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Abstract Enzymes that metabolize xenobiotics (XME)
are well recognized in experimental models as repre-
sentative indicators of organ detoxification functions and
of exposure to toxicants. As several in vivo studies have
shown, uranium can alter XME in the rat liver or kidneys
after either acute or chronic exposure. To determine how
length or level of exposure affects these changes in XME,
we continued our investigation of chronic rat exposure
to depleted uranium (DU, uranyl nitrate). The first study
examined the effect of duration (1-18 months) of chronic
exposure to DU, the second evaluated dose dependence,
from a level close to that found in the environment near
mining sites (0.2 mg/L) to a supra-environmental dose
(120 mg/L, 10 times the highest level naturally found in
the environment), and the third was an in vitro assessment
of whether DU exposure directly affects XME and, in par-
ticular, CYP3A. The experimental in vivo models used here
demonstrated that CYP3A is the enzyme modified to the
greatest extent: high gene expression changed after 6 and
9 months. The most substantial effects were observed in the
liver of rats after 9 months of exposure to 120 mg/L of DU:
CYP3A gene and protein expression and enzyme activity
all decreased by more than 40 %. Nonetheless, no direct
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effect of DU by itself was observed after in vitro exposure
of rat microsomal preparations, HepG2 cells, or human
primary hepatocytes. Overall, these results probably indi-
cate the occurrence of regulatory or adaptive mechanisms
that could explain the indirect effect observed in vivo after
chronic exposure.
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Introduction

Uranium in the environment results from leaching from
natural deposits, release in mill tailings, nuclear industry
emissions, combustion of coal and other fuels, and the use
of phosphate fertilizers containing uranium (Bleise et al.
2003). It can thus be found in quantities that vary between
areas by a factor of more than a thousand (Wrenn et al.
1985). As a consequence, populations (civil and military)
living in contaminated areas can be exposed to various
amounts of uranium.

Animal studies as well as the studies of occupationally
exposed people have shown that the major health effects of
both natural and depleted uranium are linked to chemical
toxicity rather than to radiation (Craft et al. 2004; Leggett
1989). Following ingestion, uranium rapidly appears in the
bloodstream; it accumulates particularly in the kidneys and
the skeleton, whereas little is found in the liver (Igarashi
et al. 1987; La Touche et al. 1987). Nonetheless, the liver,
through the portal vein, is the first organ exposed to com-
pounds (nutrients and xenobiotics) absorbed through the
digestive tract, and it is the most important organ involved
in the detoxification process. It is thus subject to the action
of numerous potentially toxic compounds, even if they do
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not accumulate in large quantities. The kidney, because of
its role in urine formation, is the second key organ of the
detoxification process. The many hepatotoxic and nephro-
toxic substances include numerous drugs and environmen-
tal toxins but also some heavy metals, such as lead, cad-
mium, mercury, arsenic, and uranium.

To minimize the insults caused to the body by these
xenobiotics, the liver is equipped with diverse xenobiotic-
metabolizing enzymes (XME). The kidney, a target tissue
of uranium (Gueguen and Rouas 2012; Vicente—Vicente
et al. 2010), can also actively metabolize many drugs,
hormones, and xenobiotics and plays a major role in their
excretion (Lohr et al. 1998). The detoxification pathway
for a vast variety of exogenous and endogenous molecules
is composed of three distinct phases. The phase-I reaction
is essentially catalyzed by the members of the CYP super-
family of enzymes (Gueguen et al. 2006a; Honkakoski and
Negishi 2000). The phase-II metabolizing enzymes consist
of numerous proteins belonging to the UDP-glucurono-
syltransferases (UGT), glutathione-S-transferases (GST)
in particular (Rushmore and Kong 2002). ATP-binding
cassette (ABC) transporter proteins belonging to the third
phase are important determinants of drug metabolism and
clearance by the liver and kidneys (Faber et al. 2003).
CAR (constitutive androstane receptor) and PXR (Preg-
nane X receptor), both nuclear receptors, are also known to
play central roles as sensors and transcriptional mediators
in highly integrated drug/xenobiotic signaling networks
(Kliewer and Willson 2002).

As several studies have shown, uranium can alter XME
in the rat liver or kidneys after either acute exposure (Gue-
guen et al. 2006b; Moon et al. 2003) or chronic exposure to
low levels (Gueguen et al. 2005; Souidi et al. 2005). These
in vivo studies have demonstrated changes in CYP3Al
and CYP3A2 gene expression after a 9-month exposure to
uranium through drinking water (40 mg/L, i.e., 2.7 mg/kg
BW).

To determine whether length or level of exposure
affected these changes in XME, we continued our inves-
tigation of chronic rat exposure to DU through drink-
ing water. The first study examined the effect of duration
(1-18 months) of chronic exposure to DU through drink-
ing water (40 mg/L). This concentration was chosen as a
non-nephrotoxic level close to the maximum environmental
level found in well-water and generally used in our model
of long-term DU exposure (Dublineau et al. 2007; Gue-
guen et al. 2007; Lestaevel et al. 2005; Rouas et al. 2011;
Tissandie et al. 2007). Secondly, a study evaluated dose
dependence, that is, exposure to DU concentrations start-
ing from a level close to that found in the environment
near mining sites (0.2 mg/L) to a supra-environmental dose
(120 mg/L, 10 times the highest level naturally found in
the environment, i.e., 12 mg/L) (Juntunen 1991). Thirdly,
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because only one publication has reported in vitro effects
of DU on XME in a hepatoma cell line (Miller et al. 2004),
we conducted an in vitro study to assess whether DU expo-
sure affects XME and, in particular, CYP3A, directly. This
study used different in vitro models from the liver: the
HepG2 hepatoma cell line, primary human hepatic cells,
and a microsomal liver fraction.

Materials and methods
In vivo studies
Animals

Experiments were performed with 3-month-old male
Sprague—-Dawley rats (250 g) obtained from Charles River
Laboratories (L’ Arbresle, France). Animals were housed at
constant room temperature (21 °C £ 1°) with a 12-h light/
dark cycle. Experiments were approved by the Animal
Care Committee of the Institute (IRSN) and conducted in
accordance with the French regulations for animal experi-
mentation (Ministry of Agriculture Act No. 2011-110, June
2011) and with ethical standards laid down in the 1964
Declaration of Helsinki and its later amendments.

Animal exposure to depleted uranium (DU)

The rats in the contaminated group (n = 12 for each
group) were exposed to uranyl nitrate (U**3: 99.74 %,
U?: 0.255 %, U%* 0.0055 %) (AREVA-NC, France) via
their drinking water for 1-18 months at a concentration of
40 mg/L (study 1) or for 9 months at concentrations from
0.2 to 120 mg/L (study 2). During the DU-exposure period
and through the end of the experiments, animals were care-
fully monitored once a week (body weight and food and
water intake). This monitoring confirmed that DU expo-
sure had no influence on the rats’ food consumption, body
weight, or general health status (data not shown). Control
animals (n = 12) had mineral drinking water (vehicle water
of the DU preparation). Uranium levels in livers and kid-
neys were measured by ICP-MS as previously described
(Paquet et al. 2000).

Tissues collection and histopathology

At the end of the contamination, animals were anesthe-
tized by inhalation of 5 % isoflurane (Abbot France, Run-
gis, France) and euthanized by exsanguination by intracar-
diac puncture. After weighting, organ samples (liver and
kidneys) were frozen immediately in liquid nitrogen and
stored at —80 °C. For histological examination, liver and
kidney samples were fixed in 4 % formaldehyde solution
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(Carlo Erba, Rueil Malmaison, France) at room tempera-
ture during 48 h. After fixation, tissues were dehydrated,
embedded in paraffin, cut in 5-pum-thick sections, and
stained with hematoxylin—eosin—saffron. Histopathologic
analysis was assessed by an independent laboratory (Bio-
doxis, Romainville, France).

Biochemical characteristics of plasma

Blood was centrifuged at 4,000 g for 10 min (4 °C), and
plasma was then stored at —80 °C. Plasma levels of alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
albumin, total bilirubin, creatinine, alkaline phosphatase
(AP), and urea were measured by an automated Konelab 20
(biological chemistry reagents, Thermo Electron Corpora-
tion, Villebon-sur-Yvette, France).

Liver microsomal and cytosol preparation

Liver samples were crushed in an aqueous buffer (pH 7.40)
containing KH,PO, (50 mM), sucrose (300 mM), DTT
(0.5 mM), EDTA (10 mM), and NaCl (50 mM) and cen-
trifuged for 20 min at 20,000 g. The supernatant was then
centrifuged for 1 h at 100,000 g at 4 °C. The ensuing micro-
somal pellet was homogenized in buffer. The supernatant
obtained after the second centrifugation corresponded to
the cytosol fraction.

Both microsomal and cytosolic fractions were stored at
—80 °C. Protein content was determined by the Bradford
method, with bovine serum albumin used as the standard.

Real-time RT-PCR
Total RNA from the liver was extracted with the RNeasy

Total RNA Isolation Kit (Qiagen, Courtaboeuf, France)
and reverse-transcribed with random hexamers and the

Superscript II First Strand Synthesis System (Invitrogen,
Cergy-Pontoise, France). Real-time PCR was used to ana-
lyze the mRNA level of the major cytochromes such as
P450 3A1, 3A2, 2E, and 2C11 (CYP3A1l: EC 1.14.14.1,
CYP3A2: EC, CYP2E: EC 1.14.14.1, and CYP2C11: EC
1.14.14.1), glutathione-S-transferase A2 (GSTA2: EC),
UDP-glucuronosyltransferase 1A1 and 2B1 (UGT1Al:
EC 2.4.1.17 and UGT2B1: EC 2.4.1.17), sulfotransferase
1A1 (ST1A1: EC 2.8.2.1), multidrug resistance protein 1
(MDR1), and multi-resistance protein 2 (MRP2). An Abi-
Prism 7000 Sequence Detection System (Applied Biosys-
tems, Courtaboeuf, France) was used with 10 ng of cDNA
for each reaction. A mix of primers (Invitrogen, Cergy-
Pontoise, France) (2.5 % v/v), SYBR (Applied Biosys-
tems, Courtaboeuf, France) (83 % v/v), and sterile water
(14.5 % v/v) was added to each well to give a final volume
of 25 pL. Samples were normalized to hypoxanthine—gua-
nine phosphoribosyltransferase (HPRT), and fold induc-
tion calculated relative to the control (unexposed group).
Sequences of forward and reverse primers are listed in
Table 1 (Gueguen et al. 2007; Rekka et al. 2002; Ropenga
et al. 2004; Rouas et al. 2009; t Hoen et al. 2002; Theron
et al. 2003).

Western blot

Proteins from liver homogenate, or microsomal or cyto-
solic fractions, were separated by 10 % sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE)
and transferred onto nitrocellulose membrane. The mem-
branes were blocked for 1 h in 5 % nonfat dry milk in
TBS. The blots were incubated overnight with antibodies
diluted in 2 % nonfat dry milk in TBS at 4 °C. Micro-
somal CYP3A1 and CYP3A2 were detected with rabbit
polyclonal antibodies (Abcam, Paris, France), microsomal
CYP2C11 with goat polyclonal antibodies (Daiichi Pure

Table 1 Primer sequences for gene encoding for xenobiotic-metabolizing enzymes

Gene Forward Reverse Accessionno  Amplicon References

size (pb)
HPRT GCTCGAGATGTCATGAAGGAGA TCAGCGCTTTAATGTAATCCAGC NMO012583.2 108 Ropenga et al. (2004)
CYP3A1 GATGTTGAAATCAATGGTGTGT TTCAGAGGTATCTGTGTTTCC NMO01310.2 290 Rekka et al. (2002)
CYP3A2 AGTAGTGACGATTCCAACATAT TCAGAGGTATCTGTGTTTCCT NM153312.2 250 Rekka et al. (2002)
CYP2E GGAGGAGCTCAAAAACACCAAA GGTGCGCAGCCAATCAG NMO031543.1 62 Gueguen et al. (2007)
CYP2C11 ATGGGATGCAATGGAAGGAG TCTTGCCCATCCCAAAAGTC X79081 67 Gueguen et al. (2007)
GSTA2 TTGACATGTATTCAGAGGGT TTGTTTTGCATCCATGGCTG K00136 362 t Hoen et al. (2002)
UGT1A1 TGGCATCCCCAAAACGATCT GGAACCGGAGTGTGTGATGAA NM175846.2 65 Rouas et al. (2009)
UGT2B1 TGGAGAACATGGTGTAGTGGT TTGGCTTTTTCTTCAGTAGTCAGG NM173295.1 68 Gueguen et al. (2007)
STI1A1 AGGGTGGCAAGCTAGAGAAGTG GAGGGAACCCCTGGACATTT NMO031834 67 Rouas et al. (2009)
MDRI ATCAACTCGCAAAAGCATCC AATTCAACTTCAGGATCCGC NM1334401.1 115 Theron et al. (2003)
MRP2 TTCGAAGCTGGATGATGTGTTT  GCCATGCAGATCATGACAAGAG  NMO012833.1 60 Gueguen et al. (2007)
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Chemicals, Tokyo, Japan), microsomal UGT1Al with
goat polyclonal antibodies, and microsomal UGT2BI
with rabbit polyclonal antibodies (both Santa Cruz Bio-
technology, Heidelberg, Germany). Cytosolic GSTYa
was detected with goat antibody (Oxford Biomedi-
cal Research, Oxford, USA). Immune complexes were
revealed by rabbit anti-goat IgG and goat anti-rabbit IgG
(Santa Cruz Biotechnology) coupled to horseradish per-
oxidase (HRP) and the luminol derivative of Immobilon
Western (Millipore, Billerica, USA). Samples were nor-
malized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), which was detected with rabbit anti-rat anti-
body (Santa Cruz Biotechnology). Reaction intensity
was determined by computer-assisted densitometry (Fuji
LAS3000, Raytest, France).

Testosterone hydroxylase assay

Testosterone hydroxylase activity was determined as
previously described (Rouas et al. 2009) with freshly
prepared microsomal fractions. Testosterone (10 pL)
solubilized in potassium phosphate buffer containing
45 % (w/v) hydroxypropyl B cyclodextrin (HPBCD) as
well as buffer (390 wL) containing KH,PO, (15 mM),
K,HPO, (60 mM), EDTA (1 mM), DTT (0.5 mM), and
MgCl,-6H,0 (5 mM), was added to the microsomal solu-
tion (50 nL). NADPH (1 mM) was used to begin the
reaction, which was stopped after 20 min at 37 °C by the
addition of 2 mL methanol/chloroform (2:1, v/v). Cortex-
olone (10 nmol) was used as an internal standard. Tes-
tosterone and its metabolites were extracted with 2 mL
chloroform and 1.5 mL water. Tubes were vortexed for
1 min, and 2 mL of the organic phase was collected and
evaporated (nitrogen gas). The dry residue was recon-
stituted with 250 pL of acetonitrile by vortexing for
1 min. The solution was injected into the HPLC for the
analysis (column Lichrospher 100 RP18, 250 x 4 mm,
5 wm), and components were quantified at 247 nm. The
mobile phase was acetonitrile/water (26:74). Typical
retention times were 8 min for 4-androsten-7a, 178-diol-
3-one (characteristic of CYP2A activity), 10 min for
4-androsten-6f, 17p-diol-3-one (characteristic of CYP3A
activity), 11 min for 4-androsten-16a, 17p-diol-3-one
(characteristic of CYP2B activity), and 4-androsten-2a,
178-diol-3-one (characteristic of CYP2C activity). Enzy-
matic activity was expressed as picomoles per minute per
whole liver.

In vitro studies
HepG2 is the standard model for in vitro study of the

effects of toxic compounds on liver cells; nevertheless, to
assess XME and particularly cytochrome P450 in greater
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detail, we also used primary liver cells due to their greater
ability to respond to CYP inducers.

Components of cell culture media

Roswell Park Memorial Institute medium (RPMI 1640,
ref 21875034), penicillin/streptomycin 10,000 U/mL (PS,
ref 15140), fetal bovine serum (FBS, ref 10270-106), and
L-glutamine (ref 25030-024) were purchased from Invitro-
gen (Cergy-Pontoise, France). Non-essential amino acids
(NEAA, ref M7145), amphotericin B (ref A2942), and reti-
noic acid (ref R4643) were obtained from Sigma-Aldrich
(Saint Quentin Fallavier, France).

HepG2 cells were obtained from ATCC (Molsheim,
France). Primary hepatocytes, ISOM’s medium, ascor-
bic acid, Hepato-STIM medium, and collagen plates were
obtained from BD Biosciences (le Pont de Claix, France).
Plastics used for HepG2 cell culture were purchased from
VWR (Fontenay-sous-Bois, France).

Cell culture

All cells were grown in incubators with humidified atmos-
phere (i.e., 37 °C, 5 % CO,) to a confluence of 80 %.
HepG2 in a monolayer culture in RPMI supplemented
with 10 % FBS, 1 % PS, and primary hepatocytes with
ISOM’s medium supplemented with ascorbic acid 25 mM,
FBS 1 %, and EGF 0.25 %. Primary liver cells come from
a non-smoking healthy adult aged 25 years who died
accidentally.

Preparation of DU solution

A solution of uranyl nitrate hexahydrate (UO,(NO3),-6H,0)
(10 mM) was prepared from DU powder dissolved in
100 mM bicarbonate (HCO;™) solution. The radioactive-
specific activity of DU is 1.4 x 10™* Bg/g and its isotopic
composition is U = 99.74 %, U = 0.255 %, and
234U = 0.0055 % (AREVA-NC, France).

Depleted uranium (DU) solutions used for experiments
were prepared by diluting stock solution in cell culture
media. Cells were incubated with increasing DU concentra-
tions (10, 100, and 500 wM) for 24 h.

CYP inducer and inhibitor exposure

Pharmaceutical substances frequently used in CYP3A
induction studies were used to specifically enhance or
repress CYP3A isoforms for in vitro models.

Dexamethasone was chosen as the CYP3A inducer in
HepG2 cells. After testing different concentrations, we
chose 50 wM, because it moderately induced CYP3A for
DU co-treatment.
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Rifampicin was used as the CYP3A inducer in human
primary hepatocytes. After testing different concentrations,
we chose 20 uM because it moderately induced CYP3A
for DU co-treatment.

Isoniazid was used as a CYP inhibitor in rat liver micro-
somes. Different concentrations were tested (from 1 to
1,000 pM) and compared with DU treatment.

CYP3A activity in vitro

Cytochrome P450 (CYP450) activity was measured by a
luminescent method with the P450-Glo assay (Promega,
Charbonnieres, France), performed by incubating the
samples (source of CYP450 isoenzymes) and a lumino-
genic cytochrome P450 substrate. The substrates are con-
verted to luciferin by CYP450, which in turn reacts with
luciferase to produce a luminescent signal. This signal is
measured by Luminometer Mithras LB940 (Berthold,
Thoiry, France). The amount of light produced is directly
proportional to the CYP3A activity. These measurements
were taken in primary hepatocyte cells and are expressed
as luminescence arbitrary units/mg protein. Mean val-
ues *+ standard deviations were obtained in three inde-
pendent experiments.

Statistical analysis

To compare the time-course or dose-response effects of
DU exposure in vivo, statistical analyses were performed
by two-way analysis of variance with DU contamination
and time after DU exposure as the two factors. For the in
vitro studies of mRNA level or enzymatic activities, sta-
tistical analysis used Student’s ¢ test (p values are reported
between brackets). All results are expressed as their
mean + SEM. The acceptable level of significance was
established as p < 0.05.

Results
Time-course study
General health characteristics

Food and water intake was monitored weekly, starting from
the beginning of the contamination; at no point, did it dif-
fer significantly between DU-exposed and control animals
(data not shown). Accordingly, the final body weight was
similar between DU and control groups as was the kidney
and liver weights (Online Resource 1).

Plasma levels of various biochemical indicators
related to kidney (creatinine, urea) or liver function or
integrity (transaminases, alkaline phosphatase) were

measured for each exposure period and no abnormal
level was observed (Online Resource 1). Accordingly,
the histological examination of livers and kidneys of
rats exposed to DU for 9 months showed no deleteri-
ous effects in this study, as reported earlier at this level
(40 mg/L).

Assessment of xenobiotic-metabolizing enzymes

Figure 1 reports the effect of chronic uranium exposure
(40 mg/L) over time on the gene expression of the main
XMEs in rat livers (Fig. 1a) and kidneys (Fig. 1b). Expres-
sion of these various genes changed differently over time.
The mRNA levels of liver CYP2C11 (—49 %) and kidney
CYP3Al (=73 %) and 3A2 (—97 %), all phase 1 enzymes,
had decreased after 6 months, whereas gene expression of
the latter two (CYP3As) increased in the livers and kid-
neys of rats exposed to uranium for 9 months. No sig-
nificant change was noticed in shorter (1 and 3 months)
or longer (18 months) DU-exposure groups. The lack of
modification after an 18-month exposure might be due to
the age of the animals, as variability increases with age.
CYP2A, 2B, 2C, and 3A activities were measured in the
microsomal liver fraction and did not differ from those
of control rats regardless of the duration of DU exposure
(data not shown).

At 6 months, unlike the phase-I (cytochrome P450)
enzymes that were repressed, gene expression of one
phase-II enzyme (GSTA2) in the kidney and two phase-III
transporters, MDR1 and MRP2, in the liver tripled com-
pared with controls (p < 0.01 and p < 0.05, respectively).
No other significant change was observed at any other
duration of DU exposure.

The most important effects of DU exposure were
observed after 9 months of chronic intake, when gene
expression of CYP3A enzymes increased along with gene
expression of their associated nuclear receptors, in both
the liver and the kidneys, although there was no differ-
ence in enzymatic activity (data not shown). In view of
these results, the study of increasing DU concentrations
that followed was conducted for a 9-month contamination
period.

Dose-response study

Increasing concentrations of DU (from 0.2 to 120 mg/L)
were administered to rats for 9 months. Uranium levels in
livers and kidneys were measured by ICP-MS, as previ-
ously described (Paquet et al. 2006). Dose-dependent accu-
mulation of uranium was measured in the kidneys (from
4.7 to 352.8 ng/g of tissue) and in the liver (from 0.2 to
4.2 ng/g of tissue) of rats exposed to increasing concentra-
tions of DU.
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Fig. 1 Xenobiotic-metabolizing enzymes and nuclear receptor mRNA level variation in the liver (a) and the kidney (b) of rats exposed to DU
through drinking water (40 mg/L) during 1, 3, 6, 9, or 18 months. ND not determined
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General health characteristics

Weekly monitoring of the animals’ body weight and food
and water intake showed no differences between the groups
(data not shown). Kidneys and livers were weighed (and
related to BW). Surprisingly, liver weight increased by
13 % for DU concentrations above 40 mg/L (p < 0.05)
but remained nonetheless within the normal range (Online
Resource 2).

The plasma marker levels related to kidney functions
and liver integrity or functions did not change significantly,
regardless of the DU concentration in drinking water and
despite the higher transaminase level in the 120 mg/L group.

Complementary histological analyses of livers and
kidneys confirmed the absence of tissue alteration due to

A 10,00

chronic DU exposure (data not shown). This finding indi-
cates that uranium did not produce major toxicity when
administered through drinking water at concentrations
between 0.2 and 120 mg/L.

Analysis of xenobiotic-metabolizing enzymes

Our previous results obtained with animals exposed to
DU at 40 mg/L for 9 months (Gueguen et al. 2007; Rouas
et al. 2009; Souidi et al. 2005) showed that chronic expo-
sure modified liver expression of CYP3A, a major phase-
I enzyme. As shown in Figs. 2 and 3, the present dose—
response study confirms this change, showing the greatest
modification in CYP3A enzyme activity and gene and
protein expressions in the liver of animals exposed to the
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Fig. 2 Xenobiotic-metabolizing enzymes and nuclear receptor mRNA level, protein level, and enzymatic activity in the liver of rats exposed to
increasing concentration of DU through drinking water (10, 40, and 120 mg/L) during 9 months
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highest DU concentrations (120 mg/L)(decreases of 44 %
(p < 0.05), 50 % (p < 0.01), and 75 % (p < 0.05), respec-
tively) (Fig. 2).

Of the four key phase-II enzymes we studied, only one
(ST1A1) changed with the level of exposure (Fig. 3a).
The mRNA level of this enzyme increased in the kidneys
as a function of uranium concentration in the drinking
water (compared with control animals, increase of 96 %
at 10 mg/L through 242 % at 120 mg/L). Future studies of
the protein level and/or enzymatic activity of ST1A1 at the
same or lower levels of contamination should determine
whether this enzyme can be used as a kidney biomarker of
chronic DU exposure.

Overall, these results confirm that some XME, notably
CYP3A in the liver and ST1A1 in the kidneys, might be
usable as markers of chronic DU contamination, because
the effect observed increases with dose.

In vitro studies

The experimental in vivo models used here showed that
CYP3A is the enzyme modified to the greatest extent, and
the most substantial effects were observed in the liver—
the key organ of detoxification process—of rats exposed to
uranium. Then, we next studied the direct effect of uranium
on XME and more specifically on CYP3A in different in
vitro liver cell models.

Microsomes study

The first set of experiments examined the potential inhib-
itory direct effect of DU on a purified fraction of cells
containing CYP enzymes, specifically the microsomal
liver fraction of control rats. Figure 4 shows the activ-
ity of CYP3A and CYP2C in liver microsomes exposed
to the concentrations of uranium from 1 to 1,000 uM.
Enzyme activity was measured by HPLC of a testoster-
one hydroxylase assay. To confirm the inducibility/inhi-
bition potential of cytochrome P450, microsomal frac-
tions were exposed to various concentrations of isoniazid
(1 to 1,000 M), a known inhibitor of these cytochromes
P450. A significant decrease in the activity of CYP2C
(87 %, p < 0.01) and CYP3A (35 %, p < 0.05) was
observed after treatment with 1 mM of isoniazid. This
inhibition was dose-dependent and greater for CYP2C
than CYP3A at concentrations from 10 to 1,000 WM. By
comparison, uranium had no effect on either CYP3A or
CYP2C activity measured in rat liver microsomal frac-
tions, regardless of the concentration used (from 1 to
1,000 wM). These results suggest that uranium had no
direct effect on the activity of these CYPs measured in
microsomal fractions.
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In a next step, hepatocyte cultured cells were used
to study the effect of uranium on XME at the cell level.
With these more complex in vitro models, the hypothesis
of an indirect effect occurring through cell regulation was
examined.

HepG2 study

The human hepatoma cell line HepG2, a common in vitro
model for toxicological and XME studies (Krusekopf et al.
2003; Maruyama et al. 2007), was used. A previously pub-
lished study of cytotoxicity and localization of uranium
inside the cells (Rouas et al. 2010) allowed us to define the
concentrations used to study XME expression.

Dexamethasone was chosen as a standard CYP3A
inducer in HepG2 cells. As expected and as Fig. 5 shows,
dexamethasone administered at a concentration of 50 puM
induced expression of CYP3A7 (4+150 %, p < 0.01) and
CYP3A4 (4200 %, p < 0.05) genes. In comparison, DU
treatment (10-500 wM) did not induce either an increase
or a decrease in gene expression of these CYP3A isoforms.
In co-exposure to uranium and dexamethasone (50 M),
however, uranium exposure inhibited CYP3A induction but
only at the highest concentration used (500 wM, but not at
10 and 100 wM). This inhibition might thus be related to
the decreased cell viability at this DU level, as previously
reported (Rouas et al. 2010).

Study of primary human hepatocytes

Figure 6 shows the effect of uranium on human pri-
mary hepatocyte cells. The increased gene expression
of CYP3A4 induced by rifampicin (14-fold at 20 pM,
p < 0.001) confirms the responsiveness of these enzymes
in the cells. Rifampicin also induced the other CYP3A iso-
forms (doubled level of CYP3AS, p < 0.01, and 11-fold
increase of 3A7, p < 0.001).

In the primary hepatocytes as in the HepG2 cells, ura-
nium treatment did not alter the gene expression of CYP3A
isoforms when it was administered alone (10, 100, or
500 wM). Nevertheless, when administered with rifampicin
(20 pM), induction of CYP3A isoforms (p < 0.04 for
CYP3A7) was down-regulated at the highest uranium
dose (500 wM). At the same time, gene expression of
other CYPs (1A2, 2E1, 2C9), phase-II enzymes (GSTAI,
GSTA4, GSTMI1, STI1B1), and transporters (MDRI,
MRP?2) did not increase or decrease significantly in relation
to exposure to uranium (data not shown).

These results were completed by measuring total
CYP3A activity (Fig. 2b). No significant change in this
activity was observed for uranium exposure alone, at any
concentration used (10-500 wM). In case of co-exposure
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(uranium with rifampicin), CYP3A4 induction decreased
slightly, compared to rifampicin (20 pM) exposure alone,
at the highest uranium concentration (500 pM, —20 %,
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somal proteins. Asferisk represents a significant difference between
treated and control (C) groups (Student’s ¢ test, *p < 0.05, *p < 0.01,
*#%p < 0.001)

p < 0.001). This reduction was correlated with decreased
gene expression, although the decrease observed with
rifampicin at the lowest uranium dose, 10 wM, was not.
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Discussion

Enzymes that metabolize drugs or xenobiotics (DME or
XME) play a central role in the biotransformation, metab-
olism, and detoxification of xenobiotics and foreign com-
pounds that are introduced to the human body and can be
used as sensitive indicators of liver or kidney damage. In
particular, levels of cytochromes P450, for the analysis of
liver detoxification functions or GST-a or -y to evaluate
kidney damage, can be measured in serum, urines, or liver
tissue (Fent 2003; Gueguen et al. 2006a, 2012; Waring and
Moonie 2011).

It has been previously shown that XME expression can
be altered in the liver and kidneys of rats exposed to ura-
nium through drinking water for 9 months at a maximiz-
ing environmental level of 40 mg/L (i.e., 2.7 mg/kg BW)
(Rouas et al. 2009; Souidi et al. 2005). In these previous
studies, one XME in particular was altered after expo-
sure to uranium—CYP3A and especially the CYP3A2
isoform—which seems to be a preferred liver target of
uranium administered chronically at a low dose. Although
these changes are rather slight, they have been correlated
to the potentiation of production of a toxic metabolite of
low-toxic doses of acetaminophen, a commonly used drug
actively metabolized by cytochrome P450 (Gueguen et al.
2007).

In this work, we used different in vivo and in vitro mod-
els in an extensive study of the effects of uranium alone on
the xenobiotic-metabolizing system. Overall, the experi-
mental in vivo models used here demonstrated that CYP3A
is the enzyme modified to the greatest extent. When the
duration of uranium exposure varied from 1 to 18 months,
CYP3A gene expression was substantially lower than in
control rats at 6 months but higher at 9 months (Fig. 1).
These time-dependent changes can be related to the lack
of any gradual accumulation of DU in the rat organs, so it
does not reach a steady state (Gueguen et al. 2007; Paquet
et al. 2006). The biological modifications observed might
depend on the tissue level of uranium. Accumulation of
uranium in the kidneys and the liver as a function of time
of DU exposure was measured and was similar to the pre-
vious results (Paquet et al. 2006). Adaptive mechanisms
probably occur in the organs and lead to the changes in the
level of XME expression. Greater effects were observed
after 9 months of exposure, when the level of uranium in
the organs was higher.

Nevertheless, these variations in terms of accumulation
and biological effect on XME in the liver and kidneys did
not modify either clinical plasma indicators or the histolog-
ical appearance of these tissues (data not shown). Accord-
ingly, in a previous study, sensitive and specific markers
of tubular kidney injury revealed no significant structural
change in the kidney in this protocol (9 months, 40 mg/L,

i.e., approximately 0.1 wg/g kidney) (Rouas et al. 2011).
The XME changes seen here probably did not involve dele-
terious effects to kidneys or livers but probably reflect func-
tional changes. Globally, in our model of chronic exposure
to uranium at a non-nephrotoxic level, the accumulation
of uranium and its effect on XME in these organs depends
on the time of exposure but it does not vary linearly, that
is, from shorter to longer exposure. This lack of a linear
time relation is probably due to a time-dependent adaptive
mechanism to uranium presence in organs.

To assess whether the effects described above might
depend on dose and on the concentration at which the first
effects on XME appear, we conducted a second study with
different DU concentrations added to drinking water in a
chronic exposure protocol. This appears to be only the sec-
ond study of chronic exposure of rats to different doses
of uranium through drinking water. The first study (Gil-
man et al. 1998) showed renal alterations in the control
group (non-exposed to uranium) and no rise in histopatho-
logic severity with increasing dose: histological lesions
in the kidneys of rats exposed to the lowest concentration
(0.96 mg/L) did not differ significantly from those observed
at the highest concentration (600 mg/L). In the present
study, rats were exposed to uranium in drinking water con-
taining 0.2-120 mg/L of uranium for 9 months. No indi-
cators of hepatotoxic or nephrotoxic effects were observed
according to the plasma parameters or histological analysis.

The maximal kidney concentration of uranium that
did not induce a deleterious effect in rats contaminated
through their drinking water ranged from 0.4 pg/g kidney
to 1.9 png/g (Gilman et al. 1998; Linares et al. 2006; Ortega
et al. 1989). To our knowledge, no study has shown any
kidney effect of uranium at a tissue concentration below
0.4 |Lg/g after oral exposure except in the previous studies
from our group. We used the same contamination proto-
col and found some variation in the metabolism of vitamin
D (Tissandie et al. 2007) and of xenobiotics (Rouas et al.
2009; Souidi et al. 2005). In these studies, the expression or
activity of the cytochromes P450 involved in these metabo-
lisms was altered in the liver or the kidneys of the uranium-
exposed rats.

Heavy metals are known to be able to modify
cytochrome P450 function and thus organ function. Lead,
cadmium, and arsenic can affect the oxidative activity of
cytochrome P450 through the inhibition of heme synthesis
or the activation of its degradation (Moore 2004). Chronic
uranium exposure can also modify some XME (Figs. 2,
3) as a function of dose. Again, the strongest effect is on
CYP3A2; the change observed in its gene expression at
120 mg/L is correlated with reduced protein expression
and decreased CYP3A activity (Fig. 2a—c). Both of these
sets of in vivo results make it difficult to reach any defini-
tive conclusion about the precise effect of chronic uranium
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exposure on XME. We therefore conducted in vitro studies
to examine whether uranium has a direct or indirect effect
on XME.

CYP3A enzyme activity evaluated after in vitro expo-
sure of a rat microsomal preparation showed that uranium
by itself had no direct effect on an enriched preparation of
CYP enzymes. Hepatocytes directly exposed to uranium
were then used to analyze whether uranium could have a
direct effect on cells but an indirect effect on CYP. Until
now, most in vitro studies of the effects of uranium have
analyzed cell death (Carriere et al. 2004; Milgram et al.
2008; Mirto et al. 1999; Thiebault et al. 2007). To our
knowledge, only one study evaluated the effects of uranium
on the detoxification system, such as the induction of XME,
and only a few enzymes were studied (Miller et al. 2004).
In comparison, many studies have analyzed the effects of
heavy metal exposure on XME, such as CYPs. One hypoth-
esis about uranium cytotoxicity is based on P450 reduc-
tase, which could play a role in inducing oxidative stress
(Pourahmad et al. 2006). In our study, exposure of HepG2
cells to various concentrations (10-500 wM) of uranium
did not induce expression of CYP1A1 or GST genes (data
not shown), contrary to other heavy metals. These results
are in line with a previous report that uranium exposure
does not substantially modify the expression of these genes
(Miller et al. 2004). Accordingly, in human hepatocytes,
exposure to uranium did not affect the gene expression of
CYP3A main isoforms (CYP3A4, CYP3AS5, and CYP3A7)
or of CYP3A4 enzyme activity. CYP3A gene expression
and activity were altered only when cells were co-exposed
to both an inducer (rifampicin or dexamethasone) and
a cytotoxic concentration of uranium (500 wM). These
results suggest that uranium might modify CYP3A expres-
sion when it is administered in specific conditions. Nev-
ertheless, the finding that uranium enters cells and indeed
cell nuclei (Rouas et al. 2010) provides a basis for suppos-
ing that it might act directly on a molecular target inside
the cells and not only on cytoplasmic membrane receptors
(Brady et al. 1989; Hori et al. 1985; Schwartz and Flamen-
baum 1976).

Overall, the absence of any direct effect by uranium on
CYP3A in in vitro models together with the augmenta-
tion or diminution of CYP3A in vivo probably means that
the regulation or adaptive mechanisms occur. Indeed, the
effects observed in vivo depend on the duration of expo-
sure. We can suppose that the organism’s homeostatic
mechanisms induce some defenses—and signals of these
defenses—in response to continuous uranium exposure.
The modifications of XME in the liver, where uranium does
not accumulate at a high level, could be related to other tis-
sue signals in response to this exposure. This appears to be
the case, for example, in a rat model of renal failure that
induced a decrease in liver CYP levels (mainly CYP2C11,
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CYP3A1, and CYP3A2) (Leblond et al. 2001), which
might be due to the reduced levels of parathyroid hormone
(PTH) (Michaud et al. 2010). Results from our previ-
ous experiments showed changes in CYP activity or gene
expression related to endobiotic metabolism, especially
vitamin D metabolism, but the plasma PTH level evalu-
ated in animals exposed to uranium for 9 months did not
change (Tissandie et al. 2007). Other adaptive mechanisms
probably occurred in our model; they might involve oxida-
tive stress or signaling disruption due to these changes, as
observed in in vitro models (Periyakaruppan et al. 2007,
Pourahmad et al. 2006; Prat et al. 2005). These hypoth-
esized pathways should be investigated in future work to
improve our understanding of the effect of uranium at the
cellular level as a function of time of exposure.
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