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it has been demonstmted that uranlum Is an embryolfetal toxl-

" cant when given orally or subcutaneously to pregnant mice. On

the other hand, maternal stress has been shown to enhance the
developmental toxicity of a number of metals. In this’ study,

- maternal toxicity and developmental effects of a concurrent ex-

posure to uranyl acetate dihydrate (UAD) and restraint stress
were evaluated in rats. Four groups of pregnant animals were
given subcutaneous injections of UAD at 0.415 and 0.830 mg/

_kglday on Days 6 to 15 of gestation. Animals In two of these

groups were ‘also sub]ected to restralnt for 2 hr/day during the
same gestational days Control groups included restrained and
unrestralned pregnant rats not exposed to UAD. Cesarean sec-

‘tions were performed on gestation Day 20, and the fetuses were

welghed and examined for malformations and variations. Ma-
ternal toxicity and embryotoxicity were noted at 0.830 mg/kg/
day of UAD, while fetotoxicity was evidenced at 0.415 and 0.830

-mg/kg/day of UAD by significant reductions in fetal body welght

and Increases in the total number of skeletally aﬂected fetuses.
No teratogenlc effects were noted In any group Maternal re-
straint enhanced uranium-Induced embryolletal toxlclty only at
0.830 mg/kg/day, a dose that was also significantly toxic to the

"dams. As In previous studles with other metals, maternal stress

enhances uranlum-induced developmental toxicity at uranlum
doses that are highly toxic to the dams; however, at doses that
are less acutely toxlc the role of maternal stress would not be
slgnlﬁcant.Exp Baol Med 228 1072-1077, 2003
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:

Ithough uranium (U) exposure can result in both
Achemxcal and radiological toxlcxty. in general
chemical ‘toxic ‘effects from uranium compounds
occur at lower exposure levels than radlologlcal toxxcnty (1)
Uranium from the envxronment enters the human’ body by
ingestion with food and drink, and by inhalation of airborne
uramum-contammg dust parucles or aerosols Q). Moreover,
4in recent years the use of depleted uranium (DU) in muni-
tions -has given rise to a new exposure route for this haz-
ardous heavy metal (3-5). .o
" ‘There is an extensive literature on the general toxxcxty
of dranium from mhalatlon, mgestxon and m_|ectlon expo—
sures (6-9). However, until recent years llttle attcnhon was
paid to the potential toxic effects of uranium on reproduc-
tion and development (10, 11). Moreover, most experimen-

tal studies on uramum-mduced dcvelopmenta] toxicity have

been performed 'in a sole species of mammals. mice (11).
Information concemmg developmental toxic effects of DU
in mammals is even more meager. It is hm:ted to one study

in rats implanted with DU pellets, in which it was shown

that DU crossed the placental bamer and entered fetal tls-
sue (12). :

. Therefore, mvesttgatlons on’ uramum toxtcxty durmg '
pregnancy would be of interest. Consequently, the present
study was designed to obtain an overall undcrstandmg about
'the toxic effects of uranium during the period of organo-
genesis. The maternal and dcvelopmental toxicity of subcu-
taneous exposure to uranyl acetate was assessed in pregnant
‘rats. On'the other hand, various studies’ have ‘shown that
‘matemal stress during gestation can enhance the adverse
effects on the development of fetuses and neonatés mduced
by elements such as alumxnum. arsenic, and mercury (13—
‘16). While pregnant women can be potenually exposed to
uranium through the diet, inhalation, or can experience con-
‘tamination through wounds (6), they can be also concur-
rently sub_]ected to various types of stress. Therefore, in this
investigation we also examined whether ‘matémal restraint

‘could enhance the potential adverse effects of uranium in

rats. Among the animal models to examine the ‘effects of

‘matemal stress on the developmental toxicity of a chemical,

restraint has been widely sed (13-19).
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Materials and Methods

Animals. Sexually mature male and female Sprague-
Dawley rats (220-240 g) were obtained from Criffa (Bar-
celona, Spain). Animals were housed in plastic cages in a
climate-controlled facmty ‘with a constant day-night cycle
(light: 0800-2000 hr) at a temperature of 22 + 2°C, and a
relative humidity of 50 + 10%. After a'quarantine period of
7 days, female rats were mated with males (2:1) until copu-
lation was detected. Finding of sperm indicated copulation
and the day of detection was designated as Day 0 of gesta-
tion. Food (Panlab rodent chow, Barcelona. Spain) and tap
water were available ad libitum. The use of animals and the
experimental protocol were approved by the Animal Care
and Use Committee of the “Rovira i Virgili” University.

Chemical. Uranyl acetate dihydrate (UAD) was pur-
* chased from E. Merck (Darmstadt, Germany) It was in-
Jcctcd subcutaneously in solutwns 0f 0.9% saline at doses of

0415 and 0. 830 mg/kg/day on gestation Days 610 15. These

doses are approxlmately equal to 1/20 and 1/10 of the acute
subcytaneous LDy, of UAD in adult rats (20).

Treatment. Pregnant rats were randomly divided into -

6 groups and received the followmg treatments. A control
group was unrestrained and subcutaneously injected with
0.9% saline. A second group of animals (restraint only
group) was immobilized for 2 hr/day on gestation Days 6 to
15 by placing the animals in metacrilate cylindrical holders
from Letica Scientific Instruments (Panlab, Barcelona). The
restrained rats were held in a prone. position with paws
immobilized with elastic adhesive tape. According to pre-
vious studies in mammals, this procedure produces stress in
pregnant animals (14, 16, 19). Rats in the third and fourth
groups (uranium-treated groups) were given subcutaneous
injections of 0.415 and 0.830 mg/kg/day of UAD solutions.
Finally, rats in the fifth and sixth groups (combmed uranium
and restraint groups) received subcutaneous injections of
0.415 and 0.830 mg/kg/day of UAD on gestation Days 6 to
15, concurrently with restraint stress for 2 hr/day during the
same days.
_ Maternal and Fetal Observatlons. Rats were ob-
served daily for food consumption, body weight gain, and
clinical signs of toxicity. On gestation Day 20, all animals
were euthanized with diethyl ether. Matemal body, liver,
kidney, and uterine weights were recorded. Dams were
evaluated for the status of uterine implantation sites (i.e.,
number of sites, resorptions, and dead and live fetuses).
Live fetuses were weighed, sexed, and examined for exter-
nal malformations and variations. To examine internal and
skeletal abnormalities, animals were randomly distributed
in 2 groups. Approximately one-half of the available fetuses
were fixed in 95% ethanol, cleared with 1% KOH, stained
with Alizarin red S, and examined for skeletal malforma-
tions and variations (21). The remaining fetuses were fixed
in Boum s fluid, sectioned, and evaluated for internal ab-
normalities (22). All fetuses were examined by observers
who were blind to’ ‘the treatment conditions.

Uranium Analysis. Samples of kidney, spleen, liver,

and placenta were taken from all dams in each group. In -

turn, 1 (whole) fetus per litter was randomly selected for
uranium analysm Uranium concentrations were determined

" by inductively coupled plasma-mass spcctrometry (Perkin

Elmer, Elan 6000) according to prevxously described meth-

‘ods (23, 24).

Data Analysis. The unit of comparison was the dam,

_the fetus, or the litter. Results of the quantitative continuous

vanables (e.g., maternal body wexght gain, organ welghts
and fetal weights) were compared using 2-way analysis of
variance followed by the Bonferroni method for multiple
comparisons. Maternal deaths, the number of dams with
completely resorbed litters, and the incidence of fetal
anomalies were evaluated using the Kruskal-Wallis test and
the Mann-Whitney U-test. Significance was set at P = 0.05.

Results

early deliveries, or completely resorbed litters due to ura-
nium only, restraint alone, or combined UAD (0.415 mg/
kg/day) and immobilization. However, 25% (3 of 12) of
dams in the group concurrently exposed to 0.830 mglkg/day
of UAD and restraint during organogenesis carried com-
pletely resorbed litters. One dam (9%, 1/12) also died in this
group. On the other hand, in comparison with the results of
the control group no significant differences in maternal food
consumption and body weight gain, body weight at termi-
nation, corrected body weight, corrected body 'weight
change, and absolute and relative liver and kidney weight
were found in the groups exposed to restraint only and 0.415
mg/kg/day of uranium alone, as well as in the group given
uranium at 0.415 mg/kg/day plus maternal restraint (except-
ing a significant decrease in corrected body weight change
and an increase in. absolute and relative kidney weight)
(Table I). By contrast, uranium exposure at 0.830 mg/kg/
day caused significant reductions in food consumption on
gestation Days 0 to 20 (only in the uramum plus restraint
group), body welght gain on gestatxon Days 0 to 20, body
weight at termination, gravid uterine wei ight, corrected body
weight change, and absolute and relative kidney weight.
Notwithstanding, maternal restraint did not cause signifi-
cant differences in these parameters between the groups
exposed to 0.415 and 0.830 mg/kg/day of UAD alone and
those in which UAD was given at these doses combined
with restraint (Table I).

Developmental Toxicity. Data on pregnancy out-
come measures are shown in Table II, There were no sig-
nificant differences among groups in the number of total
implants per litter, the number of viable and nonviable im-
plants per litter (with the exception of an increase in the
number of nonviable implants in the group, concurrently
exposed to 0.830 mg/kg/day of UAD and restraint), or in the
sex ratio. However, the percentage of postimplantation loss
in the group given 0.830 mg/kg/day of UAD plus restraint
was significantly higher than those in the control group and
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Maternal Toxlclty Thcre were no deaths, abomons,

(;.



Table I. Effects of Uranium, Matemal Restramt ‘and Combined Uranium and Restrafnt on Maternal Toxicity in
. _Pregnant Rats .

Uranium (mg/kg/day) 0 . .. 0 0415 0.830. . 0.415 0.830
Type of stress None Restraint None None Restraint Restraint .
.Data at termination L . P . A .
No. of dams : ' ’ 1 .10 12 SRl 1" 12
Food consumption (g’dam) on 479.00+66.29* 462.90274.47° 4119026580 400.83252.11°® 41475+ 36.78* 364.67 £ 54.55°
gestation Days 0-20 T . e R
Body welght gain (g) on gestation ~ 270.44 22957  246.90 = 25.04° 24! 50 21.94* 187.17220. 76° 227.152 18.94*  181.50255.28°
Days 0-20 - : K ' S ‘ .
Body weight at termination (9) 420.64+19.41° 41030+ 32.82" 378 36 2 18.11*" 331912 64 91"° : 389.80+21.59° 312,811 54.38°
Gravid uterine weight (g) -7, 89.29:16.47° ' 853521347 B0.24 1042 6133212507 78731 12.95% . 50.51 £ 31.89°
. Corrected body weight (g)' - - 304.07£90.37°" 327.57+27.13*° 292001 22.88*° 259.90+4820" 303.811+26.64°° 274.17128.53%
* Cormected body weight change (@2 6571114.39" 61.04+ 1171  56.01+23.06">  40.36 x 18.99% 39.97 £ 12.89> 24,85+ 15.39°
Liver weight (g) B g ' 14742145 1412+ 1.68 1425+ 1.68 14.24 £2.95 1467+ 1.99 .13.02+ 1.87
Relative liver weight (%)’ 44412038 4312043 4.88 £ 0.50 540179 4.83 £ 0.55 - 4,67 £049
Kidney weight {(g) 1.87x£0.17° 1792 0.18* 2.36 + 0.50™ 3.90 + 1.06° 275+ 051° 3.84 £ 0.94°
.+ Relative kidney weight (%)? © 0.56+0.04° 0.54 = 0.04* 0.93£0.36* . 1382052° - .0.972020° - 135:026°

" Results are expressed as mean values + SD. ! Corrected body weight = (Body weight at sacrifice)~(Gravid utering wetght) 2 Corrected body
- welght change = (Corrected body weight)-(Body welght on gestation Day 0). ? Relative liver and kidney weight were calculated as percentages
of corrected body weight Values In the same row showmg a common superscript (a b,c d) are not significantly dufferent at P <0, 05

Table Il Effects of Uramum Matemal Restramt and Combined Uranlum and Restramt on Gestatlonal

-

Parameters in Pregnant Rats

; Uranium (mg/kg/day)

. 0.830

0 B 0.415 : 0.830 0.415
.. Type of stress, . None . Restraint _None . None Restraint . . . Restraint
No. of dams - o 11 . 10 12 11 BRERTENS | IR IRV - B
No. of implantsflitter, ... 1482x240 1460259 15172 1.80 16 54 +225 1527 +1.85 .15.42+3.37
No. of viable implants/litter 1445239 14.20+ 2.78 '14.50 + 1.58 13452432 1418z 2.89 9.08 £8.23
" Dead fetusesflitter - 0.00 = 00 000+£0.00. 0.08x0.2% 054+ 1.51° 045+ 1.21° 1.83 + 4.69
. Resorbed fetuses/itter » 0.45%1.21* 0.40 £ 0.97° .0.08 £ 0.29° 254 £284% ... 0.63x1.03%: 450+ 5.14°
_ No. of non-viable implantsitter ..045+121* . 040097 0.17 £ 0.38° 3.09+£420® 1.00:1.67* - 6.33+50908°
" Postimplantation lossAitter (%) (284724 2.76+6.84" 116+£2.76° 1827 +23.73* 767+£13.77* 47.76%45.15°
‘Sex ratio (M/F) 042+0.13 ' 0.61x0.31 0.4410.14 0422012 ' -0.40x0.06 "0.44 £ 0.16.
Average fetal body weight/litter (g) 412£062° ' 367+0.27"° 334+£053> ' 256:061%- .3.35:0.73> ' 2.68+0.62%

' Results are expressed as mean values * SD Values in the same row showmg a common superscdpt (a,b,c.d) are not slgmf cantly dnfferent

at P<0.05. .

: the’ group given 0 830 mg/kglday of UAD only. Fetuses in
“the groups whose mothers were exposed to uranium, either
alone or combined 'with restraint, showed a lower mean
body weight than those in the control group. Although this
reduction was dcpcndcnt on the uranium dose, n was not
significantly modified by maternal stress.

"* No external, internal, or skeletal malformations, as wcll
as cxtemal and mtcmal vanatxons Wthh could bc attnbuted

Table III Effects of Uranlum. Matemal Restramt and

R SR

to uranium exposurc or matcmal tmmobxhzatlon wcrc
noted. The types "and frcqucncxcs of skclctal anomahcs
(most delayed or reduced ossification) are summanzcd in
Table 1L Although in relation to the conttol group the total *
‘number of fetuses with skeletal dcfects was sxgmﬁcantly
mcreascd by uranium exposure, this .mcrease was not dose-
"related. Again maternal restraint did not enhance the num-
‘ber of fctuscs wnth skeletal vanatlons Moreovcr, whcn the

Combmed Uramum and Restraunt on Sketetal Defects in

‘Rat Fetuses

©.0.830

Uranium (mg/kg/day) -~ 0 . 0. ‘0415 . 0.830. . 0418 .

"+ Type of stress " None Restraint ©  None . None ~ Restraint ~* " Restraint
-No. of fetuses examined skeletally (litters) ..- 77 (11)-- - 70(10) 86(12)~ - 68(11) 75(11) -+ ~50(8)
Total fetuses with skeletal defects (litters) 12 (4) 21%°(9)- . .47°°(12) - (.50b (11) 61° (11) 50"" (8)
Parietal bone, reduced ossification “0(0) 1(1) . 19(5)° - '12(6) - 10 (3) t3(1)
~Occ1p|tal bone, reduced ossification ~ X () 1) " . 5(@)7 “10(6) . . 6(2) 3(1)
Caudal, delayed ossification . . 8a 3) 112(5) . ~39%°(9) 52"‘= (10) . 29°°(10) 37° (8)
Sacro, delayed ossification ~ S 00) 0(0). . 1(1) " 10(8) o . 1) -
Sternum, delayed ossification 5 (2  19°®(8)*® ". 42°(10)°> = 55 (11)° 41° (9)*® 3g° (8)°
Assymetrical stemum . 0(0) 3(2) - 0 (0) 0(0) 0 (0) - 6(1)
Xyphoid, delayed ossification 0® (0)2 1% (1)° 292 (g)*° 45° (10> . 23°° ()*> ... 32°(7)°
Assymetrical ribs ~.0{0) 13(2) - 0(0) - 0(0) : '0(0) T :. 0(0)

Values in the same row (fetusesnutters) showing a common superscnpt (a.b,c) are not significantly different at P < 0.003.
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litter was used as the unit of companson for the total num-

ber of skeletal defects, thére were no significant differences .

among groups.
The concentrations of uranivm in kxdney. spleen, liver,
~ and placenta of rats exposed to UAD, restraint, or UAD plus
restraint on gestation Days 6 to 15, as well as in whole
fetuses are shown in Table IV. While uranium was not
detected in the control and the restraint only groups, it sig-
nificantly accumulated in kidney, spleen, and liver of UAD-
treated dams. However, uranium could not be detected in
placenta and whole fetuses. :
Discussion
Unul recent years, the potential adverse effects of ura-
nium exposure during pregnancy had been scamly investi-
gated, with an evident lack of published observations. In a
review on the chemical toxicity of uranium, Stopps and
~Todd. (9) mentioned that during. WWII two studies were .
carried out, one of which featured exposure to high levels of
the metal and another involved only a brief 24-hr exposure,
Although it was reported that in both studies significant
effects on reproduction were observed (9), the results were
not repeated or extended by other investigators
Because of the scarce information on uranium-induced
reproductive and developmental toxicity, in 1987 a series of
investigations focused on these issues.was started in our
laboratory. We demonstrated that uranium is a reproductive,
matemal, and dcvelopmcntal toxicant when given orally to
mice at relatively low doses (25—28) Thus, the no-
observed-adverse-effect level (NOAEL) for maternal toxic-
ity was found below 5 mg/kg/day when UAD was given by
gavage to mice on gestation days 6 to 15 at 0, 5, 10, 25, and
50 mg/kg/day (25). In tum, the NOAEL for fetotoxicity
(mcludmg teratogenicity) was_ also below 5 mg/kg/day. '
some anomalies were still observed at this dose (25). The
effects of muluplc matemal subcutaneous injections of
UAD (0,0.5, 1,and 2 mg/kg/day) given from Day 6 through
15 of gestation were also evaluated in mice (29). Matemal
toxicity occurred in all uranium-treated groups as evidenced
primarily by some deaths and decreases in body weight gain
and body weight at termination. Although it was not dose-
related, embryotoxicity also occurred in all uranium-treated
groups, while fetotoxicity (reduced fetal body weight and

morphological defects) was evident at 1 and 2 mg/kg/day.
These doses were approximately equal to 1/20 and 1/10 of
the acute subcutaneous LD, of UAD in adult mice (20).
In the present study, UAD was administered subcuta-
neously to rats on gestation Days 6 to 15 at 0. 415 and 0.830
mg/kg/day, doses that are also approximately cqual to 1720
and 1/10 of the acute subcutaneous LD of this chemical in
rats (20). Similar to the effects observed in mice (29), ma-
temnal toxicity and embryotoxicity could be noted at 1/10 of

day) and 1/10 (0.830 mg/kg/day) of the LDs, fetotoxicity
was evidenced by significant reductions in fetal body
weight and increases in the total number of skeletally af-
fected fetuses. However, in contrast to the results in mice no
significant maternal toxicity was noted in rats at 1/20 of the
LDs, (0.415 mg/kg/day). The embryo/fetal toxic effects ob-
served in the current study might be, at least in principle, the

result of the direct, contact of uranium with the fetal tissues -
- and/or.a dxrect consequence of maternal toxicity: Although' :
the fact that uranium was not found in placenta and whole"

fetuses at detectable levels might suggest that the adverse
developmental effects seen in the current investigation
would be the result of uranium-induced maternal toxicity,
there is no clear evidence that uranium did not cross the

. placenta and reached the fetus. In our previous study in mice

(29), as well as in the present investigation, UAD was sub-
cutaneously injected at doses approximately equal to 1/20
and 1/10 of the respective LDsq. A comparison of the results
of both studies indicates that mice are more sensitive than
rats to the toxic effects of uranium during gestation. No
maternal deaths were found in rats at 0.415 mg/kg/day,

while in contrast to mice embryo/fetal toxicity was not ;

found in thc group of rats exposed to 1/20 of the LDs,
(0415 mg/kg/day) of UAD on gestation Days 6 to 15. At
1720 of the LDy, significant maternal and embryotoxncxty
had been observed in mice (29). ,

With respect to the potential influence of stress on ura-

nium-induced matemal and devclopmcmal toxic effects,

there were no significant differences in maternal toxicity,
the number of nonviable implants, fetal body weight per
litter, or the total number of fetuses with skeletal defects
between animals in the group given 0.415 mg/kg/day of
UAD only, and those exposed to 0.415 mg/kglday of UAD

Table IV. Uranium Concentrations (ug/g Tissue) After Exposure of Rats to Uranium, Matemal Restramt and

Combined Uranium and Restraint on Gestation Days 6-15

Uranium (mg/kg/day) 0 . 0 - 0415 0.830 0415 0.830
Type of stress. None Restraint None None Restraint Restraint -
_ Kidney ND ~~ ND 253.63+71.73*° 661.92+221.50° 374.29+£103.41* 686.29 + 120.35°
Spleen ND - ND 11.03+6.70*° .  43.84 + 18.00° 18.34 + 6.842 48.67 £ 19.79°
_Liver ND ~ ND 8.57 + 6.55* 37.47 + 18.76° 18.26£3.84*> 3494 x1551°
- Placenta ND  "ND ~ ND . ND , ND . ND
- Fetus ' ND “° ND . ND ND ND : ND .

Results are expressed as mean values + SD. ND: not detected; detection limit: 0.002 pg/g.
Values in the same row showing a common superscript (a,b) are not significantly different at P < 0.05.
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and concurrently subjected to restraint. However, in the
group exposed to 0.830 mg/kg/day of uranium plus re-
straint, the percentage of postimplantation loss was signifi-
cantly higher than that seen at 0.830 mg/kg/day of uranium
only. Although at 0.830 mg/kg/day of UAD restraint appar-
ently enhanced uranium-induced maternal toxicity as evi-
denced by 1 death and 3 dams carrying totally resorbed
fetuses, the level of statistical significance was not reached
(P> 0.05).

A number of human studies have examined the poten-
tial association between stressful events or experiences and
anomalies in offspring. Most investigations concluded that
women who experienced stressful life events during preg-
nancy might be at increased risk of delivering infants with
certain congenital anomalies (30-33). Moreover, a number
of experimental investigations have also shown that mater-
nal stress might have a notable influence on the adverse
maternal and embryo/fetal effects of some developmental
toxicants. Interactive effects in developmental toxicity have
been reported to occur in pregnant animals exposed to sa-
licylate and restraint (34), all-trans-retinoic acid and re-
straint (18), caffeine and restraint (35), and caffeine, aspirin,
and restraint (36). In turn, a number of experimental studies
performed in our laboratory showed also the presence of
interactive effects in maternal and developmental toxicity in
pregnant animals concurrently exposed to metals such as
aluminum, arsenic and mercury, and restraint (14-16). Not-
withstanding, as in the current investigation maternal re-
straint enhanced the metal-induced developmental toxicity
only at high doses of the metals, which were also toxic to
the dams.

In summary, while the results of the present study in
rats corroborate only partly some of the adverse effects of
uranium exposure during gestation reported in mice (11,
29), according to the overall data in both species, the results
indicated that uranium is a developmental toxicant in mam-
mals. Although most pregnant women are not currently ex-
posed to uranium levels that could cause adverse effects on
health, higher rates of uranium exposure have been reported
for some populations (e.g., individuals who consume foods
grown in areas with elevated concentrations of uranium in
the soil, or subjects with elevated uranium levels in their
drinking water) (6). In turn, the military use of DU might be
of concern as an additional source of exposure. On the other
hand, if uranium exposures occur at levels that may provoke
maternal toxicity, the potential adverse developmental ef-
fects could be enhanced by stress. '
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