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diethylstilbestrol
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depleted uranium

E2

17β-estradiol

EDC

endocrine disrupting chemical

ER α/β

estrogen receptor alpha/beta

ICI 182,780

13-methyl-7-[9-(4,4,5,5,5-pentafluoropentylsulfinyl)nonyl]-7,8,9,11,12,13,14,15,16

U

uranium

UN

uranyl nitrate hexahydrate

U.S. EPA

United States Environmental Protection Agency

VO

vaginal opening
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Abstract
Background: Uranium’s deleterious impact on human health has been linked to its radioactive and
heavy metal chemical properties. Decades of research has defined the causal relationship between
uranium mining/milling and onset of kidney and respiratory diseases 25 years later.
Objective: Here we investigated the hypothesis that uranium, similar to other heavy metals such as
cadmium, acts like estrogen.
Methods: In several experiments, intact, ovariectomized or pregnant mice were exposed to depleted
uranium in drinking water ranging from 0.5 µg/L (0.001 µM) to 28 mg/L (120 µM).
Results: Mice that drank uranium-containing water exhibited estrogenic responses including
selective reduction of primary follicles, increased uterine weight, greater uterine luminal epithelial cell
height, accelerated vaginal opening and persistent presence of cornified vaginal cells. Coincident
treatment with the antiestrogen ICI 182,780, blocked these responses to uranium or the synthetic
estrogen, diethylstilbestrol. In addition, mouse dams that drank uranium-containing water delivered
grossly normal pups, but they had significantly fewer primordial follicles than pups whose dams drank
control tap water.
Conclusions: Decades of uranium mining/milling in the Colorado plateau in the Four Corners region
of the American southwest make the uranium concentration and route of exposure used in these
studies environmentally relevant. Our data supports the conclusion that uranium is an endocrine
disrupting chemical and populations exposed to environmental uranium should be followed for
increased risk of fertility problems and reproductive cancers.
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Introduction
Uranium (U) is the heaviest naturally occurring element. It is valued for its radioactive properties.
Development of nuclear weapons in the 1940s fueled the U.S. government’s desire to become
independent of foreign sources of U (Ball 1993; Moure-Eraso 1999; Panikkar and Brugge 2007). The
U “boom” in the southwest U.S. lasted from the early 1950s until the market collapsed in 1971 when
the U.S. government ceased being the sole purchaser of U ore (Brugge and Goble 2002).
The majority of U mining/milling occurred in the Four Corners region of the U.S. where the Navajo
Reservation is located. The Navajo Abandoned Mine Lands (AML) agency reclaims abandoned
uranium mines (AUMs) under the authority and with funding from the Surface Mining Control and
Reclamation Act of 1977 (Office of Surface Mining, 1977). Navajo AML agency estimates there are
approximately 1300 AUMs throughout the 27,000 square miles of the Navajo Nation. About 50% of
AUMs have been reclaimed (U.S. EPA 2004). Unremediated AUMs enabled U to disperse into air,
soil, water and the food chain (Brugge and Goble 2002). A present day example of unregulated U
mining/milling is the Atlas Corporation Moab Uranium Mill Tailing. Nearly 10,000 gallons of Ucontaminated water seeps daily into the Colorado River daily (Oak Ridge National Laboratory, 1998)
and the adjacent surface water concentration of uranium is greater than 5 mg/l (DOE 2005).
The largest American Indian reservation in the U.S. is the Navajo Nation that is divided into 110
political units called Chapters. Within 33 Chapters the U.S. EPA surveyed 226 water sources. Of
these, 90 water sources were contaminated with U above the U.S. EPA safe drinking water level of
30 µg/L (0.126 µM). The U levels found in contaminated water sources ranged from 33.3 – 1131
ug/L, the highest concentration being 38 times the safe drinking water level (U.S. EPA 2004). The
surveyed water sources were stock tanks, wells and springs. Chapter officials identified the water
sources as providing drinking water for residents without running water (U.S. EPA 2004). According
to the 2000 U.S. census, over 175,000 people live on the Navajo Reservation. At least half of these
residents haul water from the nearest water source for household use including drinking water,
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cooking and clothes laundering, making it a certainty that many Navajo Nation residents are exposed
to unsafe levels of U.
U’s toxicity is due to its radioactive and chemical properties (Brugge et al. 2005, Taylor and Taylor
1997). U inhalation and/or ingestion leads to malignant and non-malignant respiratory diseases,
stomach and kidney cancer, kidney failure and leukemia (Brugge et al. 2005; Roscoe et al. 1995).
U’s effect on the reproductive system was examined in early studies with rats fed high doses of 2%
uranyl nitrate (UN). U exposure caused significant dam weight loss, fewer litters and fewer pups per
litter (Maynard and Hodge 1949). When female rats were returned to chow diet without UN they
regained the lost body weight. But a reduction in the number of litters and pups/litter persisted,
suggesting the ovaries had been permanently damaged (Maynard and Hodge 1949). Female mice
treated with uranyl acetate by gavage through gestation, parturition and nursing had an increased
number of dead young per litter (Paternain et al. 1989). It is likely the high doses of U in these
studies led to reproductive toxicity (Domingo 2001; Hindin et al. 2005).
Heavy metals exhibit estrogenic properties (Dyer 2007). Several heavy metals stimulate
proliferation of MCF-7 human breast cancer cells (Brama et al. 2007; Choe et al. 2003; Martin et al.
2003; Martinez-Campa et al. 2006). Cadmium interacts with estrogen receptor (ER) α (Brama et al.
2007; Martin et al. 2003) and binds to the ligand binding domain of ERα in cultured cells (Stoica et al.
2000). Cadmium stimulates estrogenic responses in vivo (Alonso-Gonzalez et al. 2007; Johnson et
al. 2003). Ovariectomized rats injected with cadmium had increased uterine weight, accelerated
mammary gland growth/development, and accelerated vaginal opening (Johnson et al. 2003).
Cadmium-induced estrogen-like responses were prevented by the antiestrogen ICI 182,780.
Cadmium inhibits transcriptional activity of estradiol-activated rainbow trout estrogen receptor in
recombinant yeast (Guével et al. 2000). Cadmium treatment stimulates breast cancer cell
proliferation by activating ERα-dependent Akt, Erk1/2 and PDGFRα (Brama et al. 2007). Although
these studies demonstrate cadmium’s estrogen activity, it should be noted that Silva et al. (2006)
reported cadmium lacks estrogenic activity in the yeast estrogen screen assay, MCF-7 cell
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proliferation or E-screen assay, and also failed to induce Src, Erk1 and Erk2 phosphorylation. Here
we tested if depleted U (DU) added to drinking water caused responses in the female mouse
reproductive tract like those caused by the potent synthetic estrogen diethylstilbestrol (DES).
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Materials and methods
Animals
U exposure in intact female mice was done with 28 day old, immature B6C3F1 mice (Harlan,
Indianapolis, IA). In utero U exposure experiments were done with 48 day old male and female
B6C3F1 mice (Harlan, Indianapolis, IA). Ovariectomized 28 day old C57Bl/6J mice (The Jackson
Laboratory, Bar Harbor, ME) were used for the prepubertal U and DES exposure experiments. Mice
were housed with a 12:12 hour light/dark cycle and received water and food ad libitum. Control tap
water was tested for U using kinetic phosphorescence analysis (Hedaya et al. 1997) and it was below
the limit of detection (< 2 µg/L or < 8 pM). All protocols were approved by the University of Arizona or
Northern Arizona University Institutional Animal Care and Use Committees. All mice were treated
humanely with regard for alleviation of suffering in accordance with the NIH Guide for the Care and
Use of Laboratory Animals.
Treatments
Study 1: Impact of U exposure on ovarian follicle populations.
Experiment 1.1: Impact of U exposure on immature mouse ovarian follicle populations.
Uranyl nitrate hexahydrate (UN) (Sigma Chemical Co., St. Louis, MO) was used for dosing in
drinking water and is DU. In our first experiment, mice were exposed to UN in their drinking water at
mg/L based on a published study using rats (Gilman et al. 1998). Immature 28 day old B6C3F1 mice
drank water containing UN at 0.5, 2.5, 12.5 and 60.0 mg/L (1, 5, 25, 120 µM respectively), n = 9-10
mice per group. After 30 days, ovaries were analyzed for changes in follicle populations.
Experiment 1.2: Impact of gestational and in utero U exposure on dam and female pup ovarian
development.
For in utero exposure mice drank water containing UN at 0.5, 2.5, 12.5, or 60 µg/L (0.001, 0.005,
0.025 or 0.120 µM U respectively) for 30 days prior to breeding. U dose was reduced a thousand fold
to µg/L to correspond to environmentally relevant concentrations. Mice were paired for breeding and
males removed when females had vaginal plugs. Females continued to drink U-containing water at
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the above doses through gestation. On the day of birth, dams and female pups were euthanized and
the ovaries collected for histology. The number of mice used in the experiment were: 5 control/5
each UN dose group, female pups 7 control/7-9 each UN dose group.
Study 2: Impact of U exposure on the female reproductive tract in the absence of endogenous
estrogen.
Experiment 2.1: Impact of U exposure on the uterus of ovariectomized mice
At this juncture, C57Bl/6J mice were used because of strain sensitivity to estrogen in the
uterotrophic assay (Ashby et al. 2003). Also anticipated was use of genetically manipulated mice e.g.
ERα knockout mice on this genetic background (Lubahn et al. 1993). C57Bl/6J mice were
ovariectomized at 28 days of age to remove the endogenous source of estrogen prior to vaginal
opening. Seven days post surgery, ovariectomized and intact mice drank tap water or water
containing 0.190 µM DES or 0.06, 0.12, 1.20 or 12.00 µM U for 30 days, n = 5-6 mice per treatment
group.
Experiment 2.2: Determination of other estrogen like effects of UN and dependence on estrogen
receptor activation
Mice ovariectomized at 28 days of age were exposed to drinking water containing U or DES, at the
aforementioned concentrations, beginning at 50 days of age for 10 days. Some mice concurrently
received daily i.p. injections of either sesame oil vehicle or 500 µg/kg ICI 182,780 (Tocris Coolson
Ltd, Avonmouth, UK), n = 6-7 mice per group. Mice were examined daily at the same time for vaginal
opening and cytology.
Tissue collection and histology
Following exposure to DES or U, mice were euthanized and organs collected for necropsy. Uteri
were removed by dissecting inferior to the Fallopian tubes and superior to the vagina. Wet weights of
ovary, uterus, kidney, liver and spleen, were normalized to total body weight. Uterine tissues from 30
day U-exposed mice were fixed in Bouin’s solution, embedded in paraffin, serially sectioned every 9
µm and every 10th section was mounted on slides. Tissue sections were deparaffinized in Citrasolve
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(Sigma Chemical Co., St. Louis, MO) and dehydrated in a series of ethanol baths. A Zeiss 435 VP
scanning electron microscope and software was used to measure the uterine luminal epithelial cell
height. Forty measurements were randomly collected from each individual uterus.
Ovaries were trimmed of adhering tissue and fat then fixed in Bouin’s solution. Ovaries were
transferred to 70% ethanol, embedded in paraffin, serially sectioned (5 µm), mounted and stained
with hematoxylin and eosin. Nuclei of oogonia and primordial, small primary, large primary,
secondary or growing, and healthy antral and atretic follicles were identified and counted in adult
ovary every 20th section, and in pup ovary every 12th section (Mayer et al. 2004).
Statistical analyses
Oogonia and follicle numbers were determined in ovaries from individual mice and averaged. The
means in control versus exposed mice were analyzed for significant differences by one-way analysis
of variance (ANOVA) with significance set at p < 0.05. Tukey-Kramer post-hoc tests were used
where appropriate. Organ weights for 10 and 30 day exposed mice were determined for each
individual within each experiment and averaged for each exposure group. Uterine luminal epithelial
cell height measurements from 30 day exposed mice were collected from individual mice and
averaged for each exposure group. Additionally, in the 10 day exposure experiment day, vaginal
opening was determined for each individual and averaged for exposure group. The means in control
versus exposed mice for organ weights, uterine epithelial cell height and vaginal opening were
analyzed for significant differences by one-way ANOVA with significances set at p < 0.05. Dunnet’s
post-hoc test was used where appropriate. The means of uterine weights in control, ICI 182,780, U
or DES exposed mice were analyzed by two-way ANOVA with significance set at p < 0.05. Persistent
presence of cornified vaginal cells was determined for each individual mouse in the 10 day exposure
experiment. Presence and absence of cornified cells was analyzed by Chi-squared test with
significance set at p < 0.05. Statistical significance of persistent presence of cornified cells was
analyzed by Fisher’s exact test with significance set at p < 0.05.

10

Results
Study 1: Impact of U exposure on ovarian follicle populations.
Experiment 1.1: Impact of U exposure on immature mouse ovarian follicle populations.
Uranium targets early stage ovarian follicles:
As shown in Table 1, the only effected follicle populations were significantly fewer large primary
follicles at 0.5 and 2.5 mg/L UN. There were significantly more secondary or growing follicles at 12.5
mg/L UN. There was no significant increase in the number of atretic follicles or decrease in healthy
follicles. Because UN exposure caused a selective change in ovarian follicle populations, and, there
were more growing follicles at 12.5 mg/L UN, the changes could not due to heavy metal toxicity.
Uranium does not lead to overt organ toxicity:
There were no gross anomalies seen in any major organs. Body weight did not significantly
change with UN exposure at any concentration. As shown in Table 2, kidney weight was significantly
reduced at UN doses of 2.5 and 60.0 mg/L, but was not surprising given the nephrotoxicity of U
(Brugge et al. 2005; Taylor and Taylor 1997). These data support the conclusion that there was no
systemic UN-mediated toxicity.
There was an interesting, but not statistically significant, trend of increased uterine weight at 12.5
and 60.0 mg/L UN (Table 2). Estrus stage in the mice was not determined at sacrifice, thus uterine
weights could not grouped relative to stage.
Experiment 1.2: Impact of gestational and in utero U exposure on dam and female pup ovarian
development.
In utero uranium exposure reduces pup ovary primordial follicles:
As shown in Figure 1A, compared to control mice, mice exposed to UN for 30 days before mating
and through gestation had a significant reduction of small primary follicles at UN concentrations of
0.005, 0.025, and 0.120 µM. All other follicle populations including primordial, secondary/growing,
healthy and atretic were unchanged (data not shown). Neonatal mouse ovaries have only oogonia
and primordial follicles. There was no difference in the number of pup ovary oogonia among control
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and UN exposure groups (data not shown). Primordial follicle numbers were reduced in ovaries of
pups whose dams consumed water with UN at 0.001 or 0.120 µM, compared to primordial follicles in
pup ovaries from dams drinking control tap water (Figure 1B).
Study 2: Impact of U exposure on the female reproductive tract in the absence of endogenous
estrogen.
Experiment 2.1: Impact of U exposure on the uterus of ovariectomized mice
UN exposure induces estrogen-like changes in uterine morphology and histology:
Mice exposed to drinking water containing UN or DES had significantly increased uterine weight at
0.120 µM U and 0.190 µM DES, 3.6 and 3.8 times greater, respectively, compared to mice drinking
control tap water (Figure 2A). Uterine weights were normalized to body weights, that were
unchanged across treatment groups. Uterine weights were not increased in ovary intact agematched mice that drank U-containing water (data not shown).
Experiment 2.2: Determination of other estrogen-like effects of UN and their mediation through
estrogen receptor activation.
UN-mediated estrogen-like actions are blocked by concomitant exposure to an estrogen receptor
antagonist:
To determine if U-mediated uterotrophic response was dependent on estrogen receptor
activation, ovariectomized mice drinking UN-containing water were injected daily with the
antiestrogen ICI 182,780. In a pilot experiment it was determined that 10 days of exposure to UN in
drinking water caused a significant increase in uterine weight compared to mice drinking tap water
(data not shown). Ten days of concomitant ICI 182,780 treatment blocked both UN and DESmediated increases in uterine weights (Fig. 2B), U at 0.060 µM: 1070 ± 386 mg/kg total body weight
compared to 220 ± 28.1 mg/kg total body weight with ICI 182,780 and DES at 0.190 µM: 1530 ± 282
mg/kg total body weight vs. 252 ± 24.7 mg/kg total body weight with ICI 182,780. Uterine weights of
mice drinking control tap water were not significantly different from uterine weights of ICI 182,780
treated mice (Figure 2B).
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One aspect of the uterotrophic response to estrogen is proliferation of the epithelial cell lining of
the uterus (Kang et al. 1975; O’Brien et al. 2006). Uterine epithelial cell height was significantly
greater in mice drinking water with U or DES for 30 days (Fig. 3A), U at 0.120 µM: 31.01 ± 1.89 µm
and 1.20 µM: 23.79 ± 0.93 µm, DES at 0.190 µM: 40.2 ± 1.85 µm, compared to control tap water
15.24 ± 0.77 µm. Shown in Figures 3B (control), 3C (0.19 µM DES) and 3D (0.12 µM U), are
scanning electron micrographs illustrating changes in uterine luminal epithelial cell height. Seen in
Figure 3C and 3D, indicated by arrows, is pseudostratified columnar morphology typical of
proliferating epithelial cells due to DES or UN exposure, respectively.
Uranium exposure accelerates vaginal opening and sustains vaginal cell cornification and
concomitant exposure to an estrogen antagonist blocks both responses:
Estrogen and EDCs accelerate vaginal opening (VO) in mice (Markey et al. 2001).
Ovariectomized mice drinking water with UN at 0.12 µM or DES at 0.19 µM exhibited significantly
accelerated VO, both at 52.5 days, compared to mice drinking control tap water, when VO occurred
at 54 days (Figure 4A). UN or DES-mediated acceleration of puberty onset, as indicated by day of
VO, was prevented by concomitant treatment with the antiestrogen ICI 182,780 (Figure 4A).
Another indication of estrogenic influence on the female reproductive tract is the persistent
presence of cornified cells in vaginal smears (Gordon et al. 1986). As shown in Figure 4B, mice that
drank water containing UN at 0.06 µM; 4 mice, or 0.12 µM; 5 mice, or DES at 0.19 µM; 6 mice, had
persistent presence of cornified vaginal cells compared to control mice (0 mice). Coincident
treatment with the antiestrogen ICI 182,780 prevented the presence of cornified vaginal cells (0.06
µM UN; 0 mice, 0.12 µM UN; 0 mice; and 0.19 µM DES; 1 mouse).
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Discussion
The major contribution of this work is the discovery that U, similar to other heavy metals, has
estrogenic activity (Alonso-Gonzalez et al. 2007; Brama et al. 2007; Choe et al. 2003; Dyer 2007;
Johnson et al. 2003; Martin et al. 2003; Martinez-Campa et al. 2006). To our knowledge this has not
been demonstrated before. Immature animals exposed to U in drinking water had increased uterine
weight and uterine luminal epithelial cell growth, selective reduction of ovarian primary follicles but
more growing follicles, accelerated vaginal opening and persistent presence of cornified vaginal cells.
U-mediated responses were blocked by co-administration of the antiestrogen ICI 181,720, indicating
that an activated estrogen receptor was necessary. In addition, U transplacental exposure caused
fewer primordial follicles in developing pup ovaries. These observations support the conclusion that
U acts like estrogen in the female mouse reproductive tract.
U caused estrogenic responses at or below the U.S. EPA safe drinking water level of 30 µg/L
(0.126 µM) (U.S. EPA 2006). The U.S. EPA safe drinking water level equals the concentration of
elemental U and is 47.4 % of UN dissolved in water. Therefore the highest UN concentration of 60
mg/L equals 28 mg/L of elemental U. At first, mg/L amounts UN were used in the drinking water
because it was expected U would cause ovarian chemical toxicity as previously reported (Maynard
and Hodge 1949). Unexpectedly, at mg/L concentrations, U targeted only large primary follicles
causing a reduction in their number but an increase in growing follicles. At the same time there was a
trend of increasing uterine weight with increasing U dose. These results directed the research to
determine if U could mimic estrogen’s effects on the female reproductive system. Subsequently,
uterotrophic responses were analyzed in ovariectomized mice using environmentally relevant U
concentrations. Significant U effects on the female reproductive system were observed at, or below
the U.S. EPA safe levels.
The levels of U used in these experiments are well within the range of U concentrations measured
in numerous water sources on the Navajo Reservation, where greater than 1 mg/L have been
reported (Brugge and Goble 2002; U.S. EPA 2004). The Navajo Reservation is a vast expanse of
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primarily rural and open range land. At least half of the households on the Navajo Reservation rely
on water hauled from the nearest source for household use (U.S. Census 2006). Given the
frequency of water supplies with unsafe U content, there no doubt that many of the 175,000 residents
living on the Navajo Reservation are exposed to hazardous levels of U in their water (Brugge D et al.
2007; Pasternak 2006).
Adult mice exposed to U while immature had fewer primary follicle populations but more
secondary follicles. E2 inhibits mouse oocyte nest breakdown and follicle assembly (Chen et al.
2007). U, mimicking E2 action, may have reduced follicle assembly leading to fewer primary follicles.
Dam ovaries had fewer small primary follicles at a 1000-fold lower U concentration than the adult
non-pregnant mice with no significant decrease in primary follicles. The pregnant dam ovaries may
have been more sensitive to U due to an up regulation of estrogen receptors that occurs during
pregnancy (Spong et al. 2000). Estrogen prevents early follicle assembly (Chen et al. 2007) but
stimulates secondary or growing follicles (Drummond 2006). U exposure may have reduced primary
follicle populations and stimulated growing follicles via its estrogen like activity.
Developing embryos are exquisitely sensitive to chemical influences. U concentration of 0.001 or
0.120 µM in the dams drinking water led to a significant reduction in pup ovary primordial follicle
number. Gestational DES exposure is linked to fewer primordial follicles in pups resulting in fewer
ovulated ova (McLachlan et al. 1982). The long term consequence of fewer primordial follicles would
lead to accelerated ovarian failure resulting in an earlier menopause onset (Chen et al. 2007). The
change in pup ovary primordial follicles with uranium dose was an inverted U-shaped curve. Inverted
U-shaped curves are seen in responses that result from in utero exposure to E2 (Welshons et al.
2003).
The rodent uterotrophic assay is used to identify putative EDC. Exposure to chemicals with
estrogenic activity are analyzed in immature rodent or ovariectomized mature rodent (Markey et al.
2001; Owens and Ashby 2002; Padilla-Banks et al. 2001). In the first experiment the mice were
immature at the outset but became sexually mature during the 30 day exposure to U. These mice
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exhibited a trend of increased uterine weight. If these mice had been examined for estrus stage at
sacrifice, the uterine weights could have been grouped by estrus stage, possibly enabling the trend to
reach statistical significance. Ovariectomized mice were used to avoid the confounding effect of
estrus cycling to test if UN caused uterotrophic responses.
The uterotrophic assay measures the consequences of three coordinated responses to estrogen
or a chemical that acts like estrogen. These are epithelial cell growth, hyperemia and fluid
accumulation or imbibition (O’Brien et al. 2006). DES stimulation of uterine epithelial cell growth in
addition to employing classical ERα, may also utilize tethered or non-classical pathways to induce
mitogenic uterine responses (O’Brien et al. 2006). This suggests U does not need to directly activate
the classical estrogen receptor for uterine epithelial cell growth.
Uranium dose-response in either the uterotrophic assay or increased uterine epithelial cell height
was not monotonic. Many EDC elicit low-dose responses resulting in U-shaped or inverted U-shaped
dose-response curves (Myers and Hessler 2007; Welshons et al. 2003). Non-monotonic response
occurs when a xenoestrogenic compound exerts direct effects by mimicking estradiol or indirect
effects by interfering with estrogen receptors or estradiol production and metabolism. Further,
xenoestrogenic responses may activate or inhibit different genes at various doses which may result in
different outcomes for target endpoints examined at same time points (Coser et al. 2003).
Mice exposed to U for 30 days had a more pronounced uterotrophic response compared to mice
exposed for 10 days. This raises questions on how U may be getting into cells/tissues and by which
mechanism U interacts with the ER. U enters brain endothelial cells (Dobson et al. 2006) and via
specialized transport, enter polarized epithelial LLC-PK1 cells (Muller et al. 2006). Vidaud et al.
(2007) examined the possibility of apotransferrin transporting U into the cell. U binds to transferrin
but conformational changes do not enable transferrin receptor recognition of the U-transferrin
complex, ruling out this pathway for U to get in to the cell. Other ways in which U may get into the
cell, but that have not been investigated, are through divalent metal transporter-1 (DMT-1) or calcium
channels. DMT-1 functions to transport iron and other metal ions across the plasma membrane, and
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is ubiquitous in plants, insects, microorganisms and vertebrates (Mims and Prchal 2005). U displaces
calcium in the bone matrix (Neuman et al. 1949), therefore it is plausible that U may be using calcium
channels to enter the cell. The manner and rate by which U gets into the cell may be impeded by U
speciation or tissue concentration, which could result in delayed responses as was seen with uterine
weight changes after 10 versus 30 day exposure.
Similar to DES, U accelerated VO and stimulated persistent vaginal cornified cells that represents
a constant estrus state elicited by estrogen. Uranium stimulated uterine and vaginal responses were
blocked by ICI 182,780, indicating estrogen receptor activation was necessary but not sufficient for U
to act. We have yet to define the molecular mechanisms of action by which U evokes estrogenic
responses. It is possible that U may elicit estrogen-like responses as cadmium is reported to, by
binding the ligand binding domain of the ER (Stoica et al. 2000). As mentioned above, U estrogenic
stimulation may be the result of U binding some other factor whose responses are “tethered” to the
estrogen receptor pathway resulting in crosstalk that induces estrogenic responses. In summary, the
stimulatory effects of U on the ovary, uterus and vaginal cells suggests U acts like estrogen in the
female reproductive system and is an EDC.
There are few reports relating environmental U exposure to reproductive health outcomes in the
Four Corners region. But in one, there was a statistically significant relationship between birth
defects and the mother’s proximity to U tailings (Shields et al. 1992). And in another, the incidence of
reproductive or gonadal cancer in New Mexico Native American children and teenagers is 8 fold
greater than the incidence in age matched non-Native American individuals (Duncan et al. 1986).
Environmental estrogens such as DES or bisphenol A may contribute to occurrence of reproductive
anomalies and cancer later in life (Maffini et al. 2006; Newbold et al. 2006). Given our results that U
is an EDC, health problems may result from inappropriate concentration or timing of exposure to this
estrogen mimic.

17

References

Alonso-González C, González A, Mazarrasa O, Gűezmes A, Sánchez-Mateos S, Martinez-Campa C
et al. 2007. Melatonin prevents the estrogenic effects of sub-chronic administration of cadmium on
mice mammary glands and uterus. J Pineal Res 42:403-410.

Ashby J, Owens W, Odum J, Tinwell H. 2003. The intact immature rodent uterotrophic bioassay:
possible effects on assay sensitivity of vomeronasal signals from male rodents and strain differences.
Environ Health Perspect 111:1568-1570.

Ball H. 1993. Cancer factories: America’s tragic quest for uranium self-sufficiency. Contrib Med
Stud 37:1-188.

Brama M, Gnessi L, Basciani S, Cerulli N, Politi L, Spera G, et al. 2007. Cadmium induces mitogenic
signaling in breast cancer cell by an ERα-dependent mechanism. Mol Cell Endocrinol 264:102-108.

Brugge D, deLemos JL, Bui C. 2007. The Sequoyah corporation fuels release and the Church Rock
spill: unpublicized nuclear releases in American Indian communities. Am J Public Health 97:15951600.

Brugge D, de Lemos JL, Oldmixon B. 2005. Exposure pathways and health effects associated with
chemical and radiological toxicity of natural uranium: a review. Rev Environ Health 20:177-193.

Brugge D, Goble R. 2002. The history of uranium mining and the Navajo people. Am J Public
Health 92:1410-1419.

18

Chen Y, Jefferson WN, Newbold RR, Padilla-Banks E, Pepling ME. 2007. Estradiol, progesterone,
and genistein inhibit oocyte nest breakdown and primordial follicle assembly in the neonatal mouse
ovary in vitro and in vivo. Endocrinology 148:3580-3590.

Choe SY, Kim SJ, Kim HG, Lee JH, Choi Y, Lee Y, et al. 2003. Evaluation of estrogenicity of major
heavy metals. Sci Total Environ 312:15-21.

Coser KR, Chesnes J, Hur J, Ray S, Isselbacher KJ, Shioda T. 2003. Global analysis of ligand
sensitivity of estrogen inducible and suppressible genes in MCF7/BUS breast cancer cells by DNA
microarray. Proc Natl Acad Sci USA 100: 13994-13999.

Dobson AW, Lack AK, Erikson KM, Aschner M. 2006. Depleted uranium is not toxic to rat brain
endothelial (RBE4) cells. Biol Trace Elem Res 110:61-72.

DOE (Department of Energy). 2005. EIS 0355 Remediation of the Moab Uranium Mill Tailings,
Grand and San Juan Counties, Utah, Final Environmental Impact Statement (July 2005). Available:
http://www.eh.doe.gov/nepa/eis/eis0355 [accessed 29 August 2007].

Domingo JL. 2001. Reproductive and developmental toxicity of natural and depleted uranium: a
review. Reprod Toxicol 15:603-609.

Drummond AE. 2006. The role of steroids in follicular growth. Reprod Biol Endocrinol
4:16 http://www.rbej.com/content/4/1/16

19

Duncan MH, Wiggins CL, Samet JM, Key CR. 1986. Childhood cancer epidemiology in New
Mexico’s American Indians, Hispanic whites, and non-Hispanic whites, 1970-82. J Natl Cancer Inst
76:1013-1018.

Dyer CA. 2007. Heavy metals as endocrine disrupting chemicals. In: Endocrine-Disrupting
Chemicals: From Basic Research to Clinical Practice (Gore AC, ed). New Jersey: Humana Press,
111-133.

Gilman AP, Villeneuve DC, Secours VE, Yagminas AP, Tracy BL, Quinn JM, et al. 1998. Uranyl
nitrate: 28-day and 91-day toxicity studies in the Sprague-Dawley rat. Toxicol Sci 41:117-128.

Gordon MN, Osterburg HH, May PC, Finch CE. 1986. Effective oral administration of 17β-estradiol
to female C57Bl/6J mice through drinking water. Biol Reprod 35:1088-1095.

Guével RL, Petit FG, Goff PL, Métivier R, Valotaire Y, Pakdel F. 2000. Inhibition of rainbow trout
(Oncorhynchus mykiss) estrogen receptor activity by cadmium. Biol Reprod 63:259-266.

Hedaya MA, Birkenfeld HP, Kathren RL. 1997. A sensitive method for the determination of uranium
in biological samples utilizing kinetic phosphorescence analysis (KPA). J Phar Biomed Anal 15:11571165.

Hindin R, Brugge D, Panikkar B. 2005. Teratogenicity of depleted uranium aerosols: a review from
an epidemiological perspective. Environ Health 4:17 http://www.ehjournal.net/content/4/1/17

Johnson MD, Kenney N, Stoica A, Hilakivi-Clarke L, Singh B, Chepko G, et al. 2003. Cadmium
mimics the in vivo effects of estrogen in the uterus and mammary gland. Nat Med 9:1081-1084.
20

Kang YH, Anderson WA, DeSombre ER. 1975. Modulation of uterine morphology and growth by
estradiol-17β and an estrogen antagonist. J Cell Biol 64:682-691.

Lubahn DB, Moyer JS, Golding TS, Couse JF, Korach KS, Smithies O. 1993. Alteration of
reproductive function but not prenatal sexual development after insertional disruption of the mouse
estrogen receptor gene. Proc Natl Acad Sci USA 90:11162-11166.

Maffini MV, Rubin BS, Sonnenschein C, Soto AM. 2006. Endocrine disruptors and reproductive
health : the case of bisphenol-A. Mol Cell Endocrinol 254-255:179-186.

Markey CM, Michaelson CL, Veson EC, Sonnenschein C, Soto AM. 2001. The mouse uterotrophic
assay: a reevaluation of its validity in assessing the estrogenicity of bisphenol A. Environ Health
Perspect 109:55-60.

Martin MB, Reiter R, Pham T, Avellanet YR, Camara J, Lahm M, et al. 2003. Estrogen-like activity of
metals in MCF-7 breast cancer cells. Endocrinology 144:2425-2436.

Martinez-Campa C, Alonso-González C, Mediavilla MD, Cos S, González A, Ramos S. 2006.
Melatonin inhibits both ERα activation and breast cancer cell proliferation induced by a
metalloestrogen, cadmium. J Pineal Res 40:291-296.

Mayer LP, Devine PJ, Dyer CA, Hoyer PB. 2004. The follicle-deplete mouse ovary produces
androgen. Biol Reprod 71:130-138.

21

Maynard EA, Hodge HC. 1949. Studies of the toxicity of various uranium compounds when fed to
experimental animals. In: Pharmacology and Toxicology of Uranium Compounds (C Voegtlin and
H.C. Hodge, eds.). New York: McGraw-Hill Book Company, Inc., 309-376.

McLachlan JA, Newbold RR, Shah HC, Hogan MD, Dixon RL. 1982. Reduced fertility in female mice
exposed transplacentally to diethylstilbestrol (DES). Fertil Steril 38:364-371.

Mims MP, Prchal JT. 2005. Divalent metal transporter 1. Hematology 10:339-345.

Moure-Eraso R. 1999. Observational studies as human experimentation: the uranium mining
experience in the Navajo Nation (1947-66). New Solutions: A Journal of Environmental and
Occupational Health Policy 9:163-178.

Muller D, Houpert P, Cambar J, Hengé-Napoli M-H. 2006. Role of the sodium-dependent phosphate
co-transporters and of the phosphate complexes of uranyl in the cytotoxicity of uranium in LLC-PK1
cells. Toxicol Appl Pharmacol 214;166-177.

Myers P, Hessler W. 2007. Does “the dose make the poison?” Extensive results challenge a core
assumption in toxicology. Available:
http://www.environmentalhealthnews.org/sciencebackground/2007/2007-0415nmdrc.html [accessed
29 August 2007].

Neuman WF, Neuman MW, Main ER, Mulryan BJ. 1949. The deposition of uranium in bone. VI. Ion
competition studies. J Biol Chem 179:341-348.

22

Newbold RR, Padilla-Banks E, Jefferson WN. 2006. Adverse effects of the model environmental
estrogen diethylstilbestrol are transmitted to subsequent generations. Endocrinology 147:S11-S17.

Oak Ridge National Laboratory. 1998. Tailings Pile Seepage Model The Atlas Corporation Moab
Mill, Moab, Utah. Prepared for the U.S. Nuclear Regulatory Commission, Washington D.C. Oak
Ridge National Laboratory Environmental Technology Section. Available:
http://www.ornl.gov/~webworks/cppr/y2001/rpt/112413.pdf [accessed 29 August 2007].

O’Brien JE, Peterson TJ, Tong MH, Lee EJ, Pfaff LE, Hewitt SC, et al. 2006. Estrogen-induced
proliferation of uterine epithelial cells is independent of estrogen receptor α binding to classical
estrogen response elements. J Biol Chem 281:26683-26692.

Office of Surface Mining. 1977. Public Law 95-87, Surface Mining Control and Reclamation Act of
1977 (SMCRA). Available: http://www.osmre.gov/smcra.htm [accessed 29 August 2007].

Owens JW, Ashby J. 2002. Critical review and evaluation of the uterotrophic bioassay for the
identification of possible estrogen agonists and antagonists: in support of the validation of the OECD
uterotrophic protocols for the laboratory rodent. Organisation for Economic Co-operation and
Development. Crit Rev Toxicol 32:445-520.

Padilla-Banks E, Jefferson WN, Newbold RR. 2001. The immature mouse is a suitable model for
detection of estrogenicity in the uterotrophic assay. Environ Health Perspect 109:821-826.

Panikkar B, Brugge D. 2007. The ethical issues in uranium mining research in the Navajo Nation.
Accountability in Research 14:121-153.

23

Pasternak J. 2006. Blighted homeland. A peril dwelt among the Navajos. Los Angeles Times (Los
Angeles, CA) 19 November
http://www.latimes.com/news/printedition/front/la-na-navajo19nov19,1,4865021,full.story

[accessed 4 September 2007].

Paternain JL, Domingo JL, Ortega A, Llobet JM. 1989. The effects of uranium on reproduction,
gestation, and postnatal survival in mice. Ecotoxicol Environ Saf 17:291-296.
Roscoe RJ, Deddens JA, Salvan A, Schnorr TM. 1995. Mortality among Navajo uranium miners.
Am J Public Health 85:535-540.

Shields LM, Wiese WH, Skipper BJ, Charley B, Benally L. 1992. Navajo birth outcomes in the
Shiprock uranium mining area. Health Phys 63:542-551.

Silva E, Lopez-Espinosa MJ, Molina-Molina JM, Fernandez M, Olea N, Kortenkamp A. 2006. Lack of
activity of cadmium in in vitro estrogenicity assays. Toxicol Appl Pharmacol 216:20-28.

Spong CY, McCune SK, Sternberg EM, Gustafsson JA. 2000. Maternal estrogen receptor-β
expression during mouse gestation. Am J Reprod Immunol 44:249-252.

Stoica A, Katzenellenbogen BS, Martin MB. 2000. Activation of estrogen receptor-β by the heavy
metal cadmium. Mol Endocrinol 14:545-553.

Taylor DM, Taylor SK. 1997. Environmental uranium and human health. Rev Environ Health
12:147-157.

24

U.S. Census. 2006. We the People: American Indians and Alaska Natives in the United States.
Available: http://www.census.gov/prod/2006pubs/censr-28.pdf [accessed 4 September 2007].

U.S. EPA (U.S. Environmental Protection Agency). 2004. Abandoned uranium mines on the Navajo
Nation, Arizona. EPA Region 9. Available:
http://yosemite.epa.gov/r9/sfund/overview.nsf/0/d502c488f1841dc488256aee007c11bc?OpenDocum
ent [accessed 4 September 2007].

U.S. EPA (U.S. Environmental Protection Agency). 2006. Basic information about radionuclides in
drinking water. Available: http://epa.gov/safewater/radionuclides/basicinformation.html [accessed 4
September 2007].

Vidaud C, Gourion-Arsiquaud S, Rollin-Genetet F, Tome-Celer C, Plantevin S, Pible O et al. 2007.
Structural consequences of binding of UO22+ to apotransferrin: can this protein account for entry of
uranium into human cells? Biochemistry 46:2215-2226.

Welshons WV, Thayer KA, Judy BM, Taylor JA, Curran EM, vom Saal FS. 2003. Large effects from
small exposures. I. Mechanisms for endocrine-disrupting chemicals with estrogenic activity. Environ
Health Perspect 111:994-1006.

25

Table1: Uranyl nitrate in drinking water effected specific ovarian follicle populations

Follicle
Counts
per section

Control

Uranyl
nitrate

Uranyl
nitrate

Uranyl
nitrate

Uranyl
nitrate

U < 0.002
mg/L

0.50 mg/L

2.50 mg/L

12.50 mg/L

60.00 mg/L

Primordial follicles

65.55
± 7.05

53.80
± 8.26

37.88
± 7.01

57.60
±13.29

61.60
±12.76

Small primary follicles

26.22
± 2.50

19.40
± 3.03

18.56
± 2.94

32.00
± 3.51

21.78
± 2.81

Large primary follicles

12.66
±0.69

6.50*
± 1.17

7.44*
± 1.27

12.00
± 1.51

9.11
± 0.65

Secondary or growing
follicles

26.44
± 1.08

24.20
± 2.09

21.22
± 1.85

33.30*
± 1.92

26.78
± 0.81

Healthy antral follicles

31.22
± 2.56

31.00
± 3.49

28.22
± 3.71

29.00
± 2.39

23.11
± 2.78

Atretic antral follicles

17.22
± 1.37

15.50
± 2.37

11.44
± 1.70

16.00
± 3.26

12.53
± 1.37

Female B6C3F1 mice drank control tap water or U containing water for 30 days. Ovaries were
collected and prepared for histological analysis to count follicle populations. Values are represented
as mean ± SEM (n = 6). Follicle populations significantly different from control are indicated by (*)
where p < 0.05 in the Tukey-Kramer post-hoc tests.
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Table 2: The effect of uranyl nitrate exposure on body and tissue weights

Treatment

Body Wt

Ovary

Uterus

Control (< 2 µg/L U)

100.0

100.0

100.0

0.5 mg/L U

101.2

77.5

2.5 mg/L U

100.4

12.5 mg/L U
60.0 mg/L U

Liver

Adrenal

Kidney

Spleen

100.0

100.0

100.0

100.0

97.1

94.2

95.5

96.0

104.0

72.5

81.8

94.4

88.4

91.7*

89.9

104.1

73.9

115.9

99.2

120.8

100.9

103.6

104.6

62.4

127.8

110.6

108.5

94.2*

109.8

Female B6C3F1 mice drank control tap water or water containing UN for 30 days.
Tissue weights are expressed as a percent of control values normalized to total body weight.
Organ weights significantly different from control are indicated by (*) where p < 0.05.
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Figure legends

Figure 1. Uranyl nitrate in drinking water selectively effects dam follicle populations and in utero
exposed pup ovary primordial follicles. B6C3F1 dams were exposed to control tap water (control,
black bar), 0.001 – 0.12 µM U (clear bar) in drinking water 30 days prior to mating and through
gestation. Ovaries from dams (A) and pups (B) were removed on the day of birth. Differences in
ovarian follicle populations between U treatments and controls are indicated by (*) p < 0.05 ANOVA.
Values are represented as mean ± SEM (n = 7-11).

Figure 2. Uranyl nitrate in drinking water caused uterine weight gain that was blocked by
antiestrogen coadministration. Ovariectomized C57Bl/6J mice drank control tap water (control, black
bar), or 0.12 – 12.00 µM U (clear bar), or 0.19 µM DES (gray bar). A. After 30 days uteri were
removed, wet weights recorded and normalized to body weight. Differences in wet uterine weight
among exposure groups is indicated by (*) for p < 0.001. Values are represented as mean ± SEM (n
= 5-6). B. Ovariectomized C57Bl/6J mice drank control tap water (control, black bar) or 0.06 – 0.12
µM U (clear bar) or 0.19 µM DES (gray bar) for 10 days and some received daily i.p. injections of
either sesame oil vehicle or 500 µg/kg ICI 182,780 in sesame oil. Uteri were removed, wet weights
recorded and normalized to body weight. Differences in wet uterine weight among exposure groups
is indicated by (a, b, c) at p < 0.005. Values are represented as mean ± SEM (n = 6-7).

Figure 3. Uranyl nitrate in drinking water stimulated uterine luminal epithelial cell growth. A.
Ovariectomized C57Bl/6J mice drank control tap water (control, black bar), or 0.12 – 12.00 µM U
(clear bar), or 0.19 µM DES (gray bar) for 30 days. Uteri were collected and prepared for scanning
electron microscopy. Differences in epithelial cell height from control mice are indicated by (*) with p
< 0.0001. Values are represented as mean ± SEM (n = 5 uteri at 40 measurements from each
tissue). B. Representative scanning electron microscopy images at the same magnification of
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uterine epithelial cell layers from tap water control, C. 0.19 µM DES, or D. 0.12 µM U. Arrow bars
highlight epithelial cell height differences in DES- and U-exposed ovariectomized mice.

Figure 4. Uranyl nitrate in drinking water accelerated vaginal opening and caused persistent
presence of cornified vaginal cells. A. For 10 days, ovariectomized C57Bl/6J mice at 50 days old
drank control tap water (control, black bar), or 0.19 µM DES (gray bar) or 0.06 or 0.12 µM U (clear
bar) and some mice received daily i.p. injections of either sesame oil vehicle or 500 µg/kg ICI 182,780
in sesame oil vehicle. Mice were examined daily for vaginal opening from age day 50 to day of
vaginal opening. Differences in day of vaginal opening different from control ovariectomized mice are
indicated by (*) for p < 0.001. Values are represented as mean day of vaginal opening ± SEM (n = 67). B. In C57Bl/6J mice exposed to U or DES in drinking water for 10 days, vaginal cell cornification
persisted compared to control mice and mice receiving daily i.p. injections of 500 µg/kg ICI 182,780.
Vaginal smears were collected daily to examine vaginal cytology. Presence and absence of vaginal
cornified cells were analyzed by Chi-squared test with p < 0.05. Statistical significance compared to
control are indicated by (*) for p < 0.05 by Fisher’s exact test.
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