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Uranyl Nitrate: 28-Day and 91-Day Toxicity Studies in the
Sprague-Dawley Rat. Gilman, A. P., Villeneuve, D. C , Secours,
V. E., Yagminas, A. P., Tracy, B. L., Quinn, J. M., Valli, V. E.,
Willes, R. J., and Moss, M. A. (1998). Toxicol. Sci. 41, 117-128.

Although uranium (U) is a classic experimental nephrotoxin,
there are few data on its potential long-term chemical toxicity.
These studies were undertaken to derive a no-observed-adverse-
effect level (NOAEL) in male and female Sprague-Dawley rats
following 91-day exposure to uranium (as uranyl nitrate hexahy-
drate, UN) in drinking water. Following a 28-day range-finding
study, five groups of 15 male and 15 female weanling rats were
exposed for 91 days to UN in drinking water (0.96, 4.8, 24, 120,
or 600 mg UN/L). A control group was given tap water (<0.001
mg U/L). Daily clinical observations were recorded. Following the
study, animals were euthanized and exsanguinated, and multiple
hematological and biochemical parameters were determined. Nec-
ropsies were conducted, and multiple tissues were sampled for
histopathological examination. The hematological and biochemi-
cal parameters were not affected in a significant exposure-related
manner. Although there were qualitative and slight quantitative
differences between males and females, histopathological lesions
were observed in the kidney and liver, in both males and females,
in all groups including the lowest exposure groups. Renal lesions of
tubules (apical nuclear displacement and vesiculation, cytoplasmic
vacuolation, and dilation), glomeruli (capsular sclerosis), and in-
terstitium (reticulin sclerosis and lymphoid cuffing) were observed
in the lowest exposure groups. A NOAEL was not achieved in this
study, since adverse renal lesions were seen in the lowest exposed
groups. A lowest-observed-adverse-effect level of 0.96 mg UN/L
drinking water can be reported for both the male and the female
rats (average dose equivalent 0.06 and 0.09 mg U/kg body wt/day,

respectively). O 1998Sod«yofTolkotogy.
Key Words: uranium; uranyl nitrate hexahydrate; subchronic

exposure; drinking water; Sprague-Dawley rat; nephrotoxicity.

Naturally occurring uranium (U) salts are common to
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many drinking water supplies, with levels ranging from
0.015 to 980 fj.g U/L of water and an estimated average of
3 fj.g/L (Drury et al, 1981). The wide range of levels of
uranium in drinking water, together with the observation
of consistently higher levels in certain community water
supplies, has raised concerns regarding the potential hazard
of such sources of uranium to human health (Cothern et al,
1983; Cothern and Lappenbusch, 1983; Moss et al, 1983).

Two different types of health hazards could potentially
be associated with exposure to uranium: radiation toxicity
and chemical toxicity (Novikov, 1972; Cooper et al., 1982;
Haley et al, 1982; Cothern et al, 1983). The isotopic mix-
ture of naturally occurring uranium results in about 10 pCi
of alpha radiation per 1.5 îg of uranium. The disposition of
uranium in the body is such that the risk of adverse effects
in kidney or bone associated with the radioactivity is consid-
ered less than the risk of chemical toxic effects (Novikov,
1972; Priest et al, 1982; Moss, 1989). Therefore, a major
focus in assessing potential health hazards associated with

TABLE 1
Mean Uranium Residues (^g/g) in Kidney and Bone Tissues

of Female Rats after 28 Days Treatment with Uranyl Nitrate
(UN)"

Group number
Exposure (mg UN/L):
TWA uranium equivalent dose*

(mg U/kg body wt/day):
Number of animals studied:

Kidney

Bone

1
0

•cO.OOOl
10

<0.2

<0.2

5
120

7.82
5

<0.2

1.78
(0.40)

6
600

40.00
7

Q.9T
(0.19/
4.6CT"

(1.08)

' Reported in Tracy et al, (1992).

'T ime-weigh ted average uranium equivalent dose. Based on terminal

body weight and Week 4 fluid consumption data; uranyl nitrate hexahydrate

X 0.474 = uranium equivalent.
c Significantly different from control group (p < 0.05); Duncan proce-

dure.
d ± standard error of mean.
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TABLE 2
Mean Terminal Body Weight, Body Weight Gain, Food and Water Intake, and Kidney Weights of Female and Male Rats

after 91 Days Treatment with Uranyl Nitrate (UN)

Group number:
Exposure (mg UN/L):

Mean terminal body weight (g)
Females

Males

Mean body weight gain (g)
Females

Males

Mean feed intake (g/animal/day)
Females

Males

Mean fluid consumption (ml/animal/day)
Females

Males

Mean kidney weight (% body weight)
Females

Males

1
0

310.3
(7.7)*

487.0
(13.94)

206.7
(5.7)

389.07
(11.81)

19.79
(0 50)
21.23
(2.52)

34.75
(1.56)
36.76
(144)

0 34
(0.02)
0.28

(001)

2
0.96

3119
(7.9)

521.8
(11.94)

210.6
(8.7)

417.33
(10.94)

20.07
(0.49)
23.21
(2.26)

35.71
(1.53)
35.37
(1.55)

0.33
(0.01)
0.29

(0.01)

3
4.8

315.1
(8.5)

513.7
(14.69)

215.8
(8.3)

408.93
(14.79)

20.07
(0.33)
24.14
(2.97)

35.69
(1.77)
38.75
(1.55)

0.32
(0.01)
0.29

(0.01)

4
24

320.1°
(6.7)

494.9
(15.23)

216.7
(6.5)

391.80
(15.01)

20.32
(0.53)
22.76
(1.94)

34.65
(1.21)
35.92
(2.06)

0.32
(0.01)
0.30

(0.005)

5
120

336.9°
(8 9)

496.2
(9.30)

234.7°
(6.6)

393.67
(7.39)

20.44
(0.65)
23.03
(2.20)

35.91
(135)
34.05
(1.12)

0.31
(0.01)
0.30

(0.01)

6
600

309.5
(6.8)

503.2
(12.29)

210.1
(7.7)

398.53
(13.83)

19.56
(0.54)
22.53
(2.31)

34.43
(1.77)
36.84
(1.37)

0.33
(0.01)
0.30

(0.01)

' Significantly different from group 1: p < 0.05; Duncan's multiple range test.
' ± standard error of the mean with 15 rats per group.

uranium has been upon its chemical toxicity. The U.S. EPA
guidance levels for uranium were formerly estimated based
upon the radiation hazard (Cothem et al., 1983), but chemi-
cal toxicity is now also taken into consideration (U.S. EPA,
1991). Uranium is a classic experimental nephrotoxin, and
its use in high dosage for the induction of acute nephrotoxic-
ity in animals has been well established (Cothern et al.,
1983; Haley, 1982; Haley et al., 1982; Moss, 1989). How-
ever, there are few data on the potential long-term toxicity
of uranium (Haley et al., 1982; Cothern et al., 1983; Leggett,
1989). This study was undertaken to provide an estimation
of the no-observed-adverse-effect level (NOAEL) in rats fol-
lowing exposure to uranium for 91 days.

METHODS

28-day range-finding study. Five groups of 10 male and 10 female
weanling specific pathogen-free (SPF)-derived (about 60 g body wt)
Sprague-Dawley rats (obtained from Charles River Breeding Laboratories
Inc.) were exposed for 4 weeks to uranyl nitrate hexahydrate,
U O J C N O J ^ • 6H2O (CAS No. 13520-83-7), in their drinking water. Simulta-
neously, control rats, 10 males and 10 females (group 1), were administered
drinking water containing less than 0.001 mg U/L (concentration range over
four determinations: 0.00078 to 0.00087 mg U/L). Exposed groups 2, 3. 4.

5, and 6 received drinking water with uranyl nitrate hexahydrate (UN;
supplier British Drug House) added to concentrations of 0.96, 4.8, 24, 120,
and 600 mg UN/L of water, respectively. UN was readily soluble up to
these concentrations using gentle agitation from a magnetic stirrer.

All animals were housed individually in stainless-steel mesh cages with
free access to food (Purina Rat Lab Chow; U < 0.10 ng/g) and dnnking
water, both during the standard quarantine period and during the study.
Detailed clinical observations were conducted daily. Body weights were
measured weekly. Feed intake and fluid consumption data were recorded.
For the 28-day study, time-weighted average (TWA) doses were calculated
from water intake data collected over Week 4 and from terminal body
weights. Uranium equivalents were obtained by multiplying the uranyl ni-
trate hexahydrate value by 0.474.

After 4 weeks of treatment, all animals were anesthetized with ether
and exsanguinated via the abdominal aorta. The following hematological
parameters were determined for each animal: hemoglobin, packed cell vol-
ume (PCV), red blood cell counts (RBC), mean corpuscular volume (MCV),
mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin con-
centration (MCHC), platelet count, and total white blood cell count (WBC).
Cell counts were determined with a Baker 7000 cell counter. Differential
WBC counts were conducted on blood samples from groups 1 (control)
and 6 (600 mg UN/L).

Biochemical determinations were conducted on serum, using a Technicon
SMA 12/60 microanalyzer, and included measurements of sodium, potas-
sium, inorganic phosphate, total bilirubin, alkaline phosphatase (AP), aspar-
tate aminotransferase (AST), total protein, calcium, cholesterol, glucose,
uric acid, and lactic dehydrogenase (LD). Sorbitol dehydrogenase (SDH)

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/41/1/117/1627290 by guest on 23 April 2024



SUBCHRONIC UN TOX1CITY (RAT) 119

TABLE 3
Uranyl Nitrate Dosage (mg UN/kg Body wt/Day°) at Weeks 1, 6, and 12 of Treatment of Female and Male Rats

with Uranyl Nitrate (UN)

Group number 1 2 3 4 5 6
Exposure (mg UN/L)- 0 0.96 4.8 24 120 600

Study week
1 Females 0.0003 0.27 1.32 6.85 32.09 167.21

(0.00001) (0.01) (0.06) (0.23) (0.42) (7.57)*
Males 0.0002 0.20 1.05 5.29 27.63 124.62

(0.00001) (0.006) (0.03) (0.04) (2.00) (2.88)
6 Females 0.0001 0.15 0.75 3.56 18.01 100.19

(0.00001) (0.01) (0.07) (0.12) (0.90) (7.05)
Males 0.0001 0.10 0.56 2.66 13.08 67.76

(0.0001) (0.005) (0.03) (0.17) (0.66) (3.58)
12 Females 0.0001 0.14 0.68 3.16 16.13 84.43

(0.00002) (0.01) (0.04) (0.13) (1.28) (4.77)
Males 0.0001 0.07 0.43 2.18 9 83 49.77

(0.0002) (0.005) (0.04) (0.18) (0.58) (3.87)

TWA uranium equivalent dose (mg U/kg body wt/day)c

Females <0.0001 0.09 0.42 2.01 9.98 53.56
Males <0.0001 0 06 0.31 1.52 7.54 36.73

° Calculated from weekly fluid consumption data and body weights.
* ± standard error of the mean.
c TWA dosage: time-weighted average dosage, calculated from the area under the dose-time curve assuming a linear relationship of dose and time

between Study Weeks 1 to 6 and 6 to 12. Uranium equivalent = uranyl nitrate hexahydrate x 0 474.

activity was determined according to an automated method (Yagminas and kidneys. The following tissues were fixed in 10% buffered formalin (pH
Villeneuve, 1977). 7.4). adrenal, bone marrow, brain (three sections), bronchi, colon, duode-

Gross pathological examinations were conducted on all animals at nee- num. epididymis, esophagus, stomach (gastric cardia, fundus, and pylo-
ropsy. Organ weights were obtained for brain, heart, liver, spleen, and rus), heart, kidney, liver, lungs, mesentenc and mediastinal lymph nodes,

TABLE 4
Selected Hematological and Biochemical Parameters of Female and Male Rats after 91 Days Treatment with Uranyl Nitrate (UN)

Group number:
Exposure (mg UN/L)-

Mean hemoglobin (g/L)
Females

Males

Mean erythrocytes (X IO'2/L)
Females

Males

Mean corpuscular hemoglobin (pg)
Females

Males

Mean glucose (mmol/L)
Females

Males

1
0

145

or
145

(3)

6.69
(0.08)
7.59

(0.18)

20.9
(0.2)
19.2
(0.2)

8.9
(0.2)
8.7

(0.2)

2
0.96

147

(1)
146

(1)

7.16
(0.07)
7.84

(0.10)

20.5
(0.2)
18.7
(0.2)

8.2
(0.2)
8.8

(0.2)

3
4.8

149
(2)

145
(1)

7.18
(0.10)
7.74

(0.08)

20.7
(0.2)
18.8
(0.1)

8.4
(0.3)
9.5*

(0.3)

4
24

150*
(2)

148
(1)

7.36'
(0.11)
7.84

(0.08)

20.3*
(0.1)
18.8
(0.1)

8.5
(0.2)
9.0

(0.2)

5
120

147
(1)

145
(1)

7.22
(0.10)
7.64

(0.10)

20.3'
(0.2)
19.0
(0.2)

8.5
(0.3)
9.4'

(0.2)

6
600

148
(1)

143
(2)

7.26
(0.10)
7.62

(0.12)

20.3*
(0.1)
18.8
(0.2)

8.8
(0.3)
9.1

(0.3)

° ± standard error of the mean with 15 rats per group.
* Significantly different from group 1: p < 0.05; Duncan's multiple range test.
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TABLE 5
Uranium Residues (/xg/g) in Selected Tissues of Female and Male Rats after 91 Days Treatment with Uranyl Nitrate (UN)"

Group Number
Exposure (mg UN/L).
TWA uranium equivalent dose*

(mg U/kg body wt/day)
Females:
Males:

Animals sampled (female/male).

<0 0001
<0.0001

15/15

5
120

9.98
7.54
6/5

6
600

53.56
36.73
6/6

Kidney
Females

Males

Bone
Females

Males

Brain
Females
Males

Liver and spleen
Females and males

<0.2

<0 2

<0.2

<0.2

na
na

0.42
(0.04)'
0.42

(0.07)

0.50
(0.14)
0.40

(0.15)

na
na

1.67
(0.37)
2.12

(0.81)

0.73
(0.13)
0.97

(0.14)

nd
0.43

(0.53)

nd

Note na, not analyzed; nd, not detected.
" Reported (kidney and bone) in Tracy et al. (1992).
* Time-weighted average uranium equivalent dose. Calculated from the area under the dose-time curve assuming a linear relationship of dose and

time between Study Weeks I to 6 and 6 to 12 Uranium equivalent = uranyl nitrate hexahydrate X 0.474.
' ± standard error of mean.

ovary, pancreas, parathyroid, pituitary, salivary glands, skeletal muscle,
spleen, testes, thoracic aorta, thymus, thyroid, trachea, and uterus. All
tissues were processed through paraffin embedding, sectioned at 6 ftm,
and stained with hematoxylin and eosin (H&E). The blocks containing
renal tissue were subsequently recut at 5 /jm and stained with H&E,
Heidenhain's iron hematoxylin (HN), and periodic acid-Schiff, methena-
mine-silver (PAMS) for more specific identification of cytoplasmic and
basement membrane changes. Fatty change in the liver was confirmed in
frozen sections as previously described (Villeneuve et al., 1979). The
animals and tissues were examined by a pathologist without knowledge of
the experimental protocol, according to a predetermined and standardized
scoring system provided in the Lab Cat program for histopathology (Inno-
vative Programming Associates, NJ) which incorporated a severity scale
from normal or minimal change (I), to mild (2), moderate (3), and marked
change (4) for each tissue examined. Tissues were also evaluated within
these categories as to whether the changes were focal, locally extensive,
multifocal, or diffuse.

Uranium residues were examined in samples of brain, liver, spleen, blood,
kidney, and bone from all female dose groups but not males, as reported
in Tracy et al. (1992), with a lower limit of detection of about 0.03 ^g/g.

Statistical analyses of all data other than the pathology scores were earned
out using a one-way analysis of variance, followed by a Duncan's multiple
range test to assess which groups were significantly different (p < 0.05)
from the controls (Nie et al., 1977). The incidence scores of histopathologi-
cal lesions were analyzed by the Fisher exact test. Kidney and liver lesion
severity scores were evaluated by an analysis of variance followed by
Duncan's multiple range test and by Dunnett's / test.

91-day subchronic study. The exposure levels for the 91-day study
were identical to those in the 28-day range-finding study. The number of
animals was increased to 15 per sex per group. The animals were necropsied

after 13 weeks of treatment. Water and food intake were measured during
three weekly periods (Weeks 1, 6, and 12) Otherwise, the experimental
conditions of the study and the collection and analyses of various samples
were as described for the 28-day study.

The TWA doses were calculated from the area under the dose—time
curve, assuming a linear relationship of dose and time between Study Weeks
1-6 and 6-12. Body weights measured al these times were used in the
calculations.

RESULTS

28-Day Range-Finding Study

The time-weighted average equivalent dose of uranium,
expressed as mg U/kg body wt/day, for groups 1 - 6 , respec-
tively, were <0.0001, 0.07, 0.33, 1.65, 7.82, and 40.00 for
females, and <0.0001, 0.05, 0.27, 1.34, 6.65, and 35.30 for
males. No differences in clinical signs were observed be-
tween the exposed and control rats. No significant dose-
related effects were observed on body weight gain, feed
intake, or fluid consumption.

No dose-related effects were evident in hematological pa-
rameters, including hemoglobin, PCV, RBC, MCV, MCHC,
platelet count, WBC, and differential white blood cell counts.
Serum uric acid levels appeared to increase with the level of
uranyl nitrate treatment, although only group 6 females showed
uric acid levels significantly greater than controls (i.e., 1.64 vs
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TABLE 6
Kidney and Liver Lesion Incidence Summary in Male Rats after 91 Days Treatment with Uranyl Nitrate (UN)

Group number
Exposure (mg UN/L):
Animals examined per group:

Kidney
Glomerular adhesions
Tubular

Cytoplasmic shedding
Cytoplasmic inclusions
Apical displacement of nuclei
Cytoplasmic vacuolation
Nuclear vesiculation
Tubular dilation
Tubular atrophy
Cytoplasmic degranulation

Interstitial
Collagen sclerosis
Reticulin sclerosis
Lymphoid cuffing

Liver
Accentuation of zonation
Nuclei

Anisokaryosis
Vesiculation
Hyperchromicity

Cytoplasm
Increased portal density
Penvenous vacuolation
Increased penvenous homogeneity

1
0
15

r
13
14
0
0
0
0
0
0

0
4
0

0

0
0
0

1
0
3

2
0.96

15

4

9
14
6
9
6
4
0
2

1
5
6

2

5
0
0

1
5

14

3
4.8
15

10

12
13

1
7

10
5
0

11

2
8
6

1

10
7
1

1
1

14

4
24
15

10

12
15
5

12
6

10
1

13

1
5
2

0

14
2

12

5
3

13

5
120
15

10

14
14
0
9
6
4
3
7

2
8
7

8

15
0

15

15
0

15

6
600
15

11

13
13
2
7
5
5
1
7

12
10
10

10

15
0

15

13
0

15

1 Number of animals in group with indicated abnormalities.

1.18 mg/dl; p < 0.05). Other clinical chemistry parameters
were not affected in a dose-related manner.

Compared to controls there were no significant differences
in organ weights of males or females, in any dose group at
the conclusion of this study. Significantly increased tissue
uranium levels were detected in the kidney and bone in
group 6 females (Table 1). Tissue uranium levels were not
measured in males in the 28-day study.

Gross pathological examination was performed in all ani-
mals, but histopathological evaluation was performed only
on the control group and the highest exposure group (600
mg UN/L). Quantitative analysis of the histopathological
data did not identify any significant differences between con-
trol and high-dose animals in either the male or the female
group, although there was a very small increase in the num-
ber of affected animals in the high-dose group. Based upon
these observations, the 91-day toxicity study was designed
using the same dose levels as the 28-day study.

91-Day Subchronic Study

No treatment-related clinical signs were observed in the
exposed animals. Terminal body weights were statistically

greater in groups 4 and 5 than in control (group 1) females.
Group 5 females had a significantly greater body weight
gain than group 1. However, these differences did not appear
to be dose-related. There were no significant dose-related
differences in kidney weight expressed as a percentage of
body weight (Table 2). No significant differences were ob-
served between control and exposed groups in average feed
intake or water consumption (Table 2). Mean fluid consump-
tion increased between Weeks 1 and 6 of the study; however,
there were no significant dose-related differences. Since the
concentrations of uranyl nitrate in the drinking water re-
mained constant throughout the study, the dosage of uranyl
nitrate per kilogram body weight decreased with age (Table
3). This decrease was most pronounced during the first 6
weeks of the study. The time-weighted average equivalent
dose of uranium, expressed as mg U/kg body wt/day, for
groups 1 through 6, respectively, were <0.0001, 0.09, 0.42,
2.01, 9.98, and 53.56 for females and <0.0001, 0.06, 0.31,
1.52, 7.54, and 36.73 for males (Table 3).

Hemoglobin and RBCs were significantly increased in
group 4 females, and MCH values were slightly but signifi-
cantly decreased in groups 4, 5, and 6 females (Table 4).
Serum glucose levels were significantly increased in groups
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TABLE 7
Kidney and Liver Lesion Incidence Summary in Female Rats after 91 Days Treatment with Uranyl Nitrate (UN)

Group number
Exposure (mg UNA.):
Animals examined per group:

Kidney
Glomerular adhesions
Capsular sclerosis
Tubular

Cytoplasmic inclusions
Cytoplasmic vacuolauon
Anisokaryosis
Nuclear vesiculation
Pyknosis
Tubular dilation
Tubular atrophy
Cytoplasmic degranulation

Interstitial
Collagen sclerosis
Reticulin sclerosis

Liver
Accentuation of zonation
Nuclei

Amsokaryosis
Vesiculation
Hyperchromicity

Cytoplasm
Increased portal density
Increased perivenous homogeneity

1
0
15

0

14
1
0
0
0
0
0
1

1
1

0

0
7
0

0
4

2
0.96

15

15
5

13
3
4
6
3
0
0
6

3
9

5

11
15
0

11
10

3
4.8
15

13
4

15
6
3
6
2
1
2
3

2
8

3

15
13
2

15
14

4
24
15

15
3

14
2
8
7
3
1
1
5

1
7

4

15
12
6

14
13

5
120
14

14
6

14
4
4
4
7
0
0
9

0
6

4

14
8

13

11
9

6
600
14

14
5

14
2
7
7
3
3
1
5

2
5

3

14
11
14

12
14

1 Number of animals in group with indicated abnormalities.

3 and 5 males (Table 4), and serum sodium levels were
decreased in group 3 females. No dose-related trends were
evident in these parameters, and no significant differences
were observed in other biochemical parameters. Uranium
residues were detected in bone and kidneys from males and
females in groups 5 and 6; the kidney uranium concentra-
tions in group 6 were about fivefold greater than those mea-
sured in group 5 (Table 5). Brain samples from males in
group 6 also had detectable levels of uranium, whereas levels
in liver and spleen samples were undetectable.

The incidence and severity of selected kidney and liver le-
sions are summarized, by exposure group, for males and fe-
males, in Tables 6—9. Significant renal histological changes
(Figs. 1—6) were observed in males in tubules at the lowest
exposure level with dilation (Fig. 2), apical displacement (Fig.
3), and vesiculation of tubular nuclei (Fig. 6), and cytoplasmic
vacuolation (Fig. 3) and degranulation (Fig. 4). Other lesions,
including glomerular adhesions and focal tubular degranulation,
became significantly different above the 4.8 mg UN/L exposure
level. Females had significant changes to both glomerular and
tubular elements, the most important consisting of focal sclero-
sis of glomerular capsules (Fig. 5) and anisokaryosis and vesic-
ulation of tubular nuclei. Reticulin changes were more signifi-
cant than collagen changes in the renal supporting connective

tissues. Overall, the most important changes in the female study
were sclerosis of glomerular capsules and reticulin sclerosis of
tubular basement membranes and interstitial scarring, both of
which are nonreparable lesions and occurred at the lowest expo-
sure level.

Adaptive and likely reversible changes occurred in the
liver of male and female rats including accentuation of zona-
tion and anisokaryosis. Sinus hyperplasia was observed in
the spleen of both males and females in a treatment-related
manner which reached a significant difference from controls
in group 6 (data not shown).

Nonspecific and likely reversible changes of the thyroid gland
were similar in both sexes, but were more severe in males.
Multifocal reduction of follicular size with increased epithelial
height was a common observation in both sexes. Only males
had decreased amount and density of colloid. These differences
were significantly different from controls in groups 3-6 (males)
and in groups 4 and 6 (females) (data not shown).

Although histopathological findings were generally less
severe in the female animals, statistically significant changes
to the liver and kidney were detected at the lowest exposure
level in both females and males. In terms of permanent
injury, the renal changes are the most significant in both
male and female rats. It would appear that on the basis of
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TABLE 8
Statistical Evaluation of Kidney and Liver Lesion Incidence Data for Male and Female Rats

after 91 Days Treatment with Uranyl Nitrate (UN)"

Group number:
Exposure (mg UN/L):

2
0.96

3
4.8

4
24

5
120

6
600

Kidney
Glomerular adhesions
Capsular sclerosis
Tubular

Arusokaryosis
Pyknosis
Apical displacement of nuclei
Nuclear vesiculation

Cytoplasmic vacuolaiton

Cytoplasmic degranulation

X

X

* *

* *

X X
* * *

X

X

* • *

X X
+ •

X
* * *

* *

X X

*

• •

X X
• * •

* * *

* *

X X

X

X X

• •

X
* * *

* *

X X

* *

X

X X

*

X X
* *

* *

Tubular dilation
Interstitial

Collagen sclerosis
Reticulin sclerosis

Lymphoid cuffing
Liver

Accentuation of zonation

Nuclei
Anisokaryosis

Vesiculation

Hyperchromicity

Cytoplasm
Increased portal density

Perivenous vacuolation
Increased perivenous homogeneity

" Fisher exact test.

Male Female Significantly

* X
** XX

••* xxx

*

XX
• •

X

*

xxx

XX

xxx
*

***
X

different from control group

p < 0.05
p < 0.01
p < 0.001

*

XX
• •

* * •

xxx
**
X

xxx

***
xxx

• •*

X

X

• *•

xxx

***
XX

xxx

**
XX

X
• *

**

X

• • •

xxx

*•*
xxx

• •*
xxx

***
X

*

+ + +

*

***

* * •

• t *

xxx

* • *

xxx

***
xxx

+ •*

xxx

these histopathological findings, a no-observed-effect-level
for uranyl nitrate was not observed in this study.

DISCUSSION

Exposure-related signs of toxicity or modifications in nor-
mal appearance or behavior were not found in rats exposed
to UN for 91 days at levels up to 600 mg/L drinking water
(equivalent to a time-weighted average equivalent dose of
37 or 54 mg U/kg body wt/day for males and females, re-
spectively).

Histopathological lesions were observed primarily in the
liver, thyroid, and kidney in the rats exposed to UN. The
lesions of the liver which were generally nonspecific nuclear
and cytoplasmic reactive changes apparent in both males
and females of all exposure groups were directly related to
uranium exposure. The incidence and severity of liver le-
sions increased with dose, even though the uranium levels
in the liver were below detection. Thyroid lesions similar to
those observed in this study have also been reported in other
subacute and subchronic rat studies involving different toxi-
cants (Chu et at, 1983, 1984), and would not seem to be
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2
0 96

3
4.8

4
24

*

5
120

6
600

*

XX

X X

TABLE 9
Statistical Evaluation of Kidney and Liver Lesion Severity Data for Male and Female Rats

after 91 Days Treatment with Uranyl Nitrate (UN/

Group number:
Exposure (mg UN/L):

Kidney
Glomerular adhesions
Glomerular congestion
Tubular

Cytoplasmic shedding
Cytoplasmic inclusions
Cytoplasmic vacuolation
Cytoplasmic degranulation
Apical displacement of nuclei
Anisokaryosis
Nuclear vesiculation
Tubular dilation
Tubular atrophy
Protein casts

Interstitial
Collagen sclerosis
Lymphoid cuffing

Liver
Accentuation of zonation
Nuclei

Anisokaryosis

Vesiculation

Hyperchromicity

Cytoplasm

Increased portal density

Perivenous vacuolation
Increased perivenous homogeneity

Increased perivenous and midzone homogeneity

XX

XX

X

XX

X
**
**

*
XX

X

XX

**

XX

**
XX

X
+*

XX

XX

**

XX
XX

*•

XX

•*

XX

• *

XX

*•

XX

XX

X
**

XX

XX

**

XX

° Dunnett's ( test.

Male Female Significantly different from control group

x
XX

p < 0.05
p < 0.01

specific to uranium exposure. As reported by others (Haley,
1982; Haley et ai, 1982; Morrow et ai, 1982; Cothern et
ai, 1983), the major tissue affected was the kidney. In males,
the major kidney lesions were vesiculation and apical dis-
placement of the proximal tubular nuclei and cytoplasmic
vacuolation and tubular dilation. These tubular changes may
result in permanent injury to basement membranes with loss
of nephrons and reduced renal function. Similar kidney le-
sions have been reported in acute exposure studies to UN
and other uranium compounds in the rat (Haley, 1982; Haley
et ai, 1982; Lim et ai, 1987). Thickened tubular basement
membranes which may be not uranyl related were also iden-
tified (Fig. 2).

In the exposed females, the most important changes were
glomerular capsular sclerosis and reticulin sclerosis of the
interstitial connective tissues. These focal changes, while not
severe, are important because they are nonreparable, and
would limit the kidney's functional reserve. Sustained expo-
sures would likely increase the number of damaged glomeruli
and ultimately would impair renal function. The finding of
increased severity for cytoplasmic inclusions in the group 5
males which was reduced to a mild level in group 6 may
result from uranyl inhibition of hepatic a2-microglobulin pro-
duction, resulting in reduced renal accumulation. This was
not found in females, and may reflect androgen dependence
for the deposited protein. Lesions of the glomerular apparatus
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FIG. 1. Renal cortex from a female rat in the control group of the 91-day study. (A) Outer stripe cortex. Glomerular and tubular basement membranes
are of normal and uniform thickness (arrow) and proximal and distal tubules have uniform diameter, cytoplasmic volume, and nuclei. PAMS X320 (B)
Section to adjacent (A) demonstrating normal depth of cytoplasmic staining in proximal (dark) and distal (light) tubules. HN X320.

have been reported elsewhere following acute exposures to
UN in male Sprague-Dawley rats (Haley, 1982) and in fe-
male Sprague-Dawley rats (Avasthi et al., 1980), and to
uranyl acetate in white rabbits (Kobayashi et al., 1984).

In addition to the contrast between males and females in
the type of kidney lesions observed, there were quantitative
differences in their sensitivity to uranyl nitrate, which cannot
be accounted for on the basis of uranium dosage: females
consumed a higher time-weighted average dose (mg U/kg
body wt/day) than males in every exposure group (Table 3).

Despite these qualitative and quantitative differences, kid-
ney toxicity was evident at the lowest exposure level used
in both males and females (i.e., 0.96 mg UN/L drinking
water for 91 days; equivalent to time-weighted average doses
of 0.06 or 0.09 mg U/kg body wt/day for males and females,
respectively). Transient proteinuria and marked renal mor-

phological changes have been reported in rats following a
single exposure of 50 fig UN/kg body wt, but this was fol-
lowing parenteral administration (Bentley et al., 1985).

The explanation of the observed qualitative and moderate
quantitative differences in sensitivity between male and fe-
male rats in the development of kidney lesions following
UN exposure is not readily apparent. The renal toxicity of
administered nephrotoxins may depend in part upon the sex
of the animal (Ackerman and Hook, 1984). Adaptive re-
sponses of dog kidney to acute intravenous and inhalation
exposure of uranyl fluoride has been described (Morrow et
al., 1982). The possibility of an acquired tolerance to ura-
nium on the basis of morphological changes observed in
regenerated proximal tubular cells has been recently re-
viewed (Leggett, 1989). It was suggested that the reduction
in microvilli on luminal surfaces would result in reduced
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FIG. 2. Outer stripe renal cortex from a male rat which received 0.96 mg UN/L for 91 days. Multiple profiles of markedly dilated distal convoluted
tubules. Epithelium is irregularly flattened and nuclei are irregularly spaced (arrowhead) and focally protruding into the lumen. Basement membranes
are normal surrounding the dilated tubules and thickened around adjacent proximal tubules of reduced diameter (arrows). PAMS X160.

attachment of uranium to cell surfaces and thereby reduce its
entry into cells. This may partly explain some experimental
observations of apparent tolerance, but the significance of
any such long-term protective effects remains uncertain.

Differences between males and females in sensitivity of
the kidney to uranium do not seem to correlate with tissue
uranium residue levels. Uranium concentrations in the kid-
ney were only moderately higher in males than in females

FIG. 3. Inner stripe renal cortex from a male rat which received 0.96 mg UN/L in drinking water for 91 days. Multifocal vacuolation of cytoplasm
in a segment of proximal convoluted tubule with normal basement membranes. The vacuoles variably surround the nuclei and extend to the basement
membrane (arrows). H&E X720
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FIG. 4. Renal cortex from a male rat which received 120 mg UN/L in drinking water for 91 days. Multiple profiles of tubular injury with typical
loss of density of cytoplasmic staining due to degranulation. HN X320.

in group 6, and similar in both sexes in group 5. This obser-
vation is surprising in view of the larger time-weighted aver-
age dose of uranium received by females. The increase in
uranium residue level in kidney from group 5 to group 6 is
proportional to the increase in dose level between those
groups (Table 5). This suggests that basic pharmacokinetic
parameters are similar between the sexes, and does not ac-
count for the reduced sensitivity in females.

A no-observed-adverse-effect level (NOAEL) was not
achieved in male or female rats in the current study, since
adverse renal and hepatic changes were seen in all exposed

groups. Based upon the frequency and degree of nonrepara-
ble degenerative lesions in the renal proximal convoluted
tubule in males, and in the glomerulus of females, a lowest-
observed-adverse-effect-level (LOAEL) of 0.96 mg UN/L
drinking water can be reported for both the male and the
female rats (TWA uranium equivalent dose 0.06 and 0.09
mg U/kg body wt/day, respectively). A simple linear inter-
polation of the kidney residue data available in Table 5
suggests that kidney tissue uranium concentrations would
be close to the limit of quantitation (0.2 /J,g/g) at this expo-
sure concentration.

•L, fin
FIG. 5. Renal cortex from a female rat which received 600 mg UN/L of drinking water for 91 days. There is marked and irregular thickening of the

parietal layer of Bowman's capsule typically opposite the vascular pole of the glomerulus (arrow). PAMS X320.

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/41/1/117/1627290 by guest on 23 April 2024



128 GILMAN ET AL.

• _ « •?•"

FIG. 6. Renal cortex from a maJe rat which received 600 mg UN/L of drinking water for 91 days Focus of glomerular injury with accumulation of
protein in the urinary space of the glomerulus and protein casts irregularly dilating adjacent proximal tubules (arrow). There is irregular vesiculation and
pyknosis of nuclei with loss of tubular cytoplasmic staining density. Affected tubules have normal basement membranes (arrowhead). PAMS X320.
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