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Hexavalent chromium [Cr(VI)] compounds are redox cycling en-
vironmental carcinogens that induce apoptosis as the primary
mode of cell death. Defects in apoptosis regulatory mechanisms
contribute to carcinogenesis induced by Cr(VI). Activation of
apoptosis signaling pathways is tightly linked with the generation
of reactive oxygen species (ROS). Likewise, ROS have been im-
plicated in the regulation of Cr(VI)-induced apoptosis and carci-
nogenicity; however, its role in Cr(VI)-induced apoptosis and the
underlying mechanism are largely unknown.We report that ROS,
specifically superoxide anion (�O2

2 ), mediates Cr(VI)-induced ap-
optosis of human lung epithelial H460 cells. H460 r0 cells that lack
mitochondrial DNA demonstrated a significant decrease in ROS
production and apoptotic response to Cr(VI), indicating the in-
volvement of mitochondrial ROS in Cr(VI)-induced apoptosis. In
agreement with this observation, we found that Cr(VI) induces
apoptosis mainly through the mitochondrial death pathway via
caspase-9 activation, which is negatively regulated by the antia-
poptotic protein Bcl-2. Furthermore, �O2

2 induced apoptosis in
response to Cr(VI) exposure by downregulating and degrading
Bcl-2 protein through the ubiquitin–proteasomal pathway. This
study reveals a novel mechanism linking �O2

2 with Bcl-2 stability
and provides a new dimension to ROS-mediated Bcl-2 downregu-
lation and apoptosis induction.

Introduction

Several metals, including chromium, nickel, cobalt, cadmium and
silica, have been classified as human carcinogens (1). Although the
mechanisms of their carcinogenesis are not clear yet, it is generally
believed that generation of reactive oxygen species (ROS) and abnor-
mal regulation of apoptosis play a critical role in neoplastic develop-
ment in response to these metals. We used hexavalent chromium
[Cr(VI)] as a representative metal carcinogen in our study. Cr(VI)
compounds have been classified as group I human carcinogens by
the International Agency of Research in Cancer in 1990 (2). For more
than a century, exposure to Cr(VI) compounds has been associated
with the induction of lung cancer in workers employed in stainless
steel welding, chrome plating, electroplating, leather tanneries and
pigment manufacturing (3–5). Non-occupational exposure to Cr(VI)
compounds occurs from cigarette smoke, automobile emissions, areas
of landfills and hazardous waste disposal sites (3,6). Upon inhalation,
chromate particles dissolve to form soluble Cr(VI) anions that enter
cells through non-specific anionic transporters and are metabolically
reduced to their lower oxidation states such as Cr(V), Cr(IV) and

Cr(III) by cellular reducing agents including glutathione and ascor-
bate (7,8). During this process, molecular oxygen is reduced to
superoxide anion (�O�

2 ), which is further converted to hydrogen per-
oxide (H2O2) via dismutation. The resultant intermediates reacts with
H2O2 to generate hydroxyl radicals via a Haber–Weiss- or Fenton-like
reaction (9). Thus, during the one-electron reduction of Cr(VI), along
with the reduced intermediates, a whole spectrum of ROS is generated
that causes diverse cytotoxic and genotoxic effects (9). For instance,
Cr(VI) has been shown to induce chromosomal aberrations, mutations,
transformations in cultured mammalian cells (10,11) and a variety of
DNA lesions such as strand breaks, DNA protein cross-links and DNA
base modification leading to cell death via apoptosis (12–14).

Apoptosis is a tightly regulated process characterized by shrinkage of
the nucleus, blebbing of membranes and condensation or fragmentation
of chromatin (15). Caspases are central regulators of the two major
apoptosis signaling pathways, viz., the extrinsic or death receptor path-
way and the intrinsic or the mitochondrial pathway. Caspase-8 and
caspase-9 are the key initiator caspases of the extrinsic and the intrinsic
pathway, respectively, that cleave and activate downstream effector cas-
pases such as caspase-3 leading to apoptosis (16,17). Activated caspase-
8 can also stimulate apoptosis via cleavage and activation of cytosolic
BH3 interacting domain death agonist (a Bcl-2 family protein) (18–20).
The active fragment or truncated BH3 interacting domain death agonist
translocates to the mitochondria, inducing cytochrome c release, which
sequentially activates caspases-9 and -3 leading to cell death by apopto-
sis. The proto-oncogene Bcl-2 is one of the major regulators of the
mitochondrial apoptotic pathway and its expression levels regulate
the antiapoptotic function of Bcl-2 protein. Bcl-2 resides in the
outer mitochondrial wall and regulates apoptosis by controlling
mitochondrial permeability and the release of cytochrome c, thus,
inhibiting apoptosis (21,22). Additionally, in vitro and in vivo studies
suggest that Bcl-2 can also block apoptosis through regulation of
cellular antioxidant defense mechanisms or by suppressing produc-
tion of free radicals thus acting as an antioxidant (23–25). The stabil-
ity and expression levels of Bcl-2 protein can be regulated by different
reactive species including nitric oxide and H2O2 through various
mechanisms including dimerization, phosphorylation, degradation
and posttranslational modification (26–28). Therefore, ROS can me-
diate apoptosis by regulating the expression of various apoptosis reg-
ulatory proteins including Bcl-2. Even though evidences implicate
ROS in the regulation of Cr(VI)-induced apoptosis and carcinogenic-
ity (29–31), the specific ROS involved, its cellular source and relation-
ship with the well-studied caspase activation has not been explored.

The objective of this study was to evaluate the role of ROS and
characterize the signaling pathways mediated by ROS in Cr(VI)-
induced apoptosis. We report that generation of ROS induces apopto-
tic cell death in response to Cr(VI) exposure. �O�

2 was found to be the
key player in Cr(VI)-induced apoptosis that exerted its proapoptotic
effect by causing downregulation and degradation of Bcl-2 protein
through the ubiquitin–proteasomal pathway, thus inducing apoptosis
through the mitochondrial pathway. Furthermore, overexpression of
Bcl-2 significantly inhibited Cr(VI)-induced apoptosis. Therefore, we
reveal a novel antioxidant mechanism involving Bcl-2-mediated in-
hibition of �O�

2 by which the protein exerts its antiapoptotic effect.
This study forms the basis of the mechanisms involved in the devel-
opment of apoptosis-resistant phenotype in response to Cr(VI) and
can be exploited further to understand the molecular mechanisms
involved in general metal carcinogenesis.

Materials and methods

Chemicals and reagents

N-acetyl cysteine, 6-anilinoquinoline-5,8-quinone (LY83583), H2O2, xanthine,
xanthine oxidase, rotenone (ROT), diphenylene iodonium (DPI), lactacystin

Abbreviations: AMC, amino-4-methylcoumarin; ROS, reactive oxygen spe-
cies; �O�

2 , superoxide anion; Cr(VI), hexavalent chromium; H2O2, hydrogen
peroxide; SOD, superoxide dismutase; GPx, glutathione peroxidase; DHE, di-
hydroethidium; DCF, dichlorofluorescein; MnTBAP, Mn(III)tetrakis (4-benzoic
acid) porphyrin; DPI, diphenylene iodonium; ROT, rotenone; LAC, lactacystin;
LY83583, 6-anilinoquinoline-5,8-quinone.
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(LAC), ethidium bromide, sodium pyruvate, uridine and sodium dichromate
(Na2Cr2O7.2H2O) [Cr(VI)] were obtained from Sigma Chemical (St Louis,
MO). Caspase substrates IETD amino-4-methylcoumarin (AMC) and LEHD-
AMC, caspase inhibitors IETD-CHO and LEHD-CHO and pan-caspase
inhibitor (zVAD.FMK) were from Alexis Biochemicals (San Diego, CA).
Cell-permeable superoxide dismutase (SOD) mimetic, Mn(III)tetrakis (4-
benzoic acid) porphyrin (MnTBAP), was purchased from Calbiochem (La Jolla,
CA) and catalase was from Roche Diagnostics (Indianapolis, IN). The oxidative
probes, dichlorofluorescein (DCF) diacetate and dihydroethidium (DHE), and
the apoptosis dye Hoechst 33342 were from Molecular Probes (Eugene, OR).
Antibodies for Bcl-2, peroxidase-labeled secondary antibodies, anti-myc aga-
rose beads and protein A-agarose were from Santa Cruz Biotechnology (Santa
Cruz, CA). Antibodies for ubiquitin and b-actin were from Sigma (St Louis,
MO) and the transfecting agent Lipofectamine 2000 was from Invitrogen
(Carlsbad, CA).

Cell culture

The human lung epithelial cancer cell line NCI-H460 was obtained from the
American Type Culture Collection (Manassas, VA). Cells were cultured
in RPMI 1640 medium (Sigma) containing 5% fetal bovine serum, 2 mM
L-glutamine, 100 units/ml penicillin and 100 lg/ml streptomycin in a 5%
CO2 environment at 37�C. Cells were passaged at preconfluent densities using
a solution containing 0.05% trypsin and 0.5 mM ethylenediaminetetraacetic
acid (Invitrogen).

Derivation of q0 cells
H460 q0 cells were prepared as described previously (32). NCI-H460 cells
were cultured in the presence of ethidium bromide (100 ng/ml) to inhibit

mitochondrial DNA replication for .20 generations until use. q0 cells were
maintained in RPMI 1640 medium supplemented with 5% fetal bovine serum,
2 mM L-glutamine, 100 units/ml penicillin, 100 lg/ml streptomycin, 100 lg/ml
uridine and 100 lg/ml pyruvate in a 5% CO2 environment at 37�C.

Caspase assay

Caspase activity was determined by fluorometric assay using the enzyme sub-
strate IETD-AMC for caspase-8 and LEHD-AMC for caspase-9, which is
specifically cleaved by the respective enzymes at the Asp residue to release
the fluorescent group, AMC. Cell extracts containing 20 lg of protein were
incubated with 100 mM N-2-hydroxyethylpiperazine-N#-2-ethanesulfonic acid
containing 10% sucrose, 10 mM dithiothreitol, 0.1% 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propane sulfonate and 50 lM caspase substrate in a total
reaction volume of 0.25 ml. The reaction mixture was incubated for 60 min at
37�C and quantified fluorometrically at the excitation and emission wave-
lengths of 380 and 460 nm, respectively, using RF5301PC spectrofluorometer
(Shimadzu, Kyoto, Japan).

Apoptosis assay

After specific treatments, apoptosis was determined by incubating the cells
with 10 lg/ml Hoechst 33342 nuclear stain for 30 min at 37�C and scoring the
percentage of cells having intensely condensed chromatin and/or fragmented
nuclei by fluorescence microscopy (Axiovert 100; Carl Zeiss, Gottingen,
Germany) using Pixera software.

ROS detection

Intracellular peroxide and �O�
2 production was determined by flow cytometry

using DCF diacetate and DHE, respectively. Cells (1 � 106/ml) were incubated

Fig. 1. Effects of Cr(VI) and ROS modulators on ROS levels and apoptosis in human lung epithelial H460 cells. (A, B and C) Subconfluent (90%) monolayers of
H460 cells were treated with varying doses of Cr(VI) (0–50 lM) or were pretreated with MnTBAP (100 lM) or catalase (1000 U/ll) for 0.5 h followed by Cr(VI) (20
lM) treatment and were analyzed for �O�

2 and H2O2 production by flow cytometry using DHE and DCF diacetate fluorescent probes, respectively. Plots show
relative DHE or DCF fluorescence intensity over non-treated control determined at the peak response time of 1 h after Cr(VI) treatment. LY83583 (10 lM) and H2O2

(0.1 mM) were used as positive controls for DHE and DCF measurements, respectively. (D) Cells were exposed to Cr(VI) (0–50 lM) for 12 h or pretreated with
MnTBAP (100 lM), catalase (1000 U/ll), N-acetyl cysteine (NAC) (10 mM) or xanthine/xanthine oxidase (X/XO) (1 lM/2 mU/ml) for 1 h followed by Cr(VI) (20
lM) treatment for 12 h and analyzed for apoptosis by Hoechst 33342 assay. (E) Fluorescence micrographs of treated cells stained with the Hoechst dye. Apoptotic
cells exhibited shrunken and fragmented nuclei with bright nuclear fluorescence. Values are mean ± SD (n � 3). �P , 0.05 versus non-treated control, #P , 0.05
versus 20 lM Cr(VI)-treated control.

Superoxide regulates Bcl-2

1539



with the fluorescent probes (10 lM) for 30 min at 37�C, after which the cells
were washed, resuspended in phosphate-buffered saline and analyzed for DCF
(494/519 nm) and DHE fluorescence (535/617 nm) using FACS Calibur
(Becton-Dickinson, Rutherford, NJ). The median fluorescence intensity was
quantitated by CellQuest software (Becton-Dickinson) analysis of the recorded
histograms.

Plasmids and stable transfection

Stable transfectants of Bcl-2, glutathione peroxidase (GPx) and SOD were
generated by culturing H460 cells in six-well plates until they reached 80%
confluence. One microgram of cytomegalovirus-neo vector and 15 ll of Lip-
ofectamine 2000 reagent with 2 lg of Bcl-2, GPx, SOD1 or control pcDNA3
plasmid were used to transfect the cells in the absence of serum. After 10 h, the
medium was replaced with culture medium containing 5% fetal bovine serum.
Approximately 36 h after the beginning of the transfection, the cells were
digested with 0.03% trypsin, and the cell suspensions were plated onto
75 ml culture flasks and cultured for 24–28 days with G418 selection (400
lg/ml). Stable transfectants were identified by western blot analysis and were
cultured in G418-free RPMI 1640 medium for at least two passages before
each experiment.

Western blotting

After specific treatments, cells were incubated in lysis buffer containing 20 mM
Tris–HCl (pH 7.5), 1% Triton X-100, 150 mM NaCl, 10% glycerol, 1 mM
sodium orthovanadate, 50 mM sodium fluoride, 100 mM phenylmethylsulfonyl
fluoride and a protease inhibitor mixture (Roche Molecular Biochemicals, Basel,
Switzerland) for 20 min on ice. After insoluble debris was precipitated by cen-
trifugation at 14 000g for 15 min at 4�C, the supernatants were collected and
assayed for protein content using bicinchoninic acid method (Pierce Biotech-
nology, Rockford, IL). Equal amount of protein per sample (15 lg) was resolved
on a 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and trans-
ferred onto a 0.45 lm nitrocellulose membrane (Pierce Biotechnology). The
transferred membranes were blocked for 1 h in 5% non-fat dry milk in tris
buffered saline with tween 20 (25 mM Tris–HCl pH 7.4, 125 mM NaCl and
0.05% Tween-20) and incubated with the appropriate primary antibodies and
horseradish peroxidase-conjugated isotype-specific secondary antibodies. The im-
mune complexes were detected by chemiluminescence (Supersignal� West Pico,

Pierce) and quantified by imaging densitometry, using UN-SCAN-IT automated
digitizing software (Silk Scientific Corp., Orem, UT). Mean densitometry data
from independent experiments were normalized to the control. The data were
presented as mean ± SD and analyzed by Student’s t-test.

Immunoprecipitation

Stable H460 cells overexpressing Bcl-2 were washed after treatments with ice-
cold phosphate-buffered saline and lysed in lysis buffer (20 mM Tris–HCl,
pH 7.4, 150 mM NaCl, 10% glycerol, 0.2% NP40, 100 mM phenylmethylsul-
fonyl fluoride and a commercial protease inhibitor mixture) at 4�C for 20 min.
After centrifugation at 14000g for 15 min at 4�C, the supernatants were col-
lected and protein content was determined by bicinchoninic acid protein assay.
Cleared lysates were normalized and 60 lg proteins were incubated with 8 ll
of anti-myc agarose bead (Santa Cruz Biotechnology) diluted with 12 ll pro-
tein A-agarose for 4 h at 4�C. The immune complexes were washed three times
with 500 ll lysis buffer, resuspended in 2� Laemmli sample buffer and boiled
at 95�C for 5 min. The immune complexes were separated by 10% dodecyl
sulfate–polyacrylamide gel electrophoresis and analyzed by western blot as
described above.

Results

Effect of Cr(VI) and ROS modulators on cellular ROS levels

In the cellular system, Cr(VI) is metabolically reduced to its lower
oxidation states, generating ROS in this process (7,8,33). We first
quantified the induction of cellular ROS production in response to
Cr(VI) exposure by flow cytometry in treated human lung epithelial
H460 cells using the fluorescent probes DCF and DHE, which detect
hydroperoxide and �O�

2 , respectively. Cr(VI)-induced hydroperoxide
and �O�

2 production in a dose-dependent manner, as indicated by the
increase in DCF and DHE fluorescence intensities and ROS modula-
tors used in combination with Cr(VI) verified these results (Figure 1
A–C). DHE signal was increased by Cr(VI) and LY83583 (�O�

2 donor)
and inhibited by the addition of the SOD mimetic MnTBAP (�O�

2
scavenger). Similarly, DCF signal was increased by Cr(VI) and
H2O2 and was inhibited by catalase (H2O2 scavenger).

ROS regulates Cr(VI)-induced apoptosis

Cr(VI) compounds induce apoptosis as the primary mode of cell death
(34). Therefore, we characterized the apoptotic response to Cr(VI)
treatment in human lung epithelial H460 cells. Cells were treated with
different doses of Cr(VI) (0–50 lM), and apoptosis was determined
after 12 h by Hoechst 33342 assay. Cr(VI) treatment caused a dose-
dependent increase in cell apoptosis over control (Figure 1D and E).
To test whether the apoptosis-inducing effect of Cr(VI) is associated
with ROS production, cells were treated with Cr(VI) in the presence
or absence of various ROS modulators, including N-acetyl cysteine
(a general antioxidant), catalase (H2O2 scavenger), MnTBAP (�O�

2
scavenger) and xanthine/xanthine oxidase (�O�

2 donor), and apoptosis
was determined by Hoechst assay. All the tested antioxidants in-
hibited apoptosis induced by Cr(VI) (Figure 1D and E), indicating
that multiple ROS are involved in the apoptotic process. The potent
inhibitory effects of catalase and MnTBAP further indicate that H2O2

and �O�
2 play an important role in the process.

GPx and SOD overexpression inhibits Cr(VI)-induced apoptosis and
ROS generation

To confirm the role of ROS in Cr(VI)-induced apoptosis, cells were
stably transfected with antioxidant enzymes GPx, SOD or control
plasmid (Cont), and their effects on ROS generation and apoptosis
were determined. Enzyme overexpression was confirmed by western
blot analysis. Transfected cells showed an increase in antioxidant
enzyme expression as compared with the mock-transfected control
(Figure 2A). Apoptosis assay showed a decrease in apoptosis in GPx-
and SOD-transfected cells as compared with the mock-transfected cells
(Figure 2B). The effect was more prominent in cells overexpressing
SOD, with a dose as high as 100 lM of Cr(VI) did not induce apoptosis.
This suggested that although H2O2 is involved in Cr(VI)-induced apo-
ptosis, �O�

2 may be the major regulator of Cr(VI)-induced apoptosis.
Flow cytometric analysis showed a substantial reduction in Cr(VI)-in-
duced peroxide generation in GPx-transfected cells and �O�

2 production

Fig. 2. Effects of GPx and SOD overexpression on Cr(VI)-induced apoptosis
and ROS generation. (A) H460 cells were stably transfected with GPx, SOD or
control pcDNA3 plasmid (Cont) as described under Materials and Methods.
Cell lysates were analyzed for GPx and SOD expression by western blotting.
b-Actin was used as a loading control. (B) Transfected cells were treated with
Cr(VI) (1–100 lM) for 12 h and analyzed for apoptosis by Hoechst 33342
assay. (C) GPx- and mock-transfected cells were treated with Cr(VI) (0–100
lM) and analyzed for DCF fluorescence at 1 h posttreatment. (D) SOD- and
mock-transfected cells were treated with Cr(VI) (0–100 lM) and analyzed for
DHE fluorescence at 1 h posttreatment. Plots show relative fluorescence
intensity over non-treated control. Values are mean ± SD (n � 3).
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in SOD-transfected cells as compared with mock-transfected cells ver-
ifying the specificity of the stable cells (Figure 2C and D).

Mitochondrial ROS may be responsible for Cr(VI)-induced apoptosis

To determine the cellular source of ROS involved in Cr(VI)-induced
apoptosis, cells were treated with Cr(VI) in the presence or absence of
DPI or ROT, and their effects on apoptosis and ROS generation were
examined. DPI and ROT are widely used in the literature as the spe-
cific indicators of cytosolic and mitochondrial ROS, respectively,
since DPI is a specific inhibitor of reduced nicotinamide adenine di-
nucleotide phosphate oxidase (35,36), and ROT is a mitochondrial
electron transport chain interrupter (36,37). The results show that both
DPI and ROT inhibited Cr(VI)-induced ROS generation and apopto-
sis, with the effect of ROT being more dominant (Figure 3A–C).
These results indicate that even though cytosolic ROS is involved in
Cr(VI)-induced apoptosis, mitochondria may be the major source of
ROS involved in the apoptotic process. To further confirm the role of
mitochondrial ROS in Cr(VI)-induced apoptosis, we used H460q0 cells
that have dysfunctional mitochondrial electron transport and are
less capable of producing mitochondrial ROS, and compared the

effect of Cr(VI) on ROS production and apoptosis in H460 and
H460 q0 cells. It was observed that the induction of �O�

2 and hydro-
peroxide by Cr(VI) in H460 cells was significantly decreased in
a dose-dependent manner in H460 q0 cells as assessed by DHE and
DCF fluorescence (Figure 3D and E). Further, Cr(VI)-induced apo-
ptosis was reduced by half in H460 q0 cells as compared with H460
cells (Figure 3F), indicating that mitochondrial functional electron
transport is important in this process.

Caspase activation in response to Cr(VI) exposure

To characterize the signaling pathways involved in Cr(VI)-induced
apoptosis, H460 cells were treated with zVAD.FMK (pan-caspase
inhibitor), IETD-CHO (caspase-8 inhibitor) or LEHD-CHO (caspase-
9 inhibitor) along with Cr(VI). Figure 4A shows that the pan-caspase
inhibitor blocked Cr(VI)-induced apoptosis reducing it to control lev-
els, indicating that Cr(VI) induces apoptosis through the classical
caspase-dependent pathways. Both caspase-8 and -9 inhibitors signif-
icantly blocked Cr(VI)-induced apoptosis; however, the effect of
caspase-9 inhibitor was more pronounced. This was further verified
by caspase activity assay, which showed that Cr(VI) induced both

Fig. 3. Cellular source of Cr(VI)-induced ROS generation. (A and B) Subconfluent (90%) monolayers of H460 cells were either left untreated or pretreated with
5 lM of DPI or ROT for 0.5 h, followed by Cr(VI) treatment (20 lM) and analyzed for DHE and DCF fluorescence intensities after 1 h. (C) Cells were similarly
treated with Cr(VI) and DPI or ROT and analyzed for apoptosis after 12 h by Hoechst assay. (D and E) H460 and H460 q0 cells were treated with Cr(VI) (0–50 lM)
for 1 h and analyzed for DHE and DCF fluorescence intensities. Plots show relative fluorescence intensity over non-treated control. (F) Cells were similarly treated
and analyzed for apoptosis after 12 h. Values are mean ± SD (n � 3). �P , 0.05 versus non-treated control.
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caspase-8 and caspase-9 activation with the latter effect being more
dominant (Figure 4B). Since caspase-8 and caspase-9 are the key
marker proteins of the death receptor and mitochondrial pathway,
respectively, this suggests that the mitochondrial pathway is the major
apoptotic pathway induced in response to Cr(VI) exposure. Addition-
ally, to establish a correlation between Cr(VI)-induced ROS and
apoptosis, we tested the effect of ROS scavengers, catalase and
MnTBAP on caspase-8 and -9 activity. We observed that the antiox-
idants significantly blocked Cr(VI)-induced caspase-9 activation but
had minimal effect on caspase-8 activation (Figure 4C). These obser-
vations confirmed our earlier data that mitochondria play a critical
role in Cr(VI)-induced apoptosis.

Bcl-2 expression levels in response to Cr(VI) exposure

To provide a mechanistic insight into the regulation of Cr(VI)-induced
apoptosis, we determined the expression level of Bcl-2, a key anti-
apoptotic protein of the mitochondrial death pathway, in response to
Cr(VI) treatment by western blotting. Figure 4D shows that treatment
of the cells with Cr(VI) caused a dose-dependent decrease in Bcl-2
expression level. To confirm the role of Bcl-2 in Cr(VI)-induced
apoptosis, we stably transfected H460 cells with Bcl-2 or control
plasmid and determined apoptosis in response to Cr(VI) by Hoechst
33342 assay. Figure 4E shows that overexpression of Bcl-2 signifi-

cantly inhibited Cr(VI)-induced apoptosis over a wide concentration
range as compared with the vector-transfected control. These results
indicate the role of Bcl-2 as a negative regulator of Cr(VI)-induced
apoptosis and further support the role of the mitochondrial death
pathway in Cr(VI)-induced cell death.

Correlation between ROS and Bcl-2

H460 cells overexpressing Bcl-2 or control plasmid (Cont) were trea-
ted with varying doses of Cr(VI) (0–100 lM) and ROS generation was
determined. Figure 5A and B shows that overexpression of Bcl-2
significantly inhibited Cr(VI)-induced ROS generation, as assessed
by relative DCF and DHE fluorescence in comparison with vector-
transfected control. This result indicates a direct correlation between
Bcl-2 and ROS as well as an antioxidant role of Bcl-2 in Cr(VI)-
induced apoptosis. Further, cells were treated with Cr(VI) in the
presence or absence of ROS modulators, and their effect on Bcl-2
expression was determined. Figure 5C shows that treatment of the
cells with MnTBAP (�O�

2 scavenger) strongly inhibited Cr(VI)-in-
duced Bcl-2 downregulation, whereas catalase (H2O2 inhibitor) treat-
ment showed weak inhibitory effect. LY83583 (�O�

2 donor)
downregulated Bcl-2 independently confirming the role of �O�

2 in
Bcl-2 downregulation. Analysis of Bcl-2 expression in H460 q0 cells
further shows that unlike in H460 cells, Cr(VI) was unable to

Fig. 4. Caspase activation and Bcl-2 expression in response to Cr(VI). (A) Subconfluent (90%) monolayer of H460 cells were either left untreated or pretreated with
zVAD-FMK (10 lM), IETD-CHO (2 lM) or LEHD-CHO (2 lM) for 1 h followed by Cr(VI) treatment (20 lM) and analyzed for apoptosis after 12 h. (B) Caspase
activity assays of cells treated with Cr(VI) (0–50 lM) for 12 h. Cell lysates (20 lg protein) were prepared and analyzed for caspase-8 and -9 activity using specific
fluorescent substrates IETD-AMC and LEHD-AMC, respectively. (C) Subconfluent (90%) monolayer of H460 cells were either left untreated or pretreated with
MnTBAP (100 lM) or catalase (1000 U/ml) for 1 h followed by Cr(VI) treatment (20 lM) for 12 h. Caspase activity was measured as mentioned above. (D) Dose
effect of Cr(VI) on Bcl-2 expression. Cells were treated with varying doses of Cr(VI) (0–50 lM) for 12 h and cell lysates were prepared and analyzed for Bcl-2
expression by western blotting. Blots were reprobed with b-actin antibody to confirm equal loading of samples. Immunoblot signals were quantified by densitometry
and mean data from independent experiments were normalized to the result obtained in non-treated cells (control). (E) H460 cells were stably transfected with Bcl-2
or control pcDNA3 plasmid. Transfected cells were treated with Cr(VI) (0–50 lM) for 12 h and analyzed for apoptosis. Plots are mean ± SD (n 5 4). �P , 0.05
versus non-treated or mock-transfected controls. #P , 0.05 versus 20 lM Cr(VI)-treated control.
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downregulate the Bcl-2 expression (Figure 5D), indicating that mito-
chondrial ROS may play a key role in this process.

Superoxide mediates Cr(VI)-induced ubiquitination of Bcl-2

Previous studies have shown that Bcl-2 is downregulated primarily
through the proteasomal degradation pathway (26–28). We tested
whether this pathway is involved in the downregulation of Bcl-2 by
Cr(VI). Cells were treated with Cr(VI) in the presence or absence of
LAC, a highly specific proteasome inhibitor, and its effect on Bcl-2
expression was determined. Figure 6A shows that LAC completely
inhibited Bcl-2 downregulation induced by Cr(VI), indicating that
proteasomal degradation is a key mechanism involved in Cr(VI)-
induced Bcl-2 downregulation. We further analyzed the effect of
ROS on Cr(VI)-induced Bcl-2 ubiquitination by immunoprecipita-
tion. Cells overexpressing myc-Bcl-2 were treated with Cr(VI) in
the presence or absence of ROS modulators. Cell lysates were pre-
pared and immunoprecipitated using anti-myc antibody. The resulting
immune complexes were analyzed for ubiquitination by western blot
using anti-ubiquitin antibody. The results show that Cr(VI)-induced
ubiquitination of Bcl-2 and MnTBAP (�O�

2 scavenger) inhibited this
effect, whereas catalase (H2O2 inhibitor) had no inhibitory effect
(Figure 6B), LY83583 (�O�

2 donor) also induced Bcl-2 ubiquitination,
supporting the role of �O�

2 as a primary ROS involved in Cr(VI)-
induced Bcl-2 degradation via the ubiquitination pathway.

Discussion

ROS produced during Cr(VI) exposure plays an important role in its
cytotoxicity (30,31). In the present study, we confirmed the role of

ROS in Cr(VI)-induced apoptosis of human lung cancer epithelial
H460 cells and identified the underlying mechanism. Depending on
various factors including the cell line, dose and exposure time,
Cr(VI)-treated cells exhibit apoptotic features. For H460 cells, Cr(VI)
treatment ranging from 1–100 lM for 12 h induced apoptotic cell
death, with a dose of 100 lM killing 90% of the cells (data not
shown). Therefore, we used a dose range of 10–50 lM as it provided
the best apoptotic response. We observed that Cr(VI)-induced ROS
production in cells was responsible for Cr(VI)-induced apoptosis
(Figure 1). This was verified in the presence of antioxidants such as
MnTBAP and catalase that effectively inhibited apoptosis induced by
Cr(VI), indicating the role of �O�

2 and H2O2 in this process. Further-
more, Cr(VI)-induced apoptosis in a classical caspase-dependent
manner as zVAD.FMK completely blocked apoptosis induced by
Cr(VI) (Figure 4A). Apoptosis may be initiated through the stimula-
tion of death receptors located on the cell surface or through the
intrinsic pathway involving the release of apoptotic signals from mi-
tochondria. We observed that both apoptotic pathways were induced
by Cr(VI) exposure. However, the mitochondrial pathway was more
dominant compared with the death receptor pathway, as indicated by
the greater increase in caspase-9 activation by Cr(VI) and more potent
inhibitory effect of caspase-9 inhibitor on Cr(VI)-induced apoptosis
(Figure 4A and B). It is possible that the two death pathways activated
by Cr(VI) may be linked as demonstrated with other apoptogens.
Therefore, activated caspase-8 induces apoptosis at least in part
through caspase-9 pathway via BH3 interacting domain death agonist
cleavage (16–19). The significant inhibition of caspase-9 activation by
antioxidants, MnTBAP and catalase, indicates an important role of
ROS in Cr(VI)-induced apoptosis (Figure 4C). In addition, we also
observed that mitochondria was the major source of ROS involved in

Fig. 5. Correlation between Cr(VI)-induced ROS generation and Bcl-2 expression. (A) and (B) H460 cells were stably transfected with Bcl-2 or control pcDNA3
plasmid. Transfected cells were treated with Cr(VI) (0–100 lM) for 1 h and analyzed for DHE and DCF fluorescence intensities. Plots show relative fluorescence
intensity over non-treated control. (C) H460 cells were either left untreated or pretreated with MnTBAP (100 lM) or catalase (1000 U/ll) for 1 h and then treated
with Cr(VI) (20 lM) for 12 h. Cells were also treated with LY83583 (10 lM) for 12 h as a positive control. Cell lysates were prepared and analyzed for Bcl-2
expression by western blotting. (D) H460 and H460 q0 cells were treated with Cr(VI) (10 and 20 lM) for 12 h and Bcl-2 expression was determined. Blots were
reprobed with b-actin antibody to confirm equal loading of samples. Densitometry was performed to determine the relative expression of Bcl-2 in treated cells
compared with non-treated cells. Plots are mean ± SD (n 5 4). �P , 0.05 versus non-treated control.
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Cr(VI)-induced apoptosis. Cr(VI)-induced ROS generation and apo-
ptosis were significantly inhibited by DPI and ROT, with the effect of
the latter being more dominant (Figure 3A–C). Since ROT inhibits
mitochondrial ROS and DPI inhibits cellular reduced nicotinamide
adenine dinucleotide phosphate oxidase (35–37), this data indicate
that total ROS produced in the cell is important in Cr(VI)-induced
apoptosis, but mitochondrial ROS may play a major role. This was
further confirmed in H460 q0 cells that are prepared by long-term
exposure to ethidium bromide that leads to the depletion of critical
respiratory chain subunits encoded by mitochondrial DNA (38).
Therefore, these cells have impaired ROS generating capability and
oxidative phosphorylation (39). We observed significantly decreased
ROS production and apoptosis in H460 q0 cells as compared with
H460 cells (Figure 3D–F). Since q0 cells have dysfunctional mito-
chondria, this observation indicates an important role of mitochon-
drial electron transport chain and ROS in Cr(VI)-induced apoptosis
(40,41). All these observations establish an important role of mito-
chondria in Cr(VI)-induced apoptosis and are consistent with another
report that suggested that apoptotic doses of Cr(VI) caused mitochon-
drial instability (42).

Induction of proapoptotic proteins does not necessarily lead to ap-
optosis induction (43,44), indicating that inhibitors of both apoptotic
pathways exist and are important. Bcl-2 is a key regulator of the
mitochondrial pathway that prevents apoptosis by preserving mito-
chondrial permeability transition (45). We observed that overexpres-
sion of Bcl-2 strongly inhibited Cr(VI)-induced apoptosis (Figure 4E),
further supporting the role of mitochondria in Cr(VI)-induced cell
death. Exposure of the cells to Cr(VI) caused downregulation of
Bcl-2 (Figure 4D) that was �O�

2 dependent as cotreatment of the cells
with the �O�

2 scavenger MnTBAP completely inhibited this downre-
gulation (Figure 5C). In contrast, the H2O2 scavenger catalase failed to
inhibit this effect, indicating that H2O2 has a minimal role in Cr(VI)-
induced Bcl-2 downregulation. H460 cells overexpressing GPx and
SOD also showed reduced apoptotic responses to Cr(VI) treatment
(Figure 2). This effect was more pronounced in SOD-overexpressing

cells suggesting that even though both �O�
2 and H2O2 are important,

�O�
2 may be the major ROS involved in Cr(VI)-induced apoptosis.

Treatment with �O�
2 donor LY83583 also downregulated Bcl-2 indi-

cating a general correlation between �O�
2 and Bcl-2. It was further

observed that Bcl-2 was upregulated in H460 q0 cells when treated
with Cr(VI) as compared with H460 cells (Figure 5D). Therefore,
mitochondrial �O�

2 may play a critical role in maintaining Bcl-2 sta-
bility since H460 q0 cells have a dysfunctional electron transport chain
and produce significantly less ROS, especially �O�

2 , which is the main
product of the mitochondrial respiratory chain.

The antiapoptotic function of Bcl-2 is closely associated with its
expression levels, which is controlled by various mechanisms. Post-
translational modifications, such as ubiquitination and phosphoryla-
tion, have emerged as important regulators of Bcl-2 function (26,46).
The ability of the proteasome inhibitor LAC to inhibit Bcl-2 down-
regulation in response to Cr(VI) treatment strongly supports the role
of the proteasomal pathway in Bcl-2 regulation (Figure 6A). To fur-
ther explore the mechanism involved, we tested the effect of ROS
modulators on Bcl-2 ubiquitination. We observed that �O�

2 scavenger
MnTBAP inhibited Bcl-2 ubiquitination induced by Cr(VI), whereas
H2O2 scavenger catalase had minimal effect (Figure 6B). This result
indicated that �O�

2 mediates the degradation and downregulation of
Bcl-2 by inducing its ubiquitination in response to Cr(VI) exposure.
This was contrary to the reports that indicated H2O2 to be the major
ROS involved in Bcl-2 ubiquitination induced by other test agents
(15,26). However, treatment with �O�

2 donor LY83583 also induced
ubiquitination of Bcl-2 indicating that �O�

2 plays an important role in
maintaining Bcl-2 stability in lung epithelial cells. It is plausible that
the type of reactive species involved in mediating Bcl-2 stability in
various biological systems differs according to the variables involved.

In summary, our data provide evidence that the mechanism by
which Cr(VI) induces apoptosis in human lung epithelial H460 cells
involves rapid generation of ROS, with �O�

2 playing a major role.
Although total cellular ROS is involved, mitochondria may be the
major source of ROS involved in Cr(VI)-induced apoptosis. Further-
more, Cr(VI)-induced apoptosis is mainly mediated through the
mitochondrion-dependent caspase-9 activation and is negatively reg-
ulated by the antiapoptotic Bcl-2 protein. Cr(VI) induces downregu-
lation of Bcl-2 through a process that involves �O�

2 -mediated
ubiquitin–proteasomal degradation. �O�

2 may represent a common
regulator of Bcl-2 function that controls apoptotic cell death induced
by various physiologic and pathologic stimuli. Recent evidences sug-
gest that Bcl-2 protein inhibits apoptosis by suppressing free radicals
generation or by regulating cellular antioxidant defense mechanisms
(23–25). Since Bcl-2 overexpression significantly blocks ROS-
mediated Cr(VI)-induced apoptosis (Figure 5A and B), it is plausible
that Bcl-2 may be acting as an antioxidant in response to Cr(VI)
exposure. By linking Bcl-2 and �O�

2 , we document a novel mechanism
that forms the basis for differential susceptibility of cells to apoptotic
cell death. This study provides new mechanistic insights into the in-
teraction of Bcl-2 with �O�

2 that may be exploited in the treatment of
cancer and related apoptosis disorders.
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