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BIOCHEMICAL FUNCTIONS OF SELENIUM 

ALBRECHT WENDEL 
Biochemical Pharmacology, F a c u l t y  o f  B io logy ,  POB 5560, 
D-7750 Konstanz, Germany 

Abs t rac t  The metabo l ic  r o l e  o f  selenium i s  l a r g e l y  d e t e r -  
mined b y  t h e  r e a c t i o n s  ca ta l yzed  by selenium-dependent en- 
zymes. A t  present,  two Se-conta in ing  g l u t a t h i o n e  peroxidases 
a re  known, one o f  which e x c l u s i v e i y  r e a c t s  w i t h  H202 and w i t h  
a l a r g e  v a r i e t y  o f  o the r  hydroperoxides, however n o t  w i t h  
e s t e r i f  i e d  phosphol i p i d  hydroperoxides. The second GSH p e r o x i -  
dase i s  an i n t e r f a c i a l  enzyme a c t i n g  on l i p i d  hydroperoxides 
i n c l u d i n g  phosphat idy l  -chol  i ne -  and c h o l e s t e r o l  -hydroperoxide. 
Recent ly,  a 5-deiodinase a c t i v i t y  has been i d e n t i f i e d  as a 
selenoenzyme which i s  respons ib le  f o r  t h e  p roduc t i on  o f  a c t i v e  
t h y r o i d  hormone (T3) f rom i t s  pro-hormone (T4) .  A plasma se le -  
n o p r o t e i n  P has been i s o l a t e d  and sequenced which con ta ins  as 
many as 10 selenocysteine res idues  pe r  molecule. I t s  f u n c t i o n  
i s  s t i l l  unknown. 

I n  s p i t e  o f  t h i s  i nc reas jng  i n fo rma t ion  , selenium d e f i -  
c iency  i n  animals and man cannot be s imp ly  exp la ined on an 
enzymological bas is .  Animal experiments showed t h a t  selenium 
i s  dep le ted  f rom these p r o t e i n s  w i t h  d i f f e r e n t  r a t e s .  Upon r e -  
supplementat ion w i t h  selenium, enzyme a c t i v i t i e s  a re  r e s t o r e d  
w i t h  a d i f f e r e n t  k i n e t i c s  and a d i f f e r e n t  selenium r e q u i r e -  
ment. A lso  metabol i c  changes a f f e c t i n g  p r o t e i n  tu rnover ,  COP 
e x h a l a t i o n  and p r o t e i n  p rocess ing  have been descr ibed i n  
animals. The p a t t e r n  o f  inf lammatory med ia to rs  re leased upon a 
s t imu lus  i s  a l s o  much g r e a t e r  i n  s e l e n i u m - d e f i c i e n t  wh i te  
b lood  c e l l s  than i n  c o n t r o l s .  These observa t ions  suggest a 
de l  i c a t e  network o f  i n t e r a c t  ions  o f  selenium-dependent 
processes i n  t h e  metabolism o f  animals which i s  by  f a r  more 
complex than p r e v i o u s l y  a n t i c i p a t e d .  

INTRODUCTION 

The e s s e n t i a l i t y  o f  selenium f o r  mammals i s  based on t h e  e x p e r i -  
mental f i n d i n g  o f  t he  year  1957, t h a t  a se len ium-conta in ing  f a c t o r  

o f  a mo lecu la r  weight o f  about 300 Da l ton  ( f a c t o r  3 )  was needed t o  
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prevent d i e t a r y  l i v e r  nec ros i s  i n  r a t s  r a i s e d  on a d i e t  low i n  
v i t am in  E as w e l l  as i n  s u l f u r  amino acids.1 I n  s p i t e  o f  t h i s  
c l e a r - c u t  i n - v i v o  evidence - per  d e f i n i t i o n  no a r t i f a c t  i f  n o t  
sub jec t  t o  m i s i n t e r p r e t a t i o n  - t h e  exac t  na tu re  o f  t h i s  f a c t o r  3 

has never been e luc ida ted .  Th is  i l l u s t r a t e s  t h e  c o n f l i c t i n g  
progress on t h e  f i e l d  of metabo l ic  f u n c t i o n s  o f  selenium. As 
e labora ted  i n  t h e  f o l l o w i n g  sec t i ons  o f  t h i s  a r t i c l e ,  major 
advances were made i n  t h e  i s o l a t i o n  and c h a r a c t e r i z a t i o n  o f  

i n d i v i d u a l  se lenopro te ins .  The a v a i l a b l e  knowledge a l l ows  t o  
r a t i o n a l l y  e x p l a i n  se lec ted  metabol i c  pathways such as t h e  
reduc t i on  o f  hydroperoxides by g l u t a t h i o n e .  However, an i n t e g r a t e d  
view o f  t h e  p h y s i o l o g i c a l  consequences o f  selenium shortage, 
moderate o r  severe selenium d e f i c i e n c y  on t h e  one hand, and on 
supplementation o f  supra-opt imal amounts o f  selenium on t h e  o the r  

hand are  f a r  f rom be ing  understood. Th is  rev iew w i l l  f i r s t  
concentrate on s t r u c t u r a l  da ta  o f  selenium p ro te ins ,  on subs t ra te  
s p e c i f i c i t i e s  and on k i n e t i c  behaviour o f  selenoenzymes and then 
t r y  t o  work ou t  a framework f o r  a p a r t i a l  i n t e r p r e t a t i o n  o f  
metabol i c  f unc t i ons  o f  selenium. 

BIOSYNTHESIS OF SELENOPROTEINS 

The common form of selenium i n  b a c t e r i a l  as w e l l  mammalian s e l e -  

nopro te ins  i s  t h e  amino a c i d  selenocysteine. About one decade ago, 
two apparent ly  e n t i r e l y  d i f f e r e n t  views e x i s t e d  about how t h i s  
amino a c i d  i s  incorpora ted  i n t o  p r o t e i n s :  One hypothes is  c la imed 
t h e  ex is tence o f  a tRNA s p e c i f i c  f o r  se lenocys te ine  which had been 
pos tu la ted  f o r  r a t  l i v e r  w i thou t ,  o f  course, knowing t h e  an t icodon 
t o  t h i s  RNA.2 The a l t e r n a t i v e  v-iew was d e r i v e d  f rom experiments 
which showed t h a t  t h e  carbon o f  se lenocys te ine  i n  GSH peroxidase 
was from se r ine  suggest ing a p o s t t r a n s l a t i o n a l  m o d i f i c a t i o n  which 
conver ts  se r ine  t o  s e l e n ~ c y s t e i n e . ~  Several years o f  s tud ies  
aimed t o  t h i s  p o i n t  as w e l l  as s e r e n d i p i t y  were needed t o  make 
c l e a r  t h a t  e i t h e r  view was c o r r e c t .  When t h e  n u c l e o t i d e  sequence 
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o f  g l u t a t h i o n e  peroxidase became known, it tu rned  ou t  t h a t  t h e  
t r i p l e t ,  TGA ( l i s t e d  i n  textbooks u n t i l  then  as a s top  codon) 
s p e c i f i e d  se lenocys te ine  i n  t h i s  enzyme.4 Fu r the r  s t u d i e s  i n  
b a c t e r i a l  systems showed t h a t  t h e  ant icodon sequence o f  a ve ry  

spec ia l  tRNA matches t h e  UGA codon i n  mRNA (corresponding t o  TGA 
sequence i n  DNA). Th is  unique tRNA i s  charged w i t h  L - s e r i n e  and 

serves as t h e  tRNA-bound subs t ra te  f o r  an energy - requ i r i ng  s tep  
which conver ts  t h i s  amino a c i d  s e r i n e  t o  se lenocys te ine .5-7  The 
a c t i v a t i o n  o f  t h e  s e r y l  -tRNA i s  1 i k e l y  t o  occur  by phosphory la t ion  
ca ta lyzed v i a  a kinase.7 Therefore,  i n  b a c t e r i a  and animals a 
h i g h l y  s p e c i f i c  metabolism a l l ows  t h e  i n c o r p o r a t i o n  o f  selenium 
i n t o  se lec ted  t a r g e t  p r o t e i n s  by a compl icated enzymatic machinery 
which i t s e l f  seems t o  be regu la ted  b y  t h e  presence o f  selenium.8 

SELENOPROTEIN P 

I n  r a t  plasma, t h e  major p a r t  o f  selenium i s  n o t  assoc ia ted  w i t h  
g l u t a t h i o n e  peroxidase, an enzyme which occurs i n  t h i s  compartment 
i n  a form t h a t  i s  d i f f e r e n t  f rom t h e  i n t r a c e l l u l a r  species.9 The 
plasma se lenopro te in  designated "se lenopro te in  P (Se-P)" i s  a 
g l ycosy la ted  p r o t e i n  w i t h  a molecu la r  weight on SDS 
e lec t rophores i s  o f  57 kD.1° By amino a c i d  a n a l y s i s  t h i s  p r o t e i n  
was shown t o  con ta in  7 -8  se lenocys te ine  res idues  p e r  molecule.  

From t h e  sequence o f  t h e  c loned cDNA a con ten t  o f  10 
se lenocys te ine  res idues  was deduced because i n  t h e  open read ing  

frame, t h i s  amount o f  TGA codons was found. l l  
Se-P accounts f o r  most o f  t h e  selenium i n  r a t  serum and rep re -  

sents about 8% o f  t h e  t o t a l  selenium i n  t h e  r a t .  Se-P was much 
more s low ly  dep le ted  i n  se len ium-de f i c ien t  animals than e.g. GSH 
peroxidases. On the  o t h e r  hand, when d e f i c i e n t  animals were r e p l e -  
ted, w i t h i n  24 h r  75% o f  c o n t r o l  Se-P-content was found w h i l e  
du r ing  t h i s  i n t e r v a l  GSH peroxidase a c t i v i t i e s  increased t o  o n l y  
6% o f  con t ro l . 12  These f i n d i n g s  i n d i c a t e  t h a t  i n  t h e  selenium- 
d e f i c i e n t  animal, supplemented selenium i s  p r e f e r e n t i a l l y  
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i ncorpora ted  i n t o  Se-P. Obviously be ing  b i o l o g i c a l l y  a p rec ious  
p r o t e i n ,  t h e  p h y s i o l o g i c a l  f u n c t i o n  o r  biochemical  r o l e  o f  Se-P i s  

unknown. 

5-OE IODINASE 

f i r s t  observa t ions  were made which i n d i c a t e d  t h a t  the  a c t i v i t y  o f  
an enzyme c a t a l y z i n g  t h e  5 -de iod ina t i on  o f  t h e  prohormone L -  
t h y r o x i n  (T4) t o  t h e  b i o l o g i c a l l y  a c t i v e  t h y r o i d  hormone 

3,5,3’ , tr i - iodothyron  i n (T3) .13 Th i s  enzyme 5’  -de i o d  inase was 
labe led  with selenium i n  r a t s  and shown t o  be i d e n t i c a l  w i t h  t h e  

27 kD subs t ra te  b i n d i n g  subun i t  o f  t ype  I 5-deiodinase14, a 
p ropy l  t h i o u r a c y l  - s e n s i t i v e  oxidoreductase found ma in l y  i n  1 i v e r  
and kidney. The mRNA o f  t h i s  enzyme con ta ins  a UGA-codon f o r  
se lenocys te ine l5 ,  s i m i l a r  t o  t h e  se lenocys te ine  i n  t h e  a c t i v e  s i t e  
o f  mammal i a n  g l u t a t h i o n e  peroxidases. I n t e r e s t i n g l y ,  s u b s t i t u t i o n  
o f  cys te ine  f o r  se lenocys te ine  r e s u l t e d  i n  a r e s i d u a l  a c t i v i t y  o f  
about 20% f o r  t h e  s u l f u r - s u b s t i t u t e d  se lenopro te in .  The sequence 
o f  5 ’ -deiodinase showed no obvious ana log ies  t o  o the r  known 

selenoproteins.  These r e s u l t s  e x p l a i n  why selenium i s  e s s e n t i a l  i n  
t h y r o i d  hormone ac t ion ,  a l though t h e  me tabo l i c  s i g n i f i c a n c e  o f  

t h i s  endoc r ino log i ca l  network s t  ill awai ts  c l a r i f i c a t i o n .  

SELENIUM-CONTAINING GLUTATHIONE PEROXIDASES 

I n c i d e n t a l l y ,  t h e  d i scove ry  o f  GSH peroxidase co inc ides  w i t h  t h e  

d iscovery  o f  t he  e s s e n t i a l i t y  o f  selenium i n  1957.16 The enzyme 
was p u r i f i e d  t o  homogeneity f rom bov ine  b lood  and s tud ied  i n  g r e a t  
d e t a i l  w i t h  respec t  t o  physicochemical parameters and k i n e t i c  p r o -  
p e r t i e s  (Reviewed i n  17). Th is  enzyme has i n s o f a r  unique charac te-  

r i s t i c s  among peroxidases as it i s  ex t remely  s p e c i f i c  f o r  t h e  
reduc ing  subs t ra te ,  i . e .  g l u t a t h i o n e .  GSH i s  t h e  o n l y  one among 
t h e  b i o l o g i c a l  t h i o l s  which serves as a subs t ra te .  Th is  s t r i c t  
s p e c i f i c i t y  o f  GSH was l a t e r  understood when t h e  X-ray s t r u c t u r e  
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of the whole protein and of the active site became known.l* This 
work revealed that adjacent to the selenocysteine residue in 
position 45, two arginyl residues in positions 50 and 177 exist 
which fix the glutathione molecule with two negative charges on 
the arginins while the sulfur of GSH is placed in a juxtaposition 
to the selenium atom of the enzyme. Indeed, it had been 
demonstrated that during catalysis this selenium atom changes its 
redox state.19 With respect to the peroxide substrate, GSH 
peroxidase shows an opposite substrate specificity: not only H202, 
but a large variety of different hydroperoxides are accepted by 
this enzyme. Physiologically interesting because of their 
precursor nature for inflammatory mediators, are fatty acid 
hydroperoxides especially those derived from arachidonic acid. The 
extrapolated maximum velocities for any of these hydroperoxides 
are identical for the GSH peroxidase reaction. 

The kinetic properties of GSH peroxidase have also important 
bearings for estimating the physiological consequences of 
substrate supply: since the apparent k,-values for GSH are about 
two orders of magnitude greater than those for the hydroperoxides, 
at physiological concentrations of substrate (GSH 2-10 mmol, ROOH: 

cpnol) the actual rate of the reaction depends on the 
concentrat ion of hydroperoxides arid is 1 argely independent of the 
concentration of GSH. In other words, a reduction of intracellular 
GSH concentrations by 90% does not slow down the actual rate of 
GSH peroxidase because 10% residual GSH is still well above km. 
Nutritionally, the enzyme activity depends on the logarithm of 
dietary selenium with a half-saturation at about 0.25 parts per 
billion selenium for the mouse liver enzyme.20 

A detailed proposal for a reaction mechanism of GSH peroxidase 
has been elaborated. It includes a cycle where first a reduced 
selenolate reacts extremely fast with a hydroperoxide to a 
selenenic acid derivative of the selenocysteine residue. This 
unstable intermediate would easily react then with glutathione to 
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form a s e l e n a d i s u l f i d e  which upon r e a c t i o n  w i t h  a second molecule 
o f  GSH regenerates t.he reduced fo rm o f  t h e  enzyme. Th is  r e a c t i o n  
mechanism i s  i n  agreement w i t h  t h e  obse rva t i on  t h a t  t h e  enzyme can 
be i n h i b i t e d  by iodoacetate o r  m e r c u r i a l s  o r  by  g o l d  compounds 
such as aurothioglucose. Also, f rom t h e  formal enzyme k i n e t i c s ,  
d i f f e r e n t  o x i d a t i o n  s t a t e s  o f  GSH peroxidase were d e r i v e d  which 

can now be ascr ibed t o  t h e  i n d i v i d u a l  species o f  t h e  t e n t a t i v e  
r e a c t  i o n  mechanism discussed. 

Dur ing the  course o f  experiments t h a t  made c l e a r  t h a t  GSH 
peroxidase reduces o n l y  f r e e  f a t t y  a c i d  hydroperoxides21 (i .e. 
under p h y s i o l o g i c a l  c o n d i t i o n s  phosphol ipase a c t i v i t y  i s  needed), 
another g l u t a t h i o n e  peroxidase was p u r i f i e d  which tu rned  o u t  t o  be 
an i n t e r f a c i a l  enzyme t h a t  ac ts  p r e f e r e n t i a l l y  on e s t e r i f i e d  
phosphol i p i d  hydroperoxides.22 Th is  enzyme which was f i r s t  termed 

"pe rox ida t i on  i n h i b i t i n g  p ro te in ,  P I P "  and rece ived  l a t e r  t h e  name 
"phosphol i p i d  hydroperoxide g l u t a t h i o n e  peroxidase (PH-GPX)". It 
was shown t o  be a monomer o f  23 kD MW which con ta ins  1 g atom 
selenium.22 A s i m i l a r  p r o t e i n  wi th s i m i l a r  c h a r a c t e r i s t i c s  was 
l a t e r  i s o l a t e d  f rom r a t  1 i ~ e r ~ ~ .  Whi le t h e  fundamental k i n e t i c  
p r o p e r t i e s  o f  t h i s  PH-GPX are  c l o s e l y  r e l a t e d  t o  t h e  ones o f  t h e  

c l a s s i c a l  GSH peroxidase, t h e  subs t ra te  s p e c i f i c i t y  i s  markedly 
d i f f e r e n t .  Many t h i o l s  o t h e r  than g l u t a t h i o n e  a r e  r e a d i l y  accepted 
by t h i s  enzyme. Th is  can be exp la ined b y  comparison o f  t h e  a c t i v e  
s i t e s  o f  two enzymes: w h i l e  most o f  t h e  s t r u c t u r e s  a re  conserved 
i n  e i t h e r  peroxidase, PH-GPX l a c k s  t h e  a r g i n i n e  i n  p o s i t i o n  50 and 
conta ins  a th reon ine  instead.24 Therefore,  t h e  subs t ra te  GSH i s  
n o t  f i x e d  on two p o s i t i v e  charges, b u t  o n l y  on one which would 
a l l o w  o the r  t h i o l s  t o  be  bound t o  t h i s  PH-GPX enzyme molecule.  
S u r p r i s i n g l y ,  t h e r e  i s  o n l y  l i t t l e  homology between PH-GPX and GSH 
peroxidase.24 

An i n t e r e s t i n g  new aspect o f  PH-GPX w i t h  respec t  t o  i t s  func-  
t i o n  i s  t h e  observa t ion  t h a t  c h o l e s t e r o l  hydroperoxides i n  e r y -  

t h r o c y t e  ghost membranes are  reduced by GSH in t h e  presence of 
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t h i s  enzyme.25 This may be o f  important phys io log i ca l  
s ign i f i cance  f o r  t he  reduct ion o f  ox id i zed  cho les te ro l  which i s  
observed i n  1 i pop ro te in  p a r t i c l e s  o f  t he  per iphera l  b lood dur ing 
a r t e r i o s c l e r o s i s .  

SIGN1 FICANCE OF SELENIUM IN LEU KOTRI ENE METABOLISY 

Leukotrienes are potent mediators i n  inflammation and shock. Among 
them the  d ihydroxy lated products such as LTB4 e x h i b i t  a predomi- 
n a n t l y  l e u k o t a c t i c  a c t i v i t y .  The so-ca l led c y s t e i n y l  leukotr ienes 
which are formed by conjugat ion t o  g lu ta th ione  are character ized 
by myotropic a c t i v i t i e s  such as broncho- and vasoconstr ic t ion.  The 
common precursor o f  e i t h e r  type o f  l euko t r i ene  i s  t he  5- 
1 ipoxygenase product arachidonic a c i d  hydroperoxide 5 (HPETE). I n -  
v i t r o ,  t h i s  pr imary product i s  a subst rate o f  GSH peroxidase as 
we l l  as o f  PH-GPX. We addressed the  question, which enzyme i s  
responsible f o r  t h i s  pathway and whether a dependence on selenium 
i s  seen i n  a system where r a t  basophil leukemia c e l l s  are c u l t u r e d  
on se len ium-def ic ient  media. When d e f i c i e n t  c e l l s  were s t imulated 
i n  the  presence o f  arachidonic acid,  they produced a 6 - f o l d  amount 
o f  5-1 ipoxygenase products compared t o  c e l l s  ra i sed  i n  selenium- 
adequate media.26 When c e l l  homogenates were subjected t o  
analogous s t imu la t i on ,  a s h i f t  o f  t he  products i n  favour  o f  
increased HPETE format ion was observed i n  selenium-def i c i e n t  
homogenates. These data showed t h a t  granulocytes produce an 
increased steady-state l e v e l  o f  hydroperoxides i n  selenium- 
def ic iency.  Since it i s  known t h a t  t he  cyclooxygenase as we l l  as 
the  5-1  ipoxygenase react ion,  i .e.  both branches o f  t he  eicosanoid 
metabolism, are subject  t o  a regu la t i on  by hydroperoxides 
("hydroperoxide tone" concept), these f i n d i n g s  suggest t h a t  
selenium i s  i n t i m a t e l y  involved i n  the  r e g u l a t i o n  o f  t he  
product ion o f  inflammatory mediators. This may have a bear ing i n  
one o f  the patholog ica l  condi t ions i n  humans t h a t  are selenium- 
responsive, i .e. t he  so -ca l l ed  Kashin-Beck Disease. This disease, 
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an endemic osteoarthropathy occurring in China2g, has 
characteristics typical for a chronic inflammation of the joints. 

When mice were held on a severely selenium-deficient diet, 
containing less than 12 ppb selenium compared to a control diet 
with 500 ppb selenium, GSH peroxidase activity in the major organs 
was lost within about 3-4 weeks. In contrast, even after 250 days 
o f  depletion, PH-GPX was retained with residual activities ranging 
from 30-70 X in the different organs.27 These findings 
demonstrate that the need for selenium of the two glutathione 
peroxidases is markedly different in the sense that under the 
conditions of trace element deficiency, selenium is preferentially 
recruited for PH-GPX activity. When a selective depletion of GSH 
peroxidase activity with nearly normal PH-GPX activities was 
created in RBL 1 cells, these granulocytes maintained their 
capacity to reduce 5 HPETE to 5- HETE.28 These data clearly 
indicate that for this important step in leukotriene biosynthesis, 
PH-GPX is responsible. 

SELENI UM-DEPENDEN T CHANGES IN THE INTERMEDIARY METABOLISM OF 
ANIMALS 

First of all, selenium-deficiency affects substrates and enzymes 
re1 ated to selenium-dependent processes themselves. A compensatory 
increase of GSH transferase activity under this condition has been 
observed30. Several microsomal drug metabol izing enzyme systems 
were affected by s e l e n i ~ m - d e f i c i e n c y ~ 1 , ~ ~  and an increased release 
of GSH from liver leading to an increased plasma glutathione level 
in selenium-def icient rats was observed.33 Moreover, an increased 
urinary excretion of ketone bodies in the selenium-deficient rat 
was found which was interpreted as an impairment in the renal 
hand1 ing of these products.34 Further observations include an 
increased C02 exhalation in selenium-def icient mice35 and a 
dramatically increased DNA synthesis rate in selenium-deficiency 
after partial hepatectomy in m i ~ e . 3 ~  
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An obvious ques t ion  t o  be r a i s e d  i s  whether these man i fo ld  
metabo l ic  changes caused by increases o r  decreases o f  enzyme a c t i -  
v i t i e s  i n  d i f f e r e n t  nietabol i c  pathways have a common denominator. 
Fu r the r  s tud ies  i n  mice prov ided evidence t h a t  severe selenium- 
d e f i c i e n c y  leads  t o  a general  inc rease o f  p r o t e i n  syn thes is ,  
degradat ion  and sec re t i on ,  i .e .  a profound a c c e l e r a t i o n  o f  p r o t e i n  
tu rnove r  i n  genera1.37,38 A p o s s i b l e  r a t i o n a l  t o  e x p l a i n  a l l  
these d i f f e r e n t  f i n d i n g s  i s  t o  assume t h a t  t h e  l a c k  o f  selenium- 
dependent g l u t a t h  ione peroxidases v i a  increased hydroperoxide 
steady s t a t e s  leads  t o  a f a s t e r  o x i d a t i o n  o f  s u s c e p t i b l e  amino 
ac ids  i n  p r o t e i n s .  It i s  known f o r  severa l  p r o t e i n s  t h a t  o x i d a t i o n  
o f  a s i n g l e  amino a c i d  can t r i g g e r  p r o t e o l y t i c  a c t i v i t i e s ,  f o r  
ins tance instantaneous degradat ion  o f  these ~ r 0 t e i n s . j ~  These 
circumstances then l e a d  t o  a general  increase of p r o t e i n  tu rnove r .  
Vice versa, these f i n d i n g s  can be taken as c i r c u m s t a n t i a l  evidence 
f o r  an enhanced s teady -s ta te  o x i d a t i o n  r a t e  i n  selenium- 
de f i c iency ,  an event which has t o  be expected on t h e  b a s i s  o f  
t h e o r e t i c a l  knowledge, b u t  has never been d i r e c t l y  shown. For 
sure, t h i s  view, a l though i t  r e c o n c i l e s  severa l  s i n g l e  
observat ions,  i s  s t i l l  i n s u f f i c i e n t  t o  e x p l a i n  t h e  e n t i t y  o f  
metabol i c  changes, because t h e  f u n c t i o n s  o f  many se lenopro te ins  
a re  s t i l l  unknown. For instance, i n  the  r a t ,  13 p r o t e i n s  
con ta in ing  selenium a r e  found40 and f u n c t i o n s  can be a t t r i b u t e d  
o n l y  t o  t h e  f o u r  ones descr ibed i n  t h e  prev ious  sec t ions .  
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