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Abstract
Several metal ions that are carcinogenic affect cellular iron homeostasis by competing with iron
transporters or iron-regulated enzymes. Some metal ions can mimic a hypoxia response in cells under
normal oxygen tension, and induce expression of HIF-1α-regulated genes. This study investigated
whether 12 metal ions altered iron homeostasis in human lung carcinoma A549 cells as measured
by an activation of IRP-1 and ferritin level. We also studied hypoxia signaling by measuring
HIF-1α protein levels, hypoxia response element (HRE)-driven luciferase reporter activity, and
Cap43 protein level (an HIF-1α responsive gene). Our results show the following: (i) Ni(II), Co(II),
V(V), Mn(II), and to a lesser extent As(III) and Cu(II) activated the binding of IRP-1 to IRE after
24 h, while the other metal ions had no effect; (ii) 10 of 12 metal ions induced HIF-1α protein but to
strikingly different degrees. Two of these metal ions, Al(III) and Cd(II), did not induce HIF-1α
protein; however, as indicated below, only Ni(II), Co (II), and to lesser extent Mn(II) and V(V)
activated HIF-1α-dependent transcription. The combined effects of both [Ni(II) + As(III)] and [Ni
(II) + Cr(VI)] on HIF-1α protein were synergistic; (iii) Addition of Fe(II) with Ni(II), Co(II), and Cr
(VI) attenuated the induction of HIF-1α after 4 h treatment; (iv) Ni(II), Co(II), and Mn(II)
significantly decrease ferritin level after 24 h exposure; (v) Ni(II), Co(II), V (V), and Mn(II) activated
HRE reporter gene after 20 h treatment; (vi) Ni(II), Co(II), V(V), and Mn(II) increased the HIF-1-
dependent Cap43 protein level after 24 h treatment. In conclusion, only Ni (II), Co (II), and to a lesser
extent Mn(II) and V(V) significantly stabilized HIF-1α protein, activated IRP, decreased the levels
of ferritin, induced the transcription of HIF-dependent reporter, and increased the expression of
Cap43 protein levels (HIF-dependent gene). The mechanism for the significant stabilization and
elevation of HIF-1α protein which drives these other parameters was previously shown by us and
others to involve a loss of cellular Fe as well as inhibition of HIF-1α-dependent prolyl hydroxylases
which target the binding of VHL ubiquitin ligase and degrade HIF-1α. Even though there were small
effects of some of the other metals on IRP and HIF-1α, downstream effects of HIF-1α activation and
therefore robust hypoxia signaling were only observed with Ni(II), Co(II), and to much lesser extents
with Mn(II) and V(V) in human A549 lung cells. It is of interest that the metal ions that were most
effective in activating hypoxia signaling were the ones that were poor inducers of metallothionein
protein and also decreased Ferritin levels, since both of these proteins can bind metal ions and protect
the cell against toxicity in human lung cells. It is important to study effects of these metals in human
lung cells since this represents a major route of human environmental and occupational exposure to
these metal ions.
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Introduction
Iron is an essential metal in all living organisms, playing an important role in electron transport
and redox reactions, as well as a cofactor for numerous enzymes (van Vliet et al., 2002). Iron
is involved in energy production, xenobiotic metabolism, and defense against oxidative stress
(Morgan and Oates, 2002). Both iron overload and iron depletion can severely affect
physiological processes and cause diseases such as cancer (Rolfs et al., 1997). Cellular iron
homeostasis is post-translationally regulated by an iron regulatory protein 1 (IRP-1), which
contains a [4Fe–4S] cluster in a cleft between two domains of the protein (Templeton and Liu,
2003). When iron is plentiful, IRP-1 exists in [4Fe–4S] form referred to as cytoplasmic
aconitase, which lacks RNA binding activity; when cells are deficient in iron, IRP-1 loses its
[4Fe–4S] cluster and becomes an RNA-binding form (Templeton and Liu, 2003). In the latter
state, IRP-1 binds to IRE-containing mRNAs with high affinity, inhibits translation of those
mRNAs whose IREs are at the 5′ end (e.g., ferritin, succinic dehydrogenase, mitochondrial
aconitase), but stabilizes the expression of those mRNAs whose IREs are situated in the 3′ end
(e.g., transferrin receptor (TfR) and divalent metal transporter 1 (DMT-1)) (Zheng and Zhao,
2001).

Metal use is widespread in the workplace and human exposure occurs by inhalation in
numerous industrial operations. All metals are potentially toxic at high concentration, even
though some are also essential. Metal ions were selected for this study because some of them,
including nickel, manganese, and aluminum, have been shown to alter iron homeostasis
following exposure in a number of different cell types (Zheng et al., 1999; Ward et al., 2001;
Chen et al., 2005), which may contribute to the mechanism by which these metals exert their
adverse effects on living organisms.

There are two potential mechanisms for the effects of metals ions on iron homeostasis. One is
that the metal ion competes with iron for iron transport proteins such as transferrin or DMT-1
(Ward et al., 2001; Chen et al., 2005); while the other is that the metal ion interferes with iron
homeostasis at the level of IRPs by competing with iron for the fourth, labile iron site in [4Fe–
4S] cluster and thereby activates IRP binding (Zheng and Zhao, 2001). Since our previous
study showed that Ni ions decreased intracellular Fe levels in A549 human lung cells by
competing with iron for DMT-1 (Chen et al., 2005), and recently DMT-1 was identified as the
major iron transporter in lung epithelia (Wang et al., 2002), it suggests that nickel altered iron
homeostasis probably by competing with iron for DMT-1 in A549 cells. Manganese was
postulated to alter iron homeostasis by replacing the fourth labile iron in the cubane structure
of the aconitase active center in neuronal cells (Zheng and Zhao, 2001). There is little work
conducted on the effects of non-iron metals on iron homeostasis, and it is of interest to
investigate whether other non-iron metals alter iron homeostasis and whether these metals
affect IRP-1 and hypoxia-inducible factor (HIF). However, since Mn is also taken up by the
DMT1 system, it also likely competes for Fe uptake in the same way as Ni.

HIF-1 regulates mammalian oxygen homeostasis (Semenza, 1999) by transcriptionally
activating the expression of numerous target genes, which are involved in erythropoiesis, iron
metabolism, vascular regulation, glucose uptake, and glycolysis, as well as various other
biological processes (Wenger, 2002). HIF-1 is a αβ heterodimer, that binds to hypoxia response
element (HRE) contained in the promoter of HIF-1 target genes to regulate their expression
(Wang et al., 1995). HIF-1α protein usually remains undetectable under normoxic conditions
with a half life of about 5 min, but it is stabilized by hypoxia. Stabilization of HIF-1α caused
the induction of VEGF which then mediates angiogenesis, but also it also increases glycolysis,
pH buffering, and probably other key steps in tumor progression (Wenger, 2002). Four of
HIF-1α target genes, which encode transferrin, transferrin receptor, heme oxygenase-1, and
ceruloplasmin, coordinately regulate iron metabolism (Wenger, 2002).
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One group of enzymes which uses iron is the 2-oxeglutarate-dependent dioxygenase, such as
collagen prolyl 4-hydroxylase (C-P4Hs), HIF prolyl 4-hydroxylases (HIF-P4Hs), and factor
inhibiting HIF (FIH) (Hirsila et al., 2005). Moreover, iron deficiency is also known to stabilize
HIF-1α protein (Wang and Semenza, 1993). Numerous studies have shown that several metals
such as As(III), Cr(VI), Cu(II), Zn(II), V(V), Co(II), Mn (II), and Ni(II) can mimic hypoxia
by stabilizing HIF-1α protein but to very different extents depending upon the cell line and
other conditions (Chun et al., 2000; Salnikow et al., 2000; Gao et al., 2002a, 2002b; Skinner
et al., 2004; Martin et al., 2005). However, many of these studies have not examined the impact
of HIF-1α stabilization on downstream targets and its relationship to Fe metabolism. In the
present study, we examined the time-dependent effects of these metals on hypoxia signaling
pathway in A549 cells, including HIF-1α protein level, hypoxia response element (HRE)
luciferase reporter activity, and Cap43 protein level (a HIF-1α responsive protein). We have
also studied whether the alteration of iron homeostasis as determined by IRP-1 activation by
metals had downstream effects on the expression of HIF-1α and its regulated genes since the
HIF-1α is closely tied with alterations in Fe homeostasis in A549 cells. Our data demonstrate
that Ni(II), Co(II), V(V), and Mn(II) not only induced IRP-1 activity but also stabilized
HIF-1α protein, activated HRE reporter, and increased Cap43 level in A549 cells; moreover,
the induction of HIF-1α protein by Ni(II), and Co(II), was reduced by coexposure with ferrous
iron in A549 cells. The effects of the other metals on each of these parameters in A 549 cells
were either not observed or considerably less than Ni (II), Co(II) and Mn (II), or V(V).

Materials and methods
Chemicals

K2CrO4, NaAsO2, CdCl2, ZnCl2, HgCl2, Pb3(C2H3O2)2·3H2O, CuCl2, NiCl2·6H2O,
AlCl3·6H2O, MnCl2·4H2O, CoCl2, NaVO3, and FeSO4·7H2O were obtained from Sigma.

Cell culture
Human lung carcinoma A549 cells were grown in Ham’s F-12 K medium (GIBCO BRL, Grand
Island, NY) containing 10% fetal bovine serum and 1% penicillin–streptomycin. Cells were
cultured at 37 °C in an incubator with a humidified 5% CO2 atmosphere. Cells were treated
with metal ions when the cell density was approximately 90% confluent.

Electrophoretic mobility shift assay (EMSA)
The 32P-labeled IRE probe was prepared and the EMSA assay was performed as previously
described (Chen et al., 2005).

Enzyme-linked immunosorbent assay (ELISA)
After exposure to various metal ions for 24 h, A549 cells in 6-well culture plates were washed
twice with ice-cold phosphate-buffered saline (PBS), lysed by 150 μl ice-cold M-PER
mammalian protein extract reagent (PIERCE) at 4 °C for 30 min, then moved into eppendorf
tube by scraping with a rubber policeman. After centrifugation at 4000 rpm at 4 °C for 10 min,
the supernatants were collected and stored at −70 °C for the ferritin assay. Levels of ferritin in
A549 cell lysates were determined according to a previously published protocol (Fang and
Aust, 1997). An antibody to a mixture of human spleen and liver ferritin was used as the capture
antibody to coat an ELISA plate. Human liver ferritin was used as the standard. The conjugate
of peroxidase and antibody to human spleen and liver ferritin was then added to serve as the
detector to determine the amount of ferritin bound to the capture antibody.
Tetramethylbenzidine (TMB) was then added as the substrate for the peroxidase, and the
absorbance of the oxidation product of TMB was determined at 450 nm using a microplate
reader (SpectroMax Plus, Molecular Devices, Sunnyvale, CA). Total protein in the cell lysates
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was determined by using Coomassie Plus-The Better Bradford™ Assay Kit (PIERCE), and
the results were expressed as microgram of ferritin per milligram protein.

Western blots
Approximately 5 × 105 A549 cells were cultured in 60 mm dishes to ~90% confluency. Cells
were then treated with different metal ions for 4 h, 8 h, and 24 h. After treatment, the medium
was removed, the cells were washed twice with ice-cold PBS, and proteins were extracted
using lysis buffer (1% SDS, 1 mM sodium orthovanadate, and 10 mM Tris pH 7.4), quickly
scraped and placed into Eppendorf tubes, followed by boiling for another 5 min. The scraped
cells were collected to Eppendorf tubes and boiled for an additional 5 min. To reduce viscosity,
the samples were sonicated using a Branson Sonifier 450 and centrifuged at 14,000 × g for 5
min; the supernatant was collected for Western blotting. The protein concentration was
determined by using the Bio-Rad DC protein assay. Forty micrograms of protein was separated
by electrophoresis in a 7.5% SDS-PAGE gel for HIF-1α and 15 micrograms of protein was
run on a 12.5% SDS-PAGE gel for Cap43. The proteins were then transferred to a PVDF
membrane at constant 40 V overnight. Immunoblotting was performed with 1:500 diluted
HIF-1α antibodies (BD Biosciences) or 1:2000 diluted anti-NDRG-1/Cap43 antibodies
(Piquemal et al., 1999). The primary antibody was detected by chemical fluorescence following
a Western blotting protocol (Amersham).

Transient transfection assay
A549 cells were transiently transfected with pGL3-HRE-Leu by the calcium phosphate
coprecipitation method. Aliquots of 2.5 × 105 cells/well were seeded into 6-well plates. On the
next day, cells were cotransfected with 2.2 μg of pGL3-HRE-Leu together with 2.2 μg of
transfection control construct pβ-gal-Control. 24 h later, the medium was changed and cells
were allowed to recover for another 24 h. Freshly prepared metal ion solution was added into
the medium and the cells were incubated for 24 h at 37 °C humidified 5% CO2 atmosphere.
The cells were lysed and the luciferase activities were determined using the Luciferase Assay
Kit (Promega). Briefly, cells were washed with PBS twice and covered by 200 μl 1× reporter
lysis buffer (RLB) (Promega), followed by a single freeze-thaw. Plates containing cells were
rocked several times and the attached cells were scraped from the plates. The sample was
transferred to a 1.5 ml-Eppendorf tube and the tubes were vortexed for 10–15 s, and then
centrifuged at 14,000 × g for 2 min at 4 °C. The supernatant was transferred to a new tube and
cell lysates were assayed by Microplate Luminometer LB 96v for luciferase activity, and the
efficiency of transfection was determined using β-gal activity which was measured with a
spectrophotometer.

Results
Effects of 12 metal ions on IRP-1 activity in A549 cells after 24 h treatment

Previous studies showed that Ni(II) treatment depleted cellular Fe and significantly induced
IRP-1 activity in A549 cells (Chen et al., 2005). Here, we have addressed whether other metal
ions could induce IRP-1 activity in A549 cells, as well as to study additional downstream
parameters of hypoxia signaling. As shown in Fig. 1, Ni(II), Co(II), V(V), and Mn (II) induced
IRP-1 activity in a dose-dependent manner (Figs. 1A and B), and the increase of IRP-1 activity
was more remarkable with these metal ions as compared to As(III) and Cu (II), which at higher
toxic doses (10 μM and 20 μM for As(III) and Cu(II) at 0.1 mM) also resulted in noticeable
but less significant activation of IRP-1 activity (Figs. 1C and D). Other metal ions, including
Cr(VI), Zn(II), Pb(II), Cd(II), Hg(II), and Al(III), failed to activate IRP-1 at the levels tested
which included both toxic and non-toxic exposure conditions. The stabilization and activation
of IRP-1 are indicative of the depletion of cellular Fe levels which can create a hypoxic like
state in cells under normal oxygen tension.
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Effects of 12 metal ions on HIF-1α protein in A549 cells
To study the relation between IRP-1 activation and hypoxia signaling, we determined the level
of HIF-1α protein in A549 cells after 4, 8, and 24 h treatment using Western blotting. A number
of studies have previously shown that cobalt and nickel ions can mimic hypoxia by stabilizing
HIF-1α transcription factor (Salnikow et al., 2003; Hirsila et al., 2005), and these results were
also supported by our data. As shown in Figs. 2A and B, 1 mM Ni(II) and 0.2 mM Co(II)
treatment dramatically induced HIF-1α protein in A549 cells after 4 h exposure and this
stabilization persisted at 24 h. These exposure conditions were not toxic to the cells as measured
by colony formation and by a vital dye assay. A 4 h exposure to 20 μM Cr(VI) induced
HIF-1α; however, the increased stabilization of HIF-1α by Cr (VI) was short lived, and the
HIF-1α protein level was decreased and undetectable after 24 h, even in the presence of Cr
(VI). These results suggested that Cr(VI) poorly and transiently stabilized HIF-1α protein in
A549 compared to Ni and Co for example and it is also likely stabilized this protein by a
different mechanism. The data also showed that 0.1 mM V(V) and 0.1 mM Mn(II) induced
HIF-1α protein after 24 h exposure (Figs. 2A and C), but the extent was much less remarkable
than Ni(II) and Co(II) at all dose ranges. Figs. 2A–C shows that 10 of 12 metals increased
HIF-1α protein in A549 cells to different extents. Only two of these metals, Al(III) and Cd(II),
had no effect on HIF-1α protein levels. In the final analysis, only Ni (II), Co (II), and Mn (II)
had significant effects on HIF-1α directly and on its downstream effectors. V(V), Mn(II), As
(III), Pb(II), Zn(II), and Hg(II) all increased HIF-1α protein in a time-dependent manner but
only Mn(II) along with Ni(II) and Co(II) activated this protein to an extent that exhibited
downstream effects in A549 cells. However, cotreatment with different metals for 4 h, such as
[Ni(II) + As(III)] and [Ni(II) + Cr(VI)], had synergistic effects on HIF-1α protein (Fig. 2E).

Effects of non-iron metals and iron co-exposure on HIF-1α protein in A549 cells
To investigate whether iron depletion contributed to HIF-1α induction, we studied the effects
of metal ions and ferrous iron coexposure on HIF-1α protein levels in A549 cells after a 4 h
treatment. As shown in Fig. 3, 0.5 mM Fe (II) decreased HIF-1α compared to control; moreover,
the coexposure of 0.5 mM Fe(II) with 1 mM Ni(II), 0.2 mM Co (II), or 20 μM Cr(VI) reversed
the induction of HIF-1α protein in A549 cells.

Ni(II), Co(II), and Mn(II) decrease ferritin level in A549 cells
To confirm that IRP-1 and HIF-1α activation by Ni(II), Co(II), and Mn(II) was associated with
depletion of intracellular iron, we determined the effects of metal ions on ferritin level in A549
cells after 24 h treatment. It is believed that the binding of active IRP-1 to 5′ IREs blocks the
translation of ferritin mRNA. As expected, Fig. 4 showed that 1 mM Ni(II), 0.2 mM Co(II),
and 0.1 mM Mn(II) significantly decrease the ferritin protein levels in A549 cells, while 20
μM As(III) did not significantly effect the amount of ferritin.

Effects of 12 metal ions on hypoxia-response element (HRE) reporter gene in A549 cells after
20 h treatment

We investigated whether the metals that stabilized HIF could also induce the HRE reporter
gene by determining firefly luciferase activity in an HIF-dependent construct following 20 h
of exposure. As shown in Fig. 5, only Ni(II), Co(II), and to lesser extents V(V) and Mn(II)
activated HRE reporter gene in A549 cells after 20 h treatment. 0.2 mM Co(II) induced the
reporter gene approximately 3.7-fold, while 1 mM Ni(II) 2.4-fold, 0.1 mM V(V) 1.9-fold, and
0.1 mM Mn(II) 1.9-fold. Other metal ions failed to induce HRE reporter gene, except Cu(II),
which decreased the HRE luciferase activity compared to control. These results indicate that
except for Ni, Co, V, and Mn ions, any increase in HIF-1α was inconsequential since it had no
effect on its downstream targets in A549 cells.

Li et al. Page 5

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2010 October 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Effects of 12 metal ions on a HIF-1α-regulated Cap43 protein in A549 cells
We next determined whether the metal ions that had consistent effects on HRE reporter gene
activity could also induce HIF-1α-regulated Cap43 (NDRG1) protein. As shown in Fig. 6A,
the induction of Cap43 protein by Ni(II) and Co(II) was dose-dependent which was consistent
with the effects on HRE reporter gene. Fig. 6B shows that only Ni(II), Co(II), V (V), and Mn
(II) significantly induced Cap43 protein in A549 cells after 24 h treatment, while the other
metals had no observable effects. Again, these results reinforce the findings that only these
metal ions stabilized HIF-1α sufficiently to cause the activate downstream effectors.

Discussion
We have conducted numerous studies showing that nickel ions interfere with iron uptake and
iron-dependent enzymes in A549 cells (Chen et al., 2005), and nickel ions mimic hypoxia to
stabilize HIF-1α protein in A549 cells (Salnikow et al., 2003). The purpose of present study
was to investigate the effects of other metal ions on both IRP-1 activity and HIF-1α protein,
and to study whether the alteration of iron homeostasis as determined by IRP-1 activation and
ferritin level by metal ions had downstream effects on the expression of HIF-1α and its
regulated genes.

The choice of the exposure concentrations used for the treatment of A549 cells by the metal
ions was based on previous cell survival data. Davidson et al. (2003) showed that after exposed
to 1 mM NiCl2 and 400 μM CoCl2 for 24 h, A549 cells still had viability as high as (92.78 +
7.9)% and (87.66 + 12.55)%. Other metal ions, including Cr(VI), Cd(II), Cu(II), Fe(II), Zn(II),
and Hg(II) were also based on previous studies showing which doses and time interval of
exposure utilized were not toxic to A549 cells (Dubrovskaya and Wetterhahn, 1998; Walther
et al., 2002; Riley et al., 2005). The remainder of the metal ion doses examined, V(V), Mn (II),
As(III), and Al(III), were based upon non-toxic levels studied in other cell types (Oshiro et al.,
1998; Zheng and Zhao, 2001; Gao et al., 2002a, 2004). The doses for these 12 metal ions used
in the present study were previously shown to be biologically active in additional studies of
A549 cells or other cell lines.

IRP-1 is an RNA-binding protein that regulates the expression of several mRNAs in response
to the availability of cellular iron (Constable et al., 1992). In this study, we found that 6 of the
12 metals that were studied increased IRP-1 binding activity. There are at least two potential
sites for these metals to compete for iron, the membrane iron carrier proteins and iron binding
sites in c-aconiotase/IRP-1. In our previous study, we found that Ni(II) decreased the activity
of cytosolic aconitase and converted it to an IRP-1 binding form by decreasing cellular iron
level. It was shown that Ni(II) depleted cellular iron by competing with it for DMT-1 Fe
transporter in A549 cells (Chen et al., 2005). Since DMT-1 can transport a variety of divalent
metal ions such as Mn ions. Metals that are not divalent in charge (V and Cr) can also compete
with iron for the membrane carrier proteins in human bronchial epithelial cells (Wang et al.,
2002), and thus it would be expected that exposure to these metal ions would have similar
effects on cellular iron levels as Ni(II). Here, we show that, in addition to Ni(II), only Co(II),
Mn(II), V(V), Cu(II), and As(III) activated IRP-1, while all other metal ions were without
effect. Our results were consistent with previous reports that 200 μM Mn (II) exposure
increased IRP binding activity in PC12 cells (Kwik-Uribe et al., 2003). Martelli and his
colleagues reported that the loss of IRP-IRE binding activity could due to the reversible and
specific aggregation of the IRP1 apoprotein with Zn(II) and Cd(II), while precipitation did not
occur with Co(II) and Mn(II) (Martelli and Moulis, 2004), which may explain why some of
these metal ions did not activate IRP-1 and may suggest a new mechanism for the biological
toxicity of these metals.
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Our previous study showed that nickel treatment decreased total cellular iron level in A549
cells (Chen et al., 2005), which likely contributed to the increase of IRP activity. This
mechanism is also supported by our ferritin data. Those metal ions, Ni(II), Co(II), and Mn(II),
which significantly increased IRP-1 activity, consistently decreased ferritin levels in A549
cells following 24 h exposure. It is of interest that these metal ions are poor inducers of
metallothionein and do not induce ferritin since both of these proteins can sequester toxic metal
ions and prevent their toxicity, while other metal ions such as Cu, Cd, and Hg are good inducers
of metallothionein and either increase or do not decrease ferritin (Joshi and Zimmerman,
1988; Sato and Kondoh, 2002; Araya et al., 2003; Henkel and Krebs, 2004; Beattie et al.,
2005; Jaeckel et al., 2005). Cu, Cd, and Hg for example had little effect on hypoxia signaling
probably because they are not readily available due to their binding to metallothionein and
ferritin.

Another potential iron competing site available to these metals is the [Fe–S] cluster in c-
aconitase/IRP-1. It has been reported by Oshiro et al. (2002) that various metal ions can
decrease the binding affinity of IRP-1 to IRE probably by forming a non-functional [(1 non-
Fe metal + 3Fe) – 4S] IRP-1 complex. However, since they uniformly treated cells with a 150
μM dose, this concentration may be too low for some metals (e.g., Ni ions) to increase the
IRP-1 binding activity, but 150 μM may be too high for other more toxic metal ions (e.g.,
cadmium, copper, and mercury). Because only an apoprotein (no [Fe–S] cluster) form of IRP-1
possesses IRE binding ability, these metals may also destabilize the [Fe–S] cluster in c-
aconitase or prevent the formation of its [Fe–S] cluster. However, little is known about the
process of [Fe–S] cluster formation in c-aconitase and its proper protein folding in mammalian
cells. This possible mechanism must await further investigation. Besides cellular iron level,
IRP-1 binding activity can also be modified by cell signaling via reactive oxygen species and
protein kinase C.

Hypoxia-inducible factor-1 (HIF-1) is a master regulator of oxygen homeostasis, playing
important roles in physiological and pathological processes (Wenger, 2002). Several Fe(II)-
dependent enzymes, such as the HIF-prolyl hydroxylase (PHD 1–3) and asparagine
hydroxylase (FIH-1), regulate HIF-1α stability and activation. Numerous studies have shown
that HIF-1α is not only regulated by oxygen tension, but also by various other stimuli, such as
transition metals, which can mimic hypoxia to stabilize HIF-1α protein in cultured cells
(Horiguchi et al., 1996; Oshiro et al., 1998; Chun et al., 2000; Hossain et al., 2000; Gao et al.,
2002b, 2004; Yuan et al., 2003; Hwang et al., 2004; van Heerden et al., 2004; Zhao et al.,
2004). Since Fe(II) is an important cofactor for these hydroxylases and loosely bound to two
histidine sites in these enzymes, non-iron metal ions may decrease the activity of these enzymes
by either decreasing cellular iron level or directly replacing iron in the enzymes that hydroxylate
HIF. Consistent with our finding in EMSA assay, Ni(II), Co(II), Mn (II), and V(V) induced
HIF-1α protein and its transcriptional activity, as shown by HRE-driven luciferase reporter
activity and the expression of Cap43. Exogenous addition of Fe(II) to cells also exposed to Ni
(II) and Co(II) attenuated the induction of HIF-1α, which suggested that the stabilization of
HIF-1α by these metal ions was due in part to a competition with iron. Cr(VI) at highly toxic
doses induced HIF-1α at a 4 h time point, but when cells were continuously exposed to Cr(VI),
HIF-1α became undetectable at later time intervals (24 h). There were no downstream
HIF-1α-dependent effects following chromate exposure. Gao et al. (2002b) have shown that
Cr(VI) induced HIF-1α through p38 signaling pathway in DU145 human prostate carcinoma
cells. However, we found that Fe(II) can attenuate the induction by Cr (VI), suggesting that
some Fe depletion may also be involved in HIF-1α induction by Cr(VI) but in either case it is
concluded that Cr(VI) is at best a weak inducer of HIF-1α without detectable HIF-1α-dependent
downstream effects in A549 cells. It is of interest and importance that metal ions may have
different effects in various types of cultured cells since as discussed above Cr (VI) activated
HIF-1α in DU145 human prostate cells but was without much effect in A549 cells. However,
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it is important to study human lung cells since humans are most often exposed to these metal
ions by inhalation.

Some metal ions are known to induce oxidative stress, such as Ni(II), Co(II), and Cr(VI). Cr
(VI) was reported to induce expression of HIF-1α protein through the production of reactive
oxygen species in DU145 cells (Gao et al., 2002b), but our data showed that Cr(VI) did not
affect the expression of HIF-1α protein downstream gene Cap43, HRE reporter gene, IRP-1
activity, or ferritin amount in A549 cells. Moreover, Salnikow et al. (2000) reported that ROS
are produced during the exposure of cells to metals that mimic hypoxia (e.g., Co ions), but the
formation of ROS was not involved in the activation of HIF-1-dependent genes. So, we believe
that oxidative stress is not an issue in the activation of IRP-1 and HIF-1α protein by Ni and Co
ions in A549 cells.

It should be noted that different agents may induce HIF-1α through different pathway. Ni(II),
V(V), and As(III) were found to induce HIF-1α transactivation through PI3K/Akt-dependent
pathway (Gao et al., 2002a, 2004; Li et al., 2004), while Cr(VI) was reported to induce
expression of HIF-1α protein through p38 signaling pathway (Gao et al., 2002b). However, as
shown in Figs. 2D–E, Ni(II) induced much higher HIF-1α protein level than V(V) and As(III)
at different time points; moreover, As(III) did not activate HRE reporter gene or induce Cap43
expression, while Ni(II) and V(V) were effective. Additional studies are required to understand
the entire mechanisms responsible for activation of hypopxia signaling in various cell types.

Other metal ions, including Cu(II), As(III), Pb(II), and Zn(II), were found to only marginally
increase HIF-1α protein, but did not increase HRE-driven luciferase reporter activity and
expression of Cap43. However, Martin et al. (2005) reported that Cu(II) dramatically induced
HIF-1α in Hep3B human hepatoma cells. A difference in the cell lines utilized in the two studies
most likely accounted for the discrepancy in these findings, as shown by the same authors, that
reported on the induction of HIF-1α in HeLa cell at considerably higher concentration of Cu
(II) compared to the Hep3B cells. In our study, doses higher than 0.1 mM for Cu(II) caused
cytotoxicity. Besides the competition with iron, other mechanism may also be involved in
HIF-1α stabilization by these metals. For example, it has been reported that As(III) induced
HIF-1α through mTOR-dependent pathway in DU145 cells (Skinner et al., 2004). These
diverse mechanisms of HIF-1α induction can be operative when several metals were combined,
which is a common experience in the real world at superfund sites and in occupational exposure
situations (Dayal et al., 1995; Diagomanolin et al., 2004; Roff et al., 2004). As shown in this
study, there was synergistic effect on HIF-1α protein level when cells were exposed to the
combinations of either [Ni(II) + As(III)] or [Ni(II) + Cr(VI)].

So far, the data presented in this article support that the activation of IRP-1 by Ni(II), Co(II),
V(V), and Mn(II) may be caused by cellular iron depletion, by competing with iron-dependent
enzymes or DMT-1 iron transporter or both; Ni ions are able to prevent the degradation of
HIF-1α protein by von Hippel Lindau (VHL) ubiquitin ligase by their inhibition of prolyl
hydroxylases which target HIF-1α for degradation (Ivan et al., 2001; Jaakkola et al., 2001;
Costa et al., 2005). Additionally, Ni ions induce HIF-1α protein by permitting its interaction
with P300 by inhibiting the asparagines hydroxylase activity of FIH (Zhao et al., 2004).

In conclusions, metals which activate IRP probably by depleting iron in A549 cells, include
Ni(II), Co(II), V(V), Mn (II), and with some marginal effects of As(III) and Cu(II). These metal
ions can also stabilize HIF-1α, but only Ni(II), Co(II), V(V), and Mn(II) activated HRE reporter
gene and induced Cap43 protein. Coexposure of ferrous iron with these metals can reverse the
induction of HIF-1α in A549 cells, indicating that Fe depletion is responsible for some of the
HIF-1α stabilization. In conclusion, HIF-1α is stabilized and activates transcription of
HIF-1α-dependent genes only when A549 cells are exposed to Ni(II), Co(II), V(V), and Mn

Li et al. Page 8

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2010 October 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(II). These cells are human lung cells and people are most often exposed to all of these metal
ions by inhalation making it important to understand effects of these metal ions in human lung
cells. As discussed above, Ni and Co are known to not only deplete Fe but are also inhibitors
of Proline hydroxylases that target HIF-1α for degredation.
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Fig. 1.
Ni(II), Co(II), V(V), Mn(II), As(III), and Cu(II) induced IRP-1 activity in A549 cells. A549
cells were treated with (A–D) 12 metal ions at different concentrations (indicated in the figures)
for 24 h, with Ni(II) as a positive control in panels B–D as well as untreated cells as a control
in panels A–D. Two micrograms of cytosolic extract was used for EMSA as described in the
Materials and methods section. Two percent 2-mercaptoethanol (2-ME) included in another
lane was used to assess the loading of each lane. Quantitation of panels A–D, is given in panel
E as a densitometric analysis normalized to 2-ME. Densitometric data are given as fold-control.
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Fig. 2.
Effects of 12 metal ions on HIF-1α protein in A549 cells. A549 cells were treated with 12 metal
ions (indicated respectively in panels A–C) for 4 h, 8 h, and 24 h. After treatment, cells were
lysed and analyzed by 7.5% SDS-PAGE gel followed by Western blotting with HIF-1α or α-
tubulin (to control for loading). In panel E, A549 cells were exposed for 4 h to no metal (lane
1), 500 μM Ni(II) (lane 2), 10 μM As(III) (lane 3), 20 μM Cr(VI) (lane 4), 500 μM Ni(II) + 10
μM As(III) (lane 5), and 500 μM Ni(II) + 20 μM Cr(VI) (lane 6). Forty micrograms of total
protein was loaded on the gel. Similar data were obtained in at least 2 other independent
experiments. Panel D is a quantitative summary of panels A–C, using densitometric analysis
normalized to α-tubulin. In panel E, the upper panel is a representative blot while the lower
panel is the densitometric analysis normalized to α-tubulin. Densitometric data are given as
fold-control.
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Fig. 3.
Iron coexposure reversed the induction of HIF-1α in A549 cells. In panel A, A549 cells were
treated with no metal, 0.5 mM Fe(II), 1 mM Ni(II), 0.5 mM Fe(II) + 1 mM Ni(II). In panel B,
A549 cells were treated with no metal, 0.5 mM Fe(II), 0.2 mM Co(II), 0.5 mM Fe(II) + 0.2
mM Co(II), 20 μM Cr(VI), and 0.5 mM Fe(II) + 20 μM Cr(VI). 4 h later, the cells were
harvested, lysed, and analyzed by 7.5% SDS-PAGE gel followed by Western blotting with
HIF-1α or α-tubulin antibody. Forty micrograms of total protein for each sample was loaded
on the gel. Similar data were obtained in at least 2 other independent experiments. The upper
panel is a representative blot while the lower panel is the densitometric analysis normalized to
α-tubulin. Densitometric data are given as fold-control.
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Fig. 4.
Ni(II), Co(II), and Mn(II) decreased ferritin protein levels in A549 cells. A549 cells were
treated with no metal, 1 mM Ni(II), 200 μM Co(II) and 100 μM Mn(II) in 6-well plates. 24 h
later, the cells were washed by 1 × PBS, lysed, and analyzed by ELISA. The total proteins
were determined by using Coomassie Plus Reagent as described under Materials and methods.
Data represent means (n = 3) ± SEM. **Significantly different from control (P < 0.01).
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Fig. 5.
Ni(II), Co(II), V(V), and Mn(II) activated HRE reporter gene in A549 cells. A549 cells
transiently transfected with an HRE-containing luciferase reporter gene were treated with 12
metal ions for 20 h at the concentration indicated in the figure. Shown are mean values ± SEM
of two independent experiments. Experiment was performed with at least 4 values and shown
as mean values ± SEM.
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Fig. 6.
Ni(II), Co(II), V(V), and Mn(II) increased Cap43 protein in A549 cells. A549 cells were treated
with 12 metal ions (indicated in panels A and B) for 24 h. After treatment, cells were lysed and
the lysates were analyzed by 12.5% SDS-PAGE gel followed by Western blotting with Cap43
antibody and α-tubulin antibody for loading control. In panel A, A549 cells were exposed for
24 h to 0.1, 0.25, 0.5, and 1.0 mM Ni(II) (lanes 1–4), no metal (lane 5), or 0.05, 0.1, 0.2, and
0.3 mM Co(II) (lanes 6–9). Panel B shows the effects of all metal ions on Cap43 protein after
24 h exposure. Fifteen micrograms of total protein for each sample was loaded on the gel.
Similar data were obtained in at least 2 independent experiments. Upper panel is a
representative blot while the lower panel is the densitometric analysis normalized to α-tubulin.
Densitometric data are given as fold-control.
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