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The possibility of inducing a tumor by an antimetabolite has attracted particular attention because in this way 
the critical link in the tissue metabolism whose disturbance may cause the cells to become malignant may be 
revealed. An important step in the study of the origin of tumors is therefore to determine the ability of ethionine to 
induce benign or malignant hepatic tumors [61. 

The ethyl analog of methionine, and its biochemical antagonist ethionine block many of the biochemical 
functions of methionine, and in particular they suppress the action of the methyl groups of methionine in the bio- 
synthesis of choline, although these groups may still be used to form creatine [95]. Naturally, such a block may lead 
to an endogenous choline insufficiency. Because chronic choline insufficiency [51 and protein-choline insufficiency 
[2, 3] lead to the formation of hepatic tumors, it appears possible that the mechanism Of the blastomogenic influence 
of ethionine amounts to a secondary choline insufficiency. It appeared however that whereas rnethionine protects 
completely against ethionine carcinogens, choline exerts very little protective action [81. There is therefore reason 
to suppose that the blastomogenie influence of ethionine is associated with biochemical functions of methionine other 
than its participation in methylation. 

If there were some other method of inducing in the organism abnormal chemical processes resembling those 
brought about by ethionine, and if under these circumstances ceils became malignant, then there would be evidence 
in favor of the hypothesis of a direct or an indirect connection between some forms of functional methionine insuf- 
ficiency and the blastomogenic process. It occurred to us that an approximation to such a situation could be realized 

by the injection of selenium. 

Ethionine is taken up by protein molecules with the result that abnormal cell proteins are formed, and the incor- 
poration of methionine is prevented [9]; this process accounts for the metabolic disturbances which result in ethionine 
being an antagonist of methionine. Selenium is also taken up by a certain fraction of the proteins to form analogous of 
the sulfur-containing amino acids seleniummethionine and seleniumcysteine; the function of the ceil proteins is also 
disturbed by this process. These circumstances apply both to the animal [15, 16, 17] and to plant [26] organisms. It is 
highly probable that disturbances induced by selenium in animals are to a large extent due to its antimetabolic effect on 
t he metabolism of the sulfur-containing amino acids, just as in plants [22]. 

It is important that selenium is taken up most intensely in the liver proteins, as has been shown by experiments 
carried out in our laboratory [11, and by McConnell [141. Just like ethionine, the selenium analogs of the sulfur-con- 
taining aminoacids retain many of the biochemical functions of the latter. Selenoglutathione, for example, is active 
in bringing about oxidative processes [27], while the selenium analog of S-adenosylmethionine- Se-adenosylmethio- 
n i n e -  may replace the latter in enzymatic methylation systems [19t. If selenium, like ethionine, can induce the for- 
mation d tumors, there is then hope that by eliciting those biochemical functions of methionine which are blocked by 
both selenium and ethionine we may get nearer to understanding the metabolic disturbances associated directly or 
indirectly with the development of malignancy. 

Nelson and his co-workers [20] studied the relationship between cirrhosis of the liver and the development in it 
of tumors, and showed that when selenium was included in the diet, rats might develop an adenoma or a low-grade car- 
cinoma; no metastases were found. No one who has studied the subsequent chronic poisoning due to selenium observed 
any tumor formation [4, 10]. However, because ethionine leads to the development of a marked blastomatous growth, 
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it seems to us that selenium must be able to induce a more c learcut  condition than was observed by Nelson and his 
co-workers.  The experiments  that were carried out fulfi l led our expectat ions.  

M E T H O D S  
Our exper imenta l  conditions differed from those of Nelson [20]. To increase the period of action of selenium, 

we tried to extend survival t ime.  To do so, firstly we used male  rats; they were less sensitive to selenium than 
females,  as used by Nelson. Secondly we gave a rather smal ler  dose of selenium (0.43 mg per 100 g food), than the 
smal les t  dose used by Nelson (0.5, 0.7, and 1 mg per 100 g food). 

The selenium was added as sodium selenate  (N azSeO 4 10 mg/kg  food) to food of the following composit ion: 
casein 12~ m a i z e  starch 79~ sunflower oi l  5%, and salt  mixture 40 [13], and crystal l ine vi tamins of group B were 
added.  In addition, they received da i ly  20 ILl of v i tamin A,  8 IU of v i tamin  D, and 1 mg once per week of v i tamin 
E. (In Nelson's experiments the food consisted of seeds; the vitamins of group B were supplied in the form of yeast  
and dried liver; selenium was given either as organic compounds of selenium in the grain itself,  from plants grown in 

soil containing the e lement ,  or as a solution consisting of a mixture of the potassium ammonium salt  of selenic acid 
and ammonium potassium sulfate.)  

The  animals received unl imited amounts of food; they were kept in individual  cages with a double wire bottom 
to prevent  their consuming faeces.  

Altogether  40 heterozygote  rats were used having an ini t ia l  weight of 40-50 g. Because large amounts of r ibo- 

f lavine may prevent the deve lopment  of tumors induced by d imethy laminoazobenzene  [18], or by chlorine insuffi- 
c iency [21], from the seventh month onwards we inc luded in the die t  10 mg per day of r iboflavine;  at this s tage,  a 
biopsy showed certain changes in the l iver ,  which will be described la ter .  By the seventh month, 34 rats remained 
al ive,  and of them 18 received addit ional  r iboflavine.  

R E S U L T S  
The  rats l ived to 32 months, whereas Nelson's died at 24 months. 

Of the 23 rats which survived for 18 months, tumors developed in 10, and the addit ional  ration of r iboflavine 
had no influence on survival.  In three rats, cancer  of the l iver was found, and in two of them there were also 
metastases in the lungs; both of these animals rece ived  r iboflavine.  In four rats a sarcoma developed (two of them 

received r iboflavine) ,  and in al l  eases the tumors were found to have spread along the per i toneum. In three of the 
rats, a hepat ic  adenoma was found. The  first tumors were found at the 19th month. In Nelson's experiments [20]. 
of the 53 rats which survived 18-24 months, rumors developed in 11; they were identif ied as hepat ic  adenornas, and 
ifi five cases as " low-grade  hepat ic  c a r c i n o m a ' ;  in four rats there was an "adenometo id  hepat ic  ce l l  hyperplasia" 
which was thought to represent a state of transition towards tumor formation.  In no case were any metastases found. 
Three  rats with " low-grade  carc inoma"  rece ived  10 parts, and one 7 parts of selenium per 1,000,000 of food, which 
was more than any of  our animals r ece ived .  

Microscopical  investigations of the l iver  of our animals dying at between 7 and 18 months, and l iver biopsies 
made during this period (some of them repeated)  showed that the normal  distribution of t rabeculae  were preserved. 
There  was however an uneven basophil ia ,  and a variat ion in size of the cells and nuclei  of the hepat ic  epi thel ium; 
there was also a diffuse fatty degenerat ion of the hepat ic  cel ls ,  which contained small  fat droplets. 

In three of the animals in which a tumor developed,  the microscopical  study revealed  nodules in the parenchyma 
and a diffuse fibrosis. In two of these rats, metastases were found in the lungs. Figure 1 shows a rnicrograph of a 
nodule from the l iver of one of them,  and Fig.  2 shows a long of the same rat with metastases of the hepat ic  cel l  ca r -  
c inoma.  

Of the  four connect ive tissue tumors, three were polymorphocel lu lar  sarcomas (19th, 19th, and 29th months), 
and one was a sp ind le -ce l l  sarcoma (25th month).  In one case the polymorphocel lu lar  sarcoma took the form of a 

large nodule in the right lobe (Fig.  3); in the three remaining cases, the sarcomatous tissue had spread into the sub- 
capsular regions; in four of the rats the sarcomas were diffusely spread along the per i toneum.  

Adenornas were found in three rats, and consisted of extensive hepat ic  nodules of the parenchyma.  

Of the 13 rats in which no tumors developed,  in four the epi the l ium of the smal l  b i le  ducts had prol i ferated to 

form groups of the so-ca l led  oval  cei ls  near the portal  fields; in two of these rats, the ini t ia l  s tages were found of the 
so-ca l led  cysts. The  general  appearance was very reminiscent  of what is found in the early stages of the react ion of 
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Fig. 1. Nodule from a hepatic carcinoma in rat 
No. 56. Experiment lasting 24 months. Micro- 
graph, Stain hematoxilin-eosin, Magnification 
400 x .  

Fig. 2. Lung of rat No. 56 with metastases from 
hepatic carcinoma, Micrograph. Stain hema-  
mxilin-eosin. Magnification 120 x .  

Fig. 3. Polymorphocellular sarcoma in rat No. 58. Micrograph. 
Stain hem atoxilin-eosin. Magnification 240 x .  

hepatic tissue to various carcinogens, or to the inclusion of ethionine in the food [7]. They are usually described as 
precareinogenic. In nine rats the changes observed were typical of the usual chronic selenium poisoning, and there 
were dystrophic changes (up to complete necrosis) with indications of regeneration arid sclerosis. 
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Therefore the inclusion of 10 mg N~SeO 4 per kg of the diet of heterozygous rats led to the formation of a 
blastomatous growth which was much more clearly defined than was the "low-grade carcinoma n described by Nelson 
and others [20]. At the present time so many carcinogens are known that the discovery of one more should not attract 
particular attention. However, in the case of selenium, what is important is that the biochemical action is known to 
take place at a particular site. In neither case are we concerned merely with the uptake of "traumatic" substances 
into the proteha molecule~ of the liver, but rather with the elimination of a particular metabolic stage. The similar- 
ity of the results of our experiments with selenium to the reverse effects with ethionine [6] can scarcely be missed. 

A comparison of the resul~ obtained with selenium and ethionine stimulates investigation into a possible 
direct or indirect pathogenic disburbance of some of the stages of the metabolism of methionine leading to hepatic 
tumors. As far as ethionine is concerned, such a hypothesis is favored by the fact that the induction of a tumor by 
this compound is blocked by methionine [8]. 

The problem regarding selenium is mote complex. Although in the organism selenium is methylated, and a con- 
siderable proportion excreted in this form [11], its inclusion in the diet does not reduce the amount of chlorine in the 
tissues [12]. Therefore, just as for ethionine [8] there is no reason to suppose that the cause of the development of 
selenium tumors is an endogenous choline deficiency. We must now renounce this hypothesis, which we advanced 
previously [3], especially because further unpublished observations we have made have shown that choline cannot 
prevent selerrium poisoning. However, the addition of methionine alone to the diet is not sufficient to prevent 
selenium toxicosis; only when methionine is given together with a-tocopherol is there any preventive effect on 
selenium poisoning [21]. 

This last circumstance is important in indicating ways in which the facts we have considered are to be inter- 
preted, because in the metabolic processes there are definite physiological relationships between selenium and 
tocopherol [23]. 

SUMMARY 
Fourty heterozygotie rats received N~SeO 4 (10 mg per kg of food). Out of 23 rats, which survived for over 18 

months, the tumors developed in 10: in 3 cases there was cancer of the liver (in 2 ra t s -  metastases into the lungs), 
in 4 -  sarcoma, and in 3 - hepatic-cellular adenoma. Addition of riboflavin to the diet (10 mg daily), beginning 
from the 7th month of the experiment, did not change the pathological process. A suggestion is made that the blasto- 
mogenic effect of selenium is connected with the fact that it is methionine antimetabolite and the mechanism of its 
action is possibly very similar to that of ethionine. 
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All abbreviations of periodicals in the above bibliography are letter-by-letter transliter- 

ations of the abbreviations as given in the original Russian journal. Some or all of this per/- 

od ica l  l i t e ra tu re  may wel l  be ava i lab le  in Eng l i sh  t ranslat ion.  A comp le te  l i s t  o f  the c o v e r - t o -  I 

cover English translations appears at the back of this issue. 
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