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Subacute Toxicity of Radioactive Phosphorus as Related to the Coniposi- 
tion of the Diet.* (17723) 

W. E. CORNATZER, GEORGE T. HARRELL, JR., DAVID CAYER, AND CAMILLO ARTOM. 
From the Depcirtnients of Biochemistry attd Internal  Jipdicine,  Rowman Gray School of Me&. 

cine of Tt’uke Forest College,  lFiiisfion-Aalmi, S.C. 

The study of the toxicity of radioactive 
isotopes becomes more and more important 
with the increasing use of these substances 
both as a research tool and as a therapeutic 
agent. While the mechanism of the injurious 
action of radiation on living cells is probably 
the same for external and internal radiation 
sources, one may expect that, from the 
practical viewpoint, the effects of the intro- 
duction of isotopic compounds within the 
body will vary in relation to the physical 
characteristics of the isotope (such as the 
nature of the radiation, its energy and rate 
of decay) and to the behavior in the organism 
of the compound containing the radioactive 
atom (such as its absorption, distrtbution, 
intermediary metabolism and rate of excre- 
tion). -4ccordingly, conditions which en- 
hance or attenuate the injurious effects of 
one isotope or isotopic compound, may be 
ineffective if a different radioactive material 
is used. I t  is thus apparent that the toxicity, 
as well as th,e factors which may modify it, 
should be investigated separately for each iso- 
tope and for each isotopic compound. 

In the present investigation the subacute 
toxicity of PS2, given parenterally to mice 
(in one dose and in the form of Na2HP04) 
has been studied in relation to the possibility 
that changes in the composition of diet may 
modify the action of the radioactive isotope. 
To our knowledge, the only data on the tox- 

* Technical assistance was given by A. H. 
Smith, Jr. This work was made possible by the 
L-nitcd States .4toniic Energy CominissZon uiidcr 
a contract with the Eowiiian Gray School of Mcdi- 
ciiic. The P32 used in the experiments was sup- 
plied by the Oak Ridge Satioiial Laboratories, 
Oak Ridge, Tenn. Preliminary reports were pre 
s c n t d  at the annual meeting of the Kortli Caro- 
lina Acadcmr of Science, Chapel Hill, N. C., May 
1949, and before the Southeastern Section of the 
Society for Experimental Biology and Medicine, 
Durham, S. C., January 1950. 

TABLE I. 
Coniposition of Esp~imeiital  Diets (70 of the dry 

weight). 

Diet KO. .)i 34 29 31 33 

Ca sciii 10 2 3 10 25 
Cod Liv-rr Oil I. 1 2 2 
Crisco 4 4 30 30 
llest riu 40 33 26 19 
Sucrose 39 32 26 18 

* In addition to tlic al~oi-c: components, tlie diets 
contained 2y0 Huffcs and a Salt Mixture (usually 
4v‘ of 7J.8.P. XI1  vitamin tetd mixture). A mix- 
ture of sevcral I3 vitamins (Thiamine HC1 0..5 mg 
per 100 g of diet, R<iboflarin 0.5, Pyridoxine HC1 
0.5, Sicotinic acid 1.5, Ca pantothenate 2, Inositol 
2,  P:irwai~iiiiobciizoic Reid 2 )  was incorporated daily 
in the diets. 

icity of P?. are those of Anthony and Snyder 
(1). On the basis of a f e w  experiments on 
mice (presumably maintained on a stock 
diet), these authors suggest that the LD5o 
after one injection of PS2 is around 4 micro- 
curies per g of body weight. With this dose 
4 out of 6 mice died between 16 and 21 days. 

Experimental. Male mice (Rockland “all 
purpose” strain of approximately 20 g body 
weight) were transferred from a stock diet 
(Rockland Farms) to one of the experimental 
diets, the composition of which is recorded 
in Table I. The animals were divided in 
groups of 6, and each group kept in a metallic 
cage with raised screen floor. Water was 
given ad Libitum. A4fter 5 days on the experi- 
mental diet, the mice were injected intraperi- 
toneally with a single dose (0.2-0.3 cc) of 
Xa2HP04 containing P32 (usually in the con- 
centration of about 1 millicurie for 0.02 mg 
of P). The mice were then maintained on 
the same diet for 21  more days, during which 
the food consumption was recorded daily and 
the animals weighed at  4-5 day intervals. In  
each experiment, 6 to 12 groups of mice on 

1. Anthcny, I). S., and Snyder, R. H., U.S. 
-4tomic Energy Commissioii, Documents, 1947, 
MDIX-881, 1’. 1-14. 
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TABLE 11. 
Effects of Various Doses of 1’32 in Nice on a Low Protein, High Fat Diet (Diet 31).  

P32 jnjected, No. of in body wt, SOYo deaths, a t  the survival,’ 
Avg change Time of % of survivors Arg time of 

Pc/g mice g days 21st day anys 

0 7 -1.8 > 2 1  100 >,1 
2 (i + L O  > 2 1  100 > 2 1  
4 15 +2.5 > 2 1  6 7 19 * 0.8 

20 1.5 f. 0.6 
I I 13 f 0.8 

6 39 -9 Y . .J 14  
a 6) 3 -3.6 11. 

* The values preceded by -t. are the .standard errors of the means. 

3 to 6 different diets were used. As far as 
possible, the effects of changes in the composi- 
tion of the diet were studied comparatively 
on groups run a t  the same time and inj’ected 
with the same batch of isotopic phosphate.+ 
-4s an indication of the effects of the isotope, 
the following criteria were used: (a) Time 
in days a t  which 50% deaths occurred.; (b)  
Percentage of survivors a t  the 21st day; and 
(c) Average time of survival in days. Since 
in computing the averages a survival time of 
2 1  days was used for the mice still alive a t  
the end of the experiment, the figures are 
mostly lower than the true average survival 
times. In  evalmuating the results statistically, 
the probability P for a chance occurrence of 
the observed differences has been calculated, 
using the method of the x2 for the percentage 
of survivors and the t test of significance for 
the differences in the average survivaI times 
( 3 ) .  

t Yiiis iiietlioci of cnmparisoa should mininiizc 
tlic errors cnusrd bp variiitions in the conditions 
of t lw  cxperimeiits (such as the season, room 
temperature, ctc.) and in tlic concentration and 
(*Iictiiic:il forin of  tlic I?:<? injected. The data, 011 

t h e  r:idioLtctiyity of tlic samples, suppliccl by tlie 
Oiik Ridge Xational Ilaboratories with encli sliip- 
rnciit of Psz, were usually checltcd by us against 
:t c.alil~i,:ited uranium source. However, only rc- 
cently h n v r  we h e i i  aware of tlie possihiljty tha t  
s ( ~ i n ( ~  s:iniples might l i a w  contained P32 in the 
f o i ~ n  of acid-labile esters 01’ pyrophosplixte (2).  
This ~~oss ib i l i ty  could perhaps explain certain dif- 
f (wiiccs  hct\\-een the results o f  experiments, made 
under apparently identical conditionr, but in which 
diff e m i t  hatches of P32 had been used. 

2. Friedkin, M., and J~ehinger, A. I,., J. ZioZ. 
Clieni., 1949, ~ 1 7 7 ,  775. 

3. Fisher, R. &4., Statistical Met1iocl.s for  Bc- 
.s.rJciw7b Workers, London, 1936, 6th Edition. 

Results.  Determination of the  LDvj0 dose. 
The effect of increasing amounts of P33 intro- 
duced in mice maintained on a low protein, 
hligh fat diet (Diet 31) are shown in Table 
11. The differences between the groups in- 
jected with 4 and 6 microcuries of per g 
are statistically significant (P < 0.01). It is 
apparent that the LDSo dose for mice on Diet 
31 and for experiments of 21 days duration 
lies between 4 and 6 microcuries per g of body 
weight. 

Fat ty  infiltration of the  l h e r  and lipo- 
tropic factors in the  diet .  I t  seemed possible 
that anatomic or fuiictional alterations of thle 
liver, such as those accompanying the fatty 
infiltration of this organ, might lower the re- 
sistance of the animals to the radiation injury. 
Accordingly, various doses of P:32 (2-8 micro- 
curies per g) were given to 35 mice on Diet 
31 (which was high in fat and low in pro- 
tein, e.g. deficient in l iptropic factors). The 
results were compared with those observed 
in 43 mice maintained on the same diet, sup- 
plemented with choline chloride (0.5%) .$ In 
other experiments, prior to the introduction 
of p.72 20 mice on Diet 31 received 2 or 3 
injections of 0.10-0.15 CC14, as indicated by  
Barrett et a l . ( 5 ) ,  10 other mice were treated 
identically except that choline chloride was 

On tlic basis of the data for the body weight 
a n d  f o o d  consumption, the aniouiits of clioline 
cliloriile ingcsted by our mice on the choline supple 
mcntcd diets were 3 or 4 times greater than  those 
\vliicli have heeii found adequate f o r  complete pro- 
tection against both fatt?- liver and renal damage 
(if yo~ing rats on  low protein, high f a t  diets(4).  
4. Griftith, W. H., :ind Mulford, D. J., J. -4m. 

.5. Ilarrett,  13. M., Best, C. H., MacLean, D. L., 
and Ridont, Jessie II., J. Plrysiol., 1939, y97, 103, 

( ’ I ~ c ~ I I .  SOC., 1941, ~ 6 3 ,  929. 
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TABLE 111. 
Effect of T'aryiiig the Yroteiii aiid F a t  Content n the Diet of Mice Injected with P32 (6  pc per 9). 

coiisuniption, body wt, 50% deaths, survirors a t  survival,* 
Food Change in Time of % of Avg time of 

Diet L-o. So. of mice g/day g days 21st day days 

34 (low fat, low protein) 811 3.6 -0.9 16 40 16 f 0.4 
3 1  (high fat ,  low protein) 39 1.7 -2.5 14 20 15 +- 0.6 
29   lo^ fat, high protein) 3; 3.6 +3.9 13 24 14 2 0.8 

Controls (Diet 32, not iiij. 
3; (high fat ,  high protein) 70 2.4 +3.3 12  3 12 -t- 0.2 

with P 3 2 )  11 27 + 4.2 >21 100 >21 

* The values preceded by 2 are the standard errors of the means. 

TABLE IV. 
Effect of Iiicreases in the I'hosphstc Content of the Diet of Nicc Injected with P32 (6 pc/g) __ 

in diet Food Change in Time of 70 of Avg time of 
Phosphate 

Series of exp. KO. of (as H3P04) consumption, body wt, 50% deaths, survivors at survival,+ 
aiid diet So.* mice "/b a/dW g days 21stday days 

I (35): 24 1.3 2.5 +3.5 12 8 12 +, 0.6 
(35) $ 25 2.9 2.4 +2.1 13 28 1 4 2  1.2 

I1 (34):  53 1.3 3.7 -0.1 16 430 1 6 2  0.5 
29 3.2 4.1 +0.6 >21  64 18 & 0.7 

15 +, 0.7 18 0.3 2.9 -4.0 14  11 
(34)f 

I11 (34)** 
(34 j  t t 18 2.9 3.2 --3..j > 2 1  6 1  19 2 0.6 

*. S o .  of diet in pareatlwscs. 
t The d u e s  preceded by 2 are the standard errors of the means. 

s a l t  mixture U.S.P. XI ,  4 g 70 of diet. 
?\ Salt mixture U.S.P. XI, 3 g, K211P04 1.95 g, XaH2P04 0.7 gJ NaCl 0.35 g 70 of diet. 

bait iiiisture U.S.P. XI 2 g, K9HP04 2.6, SaH2P04 0.9, S a c 1  0.5 g % of diet. 
**  Salt iiiisture U.S.P. S T  1 g, KCl i g, KaC1 1 g,  Ca lactate 0.8 g, XgSO4 0.2 g ?4 of diet. 
t +  Salt mixture U.S.P. XI 1 g: K2HP04 1.95 g: P\'aH2P04 0.7 g, NaC'l 1.35, Ca lactate 0.8 g, 

31g.40, I?.? g y" of dict. 

added to the diet. From the data (which 
are omitted for brevity) no difference was de- 
tectable between th,e groups on either the 
cholin'e deficient or the choline supplemented 
diet, whether or not poisoned with OCli. 

l'ariations in the level of dietary fa t  and 
protein. Table 111 shows the results obtained 
in several experiments: in which the mice were 
iiiain tained on 4 different diets, respectively 
low in protein and fat (Diet 34), high in 
protein and low in fat (Diet 2 9 ) ,  low in pro- 
tein and high in fat (Diet 31): high in both 
protein and fat (Diet 35). I t  is apparent 
that the susceptibility to the .injurious action 
of p32 increased distinctly with the increase 
in the level of protein, or fat, or both. All 
differences in the values were highly signi- 
ficant (P<O.Ol), except for the difference 
between Diets 34 and 31 (which were not 
significant) and between Diets 34 and 29 
(whilch were moderately significant for thne 
average survival times only). During the 

2 1  days after the injection of P32, the average 
body weight of the mice on the low protein 
diets decreased, while it increased in the ani- 
mals on the high protein diets. However, 
'both decreases and increases in weight were 
not marked (less than 205% of the initial 
weight), and no correlation is apparent be- 
tween these changes and the data on the 
toxicity of P2. 

Variations in the  Phosphate content of the 
diet. I t  was thought that by increasing the 
amount of phosphate ingested, the exchange 
between the PR2 initially deposited in the 
bone and the non-isotopic phosphate circu- 
lating in the plasma might be enhanced, and 
that the increased ratae of mobilization of P32 
would shorten the effective tiime of exposure 
of the tissues, especially the bone marrow. 
Table Ik7 sholws that both the percenltages 
and the times of survival were greater in 
the mice on phosphate enriched diets. The 
differences were quite significant in the I1 
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and I11 series of experiments (P<o.Ol, ex- 
cept for the average survival times of series 
I1 in which P<O.O5), but not quite signi- 
ficant in series I, in which the mice were on 
the high fat, high protein diet and the differ-. 
ence in the dietary level of phosphate be- 
tween the test and control animals was less 
marked than in the other series. 

Discussion. It should be puinted out that 
the present study ooncerns the acute or sub- 
acute toxicity of P2. Any factor modifying 
the survival time figures in these experilmats 
would act primarily by causing an increase 
or a decrease in the actual damage Olf the 
tissues, especially the hmtolpoietic tissues. 
This is probably the mechanism through 
which the. enrichment of the diets with phos- 
phate might cause a certain degree of pm- 
tection. On the other hand, factors (such as 
the fatty infiltration of the liver or its partial 
damage) may probably impair or favor, di- 
rectly or indirectly, thee recovery of the dam- 
aged tissues. The action of such factors 
may not be detectable in experiments of acute 
toxicity, while it m,ay became apparent in a 
study of the chronic effects of radiation, in 
which smaller doses of radioactivity would 
be used and the animals kept under observa- 
tion for longer periods. 

Our finding of an increased toxicity of Pa2 
in mice maintained on high protein diets is 
in apparent discl;epmcy with the very recent 
results of Jennings (6 ) ,  who, described a great- 
er susceptibility to external radiation in pro- 
tein depleted rats. These animals had been 
on a diet with a protein content (1.9%) much 
lower than that of our “low protein” diets 
( lo%),  and were irradiated after more than 
2 months on this diet, when they had lost 
25% orf their initial weight. On the other 
hand, our mice were fted the diets for a much 
shorter period, and even after the injection 
of P, little or no loss of body weight oc- 

MED., 1949, v72, 487. 
6 .  Jennings, F. L., P R O C .  SOC. EXP. BIOL. AND 

curred. I t  seems therefore that an increased 
radiosensitivity becomes apparent only in a 
condition of severe protein depletion, whereas, 
a moderate decrease in the dietary protein to 
a low maintenance level would cause a de- 
crease rather than an increase in the suscep- 
tibility toward radiation injury. In this re- 
spect, our results .may also be compared with 
others in the literature, showing that m,ice fed 
thyroid(7), or kept a t  low temperatures (a 
condition accompanied by an increased oxy- 
gen consumption) (8) ,  become more suscep- 
tible to external radiation. One might pos- 
tulate that the acute or subacute effects of 
radiation parallel the intensity of the metab- 
oli& and that the greater toxicity of P32 
in our mice on the high fat, high protein diet 
is, at least in part, related to the specific 
dyn’amic action of the dietary components 
(especially proteins). 

Summary. In  mice on a 10% casein, 32% 
fat diet, the LDSo dose a t  the 21st day lies 
(between 4 and 6 microcuries per g of body 
weight. Neither the fatty infiltration of the 
liver (induced by a deficiency of liptropic 
,factors, with or without partial poisoning 
with CC14), or its prevention (by supple- 
menting the diet with choline) changes the 
survival figures. The time of 50% deaths, 
the percentage of survivors at the 21st day 
and the average survival time of mice in- 
jected with P32 are highest with a diet low in 
fat and in protein, and are significantly de- 
creased when the level of the fat, or of the 
protein, or both, are increased in the diet. 
Enrichment of the diets with inorganic phos- 
phate seems to afford a moderate, but signi- 
ficant degree of protection against the in- 
jurious action of F. 

7. Blount, H. C., Jr. and Smith, W. W., Science, 
1949, 17109, 83. 
8. Smith, TY. W., Highman, B. J., Mitchell, J. 

R., and Blsount, H. C., Jr., PRW. Xoc. EXP. BIOI.. 
AhTD MED., 1949, -771, 498. 
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