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SUMMARY 

Thiamine propyl disulfide (TPD), a lipotropic derivative related to thiamine, 
has a specific ability to cross the biological membrane. In the present paper the mecha- 
nism of reduction and uptake of TPD in blood is described. 

TPD is converted to thiamine by a heat stable factor(s) in blood cells and to a 
slight extent by plasma. This reducing ability of blood cells is increased with the aid 
of plasma. From the fact that  this conversion is inhibited by p-chloromercuribenzoic 
acid, it is postulated that  SH groups may  play a major role in this reduction process. 

A possible explanation on the mechanism for accumulation of TPD in blood 
cells is presented. 

INTRODUCTION 

Thiamine propyi disulfide (TPD) is referred to as a structure closely related 
to thiamine (Fig. I). There is considerable evidence that  this compound has the 
specific ability to cross biological membranes more readily than thiamine. Because of 
this property this compound may  be more effective than ordinary thiamine for thia- 
mine deficiency or some neurological diseases therapeutically 1-4. 
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Fig. i. Thiamine propyl disulfide. 

Evidences of the property may  be summarized as follows: 
(a) TPD is readily absorbed from the intestinal tract  when it is given orally 

and the absorption increases almost indefinitely in proportion to the amount of intake. 
In contrast, the absorption of ordinary thiamine is limited in extent and no further 
increase is found even if the amount of intake is increased over 5 to IO mg 5-8. 

(b) A more marked elevation of thiamine concentration in the blood cell and 
organs occurs when TPD is given orally or parenterally than when ordinary thiamine 
is administered 9-I~. 

Abbreviations : TPD, thiamine propyl disulfide; PCMB, p-chloromercuribenzoic acid. 
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(c) The high tu rnover  ra te  of th iamine  in the  organs and each subcel lular  frac- 
t ion is confirmed b y  exper iments  wi th  labeled T P D  12,15,18 

However ,  the  mechanism of the cell membrane  t r anspor t  and  reduct ion of this  
compound  have not  been comple te ly  clarified yet .  In  an a t t e m p t  to e lucidate  these 
mechanisms the following in vitro exper iments  were carr ied out. 

M A T E R I A L S  

Red blood cell suspensions. Blood was ob ta ined  from a normal  hea l thy  human  
o/ subjec t  (to IO ml blood o.I  ml  of I /o hepar in  solution has been added  to prevent  

coagulat ion).  The red blood cells were separa ted  from the p lasma  by  eentr i fugat ion 
and  washed twice wi th  an about  equal  volume of isotonic saline. The washed red blood 
cells were suspended in an equal  volume of isotonic saline. 

Isotonic saline solution. The isotonic saline solution was composed of 85 pa r t s  
of 0. 9 % NaC1 and 15 par t s  of o.I  M Na2HPO4-HC1 buffer solution (pH 7.4). 

T P D  solution. 25 mg (7" IO 5 moles) T P D  was dissolved in isotonic saline and 
made  up to a final volume of IO mh 

T P D  had been dona ted  b y  the Takeda  Pharmaceu t ica l  Company,  Japan .  
p-Chloromercuribenzoic acid (PCMB) solution. 7" lO-5 moles of PCMB were dis- 

solved in a few drops of I M N a O H  solut ion and to this  solution 2 ml of 0. 5 M Na 2- 
HPOa-HC1 buffer (pH 6.o) solut ion was added  and the mix ture  made  to a to ta l  volume 
of Io  ml with dist i l led wate r  (pH 7.4 ~. 

METHODS 

Incubation method. A given volume of e i ther  blood cell suspension or p l a sma  
was t ransfer red  into a 20 ml g lass-s toppered centr ifuge tube.  An adequa te  volume of 
T P D  solution was added  and the  mix tu re  was made  a to ta l  volume of 7.0 ml with 
isotonic saline. The mix ture  was al lowed to react  in an incuba tor  a t  37 ° for a given 
length of t ime (see Tables).  

Determination of thiamine. Free th iamine  was assayed by  the th iochrome 
me thod  of FUJIWARA AND MATSU117. 

RESULTS 

The pa ramete r s  of the  incubat ion  sys tem for TPD reduct ion mechanism were 
s tud ied  using red blood cells and  plasma.  

Table  I i l lus t ra tes  the re la t ionship between volumes of red blood cells or p l a sma  
and the amount s  of free th iamine  which were formed from TPD.  The reduct ion ab i l i ty  
of T P D  was higher  in red blood cells than  in p lasma  and  increased l inear i ly  in propor-  
t ion to the volume of b lood cells or plasma.  

The l imit  of the  reduct ion  ab i l i ty  of b lood cells is shown in Fig. 2. The m a x i m u m  
amoun t  of free th iamine  formed from T P D  with  0.5 ml of blood cells was 600 #g, most  
of which was in blood cell. However ,  amoun t s  in excess of 600 #g  remained  as TPD.  

In  contras t ,  incorpora t ion  of o rd ina ry  th iamine  into blood cells was very  small  
even when a large amoun t  (3 mg) of th iamine  was added  to the  react ion mix tu re  
(Table II). 
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Blood cell membrane ghosts and cell contents from o.5 ml of blood cells were 
prepared by centrifugation at 3000 × g. 25 min after hemolysis by water. The mem- 
brane fraction was washed 3 times with 5 ml of isotonic saline and the washings were 
added to the hemolysate. To the membrane ghosts and hemolysate, TPD solution 
and isotonic saline were added, the mixture incubated 37 ° for 60 min and free 
thiamine determined in each fraction. As shown in Table III,  most of the reduction 

T A B L E  I 

RELATIONSHIP BETWEEN VOLUMES OF BLOOD CELLS OR PLASMA AND REDUCTION ABILITY OF T P D  

Tubes  con ta in ing  isotonic  sal ine medium,  i .o  ml  of T P D  solu t ion  and  var ious  vo lumes  of blood 
cell or p l a s m a  were i n c u b a t e d  a t  37 ° for 3 ° min.  Blood cells and  superna tan¢  were sepa ra t ed  by  
cen t r i fuga t ion  a t  3000 × g for 15 min.  Free t h i a m i n e  con ten t  in blood cell, s u p e r n a t a n t  or p l a s m a  
were de te rmined .  

Volume of Free thiamine Free thiamine Total 
blood cells in blood cells in supernatant 
(ml) (nmoles) (nmoles) (nmoles) 

Blood cells 

P l a s m a  

0-25 436 267 703 
0.50 899 445 1344 
I.OO 184o 855 2694 

Volumes of Free thiamine 
plasma 
(ml) (nmoles) 

0.25 119 
0.50 261 
i .oo 484 

I I I 
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Fig.  2. R e d u c t i o n  and  incorpora t ion  of T P D  in blood cell. To tubes  con ta in ing  0. 5 ml  blood cells, 
va r ious  a m o u n t s  of T P D  were added  and  w i t h  isotonic  sal ine m a d e  to  7.0 ml (pH 7-4). Samples  
were i n c u b a t e d  a t  37 ° for 3 ° min.  Af ter  i ncuba t i on  blood cell  and  s u p e r n a t a n t  were sepa ra ted ,  

:free t h i a m i n e  in b o t h  f rac t ions  were de te rmined .  

Biochim. Biophys. Acta, 249 (1971) 373-379 



376 K. IKEDA et al. 

ability was in the hemolysate and the amounts reduced by cell membranes were 
relatively small. 

In the above experiments reduction of TPD was tested in red blood cells and in 
plasma separately and indicated that most of the ability to reduce TPD exists in the 
red blood cells. However, in the animal body both red blood cells and plasma react 
with TPD simultaneously, of course. With this in view, the following experiments were 
carried out. 

To a test tube containing 0.5 ml of red blood cells, 0.5 ml of plasma and I ml 

T A B L E  I I  

THE RELATIONSHIP BETWEEN AMOUNT OF THIAMINE IN BLOOD CELLS AND THIAMINE CONTENT IN 
THE REACTION MEDIUM 

T o  t e s t  t u b e s  c o n t a i n i n g  0. 5 ml  of  b l o o d  cel ls ,  v a r i o u s  a m o u n t s  o f  t h i a m i n e  w e r e  a d d e d  a n d  t h e  
f i n a l  v o l u m e  a d j u s t e d  w i t h  i s o t o n i c  s a l i n e  t o  7 .0  nil .  S a m p l e s  w e r e  i n c u b a t e d  a t  37 ° fo r  30 r a in .  

A mount of Thiamine content 
thiamine added in blood cells 
(rag) (#g) 

0 .75  1.27 
1.5o 1.68 
3 .00  3 .19  

T A B L E  I I I  

ABILITY OF CELL MEMBRANE GHOSTS AND HEMOLYSATE TO REDUCE T P D  

T u b e s  c o n t a i n i n g  cel l  m e m b r a n e  g h o s t s  o r  h e m o l y s a t e  ( s e p a r a t e d  f r o m  o. 5 m l  of  b l o o d  cells) ,  
i . o  m l  of  T P D  s o l u t i o n  a n d  i s o t o n i c  s a l i n e  ( t o t a l  v o l u m e  7.0  ml)  w e r e  i n c u b a t e d  a t  37 ° fo r  i h .  

A mounts of 
free thiamine 
(nmoles) 

F r e e  t h i a m i n e  f o r m e d  b y  m e m b r a n e  g h o s t s  
F r e e  t h i a m i n e  in  s u p e r n a t a n t  
F r e e  t h i a m i n e  i n  m e m b r a n e s  

F r e e  t h i a m i n e  f o r m e d  b y  h e m o l y s a t e  

T o t a l  of  f r ee  t h i a m i n e  

344  

1279 

1623 

205 
139 

T A B L E  I V  

ABILITY OF BLOOD CELLS TO REDUCE T P D  IN THE PRESENCE OF PLASMA OR WITHOUT IT 

V a l u e s  r e p r e s e n t  a n  a v e r a g e  of  IO s u b j e c t s  ( m e a n  ~: S . E . ) .  B o t h  in  b l o o d  cel ls  a n d  in  p l a s m a ,  
t h e  d i f f e r e n c e  b e t w e e n  f ree  t h i a m i n e  v a l u e s  w i t h  p l a s m a  a n d  w i t h o u t  p l a s m a  is s t a t i s t i c a l l y  s ig-  
n i f i c a n t  b y  t h e  s t u d e n t  " t "  t e s t  ( P  < o . o i ) .  

Amounts of free thiamine (nmoles) 

With plasma Without plasma 

B l o o d  cel ls  189 I  -}- 13o 1153 ~ 5 ° 
S u p e r n a t a n t  2035  i 233  699  ~ 59  
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of TPD solution was added and then isotonic saline to a final volume of 7.o ml. Control 
tubes were identical to experimental samples except that the plasma was omitted. 
Tubes were incubated at 37 ° for I h. As shown in Table IV, the reduction ability in 
red blood cells in the presence of plasma was significantly higher than the control. 

The ability to reduce TPD was not decreased in boiled red blood cells as shown 
in Table V. This fact suggests that this ability originated in a heat stable factor or 
factors and not in an enzymatic effect. 

MATSUKAWA AND YURUGI TM showed that TPD reacted with cysteine as the 
chemical equation in Fig. 3. From their finding it can be presumed that the SH 
group plays an important part in reduction of TPD in blood cells and the following 
experiments were carried out. 

To 0.25 or 0.5 ml of red blood cells I ml of PCMB solution (inhibitor of SH 
groups) was added and the final volume made up to 7.0 ml with isotonic saline (pH : 7.4, 

T A B L E  V 

ABILITY TO REDUCE T P D  IN BOILED BLOOD CELLS 

TO 0. 5 m l  of b lood  cell, 5.5 m l  of i so ton ic  sa l ine  w a s  a d d e d ,  t h e  m i x t u r e  boi led  15 ra in  a n d  t h e n  
i .o  m l  of T P D  so lu t ion  w a s  a d d e d ,  a n d  t h e  n l i x t u r e  i n c u b a t e d  a t  37 ° for  3 ° inin.  F o r  t h e  con t ro l ,  
t h e  bo i l i ng  p rocess  w a s  o m i t t e d .  

t:ree thiamine content 
(nmoles) 

Boi led  b lood  cells 2o98 
I n t a c t  b l ood  cells 2o39 

T A B L E  V I  

THE EFFECT OF P C M B  ON THE ABILITY OF BLOOD CELLS TO REDUCE AND INCORPORATE T P D  

T h e  r e a c t i o n  c o n d i t i o n s  a r e  g i v e n  in t h e  t e x t .  

Volume of Pre-treatment Free thiamine Free thiamine 
blood cells in blood cells in supernatant 
(ml) (nmoles) (nmoles) 

0.25 P C M B  2 21 
Con t ro l  546 332 

0.50 P C M B  154 326 
Con t ro l  1217 68o 

N~C--NH N=C--  NH 
I I 2 /CliO I I 2 ~cH-s 

CH--C C--CH--N S--S--C H CH--C C--CH--N~. ] 
3 l) )1 2 \ C = C  / 3 7 5 II U 2 + \ C = C  

N--CH CH~ \CH2CH20H N--CH CH~ \CH2CH20H 
(TPD) (Thiamine) 

+ ~ + 

HS-CH,~H-COOH ~-C3H7 
NH2 S- CH2CH ( NH 2 ) COOH 

(Cysteine) (S -Propylmercapt o- cyst eine) 

Fig .  3. R e d u c t i o n  of t h i a m i n e  p r o p y l  d isul f ide  w i t h  c ys t e in e .  
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final concentration of PCMB was i mM). The mixture was incubated at 37 ° for io min, 
red blood cells were separated by centrifugation, washed twice, and then TPD was 
added to them, and the reaction was performed for 30 min. As shown in Table VI, 
the ability to reduce TPD and the amounts of thiamine which accumulated in red 
blood cells were decreased markedly in PCMB treated blood cells. 

DISCUSSION 

I t  is a well known fact that penetration of a substance into human blood cells 
is related to its lipid to water partition coefficient at pH 7-4 when transport is per- 
formed passively. Drugs of high lipid solubility enter rapidly and drugs of low lipid 
solubility enter slowly TM. As the transport of TPD into blood cell is mainly passive 2° 
and TPD is more fat soluble than ordinary thiamine, it is reasonable that TPD 
penetrates into blood cells more easily than thiamine. Once incorporated in blood cells 
TPD is reduced rapidly to thiamine and the free thiamine produced stays in the blood 
cells because of the difficulty with which it crosses the membrane. Consequently 
these mechanisms cause an accumulation of thiamine in blood cells. 

The role of SH groups in blood cells on the reduction mechanism was clarified 
by the SH inhibitor experiments (Table VI). The fact that a marked decrease of TPD 
incorporation into blood cells occurs after blockage of the SH groups of blood cells 
suggests the following hypothesis. TPD penetrates into PCMB treated blood cells 
as usual, but since the SH groups in the blood cells are blocked by PCMB there is 
nothing to reduce the TPD to thiamine and the fat soluble TPD comes outside of the 
blood cells again with washing so that the accumulation of thiamine in blood cells is 
not observed. The main SH group involved in TPD reduction may be that of gluta- 
thione or perhaps that of hemoglobin as discussed by several other investigators TM 22 
Although KUROK123 suggested the possibility of the involvement of some enzyme in 
the mechanism of the reduction of TPD, the result of the boiled blood cell experiment 
(See Table V), must be considered to show that the SH group plays a major role but 
that  enzymatic factors have little influence on the reduction of TPD in blood cells. 

The other curious fact in the current study is the effect of plasma on the ability 
of blood cells to reduce TPD. In spite of the weak ability to reduce TPD in plasma 
itself, when plasma is added to blood cells, accumulation of thiamine and the ability 
to reduce TPD increase markedly. This fact may be explained by assuming that the 
SH group which has once reacted with TPD has its reducing ability restored in the 
presence of plasma. 
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