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Metabolism of Selenium and its Interaction with 
Mercury: Mechanisms by a Speciation Study 

KAZLJO T. SII%lJKI* m d  YASIJMITSLJ OGRA 

Metabolic, nutritional and toxicological aspects of selenium (Se) were studied using a 
hyphenated technique. Se in biological samples was separated by HPLC and Se in the eluate 
was detected in-line by mass spectrometry with ionization by inductively coupled argon 
plasma (HPLC-ICP MS). The distributions of Se in the soluble fractions of various organs 
and body fluids were determined after ingestion or injection of naturally occurring Se or Se 
enriched with a stable isotope in the form of selenite, selenate or selenomethionine. Meta- 
bolic pathways specific to each Se species were discussed based on the results of speciation 
of each Se metabolite. 

Selenite in the bloodstream was taken up by red blood cells and reduced to selenide, and 
then the reduced form of Se (selenide) was transported to the plasma, where it was bound 
selectively to albumin and was then transported to the liver. On the other hand, intravenous 
selenate was taken up directly by the liver. Excess Se derived from any nutritional Se species 
is mainly excreted in the urine after being methylated in the liver. 

The mechanisms underlying the interaction between Se and mercuric ions in the blood- 
stream were explained by the formation of a ternary complex, I (HgSe), 1,-selenoprotein P (n 
is the number of (HgSe) complexes and m is the number of the binding sites for the (HgSe), 
complex on selenoprotein P). The complex between Hg and Se in the bloodstream was thus 
explained by the interaction between their specific chemical species in each metabolic path- 
way. 

The sensitivity of the HPLC-ICP MS method was enhanced with the use of enriched sta- 
ble isotopes by the simultaneous detection and speciation of both endogenous and exogenous 
Se. 

Keywords: selenium; metabolism of selenium; speciation of selenium; mercury; interaction 
between selenium and metals; selenoprotein P 
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I36 KAZUO T. SUZUKI and YASUMITSU OGRA 

1. INTRODUCTION 

Selenium (Se) is an essential micronutrient for normal thctioning 

of the body and constitutes the active center of selenoproteins in the 

form of the SeIenocystemyI (secy~) resjdue.""l Se can be present in the 
form of a mtal, salt and/or 0x0 acid m nature. However, Se expresses 

its biological activity as the essential element m the hrm of the den01 (- 

SH) group m Secys residues, which is incorporated into selenoproteins 

through the UOA codon (named the opal codon and is stop codon in the 

normal translation process)"-'j' and the selenocysteine insertion sequence 

(SECIS)."' 

Selenoproteins are defined as proteins containing Se m the hrm of 

SeCys residues according to the UGA d o n ,  proteins containing Se m 

the form of selenomethionyl (SeMet) residues not being classified as 

selenoproteins (FIGURE 1). 
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Selenoproteins 
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FIGURE 1. Definition of selenoproteins. 

The unique metabolic pathways for Se leading to its utilization as 

selenoproteins and to its excretion as methylated metabolites certainly 

depend on the intrinsic chemical nature of Se. Se is known to interact 

with various mtals/elemnts and these interactions seem to also depend 

on the chemical nature of the Se species in the metabolic pathway. 

Se is similar to sulfur (S) in chemical nature although its redox 

potential is lower than that of S .  which makes Se more readily reducible 

than S ,  and selenite is reduced to selenide by glutathione (GSH) in vivo 

and in vitro. The interactions between Se and other elements should be 

explained by the chemical reactioditeractions between the different 
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I 3X  KAZUO T. SlJZUKl and YASUMITSU OGRA 

chemical species of Se and interacting metals/elemnts of specific 

chemical forms m specific biological environments. The chemical species 

of Se and metals/elements can be determined by means of hyphenated 

techniques. 

The present paper presents the details of the metabolic pathway 

for Se based on the Se species and route of adtllinistrat ion. The 
mechanism underlyhg the interaction between Se and Hg was also 
elucidated based on the results of ow speciation study mvohing a 

hyphenated technique, i.e., the combination of separation by HPLC and 

detection by 111119s spectrometry with ionization by inductively coupled 

argon plasma (ICP MS). 

2. BACKGROUM) OF THE SELENIUM STUDY INVOLVING 

A SPECIATION TECHNIQUE 

2.1. Nutritional aspects of se 

Se is an essential micronutrient with a very narrow range between 

deficiency and excess, suggesting a small biological pool of it, ie., the 

intake of diets containing higber than 0.2 and lower than 2.0 pg Se/g 

diet is thought to be adequate for experimental animals."' Se deficiency 

in humans is caused by the prolonged intake of regional products of low 
Se content owing to a geochermcally low Se coocentration m the soil, as 

in the case of- disease ptients,IP.'O1 and als~ by long term total 

parentend nutrition (TPN) of low ~e content."" on the other hand, 
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Se METABOLISM AND Se-Hg INTERACTION 13') 

excess Se is extremely toxic, probably owing to the production of 

reactive oxygen (TABLE I). 

Both inorganic and organic forms of Se can be utilized as 

nutritiod sources."*1 Selenite and s e h t e  are inorganic forms, while 

S a y s  and SeMet are organic b m  (FIGURES 2 and 3). 

One of the inorganic forms of Se. selenate, is reduced to the other 

inorganic form of Se, selenite, and then to the key intermediate, selenide. 

On the other hand, the organic forms of Se, i.e., SeMet, SeCys and their 

equivalents, are metabolized through the action of P-lyase to give the 

same key intermediate, ~elenide."""~ Thus, selenide is assumed to be the 

common key intermediate for both inorganic and organic Se in the 

metabolism of Se of any dietary source. 

TABLE 1. Endemic diseases linked to a deficiency or excess of Se. 

Disease Area S Y m P t ~  

[deficiency] 

Keshan disease China (Kcs~M) cardiac failure [91 

White muscle disaase New Zealand, China muscle pain, 
~ 3 1  

Win-Fkckdisease Tibd asoarthropath~ 141 

calcium deposition 

[m-l 
Enshi disease China (Enshi) loss of hair and nails [ 151 
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I40 KAZUO T. SUZUKl and YASUMITSU OGRA 

FIGURE 2. Chemical structures of Se compounds. 

I Inorpanic SO compound I 

Enbrlng unregulated pathway 
seienocysteine 

FIGURE 3. Dietary sources of Se. 

Selenide is then either utilized for the synthesis of sehproteins 

after beiug transformed to selenop~~ptmtd’~’~l a ~ d  S ~ Q S ~ W N A [ ~ ]  

or excreted after b e i i  1nethylate4~~’-~‘~ as scimnaticayl sh~wn in 

FIGURE 4. Therefore, selenide is the checkpoint compound for either 

h t k r  utiktion or excretion m tht urine of Se taken up by the body. 

As a result, selenide is assumed to be the common key intermediate m 

the metabolism of both organic and inorganic hnns of Se, and at the 

same time it is the checkpoint c~mpound as to the utilization and 
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Se METABOLISM A N D  Se-Hg INTERA<'TION 141 

excretion of Se, as schematically shown in the metabolic pathway for Se 

m FIGURE 4. 

urine f- ( c H ~ ) ~ s ~ '  

FIGURE 4. Schematic representation of the metabolic pathway for Se. 

Apart h m  the well-regulated metabolic @way for each Se 

species, both organic and inorganic Se m the body, as shown m 

FIGURES 3 a d  4, there is an exceptional pathway for SeMet. Se m Se- 

containing compounds (selenite, selenate, SeCys and SeMet) is 

metabolized on the recognition of the Se-containing chemicals by the 
body and tbese compounds are metabolized to give the common 
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I42 K A Z U O  T. SUZUKI and YASUMITSU OGRA 

intermediate selenide in the body owing to their chemical nature as Se- 

containing compounds. Namely, Se of any nutritional source is utilized 

or excreted only atter the nutritional Se species is transformed to 

selenide, indicating that only the Se m the nutritional Se species is 

utilized for the synthesis of selenoproteins. 

However, there is an additional metabolic pathway for SeMet. 

SeMet can be utilized for the synthesii of proteins without being 

dwmnmated from methionine (Met), i.e., mtact SeMet is incorporated 

into general proteins according to the same codon and tRNA as those 

for As a result, SeMet m diets can be utilized either as a Se 

source for selewproteins after being metabolized to seknide or as a 

s o w  of mtact SeMet instead of Met fbr general proteins (FIGURE 1). 

Se incorporated into general proteins in the form of SeMet also can be 

utilized as the Se s o w  for selenoproteins during the metabolic 

turnover of general proteins. Therefore, Se that is incorporated into 

general proteins m the form of SeMet can also act as a biological pool of 

Se. In other words, only excess dietary Se of SeMet origin can cause 
elevation of the Se concentration in the body to more than the adequate 

@meostatic) level. Thus, Se is essential for normal functioning of the 

body through its biological action m the form of se-. 

. . .  

Se in a nutritional s o w  can be utilized for the synthesii of 

selenoproteins (selenoenymes) only after it is transformed to selenide 

(or its equivaht). Se in selenoproteins is present in the hrm of Stcys 
residues and is well regulated by the body. Se present in the form of 

%Met m diets can be utilized as mtact SeMet residues instead of Met 

residues (umegulated Se). 
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Se METABOLISM A N D  Se-Hg INTERACTION I43 

2.2. Metabolic aspects of Se 

In animals, both inorganic (selenite and selenate) and organic 

f o m  ( S o  and SeMet) of Se can be utilized as nutritional sources. 

Although the Se source for auimals including humans is mostly organic 

forms m usual diets, inorganic forms can also be utilized efficiently. 

In plants, the inorganic forms of Se (selenite and selenate) are 

transformed to the organic forms (SeCys, SeMet and their methylated 

derivatives). In the case of excessive Se in soil or in accumulator plants, 

Se accumulates m the form of low molecular weight Se compounds with 

the masked forms of selewl groups such as SeMet, Se-methylseleno 

cysteine and selen~cystine ( ~ y s ~ e - s e ~ y s ) . ' ~ "  "I 

In anhnals, the inorganic forms of Se (selenite and selenate) in 

diets are reduced to the assumed common intennediate selenide, and the 
organic forms of Se (SeCys and SeMet residues m diets) are transformed 

by p-base to give the same intermediate selenide (FIGURE 4). 

Therefore, in animals, inorganic and organic forms of Se are transformed 
to the same key intennediate (selenide) through metabolic pathways 

specific to each chemical species of Se and route of uptake. Se is, 

therefore, controlled by the same mechanism once each Se species is 

transhd to selenide. Selenide is not only the common key 

intermediate for the metabolism of both inorganic and organic sources in 

diets, but also the checkpoint compound for the utilization and excretion 

of Se. 

Selenide is transformed to selenopho~phate,I'~~~1 and tben the Se is 

transferred to O-acetylserinewy'tRNA to give S ~ C ~ S ~ ~ ' ~ R N A . " * ~ '  Se is 
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I44 KAZUO T. SUZUKI and YASUMITSU OGRA 

then incorporated into selenoproteins in the form of SeCys residues 

according to the corresponding codon to SeCys, UGA and the 

selenocysteine insertion sequence (SECIS)"' (FIGURE 5). 

SECIS: relenocystcim inrcrtion sequence 
3'-UTR: 3'-untmnsL.(cd ngbn 

FIGURE 5. Scheme for the incorporation of Se into selenoproteins. 

Se is usually excreted in the urine in the form of monomethylated 

Se. when excess Se is administered, Se is excreted more in the form of 

trimethylated Se in the urine.p01 However, highly excessive 

administration of Se leads to exhalation of Se in the form of 
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Se METABOLISM A N D  Se-Hg INTERACTION I 45  

dimethylselenide in the breath.'"' The donor of a methyl group for 

methylated Se is S-adenosylmethionine (SAM) ,  and methyhransferase is 

assumed to catalyze the transfer of a methyl group at each step to give 

monomethylselenol (MMSe), dimethyklenide (DMSe), and 
trimethylselenonium ions (TMSe) [23] (FIGURE 6). Similar stepwise 

methylation is known for the metabolism of arsenic and methyl 

transferases specific to each methylation step have been pt~posed. '~~-~ '~ 

However, in the stepwisc methylation of Se, it is not known whether 

each methylation step is cat+& by the different rnethyltranskrases or 

b y t h e S a m e O n e .  

MMSe and TMSe are excreted m the urine, while DMSe is 

exhaled m the breath. Se is excreted in the breath only when excess Se is 

loaded. Hence, the metabolic pathway and excretion of Se into the urine 

and breath have to be explained reasonably. The major urinary form of 

se  ha^ been reported to be MMSe,IZJ1 and we have ~ISO proposed it to be 

MMSe.'mJ However, our recent expcrinmt raised a question as to the 

chemica~ structure o ~ M M s ~ . ' ~ ' ~  

cy 

H,S~-CH~-(~HM- c S - - S e +  

cy 
selenide MMse DMse TMse 

I 
I 

FIGURE 6. Stepwise methylation of Se. 

The precise mechanism underlying the excretion of Se m the urine 

has been studied by means of a speciation method involving HPLC-ICP 

MS, as explained m FIGURE 11 (Chapter 3.5.). 
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I46 KAZUO T. SUZUKI and YASUMITSU OGRA 

Se is an essential micronuh.ient because of its biological k t i o n  

through the formation of the active center as the selenol group (-Sew of 

SeCys residues m selenoenzyms such as glutathione peroxidase (GPx), 

thioredoxine reductase (TR), and 5'-iOdOthyrOniIIe deiodinase (DI). 

only one seleml group (Secys residue) is present in these 
s e l e n o e ~ s .  Se in the body does not seem to be present in the form 

of free s e h l  groups except for in these enzymes and selenoprotem P 
(Sel P), the latter b e i i  a plasma selenoprotem containing exceptionally 

as many as 10 secys residues.lM-39' The presence of flee s e h l  groups 

is hannfirl because of theii high reactivity. In fact, Se in accumulator 

plants is present m non-reactive forms such as SeMet, Se- 

methyIseIenocysteine and s e i ~ ~ i d 2 * ' 9 1  although these mas~ed 

forms of Se are not present at detectable levels in mammals. 

The assumed common key intennedite selenhie is the most 

reactive hrm among Se species m the metabolism of Se. The toxicity 

caused by excess Se seems to have two origins; one is reactive selenol 

groups, typically in the form of selenide or its equivalent, which are 

detected in the h e r  m acid-labile fom or bound wn-selectively to 

proteins when excess Se is administered."M2' Selenide m y  attack 

disulMe bridges in proteins and convert the d-e reductively to thiol 

groups, rcsultii m conformational changes of proteins. Selenide also 

forms stable metal selenides similar to metal sullides, and may remove 

essential metals as precipitated fbm in the body. A reduced form of Se 

such as selenkle and selenol groups is produced easily by thiol groups in 
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Sr METABOLISM AND Se-Hg INTERACTION 147 

the body such as GSH, and then it can reduce oxygen to give reactive 

oxygen species (ROS). As a r e d ,  excess Se is easily metabolized 

through the redox reaction in the presence of thiol groups in the body 

and the unregulated presence of Se produces toxicity. 

The toxicity of Se caused by a deficient supply of it is obviously 

due to the defective synthesis of selenoproteins because of the defective 

supply of Se for the synthesis of selenoenzymes. 

Apart fromthe toxicity caused by Se itself, it is well known that Se 

interacts with various metals/elements in the body, and reduces the 
toxicity of both Se and the interacting metals/element~."~~" However, 

the mechanisrm underlying the interactions are not known in most cases. 

Tbe interaction between Se and m u r y  (Hg) is the most well-known 

among the interactions between Se and metals/eIernents."b'o~  he 

ternary complex fonned between Se of selenite origin, mercuric ions and 
a plasma protein has been explained by our recent study, the precise 

mechanism being explaiued m the prcscnt review in Chapter 4. 

2.4. S-Deciation studv invohrinn a hvDhenated technique. HPLC- 

ICP MS 

Speciation is the technical term for the characterization and 
quantification of the chemical species of metals/elements. Chemical 

species in biological samples arc separated according to certaia 

principles, and are then detected with a tool specific to the species. 

Therefore, combined techniques consisting of separation and detection 
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I4X KAZUO T. SUZUKI and YASUMITSU OGRA 

methods, which are generaUy named hyphenated techniques, have been 

recopzed as promising speciation  method^.'^'-"^ 
Metals/elements can be detected specifically by spectrophotometry 

such as atomic absorption (AAS) and atomic emission 

spectrophotometry (AES) or by mass spectrometry (MS) with ionization 

by inductively coupled argon plasma (ICP MS).IwS'] As these detection 

tools can be used for samples in aqueous solution without any 

attachments, gel fihration, ion exchange or affinitv HPLC are 
appropriate as separation tools, and they can be connected in-line with 

these detection tools, namely, HPLC-AAS, -1CP AES and -1CP MS 

(FIGURE 7). 

Among these element-specific detectors for an HPLC, ICP MS has 

attracted much attention because of its high sensitivity and the 

simultaneous detection of multi-elements. In addition, as MS detects 

elements at the isotope level, tracer experiments can be carried out with 

the use of enriched stable isotopes as  tracer^.''^'^^ This makes it possible 

to detect not only endogenous multi-elements simultaneously, but also 

to detect endogenous and exogenous elements simultaneously with high 
sensitivity. Furtbenmre, the use of an ICP MS as the detector for an 

HPLC allows the speciation of both endogenous and exogenous multi- 

elements in a single experiment, i.e., sim-us speciation of 

endogenous and exogenous multi-elemnts is possible under identical 

conditions. Hence, the HPLC-ICP Ms method with the use of enriched 

stable isotopes opens a new chapter m the study of tracc elements. 
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Se METABOLISM AND Se-Hg INTERACTION 

FIGURE 7. Hyphenated techniques for speciation of metaldelements. 

25.  Se research with the speciation technique involving enriched 

stable isotopes 

Se is an ultra micronutrient, and is present in the plasma and liver 

of rats at concentrations of around 0.5 pg/ml and I pg/g wet weight, 

respectively. Owing to the low concentrations, Se in biological materials 

is difficult to detect by means of conventional spectrophotometric 

methods. Se is less detectable than other elements by the mass 

spectrometric method because of its high ionization potential. As a 

result, Se is a difficult element in the speciation of chemical forms in 

biological samples compared with other metals such as copper in terms 

of the sensitivity in its detection. 

Although Se is not detectable enough even with MS, ICP MS is 

still much more sensitive than the conventional methods employed so Far 

for measuring Se. Chemical forms (species) of Se in biological samples 

can be determined by detecting Se aAer separating Se-containing 
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I so K A Z U O  T. S U Z U K I  and YASUMITSU O G R A  

compounds on an appropriate HPLC c o b  (HPLC-ICP MS method), 

and this is the most convenient a d  sensitive method currentty 
a a k . [ 6  1431 

Enriched stable isotopes are used not only for tracer experiments 

but also to enhance the detection of tbe corresponding isotopes. 

Examples of these mcritS are d e s c n i  m Chapters 3 and 4. 

3. METABOLISM OF Se 

3.1. Uptake and distribution of se In O r Q m  0 frats 

w 

Se of any cbemical species m the nutritional source can be utilized 

for the synthesii of selenoproteins only through the common key 

intermdate sclcnide, as shown m FIGURE 4. However, the metabolism 

of Se leading to selenide is dependent on the chemical species and the 
route of intakduptake. 

when rats were fed a diet containing Se sokty m the form ofa2Se- 

enriched selenite as the nutritional source of Se, endogenous Se was 

repIaced with exogenous "Se proportiona~~ with the time of f;eeding, as 
shown in the livers of the rats in FIGURE 8.1641 However, the extent of 

the exchange depmded on the age of the rats, and ditfered 6om organ to 

organ. The rate of exchange is higher in younger rats, a d  becomes 

lower when rats start to be fed at older than 8 weeks of age 

(unpublished data). The rate is different for each organ; the Liver 
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Se METABOLISM AND Se-Hg INTERACTION 

showing the highest and the testes the lowest rate among the organs 

examined.'u1 close examination of the data indicated that a high 

exchange rate is not o a  dependent on the growth rate of an organ but 

also on the intrmSic properties of the organ. Namely, fast growiqg 

organs such as the liver take up more Se than resting organs. However, 

although the brain weight does not inrreasc or increases only slightly, 

the endogenous Se was exchanged e5ciently with exogenous Se in the 

It was ~ISO indicated that growing rats are more susceptibk to a 

deficiency of Se. 

6 10  1 5  2 0  2 6  
Dmyo .Il1.r tha baginning of foaling 

%o-onrichod dlat 

0 

FIGURE 8. Exchange of endogenous Se with exogenous Se of "Se- 

enriched selenite m the livers of rats (schematic presentation). 

3 .2 .  UDtake and distribution of Se of seknomthlo * n i n e O r i n i n i D  

diets 

When selenite is absorbed m rats, Se of selenite origin is either 

utilized for the synthesis of selenoproteins or excreted in the urine after 
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I S 2  K A Z U O  T. SUZlJKl and YASUMITSU O G R A  

being metabolized into the common key intermediate (selenide) 

(FIGURE 4). Selenite is not excreted k t l y  in the urine in its intact 

form. Se of selenite origin mmnhing in the body is present mostly in the 

form of selenoproteins. On the other band, %Met absorbed m rats is 
either utilized for the synthesis of general proteins instead of Met in the 
form of mtact SeMet or utilized for that of sclenoproteins after being 
metabolized to the common intermediate (selenide) (FIGURE 3). Se of 

SeMet residues in general proteins can also be utilized for the synthesis 
of selenoproteins after be& metabolized to selenide, as shown in 

FIGURE 4. 

As Se of selenate origin is utilized after b e i  reduced to 

selenite!':'l it can be retained in the body only in the form of 

selenoproteins, as in the c ~ s e  of Se of selenite origin. SeCys absorbed in 
the body can be utilized for the synthesis of seknoproteins or excreted m 

the urine only after being metabolizwl to selenide as well. Intact SeCys is 

not utilized for the synthesis of proteins. As a result, the concentration 

of Se m the body is assumed to be that of selenoproteins when the 

nutritional source of Se is selenite, selenate or SeCys. On the other hand, 

the concentration of Se in the body is assumed to increase depending on 

the concentration of SeMet owing to the unregulated incorporation of 

the mtact SeMet mto general proteins.'2'-m*1 

As to the coecentrations of Se, otgansltissueslbody fluids can be 

divided into two groups; in one group they increase dependmg on the Se 

collcentratl 'on m the diet of the SeMet species, while m the other one 

they do not increase irrespective of the species or concentration of Se in 

the Red blood cells (RBCs) and hair, in which these proteins 
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Se METABOLISM A N D  Se-Hg INTERACTION I53 

do not undergo metabolism, wem shown to belong to the fbnner 

group.'27' On the other hand, liver, kidneys and plasma, in which these 
proteios are metabolized constantly, were shown to belong to the latter 

group. 

The dietary Se is proportionally excreted in the urine 'lmspective 

ofthe Se species m the diet. On the other band, the amount of& m hair 

depends on the amount and species of the dietary Se, i.e., the 
concentration of Se in hair increases only with excessive dietary SeMet, 

as shown m FIGURE 9.IW1 These data confirmed that Se of SeMet 

origin increeses more than that of the other three origins because the 

uptake of intact SeMet is not controlled by Se homeostasis. 

Se of SeMet origin is excreted in the form of &Met residues in 

general proteins in RBCs and hair, as mentioned above. Hair is known to 

contain Hg because it is one route for its excretion.'691 It is also well 

documented that Hg and Se coexist in the  bod^."^.'^^ Efficient excretion 

of Se of %Met origin mto the hair in our case was fiuther examined as 

to whether or not there is any interaction between SeMet residues and 

Hg in the hair. It was concluded that there was w obvious interaction 

between %Met residues and Hg (unpublished data). 
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Male rats of 5 weeks of age were fed a Sedekient diet for 3 

weeks, and then they were divided into 5 groups and fed diffimnt diets, 
i.e. deficient in Se (Se < 0.03 pg/g; open square), or adequate (open 

symbols) or excess (closed symbols) Se of selenite (circles) or 

selenomethionine (triangles) origin for 12 weeks. 24 hr-urine was 

collected every two weeks and hair was cut every two weeks. Each 

point denotes the amount of Se m 24 h r - h  (&day) and the 

mnwntmtion of se m hair (c(g/g)."*] 
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Se METABOLISM AND Se-Hg INTERACTION 

The metabolic pathway for Se of selenite origin in the bloodstream 

was elucidated based on the redts ofa speciation study involving "Se- 

enriched selenite and the HPLC-ICP MS method. FIGURE 10 shows 

the schematic metabolic pathway and mechanism based on the results of 

in vivo and in vitro experiments, as explained below; "Se of selenite 

injected intravenously into rats was taken up by RBCs and disapptarcd 

h m  the plasma within several minutes 170, 711. However, the "Se 

taken up by the RBCs disappeared h m  the RBCs within 10-20 min 

without the appeamce o f 3 e  in the ple~ma ~ e r  the disappearance of 

Se born RBCS and pla~ma in several ten minutes, " 2 ~ e  started to az 

appear again in the plasmaafter 30 min and increased with time for the 

following 24 l ~ . ~ " '  However, the 82Se was detected at a retention time 

different h m  that of selenite, i.e., at the retention time of selenoprotein 

P (Sel P). Following Sel P, "Se started to be detected at the retention of 

~ G P X  at 3 tir after the injection ~ f ~ ~ ' ~ e - ~ l e n i t e . l ~ ~ I  

IS5 
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d.grdraim/ 
myntholr 

-o~lonoprotoinm 

FIGURE 10. Schematic diagram of the metabolism of Se of selenite 

origm in the bloodstream. cellular glutathione peroxidase (cGPx), 

extracellular glutathione peroxidase (eGPx), red blood cell (RBC). 

The in w o  study mentioned above did not explain how selenide m 

RBCs is transported and traasfonned to Sel P and eGPx in the plasma 

An in vitro experiment on whole blood revealed that selenite is taken up 

r a p e  by FtBCs and then transported to the plasma after behg reduced 

to selenide m the RBCS.[~'J  he seknide e h e d  h m  RBCS t i i  

selectively to alb~mia"~'  hen, the %e is assumed to be transtkred to 

the her, where the "Se is utilized for the synthesis of Sel P, which is 
excreted into the bkmheam.[35*6'~701 eGPx is known to be synthesized 

m the kidneys and then excreted into the b100dstfeant[~~s~~1 TIE inc rease 
in the use peaL O f e G P x  following sel P in the m Vivo study may be 

explained by the uptake by and degradation of Sel P m the kidneys, 

followed by the use of the Se for the synthesis of eGPx and excretion 

into the bloodstream, as shown schematically m FIGURE 
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Se METABOLISM A N D  Se-Hg INTERACTION I47 

Selenate was also injected intravenously mto rats.*651 Apart h m  
selenite, selenate is either taken up intact by the Liver or excreted directly 

in the urine without being metabolized. Therefore, it was decided that 

only selenite is taken up by RBCs and then transformed to selenide 

before being transferred to the liver. Selenate is not transformed in the 
bloodstream. The difference may be explained by the high reduction 
potential for selenate to selenite compared with that for selenite to 

sclenide. 

3.4. Metabolism of Se taken UD bv the liver 

"Se of selenite origin is  trans^ from the pla~ma to the liver in 

the form of selenide or its Although the mechanism 

u n d e r k  this transfer is not known yet, the "Se taken up by the liver is 

either utilized for the synthesis of selenoproteins or excreted m the urine, 

as schematicaUy h w n  m FIGURE 4. Two '*Se peaks were detected for 
the liver supematant at~er an intravenous injection of "Se-selenite, 

which were named tentatively peaks A and B according to their order of 

elution h m  an HPLC gel filtration The faster eluting peak A 

material was transformed with time mto the peak B one. The peak A 

material was converted m vitro to the peak B one m the presence o f a  

methylation agent (methyl iodide). These in vivo and m vitro results 

suggest that the peak Amaterial ismethylated metabolicallyto the peak 
B one. Furthermore, it was found that the peak B material is identical 

with the major Urinary metabolite of Se, suggesting that the peak A 
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158 K A Z U O  T. SUZUKI and YASUMITSU O G R A  

material ismthykited to the peak B one inthe liver and then the peak B 
material is excreted in the urine.[”] However, the chemical structures of 

the two materials, A and B, have not been determined yet. 

 he ofselenate origin m the liver supernatant was similar to 

that of selenite origii in the djstriiion pro& on a gel f ibt i in  column 

with the HPLC-ICP MS meth0d.l6” peaks other than the two major 

ones, A and B, were not detectable for the h e r  supernatant even Hmen 

”Se-selenate was administered, suggesting that selenate is rapidly 

reduced to selenite in the her and then transformed mto the peak A and 
B materials!731 

ThepeakA andB materialsare assumed to be an intermediate and 
the final metabolite, respectively, of Se of selenite and selenate origh, 

leading to the excretion of excessive Se. Contrary to the intemediate 

leading to excretion, no assumed intennedhs leading to the synthesis 
of selenopmteins have been detected on HPLC-ICP MS 
chromatography. Sel P is the selenoprotem that is produced most 
etficiently on the administra tion of selenite and selenate. 

excretwn of Se after methylatmn 

Se is mostly excreted m the urine with a nonnal nutritional diet as 

to Se and it is mhaled m the breath only wfrm Se is administered in a 

large excess. The major urinary metabolite of Se with a normal Se diet 

was once identitied as monomthy~lenol (MMSe), which is identical 

with the peak B material m the her.t651 The deficient, adequate and 
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............................ .......--............_... 
,' 1 

excessive Se levels m diets are assumed to be less than 0.02, around 0.2 

and around 2.0 pg/g diet for laboratory anhnals."71 Se is excreted in the 

urine in the form ofthe peak B material (once identified mistakenly as 
MMSe. But its chemical structure has not been determined yet), and 

then trimethylselemnium ions (TMSe) increase m the urine after the 

amount of the peak B material has The Sc species m the 

breath is dimethylseknide (DMSe), and it is exhakd m the breath only 

when a large excess of ~e is TIE propo~ad sctmne for 

the excretion of methylatex! Se m the urine and breath is shown m 

FIGURE 1 I ."'I 

FIGURE 1 1. Proposed scheme for the stepwise excretion of methylatex! 

Se metabolites. 
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4. BIOLOGICAL INTERACTION OF Se WITH Hg INJECTED 
INTRAVENOUSLY INTO THE BLOODSTREAM 

4. 1. Interaction of Se with Hn inkted intravenousk into the 
bloodstream 

Se is known to interact with various metddelements in the body 

and the resulting interaction alters the toxicii of not only the interacting 

metals/elements but also Se.'"' The interaction with Hg is the most often 

mentioned phenomenon. M a y  types of interaction are possible between 

Se and Hg depending on their cbemid species, i.e., endogenous or 

exogenous Se, and inorganic or organic Hg. It is also well documented 

that Hg accumulatii in marine mammals is accompanied by Se in the 
sam molar Hg accumulatihg in the Hg mine workers is also 

accompanied by the s ~ m e  molar amount of ~ e . 1 ~ ~ 1  ~ h e s e  observations 

have called attention to the mchanism underlying the interaction 

The interaction between Se and Hg in the bloodstream is the most 

well d e w  e x p r h m @  . Namely, exogenous Se of inorganic Se 

origin (selenite) and exogenous Hg of inorganic Hg origin (mercuric 

ions) form a ternary complex of Hg, Se and a plasma protein in the 

bloodstream WfKn both Hg attd Se are injected intravenously into 
animals at the same time.1751 However, fbrtber mechanisms underlying 

the intendon such as the plasrna protein and them stoichiomtry have 

not been elucidated. A new approach has been made with the speciation 
technique involving the HPLC-ICP MS method on this mechanism. 
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Se METABOLISM AND Se-Hg INTERACTION 161 

4.2. Formation of a ternary complex between Se. He 4 
~eknO_Drotein P 

"Se-Enriched (97 % enriched) selenite and mercuric ions 

(naturally occurring zmHg) were mjected intravenously into rats m 

equimolar amounts, and then the distriitions of "Se and "'Hg were 

detennined on a gel filtration column by the HPLC-ICP MS method. 

The two elements were detected at the same retention time and in the 
same molar ratio in the chromatognun This retention time was dBerent 

h m  those of Se and Hg mjected singly and separately, suggesting that 

the Se and Hg were different h m  those injected separately and bound 

to the same protein m the same molar 
Although these two constituents of the ternary compkx were 

detected simuhaaeo usiy as "Se and *02Hg with the HPLC-ICP MS 

method, the third constituent (the plasma protein) was not detectable. 

This is bccause the plasma protein was hardlyremoved h m t h e  ternary 

complex. As a result, the plasrna protein was bard to detect with 

conventional analytical methods. 
Fortunately the plasma protein was determined by chance with the 

HPLC-ICP Ms method. Se was detected not only as the enriched tracer 
form (exogenous %e) but ~ L W  as the natw occurring one 

(endogenous 7 '~e  or  he latter procedure gave two endogenous 

Se peaks, ie., those of the major two plasma selenoproteias 

(extracellular glutathione peroxidase, eGPx, and selenoprotem P, Sel P), 

m every chromatogram, 89 shown in FIGURE 12.'77' It was observed 

that one of the two major peaks, tbat of Sel P, shifted to a retention time 
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162 KAZUO T. SLIZUKI and YASUMITSU OGRA 

higher than the original one when the ternary complex was formed in 

vivo by m e r i n g  selenite and mercuric ions intravenously to rats. 

The possible participation of Sel P m the formation of the ternary 

complex was cdirmed not only m vivo but also in vitro. Furthennore, 
the mechanisms underlybg the interaction were elucidated in detail using 

the speciation technique. 

The three constituents of the ternary complex were assumed to 

consist of exogenous mercuric ions and selenite, and endogenous Sel P. 

Therefore, all three constituents can be traced silnuhm Udywiththe 

HPLC-ICP MS m e t t ~ d . ' ~ ~ . ~  Namely, Hg is not present at a detectable 
level in normal growing experimental animals and Hg of mercuric ions 
administered experiumtally to rats can be detected easily as a naturally 
occurring isotope, mHg. Se of selenite origin can be traced as "Se- 

emiched selenite. Furthermore, Se of Sel P origin can be detected as 
naturally occurring "Se or %e of Sel P, which contains as much as ten 

Se atoms (Secys residues) per miecule, as deduced fiom the genornic 

DNA 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
3
5
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1
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-- 
5 10 IS 5 10 15 

R.tcnt&n unr (mln) 
FIGURE 12. Participation of selenoprotem P m the formation of the 

ternary complex with Se of selenite origin and Hg of mercuric ions m 

vivo m the bloodstram. 

The three isotopes ('"Hg, 77Se and 02Se)  were detected at their 
respective Mention times on a gel filtration HPLC column with the 

HPLC-ICP MS method when mercuric ions and "Se-emiched selenite 

were injected separately into rats.'7'' However, on the simultaneous 

injection of both mercuric ions and '2Se-enriched selenite, the three 

constituents appeared at the same retention time in mum (FIGURE 12), 

indicating that a ternary complex of three constituents WBS fbrmed. The 

stoichiomtric relationship between the three constituents can be 

determined readii h m  their molar  ratio^.^'^*^^^ The molar ratio of unity 

between **Se and "'Hg indicates that Se of selenite origin a d  Hg of 

m u r i c  ions are bound to the ternary complex m the same molar ratio. 

The molar ratio between "Se (*"Hg) and 77Se suggests the number of 
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164 K A Z U O  T. S U Z U K I  and YASUMITSU O G R A  

binding sites on Sel P for "Se and 202Hg. Thus, the stokhiometriC 

relationship between the three constituents can be determined 

quantitatively and simply by calculating the ratios between the three 
isotopes with the HPLC-ICP MS metbod. 

In a separate experiment as to the metabolic pathway fix selenite 

inthe bloodstream, selenitewas shown to be talrenrapidly by red blood 

c e ~ s  (RBCS),~'' and then reduced to selenide in the presence of 

glutathione (GSH). The reduced form of Se (selenide) is transported to 

the plasma, and then binds selectively to albumiu on reductive cleavage 

of one of the M e  b ~ n d ~ . " ~ ~   he Se bound to a~bumin is thcn 
trans- to and taken up by the liver (FIGURE 10). 

when lmrcuric ions are administered to rats simultaoeously with 

selenite, selenite is reduced in RBCs and the reduced form (selenide) is 
transported to the plasma, where, in the presence of Hg", selenide forms 

a complex with mercuric ions, i.e., the (HgSe),, complex. The (HgSe),, 

complex binds selectively to Sel P in the plasma However, in the 

absence of Sel P, the (HgSe). complex can bind to o h r  plasma 

pr0teios.P~~ 

the (Hgse). complex can be formed in vitro in the presence of RBCS in 
Selenite is readily reduced to selenide in the presence of GSH, and 

which GSH - GSSG is recycled in the presen~e of eneta SOUTC~. 

Likewise, the addition of selenite and mercuric ions to p b  produces 

the same ternary complex, (HgSe),,-Sel P, in the presence of GSH 
instead of RBCs. In the absence of Sel P or other proteins, the (HgSe). 

complex is precipitated. These observations suggest that the (HgSe),, 

complex is formed with a molar ratio of 1:1 and a small molecular size, 
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Se METABOLISM AND Se-Hg INTERACTION I65 

and the small (HgSe),, complex binds to the binaing sites on Sel P, 

suggesting the formation of {(HgSe),,),,,-Sel P, where n is the number o f  

unit complexes and m is the number of the b i  sites on Sel P."'] TIE 

number of n was calculated to be 100, while m was at meximum 30. The 

stoichiornetric relationship can thus be determioed simply by calculating 

the ratio of isotopes. 

4.3. Interaction of Se. trans ition metals and sekmm t&l P to 

form a ternarv comkx 

Hg is a typical transition metal that forms a stable metal selenide 

complex, such as mercuric selenide (HgSe), similar to those between 

transition metals and sulfide. This relationship indicates that transition 
metals other than cr12' and ~ g '  may form a ternary complex in the 
presence of selenide and Sel P. Likewise, sulfide instead of selenide may 

participate m the brmetion of such a ternary complex.'791 

In fact, the production of the (CdSe)-Sel P complex was detected 

on HPLC-ICP MS m the incubation mixture of selenitdGSH and Cd2' in 
the plasma'"] Incubation of selenitdGSH m the plasm with Ag' 

produced the (AgSe)-Sel P complex. However, the ratio of Ag/Se in the 

teroary complex differed depending on the ratio in the mixed solution. 
Namely, ratios of 1 and 2 m the ternary complex werc obtained with 

ratios of Ag/Se = 1 and 2 m the plasma solution: the ternary complexes 

of either (AgSetSel P and (&Se)-Sel P, respectively. The addition of 

Hg" and sodium sulfide (NaZS) to the plasma produced the ternary 
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I66 KAZUO T. SUZUKI and YASUMITSU OGRA 

complex (HgS)-Sel P. Thus, a brmation of the ternary complex between 

transition metals, selcniddsulfide and Sel P is now recognid as a new 
type of biological interaction for Se.Lwl 

SI-~ our observations in the present review, the 
metabolism of Se in the bloodstream and liver, and the mechanisms 

underlying the iuteractionsbetweenSeandtraasition metals are to be as 

showninFIGURE 13. 

FIGURE 13. Schematic diagram for the metabolism of Se and its 
interaction with Hg in the bloodstream and Liver. 
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