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Uranium-induced rat kidney cell cytotoxicity is
mediated by decreased endogenous hydrogen
sulfide (H2S) generation involved in reduced Nrf2
levels

Yan Yuan,a Jifang Zheng,*a Tingting Zhao,a Xiaoqing Tangb and Nan Huc

The mechanism of uranium-induced kidney cell cytotoxicity is not fully understood. Nrf2 is a transcription

factor which can regulate gene expression of cystathionine β-synthase (CBS) and cystathionine γ-lyase (CSE)

which are responsible for endogenous H2S formation. H2S is recognized as the gaseous mediator that exerts

antioxidative and cytoprotective effects. Here, we assessed the in vitro effects of uranyl acetate on Nrf2 gene

expression and endogenous H2S production in a stable rat kidney cell line (NRK-52E). The results imply that

uranium treatment decreased cell viability and increased LDH release, indicating uranium-induced cytotoxi-

city. Uranium intoxication increased intracellular ROS and MDA contents, depleted GSH levels, and impaired

SOD and CAT activities, which resulted in oxidative stress injuries. Uranium intoxication reduced CBS and CSE

gene expression and endogenous H2S production. Uranium contamination decreased Nrf2 protein expression

and nuclear translocation. RNA silencing of Nrf2 gene expression in kidney cells which had not been treated

by uranium decreased CBS and CSE gene expression and endogenous H2S generation, which mirrored the

effects of uranium exposure. In contrast, treating uranium-exposed kidney cells with Nrf2 activator (sulfora-

phane) preserved the protein levels of Nrf2, CBS and CSE, and endogenous H2S formation. Administration of

NaHS (an H2S donor) to uranium-intoxicated kidney cells reduced cell damage and alleviated oxidative stress.

These data imply that uranium-induced kidney cell cytotoxicity is mediated by decreased endogenous H2S

production due to the down-regulation of CBS and CSE gene expression and reduced Nrf2 levels. Sup-

plementary H2S generation and/or Nrf2 activation can mitigate the adverse effects of uranium on kidney cells.

1 Introduction

Uranium is a potentially environmentally hazardous metal,
which is not physiologically or biochemically essential for
mammals. The widespread applications of uranium in civilian
society, the military sector and nuclear power reactors increase
the release of this radionuclide into the environment.
Uranium dispersion causes contamination of ground water as
well as food chains, and poses a threat to the health of general
populations. Once uranium enters into the human body, a
small proportion gains access to the circulation and is partly
stored in the target organs. The kidney, liver, brain, bone, lung

and intestine are the critical target organs for uranium
exposure.1 Among them, the kidney is the main target of
uranium toxicity, and renal dysfunction is the most character-
istic response to uranium exposure. Acute uranium intoxi-
cation can cause reversible nephrotoxicity in humans and
laboratory animals.2 Many questions about the precise mecha-
nisms of uranium-induced nephrotoxicity have not been eluci-
dated, and these mechanisms are not easily accessible in vivo.
In fact, uranium-induced kidney dysfunction is mainly related
to the renal proximal tubular epithelial cells.3,4 Cell culture
studies indicate that the molecular mechanism which is
responsible for uranium-induced kidney cell cytotoxicity may
be involved in oxidative stress by producing intracellular reac-
tive oxygen species (ROS) and disturbing the antioxidant
defense systems.5,6 However, the fine molecular mechanism of
upstream events for regulating oxidative stress is still poorly
defined in uranium-induced kidney cell cytotoxicity.

Hydrogen sulfide (H2S), previously known as an environ-
mentally toxic gas, has been recognized as the third physio-
logical gasotransmitter (after NO and CO) with a variety of
biological functions.7 Endogenous H2S is formed from cysteine
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and homocysteine in many tissues in several enzymatic reac-
tions catalyzed by cystathionine β-synthase (CBS), cystathio-
nine γ-lyase (CSE) and 3-mercaptopyruvate sulfurtransferase
(3MST) along with cysteine aminotransferase (CAT).8 H2S is
reported to readily scavenge ROS, such as hypochlorous acid,9

superoxide,10 and hydrogen peroxide.11 In addition, H2S can
increase the glutathione levels and bolster endogenous anti-
oxidant defenses by regulating the nuclear transcription factor
erthyroid 2 (NF-E2)-related factor 2 (Nrf2) pathway.12–14 Under
normal homoeostatic conditions, Nrf2 is repressed in the cyto-
plasm by the dual actions of Kelch-like ECH associating
protein 1 (Keap1) and the glycogen synthase kinase-3/beta-
transducin repeat-containing protein (GSK-3/β-TrCP) axis.
Upon exposure to oxidants and soft electrophiles or stimu-
lation by endogenous signaling pathways or xenobiotics, the
free fraction of Nrf2 accumulates, translocates to the nucleus
and dimerizes with a small Maf protein. The Nrf2-Maf
complex then recognizes and binds with the antioxidant
response element (ARE) located in the promoter regions of
many cell defense genes.15,16 Recent studies indicate that Nrf2
can bind with a similar ARE cis-acting regulatory element in
the promoter regions of CBS and CSE genes. Nrf2 can regulate
CBS and CSE expression which are involved in endogenous
H2S metabolism.17 CBS and CSE expression are identified in
the renal cells under normal conditions. The kidney is a major
target of H2S in the body, and H2S participates in the regu-
lation of renal functions.18

Recently, we have identified that uranium-induced nephro-
toxicity in SD rats is concomitant to decreased CBS and CSE
protein levels and endogenous H2S generation in the kidney
homogenates, and that administration of exogenous H2S attenu-
ates the uranium-induced acute nephrotoxicity through amelior-
ating oxidative stress.19 Given the antioxidant and cytoprotective
properties of H2S,

7,20 it was hypothesized that endogenous H2S
deficiency could potentially contribute to uranium-induced
kidney cell cytotoxicity. The underlying mechanism may be that
endogenous H2S deficiency could result from decreased CBS
and CSE gene expression which could be down-regulated by
reduced Nrf2 levels due to massive oxidative stress. The current
study was designed to investigate the in vitro effects of uranium
intoxication in normal rat kidney proximal cells on endogenous
H2S generation, H2S-producing enzymes and Nrf2 levels as
upstream events of oxidative stress. Our results provide the evi-
dence that decreased Nrf2 levels could be involved in down-reg-
ulating CBS and CSE gene expression resulting in reduced
endogenous H2S production, which is involved in rat kidney cell
cytotoxicity following uranium exposure.

2 Materials and methods
2.1 Chemicals, antibodies and reagent kits

Uranyl(VI) acetate dihydrate (UO2 (AC)2·2H2O) was provided as
a gift by the China Nuclear Industry Group Corporation
(Beijing, China) and kept in the Key Discipline Laboratory for
National Defense for Biotechnology in Uranium Mining and

Hydrometallurgy at the University of South China. Based on
the information provided by the supplier, the isotopic compo-
sition of the uranyl acetate was 99.74% 238U, 0.26% 235U, and
0.001% 234U. Biochemical assay kits were purchased from
Nanjing Jiangcheng Bioengineering Institute (Nanjing, China)
for determining malondialdehyde (MDA) (No. A003-1),
reduced glutathione (GSH) (No. A061-2), superoxide dismutase
(SOD) (No. A001-1), catalase (CAT) (No. A007-1), and lactate
dehydrogenase (LDH) (No. A020-2) levels. NE-PER Nuclear and
Cytosolic Extraction Reagents (No. 78835), BCA assay Kit (No.
23235) and PowerUp™ SYBR® Green Master Mix (A25742)
were bought from Thermo Scientific (Rockford, IL). TRIzol
reagent (No. 15596-018) and SuperScript III Reverse Transcript-
ase reagents kit (No. 18080-051) were bought from Invitrogen
(CA, USA). The antibodies anti-Nrf2, anti-CBS, anti-CSE, anti-
histone H1 and anti-β-actin, as well as the short siRNA target-
ing the rat Nrf2 gene and scrambled siRNA control kits, were
obtained from Santa Cruz Biotechnology (CA, USA). Sulfora-
phane (SFN), sodium hydrosulphide (NaHS), and 2′,7′- dichloro-
fluorescein diacetate (DCF-DA) were bought from Sigma
(St. Louis, MO, USA). All other reagents and chemicals used
were of the highest grade of purity commercially available.

2.2 Preparation of uranyl solutions

All the experiments were performed using a 0.1 M stock solu-
tion of uranyl acetate (pH 4) in sterile doubly distilled deionized
water, the correct concentration being verified by inductively
coupled plasma-mass spectrometry (ICP-MS) (ELANR DRC-e, PE,
USA) at Guiyang Geochemistry Institute in the Chinese
Academy of Sciences (Guiyang, China). For cellular intoxication,
uranyl bicarbonate solutions were prepared extemporaneously
using appropriate dilutions of the stock solution filtered with a
0.22 μm syringe filter in aqueous 0.1 M bicarbonate solution
under sterile conditions. Just prior to cell treatments, uranyl
bicarbonate solutions were diluted to their final concentrations
in Dulbecco’s Modified Eagle’s Medium (DMEM).

2.3 Cell culture

The normal rat kidney proximal cell line (NRK-52E) has been
extensively used to investigate uranium-induced cell stress and
chosen as an established cell model of oxidative stress in
kidney cells.5,6 The NRK cells were purchased from the Type
Culture Collection in the Chinese Academy of Sciences (Shang-
hai Institute of Life Science, Shanghai, China). They were cul-
tured in DMEM supplemented with 1.5 g L−1 sodium
bicarbonate, 5% newborn calf serum, 100 unit per ml penicil-
lin, and 100 μg per ml streptomycin. They were maintained at
37 °C in a humidified 5% CO2/95% air atmosphere incubator.
Once at a confluence of approximately 60–70%, the kidney
cells in the culture dishes were used for experiments.

2.4 Treatment and experimental protocols

To investigate the effects of uranium on in vitro Nrf2
expression and endogenous H2S generation (which could be
involved in uranium-induced kidney cell cytotoxicity), a
number of NRK cells (2 × 104) were incubated with different
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concentrations of uranyl acetate (200, 400 or 800 μM) for 24 h.
The concentrations of uranyl acetate were selected based on
previous reports about the kidney cell cytotoxicity induced by
uranium5,6 and on our preliminary experiments. In some
experiments, sulforaphane (SFN, 5 mM) was added during the
final 8 h of the 24 h exposure to 400 μM uranium. SFN is a
naturally occurring compound from cruciferous vegetables
which is identified to increase Nrf2 protein expression and
nuclear translocation.21,22

For studies into the cytoprotective effects of H2S against
kidney cell cytotoxicity induced by uranium, a number of NRK
cells (2 × 104) were divided into groups. The cells in Group I
(control) were not treated with NaHS or uranyl acetate. The
cells in Group II (uranium alone) were intoxicated with 400 μM
of uranyl acetate for 24 h. The cells in Group III (NaHS alone)
were pre-administered with different concentrations (50, 100
or 200 μM) of NaHS for 30 min. The cells in Group IV (NaHS +
uranium) were pretreated with different concentrations (50,
100 or 200 μM) of NaHS for 30 min prior to exposure to
400 μM uranyl acetate for 24 h. The doses and method of
administration of NaHS were chosen based on the evidence for
H2S protection against cellular damage23–25 and on our pre-
liminary experiments. Dehydrated NaHS powder was freshly
dissolved in phosphate buffered saline (PBS) for use.

2.5 Nrf2 knockdown by siRNA transfection

Nrf2 knockdown in the NRK cells was accomplished using rat
sequences targeting Nrf2, corresponding to the coding region
nucleotides as follows: sense, 5′-GCACGGUGGAGUUCAUGA
TT-3′; anti-sense 5′-UCAUUGAACUCCACCGUGCCT-3′. The cells
which were not treated by agents were plated in 6-well plates
overnight to form 60–70% confluent monolayers. They were
transfected using Lipofectamine 2000, according to the manu-
facturer’s instructions, with Nrf2 siRNA at 5 μM final siRNA
concentration in the complete culture medium (200 ml per
well in 6-well plates) and incubated at 37 °C under an atmos-
phere of 5% CO2 and 95% air for 6 h. The kidney cells were
transfected with the same concentration of scrambled siRNA
as a negative control. After 48 hours transfection, the kidney
cells were harvested to extract the total expressed protein for
gene expression.

2.6 Determination of intracellular ROS production

The intracellular ROS production was measured by using
DCFH-DA as a probe and following the method of LeBel
et al.26 Briefly, the kidney cells were seeded in a 96-well micro-
plate at a density of 5000 cells per well. After preloading with
10 μM DCFH-DA at 37 °C for 30 min, the cells were washed
with PBS and treated as described above. Fluorescence intensi-
ties were determined by SpectraMax M2 Microplate Readers
(Molecular Devices, Sunnyvale, CA) using 485 nm excitation
and 538 nm emission filters.

2.7 Analysis of oxidative stress markers

After the treatment described previously, the kidney cells were
scraped, pelleted and re-suspended in 1 mL of 100 mM PBS,

pH 7.4. The cell membranes were disrupted by sonication on
ice. The cell lysates were centrifuged at 4 °C and 10 000g for
20 min and the supernatants were separated from cell debris
and used for oxidative stress indices analyses using the stan-
dard commercial kits. GSH levels were presented as nmol mg−1

protein; SOD and CAT activities were expressed as unit per mg
protein. All the tests were performed following the manufac-
turer’s procedures. All measurements were normalized to the
protein contents in the cell lysates. The total protein contents
were measured using the BCA protein assay kit.

2.8 Measurement of lipid peroxidation in cells

MDA content, a measure of lipid peroxidation, was measured
using a thiobarbituric acid reactive substances (TBARS) assay.
Briefly, the kidney cells (control and treated) were collected in
1 ml PBS buffer solution (pH 7.4) and sonicated (3 × 5 s at
40 V setting on ice). The whole cell lysates were used in the
TBARS assay based on the manufacturer’s instructions. MDA
reacts with thiobarbituric acid forming a colored product
which can be measured at an absorbance of 532 nm. MDA
levels were presented as nmol per mg protein.

2.9 Cell viability test

Cell viability was determined using a MTT assay.27 Briefly, a
MTT stock solution (5 mg ml−1) was firstly prepared by dissol-
ving MTT powder in PBS. After the kidney cells were treated as
described above, 10 μl of MTT solution was added to each well
and incubated for 2 h at 37 °C. The wells were emptied and
the blue formazan crystals were dissolved in 100 μl of MTT
solubilization solution (10% Triton X-100, 0.1N HCl in 2-pro-
panol). After 5 min of dissolution at room temperature under
agitation, the absorbance at 570 nm was measured using a
Statfax-2100 microplate reader (Awareness Technology, Inc.,
FL). Cell viabilities and cytotoxicities were expressed as a per-
centage of the control.

2.10 Measurement of lactate dehydrogenase release

The extracellular LDH level in the cell culture medium was
measured by a modification of a routine colorimetric labora-
tory method.28 Briefly, a volume of medium ranging from 5 to
200 μl from the cell lysate or culture medium was incubated
with 0.2 mM β-NADH and 0.4 mM pyruvic acid diluted in PBS,
pH 7.4. The LDH concentration in the sample is proportional
to the linear decrease in absorbance at 334 nm and can be cal-
culated using a commercial standard. The LDH release rep-
resents the percentage of LDH in the cell culture medium in
relation to the total LDH (culture medium and cell lysate).

2.11 Measurement of H2S content and H2S synthesizing
activity

H2S contents in the cell culture supernatants were measured
using zinc acetate trapping and reaction with N,N-dimethyl-p-
phenylenediamine (NNDPD), as described previously by Xia
et al.18 This method has been widely adopted for the measure-
ment of H2S concentration in tissues or cells12,18,23–25,29,30,
although there is a limitation, as pointed out by Kabil and
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Banerjee.31 Briefly, in this method, all solutions were deoxyge-
nated by passing through nitrogen for 30 min prior to the
experiments. After the kidney cells were treated as described
above, the cell culture supernatants (310 μl) were obtained and
mixed with trichloroacetic acid (20% w/v, 60 μl), zinc acetate
(2% w/v, 30 μl), NNDPD (20 mM; 40 μl) in 7.2 M HCl, and FeCl3
(30 mM; 30 μl) in 1.2 M HCl. The absorbance of the resulting
solution (670 nm) was measured with a spectrophotometer
(UV-2550, Shimadzu, Japan) for 15 min. H2S concentration was
calculated against a calibration curve of NaHS (0.122–250 μM)
prepared by dissolving NaHS in deoxygenated PBS.

To determine the capacity for H2S synthesis, the kidney
cells were collected, washed twice with PBS, and homogenized
in 50 mM ice-cold potassium phosphate buffer (pH 6.8) after
the cells had been treated as described previously. In the
absence or presence of L-cysteine (20 μl, 10 mM), the cellular
homogenates (11% w/v, 430 μl) were added to a reaction
mixture, which contained 100 mM potassium phosphate
buffer (pH 7.4), pyridoxyal 5′-phosphate (20 μl, 2 mM) and
saline (30 μl). The reaction was performed in tightly-stoppered
cryovial test tubes and initiated by transferring the tubes from
ice to a shaking water bath at 37 °C. After incubation for
30 min, 1% w/v zinc acetate (250 μl) was added to trap the
evolved H2S and this was followed by the addition of 10% v/v
trichloroacetic acid (250 μl) to denature the protein and stop
the reaction. Subsequently, NNDPD (20 mM; 133 μl) in 7.2 M
HCl was added, immediately followed by FeCl3 (30 mM;
133 μl) in 1.2 M HCl. The absorbance of the resulting solution
at 670 nm was measured with spectrophotometry, and the H2S
concentration was calculated against a calibration curve of
NaHS. The H2S synthesizing activity was obtained as the differ-
ence in H2S generation from reaction samples in the absence
and presence of L-cysteine and calculated as the H2S pro-
duction per g protein per minute. For each experiment, the
H2S synthesizing activity in the kidney cells exposed to a
normal medium was defined as 100%, and the H2S synthesiz-
ing activity under other conditions was expressed as a percen-
tage of the control.

2.12 RNA isolation and real-time PCR

Total RNA was isolated from the kidney cells in the presence of
uranium and Nrf2 knockdown using the TRIzol reagent. For
cDNA synthesis, 2 μg of total RNA was reverse transcribed to
cDNA in a total volume of 20 μl with the reverse transcription
reagents mixer following the supplier’s instructions. CBS and
CSE mRNA were determined by a real-time PCR analysis using
the iQ5 real-time PCR detection system (Bio-Rad). In brief, the
reaction mixture of real-time PCR contained 0.4 μM of 5′ and
3′ primers, 2 μl of cDNA product, and iQ-SYBR green supermix
reagent in a total volume of 25 μl. The real-time PCR reaction
conditions consisted of 1 cycle of predenaturation (95 °C for
1 min), 40 cycles of amplification (95 °C for 10 s and 60 °C for
20 s), and a cooling program of 50 °C for 30 s. Relative levels of
CBS and CSE mRNA expression were respectively normalized
to β-actin (internal control). The sequences of the primers
were as follows: rat CBS, 5′-AGACACCGACTGGTTTCCAC-3′

(forward) and 5′-ACAGTCAGTCCAGGGTTT- GC-3′ (reverse);
rat CSE, 5′-ACACTTCAGGAATGGGATGG-3′ (forward) and
5′-TGAGCA- TGCTGCAGAGTACC-3′ (reverse); and rat β-actin,
5′-GCCTCACTGTCCACCTTCCA-3′ (forward) and 5′-CCCGGCCT-
GAGTAGCATGA-3′ (reverse). Primers were synthesized by
Sangon Biotech Co., Ltd (Shanghai, China).

2.13 Protein isolation and western blots

The kidney cells treated under various conditions were washed
with cold PBS and suspended for 30 min in 0.4 ml of hypo-
tonic lysis buffer (20 mM Tris-HCl, pH 7.5, 10 mM NaCl, 1 mM
EDTA, and 2 mM Na3VO4) containing protease inhibitors
(10 μg per ml leupeptin and 1 μM pepstatin). The cells were
then lysed with 12.5 μl of 10% NP-40. The homogenates were
centrifuged, and the supernatants, which contained the cyto-
plasmic extracts, were stored at −80 °C. The nuclear pellets
were re-suspended in 25 μl of ice-cold nuclear-extraction buffer
for 30 min, with intermittent mixing. Next, the extracts were
centrifuged, and the supernatants containing the nuclear
extracts were obtained. The protein contents were measured
using BCA protein assay kits. The protein samples (60 μg of
nuclear proteins and 50 μg of cytosolic proteins) were separ-
ated by sodium dodecyl sulphate/polyacrylamide gel electro-
phoresis and transferred to polyvinylidene difluoride
membranes using the Semi-Dry Trans-Blot Cell (Bio-Rad Lab-
oratories, USA). After transfer, the membranes were washed
with 0.1% Tween-20 in Tris buffered saline (TBS-T) and
blocked for 1 h at room temperature with 5% (w/v) skimmed
milk powder in Tris buffered saline (TBS). The blots were incu-
bated overnight at 4 °C with the primary antibodies. The
primary antibodies against Nrf2 (1 : 1000), CBS (1 : 500) and
CSE (1 : 200) were used. On the following day, the membranes
were washed three times for 20 min each with TBS-T and incu-
bated with the secondary antibodies for 2 h. The membranes
were then washed three times with TBS-T for 20 min and once
with TBS for 5 min, and the electrogenerated chemilumines-
cence reaction solutions were added (solution 1: 0.1 M Tris-
HCl, luminol, p-coumaric acid; solution 2: 0.1 M Tris-HCl,
hydrogen peroxide) for 2 min. Quantification of Nrf2 protein
was expressed as a ratio to histone H1 for nuclear Nrf2 and to
β-actin for cytosolic Nrf2. CBS and CSE levels were measured
in the cytosolic protein samples, for which β-actin was used as
the loading control. The immunoblot signals were visualized
using an image analysis system equipped with BIO-ID software
(Vilber Lourmat, France) and the integrated optical densities
for the protein bands were calculated by Image-J software.

2.14 Statistical analysis

All data are expressed as mean ± standard error (SE) of the
mean for the repeats of the individual experiments indicated.
Data were analyzed by one-way analysis of variance (ANOVA),
with uranium intoxication or siRNA transfection as the single
factor. Data were analyzed by two-way analysis of variance
(ANOVA), with uranium contamination and supplementary
NaHS (or SFN) as the two factors. A probability level of P < 0.05
was considered to indicate statistically significant differences.
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All analyses were performed using SPSS 13.0 software (SPSS,
Inc., Chicago, IL, USA).

3 Results
3.1 Uranium intoxication in kidney cells impeded the
antioxidant defense system

To investigate the effect of uranium on oxidative stress in the
kidney cells, we obtained data on ROS, MDA, GSH, SOD and
CAT in NRK cells intoxicated with different concentrations of
uranium (200, 400 or 800 μM) for 24 h. As summarized in
Table 1, the intracellular ROS and MDA levels significantly
increased in uranium-treated kidney cells, denoting the
presence of oxidative stress. This was associated with a marked
reduction in the concentration of reduced glutathione (GSH)
in uranium-treated kidney cells. Uranium treatment in the
kidney cells also significantly decreased SOD and CAT activi-
ties when compared to the control group. These results
imply that uranium intoxication impeded the endogenous
antioxidant defense system in the kidney cells.

3.2 Uranium intoxication in kidney cells induced cytotoxicity

To gain insight into uranium-induced kidney cell cytotoxicity,
we investigated cell viability and extracellular LDH leakage in
NRK cells treated with various concentrations of uranium (200,

400 or 800 μM) for 24 h. As shown in Fig. 1A, there was no sig-
nificant difference in cytotoxicity between 200 μM uranium-
exposed and control groups. Exposure to 400 or 800 μM con-
centrations of uranium significantly decreased cell viability
compared with the control group. Likewise, treatment of the
kidney cells with 400 or 800 μM uranium significantly
increased LDH leakage when compared with the control group
(Fig. 1B), indicating that uranium intoxication in the kidney
cells caused cell membrane damage.

3.3 Uranium treatment in kidney cells affected endogenous
H2S levels, H2S synthesizing activity, and expression of
H2S-producing enzymes

To investigate the effect of uranium on endogenous H2S pro-
duction in the kidney cells, the NRK cells were treated with
various concentrations of uranium (200, 400 or 800 μM) for
24 h. As depicted in Fig. 2A, endogenous H2S generation was
not significantly different in 200 μM uranium-treated kidney
cells when compared to the control group. However, there was
a significant decrease in H2S concentration in 400 or 800 μM
uranium-administered kidney cells when compared with the
control cells. This indicated that uranium intoxication in the
kidney cells decreased endogenous H2S formation. To explore
whether the inhibition by uranium of H2S generation in the
kidney cells could be involved in the down-regulation of H2S

Table 1 Intracellular ROS, MDA and oxidative stress parameters in normal rat kidney proximal cells (NRK-52E) intoxicated by uranyl acetate (U)

Parameters Control U (200 μM) U (400 μM) U (800 μM)

ROS (100%) 100 ± 3.21 122 ± 0.78* 156 ± 2.33** 321 ± 0.75***
MDA (nmol per mg prot) 9.18 ± 0.03 24.23 ± 0.31* 31.72 ± 0.04** 40.32 ± 0.27**
GSH (nmol per mg prot) 22.56 ± 0.76 18.07 ± 0.67* 16.54 ± 0.78* 11.23 ± 0.39**
SOD (unit per mg prot) 1.27 ± 0.51 0.95 ± 0.71* 0.81 ± 0.91** 0.64 ± 0.37**
CAT (unit per mg prot) 4.60 ± 0.27 3.81 ± 0.57* 2.67 ± 0.83** 1.21 ± 0.61***

Values are expressed as the mean ± SE (n = 5). An asterisk represents a significant difference between uranium treated and untreated cells
(One-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001).

Fig. 1 Effects of uranyl acetate on cell viability and LDH leakage in normal rat kidney proximal cells (NRK-52E). After the kidney cells were incubated
with different concentrations of uranyl acetate (200, 400 or 800 μM) for 24 h, cell viability (A) was determined by MTT assay, and LDH leakage (B)
was tested by a routine colorimetric laboratory method as described in the “Materials and methods” section. Values are expressed as the mean ± SE
(n = 5). An asterisk represents a significant difference between uranium-treated and untreated cells (one-way ANOVA, *P < 0.05, **P < 0.01,
***P < 0.001).
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synthesizing activity, the effect of uranium on H2S formation
activity was examined in the NRK cells. As illustrated in
Fig. 2B, the H2S formation ability was significantly reduced in
the cells treated with 400 or 800 μM uranium for 24 h,
suggesting that the down-regulation of H2S synthesizing
activity by uranium intoxication in the kidney cells contributed
to the inhibitory effect on endogenous H2S production. After
24 h exposure to 400 or 800 μM uranium, the mRNA and
protein expression of CBS and CSE in the cells were signifi-
cantly down-regulated (Fig. 2C, D and E). These data imply
that uranium intoxication in the kidney cells diminished the

mRNA and protein levels of CBS and CSE responsible for
endogenous H2S biosynthesis.

3.4 Uranium contamination in kidney cells affected Nrf2
protein expression and nuclear translocation

To examine the effect of uranium on Nrf2 protein expression
in the kidney cells, the NRK cells were treated with various
concentrations of uranium (200, 400 or 800 μM) for 24 h. As
indicated in Fig. 3, this led to a significant increase in nuclear
and cytosolic Nrf2 protein levels in cells treated with 200 μM
uranium compared with the corresponding control groups.

Fig. 2 Effects of uranyl acetate on endogenous H2S generation, H2S synthesizing activity, and mRNA and protein expression of CBS and CSE in
normal rat kidney proximal cells (NRK-52E). After the kidney cells were incubated with different concentrations of uranyl acetate (200, 400 or
800 μM) for 24 h, the H2S content in the cell culture supernatant (A) and the H2S synthesizing activity in the kidney cells (B) were tested as described
in the “Materials and methods” section. Representative western blots (C) and group data (D) showed CBS and CSE protein abundance in the kidney
cells. β-actin was used as the loading control. The CBS and CSE mRNA expression in the kidney cells was determined by real-time PCR (E), and
crossing threshold values were normalized to β-actin mRNA expression. Values are expressed as the mean ± SE (n = 5). An asterisk represents a sig-
nificant difference between uranium-treated and untreated cells (one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001).
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However, treatment with 400 or 800 μM uranium in the kidney
cells significantly decreased the nuclear Nrf2 protein level
when compared to that in the control cells. Compared with the
control group, a significant decrease was also observed in the
cytosolic Nrf2 protein level in the kidney cells intoxicated with
400 or 800 μM uranium. These results suggest that uranium
intoxication in the kidney cells significantly decreased Nrf2
protein expression, nuclear translocation and accumulation.

3.5 Direct inhibition of Nrf2 protein expression by RNA
interference reproduced the effects of uranium exposure in
kidney cells

To test the selectivity of Nrf2 siRNA, we determined Nrf2
protein levels in NRK cells after the 24 hours after transfection
with Nrf2 siRNA (5 μM). When Nrf2 expression was knocked
down by Nrf2 siRNA, the basal Nrf2 protein level in the siRNA-
transfected cells was approximately 33% of that in the control
cells (Fig. 4A and B). To further confirm whether the knock-
down of Nrf2 expression could in fact cause a decrease in the
expression of H2S-producing enzymes, H2S synthesizing
activity, and endogenous H2S generation in the kidney cells, the
NRK cells were transfected with Nrf2 siRNA (5 μM) or silencer
negative control siRNA (5 μM) in the absence of uranium. Our
results show that the cells transfected with Nrf2 siRNA displayed
a significant decrease in the mRNA and protein levels of CBS
and CSE compared to the control cells (Fig. 4C, D and E). Also,
the knockdown of Nrf2 expression caused a significant decrease
in H2S synthesizing activity, and Nrf2 siRNA significantly
decreased endogenous H2S generation compared to the control
group (Fig. 4F and G). Furthermore, the silencer negative
control siRNA did not affect H2S-producing enzyme expression,
H2S synthesizing activity, or endogenous H2S production, elimi-
nating the possibility that the inhibitory effects of Nrf2 siRNA
might have been due to non-specific toxicity. These data imply
that direct inhibition of Nrf2 protein expression by siRNA, in
the absence of uranium, mirrored the effects of uranium
exposure in the kidney cells.

3.6 SFN administration in uranium-intoxicated kidney cells
restored expression of Nrf2 protein, H2S-producing enzymes
and endogenous H2S level

Sulforaphane (SFN) is a naturally occurring compound from
cruciferous vegetables which can increase Nrf2 protein
expression and nuclear translocation.21,22 Therefore, we
treated 400 μM uranium-exposed kidney cells with SFN (5 mM)
during the final 8 h of the 24 h uranium-intoxication period.
As illustrated in Fig. 5A and B, SFN treatment significantly
restored Nrf2 protein expression and increased Nrf2 nuclear
translocation when compared with the uranium-administered
group. Uranium exposure alone in the kidney cells signifi-
cantly decreased CBS and CSE protein expression, H2S synthe-
sizing activity, and endogenous H2S formation. In contrast,
administration with SFN actually significantly increased these
parameters when compared with cells treated with uranium
alone (Fig. 5C–F). Taken together, the results suggest that SFN
can reverse the inhibitory effects of uranium on Nrf2 protein
expression and subsequent endogenous H2S generation in the
kidney cells.

3.7 Supplementary exogenous H2S decreased cytotoxicity in
uranium-intoxicated kidney cells

To evaluate the protective effects of H2S against uranium-
induced kidney cell cytotoxicity, the NRK cells were treated
with various concentrations of the H2S donor NaHS (50, 100 or
200 μM) for 30 min before intoxication with 400 μM uranium
for 24 h. As shown in Fig. 6A, a significant elevation in cell sur-
vival was observed in the NaHS-pretreated group in compari-
son with the group subject only to uranium intoxication for
24 h. Exposure of kidney cells to NaHS alone for 30 min did
not alter cell viability. The kidney cells incubated with both
NaHS and uranium showed minimum LDH leakage (Fig. 6B),
indicating less cell membrane damage. NaHS administration
alone in the kidney cells showed practically no effect on LDH
leakage. These results suggest that H2S plays a role in protect-
ing against the kidney cell cytotoxicity induced by uranium.

Fig. 3 Representative western blots (A) and group data (B) depicting Nrf2 protein abundance in normal rat kidney proximal cells (NRK-52E). After
the kidney cells were incubated with different concentrations of uranyl acetate (200, 400 or 800 μM) for 24 h, Nrf2 was examined in the nuclear and
cytosolic fractions. Histone H1 and β-actin were used as the nuclear and cytosolic loading controls, respectively. Values are expressed as the mean ±
SE (n = 5). An asterisk represents a significant difference between uranium-treated and untreated cells (one-way ANOVA, *P < 0.05, **P < 0.01,
***P < 0.001).
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3.8 Addition of exogenous H2S in uranium-treated kidney
cells alleviated oxidative stress

Considering that uranium-induced kidney cell cytotoxicity is
known to be mainly mediated by oxidative stress, we investi-
gated whether supplementary H2S in the kidney cells affects
intracellular ROS formation and lipid peroxidation induced by

uranium. The levels of ROS and MDA were measured after the
NRK cells were administered with various concentrations of NaHS
(50, 100 or 200 μM) for 30 min before intoxicating with 400 μM
uranium for 24 h. As indicated in Fig. 7A, an increase in intra-
cellular ROS levels was found in uranium-exposed kidney cells.
Simultaneous cell incubation with NaHS and uranium prevented
this increase in intracellular ROS levels compared to kidney cells

Fig. 4 RNA interference (RNAi) with Nrf2 reproduces the effects of uranyl acetate exposure in normal rat kidney proximal cells (NRK-52E). In the
absence of uranium, the kidney cells were treated with short interfering RNA (siRNA; 5 μM) against Nrf2 or with a negative control siRNA at the same
concentration. Representative western blots and group data show the protein abundance of Nrf2 (A and B), and CBS and CSE (C and D) in the kidney
cells. The Nrf2 protein was examined in the nuclear and cytosolic fractions. Histone H1 and β-actin were used as the nuclear and cytosolic loading
controls, respectively. The CBS and CSE mRNA expression in the kidney cells was determined by real-time PCR assays (E), and crossing threshold
values were normalized to β-actin mRNA expression. H2S synthesizing activity in the kidney cells (F) and endogenous H2S levels in the cell culture
supernatant (G) were measured as described in the “Materials and methods” section. Values are expressed as the mean ± SE (n = 5). An asterisk rep-
resents a significant difference between siRNA-treated and untreated cells (One-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001).
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exposed to uranium alone. It is observed that uranium contami-
nation in the kidney cells induced a marked increase in MDA
levels. However, NaHS pretreatment in uranium-intoxicated

kidney cells attenuated the MDA level to a considerable extent
(Fig. 7B). The results indicate that H2S protects against uranium-
induced oxidative stress in the kidney cells.

Fig. 5 Nrf2 activator (sulforaphane, SFN) reversed the inhibitory effects of uranium on the levels of Nrf2, CBS and CSE protein expression, H2S
synthesizing activity, and endogenous H2S generation in the normal rat kidney proximal cells (NRK-52E). Uranium-exposed kidney cells were treated
with SFN (5 mM) during the final 8 h of uranium (400 μM) intoxication for 24 h. Representative western blots and group data showed the protein
abundance of Nrf2 (A and B), and CBS and CSE (C and D) expression in the kidney cells. Nrf2 was examined in the nuclear and cytosolic fractions.
Histone H1 and β-actin were used as the nuclear and cytosolic loading controls, respectively. H2S synthesizing activity in the kidney cells (E) and
endogenous H2S content in the cell culture supernatant (F) were measured as described in the “Materials and methods” section. Values are
expressed as the mean ± SE (n = 5). An asterisk represents a significant difference between cells treated with uranium alone and untreated cells;
a sharp sign represents a significant difference between cells treated with uranium alone and uranium pulsing SFN treated cells (two-way ANOVA,
*P < 0.05, **P < 0.01, #P < 0.05).
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4 Discussion

The precise molecular mechanism of uranium cytotoxicity is
rather complex, and has not been completely elucidated. As
described previously, uranium-induced cytotoxicity is
mediated either by its chemical or radioactive properties or
both. Generally, uranium may produce chemotoxicity effects at
a certain dosage whatever the uranium isotopic composition,
and the radiotoxicity effects can depend on the 235U enrich-
ment in the uranium isotopes even if there may well be over-
lapping effects between these two types of uranium-induced
toxicities.32,33 Intracellular reduction of uranium(VI) to (IV) can
cause interactions with molecular oxygen and induce the over-
production of intracellular ROS through Fenton reactions,
which is an important characteristic of uranium(VI)-induced
cytotoxicity.34 Uranium radiotoxicant properties also can

promote the induction of free radicals and recombination
leading to intracellular ROS formation.35 Many reports indi-
cate that ROS are involved in the initiation of lipid per-
oxidation and oxidative stress in human and rat renal cells
following uranium contamination in vitro.6,36 In this work, the
lipid peroxidation end product, MDA, was significantly elev-
ated in uranium-treated kidney cells compared to the control
group, suggesting that the cell membrane permeability could
be affected by this process. Uranium intoxication in the kidney
cells significantly reduced GSH levels, indicating that the
glutathione redox status was greatly impaired in the kidney
cells. It has been shown that the decrease in GSH level upon
uranium exposure might impair the degradation of lipid per-
oxides.6 Depletion of the cellular GSH level finally results in
the accumulation of intracellular ROS and further accelerates
cell damage. Uranium treatment in the kidney cells also

Fig. 6 Effects of sodium hydrosulphide (NaHS, an H2S donor) on cell viability and LDH release in normal rat kidney proximal cells (NRK-52E) intoxi-
cated by uranium. After the kidney cells were pretreated with different concentrations of NaHS (50, 100 or 200 μM) for 30 min and then intoxicated
with uranyl acetate (400 μM) for 24 h, cell viability (A) was determined by MTT assay, and LDH leakage (B) was tested by a modification of a routine
colorimetric laboratory method as described in the “Materials and methods” section. Values are expressed as the mean ± SE (n = 5). An asterisk rep-
resents a significant difference between cells treated with uranium alone and untreated cells; a sharp sign represents a significant difference
between cells treated with uranium alone and uranium pulsing NaHS treated cells (Two-way ANOVA, *P < 0.05, **P < 0.01, #P < 0.05).

Fig. 7 Effects of sodium hydrosulphide (NaHS, an H2S donor) on the generation of intracellular reactive oxygen species (ROS) and levels of lipid per-
oxidation (MDA) in normal rat kidney proximal cells (NRK-52E) contaminated by uranium. The kidney cells were pretreated with different concen-
trations of NaHS (50, 100 or 200 μM) for 30 min and then intoxicated with uranyl acetate (400 μM) for 24 h. Intracellular ROS (A) were then
determined by fluorescent analysis using a 2,7- dichlorofluorescein diacetate (DCF-DA) probe, and MDA content (B) was measured by the standard
commercial kit as described in the “Materials and methods” section. Values are expressed as the mean ± SE (n = 5). An asterisk represents a signifi-
cant difference between cells treated with uranium alone and untreated cells; a sharp sign represents a significant difference between cells treated
with uranium alone and uranium pulsing NaHS treated cells (two-way ANOVA, **P < 0.01, #P < 0.05, ##P < 0.01).
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caused a reduction in SOD and CAT enzymes activities, which
became insufficient to eliminate excess ROS. Finally, adminis-
tration with 400 or 800 μM uranium produced a typical pattern
of kidney cell cytotoxicity as characterized by decreased cell
viability and increased LDH release, in agreement with pre-
vious reports.4,5,37 Therefore, oxidative stress may be one of
the reasons responsible for uranium-induced kidney cell
damage. GSH depletion and impairment of endogenous anti-
oxidant defense enzymes may alter the intracellular redox
status that eventually leads to uranium-induced kidney cell
cytotoxicity.

Nrf2 is a key regulator of redox homoeostasis that allows
cells to adapt to oxidative stress.38 Nrf2 stability is regulated by
both redox regulation through Keap1, and kinase regulation
though the GSK-3/β-TrCP axis. Both are intimately connected,
because electrophiles alter the balance between kinase and
phosphatase activities. Nrf2 activity is maintained at low levels
under normal homoeostatic conditions but increases rapidly
in response to redox and electrophilic stressors as well as
through stimulation by endogenous signaling pathways or
xenobiotics.15,16 The nuclear translocation and accumulation
of free Nrf2 is an essential signaling step for its function as a
transcription factor promoting the induction of antioxidant
and phase II detoxifying enzymes.38 In this study, a significant
increase of nuclear Nrf2 was found in 200 μM uranium-treated
kidney cells, and there was no cytotoxicity in these kidney
cells. This indicates that Nrf2 could play a protective role
against oxidative stress at this uranium dose level. This effect
of Nrf2 may affect cellular GSH because Nrf2 controls both the
basal level and rate of GSH biosynthesis.39 Decreased GSH
levels may be due to its consumption by scavenging uranium-
induced residual free radicals which escaped decomposition
by the cellular antioxidant enzymes like CAT and SOD.
However, we observed a paradoxical decline in the nuclear
Nrf2 level in 400 or 800 μM uranium-administered kidney
cells. Several factors may be responsible for the observed
decline in the Nrf2 level. First, an intermediate or high oxi-
dative stress from uranium exposure could cause potential
alterations in the redox-sensing capacity of Keap1.40 It is also
likely that xenobiotic uranium activates endogenous signaling
pathways which are relevant to the GSK-3/β-TrCP axis in the
regulation of Nrf2 protein stability. Second, the intermediate
or high levels of oxidative stress could decrease or inhibit Nrf2
protein nuclear translocation and accumulation because the
nuclear influx of Nrf2 protein may be determined by the inten-
sity of oxidative stress.41 In addition, Nrf2 expression is itself
controlled by ARE.42 The ARE sequence is present in the pro-
moter region of the Nrf2 gene, and a decreased nuclear Nrf2
level would lead to lower transcription and protein expression
of further Nrf2 in an auto-regulatory loop. Dysregulation which
alters ARE-mediated gene transcription could detrimentally
repress Nrf2 transcription.43 Nrf2 activity impairment has
been demonstrated to accompany metal-induced toxicities
such as those of chromium44 and arsenic.45

The naturally occurring signaling gasotransmitter, H2S,
plays important roles in normal physiology and pathophysiol-

ogy in various tissues including the kidneys.7,20 A reduction of
endogenous H2S generation was observed in the rat renal
ischemia reperfusion (I/R) model.46 However, an increased
endogenous H2S level is reported to be involved in the kidney
injuries of cisplatin- and gentamicin-contaminated rats.47,48

These results further indicate that H2S participates in the
normal control of renal functions. As mentioned previously,
the kidney is one of the major targets of uranium-induced tox-
icity, and uranium-induced nephrotoxicity is mainly involved
in the renal proximal tubular epithelium cells.3,37 It is reported
that uranium intoxication in SD rats decreased endogenous
H2S production in the kidney homogenates.19 In this study,
the endogenous H2S level was decreased in kidney cells that
were subjected to 400 or 800 μM uranium administration, and
this was accompanied by a marked reduction of H2S-synthesiz-
ing activity, and CBS and CSE gene expression. Upon an inter-
mediate or high concentration of uranium intoxication in the
kidney cells, the cell deterioration was evident as indicated by
a reduction of cell viability, an increase of LDH release, and
severe oxidative stress. The addition of exogenous H2S in
uranium-intoxicated kidney cells decreased cell damage and
ameliorated oxidative stress. Taken together, our results
suggest that decreased biosynthesis of endogenous H2S and
diminished H2S-producing enzymes in the kidney cells may
reflect the system nature of H2S deficiency in uranium-induced
kidney cell cytotoxicity.

Recent studies show that H2S can regulate Nrf2 expression,
nuclear translocation and accumulation to up-regulate the tran-
scription of cytoprotective genes which contain ARE.49–52 CBS
and CSE belong to the ARE gene group, since CBS and CSE
contain the regulatory cis-acting elements 5′-GTGATCTAGCA-3′
and 5′-ATGAGGCAGCT-3′, respectively, in their promoter
regions. These regulatory cis-acting elements are likely to func-
tion as an ARE to which Nrf2 can bind. In vitro studies indicate
that Nrf2 can regulate CBS and CSE expression which are
involved in the metabolism of H2S, and which mediate the
cytoprotective effects of H2S.

7,17,53 In this work, the severity of
oxidative stress resulted in impaired antioxidant responses and
cell deterioration in 400 or 800 μM uranium-intoxicated kidney
cells. Under these circumstances, Nrf2 should have conferred
protection against cell injury by orchestrating antioxidant
responses to oxidative stress.38 However, Nrf2 activity (nuclear
translocation and accumulation) in 400 or 800 μM uranium-
treated kidney cells was reduced due to an intermediate or
high oxidative stress. The direct inhibition of Nrf2 gene
expression by siRNA in the kidney cells which were not intoxi-
cated by uranium, reproduced the effects of uranium exposure.
In addition, administration of an Nrf2 activator (sulforaphane)
to 400 μM uranium-intoxicated kidney cells restored the
expression of Nrf2 and H2S-producing enzymes, and the
endogenous H2S level. Based on these considerations, we
propose that a decreased Nrf2 level could cause the down-regu-
lation of H2S-producing enzymes, resulting in the reduction of
the endogenous H2S level, as depicted in Fig. 8. This obser-
vation clearly illustrates the failure of the endogenous antioxi-
dant defense system against the prevailing oxidative stress in
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uranium-treated kidney cells. Our findings are similar to those
in previous reports by Aminzadeh and Vaziri54 and Kim and
Vaziri.55 They confirmed that impaired Nrf2 activation
decreased the endogenous H2S concentration, and down-regu-
lation of H2S-generating enzymes in the kidney homogenates
contributed to the severity of oxidative stress and the pro-
gression of renal tissue damage in the rat chronic kidney
disease (CKD) model.

In summary, we have demonstrated that decreased
endogenous H2S production resulting from the down-regu-
lation of H2S-producing enzymes mediated by a reduced Nrf2
level are involved in uranium-induced kidney cell cytotoxicity.
The adverse effects on uranium-exposed kidney cells can be
ameliorated by supplementary H2S generation and/or Nrf2
activation. These will afford potential preventive valve and
effective treatment strategies to alleviate uranium poisoning at
early stages of exposure.
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