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Mayo, Jonathan J., Pete Kohlhepp, Dianzheng Zhang, and Joy
J. Winzerling. Effects of sham air and cigarette smoke on A549 lung
cells: implications for iron-mediated oxidative damage. Am J Physiol
Lung Cell Mol Physiol 286: L866–L876, 2004; 10.1152/ajplung.
00268.2003.—Inhalation of airborne pollution particles that contain
iron can result in a variety of detrimental changes to lung cells and
tissues. The lung iron burden can be substantially increased by
exposure to cigarette smoke, and cigarette smoke contains iron par-
ticulates, as well as several environmental toxins, that could influence
intracellular iron status. We are interested in the effects of environ-
mental contaminants on intracellular iron metabolism. We initiated
our studies using lung A549 type II epithelial cells as a model, and we
evaluated the effects of iron dose and smoke treatment on several
parameters of intracellular iron metabolism. We show that iron at a
physiological dose stimulates ferritin synthesis without altering the
transferrin receptor (TfR) mRNA levels of these cells. This is medi-
ated primarily by a reduction of iron regulatory protein 2. Higher
doses of iron reduce iron regulatory protein-1 binding activity and are
accompanied by a reduction in TfR mRNA. Thus, for A549 cells,
different mechanisms influencing IRP-IRE interaction allow ferritin
translation in the presence of TfR mRNA to provide for iron needs
and yet prevent excessive iron uptake. More importantly, we report
that smoke treatment diminishes ferritin levels and increases TfR
mRNA of A549 cells. Ferritin serves as a cytoprotective agent against
oxidative stress. These data suggest that exposure of lung cells to low
levels of smoke as are present in environmental pollutants could result
in reduced cytoprotection by ferritin at a time when iron uptake is
sustained, thus enhancing the possibility of lung damage by iron-
mediated oxidative stress.

iron; lung cells; iron regulatory protein 2; ferritin; transferrin receptor

LUNG TISSUES ARE VULNERABLE to environmental pollutants, and
inhalation of airborne pollution particles results in a variety of
detrimental changes (26, 41). Available evidence indicates that
iron-mediated oxidative stress is, in part, responsible for these
changes (22, 26, 32). A role for iron has been implicated in
numerous lung diseases (33, 42), and body iron status can
influence pulmonary disease (16, 43).

Iron delivery to most mammalian cells occurs by specific,
high-affinity transferrin receptors (TfRs) that bind blood difer-
ric transferrin (40). Intracellular iron is found stored as ferritin
in a labile iron pool or incorporated in a variety of proteins.
Intracellular iron homeostasis is maintained primarily by the
expression of TfRs (iron acquisition) and ferritin (iron storage;
see Ref. 10). Synthesis of these proteins is controlled at the
translational level by the binding of the iron regulatory proteins
(IRP), IRP1 and IRP2, to iron responsive elements (IREs),
mRNA stem loop regulatory control sites. IRP interaction with
an IRE in the 5�-untranslated region (UTR) of ferritin subunit

mRNA prevents full assembly of the ribosomal apparatus and
blocks ferritin synthesis (36). IRP interaction with multiple
IREs in the 3�-UTR of the TfR mRNA protects the mRNA
from degradation and allows continued translation of the mes-
sage. Thus, when iron is low, TfRs are synthesized to increase
iron uptake. However, when iron is abundant, an iron sulfur
cluster (4Fe-4S) forms in the core of IRP1 and prevents IRE
binding (5, 21), whereas IRP2 is rapidly degraded (5, 21). This
results in decreased IRP-IRE interaction, ferritin synthesis, and
TfR mRNA degradation. Other factors that influence this
pathway include nitric oxide, hydrogen peroxide, hypoxia/
reoxygenation, and hyperoxia (reviewed in Refs. 1, 9, 10, 30).

Lung cells can acquire iron from TfRs (15). In addition, iron
uptake from airborne particles can occur by phagocytosis or by
the divalent cation transporter, DCT-1 (17). The lung iron
burden is substantially increased by exposure to cigarette
smoke (37). An estimated 1.2 �g of iron can be delivered from
a pack of unfiltered cigarettes, a portion of which remains in
the respiratory cells (49). Iron, delivered from smoke, can
induce oxidative stress in lung tissues in vivo with adverse
consequences (31). Lung cells also are unique in that they are
routinely exposed to changes in the levels of oxygen and
oxygen tension.

We are interested in the effects of environmental contami-
nants on intracellular iron metabolism. Pollution particles that
contain iron can induce ferritin synthesis in lung A549 type II
epithelial cells (14, 38). As a first step, we have used A549
cells as a model to determine the effects of iron dose and
smoke treatment on parameters of intracellular iron metabo-
lism. We show that iron within the physiological dose range
stimulates ferritin synthesis without altering the TfR mRNA
levels of these cells. This appears mediated by a reduction of
IRP2. We also report that limited smoke exposure lowers
ferritin levels and increases TfR mRNA levels of A549 cells.
Low ferritin levels in the presence of continued iron uptake
with prolonged exposure to smoke could render lung cells
vulnerable to oxidative stress.

MATERIALS AND METHODS

Cell cultures and experimental protocols. A549 type II lung epi-
thelial cells were obtained from the American Type Culture Collec-
tion (Manassas, VA). Stock cell cultures were maintained in RPMI
medium 1640 (Invitrogen, Carlsbad, CA) supplemented with 5%
heat-inactivated FBS (Gemini Bio-Products, Calabasas, CA) and 100
U/ml penicillin G, 100 �g/ml streptomycin sulfate, and 0.25 �g/ml
amphotericin B. Cells for stock cultures and all experiments were
incubated at 37°C in a water-jacketed incubator (10% humidity, 95%
air-5% CO2 atmosphere). All experiments were performed with cells
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at �80% confluence in 75-cm2 tissue culture flasks (Corning, Corn-
ing, NY). At the start of each experiment, the complete medium was
removed. The cells were washed two times with Hanks’ balanced salt
solution (HBSS) and incubated for 1 h in serum-free medium. After
incubation, the medium was replaced with fresh serum-free medium,
and the appropriate treatment was administered.

Dose-response experiments. Ferric ammonium citrate (FAC, 18.3%
iron, 327.4 g/mol; Sigma, St. Louis, MO) and desferoxamine mesylate
(DES; Sigma) were diluted in HBSS. Ferric was chosen for these
studies because ferrous is readily oxidized in the presence of oxygen
in an aqueous environment. HBSS was added to control cells so that
all flasks had the same concentration of HBSS, RPMI 1640 medium,
and the same final volume. For dose-response experiments, cells were
incubated in 0, 25, 50, 75, and 100 �M FAC or 100 �M FAC and 100
�M DES for 18 h. After treatment, the medium was removed and
overlayered with 0.2% butylated hydroxytoluene (BHT), flash-frozen
in liquid nitrogen, and stored at �80°C for thiobarbituric acid reactive
species assay (TBARS). Cell monolayers were washed two times with
HBSS and incubated at 37°C with 0.25% trypsin/1.0 mM EDTA
(Invitrogen) for 5 min. Cells were rinsed gently from the flask in
HBSS (5 ml) and centrifuged in conical tubes (1,800 g, 5 min). Cell
pellets were washed and suspended in HBSS (5 ml). Cell viability was
determined in triplicate by CellTiter 96 Aqueous One Solution Cell
Proliferation Assay (Promega, Madison, WI). Total cell number was
determined in triplicate using the LIVE/DEAD Viability/Cytotoxicity
Kit (Molecular Probes, Eugene, OR). One milliliter (�1.5 � 106

cells) of the cell suspension was taken from each sample for RNA
isolation. The remaining cells were centrifuged, and the cell pellet was
stored at �80°C for cytoplasmic extraction.

Smoke experiments. A filterless IR4F research grade cigarette
(University of Kentucky, Tobacco and Health Research Institute,
Lexington, KY) was placed through a gasket in the top of a 50-ml
Corning polyethylene tube with a luer-lok fitting at the bottom.
Attached to the luer-lok was a tube with an inline Hepa-Vent 0.3-�m
glass microfiber filter (Whatman International, Maidstone, UK) fol-
lowed by a Bel-Art Products (Pequannock, NJ) flowmeter attached to
regulated, compressed, breathing-quality air (22% oxygen; US Air-
weld, Phoenix, AZ). Smoke or air (sham) was injected in the flask at
a flow rate of 6 ml/s for delivery of 30 ml. The flasks were closed and
the cells incubated for the designated time interval. At the appropriate
time, the cells were harvested as described above; viability was
determined by the trypan blue dye exclusion assay.

Cytoplasmic extracts. Cell pellets were thawed for 10 min on ice
and suspended in an equivalent packed cell volume of hypotonic
buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM KCl, freshly
added 0.2 mM PMSF, and 0.5 mM DTT; see Ref. 4). Cells were
gently homogenized for 20 s. Nuclei were removed at 3,300 g for 15
min and 4°C. Cellular membranes were removed by centrifugation of
the supernatants at 100,000 g for 1 h at 4°C. Cytoplasmic extracts
were flash-frozen in small aliquots and held at �80°C until use.
Protein was determined by Bradford (6) assay.

Electrophoretic mobility shift assay. Transcripts of the human
ferritin heavy-chain IRE were obtained using the template provided
by the RNA Gel Shift Kit (MBI Fermantas, Amherst, NY) and were
labeled with [�-32P]CTP (50 �Ci, �3 � 106 mCi/mmol; Amersham).
After transcription, transcripts were precipitated in ethanol, suspended
in diethyl pyrocarbonate-treated water, and quantified for [32P]CTP
incorporation. EMSA was conducted as described by others (44).
Briefly, cytoplasmic extract (5 �g) and labeled transcript of human
ferritin heavy-chain IRE (50 fmol) were incubated in 25 mM HEPES,
150 mM CH3COOK, 1.5 mM MgCl2, 10 mM cysteine, and 5%
glycerol for 30 min [room temperature (RT)]. RNase T1 (1 U/ml) was
then added to degrade excess probe, and the mixture was incubated for
10 min (RT). Heparin (3 mg/ml; Sigma) was added, and the reaction
was incubated for 10 min (RT). The samples were separated on a
6.5% polyacrylamide gel. The gel was dried, and binding activity was
assessed by autoradiography (Custom X-ray Imaging Service, Phoe-

nix, AZ), measured by laser scanning, and quantified using Image-
QuaNT (Molecular Dynamics). IRP1 was distinguished from IRP2 by
supershift assay by adding 15 �g of anti-rat IRP1-specific antiserum
(a kind gift from Dr. Richard Eisenstein, Madison, WI; see Ref. 12)
after the initial reaction (10 min, 4°C). Measurement of spontaneous
binding activity was determined in the absence of cysteine.

Immunoblot analysis. IRP2 was determined from cytoplasmic ex-
tract proteins separated by SDS-PAGE on a 7% homogeneous SDS
Mini gel at 100 volts for 1 h at RT. Ferritin subunits were resolved by
SDS-PAGE on an 18.5% homogeneous SDS Mini gel at 60 volts
overnight at 4°C. Proteins were transferred to a nitrocellulose mem-
brane using a Mini Trans-Blot Transfer apparatus according to the
manufacturer’s specifications. Ponceau S confirmed efficient transfer
of the proteins. The nitrocellulose membrane was blocked for 1 h in
modified Blotto (7% nonfat milk-3% BSA-0.05% Triton X-100-PBS,
pH 7.4) at RT. Next, the membrane was incubated with either anti-rat
IRP2-specific rabbit antiserum (1:2,000 vol/vol; see Ref. 24) or
anti-human ferritin sheep antiserum (1:250 vol/vol; Binding Site, San
Diego, CA) in dilution buffer (3% BSA-0.05% Triton X-100-PBS, pH
7.4) for 2 h at RT. The membrane was washed three times in buffer
(0.05% Triton X-100/PBS, pH 7.4). IRP2 was measured by incubating
the membrane with anti-rabbit alkaline phosphatase conjugate anti-
body (Jackson Immuno, West Grove, PA) and was developed in
substrate according to the manufacturer’s methods (Bio-Rad, Her-
cules, CA). Ferritin was measured by enhanced chemiluminescence
using an anti-sheep horseradish peroxidase-conjugated antibody and
the SuperSignal West Pico chemiluminescent Kit (Pierce, Rockford,
Il) and exposure to Blue XB-1 film (Eastman Kodak, Rochester, NY).
IRP2 and ferritin subunit volumes were measured by laser scanning
and quantified using ImageQuaNT software (Molecular Dynamics).

Thiobarbituric acid assay. The extent of lipid peroxidation was
determined by thiobarbituric acid (TBA) reaction according to Win-
zerling et al. (51). Before thawing, the culture medium was overlay-
ered with 0.2% BHT (100 �l). Freshly diluted malondialdehyde was
used as a standard.

Semiquantitative RT-PCR. Total RNA was isolated from 1.5 � 106

cells using the RNeasy Mini Kit (Qiagen, Valencia, CA). Samples
were treated with Amplification Grade DNase I (1 U/10 �l RNA) for
15 min (RT) and then heated (65°C, 10 min) to inactivate the enzyme.
All RNA samples were transcribed using Superscript2 Reverse Tran-
scriptase (Invitrogen) according to the manufacturer’s instructions.
The specific primers for the PCR reactions were as follows: IRP1:
5�-TGGGGTGTCGGTGGTATTG-3� and 3�-GGCAGCAATGAC-
CACAGAAC-5�; TfR: 5�-ACAGCACAG ACTTCACCAGC-3� and
3�-CCAGATGAGCATGTCCAAAG-5�; IRP2: 5�-TGTGCAATA-
CAGAATGCACC-3� and 3�-GGAAGAGGAGGTCTTTTTCT-5�;
ferritin heavy chain: 5�-AAGCTGCAGAACCAACGAGG-3� and 3�-
TGGTGACC AGGGAAGTCAC-5�; and ferritin light chain: 5�-GAC-
CGCGATGATGTGGCT-3� and 3�-GCCATGGCAGCTTTCATG-5�.
PCR reactions were conducted using Taq DNA Polymerase (Invitro-
gen) with the buffers provided for 30 cycles of 30 s at 94°C, 1 min at
the appropriate annealing temperature, followed by 1 min at 72°C.
QuantumRNA 18S Internal Standard kit (Ambion, Austin, TX) was
used as an internal control. All primer pairs were optimized with the
18S Primer/Competimer mix for similar band intensity. PCR products
were separated on 1.5% agarose gels and visualized using ethidium
bromide stain. Digital images were assessed using a charge-coupled
device camera (Ultra Lum, Carson, CA) and quantified with Image-
QuaNT software. Data were analyzed as a ratio of the desired product
to the 18S internal standard. All PCR products were cloned and
sequenced to determine that the product sequence was that of the
desired message.

Statistics. Treatment differences were determined by one-way
ANOVA using the Dunn-Bonferroni posttest for comparison of se-
lected data sets or where appropriate by unpaired t-test. A minimum
of two sets of three experiments each was done to assure reproduc-
ibility. Graphed data represent the means � SE of three experiments.
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RESULTS

Physiological iron dose induces ferritin synthesis without
decreasing TfR mRNA. Iron delivered as 25 �M FAC induced
maximal ferritin synthesis of A549 cells, and cells exposed
to higher doses showed no further increase (Fig. 1A). The
effects of iron were abrogated by the addition of DES,
indicating that iron was responsible for the increase in
ferritin synthesis seen at 100 �M FAC. A549 cells synthe-

sized more ferritin light chain than heavy chain in response
to iron treatment. Our findings are in agreement with others
who have demonstrated that ferric chelated to low molecular
compounds enters lung cells (14) and that iron at low doses
stimulates ferritin synthesis, but the response is not linear
with increasing dose (44). The iron concentration in 25 �M
FAC approximates that of normal human serum iron (49). It
should be noted that, although iron concentrations are in this
range, iron here is coordinated with citrate and not with
transferrin to more closely resemble a form of iron that
could be available from airborne particulate matter (32).

Others have shown that A549 cells synthesize TfRs (15),
and studies in other cell types indicate that TfR mRNA levels
correlate positively with protein expression and are sensitive to
iron administration (40). Treatment of cells with 25–75 �M
FAC did not significantly reduce TfR mRNA levels (Fig. 1B).
Receptor mRNA levels declined at 100 �M FAC treatment.
These results were reproducible in a second set of studies. We
conclude that low and moderate doses of iron increase ferritin
synthesis but do not result in TfR mRNA degradation. Thus it
is possible for these cells to maintain iron stores without
downregulating the TfR mRNA at these iron levels. For these
experiments, cell numbers did not differ significantly among
flasks, as assessed by the ethidium assay. Iron treatment re-
duced cell viability to �70% of controls, as measured by
Formazan absorbance, but the effect was not iron-dose respon-
sive (data not shown).

Low iron dose reduces IRP2 binding activity. In cellular
studies reported to date, iron administration decreases IRP
interaction with the IRE, and this allows translation of ferritin
but renders the TfR mRNA vulnerable to degradation (2, 10).
Binding activity is customarily measured with (total) and
without (spontaneous) reducing agent. Total binding activity
reflects the relative contributions of both IRP2 and IRP1, as
well as the levels of IRP1 available in an oxidized form that
does not bind to the IRE (10, 24). Although we found that both
total and spontaneous IRP/IRE binding activity declined with
iron treatment relative to untreated cells (Fig. 2A), this decrease
reached significance only at 100 �M FAC for spontaneous
binding activity (P 	 0.05). From these data, we conclude that
A549 cells have a high level of binding activity when the cells
are incubated 18 h in the absence of serum or treated with DES
in the presence of FAC. The addition of iron at physiological
dose or slightly greater levels is not sufficient to significantly
reduce binding activity; higher levels are required. This could
explain why the TfR mRNA is preserved after iron adminis-
tration within this range. However, we wondered what could
account for the increased ferritin synthesis we observed.

Studies by others have shown that binding affinity of the
ferritin IRE is greater for IRP2 than for IRP1 (28). Lung cells
express messages for both IRP1 and IRP2, but levels are
considerably lower than those of other tissues (20). We deter-
mined the relative contribution of each IRP to binding activity
using EMSA supershift assays (Fig. 2B). IRP1 binding activity
was greater than that contributed by IRP2. IRP1 binding
activity declined at 100 �M FAC (Fig. 2B, top). In contrast
IRP2 levels were low, but detectable, in untreated cells (Fig.
2B, bottom). However, treatment of cells with 25 �M FAC
resulted in nearly a complete loss of measurable IRP2 binding
activity. We also found that mRNA levels for the ferritin
subunits did not differ significantly with iron dose (data not

Fig. 1. Ferritin synthesis and transferrin receptor (TfR) mRNA respond
differently to iron dose. A549 cells were incubated in culture medium with
0–100 �M ferric ammonium citrate (FAC) or 100 �M FAC with 100 �M
desferoxamine (DES) for 18 h. A: physiological iron dose induces maximal
ferritin synthesis in A549 lung cells. Cells were harvested, and immunoblots
were conducted and analyzed as described in MATERIALS AND METHODS. FHC,
ferritin heavy chain; FLC, ferritin light chain. aSignificantly different from 0
�M FAC, P 	 0.01. bSignificantly different from 0 �M FAC, P 	 0.001.
*Significantly different from 100 �M FAC, P 	 0.001. B: TfR mRNA levels
are reduced at high iron levels. Cells were harvested, and semiquantitative
RT-PCR was done as described in MATERIALS AND METHODS. Data were
analyzed as a ratio of TfR product to the 18S internal standard. Blots on top
represent one experiment; graphed data represent means � SE for 3 experi-
ments.
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shown). These data taken together show that iron at a physio-
logical dose significantly reduces IRP2 binding activity of
A549 cells, whereas IRP1 binding activity is modified only
with exposure to higher iron levels and is sustained even at 100
�M FAC. These findings indicate that ferritin levels of A549
cells are sensitive to IRP2 binding activity and that a small
change in this parameter can significantly upregulate ferritin
synthesis, whereas TfR mRNA levels more closely reflect
changes in IRP1 binding activity for these cells.

We were surprised that IRP1 binding activity levels were not
decreased at the low iron concentrations. Oxidative stress has

been shown to regulate IRP1 binding activity (reviewed in
Refs. 9, 10, 24). In addition, recently reported data showed that
iron administered in the 1.5- to 20-�M range (ferric chloride)
resulted in a decline in IRP1 binding activity, but higher
concentrations increased IRP1 binding activity (39). This phe-
nomenon was cell-type specific and was attributed to upregu-
lation of IRP1 by iron-mediated oxidative stress. We found no
lipid peroxide byproducts for any iron dose (data not shown).

Smoke exposure significantly reduces viable cells. We ex-
posed A549 cells to 30 ml of smoke for time intervals to 22 h.
Cell counts were used to determine the number of cells per

Fig. 2. Electrophoretic mobility shift assay
(EMSA) of iron responsive element (IRP)-
iron regulatory element (IRE) binding activ-
ity of A549 cells treated with iron. A549
cells were incubated in culture medium with
0–100 �M FAC or 100 �M FAC with 100
�M desferoxamine for 18 h. Cells were
harvested, and EMSAs were conducted and
analyzed as described in MATERIALS AND

METHODS. A: total and spontaneous binding
activity declines with iron treatment. Top,
representative EMSA for either total or
spontaneous binding. bSignificantly different
from 100 �M FAC, P 	 0.01. B: iron
administration differentially regulates IRP1
and IRP2 binding activity. A representative
EMSA using IRP1 antiserum is shown on
right. bSignificantly different from 100 �M
FAC, P 	 0.05. cSignificantly different from
0 �M FAC, P 	 0.01. dSignificantly differ-
ent from 0 �M FAC, P 	 0.001.
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flask and are expressed as a percentage of the number of
untreated cells at 0 h (controls, Fig. 3A). Smoke significantly
reduced cell numbers at all time intervals. Because the initial
numbers of cells per flask did not decline as determined by
ethidium assay (Fig. 3B), the low numbers of cells in smoke-
treated samples resulted from cell lysis. Viability was deter-
mined by trypan blue exclusion, not Formazan, because we
thought that redox active compounds present in smoke might
influence mitochondrial activity. The percentage of viable
sham cells did not differ significantly with time relative to
controls (Fig. 3C). Viability of the cells remaining in the smoke
treatment groups also was not compromised at the lower time
intervals but was significantly reduced at 22 h relative to
controls or to sham cells.

Smoke reduces ferritin levels and prevents a decline in TfR
mRNA. Surprisingly, sham treatment of cells resulted in a
dramatic and significant increase in ferritin levels at 4 and 6 h
(Fig. 4A). Because the medium used during these experiments
was serum free, we expected little upregulation of ferritin in
sham cells. By 22 h, ferritin of sham cells declined significantly
relative to values at 4 and 6 h but remained significantly greater
than controls. Importantly, the increase in ferritin synthesis
observed for sham cells was significantly diminished by smoke
(Fig. 4A).

Sham air also reduced TfR mRNA levels significantly by 4 h
(Fig. 4B). In contrast, TfR mRNA levels did not change for
cells treated with smoke. From these experiments, we conclude
that sham air flow increases ferritin synthesis and decreases
TfR mRNA in A549 cells, and this response is diminished by
smoke. Similar results were found for studies conducted with-
out an inline filter.

Sham air introduced over lung cells significantly reduces
IRP2 levels. We expected that total binding activity would
decline at the early time intervals to account for the changes
in ferritin synthesis we observed. Total binding activity was
very low in sham samples at 4 and 6 h but increased
significantly at 22 h (Fig. 5, A and B). Smoke prevented the
slight increase in total binding activity at 6 h and signifi-
cantly diminished the increase at 22 h relative to controls or
sham cells at this time interval. Spontaneous binding activ-
ity also followed these trends (Fig. 5C). In preliminary
work, we found that cells preincubated in serum-free me-
dium could not tolerate smoke treatment. We think the low
levels of total binding activity we observed at the early time
intervals reflected overnight incubation in serum-containing
medium before initiating treatment. The dramatic increase
in total binding activity observed at 22 h corresponds with
the observed decline in ferritin synthesis at this time interval
and could well reflect incubation of the cells in serum-free
medium.

Because increased ferritin mRNA levels also could account
for the increase in ferritin we observed after sham air treat-
ment, we evaluated messages for both subunits. Neither mRNA
was increased by sham air nor did mRNA levels vary as a
result of smoke treatment (data not shown). Although we
conducted supershift assays, we found that the levels of bind-
ing activity at the early time intervals were too low to reach any
conclusion.

In a further effort to determine whether a change in IRP2
protein could account for the increase in ferritin we observed,
we evaluated protein levels by Western blotting using an

Fig. 3. Effects of smoke on viability of A549 cells. A549 cells were grown to
80% confluence in RPMI medium with serum (5%). Smoke or sham air was
delivered at a rate of 6 ml/s for 5 s as described in MATERIALS AND METHODS.
Cells were harvested at the appropriate time interval, and viability was
determined. A: smoke decreases numbers of cells, as determined by hemocy-
tometer. aSignificantly different from sham-treated cells, P 	 0.002. bSignifi-
cantly different from sham-treated cells, P 	 0.001. *Significantly different
from control cells, P 	 0.01. **Significantly different from control cells, P 	
0.001. B: initial numbers of cells are similar in all treatment groups. aSignifi-
cantly different from sham-treated cells, P 	 0.01. bSignificantly different
from sham-treated cells, P 	 0.05. *Significantly different from control cells,
P 	 0.001. C: surviving cells in all treatment groups are viable. Cells were
evaluated as trypan blue positive cells set in ratio to the total number of cells
present and taken as a percentage of controls. aSignificantly different from
sham-treated cells, P 	 0.01. *Significantly different from control cells, P 	
0.05. Trypan blue exclusion and ethidium assays were conducted as described
in MATERIALS AND METHODS. Graphed data represent means � SE for 3
experiments conducted at the same time.
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IRP2-specific antiserum. We found that IRP2 significantly
declined with air or smoke treatment (Fig. 6A). The decline in
IRP2 corresponded with the changes we observed in ferritin
synthesis. We conclude that IRP2 degradation could account
for the increased ferritin synthesis we observed for both smoke
and sham cells. Although the decrease in IRP2 could also result
in a decrease in TfR mRNA, further work on TfR mRNA
transcription would be necessary to draw conclusions regard-
ing this parameter.

Smoke is known to contain reactive oxygen species
(ROS) as well as iron. We evaluated oxidative byproducts in
our culture media by the TBARS assay. As shown in Fig.
6B, the levels of oxidative stress introduced by this small
amount of smoke did not result in changes in this parameter.
We conclude from these data that A549 cells mounted a
sufficient response to accommodate the levels of ROS in-
troduced by 30 ml of smoke and that any iron introduced in
smoke failed to generate sufficient oxidative stress to pro-
duce lipid oxidation byproducts.

We also evaluated expansion of the labile iron pool using
calcein fluorescence quench (Fig. 7A) and mitochondrial ac-
tivity by Formazan absorbance (Fig. 7B). Calcein fluorescence
was not quenched in sham cells at the early time intervals,
indicating that uptake of iron from sham air was minimal at
these time points. In contrast, calcein levels were significantly
lower for smoke-treated cells at all time intervals. However,
when calcein fluorescence values were compared with
Formazan absorbance or with cell numbers expressed as per-
centages of appropriate controls, no significant differences
were found for either sham (Fig. 7C) or smoke-treated (Fig.
7D) cells. At 22 h, percentages for calcein fluorescence of
sham cells was significantly lower than those obtained by other
methods, but not significantly different from controls. A fol-
low-up study of calcein fluorescence in A549 cells demon-
strated that calcein fluorescence declines in linear relationship
with increasing iron dose (Fig. 7E). [For this experiment, no
significant differences in numbers of viable cells were found by
trypan blue assay (data not shown)]. To substantiate that iron
was not responsible for the decline in calcien fluorescence we
observed in smoke-treated cells, we attempted to obtain a
measurement of iron apart from cell viability. We evaluated
calcien fluorescence on cytoplasmic extracts and culture media
in the presence or absence of DES (3). Quench levels were
very low, and no differences in iron were detected with time or
smoke treatment (data not shown). From these data taken
together, we conclude that, if iron was introduced by either
sham air or smoke, levels were below detection by the
calcein assay. The results of the calcein and Formazan
assays appeared to accurately reflect the decline in the
numbers of viable cells in smoke-treated samples.

DISCUSSION

Adequate iron to meet nutrient needs of most mammalian
cells depends on the uptake of ferric transferrin via TfRs. On
the other hand, uptake must be limited and the iron stored in
ferritin to avoid oxidative stress. This balance is accomplished
by an iron-mediated decrease in IRP-IRE interaction that
simultaneously upregulates ferritin synthesis and TfR mRNA
degradation (10). We have shown that iron delivered at phys-
iological levels dramatically induces ferritin synthesis in A549
cells without reducing TfR mRNA. This coincides with nearly
a complete loss of IRP2 binding activity. At higher iron doses,
IRP1 binding activity declines and is accompanied by a reduc-
tion in TfR mRNA. Thus, for A549 cells, different mechanisms
influencing IRP-IRE interaction allow ferritin translation in the
presence of TfR mRNA to provide for iron needs and yet
prevent potential oxidative stress.

These results support the findings of others of hierarchical
regulation of the targets of IRP action (11, 44). Despite low

Fig. 4. Ferritin and TfR mRNA levels of A549 cells exposed to smoke or sham
air. A549 cells were grown to 80% confluence in RPMI medium with serum
(5%). Smoke or sham air was delivered at a rate of 6 ml/s for 5 s as described
in MATERIALS AND METHODS. Cells were harvested at the designated time
interval. A: sham air induces ferritin synthesis; smoke exposure significantly
decreases this response. Immunoblots were conducted and analyzed as de-
scribed in MATERIALS AND METHODS. Ponseau Red staining and nonspecific
bands (NSB) revealed by enhanced chemiluminescence (ECL) were used to
monitor even loading and transfer. aSignificantly different from sham-treated
cells, P 	 0.03. bSignificantly different from sham-treated cells, P 	 0.01.
*Significantly different from control cells, P 	 0.05. **Significantly different
from control cells, P 	 0.01. B: TfR mRNA levels are sustained with smoke
treatment. Total RNA isolation and semiquantitative RT-PCR were conducted
as described in MATERIALS AND METHODS. Data were analyzed as a ratio of the
TfR product to the 18S internal standard. aSignificantly different from smoke-
treated cells, P 	 0.04. *Significantly different from control cells, P 	 0.01.
Graphed data represent means � SE for 3 experiments conducted at the same
time. A representative panel is shown above the appropriate graph.
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levels of expression, IRP2 appears important in upregulating
ferritin synthesis in response to physiological levels of iron
without disturbing levels of TfR mRNA in A549 cells. Several
studies have shown that IRPs have different affinities for
various IRE structures (34, 35, 48). IRP2 binds with greater
affinity to the ferritin mRNA IRE than to the IREs of the TfR
mRNA; this is attributed to the internal bulge found in the stem
of the ferritin IRE (28, 29). The crucial role of IRP2 in
controlling ferritin levels in vivo also was indicated in recent
studies demonstrating ferritin accumulation in the brains of
IRP2 knockout mice (19). The loss of IRP2 binding activity we
observed at the low iron dose also implies that IRP2 degrada-
tion by the proteosome is sensitive to relatively minor increases
in intracellular iron (21, 25).

We were expecting a greater decline in IRP1 binding activity
at the lower iron doses. Others have reported that, in some
cells, IRP1 is activated by iron in the dose range that we used
as a result of oxidative stress (39). We found no evidence of

oxidative byproducts in the culture medium. However, the
TBARS assay measures only some lipid oxidation byproducts.
Further studies using appropriate antioxidants would be nec-
essary to conclude that oxidative stress did not occur. The
decline in IRP1 binding activity coincides with downregulation
of TfR mRNA and suggests that TfR mRNA levels were
regulated by IRP1. This notion would agree with studies that
indicate IRP1 and IRP2 bind equally well with the TfR mRNA
IREs (13). Regardless of the mechanisms involved, our results
show that fine tuning of IRP-IRE binding activity allows A549
cells to respond to a low iron dose by increasing ferritin
synthesis while preserving TfR mRNA, a process vital to
sustaining intracellular iron stores.

To evaluate the effects of pollution on this system, we
exposed A549 cells to cigarette smoke or sham air. We were
surprised to discover that sham air stimulated ferritin synthesis
at the early time intervals. Our findings indicate that, similar to
the dose-response studies, this could be attributed to a decline

Fig. 5. Total and spontaneous IRP binding activity of A549
cells exposed to smoke or sham air. A549 cells were grown
to 80% confluence in RPMI medium with serum (5%).
Smoke or sham air was delivered at a rate of 6 ml/s for 5 s
as described in MATERIALS AND METHODS. Cells were har-
vested at the designated time interval. Electrophoretic mo-
bility shift assays were conducted and analyzed as described
in MATERIALS AND METHODS. A and C: A549 cells show
minimal binding activity after smoke or sham air treatment
at early time intervals. B: graphed data of total binding
activity of cells treated with smoke or sham air. aSignifi-
cantly different from sham-treated cells, P 	 0.002. bSig-
nificantly different from sham-treated cells, P 	 0.05.
*Significantly different from control cells, P 	 0.01. **Sig-
nificantly different from control cells, P 	 0.001. Graphed
data represent means � SE for 3 experiments.
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in IRP2 levels. However, the mechanism(s) responsible for the
reduction in IRP2 levels by sham air are not clear. The most
plausible explanation is that, despite the presence of an inline
filter, sufficient iron entered the cells to reduce IRP2. Although
calcein fluorescence did not indicate an increase in the labile
iron pool, possibly this method was not sufficiently sensitive to
measure an increase in intracellular iron from the sham air.
Alternatively, IRP2 degradation requires oxygen (27). Re-
cently, Leibold and colleagues demonstrated that oxygen status
plays a central role in IRP2 stability (23, 46). These authors
found that hypoxia results in an increase in IRP2 binding
activity and a decrease in ferritin synthesis. Sham air would not
likely change the oxygen levels significantly relative to room
air. However, the air delivery technique could have resulted in
an increase in oxygen tension at the surface of the cell layer
that resulted in IRP2 degradation. The upregulation of IRP-IRE
interaction and IRP2 protein at 22 h also could be the result of
prolonged exposure to serum-free culture medium. In any case,
these data indicate that, for A549 lung cells, subtle changes in

environmental conditions alter intracellular iron metabolism.
Our findings also suggest that how air is applied to lung cells
in culture can impact the results of studies of iron metabolism
and that changes in oxygen tension could be an important
factor in iron metabolism of this tissue.

We administered a relatively low level of smoke to these
cells. Because others have reported that iron is present in
airborne smoke particles, we anticipated that the sham air
response would be accentuated in smoke-treated cells. Surpris-
ingly, this level of smoke diminished ferritin synthesis and
degradation of TfR mRNA. We do not know what mechanisms
were responsible for these observations. Cigarette smoke con-
tains superoxide, catachols, and hydroquinones, as well as
nitric oxide (18, 31). The effects of superoxide on IRP binding
activity are inconclusive because the methods used to impose
oxidative stress influence the experimental results. However,
work to date suggests that ROS can up- or downregulate IRP1
binding activity, increase IRP2, and increase ferritin synthesis
(reviewed in Refs. 1, 9, 10, 24). These changes are not in line
with our observations, and we found no evidence of lipid
oxidation byproducts in the culture medium. These data sug-
gest that, at this level of smoke, the formation of ROS is
minimal and that oxidative stress is not likely responsible for
the changes we observed.

Similar to studies of the effects of superoxide, the effects of
nitric oxide on intracellular iron metabolism reflect the exper-
imental methods employed. Nitric oxide activates IRP1 bind-
ing activity, downregulates IRP2, and can reduce TfR mRNA
(reviewed in Refs. 9 and 30). However, recent data indicate
that A549 cell ferritin levels are increased in response to nitric
oxide (47). Smoke also contains catachols and hydroquinones
that can activate protein kinase C (18). Both IRP2 and IRP1
can be phosphorylated by protein kinase C, which activates
IRP binding and increases TfR mRNA levels (45). Protein
kinase C activation working in concert with nitric oxide could
have played a role in diminishing ferritin synthesis and TfR
mRNA degradation of smoke-treated cells. However, it seems
likely that we also would have observed an increase in total
binding activity at the early time intervals if these were the
predominate mechanisms responsible for our observations.

Alternatively, the presence of smoke also could have created
a mild hypoxic response in A549 cells. Hypoxia has been
shown to increase TfR mRNA by upregulation of transcription,
to reduce ferritin accumulation, and to stabilize IRP2 in some
human cells (23, 46, 50).

We did not evaluate TfR transcription or the cause of A549
cell death after smoke treatment as part of this work. However,
future studies evaluating these and other effects of smoke on
A549 cells in the presence of appropriate inhibitors and anti-
oxidants will help reveal the mechanisms responsible for the
changes in iron metabolism that we observed.

Importantly, regardless of the mechanisms involved, we
found that smoke exposure reduced ferritin levels and pre-
vented downregulation of TfR mRNA. Ferritin serves as a
cytoprotective agent against oxidative stress (8), and iron
delivered by TfRs or by airborne particles can increase oxida-
tive stress (7, 26). Thus repeated exposure of lung tissues to
low levels of smoke as are present in environmental pollutants
could result in reduced cytoprotection by ferritin at a time
when iron uptake is sustained and ROS are present. This could

Fig. 6. Response of IRP2 to smoke or sham air. A549 cells were grown to 80%
confluence in RPMI medium with serum (5%). Smoke or sham air was
delivered at a rate of 6 ml/s for 5 s as described in MATERIALS AND METHODS.
Cells were harvested at the designated time interval. A: sham air significantly
reduces IRP2. Immunoblots were conducted using an anti-IRP2 specific
polyclonal antibody (a kind gift from Dr. R. Eisenstein) and analyzed as
described in MATERIALS AND METHODS. A nonspecific band at �85,000 Da was
used to monitor even loading and transfer. aSignificantly different from
sham-treated cells, P 	 0.04. *Significantly different from control cells, P 	
0.01. **Significantly different from control cells, P 	 0.05. B: smoke treat-
ment does not increase lipid peroxidation. Thiobarbituric acid reactive species
assay (TBARS) was conducted as described in MATERIALS AND METHODS. The
standard curve is shown in inset. Graphed data represent means � SE for 3
experiments. A representative panel is shown above the graph.
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enhance the probability of lung damage by iron-mediated
oxidative stress.

In summary, we have shown that lung cells adjust iron
metabolism in response to environmental stimuli and can serve

as a model of the effects of environmental pollutants on
intracellular iron metabolism. Our work also indicates that low
doses of iron result in ferritin synthesis in A549 cells without
degradation of TfR mRNA, a change resulting primarily from

Fig. 7. Effects of smoke on the labile iron pool and mitochondrial activity of A549 cells. A549 cells were grown to 80% confluence
in RPMI medium with 5% serum. Smoke or air was delivered at 6 ml/s for 5 s. Cells were harvested as described in MATERIALS

AND METHODS. A: smoke decreases calcein fluorescence of A549 cells. Calcein assay was conducted as described in MATERIALS AND

METHODS and is expressed as a percentage of controls. aSignificantly different from sham-treated cells, P 	 0.03. *Significantly
different from control, P 	 0.05. B: smoke decreases mitochondrial activity as measured by Formazan absorbance. Formazan assay
was conducted as described in MATERIALS AND METHODS and is expressed as a percentage of controls. aSignificantly different from
sham-treated cells, P 	 0.002. bSignificantly different from sham-treated cells, P 	 0.01. *Significantly different from control, P 	
0.05. **Significantly different from control, P 	 0.001. C: Formazan absorbance and calcein fluorescence reflect numbers of sham
cells. Cell number was taken from hemocytometer counts (Fig. 4A). All data are expressed as a percentage of appropriate controls
(0 h, no air or smoke). *Significantly different from cell counts (P 	 0.006) and Formazan (P 	 0.015). D: Formazan absorbance
and calcein fluorescence reflect numbers of smoke-treated cells. E: FAC results in dose-responsive iron uptake as measured by
calcein fluorescence quench. Graphed data represent means � SE for 3 experiments.
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IRP2 reduction. Treatment with sham air also induces ferritin
synthesis and decreases IRP2. Studies of the exposure of IRP2
knockout mice to airborne iron particles and to various envi-
ronmental pollutants could provide more information on the
importance of this protein to lung iron metabolism and protec-
tion against environmental insult. We also have demonstrated
that smoke exposure can decrease ferritin synthesis and in-
crease TfR mRNA levels. These changes could enhance iron-
mediated oxidative stress and encourage lung cell damage after
smoke exposure.
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