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ABSTRACT

Chronic cyanide exposure i s  more widespread than acu te , but le s s  
w e ll ch aracterised  b ioch em ica lly . S e len o sis i s  becoming in crea sin g ly  
im portant.

Cyanide am eliorates selenium  to x ic ity , but th e mechanism o f th is  
in tera c tio n  has not y e t been adequately exp lained . Selenium and 
cyanide m etabolism  and to x ic ity  have been review ed. The biochem ical 
e f fe c t s  o f chronic cyanide exposure in  chickens and th e ir  relevance to  
th e mechanism by which cyanide a lle v ia te s  se le n o s is  have been 
in v estig a ted .

Sodium n itrop ru ssid e proved a su ita b le  experim ental source o f 
d ie ta ry  cyanide.

H epatic glycogen concentration  was reduced in  chronic cyanide 
exposure and d ie ta ry  supplem entation w ith  gluconeogenic p recursors, 
L -alan in e, L -la c ta te  and L -ser in e , exacerbated cyanide to x ic ity , 
in d ica tin g  th e importance o f anaerobic g lu cose catabolism .

Cyanide caused l i t t l e  a lte r a tio n  in  th e redox s ta te  o f h ep atic  
p yrid ine n u c leo tid es, but decreased to ta l g lu ta th ion e and GSH, 
increased  GSSG and reduced th e GSH:GSSG r a tio .

Selenium produced changes co n sisten t w ith  an in creased  demand fo r  
GSH and NADPH. L iver NADH and NADPH concentrations were decreased and 
NADPf increased  r e su ltin g  in  e lev a ted  NAD+ :NADH and NADP4" : NADPH 
r a tio s . H epatic to ta l g lu ta th ion e and GSH were in creased . Cyanide 
reversed th ese  e f f e c t s .

D im ethylselenide exh alation  by ch ick s consuming high selenium  
d ie ts  was decreased by cyanide.

Cyanide reduced liv e r  to ta l selenium , decreased th e proportion  
p resent as s e le n ite  and increased  th e percentage o f selenoam ino a c id s. 
An adequate supply o f m ethionine or cy ste in e  was required fo r  the 
la t te r  two e ffe c ts  and fo r  a lle v ia t io n  o f se le n o s is .
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Cyanide exerted  greater in flu en ce  in  the cytoplasm  than in  whole 
l iv e r  or th e m itochondrion.

Thiocyanate io n s were not resp on sib le  fo r  th e am elioration  o f  
se le n o s is  by cyanide.

The mechanism o f th e a lle v ia t io n  o f se le n o s is  appears to  in vo lve  
cyanide-m ediated a lte r a tio n  o f th e form o f selenium  in  t is s u e s . No 
evidence has been obtained to  show th a t cyanide ach ieves i t s  e f fe c t s  
through changes in  c e llu la r  redox s ta te .
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CHAPTER 1

INTRODUCTICN

The m ajority  o f th e in te r e s t  in  cyanide has focu sed  on i t s  acu te  
to x ic ity , th e b iochem ical e f f e c t s  o f which are w e ll documented 
(S ectio n  2 .3 ) . However, i t s  most w id ely  d is tr ib u te d  to x ic o lo g ic a l 
problems r e su lt  frcm chronic exposure, through th e  h ab itu a l in g estio n  
o f cyanogenic p la n ts , by man and liv e s to c k  in  many develop in g  
co u n tries (S ection  2 .1 ) . The assum ption has been th a t th e m etab olic  
b ases o f acute and chronic cyanide in to x ic a tio n  are s im ila r , but 
d if f e r  in  m agnitude, lead in g  to  d if fe r e n t o v e r a ll e f f e c t s . W hilst 
th ere i s  sane evidence in  support o f such a h y p o th esis, th is  has been 
obtained e ith e r  by stud ying th e  e f f e c t s  o f cyanide as a p o llu ta n t on 

freshw ater f is h  (Kovacs & Leduc, 1982; Raymond e t  a l . , 1986) or by 
attem pting to  mimic chronic o ra l exposure by repeated  in je c tio n s  o f 

th e to x in  (Padmaja & Panikkar, 1989). In a d d itio n , th ese  
in v e s tig a tio n s  have been concerned on ly  w ith  cyanide-m ediated changes 
in  g lu cose catab olism . The need rem ains fo r  a d e ta ile d  study o f th e  
biochem ical e f f e c t s  o f chronic exposure to  d ie ta r y  cyanide in  
conm ercial liv e s to c k .

Selenium  to x ic it y  has, u n t il  r e c e n tly , presented  problem s o n ly  in  
cer ta in  areas o f th e w orld. S e le n o sis  in  humans and liv e s to c k  has 

been reported in  p a rts o f China, North and South America, A u stra lia , 
South A frica  and Irelan d  (Yang, 1987; A ncizar-Sordo, 1947; Knott & 
McCray, 1959; Brown & DeWit, 1967; Flem ing, 1962; R osenfeld  & B eath, 
1964).

With our in creased  understanding o f th e b io lo g ic a l r o le s  and 
e s s e n t ia lity  o f selenium , th e supplem entation o f anim al fe e d , w ith  
th is  elem ent, has become common p r a c tic e . A r e la t iv e ly  narrow margin 

e x is t s  between th e le v e ls  o f selenium  th a t are n u tr it io n a lly  im portant 
and th ose th a t may be to x ic . S e len o sis  has become more w idespread as 
a r e s u lt  o f th e improper use o f selen iu m -con tain in g p rep aration s.

Several d ie ta r y  fa c to r s , o f which cyanide i s  one, have proved  
b e n e fic ia l a g a in st selenium  to x ic ity  (se e  Levander, 1987 and M artin, 
1973 fo r  rev iew s). D ietary  m o d ifica tio n  by th e  in c lu sio n  o f
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substan ces th a t a lle v ia te  s e le n o s is  may have p o te n tia l fo r  preven tin g  
or tr e a tin g  selenium  p o ison in g  provided th a t th e nature o f th is  
in ter a c tio n  i s  w e ll understood.

The on ly  mechanism so  fa r  proposed to  account fo r  th e  a lle v ia t io n , 
by cyanide, o f s e le n o s is , i s  th a t selen ocyan ate may be formed, 
p reven ting selenium  frctn form ing more to x ic  ccmpounds (Palmer & O lson, 
1979). W hilst th ere  i s  some evidence su ggestin g  th a t selen ocyan ate  
production i s  p o s s ib le , th e s ig n ific a n c e  o f th e ra te  o f i t s  sy n th esis  

in  v ivo  remains q u estion ab le  (Ganther e t  a l . , 1977; C annella e t  a l . , 
1975; Prohaska e t  a l . , 1977; Kraus & Ganther, 1980; B e ils te in  & 

Whanger, 1984). In a d d itio n , selen ocyan ate has a t o x ic ity  comparable 
w ith  th a t o f s e le n ite  and i s  m etab olised  to  y ie ld  s im ila r  products 

(Vadhanavikit e t  a l . ,  1987).

Formation o f selenocyanate as th e  mechanism fo r  th e Se-CN 

in ter a c tio n  appears to  be inadequate and oth er p o s s ib i l i t ie s  should be 

in v e stig a te d . Levander e t  a l .  (1970) proposed, based on d ia ly s is  
s tu d ie s , to g eth er  w ith  th e ob servation  th a t lin se e d  o i l  meal in creased  
th e amount o f selenium  in  t is s u e s , th a t cyanide m ight a lte r  th e  form 

in  which selenium  e x is t s  in  th e body, in  favour o f le s s  to x ic  
ccmpounds. A lte r n a tiv e ly , i f  in h ib it io n  o f cytochrcme c ox id ase and 
im paired e lec tro n  tran sp ort were fea tu res  o f ch ron ic , as w e ll as 
a cu te , cyanide in to x ic a tio n , stim u la tio n  o f selenium  m etabolism , as a 
r e s u lt  o f an in creased  a v a ila b ility  o f reducing eq u iv a len ts , m ight 
provide an exp lan ation  fo r  th e Se-CN in te r a c tio n .

The experim ents d escrib ed  in  th is  th e s is  were designed  in  an 

attem pt to  determ ine both th e m etab olic e f fe c t s  o f chronic cyanide 
in to x ic a tio n , and th e  mechanism by which cyanide a lle v ia te s  s e le n o s is .

SNP was chosen as a s ta b le , cheap source o f d ie ta r y  cyanide fo r  
th ese  in v e s t ig a tio n s . I n it ia l  s tu d ie s  were th erefo re  required  to  
confirm  th e rapid  breakdown o f th is  p o te n tia lly  hyp otensive agen t, 
p rio r  to  ab sorp tion . The experim ental anim al was th e  ch icken . This 
sp e c ie s  i s  com m ercially im portant in  many se le n ife r o u s  or cyanide 
p revalen t a rea s; i t  i s  a lso  su ita b le  fo r  co n tro lled  n u tr itio n a l 
in v e s tig a tio n s .
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L iver glycogen , la c ta te  and pyruvate le v e ls  were m onitored, 
to g eth er  w ith  b lood g lu cose co n cen tra tio n s, as a measure o f th e  
im portance o f anaerobic g lu cose catab olism , during chron ic exposure to  

d ie ta r y  cyanide and/or selenium .

The p o s s ib il it y  th a t gluconeogen ic p recu rsors, such as L -a lan in e, 
L -la c ta te , L -serin e  and L -c y stin e , m ight be capable o f m odifying th e  
s e v e r ity  o f cyanide to x ic ity  was a ls o  in v e stig a te d .

The redox s ta te  o f th e h ep a tic  p yrid in e n u c leo tid e  system  was 
determ ined during chronic in to x ic a tio n  w ith  cyanide and/or selenium , 
as a measure o f resp ira to ry  fu n ctio n . G lutathione redox s ta te  was 
a ls o  in v e stig a te d  as both NADFH and GSH are required  fo r  selenium  

m etabolism . H epatic g lu ta th io n e  reductase a c t iv ity  was m onitored  
because th is  enzyme i s  resp o n sib le  fo r  lin k in g  th e GSSG/GSH couple to  

th e  p yrid in e n u cleo tid e  system .

The e f f e c t  o f cyanide on th e  su b c e llu la r  d is tr ib u tio n  and redox 
s ta te  o f selenium  in  liv e r  was stu d ied . The in flu en ce  o f d ie ta r y  L- 
c y ste in e  and DL-methionine on th ese  p rocesses was determ ined and 
re la ted  to  th e e f fe c t s  o f sulphur amino a cid s supply both on th e  
t o x ic i t ie s  o f selenium  or cyan id e, and on th e Se-CN in te r a c tio n . 
Cyanide e f fe c t s  on th e  ex h a la tio n  o f selenium  in  v o la t i le  forms were 
in v e stig a te d .
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CHAPTER 2

LITERATURE REVIEW

2 .1  Sources o f  Cyanide

Cyanide and i t s  precursors are u b iq u itou s in  th e environm ent. Man 
and anim als may be exposed to  th is  to x in  from a v a r ie ty  o f sou rces.

Cyanide in g e stio n  occurs p r in c ip a lly  through th e  consumption o f 
p la n ts con ta in in g  cyanogenic g ly c o s id e s , in clu d in g  cassava , sorghum, 
lin se e d , sw eet p o ta to e s, m aize, m ille t  and seme legum es. Cassava 
(Manihot escu len ta ) i s  th e most im portant o f th e fo o d stu ffs  in  which 
th e content o f cyanide crea tes n u tr itio n a l problems s in c e  i t  forms th e  
s ta p le  d ie t  o f p eop le and liv e s to c k  in  sev e r a l reg ion s o f A fr ica , A sia  
and South America (Cooke and Coursey, 1982). The maximum y ie ld  o f 

cyanide frem seme cyanogenic p la n ts  can be as high as 100-300 mg per  

100 g  o f t is s u e  (Montgomery, 1969). I t  has been estim ated  th a t a 
human ad u lt in  th e  tr o p ic s  may consume a t le a s t  35 mg HCN d a ily  
(N artey, 1981) which rep resen ts h a lf th e le th a l dose o f th is  to x in  

(W illiam s & Langford, 1967).

Other sources o f cyanide in clu d e in d u str ia l p ro cesses, p e s t ic id e s , 
smoke in h a la tio n  and seme th era p eu tic  drugs (Hcman, 1987).

2 .2  Cyanide T oxicology  

2 .2 .1  Chronic Exposure

Evidence su g g ests th a t chron ic cyanide exposure i s  a major 
con trib u tin g  fa c to r  in  variou s human d is e a se s , producing symptoms 
a sso c ia ted  w ith  le s io n s  in  th e  cen tr a l nervous system . Much o f th e  
a v a ila b le  data i s  ep id em io log ica l or i s  based on f ie ld  s tu d ie s  w ithout 
co n tro lled  experim ental co n d itio n s, and, in  p r a c tic e  i t  i s  d i f f ic u l t  
to  a scr ib e  th e e f fe c t s  s p e c if ic a lly  to  cyanide. Even so , numerous 
c o rre la tio n s Im p licate chronic cyanide exposure in  s p e c if ic  d ise a se s . 
These in clu d e: tr o p ic a l a ta x ic  neuropathy (Osuntokun, 1971), Leber’s
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o p tic a l atrophy, p ern ic iou s anaem ia, tobacco am blyopia, cre tin ism , 
la th yrism , d ia b etes and g o itr e  (Ekpechi e t  a l . ,  1966).

2 .2 .2  Acute Exposure

Signs o f acu te cyanide to x ic it y  vary according to  d ose, route and 
source o f ad m in istra tion , and range from headaches and d iz z in e s s , to  
se iz u r e s , coma and death . These symptoms are caused by th e e f f e c t s  o f 
cyanide on th e resp ira to ry , card iovascu lar and cen tr a l nervous system s 

and r e s u lt  p rim arily  from hypoxia (se e  H olland & K ozlowski [1986] fo r  
a rev iew ).

2.3 Metabolic Effects of Acute Cyanide Toxicity

C onsideration w i l l  be g iven  to  th e m etab olic e f f e c t s  o f acute  
cyanide t o x ic ity . I t  i s  g en era lly  assumed th a t s im ila r  e f fe c t s  occur 
during both chronic and acu te exposure, but th a t th ese  d if f e r  in  
m agnitude, lea d in g  to  th e d if fe r e n t o v e r a ll symptoms d escrib ed  above.

2 .3 .1  Enzyme In h ib itio n

Cyanide i s  a p oten t in h ib ito r  o f a la rg e  number o f enzyme system s 
(Solcm onson, 1981). Mechanisms fo r  enzyme in a c tiv a tio n  in clu d e: th e  
form ation o f cyanohydrins w ith  carbonyl compounds required  fo r  enzyme 
a c t iv ity  (p yrid oxal phosphate dependent enzymes) e .g . glutam ate 

decarboxylase (Tursky & S a jte r , 1962); cyanide a d d itio n  to  S c h if f 's  
bases (Hansen & Dekker, 1976); s c is s io n  o f e s s e n t ia l d isu lp h id e lin k s;  

elim in a tio n  o f sulphur as th iocyan ate e .g . xanthine oxid ase (Massey & 
Edmondron, 1970) and com bination w ith  fu n c tio n a lly  e s s e n t ia l m etal 
ion s e .g . su ccin a te  dehydrogenase (Z an etti e t  a l . ,  1973), superoxide 
dism utase (R o tilio  e t  a l . , 1972) and cytochrome c ox id ase (A ntonini e t  
a l . ,  1971).

Cytochrome c  ox id a se , th e  term inal oxidase o f th e  resp ira to ry  
ch ain , i s  th e primary ta r g e t fo r  th e a c tio n  o f cyanide, which 
in te r a c ts  w ith  th e  fe r r ic  iron  in  cytochrome aa3 . The in h ib itio n  o f
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th is  enzyme i s  a tw o-stage p ro cess, in v o lv in g  th e in i t i a l  weak b in d in g  
o f cyanide to  th e  p ro te in , fo llow ed  by i t s  rea ctio n  w ith  haem. 
Cyanide b inds to  both th e o x id ised  and reduced forms o f cytochrome 

ox id a se , although i t  has a h igh er a f f in it y  fo r  th e  o x id ised  enzyme 
(Van Buuren e t  a l . , 1972). However, th e ra te  o f th is  rea ctio n  i s  two 
orders o f magnitude slow er than th a t between cyanide and th e  reduced  
form. Cyanide probably rea c ts  w ith  th e reduced enzyme which i s  
subsequently converted to  an o x id ised  enzyme -  cyanide complex (Way, 
1984). T his complex i s  r e la t iv e ly  s ta b le , but in  th e presence o f  
reducing eq u iv a len ts, cyanide can d is s o c ia te  from th e en zym e-in h ib itor  
complex to  r e a c tiv a te  th e enzyme (Solcm onson, 1981). The p o te n t ia lly  
r e v e r sib le  nature o f th e in h ib itio n  o f cytochrome ox id ase p rovid es th e  
b a s is  fo r  a n tid o ta l treatm ents which d ep le te  in tr a c e llu la r  cyan ide. 
These in c lu d e : n it r i t e s  which may a c t e ith e r  by prom oting 
methaemoglobin form ation (cyanide can in te r a c t w ith  th e fe r r ic  iron  in  

methaemoglobin to  form cyanmethaemoglobin) or by v ir tu e  o f th e ir  

v a so d ila to ry  a c tio n ; co b a lt-co n ta in in g  compounds such as d ic o b a lt EDTA 

and hydroxocobalamin (co b a lt forms a s ta b le  m etal complex w ith  
cy a n id e); carbonyl compounds in clu d in g  sodium pyruvate and a - 
k eto g lu ta ra te  which rea ct w ith  cyanide to  form cyanohydrin 
d e r iv a tiv e s , and sulphur donors such as th io su lp h a te  which a id  th e  
conversion o f cyanide to  th iocyan ate (se e  Way e t  a l . ,  1984 and Way e t  
a l . ,  1988 fo r  rev iew s).

S tu d ies in to  th e e f f e c t  o f cyanide on cytochrome oxid ase in  v i t r o  
have been e x te n s iv e , however, th ere  remains a p a u city  o f inform ation  

regarding th e a c tu a l irrportance o f th is  in h ib itio n  during cyanide 
exposure in  vivo . S everal workers have dem onstrated cytochrome 

oxidase in h ib itio n  in  t is s u e s  o f anim als su b jected  to  acute cyanide  
in to x ic a tio n  (Albaum e t  a l . , 1946; P ian tad osi e t  a l . , 1983; Ison  e t  
a l . ,  1975, 1976 & 1982) w ith  brain  and heart being th e major ta r g e t  
s i t e s .  However, seme stu d ie s  have su ggested  th a t in h ib itio n  o f 

cytochrome ox id ase may not be th e u ltim ate  biochem ical le s io n  in  
cyanide-induced le th a lity . P etterson  and Cohen (1985) found an 
eq u iva len t degree o f in h ib itio n  o f th is  enzyme in  brain  and h eart from  
m ice fo llo w in g  subcutaneous in je c tio n  o f 4 or 20 mg KCN kg”1 ; th ese  
doses caused 0% and 100% le t h a l it y  r e sp e c tiv e ly .
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The major consequences o f th e  in h ib itio n  o f cytochrome ox id ase and 
r esu lta n t impairment o f o x id a tiv e  phosphorylation are a decreased  
m itochondrial NAD4- :NADH r a tio  (B axter & H ensley, 1969; S ah lin  & K atz, 
1986) and d ep le tio n  o f c e llu la r  ATP le v e ls  (Albaum e t  a l . , 1946; 
E stle r , 1965; Katsumata e t  a l . , 1983; H a tto ri, 1986 and Benabid e t  
a l . ,  1987) both o f which b rin g  about feedback in h ib itio n  o f th e  TCA 
c y c le . Iscm e t  a l .  (1975) dem onstrated a red uction  in  th e  involvem ent 
o f th e TCA pathway in  14 C -glucose catabolism  in  th e cyanide trea ted  

mouse. Hbyer e t  a l .  (1984) showed th a t th e le v e ls  o f th e TCA c y c le  
in term ed iates su c c in a te , f  umarate and m alate in creased  in  r a ts  

rece iv in g  an intravenous in fu s io n  o f 4 mg CN kg- 1 hrr1 .

The impairment o f m itoch ondrial fu n ction  in  acu te cyanide t o x ic ity  
r e su lts  in  in creased  emphasis b ein g  p laced  on anaerobic m etabolism  to  
supply th e  energy requirem ents o f th e c e l l s . Many s tu d ie s  have 
dem onstrated cyanide induced d ecreases in  t is s u e  g lycogen , ATP, 
g lu cose and phosphocreatine con cen tration s w ith  concom itant in crea ses  
in  ADP, in organ ic phosphate, blood and t is s u e  la c ta te , and blood  

g lu cose le v e ls  (Albaum e t  a l . ,  1946; O lsen & K lein , 1947; E stle r , 
1965; D etw iler, 1972 and Katsumata e t  a l . ,  1983). S im ilar e f fe c t s  
have been observed in  th e ch icken . E lzu b eir (1986) reported  in crea ses  

in  blood la c ta te  and pyruvate le v e ls  to g eth er  w ith  an in creased  

la c ta te : pyruvate r a tio  in  b ird s during acu te cyanide exposure.

The tr a d it io n a l in ter p r e ta tio n  o f such data has been th a t 
decreased ATP: ADP r a tio s  stim u la te  g ly c o ly s is  r e su lt in g  in  
overproduction o f pyruvate, which i s  subsequently converted to  la c ta te  

w ith  concom itant ox id a tion  o f NADH to  NAD4-. However, th is  w id ely  
accepted view  may w e ll be an o v e rs im p lific a tio n  o f even ts occu rring  

during acu te cyanide in to x ic a tio n .

B axter and H ensley (1969) dem onstrated an in crea se  in  hepatocyte  
cytoplasm ic NAD4" :NADH r a tio  a f te r  ad m in istration  o f a su b le th a l dose 
o f KCN by stcmach tube to  r a ts . However, th ey  a ls o  recorded a 
decrease in  l iv e r  la c ta te  con cen tration  accompanied by an in crea se  in  
pyruvate le v e ls . The la c ta te :p y ru v a te  r a tio  was halved and th ere  was 
a s ig n if ic a n t red uction  in  th e sum o f th e con cen tration s o f th ese  two

2 . 3 . 2  C arbohydrate M etabolism
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m eta b o lites in  th e  liv e r s  o f cyanide fed  anim als. The d iscrep a n cies  
between th ese  r e s u lts  and th ose p rev io u sly  m entioned cannot be 
exp la in ed  in  term s o f dose or th e tim e-cou rse o f th e in v e s tig a tio n . 
B axter and H ensley accounted fo r  th e ir  fin d in g s by p o stu la tin g  th e  
e x isten ce  o f an a lte r n a tiv e  pathway o f tr io s e  phosphate m etabolism  

(F igure 1 ).

Glucose

 ̂Pi▼ y
Triose phosphate------------- Methylglyoxal

Figure 1. An alternative pathway for carbohydrate metabolism
in the presence of cyanide.

- 26-



They based th e ir  proposal on in  v i t r o  experim ents which had 
p rev io u sly  dem onstrated, a t p h y sio lo g ic a l pH, and in  th e presence o f  
cyanide, th e conversion  o f a m ixture o f g lycera ld eh yd e-3-phosphate and 

dihydroxyacetone phosphate v ia  m eth ylglyoxal (CH3 COCHQ) to  pyruvate 
(P ette  & Ruge, 1963). The f i r s t  s te p , th e  dephosphorylation o f tr io s e  
phosphate to  form m eth ylg lyoxal, appears to  be non-enzym ic and 
independent o f cyan id e. Cyanide then  c a ta ly se s  th e non-enzym ic 
conversion  o f m ethylglyoxal to  pyruvate, in  th e proportion  0 .5  mole 
pyruvate formed per mole m eth ylg lyoxal. The rem aining 3-carbon  
sk e leto n s are reduced and condensed to  u n id e n tifie d  6-carbon compounds 
(Smythe, 1933). S ince 50% o f th e m ethylglyoxal formed i s  converted to  
Mdead-endM produ cts, la c ta te  form ation would be d ecreased , togeth er  

w ith  th e to t a l la c ta te  and pyruvate con cen tra tion s.

Iscm e t  stl. (1975) in v e stig a te d  th e e f fe c t s  o f su b le th a l d oses o f 
cyanide on g lu cose catabolism  in  m ice u sin g  rad ioresp ircm etric  
tech n iq u es. They concluded th a t cyanide a c tu a lly  caused an 
approxim ate 50% decrease in  th e catabolism  o f g lu co se  v ia  th e  
g ly c o ly t ic  pathway as w e ll as d ecreasin g  u t il is a t io n  o f th e TCA cy c le  
and th e glucuronate pathway. This was accompanied by a 100% 
stim u la tio n  o f th e pentose phosphate pathway, th ereby, a llow in g  
continued anaerobic degradation o f g lu c o se . In an attem pt to  
r eco n c ile  th ese  r e s u lts  w ith  th e in creased  la c ta te  le v e ls  dem onstrated 
by many previous w orkers, Isom and co llea g u es invoked th e involvem ent 
o f th e  m ethylglyoxal pathway as a mechanism fo r  in creased  pyruvate 
(and th erefo re  la c ta te )  production in  th e  fa ce  o f a decreased  ra te  o f 
g ly c o ly s is . However, i t  seems u n lik e ly  th a t th is  pathway would 
operate s u f f ic ie n t ly  ra p id ly  to  account fo r  such r e s u lt s , e sp e c ia lly  

s in ce  on ly  50% o f th e to t a l tr io s e  phosphate a v a ila b le  can be 

converted to  pyruvate in  th is  manner. In fa c t , s in c e  Iscm and co­
workers used y ie ld s  from C-3(4) (g'iven o f f  as C02 when pyruvate i s  
o x id a tiv e ly  decarboxylated to  y ie ld  a c e ty l Co-A) as a d ir e c t measure 
o f th e EMP p a r tic ip a tio n  in  g lu cose catab olism , th e ir  r e s u lts  might 
w e ll be exp la in ed  in  term s o f th e operation  o f th e m eth ylglyoxal 
pathway, rath er than by decreased  g ly c o ly s is .

There remains seme doubt th erefo re  whether th e in creased  anaerobic 

catabolism  o f g lu cose during acute cyanide in to x ic a tio n  i s  m ediated  
v ia  th e g ly c o ly t ic  or th e pentose phosphate pathway. Isom e t  a l .
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(1975) suggested th at increased operation of the pentose phosphate 
pathway and the accompanying increase in  NADFH may r e f le c t  a 
compensating mechanism to  maintain a balanced redox s ta te  s in ce  NADFH 
can reduce NAD1- by means o f a transhydrogenase enzyme.

Isom's r e su lts  r a ise  questions regarding the e f f e c t  o f cyanide on 
glucose catabolism  in  the chicken, which has no fu n ction a l pentose  
phosphate pathway (see  Pearce, 1977 fo r  a review ).

Although the p rec ise  pathways o f g lucose metabolism in  the cyanide 
trea ted  animal remain uncertain , there seems l i t t l e  doubt th at they  
are fu e lle d  by g ly co g en o ly s is . The w e ll e stab lish ed  cyanide induced 
decreases in  l iv e r  and brain glycogen (E stler , 1965; S h a ffi & Prasad, 
1979 and Albaum e t  a l . ,  1946) are the r e su lt  o f increased glycogen  
breakdown, rather than decreased sy n th esis . Jakob and Diem (1974) 
showed th at glucose production and phosphorylase a c t iv it y  in  iso la te d  
perfused rat l iv e r s  were increased by cyanide. These fin d in gs were 
confirmed by D etw iler e t  a l .  (1972) and by Conaglen e t  a l .  (1984).

2 .4  M etabolic E ffe c ts  o f  Chronic Cyanide T ox ic ity

There i s  a dearth o f inform ation regarding the m etabolic  
consequences o f chronic cyanide exposure. The m ajority o f in te r e s t  in  
t h is  f i e ld  has centred around the e f f e c t s  o f cyanide, as a water 
p o llu ta n t, on freshwater f is h .  Kovacs and Leduc (1982) monitored 
l iv e r  m etabolite le v e ls  over a period o f 20 days, in  trou t exposed to  
0.015 mg I f 1 HCN. They observed an i n i t i a l  decrease in  l iv e r  glycogen  
le v e ls  w ith a concomitant increase in  la c ta te , in d ic a tiv e  o f a s h i f t  
towards anaerobic r e sp ira tio n . This was follow ed by a return to  
aerobic metabolism a f te r  5-10 days.

Raymond e t  a l .  (1986) studied  cytochrome c oxidase a c t iv it y  and 
glycogen le v e ls  in  the l iv e r s  o f rainbow trout exposed to  0 .01 , 0.02  
and 0.03 mg L_1 HCN fo r  20 days. Cytochrome c oxidase a c t iv it y  was 
in h ib ited  by 60-80% w ith in  the f i r s t  24 hours o f exposure. This le v e l  
of in h ib itio n  remained constant over the experimental period fo r  each 
of the three concentrations te s te d . Liver glycogen le v e ls  were
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depressed, p a r ticu la r ly  a t 0.03 mg L_1 HCN. At the lower le v e ls  o f  
exposure, glycogen concentrations returned to  normal a f te r  7-10 days.

Recently, Padmaja and Panikkar (1989) attempted to  mimic the  
chronic cyanide exposure experienced when cassava forms the sta p le  
d ie t ,  by in trap eriton ea l in je c tio n  o f linamarin or cyanide in to  
rab b its, tw ice weekly, fo r  s ix  months. They demonstrated a 
considerable accumulation of both la c ta te  and pyruvate in  the l iv e r ,  
heart and brain o f treated  rab b its. Only in  sk e le ta l muscle (a t is s u e  
w ith a large capacity  for  anaerobic resp ira tion ) d id  the expected  
decrease in  pyruvate content occur. These workers a lso  reported
decreased l iv e r  and brain glycogen le v e ls ,  together w ith  increased  
blood glucose concentrations as a r e su lt  of linamarin or cyanide 
treatm ent. However, the relevance o f th is  study to  s itu a tio n s  in  
which cyanide intake i s  d a ily  and by the ora l route remains 
q u estion ab le .

Taken together though, the a v a ila b le  evidence r e la tin g  to  the  
m etabolic e f f e c t s  o f chronic cyanide exposure does suggest th a t, 
d esp ite  the ex isten ce  o f e f f ic ie n t  d e to x if ic a tio n  mechanisms, 
prolonged intake o f su b leth a l doses o f cyanide may r e su lt  in  i t s  
concentration in  the t is s u e s  reaching a le v e l s u f f ic ie n t  to  in h ib it  
r esp ira tio n .

2.5 Cyanide Metabolism

I t  has been known for  some time that the major pathway fo r  
d eto x ific a tio n  o f cyanide adm inistered to  mammals in vo lves i t s  
transulphuration to  th iocyanate, which i s  then excreted  in  the urine  
(Boxer & Rikards, 1952). Oh e t  a l .  (1987) confirmed th at sim ila r  
mechanisms operate in  the chicken . The d etox ify in g  reaction s are
prim arily enzymic and may be re la ted  to  the a c t iv i t y  o f rhodanese 
(th iosu lphate : cyanide sulphurtransf erase, E.C. 2 .8 .1 .1 ) ,
mercaptopyruvate sulphurtransf erase (E.C. 2 .8 .1 .2 )  and serum albumin, 
a l l  o f which ca ta ly se  the tra n sfer  o f a sulphane sulphur atom (an 
ion ised  sulphur bonded only to  another su lphur).
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Rhodanese, a m itochondrial enzyme, (Sorbo, 1951) which i s  
p a r ticu la r ly  a c tiv e  in  l iv e r  and kidney (Himwich & Saunders, 1948) was 
o r ig in a lly  thought to  provide the primary mechanism fo r  d e to x if ic a tio n  
of cyanide, through c a ta ly s is  o f the d ir e c t  reaction  between cyanide 
and a sulphur donor, such as th iosu lph ate (Lang, 1933). However, 
severa l observations suggest th at t h is  conventional view may be 
inadequate. Liver samples from p a tien ts  w ith  h ered itary o p tic  
atrophy, who are unable to  d e to x ify  cyanide by converting i t  to  
th iocyanate, have been shown to  p ossess normal rhodanese a c t iv ity  
(Wilson, 1965). S im ilar ly , Rutkowski e t  a l .  (1985) demonstrated a 
lack  o f corre la tio n  between hepatic rhodanese a c t iv it y  and acute 
cyanide le t h a l i t y  in  mice. A lso , d esp ite  the e ff ic a c y  o f th iosu lphate  
as an an tid ote in  cyanide poisoning, i t  seems u n lik e ly  th at much of 
t h is  anion would gain access to  the th iosu lphate tran sferase  enzyme 
located  in  the m itochondrial m atrix (Cardozo & Edelman, 1952; Way e t  

a l . ,  1984).

R ecently, a broader view o f d e to x if ic a tio n  o f  cyanide by 
conversion to  th iocyanate has been developed by W estley (1981). He 
proposes th at the supply o f sulphane sulphur for  the reaction  with  
cyanide i s  from a rap id ly  eq u ilib ra tin g  pool o f p o te n tia l donors, 
which include per- and p o ly -su lp h id es, th iosu lphanates, p o ly th io n a tes , 
inorganic th iosu lphate and p rotein  assoc ia ted  elem ental sulphur. The 
sulphurtransferases ca ta ly se  the formation and in terconversions o f the  
sulphane sulphur containing compounds. U ltim ately, sulphane sulphur 
may be derived from c y ste in e , v ia  mercaptopyruvate and the reaction s  
of mercaptopyruvate su lphurtransferase. This enzyme i s  found in  
blood, l iv e r  and kidney and ca ta ly ses  the cleavage o f the carbon- 
sulphur bond o f i t s  su b stra te . When the acceptor su b strate i s  
su lp h ite , th iosu lphate i s  the product. Whereas when the acceptor i s  
a t h io l ,  the product i s  a persulphide (see  Sorbo, 1975 fo r  a review o f  
th is  enzyme and Jarabak & W estley, 1980 for  more recent d e ta i ls  o f  
reaction  mechanism). Rhodanese in  the presence o f t h io ls  can ca ta ly se  
the interconversions o f a l l  o f the p h y sio lo g ica l forms o f sulphane 
sulphur. The sulphane ca rr ier  i s  thought to  be plasma albumin; the  
sulphane sulphur-albumin complex then reacts with cyanide (Figure 2 ).
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3- M ercaptopyruvate-^ ----------------------- Cysteine

Figure 2. The Sulphane Sulphur Pool

Seme evidence i s  beginning to  emerge in  support o f such a 
hypothesis, however, contradictory evidence a lso  e x is t s ,  leav in g  the  
p rec ise  mechanisms o f cyanide d e to x if ic a tio n  somewhat unclear.

I n  v i v o  pharmacokinetic stu d ies  suggest th at the conversion of 
cyanide to  thiocyanate occurs predominantly in  the cen tra l 
compartment, w ith a volume o f d is tr ib u tio n  approximating to  the blood  
volume (S y lvester  e t  a l . ,  1983; Way, 1984). Schneider and W estley 
discovered as long ago as 1963 th at serum albumin rap id ly  becomes
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la b e lled  w ith cyan id e-reactive  3 5 S-sulphane sulphur i n  v i v o .  More 
recen tly , i n  v i t r o  s tu d ies  o f Jarabak and W estley (1986) have shown 
th at sane form o f sulphur present a t  very low concentrations in  a 
c o llo id a l suspension o f elem ental sulphur, i s  rap id ly  bound and very  
slow ly released  by albumin. Cyanide present a t m illim olar  
concentrations reacts rap id ly  w ith  the canplex, forming th iocyanate.

C on flic tin g  evidence has been presented by P iantadosi and S y lv ia  
(1984) who showed th at sodium th iosu lph ate e f f ic ie n t ly  antagonises 
cyanide in  ra ts frcm which the blood has been removed by exchange 
transfu sion . S im ilar ly , Devlin e t  a l .  (1989) demonstrated the  
thiosulphate-m ediated metabolism o f cyanide to  th iocyanate in  
iso la te d , perfused ra t l iv e r  and s k e le ta l muscle, in  the absence of  
albumin.

W estley (1988) has recen tly  developed a method fo r  q u a n tita tiv e ly  
estim ating the s iz e  o f the p h y s io lo g ic a lly  ava ila b le  pool o f sulphane 
sulphur by monitoring cyanide d ep letio n , under con tro lled  con d ition s, 
in  the presence o f a su lphurtransferase. Measured by t h is  method, the  
sulphane sulphur concentration in  mammalian l iv e r  t is s u e  was only  
about 0 .3  mmol kg-1 w ith  even le s s  in  the bloodstream. The author 
suggested th a t, d esp ite  the low le v e ls  involved, the s p e c i f ic  binding  
of sulphane sulphur by serum albumin, and the rapid reaction  of 
cyanide w ith the complex, might s t i l l  a llow  fo r  a s ig n if ic a n t  r o le  for  
albumin in  cyanide d e to x if ic a tio n . However, i n  v i t r o  experim ents, 
including those o f Jarabak and W estley (1986) in  which the sulphur- 
albumin complex has been shown to  ca ta ly se  the conversion of cyanide 
to  th iocyanate, have been carried  out a t pH 9 .5 . The s ig n if ic a n c e  o f  
the rate  o f t h is  reaction  a t p h y sio lo g ica l pH remains q uestionab le.

Other minor d e to x if ic a tio n  pathways for  cyanide are as fo llow s:

(1) Exhalation in  breath as HCN and as C02 from ox id ative  metabolism  
(Boxer & Rickards, 1952; Johnson & Isom, 1985). 2

(2) Spontaneous reaction  w ith  cy stin e  to  produce 2 -im in o th iazo lid in e- 
4-carboxylic  ac id , which tautom erises to  2 -im in o -4 -th iazo lid in e  
carboxylic acid  (Wood & Cooley, 1956).
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(3) Combination w ith  hydroxocobalamin to  form cyanocobalamin which i s  
excreted  in  urine and b i le  (Herbert, 1975).

The m ajority o f in v e stig a tio n s  in to  the metabolism o f cyanide have 
been carried  out during acute in to x ica tio n . However, when Okoh (1983) 
monitored the excretion  o f 14 C -lab elled  cyanide in  r a ts  exposed to  
chronic cyanide in ta k es, he was able to  demonstrate th at urinary  
excretion  o f  thiocyanate was a lso  the predominant mode o f e lim ination  
under th ese  cond itions.

2 .6  Cyanide M etabolism  and Sulphur Supply

Consideration of the pathways involved in  cyanide d e to x if ic a tio n  
has led  to  suggestions th at sulphur supply may lim it  t h is  process. 
W estley (1980) went so  fa r  as to  propose th at d ep letion  o f the  
sulphane sulphur pool might be responsib le  fo r  seme o f the secondary 
e f f e c t s  o f chronic cyanide to x ic i t y .

Since the u ltim ate sources o f endogenous sulphur are the d ie ta ry  
sulphur amino a c id s , numerous attempts have been made to  a sse ss  the  
e ff ic a c y  o f th ese  n u trien ts in  the a l le v ia t io n  o f chronic cyanide 
to x ic ity .  Several workers have reported an improved growth 
performance in  p ou ltry , p ig s , ra ts  and rab b its, when methionine i s  
added to  cassava-based d ie ts  (Enriquez & Ross, 1967; Ross & Enriquez, 
1969; Olsen e t  a l . ,  1969; Maner & Gomez, 1973 and Adegbola, 1977). In 
con trast, Gcrnez e t  a l .  (1984) fa i le d  to  demonstrate any b e n e f ic ia l  
e f f e c t  o f methionine supplementation on growth when cassava-based  
d ie ts  were fed  to  p ig s . S im ilar r e su lts  were obtained by E lzubeir  
(1986) using the chicken as an experim ental animal, although in  th is  
study, cy stin e  was b e n e f ic ia l. D ietary methionine supplementation has 
been shown to  increase th iocyanate excretion  when cyanide i s  fed  to  
ra ts  (Barrett e t  a l . ,  1978; Maner & Gomez, 1973), however, E lzubeir  
(1986) found no e f f e c t  o f d ie ta ry  methionine on plasma thiocyanate  
le v e ls  in  cyanide treated  chickens.

The r e su lts  o f d ie ta ry  sulphur amino acid  supplementation stu d ies  
have, th erefore , been both contradictory and in con clu siv e . 
A ltern ative  approaches have focused around attempts to  demonstrate
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d ep letion  o f endogenous sulphur in  cyanide in to x ic a tio n . Osuntokun 
(1973) reported a d r a stic  reduction in  plasma sulphur amino acid  
le v e ls  in  p a tien ts  su ffer in g  frcm a ta x ic  neuropathy a ssoc ia ted  w ith  
high cassava d ie ts .  By con trast, V is e t  a l .  (1982) found no 
d ifferen ce  in  serum methionine le v e l  between euthyroid p a tie n ts  frcm 
cassava eatin g  areas o f A frica  and a con trol group frcm B ru sse ls . 
Since cassava containing d ie ts  are gen era lly  d e f ic ie n t  in  sulphur 
amino a c id s , any corre la tio n  between th e ir  le v e ls  in  serum and 
consumption of t h is  food stu ff does not imply a causal re la tio n sh ip  
between th ese  fa c to rs .

Oh e t  a l .  (1987) demonstrated a decrease in  the excretion  of 
th iosu lphate in  chickens fo llow in g  in je c tio n  o f 30 pmoles o f cyanide 
intram uscularly, which may be in d ica tiv e  o f increased u t i l i s a t io n  o f  
sulphane sulphur. However, simultaneous adm inistration o f e ith e r  
th iosu lphate or sulphur amino acid s decreased thiocyanate excretion . 
This r e su lt  was explained in  terms of increased i n  v i v o  production of 
su lp h ite  which competed w ith  cyanide for  tran sferab le  sulphur.

On the b a sis  o f the a v a ila b le  evidence to  d ate, th erefore , i t  i s  
in p o ssib le  to  conclude whether endogenous sulphur i s  a lim itin g  fa c to r  
in  cyanide d e to x if ic a tio n .

2 .7  Sodium N itrop ru ssid e a s a  Source o f Cyanide in  Experim ental D ie ts

The cyanide content o f cassava, both before and a f te r  p rocessin g , 
i s  h igh ly  var ia b le , making i t  unsu itab le for  con tro lled  experimental 
in v estig a tio n  o f chronic cyanide to x ic ity .  The high c o st o f  
ind iv id u al cyanoglycosides r e s tr ic t s  th e ir  use as sources o f d ie ta ry  
cyanide. Consequently, the m ajority o f stu d ies have made use o f  
cyanide s a l t s  o f a lk a li  m etals (Maner & Gomez, 1973; H i l l ,  1977 and 
P hilbrick  e t  a l . , 1979). However, th ese  s a l t s  are h igh ly  unstable and 
y ie ld  poor recoveries frcm standard d ie ts  (Okoh, 1978; Carew, 1986 and 
Palmer & Olsen, 1979). Sodium n itrop ru ssid e (Na2 [Fe(CN)5N 0]. 2H2 0) 
which has been employed c l in ic a l ly  as a hypotensive agent (Page e t  

a l . , 1955), was used as a s ta b le , a lte rn a tiv e  source o f d ie ta ry
cyanide in  the in v e stig a tio n s  reported in  th is  th e s is .
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There i s  ample evidence to  suggest that SNP breaks down in  the  
body w ith  the re lea se  o f cyanide. Vesey e t  a l .  (1974) d etected  
cyanide in  the blood and t is s u e s  a f te r  adm inistration o f SNP and i n  

v i t r o  stu d ies have demonstrated the re lea se  of cyanide frcm t h is  drug 
on contact w ith animal t is s u e s  (Page e t  a l . ,  1955 and Nakamuro e t  a l . ,  

1977).

R ecently, B utler e t  a l .  (1988) have challenged th ese  early  
s tu d ie s . They reported on NMR spectroscop ic stu d ies  which 
demonstrated th at the inorganic products formed on incubation o f SNP 
w ith in ta c t  erythrocytes were n i t r ic  oxide and hexacyanoferrate (11), 
[Fe(CN)6 ]3 4~ . At no stage was free  cyanide lib era ted . They dism issed  
the r e su lts  o f previous workers as being a r te fa c tu a l, proposing th at  
exposure o f SNP to  l ig h t ,  e ith e r  during adm inistration or a t the assay  
stage , resu lted  in  i t s  conversion to  aquapentacyanoferrate ion  
[Fe(GN)5.H20 ]2“ , which, being unstable a t  the low pH used to  analyse  
cyanide, then decomposed to  re lea se  cyanide. However, t h is  hypothesis  
i s  incompatible w ith  the fo llow in g  contemporary observations:

(1) Norris and Hume (1987) demonstrated th at mice brain cytochrome c 
oxidase a c t iv it y  was s e n s it iv e  to  the i n  v i t r o  addition  o f KCN, 
but was unaffected  by SNP. However, enzyme a c t iv it y  was in h ib ited  
in  brains removed from mice a f te r  in je c tio n  o f the animals w ith  an 
LD80 dose o f e ith e r  KCN or SNP. In KCN-treated animals cytochrome 
c oxidase a c t iv it y  was in h ib ited  by 60% 1 minute a f te r  in je c t io n ,  
however, 3 minutes were required a f te r  SNP adm inistration before  
the same le v e l  o f in h ib itio n  was obtained. The design  o f th is  
study ensured th at the production o f aquapentacyanoferrate ions 
would have been n e g lig ib le . These r e su lts  confirm not on ly  th at  
cyanide i s  released  from SNP i n  v i v o ,  but th at a time in ter v a l i s  
necessary fo r  t h is  re lea se  to  occur.

(2) SNP adm inistration r e s u lts  in  ra ised  blood th iocyanate le v e ls  
(Page e t  a l . ,  1951; Vesey e t  a l . ,  1974 and E lzubeir & Davis, 
1988b) as w e ll as an increase in  expired HCN (Vesey, 1987).

(3) Cyanide an tid otes are e f f e c t iv e  aga inst SNP poisoning (Vesey,
1987).
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(4) The a lte ra tio n s  in  carbohydrate metabolism fo llow in g  SNP in je c tio n
p a r a lle l  those occurring in  cyanide in to x ica tio n  (Rommel & Hoyer,
1984).

There i s  an abundance o f  evidence, th erefore , supporting the  
conclusion that cyanide i s  released  from SNP i n  v i v o .  The NMR r e su lts  
provided by B u tler 's  group may w e ll be a r te fa c tu a l, caused by the very  
high concentrations o f SNP employed in  th e ir  in v e stig a tio n s .

The deconposition o f SNP in vo lves i t s  in tera c tio n  w ith  sulphydryl 
compounds (Page e t  a l . ,  1955) o f the hydrogen donor type (Nakamura e t  

a l . , 1977). I n  v i t r o  stu d ies have suggested th at the erythrocytes may 
be important in  cyanide re lea se  frcan SNP (Page e t  a l . ,  1955 and Smith 
& Krusyna, 1974). B utler e t  a l .  (1988) demonstrated th at incubation  
of in ta c t  erythrocytes w ith  SNP resu lted  in  oxidation  o f c e l lu la r  
glutath ione to  d ig lu ta th io n e . The reaction  o f n itrop ru ssid e with
glutath ione occurred a fte r  the ion had crossed the erythrocyte  
membrane. However, severa l stu d ies have demonstrated th a t the  
nitroprusside ion , when present in  c l in ic a l  con cen trations, does not 
penetrate the red c e l l  membrane (Mishra & Passow, 1969; Smith & 
Krusyna, 1974; Vesey e t  a l . ,  1983; Rodkey & C o llison , 1977 and Vesey 
e t  a l . ,  1987). Schulz (1984) has proposed that in jec ted  SNP reacts  
w ith sulphydryl compounds, and/or reducing agents derived from the red 
blood c e l l  and a r te r ia l  w a lls .

With regard to  the use o f o r a lly  adm inistered SNP as a source of  
d ieta ry  cyanide, Page e t  a l .  (1955) demonstrated th at chronic oral 
adm inistration o f the drug (30-60 mg, 4 tim es a day) d id  not r e su lt  in  
hypotension. I t  may be concluded th at no appreciable amounts o f  
unchanged sodium n itrop ru ssid e are absorbed from the g a s tr o in te s t in a l  
t r a c t .

Considering a l l  o f the a v a ila b le  evidence, SNP does appear to  be a 
su ita b le  source o f d ie ta ry  cyanide fo r  n u tr it io n a l biochem ical 
s tu d ie s . In ad d ition , i t  w i l l  be shown in  Section  4 .1  o f t h is  th e s is ,  
both th at cyanide i s  released  from d ie ta ry  SNP in  the g a s tr o in te s t in a l  
tr a c t  o f the chicken, and th a t in gested  SNP i s  not absorbed in ta c t  
in to  the bloodstream.
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2.8 Natural Occurrence of Selenium

Selenium, an element p ossessin g  both m e ta llic  and non-m etallic  
p r o p e r tie s , i s  w idely d istr ib u ted  throughout the environment, being  
present in  rocks, s o i l s ,  water and a ir . This element enters the food  
chain when taken up by p la n ts , and occurs in  foods and fe e d stu ffs  
almost e x c lu s iv e ly  in  organic compounds, prim arily selenom ethionine, 
Se-m ethylselencm ethionine, se len o cy ste in e  and se len ocystin e  (S h r ift ,  
1969 and Olson e t  a l . , 1970). Selenium i s  recognised as an e s s e n t ia l  
trace n u trien t as w e ll as a h igh ly  to x ic  substance. Since the  
selenium content o f p lan ts depends on the concentration and 
a v a ila b i l i ty  o f s o i l  selenium , in takes o f th is  n u tr ien t in  man and 
animals vary considerably in  d if fe r e n t  areas o f the world, w ith  
d efic ien cy  being fa r  more widespread than to x ic i ty  (Yang, 1987; Liu e t  

a l . ,  1987; Ccmbs & Canbs, 1986). The supplementation o f animal feeds  
with selenium in  the form o f inorganic sodium s e le n it e  has become 
common p ra ctice .

2 .9  E s s e n tia lity  o f  Selenium

The n u tr it io n a l importance o f selenium  was f i r s t  recognised by 
Schwartz and Folz (1957) who demonstrated i t s  a b i l i t y  to  prevent 
n ecro tic  degeneration of the l iv e r  in  vitamin E d e f ic ie n t  r a ts . This 
observation was immediately confirmed in  the chicken by Schwartz e t  

a l .  (1957) and by Patterson e t  a l .  (1957), who showed th a t selenium  
prevented the vitam in E d e fic ie n c y  d isease  known as exudative  
d ia th e s is , a condition  characterised  by leakage o f plasma through the  
c a p illa r ie s  in to  the subcutaneous spaces. Subsequently, Thompson and 
S cott (1969), using low selenium d ie ts  to  which graded le v e ls  o f 
vitamin E were added, obtained evidence th at selenium i s  e s s e n t ia l  fo r  
growth, independent o f ,  or ad d ition a l to  i t s  function  as a su b stitu te  
for  vitam in E. D ietary selenium le v e ls  o f only 0 .1 -0 .2  mg kg~1 are 
adequate to  s a t i s f y  the n u tr it io n a l requirements o f most anim als, and 
in  some cases vitam in E may p a r t ia lly  replace selenium (Combs & Canbs, 
1986).
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2.10 Functions of Selenium

The c lo se  a sso c ia tio n  between selenium and vitam in E, a known 
an tioxidant, lead  to  proposals th at both might f u l f i l  s im ila r  
m etabolic r o le s . These suggestions were v e r if ie d  in  1973 when Rotruck 
e t  a l .  d iscovered th at selenium i s  an in teg ra l component o f the enzyme 
glutath ione peroxidase (glutathione:H 202 oxidoreductase, E.C. 
1 .1 1 .1 .9 ) .  Selenium-dependent GSHPx functions as one o f the c e l lu la r  
antioxidant defence mechanisms, which include vitam in E, ca ta la se  and 
superoxide dism utase. Such components p ro tect the c e l l  from the  
adverse e f f e c t s  o f rea c tiv e  oxygen and o f free  rad ica l in i t ia t o r s , 
such as hydrogen peroxide (Chow, 1979). I f  unchecked, th ese  rea c tiv e  
sp ecies would in i t ia t e  l ip id  peroxidation  (an a u to c a ta ly tic  process 
resu ltin g  in  membrane damage) together w ith  stru ctu ra l a lte r a tio n  of 
p ro te in s , including c r i t i c a l  enzymes. Glutathione peroxidase u t i l i s e s  
reducing equ ivalents from GSH in  the reduction o f H202 (M ills , 1959), 
free  f a t ty  acid  hydroperoxides (Christopherson, 1969) or s te r o l  
hydroperoxides ( L it t le ,  1972), according to  the fo llow in g  general 
rea c tio n :

SeGSHPxR00H + 2GSH---------------- ^-ROH + H2 0 + GSSG
I t  i s  not y e t c lea r  whether SeGSHPx can use e s t e r if ie d  fa t ty  acid  

hydroperoxides as su b strates i n  v i v o  (MaCay e t  a l . ,  1976 and Chow,
1979). The function  of SeGSHPx i s  complementary to  th at o f vitam in E. 
The former i s  located  in  the c y to so l and mitochondrial m atrix (Green & 
O'Brien, 1970), w h ilst vitam in E, owing to  i t s  l ip o p h ilic  nature i s  
confined w ith in  membranes. The substrate s p e c i f i c i t y  and
ccmpartmentation o f SeGSHPx, th erefore , lend credence to  the view that 
i t s  fu nction , i n  v i v o ,  i s  to  reduce hydrogen peroxide rather than 
l ip id  hydroperoxides.

SeGSHPx i s  composed of four id e n tic a l sub-units and most authors 
report a stoichiom etry o f about 4 g-atoms of selenium per mole o f  
enzyme (Combs & Combs, 1986). Wendel e t  a l .  (1975) showed th at  
selenium p a r tic ip a te s  a t the a c tiv e  s i t e  o f the enzyme, and Forstrcm 
e t  a l .  (1978) demonstrated i t s  presence as se le n o c y ste in e . The 
c a ta ly t ic  mechanism of SeGSHPx has not been f u l ly  e lu c id a ted , but i t  
i s  thought to  be o f the double displacem ent type and in vo lve  changes
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in  the oxidation  s ta te  o f the enzyme-bound selenium (see  Combs & 
Ccmbs, 1986, fo r  a review ).

SeGSHPx a c t iv it y  has been used as a measure o f selenium  sta tu s  in  
both man and animals (Qmaye & Tappel, 1974; Gabrielsen & Opstvedt,
1980) . Although t h is  approach can be extrem ely u se fu l, i t  should be 
remembered that the re la tio n sh ip  between th ese fa c to rs  may beccme 
a lin ea r  in  seme s itu a tio n s  (Lane e t  a l . ,  1979; E lzubeir, 1986; 
McMurray e t  a l . ,  1987; Whanger & B u tler, 1988).

SeGSHPx i s  not the only enzyme w ith  peroxidase a c t iv i t y  th at  
u t i l i s e s  g lutath ione as su b strate. There i s  a non-selenium-dependent 
GSHPx, which a c ts  on l ip id  hydroperoxides, but shows very l i t t l e  
a f f in i t y  fo r  H202 (Lawrence & Burk, 1976). This a c t iv i t y  has been 
attr ib u ted  to  the g lutath ion e S -tran sferases (Lawrence & Burk, 1978, 
and P ierce & Tappel, 1978).

Selenium may have functions independent o f i t s  ro le  in  SeGSHPx. 
Several other se len op rotein s have been id e n tif ie d  in  mammalian t is s u e s  
(Tappel e t  a l . ,  1984; Tappel, 1987; B e ils te in  e t  a l . ,  1981; McConnell 
e t  a l . ,  1979; Motsenbocker & Tappel, 1982a; Behne e t  a l . ,  1989; 
Whanger e t  a l . ,  1989). No b io lo g ic a l function  has been ascribed to  
any o f th ese p ro te in s , except for  a plasma p ro te in , designated  
selenoprotein  P, which i s  thought to  function  as a transport p rotein  
for  selenium (Motsenbocker & Tappel, 1982b).

Selenium may a lso  have r o le s  in  drug metabolism (Burk & Correia,
1981) and haem homeostasis (Correia & Burk, 1983).

2.11 Absorption of Selenium

The m ajority o f selenium compounds are e f f ic ie n t ly  absorbed from 
the g a s tr o in te s t in a l tr a c t , w ith  estim ates of absorption ranging from 
80-95% of administered dose for  most sp ec ies  (Them son & Stewart, 
1973; Brown e t  a l . ,  1972 and Cary e t  a l . ,  1973). Uptake does not 
appear to  be regulated sin ce  the selenium sta tu s o f the animal does 
not in flu en ce absorption (Brown e t  a l . ,  1972). The major s i t e  o f  
uptake appears to  be the sm all in te s t in e  (Whanger e t  a l . ,  1976; P e s t i
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& Combs, 1976, and Wolff ram e t  a l . ,  1985). The mechanism o f selenium  
absorption i s  dependent on i t s  form. The m ajority o f a v a ila b le  
evidence suggests th a t, w h ilst  L-selenom ethionine and se len a te  can be 
a c t iv e ly  transported aga in st a concentration gradient, se len ocyste in e  
and s e le n ite  are absorbed by p assive  d iffu s io n  (McConnell & Cho, 1965; 
Ardiiser e t  a l . ,  1985, and Wolff ram e t  a l . , 1985). Contrasting data 
were provided by Anundi e t  a l .  (1984a) who reported th at in te s t in a l  
c e l l s  can concentrate s e le n it e ,  and suggested th at reduced g lu tath ion e  
and Y-glutam yltransferase may p lay  a r o le  in  th is  p rocess.

2.12 Plasma Transport of Selenium

Absorbed selenium i s  transported around the body bound to  plasma 
p rotein s (Hirooka & Galambos, 1966a; Jenkins e t  a l . ,  1969; Burk, 1973 
and Porter e t  a l . ,  1979). I n  v i t r o  s tu d ie s  have suggested th a t th is  
binding may require the i n i t i a l  uptake and metabolism o f selenium by 
erythrocytes (Lee e t  a l . ,  1969; Jenkins & H idiroglou, 1972; Gasiewicz 
& Smith, 1977; Mas & Sakar, 1989). However, the s ig n if ic a n c e  o f such 
reaction s i n  v i v o  remains questionable s in ce  d ie ta ry  selenium  i s  
l ik e ly  to  have been a ltered  by the in te s t in a l  c e l l s  p rior  to  reaching 
the blood. The r e la t iv e  d is tr ib u tio n  o f selenium among plasma 
p rotein s shows sp e c ie s , time and dose dependent var ia tion s (Jenkins e t  

a l . ,  1969; Sternberg & Imbach, 1967; Hirooka & Galambos, 1966a; Burk, 
1973; Burk, 1974 and Herrman 1977). Protein  syn th esis may be required  
fo r  the binding o f selenium to  plasma proteins (Burk, 1973 and 
Herrman, 1977) which, d ia ly s is  stu d ie s  suggest, may in vo lve a 
selenium-sulphur bond (Burk, 1973 & 1974; Herrman, 1977). The 
mechanisms by which selenium i s  u ltim a te ly  released  from the plasma 
p rotein s and taken up by t is s u e s  remain unclear, however, Gcmez and 
Tappel (1989) have recen tly  demonstrated the presence o f a 
selenoprotein  P receptor in  the ra t.

2.13 Tissue Distribution and Forms of Selenium

The t is s u e  d is tr ib u tio n  o f selenium i s  in fluenced  by selenium  
sta tu s (Burk e t  a l . ,  1972 and Hopkins e t  a l . ,  1966), dose (Hirooka & 
Galambos, 1966a), the form o f selenium administered (Sternberg &
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Imbach, 1967) and the time a f te r  dosing (Bopp e t  a l . ,  1982). In 
animals consuming selenium a t  le v e ls  c lo se  to  th e ir  n u tr it io n a l  
requirements, the h igh est concentrations are found in  the l iv e r  and 
kidney, w ith  lower le v e ls  in  muscle and glandular t is s u e  (Schoental, 
1968 and Them son & Stewart, 1973).

A sim ila r  pattern  o f d is tr ib u tio n  has been observed in  both acute 
and chronic s e le n o s is . D etoxify ing organs tend to  accumulate the  
g rea te st amounts o f selenium. The h igh est concentrations are found in  
the l iv e r ,  follow ed in  decreasing order by the kidneys, sp leen  and 
lungs (M illar & W illiam s, 1940, McConnell, 1941; Rhian & Moxon, 1943; 
Rosenfeld & Beath, 1945). Myocardium, sk e le ta l muscle and brain  
contain only sm all amounts and fa t  has v ir tu a lly  no selenium  (Martin, 
1973).

Other in v estig a to rs  have observed th at in  selenium to x ic i t y ,  the  
kidney accumulates higher le v e ls  o f the element than does the l iv e r  
(Levander & A rgrett, 1969; Levander e t  a l . ,  1970; Levander & Morris, 
1970).

Selenium i s  present in  t is s u e s  in  a t le a s t  three oxidation  s ta te s :  
acid  v o la t i le  selenium , zinc-hydroch loric ac id -red u cib le  selenium  
assumed to  be s e le n ite  and higher oxidation  s ta te s  such as se len a te  
and organic selenium d er iv a tiv e s , w ith  the la t t e r  group accounting for  
around 70% of the t o t a l  selenium (Diplock e t  a l . ,  1971). Tappel 
(1987) has recen tly  suggested th at over 80% of the t o t a l  selenium in  
rat t is s u e s  i s  a ssoc ia ted  w ith p rotein  in  the form o f se le n o c y ste in e . 
The chemical forms of selenium present in  t is s u e s  are in fluenced  by 
the chemical forms of selenium adm inistered (B e ils te in  & Whanger, 
1988; Whanger, 1986; M illar e t  a l . ,  1973; Whanger & B u tler, 1988) as 
w e ll as by other fa c to rs  including vitam in E and arsen ic  (Diplock e t  

a l . ,  1971).

2.14 Selenium Metabolism

Selenium metabolism in  animals i s  gen era lly  considered to  be 
re la ted  to  the metabolism of s e le n it e ,  which may w e ll be an 
oversim p lified  view. The reten tio n  and u t i l i s a t io n  o f selenium does
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vary according to  i t s  source (Cary e t  a l . ,  1973; Whanger, 1986, and 
Whanger & B utler, 1988).

Selenium in gested  in  organic forms u ltim a te ly  becomes incorporated  
in to  the same m etabolic pool and y ie ld s  the same products as selenium  
frcm se le n ite  (M illar e t  a l . ,  1973; Nahapetian e t  a l . ,  1983; Them son 
e t  a l . ,  1975a and b; Richold e t  a l . ,  1977; Sunde, 1984, and Foster e t  
a l . ,  1986), although the i n i t i a l  metabolism of selenoamino acid s does 
d if f e r  frcm th at o f s e le n ite  (Thom son e t  a l . ,  1975a). This might be 
explained in  terms o f the w idely accepted view th at th ese  compounds 
f i r s t  enter the sulphur amino acid s pool (Esaki e t  a l . ,  1981). 
However, recent evidence suggests th a t some of the pathways o f  
selenoamino acid  metabolism may d if f e r  frcm those o f th e ir  sulphur- 
containing analogues (Esaki e t  a l . ,  1982 and Soda e t  a l . ,  1987).

Selenate i s  probably m etabolised as s e le n ite  fo llow in g  an i n i t i a l  
reduction step  (McConnell & Portman, 1952; Hirooka & Galambos, 1966b, 
and Nakamuro e t  a l . ,  1977).

Two major excretory end products o f selenium metabolism in  whole 
animals have been id e n tif ie d  as d im ethylselenide in  expired a ir  
(McConnell & Portman, 1952; Nakamuro e t  a l . ,  1977) and 
trimethylselenonium  ion in  urine (Byard, 1969; Palmer e t  a l . ,  1969 & 
1970; Kiker & Burk, 1974). However, the pathways which might be 
involved in  the reduction and m ethylation of s e le n ite  to  y ie ld  such 
products, have gen era lly  been in v estig a ted  i n  v i t r o .  A scheme for  
se le n ite  metabolism proposed in  1974 by Ganther and Hsieh, based on 
such data, has become w idely accepted, although i t s  relevance to  
processes occurring i n  v i v o ,  has y e t to  be firm ly e sta b lish ed  (Figure 
3 ) .

In 1966 Ganther demonstrated the conversion o f sodium s e le n ite  
in to  d im ethylselenide in  mammalian t is s u e  s l i c e s  and homogenates. 
Further in v estig a tio n  o f th is  reaction  in  c e l l - f r e e  l iv e r  preparations 
lead  to  the fo llow in g  observations:

(1) The process was enzyme cata lysed .
(2) Anaerobic cond itions were necessary for  optimal a c t iv it y .
(3) There was an absolute requirement fo r  g lu tath ion e.
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Figure 3. Metabolism of Selenite



(4) NADPH stim ulated the reaction .
(5) S-adenosylmethionine was the methyl donor.

Ganther (1968) then showed th at se len iou s ac id  (H2 Se03 ) reacts  
spontaneously w ith  various t h io ls  to  y ie ld  the d isu lphide (RSSR) and 
se len otrisu lp h id e  (RSSeSR), both o f which are r e la t iv e ly  unstab le. By 
lowering the pH to  1.3 and in creasin g  the concentration of reactants  
to  16.7 mM, Ganther was able to  obtain  a stoich iom etry o f 4 :1 , 
conforming to  the reaction  o r ig in a lly  proposed by P ainter in  1941.

4RSH + H2 Se03-----------► RSSeSR + RSSR + 3H2 0

However, the s ig n ific a n ce  o f th is  reaction  i n  v i v o  must be 
questioned. Under p h y sio lo g ica l con d ition s, w ith  a GSH:Se r a t io  
g rea tly  in  excess o f 4:1 (10“6M se len io u s ac id , 4 mM GSH, pH 7 .0  and 
25° C), the major product formed was selenopersulphide (GSSeH) (Ganther, 
1971).

Ganther (1971) went on to  examine the a c t iv it y  o f GSSeSG as a 
substrate for  g lutath ion e reductase (E .C .1 .6 .4 .2 ) , a p o s s ib i l i t y  
suggested by i t s  c lo se  stru ctu ra l s im ila r ity  to  GSSG. He was ab le  to  
demonstrate the formation o f GSSeH by the reaction  o f g lu tath ion e  
reductase on GSSeSG, in  the presence o f NADPH, under p h y sio lo g ica l 
con d ition s. Therefore, i f  GSSeSG i s  formed, i n  v i v o ,  there may be two 
pathways for  selenopersulphide formation in  animals.

Selenopersulphide i s  unstable and may decompose to  GSH and 
elem ental selenium (Ganther, 1971). However, under anaerobic 
con d ition s, GSSeH can be converted to  a c id -v o la t i le  selenium , 
presumably H2Se, e ith e r  enzym atically, by g lutath ione reductase in  the  
presence o f NADPH, or non-enzym atically with excess GSH (Hsieh & 
Ganther, 1975). Studies o f Diplock e t  a l .  (1973) suggest th a t such 
reaction s might be important i n  v i v o .  These workers demonstrated the  
presence o f a c id -v o la t i le  selenium , which behaved in  a manner 
in d istin gu ish ab le  frcm H2 Se, in  homogenates or microsomal fra c tio n s  
frcm l iv e r s  o f ra ts  given sodium s e le n ite .

Hsieh and Ganther (1977) provided information on the m ethylation  
reaction s o f s e le n ite  metabolism. They studied  the sy n th esis  o f
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dim ethylselenide (DmSe) frcm sodium s e le n ite  by c e l l - f r e e  preparations 
derived frcm rat l iv e r  and kidney under anaerobic con d ition s, in  the  
presence o f GSH, an NADFH generating system, S-adenosylmethionine and 
coenzyme A. Fractionation  o f the so lu b le  portion o f l iv e r  or kidney, 
produced only one fra ctio n  (fra c tio n  C) which possessed  the a b i l i t y  to  
syn th esise  EmSe. Further p u r ific a tio n  o f th is  fra c tio n  y ie ld ed  one 
protein  (30,000 molecular weight) which retained  t h is  a c t iv ity .  The 
addition  o f another fra c tio n  (A) stim ulated DmSe syn th esis  by 
fra ctio n  C. This a c t iv ity  was found to  be a ssoc ia ted  w ith  g lu tath ion e  
reductase and another NADFH-dependent d isu lphide reductase. The 
authors concluded that fra c tio n  C contained a m ethyltransferase  
(arsen ite  in se n s it iv e )  actin g  on sm all amounts o f H2 Se produced in  the  
presence o f excess GSH and th a t stim u lation  by fra c tio n  A resu lted  
frcm the production of ad d itio n a l H2 Se cata lysed  by glutath ion e  
reductase. Washed l iv e r  microscmes a lso  synth esised  d im ethylselenide  
and addition  o f the so lu b le  fra c tio n  again stim ulated a c t iv ity .  This 
microscmal a c t iv it y  was a ttr ib u ted  to  another m ethyl-transferase  
(arsen ite  s e n s it iv e )  which m ethylates H2 Se produced in  the so lu b le  
fr a c t io n . Therefore, the pathways fo r  reduction o f s e le n ite  to  H2 Se 
occur in  the c y to so lic  fra ctio n  o f the c e l l ,  w h ilst m ethylation o f the  
H2Se, so produced, occurs in  both c y to so lic  and microsomal fr a c tio n s . 
I t  i s  not y e t known whether th ese  m ethyltransferases are s p e c i f ic  fo r  
H2 Se or whether they belong to  a group of such enzymes known to  be 
a ctiv e  in  m ethylating compounds contain ing sulphur and oxygen. The 
microsomal m ethylation system can be induced by a lte r a tio n s  in  the  
d ie t ,  or by exposure to  xen ob io tics (El-Bergearmi e t  a l . ,  1980; 
Ganther e t  a l . , 1966 and Hsieh & Ganther, 1976).

Challenger (1951 & 1959) proposed an a lte rn a tiv e  pathway fo r  the  
formation o f DmSe based on work w ith  fu n g i, in  which s e le n ite  i s  f i r s t  
methylated then reduced (Figure 4 ) . However, no evidence has been 
presented fo r  the ex isten ce  o f such a pathway in  animals.

I t  i s  gen era lly  assumed th a t the other major product o f s e le n ite  
metabolism, urinary trim ethylselenonium , i s  synth esised  from 
dim ethylselenide by the ad d ition  o f a th ird  methyl group. Mozier e t  

al .  (1988) have id e n tif ie d  and p u r ified  an enzyme frcm the c y to so l o f  
mouse lung and l iv e r  capable o f ca ta ly s in g  t h is  reaction , in  the  
presence o f S-adenosylm ethionine. The enzyme, designated S-adenosyl-
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H2 Se03 f  CH3+ v IT + HSe-OH
0
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I

F ig u r e  4 . A l t e r n a t i v e  Pathw ay For D im e t h y ls e le n id e  F orm ation  As P ro p o sed  By C h a lle n g e r .



L-msthionine: th ioeth er  S-m ethyltransferase, which has a lew Ktn for  
EmSe and i s  su b ject to  product in h ib itio n  by S-adenosylhcm ocysteine, 
appears to  be s o le ly  responsib le for  TmSe syn th esis  in  th is  sp e c ie s . 
However, e a r l ie r  work suggested th at the m etabolic re la tio n sh ip  
between DmSe and TmSe can be more complex than th is  in  sane 
s itu a tio n s . Palmer e t  a l .  (1969) adm inistered arsen ic  to  ra ts  on the 
assumption th at t h is  element, which lowers DmSe formation, would 
lik ew ise , in h ib it  the production o f ItnSe. Although arsen ic  did  
reduce TmSe excretion  s l ig h t ly ,  the r e su lts  fa i le d  to  achieve  
s ig n if ic a n ce , in d ica tin g  th a t DmSe may not be an ob liga tory  
interm ediate in  syn th esis  o f the urinary m etabolite . Obermeyer e t  a l .  

(1971) reported th at le s s  than 0.5% of the 75Se dose from 
in tra p er ito n ea lly  administered DmSe was excreted  in  the urine o f ra ts  
w ithin  24 hours. Conversely, fo llow in g  the in jec tio n  o f 75Se-TmSe, 3- 
9% of the dose was excreted in  expired a ir  in  6 hours. No attempt was 
made to  id e n tify  the v o la t i le  selenium compound, but based on a 
" gar lic -lik e"  odour of the breath i t  was presumed to  be DmSe, 
suggesting th at TmSe can be demethylated to  y ie ld  DmSe.

Hydrogen se len id e  produced by the reduction o f adm inistered  
s e le n ite , th erefore , e ith e r  undergoes m ethylation and i s  subsequently  
excreted , or i t  becomes bound to  t is s u e  p rotein s (McConnell, 1948). 
Whether th is  occurs through d ir e c t  reaction  w ith p rotein  sulphydryl 
groups, or requires prior sy n th esis  o f selenoamino a c id s , remains 
con troversia l (McConnell & Wabnitz, 1957; Fuss & Godwin, 1975; Swartz 
& Sweeney, 1964). Most authors do agree th at se len ocyste in e  syn th esis  
frem adm inistered s e le n ite  i s  p o ss ib le , but th at selenom ethionine i s  
not formed in  t h is  manner (Olson & Palmer, 1976).

The incorporation of selenium in to  p rotein s may involve e ith e r  
n o n -sp ec ific  su b stitu tio n  (Hoffman e t  a l . ,  1970; Olson & Palmer, 1976; 
Ganther, 1975; Favier, 1989; Mukai, 1974), or a s p e c if ic  p rocess, such 
as occurs in  the incorporation of se len ocyste in e  in to  SeGSHPx. The 
mechanism o f se len ocyste in e  in ser tio n  has yet to  be f u l ly  e lu cid ated , 
but i t  probably occurs co tra n s la tio n a lly  by m odification  o f a se r in y l 
tRNA (Hawkes e t  a l . ,  1979; Sunde & Everson, 1987; Stadtman, 1987; 
L einfelder e t  a l . ,  1988).
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2.15 Selenium Excretion and Hcmeostasis

Selenium can be elim inated  from the body by the lungs, the urinary  
tr a c t , the in te s t in a l tr a c t  and in  sweat. The amount o f selenium  
excreted by each route i s  dependent upon the le v e l  o f selenium intake  
(Hopkins e t  a l . ,  1966; Burk e t  a l . ,  1972 & 1973; McConnell & Roth, 
1966; Hirooka & Galambos, 1966b), the form o f selenium administered  
(Thomson e t  a l . ,  1975 a & b; Richold e t  a l . ,  1977), previous exposure 
to  selenium (Halverson e t  a l . ,  1962; Magos e t  a l . ,  1987), d ie ta ry  
composition (Hopkins e t  a l . ,  1966; Ganther e t  a l . ,  1966) and the  
presence o f certa in  tox in s such as arsen ic  and cyanide (Kamstra & 
Bonhorst, 1953; Palmer e t  a l . ,  1970; Ganther & Baumann, 1962; Levander 
& Baumann, 1966a; Palmer & Olson, 1979).

At p h y sio lo g ica l le v e ls  o f  selenium in take, urine and faeces are 
the predominant routes of excretion , accounting fo r  approximately 60% 
and 35% resp e c tiv e ly , o f adm inistered dose, w ith expired a ir , sa liv a  
and sweat each e lim inatin g  a further 1% (Stewart e t  a l . ,  1978; 
Patterson e t  a l . ,  1987). Selenium hcm eostasis under such conditions  
i s  achieved la rg e ly  by regu lation  o f urinary excretion , w ith fa e ca l 
elim ination  accounting fo r  a r e la t iv e ly  constant fra c tio n  o f the to ta l  
selenium output over a range o f d ie ta ry  intakes (Burk e t  a l . ,  1972). 
Burk e t  a l .  (1973) showed th a t, in  r a ts , there i s  a d ie ta ry  threshold  
of approximately 0 .0 5 -0 .08  mg Se~1 k g '1 below which the percentage of 
dose excreted  in  the urine remains constant. The ex isten ce  o f such a 
threshold probably represents a mechanism for  selenium conservation  
during periods o f low in take.

At high or to x ic  le v e ls  o f selenium intake the pulmonary route o f  
excretion  assumes fa r  greater  importance. McConnell & Roth (1966) 
reported th a t male ra ts  rece iv in g  0.005 mg Se-1 kg-1 subcutaneously, 
excreted on ly 0.2% of the selenium  in  expired a ir . Increasing the  
dose to  0 .9  mg Se~1 kg- 1 increased  resp ira tory  e lim ination  to  10.6%. 
With 2-3 mg-1 kg-1 doses about 40% was excreted  by the lungs and w ith  
4-5 mg-1 kg- 1 t h is  figu re  rose to  50-60%. The percentage o f selenium  
excreted  in  the urine decreased concom itantly. Of the selenium  
exhaled w ith in  24 hours, 70% was lo s t  in  the f i r s t  6 hours. With 
to x ic  doses of selenium , th erefo re , the normal pathways fo r  TmSe 
sy n th esis appear to  be saturated  and DmSe i s  formed, providing a route
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fo r  the rapid elim ination  of selenium under th ese  con d ition s. (As 
prev iou sly  mentioned S-adenosyl-L-m ethionine: th ioeth er  S- 
m ethyltransferase i s  known to  have a low Hm for  DmSe).

Trimethylselenonium i s  the only w ell-ch aracter ised  urinary  
m etabolite o f selenium, although severa l others have been iso la te d . 
Following i t s  id e n tif ic a tio n  in  the urine o f ra ts  given s e le n ite  
(Byard, 1969; Palmer e t  a l . ,  1969), subsequent work demonstrated th a t, 
in  th is  sp e c ie s , UnSe i s  an important excretory product o f selenium  
frcm most sources, accounting for  20-50% of the to t a l  urinary  
selenium, w h ilst  a second m etab o lite , an u n id en tified  organic  
compound, designated U-2 contributed 11-28% (Palmer e t  a l . , 1970). 
Kiker and Burk (1974) id e n tif ie d  the same two m etabolites in  rat 
urine, together w ith an inorganic form and two other compounds, 
designated U-3 and U-4, a l l  o f which remain uncharacterised. Ganther 
(1987) recen tly  demonstrated th a t over 50% of the selenium excreted  in  
human urine was present in  c a tio n ic  forms of which only 11% was TmSe. 
The remaining 40% of selenium m etab olites were an ion ic.

The r e la t iv e  proportions o f the various urinary m etab olites of  
selenium appear to  be a ffec ted  both by the selenium sta tu s o f the  
animal and by dose (Byard & Baumann, 1967; Kiker & Burk, 1974). In 
fa c t , the q u an tita tive  s ig n ific a n ce  o f TmSe a t low doses o f selenium  
has been questioned (Nahapetian e t  a l . , 1983). R ecently, Ostadalova 
e t  a l .  (1988) suggested th at the primary selenium -containing excretory  
products in  the urine o f young ra ts  in jec ted  w ith  a to x ic  dose of 
[75Se] s e le n ite  were g lu tath ion e se len o tr isu lp h id e  (GSSeSG) and an 
u n id en tified  neutral substance, w h ilst  adult ra ts  excreted  
predominantly UnSe. The authors evoked ontogenetic d ifferen ces  in  
selenium metabolism as an explanation for  th e ir  r e s u l t s . Further 
in v estig a tio n  i s  therefore required in  order to  id e n tify  the forms of 
selenium excreted  in  urine under d if fe r e n t  con d ition s.

At le a s t  two v o la t i le  selenium  compounds have been id e n t if ie d  in  
expired a ir ,  d im ethylselenide (McConnell & Portman, 1952) and 
dim ethyldiselenide (Jiang e t  a l . ,  1983). The nature o f the selenium  
compounds excreted  i s  dependent upon the form in  which the element i s  
administered. Jiang e t  a l .  (1983) analysed selenium m etab olites in  
the breath o f mice a fte r  adm inistration o f DL-selencmethionine, DL-
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se len ocystin e  and s e le n i t e . Selen ocystin e and s e le n ite  ad d ition  to  
drinking water resu lted  in  the production of d im ethylselenide together  
w ith seme d im eth y ld ise len id e, w hile fo r  selenom ethionine the main 
compounds were d im ethyld iselen ide and another u n id en tified  selenium  
m etab o lite .

2.16 Selenium Toxicity

Three c l in ic a l  types o f selenium to x ic o s is  have been recognised: 
acute se le n o s is , sub-acute se le n o s is  causing n eu rologica l symptoms and 
resp ira tory  d is tr e s s  (b lind  sta g g er s), and chronic s e le n o s is  resu ltin g  
in  derm atitic  le s io n s  and em aciation (a lk a li  d is e a se ) . The la t t e r  two 
conditions are most frequently  observed in  liv e s to c k  grazing in  
se len ifero u s areas. A r e la t iv e ly  narrow range separates the le v e ls  o f 
selenium th at are n u tr it io n a lly  e s s e n t ia l  from those th a t may be to x ic  
during chronic exposure (Fitzhugh e t  a l . , 1944). Data r e la tin g  to  the  
chronic t o x ic i t y  o f the various selenium  compounds art d i f f i c u l t  to  
c o lla te  (see Conbs & Combs, 1986, fo r  a review o f published s tu d ie s ) .  
However, certa in  broad g en era lisa tio n s are p o ss ib le . The so lu b le  
inorganic s a l t s ,  s e le n ite  and se len a te  are r e la t iv e ly  to x ic . The 
selenoamino a c id s , such as selenom ethionine, se le n o c y ste in e , 
se len ocystin e  and g lutath ione se len o tr isu lp h id e  have r e la t iv e ly  
moderate t o x i c i t i e s , w h ilst  the in so lu b le  forms, such as elem ental 
selenium, are the le a s t  to x ic .

2 .1 6 .1  Biochemical Lesions

The primary biochemical s i t e s  a t which selenium exerts  i t s  to x ic  
e f f e c t s  remain unclear, however, they  may involve the oxidation  o f ,  
and/or binding to , sulphydryl groups e s s e n tia l fo r  normal c e l lu la r  
fu n ction .

Selenium in to x ica tio n , whether acute or chronic in  nature, appears 
to  be a ssoc ia ted  w ith in creases in  the hepatic concentrations o f GSH, 
GSSG and/or other non-protein su lphydryls, together w ith  a s h i f t  in  
the GSSG:GSH r a t io  towards a more ox id ised  s ta te  (Martin & S p allh o lz , 
1970; Chung & Maines, 1981; Le Boeuf & Hoekstra, 1983 and Hoffman e t
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a l . ,  1989). Chung and Maines a c tu a lly  demonstrated an i n i t i a l  
d ep letion  of GSH together w ith  the e lev a tio n  o f GSSG, p rior  to  the  
r is e  in  GSH le v e ls .  The primary le s io n  may, th erefore , in vo lve the  
conversion of GSH to  GSSG which accompanies selenium metabolism. GSH 
le v e ls  may r is e  la te r  in  an attempt to  maintain a normal GSSG:GSH 
r a t io . These workers a lso  recorded selenium-mediated in creases in  the  
a c t iv i t ie s  o f Y -glutam ylcysteine synthase (E.C. 6 .3 .2 .2 .)  and GSSG- 
reductase (E.C.1 .6 .4 .2 .)  which were again considered to  be secondary 
adaptive changes.

More d e ta ile d  information concerning the importance o f such redox 
changes in  selenium t o x ic i t y  has been provided by i n  v i t r o  s tu d ies  o f  
Anundi e t  a l .  (1984) and Stahl e t  a l .  (1984). Incubation of iso la te d  
hepatocytes with s e le n ite  a t concentrations known to  cause c e l l  damage 
and ly s i s  resu lted , i n i t i a l l y ,  in  selenium accumulation accompanied by 
an increase in  oxygen uptake (confirmed by Garberg & Hogberg, 1987), 
together w ith g lutath ion e oxidation  and resu lta n t s h i f t  in  the 
NADI* :NADPH r a t io  towards the more ox id ised  s ta te . A fter about 1 hour 
v o la t i l i s a t io n  o f selenium commenced, resu ltin g  in  p a r tia l lo s s  o f  
accumulated selenium. The authors proposed th at selenium -glutathione  
complexes, produced as a r e su lt  o f the action  o f g lutath ione  
reductase, accumulated during the la g  phase. They went on to  
demonstrate, using m odifiers o f selenium to x ic i ty  and metabolism, th at 
the observed redox changes could be explained in  terms o f redox 
cyclin g  o f th ese autooxid isab le  m etabolites and th at th is  process was 
important for  se len ite-m ediated  c e l lu la r  ly s i s .  Anundi e t  a l .  (1984) 
suggested that d ep letion  o f NADPH rather than o f GSH resu lted  in  the  
observed c y to to x ic ity  of s e le n it e .

These fin d in gs might a lso  provide some explanation as to  how the  
anaerobic conditions known to  be necessary for  the conversion of  
s e le n ite  to  DmSe by t is s u e  preparations (Ganther, 1966; Hsieh & 
Ganther, 1975 & 1977) might be a tta in ed  i n  v i v o .

Further in d ica tion  th at s e le n ite  m etabolites rather than s e le n ite  
per se  exert to x ic  e f f e c t s ,  i s  the fin d in g  that weanling r a ts , which 
m etabolise s e le n ite  slow ly  (Ostadalova e t  a l . ,  1982), are more 
r e s is ta n t  to  acute s e le n ite  t o x ic i t y  than adult ra ts  (Ostadalova e t  

a l . ,  1979).
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Other p o ss ib le  mechanisms o f t o x ic i t y  d iscussed  in  the li te r a tu r e  
include: the general replacement o f sulphur by selenium in  c e l lu la r  
metabolism (Stadtman, 1974); in h ib itio n  o f  e s se n t ia l sulphydryl groups 
in  enzymes such as methionine adenosyltransferase (Hoffman, 1977); 
general in h ib itio n  o f severa l dehydrogenating enzymes including  
succinate dehydrogenase (Tsen & C o llie r , 1959; Klug e t  a l . , 1950b; Ray 
& Ray, 1975; Ig n e sti e t  a l . ,  1986; Nebbia, 1990); d ep letion  o f S- 
adenosylmethionine (Hoffman, 1977); in h ib itio n  o f p rotein  syn th esis  
(Vem ie e t  a l . ,  1974; Safer e t  a l . ,  1980); in h ib itio n  o f RNA and DNA 
polymerases (Frenkel e t  a l . ,  1986; Frenkel & Falvey, 1989); 
chromosomal a lte r a tio n s  (Lo e t  a l . ,  1978; S ir ian n i & Huang, 1983; 
Whiting e t  a l . ,  1980) and DNA fragmentation (Shamberger, 1985; 
Garberg, 1988; Hbgberg e t  a l . ,  1989).

2 .1 6 .2  Factors A ffectin g  Selenium T ox ic ity

The t o x ic i t y  o f selenium i s  a ffec ted  by severa l fa c to rs  re la ted  to  
d ie t  and previous exposure to  the element.

There i s  same evidence to  suggest th at animals adapt to  high 
selenium in tak es. Animals p rev iou sly  exposed to  selenium are le s s  
su scep tib le  to  s e le n o s is , p o ss ib ly  as a r e su lt  o f increased excretion  
of DmSe and TmSe, which decreases whole body reten tion  o f the element 
(Hopkins e t  a l . ,  1966; Burk e t  a l . ,  1972; Magos e t  a l . ,  1987).

A high p rotein  d ie t  can reduce selenium to x ic i ty  w ith  casein  being 
p a rticu la r ly  e f f e c t iv e  in  th is  resp ect. Some p ro tection  can a lso  be 
provided by lactalbum in, but ed estin  and g e la tin  exert no p o s it iv e  
action  (Gortner, 1940). The b e n e f ic ia l e f f e c t  o f casein  i s  not 
c le a r ly  understood, however, a true d e to x if ic a tio n  occurs s in ce  a l l  
symptoms of se le n o s is  are equ a lly  reduced (Rosenfeld & Beath, 1964).

Methionine p ro tects  aga in st selenium t o x ic i t y  provided th at 
s u f f ic ie n t  vitam in E or fa t-so lu b le  antioxidants are present in  the  
d ie t  (McConnell, 1952; W itting & Horwitt, 1964; Levander & M orris, 
1970). Levander and Morris demonstrated th at the combined e f f e c t  o f  
methionine and vitam in E i s  the reduction of l iv e r  selenium le v e ls .  
The b e n e f ic ia l ac tion  of methionine may be rela ted  to  the production
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of S-adenosylm ethionine. Analogy w ith  stu d ies carried  out using  
p h y sio lo g ica l le v e ls  o f selenium (Hove & Hardin, 1952; Sukharevskaya & 
Shtutman, 1968) lead  the authors to  propose th a t vitam in E may 
increase the a v a ila b i l i ty  o f the methyl group of m ethionine. In th is  
in v estig a tio n  which used ra ts  as the experimental animal and peanut 
meal as the selenium source, the in tera c tio n  appeared to  be s p e c if ic  
sin ce  cyste in e  and the methyl group donor, b eta in e , fa i le d  to  
a l le v ia te  se le n o s is . Contrasting data were provided recen tly  by Lowry 
and Baker (1989) who demonstrated the a b i l i t y  o f cy ste in e  to  
am eliorate se len ite-in d u ced  growth depression in  ch ick en s. This 
discrepancy i s  probably a function  of selenium source sin ce  th ese  
workers found th at cyste in e  fa i le d  to  counteract s e le n o s is  caused by 
selenom ethionine supplem entation.

Other fa c to rs  capable o f moderating selenium t o x ic i t y  include  
sulphate (Halverson e t  a l . ,  1960 and 1962; Ganther & Baumann, 1962) 
and certa in  heavy m etals and tra ce  elem ents, such as arsen ic , cadmium, 
copper, mercury and s i lv e r .

The p ro tec tiv e  e f f e c t  o f arsen ic  against s e le n o s is  was f i r s t  
discovered by Moxon in  1938. A rsenite and arsenate have been found 
e ffe c t iv e  in  preventing the to x ic  action  o f selenium from se len ifero u s  
wheat, s e le n ite  and se len ocyste in e  in  severa l sp ec ies  including the  
chicken (Rhian & Moxon, 1943; Dubois e t  a l . ,  1940; Moxon e t  a l . ,  1944; 
Moxon e t  a l . ,  1945; Carlson e t  a l . ,  1954; Thapar e t  a l . ,  1969). The 
b a sis  fo r  th is  p ro tec tiv e  e f f e c t  has been shown to  resid e  in  the  
a b i l i t y  o f arsen ic  to  increase the b i l ia r y  excretion  o f selenium  
(Ganther & Baumann, 1962; Levander & Baumann, 1966 a & b ) . In 
con trast, arsen ic  a c tu a lly  reduces the exhalation  o f v o la t i le  selenium  
compounds in  animals in jec ted  w ith  s e le n ite  (Kamstra & Bonhorst, 1953; 
Ganther & Baumann, 1962). Later Ganther (1966) and Hsieh and Ganther 
(1977) were able to  demonstrate th a t arsen ic  in h ib its  the m ethylation  
o f selenium i n  v i t r o .  Current lite r a tu r e  i s  contradictory regarding 
the e f f e c t s  o f arsen ic  on t is s u e  selenium le v e ls .  Seme researchers 
have been unable to  d etect any a lte r a tio n  in  the d is tr ib u tio n  o f  
selenium a fte r  arsen ic  treatment ( Peterson e t  a l . ,  1950; Arnold e t  

a l . ,  1973), w hile others have reported that arsen ic  decreases the  
amount o f selenium deposited  in  the l iv e r  o f experim ental animals 
(Levander & A rgrett, 1969; Moxon e t  a l . ,  1941; Moxon & Dubois, 1939;
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Palmer & Bom horst, 1957; Ganther & Baumann, 1966 a & b; Palmer e t  

a l . ,  1983).

The in c lu sion  o f mercuric ch lor id e , cupric sulphate or cadmium 
sulphate in  the d ie t  o f chicks has been shown, by H il l  (1974), to  
p a r t ia lly  overcome the growth depression and m orta lity  caused by 
selenium. Evidence was obtained suggesting th at th ese  m etals exert  
th e ir  p ro tec tiv e  e f f e c t s  by reactin g  w ith  selenium , probably w ith in  
the in te s t in a l t r a c t , to  form compounds o f lower to x ic i t y .  S im ilar  
e f f e c t s  were reported fo r  copper, by Jensen (1975), and fo r  mercuric 
mercury, by Levander and A rgrett (1969) and Magos and Webb (1980). 
These workers a lso  demonstrated th at mercury in creases whole-body 
reten tion  of selenium and reduces the formation o f methylated selenium  
m etab o lites. E levated t is s u e  selenium  le v e ls  were reported by Ganther 
and Baumann (1966b) fo llow in g cadmium treatment.

S ilv er  ions can a lso  p ro tect aga in st selenium t o x ic i t y  (Jensen, 
1975) and lower the t o t a l  amount o f selenium in  the l iv e r  (Diplock e t  

a l . ,  1971). Jensen obtained evidence th a t s i lv e r  m odifies selenium  
t o x ic i t y  by in ter fer in g  w ith the absorption of th is  element as w e ll as 
by ccmplexing w ith  i t .

The mechanisms by which heavy m etals in flu en ce selenium t o x ic i t y  
are not th erefore u n iversa l but depend on the element concerned. In 
addition , there appears to  be a lack  of corre la tio n  between the  
a b i l i t y  o f a p articu lar  metal to  a l le v ia te  se le n o s is  and i t s  e f f e c t  on 
t is s u e  selenium le v e ls .

2 .1 6 .3  The In teraction  Between Cyanide and Selenium.

A protein  source which has proven p a r ticu la r ly  e f f e c t iv e  in  
p rotectin g  aga in st se le n o s is  i s  lin see d  o i l  meal (LQM) (Olson & 
Halverson, 1954; Halverson e t  a l . , 1955). The a c tiv e  fa c to r  was
demonstrated, by fra ction a tion  s tu d ie s , to  be non-proteinacious 
(Halverson e t  a l . , 1955; Jensen & Chang, 1976) and to  contain the  
cyanoglucosides lin u s ta tin  and n eo lin u sta tin  (Palmer e t  a l . , 1980; 
Smith e t  a l . , 1980). The observation o f Palmer & Olson (1979), th a t  
the in clu sion  o f cyanide in  the drinking water p a r t ia lly  prevented
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chronic se le n o s is  in  r a ts , supported the notion th a t cyanide released  
frcm the lin see d  cyanoglucosides was responsib le fo r  the p ro tec tiv e  
e f f e c t  o f the meal.

Addition o f cyanide to  the d ie ts  o f animals consuming to x ic  
amounts o f selenium r e su lts  in  improved weight gains and feed  
conversion e f f ic ie n c ie s ,  decreased t is s u e  selenium le v e ls ,  increased  
SeGSHPx a c t iv i t i e s  and restora tio n  o f r e la t iv e  l iv e r  s iz e  (increased  
by selenium) to  normal. At normal or low selenium in tak es, cyanide 
decreases SeGSHPx a c t iv i t i e s ,  w h ils t  s t i l l  decreasing t is s u e  selenium  
le v e ls  and may be capable o f inducing d efic ien cy  in  animals consuming 
d ie ts  only m arginally adequate in  selenium  (Elzubeir, 1986; E lzubeir & 
Davis, 1988b; E lzubeir & D avis, 1990). A ll o f th ese  e f f e c t s  were 
observed fo llow in g  adm inistration o f 0 .1  g SNP per kg feed , except fo r  
the reduction in  t is s u e  selenium content, which was on ly apparent 
a fte r  treatment w ith  0.3 -  0 .4  g o f the tox in .

The e f f e c t s  o f  lin seed  o i l  meal on t is s u e  selenium  le v e ls  are le s s  
co n sis ten t. Addition o f t h is  p rotein  to  low selenium  d ie ts  fa i le d  to  
a lte r  the amount o f selenium in  ra t l iv e r  (Halverson & Palmer, 1975). 
However, Levander e t  a l . , (1970) recorded t is s u e  selenium le v e ls  in  
ra ts  fed  LCM p lu s 10 mg Se kg-1 which were 2-4 fo ld  higher than the  
le v e ls  in  animals fed  casein  p lus selenium.

The only mechanism so fa r  proposed to  account fo r  the cyanide- 
selenium in tera ctio n  i s  formation o f selenocyanate, leading to  a 
reduction in  th e le v e l  o f selenium  m etab o lites, which may them selves 
be to x ic , or which may be converted to  more to x ic  compounds such as 
H2Se (Palmer & Olson, 1979).

There i s  seme evidence supporting the notion  o f selenocyanate  
formation, however, the s ig n if ic a n c e  o f the rate  o f i t s  sy n th esis  i n  

v i v o  remains questionable. This compound can be formed i n  v i t r o  by 
the non-enzymic reaction  between g lutath ione se len o tr isu lp h id e  
(GSSeSG) and cyanide (Ganther e t  a l . ,  1977). P u rified  beef l iv e r  
rhodanese forms selenocyanate from selenosu lphate (Cannella e t  a l . , 
1975), but the conditions b est su ite d  to  th is  se len o  tra n sfer  would 
not occur i n  v i v o .  Selenocyanate can a lso  be a product when h igh ly  
p u rified  ovine erythrocyte g lu tath ion e  peroxidase i s  incubated w ith
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excess cyanide (Prohaska e t  a l . , 1977). However, impure preparations  
of the enzyme are not s e n s it iv e  to  cyanide u n less the enzyme i s  f i r s t  
converted to  an ox id ised  s ta te  and high concentrations o f cyanide are 
used a t high pH. Furthermore, selenocyanate may be formed from la te r  
reaction s (Ganther e t  a l . . 1977) s in ce  cyanoglutathione (GSCN) and 
se le n o l are the i n i t i a l  products (Kraus & Ganther, 1980). B e ils te in  & 
Whanger (1984) reported th a t a selenium compound th at co- 
chrcmatographed w ith  selenocyanate was a minor m etabolite  in  the urine  
of ra ts  trea ted , e ith e r  with selenium p lu s cyanide, or w ith  selenium  
a lon e .

Even i f  selenocyanate were formed to  a s ig n if ic a n t  exten t I n  v i v o ,  

i t  i s  d i f f i c u l t  to  see how th is  might lead  to  a l le v ia t io n  o f  
se le n o s is . This compound cannot simply be viewed as a n on -tox ic , 
in er t form, in  which selenium can be trapped. The chronic t o x ic i t y  o f 
KSeCN i s  comparable with th at o f s e le n ite  and when in jec ted  in to  r a ts , 
selenocyanate i s  e x ten siv e ly  m etabolised, w ith much o f the selenium  
being excreted  in  methylated forms (Vadhanavikit e t  a l . , 1987). I t  
remains unclear whether t h is  m ethylation occurs p rior  to ,  or 
fo llow in g , s c is s io n  of the C-Se bond (Figure 5 ) . The a lte rn a tiv e  
p o s s ib i l i t y ,  th a t selenocyanate formation might somehow lead  to  
increased elim ination  o f selenium  from the body, a lso  seems u n lik e ly , 
e sp e c ia lly  i f  the reactive  seleno-ccmpound i s  GSSeSG, a normal 
interm ediate o f selenium metabolism.

Selenocyanate formation does not appear to  provide an adequate 
explanation fo r  the cyanide-selenium  in tera ctio n  and other mechanisms 
should be considered. One p o s s ib i l i t y  i s  th at cyanide might a l te r  the  
form in  which selenium e x is t s  in  the t is s u e s .  Levander e t  a l .  (1970) 
demonstrated th a t EDTA increased the amount of selenium th at could be 
d ia lysed  from l iv e r  hcmogenates prepared from r a ts  fed  a casein-based  
d ie t ,  but had no e f f e c t  on those from rats fed  a c a se in -lin see d  o i l  
meal ration .
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Figure 5. H ypothetical pathways o f selenium metabolism in  the  
presence o f cyanide.

2.17 Glutathione Metabolism.

Glutathione (Y -glutam ylcysteinylglycine) i s  the most abundant o f 
the nonprotein t h io ls ,  being present in  m illim olar concentrations in  
many p lan t and animal t is s u e s  (see  M eister & Anderson, 1983; and 
Kaplowitz e t  a l . , 1985, fo r  reviews on g lu ta th io n e). This tr ip ep tid e  
plays a c r i t i c a l  ro le  in  d e to x if ic a t io n  reaction s. In addition  to  i t s  
function in  SeGSHPx, GSH a lso  p a r tic ip a te s  in  the GSH S -tran sferase  
mediated d e to x if ic a tio n  o f cer ta in  xen ob iotics (Kaplowitz, 1980). The 
r a tio  o f the two forms o f g lu tath ion e (GSH : GSSG) may a f f e c t  the  
redox s ta te  o f protein  t h io ls ,  and in  turn modulate many c e l lu la r  
processes (S ies  & Moss, 1978; G ilb ert, 1982).

Glutathione syn th esis occurs in  v ir tu a lly  a l l  c e l l s ,  but the l iv e r  
i s  p a r ticu la r ly  important in  th is  resp e c t. This organ p lays a
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c r i t i c a l  ro le  in  GSH hom eostasis, exporting GSH synth esised  in  hep atic  
cytoplasm mainly in to  the plasma, but a lso  in to  the b i le  (Kaplowitz e t  

a l . ,  1985). Synthesis o f GSH f  ram i t s  con stitu en t amino acid s  
invo lves two ATP-requiring s te p s . An amide bond i s  formed between 
glutamate and cyste in e  and then between the r e su ltin g  d ip eptide and 
g ly c in e . The f i r s t  reaction , ca ta lysed  by Y -glutam ylcysteine synthase 
(E.C. 6 .3 .2 .2 . ) ,  i s  rate  lim itin g  and i s  su b ject to  feedback 
in h ib itio n  by GSH (Davis e t  a l . , 1973; Richman & M eister, 1975). The 
enzyme i s  a lso  regulated by th e a v a ila b i l i ty  of cy ste in e  (Vina e t  a l . , 
1978). The second enzyme in  the pathway, GSH synthase (E.C. 6 .3 .2 .3 . )  
has been le s s  w e ll characterised , but i s  known to  be unaffected  by GSH 
le v e ls  (Oppenheimer e t  a l . , 1979).

GSH released  frcm the l iv e r  i s  acted upon by Y-glutamyl 
tran sferase  (or transpeptidase) (E.C. 2 .3 .2 .2 .)  located  in  the c a l l  
membrane of another t is s u e . The glutamyl group i s  transferred  to  an 
acceptor amino acid . The resu lta n t y-glutam yl amino ac id , and the  
cy ste in y lg ly c in e  fragment o f GSH, are both released  in to  the c e l l  
in te r io r  (G r iff ith  & M eister, 1979). Y-glutamyl cyclo tran sferase  
(E.C. 2 .3 .2 .4 .)  r e lea ses  the o r ig in a l amino acid  w ith the concomitant 
formation of 2-pyrrolidone-5-carboxylate (5 -oxop ro lin e). This lactam  
i s  hydrolysed back to  glutamate completing what i s  known as the Y- 
glutamyl cyc le  (Figure 6 ). In actua l fa c t ,  d if fe r e n t  parts o f the  
"cycle" assume d iffe r e n t importance depending upon lo ca tio n . 
Synthesis i s  high in  the l iv e r ,  w h ilst  transpeptidase a c t iv it y  i s  high  
in  the kidney. Glutamate released  in  the kidney i s  u n lik e ly  to  make a 
s ig n if ic a n t  contribution  to  GSH sy n th esis  in  the l iv e r .

Since cy stin e  i s  one o f the b e tter  su b strates fo r  the  
transpeptidase, another function  of g lutath ion e may be to  transport 
c y s t(e ) in e  (Thompson & M eister, 1977). C yst(e)in e  in  the plasma 
e x is t s  la rg e ly  in  the form o f cy stin e  which i s  poorly transported in to  
the l iv e r  (Reed & Orrenius, 1977). The a c tiv e  s i t e  o f the enzyme a lso  
shows p re fer e n tia l a f f in i t y  fo r  glutamate and m ethionine.

The redox s ta te  o f g lu tath ion e i s  a ffec ted  by the action s o f  
SeGSHPx (E.C. 1 .1 1 .1 .9 .)  and GSSG reductase (E.C. 1 .6 .4 .2 .)  (Figure 
7 ). Maintenance o f the GSH:GSSG r a tio  (a t around 250:1) requires GSSG
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reductase and a supply o f NADFH, to  o f f s e t  the e f f e c t s  o f the 
peroxidase and other systems th at o x id ise  GSH.

Another enzyme responsib le  fo r  GSH-GSSG interchange i s  t h io l  
transferase  (E.C. 2 .5 .1 .1 8 )  which m ediates th io l-d isu lp h id e  exchange. 
This tran sferase  may be important in  the sy n th esis , stru ctu re , 
function ing and degradation of p rotein s as a r e su lt  o f i t s  a b i l i t y  to  
in ser t d isu lphide bridges in to  macrcmolecules (Mannervik & A xelsson, 
1980; Lopez-Barea & Barcena, 1988; Z ieg ler , 1985).

Cysteine fo r  GSH syn th esis  can be supplied from the d ie t  or 
through protein  breakdown. In ad d ition , the l iv e r  p o ssesses the 
unique a b i l i t y  to  generate cy ste in e  from methionine v ia  
transsulphuration cata lysed  by cystath ion ase (E.C. 4 .4 .1 .1 . )  (Reed & 
Orrenius, 1977; Beatty & Reed, 1977). This enables the l iv e r  to  
maintain GSH export even i f  the supply of d ie ta ry  precursors i s  
lim ited .
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GSH ADP + Pi

AMINO ACID

GSH SYNTHASE

ADP + Pi

Y-GLUTAMYL

Figure 6. The Y-Glutamyl "Cycle”.

Figure 7. The GSH - GSSG Redox System.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Materials.

3 .1 .1  Animals and D ie ts .

Male chicks o f a commercial lay in g  str a in  (Hisex or ISA Brown) 
were used throughout th ese in v e s t ig a tio n s . Hisex chicks were supplied  
by Joyce and H il l  (Hisex) L td ., Fakenham, whereas ISA Brown b irds were 
purchased frcm ISA Poultry S ervices L td ., Peterborough.

Chicks were obtained a t one day o ld  and reared on cereal-based  
d ie ts ,  the composition o f which are shown in  Tables 1 .1  and 1 .2 . The 
ccmponents o f th ese  d ie ts  were supplied by T. Denne and Sons Ltd.,  
Wye, Kent, except for  the vitam in and mineral supplement (Beta 130) 
and methionine which were obtained from B.P. N u trition  UK Ltd.

Experimental d ie ts  were derived from a s in g le  batch of feed , mixed 
a t the s ta r t  o f each in v e stig a tio n . A ll add itions were made a t  the  
time of mixing, w ith  the exception  of SNP which was added to  stock  
d ie ts  weekly. A ll  experimental ration s were stored  in  the dark and in  
a cool p lace .

3 .1 .2  Chemicals and Biochem icals.

Chemicals o f AnalaR grade were used whenever p o ss ib le  and, u n less  
otherwise sta ted , were obtained from Sigma Chemical Co., Poole, 
England, or frcm B.D.H. Chemicals L td ., Poole, England.

3 .1 .3  Spectrophotometry and Fluorimetry.

An SP8-100 UV/vis spectrophotometer (Pye Unicam L td .) was used fo r  
a l l  spectrophotom etric determ inations. F luorim etric measurements were 
carried  out w ith  a Baird Nova 2 spectrofluorim eter (Baird Atonic 
L td .).

- 61-



3 .1 .4  Homogenisation and C entrifugation .

Homogenisation was achieved w ith  an U ltra-turrax apparatus (Janke 
and Kunkel KG, Stauffen i .  Breisgau) s e t  a t medium speed (5 ) , u n less  
otherwise sta ted . An M.S.E. Hi-Spin 21 refr igera ted  cen tr ifu g e , 
f i t t e d  w ith  an angle-head rotor, was used fo r  a l l  sp in s.

Table 1.1 Composition of Chick Mash.

Ingredients g kg-1

Maize 251
Wheat 410
Barley 105
Extracted toasted  soya (44%) 113
Fish meal 80
Meat and bone meal 28
Limestone 8
Supplement Beta 130 5 .0

Nutrient Content1 :

192.0
10.4
23.5

Protein  (g kg-1 )
M etabolisable energy (MJ kg"1 ) 
Fat (g kcr1 )

1 Calculated from data provided by Bolton and B la ir  (1974).
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T able 1 .2  C om position o f  C assava -  Soyabean Based D ie t

Ingredients g kg-1

Cassava 463.1
Extracted toasted  soya (44%) 400.0
Com O il 100.0
Dicalcium phosphate 25.5
Supplement Beta 130 5 .0
Limestone 3.8
Sodium chloride 2.5

Nutrient Content1 :

Protein  (g k g - 1 ) 180.0
M etabolisable energy (MJ kcp1 ) 13.8
Fat (g kg-1 ) 106.3

1 Calculated from data provided by Bolton and B la ir  (1974).

Beta 130 provided the fo llow in g (per kg d ie t) :

Vitamin A 10,000 i .u . Choline 75 mg
Vitamin D3 3,000 i .u . Antioxidant 20 mg
Vitamin E 8 mg F o lic  acid 1 mg
R iboflavin 5 mg Fe 10 mg
Vitamin K 2 mg Co 0.25
N ico tin ic  acid 20 mg Mn 80 mg
Pantothenic acid 10 mg Cu 5 mg
Thiamine 1 mg Zn 60 mg
Pyridoxine 1 mg I 1 mg
B iotin LOCM Se 0.15
Vitamin Bi2 8

-  63 -



3.2 Animal Husbandry.

Birds were reared on conventional chick mash in  a t i e r  brooder for  
10 days from 1 day o ld . They were then transferred  to  b attery  cages 
and allowed to  acc lim atise  before being considered fo r  experim entation  
a t 14 days o f age. S e lec tio n  was on the b a sis  o f body w eight, a 
median group o f about 100 chicks being chosen from an i n i t i a l  group of  
150. These birds were then wing-banded and a llo c a ted  randomly to  
experimental d ie ts .  Chicks were caged s in g ly  and allowed free  access  
to  feed  and water. L ighting was 14 hours per day (06.00 -  20.00) and 
temperature was maintained a t 24° C. Feed intake and weight gain  were 
monitored tw ice weekly fo r  approximately 21 days.

3.3 Specimen Collection.

3 .3 .1  L ivers For Storage As Whole T issue.

Anaesthesia was esta b lish ed  by exposure to  d ie th y l e th er, and 
judged to  be adequate when a comb pinch fa ile d  to  e l i c i t  any r e f le x  
response. At t h is  sta g e , but p r ior  to  cessa tio n  o f the heartbeat, the  
bird  was d issec ted  to  expose the l iv e r .  One lobe was removed and 
immediately freeze-clam ped using tongs which had been p re-cooled  in  
liq u id  n itrogen. The samples were stored  a t -70°C u n t i l  required.

3 .3 .2  Blood or Plasma Samples.

Blood was c o lle c te d , in to  heparinised tu bes, from birds
anaesthetised  w ith  eth er. The samples were obtained by cardiac
puncture, p rior  to  cessa tio n  o f the heartbeat.

3.4 Preparation of Reagents.

3 .4 .1  Acid mixture:

-  containing concentrated n i t r i c  acid  (70% v /v , 15.7 mol L_1 ) and 
concentrated p erch loric  acid  (70% v /v , 11.6 mol L- 1 ) in  the r a t io  4:1 .
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3 .4 .2  Alcohol dehydrogenase, 300 KU I f 1 (Alcohol:NAD oxidoreductase, 
E.C. 1 .1 .1 .1 .) :

-  prepared every few days by d ilu tio n  from a stock  suspension  
(from y ea st, 9,000 KU L'1 , Boehringer Mannheim) w ith  ammonium sulphate  
so lu tion  (3 .2  mol I f 1 ).

3 .4 .3  A lcoh olic  potassium hydroxide (0 .5  mol I f 1 ):

-  the required amount o f potassium hydroxide was d isso lv ed  in  
ethanol (99.8% v /v )/w a ter  (50:50).

3 .4 .4  Amyloglucosidase, 10 KU L_1 (ex o -l,4 -(a )-D -g lu co s id a se  E.C.
3 .2 .1 .3 .) :

-  prepared fre sh ly  as required, by reco n stitu tin g  20 mg of 
l y  op h ilised  enzyme (from A s p e r g i l l u s  n i g e r ,  >10 U mg-1 , B.D.H.) w ith  
20.0 ml aceta te  b u ffer  (0 .2  mol L- 1 , pH 4 .8 ) .

3 .4 .5  Chloramine-T-phosphate:

-  one volume of 0.25% chloramine-T was mixed, immediately before  
use, w ith three volumes of sodium dihydrogen orthophosphate (NaH2P04 ) 
so lu tion  (0 .1  mol I f 1 ) and kept in  an ic e  bath.

3 .4 .6  Copper sulphate reagent:

-  prepared d a ily  by mixing 50.0 ml o f a so lu tio n  contain ing 2% 
sodium carbonate in  sodium hydroxide (0 .1  mol I f 1 ) w ith  1 .0  ml o f 0.5% 
copper sulphate (CuS04 .5H20) in  1% sodium/potassium ta r tr a te .
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3 . 4 . 7  C y ste in e s o lu t io n :

-  50 mg L-cysteine-HCl-H20 were d isso lv ed  in  10.0 ml T ris ch loride  
bu ffer (0 .2  mol L~1 , pH 7 .6 ) and the pH was adjusted to  7 .6  with  
sodium hydroxide so lu tio n  (0 .5  mol L“1 ). The cy ste in e  so lu tio n  was 
prepared immediately before use.

3 .4 .8  2-3 Diaminonaphthalene (DAN) so lu tio n  (0.1%):

-  O .lg DAN (97% p u rity , A ldrich Chemical Co.) was weighed in to  a 
con ica l f la sk  and d isso lv ed  in  100.0 ml hydrochloric ac id  (0 .1  mol 
L"1 ). The f la sk  was placed in  a water bath a t 60° C fo r  10-15 minutes 
and ag ita ted  occa sio n a lly  to  ensure complete d is so lu tio n  o f the DAN, 
then cooled under running water. The DAN so lu tio n  was transferred  to  
a separating funnel and extracted  w ith  25.0 ml cyclohexane. This 
procedure was repeated three tim es using a clean separating funnel for  
each wash. The DAN reagent was prepared d a ily .

3 .4 .9  5 -5 '-D ith io -b is  (2-n itrob en zoic  acid) (DTNB) so lu tio n ,
6 mmol It 1 :

-  23.8 mg DTNB were d isso lv ed  in  10.0 ml phosphate/EDTA bu ffer  
(Section  3 .4 .1 7 ) . The resu ltin g  so lu tio n  was stored  in  the dark a t 0- 
4°C and renewed weekly.

3 .4 .10  Diphosphate buffer (0 .1  mol L"1 , pH 8 .8 ):

-  contain ing diphosphate (Na4P207 .10H20) (0 .1  mol L_1) and
semicarbazide hydrochloride (45 mmol L~ 1 ) in  d eion ised  w ater. This 
buffer was sta b le  for  severa l weeks.

3 .4 .1 1  F olin -C iocalteu  phenol reagent:

-  prepared immediately before use by d ilu tio n  o f a stock  so lu tio n  
(B.D.H.) to  1 .0  mol L-1 w ith water.
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3 .4 .12  G lucose-6-phosphate dehydrogenase, 14 KU L' 1 (D -glucose-6-  
phosphate: NADPf 1-oxidoreductase, E.C. 1 .1 .1 .4 9 .) :

-  prepared every two or three days by d ilu t io n  from a stock  
suspension (from y e a st, 350 KU L '1 , grade 1, Boehringer Mannheim) w ith  
ammonium sulphate so lu tio n  (3 .3  mol L~ 1 ) .

3 .4 .13  Glutamate dehydrogenase, 24 KU Lr1 (L-glutamate: NAD(P)+
oxidoreductase (deaminating) , E.C. 1 .4 .1 .3 .) :

-  the required a c t iv it y  was obtained by d ilu t in g  a stock  
suspension (from l iv e r ,  2,400 KU L- 1 , Boehringer Mannheim) with  
ammonium sulphate so lu tio n  (2 .0  mol L~ 1 ) .

3 .4 .1 4  Glutathione reductase, 200 KU L_1 (NAD(P)H: ox id ised
glutath ione oxidoreductase, E.C. 1 .6 .4 .2 ) :

-  prepared weekly by d ilu t in g  a stock  enzyme (yeast g lutath ion e  
reductase in  ammonium sulphate so lu tio n  (3 .2  mol L~ 1 ) , 200 KU I r 1 , 
Sigma) w ith  phosphate/EDTA b u ffer  (Section  3 .4 .1 7 ) .

3 .4 .15  Lactate dehydrogenase, 50 KU L_1 (L -lacta te: NAD+
oxidoreductase, E.C. 1 .1 .1 .2 7 ):

-  a stock  suspension (from beef heart 5,000 KU L_ 1 , Sigma) was 
d ilu ted  w ith  ammonium sulphate so lu tio n  (2 .2  mol L“ 1 ) to  form the  
working reagent. Once d ilu te d , the suspension was used w ith in  a few 
days.

3 .4 .16  NADPH/buffer so lu tion :

-  containing NADPH (0 .3  mmol L~ 1 ) d isso lv ed  in  phosphate, EDTA 
buffer (Section  3 .4 .1 7 ) . This reagent was prepared every two weeks 
and stored  a t 4°C.
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3 . 4 . 1 7  Phosphate/EDTA b u ffe r :

-  a sodium phosphate b u ffer  (0.125 mol It 1 , pH 7 .5 ) contain ing  
ethylenediam inetetraacetic acid  (EDTA, 6 .3  mmol L_1 ).

3 .4 .18  Pyrazalone-pyridine reagen t:

-  prepared by mixing f iv e  volumes o f saturated aqueous 1 -p hen yl-3- 
m ethyl-5-pyrazalone (Eastman Kodak Co.) w ith one volume of a 0.1% 
so lu tion  in  pyrid ine o f b is-(l-p h en yl-3 -m ethyl-5-pyrazalon e) (Sigma 
Chemical Co. ) .  The saturated aqueous pyrazalone was sta b le  fo r  many 
months kept in  the dark, but the b is-pyrazalone so lu tio n  and the f in a l  
pyrazalone-pyridine reagent were prepared fre sh ly , when required.

3 .4 .19  Substrate mixture (for  NADPH assay):

-  comprising 2-oxoglutarate (0 .1  mol L~ 1 ) and ammonium ch lorid e  
(0 .2  mol L- 1 ). 0.116 g 2-oxoglutarate-Na2 .2H20 and 53 mg NH4CI were
d isso lv ed  in  4 .5  ml water.

3 .4 .20  Triethanolamine (TEA)/phosphate mixture:

-  composed o f TEA (0.5  mol L~1 ) ,  KH2 P04 (0 .4  mol L~1 ) and K2 HP04 

(0 .1  mol L“ 1 ) .

3 .4 .2 1  T ris ch lorid e buffer (0 .2  mol I f 1 , pH 7 .6 ):

-  prepared by d isso lv in g  3.02 g t r i s  (hydroxymethyl) amincmethane 
and 11.80 g t r i s  (hydroxymethyl) amincmethane hydrochloride in  500 ml 
water.
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3.5 Methods

3 .5 .1  Estim ation of Cyanide in  B io lo g ica l F lu ids.

Cyanide was q u an tified  using  the procedure o f Epstein (1947), 
based on the reaction  o f cyanogen h a lid es to  c leave  pyrid ine, and 
m odified for  m icrodiffusion  a n a ly s is  by F eld ste in  & Klendshoj (1954).

2 .0  mis o f sodium hydroxide so lu tio n  (0 .1  mol I r 1 ) were p ip etted  
in to  the cen tra l w e ll o f a Conway d ish . 2 .0  ml o f the sample to  be 
analysed and 0.5  ml sulphuric ac id  (10% v /v ) were p laced a t opposite  
s id es  o f the outer chamber. The d ish  was supported, in c lin ed  a t  a 
s l ig h t  angle, to  prevent sample and acid  from mixing a t  th is  sta g e . 
The ground g la ss  cover was then spread with a th in  layer  o f vacuum 
grease and placed on top o f the m icrodiffusion  c e l l .  The d ish  was 
c a re fu lly  rotated  to  mix the so lu tio n s in  the outer chamber. This 
mixing process was repeated every 30 minutes and a d iffu s io n  time o f 2 
hours a t room temperature was employed to  allow  fo r  the absorption o f  
hydrogen cyanide in to  the sodium hydroxide in  the centre chamber. 
Each sample was analysed in  d u p lica te  and a water blank was prepared 
fo r  each batch o f assays.

At the end of the incubation period, a 1 .0  a liq u o t o f sodium 
hydroxide was removed from the centre w e ll of each d ish  and p ip etted  
in to  a te s t-tu b e  (pre-cooled in  an ic e  bath). 0 .2  ml o f cold  
chloramine-T-phosphate was added and the samples were allowed to  stand  
for  2-3 minutes in  ic e . This was follow ed by the addition  o f 3 .0  ml 
pyrazalone-pyridine reagent. The tubes were then a g ita ted  and 
incubated fo r  60 minutes a t room temperature.

The absorbance, a t 630 nm, fo r  each sample was determined aga in st  
the water blank and converted to  cyanide ion concentration by means o f  
a ca lib ra tio n  graph. This graph, constructed using standard so lu tio n s  
of potassium cyanide d isso lv ed  in  sodium hydroxide (0 .1  mol I f 1 ) was 
lin ea r  up to  1 .0  pg CN ml-1 (0.038 mmols I f 1 ) and passed through the  
o r ig in  ( e = 2 .34xl04 L mol- 1 cm- 1 ).
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3 .5 .2  Estim ation o f Cyanide in  Chick Gut Contents

A naesthetised chicks were d issec ted  to  expose the in te s t in a l  
tr a c t . Section s o f gut were removed, cut open and th e ir  contents 
washed out w ith  5 .0  ml sodium hydroxide so lu tio n  (0.05 mol It 1 ) , in to  
a pre-weighed b o ilin g  tube. This washing procedure was repeated two 
more tim es. The tube was then re-weighed and the amount o f m ateria l 
obtained frcm each sec tio n  o f gut recorded. The f in a l  volume of  
so lu tio n  was adjusted to  2 0 . 0  ml w ith  sodium hydroxide and 2 . 0  ml 
a liq u ots were then assayed fo r  cyanide (Section  3 .5 .1 ) .

3 .5 .3  A nalysis o f Plasma Glucose Concentration.

Heparinised blood samples were centrifuged  immediately a f te r  
c o lle c t io n  a t 3,000 g  and 4°C fo r  10 minutes. The supernatants were 
assayed fo r  glucose using a d iag n o stic  t e s t  k i t  (Boehringer Mannheim, 
GOD-Perid method).

3 .5 .4  G lutathione and G lutathione d isu lphide Assays.

The glutath ion e content o f  blood and l iv e r  was determined using  
the method o f G r iff ith  (1980). This assay was based on the non- 
enzymatic reaction  o f GSH w ith DTNB, in  the presence o f g lu tath ion e  
reductase (to  reduce GSSG to  GSH).

A 2 .0  ml sample o f heparinised blood was p ip e tted , immediately 
a fte r  c o lle c t io n , in to  a cen trifu ge  tube containing 0 .4  ml a c e t ic  acid  
(6% v / v ) . The tube was vortexed and 1 .6  ml su lp h o sa lic y lic  ac id  (10% 
w/v) were added to  the haemolysate. The sample was vortexed again, 
then centrifuged  a t 3,000 g  fo r  3 m inutes. The supernatant was stored  
a t -70° C. When required, samples were thawed in  ice-w ater and 3 p i  
portions were used in  the assay.

Livers removed fron an aesth etised  chicks were rinsed  b r ie f ly  w ith  
ic e -c o ld  sa lin e  (0.9% NaCl w/v) and b lo tted  dry. The t is s u e  was 
immediately weighed and homogenised fo r  2 0  seconds w ith f iv e  volumes 
(w/v) o f p ic r ic  acid  (1 % w /v).
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The homogenate was then cen trifu ged  fo r  10 minutes a t 10,000 g  and 
4°C. The supernatant was decanted and stored  a t  -70° C. When 
required, the samples were thawed in  ice-w ater and 3 p i p ortions were 
assayed fo r  g lu tath ion e.

The method described below allowed the determ ination o f to t a l  
glutath ione and oxid ised  g lu tath ion e in  the a c id ic  p ro te in -free  
supernatants. Reduced g lu tath ion e was then ca lcu la ted  by d iffer en c e . 
The assay was made s p e c if ic  fo r  GSSG by p re -trea tin g  the samples w ith  
2-vinylpyrid ine (A ld rich ). The GSH was d er iv a tised  leavin g  on ly  GSSG 
ava ila b le  fo r  d etectio n . For l iv e r  samples, t h is  was accomplished 
by mixing 1 0 0  p i o f the supernatant w ith 2 p i o f 2 -v in y lp yrid in e  and 
leaving to  stand fo r  60 minutes a t room temperature.

In the case o f blood samples, 100 p i o f supernatant was p ip etted  
in to  an Eppendorf tube and 5 p i o f tri-ethanolam ine was p laced as a 

droplet on the in s id e  o f the tube, above the liq u id  le v e l .  The tube 
was then vortexed, 2 p i 2 -v in y lp yrid in e  was added, the mixing process 
was repeated and the reaction  allowed to  proceed fo r  60 minutes a t  
rocm temperature.

For measurement o f g lu ta th ion e , the fo llow in g  reactants were 
p ip etted  in to  a 1 . 0  ml m icro-cuvette:

(1) 0 .7  ml NADPH/buffer so lu tio n
(2) 0 .1  ml DTNB so lu tion
(3) 0 . 2  ml sample (or standard) p lus water.

The cuvette  was stoppered, mixed thoroughly and placed in  a 
tem perature-controlled cuvette  holder a t 30° C fo r  5 m inutes. 
Glutathione reductase so lu tio n  was added (5 p i fo r  to t a l  g lu ta th ion e , 
20 p i for  GSSG). The cuvette  was mixed again and immediately placed  
in  a spectrophotometer. The change in  absorbance w ith  time was 
monitored a t  412 nm.

The values o f AA/ At obtained were converted in to  g lu tath ion e  
concentrations using ca lib ra tio n  curves. The reaction  m ixtures used 
to  obtain th ese  curves contained p rotein  denaturant, triethanolam ine
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and 2 -v in y lp yrid in e in  amounts id e n tic a l to  those in  experim ental 
samples.

The ca lib ra tio n  curve fo r  to ta l  g lu tath ion e measurements was 
constructed over the range 0 .0 -6 .0  pmol GSH L_1 and gave a s tr a ig h t  
l in e  passing through 0.03 absorbance u n its  per minute and w ith  a slope  
of 0 .17.

For GSSG determ inations, a ca lib ra tio n  curve was prepared using  
0 .0 -1 .0  pmol GSH It 1 and a lso  y ie ld ed  a s tr a ig h t l in e  (C = 0 .15 , 
m = 0 .6 0 ).

Liver and blood t o t a l  g lutath ione and GSSG contents were 
calcu lated  by assuming th at the water content o f th ese  t is s u e s  i s  80% 
and 85% resp e c tiv e ly  (G r iff ith s , 1979). The appropriate correction s  
were made fo r  d ilu tio n  o f the sample during preparation, and in  the  
case o f GSSG, fo r  the volumes o f 2-v iny lpyrid ine and triethanolam ine.

3 .5 .5  Measurement o f G lutathione Reductase A c tiv ity  in  L iver.

L iver g lutath ione reductase a c t iv it y  was determined by the method 
of Goldberg & Spooner (1979).

A 1 .0  g p iece  of deep frozen l iv e r  t is s u e  was hcmogenised fo r  20 
seconds in  5 .0  ml ic e -c o ld  phosphate b u ffer  (0 .12 mol L~ 1 , pH 7 .2 ) .  
The homogenate was centrifuged  a t  3,000 g  and 4°C for  5 m inutes, and 
the resu lta n t supernatant was decanted and used in  the assay.

The fo llow in g reactants were p ip etted  su c ce ss iv e ly  in to  the  
cu v e tte :

(1) 2.7 ml phosphate b u ffer  (0.12 mol L_1 , pH 7.2)
(2) 0 .1  ml EDTA (15 mmol L" 1 )
(3) 0 .1  ml GSSG (65.3 mmol L_1 , prepared fresh )
(4) 0 .1  ml sample.

The cuvette was stoppered, thoroughly mixed, then allowed to  
eq u ilib ra te  to  37°C in  a th erm osta tica lly  con tro lled  cuvette  holder.
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A fter 5 m inutes, 0.05 ml NADPH so lu tio n  (12 mmol L- 1  in  1% w/v NaHC03 ) 
was added, the cuvette  contents were mixed again and the change in  
absorbance w ith  time (AA/At) monitored a t 339 nm and 37°C. Each 
sample was assayed in  d u p licate  and g lutath ione reductase a c t iv i t i e s  
were ca lcu lated  frcm the i n i t i a l  reaction  rate using the fo llow in g  
formula (Bergmeyer, 1979):

c a ta ly t ic  a c t iv it y  concentration in  sample =
A A x 1000

_______________  U L- 1G x d X  At X  0
where:

d = l ig h t  path (mm)
0  = volume fra c tio n  o f sample in  assay mixture 

(sample volum e/final volume)
G = m illim olar absorption c o e f f ic ie n t  for  NADPH 

(0.63 L mmol- 1 mm- 1 ).

3 .5 .6  Determination of Liver Glycogen Concentration.

Liver glycogen concentration was estim ated using the method o f  
Keppler and Decker (1979).

A 1 .0  g p iece  o f deep frozen l iv e r  t is s u e  was hcmogenised fo r  1 
minute with 5 .0  ml ic e -c o ld  p erch lor ic  acid  (0 .6  mol L- 1 ) . A 0 .2  ml 
a liq u ot o f the re su ltin g  suspension was immediately p ip etted  in to  a 25 
ml con ica l f la s k , covered and kept in  ic e ,  together w ith  the remainder 
of the homogenate, u n ti l  required.

When severa l samples had been prepared, 0 .1  ml potassium hydrogen 
carbonate so lu tio n  (1 .0  mol L- 1 ) and 2 .0  ml am yloglucosidase so lu tio n  
were p ip etted  in to  each f la s k . The f la sk s  were stoppered and 
incubated a t 40° C in  a water bath, w ith  shaking, fo r  2 hours to  allow  
complete h ydrolysis o f the glycogen. The reaction  was then stopped by 
the ad d ition ,w ith  thorough mixing, o f 1 . 0  ml p erch lor ic  acid  (0 . 6  mol 
L- 1 ) and the hydrolysates were then centrifuged  a t  3,000 g  fo r  10
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minutes. The r e su ltin g  supernatants were analysed fo r  glucose content 
using a commercially prepared d ia g n o stic  k it  (Boehringer Mannheim GOD- 
Perid Method).

The remainder o f each homogenate was a lso  centrifuged  and the  
supernatant assayed for  g lucose. This allowed the glucose content o f  
the honogenate to  be corrected fo r  the free  g lucose present before  
h y d ro ly s is . The glycogen content o f the o r ig in a l l iv e r  was then  
ca lcu la ted , tak ing in to  account the d ilu tio n  fa c to r  o f the t is s u e  in  
the hcmogenate (the molecular weight o f the g lu cosy l m oiety in  
glycogen i s  162).

3 .5 .7  Measurement o f Liver L-Lactate and L-Pyruvate Concentrations.

Liver pyruvate concentration was determined using Sigma d iag n o stic  
k it  No. 726, and Boehringer Mannheim k i t  No. 139 084 was used in  the  
estim ation  o f l iv e r  la c ta te  l e v e l . Both methods u t i l i s e  la c ta te  
dehydrogenase and monitor changes in  the absorbance o f NADH a t 340 nm.

A ll operations were carried  out rap id ly  a t 0-4° C to  prevent p ost­
mortem a lte r a tio n  in  the le v e ls  o f pyruvate and/or la c ta te .

Minor m odifications in  the Sigma procedure fo r  sample preparation  
allowed th is  method, designed fo r  use w ith  whole blood, to  be applied  
to  l iv e r  t is s u e . A 2.5 g p iece  o f deep-frozen l iv e r  was homogenised 
for  1 minute in  10.0 ml o f p erch lor ic  acid  (1 .0  ml L~ 1 ) . The 
hcmogenate was then centrifuged a t 1,500 g  and 4°C fo r  10 minutes. A 
2 .5 -fo ld  d ilu t io n  o f the supernatant, in  water, was used in  the assay.

For the estim ation  of l iv e r  la c ta te  concentration, samples were 
prepared according to  the schedule given for  the determ ination of L- 
la c ta te  in  meat products. The assay protocol suggested th at samples 
should be read aga in st a reagent blank prepared by su b stitu tin g  water 
fo r  the sample so lu tio n . However, in terferen ce r e su ltin g  from the  
non-enzymic reduction o f NAD+ by substances in  the sample, 
n ecessita ted  the use of a blank containing sample but no la c ta te  
dehydrogenase.
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3 .5 .8  Estim ation of Total Protein  Concentration in  B io lo g ica l 
Samples.

The Folin-phenol method of Lowry e t  a l . , (1951), was used in  the  
q u an tita tive  determ ination of p ro te in .

A 1 .0  ml p rotein  sample, d ilu te d  i f  necessary, was added to  5 .0  ml 
copper sulphate reagent in  a t e s t  tube, mixed and l e f t  to  stand fo r  1 0  

minutes a t rocm temperature. 0 .5  ml F olin -C iocalteu  phenol reagent 
was p ip etted  in to  the tube which was immediately vortexed, then  
allowed to  stand again. A fter 30 m inutes, the absorbance o f the  
sample was read a t 750 nm aga in st a reagent blank. A ll  samples were 
analysed in  d u p lic a te . The r e s u lts  were converted in to  p rotein  
concentrations by means o f a ca lib ra tio n  curve constructed using  
standard so lu tio n s containing 0 . I -  0 .5  mg ml- 1  bovine serum albumin 
d isso lv ed  in  the appropriate sample b u ffer . The graph was lin ea r  over 
th is  range, chh at «•' and had a slop e  o f 1 .82 .

3 .5 .9  A nalysis o f Pyridine N ucleotides by HPLC.

The determ ination o f NAD(P)+ and NAD(P)H in  l iv e r  was i n i t i a l l y  
attempted using the is o c r a t ic  reverse-phase high-performance liq u id  
chromatographic (HPLC) method o f Kalhom e t  a l . , (1985). The major 
problem w ith th is  procedure was a lack  of rep ro d u cib ility  in  the  
r e s u lts . Samples for  a n a lysis  o f reduced pyridine n u cleotid e  content 
were maintained a t high pH to  maximise the s t a b i l i t y  o f th ese  sp e c ies . 
However, repeated in jec tio n  o f th ese  samples d isso lv ed  s i l i c a  in  the  
top o f the column. R eproducib ility  improved i f  a new column was 
f i t t e d  a f te r  30-50 a p p lica tio n s. However, c o st  soon proved 
p ro h ib itiv e  and an a lte rn a tiv e  method was sought.

3 .5 .1 0  Fluorim etric A nalysis o f Pyridine N ucleotides.

A flu or im etr ic  method fo r  the determ ination of pyridine  
n u cleotid es was developed based on procedures described by Williamson 
& Corkey (1969) and by Klingenberg, (1979).
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The assays described below made use o f the fa c t  th at the reduced 
forms o f pyridine n u cleotid es absorb l ig h t  a t  340 nm and emit a 
flu orescen t band a t a longer wavelength which has a peak a t 465 nm. 
About a 100-fo ld  gain in  s e n s i t iv i t y  was achieved by measuring the  
fluorescence rather than absorption changes o f NADH and NADPH in  
enzyme catalysed  reaction s.

Sample Preparation.

Sample preparation was completed as quickly as p o ss ib le  a t 0-4°C.

For estim ation  of l iv e r  NAD+ and NADPf content a 2.0 g (approx.) 
p iece  o f deep-frozen t is s u e  was rap id ly  weighed and homogenised, fo r  
45 seconds, in  f iv e  volumes (w/v) o f ic e -c o ld  p erch lor ic  acid  (0.6 
mol I f 1 ). A 5.0 ml a liq u ot o f the homogenate, the in tern a l standard, 
was in jec ted  w ith  10.0 p i each o f so lu tio n s containing NAD+ (50.0 mmol 
I f 1 ) and NADE* (9.15 mmol I f 1 ) in  p erch lor ic  ac id  (0.6 mol I f 1 ) ,  to  
give  f in a l  concentrations fo r  th ese  m etabolites o f 100 pmol I f 1 and
18.3 pmol L~ 1 r e sp e c tiv e ly . These values represented the expected  
concentration o f the n u cleotid es in  the homogenate, based on reference  
ranges published fo r  ra t l iv e r  (Bergmeyer, 1979). Both the in tern a l 
standard and the sample were then centrifuged  fo r  5 minutes a t 5,000 g  

and 4°C. The supernatants were c a r e fu lly  removed and th e ir  volumes 
recorded. Dipotassium hydrogen orthophosphate so lu tio n  (1 mol I f 1 ) 
was added a t 0 . 2  ml per ml supernatant, follow ed by potassium  
hydroxide so lu tio n  (3 .0  mol L~ 1 ) , w ith  vigorous s t ir r in g  (magnetic 
s t ir r e r ) ,  in  an ice -b a th , u n t i l  the pH was 7.2 -  7.4. The f in a l  
volume was recorded and potassium perchlorate was allowed to  sediment 
fo r  2-3 minutes before the supernatants were assayed for  NAD+ and 
NADI* .

For estim ation  o f l iv e r  NADH and NADPH content a 0 .5  -  1 .0  g p iece  
of deep-frozen t is s u e  was rap id ly  weighed and homogenised, for  1  

minute, in  ten  volumes o f a lco h o lic  potassium hydroxide so lu tio n  (pre­
cooled to  -20°C). A 3 .0  -  5 .0  ml portion  o f the homogenate was
supplemented w ith  NADH and NADPH d isso lv ed  in  a lco h o lic  potassium  
hydroxide (not more than 1 0 . 0  p i ) ,  to  form an in tern a l standard, w ith  
f in a l  concentrations fo r  th ese  n u cleo tid es o f 16.7 and 53.3 pmol I f 1 

resp ec tiv e ly . Both the sample and standard were incubated for  5
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minutes a t 65°C, w ith  shaking, then rap id ly  replaced in  an ice -b a th . 
Once c o o l, they were n eu tra lised  to  pH 7 .8  by the slow  ad d ition  o f a 
recorded volume o f triethanolam ine/phosphate reagent, w ith  coo lin g  and 
vigorous s t ir r in g  (magnetic s t i r r e r ) . The samples were then l e f t  to  
stand fo r  1 0  minutes to  allow  the f lo c cu la tio n  o f denatured p rotein  
before being centrifuged , fo r  10 minutes, a t 40,000 g  and 4°C. 
Portions o f the supernatant were assayed immediately fo r  NADH and 
NADPH.

Assays.

These methods were developed by sy stem a tica lly  se le c t in g :

(1 ) a sample d ilu t io n  th at y ie ld ed  a fluorescence change w ith in  the  
lin ea r  region o f the appropriate ca lib ra tio n  curve and minimised 
quenching w h ils t  reta in in g  s u f f ic ie n t  s e n s it iv i t y .

(2 ) an excess concentration o f su b strate
(3) the h ighest p o ss ib le  d ilu t io n  o f enzyme compatible w ith a rapid  

rea ctio n .

Determination o f NAD.

NAD concentration was ca lcu la ted  by monitoring the production of 
NADH in  a reaction  cata lysed  by a lcoh ol dehydrogenase.

ADH
Ethanol + NAD+ -. — -------- - acetaldehyde + NADH + i t

The fo llow in g  reactants were p ip e tted  in to  a low fluorescence  
quartz cuvette: 1 2 3

(1 ) 1 .5  ml diphosphate buffer
(2) 1 .5  ml sample, d ilu ted  as appropriate with HC104 /  K2HP04 /  KOH, 

pH 7 .2  -  7 .4  ( f i l t e r e d  before use) to  g ive a f in a l  concentration  
in  the assay o f no more than 2.0 pmol NAD+ L“ 1 .

(3) 0.015 ml absolute ethanol (17 .2  mol L_1 , 99.8% v / v ) .
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The contents o f the cuvette were mixed thoroughly and fluorescence  
was monitored a t e x c ita tio n  wavelength 340 nm, em ission wavelength 465 
nm, and em ission s l i t  width 10 nm, continuously fo r  about 5-10 
minutes, u n t i l  a constant reading (F i) was obtained. The reaction  was 
started  by the ad d ition , w ith  mixing, o f 0.015 ml a lcoh ol 
dehydrogenase suspension. The change in  fluorescence w ith time was 
then follow ed fo r  a further 3-5 minutes, u n t i l  a f in a l  constant value  
(F2 ) was reached. A second ad d ition  o f 0.015 ml a lcoh o l dehydrogenase 
allowed the fluorescence a ttr ib u ta b le  to  the enzyme to  be determined 
and the f in a l  increase in  flu orescen ce ( AF = F2 -  Fi ) to  be corrected  
accordingly. Values fo r  AF were converted in to  NAD+ concentrations 
using a ca lib ra tio n  curve which was lin ea r  up to  2 . 0  pmol L_1 ( f in a l  
concentration in  the assay) and passed through the o r ig in .

The r e su lts  were adjusted to  take in to  account the recoveries  
achieved fo r  the in tern a l standards. This helped to  minimise 
var ia tion  re su ltin g  frcm lo s se s  during sample preparation or from the  
underestimation o f nu cleotide content due to  quenching by substances 
in  the assay.

Correction fo r  d ilu tio n  o f the sample, both during preparation and 
in  the assay, enabled the NAD+ content o f the o r ig in a l l iv e r  t is s u e  to  
be ca lcu lated .

Determination o f NADI*

NADI* concentration was measured by monitoring the reaction  
cata lysed  by g lu co se-6-phosphate dehydrogenase.

G6PDH
Glucose-6-P + NADI* ^   ̂ g lu con ate-6-P + NADPH + IT

The fo llow in g  reactants were p ip e tted  in to  a fluorim eter cuvette:

(1) 3 .0  ml sample containing 10-50 pmol NADI* I f 1

(2) 0.015 ml magnesium sulphate so lu tio n  (0 .2  mol L_1 )
(3) 0.075 ml g lu co se-6-phosphate suspension.
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A fter thoroughly mixing, the fluorescence o f the reaction  mixture 
a t an e x c ita tio n  wavelength o f 340 nm and an em ission wavelength o f  
465 nm was monitored for  about 10-15 minutes u n t i l  a constant value  
was obtained (Fi ) . The reaction  was started  by the ad d ition , w ith  
mixing, o f 0.015 ml g lu co se-6-phosphate dehydrogenase suspension and 
follow ed over the next 20-30 minutes u n t i l  completion (F2 ) . The 
fluorescence change, a f te r  correction  fo r  the fluorescence  
attr ib u tab le  to  g lu co se-6-phosphate dehydrogenase, was used in  the  
ca lcu la tio n  o f l iv e r  NADP4- concentration using a ca lib ra tio n  curve 
which was lin e a r  over the range in d icated . The appropriate  
adjustments were again made fo r  the recoveries obtained fo r  the  
in tern a l standards.

Determination o f NADH and NADPH

NADH and NADFH were determined in  the same a lk a lin e  ex tra c t. The 
oxidation  of NADH was carried  out using la c ta te  dehydrogenase follow ed  
by the determ ination of NADFH w ith glutamate dehydrogenase.

LDH
NADH + PT + pyruvate ^NAD+ + L-Lactate

GlDH
2-0xoglutarate + NH4+ + NADPH ---------̂ glutamate + H20 + NADPf

Glutamate dehydrogenase reacts  a t roughly equal ra tes w ith NADPH 
and NADH. Therefore, i f  NADH i s  present i t  must be ox id ised  p rior  to  
the determination o f NADPH. L actate dehydrogenase reacts not on ly  
w ith NADH, but a lso  to  a sm all exten t w ith NADPH. However, a t pH 7 .8  
the reaction  w ith  NADPH occurs about 2,000 times more slow ly  than th at  
w ith NADH. Therefore, a t th is  pH, and using only a sm all quantity  o f  
LDH i t  was p o ss ib le  to  determine NADH q u a n tita tiv e ly .

For estim ation  of NADH and NADPH b ase lin e  fluorescence was 
determined 10-15 minutes a f te r  mixing the fo llow in g reactants together  
in  a cuvette:
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(1) 3 .0  ml, sample d ilu ted  as appropriate with a lco h o lic  potassium  
hydroxide so lu tio n  (n eu tra lised  to  pH 7.8 w ith  triethanolam ine/ 
phosphate reagent), contain ing no more than 3 .0  pmol I f 1 o f e ith e r  
NADH or NADFH.

(2) 0.015 ml pyruvate (0 .3  mol I f 1 ) n eu tra lised  to  pH 7 .5  w ith  sodium 
hydrogen carbonate so lu tio n  (1 .0  mol I f 1 ).

(3) 0.075 ml substrate mixture contain ing 2 -oxoglu tarate (0 .1  mol L" 1 ) 
and ammonium chloride (0 .2  mol I f 1 ) .

The reaction  was started  by the ad d ition , w ith  m ixing, o f 0.015 ml 
la c ta te  dehydrogenase suspension and was monitored over the next 1 0 - 1 2  

minutes u n t i l  com pletion. This was follow ed by the addition  o f 0.015 
ml glutamate dehydrogenase suspension. The r e su ltin g  fluorescence  
change was again monitored u n t i l  the reaction  reached com pletion. 
Further ad d ition  o f LDH and GlDH were then made in  order th at the  
r e su lts  might be corrected fo r  the fluorescence o f the enzymes 
them selves. The decrease in  flu orescen ce r esu ltin g  from the action  o f  
IiDH was used to  ca lcu la te  the NADH concentration in  the sample. 
S im ilarly , the fluorescence change observed a fte r  the addition  o f GlDH 
enabled the NADFH content o f the sample to  be estim ated. The 
appropriate corrections were made, as before, fo r  the recoveries  
obtained for  the in tern a l standards.

A ca lib ra tio n  curve constructed using standard so lu tio n s o f NADH 
and NADPH was lin ea r  over the range ind icated  and passed through the  
o r ig in .

3 .5 .1 1  Selenium Estimation: Glassware Decontamination.

A ll glassware for  use in  selenium estim ation  was washed 
thoroughly, then soaked overnight in  n i t r ic  acid  (1 .6  mol L_1) before  
being rinsed  severa l times in  d i s t i l l e d  water and dried  in  a 100° C 
oven.
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3.5.12 Collection of Selenium in Expired Air.

The apparatus shown in  Figure 8 was used to  c o l le c t  v o la t i le  
selenium compounds present in  the expired a ir  o f ch ick s . Four 
d esicca tors were connected to  water vacuum pumps (two per pump). One 
or two ch icks, depending on age and therefore s i z e ,  were se le c te d  a t  
randan from each experimental d ie t  and placed in  a d esicca tor . Air 
was drawn through the system and expired selenium was c o lle c te d  in  
traps containing 10.0 ml concentrated n it r ic  acid  (70% w/w, 15.7 mol 
It 1 ) . A fter two hours, the traps were removed, sea led  and stored  a t  
4°C pending a n a lysis  o f selenium content (Section  3 .5 .1 5 ) . Treatments 
were c ircu la ted  between d esicca tors to  minimise any var ia tion  inherent 
in  the system.

FIGURE 8 Apparatus Used For Collecting Volatile Selenium.

In le t
tube

Connected to  
water vacuum

N itr ic  ac id  traps
D esiccator
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3 .5 .13  Determination of The Oxidation S tate o f Selenium in  Liver: 
Sample Preparation.

Diplock e t  a l .  (1971 and 1973) described a method fo r  determining 
the oxidation  s ta te  o f t is s u e  selenium  using a rad io -iso top e  o f th is  
element. However, the high c o st o f Na2 7 5 Se03 and lack  o f a v a ila b i l i ty  
of a Y -isotope counter prohib ited  the use o f th is  procedure in  th ese  
in v e stig a tio n s . Consequently, an a ltern a tiv e  method (based on the  
work of Diplock e t  a l . )  was developed fo r  use w ith standard 
flu orim etr ic  procedures o f selenium  a n a ly s is . Whereas Diplock e t  a l .  

were able to  measure d ir e c t ly  the [ 7 5 Se] hydrogen se len id e  produced by 
trea tin g  [7 5 Se] sodium s e le n ite  w ith  z in c  dust and concentrated  
hydrochloric a c id , the method described below r e l ie d  on ca lcu la tio n  
by d ifferen ce .

A 1 .0  g p iece  o f deep-frozen l iv e r  t is s u e  was g en tly  homogenised 
(U ltra-turrax speed 2) for  15 seconds in  9 .0  ml Tris-HCl bu ffer  (0.05  
mol L" 1 , pH 7 .4 ) containing DL-a-tocopherol a ceta te  (110 mg L- 1 ) as 
antioxidant. The a-tocopherol aceta te  was em u lsified  in  a sm all 
portion of the bu ffer  by homogenisation and subsequently d ilu ted  with  
the remainder to  g ive  the appropriate concentration. This b u ffer  was 
prepared fre sh ly  as required from a stock  so lu tion  o f Tris-HCl.

Two 2.5  ml a liq u ots o f the homogenate, d ilu ted  as necessary to  
contain no more than 5.0 pmol Se L~ 1 l were p ip etted  in to  two Pyrex 
culture tubes (180 x 18 mm) contain ing 4 .0  ml ac id  mixture. These 
duplicate samples were used in  the estim ation  of t o t a l  l iv e r  selenium  
content. A further four 2 .5  ml a liq u ots were p ip etted  in to  t e s t  
tubes, two of which contained 150 mg zin c  dust each. (Diplock e t  a l .  

used 350 mg z in c  dust, but t h is  was found to  g ive  a high background 
fluorescence in  subsequent selenium  estim ations re su ltin g  in  a 
decrease in  the s e n s i t iv i t y  o f the method. Treatment o f standard 
so lu tion s o f sodium se le n ite  w ith  z in c  dust and hydrochloric acid  
demonstrated th a t 150 mg of z in c  was s u f f ic ie n t  to  v o la t i l i s e  a l l  o f  
the selenium over the range o f concentration present in  the sam ples). 
Four drops o f octanol were then added to  each tube to  prevent 
froth in g . Oxygen-free n itrogen was then bubbled through the samples 
at a steady ra te . A fter 5 m inutes, 1 .0  ml concentrated hydrochloric  
acid  was added, rap id ly , to  each tube, without stopping the flow  of
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nitrogen, which was continued fo r  a further 10 m inutes. The samples 
were then transferred , using a Pasteur p ip e tte , in to  cu lture tubes 
containing 4 .0  ml acid  mixture. The t e s t  tubes were thoroughly rinsed  
w ith approximately 1 . 0  ml water and the washings were a lso  p ip etted  
in to  the cu lture tu b es. The samples were then capped and l e f t  to  
stand overnight p rior  to  a n a ly sis  for  selenium.

The d ifferen ce  between the selenium content o f untreated samples 
and th at o f hydrochloric acid  trea ted  samples was a ttr ib u ted  to  ac id -  
la b ile  v o la t i le  se len id e . The d ifferen ce  between the r e su lts  fo r  acid  
treated  samples, and those fo r  samples a lso  exposed to  z in c  dust was 
attrib u ted  to  s e le n ite .  The remaining n o n -v o la tile  selenium , 
presumably a t a higher oxid ation  s ta te , was considered to  c o n s is t  
la rg e ly  o f selenium in  organic compounds, together w ith  some se len a te .

3 .5 .14  Selenium Estimation: Assay.

The method o f Koh & Benson (1983) was used fo r  the determ ination  
of selenium in  samples prepared, as above, from l iv e r  t is s u e  or 
expired a ir . In the la t t e r  ca se , a 10.0 ml a liq u ot o f each sample in  
concentrated n i t r ic  acid  was p ip etted  in to  a cu ltu re  tube contain ing  
0.8  ml concentrated p erch lor ic  acid  (70% v /v , 11.6 mol I f 1 ). The 
l iv e r  samples required no fu rth er preparation.

Two or three antibumping granules were added to  each tube and the  
samples were heated in  an aluminium block u n t i l  the d ig e s ts  were free  
of n i t r ic  acid  and fumes o f p erch lor ic  acid  were ju st  v i s ib le .  Koh & 
Benson claimed th at d ig estio n  could be started  w ith  the temperature 
s e t  to  reach 210°C. However, a th ree-stag e  heating process was 
employed w ith th ese  samples to  prevent bumping and the resu lta n t lo s s  
of selenium frcm the d ig e s ts . Heating was commenced a t 150°C fo r  two 
hours, follow ed by one and a h a lf  hours a t 180°C and f in a l ly  four 
hours a t 210°C. To f a c i l i t a t e  even d ig e stio n , an aluminium f o i l
sh ie ld  was placed around the tubes, which were rotated  once every  
hour.

Once d ig estio n  was complete, the samples were allowed to  coo l 
before 0 .5  ml concentrated hydrochloric acid  was p ip etted  in to  each
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tube. They were then heated fo r  a further 30-40 minutes a t 140°C to  
reduce Se VI to  Se IV.

A fter coo lin g , 16.0 ml EDTA (0.0025 mol I f 1 ) were added to  each 
tube, follow ed by 1 .0  ml DAN so lu tio n  and 5.0  ml cyclohexane (AnalaR, 
B.D.H .). T eflo n -lin ed  caps were t ig h t ly  screwed onto the cu ltu re  
tubes, which were then shaken v igorou sly , by hand, fo r  30 seconds and 
incubated in  a water bath a t 60° for  40 m inutes. The tubes were 
removed frcm the water bath, shaken again for  30 seconds to  so lven t  
extract the Se-DAN complex, then l e f t  to  stand fo r  5 minutes to  allow  
phase separation .

The fluorescence o f the cyclohexane layer was then recorded a t  an 
ex c ita tio n  wavelength o f 364 nm and an em ission wavelength o f 523 nm, 
with an em ission s l i t  width o f 10 nm, and an in teg ra tion  time o f 4 
seconds. The fluorim eter was zeroed using a reagent blank prepared by 
incubating 1 .0  ml water with EDTA, DAN so lu tion  and cyclohexane.

The readings were converted in to  selenium concentrations by means 
of a ca lib ra tio n  curve constructed with standard so lu tio n s contain ing  
sodium s e le n ite  in  hydrochloric acid  (0 .1  mol I f 1 ) . The graph was 
lin ea r  up to  5 .0  pmol Se I f 1 and passed through the o r ig in .

For determ ination of the redox s ta te  o f selenium in  l iv e r ,  i t  was 
necessary to  correct the flu orescen ce reading obtained fo r  the  
background fluorescence o f the chemicals used during sample 
preparation. Accordingly, a liq u o ts  o f homogenisation medium were 
subjected to  th is  procedure, y ie ld in g  three blanks, one fo r  to ta l  
selenium estim ation , one for  samples trea ted  w ith hydrochloric acid  
and the th ird  fo r  use with zinc/h yd roch loric  acid  treatm ents.

3 .5 .15  Measurement o f Sodium N itroprusside (SNP) Concentration in  
Blood Plasma.

Plasma sodium n itrop ru ssid e concentration was determined using a 
m odification  o f the method of Rodkey & C ollison  (1977). Samples were 
analysed both fo r  free  cyanide content and for  t o t a l  cyanide a v a ila b le
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a fte r  degradation o f any SNP p resen t. This allowed the amount o f  
cyanide derived from SNP to  be ca lcu la ted  by d ifferen ce .

1 0 . 0  ml (approx.) portions o f blood were c o lle c te d  in to  
heparinised, aluminium f o i l  covered syringes and transferred  in to  
cen trifu ge tubes standing in  ic e ,  in  the dark. The samples were 
immediately centrifuged  a t 3,000 g  and 4° C for  10 m inutes. The plasma 
was used in  the assays.

For estim ation  of to ta l  cyanide, 1 .0  ml plasma was p ip etted  in to  
the outer chamber o f a Conway d ish . 1 .0  ml cyste in e  so lu tio n  and 0.5  
ml methaemoglobin so lu tion  were placed a t the opposite s id e  o f the  
chamber. The centre w e ll contained 2 .0  ml sodium hydroxide so lu tio n  
(0 .1  mol L"1 ). The m icrodiffusion  c e l l s  were sea led , rotated  to  mix 
the contents o f th e ir  outer chambers, and incubated a t rocm 
temperature, in  the dark, for  1  hour.

Sim ultaneously, for  determ ination o f free  cyanide content, 1 .0  ml 
portions o f plasma were incubated as above but w ith  1.5  ml water 
rep lacing methaemoglobin and cy ste in e  so lu tio n s .

At the end o f th is  pre-incubation period, 0 .5  ml sulphuric acid  
(1 0 % v/v ) was rap id ly  added to  each d ish  and the procedure continued  
as described in  Section  3 .5 .1  fo r  estim ation  of cyanide in  b io lo g ic a l  
f lu id s . The on ly d ifferen ce  being th at two reagent blanks were 
required in  th is  c a se . A ll samples were analysed in  d u p licate  as 
b efore .

Absorbance readings were converted in to  cyanide ion concentrations 
using ca lib ra tio n  curves. The standard curve prepared for  use in  the  
estim ation  of fre e  cyanide, constructed using aqueous so lu tio n s o f  
potassium cyanide, was lin ea r  over the range 0 .0 -1 .0  pg CN ml- 1  (0 .0 -  
0.04 mmols I f 1 ) and passed through the o r ig in  (e = 2.50 x 105 L mol" 1 

cm- 1 ). A ca lib ra tio n  curve for  "total"  cyanide estim ation , prepared 
by incubating aqueous so lu tio n s o f potassium cyanide w ith  
methaemoglobin and cyste in e  a lso  passed through the o r ig in  and was 
lin ea r  between 0 .0 -4 .0  pg CN ml" 1 ( 0 . 0 0 - 0 . 1 5  mmols L" 1 ) (e = 8.97 x  
103 L mol" 1 cm" 1 ).
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Incubation o f  standard so lu tio n s  containing 0 .1  -  20.0 pig SNP per
1 . 0  ml a liq u o t in  the absence o f  methaemoglobin and cy ste in e  y ie ld ed  
no fr e e  cyanide.

The y ie ld  o f  fr e e  cyanide in  the presence o f  th ese reagents 
corresponded to  the re lea se  o f  4 moles o f  cyanide per mole o f  
n itro p ru ssid e , rather than the 5 moles which would be expected on the  
b a sis  o f  i t s  chemical formula, Na2 [Fe(CN)5 N0] .2H2 0 . However, 
evidence su ggests th a t the " b iological"  y ie ld  o f  cyanide from SNP 
in jec ted  in to  animals i s  a lso  4 moles per mole (Smith & Krusyna, 
1974).

3.6 Statistical Methods.

Data were a ssessed  by a n a ly s is  o f  variance using GENSTAT, a 
computer progranme developed a t  Rothamsted Experimental S ta tion , 
copyright 1980.

3.7 Calculation of Ratios

Lactate: Pyruvate, GSHrGSSG, pyrid ine n u cleotid e  and feed  
conversion r a t io s  fo r  each d ie ta ry  treatment were ca lcu la ted  by taking  
the mean o f  the va lu es obtained fo r  ind iv id u al b ird s.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Sodium Nitropruss ide as a Source of Cyanide in Metabolic Studies

(Experiments 1-3).

For in v estig a tio n  o f the m etabolic e f f e c t s  o f chronic cyanide 
exposure, i t  was e s s e n t ia l  th at any changes observed be a ttr ib u ta b le  
to  cyanide a lone, rather than to  any hypotensive or sulphydryl- 
consuming p rop erties o f SNP. W hilst the m ajority o f the ava ila b le  
evidence (reviewed in  Section  2 .7 ) su ggests th at cyanide i s  released  
frcm SNP i n  v i v o ,  a d issen tin g  view has been expressed (B utler e t  a l . , 
1988). In ad d ition , the s i t e  o f SNP breakdown has not y e t been 
esta b lish ed . Consequently, experiments 1-3 were designed to  determine 
whether SNP i s  degraded in  the in te s t in a l  tra c t  o f the chicken or 
absorbed unaltered in to  the blood stream.

4 .1 .1  In te s t in a l Cyanide Content in  Chicks Consuming SNP 
(Experiment 1 ).

Birds maintained on chick mash containing 0 .3  g SNP kcp1 were 
denied access to  food for  16 hours, overn ight. Chicks were
sa c r if ic e d , in  p a ir s , 0 .5 , 1 and 2 hours a fte r  refeed ing and th e ir  gut 
contents analysed fo r  cyanide. Food consumption p rior  to  slaughter  
was recorded for  each b ird .

Results.

Cyanide was present in  the guts o f chicks 0 .5 , 1 and 2 hours a fte r  
the birds were allowed access to  SNP-containing ra tio n s. The h igh est 
concentrations were d etected  in  the crop (Table 2 .1 ) ,  however the 
y ie ld s  were low in  comparison to  the amounts consumed as SNP w ith the  
feed . Assuming th at 4 moles o f cyanide were produced from each mole 
of SNP (Section  3 .5 .1 6 ) , then complete degradation would have
resu lted  in  the re lea se  o f 105 pg cyanide per gramme o f food consumed.
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Table 2 .1 I n te s t in a l Cyanide Content in Chicks Consuming SNP

I n t e s t i n a lS e c t io n B ir dNumber Time A f t e r  F e e d in g W eight o f  FeedConsumed
g

W eight o fM a te r ia lC o l le c t e d
g

C yan id eC o n ten t
(pg)

Crop 1 0 .5 6 . 2 6 . 6 1 0 . 1
2 0 .5 5 .0 4 .7 7 .5
3 1 . 0 5 .0 4 .2 6 .9
4 1 . 0 7 .1 6 . 2 8 . 8

5 2 . 0 9 .4 4 .6 1 3 .8
6 2 . 0 1 0 . 0 6 .4 4 .2

G izza rd 1 0 .5 6 . 2 4 .5 1 . 1
and 2 0 .5 5 .0 5 .3 1 .9

P r o v e n t-
r ic u lu m 3 1 . 0 5 .0 2 . 8 1 . 1

4 1 . 0 7 . 1 3 .0 1 .3
5 2 . 0 9 .4 4 .9 3 .9
6 2 . 0 1 0 . 0 5 .8 0 .9

S m all and 1 0 .5 6 . 2 0 .7 0 .9
L arge 2 0 .5 5 .0 0 .9 0 .7
I n t e s t i n e 3 1 . 0 5 .0 2 .7 0 . 8

4 1 . 0 7 .1 2 .7 0 . 8

5 2 . 0 9 .4 2 .7 2 . 8
6 2 . 0 1 0 . 0 4 .1 1 . 6



Although the crop appeared, from the r e su lts  o f experiment 1, to  
represent the major s i t e  fo r  SNP breakdown in  the gu t, i t  was p o ss ib le  
th at the 2 hour c o lle c t io n  period employed was in s u f f ic ie n t  to  allow  
ingested  feed  to  reach the lower regions o f the in t e s t in e . In 
addition  i t  was necessary to  e s ta b lish  th a t lib era ted  cyanide entered  
the bloodstream. Experiment 2 was designed to  address th ese  problems.

Birds maintained on chick mash containing 0 .3  g SNP kg" 1 were 
slaughtered, in  p a ir s , 30 minutes before d a ily  illu m in ation  canmenced, 
then a t regular in terv a ls  throughout the day. Blood samples were 
c o lle c te d  a t each sta g e , w h ilst  gut contents were sampled only a t  the  
end p o in ts .

Results.

Cyanide was present in  the blood o f chicks consuming SNP- 
containing ra tio n s. I t  was not d etected  in  blood c o lle c te d  fo llow in g  
the overnight fa s t in g  period or in  samples obtained from control birds  
(Table 2 .2 ) .

The crop represented a major s i t e  fo r  the re lea se  o f cyanide frcm 
in gested  SNP, s ix  hours in to  the feed ing period (Table 2 .3 ) .  However, 
th is  longer time course study a lso  e sta b lish ed  the presence o f cyanide 
in  the large in te s t in e .

Table 2.2 Blood Cyanide Content After Feeding SNP.

4.1.2 Cyanide Content of Blood and Alimentary Tract in Chicks Fed
SNP (Experiment 2).

Added SNP (g kg" 1 ) Time R elative  to  S tart o f Feeding (hours)
-0 .5 +1 . 0 +4.0 +6 . 0

0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0

0.3 0 .0 11.5 15.4 26.90.3 0 .0 13.5 13.5 16.5

Figures are blood cyanide concentrations (pmol L" 1 ) . Two birds were analysed a t each time p o in t.
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Table 2 .3  I n te s t in a l Cyanide Content in  Chicks Fed SNP

Time R e la t iv e  t o  S t a r t  o f  F e e d in g  ( h r s )
I n t e s t i n a lS e c t io n B irdNumber W eigh t o fM a t e r ia lC o l l e c t e d

g

C yanideC on ten t
(pg)

Crop 1 None None- 0 .5 2 None None
S m a ll 1 2 .0 9 0 .4 4
I n t e s t i n e 2 3 .5 6 0 .3 5
L arge 1 7 .7 4 1 . 6 6I n t e s t i n e 2 6 .5 0 1 .4 2

Crop 1 1 .9 6 3 .5 1+ 6 . 0 2 4 .0 4 9 .2 6
S m all 1 5 .2 4 0 .7 6
I n t e s t i n e 2 4 .6 3 0 .9 9
L arge 1 2 .9 5 0 .7 7I n t e s t i n e 2 3 .0 7 0 .8 1



4 .1 .3  SNP Concentration in  The Plasma of Chicks Given D iets
Containing This Compound (Experiment 3 ).

Although the r e su lts  o f experiment 1 c le a r ly  demonstrated the  
re lea se  o f cyanide from d ie ta ry  SNP in  the alim entary tr a c t  o f the  
chicken, the y ie ld s  obtained were poor. I t  remained p o ss ib le ,  
th erefore , th at a large proportion o f the ingested  SNP had survived  
in ta c t  and had been absorbed, unaltered , in to  the bloodstream. 
Consequently, in  experiment 3, plasma SNP concentration was estim ated  
in  birds fed  e ith e r  chick mash contain ing 0.3 g SNP kg- 1  or chick mash 
a lo n e .

R esu lts
There was no s ig n if ic a n t  d ifferen ce  (P>0.05) between the amount o f 

cyanide released  frcm the plasma of chicks fed 0 .3  g kg-1 SNP and the  
amount released  in  control animals (Table 2 .4 ) .

Table 2 ,4  SNP C oncentration in  Plasma Frcm Chicks Given 
T his Compound in  The D ie t.

Added SNP "Bound Cyanide"
g kg- 1 pg ml-1

0 . 0 0.386
0.3 0.435

+ S.E.M. 0 . 0 0 1

LSD (P=0.05) N.S.

Each value i s  a mean of three ch icks. 
N.S. = No S ig n ifica n t D ifference
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4.1.4 Discussion of Experiments 1-3.

Cyanide i s  released  from d ie ta ry  SNP in  the crop and, to  a le s s e r  
ex ten t, in  the large in te s t in e  o f the chicken. The presence o f  
cyanide in  whole blood fo llow in g  SNP treatment i s  co n sisten t w ith  the  
fin d in gs o f numerous other workers (see Schulz, 1984 and Vesey, 1987 
for  reviews) using the intravenous route for  adm inistration o f the  
drug. These observations, togeth er w ith the fa ilu r e  to  d e tec t any 
in ta c t  SNP in  plasma frcm chicks fed  t h is  compound, suggest th a t SNP 
i s  degraded p rior  to  absorption and does not enter the blood stream in  
i t s  unaltered s ta te . SNP was th erefore considered to  be a su ita b le  
source o f d ie ta ry  cyanide fo r  in v e stig a tio n  in to  the m etabolic e f f e c t s  
of chronic cyanide exposure.

A poin t worth checking, e sp e c ia lly  in  view o f the low y ie ld s  o f  
cyanide obtained on an a lysis  o f gut contents frcm chicks fed  SNP, i s  
whether any o f the drug survived in ta c t  to  be excreted  in  the fa e ce s . 
The amount of cyanide reaching the bloodstream may be lower than th at  
expected based on the dose o f SNP adm inistered.

4 .2  The E ffe c t o f D ietary  Potassium  T hiocyanate on th e  Chronic

T o x ic ity  o f SNP (Experiment 4 ) .

In common w ith  other anim als, chickens p ossess increased blood  
thiocyanate le v e ls  a fte r  adm inistration o f cyanide, e ith e r  as a s a l t  
(Oh e t  a l . ,  1987) or as SNP (Elzubeir & D avis, 1988b). I t  was 
therefore necessary, i f  the mechanism of the selenium -cyanide 
in teraction  were to  be e lu cid ated , to  determine whether th is  e f f e c t  
was a ttr ib u ta b le  to  cyanide i t s e l f ,  or to  thiocyanate derived from i t  
by transulphuration .

Four experimental d ie ts  were formulated based on conventional 
chick mash supplemented w ith  3 g DL Met. kg-1 .

Four b irds (ISA Brown) were assigned to  each of the fo llow in g  
treatm ents:
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Treatment Added Selenium Added KSCN

mg kg- 1 g kg-
A 0 . 0 0 . 0

B 0 . 0 0.49
C 1 0 . 0 0 . 0

D 1 0 . 0 0.49

The ra te  o f in clu sion  o f KSCN was chosen to  correspond, in  terms 
of cyanide ion concentration, to  the addition  o f 0 .3  g SNP kg-1 

assuming th at the y ie ld  o f cyanide from SNP i s  5 moles o f CN per mole 
of drug, although th is  may be an overestim ation (Section  3 .5 .1 5 ) .

The d ie ts  were randomly d ispersed  between two equivalent growth 
rooms w ith  the con stra in t th at two r e p lic a te s  o f each treatment 
appeared in  each room. Body weight gains and feed  in takes were 
monitored over a period o f 19 days.

R esu lts.
See Table 3 .1  over lea f.

There was no in teraction  between selenium and thiocyanate for  
growth performance, as monitored by body weight gain , feed  intake and 
the e f f ic ie n c y  o f feed  u t i l i s a t io n .  Selenium treatment resu lted  in  
high ly  s ig n if ic a n t  (P<0.001) reductions in  a l l  three v a r ia b les , w h ils t  
thiocyanate d id  not a f fe c t  growth.

No growth rocm e f f e c t s  were observed in  t h is  t r i a l .

4 .2 .1  D iscussion  of Experiment 4.

These r e s u lts  c le a r ly  demonstrate th at the th iocyanate ion i s  not 
responsib le fo r  the a l le v ia t io n  o f chronic selenium t o x ic i t y  by 
d ieta ry  sources o f cyanide.
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Table 3 .1  The E ffe c t o f D ieta ry  Potassium  T hiocyanate on The Growth 

Performance o f Chicks Consuming T oxic Q u a n tities o f  Selenium .

Treatment Added Selenium  (mg kg-1 )
Added KSCN (g kg" 1 )

Body Weight Gain
(g)

FeedIntake
(g)

FeedConversion
Ratio

A 0 . 0 0 . 0 322a 669a 2 .08a
B 0 . 0 0.49 325a 676a 2 .09a
C 1 0 . 0 0 . 0 19 2b 519b 2 .73b
D 1 0 . 0 0.49 2 1 1 b 573b 2 . I T

+ SEM 17.2 2 0 . 1 0 . 1 2

LSD inooii 52.9 61.9 0.37
Individual Factors

0 . 0 324a 673a 2 .08a
1 0 . 0 2 0 2 b 546b 2 .75b

0 . 0 257c 594c 2.41c
0.49 268c 625c 2.43c

+ SEM 1 2 . 1 14.2 0.09
LSD (P=0.05) 37.4 43.8 0.26

Each value i s  a mean of 4 ch icks.
Values w ith in  a column sharing the same superscrip t are not s ig n if ic a n t ly  d iffe r e n t a t  P<0.05.

- 9 4 -



4 .3  The E ffe c ts  o f  Chronic Exposure to  D ietary  SNP and/or Selenium  on

Carbohydrate M etabolism  in  th e  Chicken.

The increased anaerobic catabolism  o f glucose in  the face  o f  
impaired m itochondrial function  during acute cyanide exposure i s  w e ll 
documented (Albaum e t  a l . ,  1946; Olsen & K lein, 1947; E stle r , 1965; 
Iscm e t  a l . ,  1975). However, the question o f whether chronic exposure 
to  cyanide can r e su lt  in  i t s  presence in  the t is s u e s ,  in  q u a n titie s  
s u f f ic ie n t  to  in h ib it  e lectro n  transport, has received  l i t t l e  
a tten tio n  and has not been addressed using the chicken.

S im ilar ly , almost nothing i s  known about the e f f e c t s  o f selenium  
to x ic i ty  on carbohydrate metabolism and the p o s s ib i l i t y  th at cyanide 
and selenium might in ter a c t a t  th is  le v e l  has not p rev iou sly  been 
considered.

In the experiments described below, growth performance, l iv e r  
glycogen, la c ta te  and pyruvate le v e ls  as w e ll as plasma glucose  
concentrations were measured to  a sse ss  the e f f e c t s  o f chronic 
in to x ica tio n  by cyanide and/or selenium on carbohydrate metabolism in  
the chicken. The p o s s ib i l i t y  th at some adaptation may occur with  
increasing length  o f exposure was a lso  in v estig a ted .

4 .3 .1  The E ffect o f Short-term D ietary Exposure to  Sub-leth al Doses 
of SNP and/or Selenium on L iver Glycogen and Plasma Glucose 
Concentrations (Experiment 5 ).

A cassava-soya bean d ie t  formed the b asis  fo r  the fo llow in g  four 
treatm ents in  t h is  2 X 2 fa c to r ia l  experiment:

Treatment Added Selenium  Added SNP
mg kg- 1 g kg-

A 0 . 0 0 . 0

B 0 . 0 0.5
C 1 0 . 0 0 . 0

D 1 0 . 0 0.5
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Cassava was chosen because i t  i s  the most widespread cyanogenic 
feed  used in  poultry d ie t s .  The supply ava ila b le  contained le s s  than
5 mg cyanide kg- 1 , n e g lig ib le  in  comparison to  the amounts added 
(E lzubeir & Davis, 1988). This d ie t  was in h eren tly  d e f ic ie n t  in  
sulphur amino a c id s , which may be important in  cyanide d e to x if ic a t io n .  
The feed  was therefore supplemented w ith  DL-methionine a t the le v e l  o f
6 g kg" 1 to  ensure adequate supply both o f methionine and o f to ta l  
sulphur amino acid s (based on fig u res  supplied by Bolton & B la ir , 
1974). Twenty chicks (Hisex) were a llo ca ted  to  each o f the  
experimental treatm ents which were d ispersed  com pletely randomly 
w ith in  two equivalent growth rooms. At 1, 2, 3 and 7 days a fte r  
tra n sfer  to  the experimental d ie t s ,  chicks were slaughtered, four per 
d ie t  a t each time p o in t, fo r  a n a ly sis  o f l iv e r  glycogen and plasma 
glucose concentration.

R esu lts

No growth roan e f f e c t s  were apparent on any of the variab les  
recorded in  th is  experiment.

There were s ig n if ic a n t  in tera c tio n s between selenium and SNP in  
th e ir  e f f e c t s  on weight gain on a l l  days apart frcrn the second. 
Addition o f SNP to  the b a sic  d ie t  resu lted  in  a h igh ly  s ig n if ic a n t  
reduction (P<0.001) in  body weight gain on each o f the f i r s t  three  
days o f exposure. By day 7, th is  e f f e c t  was le s s  pronounced, though 
s t i l l  s ig n if ic a n t  (PC0.01) (Table 4 .1  and Figure 9 .1 ) .  Inclusion  of 
selenium in  the b asic  d ie t  a lso  reduced body weight gain , however, 
th is  e f f e c t ,  in  contrast to  th at o f SNP, became more obvious with  
tim e. Following an i n i t i a l  decrease in  weight gain (P<0.01) on day 1, 
selenium fa ile d  to  a f fe c t  (P>0.05) th is  variab le  on day 2, then caused 
s ig n if ic a n t  reductions in  gain on days 3 and 7 (P<0.01 and P<0.001 
r e s p e c t iv e ly ) .

No in tera c tio n  was observed between selenium and SNP fo r  e f f e c t s  
on feed  in take, and selenium alone gen era lly  d id  not a f f e c t  th is  
v a r ia b le . The exception was day 3 when the in tera c tio n  achieved  
s ig n ific a n ce  (P<0.01) and selenium depressed feed  intake (P<0.01). 
Addition o f SNP to  the d ie t  resu lted  in  a h igh ly  s ig n if ic a n t  (P<0.001)
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reduction in  feed  intake in  the f i r s t  three days o f exposure. By day 
7, however, t h is  e f f e c t  was no longer s ig n if ic a n t  (P>0.05) (Table 4 .1  
and Figure 9 .2 ) .

Feed conversion r a tio  showed l i t t l e  response to  any o f the d ie ta ry  
treatm ents in  t h is  short-term  t r i a l .  However, SNP did  cause a 
s ig n if ic a n t  decrease in  the e f f ic ie n c y  o f feed  u t i l i s a t io n  on days 2  

and 3 (P<0.01 and P<0.05 resp ec tiv e ly ) (Table 4 .1 ) .

Liver weight was not s ig n if ic a n t ly  a ltered  by d ie t  except on day 2 
when SNP decreased th is  variab le  (PC0.001), but only in  the presence 
of selenium.

There was no in tera c tio n  between selenium and SNP fo r  e f f e c t s  on 
l iv e r  glycogen concentration u n t i l  day 7 when s ig n if ic a n ce  was 
achieved (P<0.05). Exposure to  d ie ta ry  selenium did  not a l t e r  the  
glycogen concentration in  chick l iv e r  (P>0.05). In con trast, d ie ta ry  
intake o f a su b -le th a l dose o f SNP resu lted  in  a s ig n if ic a n t  reduction  
in  l iv e r  glycogen concentration, p a r ticu la r ly  during the f i r s t  few 
days o f exposure (PC0.01 fo r  day 1 and P<0.05 fo r  day 3) (Table 4 .2  
and Figure 9 . 3) .

There was no s ig n if ic a n t  d ifferen ce  in  plasma glucose  
concentration between chicks fed  control and experimental d ie t s .

4 . 3 . 2  E ffect o f Long-Term D ietary Exposure to  S ub-lethal Doses o f  
SNP and/or Selenium on Liver Glycogen Concentration 
(Experiment 6 ).

In an attempt to  decrease the large v a r ia tio n , seen in  experiment 
5, between in d iv id u al b irds w ith in  a p a rticu la r  treatm ent, 
conventional chick mash was used as the b asic  d ie t  for  t h is  longer  
term study, and the rate o f in c lu sio n  o f SNP was reduced to  0 .3  g kg-1 

(Cassava, even when sieved , i s  heterogeneous allow ing a high degree of 
so rtin g  o f the feed  by the b ir d s). The chick mash required
supplementation w ith  2 g DL-methionine per kg to  ensure adequacy both 
of th is  n u trien t and of t o t a l  sulphur amino a c id s. Nine chicks (ISA 
Brown) were a llo ca ted  to  each o f the fo llow in g four treatm ents,
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Table 4.1 The Effect of Short-Term Exposure to Dietary SNP and/or Selenium, 
on Growth Performance in Chicks.

T r e a t-m ent Added 
S e len iu m  mg kg - 1

Added SNP g kg - 1

Body W eight Gain
(g)Day

F eed  In ta k e
(g)Day

F eed  C o n v e r s io n  
R a t i o  Day

1 2 3 7 1 2 3 7 1 2 3 7

A 0 . 0 0 . 0 1 2 . 3a 2 3 . 5a 3 9 . 2a 1 2 4 . 6a 2 7 . 0 a 5 3 . 7a 00 00 p> 2 6 6 . 7 2 . 9 2 . 4b 2 . 5 2 . 2

B 0 . 0 0 . 5 0 . 2 b 1 0 . l b 2 3 . 9b 1 0 0 . 6 b 2 0 . 7bc o o cr 7 3 . 2b 2 4 3 . 8 0 . 6 5 . 4 ab 3 . 3 2 . 5
C 1 0 . 0 0 . 0 4 . 7C 2 0 . l a 3 0 . 2C 9 1 . 4b 2 5 . 3 ac 4 8 . 9a 7 9 . 9C 2 5 4 . 4 3 . 4 3 . 6 b 2 . 7 2 . 9
D 1 0 . 0 0 . 5 3 . 4 bc 9 . 3b 2 5 . 5 bc 1 0 4 . 4b 2 2 . 2 C 4 2 . 6b 7 7  0bc 2 4 5 . 5 4 . 6 6 . 9a 3 . 2 2 . 5

+ SEM 1 . 5 1 . 6 1 . 9 5 . 6 1 . 3 2 . 1 2 . 3 6 . 5 1 . 5 1 . 2 0 . 2 0 . 2

LSD (P == 0 . 0 5 ) 4 . 2 4 . 6 5 . 3 1 6 . 1 3 . 5 6 . 0 6 . 5 NS NS 3 . 3 NS NS

Each v a lu e  i s  a mean o f  20 c h ic k s  f o r  d ay  1 , 16 c h ic k s  f o r  d ay 2 ,  1 2  c h ic k s  f o r  d ay 3 and 8 
c h ic k s  f o r  d ay 7 .
NS = No s i g n i f i c a n t  d i f f e r e n c e s .
Values w ithin a column sharing the same superscript are not s ig n if ic a n t ly  d iffe r e n t at P<0.05.



Table 4.2 Effect of Short-Term Exposure to Dietary SNP and/or Selenium, on Liver Weight, 
Liver Glycogen Content and Plasma Glucose Concentration in Chicks

KD
VD
I

T r e a t-m ent Added S e len iu m  mg kg - 1

Added SNP g k g - 1

L iv e r  W eight
(g)Day

L iv e r  G lycogen  
(g kg-1)Day

P lasm a G lu co se  mmol L" 1 
Day

1 2 3 7 1 2 3 7 1 2 3 7

A 0 . 0 0 . 0 6 . 8 7 . 2 ab 7 . 2 9 . 8 9 . 0 a 1 4 . 3 1 2 . 2 a 2 4 . 7 1 5 . 6 1 9 . 2 1 6 . 6 1 8 . 0
B 0 . 0 0 . 5 6 . 3 6 . 8 bc 6 . 9 9 . 2 3 . 4b 5 . 4 7 . l b 1 4 . 1 1 6 . 5 1 8 . 6 1 7 . 1 1 7 . 7
C 1 0 . 0 0 . 0 7 . 2 7 . 8 a 6 . 9 7 . 9 8 . 0 a 9 . 9 9 . 2 a 1 0 . 8 1 5 . 5 1 8 . 0 1 7 . 7 1 7 . 4
D 1 0 . 0 0 . 5 6 . 7 6 . 2 C 6 . 7 9 . 6 5 . 7b 6 . 8 7 . 3b 1 7 . 6 1 9 . 8 1 8 . 5 1 7 . 9 1 9 . 2

+ SEM 0 . 3 0 . 2 0 . 3 0 . 6 0 . 9 4 . 3 1 . 3 3 . 9 1 . 4 1 . 1 0 . 6 1 . 1

LSD (P == 0 . 0 5 ) NS 0 . 7 NS NS 2 . 9 NS 4 . 0 NS NS NS NS NS

Each v a lu e  i s  a mean o f  4 c h i c k s .
NS = No s i g n i f i c a n t  d i f f e r e n c e s .
Values w ithin a column sharing the same superscrip t are not s ig n if ic a n t ly  d iffe r e n t at P<0.05.
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SNP on Liver Glycogen Concentration.

Day

Added 

Selenium 

mg kg

-© — o-o

-A— 10.0 

>|< 10.0

Added 

SNP 

g kg •1

0.5

0.0

0.5

- 102-



organised in a totally randomised manner within a single growth room:

Treatment Added Selenium Added SNP
mg kg- 1 g kg- 1

A 0 . 0 0 . 0

B 0 . 0 0.3
C 1 0 . 0 0 . 0

D 1 0 . 0 0.3

Twenty-one days a fte r  tra n sfer  to  the experimental d i e t s , the  
chicks were slaughtered for  a n a ly sis  o f l iv e r  glycogen concentration.

R esu lts
(See Table 4 .3 ) .

There were s ig n if ic a n t  in tera c tio n s between selenium and cyanide 
in  th e ir  e f f e c t s  on body weight gain , feed  intake and the e f f ic ie n c y  
of feed  u t i l i s a t io n .  Addition o f SNP to  the b asic  d ie t  s ig n if ic a n t ly  
decreased weight gain (P<0.01) and feed  intake (P<0.05), but d id  not 
a ffe c t  feed  conversion r a t io  (P>0.05). Selenium in c lu sion  caused  
highly s ig n if ic a n t  reductions in  th ese  three va r ia b les . However, 
se le n o s is  was p a r t ia lly  a lle v ia te d  by addition  o f SNP to  the high  
selenium d ie t  which resu lted  in  a marked improvement in  weight gain  
(P<0.001).

An in tera ctio n  (P<0.05) was a lso  observed between selenium and 
cyanide fo r  e f f e c t s  on l iv e r  w eight. SNP s ig n if ic a n t ly  (P<0.01) 
decreased l iv e r  weight when added to  the control d ie t ,  but d id  not 
a lte r  th is  variab le  in  the presence o f selenium.

In con trast, there was no in tera c tio n  between selenium and SNP fo r  
e f f e c t s  on hepatic glycogen concentration. Treatment w ith  SNP 
resu lted  in  a h igh ly  s ig n if ic a n t  (PC0.001) decrease in  l iv e r  glycogen  
concentration. Selenium did  not a f fe c t  (P>0.05) t h is  var iab le .
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Table 4.3 The Effect of Long-Term Dietary Exposure to SNP and/or Selenium
on Growth Performance and Liver Glycogen Concentration in Chicks.

T reatm en t Added 
S elen iu m  mg kg - 1

Added  SNP 
g k g - 1

Body W eight G ain  
g b ir d " 1 
aid-1

Feed  In ta k e  
g b ird"  1 
aid-1

F eed
C o n v e r sio n
R a t io

L iv e r
W eight

g

L iv e r  G lyco g en  
g kg ' 1

A 0 .0 0 .0 3 6 2 . 7a 7 6 5 . 7a 2 . l a 1 4 . 16a 1 7 . 63a
B 0 .0 0 . 3 3 1 0 . 7b 696 .  l bc 2 . 2 a 1 2 . 18b 9 . 97b
C 1 0 . 0 0 .0 2 3 7 . 7 ° 6 4 1 . 2 ° 2 . 8 b 1 2 . 24b 1 6 . 79a
D 1 0 . 0 0 . 3 3 1 5 . 6b 7 0 4 . 4b 2 . 2 a 1 2 . 26b 8 . 50b

+ SEM 1 1 . 7 1 9 . 2 0 .1 0 . 5 1 . 7
LSD (P == 0 . 0 5 ) 3 3 . 8 5 5 . 3 0 . 2 1 . 4 7 4 . 9 0

Each v a lu e  i s  a mean o f  9 c h i c k s .
Values w ithin  a column sharing the same superscrip t are not s ig n if ic a n t ly  d if fe r e n t  at P<0.05.

NS = No s ig n if ic a n t  d iffe r e n c e s .



4 .3 .3  E ffect o f D ietary Exposure to  Sub-lethal Doses of SNP and/or 
Selenium on Liver L actate and Pyruvate Levels in  Chicks 
(Experiment 7 ).

A cassava-soya bean d ie t  supplemented w ith DL-methionine a t a 
le v e l  o f 6 g kg- 1  provided the b a sis  for  the fo llow in g  four treatm ents 
in  th is  2 X 2 fa c to r ia l experiment:

Treatment Added Selenium Added SNP
mg kg" 1 g kg-

A 0 . 0 0 . 0

B 0 . 0 0.5
C 1 0 . 0 0 . 0

D 1 0 . 0 0.5

C hronologically, experiment 7 was carried  out before experiment 6 , 
when the cassava-based d ie t  and the higher rate o f SNP in c lu sion  were 
in  use. S ix  chicks (Hisex) were a llo ca ted  to  each o f the treatm ents, 
which were d ispersed  in  a t o t a l ly  randomised manner between two growth 
rocms. Eighteen days a f te r  tra n sfer  to  the experimental d ie ts  the  
chicks were sa c r if ic e d  for  a n a ly sis  o f l iv e r  la c ta te  and pyruvate 
concentrations.

Results

(See Table 4 . 4 ) .

Addition o f SNP to  the b a sic  d ie t  resu lted  in  a s ig n if ic a n t  
(P<0.01) reduction in  body weight gain . Growth rate was a lso  
s ig n if ic a n t ly  (P<0.05) decreased by d ie ta ry  exposure to  selenium . No 
in teraction  was observed (P>0.05) between selenium and SNP for  e f f e c t s  
on growth. SNP, a t the high in c lu sio n  rate  used in  t h is  study, fa i le d  
to  a l le v ia te  se le n o s is . L iver weight was not a ltered  by any o f the  
d ietary  treatm ents.

Chronic d ie ta ry  exposure to  SNP resu lted  in  a s ig n if ic a n t  (P<0.01)  
reduction in  l iv e r  la c ta te  concentration. Treatment w ith selenium
however, had no e f f e c t  (P>0.05) on the le v e l  o f th is  m etab o lite .
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Table 4.4 The Effect of Dietary Exposure to Sub-lethal Doses of SNP and/or Selenium
on Body Weight Gain and Liver Lactate and Pyruvate Concentration.

T reatm en t Added 
S e le n iu m  
mg kg " 1

Added  SNP g  kg - 1

Body W eight  Gaing b ir d " 1 
18d" 1

L i v e rW eight
g

L iv e r  L a c ta te  
nm ols g" 1

L iv e r  P y r u v a te  n m ols g ~ 1

L a c t a t e : P y r u v a te  
R a t i o

A 0 . 0 0 . 0 3 0 4 . 2a 1 3 . 3 5 3 . 26a 0 . 23a 1 4 . 62a
B 0 . 0 0 . 5 2 1 9 . 7b 1 2 . 3 9 2 . 06b 0 . 29a 7 . 03b
C 1 0 . 0 0 . 0 2 4 9 . 5b 1 3 . 3 5 3 . 23a 0 . 42c 7 . 89b
D 1 0 . 0 0 . 5 2 1 5 . 3b 1 1 . 5 4 2 . 39b 0 . 27a 8 . 79b

+ SEM 1 8 . 0 0 . 6 8 0 . 2 7 0 . 0 3 0 . 9 7
LSD (P == 0 . 0 5 ) 5 3 . 1 NS 0 . 8 1 0 . 0 9 3 . 1 2

Each v a lu e  i s  a mean o f  6 c h i c k s .
Values w ithin a column sharing the same superscrip t are not s ig n if ic a n t ly  d iffe r e n t at P<0.05.

NS = No s ig n if ic a n t  d iffere n c es .



There was no s ig n if ic a n t  (P>0.05) in tera c tio n  between selenium and SNP 
although ad d ition  o f SNP to  the d ie t  produced a greater  e f f e c t  in  the  
absence o f selenium (s ig n if ic a n t  a t P<0.01) than in  i t s  presence 
(s ig n if ic a n t  a t  P<0.05).

In con trast, a s ig n if ic a n t  (PC0.05) in tera c tio n  was observed 
between selenium and SNP fo r  e f f e c t s  on l iv e r  pyruvate concentration. 
Exposure to  selenium s ig n if ic a n t ly  (PC0.05) increased l iv e r  pyruvate 
concentration, but only in  the absence o f SNP. Treatment w ith  SNP 
alone had no e f f e c t  (P>0.05) on t h is  variab le .

There was a h igh ly  s ig n if ic a n t  (P<0.001) in tera c tio n  between 
selenium and SNP for  e f f e c t s  on l iv e r  la c ta te :  pyruvate r a t io .  
Inclusion  o f SNP in  the b asic  d ie t  resu lted  in  a h igh ly  s ig n if ic a n t  
(P<0.001) decrease in  l iv e r  lactate:p yru vate r a t io . However, when 
th is  tox in  was added to  the high selenium ration s lactate:p yru vate  
r a tio  was unaltered , and remained s ig n if ic a n t ly  (PCO.OOl) lower than 
the value observed in  b irds consuming the control d ie t s .  S im ilar ly , 
hepatic lactate:pyruvate r a t io  was reduced (P<0.01) by in c lu sion  of 
selenium in  the b asic  d ie t .  Simultaneous treatment w ith  SNP did  not 
a lte r  th is  r a t io .

Again, there were no s ig n if ic a n t  e f f e c t s  o f growth rocm on any o f  
the variab les measured.

4 .3 .4  D iscussion  of Experiments 5-7.

Chronic exposure of chicks to  d ie ta ry  selenium produced obvious 
sign s of t o x ic i t y ,  m anifested by impaired growth performance. These 
e f f e c t s  became more pronounced w ith  tim e, t o x ic i t y  being firm ly  
estab lish ed  seven days in to  the study.

Liver glycogen and la c ta te  concentrations were unaffected  by 
chronic exposure to  selenium, su ggesting  that t h is  tox in  did not cause 
major le s io n s  in  the aerobic pathways o f glucose catabolism . However, 
l iv e r  pyruvate concentration was e levated  in  selenium t o x ic i t y  and the  
l iv e r  lactate:pyruvate r a tio  was commensurately decreased.
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Although selenium e f f e c t s  on carbohydrate metabolism have received  
l i t t l e  a tten tio n  to  date, s im ila r  trends have been noted by other  
workers. Caravaggi (1971) observed th at chronic selenium  t o x ic i t y  had 
l i t t l e  e f f e c t  on the oxygen uptake o f rat l iv e r  and kidney m inces, 
w ith or without added g lu cose, but th at the aerobic production of  
1 4 CO2 frcm D- 1 4 C-glucose by th ese  minces was markedly dim inished. The 
author proposed selenium-mediated stim u lation  o f fa t ty  ac id  
degradation as a p o ss ib le  explanation fo r  th is  la t t e r  ob servation . 
Shearer (1973) was unable to  demonstrate any s ig n if ic a n t  change in  the  
concentrations o f severa l g ly c o ly t ic  and TCA cy c le  interm ediates in  
l iv e r s  and kidneys frcm r a ts  exposed to  to x ic  doses o f d ie ta ry  
selenium. However, in  th is  study, which used on ly 4 mg Se per kg 
feed , there was a tendency for  pyruvate concentration to  be increased , 
w h ilst la c ta te  le v e l  was la r g e ly  unaltered.

Although the selenium-mediated increase in  hepatic pyruvate 
content seen in  experiment 7 may be rela ted  to  a lte r a tio n s  in  the  
pathways o f gluconeogenesis or fa t  metabolism, minor pertubations in  
glucose catabolism , p a r ticu la r ly  a t the le v e ls  o f enzymes involved in  
pyruvate metabolism remain a p o s s ib i l i t y .  In f a c t ,  severa l workers 
have demonstrated the i n  v i v o  in h ib itio n  o f certa in  enzymes o f the TCA. 
cycle  a fte r  selenium treatm ent, including a-k etog lu tarate dehydrogenase 
(Ig n esti e t  a l . , 1986),  su ccin ate  dehydrogenase (Klug e t  a l . ,  1950b; 
Ray & Ray, 1975) and is o c itr a te  dehydrogenase (Nebbia e t  a l . , 1990).  
The la t t e r  two are key regulatory enzymes in  t h is  c y c le . Nebbia's 
group a lso  reported a selenium-mediated decrease in  l iv e r  la c ta te  
dehydrogenase a c t iv ity .  These changes would be expected to  lead  to  a 
slowing o f the TCA cycle  and a b u ild  up o f pyruvate, and might 
therefore explain  the observations o f experiment 7. R ecently, Davis & 
Frear (unpublished) have demonstrated th at selenium not only decreases 
the a c t iv ity  o f certa in  m itochondrial enzymes (the Fe-S contain ing  
p ro te in s , succinate dehydrogenase and NADH: coenzyme Q reductase) , but 
a lso  reduces the a c id - la b ile  sulphide content o f th ese  o r g a n e lle s . 
This observation rein forces the view that the selenium-induced  
increase in  hepatic pyruvate concentration r e s u lts  from r e s tr ic te d  
mitochondrial ox id a tio n .

Chronic exposure to  d ie ta ry  SNP produced s ig n s o f t o x ic i t y  in  the  
chicks, revealed  by Impaired growth performance. In contrast to  the
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pattern  observed in  the development o f se le n o s is , SNP produced i t s  
g rea test e f f e c t s  in  the f i r s t  few days o f exposure, a fa c t  probably 
re la ted  to  the marked reduction in  voluntary feed  intake occurring a t  
t h is  tim e. This fin d in g  i s  in  agreement w ith r e s u lts  reported by 
E lzubeir (1986).

Liver glycogen concentration was markedly reduced by SNP 
treatm ent, as was la c ta te  le v e l .  Hepatic pyruvate content was 
increased, though not s ig n if ic a n t ly , r esu ltin g  in  a decreased  
la c ta te :  pyruvate r a t io . A s im ila r  decrease in  l iv e r  glycogen  
concentration during chronic cyanide in to x ica tio n  was a lso  
demonstrated by S h a ffi & Prasad (1979),  Kovacs & Leduc (1982) and by 
Raymond e t  a l .  (1986) in  th e ir  s tu d ie s  on freshwater f is h ,  and by 
Padmaja & Panikkar (1989) using rab b its. In only two o f th ese  stu d ies  
(Kovacs & Leduc, 1982; Padmaja & Panikkar, 1989) were l iv e r  la c ta te  
le v e ls  measured, but in  both cases the concentration o f t h is  
m etabolite was VOCfQ.CCbQ.<b by cyanide exposure. However, owing to  
d ifferen ces  in  both mode of adm inistration (Padmaja and Panikkar gave 
an in trap eriton ea l in jec tio n  o f cyanide tw ice weekly) and sp ec ies  
used, the relevance o f th ese  stu d ies  to  events occurring during 
chronic exposure to  d ie ta ry  cyanide in  chickens remains questionable. 
In add ition , both in v estig a tio n s  employed much lower le v e ls  o f cyanide 
than were used in  experiments 5-7.  Even so , i f  the SNP induced 
reduction in  hepatic  glycogen concentration i s  taken as in d ic a tiv e  o f  
increased anaerobic glucose catabolism , the accompanying decrease in  
la c ta te  content requires seme explanation.

As d iscu ssed  in  d e ta i l  in  Section  2 .3 .2 ,  s im ila r ly  c o n flic t in g  
r e su lts  have been obtained frem in v estig a tio n  o f the mechanisms of 
acute cyanide to x ic i ty .  Although the m ajority o f stu d ies  have 
demonstrated cyanide-induced decreases in  t is s u e  glycogen le v e ls  w ith  
concomitant in creases in  t is s u e  la c ta te  concentration, Baxter & 
Hensley (1969) reported a reduction in  the amount o f la c ta te  in  the  
l iv e r s  o f cyanide trea ted  r a ts . The lactate:pyruvate r a t io  was halved  
and the sum o f the concentrations o f th ese two m etabolites was 
decreased, fin d in gs which are a l l  in  agreement w ith  the r e s u lts  o f  
experiments 5-7.  They explained th ese  r e su lts  by invoking the  
operation of a cyanide ca ta lysed  a lte rn a tiv e  route fo r  carbohydrate 
metabolism, the m ethylglyoxal pathway (Figure 1 ). I t  i s  conceivable,
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p a rticu la r ly  given  the high dose o f SNP used in  experiment 7, th at  
th is  pathway assumed s u f f ic ie n t  importance to  produce the r e su lts  
observed in  th is  t r i a l .

Plasma glucose data fa i le d  to  r e f le c t  increased g ly co g en o ly s is . 
However, t h is  may not be su rp risin g  in  the chicken because the control 
of blood glucose in  th is  sp ec ies  d if fe r s  from th at o f mammals (Pearce, 
1977 and 1983).

In conclusion , i t  seems probable, based on the l iv e r  glycogen  
data, th at chronic cyanide exposure does r e su lt  in  impaired 
mitochondrial function  lead ing to  increased anaerobic catabolism  o f  
glucose; (whether glucose breakdown i s  fu e lle d  by increased g ly c o ly s is  
remains questionable in  view o f the observed decrease in  l iv e r  la c ta te  
content a fte r  SNP treatm ent). However, a d ir e c t  e f f e c t  o f the tox in  
on the enzymes involved in  glycogen sy n th esis or degradation cannot be 
excluded on the b a sis  o f the r e s u lts  o f experiments 5-7.

Liver glycogen le v e ls  showed no adaptation to  SNP w ith increasing  
time of exposure. This observation i s  in  agreement w ith  the fin d in gs  
of Raymond e t  a l .  (1986) who demonstrated that glycogen le v e ls  in  the  
l iv e r s  o f trout (Salmo ga ird n eri)  gradually returned to  normal a f te r  
7-10 days o f exposure to  0.01 and 0.02 mg HCN L~ 1 , but remained 
depressed when a higher concentration o f the tox in  (0.03 mg HCN I f 1 ) 
was used.

The in tera c tio n  between selenium  and cyanide, whereby cyanide 
a l le v ia te s  selenium to x ic ity ,  does not appear to  occur a t  the le v e l  o f  
anaerobic glucose metabolism. No in tera c tio n  was observed between 
th ese  tox in s fo r  e f f e c t s  on l iv e r  glycogen concentration. There were 
in teraction s between cyanide and selenium fo r  l iv e r  pyruvate 
concentration and lactate:pyruvate r a t io . However, th ese  e f f e c t s  were 
probably secondary. In the case o f pyruvate le v e ls ,  the in tera c tio n  
arose only because selenium was without e f f e c t  on t h is  variab le  when 
cyanide was present in  the d ie t .  Both to x in s , when given alon e, 
decreased the hepatic la c t a t e : pyruvate r a t io , but fo r  d if fe r e n t  
reasons. As prev iou sly  mentioned, cyanide decreased l iv e r  la c ta te  
content, w h ilst  selenium increased  pyruvate. When both to x in s were 
present in  the d ie t ,  the selenium  e f f e c t s  were n u l l i f ie d ,  cyanide
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e f f e c t s  remained and lactate:p yru vate r a tio  appeared unaltered when 
compared w ith the cyanide on ly , or selenium only con tro l, lead ing to  a 
s t a t i s t i c a l l y  s ig n if ic a n t  in tera c tio n .

4.4 The Effect of Pyruvate Donors on The Chronic Toxicity of Cyanide.

I f  the mechanism of chronic cyanide poisoning invo lves in h ib itio n  
of cytochrome oxidase and resu lta n t stim u lation  o f the anaerobic 
catabolism  of g lu cose, pyruvate donors might be expected to  modify the  
degree o f to x ic i t y .  Experiments 8 and 9 were designed to  examine th is  
p o s s ib i l i ty .

4 . 4 . 1  The E ffec t o f D ietary C ystine, Alanine and Lactate on the  
Chronic T ox ic ity  o f SNP (Experiment 8 ).

Conventional chick mash supplemented w ith 2 .5  g DL-methionine per 
kg formed the b a sis  for  the fo llow in g  treatments:

Treatment Added Added Added Added

L-Cystine L-Alanine L-Lactate SNP

g kg-1 g kg-1 g kg'1 g kg-1

A 0.00 0.00 0.00 0.00

B 0.00 0.00 0.00 0.30

C 3.00 0.00 0.00 0.00

D 3.00 0.00 0.00 0.30

E 6.00 0.00 0.00 0.00

F 6.00 0.00 0.00 0.30

G 0.00 2.25 0.00 0.00

H 0.00 2.25 0.00 0.30

I 0.00 4.50 0.00 0.00

J 0.00 4.50 0.00 0.30

K 0.00 0.00 4-. BO 0.00

L 0.00 0.00 4-. 50 0.30
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L -cystine  and L-alanine were added a t two comparable l e v e l s , 
w h ilst L -la c ta te  was included on ly a t the higher ra te .

S ix  chicks (ISA Brown) were a llo ca ted  to  each o f  the treatm ents, 
which were d ispersed  in  a t o t a l ly  randomised manner w ith in  two 
equivalent growth rocms. Weight gains and feed in takes were monitored 
over a period o f 2 1  days.

Results

(see  Table 5.1)

No growth room e f f e c t s  were apparent in  th is  t r i a l .  Addition of 
L -cystin e , L -la c ta te  or the lower le v e l  o f L-alanine to  the d ie t  of 
chicks d id  not s ig n if ic a n t ly  (P>0.05) a f fe c t  growth ra te . However, a 
s ig n if ic a n t  (P<0.05) increase in  body weight gain was observed in  
birds fed  the higher le v e l  o f d ie ta ry  L -alanine.

SNP fa i le d  to  a lte r  the growth of chicks consuming e ith e r  the  
control d ie t  or the L -cystin e  supplemented d ie t s .  In con trast, 
addition  o f SNP to  d ie ts  contain ing the low le v e l  o f L -alanine or a 
high concentration of L -la c ta te  resu lted  in  a s ig n if ic a n t  (P<0.01) 
decrease in  body weight gain . At the high le v e l  o f L -alan ine, SNP 
in c lu sion  caused a h igh ly  s ig n if ic a n t  (P<0.001) reduction in  growth 
rate .

4 .4 .2  The E ffec t o f D ietary Alanine and Serine on the Chronic 
T ox ic ity  o f SNP (Experiment 9 ).

This experiment was designed to  determine whether the unexpected 
and detrim ental e f f e c t  o f L -alanine in  chronic cyanide in to x ica tio n , 
observed in  experiment 8 , was reproducible. The e f f e c t  o f another 
pyruvate precursor, L -serin e, was a lso  in vestig a ted .
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Table 5.1 The Effect of Dietary L-Cystine, L-Alanine and L-Lactate on the
Growth Performance of Chicks Fed SNP.

T reatm en t Added  L - C y s t i n e  g Rg- 1

Added  L - A l a n i n e  g kg - 1

Added L - L a c t a t e  g kg - 1

Added SNP g kg - 1

Weight  Gain  g b ir d - 1 zld"  1

Feed  I n t a k e  g b ird"  1 n d - 1

FeedC o n v e r s io nR a t i o

A 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 3 7 7 . 3bc 6 4 9 . 8 1 . 7 2
B 0 . 0 0 0 . 0 0 0 . 0 0 0 . 3 0 3 5 9 . 0cd 6 1 5 . 9 1 . 7 2
C 0 . 3 0 0 . 0 0 0 . 0 0 0 . 0 0 3 8 4 . 7ab 6 7 9 . 7 1 . 7 7
D 0 . 3 0 0 . 0 0 0 . 0 0 0 . 3 0 3 8 4 . 3ab 6 6 0 . 9 1 . 7 2
E 0 . 6 0 0 . 0 0 0 . 0 0 0 . 0 0 3 9 5 . 2ab 6 9 5 . 6 1 . 7 6
F 0 . 6 0 0 . 0 0 0 . 0 0 0 . 3 0 3 7 5 . 3bc 6 2 8 . 8 1 . 6 8

G 0 . 0 0 2 . 2 5 0 . 0 0 0 . 0 0 3 8 0 . 5 abc 6 9 8 . 0 1 . 8 3
H 0 . 0 0 2 . 2 5 0 . 0 0 0 . 3 0 3 3 9 . 2d 6 1 4 . 5 1 . 8 1
I 0 . 0 0 4 . 5 0 0 . 0 0 0 . 0 0 4 0 5 . 0a 7 0 6 . 1 1 . 7 4
J 0 . 0 0 4 . 5 0 0 . 0 0 0 . 3 0 3 4 6 . 2d 6 4 6 . 0 1 . 8 7
K 0 . 0 0 0 . 0 0 7 . 2 5 0 . 0 0 3 7 2 . 2bc 6 8 2 . 6 1 . 8 4
L 0 . 0 0 0 . 0 0 7 . 2 5 0 . 3 0 3 3 5 . 8 d 6 3 8 . 2 1 . 8 8

+ SEM 8 . 7 2 3 . 7 0 . 0 5
LSD (P = 0 . 0 5 ) 2 4 . 7 NS NS

Each v a lu e  i s  a mean o f  6 c h i c k s .V a lu e s  w i t h i n  a colum n s h a r i n g  th e  same s u p e r s c r ip t  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  P < 0 . 0 5 .  NS = No s i g n i f i c a n t  d i f f e r e n c e s .



Chick mash supplemented w ith 2 .5  g DL-methionine per kg feed  
provided the b a sis  fo r  the fo llow in g  treatm ents:

jatment Added Added Added
L-Alanine L-Serine SNP
g kg- 1 g kg- 1 g kg- 1

A 0 . 0 0 0 . 0 0 0 . 0 0

B 0 . 0 0 0 . 0 0 0.30
C 4.00 0 . 0 0 0 . 0 0

D 4.00 0 . 0 0 0.30
E 0 . 0 0 4.72 0 . 0 0

F 0 . 0 0 4.72 0.30

Four birds (ISA Brown) were a llo ca ted  to  each o f the treatm ents, 
which were d ispersed  in  a t o t a l ly  randomised manner w ith in  a s in g le  
growth roan.

Results

(See Table 5.2)

Inclusion  o f L-alanine or L -serine in  the d ie t  d id  not 
s ig n if ic a n t ly  (P>0.05) a f fe c t  the growth performance o f ch ick s, as 
measured by body weight gain , feed  intake and feed  conversion r a t io .  
Both amino acid s exacerbated SNP to x ic i t y .  Addition o f SNP to  the  
b asic  d ie t  caused s ig n if ic a n t  (P<0.01) reductions in  both weight gain  
and feed  in take, leavin g  the feed  conversion r a t io  unaltered. When 
SNP was added to  the L-alanine supplemented d ie t  i t s  e f f e c t s  were 
more pronounced, r esu ltin g  in  h igh ly  s ig n if ic a n t  (P<0.001) decreases 
in  weight gain and feed  in take, together with a s ig n if ic a n t  (P<0.05) 
increase in  feed  conversion r a t io . S im ilar ly , SNP in  the presence o f  
L -serine produced a h igh ly  s ig n if ic a n t  (P<0.001) reduction in  weight 
gain , together w ith  s ig n if ic a n t  (P<0.01) decreases in  feed  intake and 
the e f f ic ie n c y  o f feed  u t i l i s a t io n .
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Table 5.2 The Effect of Dietary L-Alanine and L-Serine on the Growth Performance
of Chicks Fed SNP.

T reatm en t Added L - A l a n i n e  
g kg - 1

Added L -S e r in e  
g kg - 1

Added SNP 
g kg - 1

Weight  Gain  
g b ird "  1 

2 Id" 1

Feed  I n t a k e  g b i r d " 1 
2 1 d“ 1

FeedC o n v ersio n
R a t i o

A 0 . 0 0 0 . 0 0 0 . 0 0 3 4 9 . 6 a 7 9 8 . 4a 2 . 30a
B 0 . 0 0 0 . 0 0 0 . 3 0 2 7 2 . 2b 6 5 6 . 9b 2 . 43a
C 4 . 0 0 0 . 0 0 0 . 0 0 3 8 0 . 7a 8 5 7 . 4a 2 . 25a
D 4 . 0 0 0 . 0 0 0 . 3 0 2 5 0 . l b 6 1 8 . 3b 2 . 47b
E 0 . 0 0 4 . 7 2 0 . 0 0 3 6 9 . 9a 8 1 5 . 6a 2 . 2 1 a
F 0 . 0 0 4 . 7 2 0 . 3 0 2 5 9 . 2b 6 5 4 . 8b 2 . 53b

+ SEM 1 6 . 1 3 0 . 1 0 . 0 7
LSD (P = 0 . 0 5 ) 4 7 . 7 8 9 . 7 0 . 2 0

Each v a lu e  i s  a mean o f  4 c h i c k s .V a lu e s  w i t h i n  a colum n s h a r i n g  th e  same s u p e r s c r i p t  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  P < 0 . 0 5 .



4.4.3 Discussion of Experiments 8 and 9.

D ietary L -a lan in e. L-Lactate and L -serine a l l  exacerbated the  
chronic t o x ic i t y  o f SNP.

Under normal con d ition s, the opposing pathways o f g ly c o ly s is  and 
gluconeogenesis are con tro lled  in  response to  f lu c tu a tio n s in  the fu e l  
supply and energy le v e l  in  the c e l l s . Assuming th at impaired 
mitochondrial function  and increased g ly c o ly s is  are fea tu res o f  
chronic cyanide to x ic i ty ,  one would expect the f lu x  through the  
gluconeogenic pathways to  be ccmmensurately reduced. Newsholme & 
Underwood (1966) demonstrated, in  an acute study using  kidney cortex  
s l i c e s ,  th at gluconeogenesis from g ly cero l or dihydroxyacetone was 
very rap id ly  in h ib ited  by the ad d ition  o f cyanide.

Any treatment which favours gluconeogenesis over g ly c o ly s is  during 
cyanide exposure might be expected to  increase the energy d e f ic i t  and 
exacerbate the t o x ic i t y  o f t h is  poison. This may provide a p o ss ib le  
explanation for  the e f f e c t s  o f L -alan ine, L -serine and L -la c ta te . The 
main precursors fo r  glucose formation in  the l iv e r  are g ly c e r o l, amino 
acid s and la c ta te . Experiments w ith  perfused rat l iv e r  have suggested  
th at an increase in  the plasma concentration o f any o f th ese  
precursors could r e su lt  in  a stim u la tion  o f gluconeogenesis (Exton e t  

a l . ,  1970).

The mechanism of th is  e f f e c t  has not been w e ll in v estig a ted , 
however, S tart (1969) has shown th a t adm inistration o f la c ta te  to  an 
in ta c t  animal r a ise s  the concentration o f pyruvate in  the l iv e r  which 
should stim ulate pyruvate carboxylase (E.C. 6 . 4 . 1 . 1 ) .  S tart a lso  
demonstrated th at the adm inistration o f la c ta te  in creases the hepatic  
content o f c it r a te  which would be expected to  in h ib it  
phosphofructokinase (E.C. 2 . 7 . 1 . 1 1 ) .  In ad d ition , l iv e r  pyruvate 
kinase (E.C. 2 .7 .1 .40)  i s  in h ib ited  by L-alanine (Seubert & Schoner, 
1971; Eigenbrodt & Schoner, 1977).

In vestig a tion  o f the e f f e c t s  o f m odifiers o f gluconeogenesis such 
as acetoacetate  (stim ulator) and p -tert-b u ty lb en zo ic  acid  (in h ib ito r )  
on the growth performance o f chicks consuming SNP alone or SNP p lus 
alan in e, ser in e  or la c ta te  might provide u sefu l inform ation on the
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mechanism by which th ese compounds exacerbate chronic cyanide 
to x ic ity .

D ietary supplementation w ith  L -cystin e  did  not exacerbate cyanide 
to x ic i ty .  This may be a ttr ib u ta b le  to  i t s  involvement, e ith e r  
d ir e c t ly  or in d ir e c t ly , in  cyanide d e to x if ic a tio n .

4 .5  The E ffe c t  o f  D ietary  Supplementation w ith  L-C ystine on th e
Chronic T o x ic ity  o f  SNP (Experiment 10) .

In experiment 8 , L -cystin e  appeared to  have a very d if fe r e n t  
e f f e c t  on the se v e r ity  o f chronic cyanide in to x ica tio n  from th at o f  
the other pyruvate donors a lan in e, la c ta te  and ser in e . V oegtlin  e t  

a l .  discovered as long ago as 1926 th at c y stin e , cy ste in e  and GSSG 
protected  aga in st acute cyanide in to x ica tio n  in  r a ts . More recen tly  
Elzubeir (1986) demonstrated a b e n e f ic ia l e f f e c t  o f d ie ta ry  L -cystine  
on the growth performance o f chicks consuming SNP. In ad d ition , Benz 
e t  a l .  (1990) evaluated the a b i l i t y  o f the o p tic a l isomers o f
cyste in e  and N -acety lcyste in e  to  act as an tid otes aga in st
a c r y lo n itr ile  t o x ic i t y  in  the ra t and concluded th at th ese  compounds 
were d etox ify in g  cyanide produced during the metabolism o f th is  
compound.

Since the impairment o f growth performance normally observed on 
addition  o f SNP to  the b asic  d ie t  fa i le d  to  achieve s ig n ific a n ce  in  
experiment 8 , i t  was not p o ss ib le  to  determine whether L -cystin e  was 
a c tu a lly  b e n e f ic ia l under the cond itions o f th ese  experiments. 
Experiment 10 was designed to  c la r ify  t h is  p o in t.

Chick mash, supplemented w ith  DL-methionine a t 1 g kg- 1 , provided  
the base for  the fo llow in g four treatm ents in  th is  2 X 2 fa c to r ia l  
experiment:
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Ltment Added Added
L-C ystine SNP
g kg-1 g  kg-1

A 0.0 0.0
B 0.0 0.3
C 6.0 0.0
D 6.0 0.3

Four birds (ISA Brown) were a llo ca ted  to  each o f the treatm ents, 
which were d ispersed  in  a t o t a l ly  randomised manner w ith in  a s in g le  
growth room. Body weight gains and feed  intakes were monitored over a 
period o f 14 days.

Results

(See Table 6 .1 ) .

S ig n ifica n t (P<0.01) in tera c tio n s were observed between cy stin e  
and SNP in  th e ir  e f f e c t s  on body weight gains and feed  conversion  
r a t io s . L -cystine  supplementation d id  not s ig n if ic a n t ly  (P>0.05) 
a ffe c t  growth performance. Inclusion  o f SNP in  the b a sic  d ie t  caused 
high ly  s ig n if ic a n t  (P<0.001) reductions in  body weight gain , feed  
intakes and the e f f ic ie n c y  o f feed  u t i l i s a t io n .  However, SNP had much 
le s s  e f f e c t  when added to  the cy stin e  supplemented d ie t .  Weight gains 
and feed  in takes were s t i l l  decreased but to  a le s s e r  exten t (with  
p r o b a b ilit ie s  o f 0.01 and 0.05 r e sp e c tiv e ly ) , w h ilst  feed  conversion  
r a tio s  were unaffected . In fa c t , b irds consuming both cy stin e  and SNP 
performed as w e ll as those fed  the con trol ra tion s.

4 . 5 . 1  D iscussion  o f Experiment 10

Supplemental L -cystine  a lle v ia te d  the detrim ental e f f e c t s  o f  
chronic exposure to  d ie ta ry  SNP on growth performance. Thus, when SNP 
i s  to x ic , L -cystine  does have a b e n e f ic ia l e f f e c t  under the cond itions  
of th ese  experiments. The lack  of e f f e c t  o f SNP in  experiment 8 can 
only be a ttr ib u ted  to  natural v ar ia tion  in  feed  co n stitu en ts  which i s  
a common problem in  n u tr it io n a l s tu d ie s .



Table 6 .1  The E ffe c t  o f  D ietary  L-C ystine on th e  Chronic T o x ic ity  

o f  SNP.

Treat­ment AddedL-Cystine
g kg-1

Added SNP 
g kg-1

Body weight gainq bird - 1 14d"1

Feed Intake g bird - 1  14d_ 1

FeedConversion
Ratio

A 0 .0 0 .0 213ac 437.4ac 2 . 06a
B 0 .0 0.3 13 l b 345. 6b 2 . 66b
C 6 . 0 0 .0 232a 470. l a 2 . 03a
D 6 . 0 0.3 2 0 0 c 415. T 2 . 08a

+ SEM 7.3 14.8 0.09
LSD(P=0.05) 22.5 45.6 0.27

Each value i s  a mean o f 4 chicks.

Values w ith in  a column sharing the same superscript are not 
s ig n if ic a n t ly  d if fe r e n t  a t  P<0.05.

4 .6  The E ffe c t  o f  D ietary  Selenium and/or SNP on th e  Redox S ta te  o f
Pyridine Nucleotides in Chicken Liver (E xp erim en t 11).

Variables such as hepatic concentrations o f glycogen, la c ta te  and 
pyruvate provide only in d irec t measures o f cyanide a c tio n . In the  
experiment described below the redox le v e l  of the pyrid ine nu cleotide  
couples was determined as a d ir e c t  index o f the s ta te  o f the e lectro n  
transport system during chronic cyanide in to x ica tio n . I f  the tox in  i s  
present in  q u a n titie s  s u f f ic ie n t  to  in h ib it  cytochrome C oxidase then 
one might expect the primary e f f e c t  o f chronic cyanide exposure to  be 
a lowering o f the m itochondrial NAD+ :NADH r a tio . A secondary r e su lt
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might be the accumulation of NADH and NADPH in  the cytoplasm which, in  
turn, might f a c i l i t a t e  selenium metabolism.

I t  i s  gen era lly  considered th at the disturbances occurring during 
normal fra ction a tion  procedures fo r  su b cellu lar  compartments w i l l  
a lte r  the redox s ta te  o f pyrid ine n u cleotid es (Williamson e t  a l . , 
1967).  Consequently, whole l iv e r  n u cleotide concentrations were 
estim ated in  t h is  in v e stig a tio n . The a ltern a tiv e  technique, using  
redox reaction s to  ca lcu la te  m itochondrial and c y to so lic
NAD(P) :NAD(P)H r a t io s , demands assumptions which are questionable  
(Akerbocm e t  a l . ,  1979).  However, s in ce  the amounts o f pyrid ine  
n u cleotid es are higher in  the mitochondria than in  the c y to so l, 
changes in  whole t is s u e  NAD(P)/NAD(P)H le v e ls  prim arily  r e f le c t  
a lte ra tio n s  in  the m itochondrial content o f th ese  m etab olites  
(T isch ler  e t  a l . ,  1977; Sahlin & Katz, 1986; Henriksson e t  a l . ,  1986).

The e f f e c t s  o f chronic exposure to  selenium and/or cyanide on the  
pyridine nucleotide system have not prev iou sly  been reported.

Chick mash supplemented w ith DL-methionine a t 2 g kg- 1  provided  
the b a sis  for  the four treatm ents shown in  t h is  2 X 2

fa c to r ia l experiment:

Treatment Added Added
Selenium SNP
mg kg-1 g kg-1

A 0 .0 0 .0
B 0 .0 0 .3
C 10.0 0.0
D 10.0 0.3

Nine chicks (ISA Brown) were a llo c a ted  to  each o f the treatm ents,
which were dispersed in  a t o t a l ly  randomised manner w ith in  a s in g le
growth rocm. Weight gains and feed  in takes were monitored a t regular  
in ter v a ls  over a period of 26 days, a fte r  which the chicks were
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slaughtered fo r  estim ation  o f l iv e r  pyrid ine n u cleotid e  
con cen trations.

R esu lts

(See Table 7 . 1 ) .

Highly s ig n if ic a n t  in tera c tio n s (PC0.001) were observed between 
the e f f e c t s  o f selenium and SNP on growth performance as measured by 
body weight g a in s , feed  in takes and the e f f ic ie n c y  o f feed  
u t i l i s a t io n .

Selenium alone caused a h igh ly  s ig n if ic a n t  (PcO.OOl) decrease in  
body weight gain , but fa i le d  to  a f f e c t  (P>0.05) t h is  var iab le  in  
chicks consuming SNP. Inclusion  of SNP in  the b asic  d ie t  resu lted  in  
a h igh ly  s ig n if ic a n t  (P<0.001) reduction in  body weight gain , however, 
when added to  the high selenium d ie t ,  SNP dram atically improved growth 
rate (P<0.001),  i . e .  SNP a l le v ia te d  selenium to x ic ity .

Addition o f SNP to  the b a sic  d ie t  caused a h igh ly  s ig n if ic a n t  
(P<0.001) reduction in  feed  in tak e, but when added to  the high  
selenium d ie t ,  SNP did  not a f fe c t  (P>0.05) th is  var ia b le . In 
con trast, although selenium alone a lso  decreased (P<0.001) feed  
in take, when t h is  element was added to  SNP-containing d ie t s ,  feed  
intake was s ig n if ic a n t ly  (P<0.001) increased . That i s ,  selenium  
p a r t ia lly  overcame the to x ic  e f f e c t s  o f SNP on feed  consumption.

Both SNP and selenium given alone s ig n if ic a n t ly  increased feed  
conversion r a t io  with p r o b a b ilit ie s  greater than 0.05 and 0.01  
r esp e c tiv e ly . However, addition  o f SNP to  the high selenium d ie ts  
dram atically reduced (P<0.001) feed  conversion r a t io , such th at the  
e ff ic ie n c y  o f feed  u t i l i s a t io n  in  chicks on treatment D was not 
s ig n if ic a n t ly  (P>0.05) d if fe r e n t  from th a t o f control b ird s.
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Table 7.1 The Effect of Dietary Selenium and/or SNP on Growth Performance and the Redox 
State of Hepatic Pyridine Nucleotides in Chickens

T re a t-m ent Added S e l e n i u m  mg kg- 1

Added SNP g kg - 1

Body W eight Gain g b i r d - 1 26d" 1

F eed  In ta k e  g b ir d  
26d“ 1

F eedC onver- s i o n
R a t i o

L i v e rW eight
g

L i v e rNADpm ols
gfw*

L i v e rNADHpm olsgfw*

L i v e r  NAD+ : NADH
L i v e rNADP+pm ols

gfw*

L i v e rNADPHpm ols
gfw*

L i v e r  NADP+ : 
NADPH

A 0 . 0 0 . 0 5 4 4 . 9a 1 2 2 8 . 6a 2 . 26a 1 5 . 8 4 a 0 . 6 9 6 0 . 2 1 1 a 3 . 56a 0 J3>6a 0 . 428a 0 . 4 3 7 a
B 0 . 0 0 . 3 40 6 .  l b 1 0 2 1 . 8 b 2 . 52b 1 2 . 8 4 bc 0 . 6 6 7 0 . 184a 4 . 99a b 0 . 1 6 6 ab 0 . 314b 0 . 6 5 3 ab
C 1 0 . 0 0 . 0 2 3 8 . 0C 8 1 2 . 3C 3 . 47c 1 1 . 63c 0 . 7 6 9 0 . 125b 5 . 97b 0 . 179b 0 . 252b 1 . 050b
D 1 0 . 0 0 . 3 4 4 3 . 3b 1 0 7 3 . 6b 2 . 4 3 ab 1 3 . 93b 0 . 7 1 3 0 . 1 6 8 ab 4 . 7 2 ab 0 . 182b 0 . 298b 0 . 7 7 7 ab

Hh SEM 1 3 . 6 3 6 . 0 0 . 0 7 0 . 6 4 0 . 0 4 8 0 . 0 1 7 0 . 6 1 0 . 0 1 1 0 . 0 3 7 0 . 1 6 8
LSD (P = 0 . 0 5 ) 3 9 . 3 1 0 3 . 9 0 . 2 0 1 . 8 4 NS 0 . 0 5 1 1 . 7 7 0 . 0 3 2 0 . 1 0 8 0 . 4 8 9

* = Per  gram f r e s h  w e i g h t .
Each v a l u e  i s  a mean o f  9 c h i c k s .
NS = No s i g n i f i c a n t  d i f f e r e n c e s .
V a lu e s  w i t h i n  a colum n s h a r i n g  th e  same s u p e r s c r i p t  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  P < 0 . 0 5 .



A h igh ly  s ig n if ic a n t  (P<0.001) in ter a c tio n  was observed between 
selenium  and SNP fo r  e f f e c t s  on l iv e r  w eight. Selenium decreased  
(P<0.001) l iv e r  w eight in  the absence, but not in  the presence, of 
SNP. SNP a lso  reduced l iv e r  weight (P<0.01) when included in  the  
b a s ic  d ie t ,  but increased  t h is  v a r ia b le  when added to  th e high  
selenium  d ie t ,  p a r t ia l ly  overcaning th e to x ic  e f f e c t s  o f t h is  elem ent.

Pyrid ine n u cleo tid e  data were analysed in  a randomised blocked  
manner, tak ing in to  account v a r ia tio n  introduced as a r e s u lt  of 
d iffe re n c e s  in  the len gth  o f storage p r io r  to  determ ination o f th ese  
un stab le m eta b o lites. In order to  minimise such v a r ia tio n , a l l  
analyses were completed w ith in  two weeks o f  s lau gh ter .

No s ig n if ic a n t  (P>0.05) e f f e c t s  o f SNP and/or selenium  on l iv e r  
NAD+ concentration  were observed in  t h is  in v e s t ig a tio n .

An e f f e c t  o f b locks was ev id en t in  th e  data fo r  NADH content, but 
treatm ent d iffe re n c e s  s t i l l  a tta in ed  s ig n if ic a n c e . Addition o f  

selenium  to  th e standard chick d ie t  decreased the hepatic  

concentration  o f t h is  m etab o lite  (P<0.01).  However, the elem ent had 
no e f f e c t  (P>0.05)on l iv e r  NADH content in  ch icks consuming SNP- 
contain ing d ie t s , although th e in ter a c tio n  d id  not q u ite  achieve  
s ig n if ic a n c e . SNP treatm ent d id  not a l t e r  l iv e r  NADH le v e ls  (P>0.05).

An e f f e c t  o f  b locks was a ls o  apparent in  the data on NADPf 
concen trations. In clu sion  o f selenium  in  the b a s ic  d ie t  resu lted  in  a 
s ig n if ic a n t  (P<0.05) in crease  in  h ep atic  NADPf concen tration , however, 
the element d id  not a l t e r  the le v e l s  o f t h is  n u cleo tid e  when added to  

SNP-containing d ie t s .  There was no in ter a c tio n  between selenium  and 
cyanide fo r  e f f e c t s  on th is  v a r ia b le . SNP treatm ent d id  not a lt e r  
l iv e r  NADPf le v e l s .

An e f f e c t  o f b locks was again ev id en t in  the data fo r  NADPH 
concen trations. A s ig n if ic a n t  (P<0.05) in ter a c tio n  was observed  
between the e f f e c t s  o f selenium  and SNP on h ep atic  NADPH co n ten t. 
Selenium, when added to  th e standard d ie t  caused a s ig n if ic a n t  
(P<0.01) reduction in  l iv e r  NADPH concen tration , but d id  not a f f e c t  
t h is  m etab olite  (P>0.05) when added to  the SNP-containing d i e t .
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S im ila r ly , SNP a ls o  decreased NADFH content in  the absence o f selenium  
(P<0.05) , but not in  i t s  presence.

A s ig n if ic a n t  in ter a c tio n  (P<0.05) was a lso  observed between the  
e f f e c t s  o f selenium  and SNP on h ep atic  NAD+ :NADH r a t io . Selenium  
increased  the r a t io  when included in  th e b asic  d ie t  (P<0. 01) ,  but 
fa i le d  to  a l t e r  t h is  v a r ia b le  when added to  SNP-containing d ie t s  
(P>0.05).  SNP treatm ent d id  not a f f e c t  l iv e r  NAD+ :NADH r a t io .

Selenium s ig n if ic a n t ly  (P<0.05) increased  h ep atic  NADPf :NADPH 
r a t io , when added to  the standard ch ick  mash, but d id  not a l t e r  th is  
v a riab le  when included in  SNP-containing d ie t s .  SNP treatm ent d id  not 
a f f e c t  l iv e r  NADF*:NADPH r a t io  (P>0.05).

4 . 6 . 1  D iscu ssion  o f  Experiment 11.

The decreased t o t a l  l iv e r  NADH and NADPH concen trations togeth er  
w ith  the increased  NADPf content and e lev a ted  NAD+ :NADH and 
NADPf : NADPH r a t io s  observed in  selenium  t o x ic i t y  are probably b est  
explained in  terms o f an increased  demand fo r  reducing eq u iv a len ts. 
Selenium metabolism generates NADPf a t  the expense o f NADPH in  

g lu ta th ion e reductase ca ta ly sed  rea c tio n s  (Ganther & H sieh, 1974; 
Ganther, 1966; Hsieh & Ganther, 1975).  The resu lta n t displacem ent in  

the NADPf : NADPH r a t io  in  the c y to so l would be expected to  cause 
readjustments throughout the p yrid in e n u cleo tid e  system  in  both  
c y to so l and m itochondria.

SNP treatm ent had l i t t l e  e f f e c t  on th e  redox s ta te  o f th e pyrid ine  
n u cleo tid e  system . The on ly  s ig n if ic a n t  a lte r a t io n  was a decrease in  
to t a l  l iv e r  NADPH concen tration . In f a c t ,  the trend , though not 
s ig n if ic a n t , was fo r  both redox couples to  become more o x id ised  in  the  
presence o f SNP. Such changes might be expected to  slow  rather than 
f a c i l i t a t e  selenium  metabolism. The e f f e c t  o f SNP on NADPH may sim ply  
r e f le c t  th is  general trend or may r e s u lt  from the d ir e c t  a c tio n  o f  

cyanide on an enzyme ca ta ly s in g  an NADPH-generating r e a c t io n . 
Although chronic cyanide exposure does not in crease  the reduction  
le v e l  o f pyrid ine n u c leo tid es , i t  i s  s t i l l  p o s s ib le  th a t some 
in h ib it io n  o f cytochrome C oxidase may be occurring s in c e  the r e s u lt s
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provide no inform ation on th e f lu x  through the e lec tr o n  transport 
chain. I f  the ra te  o f reduction o f NAD+ to  NADH by th e TCA c y c le  and 
th e ra te  o f NADH ox id ation  were both decreased to  th e same ex ten t, the  
NAD+ :NADH r a t io  would remain constant d e sp ite  the decrease in  f lu x  
through the pathway. One can envisage an adaptation to  chronic  
cyanide exposure lead in g to  an a lte r e d  steady s ta te  in  th e pathways o f  
energy production.

The on ly  inform ation cu rren tly  a v a ila b le  concerning the redox 
s ta te  o f pyrid ine n u cleo tid es  during cyanide exposure has been 
obtained during acute s tu d ie s . In gen era l, t o t a l  or m itochondrial 
NAD+ :NADH r a t io s  are decreased in  cyanide in to x ic a tio n  (Baxter & 
H ensley, 1969; H attori e t  a l . ,  1986; Sahlin  & Katz, 1986).  However, 
anomalies have been observed even in  th ese  acute in v e s t ig a t io n s . 
H a tto r i's  group a c tu a lly  observed a s l ig h t  in crease  in  redox s ta te  a t  
low concentrations o f cyanide (0.5 pg ml blood-1 ). In ad d ition , Baxter 
& Hensley demonstrated a cyanide-induced in crease  in  cytoplasm ic  
NAD+ :NADH r a t io  which they expla ined  in  terms o f th e operation o f the  

m ethylglyoxal pathway (Figure 1 ) .

When selenium  was added to  th e SNP-containing d ie t  i t  f a i le d  to  
have any e f f e c t  on pyrid ine n u cleo tid e  concen trations or r a t io s ,  
rein fo rcin g  the idea  th a t cyanide might indeed a c t by slow ing selenium  
m etabolism .

S im ila r ly , when SNP was added to  the high selenium  d ie t ,  NADPH 

le v e ls  were un affected .

I t  should be pointed  out th a t ex tra ctio n  o f th e l iv e r  w ith  

potassium hydroxide or p erch lo r ic  a c id  d istu rb s any non-covalent 
bonding o f m etab o lites  to  p ro te in s  and oth er c e l l  c o n stitu en ts  so  th a t  
a l l  pyrid ine n u c leo tid es , whether fr e e  or bound, were measured in  t h is  
in v e s t ig a tio n , although on ly  fr e e  n u cleo tid es  would be a v a ila b le  fo r  
d ir e c t  p a r tic ip a tio n  in  m etabolic r ea c tio n s.
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4 .7  The E ffe c t  o f  D ietary  Selenium and/or SNP on th e  Redox S ta te  o f
th e G lutathione System (Experiments 12-14).

Since g lu ta th ion e  i s  e s s e n t ia l  fo r  selenium  metabolism and many 
other c e l lu la r  p rocesses i t  seemed p o ss ib le  th a t th e GSSG/GSH couple  
might p lay  a r o le  in  the selenium -cyanide in ter a c tio n . To t e s t  t h is  
hyp othesis, h ep atic  and blood GSH and GSSG concentrations were 
determined in  ch icks fo llo w in g  chronic exposure to  selenium  and/or  
SNP. H epatic g lu ta th ion e reductase a c t iv i t y  was a lso  monitored  
because t h is  enzyme i s  resp on sib le  fo r  lin k in g  the GSSG/GSH couple to  
the pyrid ine n u cleo tid e  system in  ad d ition  to  i t s  fu nction  in  the  
maintenance o f th e redox s ta te  o f  g lu ta th io n e .

4 . 7 . 1  The E ffe c t  o f D ietary Selenium and/or SNP on th e Concentration  

and Redox S ta te  o f H epatic G lutathione (Experiment 12).

The l iv e r  was considered th e  most su ita b le  t is s u e  in  which to  
study the e f f e c t s  o f selenium  and cyanide on th e g lu ta th ion e  system  
because i t  i s  the major s i t e  both o f selenium  d ep o sitio n  and 
g lu ta th ion e hom eostasis.

Chick mash, supplemented w ith  3 .0  g DL-methionine per kg feed , 
provided the b a s is  fo r  the fo llo w in g  four treatm ents in  th is  2 X 2  

fa c to r ia l  experiment:

satment Added Added
Selenium SNP
mg kg-1 g kg"1

A 0.0 0 .0
B 0.0 0 .3
C 10.0 0.0
D 10.0 0.3

Eight b irds (ISA Brown) were a llo c a te d  to  each o f the treatm ents, 
which were d isp ersed  in  a randomised blocked design  between two 
equ ivalen t growth rooms. Body w eight gains were monitored over a 
period o f 21 days, a f t e r  which b ird s were slaughtered  fo r  
determ ination o f  l iv e r  g lu ta th io n e  con cen tra tio n s.
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No growth room e f f e c t s  were apparent in  t h is  t r i a l . A h ig h ly  
s ig n if ic a n t  (PCO.OOl) in ter a c tio n  was observed between selenium  and 
SNP in  th e ir  e f f e c t s  on growth. In clu sion  o f selenium  in  the b a s ic  
d ie t  resu lted  in  a h igh ly  s ig n if ic a n t  (P<0.001) reduction in  body 
weight ga in . SNP, when added to  th e b a s ic  chick mash did  not a f f e c t  
growth, however, when included in  th e high selenium  d ie t ,  t h is  to x in  

caused a h ig h ly  s ig n if ic a n t  (PCO.OOl) in crease in  body w eight ga in . 
The a lle v ia t io n  o f selenium  t o x ic i t y  by SNP was com plete, a t  le a s t  in  
terms o f e f f e c t s  on growth s in c e  chicks consuming the d ie t  contain ing  
both to x in s  grew as w e ll as th ose  fed  the con tro l d i e t .

Chronic exposure to  d ie ta r y  selenium  increased  (P<0.05) h ep atic  

to t a l  and reduced g lu ta th ion e con cen tration s. Consideration o f  the  

in d iv id u a l fa c to r s  in  t h is  experiment revealed  th a t in c lu sio n  o f SNP 

in  the feed  resu lted  in  a h ig h ly  s ig n if ic a n t  (PCO.OOl) decrease in  
th ese  v a r ia b le s . Such e f f e c t s  f a i l e d  to  achieve s ig n if ic a n c e  when SNP 
was included in  the b a s ic  ch ick  mash, however, ad d ition  o f t h is  
compound to  th e high selenium  d ie t  decreased (PCO.OOl) both l iv e r  
to t a l  and reduced g lu ta th io n e . The le v e ls  o f th ese  m etab o lites  in  
chicks consuming selenium  w ith  SNP were not s ig n if ic a n t ly  (P>0.05) 
d if fe r e n t  from th ose observed in  co n tro l b ird s. However, th ere was no 
s ig n if ic a n t  in ter a c tio n  between th e e f f e c t s  o f th ese  two to x in s  on 

e ith e r  h ep atic  to t a l  or reduced g lu ta th io n e .

There was no s ig n if ic a n t  e f f e c t  o f any of th e d ie ta r y  treatm ents 

on hepatic  o x id ised  g lu ta th io n e , or on the GSH:GSSG r a t io . In the  
la t t e r  ca se , v a r ia tio n  was p a r t ic u la r ly  high because i t  represented  
the combined v a r ia tio n  in  both v a r ia b le s . However, th ere was a 
tendency fo r  selenium  to  decrease GSSG and in crease  the r a t io .

A s ig n if ic a n t  in tera c tio n  (PC0.01) was observed between selenium  
and SNP in  th e ir  e f f e c t s  on g lu ta th io n e  reductase a c t iv i t y .  A ddition  

o f selenium  to  the b a sic  d ie t  reduced (P<0.001) the a c t iv i t y  o f  th is  
enzyme. SNP alone tended to  decrease g lu ta th ion e  reductase a c t iv i t y  
although t h is  e f f e c t  fa i le d  to  achieve s ig n if ic a n c e . However, when

Results
(See Table 8 . 1 ) .
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Table 8.1 The Effects of Dietary Selenium and/or SNP on Growth Performance 
and Hepatic Glutathione Concentration in Chicks.

T r e a t
-m en t

Added  
S e l e n i u m  
mg k g - 1

Added  
SNP 
g k g - 1

Body  
We i gh t  
G a i n 1 
g b i r d - 1 
2 I d ' 1

L i v e r
We ig ht
g

L i v e r
T o t a l
G l u t a t h i o n e  
pm ols gfw*

L i v e r
GSH
p m ols
gfw*

L i v e r
GSSG
um ols
gfw*

L i v e r  
GSH:GSSG 
R a t i o

L i v e r  GR 
A c t i v i t y 1 
I . U .  gfw*

A 0 . 0 0 . 0 3 3 4 a 1 1 . 4 6 4 . 95a 4 . 6 2 a 0 . 1 6 3 3 . 1 4 . 66a

B 0 . 0 0 . 3 3 4 1 a 1 1 . 8 4 4 . 41a 4 . 0 9 a 0 . 1 6 3 2 . 0 4 . 26a

C 1 0 . 0 0 . 0 2 3 2 b 1 1 . 1 5 5 . 85b 5 . 51b 0 . 1 4 4 7 . 3 3 . 72b

D 1 0 . 0 0 . 3 3 3 5 a 1 1 . 7 4 4 . 56a 4 . 2 0 a 0 . 1 3 3 5 . 6 4 . 31a

+ SEM 1 0 . 9 0 . 3 5 0 . 2 3 0 . 2 4 0 . 0 2 7 . 2 0 . 1 5

LSD (P = 0 . 0 5 ) 3 1 . 8 NS 0 . 6 8 0 . 7 1 NS NS 0 . 4 4

I n d i v i d u a l  F a c t o r s :

0 . 0 1 1 . 6 5 4 . 68a 4 . 3 6 a 0 . 1 6 3 2 . 6

1 0 . 0 1 1 . 4 4 5 . 20b 4 . 8 6 b 0 . 1 3 4 1 . 4

0 . 0 1 1 . 3 0 5 . 40b 5 . 07b 0 . 1 5 4 0 . 2

0 . 3 1 1 . 7 9 4 . 4 9 a 4 . 15a 0 . 1 4 3 3 . 8

+ SEM 0 . 2 4 0 . 1 7 0 . 1 7 0 . 0 1 5 . 1

LSD (P = 0 . 0 5 ) NS 0 . 4 8 0 . 5 0 NS NS

Each v a l u e  i s  a mean o f  8 c h i c k s .  * = P e r  gram f r e s h  w e i g h t .
1 I n d i v i d u a l  f a c t o r s  i n v a l i d  b e c a u s e  a s i g n i f i c a n t  i n t e r a c t i o n  was o b s e r v e d  b e t w e e n  t h e i r  

e f f e c t s  on t h i s  v a r i a b l e .
V a l u e s  w i t h i n  a colum n s h a r i n g  t h e  same s u p e r s c r i p t  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  P < 0 . 0 5 .  
NS = No s i g n i f i c a n t  d i f f e r e n c e s .



SNP was added to  th e high selenium  d ie t  enzyme a c t iv i t y  was 
s ig n if ic a n t ly  increased  (P<0.05) and returned to  th e co n tro l le v e l .

There was no e f f e c t  w ith  any o f th e d ie ta r y  treatm ents on l iv e r  
w eight so  the observed changes in  m etab o lite  concen trations cannot be 

explained in  terms o f a lte r ed  l iv e r  s i z e .

4 . 7 . 2  The E ffe c t  o f D ietary  Selenium and/or SNP on the Concentration  
and Redox S ta te  o f Blood G lutathione (Experiment 13).

No s ig n if ic a n t  e f f e c t s  on h ep atic  g lu ta th ion e  were observed in  
experiment 12 when SNP alone was added to  th e b a s ic  d i e t . Since  
cyanide re lea sed  from SNP i s  absorbed from the alim entary canal in to  
the bloodstream i t  was considered th a t th e concentration  and th erefore  
e f f e c t  o f t h is  to x in  would be grea ter  in  blood than in  l iv e r .  A lso , 
s in ce  g lu ta th ion e  e x is t s  in  a more o x id ised  s ta te  in  the blood than i t  

does in  the l iv e r  i t  was hoped th a t changes in  GSSG concentration  

might be more e a s i ly  monitored in  the former t is s u e .

Conventional chick mash, supplemented w ith  2 g DL-methionine per 
kg feed  provided the b a s is  fo r  th e usual four treatm ents in  a 2 X 2
fa c to r ia l  experim ent.

Treatment Added Added
Selenium SNP
mg kg-1 g kg"1

A 0.0 0 .0
B 0.0 0.3
C 10.0 0.0
D 10.0 0.3

Nine chicks (ISA Brown) were a llo c a te d  to  each o f the treatm ents 
which were d isp ersed  in  a randomised, blocked design  w ith in  a s in g le  
growth room. Body w eight ga in s and feed  in takes were monitored over a 
period o f 21 days a f te r  which the b irds were slaughtered  fo r  

determ ination o f blood GSSG and GSH con cen tration s.
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S ig n if ic a n t in ter a c tio n s  were observed between the e f f e c t s  o f  
selenium  and SNP on body w eight gains (P<0.001) ,  feed  in takes (P<0.01)  
and th e e f f ic ie n c y  o f feed  u t i l i s a t io n  (P<0.001).  A ddition o f  
selenium  to  the b a sic  d ie t  s ig n if ic a n t ly  (P<0.001) impaired growth 
performance as measured by th ese  th ree v a r ia b le s . In clu sion  o f  SNP in  
the ch ick  mash a lso  impaired growth performance, although le s s  
d ram atically . Weight gain  was decreased (P<0.01) as was feed  intake  
(P<0.05),  but feed  conversion r a t io  remained un altered . However, 
add ition  o f SNP to  the high selenium  d ie t  a l le v ia te d  the to x ic  e f f e c t s  
o f t h is  elem ent on growth. Weight gain  and th e e f f ic ie n c y  o f  feed  
u t i l i s a t io n  were increased  (P<0.001) to  values not s ig n if ic a n t ly  
d if fe r e n t  (P>0.05) from th ose observed in  con tro l b ird s. Feed in take  
was a lso  increased  (P<0.05) but not returned to  th e con tro l le v e l .

No in ter a c tio n s  were observed between selenium  and SNP in  th e ir  
e f f e c t s  on blood g lu ta th io n e . D ietary exposure to  selenium  d id  not 
a f fe c t  blood g lu ta th ion e concentration  or redox s ta te .  Consideration  

o f the e f f e c t s  o f the in d iv id u a l fa c to r s  in  t h is  2 X 2  fa c to r ia l  

experiment demonstrated a SNP-induced decrease in  blood t o t a l  and 
reduced g lu ta th ion e  (P<0.05 and P<0.001 r e s p e c t iv e ly ) , togeth er  w ith  

an in crease  in  ox id ised  g lu ta th ion e  concentration  (PC0.001) and the  
resu lta n t reduction in  th e GSH:GSSG r a t io  (P<0.001) .  When treatm ent
e f f e c t s  were considered i t  became apparent th a t the SNP-mediated 
changes in  t o t a l  and reduced g lu ta th ion e  were s ig n if ic a n t  on ly  in  the  
presence o f selenium , w h ils t  e f f e c t s  on o x id ised  g lu ta th ion e  were 

s ig n if ic a n t  on ly  in  the absence o f t h is  to x in . However, the GSH:GSSG 
r a tio  was s im ila r ly  a lte r ed  by SNP treatm ent in  b irds consuming both  

the normal and the high selenium  d ie t .

Results

(See Table 8 . 2 ) .
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Table 8.2 The Effects of Dietary Selenium and/or SNP on Growth Performance 
and Blood Glutathione Concentration in Chicks.

T r e a t
-m en t

Added 
S e l e n i u m  
mg k g - 1

Added  
SNP 
g k g - 1

Body  
We ig h t  
G a i n 1 
g b ird "  1 
2 Id" 1

F eed  
I n t a k e 1 
g b i r d " 1 
2 Id" 1

F eed
C o n v e r s i o n
R a t i o 1

B l o o d
T o t a l
G l u t a t h i o n e  
mmol L" 1

B l o o d
GSH
mmol L" 1

B l o o d  
GSSG 
mmol L" 1

B l oo d  
GSH:GSSG 
R a t i o

A 0.0 0.0 3 6 3 a 7 6 6 a 2.  l l a 1 . 5 2 ab 1 . 0 8 ab 0 . 2 20 a 5 . 07a

B 0.0 0 . 3 3 1 1 b 696bc 2 . 24a 1 . 4 2 ab 0 . 8 4 bc 0 . 312b 2 . 74b

C 1 0 . 0 0.0 2 3 8 c 6 4 1 c 2 . 77b 1 . 72b 1 . 1 7a 0 . 2 7 0 ab 4 . 4 1a

D 1 0 . 0 0 . 3 3 1 6 b 704b 2 . 2 4 a 1 . 2 3 a 0 . 63c 0 . 302b 2 . 04b

+ SEM 1 1 . 8 1 9 . 2 0 . 0 7 0 . 1 2 0 . 0 9 0 . 0 1 8 0 . 3 7

LSD (P = 0 . 0 5 ) 3 4 . 1 5 5 . 4 0 . 2 1 0 . 3 5 0 . 2 7 0 . 0 5 3 1 . 0 6

I n d i v i d u a l  F a c t o r s :

0.0 1 . 4 7 ab 0 . 96ab 0 . 2 6 6 ac 3 . 91a

1 0 . 0 1 . 4 7 ab 0 . 90b c 0 . 2 8 6 ab 3 . 22a

0.0 1 . 6 2 a 1 . 13a 0 . 2 4 5 c 4 . 74b

0 . 3 1 . 33b 0 . 74c 0 . 307b 2 . 39c

+ SEM 0 . 0 8 0 . 0 7 0 . 0 1 3 0 . 2 6

LSD (P = 0 . 0 5 ) 0 . 2 4 0 . 1 9 0 . 0 3 7 0 . 7 5

Each v a l u e  i s  a mean o f  9 c h i c k s .
1 I n d i v i d u a l  f a c t o r s  i n v a l i d  b e c a u s e  a s i g n i f i c a n t  i n t e r a c t i o n  was o b s e r v e d  b e tw e en  t h e i r  e f f e c t s  

on t h i s  v a r i a b l e .
V a l u e s  w i t h i n  a colum n s h a r i n g  t h e  same s u p e r s c r i p t  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  P < 0 . 0 5 .



4 . 7 . 3  The E ffec t o f D ietary  L-Cystine and/or SNP on the  
Concentration and Redox S ta te  o f H epatic G lutathione  
(Experiment 14).

In experim ents 12 and 13, SNP treatm ent decreased t o t a l  and
reduced g lu ta th io n e , w h ils t  in creasin g  GSSG and thereby decreasing the  

GSH:GSSG r a t io . I t  seemed p o ss ib le  th ere fo re , th a t th e g lu ta th ion e  
system might p lay  a r o le  in  th e mechanism o f chronic cyanide
in to x ic a t io n .

I f  t h is  were th e ca se , then the p r o te c tiv e  a c tio n  o f L -cystin e  
aga in st t h is  to x in , observed in  experiment 10, may have been re la ted
to  i t s  fu n ction  as a precursor fo r  g lu ta th ion e  b io sy n th e s is , rather
than to  i t s  involvem ent, e ith e r  d ir e c t ly ,  or in d ir e c t ly  in  cyanide 
d e to x if ic a t io n . Consequently, l iv e r s  from b irds fed  the co n tro l and 

high c y st in e  d ie t s  in  experiment 8 were analysed fo r  GSSG and GSH.

To r e c a p itu la te , conventional ch ick  mash supplemented w ith  2 .5  g 
DL-methionine per kg feed  formed the b a s is  fo r  th e fo llo w in g  four  
treatm en ts:

Treatment Added Added
L-Cystine SNP

g  kg"1 g kg-1

A 0 .0 0 .0
B 0.0 0.3
C 6 .0 0 .0
D 6.0 0.3

S ix  b irds (ISA Brown) were a llo c a te d  to  each o f the treatm ents which

were d isp ersed  in  a t o t a l ly  randomised manner throughout two
equivalen t growth rooms , w ith  th e  co n stra in t th a t each d ie t  appeared
three tim es in  each rocrn. Weight gains and feed  in tak es were 
monitored a t regular in te r v a ls  over a p eriod  o f 21 days.

Results

(See Table 8 . 3 ) .
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Table 8.3 The Effects of Dietary L-Cystine and/or SNP on Growth Performance 
and Hepatic Glutathione Concentration in Chicks.

T r e a t
-m en t

Added  
L - C y s t i n e  
g  k g - 1

Added  
SNP 
g k g - 1

Body  
Wei ght  
Gain  
g b i r d " 1 
n d -1

F eed  
I n t a k e  
g b ird "  1 
S i d "1

F eed
C o n v e r s i o n
R a t i o

L i v e r
We ig h t

g

L i v e r
T o t a l
G l u t a t h i o n e  
pm ols gfw*

L i v e r
GSH
pm ols
gfw

L i v e r
GSSG
um ols
gfw*

L i v e r  
GSH:GSSG 
R a t i o

A 0.0 0.0 3 7 7 ab 6 4 9 . 8ab 1 . 7 2 1 3 . 5 2 a 4 . 8 1 ac 4 . 69ac 0 . 0 6 3 7 5 . 4 2

B 0.0 0 . 3 3 5 9 a 6 1 5 . 9a 1 . 7 2 1 2 . 14b 4 . 02b 3 . 88b 0 . 0 7 0 5 8 . 3 0

C 6 . 0 0.0 3 9 5 b 6 9 5 . 6b 1 . 7 6 1 3 . 7 4 a 5 . 01a 4 . 87a 0 . 0 7 3 6 7 . 6 9

D 6 . 0 0 . 3 3 7 5 ab 6 2 8 . 8a 1 . 6 8 1 2 . 19b 4 . 3 1 bc 4 . 1 8 bc 0 . 0 6 3 6 8 . 8 7

+ SEM 7 . 2 1 8 . 2 0 . 0 3 0 . 4 1 0 . 2 2 0 . 2 1 0 . 0 0 6 5 . 7 8

LSD (P = 0 05) 2 2 . 4 5 3 . 7 NS 1 . 2 2 0 . 6 5 0 . 6 4 NS NS

I n d i v i d u a l  F a c t o r s :

0.0 3 6 8 ac 6 3 2 . 9ac 1 . 7 2 1 2 . 8 3 ab 4 . 4 2 ac 4 . 2 8 ac 0 . 0 6 7 6 6 . 8 6

6 . 0 3 8 5 ab 6 6 2 . 3ab 1 . 7 2 1 2 . 9 6 ab 4 . 66ab 4 . 5 2 ab 0 . 0 6 8 6 8 . 2 8

0.0 3 8 6 b 6 7 2 . 7b 1 . 7 4 1 3 . 63b 4 . 91b 4 . 78b 0 . 0 6 8 7 1 . 5 5

0 . 3 3 6 7 c 6 2 2 . 4C 1 . 7 0 1 2 . 1 6 a 4 . 16c 4 . 03c 0 . 0 6 7 6 3 . 5 8

+ SEM 5 . 1 1 2 . 8 0 . 0 2 0 . 2 9 0 . 1 5 0 . 1 5 0 . 0 0 4 4 . 0 9

(P = 0 . 0 5 ) 1 5 . 0 3 7 . 9 NS 0 . 8 6 0 . 4 6 0 . 4 6 NS NS

* g f w  = p e r  gram f r e s h  w e i g h t .
Each v a l u e  i s  a mean o f  6 c h i c k s .
V a l u e s  w i t h i n  a colum n s h a r i n g  t h e  same s u p e r s c r i p t  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  P < 0 . 0 5 .  
NS = No s i g n i f i c a n t  d i f f e r e n c e s .



No growth room e f f e c t s  were observed in  th is  t r i a l  and there were 
no s ig n if ic a n t  (P>0.05) in tera c tio n s between d ie ta ry  L -cystine  and SNP 
for  any of the variab les measured.

Consideration of the in d iv id u al fa c to rs  in  th is  2 X 2  experiment 
demonstrated a SNP-induced decrease in  body weight gain and feed  
intake (P<0.05), w h ilst L -cystin e  treatment s ig n if ic a n t ly  (P<0.05) 
increased weight gain . There were no e f f e c t s  o f e ith e r  fa c to r  on the  
e ff ic ie n c y  o f feed  u t i l i s a t io n .

L -cystine d id  not a f fe c t  l iv e r  g lutath ion e concentration or redox 
s ta te . In con trast, SNP s ig n if ic a n t ly  decreased hepatic  t o t a l  and 
reduced glutath ion e concentrations both in  terms of factors e f f e c t s  
(P<0.01) and treatment e f f e c t s  (P<0.05). However, hepatic GSSG 
content and the GSH:GSSG r a t io  were unaltered by SNP. The SNP- 
mediated decrease in  GSH concentration i s  not exp lica b le  in  terms of  
changes in  l iv e r  s iz e  because t h is  tox in  a c tu a lly  reduced l iv e r  weight 
with p r o b a b ilit ie s  o f P<0.01 and P<0.05 for  fa c to rs  and treatment 
e f fe c t s  r esp ec tiv e ly .

4 .7 .4  D iscussion  of Experiments 12-14.

Selenium-mediated changes in  the g lutath ione system were evident 
in  l iv e r  but not in  blood from chicks fed  a high selenium d ie t ,  which 
presumably r e f le c t s  the expected higher concentration o f t h is  element 
in  the former t i s s u e . The in creases in  hepatic t o t a l  and reduced 
glutath ione observed during chronic selenium in to x ica tio n  are in  
agreement w ith the find ings o f LeBoeuf & Hoekstra (1983), LeBoeuf e t  

a l .  (1985) and Hoffman e t  a l .  (1989). A sim ila r  pattern  of  
glutath ione change has been observed fo llow in g a s in g le  subacute 
in jec tio n  o f sodium s e le n ite  (Chung & Maines, 1981; LeBoeuf & 
Hoekstra, 1983). In th ese acute s tu d ie s , as w e ll as in  the m u ltip le  
tim e-point in v estig a tio n  o f LeBoeuf e t  a l . ,  (1985), the r is e  in  GSH 
was preceded by an increase in  GSSG concentration and was th erefore  
considered to  be a secondary adaptive change in i t ia te d  in  an attempt 
to  maintain a normal GSH:GSSG r a t io . In support o f th is  contention , 
Chung & Maines (1981) a lso  demonstrated a se len ite-in d u ced  in crease in  
the a c t iv ity  o f Y -glutam ylcysteine synthase. In ad d ition , g lu tath ion e
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reductase a c t iv it y  was increased by selenium treatment in  a l l  the  
aforementioned in v e s t ig a t io n s . This i s  in  d ir e c t  contrast to  the  
r e su lts  o f experiment 1 2  in  which selenium decreased hepatic  
glutath ione reductase a c t iv it y .  This discrepancy i s  u n lik e ly  to  be 
exp licab le  in  terms of sp ec ies  d ifferen ces  s in ce  Hoffman e t  a l .  

(1989) a lso  used an avian sp e c ie s , the Mallard duck ( A n a s  

p l a t y r h y n c h o s ) , but may w e ll be a function  of d o se . LeBoeuf' s  group 
used a maximum o f 6 mg selenium per kg feed  and w h ils t  Hoffman e t  a l .  

demonstrated an increase in  g lu tath ion e reductase a c t iv it y  a f te r  
treatment o f the ducklings w ith  selenium a t  1 0  mg kg~ 1 , th is  e f f e c t  
was not s ig n if ic a n t  a t higher d o se s . Mallard ducks are unusually  
r e s is ta n t  to  s e le n it e ; growth was unaffected  by exposure to  1 0  mg 
selenium per kg feed .

As expected, the e f f e c t s  o f SNP on the g lu tath ion e system were 
more pronounced in  blood than in  l iv e r  t is s u e . SNP decreased to ta l  
and reduced g lu tath ion e, w h ils t  in creasin g  GSSG and thereby decreasing  
the GSH:GSSG r a tio .

The ro le  o f g lutath ione in  the mechanism o f chronic cyanide 
t o x ic i t y  has not p reviou sly  been in v estig a ted , however, evidence  
suggests th at g lutath ione d ep letion  may be an important fa c to r  in  
acute cyanide poisoning. Peroxidation o f c e l lu la r  membrane l ip id s ,  
which may be re la ted  to  a ltered  regu lation  of calcium hom eostasis, i s  
known to  be a feature o f acute t o x ic i t y  (Johnson e t  a l . ,  1987; Isom e t  

a l . ,  1988; Younes & S tru b elt, 1988). Misra e t  a l .  (1988) 
demonstrated HCN-mediated decreases in  the t o t a l  and non-protein  
sulphydryl contents o f rat l iv e r .  Hatch e t  a l .  (1990) showed that 
GSH and GSSG protected  aga in st KCN le t h a l i t y  in  m ice. In ad d ition , 
they reported th at d ep letion  o f t is s u e  g lutath ion e by e th y l maleate 
g rea tly  enhanced KCN to x ic it y .  S im ilarly  Younes & S trubelt (1990) 
demonstrated th at addition  o f exogenous g lutath ione and resu lta n t 
augmentation o f c e l lu la r  g lu tath ion e content p rotected  iso la te d  
perfused rat l iv e r  aga in st damage induced by cyanide, as evidenced by 
leakage o f la c ta te  dehydrogenase and hepatic calcium accum ulation. 
Ardelt e t  a l .  (1989) reported KCN-induced decreases in  the a c t iv i t i e s  
of c a ta la se , g lutath ione reductase and GSHPx in  the brains o f mice and 
correlated  th ese  changes w ith  a reduction in  GSH content and increased  
l ip id  peroxidation .
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Fran the r e su lts  o f experiments 12-14 i t  appears th at g lutath ion e  
dep letion  i s  a lso  a feature o f chronic cyanide in to x ic a tio n . 
U tilis a t io n  o f GSH w ith the concomitant generation o f GSSG, during 
GSHPx cata lysed  reduction of hydroperoxides, could w e ll account for  
the observed changes in  g lutath ion e sta tu s  and redox s ta te . However, 
i t  i s  a lso  p o ss ib le  th at g lutath ion e d ep letion  i s  simply re la ted  to  
the increased u t i l i s a t io n  o f sulphur compounds fo r  cyanide 
d e to x if ic a t io n .

With regard to  the selenium -cyanide in tera c tio n , the a l le v ia t io n  
of selenium t o x ic i t y  by SNP was apparent in  growth e f f e c t s ,  although  
the in tera c tio n  fa i le d  to  achieve s ig n ific a n ce  fo r  changes in  the  
glutath ione system. However, the e f f e c t s  o f th ese  two to x in s were 
opposite and, in  fa c t , the perturbations in  the g lutath ion e system  
observed in  chicks fed  the high selenium d ie t  were com pletely reversed  
by the simultaneous adm inistration o f SNP. I t  remains p o ss ib le  
therefore th at g lutath ione may p lay  a r o le  in  the mechanism by which 
cyanide a l le v ia te s  selenium to x ic ity .

D ietary supplementation w ith  L -cystin e  d id  not increase to ta l  
hepatic g lutath ione concentration in  th is  in v e stig a tio n . This r e su lt  
contrasts w ith the fin d in gs o f Klug e t  a l . , (1950a); S u b erv ille  e t  

a l . f  (1987) and Garcin e t  a l . ,  (1989). However, th ese  stu d ies  used 
low p rotein  d ie ts  which were in h eren tly  d e f ic ie n t  in  sulphur amino 
acid s. This lack  of e f f e c t  o f L -cystin e  on glutath ion e le v e ls ,  
together w ith the observation th at SNP decreased to t a l  and reduced 
glu tath ion e, both in  the presence and absence o f th is  amino acid , 
suggests th at the b e n e f ic ia l e f f e c t  o f L -cystine  in  chronic cyanide 
in to x ica tio n  i s  not mediated through provision  o f g lu tath ion e.

4.8 The Effect of Dietary Supplementation With DL-methionine on 
the Chronic Toxicity of Selenium and/or SNP, and on the 
Interaction Between these Toxins (Experiments 15 and 16).

As p rev iou sly  mentioned (Sections 2 .6  and 2 .1 6 .2 ) methionine has, 
in  some cases, been b e n e f ic ia l aga in st chronic in to x ica tio n  by 
selenium (McConnell, 1952; W itting & Horwitt, 1964; Levander & Morris, 
1970) and by cyanide (Enriquez & Ross, 1967; Ross & Enriquez, 1969;
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Olsen e t  a l . ,  1969; Maner & Gcmez, 1973; Adegbola, 1977). I t  was 
considered p o ss ib le , th erefore , th at d ie ta ry  supplementation w ith  th is  
amino acid  might in flu en ce the selenium -cyanide in tera c tio n , 
p a rticu la r ly  in  view o f the importance o f methyl groups in  selenium  
metabolism. Experiments 15 and 16 were designed to  determine the  
e f f e c t  o f methionine on the a b i l i t y  o f SNP to  a l le v ia te  selenium  
to x ic i ty ,  thereby p o ss ib ly  gain ing further information on the  
mechanism o f t h is  in tera c tio n .

4 .8 .1  The E ffect o f D ietary Supplementation With DL-methionine on 
the Selenium-Cyanide In teraction  (Experiment 15).

The cassava-based d ie t  was se le c te d  for  th is  experiment in  an 
attempt to  e s ta b lish  methionine d efic ien cy . This d ie t  inh eren tly  
su p p lies only 2.56 g Met kg- 1 , w h ils t  conventional chick mash provides 
3.82 g Met kcp1 . The unsupplemented cassava ration  would be d e f ic ie n t  
in  both methionine and to t a l  sulphur amino acids by 2.04 g kg- 1  and by 
3.34 g kcp1 r e sp e c tiv e ly  (ca lcu la ted  from data provided by Bolton & 
B la ir  (1974)). This feed ing t r i a l  was carried  out r e la t iv e ly  ea r ly  in  
th ese in v e stig a tio n s  when the in c lu sion  rate  for  SNP o f 0 .5  g kg- 1  was 
s t i l l  in  operation.

S ix  experimental d ie ts  were formulated, as ^oi\ous :

iatment Added Added Added
L-Met Selenium SNP
g kg- 1 mg kg- 1 g kg - 1

A 0 . 0 0 . 0 0 . 0

B 0 . 0 1 0 . 0 0 . 0

C 0 . 0 1 0 . 0 0.5
D 6 . 0 0 . 0 0 . 0

E 6 . 0 1 0 . 0 0 . 0

F 6 . 0 1 0 . 0 0.5

Four chicks (Hisex) were a llo c a ted  to  each o f the treatm ents, 
which were d istr ib u ted  in  a t o t a l ly  randomised manner w ith in  a s in g le
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growth room. Body weight gains and feed  intakes were monitored over a 
period of 14 days.

Results

(See Table 9 .1 ) .

D ietary supplementation w ith 6 g DL-methionine kg- 1  feed  d id  not 
s ig n if ic a n t ly  (P>0.05) improve growth performance as measured by body 
weight ga in s, feed  in takes and feed  conversion r a t io s . Selenium, when 
added to  the methionine d e f ic ie n t  d i e t , d id  not a f fe c t  growth 
performance. However, body weight gain and feed  intake were 
s ig n if ic a n t ly  (PC0.05) decreased by the in c lu sion  of t h is  tox in  in  the  
high methionine d ie t .  Simultaneous exposure of the chicks to  selenium  
and SNP in  the absence o f supplemental methionine proved h igh ly  
detrim ental, causing s ig n if ic a n t  decreases in  body weight gain  
(P<0.01), feed  intake (P<0.001) and the e f f ic ie n c y  o f feed  u t i l i s a t io n  
(P<0 .0 01). In con trast, when SNP was added to  the high selenium d ie t  
in  the presence o f m ethionine, although weight gain and feed  intake  
were again reduced, the e f f e c t s  were much le s s  pronounced (P<0.05 in  
both c a se s ) , w h ilst  feed  conversion r a t io s  remained u n altered . In 
fa c t , there was some improvement in  growth performance over the  
selenium only control although the a l le v ia t io n  o f t o x ic i t y  fa i le d  to  
achieve s ig n ific a n ce .

4 .8 .2  The E ffect o f D ietary DL-Methionine on the Growth Performance 
of Chicks Fed Selenium and/or SNP (Experiment 16).

As the r e su lts  o f experiment 15 had demonstrated a requirement for  
d ieta ry  methionine in  the a l le v ia t io n  o f selenium t o x ic i t y  by SNP i t  
was considered necessary to  in v e st ig a te  th is  phenomenon further. In 
experiment 16, graded le v e ls  o f DL-methionine were used, a SNP only  
control was included and the rate  o f in c lu sion  o f th is  tox in  was 
reduced to  0.3 g kg" 1 .
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Table 9.1 The Effect of Dietary DL-Methionine on the Chronic
Toxicity of SNP and on the SNP-Selenium Interaction.

T reatm en t Added 
DL-Met g k g - 1

Added 
S e len iu m  mg kg - 1

Added 
SNP g kg - 1

Body W eight  
G ain  g b ir d " 1 14d" 1

Feed  
In ta k e  g b ir d " 1 14d"1

F eed
C o n v e r s io n
R a t io

A 0 .0 0 .0 0 .0 2 04ab 552a 2 . 71b
B 0 .0 1 0 . 0 0 .0 156bc 516ab 3 . 35b
C 0 .0 1 0 . 0 0 .5 2 2 d 321c 1 2 . 73a
D 6 . 0 0 .0 0 .0 244a 533a 2 . 70b
E 6 . 0 1 0 . 0 0 .0 142c 410bc 2 . 97b
F 6 . 0 1 0 . 0 0 .5 181b c 501ab 2 . 76b

+ SEM 1 8 .3 3 9 .0 1 .6 1
LSD (P == 0 .0 5 ) 5 4 .7 1 1 6 .5 4 .8 2

Each v a lu e  i s  a mean o f  4 c h i c k s .
V a lu e s  w it h in  a colum n s h a r in g  th e  same s u p e r s c r ip t  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  P < 0 .0 5 .



The cassava-based d ie t  was used to  prepare the fo llow in g  
experimental ra tion s in  t h is  2 X 4 X 2  fa c to r ia l study:

Treatment Added Added Added

Selenium DL-Met SNP

mg kg- 1 g kg-1 g kg- 1

A 0.0 0.0 0.0
B 0.0 0.0 0.3
C 0.0 1.0 0.0
D 0.0 1.0 0.3
E 0.0 2 . 0 0.0
F 0.0 2 . 0 0.3
G 0.0 4 .0 0.0
H 0.0 4 .0 0.3
I 1 0 . 0 0.0 0.0
J 1 0 . 0 0.0 0.3
K 1 0 . 0 1.0 0.0
L 1 0 . 0 1.0 0.3
M 1 0 . 0 2 . 0 0.0
N 1 0 . 0 2 . 0 0.3
0 1 0 . 0 4 .0 0.0
P 1 0 . 0 4 .0 0.3

Four birds (ISA. Brown) were a llo c a ted  to  each o f the d ie ts  which 
were d istr ib u ted  in  a random manner between the two equivalent growth 
rooms. The on ly con stra in t imposed was that each treatment should 
appear tw ice in  each roan. Body weight gains and feed  in takes were 
monitored over a period of 2 1  days.

Results

(See Table 9 .2 ) .

There was no s ig n if ic a n t  (P>0.05) e f f e c t  o f growth room on any of  
the variab les stud ied .

No s ig n if ic a n t  in tera c tio n s were observed between selenium and 
m ethionine, SNP and methionine or selenium , SNP and methionine in
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Table 9.2 The Effect of Dietary DL-Methionine on the Growth
Performance of Chicks fed Selenium and/or SNP.

T reatm en t Added S e len iu m  mg kg - 1

Added DL-Met g kg - 1

Added  SNP g k g - 1

Body W eight G ain  g b ir d - 1 
2 1 6 . - 1

F eed  In ta k e  g b ir d ' 1 S id ' 1

FeedC o n v ersio nR a tio

A 0 . 0 0 . 0 0 . 0 261cde 8 1 4 .0a 3 .1 8 bcde
B 0 . 0 0 . 0 0 .3 163gh 5 6 5 .7 °  f 3 . 52abcd
C 0 . 0 1 . 0 0 . 0 319bc 7 9 3 .0ab 2.50® f g
D 0 . 0 1 . 0 0 .3 2 1 2 e£gh 6 2 8 .0cde f 2 . 98de f
E 0 . 0 2 . 0 0 . 0 356ab 8 1 7 .5a 2 . 35f g
F 0 . 0 2 . 0 0 .3 250de f 6 3 9 .0C de 2 . 64e f g
G 0 . 0 4 .0 0 . 0 397a 7 9 3 .0ab 2 . 0 1 g
H 0 . 0 4 .0 0 .3 300bcd 6 9 0 .5bcd 2 . 31f 9

I 1 0 . 0 0 . 0 0 . 0 192fg h 6 1 3 .5 def 3 . 26bcde
J 1 0 . 0 0 . 0 0 .3 146h 5 6 5 .5ef 3 .9 2 ab
K 1 0 . 0 1 . 0 0 . 0 236def 6 5 3 .0 cde 2 . 80de f 9

L 10.0 1.0 0.3 227efg 660.0C de 3.73abc

M 10.0 2.0 0.0 148h 536.7f 4.14ab

N 10.0 2.0 0.3 265cde 686.0cde 2.63e f 9

0 10.0 4.0 0.0 246de f 666.2cde 2.75de f 9

P 10.0 4.0 0.3 319bc 728.5abc 2.29f 9

+ SEM 23.0 36.1 0.29

LSD (P == 0.05) 66.0 103.1 0.83

Each value is a mean of 4 chicks.
Values within a column sharing the same superscript are not significantly different at PC0.05.



th e ir  e f f e c t s  on growth performance. However, the selenium, SNP 
in teraction  was h igh ly  s ig n if ic a n t  (PC0.001) for  a l l  three v a r ia b les .

D ietary supplementation w ith  DL-methionine a t 1 .0 , 2 .0  and 4 .0  g 
kg- 1  s ig n if ic a n t ly  (PC0.001) increased body weight gain; feed  intake  
was a lso  increased but on ly a t  the h ighest le v e l  of methionine 
in c lu sion  (P<0.01), w h ilst  feed  conversion r a tio  was decreased (P<0.05 
fo r  1 .0  and 2 .0  g kg- 1  and PC0.001 fo r  4 .0  g kg- 1 ).

Selenium s ig n if ic a n t ly  reduced weight gain (PC0.001), feed  intake  
(P<0.001) and the e ff ic ie n c y  o f feed  u t i l i s a t io n  (P<0.01).

SNP treatment a lso  caused s ig n if ic a n t  reductions in  body weight 
gain (P<0.01), feed  intake (PC0.001) and the e f f ic ie n c y  o f feed  
u t i l i s a t io n  (P<0.01).

A llev ia tio n  o f selenium t o x ic i t y  by SNP was s ig n if ic a n t , in  terms 
of growth performance, only a t  the two higher le v e ls  o f methionine 
supplementation ( 2 . 0  and 4 . 0  g kg- 1 ).

4 .8 .3  D iscussion  o f Experiments 15 and 16.

Growth performance was improved by d ie ta ry  supplementation w ith  
DL-methionine suggesting th a t d e fic ien cy  had, in  fa c t , been 
estab lish ed  in  b irds consuming the b a sic  d ie t .  That th is  e f f e c t  d id  
not achieve s ig n ific a n ce  in  experiment 15 i s  probably a ttr ib u ta b le  to  
the short duration o f th is  p a r ticu la r  t r i a l  (the in v e stig a tio n  was 
cu rta iled  owing to  the poor h ea lth  o f b irds consuming d ie t  C ).

Methionine fa i le d  to  am eliorate the to x ic  e f f e c t s  o f selenium on 
growth performance. This fin d in g  i s  in  agreement w ith  the r e s u lts  o f  
other workers in  the f i e ld  who have demonstrated b e n e f ic ia l e f f e c t s  of 
th is  amino ac id  only in  the presence o f r e la t iv e ly  high le v e ls  o f  
vitamin E or fa t-so lu b le  an tiox id an ts (McConnell, 1952; W itting & 
Horwitt, 1964; Levander & M orris, 1970). In fa c t , in  experiment 15, 
selenium t o x ic i t y  was observed in  the presence, but not in  the absence 
of methionine. The rate  o f in c lu sio n  o f th is  amino ac id  in  experiment 
15, chosen to  ensure adequacy, was rather high and may, in  combination
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with excess selenium , have proved s l ig h t ly  to x ic . In ad d ition , in  
experiment 16, although there was no s ig n if ic a n t  in tera c tio n  between 
methionine and selenium, th e t o x ic i t y  of the la t t e r  was more 
pronounced, in  terms of growth performance, in  chicks a lso  consuming 
methionine a t 2 .0  or 4 .0  g per kg feed .

Methionine a lso  fa ile d  to  am eliorate the detrim ental e f f e c t s  o f  
SNP on growth performance. Although t h is  r e su lt  con trad icts those  
mentioned in  Section  4 .8  i t  i s  supported by more recent s tu d ie s  o f  
Gomez e t  a l .  (1984) and o f E lzubeir (1986). There i s  a t present no 
s in g le  obvious explanation fo r  th ese  d iscrep an cies.

An adequate supply o f methionine does seem to  be e s s e n t ia l  fo r  the  
a lle v ia t io n  o f selenium t o x ic i t y  by SNP. In experiment 16, although  
the m ethionine, selenium, SNP in tera ctio n  fa i le d  to  achieve  
s ig n ific a n ce , growth rate was markedly improved by addition  o f SNP to  
high selenium d ie ts  in  the presence o f 2 .0  and 4 .0  g Met kg*1 , but not 
with 0 .0  and 1 .0  g kg- 1  . This e f f e c t  may be s p e c i f ic  fo r  methionine 
sin ce  d ie ts  supplemented w ith 2 .0  g Met kg- 1 , though adequate fo r  t h is  
amino ac id , were s t i l l  d e f ic ie n t  in  to t a l  sulphur amino acid s to  the  
extent o f 1.34 g kg- 1  . The lack  o f s ig n if ic a n t  a l le v ia t io n  in  
experiment 15 in  the presence o f 6 .0  g Met kg" 1 , together w ith  the  
highly detrim ental e f f e c t  o f simultaneous addition  o f Se and SNP to  
the control d ie t  are probably due to  the high le v e l  o f SNP used in  
th is  t r i a l .

The requirement for  methionine in  the a l le v ia t io n  o f selenium  
t o x ic ity  by SNP may be re la ted  e ith e r  to  i t s  function  as a sulphur 
donor for  cyanide d e to x if ic a tio n  or, to  the provision  o f methyl groups 
for  the sy n th esis  o f the methylated forms of selenium and the  
elim ination  of t h is  tox in  from the body. The la t t e r  explanation may 
be the more l ik e ly  because a l le v ia t io n  was observed in  the presence of 
methionine even when the t o t a l  sulphur amino acid  supply was lim ited . 
Selenium v o la t i l i s a t io n  in  the ra t can be increased two or th re e -fo ld  
by d ie ta ry  supplementation w ith  methionine (Ganther e t  a l . ,  1966). 
Addition o f graded le v e ls  o f methionine to  d ie ts  containing an 
a ltern a tiv e  sulphur donor such as cy ste in e  might c la r if y  th is  p o in t.
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4 .9  The E ffe c t o f D ietary SNP on The Exhalation o f  V o la t ile  
Selenium (impounds (Experiment 17 ).

The apparent requirement fo r  methionine in  the a l le v ia t io n  of 
selenium t o x ic i t y  by SNP, demonstrated in  the previous experim ents, 
suggested th at the function  o f cyanide might be to  enhance selenium  
e lim ination . However, the SNP-mediated decreases in  NADFH and GSH 
observed in  experiments 11 and 12-14 resp e c tiv e ly  might have been 
expected to  have the opposite e f f e c t  by slowing the reduction phase o f  
selenium metabolism. Data r e la t in g  to  the e f f e c t s  o f cyanide on the  
excretion  o f selenium in  expired a ir ,  urine and fa eces are 
contradictory (Ganther e t  a l . , 1966; Palmer & Olsen, 1979; B e ils te in  & 
Whanger, 1984; E lzubeir, 1986). I t  was th erefore considered necessary  
to  a scerta in  the e f f e c t  o f SNP on selenium e lim ination  under the  
conditions o f th ese  in v e s t ig a t io n s . The exhalation  o f v o la t i le  
selenium compounds was studied  because t h is  i s  gen era lly  considered to  
represent the major route fo r  excretion  o f the element a t high or  
to x ic  le v e ls  o f intake (McConnell & Roth, 1966).

Conventional chick mash supplemented w ith 2 g DL-Met kg- 1  provided  
the b a sis  fo r  the fo llow in g four treatm ents in  t h is  2 X 2 fa c to r ia l  
experiment:

Treatment Added Added
Selenium SNP
mg kg- 1 9  kg" 1

A 0 . 0 0 . 0

B 0 . 0 0.3
C 1 0 . 0 0 . 0

D 1 0 . 0 0.3

Eight birds (ISA Brown) were a llo ca ted  to  each o f the treatm ents
which were dispersed a t random between two equ ivalent growth rooms
with the con stra in t th at each d ie t  appeared four tim es in  each rocm. 
Weight gains and feed  intakes were monitored over a period o f 21 days 
and birds were removed weekly for  c o lle c t io n  o f expired a ir .  
Unfortunately, owing to  the lim ited  a v a ila b i l i ty  o f d es ic ca to r s , 
c o lle c t io n s  were spread over a period of 2 days, w ith  b irds from
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ind iv id u al growth rooms being analysed on separate days. In weeks one 
and two the b irds were o f a s u f f ic ie n t  s iz e  that two chicks from each 
treatment could be placed in  each c o lle c t io n  apparatus, thereby  
minimising in d iv id u al var ia tion  and allow ing e ig h t chicks to  be 
sampled over the two day period. However, a f te r  three weeks the  
number o f b irds had to  be reduced to  one per d es icca to r .

Results

(See Table 1 0 .1 ) .

In week one there were no e f f e c t s  o f d ie ta ry  treatment on growth 
performance. The only s ig n if ic a n t  d ifferen ce  in  body weight gain and 
feed  intake was the r e su lt  o f a growth room e f f e c t  (P<0.001). In 
p ra ctice  th is  can probably be a ttr ib u ted  to  the fa c t  th at chicks from 
room 1 were sampled on day 3 o f the t r i a l  w h ilst  those from rocm 2 
were sampled on day 4.

By the second week, even though growth rocm e f f e c t s  were s t i l l  
s ig n if ic a n t  (P<0.01 and P<0.001 fo r  weight gains and fo r  feed  in takes  
r e s p e c tiv e ly ) , treatm ent-induced d ifferen ces  were becaning apparent. 
A s ig n if ic a n t  (P<0.05) in tera c tio n  was observed between selenium and 
SNP fo r  e f f e c t s  on weight gain . Addition of SNP to  the b a sic  d ie t  
resu lted  in  s ig n if ic a n t  (P<0.01) decreases in  both measures o f growth 
performance. Selenium exposure a lso  reduced body weight gain  
(P<0.001) and feed  intake (P<0.05). At th is  stage  o f the t r i a l  
addition  o f SNP to  the high selenium d ie t  fa i le d  to  a l le v ia te  the  
to x ic  e f f e c t s  o f t h is  element on growth.

Three weeks in to  the study growth rocm e f f e c t s  were absent. A 
high ly  s ig n if ic a n t  (P<0.001) in tera c tio n  was observed between selenium  
and SNP fo r  e f f e c t s  on body weight gain and feed  in take. Addition o f  
SNP to  the b asic  d ie t  decreased both variab les (P<0.01) as did  
selenium exposure (P<0.001). In clu sion  o f SNP in  the high selenium  
d ie t  s ig n if ic a n t ly  (P<0.01) improved body weight gain although the  
a lle v ia t io n  o f t o x ic i t y  was not complete sin ce  growth rate d id  not 
reach the control value.
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Table 10.1 The Effects of Dietary Selenium and/or SNP on Growth 
Performance and Selenium Exhalation in Chicks.

T r e a t-m ent Added S elen iu m  mg k g - 1

Added SNP g k g - 1

WEEK ONE WEEK TWO WEEK THREE
BodyW eigh tG a in 1

g

F eedI n t a k e 1

g

nm ols S e len iu m  E x h a le d 1 kg~ 1 hr~ 1

BodyW eightG ain 1

g

F eedI n t a k e 1

g

nm ols 
S e len iu m  E x h a le d 1 kg " 1 h r " 1

Body
W eightG ain 1 2

g

Feed
I n ta k e 2

g

nm ols 
S e len iu m  E x h a le d 2 
k g " 1 h r " 1

A 0 . 0 0 . 0 31 6 7 .4 1 . 51a 1 45a 2 8 5 .0a 1 . 30a 3 60a 770a 3 . 52a
B 0 . 0 0 .3 27 6 3 .4 1 . 78a 1 2 1 b 2 6 0 .0b 1 . 67a 295b 6 6 6 b 4 . 08a
C 1 0 . 0 0 . 0 29 6 6 .5 1 0 . 77b 117b 2 6 6 .6b 9 . 24b 2 45c 651b 1 7 . 36b
D 1 0 . 0 0 .3 28 6 3 .3 2 . 46a 1 2 0 b 2 6 0 .7b 2 . 19a 305b 693b 4 . 09a

+ SEM 1 .5 1 . 6 0 .9 6 5 .1 6 . 1 0 .3 8 1 3 .1 2 1 . 0 2 .7 7
LSD (P = 0 05) NS NS 2 .9 9 1 4 .8 1 7 .5 1 .1 5 3 8 .1 6 0 .9 8 .6 1

1 Each v a lu e  i s  a mean o f  8 c h i c k s .
2 Each v a lu e  i s  a mean o f  4 c h i c k s .V a lu e s  w it h in  a colum n s h a r in g  th e  same s u p e r s c r ip t  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  P < 0 .0 5 .  

NS = No s i g n i f i c a n t  d i f f e r e n c e s .



Although treatment e f f e c t s  on growth performance d id  not become 
apparent u n t i l  the second week o f the t r i a l ,  w h ils t  a l le v ia t io n  of 
selenium t o x ic i t y  by SNP was not observed u n t i l  week th ree , the  
selenium exhalation  data were remarkably co n sisten t throughout the  
experimental period. In con trast to  the r e s u lts  fo r  growth 
performance, there was no e f f e c t  o f  growth rocm on selenium  
exhalation . In the f i r s t  and second weeks a h igh ly  s ig n if ic a n t
(P<0.001) in tera c tio n  was observed between selenium and SNP for  
e f f e c t s  on the exhalation  o f v o la t i le  selenium compounds. Selenium  
exposure resu lted  in  a h igh ly  s ig n if ic a n t  (P<0.001) increase in  the  
amount o f selenium excreted by the pulmonary route. Addition o f SNP 
to  the b asic  d ie t  d id  not a f f e c t  selenium  exhalation . However, when 
SNP was included in  the high selenium  d ie t  the amount o f selenium  
elim inated  through the lungs f e l l  dram atically (P<0.001) to  a value 
not s ig n if ic a n t ly  (P<0.05) d if fe r e n t  from that observed in  con trol 
b ird s. Sim ilar r e s u lts  were obtained a f te r  three weeks o f exposure to  
the experimental d ie t s ,  however, owing to  the increased v ar ia tion  
r esu ltin g  from a decrease in  the number o f r e p lic a te s  per treatm ent, 
p r o b a b ilit ie s  were reduced to  0 . 0 1 .

4 .9 .1  D iscussion  o f Experiment 17.

The r e su lts  o f th is  in v e stig a tio n  c le a r ly  demonstrate th at the  
amount o f selenium exhaled by chicks consuming a high selenium d ie t  
can be dram atically reduced by the simultaneous adm inistration of 
d ie ta ry  SNP. These fin d in g s, which have sin ce  been v e r if ie d  by other  
workers in  the same laboratory (M itch ell, Dowell & Davis, 
[unpublished]), agree w ith those obtained in  an acute study by Palmer 
& Olsen (1979), who observed a delay in  exhalation  o f selenium a fte r  
ra ts  had been in jec ted  w ith  both cyanide and s e le n ite  compared with  
se le n ite  alone. Contradictory r e s u lts  were reported, in  1986, by 
E lzubeir, who demonstrated increased v o la t i l i s a t io n  o f selenium  
fo llow in g cyanide treatm ent. E lzubeir did  e s ta b lis h  chronic 
se le n o s is , but th is  study d iffe r e d  frcm experiment 17 in  severa l 
important d e ta i ls .  E lzubeir used a cassava-based d ie t  supplemented 
with 6 g DL-Met kg- 1 and implemented an equalised  regime o f feed  
adm in istration . This le v e l  o f methionine supplementation was
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excess iv e  and appeared, in  experiments 15 and 16, to  r e su lt  in  a 
s l ig h t  exacerbation of selenium to x ic i ty .

A p o ss ib le  explanation fo r  th ese  c o n flic t in g  r e su lts  might be 
provided by suggesting th at cyanide e f f e c t s  on selenium exhalation  are 
re la ted  to  other d ie ta ry  fa c to r s , which may, or may not include  
methionine con ten t. C ertain ly  selenium v o la t i l i s a t io n  can be
con tro lled  by d ie t .  Ganther e t  a l .  (1966) reported th at ra ts  
in jec ted  w ith a s in g le  subacute dose o f s e le n ite  exhaled selenium in  
amounts th at depended upon th e d ie t  fed  p rev iou sly . V o la t il isa t io n  
could be increased by in creasin g  the selenium, p rotein  or methionine 
content o f the basal d ie t ,  or by the in c lu sion  o f certa in  unpurified  
fe e d stu ffs . The a c t iv it y  o f the la t t e r  did  not appear to  resid e  
s o le ly  in  th e ir  selenium, p ro te in  or methionine con ten ts. In th is  
p articu lar  study, lin seed  o i l  meal was without e f f e c t  on selenium  
exhalation . Although i t  i s  tempting to  specu late  th at cyanide can 
only increase v o la t i l i s a t io n  in  the presence o f excess m ethionine, 
other fa c to rs  may w e ll be involved.

One conclusion which can be drawn, however, i s  th a t cyanide e f f e c t s  
on selenium exhalation  are not cru c ia l to  the a l le v ia t io n  o f selenium  
t o x ic i t y  by t h is  poison. A lle v ia tio n  was apparent in  E lzu b eir 's  
in v e stig a tio n , although the e f f e c t s  o f SNP on DrnSe exhalation  were 
opposite to  those observed in  experiment 17.

The id e n tity  o f the v o la t i le  selenium compound or compounds 
exhaled cannot be determined by the a n a ly tic a l methods employed in  
th is  study. However, they probably include d im ethylselen ide which i s  
read ily  trapped by n i t r ic  ac id  (Ganther & Baumann, 1962; Ganther, 
1966; Diplock e t  a l . , 1973).

4.10 The Effects of Dietary DL-Methionine, L-Cysteine and SNP on 
the Toxicity of Selenium and on the Subcellular Distribution 

and Redox State of this Element in the Liver (Experiment 18).

The mechanism by which SNP a l le v ia te s  selenium t o x ic i t y  cannot be 
f u l ly  described frcm the data presented so fa r  in  t h is  th e s is .  SNP 
does not appear to  enhance selenium  metabolism and e lim in a tio n .
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However, the p o s s ib i l i t y  remains th at cyanide might a l te r  the form in  
which selenium e x is t s  in  the t is s u e s .  Levander e t  a l .  (1970) 
demonstrated th at EDTA increased the amount of selenium th at could be 
d ia lysed  from l iv e r  homogenates prepared frcm ra ts  fed  a casein-based  
d ie t ,  but had no e f f e c t  on those frcm ra ts  fed  a c a se in -lin se e d  o i l  
meal ration .

Diplock e t  a l .  (1971), in  th e ir  stu d ies  on vitam in E, pioneered a 
method fo r  separating severa l forms o f t is s u e  selenium . They 
demonstrated th at the selenium found in  ra t l iv e r  was present in  a t  
le a s t  three oxidation  s t a t e s . The a c id -v o la t i le  portion  o f th is  
selenium was considered to  be se le n id e , an assumption which was 
valid ated  by Diplock e t  a l .  in  1973 when they demonstrated th a t th is  
a c id - la b ile  selenium behaved in  a manner q u ite  un like (CHa^Se, but 
in d istin gu ish ab le  frcm H2 Se. However, complete ch a racter isa tion  of 
th is  fra ctio n  proved im possible on p ra c tic a l grounds. A z in c -  
hydrochloric acid -red u cib le  portion  was assumed to  be s e le n i t e . 
However, Ganther (1987) pointed out th at selenium linked  to  p rotein s  
by S-Se bonding, e .g .  se le n o tr isu lp h id e s , would a lso  have been 
included in  t h is  fra c tio n . The portion  o f selenium not released  by 
reduction w ith  Zn and HCl was thought to  comprise selenoamino acids  
and higher oxidation  s ta te s  o f the element, such as se le n a te . In 
p ra ctice , one might expect selenoamino acid s to  have accounted fo r  the  
m ajority o f t h is  selenium.

A m odified version  of D ip lock 's method was used in  the experiment 
described below in  an attempt to  determine the e f f e c t  o f cyanide on 
the su b cellu lar  d is tr ib u tio n  and redox s ta te  o f hepatic  selenium. 
Since methionine had proved important fo r  the a l le v ia t io n  o f selenium  
to x ic i ty  by SNP (experiments 15 and 16) both methionine d e f ic ie n t  and 
methionine adequate con trols were included. L -cyste in e contain ing  
ration s were a lso  formulated in  an attempt to  determine the  
s p e c i f ic i ty  o f the methionine e f f e c t .

Conventional chick mash provided the b a sis  fo r  the fo llow in g  
twelve treatments:
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satment Added Added Added Added
DLrMet Ir-Cys Selenium SNP
g kg"1 g kg" 1 mg kg- 1 g kcr1

A 0.0 0.0 0.0 0.0
B 0.0 0.0 0.0 0.3
C 0.0 0.0 1 0 . 0 0.0
D 0.0 0.0 1 0 . 0 0.3
E 3.0 0.0 0.0 0.0
F 3.0 0.0 0.0 0.3
G 3.0 0.0 1 0 . 0 0.0
H 3.0 0.0 1 0 . 0 0.3
I 0.0 2.44 0.0 0.0
J 0.0 2.44 0.0 0.3
K 0.0 2.44 1 0 . 0 0.0
L 0.0 2.44 1 0 . 0 0.3

S ix  birds (ISA Brown) were a llo c a ted  to  each o f the d ie ts  in  the  
main t r i a l  (A-H), leaving four chicks per treatment fo r  in v e stig a tio n  
of cyste in e  e f f e c t s  (I-L ). Experimental treatm ents were randomly 
d istr ib u ted  throughout two equ ivalent growth rooms. Body weight gains 
and feed  intakes were monitored over a period o f 19 days a f te r  which 
birds were slaughtered for  determ ination o f the redox s ta te  o f hepatic  
selenium.

R esults

No s ig n if ic a n t  e f f e c t s  o f growth rocm were observed.

Growth performance was unaffected  by d ietary  supplementation with  
methionine or cy ste in e  (Table 1 1 .1 ).

In the absence o f added sulphur amino ac id s, treatment w ith  e ith e r  
SNP or selenium resu lted  in  a h igh ly  s ig n if ic a n t  (PC0.001) reduction  
in  body weight gain and feed  in tak e. The e f f ic ie n c y  o f feed  
u t i l i s a t io n  was a lso  decreased (P<0.01) in  both ca ses. When the two 
poisons were administered sim ultaneously, SNP fa i le d  to  a l le v ia te  the  
to x ic  e f f e c t s  o f selenium on growth performance.
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Table 11.1 The Effect of Added DL-Methionine or L-Cysteine on the Chronic Toxicity of Selenium 
and/or SNP as Monitored by Changes in Growth Performance and Liver Weight.

T r e a t-m ent Added DL-Met g kg - 1

Added L-Cys g kg - 1

Added S e len iu m  mg k g- 1

Added  SNP g k g - 1

Body W eight Gaing b ir d " 1 I9d" 1

F eed  I n ta k e  g b ir d " 1 R d" 1

FeedC o n v e r sio nR a t io
L iv e rW eightg

A1 0 . 0 0 . 0 0 . 0 0 . 0 3 0 9 . 2ab 6 8 8 . 0 a 2 . 23cd 1 2 . 3 9 ab
B1 0 . 0 0 . 0 0 . 0 0 . 3 147.4^ 392 .95 2 . 6 9 ab 8.65®
C1 0 . 0 0 . 0 1 0 . 0 0 . 0 2 0 3 . 4ef 5 3 4 . 8 ef 2 . 6 4 ab 1 1  0 l a b c d
D1 0 . 0 0 . 0 1 0 . 0 0 . 3 139 .75 391 .55 2 . 87a 7.73®
E1 3 . 0 0 . 0 0 . 0 0 . 0 3 0 4 . 3ab 6 6 9 . 3a 2 . 2 4 cd 1 3 . 03a
F1 3 . 0 0 . 0 0 . 0 0 . 3 2 7 3 . 7acd 5 6 2 . 8 cde 2 . 06d 1 1 . 3 5 abc
G1 3 . 0 0 . 0 1 0 . 0 0 . 0 1 9 6 . 5£ 4 9 5 . 3f 2 . 5 9 ab 9 . 5 4 de
H1 3 . 0 0 . 0 1 0 . 0 0 . 3 2 7 0 . 7cd 5 6 7 . 2 cde 2 . 1 0 d 1 0 . 8 8 bcd
I 2 0 . 0 2 . 4 4 0 . 0 0 . 0 3 1 0 . 9a 6 5 1 . 3ab 2 . 1 0 d 1 2 . 5 6 ab
J 2 0 . 0 2 . 4 4 0 . 0 0 . 3 3 0 1 . 9 abc 5 9 8 . l bcd 1 . 99d 1 1 . 7 6 abc
K2 0 . 0 2 . 4 4 1 0 . 0 0 . 0 2 4 2 . 3de 6 0 7 . l bc 2 . 5 3 bc 1 2 . 0 0 abc
L2 0 . 0 2 . 4 4 1 0 . 0 0 . 3 2 7 2 . 9acd 5 4 7 . 0 def 2 . 00d 1 1 . 9 7 abc

+ SEM3 1 1 . 5 1 6 . 7 0 . 1 0 0 . 7 4
LSD (P == 0 . 0 5  ) 3 3 2 . 8 4 7 . 5 0 . 2 9 2 . 1 1

+ SEM4 1 4 . 1 2 0 . 5 0 . 1 2 0 . 9 1
LSD (P == 0 . 0 5  ) 4 4 0 . 1 5 8 . 2 0 . 3 5 2 . 5 8

1 Each v a lu e  in  t h i s  row i s  a mean o f  6 c h i c k s .
2 Each v a lu e  in  t h i s  row i s  a mean o f  4 c h i c k s .
3 For co m p a riso n  o f  t r e a tm e n ts  A-H.
4 For c o m p a r iso n s  in v o lv in g  t r e a tm e n ts  I -LV a lu e s  w i t h i n  a colum n s n a r in g  th e  same s u p e r s c r ip t  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  P < 0 . 0 5 .



Methionine was b e n e f ic ia l aga in st SNP in to x ica tio n . SNP, when 
included in  the methionine supplemented r a tio n s ,d id  not s ig n if ic a n t ly  
(P>0.05) a lte r  growth or feed  conversion r a t io , although feed  intake  
was s t i l l  reduced (P<0.001) .  In con trast, methionine proved 
in e ffe c t iv e  aga in st s e le n o s is . When included in  the m ethionine- 
containing d ie t s ,  selenium again caused h igh ly  s ig n if ic a n t  (P<0.001) 
decreases in  body weight gain and feed  intake accompanied by a reduced 
(P<0.05) e f f ic ie n c y  o f feed  u t i l i s a t io n .  In th is  in stan ce , SNP did  
a l le v ia te  the to x ic  e f f e c t s  o f selenium  on growth. Addition o f SNP to  
the high selenium d ie t  resu lted  in  a h igh ly  s ig n if ic a n t  (P<0.001) 
improvement in  body weight gain  togeth er with s ig n if ic a n t  (PC0.01) 
in creases in  feed  intake and the e f f ic ie n c y  o f feed  u t i l i s a t io n ,  
although only in  the la t t e r  case d id  b irds consuming both tox in s  
perform as w e ll as those fed  the con trol d ie t .

Supplemental cy ste in e  a lso  proved b e n e f ic ia l aga in st SNP 
in to x ica tio n . The cyanide source fa i le d  to  a lte r  growth performance 
when added to  cyste in e-con ta in in g  ra tio n s. In ad d ition , the e f f e c t s  
of selenium treatment were a lso  le s s  marked than those observed when 
t h is  element was included in  the unsupplemented or methionine adequate 
d ie ts .  Body weight gain and the e f f ic ie n c y  o f feed  u t i l i s a t io n  were 
again reduced by selenium treatment but th ese  e f f e c t s  only achieved  
s ig n ific a n ce  a t P<0.01 and P<0.05 r e sp e c tiv e ly . Selenium d id  not 
a lte r  feed  intake in  birds consuming cy ste in e  supplemented d i e t s . 
Concerning the a l le v ia t io n  o f s e le n o s is  by SNP, the improvement in  
weight gain and feed  intake observed when th is  compound was added to  
high selenium d ie ts  containing cy ste in e  d id  not achieve s ig n ific a n ce  
although the e f f ic ie n c y  o f feed  u t i l i s a t io n  was increased . However, 
sin ce  cyste in e  p a r t ia lly  am eliorated selenium to x ic i t y ,  one might 
expect any b e n e f ic ia l e f f e c t s  o f SNP to  be le s s  marked. In fa c t ,  
birds fed  both to x in s performed as w e ll as those fed  the con tro l d ie ts  
in  terms o f weight gain and feed  conversion r a t io s .

The e f f e c t s  o f SNP and selenium on l iv e r  weight were a lso  m odified  
by methionine or cy ste in e  supplementation (Table 11 .1) .  In the  
absence o f supplemental sulphur amino a c id s , SNP caused a s ig n if ic a n t  
decrease in  l iv e r  weight when added to  the d ie t  o f chicks consuming 
both normal and high selenium ration s (PC0.001 and P<0.01 
r e s p e c t iv e ly ) . Selenium in c lu sio n , however, was without e f f e c t  on
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l iv e r  weight. In con trast, SNP d id  not a lte r  l iv e r  weight when added 
to  methionine adequate d ie t s ,  w h ils t  selenium caused a s ig n if ic a n t  
(P<0.01) decrease in  t h is  v ar ia b le . N either SNP nor selenium  had any 
e f f e c t  on l iv e r  weight in  the presence o f supplemental c y ste in e .

Tables 11.2 -  11.5 show the e f f e c t s  o f d ie ta ry  m ethionine, 
cyste in e  and SNP on the concentration, su b cellu lar  d is tr ib u tio n  and 
redox s ta te  o f hepatic selenium . These in v e stig a tio n s  were performed 
only in  chicks which had been fed  high selenium ra tio n s.

SNP s ig n if ic a n t ly  (P<0.01) reduced whole l iv e r  selenium content in  
chicks consuming con trol or m ethionine-containing d ie ts  (Table 11 .2) .  
This e f f e c t  was more pronounced in  birds rece iv in g  cyste in e  
supplemented ration s when the d ifferen ces  observed achieved  
s ig n ific a n ce  a t  the h igh est le v e l  (P<0.001) .  The SNP-induced 
reduction in  l iv e r  selenium concentration was acccmpanied by a 
decrease in  hepatic  s e le n ite  (P<0.01) and selenoamino a c id s /se le n a te  
(P<0.05).  These e f f e c t s  o f SNP were in fluenced  by the a v a i la b i l i ty  o f  
sulphur amino a c id s . Supplemental methionine p oten tia ted  the SNP- 
induced decrease in  l iv e r  s e le n it e  content but n u l l i f ie d  the action  of 
th is  compound on the selenoamino a c id s /se le n a te  fra c tio n . In 
con trast, cy ste in e  enhanced the a b i l i t y  o f SNP to  reduce the amount o f 
selenoamino acid s in  l iv e r  but d id  not modify i t s  ac tion  on s e le n ite .  
This apparent lack  o f e f f e c t  o f cy ste in e  could simply r e su lt  frcm the  
tendency fo r  t h is  amino acid  to  decrease the amount o f s e le n ite  in  
l iv e r  anyway.

Liver se len id e  content was h igh ly  variab le  and was unaffected  by 
any of the d ie ta ry  treatm ents.

In addition  to  i t s  e f f e c t s  on hep atic  to ta l  selenium , s e le n ite  and 
selenoamino acid s content, i t  became apparent when the r e s u lts  were 
expressed in  terms of the t o t a l  l iv e r  selenium, th at SNP a lso  a ltered  
the r e la t iv e  proportions o f the various selenium compounds. SNP 
reduced the percentage o f selenium  present as s e le n it e  (P<0.05),  
w h ilst  increasing the proportion o f selenoamino a c id s /se le n a te ,  
although t h is  la t t e r  e f f e c t  d id  not achieve s ig n if ic a n c e  in  b irds  
consuming the unsupplemented r a t io n s . Both sulphur amino acids
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Table 11.2 The Effects of Dietary DL-Methionine, L-Cysteine and SNP on Hepatic Selenium. 
Content and Redox State in Chicks Fed High Selenium Diets.

T r e a t-m ent Added S e len iu m  mg kg - 1

Added 
DL-Met g kg - 1

Added  L -C ys g k g - 1

Added 
SNP g kg - 1

pm ols mg p r o t e i n - 1 % o f  t o t a l  S e len iu m

T o t a lSe S e le n id e S e l e n i t e S e le n o -
aminoa c i d s /S e le n a t e

S e le n id e S e l e n i t e S e le n o -aminoa c i d s /
S e le n a t e

C 1 0 . 0 0.0 0.0 0.0 5 2 4 . 2a 3 2 . 0 2 0 5 . 7a 2 ̂ <o . l o a 6 . 4 3 8 . 4 ac 5 5 . 3a
D 1 0 . 0 0.0 0.0 0 . 3 2 7 7 . 3b 3 2 . 0 8 0 . 1 bc 1 6 5 . 4 bc 8 . 8 2 6 . 8b 6 4 . 4a
G 1 0 . 0 3 . 0 0.0 0.0 4 5 9 . 2a 1 3 . 1 2 1 0 . 0 a 2 3 6 . l ab 3 . 0 4 5 . 6 C 5 1 . 5a
H 1 0 . 0 3 . 0 0.0 0 . 3 1 7 1 . 8b 1 3 . 3 1 1 . 7C 1 4 6 . 8bc 7 . 7 6 . 5d 8 5 . 8b
K 1 0 . 0 0.0 2 . 4 4 0.0 4 8 8 . 6a 1 6 . 0 1 6 0 . 7ab 3 1 1 . 7a 3 . 3 3 2 . 7 ab 6 4 . 0a
L 1 0 . 0 0.0 2 . 4 4 0 . 3 126 .  l b 3 . 6 1 2 . 6 c 1 1 0 . 0 C 2 . 9 1 0 . 0 d 8 7 . 2b

+ SEM 5 1 . 6 1 2 . 6 2 8 . 0 2 9 . 8 2 . 7 3 . 5 4 . 7
LSD (P = 0 . 0 5 ) 1 5 8 . 3 NS 8 5 . 9 9 1 . 4 NS 1 0 . 9 1 4 . 4

Each value i s  a mean of 4 ch ick s .
Values within a column sharing the same superscript are not s ig n i f ic a n t ly  d if fere n t  at P<0.05.
NS = No s ig n if ic a n t  d if fere n c es .



p o ten tia ted  the a c tio n  o f SNP. In th e presence o f  e ith e r  m ethionine 
or cy ste in e  the SNP mediated decrease in  s e le n i t e  content was h ig h ly  
s ig n if ic a n t  (PC0.001). C ysteine appeared to  be l e s s  e f f e c t iv e  than 

m ethionine in  promoting th e in crease  in  the proportion o f selenium  

present as selenoam ino ac id s a f t e r  SNP treatm ent. A ddition o f the  
to x in  to  the m eth ionine-contain ing ra tio n s  caused a h ig h ly  s ig n if ic a n t  
(P<0.001) in crease  in  t h is  v a r ia b le , w h ils t  in  th e  presence o f  
c y ste in e  the observed d iffe re n c e  achieved s ig n if ic a n c e  a t  (P<0.01). 
However, th is  may sim ply r e s u lt  from th e  fa c t  th a t c y ste in e  treatm ent 
alone tended to  in crease  th e r e la t iv e  proportion o f t h is  fo m  o f  
selenium . The percentage o f t o t a l  selenium  presen t as se le n id e  was 
not a lte r ed  by any o f the d ie ta r y  treatm ents.

SNP a lso  exerted  a profound e f f e c t  on the selenium  content o f  the  
post-m itochondrial supernatant from l iv e r  (Table 1 1 .3 ) . Treatment 
w ith  t h is  to x in  s ig n if ic a n t ly  reduced to t a l  selenium  (P<0.001), 

s e le n i t e  (P<0.05) and selenoam ino a c id s /se le n a te  (P<0.001) 
concentration . However, in  co n tra st to  the s itu a t io n  occurring in  
whole l iv e r ,  sulphur amino a c id  a v a i la b i l i t y  had r e la t iv e ly  l i t t l e  
e f f e c t  on the SNP a c tio n . M ethionine p o ten tia ted  th e SNP-induced 
reduction in  s e le n i t e  concentration  in  th e post-m itochondria l 
supernatant, but dim inished th e e f f e c t  o f th is  to x in  on selenoamino 
acid  content. C ysteine supplem entation d id  not modify the a c tio n  o f  

SNP on selenoamino a c id s /se le n a te  and a c tu a lly  n u l l i f i e d  i t s  e f f e c t  on 
s e le n i t e .  Again, se le n id e  content was h ig h ly  v a r ia b le  and 

demonstrated no s ig n if ic a n t  response to  any o f th e d ie ta ry  treatm ents. 
In ad d ition , th e  r e la t iv e  proportions o f the various forms o f selenium  
were unaltered  by d ie t .

Selenium contained in  the m itochondria was le s s  su sce p tib le  to  the  
a ctio n  o f SNP than was th a t p resen t in  whole l iv e r  or in  th e p o s t-  
m itochondrial supernatant (Table 1 1 .4 ) . M itochondrial t o t a l  selenium  
content was reduced by SNP treatm ent, but t h is  e f f e c t  achieved  
s ig n if ic a n c e  on ly  in  b irds consuming th e  unsupplemented d ie t s .  SNP 
a ls o  decreased m itochondrial s e le n i t e  concentration  (P<0.05). This 
e f f e c t  was am p lified  by m ethionine, but not by c y ste in e  
supplem entation because c y ste in e  treatm ent a lone s ig n if ic a n t ly  
(P<0.001) reduced the amount o f  s e le n i t e  in  t h is  su b c e llu la r  
compartment. M itochondrial s e le n id e  and selenoamino a c id s /se le n a te
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concentrations were unaltered  .by SNP treatm ent. The r e la t iv e  
proportions o f th e various forms o f m itochondrial selenium  were 
la r g e ly  u n affected  by SNP. The percentage o f selenium  present as 
s e le n i t e  was reduced but on ly  in  b ird s consuming th e  sulphur amino 
acid  supplemented ra tio n s .

SNP treatm ent a lso  a lte r e d  th e d is tr ib u tio n  o f  l iv e r  t o t a l  
selenium  between th e various su b c e llu la r  fr a c tio n s  (Table 1 1 .5 ) , but 
on ly  in  the presence o f supplem ental sulphur amino a c id s . When 
included in  the m ethionine or cy ste in e-co n ta in in g  d ie t s  SNP increased  
th e proportion o f  th e  t o t a l  selenium  th a t was contained in  the p o s t-  
m itochondrial supernatant (P<0.05) a t  th e  expense o f  th a t p resen t in  
th e c e l l  d eb ris fr a c t io n , ca rp ris in g  n u c le i and unbroken c e l l s .

4 .1 0 .1  D iscu ssion  o f Experiment 18.

One fea tu re  th a t stands out in  th ese  r e su lts  i s  th a t , in  con trast  
to  the fin d in g s o f experiment 16, m ethionine supplem entation  

am eliorated th e detrim ental e f f e c t s  o f chronic cyanide exposure on 
growth performance. As mentioned in  Section s 2 .6  and 4 .8 .3 ,  current 
l it e r a tu r e  i s  h ig h ly  con trad ictory  regarding the p o s s ib le  b e n e f its  o f  
supplemental m ethionine in  cyanide in to x ic a tio n . A p o ss ib le  
explanation  fo r  such anomalies could be provided by the suggestion  
th a t cer ta in , as y e t  u n id e n tif ie d , d ie ta ry  fa c to rs  might in flu en ce  the  
m ethionine-cyanide in ter a c tio n . In fa c t ,  conventional ch ick  mash 
provided the b a s is  fo r  experim ental treatm ents in  experiment 18 w h ils t  

a cassava ra tio n  was used fo r  experiment 16. These two d ie t s  d i f f e r  

markedly in  th e ir  inherent vitam in and m ineral con ten t. However, the  
important in g red ien t(s) are not r e a d ily  id e n t if ia b le  s in ce  any major 

d e f ic ie n c ie s  would have been corrected  by the {3-130 supplement.

As expected , given th e  fin d in g s  o f experiment 10 using  
supplemental L -cy stin e , c y ste in e  proved b e n e f ic ia l  a g a in st  
cyanide in to x ic a tio n . In a d d itio n , selenium  t o x ic i t y  was a lso  
reduced, in  terms o f growth performance, when c y ste in e  was included in  
the feed . This la t t e r  observation  agrees w ith  r e s u lt s  reported by 
Lowry & Baker (1989) who demonstrated a 28% improvement in  the weight

-156-



-157-

Table 11.3 The Effects of Dietary DL-Methionine, L-Cysteine and SNP on Selenium Content and 
Redox State in the Post-mitochondrial Supernatant from Livers of Chicks Consuming 
High Selenium Diets.

T r e a t
-m en t

Added  
S e le n iu m  
mg k g - 1

Added 
DL-Met 
g k g - 1

Added  
L -C ys  
g k g - 1

Added  
SNP 
g k g - 1

p m ols mg p r o t e i n " 1 % o f  t o t a l  S e le n iu m

T o t a l
Se

S e le n id e S e l e n i t e
S e le n o -
am ino
a c i d s /

S e le n a t e

S e le n id e S e l e n i t e
S e le n o -
am ino
a c i d s /

S e le n a t e

C 1 0 . 0 0 . 0 0 . 0 0 . 0 3 0 2 . 6a 1 9 . 8 4 3 . 0 ac 2 3 9 . 7a 6 . 0 1 4 . 7 7 9 . 3

D 1 0 . 0 0 . 0 0 . 0 0 . 3 1 4 3 . 0 b 4 . 0 2 1 . 7b 1 1 7 . 5b 2 . 9 1 5 . 2 8 2 . 0

G 1 0 . 0 3 . 0 0 . 0 0 . 0 2 8 0 . 0a 8 . 5 5 6 . 2a 2 1 4 .9a 3 .2 2 0 . 4 7 6 . 3

H 1 0 . 0 3 . 0 0 . 0 0 . 3 1 6 6 . 3b 2 . 2 2 2 . 8b 1 4 1 .4b 1 .3 1 3 . 9 8 4 . 8

K 1 0 . 0 0 . 0 2 . 4 4 0 . 0 2 8 5 . 8 a 5 . 9 2 7 . 4 bc 2 5 2 . 5a 2 . 2 1 0 . 0 8 7 . 8

L 1 0 . 0 0 . 0 2 . 4 4 0 . 3 1 4 0 . 7b 7 . 0 1 3 . 0b 1 2 8 .0b 4 .9 9 .4 8 5 . 7

+ SEM 2 0 . 3 4 . 3 5 . 6 1 9 . 4 1 . 9 2 . 5 3 . 3

LSD (P = 0 . 0 5 ) 6 2 . 2 NS 1 7 . 2 5 9 . 7 NS NS NS

E a ch  v a l u e  i s  a mean o f  4 c h i c k s .
V a l u e s  w i t h i n  a c o lu m n  s h a r i n g  t h e  same s u p e r s c r i p t  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  P < 0 . 0 5 .
NS = No s i g n i f i c a n t  d i f f e r e n c e s .
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Table 11.4 The Effects of Dietary DL-Methionine, L-Cysteine and SNP on Mitochondrial Selenium 
Content and Redox State in the Livers of Chicks Consuming High Selenium Diets.

T r e a t
-m en t

Added  
S e le n iu m  
mg k g " 1

Added  
DL-Met 
g k g - 1

Added  
L -C ys  
g k g - 1

Added 
SNP 
g k g - 1

p m ols mg p r o t e i n - 1 % o f  t o t a l  S e le n iu m

T o t a l
Se

S e le n id e S e l e n i t e
S e le n o -
am ino
a c i d s /

S e le n a t e

S e le n id e S e l e n i t e
S e le n o -
am ino
a c i d s /

S e le n a t e

C 1 0 . 0 0 . 0 0 . 0 0 . 0 6 1 2 . l a 7 5 . 1 1 5 9 . 0a 3 7 8 . 0 1 1 . 9 2 5 . 6 ab 6 2 . 5 ab

D 1 0 . 0 0 . 0 0 . 0 0 . 3 3 7 1 . 9bc 6 3 . 4 1 0 1 . 8ab 2 0 6 . 7 1 5 . 2 2 6 . 1 ab 5 8 . 7b

G 1 0 . 0 3 . 0 0 . 0 0 . 0 4 9 8 . 7ab 5 8 . 8 1 6 1 .4a 2 9 9 . 5 1 1 . 8 3 0 . 6a 5 8 . 6b

H 1 0 . 0 3 . 0 0 . 0 0 . 3 2 9 8 . 5bc 2 5 . 4 4 1 . 1 bc 2 3 2 . 1 9 . 6 1 4 . 8 bc 7 5 . 6 ac

K 1 0 . 0 0 . 0 2 . 4 4 0 . 0 4 0 9 . 4 abc 1 3 . 8 8 6 . 2b 3 0 9 . 4 3 . 3 2 1 . 3 ab 7 5 . 4 ac

L 1 0 . 0 0 . 0 2 . 4 4 0 . 3 2 4 2 . 5C 2 8 . 4 1 1 . 2C 2 0 3 . 2 1 3 . 7 4 . 4C 8 0 . 9C

+ SEM 7 0 . 5 1 9 . 0 2 0 . 1 5 5 . 4 3 . 4 3 . 9 5 . 4

LSD (P = 0 . 0 5 ) 2 1 6 . 3 NS 6 1 . 8 NS NS 1 2 . 0 1 6 . 7

E a ch  v a l u e  i s  a mean o f  4 c h i c k s .
V a l u e s  w i t h i n  a c o l u m n  s h a r i n g  t h e  same s u p e r s c r i p t  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  P < 0 . 0 5 .
NS = No s i g n i f i c a n t  d i f f e r e n c e s .
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Table 11.5 The Effects of Dietary SNP, DL-Methionine and L-Cysteine on the Amount and 
Subcellular Distribution of Hepatic Selenium.

T r e a t
-m en t

Added  
S e le n iu m  
mg k g ' 1

Added  
DL-Met 
g k g * 1

Added  
L -C ys  
g k g - 1

Added  
SNP 
g k g - 1

L iv e r
T o t a l
S e le n iu m
n m ols
W hole
L iv e r - 1

Mean % o f  T o t a l  L iv e r  S e le n iu m  in :

P o s t - m i t o c h o n d r ia l
S u p e r n a ta n t

M ito c h o n d r ia l
f r a c t i o n

D e b r is
f r a c t i o n

C 1 0 . 0 0 . 0 0 . 0 0 . 0 7 9 9 . 2a 2 9 . 4 ab 1 3 . 8 5 6 . 8 ab

D 1 0 . 0 0 . 0 0 . 0 0 . 3 3 4 4 . 6b 3 2 . 0 ab 2 2 . 5 4 5 . 6abc

G 1 0 . 0 3 . 0 0 . 0 0 . 0 6 5 0 . 2a 2 5 . 8 a 1 4 . 6 5 9 . 6 ab

H 1 0 . 0 3 . 0 0 . 0 0 . 3 2 6 5 . 3b 4 4 . 1 bc 1 7 . 1 3 8 . 8b c

K 1 0 . 0 0 . 0 2 . 4 4 0 . 0 8 3 0 . 7a 2 7 . 8a 7 . 6 6 4 . 7a

L 1 0 . 0 0 . 0 2 . 4 4 0 . 3 2 3 1 . 8b 4 8 . 4 C 1 7 . 1 3 4 . 5C

+ SEM 7 5 . 6 5 . 4 5 . 0 6 . 7

LSD (P = 0 . 0 5 ) 2 2 2 . 9 1 6 . 1 NS 1 9 . 9

E a ch  v a l u e  i s  a mean o f  4 b i r d s .
V a l u e s  w i t h i n  a c o lu m n  s h a r i n g  t h e  same s u p e r s c r i p t  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  P < 0 . 0 5 .
NS = No s i g n i f i c a n t  d i f f e r e n c e s .



gains achieved by young ch icks when c y ste in e  was added to  high  
selenium  r a tio n s . In c lu sion  o f c y ste in e  in  the b asa l d ie t  d id  not 
a f f e c t  growth. Mechanisms proposed in  th e  l it e r a tu r e  to  account fo r  
the e f fe c t iv e n e s s  o f  L -cy ste in e  in  am elioratin g  selenium -induced  

growth depression  include p rov ision  o f  GSH fo r  metabolism o f  the  
element (Combs & Combs, 1986) and th e formation o f  a selen iu m -cyste in e  
ch e la te , s im ila r  to  th a t occurring between c y ste in e  and e ith e r  copper 
or cob a lt (Baker & Czamecki-Maulden, 1987).

In ccmmon w ith  th e fin d in g s  o f  experim ents 15 and 16, m ethionine 

supplem entation promoted th e a l le v ia t io n  o f  selenium  t o x ic i t y  by SNP. 
C ysteine appeared to  be le s s  e f f e c t iv e  than m ethionine in  supporting  
t h is  in te r a c tio n . However, selenium  was le s s  to x ic  in  th e presence o f  

cy ste in e  so  any improvements in  w eight gain  demonstrated by SNP 

trea ted  b ird s would have been le s s  marked.

SNP decreased h ep atic  t o t a l  selenium  con ten t, an e f f e c t  which was 
p o ten tia ted  by supplemental m ethionine or c y ste in e . Examination o f  
the current l ite r a tu r e  rev ea ls  a lack  o f c o rre la tio n  between the  
p r o te c tiv e  e f f e c t s  o f cyanide sources ( lin se e d  o i l  meal in  p a r ticu la r )  
aga in st selenium  in to x ic a tio n  and e f f e c t s  on th e t is s u e  le v e ls  o f th is  
elem ent. Palmer e t  a l .  (1980) reported a LCM-induced decrease in  
kidney selenium  content. P u r ified  cyanoglycosides tended to  have a 

s im ila r  e f f e c t  although s ig n if ic a n c e  was not achieved. Both 
substances gave p ro tectio n  a g a in st chronic selenium  in to x ic a t io n . In 
ad d ition , B e i ls t e in  & Whanger (1984) showed th a t adm in istration  o f  
cyanide to  ra ts  in  th e ir  drinking water reduced blood, kidney, l iv e r  
and muscle selenium  content. Evidence a ls o  su ggests  th a t cyanide may 
be capable o f  inducing d e fic ie n c y  in  animals consuming d ie t s  on ly  
m arginally  adequate in  selenium  (Palmer & Olsen, 1981; E lzu b eir , 1986; 
E lzubeir & D avis, 1990).

In co n tra st, some rep orts in  th e l i t e r a tu r e  have described  
increased  t is s u e  selenium  concen trations in  the presence o f LOM (Olsen 
& Palmer, 1955; Levander e t  a l . , 1970). LOM again exerted  a 
p ro te c tiv e  e f f e c t  a g a in st chronic s e le n o s is .  These ob servation s, 
togeth er w ith  the d ia ly s is  s tu d ie s  mentioned in  th e in trod u ction  to  
experiment 18, lead  Levander e t  a l . to  propose th a t th e a c tio n  o f LCM 
might be explained in  terms o f t h is  p ro te in  (or th e m etab o lites  derived
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th ereo f, f ix in g  selenium  and preventing i t  from rea ctin g  w ith  
s e n s it iv e  c e l lu la r  sulphydryl s i t e s .

In oth er ca ses  am elioration  o f  s e le n o s is ,  by cyanide, has been 
observed in  th e absence o f any s ig n if ic a n t  a lte r a t io n  in  t is s u e  
selenium  content (Palmer & O lsen, 1979). E lzubeir (1986) demonstrated 
th a t SNP, when included in  th e  feed  o f ch ick s, e ith e r  a t  0 .1  or 0 .3  g 
kg- 1 , a l le v ia te d  selenium  t o x ic i t y ,  however, on ly  a t  th e h igher ra te  

o f in c lu sio n  were t is s u e  selenium  le v e ls  reduced.

Such c o n f l ic t in g  data su ggest th a t lowering o f  t is s u e  selenium  
le v e ls  may not be c ru c ia l to  th e  mechanism o f th e  a l le v ia t io n , by 
cyanide, o f chronic s e le n o s is .  The observation  th a t t is s u e  selenium  
concentration does not always c o rr e la te  w ith  th e s e v e r ity  o f to x ic o s is  
lends sane support to  t h is  argument. For example, s e le n i t e  i s  tw ice  
as growth depressing  as selenom ethionine, but selenom ethionine  

e lev a te s  l iv e r  selenium  tw ofold  over th a t occurring w ith  s e le n i t e  

supplem entation (Lowry & Baker, 1989; Palmer e t  a l . , 1983; Deagen e t  
a l . ,  1987; Whanger & B u tler , 1988; B e i ls te in  & Whanger, 1988). In 
ad d ition , th ere was no evidence frcm th e r e s u lt s  o f  experiment 18 th a t  
the b e n e f ic ia l  e f f e c t  o f L -cy ste in e  aga in st selenium  t o x ic i t y  was 
accompanied by any lowering o f  th e  t is s u e  le v e ls  o f  t h is  poison .

I t  seems p o s s ib le  th a t as y e t  u n id en tified  n u tr it io n a l fa c to r s  in  
th e r e la t iv e ly  unpurified  d ie t s  used in  animal feed in g  t r i a l s  might 
prove capable o f  modifying th e  e f f e c t  o f cyanide or LCM on t is s u e  
selenium  le v e l s .  An in d ica tio n  th a t such an in te r a c tio n  may e x is t  was 

provided by th e  work o f Halverson & Palmer (1975). The e f f e c t s  

observed were sm all and fa i le d  to  ach ieve s ig n if ic a n c e , however, th ere  
was a tendency fo r  LOM to  decrease l iv e r  selenium  when added to  
vitam in E d e f ic ie n t  d ie t s ,  but in crease  i t  when included in  vitam in E 
adequate r a tio n s .

The observation  th a t SNP decreased the r e la t iv e  proportion o f  
h epatic selenium  which was p resen t as s e le n i t e ,  w h ils t  in creasin g  the  

percentage o f selenoamino a c id s /se le n a te  provides a p o s s ib le  mechanism 
fo r  the p r o te c tiv e  ac tio n  o f  SNP a g a in st s e le n o s is .  As p rev io u sly  
mentioned, selenoamino acid s are le s s  to x ic  than s e le n i t e .  S tud ies on 
the r e la t iv e  t o x i c i t i e s  o f s e le n i t e  and se len a te  have revea led , e ith e r
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th a t th e ir  t o x i c i t i e s  are comparable, or th a t se le n a te  i s  s l ig h t ly  
le s s  to x ic  than s e le n i t e  (see  Combs & Combs, 1986, fo r  a review  o f  
published d a ta ). For example, Franke & Moxon (1936) determined th a t  
th e minimum le th a l  dose o f s e le n i t e  in  r a ts  was 3 . 25- 3 . 5  mg Se kg body 
weight- 1 , w h ile  th a t o f se le n a te  was 5 . 25-5 . 75.  The minimum le th a l  
doses o f se len o cy stin e  and selenom ethionine in  r a ts  were reported by 
Klug e t  a l . , (1949) to  be 4 .0  and 4.25 mg Se kg body w eight- 1 
r esp e c tiv e ly .

The e f f e c t  o f  sulphur amino a c id  supplem entation e ith e r  a lo n e , or  
in  conjunction w ith  SNP, on th e  form in  which selenium  was presen t in  
the l iv e r  emphasised the importance o f  th e  cyanide a c tio n . C ysteine, 
which as p rev io u sly  mentioned was b e n e f ic ia l  a g a in st s e le n o s is ,  d id  
not a l t e r  h ep atic  selenium  con ten t, agreeing w ith  th e fin d in g s o f  
Lowry & Baker (1989), but had a tendency to  decrease both th e  
concentration and proportion o f  s e le n i t e ,  w h ils t  in creasin g  
selenoamino a c id s . These changes were p a r tic u la r ly  pronounced in  th e  
mitochondrion, where th e e f f e c t  on s e le n i t e  concentration  achieved  

s ig n if ic a n c e . Conversely, m ethionine supplem entation, which may 
a c tu a lly  exacerbate selenium  t o x ic i t y ,  tended to  in crease  s e le n i t e  and 

reduce selenoamino ac id  content. More im portantly, SNP d id  not 
a l le v ia te  s e le n o s is  in  ch icks consuming the unsupplemented d ie t s  

d esp ite  i t s  a b i l i t y  to  bring about a dramatic reduction in  h ep atic  
selenium  content. However, in  th e  presence o f m ethionine or c y s te in e ,  
both o f which allow ed SNP to  a l t e r  th e form in  which selenium  was 
present in  th e l iv e r ,  a l le v ia t io n  o f s e le n o s is  became apparent.

The mechanism by which SNP a lt e r s  th e r e la t iv e  proportions o f th e  

various forms o f  hepatic  selenium  remains unclear. The requirement 
fo r  sulphur amino acid s provides lim ited  inform ation, because th ere  
are sev era l p o in ts  a t  which m ethionine or cy ste in e  supply might a f f e c t  
th e in ter a c tio n . The sulphur amino a c id s , and c y ste in e  in  p a r tic u la r , 
are the u ltim ate  sources o f sulphane sulphur fo r  cyanide 
d e to x if ic a t io n , but i t  i s  d i f f i c u l t  to  envisage how in a c tiv a tio n  o f  
t h is  to x in  might enhance i t s  a b i l i t y  to  a l le v ia t e  s e le n o s is .  C ysteine  
could provide GSH necessary  fo r  th e  metabolism o f s e le n i t e  to  hydrogen 
se len id e  and th e u ltim ate incorporation  o f selenium  in to  p r o te in s . 
Methionine may be important fo r  th e  continued supply e ith e r  o f GSH or  
methyl groups. A lte r n a tiv e ly , a c y ste in e  source may be required fo r

-162-



sy n th es is  o f  se len o cy ste in e  and th e incorporation  o f  selenium  in to  
p ro te in s . That both amino a c id s  were e f f e c t iv e  in  p o ten tia tin g  the  
SNP-induced a lte r a t io n  in  th e r e la t iv e  proportions o f s e le n i t e  and 

selenoamino a c id s  su ggests th a t a supply o f GSH or c y ste in e  rath er  
than o f methyl groups may be important fo r  the SNP a c tio n .

I t  i s  p o s s ib le  th a t m ethionine and c y ste in e  may ex er t th e ir  
g r ea te st  in flu en ce  a t  separate s i t e s .  However, most o f  th e apparent 
d iffe re n c e s  between th e r e la t iv e  a b i l i t i e s  o f  th ese  amino a c id s  to  
modify th e in ter a c tio n  can be r e la te d  to  th e ir  inherent ca p acity  fo r  
a lte r in g  selenium  concentration  and redox s t a t e . One observation  
which cannot be explained in  t h i s  manner i s  th e  g rea ter  e f fe c t iv e n e s s  
o f cy ste in e  in  p o ten tia tin g  th e  SNP-induced decrease in  h ep atic  t o t a l  
selenium  and selenoamino a c id  con cen tration s. Tappel e t  a l .  (1984) 
reported th a t over 80% o f th e  t o t a l  selenium  in  th e  t is s u e s  o f  ra ts  

fed  [75Se] s e le n i t e  was p resen t, in  p ro te in , in  th e form o f  

se len o cy ste in e . In ad d ition , most workers agree th a t se len o cy ste in e  
can be sy n th esised  from d ie ta r y  s e le n i t e ,  whereas selenom ethionine i s  
not formed in  t h is  manner. I t  i s  th erefore  tempting to  sp ecu la te  th a t  

se len o cy ste in e  formation might be important in  t h is  p rocess.

I n te r e s t in g ly , SNP exerted  a p rop ortion ately  grea ter  e f f e c t  on 
selenium  content and redox s ta te  in  th e post-m itochond ria l 

supernatant, i . e .  the s i t e  o f  selenium  metabolism, than i t  d id  in  
whole l iv e r  or the m itochondrion, which i s  tr a d it io n a lly  regarded as  

the primary ta r g e t fo r  cyanide a c tio n .

A notab le  fea tu re  o f experim ent 18 was th e  v a r ia b i l i t y  o f th e  

hepatic  se le n id e  concentration  data . D iplock e t  a l .  (1971) u sin g  
mercaptoethanol and DL- a-tocop h erol a ceta te  as an tiox id an ts in  the  
homogenising medium obtained va lu es th a t were both h igh er, 
p a r tic u la r ly  fo r  the post-m itochondria l fr a c t io n s , and more 
c o n s is te n t . Mercaptoethanol rea c ts  w ith  s e le n i t e  to  form 
se len o tr isu lp h id es  (Ganther, 1968). Even though any selenium  p resen t  
as se len o tr isu lp h id es  should be re lea sed  by treatm ent w ith  Zn and HCl 
(and th erefo re  be included in  th e s e le n i t e  f r a c t io n ) , i t  was 
considered sa fe r , p a r tic u la r ly  in  view o f th e high concentration  o f  
s e le n i te  used, to  omit m ercaptoethanol from th e homogenising medium o f
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experiment 18. This might exp la in  th e  v a r ia b i l i t y  o f th e se le n id e  

r e s u lt s .  D iplock e t  a l .  (1973) s ta te d  th a t when on ly  a -tocop herol 
a ceta te  was p resen t as an an tiox id an t in  the hom ogenisation medium a 
s im ila r  proportion o f th e selenium  was found to  be p resen t in  the  
se len id e  form as when a-tocop herol and m ercaptoethanol were both  
p resen t. However, t h is  does not always appear to  be th e ca se . In 
1971, th ey  concluded th a t e ith e r  m ercaptoethanol or a -tocop herol used  
sep ara te ly  was not as e f f e c t iv e  in  p ro tec tin g  th e se le n id e  in  v i t r o  as  
a mixture o f  th e  two a n tio x id a n ts. An in e v ita b le  consequence o f  th e  
c a lcu la tio n  method used in  experiment 18 to  determine l iv e r  s e le n i t e  

concentration  was th a t th ese  r e s u lt s  were a lso  s l ig h t ly  more v a r ia b le  
than th ose reported by D ip lock 's group. However, the o th er  data  
presented in  ta b le s  11 .1  to  11.5  are in  general agreement w ith  th e  
fin d in gs o f D iplock e t  a l .  (1971), in clu d in g  th e  observation  th a t  
se len id e  i s  p a r tic u la r ly  a sso c ia ted  w ith  the m itochondrial fr a c t io n s .
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CHAPTER 5

FINAL DISCUSSION

In th e previous chapter th e  r e s u lt s  o f  each experiment were 
d iscu ssed  sep a ra te ly . The purpose o f  th is  f in a l  d iscu ssio n  i s  to  
in teg ra te  th e r e s u lt s  o f th e various t r i a l s ,  in  so  fa r  as t h i s  i s  
p o ss ib le , g iven  th a t "between experiment" comparisons are not s t r i c t l y  
v a lid  in  n u tr it io n a l research. An attempt w i l l  a ls o  be made to  draw 
seme o v e r a ll conclusions and to  suggest areas fo r  fu rth er  
in v e s t ig a t io n .

5 .1  The E ffe c t  o f  Chronic Cyanide Exposure on Glucose Catabolism and
C ellu la r  Redox S ta te .

Chronic exposure to  a su b le th a l dose o f d ie ta r y  cyanide reduced 
h epatic glycogen concen tration , which agreed w ith  r e s u lt s  obtained by 
Kovacs and Leduc (1982),  Raymond e t  a l .  (1986),  and by Padmaja and 
Panikkar (1989) .  Glycogen le v e l s  were decreased one day a f t e r  the  
s ta r t  o f th e treatm ent and remained depressed th ree  weeks in to  the  
in v e s tig a tio n  (experiments 5 & 6 ).  The reduction in  l iv e r  glycogen  
content could not be accounted fo r  by decreased food consumption. 
Cyanide-mediated depression o f  food in take was most pronounced during  
the f i r s t  few days o f exposure to  th is  to x in , a f t e r  which food  
consumption s ta b i l i s e d  a t  a l e v e l  approxim ately 90% o f th a t seen  in  
con tro l b ird s (Figure 9 .2 ).

The reduction in  h ep atic  glycogen content was not accompanied by 
the in creases in  l iv e r  la c ta te  and blood g lu cose  concen tration , 
observed during acute in v e s t ig a tio n s  (Albaum e t  a l . , 1946; Olsen & 
K lein , 1947; E s t le r , 1965; D etw iler , 1972; E lzu b eir , 1986) and taken  

as in d ic a tiv e  o f  enhanced anaerobic catabolism  o f  g lu co se . In f a c t ,  
la c ta te  le v e l  was a c tu a lly  reduced by SNP treatm ent r e su lt in g  in  a 
lowered lacta te:p yru vate  r a t io  (experiment 7).  However, i t  should be 
remembered th a t glycogen le v e l s  and la c ta te:p yru vate  r a t io s  were not 
measured in  th e same experim ent. I t  i s  p o ss ib le  th a t th e unexpected  
l iv e r  la c ta te  data may have r e su lte d  frem s ig n if ic a n t  operation  o f th e  
m ethylglyoxal pathway (S ection  2 .3.2 and Figure 1 ) in  the presence o f

-165-



the r e la t iv e ly  high concentration o f cyanide (0 .5  g SNP per kg feed) 
employed in  t h is  p articu lar  t r i a l . The observation th at the  
lactate:pyruvate r a tio  was halved, and the sum o f the concentrations 
of th ese  two m etabolites was reduced, in  l iv e r s  frcm cyanide trea ted  
b ir d s , provided evidence in  support o f th is  explanation o f the  
r e s u lts . A ltern a tiv e ly , the d ep letion  o f glycogen, observed during 
chronic cyanide in to x ica tio n , may have a d if fe r e n t  b a s is . The r e s u lts  
may r e f le c t  a d ir e c t  action  o f cyanide on the enzymes involved in  
g lycogen o lysis or g ly co g en esis , rather than a stim u lation  o f the  
anaerobic catabolism  o f g lucose.

D ietary supplementation w ith  the gluconeogenic precursors, L- 
alan in e, L -la c ta te  and L -ser in e , exacerbated cyanide t o x ic i t y  
(experiment 8 ) . This e f f e c t  could be in d ica tiv e  o f the importance o f  
the opposing, ca ta b o lic , pathways during chronic cyanide exposure, 
however, other explanations should be considered in  l ig h t  o f the  
la c ta te , pyruvate and blood g lucose r e s u lts . Exacerbation of cyanide 
to x ic i ty  by pyruvate precursors may suggest th at pyruvate removal i s  
r e s tr ic te d  during chronic exposure to  th is  to x in . Pyruvate 
concentration was increased by SNP treatm ent, although the d ifferen ce  
fa ile d  to  achieve s ig n if ic a n c e . C ertain ly , i f  conversion of pyruvate 
to  glycogen were in h ib ited  t h is  would account fo r  the reduction in  
l iv e r  glycogen concentration. However, acute stu d ies have 
demonstrated an e f f e c t  o f cyanide on glycogen phosphorylase, but not 
on the synthase (Detwiler e t  a l . ,  1972; Jakob & Diem, 1974; Conaglen 
e t  a l . ,  1984). A ltern a tiv e ly , cyanide might in h ib it  the removal o f  
pyruvate through acetyl-CoA and the TCA cy c le . Iscm e t  a l .  (1975) 
demonstrated th at u t i l i s a t io n  o f the TCA cycle  was reduced during 
acute cyanide to x ic ity .

Chronic exposure to  d ie ta ry  cyanide produced l i t t l e  a lte r a tio n  in  
the redox s ta te  o f whole l iv e r  pyrid ine n u cleotid es (experiment 11). 
The only s ig n if ic a n t  e f f e c t  was a cyanide-mediated decrease in  hepatic  
NADPH concentration, although the trend was fo r  both redox couples to  
become more ox id ised  in  the presence o f cyanide. These changes are 
opposite to  those gen era lly  obtained during stu d ie s  o f acute cyanide 
poisoning (H attori e t  a l . ,  1986; Sahlin & Katz, 1986). Since the  
lactate:pyruvate r a tio  i s  la r g e ly  determined by the redox s ta te  o f the  
pyridine n u cleotid es th is  fin d in g  may w e ll provide an explanation fo r
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the increased oxidation  s ta te  o f th is  cytoplasm ic couple during 
chronic cyanide in to x ica tio n . The lack  o f e f f e c t  o f cyanide on the  
redox s ta te  o f hepatic pyrid ine n u cleotid es can not be taken as 
conclusive evidence th a t in h ib itio n  o f cytochrome c oxidase assumes 
l i t t l e  importance during chronic exposure to  t h is  to x in . The r e s u lts  
provided no information on f lu x  through the TCA. cyc le  and e lectro n  
transport chain.

Cyanide decreased to t a l  and reduced glutath ion e concentrations in  
l iv e r  and blood, increased blood GSSG and reduced the GSH.-GSSG r a t io .  
W hilst th ese  fin d in gs may a lso  be re la ted  to  the aforementioned 
changes in  th e  redox s ta te  o f the pyrid ine n u cleotid e  and 
lactate/p yru vate  couples, there are other p o in ts a t which cyanide 
might a f fe c t  the GSH/GSSG p a ir . The cyanide induced a lte r a tio n  in  
glutath ione sta tu s and redox s ta te  may r e su lt  frcm the SeGSHPx 
cata lysed  reduction o f hydroperoxides or may r e f le c t  an increased  
demand fo r  sulphur compounds during cyanide d e to x if ic a t io n . Whatever 
i t s  cause, g lutath ione d ep letion  appears to  be a featu re both o f acute 
(Misra e t  a l . , 1988; Hatch e t  a l . , 1990; Younes & S tru b elt, 1990; 
A rdelt e t  a l . , 1989) and o f chronic cyanide in to x ic a tio n .

I t  has been suggested th a t many m etabolic reaction s might be 
regulated by the rev ersib le  oxidation  and reduction of enzyme 
th io ls /d isu lp h id e s  (S ies  & Moss, 1978; G ilbert 1982 & 1984; Z ieg ler , 
1985). In t h is  scheme the redox s ta te  o f p rotein  th io ls  would be 
dependent upon the th io l/d isu lp h id e  sta tu s o f the surrounding 
environment (in  p a rticu la r  the GSH.-GSSG r a tio )  and coupled to  the  
redox p o ten tia l o f the c e l l .  Such a mechanism might w e ll exp lain  seme 
of the e f f e c t s  o f chronic cyanide in to x ica tio n  on carbohydrate 
metabolism. For example, th e c a ta ly t ic  subunit o f rabbit l iv e r  
glycogen phosphorylase phosphatase i s  in activa ted  by GSSG (Shimazu e t  
a l . ,  1978). In ad d ition , Ernest and Kim (1973 & 1974) have described  
the in a c tiv a tio n  o f rat l iv e r  glycogen synthase D by th io l:d isu lp h id e  
exchange w ith  GSSG. However, the r a tio s  o f GSH:GSSG required to  
produce s ig n if ic a n t  changes in  enzyme a c t iv it y  are w e ll ou tsid e  the  
range normally encountered p h y s io lo g ic a lly . The lack  o f s p e c i f i ty  in  
the oxidation  o f protein  t h io ls  by d isu lp hid es a lso  remains a major 
problem w ith regard to  the p h y sio lo g ica l s ig n ific a n ce  o f th ese  
r ea c tio n s . In p ra ctice  I n  v i v o  evidence in  favour o f such a

-167-



hypothesis i s  currently  im possible to  obtain s in ce  techniques for  
a ssessin g  the redox s ta te  o f p rotein  th io ls  are inadequate.

5.2 The Effects of Chronic Selenium Exposure on Glucose Catabolism and

Cellular Redox State.

Liver glycogen and la c ta te  concentrations were unaltered by 
selenium exposure in d ica tin g  th a t t h is  tox in  does not cause major 
le s io n s  in  the pathways o f glucose breakdown. L iver pyruvate 
concentration was, however, e leva ted  in  chronic se le n o s is  and the  
la c ta te :  pyruvate r a tio  was commensurate ly  reduced. Sim ilar
observations have been made by other workers in v e stig a tin g  acute  
selenium t o x ic i t y  (Caravaggi, 1971; Shearer, 1973). Information 
gained from acute stu d ies has provided a p o ss ib le  explanation fo r  the  
selenium-induced increase in  l iv e r  pyruvate content. The to x in  has 
been shown to  in h ib it  certa in  enzymes involved in  g lucose metabolism  
including a-k etog lu tarate dehydrogenase, succinate dehydrogenase and 
la c ta te  dehydrogenase (Ig n e sti e t  a l . ,  1986; Klug e t  a l . , 1950; Ray & 
Ray, 1975; Nebbia e t  a l . , 1990). That s im ila r  mechanisms may operate 
during chronic selenium poison ing has been suggested recen tly  by Davis 
and Frear (unpublished) who demonstrated th at long-term exposure to  
th is  tox in  decreases the a c t iv i t y  o f succinate dehydrogenase and 
NADH: coenzyme Q reductase and reduces m itochondrial a c id - la b ile  
sulphide content.

Selenium produced changes in  the pyridine n u cleotid e  and 
glutath ione redox couples c o n sis ten t w ith  an increased demand fo r  GSH 
and NADPH in  the metabolism o f t h is  element. Selenium decreased whole 
l iv e r  NADH and NADPH con cen trations, increased NADP1" content and 
elevated  the NAD4- :NADH and NADP4 :NADPH r a t io s . Selenium a lso  
increased hepatic  to t a l  and reduced g lu tath ion e. These e f f e c t s  on the  
glutath ione system are c o n sis ten t w ith  r e su lts  frcm both chronic and 
acute stu d ies (LeBoeuf & Hbekstra, 1983; LeBoeuf e t  a l . ,  1985; Hoffman 
e t  a l . ,  1989; Chung & Maines, 1981) and were considered to  be
secondary adaptive changes in i t ia t e d  in  an attempt to  maintain a 
normal GSH:GSSG r a t io . The e f f e c t s  o f selenium t o x ic i t y  on th e redox 
s ta te  o f pyrid ine n u cleotid es have not prev iou sly  been reported.
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5.3 The Importance of Effects on Glucose Catabolism and Cellular Redox

State in the Mechanism by Which Cyanide Alleviates Selenosis.

The selenium -cyanide in tera c tio n  does not appear to  occur a t  the  
le v e l  o f g lucose catabolism  or through changes in  c e l lu la r  redox 
s ta te . There were no in tera c tio n s between these to x in s fo r  e f f e c t s  on 
hepatic glycogen, NAD*”, NADP4- or NADH le v e ls ,  NADP1- :NADPH r a t io , or  
glutath ione concentration and redox s ta te . In teraction s were observed 
between selenium and cyanide fo r  pyruvate and NADFH contents as w e ll 
as for  lactate:pyruvate and NAD1- :NADH r a t io s . However, th ese  were 
probably secondary e f f e c t s ,  r e su ltin g  simply frcm the fa c t  th at  
selenium-induced changes were n u l l i f i e d  in  the presence o f cyanide.

One o f the s ta r tin g  hypotheses o f th is  work was th a t the  
b e n e fic ia l e f f e c t  o f cyanide aga in st se le n o s is  might r e su lt  frcm 
cyanide-induced a lte r a tio n  in  c e l lu la r  redox s ta te . I t  was considered  
p o ss ib le  th at in h ib itio n  o f cytochrome c oxidase fo llow in g  in gestio n  
of cyanide, might increase reducing p o ten tia l fo r  selenium  metabolism  
through suppression o f the m itochondrial e lectro n  transport chain. 
Although the glycogen r e s u lts  and the e f f e c t s  o f d ie ta ry  
supplementation w ith  gluconeogenic amino acids may be su ggestive  o f an 
increased emphasis on anaerobic glucose catabolism  r esu ltin g  from 
impaired m itochondrial fu nction , the lactate/p yru vate  and blood  
glucose data do not support t h is  conclusion  and other in terp reta tion s  
are p o ss ib le . In add ition , cyanide produced l i t t l e  a lte r a tio n  in  the  
redox s ta te  o f the hepatic pyrid ine n u cleo tid es. In fa c t ,  the  
observed e f f e c t s  and, in  p a r ticu la r , the cyanide-mediated decreases in  
c e l lu la r  NADPH and GSH le v e ls  might be expected to  slow , rather than 
f a c i l i t a t e ,  selenium metabolism.

5.4 The Effects of Dietary Supplementation with Sulphur Amino Acids on 

the Growth Performance of Chicks Consuming Selenium and/or SNP.

D ietary supplementation w ith  L -cystin e  or L -cyste in e  am eliorated  
cyanide to x ic i t y ,  w h ilst  DL-methionine proved b e n e f ic ia l in  sane 
t r i a l s ,  but not in  oth ers. The grea ter  e ff ic a c y  o f L -c y st(e )in e  over 
DL-methionine may suggest th a t fa c to rs  other than p rov ision  o f  
sulphane sulphur are involved in  th e action  of t h is  amino ac id . That
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L -cystine  does not exert i t s  e f f e c t s  through p rovision  o f g lutath ione  
was demonstrated in  experiment 14. Spontaneous reaction  between 
cyanide and cy stin e  lead ing to  the formation o f 2 -im in o -4 -th iazo lid in e  
carboxylic acid  (Wood & Cooley, 1956), may w e ll exp lain  th is  
observation. The v a r ia b i l ity  o f the response to  d ie ta ry  DL-methionine 
supplementation lead to  the proposal th at c er ta in , as y et
u n id en tified , d ie ta ry  fa c to rs  might be capable o f in flu en cin g  the  
m ethionine-cyanide in te r a c tio n .

L -cyste in e supplementation a lso  proved b e n e f ic ia l aga in st 
se le n o s is . The mechanism o f t h is  action  was not in v estig a ted , 
however, sane evidence was obtained to  suggest th at L -cystein e  
treatment decreases m itochondrial s e le n ite  content (Section  5 .8 ) .  
Mechanisms proposed in  the lite r a tu r e  to  exp lain  the e ffe c t iv e n e ss  o f  
L -cystein e in  am eliorating selenium-induced growth depression include  
provision  o f GSH (Canbs & Combs, 1986) and the formation o f a 
selen ium -cysteine ch e la te  th at i s  le s s  e f f ic ie n t ly  absorbed frcm the  
gut or deposited  in  the t is s u e s  (Baker & Czamecki-Maulden, 1987). 
However, no evidence was obtained in  experiment 18 to  suggest th a t the  
b e n e fic ia l e f f e c t  o f L -cyste in e was accompanied by any lowering o f  
t is s u e  selenium l e v e l s . Provision  o f GSH a lso  seems an u n lik e ly  
explanation because, in  t r i a l s  16 and 18, methionine a c tu a lly  appeared 
to  exacerbate selenium t o x ic i t y  as measured by e f f e c t s  on growth 
performance and l iv e r  w eight. I t  i s  known th at when DL-methionine 
in creases in  the d ie t ,  the amount o f L -cyste in e produced in e v ita b ly  
increases (T ate ish i e t  a l . ,  1981). In ad d ition , most workers agree 
th at both methionine and cy ste in e  can contribute to  hepatic  
glutath ione (Leaf & Neuberger, 1947; Reed & Orrenius, 1977; T ate ish i 
e t  a l . , 1981; S u b erv ille  e t  a l . , 1987). The reason fo r  the s l ig h t  
exacerbation of se le n o s is  by DL-methionine remains unclear, but may 
a lso  involve changes in  the form in  which selenium i s  present in  the  
t is s u e s  (Section  5 .8 ) .

An adequate supply o f e ith e r  DL-methionine or L -cyste in e  was 
e s s e n t ia l  to  allow  cyanide to  overcome the growth depressing e f f e c t s  
of selenium exposure. Methionine appeared to  be more e f f e c t iv e  than 
cyste in e  in  supporting the in tera c tio n . However, s in ce  selenium  was 
le s s  to x ic  in  the presence o f cy ste in e  any improvement in  weight gain  
as a r e su lt  o f cyanide treatment would have been le s s  marked.
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There are severa l p o in ts a t  which the sulphur amino acid s might 
in flu en ce the selenium -cyanide in tera c tio n . Both may provide sulphane 
sulphur, although i t  i s  d i f f i c u l t  to  see  how d e to x if ic a tio n  o f cyanide 
might enhance i t s  ac tio n . The r e s u lts  o f experiment 4 c le a r ly  
demonstrated th a t thiocyanate i s  not capable o f a l le v ia t in g  s e le n o s is .  
The degree o f cyanide t o x ic i t y  may be important, a p o s s ib i l i t y  a lso  
suggested by data reported by E lzubeir and Davis (1988a). Graded 
le v e ls  o f SNP (0 .0 -0 .4  g kg feed- 1 ) were fed  to  chicks consuming 
s e le n ite  a t 10 mg kg feed- 1 . A lle v ia tio n  o f s e le n o s is , as measured by 
growth performance, was most pronounced a t 0 .1  g SNP and d eclin ed  as 
concentration increased. However, t o t a l  l iv e r  selenium decreased  
p ro gressive ly  w ith  in creasin g  dose, w h ilst  plasma GSHPx a c t iv i t y  
Improved.

A ltern a tiv e ly , the sulphur amino acid s could provide GSH or a 
cyste in e  source (fo r  sy n th esis  o f s e le n o c y s te in e ) . Another p o ss ib le  
s i t e  o f in tera c tio n  i s  through the supply o f methyl groups. This 
explanation seems le s s  l ik e ly  s in ce  both methionine and cy ste in e  were 
e f f e c t iv e  in  perm itting the operation of the selenium -cyanide 
in tera c tio n , however, scans evidence was obtained to  suggest th a t th ese  
amino acid s may exert th e ir  g rea test e f f e c t s  a t d if fe r e n t  s i t e s .

The mechanism by which methionine and cy ste in e  permit the  
a lle v ia t io n , by cyanide, o f s e le n o s is  remains unclear. I t  i s  tempting 
to  speculate th a t th ese  amino acid s provide reactants necessary fo r  
the enhanced metabolism o f selenium , thereby allow ing cyanide to  
decrease s e le n ite  w h ilst  in creasin g  protein-bound, or methylated  
forms. However, the p o s s ib i l i t y  th at cyanide and the sulphur amino 
acid s have independent, a d d itiv e , e f f e c t s  can not be excluded. 
C ertainly, methionine and cy ste in e  d id  appear to  have a p a rticu la r  
e f f e c t  on m itochondrial selenium , w h ils t  cyanide exerted  i t s  g rea te st  
in flu en ce in  the post-m itochondrial fra c tio n .

5.5 The Effects of Cyanide on DnSe Exhalation and Tissue Selenium 
levels.

Cyanide decreased hepatic t o t a l  selenium content, an e f f e c t  which 
was p oten tia ted  by supplemental cy ste in e . As mentioned in  Section
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4 .1 0 .1  examination o f the current l i te r a tu r e  revea ls a lack  o f  
corre la tio n  between the e f f e c t s  o f cyanide sources on t is s u e  selenium  
le v e ls  and th e ir  a b i l i t y  to  a l le v ia te  s e le n o s is . This observation was 
su b stantiated  by the r e su lts  o f experiment 18. Cyanide fa i le d  to  
am eliorate the growth-depressing e f f e c t s  o f selenium in  chicks 
consuming the amino acid  unsupplemented d ie ts  even though l iv e r  
selenium le v e ls  were markedly reduced. S im ilarly  anomalous r e su lts  
have been obtained from stu d ie s  in to  th e e f f e c t s  o f cer ta in  heavy 
m etals on t is s u e  selenium (Section  2 .1 6 .2 ) .

In the experiments described in  t h is  th e s is ,  SNP was adm inistered  
a t a le v e l  o f a t  le a s t  0 .3  g kg feed- 1 . As prev iou sly  mentioned, 
E lzubeir (1986) and E lzubeir and Davis (1988a) demonstrated that 
se le n o s is  could be overcome by a lower dose o f SNP (0 .1  g per kg feed) 
in  the absence o f any a lte r a tio n  in  l iv e r  selenium content. I t  i s  not 
im possible th a t two mechanisms may have been in  operation during th ese  
in v e stig a tio n s , one by which cyanide a l le v ia te s  selenium t o x ic i t y  and 
another by which an excess o f t h is  tox in  reduces t is s u e  selenium  
le v e ls .  The same could a lso  be true fo r  heavy m etals.

In experiment 17, cyanide decreased the amount o f selenium exhaled  
as v o la t i le  forms, by chicks consuming conventional mash supplemented 
with 2 g DL-Met kg- 1 and 10.0 mg Se kg- 1 , to  le v e ls  not s ig n if ic a n t ly  
d iffe r e n t from those observed in  the control b ird s. This e f f e c t  of 
cyanide i s  probably secondary, r e su ltin g  e ith e r  frcm the reduction in  
t is s u e  selenium le v e ls  or frcm d e to x if ic a t io n  o f t h is  element by other  
mechanisms. Cyanide-mediated changes in  the amount o f selenium  
excreted by the lungs do not appear to  be cru c ia l fo r  a l le v ia t io n  of 
the growth-depressing action  o f s e le n it e .  The e f f e c t s  o f cyanide on 
the exhalation  o f v o la t i le  selenium compounds are h igh ly  var ia b le . 
However, whether cyanide in creases (E lzubeir, 1986) or decreases 
(Palmer & Olson, 1979; M itch e ll, Dowell & Davis, unpublished; 
experiment 18) pulmonary excretion  o f  EmSe, i t  s t i l l  am eliorates 
se le n o s is . The e f f e c t s  o f cyanide on selenium exhalation  can probably 
be in fluenced  by d ie ta ry  fa c to rs  which may, or may n ot, include  
m ethionine.

That cyanide decreases both l iv e r  selenium le v e ls  and DmSe 
exhalation  suggests th at t h is  tox in  may increase the amount o f
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selenium excreted through other rou tes, such as urine and fa e ce s , 
and/or i t  may decrease t is s u e  uptake and d ep osition  o f the element. 
In ter e stin g ly , Bopp e t  a l .  (1982) s ta te d  that the main route of 
selenium excretion  under cond itions o f chronic adm inistration o f  
r e la t iv e ly  high le v e ls  o f selenium would be the urine. They based 
th is  conclusion on the work of Halverson e t  a l .  (1962) who 
demonstrated th a t, in  ra ts  given  d ie ts  containing 5 mg selenium  (as 
se len a te) per kg feed , the amount o f selenium in  urine rose with  
in creasin g  time o f  exposure. The same appears to  be true fo r  selenium  
given as s e le n ite  (Burk, 1976). In ad d ition , B e ils te in  and Whanger 
(1984) demonstrated a sm all in crease , compared w ith  co n tro ls , in  
urinary excretion  o f 75Se a f te r  i t s  in je c tio n  as s e le n ite  in to  ra ts  
th at had received  150 p.p.m. cyanide in  th e ir  drinking water fo r  the  
previous two weeks.

The only selenium balance study carried  out to  date was reported  
by E lzubeir in  1986. He demonstrated a SNP-induced decrease in  the  
selenium content o f l iv e r ,  kidney and carcass from chicks consuming 
high selenium d ie t s .  The amount o f selenium excreted  in  urine and 
fa e ce s , taken togeth er, remained unaltered , comprising about 65% of 
adm inistered dose, leading E lzubeir to  propose th at SNP in creases  
selenium exhalation . He went on to  prove th is  hypothesis in  a 
separate experiment. However, the cond itions employed in  E lzu b eir 's  
in v estig a tio n s  d iffe r e d  both frcrn the "norm" and frcm experiments 17 
and 18 in  severa l important ways. F ir s t ly ,  he employed an equalised  
regime o f feed  adm inistration w ith  the r e su lt  th a t con tro l b ird s, and 
those consuming selenium w ith cyanide, would have been short o f food  
p rior  to  refeed ing (once every two d ays). These b irds may, th erefore , 
have becane d e f ic ie n t  in  cer ta in  important n u tr ien ts . In ad d ition , 
E lzubeir used a cassava-based d ie t  supplemented w ith  6 g DL-Met. per 
kg. This le v e l  o f in c lu sio n  o f methionine was fa r  in  excess o f 
requirements (Section  4 .8 .3 ) .  There i s  no doubt th at v o la t i l i s a t io n  
of selenium can be increased by r a is in g  d ie ta ry  methionine intake  
(Ganther e t  a l . , 1966). I t  i s  tempting to  specu late  th a t cyanide 
in creases selenium exh alation , only in  the presence o f an excess o f  
d ie ta ry  m ethionine, however, other fa c to r s  may w e ll be involved.
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5.6 The Effect of Cyanide on the P o m  in which Selenium is Present in

the Tissues.

Cyanide a ltered  the r e la t iv e  proportions o f the various forms of  
selenium in  l iv e r  t is s u e . Although cyanide decreased hepatic s e le n ite  
and selenoamino acid s content togeth er w ith t o t a l  selenium  
concentration, th ese  fra ctio n s were a ffec ted  to  d if fe r e n t  ex ten ts . 
Consequently, cyanide reduced the proportion of t o t a l  selenium present 
in  the fo m  o f s e le n it e ,  w h ils t  increasing the percentage of 
selenoamino a c id s /se le n a te . An adequate supply o f e ith e r  methionine 
or cyste in e  was required fo r  cyanide to  achieve th ese  e f f e c t s .

The observation th at cyanide a lte r s  the oxidation  s ta te  o f hepatic  
selenium provides a p o ss ib le  explanation for  the a l le v ia t io n , by 
cyanide, o f s e le n o s is . The probable e f f e c t  o f cyanide i s  to  reduce 
the amount o f a p a r ticu la r ly  damaging form o f selenium . C ertain ly , 
selenoamino acid s are le s s  to x ic  than se le n ite  (S ection s 2.16 and
4 .1 0 .1 ) . However, s in ce  current methods permit on ly a rather broad 
fra ction a tion  o f the to t a l  t is s u e  selenium other forms may be 
involved. For example, the s e le n it e  fra ctio n  would have included  
glutath ione se len o tr isu lp h id e  (GSSeSG) which has been shown to  in h ib it  
protein  sy n th esis i n  v i t r o  (V em ie e t  a l . ,  1974) and might w e ll 
represent the damaging s p e c ie s . Another a lte rn a tiv e  i s  s e le n id e . 
This fra ctio n  proved h igh ly  variab le  in  experiment 18 and requires 
further in v e stig a tio n  p a r ticu la r ly  in  view of the suggestion  by
Diplock e t  a l .  (1971) th at the a c tiv e  fo m  of selenium in  the t is s u e s  
may be se len id e .

Three observations support the notion th at cyanide-mediated 
changes in  the fo m  in  which selenium  e x is t s  in  the t is s u e s  might 
indeed be important for  the am elioration  o f growth depression caused 
by s e le n ite .  F ir s t ly ,  cyanide d id  not a l le v ia te  se le n o s is  in  chicks
consuming the sulphur amino ac id  unsupplemented d ie t s .  Secondly,
cyste in e  which proved b e n e f ic ia l aga in st selenium t o x ic i t y  had a 
tendency to  bring about sim ila r  changes in  the oxidation  s ta te  o f th is  
element. T hirdly, methionine supplementation, which may a c tu a lly  
exacerbate s e le n o s is ,  tended to  increase the proportion of l iv e r  
selenium present as s e le n it e ,  w h ils t  decreasing the selenoamino acid s  
fr a c t io n .
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The mechanism by which cyanide a lte r s  the oxid ation  s ta te  o f  
hepatic selenium remains unclear, however, i t  seems l ik e ly  th at 
cyanide-mediated changes in  the metabolism of selenium  w i l l  prove to  
be involved.

Although the scheme for  s e le n it e  metabolism, proposed in  1974 by 
Ganther and Hsieh (Figure 3 ) , based on stu d ies i n  v i t r o ,  has become 
w idely accepted, the processes operating i n  v i v o  may a c tu a lly  be more 
complex, s in ce  severa l a lte rn a tiv e  excretory end products have been 
id e n tif ie d  (Palmer e t  a l . , 1969; Obermeyer e t  a l . , 1971; Ostadalova e t  

a l . , 1988; Jiang e t  a l . , 1983). Cyanide may w e ll in ter a c t w ith  
pathways which have not y e t been id e n tif ie d .

Only hepatic selenium content and oxidation  s ta te  were determined 
in  th ese  in v e st ig a tio n s . D ifferences may w e ll e x is t  between t is s u e s .  
Elzubeir (1986) demonstrated a large increase in  the selenium content 
of skin and fea th ers in  response to  s e le n ite  supplementation which was 
unresponsive to  SNP treatm ent. In ad d ition , Behne e t  a l .  (1989) have 
demonstrated th a t, in  selenium d e fic ie n c y , th is  element i s  d irected  
to , and retained  by, certa in  p r io r ity  t is s u e s .

5.7 SNP as a Source of Dietary Cyanide in Nutritional and Biochemical 
Studies

Cyanide i s  released  frcrn in gested  SNP in  the in te s t in a l  tr a c t  o f 
the chicken. The crop appears to  be the major s i t e  fo r  SNP 
degradation (experiments 1 & 2 ) . A nalysis o f blood obtained from 
chicks consuming SNP revealed  the presence o f cyanide, but not o f  
unaltered SNP. I t  was concluded th at th is  p o te n t ia lly  hypotensive  
agent i s  rap id ly  degraded in  the chick gut and i s  not absorbed, 
in ta c t , in to  the bloodstream. The observed decreases in  blood and 
hepatic to t a l  g lutath ione and GSH content and the accompanying 
increase in  blood GSSG le v e l  in  b irds consuming SNP are, th erefore , 
rela ted  to  cyanide i t s e l f  rather than to  the consumption o f GSH or  
other sulphydryl compounds during SNP degradation. C ertain ly , 
glutath ione derived from the gut w a lls  may p lay  a part in  the  
breakdown of SNP, but the crop i s  u n lik e ly  to  contain  sulphydryl 
compounds in  q u a n tit ie s  s u f f ic ie n t  to  account fo r  the observed
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r e s u lts . In ad d ition , Page e t  a l .  (1955) demonstrated th a t cy ste in e  
was p a r ticu la r ly  e f f e c t iv e  in  re lea s in g  cyanide from SNP, however, in  
experiment 14, in  which chicks were fed  an excess o f d ie ta ry  L- 
c y stin e , hepatic to t a l  g lutath ion e and GSH were s t i l l  decreased in  SNP 
trea ted  b irds.

The other, in d ir e c t , evidence advocating the use o f SNP as a 
source o f d ie ta ry  cyanide was th at i t  a lle v ia te d  selenium t o x ic i t y  in  
the va st m ajority o f the experiments described. SNP a lso  increased  
plasma thiocyanate concentration (r e su lts  not included in  th is  
t h e s i s ).

5.8 Suggestions for Further Study.

The experiments designed to  determine the e f f e c t s  o f  chronic  
exposure to  d ie ta ry  cyanide on glucose catabolism  and redox s ta te  
y ie ld ed  severa l su rp risin g  or anomalous r e su lts  which might be 
c la r if ie d  using the fo llow in g  approaches:

(a) I t  would be in te r e s t in g  to  measure l iv e r  glycogen concentrations  
and la c t a t e : pyruvate r a t io s  in  b irds from a s in g le  feed ing t r i a l  
in  which SNP was adm inistered a t  a le v e l  o f 0 .3  g kg feed-1 (or 
low er).

(b) Whether g ly c o ly s is  i s ,  in  fa c t , stim ulated  during chronic cyanide 
in to x ica tio n  might be in v estig a ted  using radiorespircm etric  
techn iques.

(c) A poin t worth checking i s  whether s im ila r  changes in  the oxidation  
s ta te  o f the la cta te /p yru vate , NAiy /NADH, NADPf /NADFH and GSSG/GSH 
couples occur a f te r  feed ing d ie ta ry  KCN. Care would have to  be 
taken to  maximise the s t a b i l i t y  o f the cyanide s a l t  in  the feed . 
This approach should serve to  d isp e l any remaining concerns that 
such changes may have been re la ted  to  the u t i l i s a t io n  o f GSH in  
the degradation o f SNP.

Questions concerning the f lu x  through the e lectro n  transport and 
tr ica rb o x y lic  ac id  pathways, and the campartmentation o f pyridine
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n u cleo tid es, might prove more d i f f i c u l t  to  in v e stig a te  during chronic 
cyanide in to x ica tio n . C e ll fra ctio n a tio n  would be required r e su ltin g  
in  a lte r a tio n  o f the m etabolic steady s ta te .

Further information concerning th e e f f e c t s  o f cyanide on the  
reten tion  and forms o f selenium in  t is s u e s  might be obtained by 
pursuing the fo llow in g  l in e s  o f in v estig a tio n :

(a) A selenium balance t r i a l  could be carried  out, using conventional 
chick mash, in  which the selenium  content o f l iv e r ,  kidney, 
carcass, sk in , fea th ers , urine, fa eces and expired a ir  were 
estim ated w ith in  a s in g le  experiment.

(b) Much work i s  needed to  gain more inform ation about the forms in  
which selenium e x is t s  in  the t is s u e s  and, in  p a r ticu la r , the  
composition o f the broad selenoamino a c id s /se le n a te  fra c tio n . 
Data r e la tin g  to  the proportions o f selenom ethionine and 
se len ocyste in e  might provide an explanation fo r  the d ifferen ces  
observed a fte r  feed ing DL-methionine or L -c y ste in e . 
D eriva tisa tion  o f selenium -containing sp ec ies w ith  Sanger's 
reagent, follow ed by HPLC (Ganther, 1987) may prove u se fu l in  
id en tify in g  the forms of selenium presen t. This procedure has 
been used, not only to  achieve th e  separation o f selenoamino 
a c id s , but has a lso  been found su ita b le  fo r  the unequivocal 
id e n tif ic a t io n  o f hydrogen se len id e  (Ganther & Kraus, 1984). This 
approach may a lso  y ie ld  inform ation about the mechanism by which 
cyanide a lte r s  the forms o f selenium in  t is s u e s  as w e ll as helping  
to  separate and id e n tify  sev era l, as y e t uncharacterised, products 
of selenium metabolism. However, in  p ra ctic e , the primary s i t e  of 
the selenium -cyanide in tera c tio n  may w e ll prove d i f f i c u l t  to  
e s ta b lish  sin ce  any in v e stig a tio n  would in ev ita b ly  be based on a 
somewhat random search.

5.9 Concluding Remarks

Although seme o f the biochem ical changes a ssoc ia ted  w ith  chronic 
cyanide in to x ica tio n  are s im ila r  to  those observed in  acute poisoning,
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important d ifferen ces  do occur, suggesting th at th e underlying 
m etabolic bases o f th ese  conditions may a lso  d if fe r .

No evidence was obtained to  suggest that cyanide exerts  i t s  
b e n e fic ia l e f f e c t s  aga in st s e le n o s is  a t  the le v e l  o f carbohydrate 
metabolism or through changes in  in tr a c e llu la r  redox p o te n tia l.

Cyanide a lte r s  the form in  which selenium i s  present in  the  
t is s u e s  in  favour o f le s s  to x ic  sp e c ie s . These e f f e c t s  do appear to  
be important fo r  the a l le v ia t io n  o f selenium t o x ic i t y ,  but, a t  
present, th e ir  mechanism remains unclear.
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