and SeM+rMET) showed comparatively higher inhibition of INOS

expression (10.5 fold) as compared to the SeW (3.5 fold), SeM (4.2 fold) and SS (3.0 fold)
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stimulated cells with respect to control (C, 24 h). In SeDef cells, devoid of LPS stimulation,
marginal expression of INOS could be seen in NSeW (0.8 fold), NSeW+rMET (0.2 fold) NSeM
(0.3 fold) and NSeM+rMET (0.2 fold) as compared to the control (C) (Figure 4.11). It is known
that LPS and IFNy induction up-regulates the iNOS expression to augment inflammatory
responses in human U937 macrophages (Grkovich et al., 2006). Our results corroborate with the
previous report on the ability of SS supplementation to reduce iINOS expression by 3 fold as

compared to SeDef, LPS unstimulated RAW 264.7 macrophages (Prabhu et al., 2002).

Similar results of NO quenching along with down-regulation of iNOS transcription were seen with
the role of Aster yomena (Kim et al., 2017), Eupartoium makinoi (Ahn et al., 2015), Siegesbeckia
glabrescens (Lee et al., 2011), Platycodon grandiflorum saponins (Ahn et al., 2005), Andrographis
paniculata (Chiou et al., 2000), lansai C and D (Taechowisan et al., 2010), Caesalpinia
sappan, Curcuma longa, Daphne genkwa and Morus alba (Hong et al., 2002), which further

decreases COX-2 and PGE2 mRNA levels in LPS induced macrophages.

INOS, gained recognition in year 1992 as an important biological mediator (Nussler and Billiar,
1993), which stimulates the immune defense system against pathogens through inflammatory
mediated cellular responses, producing large quantity of O," and NO from the reductase domain
(Xia et al., 1998), via stimulation of IL-1, TNFa and other pro-inflammatory cytokines (Green et
al., 1994). The overproduced NO reacts with other free radicals such as Oz  ions to form
peroxynitrite leading to the oxidative burst of macrophages and thus, results in lipid peroxidation,
cytotoxicity and vascular damage (Aktan, 2003; Buttery et al., 1996; Mungrue et al., 2002). In

hemorrhage case, INOS is expressed in nearly every organ (Taylor and Geller, 2000).
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Figure 4.11: Relative intensities of iNOS/B-actin mRNA levels. Densitometry of iNOS and f-
actin bands as quantified by ImageJ software program and representative of n=3 is
shown.

INOS expressed for longer periods with constant NO production has pathological actions such as
inflammation, liver cirrhosis, systemic sclerosis and diabetes (Lechner et al., 2005; Yamamoto et
al., 1998). In inflammatory arthritides, the NO and iNOS production from CD14+ synoviocytes,
chondrocytes and endothelial cells persist in synovium and cartilage of patients with rheumatoid
arthritis (Sakurai et al., 1995). In contrast, NNOS and eNOS have short pulsative NO synthesis
with physiological roles such as blood pressure regulation, wound repair and host defense

mechanism (Kroncke et al., 1997). During cutaneous wound repair, NO helps in collagen synthesis
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and accumulation at the site of injury (Thornton et al., 1998). This explains the dual function of
NOS, either with antibacterial activity in cytostatic condition or RONS production in cytotoxic
condition (Xia and Zweier, 1997) and thus entitled as “double-edged biological sword”
(Karpuzoglu and Ahmed, 2006). Increased levels of iNOS leads to numerous inflammation related
health ailments (Kroncke et al., 1998), such as cerebral ischemia (ladecola et al., 1997),
neurological diseases (Koprowski et al., 1993), prostate cancer (Aaltoma et al., 2001), rheumatiod
arthritis (Grabowski et al., 1997), osteoarthritis (Pelletier et al., 1998), tuberculosis (Nicholson et

al., 1996) and esophageal adenocarcinomas (Wilson et al., 1998).

During inflammation, iNOS and COX-2 are the two up-regulated inducible enzymes present in
cells (Vane et al., 1994), in which iINOS enhance the catalytic activity of COX-2, further which
switch on the interaction of inflammatory systems to generate eicosanoids, depending upon the
state of inflammation, i.e., acute or chronic (Kim et al., 2005; Klimp et al., 2001). Therefore, iINOS-
COX-2 bond disruption is required to inhibit the release of NO which further deters the activation
of COX-2. Suh et al. (1998) reported the application of synthetic oleananes (3,12-dioxoolean-1-
en-28-oic acid and 3,11-dioxoolean-1,12-dien-28-oic acid) to inhibits the INOS-COX-2 formation.
Other research groups including Chen et al. (2001), Liang et al. (1999), Mediavilla et al. (2007)
and Raso et al. (2001) reported the anti-inflammatory affects of flavonoids and polyphenolic
compounds such as apigenin, naringenin, galangin, quercetin, morin, silymarin, kaempferol,
baicalin, baicalein and wogonin in down-regulation of iNOS activity along with PGE, and COX-
2 gene expression. Prabhu et al. (2002), Vunta et al., (2007), Davis et al. (2002), and Gandhi et al.
(2011) reported the application of Se in the form of sodium selenite in down regulation of iINOS
along with PGE2 gene expression and up-regulation of PGDz and 15 deoxy A2 PGJ, products.

The downstream product of anti-inflammatory PGs such as 15 deoxy A2 PGJ, is more potent
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than its precursor (PGD>) to down-regulate the iNOS promotor activity, mRNA and protein levels
(Petrova et al., 1999). However, the dietary Se supplementation in the form of organic cereal
source has not been reported till present date and the present study showed Se supplementation in
the form of seleniferous wheat and maize extracts with significant decreased extracellular NO
production and INOS expression at pre-transcriptional levels in comparison to the inorganic
sodium selenite supplementation. The results conclude that dietary Se supplementation revoke the
generation of free radicals such as reactive oxygen and nitrogen species (RONS) in better way,
which if in excess, stimulates the overproduction of pro-inflammatory enzymes such as iNOS,
MPGES-1 and COX-2, that regulate the inflammatory pathways such as arachidonic acid or

mitogen activated protein kinase (MAPKS).

Thus, this section describes the effect of Se supplementation through seleniferous cereal grains
upon profiling of molecular and enzymatic expressions of anti-inflammatory (GPx-1 and H-PGDS)
and pro-inflammatory enzymes (COX-2, mPGES-1 and iNOS) at both pre-transcriptional and
post-translational levels through mRNA and protein expressions, respectively. The results showed
the significant difference in role of naturally Se-enriched cereal grains (£ rMETase treatment) in
up-/down-regulation of anti-/pro-inflammatory genes in comparison to inorganic sodium selenite
supplementation. However, the degree of Se-accumulation, bioaccessibility and bioactivity were
different in different Se-crops grown on similar Se-contaminated field. Despite of highest Se levels
in wheat crop, maize grains showed relatively higher bioaccessibility and bioactivity in shunting
of arachidonic acid pathway from pro- to anti-inflammatory responses, in LPS stimulated murine

macrophages.
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Conclusions

The Se levels in soil and grains were significantly higher (p<0.001) with their respective non-
Se controls. Se-uptake capacity among different cereal crops (wheat, maize and rice) grown
on similar seleniferous fields were significantly different from each other (p<0.001).

Se levels influence the whole elemental profile with elevated mineral composition in
comparison to the non-seleniferous crops.

Se levels among four protein fractions, the glutelin and prolamin fractions were dominated
over other grains tested. The bioavailability of Se in different protein fractions is directly
proportional to its concentration in the fractions.

Se as an antioxidant is directly proportional to GPx-1 and H-PGDS expression and have
inverse relationship with COX-2, mPGES-1 and iNOS profiles.

Among dietary Se supplementation through seleniferous wheat and maize extracts, maize
extracts confirm better accessibility of Se, although wheat grains accumulate higher Se levels
than maize grains.

The role of rMETase in facilitation of free Se from cereal matrices to suppress inflammation

has showed significant difference in comparison to SeW and SeM supplementation alone.
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ABSTRACT ARTICLE HISTORY

The accessibility of selenium from naturally enriched sources such as Received 5 May 2017

cereals crops can potentially be used as selenium supplements to Accepted 14 June 2017

support nutritional requirements. Dietary selenium supplementation,

as Se-rich wheat extracts, on RAW264.7 macrophage cells enhanced Seleni .
.. . X . I eleniferous wheat;

the ant_|OX|dant capacity via augmentation Qf ce_IIuIar selenoprotein glutathione peroxidase-1;

glutathione peroxidase 1 (GPx-1) expression in the absence or cyclooxygenase-2;

presence of lipopolysaccharide (LPS) treatment. Cells were prostaglandin metabolism;

supplemented with Se in the form of sodium selenite (SS), reactive oxygen species;

seleniferous wheat extract (SeW) and seleniferous wheat extract with rMETase

rMETase treatment (SeW + rMET) at three different concentrations.

Cells supplemented with SS and SeW + rMET showed increase in

GPx-1 expression as compared to SeW-treated cells. SeW + rMET,

further, downregulated the LPS-induced expression of

cyclooxygenase-2, microsomal PGE synthase-1 and inducible nitric

oxide synthase w.rt. Se-deficient cells, while the expression of

haematopoietic PGD synthase was upregulated. This demonstrates

SeSup effectively modulates the expression of inflammatory

responses, indicating the potential benefits of dietary selenium

supplementation.

KEYWORDS

Introduction

Macrophages are the prime responders to diverse stimuli for cell-to-cell communication.
Activation of these innate immune cells is usually accompanied by oxidative burst, as seen
by increased reactive oxygen and nitrogen species (RONS), which affects the pathogen. In
addition, macrophage activation is also associated with the release of various mediators,
including arachidonic acid (AA)-derived prostaglandins such as PGE,, TXA, and
PGD,, and its metabolite 15d-PGJ, (Ricciotti & FitzGerald, 2011). However, any disrup-
tion in RONS encountering enzymes will lead to massive oxidation by cell populations in
inadequate mitigation of pathogens. This represents a potential toxic insult, resulting in
DNA damage and inactivation of enzymes, leading to recurrent infections and persistent
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inflammation. The basic reactions involved in oxidative burst are through chemically reac-
tive secondary messenger molecules such as NO°, O5 and H,O,. These superoxide radicals
may be rapidly reduced to H,O, by SOD (Conrado, D’Angelantonio, Torreggiani, Pecci, &
Fontana, 2014), and further to H,O by antioxidant/anti-inflammatory enzymes like sele-
noproteins such as glutathione peroxidase and selenium-independent enzymes such as
H-PGDS, which belongs to the sigma-class of glutathione S-transferase with non-
selenium-dependent peroxidase activity (Higgins & Hayes, 2011).

The biological effects of dietary Se is through its incorporation into selenoproteins that
influence various cells and their functions such as activation, migration, proliferation
capacity and signalling strength like cytokine production and phagocytosis (Huang,
Rose, & Hoffmann, 2012). The ex-vivo supplementation of Se boosts up the innate/adap-
tive immune responses, which further directly/indirectly regulate the cellular redox tone
by inhibiting the expression of pro-inflammatory genes and, hence, reducing the inflam-
matory response (Rayman, 2012).

Dietary Se supplementation is proved to elevate the transcription of anti-inflammatory
enzymes (GPx and H-PGDS) and downregulate the transcription of pro-inflammatory
inducible enzymes (COX-2 and iNOS), pro-inflammatory cytokines (IL-1, IL-2, IL-6
and TNF-a) and pro-inflammatory chemokines (IL-8, MIP-1a, MCP1, RANTES and
eotaxin) (Gandhi, Nagaraja, & Prabhu, 2013). Se can potentially help in switching the
AA pathway from pro-inflammatory expression to anti-inflammatory responses and
reduce the risk of cancer (Lu et al., 2016), arthritis (Onal, Naziroglu, Colak, Bulut, &
Flores-Arce, 2011) and other cardiovascular diseases (Bukkens et al., 1990). In the
recent past, our group has reported the significant hyperaccumulation of Se in staple
crops ranging from 20 to 123 pg/g in wheat, maize and rice matrices (Dhanjal, Sharma,
& Nagaraja, 2016). In Se-rich wheat (Cubadda et al., 2010) and rice (Premarathna
et al., 2012), 90% of Se content is in the form of seleniomethionine (SeMet). The in
vitro gastrointestinal digestion studies show a better accessibility of Se in terms of
SeMet during intestinal digestion (Dhanjal et al., 2016; Cubadda et al., 2010). These Se-
rich matrices provide an efficient reservoir for long-term shortage (Behne, Alber, & Kyr-
iakopoulos, 2009), facilitating the availability of Se through catabolism of SeMet during the
natural protein turn-over (Zeng, Botnen, & Jhonson, 2008). However, the ability of these
Se-rich foods to mitigate expression of inflammatory genes while upregulating those pro-
teins that are key in resolution of inflammation has not been demonstrated. In this study,
we demonstrate the influence of bioavailable dietary Se in resolving the inflammatory
responses through upregulation of expression of anti-inflammatory enzymes such as
GPx-1 and H-PGDS, while downregulating pro-inflammatory enzymes (COX-2,
mPGES-1 and iNOS) in SeDef and SeSup RAW264.7 macrophage cells.

Experimental
Extraction and quantification of selenium in wheat extract

The extraction of Se from wheat matrices (SeW and NSeW) was performed in duplicate with
1X PBS buffer. The samples were vortexed for 10 min and centrifuged at 4000 rpm for 30
min at 4°C. The supernatant was centrifuged at 16,000 rpm for 1 h at 4°C. The filtrate
was collected under sterile conditions and passed twice through 0.22 um sterile filters.
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The extracts were kept at —80°C until quantification was done. Se in wheat extract was oxi-
dized in acid using microwave digestion (MARS 6 240/50:910905, CEM-NC) with nitric
acid and perchloric acid (SD FineChem, India) followed by reduction with HCI (SD Fine-
Chem, India). The reduced Se (Se**) was then allowed to complex with 2,3-diamino-naph-
talene (Himedia, India) to obtain yellow coloured piazselenol complex in cyclohexane. The
colour intensity was measured with a fluorescence spectrometer (Perkin Elmer LS-45) at
emission spectrum of 520 nm corresponding to the amount of selenite present in the
wheat extracts (SeW/NSeW). The emission spectrum of NIST-certified Selenium ICP stan-
dard solution (SRM-1349) was used for Se quantification (Dhanjal et al., 2016).

Cell culture and stimulation

RAW?264.7 murine macrophage cell line was cultured in DMEM (Lonza) containing 10%
defined FCS (Himedia), 4.5 g/L glucose, 2 mM L-Glutamine, 1 % v/v penstrep containing
100 U/mL of penicillin and 100 pg/mL streptomycin (Sigma), 0.5% amphotericin B sol-
ution (Sigma) at 37°C with 5% CO, devoid of any Se source (SeDef). SeDef cells
(1x10°) were then cultured in three different Se-supplemented media (SeSup) for three
days along with respective controls (Table 1). After 72 h, cells were stimulated with lipo-
polysaccharide (LPS) (Sigma) at 1 ug/mL. Cells were collected at different time intervals,
washed twice with PBS (Lonza), scraped and centrifuged at 2000 rpm. Both SeDef and
SeSup cells had similar growth rate and cell viability pattern.

Preparation of cell lysates

The pellets were re-suspended in 100 uL of CelLytic'™ M (Sigma) protein extraction
reagent containing Pierce'™ protease inhibitor (Thermo Scientific Life Sciences) and
kept for 30 min at 4°C with intermittent vortexing. The cell lysate was centrifuged at
12,000 rpm for 30 min at 4°C and protein containing supernatant was collected. For
mPGES-1 analysis, the pellet containing membranous proteins was re-suspended in
extraction buffer and centrifuged at 16,000 rpm for 1 h at 4°C. Supernatant was collected
and the protein concentration was estimated using the Bradford method (Alabi, 1979).

Western blot analysis

Along with prestained protein ladder (PUREgene Genetix Biotech), 30 ug of protein was
separated on 15% SDS-polyacrylamide gel (Sigma) and transblotted onto the PVDF mem-
brane (0.2 pm, Biorad). The membrane was blocked with TBST containing 10 mM Tris,

Table 1. Different sources of Se supplementation with increasing three different Se concentrations (50,
100 and 500 nM) w.r.t. their controls. Control (C) represents cells devoid of any source of Se
supplementation. In case of (NSeW)e and (NSeW)e + rMET, “e” represents the volume of non-
seleniferous wheat extract taken equivalent to seleniferous wheat extract with 500 nM Se
concentration.

Se source in Se-supplemented cells (SeSup) Corresponding controls in Se-deficient cells (SeDef)
Sodium selenite (SS) Control (C)
Seleniferous wheat extract (SeW) Non-seleniferous wheat extract (NSeW)e

Seleniferous wheat extract + rMETase (SeW + rMET) Non-seleniferous wheat extract + rMETase ((NSeW)e + rMET)
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pH 8.0 (Himedia), 150 mM NaCl (Sigma), 0.05% Tween-20 (Sigma) and 5% skim milk
(Sigma) for 1 h at room temperature. The membrane was probed with primary antibody
followed by an appropriate secondary antibody coupled to HRP. Anti-GPx-1 was pro-
cured from Abcam (Cat # ab108427); mouse anti-GAPDH (Cat # 437000) and HRP
goat anti-mouse IgG (H+L) (Cat # 626520) were procured from Life Technologies;
while goat anti-rabbit IgG HRP (Cat # 10004301), COX-2 (mouse) polyclonal antibody
(Cat # 160126), H-PGDS polyclonal antibody (Cat # 160013) and mPGES-1 polyclonal
antibody (Cat # 160140) were procured from Cayman Chemical Company. Anti-
GAPDH was re-probed with blots for normalized protein loading. The immunoreactive
bands were analysed densitometrically using the Image] software program (Schneider,
Rasband, & Eliceiri, 2012), developed at the National Institute of Health (NIH).

Semi-quantitative reverse transcriptase PCR

Total RNA was extracted from SeDef and SeSup cells by TRIzol reagent (Life Technologies)
according to the manufacturer’s instructions and quantified on the basis of UV absorbance
values at 260 and 280 nm. To reduce any DNA contamination, RNA samples were treated
with RNase-free DNase (Promega) for 15 min at 20-25°C. One microgram of total RN A was
reverse-transcribed using Superscript III First strand synthesis (Invitrogen). Equal
amounts of DNA (100 ng) from each sample were polymerized using Applied Biosystems
Veriti thermal cycler. Primers for GPx-1, COX-2, mPGES-1, H-PGDS, iNOS, GAPDH and
B-Actin, as listed in Table 2, were used for PCR amplification and the product was analysed
on 2% agarose gel (3B Black Bio Biotech India Ltd.). DNA bands were quantified on a GEL
DOC XR system (Biorad) using Quantity One 1-D Analysis (Biorad) software program and
the intensity of bands were analysed densitometrically using ImageJ software program
(Schneider et al., 2012), developed by the National Institutes of Health.

Nitrite assay

Nitric oxide (NO) release into cell-free medium was measured extracellularly from the
culture media (as nitrite) taken from cells cultivated and stimulated with LPS under
identical conditions. For standard curve, NaNO, was used from scale 0 to 100 uM and
incubated with Griess reagent (Sigma) for 15-20 min under dark conditions. Extracellular
nitrite excretion was measured in a plate reader at 548 nm.

Table 2. Primers used for pro-/anti-inflammatory genes in PCR amplification. One microgram of total
RNA was reverse transcribed from each sample and amplified by PCR polymerization. Gene expression
in SeSup and SeDef samples were then quantified densitometrically using ImageJ software program
and normalized to the expression of GAPDH.

Primer Forward (5" to 3') Reversal (5" to 3')

mouse Gpx1 ACAGTCCACCGTGTATGCCTTC CTCTTCATTCTTGCCATTCTCCTG
COX-2 CCCCCACAGTCAAAGACACT CCCCAAAGATAGCATCTGGA
H-PGDS CCTGGGCAGACTTCTACTGG AAACTGCAACACCCCTTGAG
mPGES-1 CACCTTGTAGGGTGCTGGTT CAGCCTAATGTTCAGCGACA
iNOS AATGGCAACATCAGGTCGGCCATCACT GCTGTGTGTCACAGAAGTCTC
GAPDH TGTTCCTACCCCCAATGTGT CCCTGTTGCTGTAGCCGTAT

Mouse B-actin TGGAATCCTGTGGCATCCATGAAAC TAAAACGCAGCTCAGTAACAGTCCG
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Results and discussion
Quantification of selenium wheat extract

The Se concentration of seleniferous wheat grain extract measured by fluorescence spec-
trometer was 7.1 + 0.2 ug/ml. Earlier reports from our group showed the hyperaccumula-
tion of Se in different cereal grains and their protein fractions from seleniferous belt of
Punjab, India. The whole wheat grains accumulate up to 122.9 + 0.6 pug/g Se than maize
(26.5+0.2 pug/g) and rice (19.7+0.2 ug/g). In the in vitro gastrointestinal digestion
studies, the intestinal accessibility of Se describes its potential bioavailability through
dietary supplementation to the SeDef population (Dhanjal et al., 2016).

Dietary selenium transforms the expression profile of pro-inflammatory genes
(COX-2, mPGES-1) into the anti-inflammatory genes (GPx-1, H-PGDS)

The expression profile of Se-dependent pro-/anti-inflammatory genes were measured in
RAW?264.7 cells. Cells were grown in various conditions as SeDef (Control, NSeW and
NSeW + rMET) and Se-supplemented media (SS, SeW and SeW + rMET) with different
Se concentrations (50, 100 and 500 nM). As GPx is a well-known marker for the Se
status, the anti-inflammatory enzyme expression of Se-GPx-1 increased with increasing
sodium selenite concentration (500 nM >100 nM >50 nM >0 nM, 0h) of SeSup cells
with 3.5-fold higher expression as compared to SeDef cells (Figure 1(A)). With oxidative
stress upon LPS stimulation, control RAW264.7 cells that were devoid of Se also showed
mild GPx-1 expression after 4 h (Figure 1(A)) which clearly indicates the self-defense
mechanism against the ROS generation. However, upon LPS stimulation up to 4 h, Se sup-
plementation increased GPx-1 levels to a significant extent with increasing concentration
(500 nM > 100 nM > 50 nM) w.r.t. control, i.e. from 2.4-fold at 50 nM to 9.0-fold at
500 nM. Increased expression of selenoproteins, including GPx1, is known to mitigate
inflammation and bolster immunity that involves downregulation of COX-2 and
mPGES-1, while upregulating H-PGDS to effect a process called “eicosanoid class switch-
ing mechanism” in Se-stimulated RAW264.7 cells (Yui, Imataka, Nakamura, Ohara, &
Naito, 2015; Duntas, 2009; Vunta et al., 2007). Higher Se supplementation up to 2 uM
in the form of sodium selenite is also reported to inhibit NFkB-dependent transcription
(Nettore et al., 2017; Meplan et al,, 2016; Youn et al., 2008; Maehira, Mivagi, & Eguchi,
2003). Under Se-deficient conditions, there is increased ROS generation that is closely
associated with increased inflammatory genes, which results in augmentation of oxidative
stress in cells. Thus, imbalances in oxidative stress exacerbate the modulation of repressor
activator protein 1 (RAP1), which induces pro-inflammatory cytokines via activation of
transcription factor NFkB (Cai et al, 2015). Prolonged NFkB activation results in
neuro-inflammation followed by neuro-toxicity, as it is ubiquitously expressed in
neurons (Shih, Wang, & Yang, 2015).

rMETase increases the bioavailability of selenium from cereal matrices

rMETase is the recombinant L-methionine y-lyase or methioninase, a pyridoxal
5’-phosphate containing enzyme. It catalyses the a- and y-elimination of methionine,
sulphur-containing amino acids. Likewise, it is able to cleave C-Se and C-O bonds of
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Figure 1. GPx-1 expression in RAW264.7 macrophages. Cells were treated with 50, 100 and 500 nM Se
concentrations in different forms: (A) Sodium selenite (SS), (B) Seleniferous wheat extract (SeW) and (C)
Seleniferous wheat extract in the presence of rMETase incubation (SeW + rMET) with respect to their
controls, for 72 h and then inflamed with 1 pg/mL LPS for framed time interval up to 4 h. Densitometric
values normalized to GAPDH are graphed with mean + S.D. for protein expression and the values indi-
cated below each panel of mRNA expression.
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selenium- and oxygen-containing amino acids (Fukumoto et al., 2012; Nakayama et al.,
1984) and making them optically more active and bioavailable in functioning (Tanaka,
Esaki, & Soda, 1985). Our results also showed the significant difference with rMETase
application in comparison to controls demonstrating the facilitation of free Se from
wheat matrices, and impacting the elevated trend of anti-inflammatory enzymes vis-
a-vis downregulation of pro-inflammatory enzymes.

A marginally elevated trend of overall GPx-1 expression was observed when cells
were incubated with ex-vivo dietary Se-supplementation in the form of seleniferous
wheat extract (SeW) when compared to non-seleniferous wheat extract (NSeW). Even
at highest concentration of SeW extract (500 nM), RAW264.7 cells showed 1.1-fold
increase in GPx-1 expression at 4 h of LPS stimulation w.r.t. control (C) (Figure 1
(B)). The SS and SeW + rMET-incubated cells showed 9.0- and 8.0-fold higher GPx-1
expression, respectively, than SeW-supplemented cells at a similar concentration and
time. This clearly demonstrates that Se bound to the wheat matrix was not completely
bio-available and accessible to the cells. Hence, to facilitate the accessibility of Se and
assess its efficacy, cells were incubated with rMETase (Gandhi et al., 2011) at 0.2
units/mL media along with SeW extract. The observations clearly indicated enhanced
GPx-1 expression trending similar to SS-stimulated cells. In LPS-unstimulated (0 h)
SeW + rMET-supplemented cells, the GPx-1 expression increased with increase in
SeW + rMET extract concentration (500 nM > 100 nM > 50 nM) up to 3.2-fold in com-
parison to NSeW + rMET-incubated cells (Figure 1(C)). Under similar conditions, the
supplementation of SeW extract showed poor GPx-1 response of up to 1.1-fold
(Figure 1(B)). At 4h of LPS stimulation, SeW +rMET supplementation (50 to
500 nM) w.r.t. NSeW + rMET enhanced the GPx-1 level from 2.5-fold to 6.2-fold,
respectively (Figure 1(C)).

Collectively, our data confirm the role of rMETase in facilitating the release of bio-
available Se from Se-rich wheat grain (SeW + rMET) and its antioxidant expression in
comparison to the SeW supplementation. Previous reports from our group showed
that selenomethionine (SeMet) accounts for 72-85% of selenocompounds present in
Se-rich wheat grains (Cubadda et al., 2010) and is the major form consumed by
humans (Finley, 2006). It can be, thus, hypothesized that Se-rich natural dietary
matrices facilitate sustained and slow release of Se through enzymatic cleavage of
SeMet to be metabolized to bioactive forms that increase plasma Se levels with
better antioxidant and anti-inflammatory capacity (Cao, Guo, Zhang, Dong, &
Gong, 2014). SeMet supplementation in minute concentration of up to 3 ug/g abrogate
the allergies caused due to these inflammatory responses under Se deficiency (Sakazaki
et al.,, 2014).

Dietary selenium supplementation downregulates the COX-2 expression in
comparison with SeDef macrophages

In contrast to GPx1, Se supplementation downregulated the expression of a well-known
pro-inflammatory gene, COX-2. COX-2 is a marker of inflammation and is activated by
diverse stimuli, including LPS. COX-2 levels were increased by 4.5-fold during the first
4 h in SeDef cells as compared to the SeSup group (Figure 2(A)). However, SeW with
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rMETase treatment (SeW + rMET) showed a nearly similar trend to SS-incubated cells
with moderately weaker expression of COX-2 after 4 h of LPS stimulation (Figure 2(C)).

Upon SS supplementation, the COX-2 expression was downregulated within 2-4 h
(Figure 2(A)) and reduced by 3.0- to 4.3-fold in 4 h with 50 and 500 nM Se, respectively.
Among SeW- and SeW + rMET-treated cells, COX-2 levels decreased from 1.4- to 2.0-fold
and 2.2- to 4.0-fold with increasing dietary Se levels (500 nM > 100 nM > 50 nM) as com-
pared to the NSeW- and NSeW + rMET-treated cells, respectively (Figure 2(B,C)). Further
at 500 nM, SeW + rMET, COX-2 expression significantly decreased by 4 h as compared to
SeW-treated cells (Figure 2(C)).

These results suggested that SeW extract with bio-available Se modulates the COX-2
expression leading to the downregulation of its downstream product mPGES-1 (Figure 3
(C)) and thus helps in the activation of other anti-inflammatory prostaglandin enzymes
such as H-PGDS, which produces the precursor of anti-inflammatory cyclopentenone pros-
taglandins, D'*-PGJ, and 15d-PGJ,. With a delayed time lag of expression, levels of COX-2
and mPGES-1 correlate with each other and NF-kB transcription (Kirkbya et al., 2016) with
an increase at the protein level under Se deficiency upon LPS stimulation (Davis et al., 2002).
Such a functional coupling of COX-2 and mPGES-1 versus COX-1 and H-PGDS is known
to drive the PG metabolism towards either pro-inflammatory or anti-inflammatory path-
ways under differential Se status (Gandhi et al, 2011; Vunta et al, 2007). The over-
expression of COX-2 and mPGES-1 due to Se deficiency is thought to be one of the key
underlying basis of inflammation that is seen in breast cancer (Jana et al., 2014), AIDS,
(Ipp, Zemlin, Erasmus, & Glashoff, 2014) and asthma (Daham et al., 2014).

mPGES-1 expression is downregulated by dietary supplementation in
LPS-stimulated RAW264.7 cells

To demonstrate the effect of Se on mPGES-1 expression as a downstream marker of COX-
2 activity, cells were grown in SeDef and SeSup RAW264.7 cells with/without 1 ug/mL LPS
stimulation from 0 to 12 h. Based on the literature (Davis et al., 2002; Vunta et al., 2007;
Gandhi et al., 2011), a time course experiment was set up to check the expression of COX-
2 and mPGES-1. In SeDef LPS-stimulated cells (control 0 nM), the mPGES-1 level was
increased by 3.8-fold from 0 to 12h as compared to the SeSup cells (Figure 3(A)).
However, an increasing trend in mPGES-1 expression over time was seen in all SeSup
cells. In contrast to control (C, 12h) SeW + rMET incubation of RAW264.7 cells
clearly indicated a significant decreased mPGES-1 expression up to 12-fold at higher con-
centration (500 nM) as compared to the SeW cells (3.3-fold) (Figure 3(B, C)).

Interestingly, in LPS-stimulated NSeW + rMET-supplemented cells, rMETase co-treat-
ment decreased mPGES-1 expression up to 5.9-fold over 12 h (Figure 3(C)). This result
highlights the role of rMETase in promoting the bioavailability of Se to plausibly skew
the AA pathway. During resolution of inflammation, Se supplementation shifts AA
metabolism from PGE, towards PGD, and its downregulated product 15d-PGJ,
through inactivation of NF-kB (Gandhi et al., 2011; Kaushal et al., 2014; Nelson, Lei, &
Prabhu, 2011; Vunta et al., 2007; Davis et al., 2002). By virtue of being a Michael electro-
phile, 15d-PG]J, covalently modifies key cysteine thiols in I Kappa B Kinase (IKK)-f
(IKK2), which regulates the activation of NF-«kB in LPS-treated macrophages (Cai et al.,
2015; Gandhi et al., 2011).
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Figure 2. LPS-induced expression of COX-2 in RAW264.7 macrophages with same experimental con-
ditions as for GPx-1. The graph shows the inverse relationship with GPx-1 upregulation with increased
selenium concentration up to 4 h of LPS incubation. n =3 is shown.
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Figure 3. mPGES-1 expression; selenium supplementation modulates the mPGES-1 levels when
inflamed with 1 pg/mL LPS up to 12 h. Seleniferous wheat extract in the presence of rMETase incu-
bation (SeW + rMET) shows maximum downregulation in comparison to sodium selenite and selenifer-
ous wheat extract incubation. A noticeable observation of non-seleniferous wheat extract treated with
rMETase (NSeW + rMET) showed significant decrease in mPGES-1 protein and mRNA levels (C). Results
shown are representative of three independent experiments.
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Shunting of the AA pathway from mPGES-1 to H-PGDS by SeSup

Culturing of RAW.264.7 cells in LPS-stimulated SeDef and SeSup cells showed significant
increase in H-PGDS expression. A 7.0-fold difference in H-PGDS in SeDef LPS-stimulated
cells (control, C) was seen from 0 to 12 h (Figure 4(A)). However, Se supplementation sig-
nificantly increased the upregulation of H-PGDS with increasing concentration (500 nM
> 100 nM > 50 nM) either in the form of SeW + rMET or SS as compared to the control
(Figure 4(A, Q)).

In addition, SS-supplemented cells without LPS stimulation (0 h) showed increasing
levels of H-PGDS (up to 6.4-fold) with increase in Se concentration from 50 to
500 nM. A similar increasing trend was observed in SeW + rMET-treated cells, at a
higher concentration (500 nM) with prominent hike in expression levels (4.4-fold)
when compared to the SS (2.0-fold) and SeW (1.8-fold)-treated cells w.r.t. their controls,
respectively (Figure 4). Similar results were observed in earlier studies with sodium selenite
stimulation of macrophages wherein enhanced levels of hematopoietic PGDS (H-PGDS)
enzyme catalyse PGH, to PGD, and 15d-PG]J, conversion for the downregulation of
inflammation processes. 15d-PGJ, acts as an endogenous ligand for peroxisome prolifera-
tor-activated receptor (PPAR)y (Gandhi et al., 2011), a transcription factor that inhibits
the expression of NF-kB-regulated genes, while activating the expression of various
anti-inflammatory genes (Tyagi, Gupta, Saini, Kaushal, & Sharma, 2011).

iNOS expression

In addition to COX-2 and mPGES-1, expression of iNOS, a well-known NF-kB down-
stream target gene, was examined at the level of mRNA and product (as nitrite) cell-
free supernatant. Upon LPS stimulation, iNOS expression was increased in all treatments.
However, in SeDef (i.e. C, NSeW- and NSeW + rMET-treated cells), the mRNA expression
was significantly higher than in SeSup cells (Figure 5).

With increasing concentration of Se from 50 to 500 nM, iNOS expression was effec-
tively inhibited within 4 h in all SeSup cells. Although among SS-, SeW- and SeW +
rMET-stimulated cells, the SeW + rMET supplementation showed comparatively higher
inhibition of iINOS expression (10-fold) as compared to the SS (3-fold) and SeW (3.5-
fold)-stimulated cells w.r.t. control (C, 24 h). In SeDef cells, devoid of LPS stimulation,
marginal expression of iNOS could be seen in NSeW (0.8-fold) and NSeW + rMET
(0.2-fold) as compared to the control (C). It is known that LPS and IFNy induction upre-
gulates the iNOS expression to augment inflammatory responses in human U937 macro-
phages (Grkovich, Johnson, Buczynski, & Dennis, 2006). Our results corroborate with a
previous report on the ability of Se supplementation to reduce iNOS expression by 3-
fold as compared to SeDef LPS-unstimulated RAW 264.7 macrophages (Prabhu et al,
2002). Similar results were seen with the role of Aster Yomena (Kim et al., 2017), Eupar-
toium makinoi (Ahn et al., 2015), Siegesbeckia glabrescens (Lee, Kang, Hwang, & Kim,
2011) and lansai Cand D (Taechowisan, Wanbanjob, Tuntiwachwuttikul, & Liuin,
2010) in downregulation of iNOS transcription along with NO quenching which
further decreases in COX-2 and PGE, mRNA levels in LPS-induced macrophages.

The enzyme expression through protein levels of GPx-1, COX-2, mPGES-1 and
H-PGDS showed consistent results in gene expression via mRNA levels. This demonstrates



FOOD AND AGRICULTURAL IMMUNOLOGY 1385

Axps. .
g Sodium selenite
& @ 0hE 2h S 6h M 12h
O 20 |
7]
[=]
4
= 15 |
Pl
o
&
® 10 |
s
3
E
25T
=
©
= 5 . =N\ = =
Control (OnM) Sodium selenite (50 nM) Sodium selenite (100 nM) Sodium selenite (500 nM)
-+ o+ o+ - + o+ o+ . m w B
LPS o 2 6 12 (h) 0 2 6 12 (h) 0 2 6 12 (h) 0 2 6 12 (h)
HPGDS — — — — — — — —— — — — O — —

GAPDH | W g — — .- W gy g

H-PGDS
GAPDH

H-PGDS/GAPDH 00500 0.8:0.0 270.8 4.8+14 0100 25+0.6 3.2£0.2 0.3x0.1 0.5£00 6.1x10 6.120.5 5.6+1.1 2.450.0 5.30.5 55502 7.5:1.6

N
o
d

SeW
E0h=2h m6h m12h

[N
o
T

Relative intensity of H-PGDS/GAPDH 0
&

AN
50 SeW (100 nM) 00
Se e+ S+ B = + o+ o+
o 2 6  12(h) 0o 2 6 12(n) 0 2 6 12(n 0 2 6 12(n)
H-PGDS = —_——— 2 e —— - — - o ———
GAPDH WD WS W W - ey e W K K K ] [ ]
H-PGDS
GAPDH
H-PGD S/GAPDH 0-0£0.0 0.1:0.0 08+0.4 0.7£0.2 02£0.1 02+0.11.5£03 1.0+0.1 0.0£0.0 2.930.5 1.00.0 08+0.5 3.2401 24203 3.740.2 6.7¥14
C
g SeW+rMET
= £ 0h E12h K16h m12h
< 20}
w
(=]
g
= 15
-
s
2
s 10 |
2
s
E
2 s
=
=
= N
NSeW-+rMETase (500 nM)e SeW+rMETase (50 nM) SeW+rMETase (100 nM) SeW+rMETase (500 nM)
. @ W s o o w Se . 5w o o
s g 2 6 12 (h) 0 2 6 12 (h) 0 2 6 12 (h) 0 2 6 12 (h)
HPGDS s St S ——— — — e e
caron G08 eme Be e - .- e o - b o
H-PGDS
GAPDH

H-PGDS/GAPDH 0-2%0.0 0.9%0.2 0.7%0.2 0.9+0.0 0.0+0.0 0.4£0.0 1.60.4 10.8+1.5 0320.1 0.7+0.3 1.8+0.7 1.1:0.0 0.4+0.01.20 3 12.632.5 13.062.4
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that SeSup regulates the AA metabolism at the transcriptional level. Thus, Se modulates the
pro-inflammatory genes transcriptionally to reduced levels of COX-2 , mPGES-1 and iNOS
expression. However, the antioxidant capacity of genes like GPx-1 and H-PGDS showed
elevated mRNA expression with SeSup as compared to the control.

NO production

NOproduction (measured as nitrite) was also analysed by collecting cell-free supernatants
over time (Figure 6). The SeDef (C, NSeW and NSeW + rMET) shows significantly higher
NO level as compared to the SeSup cells (SS, SeW and SeW + rMET). The observations
clearly indicate that upon LPS stimulation, Se deficiency results in exogenous NO pro-
duction (Hoffmann, 2007), which is part of the inflammatory markers along with other
cytokines such as TNF-a, IL-1B and IL-6 in LPS-induced ]774.1 mouse macrophages
(Safir, Wendel, Saile, & Chabraoui, 2003).

Conclusions

In the present study, we observed the enhanced anti-inflammatory role of bio-available Se
facilitated through rMETase-treated seleniferous wheat extracts by inhibiting the
expression of COX-2, mPGES-1, iNOS expression and nitrite production. This proves
the regulatory effect of bio-available Se in induction of anti-inflammatory GPx-1 and
H-PGDS protein levels through downregulation of pro-inflammatory protein levels.
Our data highlight the role of rMETase enzyme in dietary Se supplementation in the
form of wheat extract as nearly similar to that of sodium selenite supplementation in resol-
ving inflammatory responses in the RAW264.7 macrophage model. To the best of our
knowledge, this is the first report that demonstrates the influence of bio-available Se
from Se-rich dietary matrices on inflammatory responses. Further studies with in-vivo
models are to substantiate these observations on bioavailability and bio-activity of Se
from Se-rich dietary matrices.
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Quantification and In Vitro Bioaccessibility of Selenium from Osborne Fractions
of Selenium-Rich Cereal Grains

Noorpreet 1. Dhanjal,' Siddharth Sharma,! and N. Tejo Prakash*

ABSTRACT

Cereal crops cultivated in the seleniferous belt of Punjab, India, were
observed to hyperaccumulate a significantly high concentration of
selenium (20-123 pg/g). Selenium concentration (ug/g) in storage
proteins of wheat, maize, and rice, namely, albumin (401, 280, and 29,
respectively), globulin (264, 192, and 242, respectively), glutelin (563,
359, and 178, respectively), and prolamin (629, 339, and 257, re-
spectively) indicated variable selenium levels, with prolamin contributing
significantly higher levels of selenium when compared with other proteins

Cereal Chem. 93(4):339-343

with reference to the total concentration of the protein fraction. The
simulated gastric and gastrointestinal digestion studies indicated better
accessibility of selenium during intestinal digestion, with variability across
proteins and cereal types. The observations provide an insight into the
bioavailability of selenium in selenium-rich cereal grains, used in the study,
and their potential use as source for selenium supplementation to deficient
populations, or as “bioactive” selenium-rich nutraceutical blends for health
benefits.

Cereal grains contain up to 7-12% proteins, 65-75% carbohy-
drates, 2—-6% lipids, and 12-14% water. Osborne (1907) divided the
cereal proteins into four fractions based on their solubility in dif-
ferent solutes, namely, albumins (water), globulins (saline solution),
glutelins (alkaline solution), and prolamins (70—80% alcohol). This
method is widely used to classify the structural, metabolic, and
storage proteins that exhibit the functional properties. The per-
centages of protein fractions vary significantly in different kinds of
cereal grains. Prolamin has the smallest proportion among the total
protein present in rice (Danno and Natake 1980) but a dominating
fraction in wheat (Shewry and Mifflin 1985). The percentage of
protein range varies from 2% prolamin to 78% glutelin in rice, 6%
globulin to 46% glutelin in wheat, and 3% globulin to 55% prolamin
in maize (Alais and Linden 1991; Eliasson and Larsson 1993).

Albumins and globulins are metabolic proteins (Kruger and Reed
1988) that provide energy and nutrition to the grains during ger-
mination via activation of various hydrolyzing enzymes. These are
low-molecular-weight proteins with reduced disulfide bonds (Kruger
and Reed 1988), whereas prolamins and glutelins are storage proteins
having high molecular weight with intra- or interchain disulfide link-
ages showing biochemical polymorphism (Mandac and Juliano 1978;
Alais and Linden 1991). They have sulfur-rich subunits depending
upon the cysteine and methionine contents, which are the maximum in
wheat, followed by maize and rice (Phillips 1997).

Cereal grains fall under the categories of selenium nonaccumulator
plants. In contrast, in selenium accumulators excess selenium is ana-
bolized to nonprotein amino acids such as Se-methylselenocysteine
(MeSeCys) or y-glutamyl-Se-methylselenocysteine (y-Glu-MeSeClys),
resulting in reduced synthesis of selenoproteins, without affecting other
plant metabolic processes (Cubadda et al. 2010). Cereals are a rich
source of minerals, vitamins, proteins, carbohydrates, phytochemicals,
and antioxidants.

Seleniferous food can potentially be used as selenium supple-
ments in supranutritional doses in the case of cancer and in-
flammation (Ip et al. 1994; Combs et al. 2001). The supranutritional
diet provides a sufficient amount of methylselenol, a selenium
metabolite that induces apoptosis (Kaeck et al. 1997; Sinha and
Medina 1997). Therefore, biofortification with selenium (Wu et al.
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2015) has been enhanced in many selenium-deficit countries such as
Finland, where 10 pg/g of selenium is being supplemented to soils
as sodium selenate (Eurola and Hietaniemi 2000) to enhance its
delivery to the human population through food as supranutritional
supplementation. Alifar et al. (2014) conducted a greenhouse trial
with five different concentrations of sodium selenite (0, 100, 300,
500, and 700 g/ha) on selenium uptake by rice. The authors rec-
ommended application of selenium at the rate of 500 g/ha, beyond
which there would be no further uptake of selenium in grains.

Dietary organoselenium, from sources of foods that are naturally
enriched with selenium, can be a very good dietary source of this
nutrient because organic forms are easily bioaccessible (=90%) in the
intestine, where they can bind with albumins along with 3-proteins for
circulation in the blood stream.

Keeping in mind the growing importance of dietary sources of
selenium at supranutritional levels and the bioaccessibility, the
objective of the current study was to determine the distribution and
bioaccessibility of selenium in Osborne fractions of cereal grains
collected from seleniferous fields. The present study represents
selenium bioaccessibility, which is influenced not only by the amounts
but also by the form of protein to which selenium is bound.

MATERIALS AND METHODS

Sample Collection. Wheat (Triticum aestivum), rice (Oryza
sativa), and maize (Zea mays) were collected in November 2014 at
sites near the villages of Jainpur and Barwa geographically located
at 32°46'N, 74°32'E, in the Nawanshahr-Hoshiarpur districts of
Punjab, India. Samples were collected from three different locations
of each field, and composite samples were prepared and processed
separately. Nonseleniferous samples were collected from agricul-
tural fields of Patiala (30°32'N, 76°40'E), India. Healthy grains
were manually separated from damaged ones, cleaned from dust,
and ground to fine powder with an electric blender.

Selenium Determination. Selenium was determined in defat-
ted whole grain flour, starch residue, and all protein fractions fol-
lowing the procedure given by Levesque and Vendette (1971) (Fig. 1).
This method involved closed vessel digestion with HNO3; and HCIO,
(SD Fine-Chem, Mumbai, India), reduction of selenium from Se+6
to Se** in a microwave digester (MARS 6 240/50:910905, CEM,
Matthews, NC, U.S.A.), complexing of Se** with 2,3-diamino-naphtalene
(HiMedia, Mumbai, India), and extraction of the piazselenol in cy-
clohexane at pH 1.8. Fluorescence was measured after extraction at
360 nm (excitation) to obtain the emission spectrum of piazselenol at
520 nm (emission) with a fluorescence spectrometer (LS-45, Perkin
Elmer, Waltham, MA, U.S.A.). Selenium quantification in each sam-
ple was carried out by a relative method using the emission spectrum
of National Institute of Standards and Technology certified selenium
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ICP standard solution (SRM-1349), and standard addition was used
and percent recovery was checked for selected samples.

Protein Extraction. Osborn fractions (namely, albumin,
globulin, glutelin, and prolamin) were extracted from cereal grains
according to the method of Ju et al. (2001). The systemic scheme is
common for wheat, rice, and maize protein extracts and is given in
the flow chart (Fig. 1). Fractions were extracted, independently,
from defatted sample flour based on their solubility in distilled
water (albumin), 5% NaCl (globulin), 0.1M NaOH (glutelin), and
70% ethanol (prolamin) at 25°C. For precipitation of proteins, the
pH was adjusted to the isoelectric point (titration of aliquot and as
indicated by pH electrode) with 1N HCI and kept overnight (4°C)
to ensure complete aggregation. The extracts were then centrifuged
at 12,000 rpm for 20 min (4°C), washed with acetone, cryodried,
and crushed to powder for further use.

Crude Starch Extraction. To the residue left after extraction
of different proteins, four washings were given: aqueous washing
with 1 L of distilled water for 24 h, salt washing with 2% NaCl for
24 h, alkali washing twice with 0.1N NaOH for 48 h, and alcohol
washing with 80% ethanol at 80°C in a water bath for 1 h to remove
and denature the remaining protein, if any. After settling for 4 h at
4°C, the supernatant was discarded. The residue was air dried at
ambient temperature (37°C) overnight to get crude starch powder
(Reddy and Bhotmange 2013). For wheat and maize, to reduce the
interference of unwanted materials such as fiber, fine cell residues,

and other soluble materials, the upper white starchy layer was
collected manually and resuspended in 1 L of 0.1N NaOH for 48 h
and in diethyl ether for 4 h at room temperature before the alcohol
washing step.

Enzymatic Digestion. In vitro gastrointestinal digestion was
performed according to the method of Kulkarni et al. (2007) (Fig. 1).
Gastric digestion was mimicked with 1% w/v pepsin (HiMedia) in
0.15M NaCl, pH 1.75, and intestinal digestion with 3% w/v pan-
creatin (Sisco Research Laboratories, Mumbai, India), 1.5% w/v
a-amylase (HiMedia), and 1% w/v bile salts (SD Fine-Chem) in
0.15M NaCl, pH 6.8, to estimate the selenium bioavailability in gastric
and gastrointestinal juices. Samples were centrifuged at 5,000 x g for
10 min (4°C); supernatant was filtered through a 0.45 um pore size
filter and subjected to selenium quantification.

Statistical Analysis. The observations were further analyzed
for descriptive and comparative interpretations with GraphPad
Prism 5.1 software (GraphPad Software, La Jolla, CA, U.S.A.).

RESULTS AND DISCUSSION

Selenium in Soil and Cereal Whole Grains. The mean
(+ standard deviation) selenium concentration in soil samples col-
lected during different cropping seasons was 3.32 + 0.15 pg/g. Our
earlier estimates of the selenium concentration in soils of the same
region ranged from 2.7 to 6.5 ug/g, as analyzed by neutron activation

Grain ﬂiur (200g)
Defatting with hexane (300ml,2-3h, twice)
Air dry under hood overnight
l
] Vv v v
Aqueous Extract Salt Extract Alkali Extract Alcohol Extract
(Albumin fraction) (Globulin fraction) (Glutelin fraction) (Prolamin fraction)
(200ml ddH20, stirring (200ml ddH20, 5%Nadl, (200ml ddH20, 0.1N NaOH, pH 11 (200ml of 70% Ethanol,

for 4h atRT, twice) stirring for 4h at RT, twice) stirring for 4h at RT, twice) stirring for 4h at RT, twice)
\ | |
v

Centrifuge the fraction at 4500rpm for 20min and filter the supernatant

Precipitate the proteillls to their isoelectric pH

|

Analyze the Se concentration of
whole grain flour and protein
fractionsby Levesque and

l

In vitro gastrointestinal digestion of
whole grain flour and protein fractions

Vendette method A
Gastric Digestion (G)

\
v

Gastric Digestion

1% wi/v pepsin in 0.15M NaCl,
pH 1.75, 37 °C, shaking for 3h
Adjust pH 6.8 by NaHCO3
Intestinal Digestion (GI)
3% w/v panceratin, 1.5% amylase and
1% wi/v bile salts in 0.15M NaCl, 37 °C, shaking for 4h
|

1% wi/v pepsin in 0.15M NaCl,
pH 1.75,37 °C, shaking for 3h

Centrifuge at 5000g and filter with 0.45um filter paperto get clear solution
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Grain flour (*200mg) and protein fractions (*20mg)

‘J/Oxidation with HNO3 and HC1O4 (3:1) in closed vessel MW digestion
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(Measurement of color intensity directly counts the amount of selenite in the sample)

Fig. 1. The scheme for the quantification of the different protein fractions, in vitro gastrointestinal digestion, and estimation of selenium in wheat, rice,

and maize samples.

340 CEREAL CHEMISTRY



analysis (Sharma et al. 2009). Dhillon and Dhillon (1991) reported
that soil in the said region had 4-5 times more selenium than
nonseleniferous regions. The concentration varied from 0.23 to
4.55 ng/g of selenium up to 180 cm depth of soil. This area is
significantly impacted by the selenium (340 pg/L) (Bajaj et al.
2011) in irrigation water and soil, resulting in hyperaccumulation
of selenium in cereal grains (Dhillon and Dhillon 2003). Soil with
selenium concentration of =1 ug/g is seleniferous in nature,
whereas at 0.4 pg/g the soils are generally considered selenium
deficient (Plant et al. 2005).

The concentrations of selenium in whole grains of wheat, maize,
and rice were 1229 + 0.6, 26.5 + 0.2, and 19.7 £ 0.2 pg/g,
respectively, when compared with selenium levels in grains
(1.1-1.3 pg/g) from a nonseleniferous area (Fig. 2). The selenium
levels in the nonseleniferous area under study also indicated
moderately higher levels when compared with global averages
(Jaiswal et al. 2015). Selenium concentration in most of the
world’s wheat ranges between 0.02 and 0.6 ug/g (Alfthan and Neve
1996). Referring to the selenium levels, wheat from seleniferous
areas of South Dakota, U.S.A., contained selenium to the extent of
30 pg/g. Thus, studies from this region reported selenium con-
centrations in wheat and maize at much higher levels than those
reported elsewhere. Mostly selenium (~90%) is present in organic
form, selenomethionine in wheat (Stadlober et al. 2001) and rice
(Guzman Mar et al. 2009). Among the inorganic forms, selenate
is identified as the major species present in wheat and rice, but it
is absent in maize grains (Aureli et al. 2012). Selenate is more
mobile up to the xylem and is less readily transformed into
organic forms (Terry et al. 2000; Sager 2006), whereas selenite
adsorbs on humic material present in soil, forms hydroxides
and oxyhydroxides with iron, manganese, or aluminum, and
gets rapidly metabolized into SeMet or SeCys forms (Séby et al.
1998).

Osborn Fractions and Selenium Content. The amounts of
various Osborne fractions with reference to percentage of total
protein and selenium concentration are given in Table I.
Referring to the selenium levels met in various proteins, the
glutelin fraction dominated over other proteins across all the
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Fig. 2. Concentration of selenium in cereal grains from selenium-
impacted (Se, scale at left) and normal soils (NSe, scale at right).

grains tested. Prolamin was observed to contribute significant
selenium levels despite being the lowest among all protein
fractions across all grains (Fig. 3). The overall selenium con-
tent in prolamin and glutelin fractions was higher than in other
proteins, except in the case of rice. A multiple comparison test
showed significant variation (P < 0.05) in selenium levels
across grains but not significant across proteins. Nearly similar
observations were also obtained in wheat crop samples obtained
from other locations in the seleniferous belt (Jaiswal et al. 2015).
Correspondingly, selenium levels in the residual starch were
below detectable limits with respect to the presence of 2,3-
dihydroxypropionyl-selenolanthione (m/z 345), hexose moiety
(m/z 317 and m/z 358), and hexose pentose moiety (m/z 407 and
m/z 408) as selenosugars in cereal grains (Aureli et al. 2012). In the
spent residue, selenium is still present with 46.5 + 0.7, 6.4 + 0.8,
and 10.6 = 0.1 pg/g concentration in wheat, maize, and rice, re-
spectively, as residual percentage loss.

Abundance of methionine and cysteine in each fraction represents
nonspecific incorporation of selenomethionine and selenocysteine,
respectively, into proteins (Strub et al. 2003). Aureli et al. (2012)
reported that the total selenium in rice is present in organic form
(SeMet) dominantly in the glutelin fraction (31.3%) and only 2.85%
as inorganic selenium. In turn, Se-methyl-selenocysteine and sele-
nocystathionine are present in nonprotein fractions of selenium-
accumulating plants. It would, therefore, be of further interest to
understand the profile of selenium moieties in these selenium-rich
Osborne fractions.

Selenium Bioavailability. The bioavailability of selenium in
different protein fractions is directly proportional to the concen-
tration present in them. This bioavailability indicates that the in-
testinal fluids break down the selenium-containing proteins, which
are then easily absorbed. Generally, selenium is higher in cereal
grains (Jaakkola et al. 1983) than in animal foodstuffs (Combs 1988).
Hakkarainen (1993) earlier reported the selenium bioavailability from
wheat (83—100%), barley (78-85%), oats (41-45%), fish (64—80%),
and meat meal (22-30%). With reference to the present study carried
out on the selenium fractionation into Osborne fractions, the proteins
were subjected to in vitro gastric and gastrointestinal digestion.
Table II presents the selenium levels in the bioaccessible fractions
with reference to various proteins and cereal grains.

The bioaccessible fractions across the cereal grains showed sig-
nificant variation, with wheat providing higher bioaccessibility of
selenium through digestion, followed by rice and maize. In rice, the
small proportion of selenium-containing protein was still bound to
the starch matrices (Fang et al. 2010). Bioaccessibility of sele-
nium through intestinal digestion was higher compared with gastric
digestion in all the selenium-rich protein samples investigated,
indicating that the intestinal fluids sufficiently break down the
selenium-containing proteins, which are then easily absorbed. Se-
lenium from cereal grains in organic forms (selenomethionine and
selenocysteine) are more bioaccessible and are efficient reservoirs
for long-term storage (Behne et al. 2009). Further, the glutathione
peroxidase activity, generally considered an index of selenium levels
in the liver, kidney, and whole blood, revealed that bioavailabil-
ity of selenium in wheat was greater than in tuna (Alexander et al.
1983).

TABLE I

Percent Protein Yield and Corresponding Selenium Concentration of Osborne Fractions

Wheat Maize Rice
Fraction Protein Yield (%) Se Conc. (jng/g) Protein Yield (%) Se Conc. (ng/g) Protein Yield (%) Se Conc. (pg/g)
Albumin 11 +0.1 401 £ 1.9 20+ 0.8 280 + 2.6 8+09 29+ 1.5
Globulin 24 £ 2.6 264 + 4.2 34 £ 0.8 192 + 0.8 26 +22 242 + 1.6
Glutelin 49 + 2.1 563 + 2.1 38+ 1.1 359 +£23 59+1.8 178 + 1.3
Prolamin 16 +1.1 629 + 6.9 8+0.6 339+ 1.3 7+05 257 £ 1.3
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CONCLUSIONS

Selenium fractionation in Osborne proteins indicated that the
nonaccumulator cereal crops deposited most of the selenium in pro-
teinaceous matrices, possibly as selenoproteins and selenoenzymes.
Prolamins and glutelins had significantly higher selenium levels
across all grains except in rice, for which globulin had a higher
selenium level than glutelin. The bioaccessibility of selenium in
proteins correlated with their selenium concentrations. These sele-
niferous grains can potentially be used as selenium supplements in
supranutritional doses in countries where the food system does not
provide enough selenium to support nutritional requirements. How-
ever, it is important to understand that the intake of the organic form
of selenium is multifold when compared with inorganic intake. The
majority of the studies, to date, have been associated with low-
selenium dietary proteins; thus, the present observations on naturally
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Fig. 3. Levels of selenium in different protein extracts of various cereal
grains.

TABLE 11
Bioaccessibility of Selenium from Osborne Fractions of Selenium-Rich
Cereal Grains During Gastric (G) and Gastrointestinal (GI) Digestion

% Bioaccessibility (G/GI)

Fraction Wheat Maize Rice
Whole grain 75/98 59/95 51/82
Albumin 78/88 79/99 42/71
Globulin 74179 75/98 91/95
Glutelin 79/85 60/95 71/82
Prolamin 78/82 45/80 94/97
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enriched sources such as cereals are important to understand the ac-
cessibility of selenium.
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