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Elevated levels of naturally occurring uranium in groundwater have been found in small geo-
graphic areas throughout the world. Relevant research was reviewed pertaining to natural
and depleted uranium (DU) exposure and nephrotoxicity, including epidemiologic com-
munity-based and occupational studies, studies of Gulf War veterans exposed to DU, and
experimental studies in animals. Occupational cohort studies do not provide evidence of
an increased risk of kidney-related mortality among uranium-exposed workers. However,
occupational and community-based studies of populations chronically exposed to elevated
drinking-water concentrations of uranium provide some evidence of adverse renal effects,
as assessed by biomarkers of proximal tubule damage such as urinary levels of glucose, cal-
cium, and various low-molecular-weight proteins. Indications of proximal tubule effects, as
evidenced by increased urinary 8,-microglobulin and retinol binding protein levels, were also
seen in the most recent follow-up surveillance study of Gulf War veterans exposed to DU. The
reported B,-microglobulin levels in these studies were generally considered to be within nor-
mal limits, but the long-term implications of the observed variation in these levels are not
established. The kidney was observed to be a target of uranium toxicity following oral and
implantation exposure routes in several animal species. The interpretation and importance
of the observed changes in biomarkers of proximal tubule function are important questions

that indicate the need for additional clinical, epidemiological, and experimental research.

Natural uranium (U) refers to uranium
compounds with a naturally occurring compo-
sition of radioisotopes uranium-234, uranium-
235, and uranium-238. Uranium is found in
all soils and rock, with higher concentrations
found in phosphate rock, lignite, and monazite
sands (ATSDR, 1999). Uranium enrichment
processes increase the concentration of U-235
from <1% to 2-4%. Depleted uranium (DU)
refers to the less radioactive form of uranium
remaining after enrichment. Depleted uranium
is approximately 60% less radioactive than nat-
urally occurring U because of decreased levels
of U-235 (Bleise et al., 2003), and U has been

This article is not subject to U.S. copyright.

used by the U.S. Department of Defense (DoD)
and Armed Forces for various weapons sys-
tems since the late 1970s (Arfsten et al., 2001;
Abu-Qare and Abou-Donia, 2002).

Elevated concentrations of U greater than
20 pg/L were detected in various Western
groundwater systems and scattered pock-
ets in the groundwaters of North Carolina,
Maine, Connecticut, and other Eastern states
(Orloff et al., 2004; U.S. EPA, 1985, 2000).
Areas of high U concentrations in water are
also found in many other countries glob-
ally, including Canada, Finland, the United
Kingdom, and India (WHO, 2001). According
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to biomonitoring data collected by the Centers
for Disease Control (CDC, 2005) as part of the
Third National Report on Human Exposure to
Environmental Chemicals, the geometric mean
concentration of U in urine for the U.S. pop-
ulation (ages 6 yr and older) for survey years
2001-2002 was 0.009 pg/L (95th percentile:
0.046 pg/L).

Craft et al. (2004) summarized data per-
taining to a broad range of adverse health
effects due to natural U and DU, including neu-
rotoxicity, nephrotoxicity, reproductive effects,
cancer, and effects on other systems. Renal
effects were the focus of a recent case study
of a family in western Connecticut describing
the potential for nephrotoxicity from exposure
to well water containing elevated levels of nat-
urally occurring U, and the sensitivity of young
children resulting from their increased expo-
sure potential and their state of development
(Magdo et al., 2007). In this review, research
pertaining to U exposure and nephrotoxicity,
focusing on the available epidemiologic data
including (1) community-based and occupa-
tional studies of biomarkers of kidney damage,
(2) occupational studies of kidney-related mor-
tality, and (3) studies of soldiers exposed to DU,
is presented. The animal nephrotoxicity and
mechanism of action data have been reviewed
previously (ATSDR, 1999); a summary of this
and recent literature is also included later in this
article.

STUDIES IN HUMANS

Measures of Renal Function

Kidney disease varies in severity from kid-
ney failure requiring transplantation or dialysis
to a subclinical, asymptomatic phase where
some level of kidney damage may occur with-
out detectable decreases in renal function. In
clinical studies, such as prognostic studies of
patients with diabetes or other conditions with
a high risk of chronic kidney disease and its
related complications, renal function has often
been monitored by blood and 24-h urine sam-
ples allowing for the measurement of blood
urea nitrogen (BUN) levels, total protein in the
urine, and calculation of glomerular filtration
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rate (GFR). In community-based studies, less
burdensome data collection techniques are
usually required, resulting in the collection of
a single urine sample at a study visit (a spot
urine sample) or an overnight urine sample
(i.e., first morning void). Another difference
between clinical and community-based studies
is that in the latter, it is more important that the
methodology is able to accurately assess vari-
ability in the earliest phases of disease, when
kidney function is still relatively high (Levey
et al., 2009).

In addition to general measures of kidney
function, other types of measures address spe-
cific types of damage that may occur. Larger
molecules, such as albumin, are filtered by
the glomeruli and reabsorbed by the proximal
tubule through receptor mediated endocyto-
sis (Birn and Christensen, 2006). Most of the
albumin reabsorbed by the proximal tubule
cells (approximately 95%) is returned to the
plasma. The remaining amount is degraded
in cell lysosomes and excreted in the urine
(Comper et al., 2006). Glomerular and tubu-
lar injury may result in increased levels of
urinary albumin. Tests of general glomeru-
lar function include creatinine clearance or
GFR, as well as determination of urinary
protein and urinary albumin concentrations,
with the latter two measures reflecting the
integrity of the glomerulus (i.e., the leakage
of molecules through the filter). Damage to
the proximal tubule decreases small-molecule
reabsorption and results in increased urinary
levels of glucose, calcium, and phosphate, and
of low-molecular-weight proteins such as 8-
microglobulin, protein human complex form-
ing (HC) [or a-microglobulin]), kappa chains,
and retinol binding protein (Emeigh & Kinter,
2005; Seldén et al., 2009). B,-Microglobulin
is an endogenous low-molecular-mass protein
(12 kD) that forms part of the class | major
histocompatibility complex and is located on
the surface of nucleated cells. During cell
turnover B,-microglobulin is released into the
extracellular fluid and normally filtered by the
glomerulus and reabsorbed in the proximal
tubule (Bagshaw et al., 2007; Tolkoff-Rubin
et al., 1988). Retinol binding protein (21 kD) is
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primarily expressed in the liver and also reab-
sorbed by the proximal tubule (Bagshaw et al.,
2007). Enzyme activity levels have also been
used as markers of tissue damage at specific
sites, with alkaline phosphatase (AP), N-acetyl-
B-D-glucosaminidase (NAG), and y-glutamyl
transferase (GGT) reflecting proximal tubular
tissue damage and other enzymes, such as lac-
tate dehydrogenase (LDH), more indicative of
damage to the distal tubule (Zalups et al., 1988;
Emeigh 2005; Zamora et al., 2009; Seldén
et al., 2009).

Community-Based Studies

Several studies of populations chronically
exposed to elevated drinking-water concentra-
tions of U were conducted (Kurttio et al., 2002;
Kurttio et al., 2006; Mao et al., 1995; Seldén
et al.,, 2009; Zamora et al., 1998; Zamora
et al., 2009). Three studies in Canada (in
Saskatchewan, Quebec, and Nova Scotia), two
in Finland, and one in Sweden evaluated renal
function in communities with high concentra-
tions of U in the drinking water supply (Table 1).
Mean or median U concentrations in the drink-
ing water of the exposed communities were
approximately 7 pg/L in Sweden, 15-20 pg/L
in Saskatchewan, 28 pg/L in Finland, 39 ng/L
in Quebec (based on the maximum level mea-
sured over a 15-yr period), and more than
100 pg/L in Nova Scotia (Figure 1); corre-
sponding values in the comparison nonexposed
communities were <1 pg/L. Uranium con-
centrations in urine also varied considerably
among these studies, with a median of 0.03
ng/L in Sweden, 0.078 pg/L in Finland, and
0.14 pg/L in Quebec.

The first of these studies, in Saskatchewan,
measured urinary albumin in a first morning
urine sample from 60 adults in 2 communi-
ties with elevated levels of U in drinking water
(means of 14.7 and 19.6 pg/L) and 40 controls
from a comparison (control) community (mean
drinking water U concentration of 0.71 pg/L)
(Mao et al., 1995). Cumulative intake was cal-
culated as the product of concentration of U in
water, average number of cups consumed per
day, and years at current residence; the mean
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or range of this measure was not given. A corre-
lation was seen between cumulative intake and
urinary albumin, which was of marginal statis-
tical significance when adjusting for age and
diabetes history (Table 1).

Subsequent studies used a more exten-
sive array of urinary and serological mea-
sures to assess kidney function. The studies
from Canada were conducted in Nova Scotia
(Zamora et al., 1998) and in a Quebec First
Nations community (Zamora et al., 2009), with
30 and 54 exposed participants, respectively
(Table 1). The study in Nova Scotia calcu-
lated a daily U intake based on the product
of concentration of U in water or food and
the amount consumed (based on 3-d food
and water samples) and ranged from 3 to
570 pg/d in the exposed community and
from <1 to 20 pg/d in the control com-
munity. Urinary U and glucose, protein, and
creatinine concentrations were measured in
a 24-h urine sample, and [5;-microglobulin
levels were measured in an overnight urine
sample. Daily U intake correlated significantly
with markers of proximal tubule injury: uri-
nary glucose (r; =0.40; p=0.001), AP (rs
= 0.28; p = 0.05), and [;-microglobulin
(r¢ = 0.39; p =0.01). Weaker or no correla-
tions were seen with urinary NAG activity (r
= 0.15; 0.29), protein (r; = 0.17; 0.23), crea-
tinine (r; = 0.11; 0.45), and LDH activity (rs
= 0.02; 0.89) levels, and a negative correla-
tion coefficient was seen with GGT activity (rs
= —0.22;0.12).

In Quebec, the study protocol was similar
to that of the Nova Scotia study. Exposure was
measured or calculated as the maximum water
U concentration in prior 15 yr, cumulative
intake in prior 15 yr (median 87 mg), cumu-
lative intake in past 2.8 yr (median 22 mg), and
U concentration in urine (median 0.14 pg/L)
(Zamora et al., 2009). Adjusting exposure and
renal biomarker measures for fluid intake, U
concentration in urine was significantly corre-
lated with GGT activity (s = 0.37) and ;-
microglobulin (r; = 0.49). Weaker correlations
were seen with albumin (r; = 0.23), glucose
(rs = 0.14), AP activity (ry = 0.15), and NAG
activity (rs = 0.15).
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FIGURE 1. Uranium concentrations in drinking (ug/L) water
in community studies. Saskatchewan sites 1 and 2, Mao et al.
(1985), detection limit = 0.1 ug/L; Nova Scotia, Zamora et al.
(1998), detection limit = 0.0006 ng/L; Quebec, Zamora et al.
(2009), detection limit = 0.0006 pg/L (concentration values
based on table of unadjusted data in Zamora et al., 2009);
Finland, Kurttio et al. (2002, 2006), detection limit = 0.0004
ng/L; Sweden, Seldén et al. (2009), detection limit = 0.2 pg/L.
Control community drinking water uranium concentrations were
<1 pg/L.

Kurttio et al. (2002) conducted a study in
1999 of 325 individuals from areas in Finland
with high uranium levels in the drinking water
(Table 1). These individuals had used well
water for at least 1 yr, and completed a ques-
tionnaire that included information on residen-
tial history and water consumption, allowing for
calculation of measures of daily and cumulative
U intake from water. A drinking-water sam-
ple (for measurement of U levels), overnight
urine sample (for measurement of urinary
U, glucose, creatinine, calcium, phosphate,
and albumin), spot urine (for 8,-microglobulin
measurement), and a nonfasting blood sam-
ple were collected. Daily intake ranged from
<1t0 4128 ng/d (median 39 pg/d), cumu-
lative intake ranged from <1 to 33,100 mg
(median 129 mg), and U concentration in
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urine ranged from <1 to 5.65 pg/L (median
0.078 pg/L). Urinary U concentrations were
correlated with fractional excretion of calcium
(beta per 1 unit wg/mmol creatinine increase
in urinary uranium = 1.5, 95% Cl 0.6-2.3)
and phosphate (beta = 13, 95% CI 1.4-25),
and more weakly with glucose (beta = 0.7,
95% Cl 0.4-1.8); associations with systolic and
diastolic blood pressure (age, gender, body
mass index, and smoking-adjusted beta = 6.8
and 8.5, respectively) were also seen. Kurttio
et al. (2002) did not observe a relationship
between U exposure and creatinine clearance,
urinary albumin, or B,-microglobulin. The high
proportion (65%) of B,-microglobulin values
below the detection limit in the samples was a
limitation of this analysis. In a subsequent studly,
Kurttio et al. (2006) recontacted the cohort
in 2003; 222 (68%) lived in the same house
as in 1999 and agreed to participate; 193 of
these provided water, an overnight urine, and
a blood sample for the follow-up study. B,-
Microglobulin was not measured in this study.
Median daily intake of U from drinking water
was 36 pg/L, similar to the mean of 39 pg/L
in the baseline study reported by Kurttio et
al. (2002). In the follow-up study, associations
were only seen between urinary U concentra-
tions and systolic and diastolic blood pressure,
and between the cumulative intake measure
and urinary glucose.

Another relatively large study included
301 participants from western Sweden liv-
ing in areas with elevated levels of uranium
in the drinking water obtained from wells
and 151 controls from a nearby city using
a city water supply (Seldén et al., 2009)
(Table 1). Questionnaire data pertaining to
drinking water consumption, smoking history,
and other potential exposures were collected,
and an overnight urine sample was collected
from all participants; the members of the
exposed groups and 15 randomly selected
members of the control group also provided
a water sample. Levels of cadmium (Cd), lead
(Pb) and mercury (Hg) in the water sam-
ples were low (means < 0.50 pg/L) and
similar in both areas. The median U levels
in the water were 6.7 and <0.20 pg/L in
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the exposed and control samples, respectively,
and the median U concentrations in urine
were 0.03 and 0.0047 pg/L in exposed and
controls, respectively. In the regression anal-
yses adjusting for age, gender, and smoking
and excluding 23 participants with diabetes,
levels of low-molecular-weight proteins (82-
microglobulin, kappa chains, and protein HC)
were increased in relation to a 3-level variable
for U concentrations in urine (<0.003, 0.003—
0.0149 and >0.015 nmol/mmol creatinine).
For B,-microglobulin, the geometric mean was
approximately 50% higher (i.e., ratio of geo-
metric mean in the higher compared with
lowest group = 1.48, 95% CI 1.03-2.13), and
for kappa chains and protein HC, the elevations
were 30% (ratio 1.32, 95% CI 1.04-1.68) and
20% (ratio 1.21, 95% CI 1.01-1.44), respec-
tively. An association was also seen between
protein HC and cumulative intake in males
(ratio 1.40, 95% CI 1.08-1.81 in the middle
category and 1.45, 95% Cl 1.00-2.08) in the
highest category of exposure). This pattern was
not seen in females.

Occupational Exposure Studies

An occupational exposure study evaluat-
ing renal function in workers in a Colorado
U mill also provides evidence of an associa-
tion between natural U exposure and increased
levels of urinary and serum p,-microglobulin
(Thun et al., 1985). In one area of this mill, the
yellowcake drying and packaging area, expo-
sure to air concentrations of U dust exceeded
occupational standards for several years. Mean
U concentrations in workers monitored were
65.2, 18.9, 20.5, and 19.1 pg/L urine in
1975, 1976, 1977, and 1978, respectively;
these levels fell to means of 9.1 and 6.2 ng/L
urine in 1980 and 1981 after the opening
of a new mill in 1979. Workers who had
worked at least 1 yr in the yellowcake area
(n = 30) and workers in the crushing area
(n = 12) were identified, and 39 of these 42
workers participated in the study. The expo-
sure in the crushing area was to a less solu-
ble form of U. A comparison group, matched
by race, gender, and age (within 2 yr), was

X. ARZUAGA ET AL.

drawn from workers in a cement production
plant in the area; 43 of the identified matches
were recruited to the study but 7 of these
were subsequently excluded because they had
previously worked at the U mill. The final
sample included 36 controls and 33 matched
pairs. Cadmium levels were similar in the two
groups, but blood Pb levels were higher among
the controls (mean 0.45 and 0.78 pmol/L
in exposed and controls, respectively). Renal
function was evaluated through collection of an
8-h urine sample over the course of a workday,
and midshift blood samples. Specific measures
included serum creatinine and creatinine clear-
ance as markers of glomerular functions and
urinary B,-microglobulin levels as markers of
proximal tubular function. The ratio of the
B2-microglobulin clearance to creatinine clear-
ance, denoted the fractional excretion, was cal-
culated to represent the tubular component of
B2-microglobulin excretion. Urinary excretion
of B2-microglobulin was significantly increased
in the workers compared with controls: where
in the exposed group, mean (+ standard devi-
ation, SD) B,-microglobulin concentration was
0.06 (+ 0.38) mg/g creatinine, compared with
0.036 (£ 0.031) in controls. Similar patterns
were seen with measures expressed as micro-
grams per liter, micrograms per hour, and
clearance (ml/min) (Table 2). Among the work-
ers at the U plant, relative clearance of g,-
microglobulin was markedly correlated with
duration of employment in the yellowcake
area. In contrast, the tendency shown in the
markers of glomerular function such as creati-
nine clearance was toward improved function
in the exposed workers (Table 2).

Several cohort studies of workers at ura-
nium processing facilities have examined mor-
tality risk. Most of the detailed analyses focus
on malignant diseases, but some data on mor-
tality due to chronic nephritis (International
Classification of Diseases, 9th revision, ICD-
9, code 582) or other forms of renal disease
are available (Table 3). The standardized
mortality ratio of chronic nephritis among
8 cohort studies ranged from 0.67 to 1.88,
each with relatively wide confidence inter-
vals, and was approximately evenly distributed
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TABLE 2. Renal Function Measures in Uranium Mill Workers and a Comparison Group of Workers From a Cement Plant (Thun et al.,

1985)
Uranium mill, exposed (n = 39) Cement workers (n = 36)
Variable Mean SD Range Mean SD Range (p value)
B2-Microglobulin?
Serum (pg/ml) 2.05 0.46 1.28-3.40 1.83 0.26 1.36-2.40 (.01)
Urine (ng/L) 54.9 38.7 4.0-140.0 37.6 39.2 1.0-170.0 (.06)
Urine (ng/h) 4.40 2.99 0.36-13.63 2.50 2.05 0.18-10.01 (.002)
Urine (mg/g creatinine) 0.060 0.38 0.004-0.189 0.036 0.031 0.002-0.164 (.004)
Clearance (ml/min) 0.038 0.27 0.002-0.116 0.023 0.019 0.002-0.087 (.01)
Creatinine?
Serum (mg/100 cm?) 1.15 0.15 0.92-1.74 1.22 0.11 0.91-1.40 (.02)
Urine (mg/100 cm?) 102.9 62.6 23.1-285.2 114.6 63.5 11.4-259.6 (.42)
Clearance (ml/min)¢ 95.6 20.6 48.8-172.2 88.4 13.0 39.1-116.6 (.08)
Relative clearance? 3.95 2.64 0.23-11.19 2.62 2.17 0.18-10.71 (.02)

21 ng B2-microglobulin = 1 pmol x 11,600.

b1 mg creatinine = 1 mmol x 113.12.

“Creatinine standardized to a body surface area of 1.73 m?.
dﬂz-Microglobulin clearance x 10*/creatinine clearance.

between estimates greater than 1 (Boice et
al., 2008; Dupree-Ellis et al., 2000; Pinkerton
et al., 2004), around 1 (Frome et al., 1990;
McGeoghegan & Binks, 2000a), and less than 1
(Loomis & Wolf, 1996; McGeoghegan & Binks,
2000b; Polednak & Frome, 1981). The highest
relative risk (standardized mortality ratio [SMR]
= 1.88, based on 6 observed cases) was seen
in the study by Dupres-Ellis et al. (2000), but
the authors noted that the work environment
of 4 of these cases was likely to have included
high exposure to silica dust, which has also
been linked to chronic kidney disease. None of
these studies demonstrated an elevated risk for
the broader category of genitourinary disease,
and two studies observed a statistically signifi-
cant decreased mortality risk (McGeoghegan &
Binks, 2006; Loomis & Wolf, 1996).

Clinical Studies in Gulf War Veterans

Depleted uranium applications include
armor plating for military vehicles, munitions
used to penetrate armored targets, helicopter
blade rotor tips, and aircraft landing gear.
Approximately 10 and 300 tons of DU were
expended by the U.S. Armed Forces dur-
ing the Kosovo air campaign and the Persian
Gulf War, respectively (Arfsten et al., 2001).
Depleted uranium dusts and vapors, which
may be inhaled or ingested, are generated

during structure impact and perforation by DU
munitions (Arfsten et al.,, 2001; Parkhurst &
Guilmette, 2009). Several clinical studies evalu-
ated the effects of exposure to DU in Gulf War
veterans who had been mistakenly fired upon
by U.S. forces in incidents that took place in
February 1991. Exposure occurred via inhala-
tion and ingestion of DU dust in the imme-
diate aftermath of an incident, and through
embedded metal fragments in some individ-
uals who were hit by a high-density, pene-
trating device. In total, 74 soldiers who had
been in or on an Army vehicle during one of
these incidents have been followed through the
Baltimore Veterans Affairs Depleted Uranium
Follow-up program, initiated in 1993. This pro-
gram has followed the majority of the approxi-
mately 90 soldiers involved in these incidents
who survived and for whom contact infor-
mation was available. After the initial study
visit in 1994, biennial exams were conducted
in 1997, 1999, 2001, and 2003 (reviewed
in Squibb and McDiarmid, 2006), 2005, and
2007 (McDiarmid et al., 2007, 2009). The clin-
ical and laboratory evaluations included 24-h
urinary uranium concentration, with serum and
urinary renal function measures. Examination
of the 24-h urinary U concentration data over
the 14-yr follow-up period revealed continued
elevation of U, with levels ranging from 0.003
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to 44.1 pg/g creatinine (Squibb & McDiarmid,
2006). Levels above 0.1 ng/g creatinine (the
cut point used to define a high-exposure group)
were found in most of the individuals who
had retained DU shrapnel. Some indication of
renal damage was seen in the 2001 assessment,
with increased levels of urinary retinol bind-
ing protein (65.68 and 46.13 ng/g creatinine
in the high- and low-exposure groups, respec-
tively) and total protein (78.69 and 54.63
mg/g creatinine in the high- and low-exposure
groups, respectively) (Table 4). Serum creati-
nine was quantitatively decreased, however,
in the high-exposure group (mean 0.85 and
0.95 mg/dl in the high- and low-exposure
groups, respectively). There was little evidence
of renal damage in the 2003 and 2005 assess-
ments. In the latest assessment conducted in
2007, however, a trend of elevated urinary
retinol binding protein and increased urinary
B2-microglobulin levels was seen in the high-
exposure compared with the low-exposure
group (McDiarmid et al., 2009).

STUDIES IN ANIMALS

Studies in experimental animals involving
different routes and durations of exposure sup-
port the conclusion that the kidney is likely
to be a sensitive target organ for U toxicity.
In addition, data from experimental animals
suggest that U compounds of relatively higher
solubility are associated with greater kidney
damage (Craft et al., 2004; Dygert et al., 1949;
Hindin et al., 2005; Maynard et al., 1953).
In acute oral exposure studies with uranyl
acetate (exposure duration ranging from 1-5
d) changes in kidney function, as evidenced
by increases in urinary protein, blood creati-
nine, and BUN, were reported (Domingo et al.,
1987; Ozmen & Yurekli, 1998). Renal dam-
age reported in rabbits, rats, and dogs exposed
to uranyl nitrate in the diet for 30 d or less
included increased plasma protein plus degen-
erative changes (particularly of the proximal
tubular epithelium and glomeruli) and necro-
sis (Goel et al., 1980; Maynard & Hodge 1949;
Ortega et al., 1989).
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The only investigation of chronic oral toxic-
ity of U compounds is the series of experiments
performed by Maynard and colleagues in sup-
port of the Manhattan Project (Maynard et al.,
1953; Maynard & Hodge, 1949). Rats and
dogs were exposed to uranyl fluoride, uranyl
tetrachloride, uranyl nitrate hexahydrate, ura-
nium dioxide, and uranium tetrafluoride in the
diet (or in dogs by capsule if the diet became
unpalatable) for 1 yr (dogs) or 2 yr (rats).
Exposure protocols are described in Table 5.
With the exception of exposure of rats to
uranium dioxide, all uranium compounds pro-
duced some degee of renal toxicity, which was
strongly influenced by compound solubility. For
example, administration of 0.5% uranyl nitrate
hexahydrate in the diet of rats (approximately
200 mg/kg-d U) produced degeneration of kid-
ney tubules, necrosis, and regeneration. Serial
sacrifices revealed that the tubular changes
observed after 6 wk of exposure showed no
appreciable progression even after 2 yr of
exposure (Maynard et al., 1953). More recent
subchronic (91-d) drinking-water studies of
uranyl nitrate in the rat and rabbit (Gilman
etal., 1998a, 1998b, 1998c; McDonald-Taylor
et al., 1992, 1997) provide an examination
of uranium compound toxicity at lower doses
(0.06 to 54 mg/kg-d). See Table 5 for a
more detailed summary of renal histopatho-
logic changes reported by these investigators.
McDonald-Taylor et al. (1992, 1997) reported
histopathologic changes in kidney proximal
tubules of rabbits at 1.7 mg/kg-d U, the lowest
dose tested. Gilman et al. (1998b, 1998c) sim-
ilarly reported histopathologic changes of the
kidney at the lowest doses tested in rabbits
and rats (0.05 and 0.06 mg/kg-d U, respec-
tively). The incidences of renal histopatho-
logic changes (including changes of the renal
tubules, glomeruli, and interstitium) reported
by Gilman et al. (1998b, 1998c), particular
in the rat, were elevated at all dose lev-
els; however, these changes showed a poor
dose-response relationship and little if any
rise in severity with increasing dose, despite
a 600-fold range between the low and high
doses used in this study and documentation
of a rise in kidney uranium residues with
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dose. McDonald-Taylor et al. (1992, 1997)
and Gilman et al. (1998a, 1998b, 1998c)
reported a significant increase in ultrastruc-
tural and histopathological alterations associ-
ated with with tubular cell necrosis (Greaves,
2007; Walling, 1991) in U-exposed ani-
mals. These effects included thickening of
the glomerular basement membrane. Neither
McDonald-Taylor et al. (1992) nor Gilman et al.
(1998a) found evidence of reversibility of kid-
ney histopathologic changes after 91-d recov-
ery periods.

The available subchronic and chronic oral
toxicity studies on U compounds included lim-
ited evaluation of biomarkers of kidney func-
tion. Gilman et al. (1998a, 1998b, 1998c)
examined urinary parameters in the rabbit, but
not rat. In the first rabbit study Gilman et al.
(1998b) measured various urinary parameters
including levels of urea nitrogen, glucose, cre-
atinine, total protein, and albumin as well as
activities of LDH avtivity and NAG. Gilman et
al. (1998a, 1998b, 1998c) found no marked
effects after exposure to 29 mg U/kg-d for
91 d, but reported urinary parameter effects
with the most persistent being increased glu-
cose excretion in a second study in male rabbits
exposed to 41 mg U/kg-d for 91 d (Gilman
et al., 1998a). A dye clearance test used to
assess renal function showed reduced rate of
phenolsulfonphthalein excretion in male rab-
bits exposed to > 120 mg/L uranyl nitrate
(5 mg U/kg-d) but not in females (Gilman et al.,
1998b). Rabbits exposed to lower levels of U
in drinking water showed no marked changes
in urinary parameters (Gilman et al., 1998a,
1998b).

Two animal studies that explored the renal
effects of implanted DU particles in rats pro-
vide toxicity information relevant to the haz-
ard associated with exposure of soldiers to
embedded fragments of DU (Pellmar et al.,
1998, 1999; Zhu et al., 2009). Pellmar et
al. (1998, 1999) did not observe significant
changes in biochemical or histologic mark-
ers of renal damage, while Zhu et al. (2009)
reported that DU exposure led to increased
renal damage as measured by light and electron
microscopy including hypertrophy of epithelial
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cells, necrosis, fibrosis, increased mitochondria
size, glomerulus thickening, and inflammatory-
cell infiltration, and biochemical assays as evi-
denced by increased urinary B,-microglobulin,
albumin, serum creatinine, and BUN. Although
both of these studies used similar methodolo-
gies for DU pellet implantation within the gas-
trocnemius muscle in the lower leg of Sprague-
Dawley rats, the actual doses of implanted DU
can not be compared based upon data pro-
vided. Pellmar et al. (1998, 1999) implanted
rats with 0, 4, 10, and 20 U pellets (pel-
let weights not reported). Zhu et al. (2009)
implanted rats with 0, 0.1, 0.2, and 0.3 g of DU
fragments. After 6 mo of exposure, the high-
est renal U concentration reported by Pellmar
etal. (1999) was 6920 + 770 ng/g, while Zhu
et al. (2009) reported a renal U concentration
of 27,439 £ 2291 ng/g in the high-dose group.
The differences in U-induced renal toxicity
observed in these two studies may have been
due to differences in U dose, tissue uptake, or
diffusion from the implanted pellets.

STUDIES OF MECHANISMS OF RENAL
TOXICITY

The cellular, molecular, and biochemical
mechanisms for renal U uptake and toxic-
ity have been previously reviewed (ATSDR,
1999). Recent studies using proximal and dis-
tal tubule cell lines (MDCK and LLC-PKj;
cells) suggest that U-induced renal toxicity is
dependent on the formation of uranyl phos-
phate complexes, specifically UO,(PO4)" and
UO2(HPOy4), and their uptake by the sodium
dependent co-transporter NaPi-Il and absorp-
tive endocytosis (Muller et al., 2006, 2008).
Furthermore, in vitro studies using isolated
human and murine kidney cortex tubules sug-
gest that U exposure inhibits cellular ATP con-
tent and gluconeogenesis through enzymatic
inhibition of LDH, pyruvate carboxylase, glu-
cose 6-phosphatase, and phoshoenolpyruvate
carboxykinase. Toxicogenomic and proteomic
studies using human renal HEK293 cells also
suggest that U exposure altered expression of
genes associated with calcium-dependent cell
signaling such as IP3 cascade kinases PI4KII
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and PIK3R1, the intracellular calcium receptor
calmodulin, and calmodulin-dependent pro-
teins and cell trafficking pathways such as the
potassium channel ABC subunits ATP6V1AT
and ABCC8 (Prat et al., 2005). Both in vivo
and in vitro experiments showed that U
exposure depleted cellular antioxidants such
as glutathione (GSH) and glutathione reduc-
tase activity, increased reactive oxygen species
(ROS) production and DNA damage, and pro-
moted apoptosis (Banday et al., 2008; Linares
et al., 2006; Thiebault et al., 2007). In vivo
toxicogenomic studies reported that chronic
exposure to U significantly enhanced expres-
sion of genes associated with oxidative stress
responses such as superoxide dismutase 1 and
ion transporters including NaPi-1l and Slc34at
(Taulan et al., 2004).

DISCUSSION

Some evidence of adverse renal effects,
particularly ~ with respect to biomarkers
of proximal tubule damage, is seen in
community-based studies of populations
chronically exposed to elevated drinking
water concentrations of U. The biomarker for
which effects were most consistently seen was
urinary levels of B;-microglobulin (Zamora
et al.,, 1998, 2009; Seldén et al., 2009). The
study in Finland (Kurttio et al., 2002) did not
demonstrate an association of toxicity to U
with B,-microglobulin levels. Prat et al. (2009)
suggested that the calcium-dependent species
seen in speciation analyses of the Finnish water
samples may result in a low toxicity profile. It
should also be noted, however, that 65% of
the samples in Kurttio et al. (2002) were below
the By-microglobulin limit of detection, and
in contrast to the other studies, this measure
was based on a spot urine rather than an
overnight urine sample. B,-Microglobulin
was not included in the measurements used
in the follow-up study in Finland (Kurttio
etal., 2006). Thun et al. (1985) also reported
strong associations between U exposure and
B2-microglobulin measures in urine and serum
among workers in a U processing mill. Two
of these studies included measures of other
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metals (Cd and Pb in Seldén et al. [2009] and
Cd and Pb in Thun et al. [1985]), and there
was no indication that the associations seen
with U were the result of confounding by
these other exposures. In addition, in the most
recent follow-up surveillance study of Gulf
War veterans exposed to DU, some indications
of proximal tubule effects, as evidenced by
increased urinary B2-microglobulin and retinol
binding protein levels, were noted (McDiarmid
et al., 2009). Thus, although the subsets of
renal tests, sensitivity of assays, and type of
exposure measure varied across studies, as a
group these studies show considerable consis-
tency with respect to an indicator of proximal
tubule damage and either measures of intake
or U concentrations in urine. Occupational
cohort studies do not provide evidence of
an increased risk of kidney-related mortality
among U-exposed workers. This outcome
would be a relatively insensitive endpoint for
the detection of renal damage, however, as it
relies on cause of death as reported on death
certificates. The reliability of this recording for
chronic conditions, such as kidney disease,
is much lower than for most cancers and
acute events such as accidents and myocardial
infarction (Harteloh et al., 2010).

Studies in experimental animals confirm
that the kidney is a target of U toxicity following
oral and implantation exposure. Both routes of
exposure are relevant to human exposure situ-
ations. The available animal studies, however,
provide an incomplete characterization of the
dose-response relationship for kidney effects
associated with chronic exposure at low envi-
ronmental exposure levels. With the exception
of early (1940s) studies conducted in support
of the Manhattan Project (Dygert et al., 1949;
Maynard et al., 1953; Maynard and Hodge,
1949), animal studies are generally limited to
exposures of 90 d duration. Further, the major-
ity of subchronic oral toxicity studies (Gilman
et al., 1998a, 1998b, 1998c; McDonald-Taylor
et al., 1992, 1997) of U compounds failed
to identify a no-observed-adverse-effect level,
and the kidney effects reported by some inves-
tigators (Gilman et al., 1998b, 1998c) did not
exhibit a dose response. Investigation of clinical
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biomarkers of renal toxicity in experimental
animal studies is limited. Mechanistic studies
suggest that cell toxicity may result from altered
function of cell signaling pathways, increased
ROS production, and depletion of endogenous
cellular antioxidants.

In summary, various lines of evidence sug-
gest that relatively low levels of U exposure
may result in detectable changes in markers
of renal damage in humans. The epidemi-
ological studies do not provide evidence of
clinically diagnosed kidney disease or renal fail-
ure within the exposed populations. Given the
limited sample sizes and the potential selec-
tion of relatively healthy individuals in these
types of community-based and occupational
studies, the absence of the observation of this
type of kidney disease is not surprising. Rather,
these studies are better designed to examine
associations within what would be considered
the normal range of specific biomarkers of
renal function. The question of the interpre-
tation and importance of the observed effects
of biomarkers of proximal tubule function is
an important question that would benefit from
additional clinical, epidemiological, and exper-
imental research.
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