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SUMMARY 

The latent phase of necrotic liver degeneration in the rat, produced by dietary 
deficiency of vitamin E and Factor 3, is characterized by respiratory decline, i.e., a 

failure of respiration of liver slices in the Warburg. Tocopherol readily reverses this 
defect when injected intravenously but not when added to the Warburg medium. 

The in  vitro effect of var ious  tocopherol  der iva t ives  on resp i ra tory  decline was 
inves t igated.  DL-a-tocopherol,  d-a- tocophery l  polye thy lene  g lycol - Iooo succinate ,  
DL-a- tocopherylhydroquinone,  DL-a-tocopherylquinone,  and  DL-"a- tocopheroxide"  
(acetal  of a- tocopherylquinone)  d id  not  influence the  b reakdown  of respira t ion.  Two 
tocopherol  metabol i tes ,  i so la ted  from the ur ines  of r abb i t s  and  humans ,  2-(3-hydroxy-  
3-methyl -5-carboxy)-penty l -3 ,5 ,6- t r imethylbenzoquinone  and  i ts  y-lactone,  were 
found to prevent  resp i ra to ry  decline when added  to the  W a r b u r g  medium.  A dose 
response curve was obta ined .  The  50 % effective dose was at  approx .  6.25 t~g. The 
d iace ta t e  of the  hydroqu inone  of the  lac tone was ac t ive  a t  higher  dose levels. The 
significance of the  f indings is discussed.  

In  add i t ion  to the  effect on r e sp i r a to ry  decline, the  7-1actone a t  levels of Ioo t~g 
per  flask p roduced  a s t imula t ion  of the  in i t ia l  0 2 consumpt ion .  The s t i m u l a t o r y  effect 
was less pronounced,  bu t  present ,  wi th  l iver  slices from normal  controls.  

" An account of this work has been presented Nov. 2, 1956, at the Symposium on Approaches 
to the Quantitative Description of Liver Function at San Francisco, Calif. 
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INTRODUCTION 

Fatal necrotic liver degeneration can be produced in the rat and in other species by 
dietary deficiency 1. The disease results from the simultaneous lack of two different 
factors, namely vitamin E 2 and Factor 38.. The latter has recently been identified 
as an organic selenium compound 4. L-Cystine, previously also considered a protective 
agent 5, has now been shown to owe its activity to a trace contamination by Factor 3- 
active selenium 31. Each of the two protective factors prevents liver necrosis inde- 
pendently. For 50 % protection against death 0. 7 mg of DL-a-tocopheryl acetate are 
necessary in IOO g of diet s. 

Under the standardized conditions in use at the National Institutes of Health, 
death from liver necrosis in weanling rats occurs on the average after 2I days on the 
deficient diet. The sudden appearance of liver necrosis shortly before death is preceded 
by a latent period which lasts 8-12 days 7. The existence of this phase is evident (a) 
from a profound disturbance of the ultrastructure of the cell, involving a cystic 
degeneration of the endoplasmic reticulum (microsomes) and swelling and dis- 
appearance of mitochondria, as seen by electron microscopy s; and (b) from respiratory 
decline, a metabolic disturbance demonstrable in liver slices of such animals in the 
Warburg apparatus 9. Respiratory decline, described in detail elsewhere, consists of a 
failure of 0 2 consumption after 30-60 rain of initially normal respiration. The lesion 
is associated with the breakdown of ~l*C]acetate utilization for CO s production, fa t ty  
acid synthesis, and ketonbody formation 1°. The present communication deals with an 
at tempt to identify the form of tocopherol which in vitro prevents respiratory decline. 

The concept arose that tocopherol may be converted into an "active form" before 
exerting its metabolic effect in the organism, since direct addition of the vitamin to 
the Warburg medium is completely ineffective against the respiratory lesion, as shown 
below, whereas injection of emulsified vitamin E into the portal vein immediately 
before extirpation of the liver will reverse the condition completely. This has been 
shown by two-step Warburg experiments n. Doses of 200 t~g of DL-a-tocopherol suffice 
to reconstitute normal maintenance of O, consumption over extended periods of 
observation. A comparison of graded dose levels of various forms of DL-a-tocopherol, 
and also of the/3-, 7- and 8-tocopherols showed in general good agreement with the 
results of the classical dietary vitamin E bioassay against resorption sterility. Injection 
of the tocopherol into peripheral veins produced exactly the same dose response curve 
as that obtained by direct application to the liver through the portal route ~. 

A number of well-known derivatives of a-tocopherol, some of which showed 
activity when injected intraportally, were ineffective when added to the Warburg 
medium. In i956 the isolation of two metabolites of a-tocopherol from the urines of 
rabbits and humans was reported 18. On the basis of chemical and spectroscopic 
evidence the following structures were assigned to them1*: 

CH 3 C H  3 
C H  a | CH 3 ~ O  

o y\z I "- o \ 
OH 3 I CH~ I I  

* Since various compounds of selenium show greatly different biological activity, the term 
"Factor 3" is used to designate the biologically active, selenium-containing component, or 
components, present in nutrients and other materials of natural origin. 
References p. 49 z. 
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2-(3-hydroxy-3-methyl-5-carboxy)-pentyl-3,5,6-trimethylbenzoquinone (Compound I) 
and its v-lactone (Compound II). 

A crystalline derivative was made by the reductive acetylation of the lactone and 
was shown to be the hydroquinone diacetate. Testing of these metabolites of a-toco- 
pherol for in vitro effectiveness showed a high degree of activity in the prevention of 
the respiratory lesion. 

EXPERIMENTAL 

For the present investigations inbred rats of the Fischer 344 strain were used which 
routinely demonstrate well-developed respiratory decline after 13 to 15 days on the 
liver necrosis-producing diet. Experimental details concerning the production of the 
disease aS, the composition of the diet le and the Warburg procedure n have been 
published elsewhere. Solutions of the substances to be tested were prepared in minimal 
amounts of ethanol; these never exceeded o.ooi ml per flask and were without effect 
on O, consumption. The solutions were added to the Warburg medium immediately 
before addition of the liver slices. 

The results were evaluated as follows: The O 2 consumption (Qo~(~oo/= O~ 
consumption, in mieroliters, per hour per IOO ing of liver slices) for the first 3o-minute 
interval (a) was compared to that  of the fourth 3o-minute interval (b). The 
degree of respiratory decline was expressed in per cent of the initial respiration 
(d = ( a -  b)/a × IOO). By comparison of respiratory decline of unsupplemented 
slices (dA) with that of supplemented slices from the same animal (dB), the 
effect of the supplement can be expressed as per cent prevention (% prevention 
( d A - - d B ) / d A  × IOO). 

RESULTS 

I t  is readily seen from Table I that  DL-a-toeopherol, d-a-tocopheryl polyethylene 
glycol IOOO succinate, DL-a-tocopherylhydroquinone, DL-a-tocopherylquilmne, and 
DL-"a-tocopheroxide" (acetal of a-toeopherylquinone) 17. at 200/~g or above did not 
influence respiratory decline to any significant degree when added to 3 ml of medium. 

The metabolites, on the other hand, were highly active. The oxidized (quinone) 
forms of the metabolite are quite stable. When the free y-hydroxy acid (Compd. I) 
was added at a level of 1.56/~g/3 ml of medium and approx. IOO mg of liver slices, 
a significant effect was produced. The 50 % effective dose for protection against the 
breakdown of respiration was found to be approx. 6.25 t~g. Higher doses prevented 
respiratory decline practically completely. Similar results were obtained with the 
lactone (Compd. II). At the 6.25 ~g and the 25 ~g levels the lactone and the hydroxy 
acid were about equally effective in preventing respiratory decline. However, the 
lactone did not seem significantly active at the 1.56 ~g level. 

With the lactone, the evaluation of the results is complicated by an additional 
effect of the substance on O 3 consumption (Table II): There is a considerable stimu- 
lation of the initial O, consumption by liver slices. With IOO ~g of lactone the initial 
30 minute O, consumption is increased by approximately 7 ° % ; smaller doses produce 
much less, if any, stimulatory effect. The experiments with liver slices from normal 

* Compounds obtained from the Distillation Products  Industr ies,  E a s t m a n  Kodak Company, 
Rochester, New York. 
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control animals maintained on an optimal, natural diet show that the stimulatory 
effect is also present in this instance. However, it seems to be much less pronounced. 

The reduced (hydroquinone) forms of the metabolites could not be assayed 
directly because of their marked lability with respect to oxidation. The diacetate of 
the hydroquinone form of the lactone, however, was tested (Table I). It  was found 
to be active, but higher doses were required for prevention of the metabolic lesion. 
The observed activity may be due to enzymic hydrolysis of the diacetate in the 
Warburg vessel. 

DISCUSSION 

The exact metabolic function of tocopherol, as well as the site and nature of the 
primary metabolic defect in livers undergoing necrotic degeneration, are presently not 
known. Results published earlier from this groupg,l°, n point to the breakdown of 
electron transfer mechanisms and the (subsequent ?) failure of ATP formation in livers 
undergoing respiratory decline. With succinate as substrate, a significant difference 
has also been detected between liver mitochondria from vitamin E supplemented rats 
and those from vitamin E deficient animals dining the latent phase of necrotic 
degeneration TM. The observed phenomenon resembles the respiratory decline in liver 
slices. Thus, it seems feasible that the present results are related to an active role of 
tocopherol, or of a metabolic derivative of tocopherol, in enzymic oxidation- 
reduction reactions, as postulated previously 6. 

From most other metabolic lesions which have been attributed to vitamin E 
deficiency, respiratory decline, of course, differs fundamentally in that it requires the 
concomitant absence of Factor 3-selenium, besides that of tocopherol. The dietary 
condition which produces necrotic liver degeneration in the rat and in other species 
will produce widespread damages in other animals, such as multiple necrotic degenera- 
tion (heart, liver, kidney and muscle necrosis) in the mouse TM and exudative diathesis 
in chicks 2°. With the latter test animal, the nature of Factor 3 as a selenium compound 
was independently confirmed 2~, 22. The fact that tocopherol and Factor 3-active 
selenium compounds have to be absent before liver necrosis and other profound 
degenerative lesions can occur must mean that the functions of these two essential 
dietary agents have an important connection in intermediary metabolism*. Taking 
the results accumulated thus far into account, a possible working hypothesis for the 
fact that  vitamin E and Factor 3-selenium are independently protective has been 
developed. I t  is based on the assumption that these two factors participate in alternate 
pathways of electron transfer, both of which have to be impaired before necrosis 
ensues 7. 

I t  is conceivable that the organism compensates for the lack of one or the other 
essential agent by shifting to alternate pathways of electron transfer, thereby 
obscuring the primary metabolic defects. Thus, in uncomplicated tocopherol deficiency 
for example muscular dystrophy of the rabbit, an increase of 0 2 consumption is 
frequently but not consistently observed ~8, 2,. In view of this consideration it is likely 
that respiratory decline, during the latent phase of necrotic liver degeneration (and 
also during the latent phase of the necrotic degeneration of the heart muscle, of 

* The relation of Fac to r  3-active selenium compounds  to respi ra tory  decline will be the subject  
of a separate  report .  

Re]erences p. 49 r. 
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pheripheral muscle, of kidney, etc. in other species) offers a system which is well 
suitable for the clarification of the function of vitamin E. Here is a reproducible, 
serious metabolic defect involving oxidative functions which is promptly reversible 
by  application of physiological doses of tocopherol in vivo, as well as by  the presence 
of the tocopherol metabolites in vitro. I t  is interesting to note that  no other presently 
known derivative of vitamin E shows this capacity*. 

The possibility that  the metabolites reach the site of action in the liver slice 
more readily than a-tocopherol since they are less hydrophobic than the latter must  
at present be left open. However, this interpretation is contradicted by  the fact that  
the water-soluble DL-a-tocopheryl polyethylene succinate, which when injected into 
the portal vein is far superior to D-a-tocopherol 1', is in vitro as ineffective as the 
emulsified a-tocopherol. The in vitro superiority of the metabolite may rather be 
related to the fact that  not a-tocopherol per se, but a metabolic conversion product 
of the latter is the form which is catalytically active. 

Participation of vitamin E in electron transfer systems has recently been investi- 
gated by several groups: The possible role of tocopherol in the chain of respiratory 
enzymes has been studied with particulate preparations from heart muscle by  N~soN 
and collaborators 2~, 26 as well as by  SLATER et al. 27, 28. From these studies it is clear 
that  certain preparations of DPNH-cytochrome c reductase (among others) contain 
a-tocopherol in more or less bound form. These preparations can be inactivated by  
isooctane extraction and also by repeated freezing and thawing. Such inactivated 
systems are reactivated by suspensions of a-tocopherol. As yet, however, no evidence 
seems to be available for the direct participation of a-tocopherol as such in the electron 
transfer chain : the vitamin does not seem to be oxidized by  O, or cytochrome c, nor 
can its quinone, in turn, be reduced by D P N H  in these isolated systems. Therefore, 
the alternative that  a-tocopherol acts as a link between electron transfer and oxidative 
phosphorylation, originally suggested by WEIL-lYL~LHEttBE 20 and formulated in more 
detail by  MARTIIJS a°, may  also have to be considered in the current context. 

The pronounced stimulation of the initial O, consumption produced by  the lactone 
(Compd. II) cannot readily be explained as a direct substrate effect, since the quinone 
does not lend itself to oxidation. I t  is unlikely that  the liver cell is capable of oxidizing 
the sidechain of the molecule. I t  may be possible that  Compd. I I  uncouples oxidative 
phosphorylation, or that  it assists in the more effective utilization of some other 
intermediate. The phenomenon is under further investigation. 
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