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This project is concerned with the behavior of radioactive materials that may be ingested as a 
consequence of a reactor accident, unavoidable occupational exposure, or after release to the 
environment and incorporation into the food chain. Current emphasis is on evaluating hazards from 
ingested actinides as a function of animal age, species, nutrition, and diet, or chemicophysical state of 
the actinide. We are also concerned with the behavior of actinides that are inhaled and pass through 
the gastrointestinal (GI) tract after clearance from the lungs. 

Recent experiments showed that adult swine absorbed more 238PU nitrate than had previously been 
indicated in studies with 239PU nitrate, three times more than is absorbed by rats. Absorption of 238PU by 
rats on a vitamin-D-deficient diet was about 10 times higher than absorption by rats on a balanced diet. 
Studies on the effect of chemical form on actinide absorption showed that the citrate forms of 238PU, 
241Am and 244Cm were transported in higher quantities than the nitrate forms across the intestine. 
Citrate had no effect on the 237Np transport, but the mass of isotope administered was found to be 
important. Absorption by neonates was inversely related to the mass of neptunium gavaged, in 
constrast to the effect of mass on neptunium absorption by adult rats. Organic binding of 238PU in liver 
tissue, in situ, resulted in decreased absorption by adult or neonatal rats. 

These results demonstrate that animal age, species and nutritional state are important factors in 
determining GI absorption of actinide compounds. Chemical form and oxidation state also influence 
transport. These effects vary with animal age and with the actinide in question. 

Absorption of Plutonium from the Gastroin
testinal (GI) Tract of Adult Swine After 
Gavage with 238pU Nitrate 

Studies reported from this laboratory about 
25 years ago indicated that 0.0022% of ga
vaged 239pU nitrate was absorbed from the 
GI tract of swine. A similar study, a few 
years later (Annual Report HW-59500 for 
1957), indicated that the 30-day retention 
value was 0.02%, 10 times higher than that 
reported earlier, with 72% of that quantity 
retai ned in bone. Recently, we gavaged 
four adult male swine with 10 ml of a ni
tric acid solution containing 500 IlCi of 
238pu nitrate. Two of the ani ma 1 s were 
fasted for 24 hr before gavage; the other 
two were allowed food ad libitum until they 
were gavaged. Both groups were fed there
after. They were maintained in individual 
metabolism cages for 1 wk, then killed and 
analyzed for retained 238PU. Results ob
tained after measuring the radioactivity in 
the autoclaved carcasses and in the livers 
are shown in Table 1. 

The data do not i ndi cate a di fference in 
retention due to the feeding regime. The 
total amount of 238pu retained (0.037% of 
the gavaged dose) is higher than either of 
the values obtained previously, after 239pU 
nitrate administration. The distribution 
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TABLE 1. Retention of Plutonium by Adult Swine That Were 
Gavaged With 218pu Nitrate in Either a Fed or Fasted State 
and Killed a Week Later(a) 

Percent of Gavaged 2l8pu ± SEM 

Tissue 

Skeleton 

Muscle 

Liver 

Total Retained(b) 

Fasted 

0.012 

0.02 

0.006 

0.038 ± 0.01 

(a) Two swine per group. See text for details. 
(b) Includes all 50ft tissues except pelt 

Unfasted 

0.009 

0.02 

0.006 

0.036 ± 0.004 

of the retai ned p 1 utoni urn also differed. 
In the older study, the skeleton contained 
70% of the total 239pU retained, whereas, 
in this study, only 30% was in the skele
ton, wi th twi ce as much present in the 
skeletal muscle. Urine was collected daily 
as a measure of excreted 238pU, but the 
probabil i ty of contami nat i on from fecal 
material was high. Quantities of 238pU in 
urine averaged 0.004 ± 0.002% of the ga
vaged dose for the first few days, suggest
ing that contamination had occurred. 



The Effect of Dietary Deficiency in Vitamin 
D or Zinc on Plutonium Absorption from the 
GI Tract 

Previously (Annual Report, 1981), we re
ported that a deficiency in dietary calcium 
resulted in an increase in 238pU absorption 
from the GI tract. Since vitamin D is in
volved in calcium absorption and metabolism 
it seemed likely that it might also influ
ence plutonium absorption. Zinc is known 
to influence the intestinal transport of 
many metals because of compet it i on for a 
common carrier system. Data on the effect 
of these metabolites could provide informa
tion about the mechanism of plutonium ab
sorption and about factors that may influ
ence GI absorption. To test these hypoth
eses, we performed the experiment described 
below. 

Groups of rats were placed on balanced di
ets, or diets deficient in either vitamin D 
or zinc, for 2 wk. They were then gavaged 
with 238pU nitrate and continued on the 
same diets unt il they were kill ed 1 wk 
later. The results (Table 2) indicate 
that the absence of vitamin D in the diet 
caused a 10-fold increase in the quantity 
of 238pU absorbed and retained. A defic
iency in dietary zinc resulted in a three
fold increase. 

TABLE 2. Gastrointestinal Ahsorption of Plutonium by Rats 
Maintained on a Vitamin·D· or Zinc-Deficient Diet for 2 Weeks 
Before Gavage With 238pu Nitrate. 

Percent of Gavaged 238pu ± SEM 

Vitamin-D- Zinc-
Tissue Control (8)(a) Deficient (10) Deficient (8) 

Carcass 0.007 0.07 0.017 

Liver 0.001 0.01 0.002 

Urine 0.006 0.007 0.01 

Total Absorbed 0.01 ± 0.001 0.1 ± 0.01 0.03 ± 0.004 

(a) Number of rats shown in parentheses. See text for details. 

The Effect of Organic Binding of Plutonium 
on Absorption from the GI Tract 

Our earlier studies (Annual Reports, 1975 
and 1976) indicated that plutonium incor
porated in either animal or plant tissue 
consumed by rats or gui nea pi gs was ab
sorbed in greater quantities than when ga
vaged in a nitric acid (pH 2) solution. To 
learn more about the effect of biological 
i ncorporat ion, 10 !-lei of 238pU ci trate 
(4.5% citrate solution) was mixed with 50 
mg of phytic acid, pH 7, and gavaged in a 
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2-ml ~olume. To obtain pluton'ium incor
poratej in animal tissue, adult rats were 
i nject,~d intravenously wi th 238pU ci trate 
and killed 24 hr later; their livers were 
lyophi lized and ground in a mortar; the 
resultCng powder contained 35 !-lei of 
238PU/(I tissue; 300 mg of this powder, con
tainin~1 10 !-lei of 238pU, was mixed with 2 
ml of ~)% Na citrate for gavage. Prepara
tions )f nonradioactive powdered 1 iver, 
mixed ~ith 10 !-lei of 23 8pu, and a 5% sodium 
citrate solution containing 10 !-lei of 238pU 
with nc liver powder were administered by 
gavaqe to control animals. Results of 
these experiments (Table 3) indicate that 
neither the phytate nor the nonradioactive 
liver tissue influenced 238pU absorption. 
Biological incorporation of 238pU in liver 
did, however, result in about a twofold 
reduced retention in both liver and bone. 

TABLE 3. E,fect of Organic Binding on the Gastrointestinal 
Absorption of Plutonium-238 Administered to Adult Rats by 
Gavage. 1a) 

Percent of G:lvdged ,1Hpu ± SEM 

liver-
Incorporated Liver Citrdte 

TissUl' f'hytate Pu Contro: Control ----
Skeleton 0.26 0.13 0.27 D.28 

liver 0.D4 002 D.OS 0.05 

Urine 0.01 0.01 

Total 0.3il ± D.D5 0.15 ± 0.02 D.32 ± 0.04 0.33 ± 0.08 
Retained 

(al Six rats per group See text for detdils. 

The Effec'; of Garlic Extract on the Absorp
tion of 2~8pU from the GI Tract of Rats 

Because K;lDlic is reported to bind heavy 
metals and promote excretion, adult rats 
were intragastrica11y administered 1.0 ml 
of a proprietary garlic extract, Kyolic, 
followed by 1 ml of a nitric acid solution, 
pH 2, of 238PU. Measurements of retention 
and urinary excretion, made a week after 
gavage (Table 4), show a fourfold increase 
in retenti)n over the nitrate-gavaged con
trol group. 

The Effect of Organic Binding on the Ab
sorption 0" 238pU from the GI Tract of Neo
natal Rats 

Groups of j'-day-old rats were gavaged with 
either 238pU citrate, 238pU citrate and 
nonradioactive lyophilized liver, or 238 pU 
that was b'iologically incorporated in the 



TABLE 4. The Effect of Kyolic"" on the Absorption of 
Plutonium From the Gastrointestinal Tract of Rats Gavaged 
With 23Bpu Nitrate. 

Tissue 

Carcass 

Liver 

Total Retained 

Urine 

Total Absorbed 

(a) Garlic Extract 

Percent of Gavaged 2.lBpu ± SEM 

Control (4)(b) 

0.004 

0.0005 

0.005 ± 0.0002 

0.004 

0.009 ± 0.01 

Kyolic(a) (5)(b) 

0.016 

0.003 

0.02 ± 0.005 

0.004 

0.025 ± 0.005 

(b) Number of rats shown in parentheses. 

livers (preparation described above). The 
results of analyses made a week after ga
vage (Table 5) show that biological incor
poration resulted in slightly decreased 
retention. The 7-day-old control group 
given 238pU citrate retained 10 times as 
much 238pU as the adult control group given 
238pU citrate (Table 3). The neonatal 
group given biologically incorporated 238pU 
retained 13 times more than the comparable 
adult group (Table 3). 

TABLE 5. Gastrointestinal Absorption of Organically Bound 
Plutonium-238 Administered by Gavage to 7-Day-Old Rats 
That were Killed a Week Later.(a) 

Percent of Gavaged 2lHpu ± SEM 

Citrate Liver-
Citrate + Liver Incorporated. 

Tissue Control Control 23Bpu 

Carcass 2.9 2.1 1.8 

Liver 0.3 0.2 0.2 

Total Retained 3.3 ± 0.3 2.4 ± 0.2 2.0 ± 0.1 

(a) Six rats per group. See text for details. 

The Effect of Citrate on the Absorption of 
the Trivalent Actinides Americium and Cur
ium from the GI Tract of Adult or Neonatal 
Rats 

It is well known that the citrate forms of 
some actinide elements (e.g., plutonium) 
are absorbed from the GI tract in greater 
quantities than the nitrate forms (compare 
control groups in Tables 2-4), presumably 
because of the tendency of nitrate forms to 
polymerize. To determine the influence of 
citrate on 241 Am and 244Cm absorption, 
groups of rats were gavaged with either a 
nitric acid solution (pH 2) or solutions of 
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the nitrate that were brought to incipient 
dryness, then diluted with 5% sodium ci
trate to a concentration of 10 ~Ci/ml, pH 
6. Data obtained from animals gavaged with 
nitrate or citrate solutions of 241Am and 
244Cm (Table 6) indicate that, compared 
with controls, retention and urinary excre
tion increased to the same extent for both 
trivalent actinides. Absorption by adult 
rats that received both radionuclides in 
citrate form increased about fivefold over 
that of controls. 

TABLE 6. Influence of Solubility of the Absorption of 241 Am 
and 244Cm From the Gastrointestinal Tract of Rats.(a) 

2-l1Am 24.lCm 

Tissue Nitrcl1e Citratt' Nitralt-' Citrate 

C~HC \l.S) 0.004 0.017 OOOh 0.03 

Liver 0.0i) I 002 0.00] O.lll 

Total tl.OOb (Ur; tJ.OOS 0.05 
Rl·tention 1iJ) 

UrinE' 0.006 tl.O I IJ.()US 0.01 

Total 0.012 ± 0.001 0.06 ± 0.02 O.lJ16 ± D.OO} 0.06 ± OJ)] 

Absorption 

la) Six rats per group. See text for lieldi!, 
(b) Includ," muscl,' and lung 

In neonatal rats gavaged at 2 days after 
birth (Table 7), there was no difference 
between GI absorption of 241Am and 244Cm 
ci trate and that of 241Am and 244Cm ni
trate; retention of both trivalent actin
ides increased over that observed in 
adults. For 241Am, the increase was about 
1000-fold; for 244Cm, 400-fold. For the 
citrate, comparable increases were 100-fold 
for 241Am and about half that for 244Cm. 
These results indicate that animal age and 
solubility are important factors for pre
dicting absorption from the GI tract. 

TABLE 7. Retention of Americium and Curium by Neonatal 
Rats Gavaged With Nitrate or Citrate Solutions at 2 Days After 
Birth and Killed a Week Later. (a) 

Percent of Gavaged Do,e ± SEM 

Tissue Nitrate (9)(al Citrate (8) Nitrate (6) Citrate (8) 

Carcass .1.1 5.2 2.7 2.5 

Liver 06 0.6 0.2 0.2 

Total Retention 5.8 ± 0.6 5.9 ± OS 1.0 ± 03 2.8 ± 0.1 

GI Tract 3.3 3.3 2.7 3.2 

(a) Number of rats shown in parentheses. See text for details 



Effect of Oxidation State and Solubility on 
the Absorption of Neptunium 

Adult rats were gavaged with either nitrate 
or citrate solutions of 237Np(V) or 
23 7Np(VI). Results (Table 8) indicate that 
citrate had no appreciable effect on ab
sorption of either the pentavalent or hexa
valent oxidation states of neptunium. 

TABLE 8. The Effect of Oxidation State and Solubility on the 
Retention of 237Np in Adult Rats Gavaged With 13.7 mg/kg 
and Killed a Week Later(a) 

Percent of Cavaged Dose ± SEM 

217Np (V) 23 7Np (VI) 

Tissue Nitrate Citrate Nitrate Citrate 

Carcass 0.19 0.18 0.18 0.16 

Liver 0.01 0.01 0.01 0.01 

T ota IReta i ned 0.2 ± 0.0,,) 0.2 ± 0.004 0.2 ± 006 n.1S ± (J.04 

(a) Six rats per group. See text for details. 

The Effect of Mass on the Absorption of 
Neptunium from the GI Tracts of Adult or 
Neonatal Rats 

Our earlier results (Annual Report, 1981) 
indicated that the long-lived isotope 237Np 
(T1 = 2.1 X 106 yr) is absorbed by rats in 
higher quantities (>1.0% of the gavaged 
dose) than the higher-specific-activity 
isotopes 235Np (T1 = 396 days) and 239Np 
(T1 = 2.3 days). 'he latter were absorbed 
in~quantities between.25 and 50 times less 
(0.05%) when a similar amount of radioac
tivity, but not mass, was administered. To 
determi ne if thi s "mass effect" on GI ab
sorption occurred with 237Np, groups of 
rats were gavaged wi th vari ous doses and 
killed a week later for analysis. The re
sults (Table 9) demonstrate that at 24 mg/ 
kg, absorption was 17 times higher than 

when the dose was one-fifth as high. It 
appear!; from the data that the major effect 
of dose occurs between 10 and 24 mg/kg. 
Our ea"lier results (Annual Report, 1981) 
showed that, at more than 43 mg/kg, absorp
t ion WolS 60% hi gher than at the hi ghest 
dose (24 mg/kg) used in the present study. 
The effect of neptunium mass on absorption 
may be due to: 1) an effect of the GI 
tract c·)ntents on the absorption character
istics of neptunium (oxidation state) or 
2) an hcreased permeability of the intes
tinal rrucosa resulting from damaging ef
fects of the high neptunium dose. 

To determine if mass of neptunium adminis
tered had a simi 1 ar effect on newborn or 
j uvenil E' rats, 1 i tters of 1-, 2- and 9-day
old rat~ were gavaged with either 237Np, 
235Np 01' 239Np. The percentage retained 
(Table 10) in the 1- and 2-day-old rats was 
inversely related to the mass: more 23SNp 
was retained than 239Np, probably because 

TABLE 9. Effect of Mass on Absorption of 237Np From the 
Gastrointesti lal Tract of Adult Rats Administered the Nitrate 
(pH 1.5) by ':;avage. 

Dose. f'CI!kg: 
Dose. mg,kg: 
Number of Rets: 

Tissue 

Skeleton(a I 

Liver 

Urine 

Total Retelltiort 
(minus skin an] 
urine) 

17 
24 

6 

7.1 
10 

6 

1.6 
5 
6 

Percent of Cavdged Dose ± SEM 

0.87 i: 0.16 0.09 ± 0.01 0.04 ± 0.01 

0.12 ± 0.02 0.01 ± 0.004 O.OOS ± 0.001 

0.7 ± 0.06 0.09 ± 0.02 O.OS ± 0.007 

1.0 ± 0.2 0.1 ± 0.02 O.OS ± O.OOb 

Total Absoi'ptic n 1. 7 ± 0.2 0.2 ± 0.03 0.1 ± 0.01 
(minus sk,r) 

(a) Ca1culatl:d according to the formula, femur x 24 = skeletal 
2l7Np. The 'actor of 24 is based on prior total skeleton 
measurements, divided by the radioactivity of the femur. 

TABLE 10. Effect of Mass on Retention by Neonatal Rats Gavaged With 237Np 0' 237Np ~itrate (pH 2). 

Isotope: 

Dose, I'Ci/kg: 
Dose. fAg/kg: 
Number of Animals: 
Age at Gavage. days: 
Age at Necropsy, days: 

Carcass 

Liver 

Tissue 

Total GI Tract 

Total (minus skin 
and GI tract)(a) 

118 
1.68 x lOs 

6 
1 
8 

0.43 ± 0.07 

0.03 ± 0.003 

6.1 

0.43 

(a) Total retention includes lung, liver and carcass. 

50 
3.5 X 10-2 

9 
1 

8 

185 
8 x 10-4 

9 
2 
6 

Percent of Gavagec Dose ± SEM 

3.4 ± 0.2 

0.09 ± 0.006 

56 

3.5 

98 

1.24 ± 0.01 

0.03 ± 0.003 

73 ± 8 

1.27 

100 
4.3 X 104 

11 
9 

n 

0.87 ± 0.09 

0.026 ± 0.002 

59.6 ± 1.3 

0.90 



of the I-day age difference. The 9-day-old 
rats retained less 239Np than the 2-day-old 
animals, in contrast to our results for 
23 7Np (Annual Report, 1975). Much more 
radioactivity was measured in the GI tract 
after 235Np and 239Np administration than 
after 237Np. This finding is consistent 
with the effect of mass found for plutonium 
retention (Annual Report, 1976) in the neo
natal rat intestine. 

The Influence of Mass on GI Absorption of 
233U 

Absorption of uranium by humans in indus
trial contamination accidents has been re
ported to be as high as 10%. However, our 
data with 233U- and 232U-gavaged rats indi
cated a much lower value of ~0.01% (Annual 
Report, 1974). We hypothes i zed that the 
difference between the human and ani rna 1 
absorption factors might be due to an ef
fect of dose; and that, 1 i ke neptuni urn, 
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uranium GI absorption is directly related 
to dose. To test this hypothesis, we ga
vaged rats with various doses of uranium. 
Results (Table 11) over a fivefold range of 
doses are in reasonable agreement with our 
previous results, and show no marked mass 
effect. 

TABLE 11. The Weet of Mass on Absorption From the Gastro· 
intestinal Tract of Rats Gavaged With 231U Nitrate. 

Dose, I'Ciikg: 
Dose, mg/kg: 

Tissue 

Skeleton 

Li,er 

Kidneys 

Total Retdined 

48 
5.1 

120 
12.6 

240 
25.3 

Percent of Gdvaged Dose:±. SEM 

0.01 0.01 O.Oe 

0.0003 0.0003 0.0001 

0.002 O.OOg OOOS 

0.013 ± 0.003 0.0 13 ± 0.003 0.02 :±. 0.004 

(a) Five rats per group. See text for details. 


