Biometals (2009) 22:855-862
DOI 10.1007/s10534-009-9214-7

Modulation of intracellular iron levels by oxidative stress
implicates a novel role for iron in signal transduction
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Abstract Reactive oxygen species (ROS) display
cytotoxicity that can be exacerbated by iron. Para-
doxically, HeLa cells treated with the ROS-
generators menadione and 2,3-dimethoxy-1,4-naph-
thoquinone display increased free labile iron. HeLa
cells exposed to ROS undergo apoptosis but iron
chelation limits the extent of cell death suggesting the
rise in intracellular iron plays a signaling role in this
pathway. This idea is supported by the fact that iron
chelation also alters the pattern of ROS-induced
phosphorylation of stress-activated protein kinases
SAPK/INK and p38 MAPK. Thus, ROS-induced
increases in cellular free iron contribute to signaling
events triggered during oxidative stress response.
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Introduction

Subtoxic concentrations of reactive oxygen species

(ROS) are generated during normal aerobic metabo-
lism and are considered to be intracellular signaling
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molecules. However, generation of ROS resulting
from hyperoxia (Kazzaz et al. 1999; Lee and Choi
2003), growth factor deprivation (Kirkland et al.
2002), ultraviolet radiation (Chen et al. 2003), and
chemotherapeutic drugs (Kalivendi et al. 2001) can
also initiate cell death. Because iron can react with
H,0, by Fenton chemistry to generate reactive free
radicals, including the highly toxic hydroxyl radical
(eOH), it seems reasonable that cellular iron levels
would be limited under these conditions to limit iron-
catalyzed oxidative damage. However, -cellular
responses to oxidative stress can paradoxically pro-
mote increased intracellular iron levels. For example,
cells treated with H,0O, display reduced ferritin
synthesis and increased transferrin (Tf) receptor
expression and uptake (Martins et al. 1995; Pantopo-
ulos and Hentze 1995; Andriopoulos et al. 2007).
Oxidative stress is also known to upregulate heme
oxygenase-1 (HO-1), which degrades heme to bili-
verdin, CO and iron (Keyse and Tyrrell 1987; Keyse
and Tyrrell 1989). While biliverdin may act as an
anti-oxidant, release of free ferrous iron by HO-1
could potentially enhance free radical damage.
Despite the recognition of these paradoxical cellular
responses, our knowledge about actual changes in
cellular iron induced by ROS and the biological
consequences of the modulation of cellular free iron
levels under oxidative stress conditions is rather
limited. To further elucidate the response of intracel-
lular iron homeostasis to oxidative stress, we examined
the effects of the ROS-generators menadione and
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2,3-dimethoxy-1,4-naphthoquinone (DMNQ) on cel-
lular iron using the fluorescence-based calcein assay.
Our results demonstrate that ROS increase the chelat-
able “free” iron pool due to an intracellular
redistribution of iron and that this effect contributes
to stress-activated signal transduction events promot-
ing apoptosis.

Materials and methods
Cell culture

HeLa cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 300 g/l L-glu-
tamine, 10% (v/v) fetal bovine serum, 50 units/ml
penicillin G, and 50 pg/ml streptomycin.

Calcein assay to measure intracellular free iron

HeLa cells were grown to 80-90% confluency in 24-
well plates. Cells were loaded with 0.25 pM calcein-
AM (Molecular Probes) for 20 min at 37°C in
supplemented DMEM. Cells were then washed with
Hank’s balanced salt solution (HBSS), and the initial
fluorescence for each well was measured using a
SpectrafluorPlus plate reader (Tecan; 485 nm excita-
tion, 535 nm emission). Cells were then incubated
with 50 uM menadione, 50 yM DMNQ, 50 pM
ferrous ammonium sulfate (FAS) or DMSO (vehicle
control) for 20 min in HBSS. To confirm that
chelatable free iron was measured, cells were also
preincubated with salicylaldehyde isonicotinyl hydra-
zone (SIH) for 15 min prior to each treatment.
Fluorescence was then again measured as described
above after a 90 min incubation period at 37°C and
values for each well were normalized to the fluores-
cence intensity determined before treatment (percent
initial value).

Analysis of apoptotic cells

For microscopic analysis, HeLa cells were fixed in 70%
ethanol at 4°C for 16 h. After washing twice with PBS
containing 10 pg/ml RNAse A, cells were stained with
2 pg/mlHoechst 33258 for 10 min atroom temperature.
A Nikon Eclipse E800 fluorescence microscope was
used to count the percentage of condensed nuclei
characteristic of apoptosis from 500 cells per sample.
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Western blot analysis

HeLa cells grown to ~ 80% confluency in 6-well plates
were washed with PBS containing 0.1 mM CaCl, and
1 mM MgCl,. Cells were exposed to 50 uM menadione
or 200 uM SIH or both in the same buffer for 20 min.
Cells were then washed twice with supplemented DMEM
and incubated in the latter medium for 0-180 min.
Exposure to SIH was continued during this time period.
Whole cell extracts were prepared by scraping HeLa cells
into Laemmli sample buffer (100 pl per well). Samples
were sonicated for 10 s, boiled and protein content
was determined using the DC assay (Biorad). Fifty
micrograms were electrophoresed on 10% SDS—poly-
acrylamide gels and then transferred to nitrocellulose
membranes. After blocking the membrane in Tris-
buffered saline (TBS) with 0.1% (w/v) Tween-20
containing 5% non-fat dry milk for 1 h at room
temperature, the membrane was exposed to primary
antibody (1:1000) overnight at 4°C. The membrane was
subsequently washed with TBS containing 0.1% Tween-
20 and incubated with horse radish peroxidase (HRP)-
conjugated secondary antibody (1:2000) for 1 h at room
temperature. Immunolabeled bands were detected with
Super Signal West Pico reagent (Pierce). In addition,
immunoblots were stripped using Re-Blot™ Recycling
reagent (Chemicon International) for 20 min at room
temperature and reprobed with appropriate antisera.

Materials

SIH was a very generous gift from Dr. Prem Ponka
(Lady Davis Institute, McGill University, Montreal,
Quebec, Canada). Polyclonal antibodies raised against
ERK1/2 (p44/42 MAPKs), phospho-ERK1/2 (Thr202/
Tyr204), p38 MAPK (Thr180/Tyr182), SAPK/INK,
phospho-SAPK/INK (Thr183/Tyr185) were obtained
from Cell Signaling Technology. Sheep anti-human
ferritin was obtained from The Binding Site. Rabbit
anti-sheep-HRP was obtained from Pierce and donkey
anti-rabbit-HRP from Amersham.

Results
ROS increase cellular free iron levels

To characterize the influence of ROS on cellular iron
homeostasis, the oxygen free radical generator
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menadione was employed in this investigation. Qui-
nones like menadione undergo redox cycling inside
cells to generate ROS including H,O, and the super-
oxide anion O,. To directly examine whether the level
of free iron actually increases in menadione-treated
cells, the metal-sensitive fluorophore calcein was
employed (Cabantchik et al. 1996). Briefly, HeLa cells
were loaded with the acetomethyl ester of calcein
(calcein-AM), which is rapidly hydrolyzed in the
cytosol to release free calcein. Calcein fluorescence is
quenched when iron or other metals are bound.
Because calcein fails to bind calcium or magnesium
ions at physiological pH and the intracellular concen-
tration of other metals is relatively low, a decrease in
cell-associated calcein fluorescence provides a relative
measure of increased free intracellular iron content. As
shown in Fig. 1, menadione treatment was found to
quench cell-associated calcein fluorescence and this
effect was blocked by the iron chelator STH. The latter
control confirms that intracellular free iron levels are
increased upon treatment with the drug. These data
demonstrate that a redistribution of iron stores occurs
and is responsible for the quenching effect (Breuer
et al. 1995). For comparison, cells incubated with
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Fig. 1 ROS increase the intracellular calcein-sensitive iron
pool. HeLa cells were preloaded with the iron-binding
fluorophore calcein (0.25 pM) for 20 min to examine the
chelatable intracellular iron pool as described in “Materials
and methods”. After washing to remove residual extracellular
calcein, cells were incubated with either 50 pM menadione or
50 uM DMNQ, 50 puM ferrous ammonium sulfate (FAS) or both
in HBSS (closed bars). Replicate samples were incubated under
the same conditions except that these cells were preincubated
with 200 uM SIH to confirm specificity of the fluorescent probe
for iron (open bars). Intracellular fluorescence measured after
90 min incubation was normalized to the starting fluorescence
and results are shown as % initial value. The mean + SEM from
asingle experiment (n = 3) are shown. (***) denotes P < 0.001
using the Students ¢ test. Similar results were obtained on at least
three separate occasions

ferrous ammonium sulfate (FAS) also display a similar
SIH-sensitive quenching effect consistent with the
import of non-Tf bound iron (NTBI) as previously
described (Breuer et al. 1995; Zanninelli et al. 1997,
Staubli and Boelsterli 1998). Because menadione is
known to rapidly deplete cellular thiols (Toxopeus
et al. 1993), the effects of DMINQ were also studied.
DMNQ stimulates the formation of ROS without thiol
interaction (Toxopeus et al. 1993). Similar to menadi-
one, DMNQ promoted an increase in intracellular free
iron that was blocked by SIH (Fig. 1), thus indicating
that thiol depletion is not involved in this process.

Menadione induces apoptosis of HeLa cells
and this effect is blocked by iron chelation

Oxidative stress is known to elicit either proliferative or
apoptotic cellular responses. One rationalization for
mobilization of intracellular iron in response to ROS is
that the metal is requisite for cell growth as an essential
cofactor of ribonucleotide reductase, a rate-limiting
enzyme for DNA synthesis. However, thymidine
incorporation did not increase upon treatment of HeL.a
cells with menadione (data not shown). Rather, mena-
dione was found to induce apoptosis with ~75% of the
treated cells containing condensed nuclei 24 h after
exposure to the quinone (Table 1). These results are
consistent with several previous reports that this ROS-
generator can promote apoptosis in a variety of different
cell lines (McConkey et al. 1988; Juan and Wu 1993;
Wau et al. 1993; Osada et al. 2001; Criddle et al. 2006).

To assess the role of cellular iron level in the
apoptotic response, the influence of the iron chelator
SIH was examined. As shown in Fig. 1, SIH

Table 1 Menadione induces apoptosis

Treatment % Apoptotic nuclei
Control (DMSO) 1.9 £ 1.0

SIH 1.8 £ 0.34
Menadione 75.9 £ 8.05

SIH + Menadione 40.0 £ 5.33

HeLa cells were treated with 50 tM menadione or the same
volume of carrier (DMSO) for 20 min in PBS containing
0.1 mM CaCl, and 1 mM MgCl, followed by incubation in
DMEM for 24 h. To chelate intracellular iron, cells incubated
with or without menadione were also incubated with 200 uM
SIH as indicated. The percentage of condensed nuclei was
determined in a population of 500 cells by microscopy as
described in “Materials and methods”
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effectively chelates the intracellular free iron pool
that increases upon ROS generation, thereby revers-
ing the quenching effect on calcein. The iron chelator
also mitigates the pro-apopotic effect of menadione,
with only about half the number of HeLa cells
undergoing apoptosis in its presence (Table 1).
Combined, these data suggest that increased cellular
free iron may help to sustain or propagate signal
transduction pathways promoting apoptosis through
stress response pathways activated by ROS.

Menadione induces phosphorylation
of stress-activated protein kinases

Candidate second messenger pathways for ROS-
induced apoptosis involve mitogen-activated protein
kinases (MAPKs) including extracellular signal-
related kinases 1 and 2 (ERK1/2), stress-activated
protein kinase/c-Jun NH,-terminal kinase (SAPK/
JNK), and p38 MAPK. In response to various cellular
stimuli and stress conditions, these factors become
phosphorylated via MAPK kinase signal transduction
cascades. Specifically, menadione has been reported
to stimulate ERK phosphorylation in HR stomach
cancer cells (Osada et al. 2001), to induce JNK
activity in H9c2 cardiac muscle cells (Turner et al.
1998), and to promote phosphorylation of both
ERK1/2 and p38 MAPK in macrophages (Ogura
and Kitamura 1998). Therefore, to investigate the
activation state of ERK1/2, SAPK/JNK, and p38
MAPK in menadione-treated HelLa cells, Western
blot analysis was performed using antibodies specific
to phosphorylated forms of these kinases; protein
expression was verified using anti-MAPK-specific
antisera. Exposure to 50 pM menadione resulted in
the rapid phosphorylation of 44 kDa ERKI1 and
42 kDa ERK2 (Fig. 2), the 46 kDa isoform of
SAPK/INK (Fig. 3) and p38 MAPK (Fig. 4). Except
for ERK1/2, a steady decline in the phosphorylated
forms of these kinases was observed over a 3 h time
period post-treatment. Levels of protein expression of
all of the MAPKs were unaffected by menadione.

Iron chelation alters the pattern of SAPK/JNK
and p38 MAPK activation in response

to menadione

To further study the influence of cellular iron on
MAPK activation, SIH was also added during
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Fig. 2 Effects of menadione and iron chelation on phosphor-
ylation of ERKI1/2. HeLa cells were exposed to 50 uM
menadione or to 200 uM SIH alone or in combination with
menadione (SIH + Men) for 20 min. The medium was then
replaced with supplemented DMEM for 0-180 min as indi-
cated. Cells treated with SIH in the absence or presence of
menadione were continuously maintained in the chelator
throughout the time course. Whole cell extracts were collected
as described under “Materials and methods”. Phosphorylation
was assessed using antibodies that specifically recognize
phospho-ERK1/2 and equivalent loading was verified by
reprobing the blot with the anti-ERK1/2. Shown are results
of an individual experiment that reflect similar data obtained on
at least three separate occasions

treatment with menadione in order to block the
rise in intracellular free iron. The presence of SIH
alone induced a small increase in ERKI1/2 phos-
phorylation (Fig. 2). It did not, however, affect the
onset or timecourse of dephosphorylation over the
3 h time period studied. In contrast, SIH significantly
delayed the onset and extent of both SAPK/JINK
(Fig. 3) and p38 MAPK (Fig. 4) phosphory-
lation. More pronounced effects were observed in
the deactivation of these kinases. For example,
menadione-induced maximal phosphorylation of p38
MAPK and SAPK/INK within 20-60 min with a
diminished signal by 180 min reflecting the transient
activation and rapid dephosphorylation of these
kinases. In the presence of SIH, maximal phosphor-
ylation was not detected until 60 min and the extent
of phosphorylation was significantly less compared
to untreated cells. Furthermore, a prolonged state of
activation was observed at 180 min relative to the
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Fig. 3 Effects of menadione and iron chelation on phosphor-
ylation of SAPK/INK. HeLa cells were exposed to 50 uM
menadione or to 200 uM SIH alone or in combination with
menadione (SIH + Men) as described for Fig. 2. Phosphory-
lation was assessed by Western blotting cell lysates prepared in
a similar fashion except that antibodies specifically recognizing
phospho-SAPK/INK were used. Equal lane loading was
confirmed using anti-SAPK/JNK
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Fig. 4 Effects of menadione and iron chelation on phosphor-
ylation of p38 MAPK. Experiments were performed identical
to those in Figs. 2 and 3 except that activation of p38 MAPK
was assessed using antibodies specific for phospho-p38 MAPK
and that loading was verified with the anti-p38 MAPK

menadione-induced response (Figs. 3, 4). These key
observations implicate a role for the paradoxical
increase in cellular free iron induced by menadione
in the activation/deactivation of SAPK/JNK and p38
MAPK. Moreover, because activation of SAPK/JINK
and p38 MAPK can produce a pro-apoptotic
response, these findings further suggest that the
ability of SIH to limit menadione-induced cell death
(Table 1) is due to its influence on the state of
stress-activated kinase phosphorylation. These con-
clusions are compatible with the data of Brenneisen
et al. (1998), who have reported that iron chelation
reduces c-Jun phosphorylation and transcriptional
activation in response to ultraviolet B irradiation, a
stress that also produces ROS and that has been
associated with increased iron levels (Bissett et al.
1991).

SAPK/INK and p38 MAPK activation occurs
independent of extracellular iron

Recently, it has been reported that ROS induce iron
uptake by Tf (Andriopoulos et al. 2007) and that Tf
receptor-dependent iron uptake contributes to ROS-
induced apoptosis in endothelial cells (Kotamraju
et al. 2002). To examine if extracellular iron sources
play a role in stress kinase activation, experiments
were performed as described above except that serum
and iron salts were excluded from the cell medium
during the timecourse of menadione treatment and
kinase activation. As shown by the result summarized in
Fig. 5, menadione-induced activation of SAPK/JNK
and p38 MAPK is unaffected by the absence of
extracellular iron. Likewise, SIH delays the onset and
reduces the extent of phosphorylation/dephosphoryl-
ation. Although these results do not rule out a role for
ROS-enhanced iron uptake in the oxidative stress
response, they do indicate that the redistribution of
intracellular iron stores induced by menadione is
sufficient to promote activation of SAPK/INK and
p38 MAPK.

Discussion
Maintenance of iron homeostasis must be tightly
regulated in response to oxidative stress. Use of the

fluorometric calcein assay in our study demonstrated
that ROS increase levels of intracellular free iron.
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Fig. 5 Activation of SAPK/JINK and p38 MAPK does not
require extracellular iron. Experiments were performed similar
to Figs. 2, 3, and 4 except that after menadione treatment,
HeLa cells were incubated in serum-free o-minimal essential
medium which does not contain iron. Western blot analysis

A 2.5-fold increase in the chelatable iron pool was
observed within 2 h of exposure to menadione. Why
would the cell respond to oxidative stress by increasing
intracellular free iron given that this effect would
further promote metal-catalyzed ROS production?
Because iron chelation mitigates menadione-induced
apoptosis, we believe this paradox is explained by a
role for cellular free iron in signaling pathways for
oxidative stress responses (Jabs 1999). While a role for
iron in apoptosis has been investigated in many
different studies, these results have failed in general
to provide a clear and definitive picture of how
intracellular iron levels may affect this process.
Chelators like STH and desferrioxamine are often used
to explore this question, but because iron deprivation
can cause growth arrest due to inhibition of ribonucle-
otide reductase (Hoffbrand et al. 1976; Lederman et al.
1984; Nyholm et al. 1993; Chitambar and Wereley
1995), chelation of the metal itself may also induce
apoptosis. In this investigation, SIH did not induce
apoptosis but did protect against menadione-induced
cell death. The suppression of ROS-induced apoptosis
by iron chelation correlates with the observation that
SIH also reduces the onset and extent of SAPK/JNK
and p38 MAPK phosphorylation and delays dephos-
phorylation of both stress-activated kinases in response
to menadione. Many studies now support a role for
SAPK/INK and p38 MAPK in apoptosis (Karin 1998;
Davis 2000; Ono and Han 2000; Kyriakis and Avruch
2001). ROS are known to activate SAPK/JINK (Guyton
et al. 1996; Clerk et al. 1998) and p38 MAPK (Ogura
and Kitamura 1998) and redox-mediated signalling
mechanisms have been characterized that are most
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was carried out exactly as shown in Figs. 2, 3, and 4. Control
experiments confirmed the lack of phosphorylation in untreated
control cells and cells treated with SIH alone (data not shown).
Shown are data from one of two experiments with similar
results

likely responsible for this effect (Saitoh et al. 1998;
Yoshizumi et al. 2000). Thus, a reasonable explanation
for the observation that iron chelation protects against
cell death is that SIH limits changes in redox status
elicited through iron-generated ROS that mediate
activation/deactivation of SAPK/INK, p38 MAPK
and possibly other elements of the apoptotic signaling
pathway.

A role for iron-generated ROS in several different
signaling pathways is now beginning to emerge.
Along the lines of our investigation, Brenneisen et al.
(1998) have also provided evidence to support the
idea that the critical events in ultraviolet B activation
of JNK2 rely on iron-catalyzed ROS. ROS are
induced by a number of different cytokines, growth
factor receptor tyrosine kinases and G protein cou-
pled receptors, but the sources of cellular ROS are
rather poorly defined and could potentially emanate
from changes in the intracellular free iron level. For
example, it has been directly shown that IL-1f
enhances the calcein-sensitive free iron pool in
astrocytoma cells (Pinero et al. 2000). Rauen et al.
(2000) have shown that cold-induced apoptosis is not
associated with increased cellular production of
oxygen radicals but rather with an increase in the
cellular calcein-sensitive iron level. These authors
argue that increased cellular iron is then responsible
for the generation of hydroxyl radicals that promote
hypothermia injury/cold-induced apoptosis. Thus,
much like cellular calcium levels that are modulated
to sustain and/or propagate a number of signal
transduction pathways, the intracellular free iron
pool may be regulated in a similar fashion to
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modulate production of cellular ROS and subsequent
signaling responses.
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