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Hypoxia presents pro-apoptotic and anti-apoptotic biphasic
effects that appear to be dependent upon cell types and con-
ditions around cells. The substantial reports demonstrated
that commonly used hypoxia-mimetic agents cobalt chlo-
ride (CoCl2) and desferrioxamine (DFO) could also induce
apoptosis in many different kinds of cells, but the mecha-
nism was poorly understood. In this work, we compare the
apoptosis-inducing effects of these two hypoxia-mimetic
agents with acute myeloid leukemic cell lines NB4 and
U937 as in vitro models. The results show that both of them
induce these leukemic cells to undergo apoptosis with a
loss of mitochondrial transmembrane potentials (��m), the
activation of caspase-3/8 and the cleavage of anti-apoptotic
protein Mcl-1, together with the accumulation of hypoxia-
inducible factor-1 alpha (HIF-1α) protein, a critical regulator
for the cellular response to hypoxia. Metavanadate and
sodium nitroprusside significantly abrogate DFO rather
than CoCl2-induced mitochondrial � �m collapse, caspase-
3/8 activation, Mcl-1 cleavage and apoptosis, but they fail to
influence DFO and CoCl2-induced HIF-1α protein accumu-
lation. Moreover, inducible expression of HIF-1α gene dose
not alter DFO and CoCl2-induced apoptosis in U937 cells. In
conclusion, these results propose that although both DFO
and CoCl2-induced leukemic cell apoptosis by mitochon-
drial pathway-dependent and HIF-1α-independent mecha-
nisms, DFO and CoCl2-induced apoptosis involves different
initiating signal pathways that remain to be investigated.

Keywords: apoptosis; cobalt chloride; desferrioxamine; HIF-1α;
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Introduction

Apoptosis, a cell suicide mechanism used by metazoans to
eliminate deleterious cells, plays a major role in the proper
development of most tissues and is also critical for the main-
tenance of organ function in the adult.1 As widely shown,
apoptosis can be initiated by many extracellular and intra-
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cellular signal molecules or physiological and pathological
inducers. During severe hypoxia or anoxia, for instance, the
cell initiates apoptosis to prevent the accumulation of cells
with hypoxia-induced mutation,2 presumably because hy-
poxia induces genetic instability by the induction of fragile
sites causing gene amplification3 and reduces DNA mis-
match repair activity due to decreased MLH1 and PMS2
proteins.4 It appears that many different mechanisms con-
tribute to hypoxia-induced apoptosis. Thereinto, the most
direct induction of hypoxia-induced apoptosis is the inhibi-
tion of the electron transport chain at the inner membrane
of the mitochondria and the generation of radicals, espe-
cially reactive oxygen species (ROS). These alterations cause
a loss of mitochondrial transmembrane potentials (��m ),
the release of cytochrome C into cytosol and ensuring forma-
tion of a multimeric protein complex containing Apaf-1, cy-
tochrome C, and caspase-9.1 In addition, hypoxia-induced c-
Jun NH2-terminal kinase (JNK) activation was also reported
to play a critical role in apoptosis regulation of melanoma
cells in vitro and in vivo,5 and both mitochondrial and cell
death receptor-mediated apoptotic pathways to contribute
to hypoxia-induced apoptosis in oral carcinoma cells.6

On the other hand, apoptosis was significantly less when
staurosporine, a potent apoptotic inducer, was added to hy-
poxic cells, compared with normoxic ones.7 Such a resis-
tance to hypoxia-induced apoptosis was proposed to in-
volve multiple factors targeting different stages of apop-
tosis, at least including hypoxic induction of inhibitor
of apoptosis protein-2 (IAP-2) and Bcl-XL.8 Correspond-
ingly, hypoxia, a common feature of solid tumors, was
also widely considered to contribute to the resistance of
cancer cells to ionizing radiation and chemotherapy-induced
apoptosis.9

Cobalt chloride (CoCl2) and the iron chelator desfer-
rioxamine (DFO) are two commonly used hypoxia-mimetic
agents, because like hypoxia, they can block the degrada-
tion and thus induce the accumulation of hypoxia-inducible
factor-1alpha (HIF-1α) protein,10 a critical regulator for
the cellular response to hypoxia.11 The substantial reports
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demonstrated that they could induce apoptosis in many dif-
ferent kinds of cells. For examples, CoCl2 was shown to
induce apoptosis in rat C6 glioma cells,12 human alveolar
macrophages,13 neuronal PC12 cells14 and HeLa human cer-
vical cancer cells,15 although CoCl2 reduced the apoptotic
death induced by tert-butyl hydroperoxide and serum de-
privation in hepatoma cell line HepG2.16 DFO was shown
to induce apoptosis in activated T lymphocytes and HL-60
cells, human leukemic cell line CCRF-CEM, Kaposi’s sar-
coma cells and neuroblastoma cells, and others.17−23 How-
ever, mechanisms of apoptosis mediated by DFO and CoCl2
are poorly understood.

Although leukemic cells do not form a well-
circumscribed “mass” like solid tumors, oxygen levels in
bone marrow (BM) in patients with leukemia may be de-
creased as a result of fast-growth of leukemic cells, which is
possibly further aggravated with anemia commonly devel-
oped in newly diagnosed patients. In the matter of fact, low
oxygen environment around leukemic cells in BM has been
observed in the Brown Norwegian rat that was inoculated
by leukemic cells and normal cells.24 To investigate the ef-
fects of hypoxia on leukemic cells, therefore, is necessary.
By comparing the apoptosis-inducing effects of hypoxia-
mimetic agents CoCl2 and DFO on acute myeloid leukemic
(AML) cells, in the present work, we showed that both DFO
and CoCl2 induce leukemic cells apoptosis by mitochondrial
pathway-dependent and HIF-1α-independent mechanisms,
but DFO and CoCl2-induced apoptosis involves different
initiating signal pathways.

Materials and methods

Reagents

CoCl2, DFO, sodium metavanadate and sodium nitroprus-
side (SNP) were purchased from Sigma (St Louis, MO) and
dissolved in ultrapure water. Mouse anti-HIF-1α and mouse
anti-caspase-8 monoclonal antibodies were purchased from
Becton Dickinson (Palo Alto, CA), mouse monoclonal anti-
PARP and rabbit polyclonal anti-Mcl-1 antibodies from
Santa Cruz Co (Santa Cruz, CA), rabbit anti-caspase-3 poly-
clonal antibody from Cell Signaling (Beverly, MA) and
mouse anti-β-actin monoclonal antibody from EMD Bio-
sciences (San Diego, CA).

Cell lines and culture

Two leukemic cell lines, NB4 cell line from acute promyelo-
cytic leukemia (a kind gift of Dr. Michel Lannotte, IN-
SERM U-496, Centre G. Hayem, Hospital Saint-Louis,
Paris, France) and U937 cell line from acute myelomonocytic
leukemia (from Cell Bank of Shanghai Institutes for Biologi-
cal Sciences, Shanghai, China), were cultured in RPMI-1640
medium (Sigma, St Louis, MO) supplemented with 10%

heat-inactivated fetal calf serum (Gibco BRL, Gaithersburg,
ML) in a 5% CO2-95% air humidified atmosphere at 37◦C
for experiments. Cells were seeded at 2–5×105 cells/ml
and cell viability was determined by the trypan-blue ex-
clusion assay. For the assay of the concentrations of nitric
oxide (NO) in the medium, which were performed by Griess
Reagent System according to the manufacturer’s instruction
(Promega, Madison, WI), cells were incubated in phenol
red-free RPMI-1640 medium (Gibco BRL, Gaithersburg,
ML).

U937T cell line, which constitutionally expresses the
tetracycline-controlled transactivator (tTA), is a kind gift
of Dr. Grossveld G.25 To generate the cell line with sta-
ble inducible expression of HIF-1α protein, the BDTM
Tet-off gene expression system was used (BD Clontech,
Palo Alto, CA). Briefly, HIF-1α cDNA was ligated to
pTRE2hyg (BD Clontech, Palo Alto, CA), generating
the tTA responsible expression plasmid pTRE2hyg-HIF-
1α. The plasmid pTRE2hyg-HIF-1α and empty vec-
tor plasmid pTRE2hyg were respectively transfected into
U937T cells by electroporation at 0.17 kV and 960
µF on a Bio-Rad gene pulser (Bio-Rad, Hercules, CA),
respectively generating U937THIF−1α and U937Tempty

cells. Both cell lines were selected and maintained by
500 µg of hydromycin B per ml medium in the presence
of 0.5 µg of puromycin and 1 µg of tetracycline per ml
medium. HIF-1α expression after tetracycline withdrawal
in U937THIF−1α cells was confirmed by western blot.

Apoptosis assay

Besides cell morphology with Wright’s staining on cytospin
preparations of the cell suspensions, the nuclear DNA con-
tent distribution and annexin-V assay were used to assess
apoptosis. To assess the distribution of nuclear DNA con-
tent, cells were collected, rinsed and fixed overnight in 70%
cold ethanol at −20◦C. Then, cells were treated with Tris-
HCl buffer (pH 7.4) supplemented with 1% RNase A and
stained with 25 µg/ml propidium iodide (PI, Sigma, St.
Louis, MO). The samples were read on a Coulter Elite Flow
Cytometer using Elite software program 4.0 for 2 colors
detector (Beckman Coulter, Miami, FL). The percentage of
cells in the apoptotic sub-G1 phage was calculated using
multicycle software (Phoenix Flow Systems). For annexin-V
assay, cells were incubated with 10 µl PI and 5 µl FITC-
annexin-V (BD Biosciences, Franklin Lakes, NJ) at room
temperature for 15 min. Then, cells were analyzed on a flow
cytometry (Beckman Coulter, Miami, FL). Annexin-V binds
to those cells that express phosphotidylserine on the outer
layer of the cell membrane, and propidium iodide stains
the cellular DNA of those cells with a compromised cell
membrane. This allows for the discrimination of live cells
(unstained with either fluorochrome) from apoptotic cells
(stained only with annexin-V) and necrotic cells (stained
with both annexin-V and PI).
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Flow cytometric assays for mitochondrial
transmembrane potentials

The mitochondrial ��m assay was performed as described
previously.26 Briefly, about 105 cells were rinsed with PBS
and incubated with 10 µg/ml rhodamine 123 (Rh123,
Sigma, St. Louis, MO) at 37◦C, 30 min. Subsequently, cells
were washed with PBS and stained with 25 µg/ml PI. Flu-
orescent intensities of Rh123 and/or PI were determined by
flow cytometry (Beckman Coulter, Miami, FL).

Semi-quantitative RT-PCR analysis

Total RNAs were extracted from U937 and NB4 cells by
TRIzol reagent (Gibco BRL, Gaithersburg, Maryland), and
reverse transcriptions were performed by TaKaRa RNA
PCR kit (Takara, Dalian, China) following manufacturer’s
instructions. HIF-1α cDNA and β-actin cDNA were
amplified in the same tube by the following primers: GGA
TCC TGG GTA GGA GAT GGA GAT GC (forward) and
GCA CTC AAT CAA GAA GTT GC (reverse) for HIF-1α;
CAT CCT CAC CCT GAA GTA CCC (forward) and AGC
CTG GAT AGC AAC GTA CAT G (reverse) for β-actin
cDNA. PCR amplification was performed for 26 cycles
with denaturing at 94◦C for 30 s, annealing at 58◦C for 45
s, and extension at 72◦C for 60s using a GeneAmp PCR
System 9600 (Perkin-Elmer Norwalk, USA). The signal
intensities of amplified HIF-1α and β-actin fragments were
measured by a densitometer. The ratio of signal intensities
of HIF-1α against that of β-actin in the same amplified
tube represents the relative level of HIF-1α mRNA. All
RT-PCR reactions were repeated at least 3 times.

Western blots

Cells were dissolved in lysis buffer (100mM Tris-HCl,
pH6.8, 4% SDS, 20% glycerin, 200mM dithiothreitol) and
relatively quantified for proteins by DC protein assay kit II
(Bio-Rad, Hercules, CA). Equal amount (20–50 µg) of pro-
tein extracts were loaded to 10% SDS-PAGE gel and trans-
ferred to a nitrocellulose membrane. Equal loading amounts
of proteins were further ensured by the stain of Ponceau S
on the membrane. The membrane was sequentially blocked
in 5% fat-free milk and then incubated with the indicating
antibodies, followed by HRP-linked secondary antibodies
in a 5% fat-free milk solution. Detection was performed by
chemiluminescence phototope-HRP kit according to man-
ufacturer’s instructions (Amersham, Bukinghamshire, UK).
All blots were stripped and re-probed with anti-β-actin.

Statistical analysis

The two-sided Student’s-test was used to compare the dif-
ference between untreated and treated cells. p < 0.05 was
considered to be statistically significant.

Results

Desferrioxamine and cobalt chloride at higher
concentrations induce leukemic cell apoptosis

As we showed previously,27,28 lower concentrations of DFO
(equal to and less than 25 µM) and CoCl2 (equal to and less
than 50 µM) did not significantly reduce cell viability of
leukemic NB4 and U937 cells. At higher concentrations,
however, they induced these two cells to die in a dose-
dependent manner, as evidenced by the detection of cell vi-
ability (Figure 1). When treated by 100 µM of DFO or 200
µM of CoCl2 for 24 h, furthermore, NB4 cells presented pro-
found morphological features of apoptotic cells, such as cell
shrinking, chromatin condense and nuclear fragmentation
with intact cell membrane (Figure 2A). These cells also pre-
sented annexin-V+ with PI− staining and time-dependent
increase of hypoploid cells (also called sub-G1 cells) on flow
cytometry (Figure 2B, C), two sensitive and specific indica-
tions of apoptotic cells in suspension culture.29,30 Of note,
some secondary necrotic cells, as indicated by double posi-
tive annexin-V/PI staining, could also be seen (Figure 2B).
Similar results could also be obtained in DFO (100 µM)
and CoCl2 (200 µM)-treated U937 cells (data not shown).
In total, these results support that higher concentrations of
DFO and CoCl2 induce cell death by way of apoptosis in
leukemic cells.

Desferrioxamine and cobalt chloride-induced
apoptosis involves a loss of mitochondria
transmembrane potentials, caspase-3/8 activation
and Mcl-1 cleavage

It has been well known that a complex cellular signaling
network contributes to the regulation of apoptosis. In most
cases, a central player in the execution of apoptosis is aspar-
tic acid-directed cysteine proteases called caspases, which
can be activated by the cell surface death receptor pathway
and the mitochondria-initiated pathway.31 To determine
whether DFO and CoCl2 can damage mitochondria ��m ,
NB4 and U937 cells were stained with PI and Rh123, latter
being a lipophilic cation that is taken up by mitochondria
in proportion to the ��m .26 As depicted in Figure 3A,
both DFO and CoCl2 induced low Rh123 staining with
or without PI-positive staining, indicating that these two
agents induced mitochondrial ��m collapse. In parallel to
this, DFO and CoCl2 also activated caspase-3, which was
measured by western blot with specific anti-active caspase-3
antibody. Notably, these two agents also induced cleaved
activation of caspase-8, that presented as two fragments re-
spectively with 40 kD and 23 kD.32 PARP, a specific sub-
strate of casapse-3, was also degraded (Figure 3B). It was
worthy noting that CoCl2 and especially DFO also reduced
Mcl-1 protein, an anti-apoptotic member of Bcl-2 family,
with appearance of a fragment of 25 kD (Figure 3C).
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Figure 1. Higher concentrations of either desferrioxamine or cobalt chloride reduce cell viability of NB4 and U937 cells. U937 (left) and NB4
cells (right) were treated with indicated concentrations (µM) of DFO (A) and CoCl2 (B) for 24 h. Cell viability was measured by trypan-blue
exclusion assay. Every column represented the mean with bar as sd of triplicates in an independent experiment. All experiments were repeated
three times with the similar results.

Metavanadate antagonizes
desferrioxamine-induced apoptosis of leukemic
cells without the decrease of HIF-1α protein

To elucidate whether HIF-1α protein has something to do
with DFO and CoCl2-induced apoptosis, we tried to use
some agents to interfere with HIF-1α expression. According
to a report that vanadate induced the expression of HIF-1α

in DU145 human prostate carcinoma cells,33 we treated
leukemic cells with DFO or CoCl2 plus metavanadate.
We showed that 20 µM metavanadate alone had no effect
on HIF-1α expression (Figure 4A). It also failed to affect
HIF-1α protein level in the presence of apoptosis-inducing
concentration of DFO and CoCl2 (Figure 4B). It should
be pointed out that due to the contrast with that found in
DU145 cells,33 we repeated this experiment for 5 times with
the same results. In spite of this, we still investigated the
possible effects of metavanadate on DFO-induced apoptosis.
For this set of experiments, NB4 cells were co-treated with
100 µM of DFO and different concentrations (µM) of
metavanadate for 24 h. As can be seen in Figure 5A, 5–20
µM of metavanadate treatment alone had no effects on cell
viability, mitochondrial ��m and annexin-V staining.

More surprisingly, metavanadate significantly blocked
DFO-induced mitochondrial ��m collapse and apoptosis
in a concentration-dependent manner. As consistent with
this, metavanadate also inhibited DFO-induced caspase-3
activation and the cleavage of PARP (Figure 5B) and Mcl-1
(Figure 3C).

Sodium nitroprusside also antagonizes
DFO-induced apoptosis rather than the
accumulation of HIF-1α protein in leukemic cells

It has been well known that vanadate exerts a wide-spectrum
effects on cells, one of which is to potently activate NO
synthase and thus to induce NO production.34 Although
metavanadate did not induce the production of NO in our
tests (Figure 5C), we still explored the potential effects of
another commonly-used NO donor sodium nitroprusside
(SNP), which significantly increased the production of NO
(Figure 5C), on DFO-induced apoptosis in NB4 and U937
cells. Like those seen in metavanadate treatment, 100 µM of
SNP affected neither the transcription of HIF-1α nor DFO-
induced HIF-1α protein accumulation (Figure 4), but it
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Figure 2. Higher concentrations of desferrioxamine and cobalt chloride induce apoptosis in leukemic cells (A and B). NB4 cells were treated
with or without 100 µM of DFO and 200 µM of CoCl2 for 24 h. Cell morphology (A) was observed under microscope (magnificent, ×1000)
and annexin-V+ cells (B) were detected on flow cytometry as described in ’Materials and Methods’. The percentages of annexin-V+/PI−
and annexin-V+/PI+ cells were shown in the corresponding quadrants as mean ± sd of triplicates of a separate experiment. (C). NB4 cells
were treated with or without 100 µM of DFO and 200 µM of CoCl2 for h as indicated. The representative histograms showing contribution of
nuclear DNA content were shown (top panels) and the percentages of sub-G1 cells were given with mean ± sd of triplicates in an independent
experiment. The similar results were also gotten in U937 cells (data not shown). All experiments were repeated three times with similar results.

significantly abrogated DFO-induced mitochondrial ��m
(Figure 6A) and the percentages of annexin-V+ cells (Fig-
ure 6B) and sub-G1 cells (Figure 6C) as well as caspase-3
activation, PARP cleavage (Figure 5B) and Mcl-1 cleavage
(Figure 3C).

Metavanadate and sodium nitroprusside fail to
antagonize CoCl2-induced apoptosis of leukemic
cells

In the next phase of analysis, we observed effects of meta-
vanadate and SNP on the action of apoptosis-inducing con-
centration (200 µM) of CoCl2 in NB4 and U937 cells. The
results showed that neither metavanadate nor SNP affected
CoCl2-induced HIF-1α protein accumulation (Figure 4).
Unlike their effects on DFO, more unexpectedly, these
agents failed to reduce CoCl2-induced apoptosis, caspase-
3 activation, PARP cleavage (Figure 7) and Mcl-1 cleavage
(Figure 3C).

Inducible expression of HIF-1α has
no effect on DFO and CoCl2-induced apoptosis

To further elucidate whether HIF-1α contributes to DFO
and CoCl2-induced apoptosis, we generated a HIF-1α

inducible expressing cell line called U937THIF−1α with
U937Tempty and their parental U937T cell as controls,
as described in “Materials and Methods”. As can be seen
in Figure 8A, HIF-1α mRNA and protein levels were
significantly induced after tetracycline withdrawal. CoCl2
and DFO further elevated HIF-1α protein in U937THIF−1α

cells to a greater degree than that in U937Tempty cells (Fig-
ure 8B). To our surprise, DFO at 100 µM and CoCl2 at 200
µM failed to induce U937T cells to apoptosize (Figure 8C).
We speculated that the transfection of tetracycline-
controlled transactivator interferred the context of U937T
cells with unknown reasons. Thus, we used the higher
concentrations of DFO and CoCl2 to treat U937Tempty

and U937THIF−1α cells. As shown in Figure 8D, highly
expressed HIF-1α did not modulate these concentrations of
DFO and CoCl2-induced apoptosis in U937THIF−1α
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Figure 3. DFO and CoCl2 induce mitochondrial transmembrane potential loss and caspase-3/8 activation and Mcl-1 cleavage in
NB4 and U937 cells. (A and B). NB4 and U937 cells were treated with or without 100 µM of DFO and 200 µM of CoCl2 for
24 h. Then, the mitochondrial ��m was measured on flow cytometry (A) top, NB4; bottom, U937 cells and caspase-3, caspase-
8 and PARP proteins were detected by western blots (B). � represents their cleaved fragments. Values in A represent the mean
± sd of Rh123low/PI− and Rh123low/PI+ cells % of triplicates in an independent experiment. All tests were repeated up to three
times with similar results. (C) NB4 and U937 cells were treated with 100 µM of DFO or 200 µM of CoCl2 with and without
vanadate (20 µM) or SNP (100 µM) for 24 h, Mcl-1 protein was detected by western blots. � represents its cleaved 25 kD
fragment.

Figure 4. Effects of metavanadate or SNP and apoptosis-inducing concentrations of DFO/CoCl2 on the mRNA and protein levels of
HIF-1α. NB4 and U937 cells were treated with 100 µM of DFO or 200 µM of CoCl2 with and without metavanadate (20 µM) or SNP
(100 µM) for 24 h. (A) Semi-quantitative RT-PCR for HIF-1α mRNA were performed as described in “Materials and Methods”. Lower panels
represent the ratio of HIF-1α/β-actin mRNA under the indicated treatments. (B) HIF-1α proteins were analyzed by western blots with β-actin
as equal loading control. Independent experiments were repeated three times and the fluctuation of results was minimal.
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Figure 5. Metavanadate mitigates DFO-induced apoptosis in U937 cell in a concentration-dependent manner. U937 cells were treated with
various concentrations of metavanadate and/or 100 µM of DFO for 24 h. (A) Cell viability (top), annexin-V (middle) and mitochondrial ��m
(bottom) were measured as described above. Every column and bar represented the mean and sd (compared with DFO-treated group, ∗p
<0.05; # p <0.01). (B) The active (�) caspase-3 and PARP proteins were detected by Western blot with β-actin as equally loading control.
All tests were repeated up to three times with similar results. (C) NB4 and U937 cells were incubated in the phenol red-free medium with 20
µM of metavanadate or 100 µM of SNP for 24 h, and NO contents in the medium were detected. The values represent mean ±sd of triplicate
samples in an independent experiment.

Figure 6. SNP mitigates DFO-induced apoptosis in leukemic cells. NB4 cell was treated with 100 µM of DFO or/and 100 µM of SNP for
24 h. Annexin-V+ cells (A), the mitochondrial ��m (B) and the apoptotic sub-G1 cells % (C) were measured by flow cytometer. Values in B
represent the mean ± sd of annexin V+/PI− and annexin V+/PI+ cells of triplicates in an independent experiment.
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Figure 7. Metavanadate and SNP fail to interfere with CoCl2-induced apoptosis. U937 cell was treated with 200 µM of CoCl2 or/and 20 µM
of metavanadate or 100 µM of SNP for 24 h. (A) Cells were collected onto slides by cytospin, stained by Wright’s staining and observed under
microscope (magnificent, ×1000) (top) and cell death was quantified by annexin-V/PI assay on flow cytometry (bottom). Values represent the
mean ± sd of annexin V+/PI− and annexin V+/PI+ cells of triplicates in an independent experiment. (B) The active (�) caspase-3 and PARP
proteins were detected by western blot.

cell, compared with that in U937Tempty control
cells.

Discussion

Iron homeostasis is crucial to normal cell metabolism, and
its deficiency or excess is associated with numerous dis-
ease states. As documented, iron is one of well-known
carcinogens or cofactors involved in the pathogenesis of
many kinds of cancers in animals, such as adenocarcinomas,
colorectal tumors, hepatomas, mammary tumors, mesothe-
liomas, renal tubular cell carcinomas, and sarcomas.35 Pa-
tients who suffer from hemochromatosis characterized by
increased iron absorption and moderate elevation of body
iron levels presented the markedly enhanced susceptibil-
ity to various malignancies.36,37 Although the pathogenic
role of iron in cancer development and/or progression re-
mains greatly unknown, iron chelators possess considerable
anti-tumor activity in vitro, in vivo and in clinical trials in
the treatment of neuroblastoma, leukemia, bladder carci-
noma, and hepatocellular carcinoma and so on.38,39 In the
current work, we also showed that greater than 25 µM

of DFO could effectively induce NB4 and U937 leukemic
cells to undergo apoptosis by inducing the mitochondrial
��m collapse and caspase-3 activation. Considering that
DFO also presents its hypoxia-mimetic effect by stabiliz-
ing HIF-1α protein,40 we extended to investigate the ef-
fect of another hypoxia-mimetic agent CoCl2 on these two
leukemic cells. The results showed that CoCl2 at the con-
centration of greater than 50 µM also induced these cells
to undergo apoptosis via mitochondria pathway-mediated
caspase-3 activation. Moreover, DFO and CoCl2-induced
apoptosis accompanied the cleavage of Mcl-1, supporting
recent report from Weng et al.,41 who showed that tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL)-
induced apoptosis in Jurkat T cells required the specific
cleavage of Mcl-1 by caspase-3 and the C-terminal do-
main of Mcl-1 became proapoptotic as a result of caspase-3
cleavage. Additionally, either DFO or CoCl2 also activated
caspase-8 with apoptosis induction, suggesting the possi-
ble role of cell death receptor-mediated apoptotic pathways,
like in hypoxia-induced apoptosis in oral carcinoma cell
lines.6

HIF-1, a heterodimer composed of the rate limiting fac-
tor HIF-1α and the constitutively expressed HIF-1β/aryl
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Figure 8. Inducible expression of HIF-1α dose not affect DFO and CoCl2-induced apoptosis. (A) After the withdrawal of tetracycline for the
indicated days in U937Tempty and U937THIF−1α cells, HIF-1α mRNA (top) and protein (bottom) were detected by semi-quantitative RT-PCR
and western blots. Of note, the primers for β-actin amplification in this experiment was 5′-AGCGGGAAATCGTGCGTGAC-3′ (forward) and
5′-TGCTGTCACCTTCACCGTTCC-3′(reverse), which amplified a 684 bp fragment of β-actin. (B) After the withdrawal of tetracycline for 24 h,
U937Tempty and U937THIF−1α cells were treated with 250 µM of DFO and 1000 µM of CoCl2 for 24 h, and HIF-1α proteins were analyzed by
western blots with β-actin as equal loading control. (C) U937 and U937T cells were treated with or without 100 µM of DFO and 200 µM of
CoCl2 for 24 h. Annexin-V+ cells were detected on flow cytometry. Every column and bar represent the mean and sd of triplicate samples in
an independent experiments out of three repeated ones. (D) After the withdrawal of tetracycline for 24 h, U937Tempty and U937THIF−1α cells
were treated with 250 µM of DFO and indicated concentrations (µM) of CoCl2 for 24 h. Apoptotic cells were measured by annexin-V assay
on flow cytometry. Every column represents the mean and sd of all three independent experiments with triplicate samples each. ∗ p > 0.05,
compared between U937Tempty and U937THIF−1α cells under the same treatment.

hydrocarbon receptor nuclear translocator, involves in em-
bryonic development, tumor growth, metastasis, apoptosis
and leukemic cell differentiation.12,42,43 This transcription
factor is also involved in apoptosis in the presence of different
environmental factors possibly via increasing the stability of
wild-type tumor suppressor protein p53 by the direct bind-
ing to the p53 ubiquitin ligase MDM2 and even by the
direct binding of p53 to the ODD (For oxygen dependent
degradation) domain of HIF-1α, and inducing the expres-
sion of the proapoptotic proteins BNIP3 (Bcl2/adenovirus
E1B 19 kDa interacting protein 3) and NIX, a BNIP3 ho-
mologue, as reviewed by Greijer et al.44 On the other hand,
HIF-1α dimerized with HIF-1β can protect cells from apop-
tosis induced by several factors.45 Here, we showed that
both DFO and CoCl2 induced the accumulation of HIF-1α

protein. Previously, it was showed that vanadate induced
the expression of HIF-1α in DU145 human prostate carci-
noma cells.31 On the contrary, we showed recently that the
influence of metavanadate on DFO-induced accumulation
and transcriptional activity of HIF-1α protein was depen-
dent upon the concentrations of DFO and metavanadate
in leukemic cells and COS-7 cells.46 Lower concentration
of metavanadate almost completely blocked non-toxic con-

centration (10 µM) but not higher concentrations of DFO-
induced accumulation of HIF-1α protein. In agreement with
this, here we showed that 20 µM metavanadate failed to re-
duce HIF-1α protein in the presence of apoptosis-inducing
concentrations of DFO and CoCl2. These results indicate
the complication of the effect of metavanadate on HIF-1α,
which possibly depends on cell context besides the concen-
tration ratio of matavanadate against DFO. Even so, the most
important is that 20 µM metavanadate blocked DFO but not
CoCl2-induced apoptosis, indicating that these two agents-
induced apoptosis involves different initiating mechanisms.
Combined with the fact that highly expressed HIF-1α did
not increase or decrease DFO and CoCl2-induced apopto-
sis, these data also support that DFO and CoCl2-induced
apoptosis is HIF-1α-independent.

Nitric oxide, synthesized from L-arginine by NO syn-
thases, is a small, diffusible, highly reactive molecule
with dichotomous regulatory roles under physiological and
pathological conditions. As reviewed,47,48 NO exhibits a
double-edged role in apoptosis induction, that is, pro- and
anti-apoptotic effects, which is speculated to be dependent
on concentration of NO, in which the proapoptotic effect
appears to be linked to pathophysiological conditions with
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the production of high concentration of NO by the inducible
nitric oxide synthase, while anti-apoptotic effect is mainly
mediated by low amounts of NO or stimulation of the con-
stitutive, endothelial nitric oxide synthase.49–51 Metavana-
date was reported to potently activate NO synthase and thus
induced NO production.34 Of note, we could not show that
20 µM of metavanadate induced the production of NO, pos-
sibly due to low sensitivity of our measured method. How-
ever, the commonly used NO donor, SNP, did ameliorate
DFO-induced apoptosis but not CoCl2-induced apoptosis,
indicating that NO-related signal pathway at least partially
contributes to DFO but not CoCl2-induced apoptosis.

In summary, our results showed that both DFO and CoCl2
induce leukemic cells to undergo apoptosis by HIF-1α-
independent mechanisms, but they use different initiating
mechanisms, in which NO-related signal pathway involves
DFO-induced apoptosis.
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