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Abstract Uranium is a naturally occurring radioactive
material present everywhere in the environment. It is toxic
because of its chemical or radioactive properties. Uranium
enters environment mainly from mines and industry and
cause threat to human health by accumulating in lungs as a
result of inhalation. In our previous study, we have shown
the eVectiveness of antioxidant system response to the oxi-
dative stress induced by uranyl acetate (UA) in rat lung epi-
thelial (LE) cells. As part of our continuing studies; here,
we investigated the mechanism underlying when LE cells
are exposed to diVerent concentration of UA. Oxidative
stress may lead to apoptotic signaling pathways. LE cells
treated with 0.25, 0.5 and 1 mM of UA results in dose and
time-dependent increase in activity of both caspases-3 and -
8. Increase in the concentration of cytochrome-c oxidase in
cytosol was seen in LE cells treated with 1 mM UA as a
result of mitochondria membrane permeability. The cyto-
chrome-c leakage may trigger the apoptotic pathway.
TUNEL assay performed in LE cells treated with 1 mM of
UA showed signiWcant incorporation of dNTPs in the
nucleus after 24 h. In the presence of the caspase inhibitors,
we observed the signiWcant decrease in the activity of casp-
ases-8 and -3 in 0.5 and 1 mM UA-treated LE cells.

Keywords Uranium · Apoptosis · Cytochrome-c · 
Caspase

Introduction

Uranium is causing major international concern because of
its potential threat to public health (The Royal Society
2002; Bleise et al. 2003; WHO 2001; U S Dept. H & H Ser-
vices 1999). Established literature suggests that depleted
uranium (DU) can cause embryo toxicity, reproductive and
developmental damage, genomic instability and single-
stranded DNA breakage (Sandra et al. 2007). Although
these toxicities have been shown to occur because of expo-
sure to uranyl acetate (UA), very little has been studied
regarding its mechanism of toxic inductions. The major
route of exposure to UA is through inhalation (The Royal
Society 2002; Bleise et al. 2003; WHO 2001; US Dept.
H & H Services 1999). Human bronchial cells and lung
epithelial (LE) cells are therefore the major target of UA
toxicity. Studies with human bronchial cells have shown
neoplastic transformation upon chronic exposure with DU
(Yang et al. 2002). While other reports suggested induction
of lipid peroxidation and micronuclei formation in bron-
chial epithelial cell (Susumu et al. 1998).

As mentioned earlier, the route of exposure to uranium is
largely through inhalation and therefore it makes the lung
tissues as one of its target organs. DU of size <5 �m can
lodge deep into the lung alveoli, thus producing toxicologi-
cal impact at the site of contact (Marjorie et al. 2006). Sev-
eral studies and epidemiological data for UA-induced
toxicity have been reported. These studies have shown
increased risk of cancer in the population exposed to DU
(Grosche et al. 2006; Klervi et al. 2007; Chobanova et al.
2003), gene mutations (Joachim et al. 2007) and cytotoxicity
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(Sandra et al. 2007; Periyakaruppan et al. 2007). In macro-
phage cell line increased secretion of TNF-� in association
with JNK and P38 activation has been reported (Vincent
et al. 2004). The occurrence of a genomic instability in
lymphocytes of uranium miners, especially those who
developed cancer were observed by studying the cytoge-
netic endpoint marker micronuclei (Mn) (Kryscio et al.
2001). Further in vitro analysis with uranium acetate has
shown signiWcant increase in DNA single strand breaks in
the presence of ascorbic acid (Monica et al. 2003). Treat-
ment of DU to J774 macrophage cells resulted in the apop-
totic death of these cells as conWrmed by both DNA ladder
and annexin-V staining (John et al. 2002). A mechanistic
approach to study the eVect of uranium on genomic DNA in
CHO–EM9 cells has suggested DNA strand breaks or
cross-links as UA-induced mutagenic lesions. These unique
mutagenic lesion-induced mutation spectrum elicited by
exposure to uranium suggested that it generates mutations
in ways that are diVerent from spontaneous and that are
mediated by free radical as well as through radiological
mechanisms (Virginia and Diane 2006). In addition to the
mutagenic potential of uranium, it is also observed to alter
the proteome in human lung cells (Veronique et al. 2005).
The proteomic analysis showed cytokeratin and peroxire-
doxin-1, of which the latter is involved in protection against
oxidative injury. There is also growing number of reports
documenting the possibility of genotoxicity by uranium
possibly through a free radical mechanism (Kryscio et al.
2001). We and others have earlier reported inhibition of
cell proliferation by UA in lung cells and these eVects could
be reverted in the presence of glutathione (Periyakaruppan
et al. 2007). Cell proliferation can be inhibited by apoptosis
and metals are known to induce apoptosis through a num-
ber of mechanisms (Valko et al. 2006; Ivan 2006; Bertin
and Averbeck 2006). UA also follows similar toxic
response and induces apoptosis in normal rat kidney cells
(Levine and Saltzman 1994). Involvements of caspase have
been argued in the mechanism of UA-induced apoptosis in
these cells.

In the present study, we made an attempt to study UA-
induced apoptosis in rat LE cells and report the involve-
ment of caspases in this process.

Materials and methods

Rat LE cell line (RL-65, CRL-10354) obtained from
ATCC, was grown in Dulbecco’s minimum essential
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin in 95%
humidiWed air at 37°C with 5% CO2.

Uranium solutions were prepared as described by Prat
et al. (2005). In brief, all experiments were performed using

0.1 M stock solution of uranyl (VI) acetate (Amresco, Cata-
log No: 541093, OH, USA) pH 4, in water. For cell treat-
ments, 100 mM uranyl bicarbonate was prepared using
appropriate dilutions of the stock solution in aqueous 0.1 M
bicarbonate solutions and Wltered through 0.22 �m Wlter.

Activity of caspase-8 and -3

The assay was performed according to manufacturer’s pro-
tocol. (Caspase Apoptosis Detection Kit, Santa Cruz Bio-
technology, Inc., Catalog No: sc-4263 AK and sc-4267
AK). In brief 2 £ 104 cells/well were seeded in a 96-well
plate containing DMEM with 10% of FBS and grown under
standard conditions at 37°C. Following overnight, incuba-
tion cells were starved for 24 h and treated with 0.25, 0.5
and 1 mM of uranium acetate and allowed to grow 8 h and
3 h for caspases-3 and -8 activities, respectively. Assay was
performed by the addition of 5 �l of IETD-AFC substrate
for caspase-8 and DEVD-AFC substrate caspase-3 to the
cell lysate in separate wells and incubated for 1 h at 37°C.
Free AFC levels formed were measured in a plate reader
with a 400 nm excitation and a 505 nm emission. The
results of experimental samples were compared with con-
trol and expressed as Xuorescence units/milligram of pro-
tein. To conWrm the induction of caspase enzymes, the
assay for caspase-8 and 3 was performed in LE cells treated
with 0.5 and 1 mM UA in the presence caspase inhibitors at
the concentration of 1:1,000 (EMD Chemicals, Inc., Cata-
log No: 627610, San Diego, CA, USA).

Cytochrome-c oxidase leakage

Cells (2 £ 104/well) were seeded in a six well plate and
grown under standard conditions and starved for 18 h. Fol-
lowing treatment with 1 mM concentration of UA, the cells
were scraped and homogenized in phosphate buVered
saline (PBS) at 24, 48, and 72 h. The mitochondrial and
cytosol fractions were separated from whole cell lysate
according to manufacture’s protocol (Proteo Extract Cyto-
sol/Mitochondria ELISA kit, EMD chemicals, Inc., QIA88,
San Diego). Using cytochrome-c ELISA Kit (EMD chemi-
cals, Inc., Catalog No: QIA74) the presence of cytochrome-
c oxidase in whole cell lysate, mitochondrial and cytosol
fractions were assayed and the results were normalized to
the total protein.

TUNEL assay

In brief (2 £ 105/well) cells were seeded on cover slip and
allowed to grow overnight under standard condition. Fol-
lowing starvation LE cells were treated with 1 mM UA
incubated for 37°C for 24 h. Assay was performed accord-
ing to manufacture’s protocol (Promega Corporation., Part
123
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No: TB235, Madison). BrieXy LE cells were Wxed with
cold methanol and permeabilized using 0.01% TritonX-100
in PBS for 10 min and incubated with Xuorescently labeled
dNTPs for 2 h. Cells were then stained with propidium
iodide and imaged using Nikon Fluorescence microscope
(Nis Element, Nikon Instruments Inc, Melville).

Statistical analysis

Data were expressed as mean § SD and statistical signiW-
cance was assessed by student t test. DiVerence between
control and uranium-treated cell samples were considered
signiWcant if the level was P < 0.05.

Results

LE cells treated with 1 mM of UA showed signiWcant
incorporation of dNTPs in the nucleus after 24 h of treat-
ment (Fig. 1). These results do suggest that UA induces
apoptosis in these cells and this agrees with the results of

apoptotic induction in other cellular models (John et al.
2002; Celine et al. 2007). No signiWcant induction of apop-
tosis at lower doses of UA was observed. The inhibition of
cell proliferation happens at doses lower than 1 mM (0.25,
0.5, and 0.75 mM) as reported earlier (Periyakaruppan et al.
2007). The ambiguity of the loss of co-relation between cell
death by apoptosis and proliferation remains unexplained,
and to be investigated. However, the results have shown
cell death due to necrosis by UA in liver of whiteWsh
(Coregonus clupeaformis) and this could explain the partial
response of UA in LE cells. It is possible that necrosis takes
over as a major cause of cell death by UA in these cells.

Caspase play a central role in the induction of apoptosis
induced by a variety of stimulus, so we investigated the
involvement of the caspases in UA-induced apoptosis in LE
cells. After 8 h of treatment with various concentrations of
UA a dose-dependent increase in the caspase-3 activities
was observed in LE cells (Fig. 2). Moreover, the activation
of caspase-3 is dependent on the early activation of either
caspases-8 or 9. Hence, we further determined the activity
of caspase-8 after 3 h of treatment with various concentra-

Fig. 1 TUNEL assay of UA-
treated LE cells. a Control, 
b 1 mM concentration of UA, 
and c 1 mM concentration of 
UA + caspase inhibitor. 
The Xuorographs represent 
nuclear staining, TUNEL 
staining, and merging of both 
nuclear and TUNEL staining. 
The arrows indicate damage 
to the nuclear membrane
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tion of UA. As shown in Fig. 2, there was a dose-dependent
increase in the activity of caspase-8 in cells treated with
UA. These results indicate that UA activates both caspase-8
and -3 in a dose-dependent manner. To conWrm the induc-
tion of caspase enzymes we further used caspase inhibitors
to block the activation of these caspases by UA. As shown
in Fig. 3 in presence of the inhibitors there was a signiWcant
decrease in the activity of both the caspases-8 and -3 in
UA-treated cells. Thus, UA-induced activation of caspases
was very speciWc in this cell line. We also found decrease
in apoptosis after treatment with the inhibitors. Suggesting
that the induction of apoptosis by UA in LE cells was via
the activation of at least the caspases-8 and -3.

Caspase-8 is an initiator of the death receptor pathway
and also functions as a caspase-3 target independent of the
death receptor pathway (Kanno et al. 2008). The activation
of caspase-8 induces pro-apoptotic protein Bid which then
can regulate the mitochondria by inducing the release of
cytochrome-c oxidase into the cytosol. Apoptosis is thus
triggered by leakage of cytochrome-c oxidase from the
mitochondria into the cytosol and this can be measured sep-
arately by estimating the enzyme activity in mitochondrial
and cytosolic fraction of the cells. We Wrst determined in
the whole cell lysate the total cytochrome-c oxidase activity
and found no signiWcant change in the total activity of the
enzyme (Table 1). This result suggests that UA did not
change the total amount of protein in the cells and therefore
no transcriptional alteration was induced by the metal in the
cells. Cytosolic fractions of similarly treated cells showed
an increase in the cytochrome-c oxidase activity after 24 h

(Table 1). The increased activity remained till the end of
72 h. Conversely, we also found that there was a signiWcant
decrease in the mitochondrial cytochrome-c oxidase activ-
ity suggesting the loss of this protein from the mitochondria
into the cytosol (Table 1). Thus, one of the mechanisms of
UA-induced apoptosis was activation of caspase-8 and -3
thereby increasing the membrane permeability of the mito-
chondria which resulting in the leakage of the cytochrome-
c into the cytosol.

Discussion

Apoptosis-induced cell death results as a consequence of
DNA damage generated from free radicals or through
extrinsic pathways involving death receptor (Kendra and
GeoVrey 2007; James and Andrew 2007). We have shown
earlier that UA signiWcantly increases reactive oxygen spe-
cies in LE cells (Periyakaruppan et al. 2007) and following
those Wndings, we now report that the induction of apopto-
sis in these cells is a consequence of oxidative stress. In
support of our present Wndings Thiebault et al. recently
showed the induction of apoptosis by UA in NRK cells
(Celine et al. 2007). In response to UA, LE cells showed
signiWcant increase in apoptotic nuclei at 1 mM concentra-
tions of UA. Earlier studies with mice kidney and human

Fig. 2 Caspases-8 and -3 activities in UA-treated LE cells. The results
of diVerent concentration of UA-treated LE cells were found to be
signiWcantly increased compared with the control in both caspase-8
and -3. Values are mean § SD of three treatments and done experi-
ments independently. * P < 0.01 signiWcance as estimated by student
t test
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Fig. 3 EVect of caspase inhibitor on caspases-8 and -3 activities.
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was measured in a plate reader with a 400 nm excitation and 505 nm
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renal cells exposed to UA indicated signiWcant modiWcation
in apoptosis-related genes. In this study, we show that UA
increased caspases-8 and -3 activities in a dose dependence.
Moreover, at higher concentration there is decrease in the
activities of caspases, may be because of the cell death at
higher concentration of UA. Increase in the activity of these
two enzymes by UA do indicates that apoptosis induction
might be through the mitochondria thereby activating the
intrinsic pathway of apoptosis. This pathway is activated by
a variety of stimuli that include not only cytotoxic drugs
and irradiation (Padmavati and Arora 1976) but also metals
such as arsenic and cadmium (Bradley and Caldwell 1978;
Seon–Hee et al. 2004; Seon–Hee and Sung–Chul 2006).
The induction of apoptosis activated caspase-8 and -3 are
evident from the increase in the activity of these enzymes
after UA treatment. The activity of both of these enzymes
decreased with increasing dosage of UA suggesting that at
high concentrations of UA the cells undergo necrosis. Sim-
ilar Wndings have been reported in NRK cells treated with
UA (Celine et al. 2007). Further 10–20% cells undergo
apoptosis by UA at low concentrations and have been dem-
onstrated in CD4 + T cells and NRK cells (Celine et al.
2007; Bin et al. 2006). Caspase-8 was induced approxi-
mately twofold more than caspase-3 at all the doses of UA
treatments in LE cells. In addition, the use of speciWc inhib-
itors completely blocked the activation of the enzymes sug-
gesting the speciWcity of the assay. Induction of apoptosis
by heavy metals like Cd and involvement of caspases are
known in HepG2 cells (Seon–Hee et al. 2004), thus this
may be a generalized phenomenon for apoptosis by heavy
metals. The activation of caspases results in the release of
cytochrome-c from the mitochondria. UA did not change
the amount of total cytochrome-c but leakage of the protein
from the mitochondria into the cytosol was easily detected
in the cytosolic fraction. These results may help to under-
stand the consequence of oxidative stress induced by UA in
LE cells as reported by us earlier. Our results indicate and
also support earlier demonstrations that UA can induce
apoptosis in cells and this might be one of the causes of cell
death by UA.
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