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by  
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The aim of many  investigations carried out in this laboratory is to find quantitative 
relations between the stage of thiamine deficiency and the occurrence of thiamine- 
deficiency symptoms on the one hand and the disappearance of thiamine pyrophosphate 
(TPP) and the T P P  dependent enzymes from the tissues on the other hand. By deter- 
mining this coenzyme and these enzymes in various tissues in the course of the time 
during which animals are confined to a thiamine-free diet we hope to contribute to our 
knowledge of the development of the symptoms and the immediate cause of death. 

We have also included in this programme investigations on tl{e so called thiamine- 
sparing action of fat. According to several authors, symptoms and death occur much 
earlier when a thiamine-free diet contains a high percentage of carbohydrate than when 
the carbohydrate in the diet is replaced by  fat. According to EVANS AND LEPKOWSKY 1, 

who have coined the expression "vi tamin B 1 sparing action of fat",  rats on a thiamine- 
free high fat diet grow much better  than rats on a thiamine-free high carbohydrate diet. 
As pointed out by WESTENBRINK 2 and by GRUBER 3 "sparing" may in this connection 
mean " to  use less of" as well as "to dispense with". 

GRUBER 4 has proved that  on a diet rich in fat the organism uses up its store of 
TPP  at a lower rate, for the amount of TPP  in the tissues diminishes much more rapidly 
on the thiamine-free high carbohydrate diet than on the thiamine-free high fat diet 
(experiments with liver, cerebrum, breast muscle and heart muscle of the pigeon). More- 
over GRUBER has shown that,  immediately after death induced by withholding thiamine, 
in animals consuming the carbohydrate diet the T P P  content of heart muscle and liver 
is lower, while the T P P  content of breast muscle and cerebrum is higher than in animals 
receiving the fat diet. In these experiments the pigeons on the carbohydrate diet died 
in the mean after 16 days of thiamine deficiency, those on the fat diet after 43 days. 

We ourselves 5 have reported already on our experiments on the disappearance of the 
pyruvic decarboxylase and the a-ketoglutaric decarboxylase* from breast muscle, heart 

* This  work  forms pa r t  of the invest igat ions  on the metabol i sm and physiological action of 
th iamine  by  H. G. K. WESTENBRINK and collaborators.  

** We have called the  enzymes  responsible for the anaerobic decarboxylat ion of pyruva te  and 
a-ketoglutara te :  decarboxylases.  We might  also have designed t h e m  by pyruvic  dehydrogenase and 
a-ketoglutar ic  dehydrogenase,  for the pures t  prepara t ions  of these enzymes prepared from animal 
mater ia l  (pigeon breas t  muscle and pig hear t  respectively),  which are homogeneous both  in the 
electrophoretic and ilt the gravi ta t ional  field, are active in dehydrogenat ion as well as in s traight  
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muscle and legmuscle of pigeons during the first 12 days on the same diet, free of thiamine 
and rich in carbohydrate, as was employed by GRUI~ER. We have now continued these 
experiments over longer periods of deficiency and have carried out similar determina 
tions in breast muscle and heart muscle of pigeons on the diet free of thiamine and rich 
in fat, thus extending our own work as well as that of GRUBER (breast muscle and heart 
muscle belong to the two groups of organs that are distinctly different as regards the 
TPP content at the time of death; see above). This work has also been carried out 
with pigeons, as they are very suitable for forced feeding. Animals soon lose their 
appetite on a thiamine free diet. Therefore the difference between a carbohydrate diet 
and a fat diet is less distinct when the animals are allowed to eat ad libitum. 

The pyruvic decarboxylase was determined by measuring the amount of acetoin 
formed from added pyruvate in a muscle homogenate under anaerobic conditions, the 
a-ketoglutaric decarboxylase by measuring the amount of succinic semiald~'~hyde formed 
from added a-ketoglutarate under similar conditions. 

EXPERIMENTAL 

The normal  pigeons consumed ad l ib i tum a mixture  of cereals (this is called diet A). The 
thiamine-free diets B and C contained sucrose and an isocaloric a moun t  of pea nu t  oil respectively.  
The pigeons confined to these diets were forcibly fed th rough  a glass tube which was int roduced 
into the s tomach.  A pigeon on diet B received 2 g casein, 18 g sucrose, o. 3 g of a salt mixture ,  and 
o.o9 g of a v i tamin  mixture  daily, a pigeon on diet C 2 g casein, 8 g pea nu t  oil, o. 3 g of the salt  
mixture  and o.o 9 g of the  v i t amin  mixture .  The salt mix ture  was composed according to JANSEN 
AND "vVEsTENBRINK ~, the v i tamin  mixture  contained all known v i tamins  (in the pures t  form obtain-  
able) with the exception of thiamine (see GRUBER4). 

After a vary ing  num ber  of days on these diets, the pigeons were killed by  decapitation. Im-  
mediately after  death pa r t  of the large breast  muscle (m. pectoralis major) and the hear t  were excised 
and cooled in an isotonic phospha te  solution of p H  7.4. The prepara t ion  of the homogenates  was 
carried out  in the cold room (2 ° C). 2 g of the  breas t  muscle and 2 g of the left ventricle of the hear t  
were homogenized in 18. 4 ml of o.i M po tass ium sodium phospha te  buffer, pt-I 6.2, containing 
o.ooi M MnC12, wi th  a homogenizer as described by  CAMPBELL et aLL With  this  homogenizer  the 
t issues were perfectly homogenized in I minute.  During this  t ime the tube  in which the process 
took place was cooled wi th  ice and water,  so t ha t  the  t empera tu re  of the homogenate  never  increased 
to more than  4 ° C. The p H  remained cons tant  dur ing this procedure. 

2 ml samples of the homogenates  were pipet ted into the main c o m p a r t m e n t  of cooled W a r bu r g  
flasks. The center  well contained a piece of phosphorus  in order to remove the last  t races of oxygen,  
still present  af ter  gassing wi th  the pures t  qual i ty  of nitrogen. 2. 5 mg of sodium py ruva t e  or 3.9 mg 
of sodium a-ketoglutara te  were t ipped in from the side bulb. After  3 hours  at  37.5 ° C 5 ml of a IO % 
metaphosphor ic  acid solution were added to the reaction mix tures  in the  W a r b u r g  flasks. After 
centrifuging the determinat ion of acetoin or succinic semialdehyde was carried out  in the clear 
superna tants .  

Acetoin was determined according to WHITE, KRAMPITZ AND WERKMAN 8, succinic semialdehyde 
in the presence of a-ketoglutarate  according to a method based on the principle published by  OCHOA 9 
(see MONFOORT10). The production of CO 2 and the amoun t s  of py ruva te  and a-ketoglu tara te  utilized 
were also determined, bu t  these data  have no impor tance  in connection wi th  the problem discussed 
in this paper.  Thiamine pyrophospha te  was determined according to }VESTENBRINK AND STGYN- 
PARVI~ n.  The sodium py ruva t e  was a prepara t ion  purchased from Hof fmann-La  Roche (97 % pure), 

decarboxylat ion and are generally called dehydrogenases  in view of the preponderance of de- 
hydrogenat ion  in metabol ism.  However ,  it has not  yet  been decided whe the r  the same prosthetic 
group is responsible for bo th  actions. REED AND DE BUSK la have obtained strong evidence in suppor t  
of the view tha t  in E. coli T P P  would be responsible for anaerobic decarboxylat ion and lipothiamide 
pyrophospha te  for aerobic decarboxylat ion and dehydrogenat ion.  Though  tile animal dehydrogenase 
prepara t ions  mentioned above contain lipoic acid, it has not  ye t  been demonst ra ted  t ha t  it is com- 
bined wi th  T P P  to form l ipothiamide pyrophospha te .  Therefore it is possible t ha t  in muscle the 
same T P P  molecule combined wi th  the  enzyme protein  is act ing under  aerobic as well as under  
anaerobic conditions. At any  rate, as these quest ions have not  yet  been decided, we believe it is 
advisable to speak about  decarboxylases in connection wi th  our exper iments .  
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the a-ketoglutaric acid a preparation from the Nutritional Biochemicals Corporation, Cleveland 
(at least 98 % pure). Racemic acetoin (95 % pure) was prepared according to DIELS AND STEPHAN 12, 
succinic semialdehyde (at least 96 % pure) according to CARRI~RE la. 

R E S U L T S  

Table  I shows t h a t  a d d e d  acetoin  and succinic semia ldehyde  are comple te ly  recov- 
ered af ter  3 hours '  incuba t ion  wi th  muscle homogena tes  under  the  ac tua l  expe r imen ta l  
condit ions.  Hence t hey  mus t  be considered to  be final p roduc ts  under  these condit ions.  
We m a y  therefore  conclude t ha t  the  ra te  of p roduc t ion  of these compounds  from added  
p y r u v a t e  and a -ke tog lu ta ra t e  can be regarded  as a measure  of the  a c t i v i t y  of py ruv ic  
deearboxy lase  and  a -ke tog lu ta r ic  decarboxylase  respect ive ly .  

T A B L E  I 

RECOVERY OF ACETOIN (RACEMIC) AND SIJCCINIC SEMIALDEHYDE (GSA) ADDED TO MUSCLE 
HOMOGENATES (200  m g  MUSCLE) AFTER 3 HOURS' INCUBATION AT 37 .5  ° C 

Muscle 

Added 
Determined Recovered 

Exp. 400 ~g 450 t*g 2 mg 6 I*g (t~g) (l*gJ 
ace~oin SSA pyruvate T P P  

B r e a s t  I . . . .  43  
+ - -  _ _  _ _  4 5 6  413  

II - -  - -  + - -  373 408 
+ - -  + - -  781 

_ _  _ _  + + 39 ° 4 0 8  
+ - -  + + 7 9 8  

Heart I I I  . . . . .  io 
+ _ _  _ _  _ _  4 0 6  3 9 6  

B r e a s t  1V . . . .  o 
- -  + - -  _ _  465  4 6 5  

In  Tables  I I  and  I I I  "severe  s y m p t o m s "  means  t h a t  according to  our experience 
the  animals  would  have  d ied  in a few hours.  

Table  I I  shows the  decline of pyTuvic decarboxy lase  a c t i v i t y  of b reas t  muscle  and 
hear t  muscle  in the  course of th iamine  depr iva t ion .  

Breast muscle. During  the  first 12 days  of deficiency the  difference be tween  the  
c a r b o h y d r a t e  die t  and  the  fat  d ie t  is not  significant.  As on the  average the  pigeons live 
much  longer on the  l a t t e r  d ie t  t han  on the  former  i t  might  be expected,  p resuming 
decarboxy lase  ac t i v i t y  would cont inue to  be lost on the  fa t  diet ,  t h a t  the  final decrease 
on th is  d ie t  would be much  grea te r  t han  t h a t  on the  c a r b o h y d r a t e  diet .  This  was indeed  
observed.  Hence the  severe s y m p t o m s  i m m e d i a t e l y  preceding dea th  occur at a much  
h igher  py ruv ic  decarboxy lase  a c t i v i t y  of the  b reas t  muscle on the  c a r b o h y d r a t e  die t  t han  
on the  fa t  diet .  

Heart muscle. Now we see t h a t  there  is a significant difference be tween  the  effects 
of the  die ts  af ter  12 days :  the  a c t i v i t y  of the  py ruv ic  decarboxylase  has  d imin ished  much  
more  on the  ca rbohyd ra t e  diet  t han  on the  fat  diet .  So the  decline on the  fat  d ie t  is 
slower, bu t  as the  deficiency t akes  more t ime  to develop on this  diet ,  there  is no more 

R e # f e n c e s  p .  2 2 8 .  



222 c.H. MONFOORT VOL. 16 (1955) 

a significant difference between the pyruvic decarboxylase activities of heart muscle on 
both diets when the pigeons have incurred severe symptoms. 

T A B L E  I I  

ACETOIN PRODUCTION IN MUSCLE ItOMOGENATES 

D i e t  A = m i x t u r e  o f  c e r e a l s ;  D i e t  B = c a r b o h y d r a t e  d i e t ,  f r ee  of  t h i a m i n e ;  D i e t  C = f a t  d i e t ,  
f r ee  o f  t h i a m i n e .  Al l  s t a n d a r d  d e v i a t i o n s  m e n t i o n e d  a r e  s t a n d a r d  d e v i a t i o n s  of  t h e  m e a n s  ( s t a n d a r d  

e r r o r s ) .  P - v a l u e s  c a l c u l a t e d  a c c o r d i n g  t o  \VILcOXON ~4. 

Number 6 pg T P P  pM acetoin produced in 3 h IndiceS/or P 

Diet Conditions o] pigeons o/pigeons added Breast muscle Heart muscle at loot 
o/table 

A n o r m a l  8 " 4 . 3  ~ : o . 2  2. 3 ~=o.l  I 
:~ 5 . 2 ± 0 . 2  3 .6  ! - o . i  t6  

B 4 d.  de f . ,  S 3.5 ± 0 . 3  1.8 ± o . i  2 
n o  s y m p t o m s  ~ 4 .8  ± o .4  3 .8  ± o. t 2 

12 d.  de f . ,  to  - ' .4 ± o . 2  o. 3 ± o . o 2  3 -  
n o  s y m p t o m s  > 5 .o  ± o .4  3.2 ± o.2 3 + 

I8  d.  def .  in  m e a n  
(I1 d .  t o  25 d . ) ,  
s e v e r e  s y m p t o m s  

I3 - t -7 : t=°.3 0 .2  ± 0 . 0 3  4 " 

20 d.  de f .  in  m e a n  3 1.6 ± 0 . 2  o . i  ± o . o z  5 -  
(17, 18 a n d  26  d.  def . ) ,  ~- 3 .6  ± 0 . 2  1.8 ± 0 .  3 5 + 
s e v e r e  s y m p t o m s  

C 12 d .  de f . ,  io  ' . 7  ± 0 . 2  i . i  -~20.l 0 -  
n o  s y m p t o m s  ~ 4 .5  ± o . 3  3 . t  ± o . 2  6 ! 

26  d .  de f . ,  lO - - o .8  + o . i  o .3  ± o . o 3  7 
n o  s y m p t o m s  ! 2.9 ± o.3 2. 3 ± o . t  7 + 

33 d .  de f .  in  m e a n  
(29 d.  t o  37 d . ) ,  
s e v e r e  s y m p t o m s  

9 o . 4 - - 0 . o  3 o . :  ± o . o 2  8 

51 d.  de f .  in  m e a n  5 o. 3 ± o . o 2  o 1  ± o . o 2  
(44, 44  a n d  48  d.  def . ,  ~ 2. 7 ± o.2 1. 5 ± o . 2  
s e v e r e  s y m p t o m s  ; 
59  a n d  6o  d .  de f . ,  
n o  s y m p t o m s )  

0 -  
9+. 

B r e a s t  m u s c l e  H e a r t  m u s c l e  

P ( 1 - - 2 - )  = o . o i ;  P ( I -  3--) < O.OO1; t'(1--_2-- ) = O.O2; P( I  3-) < o . o o i ;  
P(1 4 ) ( o . o o I ;  P(1 6 ) ( 0 .001;  1)(1--4-)  • 0 . 0 0 i ;  l )( t  -6 - )  < o . o o i ;  
P(1 -7- )  < 0 . 0 0 I ,  P(1 - s - )  < 0 .00 I .  P(1---7 ) < o . o o I ;  I)(i - 8-) < o .ooI .  

P(1+_2 +) > 0.1;  [)(1 + 3+) > 0. i ;  P ( I+  2 +) :> 0 . t ;  P(1 + 3+) > o . I ;  
P(1+_5 +) < 0.001 ; P(l+_.6+) > 0.15 I3(1+._5 +) < o . o o I ;  P(l+_6+) > 0. t ;  
P(1+-7  +) < 0 . 0 0 I ;  P ( l+ -9+)  < 0 . 0 0 I .  [ ' (1+-7+)  < 0 . 0 0 I ;  P(1+_9 +) < o . o o I .  

P ( 3 - - ~ - )  < ° ' ° ° 1 ;  P ( i - - 5 - )  > ° ' 1 ;  P (3 -  4 ) > 0 . I ;  P Q - _ 5 - )  > o . i ;  
P(6 -~ - )  < 0 . 0 0 I ;  P(7 - s - )  < 0 . 0 0 1 ;  P ( 6 - - 7 - )  < O . O O I ;  P ( 7 - - 8 - )  - -  0"004;  
P(8 9-) ~> o . I ;  P(4 8 ) • 0 .00[ .  ]9(8 -9- )  ) o . I ;  P(4 -8 - )  ) 0 . I .  
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T A B L E  I I I  

SUCCINIC SEMIALDEHYDE ( s s a )  PRODUCTION IN MUSCLE IIOMOGENATES 

D i e t  A = m i x t u r e  of c e r e a l s ;  D i e t  B = c a r b o h y d r a t e  d i e t ,  f ree  of t h i a m i n e ;  D i e t  C = f a t  d i e t ;  
f ree  of t h i a m i n e .  Al l  s t a n d a r d  d e v i a t i o n s  m e n t i o n e d  a r e  s t a n d a r d  d e v i a t i o n s  of t h e  m e a n s  ( s t a n d a r d  

e r ro r s ) .  P - v a l u e s  c a l c u l a t e d  a c c o r d i n g  to  ~VVILCOXON 14. 

Indices 
Number 0 tig T P P  tiM SSA produced in 3 k lo r p 

Diet Condition ol pigeons ol pigeons added at loot 
Breast muscle Heart muscle ot table 

A n o r m a l  7 - -  7.3 ± 0-5 5.8 ± 0. 4 i -  
+ 9.0 _4:_ 0.4 6.3 ~ 0.3 i + 

B 4 d. def . ,  9 - -  4.6 ± 0. 4 6 .0  ± 0. 5 2 -  
n o  s y m p t o m s  + 9.2 ± 0.3 7.0 ~ o.3 2 + 

12 d. def . ,  9 4 .8 ~ o - 4  4.5 ~ o . i  3 -  
no  s y m p t o m s  + 8.8 ~ 0. 4 5.8 + 0. 3 3 + 

18 d. def.  in  m e a n  13 - -  4-7 ± 0.2 3.0 ± 0.2 4 -  
(11 d. t o  25 d.) ,  
s e v e r e  s y m p t o m s  

20 d. def .  in  m e a n  3 --- 5-4 --  0.3 3.2 ± 0.6 
(17, 18 a n d  26 d. def .) ,  + 8.1 ~ o .  5 6. 5 ~ o .  5 
s e v e r e  s y m p t o m s  

5 -  
5 + 

C 12 d. def. ,  lO --- 6 .0  ± 0. 4 6.2 ± 0. 4 
no  s y m p t o m s  + 9.2 ± 0.4 6.7 ± 0.3 

26 d. def. ,  I o  - -  3 . o - t - o .  4 4.1 : t :o .2  
no  s y m p t o m s  + 7.1 :t= 0.5 5.5 ~= 0-3 

33 d. def.  in  m e a n  
(29 d. to  37 d.), 
s e v e r e  s y m p t o m s  

9 - -  2 . 9 ± o . 1  4 . 4 ± 0 . 2  

51 d. def.  in  m e a n  5 - -  2. 3 ± 0 . 2  3.2 ± o . i  
(44, 44 a n d  48 d. def . ,  + 4 .6 ± 0 . 3  4.5 ~ ° . 4  
s e v e r e  s y m p t o m s ;  
59 a n d  6o d. def. ,  
no  s y m p t o m s  

6 
6 + 

7 -  
7.t- 

8 -  

9 -  
9 + 

B r e a s t  m u s c l e  H e a r t  m u s c l e  

P ( I - - = - )  < 0 , 0 0 I ;  P ( 2 - - 3 - )  > o . ! ;  V(1 -= ) > o.1;  P ( a - - a - )  < o . o o i ;  
10(2----4-- ) > 0.1;  P ( 1 - - 6 - )  = 0 .02;  P ( 1 - - 4  ) < o . o o i ;  P ( 1 - - 6 - )  > 0.1;  
P(1----7--) ( O.OO1; P ( 1 - - s - )  < o .oo I .  P ( x - - v - )  <~ 0 . 0 0 I ;  P ( 1 - - s - )  < o .00 I .  

P ( I + - 2  +) ~> o . I ;  P(1 + a+) > o . I ;  P(1 + z+) ;> 0 . I ;  P ( l + - a + )  = o .o9;  
P(1+_5+) = 0 .07;  P(1+_6+) > o . I ;  P ( l+_s+)  > 0 . I ;  P(l+_6+) > o . I ;  
P( l+_7 +) = o . o i ;  P( l+_a+) < o . o o i .  P( l+_7 +) = o . o I ;  P( l+_9 +) < o . o o i .  

P ( a - - 4 - )  > O.I; P(4----5--) > 0.1;  P ( a - - 4 - )  < 0 . 0 0 I ;  P ( 4 - - s - )  > 0 . I ;  
P(~--7-)  < 0.00I; P(7- -s - )  > 0 . i ;  P(6 --2 ) < O.OOI; P ( l - - 8 - )  > o . I ;  
P ( s - - 9 - )  = 0 .02;  P ( 4 - - s - )  < o . o o i .  P ( s - - 9  ) < o . o o i ;  P ( 8 - - 4 - )  < o .oo l .  

T a b l e  I I  f u r t h e r  s h o w s  t h e  e f f e c t  o f  a d d i n g  T P P  in vitro. A s m a l l  e f f e c t  i s  a l r e a d y  

o b s e r v e d  i n  t h e  c a s e  o f  n o r m a l  m u s c l e s .  T h e r e  a r e  t w o  p o s s i b l e  e x p l a n a t i o n s  f o r  t h i s ,  viz. 
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a small part  of the pyruvic decarboxylase is present in the tissue i~t situ as the apoenzyme, 
even when the body is abundantly supplied with thiamine, or part  of the prosthetic 
group is split off in the course of the preparation of the homogenate. We believe the 
latter to be the most probable. 

I t  further appears that  in both muscles and on both diets the apoenzyme is main- 
tained during the first 12 days of thiamine deficiency, for the same level is reached 
upon adding TPP  to the homogenates of the muscles of the 12 days' deficient pigeons 
as in the case of llomogenates of the muscles of normal pigeons. When the deficiency 
lasts longer the apoenzyme is part ly lost, for in the later stages addition of TPP  does 
not restore the pyruvic decarboxylase activity to its maximal level. 

The data concerning the a-ketoglutaric decarboxylase activity of the muscle 
homogenates are assembled in Table I I I .  

Breast muscle. We see that  on the carbohydrate diet the activity declines during the 
first 4 days of deficiency, but then remains practically constant until the occurrence of 
severe symptoms, which would have been followed by  death in a couple of hours. The 
activity is then still rather high. 

The decline on the fat diet is smaller in the first 12 days, but it gradually increases 
as thiamine deprivation is prolonged. In the last stage of deficiency the a-ketoglutaric 
decarboxylase activity is significantly lower on the fat diet than on the carbohydrate diet. 

Heart muscle. Now we see that  the activity remains constant for 4 days on the 
carbohydrate diet; after 12 days on this diet the activity has significantly decreased, 
and this decrease continues unLil severe symptoms are observed. 

On the fat diet, however, the activity has not yet diminished after I2 days; after 26 
days a significant decrease is observed. The activity remains more or less on this level 
until severe symptoms are observed, though there is some tendency to decrease still 
further with prolonged time of survival. In most cases the a-ketoglutaric activity is 
higher at death on the fat diet than on the carbohydrate diet. 

On the carbohydrate diet the apo-a-ketoglutaric decarboxylase appears to be 
maintained both in breast muscle and in heart muscle until the lase stage of deficiency 
(on the average I8 days). 

On the fat die~, however, on which the time of survival is much longer, there is a 
definite decrease of the amount of apoenzyme in the stages when symptoms occur 
(compare the activities of normal and deficient homogenates in the presence of 
added TPP). 

To compare the decrease of pyruvic decarboxylase and a-ketoglutaric decarboxylase 
activities with progressive deficiency Figs. I and 2 may be consulted. In these figures 
the activities, expressed in percentages of the activity of the homogenates of the normal 
muscles, are plotted against the period of thiamine deprivation. These figures show that  
under similar conditions, viz. carbohydrate or fat diet, both in breast- and heart muscle a 
much higher percentage of active a-ketoglutaric decarboxylase remains in the tissue as 
compared to pyruvic decarboxylase. Thus the former enzyme always appears to lose its 
prosthetic group less readily than the latter, with one exception only: in the breast 
muscle during the first 4 days of deficiency on the carbonhydrate diet; in that  case the 
breast muscle loses its a-ketoglutaric decarboxylase activity with an extreme rapidity. 

As mentioned above the pigeons with severe symptoms were in a condition from 
which it could be predicted that  they would die within a few hours. In general death 
was much more acute on the carbohydrate diet than on the fat diet, and on the latter 
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t e m p o r a r y  r e m i s s i o n s  w e r e  o f t e n  o b s e r v e d .  B u t  w e  h a d  s u f f i c i e n t  e x p e r i e n c e  w i t h  

t h i a m i n e - d e f i c i e n t  p i g e o n s  t o  b e  a b l e  a l s o  t o  p r e d i c t  t h e  r a p i d  a p p r o a c h  o f  d e a t h  i n  t h e  

c a s e  of  t h e  f a t - f e d  p i g e o n s .  T h e r e f o r e  w e  m a y  c o n c l u d e  t h a t  b o t h  e n z y m e s  n e v e r  d i s a p p e a r  

c o m p l e t e l y  f r o m  t h e  m u s c l e s  e x a m i n e d .  
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" ~ " o , \ \ \  
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Days of deficiency 

Fig. I. Pe r cen tua l  decrease  of t he  e n z y m e  act ivi -  
t ies in b reas t  muscle .  I. a - K e t o - g l u t a r i c  decar-  
boxylase ,  c a r b o h y d r a t e  diet ;  2. a - K e t o g l u t a r i c  
deearboxylase ,  fa t  d ie t ;  3. P y r u v i c  decarbox-  
ylase,  c a r b o h y d r a t e  diet ;  4- P y ruv i c  decarbox-  

ylase,  fa t  diet .  
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Fig, 2. Pe rcen tua l  decrease of t he  e n z y m e  act ivi-  
t ies in h e a r t  muscle .  I. a -Ke to -g lu t a r i c  decar-  
boxylase ,  c a r b o h y d r a t e  d ie t ;  2. a - K e t o g l u t a r i c  
decarboxylase ,  fa t  d ie t ;  3. P y r u v i c  decarbox-  
ylase,  c a r b o h y d r a t e  diet ;  4. P y r u v i c  decarbox-  

ylase,  fa t  diet.  

T A B L E  IV 

THIAMINE PYROPHOSPHATE CONTENT OF MUSCLES 

Diet  A = m i x t u r e  of cereals ;  Die t  B = c a r b o h y d r a t e  diet ,  free of t h i a m i n e ;  Die t  C = fa t  diet ,  
free of t h i a m i n e .  " S t a n d a r d  e r ro rs" .  

Breast muscle Heart muscle 

1) ie~ Condition o] pigeons Number pg T P P  Number i~g T P P  
of pigeons per g o] pigeons per g 

.X n o r m a l  2o 7.3 ~- O. I 20 6. 3 ± O.2 

B 4 d. def.,  21 4.9 j co .2  19 3.9 4-o.1 
no s y m p t o m s  

12 d. def.,  24 3.2 ~=o.i 20 1. 7 ~ o . i  
no s y m p t o m s  

18 d. def. in m e a n  13 2.7 dco.I 13 1. 4 :t=o.o6 
( i i  d. to  25 d.), 
severe  s y m p t o m s  

12 d. def., io  4.9 =E o.I IO 3.7 q- o.I 
no s y m p t o m s  

26 d. def.,  io 1. 7 i o . o 8  io 1.6 -t-o.o2 
no  s y m p t o m s  

33 d. def. in m e a n  9 1.8 dco.I  9 1. 7 4-o.1 
(29 d. to  37 d.), 
severe  s y m p t o m s  
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Table IV summarizes the results of all TPP determinations carried out during this 
investigation. In general they confirm G~UBER'S results. Furthermore the remarkabh~ 
fact that the decrease of the TPP content in the later stages of deficiency is only very 
small or nil (comp.: carbohydrate diet, pigeons after 12 days of deficiency without 
symptoms and pigeons with severe symptoms; fat diet, pigeons after 26 days of de- 
ficiency without symptoms and pigeons with severe symptoms) permits the following 
conclusion. Presuming that enzymes wittl TPP as a prosthetic group, other than the 
two enzymes studied, occur in the normal muscles in not too small amounts these must 
also lose their prosthetic group to a large extent long before the symptoms occur, for 
otherwise the TPP content of the muscles would still decrease considerably in the last 
stages. 

DISCUSSION 

According to GRUBER 4 TPP disappears less rapidly from the tissues, when the 
thiamine-free diet contains fat instead of carbohydrate. Actually, this diminished rate of 
utilization of TPP is not due to an effect of the fat in the diet, but to the absence of 
carbohydrate. This appears from an experiment by the same author a, in which he 
administered various amounts of carbohydrate, but no fat. The feeding of a small 
amount of carbohydrate provoked a less rapid disappearance of TPP than the feeding 
of a larger amount. Hence in the discussion of our experiments the presence or the ab- 
sence of carbohydrate in the diet should be emphasized and not the presence of fat. 

The curves in Figs. I and 2 representing the change of pyruvic decarboxylase and 
a-ketoglutaric decarboxylase of breast muscle and heart muscle of pigeons on the fat diet, 
are thus characteristic for diets containing no carbohydrate. As these figures show, the 
phenomena appear to be much more complicated than one could expect from the results 
of the determination of total TPP, as carried out by GRUBER. During tile first I8 or 
20 days there is not much difference in breast muscle between tile rates of inactivation of 
pyruvic decarboxylase on both diets, but tile difference is very pronounced in the case of 
heart muscle {after I2 days of thiamine deprivation on the carbohydrate diet the pyruvic 
decarboxylase activity has already decreased to IO % and on the diet free of carbohydrate 
to only 45 % of the normal value). The difference between the effects of the two diets is 
very remarkable for the a-ketoglutaric decarboxylase : in breast muscle the inactivation 
is much more pronounced on the carbohydrate diet than on tile diet containing no 
carbohydrate in the first 4 days ; during the following days, however, no further inactiva- 
tion takes place on the former diet, while tile inactivation gradually proceeds on the 
latter. In heart muscle the activity remains constant during the first 4 days on the 
carbohydrate diet and during the first 12 days on the diet containing no carbohydrate. 
After these initial periods the decrease sets in at about equal rates on both diets. 

Altogether we see that the determination of total TPP, which is not only the 
prosthetic group of the two enzymes studied, but very probably also that of other 
enzymes, gives only a very incomplete picture of thiamine metabolism during thiamine 
deprivation. However, summarizing various conclusions from Tables II  and III ,  to 
be found in the Experimental Part, we see that at death both kinds of muscle tend 
to show the same differences between their enzyme activities on the two diets as 
between their total TPP contents, as described by GRUBER. This is schematically shown 
in Table V. 
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T A B L E  V 

T P P  C O N T E N T S  A N D  E N Z Y M E  A C T I V I T I E S  AT D E A T H  

Breast  muscle Heart  muscle 

T P P  content  at  dea th  on diet B ~> on diet C on diet B < on diet C 
l 'y ruvic  decarb, act ivi ty  at death  on diet B ~> on diet C on diet B = on diet C 
a-Ketoglutar ic  decarb, act ivi ty  at death  on diet B > on diet C on diet B < on diet C 

As we have seen, the decarboxylases can be easily determined in muscles, as acetoin 
and succinic semialdehyde appear to be final products under anaerobic conditions. We 
have obtained evidence that it is not so easy in other tissues. If the conception of REED 
AND DEBuSK that  the TPP  responsible for anaerobic decarboxyoation is also responsible 
for the oxidation of pyruvate and a-ketoglutarate by artificial electron acceptors as 
ferricyanide also applies to the animal enzymes, these decarboxylases may possibly be 
determined in other tissues by measuring the rate of oxidation of these substrates by 
ferricyanide. 

However this may be, in our opinion the results of this investigation indicate, that 
the determination, during the progress of thiamine deficiency, of all enzymes which have 
TPP  or a TPP-lipoic acid complex as prosthetic group in the largest possible number of 
tissues promises to give much more insight into the origin of the symptoms of thiamine 
avitaminosis, which finally depend on a derangement of metabolism. 

SUMMARY 

In  homogena tes  of breas t  muscle and hear t  muscle acetoin and succinic semialdehyde are final 
products  of the anaerobic metabol i sm of py ruva t e  and a-ketoglutara te  respectively. Therefore the 
pyruvic  and a-ketoglutar ic  decarboxylase activities of these muscles could be measured  by  deter- 
mining the ra tes  of product ion  of these compounds  from p y r u v a t e  and a-ketoglu tara te  added to 
the homogenates .  

Dur ing thiamine depr ivat ion bo th  activities decreased according to tile curves shown in Figs. 
i and 2. Pronounced differences exist  be tween bo th  kinds of muscle regarding the ra tes  of decline 
of the activities as well as the activities remaining at death. The presence or absence of ca rbohydra te  
in the thiamine-free diet also has  a marked  influence on both  phenomena .  

In  general the a-ketoglutaric decarboxylase act ivi ty decreases less rapidly t han  the pyruv ic  
decarboxylase activity.  

At  dea th  the pyruvic  decarboxylase act ivi ty  of breas t  muscle is much higher  on the carbo-  
hydra te  diet t han  on the fat  diet, while in this regard no difference appeared to exist in hea r t  muscle. 
Regarding the a-ketoglutar ic  decarboxylase act ivi ty  at death, this is also higher  on the ca rbohydra t e  
diet than  on the fat  diet in breas t  muscle, while in most  cases the reverse was observed in hea r t  muscle.  

As compared to the normal  act ivi ty  of breas t  muscle or hear t  muscle the final percen tage  
decrease of the pyruvic  decarboxylase act ivi ty  is a lways-much greater  than  tha t  of the a-ke toglu tar ic  
decarboxylase activity,  bu t  the former  also is never  completely lost. 

The apoenzymes  are complete ly  mainta ined in the muscles during most  of the  period of de- 
ficiency; they  are only par t ly  lost in the last stages, wi th  the exception of the a-ketoglutar ic  de- 
carboxylase on the ca rbohydra te  diet. 

RI~SUMI~ 

Les produi ts  f inaux du m6tabolisme ana~robie du p y r u v a t e  et  de l 'a-c6toglutarate  dans  des 
homog6nats  de muscle pectoral  ou de muscle cardiaque sont  respec t ivement  l 'ac6toine et la semi- 
aldehyde suceinique. Par  cons6quent  on peut  mesurer  les activit6s pyruv ique  et a-c6toglutar ique 
d~carboxylasiques de ces muscles en d6 te rminant  les vitesses d 'appar i t ion  de ces corps g par t i r  du 
py ruva t e  et de l 'a-c6toglutarate  ajout6s aux homog6nats .  

La diminut ion des deux activit~s au cours d 'une  carence en th iamine est repr6sent6e par  les 
Figs. i et  2. Les vitesses de diminut ion des activit6s ainsi que les activit6s r6siduelles au moment  
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de la m o r t  son t  tr~s diff6rentes  selon le muscle  envisag6.  La  pr6sence ou l ' absence  de glucides  dans  
le r6gime sans  t h i a m i n e  infiue 5ga l emen t  b e a u c o u p  sur  ces deux  phdnom~nes .  

En  g6n6ral l ' ac t iv i td  d6carboxy las ique  vis  ~ vis  de l ' a - cd tog lu ta ra t e  d iminue  moins  r a p i d e m e n t  
que l ' ac t iv i t6  vis  5~ vis  du p y r u v a t e .  

Au m o m e n t  de la mor t ,  l ' ac t iv i t6  de la p y r u v i q u e  d6ca rboxy l a se  du  musc l e  pectoral  est  beaucoup  
p lus  dlev6e pou r  un  r~gime glucidique que pour  un  r6gime l ipidique;  ce t te  difference ne s 'obse rve  
pas  dans  le cas du musc le  card iaque .  

L ' ac t iv i t6  de l ' a -c6 tog lu ta r ique  d6carboxylase  var ie  de la m~me  fa~on en fonct ion du r6g ime  
d a n s  le musc le  pectoral ,  alors que,  dans  la p l u p a r t  des  cas, elle va r ie  en  sens  inverse  dans  le cas  
du muscle  card iaque .  

Le p o u r c e n t a g e  final de d i mi nu t i on  d 'act ivi t~ ,  pa r  r appo r t  it l ' ac t iv i t6  normale ,  de la p y r u v i q u e  
d~carboxylase  es t  t ou j ou r s  b e a u c o u p  plus  g r and  que  celui de l ' a -cd tog lu ta r ique  d6carboxy lase ;  
c e p e n d a n t  la pe r t e  d ' ac t iv i t6  du p remie r  e n z y m e  n ' e s t  i ama i s  totale .  

Les  a p o e n z y m e s  pe r s i s t en t  dabs  les musc les  p e n d a n t  la p lus  g rande  pa t t i e  de la carence;  ils 
ne son t  pe rdus  que  p a r t i e l l e m e n t  dans  les dern iers  s tades ,  sauf  dans  le cas  de l ' a -c6 tog lu ta r ique  
d6carboxylase  et  d ' u n  rdgime glucidique.  

Z U S A M M E N F A S S U N G  

In  H o m o g e n a t e n  des  Brus t -  und  H e r z m u s k e l s  s ind  Acetoin  u n d  t3erns te insSmreha lba ldehyd  
E n d p r o d u k t e  des  anae roben  Stoffwechsels  der  B r e n z t r a u b e n s ~ u r e  bezw. der  a -Ke tog lu ta r sXure .  
D a h e r  k o n n t c n  die Aktivit~tten der  Brenz t ranbens f iu re -  und  der a -Ke tog lu t a r s / i u r e -Deca rboxy la se  
gemessen  werden,  indem die Geschwindigke i t  der P r o d u k t i o n  dieser V e r b i n d u n g e n  nach  Zusa tz  von  
P y r u v a t  u n d  a - K e t o g l u t a r a t  zu den  H o m o g e n a t e n  b e s t i m m t  wurde.  

Bei  V i t a m i n  B 1 Mangel  n a h m e n  die Aktivi t~i ten e n t s p r e c h e n d  den  K u r v e n  der Fig. I und  2 ab. 
ILs b e s t e h e n  ausgesprochene  Un te r sch i ede  zwischen den  beiden Muske la r t en ,  wenn  der  Geschwindig-  
kei tsabfal l  der Ak t iv i t~ t en  u n d  die Akt ivi t t t t s res te  be im Tod b e t r a c h t e t  werdem Die Gegenwar t  oder  
Abwesenhe i t  von  K o h l e h y d r a t  bei  V i t a m i n  B 1 freier Di~t  h a t  e inen  m e r k b a r e n  Einf luss  au f  beide 
PhSa~omene. 

IIn a l lgemeinen  fiel die a -Ke t og l u t a r s / i u r e -Deca rboxy l a se -Ak t iv i t~ t  weniger  schncl l  ab,  als die 
der  Brenzt raubensS~ure-Decarboxylase .  

Beinl  Tod ist  im B r u s t m u s k e l  (tie P y r u v a t - D e c a r b o x y l a s e  Akt iv i t / i t  n a c h  K o h l e h y d r a t d i g t  viel 
h6he r  als nach  Fettdif i t ,  wShrend  im Herzmuske l  keine solche Ver sch iedenhe i t  zu b e s t e h e n  scheint .  
Ebenso  ist  im B r u s t m u s k e l  die a- K e t o g l u t a r a t - D e c a r b o x y l a s e  AktivitS~t be im Tod  nach  K o h l e h y d r a t -  
digit gr6sser  als nach  Fettdif i t ,  wt thrend in vielen Fal len  im Herzmuske l  das  u m g e k e h r t e  beobach te t  
wurde.  

Vergl ichen mi t  der  n o r m a l e n  A k t i v i t g t  von  B rus t -  und  H e r z m u s k e l  is t  der  finale p rozen tua le  
Abfal l  der  P y r u v a t - D e c a r b o x y l a s e  Aktivit~it  i l nmer  viel  gr6sser,  als der  der  a -Ke tog lu t a r s~u re -  
Decarboxy lase ,  abe r  auch  die ers tere  geh t  n i ema l s  vol l s t~ndig  ver loren.  

Die A p o e n z y m e  der  Muske ln  ble iben w'ghrend des  g r6ss ten  Tei les  der  Mange lper ioden  voll-  
s t~ndig  e rha l t en .  E in  te i lweiser  Ver lus t  t r i t t  al lein in den  le tz ten  S tad ien  ein, m i t  A u s n a h m e  der 
a-IKetoglutars/i, u r e -Deca rboxy la se  bei K o h l e h y d r a t d i S t .  
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