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[. INTRODUCTION

Selenomethionine (SeMet), the selenium (Se-) analog of methionine (Met),
was first suspected in the 1930s to be one of the toxic principles of
seleniferous plants (Franke and Painter, 1938), although definite proof for its
existence became possible only in 1947, after synthetic SeMet had become
available (Klosterman and Painter, 1947). Chromatographic evidence also
suggested SeMet to be present in seleniferous wheat protein extracts (Smith,
1949), which was confirmed by Peterson and Butler (1962), Butler and
Peterson (1967) and Olson et al. (1970). Concurrent studies established that
SeMet was also synthesized by certain marine algae (Shrift, 1954 a,b),
Escherichia coli (Tuve and Williams, 1961), Saccharomyces cerevisiae
(Blau, 1961), Candida albicans (Hedegaard et al., 1963), and by rumen
bacteria (Hidiroglou et al., 1968). In 1962, >Se-labeled SeMet was
introduced as a radioactive tracer and pancreatic radioimaging agent (Blau
and Bender, 1962). The discovery of the nutritional essentiality of Se by
Schwarz and Foltz (1957) created the need for an appropriate supplemental
form of Se to prevent Se deficiency diseases in farm animals. Since synthetic
SeMet was prohibitively expensive, sodium selenite and -selenate were
approved for use as feed additives. These inorganic Se salts are readily
absorbed and utilized for selenoenzyme synthesis but are less effective in
raising blood Se levels than SeMet (Thomson and Stewart, 1974; Griffiths
et al., 1976; Robinson et al., 1978; Thomson et al., 1978; Van Rij et al.,
1979). To provide an economical food source of SeMet for use in human and
animal nutrition, methods for the industrial production of Se-enriched yeast
were developed by leading yeast manufacturers on initiative of Nutrition 21, a
California nutritional supplement company. Presently, Se yeast is manufac-
tured in many countries. In 1984, synthetic SeMet became available at a cost
comparable to Se yeast on a per se basis. Methods of production of alternative
food sources of SeMet such as high-Se wheat grains and of other Se-enriched
crops were also devised (Gupta and MaclLoed, 1998; Djusic et al., 1998;
Kivisaari, 1998; Whanger et al., 1998).

II. PROPERTIES OF SELENOMETHIONINE

Selenomethionine [2-amino-4-(methylseleno)-butanoic acid], CHz—Se—
CH,CH,CH(NH),-COOH, (CsH;;NO,Se; C, 30.62%, H, 5.65%, N,
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7.14%, O, 16.32%, Se, 40.26%, FW 196.11), Chemical Abstracts Number
2578-28-1, is a colorless compound with a musty odor, and crystallizes from
aqueous acetone in the form of hexagonal crystals. SeMet exists in three
forms. The L-form occurs naturally; the D-enantiomer and DL-mixture are
obtained synthetically. Pure L-SeMet melts with decomposition at 274°C, DL-
SeMet at 265°C, making it thermally somewhat less stable than its sulfur
analog. SeMet is less soluble in water than Met due to the greater
hydrophobicity of the CHz—Se— as compared to the CH3;—S- group
(Shepherd and Huber, 1969); at 30°C and pH 7.0. For example, saturated
solutions of SeMet and Met are 0.108 and 0.386 M, respectively. In 2N HCl
(¢ = 0.02), L-SeMet has an [« ]p of +21.2° (Koch and Burchardt, 1993), its
half-time of racemization of 19-20 days in aqueous solution at 100°C at pH
7.4 is similar to that of Met (Boehm and Bada, 1985; Mendez et al., 1999). On
acid hydrolysis, SeMet is significantly less stable than Met. In 6N HCI at
110°C, hydrolysis of SeMet was complete after 7 h, a treatment that leaves the
sulfur analog Met still essentially unchanged (Chiao and Peterson, 1953).
SeMet is also more oxygen-sensitive than Met, although the rates of oxidation
and the role of promoters and inhibitors in oxidation remain to be determined.
Methionine selenoxide, CH;—Se(O)-CH,CH,CH(NH),—-COOH, is formed
on reaction of SeMet with hydrogen peroxide (Walter et al., 1973). The
oxidation also occurs efficiently with peroxynitrite (Assmann et al., 1998).
Whereas methionine sulfoxide is difficult to reduce to Met under
physiological conditions, methionine selenoxide is easily converted back to
SeMet on reaction with reducing agents such as glutathione (GSH), leading to
the suggestion that SeMet acts catalytically as a cellular antioxidant (Walter
et al., 1973; Arteel et al., 1999).

. METHODS OF ANALYSIS

Pure SeMet may be distinguished from Met by its infrared spectrum
(Shepherd and Huber, 1969). Identification of SeMet in protein hydrolysates
is possible by means of standard amino acid analyzers (Sliwkowski, 1984).
SeMet elutes near to, or with, leucine. Major factors affecting the resolution
of these two amino acids are temperature and pH.

Identification of SeMet after being separated from other amino acids by
means of paper chromatography and electrophoresis is facilitated by spraying
spots with H,O, or preferably by exposure to cyanogen bromide (Shepherd
and Huber, 1969). Pre-derivatization of SeMet through reaction with o-
benzoquinone facilitates separation and identification in the presence of Met.
Both SeMet and Met react with o-benzoquinone at pH 1 to form phenolic
sulfonium- or selenonium derivatives whose UV absorption spectra differ.
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At pH 2, only Met reacts, allowing a distinction between the two compounds
(Raju et al., 1981). Reversed-phase high-performance liquid chromatography
(RP-HPLC) involving post-column-derivatization with o-phthalaldehyde
(OPA) was employed for SeMet determinations in high-Se yeast (Schrauzer,
1998a,b). For a description of state-of-the-art ion-exchange HPLC, ion-pair
HPLC and RP-HPLC methods of analysis, see Bird et al. (1997a,b). For
determinations by gas chromatography with inductively-coupled mass
spectrometry (GC-ICP-MS), the carboxylic group of SeMet is esterified
using propan-2-ol, followed by the acylation of the amino group with
trifluoroacetic acid anhydride. Alternatively, the esterification and acylation
of SeMet can be achieved in one step by a reaction with ethyl chloroformate—
ethanol catalyzed by pyridine (Vasquez-Pelaez et al., 2000). A method was
described (Montes-Bayon et al., 2001), allowing the detection of L- and
D-SeMet by reversed-phase liquid chromatography following chiral deriva-
tization with 1-fluoro-2,4,-dinitrophenyl-5-L-alanine amide (Marfey’s Re-
agent), and inductively-coupled plasma spectrometry (ICP-MS) for detection.

Reliable enzymatic assays for SeMet are not available as specific SeMet
metabolizing enzymes have not been identified and enzymes such as
glutamine transaminase react with Met equally as well as with SeMet (Blazon
et al., 1994). However, with some enzymes reaction rates for SeMet and Met
differ sufficiently to be of some use in SeMet analysis. For example, SeMet is
a better substrate than Met for the a,y-elimination by L-methionine y-lyase of
Pseudomonas putida (Esaki et al., 1979). The adenosyl methionine
transferase from rat liver reacts with L-SeMet at 51% of the rate with
L-Met, and with the corresponding D-isomers at only 13 and 10% of the rate
of L-Met (Pan and Tarver, 1967). Other adenosyl methionine transferases,
such as that from yeast, react with SeMet more rapidly and with higher
stereoselectivity than with Met, providing an indirect means for SeMet
determination (Mudd and Cantoni, 1957; Sliwkowski, 1984; Uzar and
Michaelis, 1994).

Indirect methods for SeMet determination utilize the facile reaction of
SeMet with cyanogen bromide. The reaction of SeMet with BrCN yields
CH;SeCN, which can be measured either via gas chromatography (Zheng and
Wu, 1988) or determined chemically (Zheng et al., 1989). Applying this
method to blood and grain, SeMet recoveries of 92.3-96.7% were achieved
(Yang et al., 1997a,b).

Use of appropriate methods of protein hydrolysis is of key importance
irrespective of the method of SeMet determination used. Conditions must be
chosen to achieve complete protein hydrolysis with minimal concomitant
destruction of SeMet. In one study (Sliwkowski, 1984), SeMet recovery was
60-70% after heating the protein (thiolase from C. kluyveri) for 40 min at
155°C in 3 M mercaptoethanesulfonic acid. Recoveries of SeMet ranging
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from 55 to 85% were obtained using 6N HCI under anaerobic conditions or
pronase and prolidase for yeast or wheat protein hydrolysis (Beilstein and
Whanger, 1986). SeMet recoveries of >90% are routinely accomplished with
performic acid followed by the reduction of oxidized SeMet (Schrauzer,
1998a,b). The sample is first oxidized with performic acid followed by
addition of HBr to remove excess performic acid. Performic acid oxidation
converts SeMet to the selenium analog of a sulfone, which is more stable than
SeMet during the subsequent 4 h hydrolysis/reduction step in 6N HCI and
ascorbic acid addition at 145°C in a N,-purged, sealed ampoule. SeMet is
determined by RP-HPLC using post-column-derivatization with OPA.
Primary nonaryl amines yield a strongly fluorescent derivative with OPA
and 2-mercaptoethanol at pH 9 (borate buffer). Monitoring of the eluted peaks
using UV prior to OPA treatment is used to augment the OPA-fluorescence
detection.

IV. SYNTHESIS

Early syntheses of SeMet were tedious, non-stereospecific or limited to small-
scale preparations. Klosterman and Painter (1947), for example, first reacted
5-(B-bromoethyl)-hydantoin with benzyl selenol to yield y-benzylselenoho-
mocysteine. The latter was converted to the sodium salt of DL-selenohomo-
cysteine with sodium in liquid ammonia, and reacted with methyl iodide to
yield pL-SeMet. Plieninger (1950) obtained DL-SeMet by the reaction of
sodium selenomethyl mercaptide with a-amino-y-butyrolactone in an inert
solvent at 170°C. A synthesis of bL-SeMet from acrolein was also described
(Zdansky, 1968). The first stereospecific synthesis of L-SeMet via esters of
tosylated homoserine was reported by Pande et al. (1970).

In the newest method of synthesis, which allows the large-scale production
of SeMet, L-Met is first converted to the methyl-methionium derivative,
which is hydrolyzed to homoserine and converted to a-amino-y-butyrolac-
tone. The latter is reacted with HBr to 2-amino-4-bromobutanoic acid, from
which L-SeMet is obtained on reaction with LiSeCH5 (Koch and Burchardt,
1993; Krief et al., 1994).

V. NATURAL OCCURRENCE AND BIOSYNTHESIS

A. PLANTS

Although Se is not known to be required for the growth of plants, most
assimilate it when grown on seleniferous soils, or in Se-containing
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hydroponic growth media. The degree of Se uptake is species-dependent.
Primary Se-accumulators such as some species of Astragalus, Stanleya, and
Morinda may, in high-Se regions, reach Se contents from hundreds to
thousands of pg of Se/kg dry weight (Terry et al., 2000). The tolerance of
these plants to Se is attributed to their ability to convert Se into compounds
that are not incorporated into the plant proteins and which, therefore, do not
interfere with plant growth and metabolism. Detected Se compounds include
SeMethylselenocysteine, selenocystathionine and y-glutaminyl-SeMethylse-
lenocysteine. Secondary Se-accumulators, such as cereals and forage crops,
convert Se predominantly into SeMet. On normal soils, their Se contents
range from 0.01 to 1 mg Se/kg dry weight, but levels toxic to foraging
animals of up to 63 and 180 mg Se/kg dry weight were observed in wheat
grown in high-Se areas of Canada and Columbia, respectively (Benavides and
Silva, 1973). Selenate was sublethal to wheat seedlings when grown under
experimental conditions in Keyport clay loam at levels of 15 to about 30 ppm
Se, giving rise to a snow-white chlorosis, which, in sand cultures, is
accompanied by a pink coloration (Hurd-Karrer, 1934). However, the toxicity
of selenium to plants cannot be stated accurately as it is determined by the
amount of sulfur available: whereas wheat seedlings in water cultures in the
absence of added sulfate suffer distinct injury at selenium concentrations as
low as 0.1 ppm, 18 ppm of Se as selenate was required to produce visible
injury at sulfate-sulfur levels of 192 ppm (Hurd-Karrer, 1934). In mature
secondary Se-accumulator plants, the SeMet is stored mainly in the grain and
the roots, while smaller amounts are found in the stems and leaves (Beath,
1937). In plant tissue of the grassland legume species Melilotus indica L., for
example, SeMet content increased with increasing soil Se concentrations until
it accounted for more than 50% of the total selenoamino acids of the plant. In
seleniferous corn, wheat and soybeans, SeMet contents ranged from 81 to
82% of the total Se (Yang et al., 1997a,b). The biosynthesis of SeMet
proceeds in analogy to that of Met via selenocysteine and selenocystathione
according to Figure 1. The accumulation of SeMet in the protein of
seleniferous plants is possible because tRNAM®' does not discriminate
between SeMet and its sulfur analog, Met; thus allowing its non-specific
incorporation into proteins (Burnell, 1981; Eustice et al., 1981). In contrast,
replacement of cysteine (Cys) by selenocysteine (SeCys) would alter protein
structure and does not occur to any significant extent. Moreover, since SeCys
does not charge tRNAS, the SeCys content of plants increases only
moderately with increasing soil Se (from 5.07 to 22.02 mg/kg) and soon
reaches a plateau. Other selenoamino acids, namely methylselenocysteine
and y-glutamyl-SeMethylselenocysteine, also remain at relatively low levels
in secondary Se-accumulator plants, irrespective of the soil Se content (Guo
and Wu, 1998). Plant-derived SeMet was detected in pg/kg levels in soil
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FIG. 1 Biosynthesis of selenomethionine; adapted from Marschner (1995); Schrauzer
(2000).

extracts, indicating considerable resistance to further degradation, and
suggesting that it could be an important source of plant-available Se (Abrams
and Burau, 1989). Residual SeMet in soils could play a role as a dormancy-
breaking agent for certain plants (Barros and De Paula-Freitas, 2001). The
direct assimilation of SeMet by higher plants such as Indian mustard
(Brassica junctea) has been demonstrated (Zayed et al., 1998). SeMet in
certain plants is methylated further to SeMethylselenonio-methionine
(SeMethylSeMet) and cleaved to the volatile dimethylselenide (DMSe)
(Figure 2). The latter may also be produced from dimethylselenoniopropio-
nate (DMSeP), formed from SeMethylSeMet by decarboxylation, transam-
ination and betaine aldehyde dehydrogenase.

The ability of plants to degrade SeMet to the DMSe is strongly species-
dependent and represents a detoxification mechanism. However, Se
volatilization may also result in losses of Se from food crops, aggravating
Se deficiency in low-Se regions. Rice, broccoli and cabbage volatilized at the
highest rates (200—350 g Se/m? leaf area per day); and sugar beet, bean,
lettuce and onion volatilized at lowest rates (Terry et al., 1992).

B. MARINE PHYTOPLANKTON

Marine algae also convert Se predominantly into SeMet (Bottino et al., 1984),
Se uptake is dependent on the Se/S ratio in the medium and on the chemical
form supplied. Chlorella vulgaris and Chaetoceros calcitrans, for example,
take up Se(IV) preferentially over Se(VI). Some of the organoselenium
compounds produced by these algae are not incorporated into cellular proteins
but are extruded into the culture medium (Hu ez al., 1997). Chlorella also takes
up SeMet; and its incorporation is antagonized by Met (Shrift, 1954a,b).
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FIG. 2 Production of dimethylselenide (DMSe) from SeMet in plants via dimethylse-
lenoniopropionate (DMSeP), adapted after Terry et al. (2000).

Spirulina incorporates Se when grown in Se-containing media. The resulting
Se-rich spirulina contained the majority of the Se in the form of SeMet in two
selenoproteins of 20—30 and 80 kDa. However, compared to the free SeMet
and selenite, spirulina Se was less effective in restoring tissue Se levels and
glutathione peroxidase (GSH-Px) activities (Cases et al., 2001). The growth of
spirulina in media containing 70—80 mg Se/l as SeO, was affected by the S:Se
ratio and optimal at S : Se = 3 : 1. The Se content of biomass was 390 mg/kg
atthe Se concentration of 80 mg/1 (as SeO,) and the lowest sulfur concentration
of 28 mg/1 (Gradova et al., 2001).

C. YEAST

S. cerevisiae converts inorganic Se to SeMet and incorporates it into the
cellular protein in place of Met. The biosynthesis of SeMet proceeds via
SeCys in analogy to that of Met, as was demonstrated in a study of a mutant
strain of yeast requiring Met for growth due to a lack of homocysteine methyl
transferase activity. When grown in Se-containing media, this strain produces
SeCys, but no SeMet (Mason, 1994). While most of the SeCys is synthesized
without involving Se-specific enzymes, recent studies indicate that some of
the SeClys is also produced by a specific tRNA and incorporated into a 25 kDa
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cytosolic protein. This protein migrates with the same velocity as the GSH-Px
subunit isolated from rat liver and exhibits GSH-Px activity (Kyriakopoulos
et al., 1998). With currently available strains of S. cerevisiae, Se contents of
up to 3000 ppm can be reached, at which level approximately half of the
normally present cellular Met is replaced by SeMet. Commercial Se yeasts
typically contain from 500 to 2000 ppm Se (Korhola et al., 1986; Schrauzer,
1998a,b; Demirci et al., 1999; Suhajda et al., 2000). The Se is present
predominantly (94 £ 5%) in the form of protein-bound SeMet (Schrauzer,
1998a,b). Other Se compounds include, in percentage of total Se: SeCys
(0.5%), selenocystathionine (0.5%), methylselenocysteine (0.5%), y-gluta-
myl-SeMethylselenocysteine (0.5%), Se-adenosyl-selenohomocysteine
(2—5%) and inorganic Se (1%) (Schrauzer, 2000), bringing the Se balance
in terms of identified Se compounds to 100 = 5%. Previously reported SeMet
contents of Se yeast were usually lower, largely, however, because of
analytical problems and not because of differences in the actual SeMet
contents. Lower than actual SeMet contents may result because of incomplete
yeast protein hydrolysis and losses of SeMet due to hydrolysis and oxidation
during sample digestion. The publication of these data led some authors to
suspect that Se yeast was an unpredictable source of SeMet and was poorly
characterized. Because Se yeast was used as a source of supplemental Se in
the cancer prevention trial by Clark ef al. (1996), the results of this trial were
also called into question (Ip, 1998; Whanger, 2002). Analyses of water
extracts of Se yeast (Bird et al., 1997a,b) were initially interpreted similarly to
suggest that the Se yeast contained only about 23% of the total Se in the form
of SeMet, along with more than 20 unidentified Se-compounds (Ip, 1998;
Whanger, 2002). However, water extracts of Se yeast analyzed contain only a
fraction of the total Se (less than 10%), as most of the SeMet in Se yeast is
protein-bound and insoluble in water. Accordingly, these results do not reflect
the composition of Se yeast as a whole. Korhola ef al. (1986) previously
reported Se yeast to contain 50% of the total Se in the form of SeMet.
However, even though the yeast in this study was hydrolyzed with acid under
relatively vigorous conditions, the presence of unidentified Se-containing
peaks in the chromatograms indicates that protein hydrolysis was incomplete.
Beilstein and Whanger (1986) hydrolyzed Se yeast in 6N HCI in an inert
atmosphere and achieved SeMet recoveries of 55-85%. Assuming an
average recovery of 70%, they calculated the SeMet content of Se yeast to
93% of the total Se present, in agreement with the result of Schrauzer (1998a,
b), who used performic acid for protein hydrolysis followed by the reduction
of oxidized SeMet back to SeMet (see Section III). Oxidation of SeMet may
occur during the enzymatic hydrolysis of Se yeast and may lower the SeMet
recoveries. Thus, HPLC analysis of Se yeast after digestion with [3-
glucosidase revealed SeMet and what appeared to be SeMet oxide as the two
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major Se compounds present (Larsen et al., 2001). After Se yeast protein
digestion with Protease XIV (Sigma, St. Louis), SeMet contents (85% of total
Se) were obtained (Ip et al., 2000). While Se yeast is generally a reliable
source of SeMet, a cautionary note is necessary inasmuch as ‘inorganic’ Se
yeast preparations containing only selenite or selenate are also marketed,
often under the same name. The need for distinguishing between the two
types has been emphasized (Schrauzer and McGinness, 1979; Gossler et al.,
1999; Schrauzer, 2001).

VI. SELENOMETHIONINE-CONTAINING PROTEINS AND ENZYMES

A. EFFECTS OF REPLACEMENT OF METHIONINE
BY SELENOMETHIONINE

The replacement of Met by SeMet as a rule does not alter the protein
structure, as evidenced from X-ray crystallographic studies of SeMet-
substituted proteins. However, the presence of SeMet in place of Met may
cause changes of contacts nearest to SeMet, altering the space group, as was
recently demonstrated with oritidine 5'-monophosphate decarboxylase
(Poulsen et al., 2001). Since the CH;—Se group of SeMet is more
hydrophobic than the CH;—S-moiety of Met, the kinetic reactivity of some
enzymes changes if the replacement occurs in the vicinity of the active site.
The SeMet-substituted thymidylate synthase of E. coli, for example,
exhibited a 40% higher specific activity than the normal enzyme (Boles
et al., 1991). The SeMet-substituted phosphomannose isomerase from
C. albicans, which normally contains four Met residues in the vicinity of
the active site, had a four-fold higher Ky and a similarly increased inhibition
constant for zinc ion, suggesting interference of substrate access due to the
SeMet (Bernard et al., 1995). In 3-galactosidase of E. coli, replacement of
more than half of the 150 Met residues by SeMet resulted in inactivity of this
enzyme (Huber and Criddle, 1967). Compared to the normal enzyme, the
thermal stability of the SeMet-substituted thymidylate synthase of E. coli
was lowered eight-fold and its sensitivity to dissolved oxygen was
significantly enhanced (Boles et al., 1991).

The excessive replacement of Met by SeMet lowers the protein stability
in vitro, but not necessarily in vivo. At the low levels of SeMet normally
present in culture media, the substitution of Met by the more oxygen-sensitive
SeMet is unlikely to affect the properties of enzymes in an adverse manner.
Moreover, since methionine selenoxide is readily converted back to SeMet on
reaction with biogenic thiols such as GSH, a mechanism of repair of this type
of oxidative damage is available. The reversibility of SeMet oxidation in the
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presence of GSH led to the suggestion that SeMet has the potential of being
catalytically active as an antioxidant (Walter ez al., 1973), specifically against
peroxynitrite (Arteel et al., 1999). Since SeMet has radioprotective properties
in vitro (Shimazu and Tappel, 1964), its presence in proteins could also
directly or indirectly increase the resistance of cells to high-energy radiation
UV light in vivo. Topical SeMet protects against UV light induced skin
damage and skin cancer in mice (Burke et al., 1992a,b).

B. SELENOMETHIONINE IN ORGANS AND TISSUES

In rats supplemented with Se in the form of sodium selenite, only SeCys, but
no SeMet, was detected (Olson and Palmer, 1976). Since higher animals and
man are unable to synthesize SeMet, any detectable amount in their organs
and tissues must arise only from dietary sources. SeMet is incorporated into
tissue proteins in place of Met (Martin and Hurlbut, 1976; Deagan et al.,
1987), especially in the skeletal muscles, the liver and the testes. The skeletal
muscles are major Se-storage organs, accounting for about 46.9% of the total
Se in the human body (Oster et al., 1988). Se contents of skeletal muscle from
Japanese adults were the highest (1700 ng/g), followed by those of Canadians
(370 ng/g) and Americans (240 ng/g). Low-Se values (61 ng/g) were
observed in skeletal muscle of New Zealand adults, reflecting their generally
low-Se (and SeMet) intakes. Since erythrocytes incorporate SeMet mainly
into hemoglobin (Waschulewski and Sunde, 1988), and in plasma SeMet is
found primarily in the albumin fraction, Se levels in human blood also reflect
the dietary SeMet intakes. In two samples of blood from Chinese men
residing in a low-Se region, SeMet contents of 28.3 and 53.4 ng/g were
observed, corresponding to 20—30% of the total Se (Yang et al., 1997a,b).
While the albumin of Chinese men with low-Se status contained 20% of the
total Se, this percentage increased to 47 = 5% in the albumin of men residing
in a high-Se region. Their main dietary sources of SeMet were locally grown
corn and rice and their average plasma Se level was 494 ng/ml (Beilstein
et al., 1992; Whanger and Butler, 1994). The same plasma Se concentration
within experimental error (517 = 84 ng/ml), and the identical percentage of
plasma Se distribution, were observed in a study with Rhesus monkeys
(Macaca mulatta) after they had been receiving 0.5 mg Se/l as SeMet in the
drinking water during the first month, and 0.25 mg Se/l during the following
11 months (Butler et al., 1990). In the livers, erythrocytes, hair and muscle of
these animals, the Se concentrations were 3-, 5-, 7- and 11 times higher than
in the corresponding organs of animals exposed to the equivalent amount of
selenite Se. However, GSH-Px-activities in the plasma and in the erythrocytes
were not different between the two treatment groups, re-affirming that SeMet
is incorporated into protein to a higher extent than selenite. Similarly, in rats
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fed a basal Se-deficient diet containing 2 ppm Se as SeMet, the level of Se in
the muscle was 10 times that of the amount in rats receiving the equivalent
amount of selenite or selenocysteine. In the liver, kidney and testes, the
increase was 1.3-3.6-fold (Deagen et al., 1987). In another study (Shearer,
1975), the muscle (thigh) of pregnant rats and of their pups contained
approximately twice the amount of Se than the muscle of other animals when
exposed to Se from the ninth day of pregnancy to the day of parturition to
0.2 ppm of SeMet in the drinking water (with some additional ">Se—SeMet),
than with the equivalent amount of selenite. The pup/mother ratio of Se
contents of organs ranged mostly from 0.8 to 0.9, but was substantially higher
for the teeth (molars: 7.71; incisors: 1.64) and bone (1.91). The high level of
Se in the molars of the pups exposed to SeMet in uteri indicates that the
incorporation of Se occurred endogenously during tooth development. In
growing pigs, SeMet supplied in the form of Se yeast at the level of 0.3 ppm
Se was about twice as effective as selenite in increasing the Se content of
the loin muscle. SeMet in yeast also raised Se levels in porcine serum and
liver significantly more than inorganic Se (Suomi and Alaviuhkola, 1992).
Hair and fingernails of human subjects supplemented with SeMet con-
tained a higher percentage of alkali-extractable Se than those receiving the
same amount of Se in the form of selenate, indicating that SeMet is trans-
ported, deposited and metabolized differently than selenate (Whanger and
Butler, 1994).

C. ORGAN DISTRIBUTION AFTER INJECTION

Injected "°Se—SeMet produced high levels of radioactivity in the pancreas, the
liver, the kidneys, in the stomach and the gastrointestinal mucosa. Lower but
significant activities were observed in the salivary gland, the seminal vesicles,
the mammary glands and bone marrow; the distribution pattern was similar to
that observed with *>S-methionine and '*C-phenylalanine (Hansson and
Jacobsson, 1966), indicating that SeMet is incorporated into organs with high
rates of protein synthesis. Injection of the same amount of "°Se in the forms of
selenate or selenite resulted in much lower radioactivities in the respective
organs as inorganic Se is converted only to SeCys in specific selenoproteins
and is not incorporated into protein in place of Cys. The disappearance of
intraperitoneally injected SeMet Se in tissues was slower than that of Se
injected as selenite or selenate, especially from the brain. For example, in rats,
5Se from "Se-sodium selenite disappeared from the cerebellum, the cerebral
hemisphere, and the spinal cord very rapidly, 70% within 48 h, followed by a
slower phase. The ?, of Se disappearance was about 12 days for the
cerebellum and the cerebral hemisphere, and 13 days from the spinal cord.
Of an equivalent dose of ">Se—SeMet, 20—30% disappeared during the first
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48 h, the remainder with a #;,, of 25 £4 days from cerebellum and the
cerebral hemisphere, and 29 *+ 4 days from the spinal cord (Grgnbaek and
Thorlacius-Ussing, 1992). The high affinity of SeMet for the brain was also
observed in rats after oral administration, suggesting that SeMet behaves like
an active form of Se for incorporation in brain tissue. Selenomethionine was
thus judged to serve as a better chemical form for Se-supplementation than
either selenite or selenate (Wang et al., 1992).

D. UPTAKE, RETENTION AND EXCRETION

Ingested SeMet is absorbed in the small intestine. The absorption occurs via
the Na'-dependent neutral amino acid transport system; and Met and other
amino acids mutually inhibit SeMet absorption (Wolffram et al., 1989;
Vendeland et al., 1994). The whole-body turnover rate of SeMet is slower
than that of selenite-Se, indicating that the SeMet is incorporated into a long-
term body pool. The reported average whole-body half-lives of SeMet and
selenite in humans are 252 and 102 days, respectively, indicating that SeMet
is extensively utilized and re-utilized (Patterson et al., 1989; Swanson et al.,
1991). In a study with New Zealand women with low-Se status (Griffiths et al.,
1976), the intestinal absorption of a small oral dose of 75Se—SeMet of
approximately 20 mCi containing <2 g Se was 95.5-97.3%. Approxi-
mately, 3% of this dose was excreted with the urine during the first day and
6-9% during the first 2 weeks. Urinary excretion of ">Se continued to
decrease gradually and at 44 weeks of the trial was about 0.08% dose/day.
SeMet—Se was steadily incorporated into erythrocytes during a period of
8—12 weeks, with some radioactivity still persisting at 36 weeks. Plasma Se
reached a maximum 3—4 h after administration and about 4—8 h sooner than
after the administration of an equivalent dose of selenite. The urinary
excretion rate of selenite was approximately twice that of SeMet and the fecal
excretion of selenite Se was also faster initially, reaching 1.3—1.7 % of the
dose in the first 14 days and dropping to less than 0.1% by weeks 10-19.
After a single large oral dose of SeMet corresponding to 1 mg Se, 5-22% of
dose was eliminated in 24 h in the urine and 3.5% in the feces. During the
same period, 41-85% of the equivalent dose of selenite was excreted in the
urine, and 11-13% with the feces. The total recovery of selenite reached
82-95% of the ingested dose, and 26% for SeMet (Thomson et al., 1978). On
continuing the supplementation for 11 weeks at 0.1 mg Se/day, SeMet caused
a steady increase in blood Se from 0.08 to 0.18 g Se/ml, the rate of increase
being 0.009 g Se/ml per week. The equivalent dose of selenite increased the
blood Se more slowly until a plateau was reached after 7-8 weeks at
0.11 pg/ml. SeMet increased plasma Se more rapidly than erythrocyte Se,
from 0.073 to 0.13 pg/ml, causing plasma Se to reach a higher concentration
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than erythrocyte Se during the first two weeks of supplementation (Robinson
etal., 1978). SeMet is incorporated nonspecifically into albumin and becomes
a part of the methionine pool (Burk et al., 2001). Although the rates at which
steady-state conditions are reached vary for different organs, protein turnover
prevents accumulation of SeMet to toxic levels in the organism, causing
blood Se levels to be linearly dependent on dietary Se intake over a wide
range of intakes (Schrauzer and White, 1978; Yang et al., 1989a). Similarly,
hair, toenail and fingernail Se levels are proportional to the (long-term
average) dietary Se intakes (Yang et al., 1989a,b).

VIl. METABOLISM OF SELENOMETHIONINE

A. ENZYMATIC DEGRADATION

SeMet is metabolized along with Met by the same enzymes and at similar
rates until SeCys is formed. SeMet metabolism is rapid, as evidenced from the
similar rates of appearance and disappearance of reactive Se metabolites in rat
serum after oral administration of SeMet or selenite (Wang et al., 1992). In
contrast to Cys, which can be re-utilized for protein synthesis, SeCys is not
appreciably incorporated into protein but further degraded in the liver to
selenide. The latter is converted either to selenophosphate and used for the
synthesis of SeCys-containing selenoproteins by specific tRNAs, or
methylated to DMSe or the trimethylselenonium ion (TMSe) and excreted
(Figure 3). Studies with rats and mice also demonstrated that SeMet is
directly degraded by the action of «,y-lyases in the liver to methylselenol
(CH3SeH), which is then converted to TMSe (Nakamuro ez al., 1997; Okuno
et al., 2001). The presence of the SeMet a,y-lyases in the liver suggests that
these serve primarily for SeMet detoxification. The adenoviral introduction of
a bacterial o,y-lyase gene to achieve this mode of SeMet degradation in
tumor cells has been suggested as an approach to cancer gene therapy into
tumor (Miki et al., 2001).

Glutamine transaminase from bovine liver, one of the enzymes involved in
methionine catabolism, utilizes SeMet as well as methionine (Blazon et al.,
1994). However, with some enzymes, differences in the reaction rates for
SeMet and Met have been observed. For example, SeMet is a better substrate
than Met for the a,y-elimination by L-methionine v-lyase of Pseudomonas
putida (Esaki et al., 1979). The adenosyltransferase from rat liver reacts with
L(+)-SeMet at 51% of the rate with L(4)-Met, and with the corresponding
D(— ) isomers at only 13 and 10% of the rate of L-Met (Pan and Tarver, 1967).
The adenosyl transferase from yeast, on the other hand, is more active with
SeMet than with Met (Mudd and Cantoni, 1957). This enzyme produces the
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adenosyl derivative of Met with low stereoselectivity due to the isomerization
of Met during the incubation, while the corresponding formation of the Se-
derivative occurs with >99% stereoselectivity (Uzar and Michaelis, 1994).
SeMet neither blocks the metabolism of Met, nor the synthesis of DNA, RNA,
or of proteins when added to the culture medium. Low SeMet levels (10 wM)
replace Met and support cell growth in the absence of Met (Kajander et al.,
1991). In studies with human lymphoblast cells from subjects with trans-
sulfuration defects, SeMet was poorly metabolized, as evidenced by the
significantly higher levels required to induce GSH-Px activity, although these
cells utilized selenite and selenocystine as well as normal cells (Beilstein and
Whanger, 1992).

B. UTILIZATION FOR GLUTATHIONE PEROXIDASE SYNTHESIS

Glutathione peroxidases (GSH-Px) are enzymes catalyzing the reduction of
hydrogen peroxide to water, and of lipid hydroperoxides to alcohols, with
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GSH as the reductant. As GSH-Px was the first selenoenzyme to become
known (Rotruck et al., 1973), quantitative assessments of the bioavail-
abilities of different chemical forms of Se were initially based almost
exclusively on the determination of the minimum amount of the Se
compound required for the induction of GSH-Px in serum, erythrocytes, or
liver. In interpreting the results of such determinations, it must be
considered that they depend on the experimental conditions, the test animal
and the diets chosen. In rats, for example, SeMet was as active as selenite
in protecting against the development of liver necrosis. In chicks, SeMet
was four times more active than selenite in protecting against pancreatic
fibrosis, but was less effective than selenite in the prevention of exudative
diathesis (Cantor et al., 1975a; Mutanen, 1986). While liver GSH-Px
activities induced by SeMet were slightly lower relative to selenite in the
above-mentioned experiments, they were the same in the livers of nursing
rat dams maintained on a low-Se diet to which 0.15 g Se/g was added as
either SeMet or as sodium selenite, and higher in the livers, kidneys and
eyes of 14-day-old nursing pups from SeMet-supplemented dams than in
pups of the same age from dams receiving Se as selenite. GSH-Px
activities in the hearts were the same in both groups (Lane et al., 1991). In
Se-deficient heifers, supplementation with SeMet or Se yeast almost
doubled the GSH-Px activity as compared to the equivalent amount of
inorganic Se (Pehrson et al., 1989). When 3Se—SeMet was fed to ewes,
the milk produced contained more Se available to the pre-ruminant lamb
than milk from ewes receiving the equivalent amount of "°Se in the form
of selenite (Jenkins and Hidiroglou, 1971). The release of SeMet from
body proteins during Se depletion causes SeMet-supplemented animals to
maintain higher activities of selenoenzymes for longer periods than in
animals supplemented with selenite. Thus, in SeMet- or Se yeast-
supplemented mice, liver GSH-Px activities declined more slowly during
the 7th to the 11th week of Se depletion than in mice that had previously
received the equivalent amount of Se as sodium selenite (Spallholz and
Rafferty, 1987). In nursing mothers, SeMet supplied as such or in Se yeast
prevented the decline of plasma Se and GSH-Px activity, as well as the
decline of Se in milk during lactation. In addition, significantly more Se
appeared in the milk of mothers receiving SeMet than selenite (McGuire
et al., 1993; Alaejos and Romero, 1995). SeMet was detected in human
milk (Michalke and Schramel, 1997).

C. FACTORS INFLUENCING TISSUE DEPOSITION AND BIOAVAILABILITY

In the living organism’ structural and functional proteins are continuously
synthesized and degraded within hours to days (Mitch and Goldberg, 1996).
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In general, functional proteins and enzymes have higher turnover rates than
structural proteins. The protein turnover rates are also dependent on age and
are the highest during early development. Protein synthesis and degradation
occur in separate compartments. Proteins are synthesized in the RNA-rich
ribosomes, while the degradation of structural proteins occurs notably in
pathological states such as starvation or following injury involving lysosome-
localized proteases such as the cathepsins. Since some cells lack lysosomes
and some structural proteins are too large to be internalized, additional means
of degradation are available, which include cytosolic proteases such as the
calpains and those in organelles, called proteasomes (Klasing, 1998). During
stress, the activity of proteasomes increases to provide amino acids needed for
the formation of immune defense cells and enzymes, including the Se-
dependent GSH-Px and the thioredoxin reductases. During such times food
intake is reduced, requiring reserves of amino acids and minerals to be
utilized to a higher degree than in health or under stress-free conditions. It is
at this point that the presence of SeMet in proteins becomes especially
important since the SeMet released during protein catabolism provides a
source of Se needed for the synthesis of GSH-Px and other selenoenzymes
(Figure 4). The SeMet in the free amino acid pool is either incorporated into
body proteins or degraded (Figure 4). Whereas the incorporation of SeMet
into proteins is reversible, allowing SeMet to be re-used, its degradation is
irreversible. The incorporation of SeMet into proteins and its degradation are
dependent on the Met content of the diet. In one study, the Se-contents of
muscle and erythrocytes of Met-deficient, SeMet-supplemented rats were
shown to be significantly higher than those in SeMet-supplemented, Met-
adequate animals (Sunde et al., 1981). In another study (Butler et al., 1989), a
direct correlation was observed between the dietary Met and the percentage of
Se associated with GSH-Px. In adult Chinese men with low-Se status with
adequate but presumably limiting dietary Met intakes, supplemental Met
increased the RBC GSH-Px activity (Luo et al., 1987), indicating that less
SeMet was deposited in protein, increasing the amount of Se available for
GSH-Px synthesis.

On supplementing SeMet, GSH-Px activities reach a maximum value and
then plateau, while tissue Se levels continue to rise in proportion to the dosage
(Deagen et al., 1987). The release of Se from SeMet also depends on vitamin
By status. In rats maintained on a feed supplemented with 0.25 mg Se/kg of
diet in the form of SeMet, GSH-Px activities in erythrocytes, muscle and heart
were lower in vitamin Bg-deficient than in vitamin Bg-supplemented animals
(Yin et al., 1996). Vitamin B¢ also significantly reduced lipid peroxide
contents in tissues. These results indicate that dietary vitamin Bg is involved
in the metabolic breakdown of SeMet.
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D. SELENOMETHIONINE AND IMMUNE CELL FUNCTION

Selenium is well-known to be required for the maintenance of the functions of
the immune system (McKenzie et al., 2001). The immunomodulatory effects
of Se depend on dosage and chemical form of Se administered. However, the
required dosages of Se tend to be higher than the estimated minimum dietary
requirements. In previous studies, supplementation of Se-replete subjects
with 200 wg Se/day as sodium selenite resulted in increased T-lymphocyte
proliferation and activity (Roy et al., 1994). In gut failure patients on home
parenteral nutrition, a daily parenteral dose of 200 wg Se in the form of
L-SeMet elicited a significant increase of the antibody production against
common mitogens (PWM and PHA) (Peretz et al., 1994). There is also
evidence that cells of the immune system discriminate between the different
chemical forms of Se. Addition of SeMet to the medium of lymphocyte
cultures, for example, produced no signs of cytotoxicity and increased the
immunoglobulin G (IgG) production at levels of 0.5-2 M, while selenite at
equivalent concentrations decreased IgG production and exerted cytotoxic
effects (Borella et al., 1995). L-SeMet and sodium selenite also differ in
their relative effectiveness in modulating GSH-Px activities of blood cells, as
evidenced in a recent study with 45 healthy men and women from the UK
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(Brown et al., 2000). The enzyme activities measured include GSH-Px1, the
cytosolic glutathione peroxidase; GSH-Px3, the extracellular glutathione
peroxidase, and GSH-Px4, the phospholipid hydroperoxide GSH-Px. At a
daily dose of 50 ng Se as SeMet, lymphocyte GSH-Px1 activities increased
during the first two weeks of supplementation to an approximately 20%
higher level than with the equivalent dose of selenite. The platelet GSH-Px1
activity also increased during the first two weeks of supplementation and
more so with SeMet than with selenite, while no significant changes occurred
in the placebo group. During the remaining two weeks of supplementation no
further changes occurred in the SeMet and selenite groups, while a decline of
the GSH-Px1 activities occurred in the placebo group. The granulocyte
GSH-Px1 activity declined during the first 7 days of supplementation in the
SeMet group, but subsequently increased during the following three weeks.
In the selenite group, the granulocyte GSH-Px1 activities increased during the
first week, declined to nearly the baseline value in the second week, only to
increase again to the value measured after the first week in the following two
weeks. The lymphocyte GSH-Px4 activities increased in the selenite-
supplemented group during the first week of supplementation, and then
declined during the following three weeks. In the SeMet-supplemented
group, the lymphocyte GSH-Px4 activities increased slightly during the first
week, declined during the second week, but after four weeks of
supplementation, reached its maximum value. The granulocyte GSH-Px4
activities in the selenite group were also increased after the first week,
lowered after the second, and increased again after the fourth week. With
SeMet, the granulocyte GSH-Px4 activities increased during the first two
weeks of supplementation and subsequently remained constant. Platelet
GSH-Px4 activities increased in the selenite group during the first two weeks
and subsequently declined. However, in the SeMet group, they remained
essentially unchanged throughout the four weeks of supplementation.
This was interpreted to suggest that immune cells take up and metabolize
selenite-Se more rapidly than SeMet, and that the conversion of SeMet into
reactive inorganic forms of Se may be an important regulator of Se
bioavailability. The authors, furthermore, noted that the SeMet supplemen-
tation failed to increase plasma and erythrocyte GSH-Px activities in half of
their subjects, which they attributed to possibly deficient dietary intakes of
Met (Brown et al., 2000).

VIIl. SELENOMETHIONINE IN HUMAN SE SUPPLEMENTATION

The Se in SeMet was shown in numerous studies to be as bioavailable as
naturally occuring nutritional sources of Se, and superior to inorganic Se in
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improving the Se status of humans during lactation, in pregnancy and in
infant nutrition (Schrauzer and White, 1978; Levander et al., 1983,
Kumpulainen et al., 1985; Beilstein and Whanger, 1986; Korhola er al.,
1986; Spallholz and Rafferty, 1987; Vinson and Bose, 1987; Yang et al.,
1989a,b; McGuire et al., 1993). Se yeast was used as the source of food-form
Se in several human cancer prevention trials (Yu et al., 1988; Clark et al.,
1996). The Clark study (Clark et al., 1996) is especially relevant as it involved
a daily administration of 200 g of Se as Se yeast over a period of up to 7
years to conservatively treated nonmelanoma cancer patients. Whereas the
Se-supplementation had no effect on skin cancer recurrence, it significantly
reduced the incidences of cancers of prostate, lung, colon and rectum. At the
dosage chosen, Se yeast was well tolerated. Mean serum Se levels at the
steady state reached 190 * 50 pg/1 and did not result in accumulation to
toxic levels. In a Chinese study (Yu et al., 1988), a daily supplement of
200 g Se as Se yeast provided to subjects at risk of developing primary liver
cancer caused a substantial decline of liver cancer incidence within a year.
Recently, synthetic SeMet was chosen as the source of Se in SELECT, the
largest (prostate) cancer prevention study ever to be conducted (Klein et al.,
2001). Se yeast and SeMet were also tested in a number of small
observational studies. In HIV-infected patients, supplemental SeMet (in
yeast) produced symptomatic improvements (Olmsted et al., 1988). Several
studies are presently underway to further explore the effect of supplemental
Se in HIV-infected patients (Baum et al., 2001).

IX. SE YEAST AS AN ANIMAL FEED SUPPLEMENT

A. DAIRY COWS

Se yeast was shown to be superior to inorganic Se in improving the Se status
of farm animals (Power, 1994; Lyons and Oldfield, 1996; Mahan and Kim,
1996; Hemken and Jacques, 1998; Ortman and Pehrson, 1999; Pavlata et al.,
2001). Since SeMet is synthesized by rumen bacteria from inorganic sources
of Se (Hidiroglou et al., 1968), selenite or selenate should improve the Se
status of cattle equally as well as supplemental SeMet. However, the bacterial
SeMet synthesis in the rumen is apparently either inefficient or the SeMet
incorporated in the bacterial protein is poorly absorbed since, in dairy cows,
SeMet supplied in yeast was more effective in increasing the concentration of
Se in milk than added sodium selenite or -selenate. At feed Se contents of
0.21-0.31 mg/kg DM, milk Se reached 31.2 pg/l in the Se yeast group, but
only 16.4 pg/l in the selenite and selenate groups (Ortman and Pehrson,
1999). Supplementation of dairy cows with Se yeast and vitamin E also
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affected milk production, increasing it by 13.8% (Zemanova et al., 2000).
Previously, Conrad and Moxon (1979) showed that lactating cows transferred
19.8% of the Se in brewer’s grains into the milk but only less than 4.8% of the
Se supplied as selenite. Supplementation of nursing cows with Se yeast also
improved the Se status of the calves more so than the equivalent amount of
selenite (Mahan and Kim, 1996; Pehrson et al., 1999), and improved the
performance and meat quality in feedlot steers (Clyburn et al., 2001).

Note added with proof: On Sept. 3, 2003, the selenium yeast product
“Sel-Plex” (Alltech) was approved by the U.S. Food and Drug Administration
as a source of selenium for beef and dairy cattle. See: Federal Register 68,
No. 170.

B. PIGS

Addition of Se yeast to sow feed at 0.9 mg Se/sow/day starting three days pre-
partum increased the milk Se concentration 10-fold compared to controls
(0.421 versus 0.046 mg Se/l). In 7-day-old piglets, the mean blood Se
concentration was almost five times higher than in controls (0.221 versus
0.046 mg Se/l). In the experimental group, the weight gain of the piglets was
higher and their mortality lower than in the controls. The Se yeast supplement
also influenced the conception rate size and weight of the next litter (Kolacz
etal.,2001). Increasing the organic Se content of sow feed also has a vitamin E-
sparing effect. Supplemental Se (0.2 ppm) in the form of Se yeast and vitamin E
(20 IU) as pL-a-tocopherol acetate improved the litter size of sows; it also
increased the number of piglets born alive compared to sows in the control
group maintained on a diet with a Se content of only 0.1 ppm and a vitamin E
content of 37 IU (Chen ef al., 2001). Se yeast (Sel-Plex™) fed to pigs at the
FDA-approved dietary concentration of 0.3 ppm Se, alone or in combination
with vitamin E (200 ppm) for 60 days prior to slaughter, decreased the
metmyoglobin formation, especially in the psoas major muscle. In addition, the
level of thiobarbituric acid-reactive substances in psoas major muscle was
reduced after 7 days of carcass cool storage. A positive effect of Se plus vitamin
E was also seen with respect to malondialdehyde formation in homogenates
of longissimus dorsi muscle sampled after slaughter (Krska ez al., 2000).

C. POULTRY

SeMet as the source of Se restored appetite and liver GSH-Px activity in Se-
deficient chicks more rapidly than selenite (Bunk and Combs, 1980) and was
especially effective against pancreatic fibrosis (Cantor et al., 1975b,c). In
broiler chickens, Se yeast as the source of Se improved feathering rate in
slow-feathering animals as compared to animals fed selenite or no Se. The Se
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yeast also increased body weights and yields of leg and thigh meat and
improved the efficiency of feed conversion. In addition, SeMet in yeast
increased the stability of erythrocyte membranes, suggesting that this is the
mechanism by which moisture retention is increased in the breast muscle from
male broilers. Organic Se supplementation also improved the meat quality of
broiler males and reduced drip loss from breast meat, while selenite Se
appeared to increase drip loss. Furthermore broilers receiving yeast Se showed
diminished levels of heat shock protein 70 (HSP 70) following challenge by
enteropathogenic E. coli, or by acute heat stress (Edens, 2001). In June 2000,
Se yeast (Sel-Plex ™) was approved for broiler production in the United States
(Anon, 2000) and approvals for other species are pending (Edens, 2001).
Organic Se from yeast (Sel-Plex™) is readily transferred into the egg and is
incorporated predominantly in egg albumin, while the Se from selenite and
selenocysteine is deposited preferentially in the yolk (Latshaw and Osman,
1975; Latshaw and Biggert, 1981). Selenium supplementation has a sparing
effect on vitamin E, causing the yolks of Se-supplemented hens to have
significantly higher vitamin E contents (Surai, 2000), up to 27 mg per large
egg compared to 0.70 mg in a regular egg (Slaugh, 2002). ‘Designer eggs’
with a high content of omega-3 fatty acids, obtained by feeding hens a 2% flax
ration, require a higher vitamin E content than regular eggs to prevent the
oxidation of the acids. Supplementing the diet of the layer hens with Se yeast
(Sel-Plex™) prevented the oxidation of the omega-3 fatty acids and the loss of
vitamin E of the eggs during a two-week storage period significantly more
than the equivalent amount of Se as selenite. Supplementation of the feed with
Se yeast also increased the duration of freshness of the eggs on storage
(Wakebe, 1998). Addition of Se to the feed at the level of 0.3 ppm increased
the albumin content of the eggs. Since SeMet is preferentially incorporated
into albumin this may explain why the eggs from Se yeast-supplemented hens
maintained better albumin quality on storage (Slaugh, 2002).

X. TOXICITY OF SELENOMETHIONINE

A. STORAGE AND HANDLING INSTRUCTIONS

Note: Instructions were compiled from current Material Safety Data Sheets;
for information only, not purported to be all-inclusive and to be used only as a
guide.

SeMet is classified as a very toxic substance. It should be stored in
closed containers below 4°C in the freezer. SeMet should only be handled in a
well-ventilated hood with rubber gloves, protective goggles and facial mask.
To reduce the risk of accidental poisoning in the food and feed industry, pre-
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mixes of SeMet rather than the pure substance should be used. First aid
measures include immediately flushing the eyes with plenty of water for at least
15 min, occasionally lifting the upper and lower lids. Skin should be flushed
with plenty of soap and water for at least 15 min while removing contaminated
clothing and shoes. Upon accidental ingestion, do not induce vomiting. Allow
the victim to rinse his mouth and then to drink 2—4 cupfuls of water and seek
medical advice. On inhalation, remove victim from exposure to fresh air
immediately. Exposure limits (NIOSH and OSHA), as Se: 0.2 mg/m°.

B. ACUTE TOXICITY

As no human case of SeMet poisoning has been reported, all acute toxicity
data for SeMet are derived from studies with animals. In general, the acute
response to SeMet was delayed and not as severe as observed with selenite.
Whereas sodium selenite, at 3.0 mg Se/kg, caused fatal selenium toxicosis in
swine 2.5 h after intravenous injection, the equivalent amount of Se as SeMet
was fatal after 14 h, with both compounds producing pulmonary edema as the
main lesion (Herigstad et al., 1973). The liver and kidney Se concentrations
as determined by these authors reached 10.2 and 7.28 ppm in the animals
injected with selenite, 11.3 and 10.8 ppm, in the animals given SeMet. The
same authors showed that young pigs fed diets containing 60, 120 and
600 ppm of organic Se (SeMet) developed symptoms of acute toxicity after
125, 140 and 38 h on these feeds with a total of 49, 44 and 33 mg of Se being
consumed. Liver Se levels reached 17.95, 34.5 and 27.4 ppm while kidney Se
levels, 13,7, 11.1 and 12.8 ppm, respectively.

In rats, the LDsq of SeMet on intraperitoneal injection is 4.25 mg Se/kg
body wt (Klug et al., 1949). In mice, the LDsq of SeMet on intravenous and
intracervical injection was determined to be 8.86 * 1.38 and 5.24 =*
0.23 mg Se/kg, whereas the corresponding LDsy of sodium selenite was
much lower, 2.28 = 0.28 and 0.13 = 0.04 mg Se/kg, respectively (Ammar
and Couri, 1981).

C. CHRONIC TOXICITY

The chronic toxicity of SeMet is lower than that of sodium selenite,
presumably because its incorporation into tissue proteins removes a portion
from the circulatory system. The diminished toxicity of SeMet at dietary Se
levels exceeding 5 ppm as compared to selenite was apparent in pigs in the
grower—finisher period (Kim and Mahan, 2001a). In mature pigs, 5 ppm of Se
as selenite as well as organic Se (SeMet in yeast) elicited similar toxic effects.
However, in animals under conditions of high protein turnover such as during
pregnancy, SeMet stored in tissues may re-enter circulation, resulting in
increased toxicity as compared to selenite. High levels of organic Se also
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affected gestation and parturition performance of sows more than the
equivalent amount of Se as selenite. Especially at levels of >7 ppm Se, fewer
piglets were born and pig weights at parturition and weaning were lower from
sows fed organic Se than sodium selenite. This was attributed to the increased
tissue turnover from the organic Se source (Kim and Mahan, 2001b). In
addition, diminished placental transfer of inorganic as compared to organic
Se could have been responsible, as evidenced by the lower tissue Se
concentrations in the piglets from sows fed selenite compared to those sows
fed SeMet. Nursing piglets from sows fed toxic levels of SeMet are at a
further disadvantage compared to those from sows fed selenite due to the
higher Se content of the milk from sows fed organic Se. In pigs fed SeMet as
in Sel-Plex Se yeast, the higher Se content was evident already at the 0.3 ppm
level. At the chronically toxic level of 7 ppm, the milk on day 14 reached
4.14 ppm compared to 0.76 ppm in the milk of animals receiving 7 ppm Se as
sodium selenite. The greater deposition of SeMet into the organs of animals
fed organic Se was evident at all levels between 0.3 and 10 ppm, and was
particularly pronounced in the loin: at 10 ppm of SeMet Se in the feed, its Se
content reached 5.33 ppm, compared to 0.23 ppm in the animals on selenite,
corresponding to a factor of 23. Hair and hoofs of the animals fed SeMet
contained 3.7 and 6.13 times more Se than of the animals on selenite, livers
and kidneys 2-3 times more (Kim and Mahan, 2001b). In female mice, the
injection of SeMet at 2.0 mg Se/kg body wt induced a transient decrease of
the number of circulating leukocytes, which was more extensive and of longer
duration than with selenate. The agranulocyte/granulocyte ratio also
increased to a lesser degree with SeMet than with selenate (Hogan, 1998).
The chronic toxicity of SeMet is lower than that of selenite. Rats fed high
levels of Se (16 ppm) as SeMet (selenium yeast) for 8 weeks showed no signs
of Se toxicity, while the same amount of Se as sodium selenite produced
severe hepatotoxity, cardiotoxicity and splenomegaly (Spallholz and
Rafferty, 1987). SeMet on oral administration did not produce toxic effects
in rats at 0.5 and 1.0 mg SeMet (0.2 and 0.4 mg Se)/kg body wt/day in a 13-
week study (NCI, 1993). However, in the same study, weight loss, decreased
food consumption, liver abnormalities and toxic hepatitis occurred at 2, 3 and
4.5mg SeMet (0.8, 1.2 and 1.8 mg Se)/kg body wt/day. Pancreatitis
and atrophy or degeneration of pancreatic acini occurred at 0.8, 1.2 and
1.8 mg Se/kg body wt/day. At 1.2 and 1.8 mg Se/kg body wt/day, bile duct
hyperplasia, telangiectasis, hemorrhage, necrosis, inflammation, vacuolar
changes and brown pigment in hepatocytes, increased extramedullary
hematopoiesis in livers and spleen were seen at 3 and 4.5 mg/kg body
weight/day. Female rats were more sensitive than males with all of 10 females
dead during 13 weeks, but only 1 male dead at 3 mg SeMet/kg body wt/day
(1.2 mg Se/kg/day). In beagle dogs, no toxic effects of oral SeMet were
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observed at 0.1 and 0.3 mg SeMet (0.04 and 0.12 mg Se)/kg body wt/day. At
1.0 mg SeMet (0.4 mg Se/kg body wt)/kg body wt/day, toxicity resulted in
elevations of aspartate amino transferase (AST), glutamate pyruvate
transaminase (GPT) and alanine amino transferase (ALT) activities;
inflammation, telangiectasis, hemorrhage, vacuolar changes and brown
pigment in hepatocytes, thymic atrophy, lymphocyte depletion in tonsils
and intestine, gastrointestinal hemorrhage (NCI, 1993).

D. TOXICITY AND BIOPOTENCY OF THE p- AND L-ISOMERS

Additions of SeMet (D or L) at 6.25 mg/kg (corresponding to 2.5 mg Se/kg)
over six weeks to the diet of rats produced no evidence of depressed growth or
diminished survival. The same result was obtained with diets containing
equivalent amounts of Se in the form of selenite or selenate (McAdam and
Levander, 1987). However, severe growth depression and death of rats within
29 days occurred at 26 mg of D- or L-SeMet (10 mg Se) per kg of diet, as well
as with the corresponding amounts of Se as selenite or selenate. In rats, D- and
L-SeMet exhibited the same chronic toxicities at 13 mg of SeMet (5 mg Se)
per kg of diet. At this level, the two isomers produced the same concentrations
of Se in skeletal muscle, heart, liver and erythrocytes. Only the plasma Se
levels were lower in the animals receiving L-SeMet (McAdam and Levander,
1987). Similarly, little difference in the retention of Se by liver and muscle
tissue was seen when nutritional levels of D- or L-SeMet were fed to Se-
depleted rats (McAdam and Levander, 1986). However, at the subtoxic level
of 6.25 mg SeMet/kg diet, the Se concentrations were significantly higher in
skeletal muscle, heart and liver in the animals receiving the D-isomer,
indicating that the L-form is catabolized more rapidly under these conditions.
Since adenosylation is the first step in the trans-sulfurization pathway of Met
as well as of SeMet, this could cause the accumulation of D-SeMet in tissues
and organs of species lacking an efficient mechanism of the conversion of D-
Met into the L-form. In rats, which are known to utilize D-Met as well as L-
Met, biopotency, acute toxicity and tissue retention of injected or dietary
doses of both isomers of SeMet were about the same (McAdam et al., 1985;
McAdam and Levander, 1986,1987). In other species, the L-isomer was better
utilized and more toxic than the D-isomer. In mallard ducklings, for example,
Se as L-SeMet at 30 ppm in the diet was significantly more toxic than DL-
SeMet, but concentrations of Se in the livers were about the same (Heinz ez al.,
1996; Hoffman et al., 1996). While normal mice metabolize both the isomers
of SeMet equally well, more of the D-isomer was observed in the tumors of
tumor-bearing mice. Within 48 h of administration, the in vivo uptake of D-
SeMet was several times higher than that of the L-isomer in Ehrlich solid
tumor, and in sarcoma 180 solid tumor. Since the uptake of both isomers was
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about the same in the pancreas, this suggested the presence of a transport
system specific for D-SeMet in tumor cells, in addition to a transport system
common to both the D- and L- forms (Goto ef al., 1987). Furthermore
experiments with cultured murine and human lymphoid cells demonstrated
that the cells of the immune system also discriminate between the two
enantiomeric forms of SeMet. Thus, DL-SeMet was only about half as
cytotoxic than L-SeMet, and only L-SeMet was found to be a good substrate
for adenosylmethionine synthetase and was effectively metabolized by trans-
methylation reactions and in polyamine synthesis. The differential responses
of the normal cells to L- and D-SeMet are thus attributable primarily to the
initial steps of SeMet metabolism, which involve stereospecific trans-
sulfurization enzymes preferentially utilizing L-SeMet. Differences in the
activity of trans-methylation enzymes may also affect the cytotoxicity and the
invasiveness behavior of tumor cells. For example, while pre-incubation with
selenite resulted in a dose-dependent decrease in the ability of HeLLa or NIH
OVCAR-3 cells to invade a layer of a re-constituted basement membrane
preparation, indicating diminished invasiveness, SeMet had no such effect
(Gong and Frenkel, 1994).

E. MAXIMUM TOLERATED DOSE

In a 30-day trial with long-tailed female Macaques (Macaca fascicularis)
receiving 0—600 pg of L-SeMet/kg day by nasogastric intubation, SeMet was
well tolerated until the second to third week of the study at which time two
animals given 600 wg/kg day died. One animal from the 300 pg/kg day group
developed Se-induced hypothermia. Six animals in the 188 pg/kg day level
or greater required supplements of fruit and Sustagen (Mead Johnson & Co,
Evansville, IN), a powdered nutritional supplement for human consumption
that is used to supply anorexic primates with necessary nutritional and caloric
intake during periods when animals refuse their normal diet. With increasing
SeMet dosage and duration of exposure, the incidence of anorexia,
gastrointestinal distress, mucocutaneous toxicity, and frequency of reduced
body temperature increased. A dose-dependent weight-loss was also
observed. At the higher dosage, disturbances in the menstrual function
were evident, and were accompanied by the absence of serum progesterone
concentrations above 1.0 ng/ml, reduced luteal phase lengths, increased
intermenstrual intervals, and lowered estrogen excretion. A “maximum
tolerated dose” of 150 pg/kg day of L-SeMet for 30 days was identified based
on mean body weight reduction, hypothermia, dermatitis, xerosis, cheilitis,
disturbances in menstruation, and the need of dietary intervention to prevent
death at doses of 188 wg/kg day or greater (Cukierski et al., 1989). The same
highest tolerated dose of L-SeMet (150 wg/kg day) on nasogastric intubation



SeMet—NUTRITION, METABOLISM & TOXICOLOGY 99

was established with pregnant long-tailed Macaques (Hawkes ef al., 1992). In
this study, the weight loss at a dosage of 300 wg Se/(kg day) of L-SeMet was
three times greater than in the 150 pg Se/(kg day) group, and clear signs of Se
toxicity (anorexia and vomiting) were apparent. The No-Effect Level was
determined to the 375 wg SeMet/kg body wt day. At twice this dose, all
animals developed anorexia, vomiting, and weight loss. Plasma Se levels
increased in proportion to SeMet dosage only until day 21 and subsequently
plateaued. Plasma GSH-Px activities increased in proportion to SeMet dosage
and began to plateau after 20 days of administration. A steady state was
reached at the two dosage levels when plasma Se concentrations had reached
1.91 and 3.86 pg/ml, respectively. However, erythrocyte and hair Se levels
continued to increase until day 30 and for about two weeks after cessation of
supplementation. Erythrocyte GSH-Px levels increased in proportion up to
the SeMet dosage of 150 pg/kg body wt/day. At the toxic level of 300 pg/
kg/day, erythrocyte GSH-Px activity was lower, and during the 30 days of
dosing dropped to values only as high as in the 25 pg Se/kg body wt/day
control group. However, in the 150- and 300 pg SeMet/kg body wt day
animals, erythrocyte GSH-Px activity continued to increase for two weeks
after cessation of supplementation, suggesting the release of SeMet from
body storage organs. Erythrocyte Se, plasma Se and hair Se levels of
>2.3 wg/ml, >2.8 wg/ml and >27 pg/g, respectively, were associated with
increased weight loss due to Se toxicity. These values for Se toxicity are
consistent with the cutoff values for humans subsisting on a predominantly
vegetarian diet, as determined in a Chinese study (Liu and Li, 1987).

F. REFERENCE VALUES

From observations of populations residing in high-Se regions and evidence
from supplementation studies, a Reference Dose (RfD) for selenium has
recently been set to 350 pg Se/day for humans of 70 kg body weight
periods (Patterson and Levander, 1997). This value corresponds to
5 g Se/kg BW or five times the “Recommended Dietary Allowance”
(RDA) for Se and represents the total intake of selenium from nutritional
sources which are safe for indefinite periods, while still below the “maximal
safe intake” of 450 pg/day, as defined by the British Committee on
Medical Aspects of Food Policy (Department of Health, 1991).
Another reference value is the “Tolerable Upper Intake Level,” UL,
representing “the highest level of daily selenium intake that is likely to
pose no risk or adverse health effects to almost all individuals in the
general population.” The UL for selenium was set at 400 pwg/day for adult,
corresponding to one half of the No-Observed-Adverse-Effect-Level
(NOAEL) of 800 p.g/day. Although neither the RfD nor the UL specify
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the chemical form of Se, both may be assumed to apply primarily to
SeMet, the major nutritional form of Se. The RfD and UL thus set a safe
limit for nutritional Se supplementation. In the cancer prevention trial of
Clark et al. (1996), for example, the supplementary dose of 200ng Se/day,
which consisted mainly of SeMet, increased the Se intakes of the study
participants from 100—150 to 300—350 p.g/day, causing the average plasma
Se concentrations to increase, in 6—9 months, from 114 * 22 to
190 = 50ug/l. Selenium intakes of 450 pg/day or more were reached by
the study participants of a Chinese liver cancer chemoprevention trial and
produced no adverse effects (Yu et al., 1988). In this study, supplementary
Se at 400 g Se/day was given, causing whole blood Se levels to reach
0.386 pg/ml after one year of supplementation. The Observed-NOAEL was
provisionally estimated to 750—-850 pg/day, based largely on observations
with Chinese subjects residing in the high-Se areas. At 850 g Se per day,
blood Se levels reach 1 pg/ml, blood GSH concentrations were diminished
and prothrombin time was reduced, with more significant signs of Se
toxicosis appearing in one subject at 880 g Se/day (Yang et al., 1989a,b;
Yang and Xia, 1995). However, in subjects from another area in China
with Se intakes of 1457 * 554 pg/day, selenosis was seen only
occasionally (Yang and Zhou, 1994). From these observations an “Adverse
Effect Level” (AEL), or “Individual Toxic Level”, for dietary Se, of 1595
or 1600 pg/day was derived. This level of intake “seems capable of
causing the development of chronic overt toxic selenosis after long-term
intake” (Yang and Zhou, 1994; Yang and Xia, 1995). Earlier studies on
subjects residing in high-Se regions of the United States suggested that
mild, reversible signs of Se toxicity occur after 2400—3000 g of Se/day
for many months (NRC, 1976), suggesting that Se toxicity is influenced by
diet’ and particularly, the total protein intake; that high protein diets reduce
Se toxicity is well known. Rats on a feed containing 35% casein and
35 ppm Se showed no signs of selenosis (Moxon and Rhian, 1943). The
NOAELSs and AELs for Se thus could be rendered more precise by relating
them to the level of protein in the diet consumed. This could explain why
adults receiving 1600 wg of nutritional Se per day for several months need
not show overt signs of selenosis, while exhibiting blood Se levels of
1.61 pg/ml. Although the concentrations of Se in whole blood, plasma,
hair, nails and urine are linearly dependent on the dietary Se-intakes
(Schrauzer and White, 1978; Yang et al., 1989a), these linear relationships
are obeyed only if Se is ingested predominantly in the form of SeMet. If
the ingested Se is in an inorganic form, blood and hair Se levels become
unreliable indices of exposure and hence for diagnosis of selenosis, nail
changes are the most significant signs (Yang et al., 1989a,b).
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XI. SELENIUM REQUIREMENTS AND RECOMMENDED DIETARY
INTAKES

In 1980 the “Estimated Safe and Adequate Daily dietary Intake” (ESADDI)
for adults and children above the age of 7 years was set at 50—200 pg Se/day
(Food and Nutrition Board, 1980). Subsequently, based on Se balance studies,
proposed 80 pg/day for men and 55 pg/day for women as safe and adequate
Se intakes, corresponding to 1 pwg Se/kg BW/day. In 1989, the RDA for
selenium was lowered to 70 wg/day for adult men. This new intake
recommendation was derived from the minimal amount of Se required for
100% saturation of the plasma GSH-Px activity. For adult Chinese males of
60 kg body weight, this amount had previously been determined to be
40 pg/day (Yang et al., 1988). From this value, the RDA for North American
males was calculated by taking into account their higher body weight (79 kg)
and by increasing it further through multiplication with a safety factor. For
adult women the RDA for selenium was maintained at 55 pg/day. For
pregnant women, the RDA was set at 65 g Se/day, for lactating women at
75 ng Se/day, assuming an average body weight of 63 kg.

In 1996, expert committees of the World Health Organization (WHO)
derived basal and normative requirements for vitamins and minerals. The
basal requirement was defined as “the intake needed to prevent pathologically
relevant and clinically detectable signs of impaired functions attributable to
inadequacy of the nutrient,” and the normative intake as “the level of intake
that serves to maintain a level of tissue storage or other reserve that is judged
by the Expert Consultation to be desirable” (WHO, 1996). For selenium, the
basal Se requirement was derived from the minimal amount needed to protect
against Keshan disease, and was set at 21 pg/day for men and at 16 pg/day
for women. The normative Se intakes were derived primarily under the
assumption that two thirds of the maximum plasma GSH-Px activity affords
sufficient antioxidant protection, corresponding to 40 and 30 pg/day for men
and women, respectively. In the year 2000, the panel on dietary antioxidants
and related compounds of the U.S. Food and Nutrition Board replaced the
RDAs by “Dietary Reference Intakes” (DRIs), which for the most part
numerically resembled the 1989 RDAs. All currently recommended Se
intakes would be insufficient if selenium adequacy were assessed on
immunological criteria such as antibody production or the cancer preventive
effects of Se. In home-TPN patients receiving 50 pg Se per day, antibody
production against common antigens was low compared to patients
supplemented with 200 g Se as SeMet (Peretz et al., 1991). Similarly,
200 g Se as SeMet in yeast was shown to be an effective dose of Se for
cancer prevention, see Section F before. Obviously, all intake recommen-
dations depend on the definitions used to derive them; they are not to be
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considered final and must be re-evaluated and revised periodically.
Specifically for Se, revisions of current intake recommendations are likely
to be forthcoming in the light of rapidly advancing research and the growing
recognition of its protective effects at supranutritional intakes.

Xll. SUMMARY AND CONCLUSIONS

SeMet is a naturally occurring toxic amino acid but at the same time
represents the major nutritional source of selenium for higher animals and
humans. The ability of SeMet to be incorporated into the body proteins in
place of Met furthermore provides a means of reversible Se storage in organs
and tissues. This property is not shared by any other naturally occurring
selenoamino acid and thus could be associated with a specific physiological
function of SeMet. Since higher animals cannot synthesize SeMet, yet from it
all needed forms of Se are produced, SeMet meets the criteria of an essential
amino acid. Accordingly, SeMet, or enriched food sources thereof, are
appropriate forms of Se for human nutritional Se supplementation. However,
while SeMet or Se yeast are already widely used in over-the-counter
nutritional supplements, infant formulas and parenteral feeding mixtures still
contain Se in the form of sodium selenate or sodium selenite, even though
these are not the normal nutritional forms of Se. In animal nutrition, these
inorganic selenium salts are increasingly replaced by food sources of SeMet
such as Se yeast. Synthetic SeMet could also be employed as a feed additive,
but its regulatory status is as yet undetermined. The optimal nutritional levels
of SeMet for different animal species still need to be determined. The
expectation is that lower additions to feedstock of equivalent levels of SeMet
will suffice to achieve adequacy than currently approved maximum levels of
Se in the form of inorganic Se salts.
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