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Abstract

Alveolar macrophages (AM) from smokers contain a much
higher quantity of intracellular iron than AM from nonsmok-
ers. Since some forms of iron will catalyze the formation of
hydroxyl radical (- OH) from superoxide and hydrogen perox-
ide, the ability of AM derived from smokers and nonsmokers to
generate - OH was assessed. No detectable - OH was produced
by AM from either source, suggesting that iron sequestration
by AM may limit the potential for - OH-mediated lung injury.
Consistent with this hypothesis, the ability of bronchoalveolar
lavage fluid (BAL) from smokers and nonsmokers to act as an
- OH catalyst decreased after exposure to AM. We found that,
like AM, human monocyte-derived macrophages (MDM)
have the ability to acquire large quantities of iron from small
low molecular weight iron chelates as well as decrease the abil-
ity of BAL to act as a - OH catalyst. When MDM or AM were
exposed to the iron chelates or BAL they were then able to
generate -OH after phorbol myristate acetate stimulation.
However, when acutely iron-loaded or BAL-exposed MDM
were placed in culture, their ability to produce - OH decreased
with time to the level of non-iron-exposed controls. This pro-
cess correlated with iron translocation from the plasma mem-
brane to the cytosol as well as a 3-9-fold increase in cellular
ferritin. No increase in antioxidant enzyme levels or induction
of the heat shock response was observed. Iron sequestration by
macrophages may protect nearby cells from exposure to poten-
tially cytotoxic iron-catalyzed oxidants such as - OH. (J. Clin.
Invest. 1993. 91:889-899.) Key words: superoxide « ferritin »
free radical « cigarette

Introduction

Cigarette consumption has long been associated with chronic
pulmonary diseases such as emphysema and chronic bronchi-
tis (1). The airways of smokers contain an increased number of
macrophages (2) and, although not uniformly observed, sev-
eral studies suggest these macrophages have increased meta-
bolic activity (3-6). Alveolar macrophages (AM)' from
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smokers contain increased amounts of iron relative to non-
smokers (7-9) and it has recently been shown that this iron is
stored within the macrophage both as ferritin and as insoluble
iron complexes, most likely hemosiderin (8). Other disease
states (e.g., secondary hemochromatosis) are also associated
with increased iron content of some tissue macrophages
(10, 11).

Like other phagocytes, the optimal function of AM and
other tissue macrophages is linked to their capacity to reduce
molecular oxygen to superoxide (- O3 ) and hydrogen peroxide
(H,0,). It has been suggested that lung injury in a variety of
conditions, including that associated with cigarette smoking,
could relate in part to damage to pulmonary tissue from phago-
cyte-derived oxidants ( 12). Similarly, other tissues are suscepti-
ble to such injury (13).

Superoxide and H,0,, the initial products of macrophage
oxygen reduction ( 14), are only moderately reactive oxidants.
In vitro, in the presence of a transition metal catalyst such as
iron, H,0, and - O; react to form hydroxyl radical (- OH) via
the Haber-Weiss reaction (15). Hydroxyl radical is an ex-
tremely reactive oxidant whose formation has been implicated
in some forms of phagocyte-associated tissue injury (13).

Given the increased iron content of AM from smokers, it
seemed possible that increased formation of - OH, through the
interaction of this iron with macrophage-derived - O;/H,0,,
could play a role in cigarette-associated lung injury. Similarly,
- OH generated by other iron-overloaded macrophages could
contribute to the pathogenesis of conditions such as secondary
hemochromatosis. However, - O3 and H,0, generated by stim-
ulated macrophages are secreted extracellularly and the pres-
ence of intracellular antioxidant systems (e.g., SOD and cata-
lase) would markedly decrease the likelihood of significant in-
teraction between -O;/H,0, and macrophage iron stores.
Consequently, it seemed equally plausible that intracellular se-
questration of iron by macrophages may serve to limit the po-
tential for extracellular - OH generation, thereby protecting
surrounding cells from potential oxidant-mediated injury. To
examine these two possibilities, we assessed the potential for
- OH generation by human AM obtained by bronchoalveolar
lavage (BAL) from healthy smokers and nonsmokers, as well
as by human monocyte-derived macrophages (MDM) from
healthy individuals treated in vitro in such a way as to increase
their iron content.

Methods

Alveolar macrophages. AM were obtained by BAL of two pulmonary
subsegments using a total of 250 ml of 150 mM NaCl as previously
reported (7). Cells were concentrated from BAL by centrifugation at
300 g for 10 min, the cells were washed, resuspended in RPMI 1640
media containing 20 mM Hepes, 100 U/ml of penicillin, and 100
pug/ml streptomycin (University of lowa Cancer Center, Iowa City,
IA), and differential cell counts were obtained. Any contaminating
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erythrocytes were lysed with 150 mM NH,CI containing 10 mM Tris,
pH 7.4. AM were washed with PBS three times and finally suspended in
HBSS without phenol red (HBSS, University of Iowa Cancer Center).
For nonsmokers, BAL yielded 3.7+1.8 X 107 cells (mean+SEM) of
which 93.8+6.8% were AM (n = 4). For smokers, BAL resulted in
12.9+5.8 X 107 cells (mean+SEM ) of which 97.1+1.7% were AM (n
= 8). In some experiments, BAL fluid from which cells had been re-
moved by centrifugation and filtration was employed. Similar results
were obtained regardless of whether these samples were studied on the
day of acquisition or frozen at —~70°C until needed.

MDM. Human MDM were obtained as previously described (16).
Briefly, mononuclear cells, separated from heparinized venous blood
after dextran sedimentation and centrifugation through Ficoll-Hy-
paque, were placed in sterile petri dishes. Nonadherent cells were re-
moved by washing and the resulting adherent cells maintained in cul-
ture for up to 10 d using MEM-« (University of lowa Cancer Center)
supplemented with 13% autologous plasma, penicillin (100 U/ml),
and streptomycin (100 ug/ml). Before study, the petri dishes were
chilled on crushed ice and MDM were released from the plate into
suspension by gentle scraping.

To obtain iron-overloaded MDM, mononuclear phagocytes pre-
pared as above were washed twice with MEM-«a and incubated for 30
min at 37°C in either BAL fluid or MEM-« containing 0.5 mM ferric
nitrilotriacetic acid (FeNTA), ferric adenosine 5'-diphosphate
(FeADP), or ferric citrate (Fe-citrate), prepared by the mixture of
equimolar amounts of FeCl, and the desired chelate. Cells were then
washed three times with MEM-a to remove non-cell-associated iron.
These cells are referred to as acutely iron-loaded MDM.

In some experiments the mononuclear phagocytes were incubated
in the presence of BAL, FeENTA, FeADP, or Fe-citrate as above,
washed, and then placed back in culture (MEM-«) for up to an addi-
tional 5 d. These cells are referred to as chronic iron-loaded MDM.
Similar results were obtained regardless of whether the cells were
loaded with iron as monocytes or as MDM.

Deoxyribose oxidation assay. Hydroxyl radical-mediated oxida-
tion of 2-deoxyribose to form thiobarbituric acid (TBA )-reactive oxi-
dation products was measured using a slight modification of previously
described procedures (17-19). AM (5-7.5 X 10%/ml) or MDM (2-5
X 10%/ml) were suspended in PBS containing 0.05% glucose (PBS-glu-
cose) and 2-deoxyribose (5 mM; Sigma Chemical Co., St. Louis, MO).
After addition of the desired stimulant, the suspension was incubated
for 40 to 60 min at 37°C. The reaction was then terminated by the
addition of 6% TCA, after which 1% TBA (Sigma Chemical Co.) was
added and the mixture was boiled for 5 min. The solution was then
pelleted (500 g) and the absorbance at 532 nm of the resulting superna-
tant was measured in a spectrophotometer (model DU-30; Beckman
Instruments, Inc., Palo Alto, CA). In some experiments the catalytic
iron chelate FeNTA (1-10 uM ) was included in the reaction mixture to
assure - OH formation. All data from iron-loaded cells were analyzed
against a paired negative (non-iron-loaded) control for that particular
cell population. Because of variable amounts of adventitious iron in the
buffer, the background value of the “negative” control varied some-
what.

Spin trapping. Spin trapping of macrophage-derived free radicals
was performed using previously developed techniques (16, 20-22).
AM or MDM (2.5-5.0 X 10%/ml) were suspended in HBSS containing
140 mM DMSO (Fisher Scientific, Fairlawn, NJ), 0.1 mM diethylene-
triaminepentaacetic acid (DTPA; Sigma Chemical Co.) and either 100
mM 5,5 dimethyl-1-pyrroline- N-oxide (DMPO; Sigma Chemical Co.)
or 10 mM N-t-butyl-a-phenyl-nitrone (PBN; Sigma Chemical Co.)to a
volume of 0.5 ml. Alternatively, in some experiments 10 mM «a-(4-
pyridyl-1-oxide)- N-t-butyl-a-phenyl-nitrone (4-POBN; Sigma Chemi-
cal Co.) and 170 mM ethanol was substituted for DMPO/PBN and
DMSO, respectively. After the addition of desired macrophage stimu-
lus the suspension was transferred to a flat quartz electron paramagne-
tic resonance spectrometry (EPR) cell and sequential EPR spectra were
obtained at room temperature using an EPR spectrometer (model
E104A, Varian Associates Inc., Palo Alto, CA or model ESP300,

890  O. Olakanmi, S. E. McGowan, M. B. Hayek, and B. E. Britigan

Bruker, Karlsruhe, Germany). When indicated, ferrous ammonium
sulfate (0.1 mM), SOD ([30 U/ml; Sigma Chemical Co.) or catalase
(500 U/ml; Sigma Chemical Co.) were included. In some experiments,
the reaction of 400 uM NADH (Sigma Chemical Co.) and 8 uM N-
methyl-1-hydroxyphenazine (pyocyanin) was employed as a continu-
ous -O; generating system (23). The latter compound was kindly
provided by Dr. Charles Cox (University of Iowa, Department of Mi-
crobiology). Routinely, for the Varian instrument spectrometer, mi-
crowave power was 20 mW, modulation frequency was 100 kHz with a
modulation amplitude of 1.0 G, response time was 1 s, and the gain was
5 X 10*. For experiments performed using the Bruker, microwave
power was 40 mW, modulation frequency was 100 kHz with a modula-
tion amplitude of 1.051 G, response time was 1.3 s, and the gain was 1.0
X 108,

In the DMPO spin trapping system, - O3 formation yields two prin-
cipal spin adducts DMPO/-OOH (A4y = 14.3, A4 = 11.7 G) and
DMPO/:OH (Ax = Ay = 149 G) (16). Hydroxyl radical is spin
trapped primarily as catalase inhibitable DMPO/- CH; (4 = 15.3, Ay
=22.0 G) (16). With the PBN/DMSO and 4-POBN/ethanol system,
- O3 generation does not result in a stable spin adduct whereas under
aerobic conditions - OH results in formation of single nitroxide spe-
cies. In the case of PBN/DMSO this species (4y = 15.1, 44 = 3.5G)
has been assigned to PBN/- OCH; (20) whereas with 4-POBN/eth-
anol the resulting spin adduct (4y = 15.8, 4y = 2.7 G) has been as-
signed to 4-POBN/- CHOHCH, (21, 22).

Protein and ferritin concentration. Protein concentration was deter-
mined according to the method of Lowry et al. (24). Ferritin measure-
ments were made after sonication of cell samples using a commercial
immunoradiometric assay manufactured by Bio-Rad Laboratories,
Hercules, CA. The assay was performed by the Special Chemistry Labo-
ratory, University of lowa Hospitals and Clinics, lowa City, IA, accord-
ing to the manufacturer’s instructional manual using human liver ferri-
tin as a standard.

Iron determination. Buffer and cell-associated iron content were
quantitated as previously described (8). Briefly, samples were incu-
bated overnight at 110°C in nitric acid. pH was then raised to neutral-
ity by addition of NH,OH and the samples were added to a mixture of
ferrozine (0.3%; Sigma Chemical Co.) and ascorbic acid (0.02%). Iron
concentration was then quantitated as formation of the Fe*?-ferrozine
complex (Asq,) using a spectrophotometer.

Electron microscopy. Localization of cellular iron was assessed by
electron microscopy using a modification of a previous methodology
used for localizing intracellular iron storage components (25). The
cells were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer
and stained with 1% acid ferrocyanide followed by post-treatment fixa-
tion in 1% OsO,. The preparations were examined without counter-
staining using a transmission electron microscope (Hitachi H-7000
Central Electron Microscopy Research Facility, University of Iowa) at
an accelerating voltage of 50 kV and magnification of 4,000 to 7,000.

Cell fractionation. To ascertain the location of cell-associated iron,
mononuclear cells were cavitated under 350 psi N, as previously de-
scribed (26). The suspension was then centrifuged sequentially at 500,
11,000, and 100,000 g for 15 min at 4°C. Each pellet was washed three
times and resuspended to the same volume as initially present. Each
pellet as well as the 100,000 g supernatant was then stored at —80°C.
Iron content of both the membrane-containing pellet and the superna-
tant were determined using the ferrozine assay described above. Pre-
vious work using similar methodology (8) demonstrated that most
mitochondria are present in the 11,000 g pellet, with the remainder in
the 500 g pellet. Lysosomes are equally distributed through these frac-
tions. To determine the location of the plasma membrane in this frac-
tionation scheme, each pellet and the 100,000 g supernatant was evalu-
ated for the presence of the heavy chain of Mol by Western blot using
the technique and anti-Mo| produced and kindly provided by Dr. Wil-
liam Nauseef (Department of Internal Medicine, University of Iowa)
(27). Only the 11,000 g pellet and to a lesser extent the 500 g pellet was
found to contain Mol immunoreactive protein. In contrast, the cyto-
solic marker enzyme lactate dehydrogenase was only detectable in the



100,000 g supernatant using our previous methodology (8). Thus, the
500 g pellet appears to contain whole cells and partially disrupted cell
constituents. The 11,000 g pellet contains the majority of mitochon-
dria, essentially all plasma membrane, and significant lysosomes. The
100,000 g supernatant should contain all cytosolic components.

Gel electrophoresis and immunoblot analysis. Cell samples were
sonicated for 15 sand solubilized (100°C, S min) in Laemmli solubiliz-
ing buffer containing 1% 2-mercaptoethanol. Samples were then ap-
plied to a 14% acrylamide SDS-PAGE minigel. Gels were then either
stained with silver (28) or transferred to nitrocellulose (29). Resulting
nitrocellulose blots were overlaid with one of the following: rabbit poly-
clonal antisera; antihuman kidney manganese superoxide dismutase
(MnSOD); recombinant human placenta copper zinc superoxide dis-
mutase (CuZnSOD); human erythrocyte glutathione peroxidase; or
bovine liver catalase, each of which were generated and kindly pro-
vided by Dr. Larry Oberley (University of lowa Radiation Research
Laboratory, Iowa City, IA). After 4 h of incubation the blots were
washed, incubated with alkaline phosphatase conjugated F(ab’)?2 frag-
ment goat anti-rabbit IgG (Sigma Chemical Co.), washed again, and
developed by the addition of 5-bromo-4-chloro-3-indoyl-phosphate
and nitroblue tetrazolium (29).

The presence of heat-shock protein 70 (HSP70) was investigated by
addition to the nitrocellulose blots of a commercially available rat
monoclonal anti-Drosophila HSP70 antibody (Affinity Bioreagents,
Deerfield, IL). The blots were washed, incubated with peroxidase-con-
jugated goat polyclonal anti-rat IgG, washed, and developed by
the addition of the peroxidase substrate according to the method of
Ogata (30).

Other reagents. Zymosan A was obtained from Sigma Chemical
Co. and opsonized by incubation for 30 min at 37°Cin 100% AB(+)or
pooled normal human serum after which it was washed twice and
maintained on ice in HBSS until usage. Final concentration employed
in all assays was 3 mg/ml. PMA was obtained from Sigma Chemical
Co., diluted in DMSO, and added to macrophage suspensions to a final
concentration of 100 ng/ml.

Statistical analysis. A paired Student’s  test was used for all statisti-
cal analyses in which untreated cells from the same donor served as the
paired control. Results were considered significant at P < 0.05.

Results

Spin trapping of free radicals formed by stimulated AM. Spin
trapping is a highly sensitive and specific means of identifying
free radicals formed in biological systems (31). Multiple differ-
ent spin trapping agents have been developed, each of which
has their own advantages and limitations (31, 32). Of those
systems available, the one composed of a combination of 4-
POBN and ethanol appears to be the most sensitive for the
detection of -OH (21, 22). Accordingly, AM were obtained
from smoker and nonsmoker human volunteers by BAL and
suspended in HBSS containing DTPA, 4-POBN, and ethanol.
DTPA was included to decrease confounding effects of adven-
titious iron in the system. PMA was added to the suspensions
to initiate the phagocyte respiratory burst, after which sequen-
tial EPR spectra were obtained. No evidence of the 4-POBN/
-CHOHCH; spin adduct, which would be generated in the
presence of -OH, was detected unless exogenous iron was
added to the system (Fig. 1). Substitution of other spin trap-
ping systems previously employed for the detection of phago-
cyte-derived - OH (DMPO/DMSO and PBN/DMSO) or the
use of opsonized zymosan as the stimulus also failed to yield
evidence of - OH formation in the absence of iron supplemen-
tation (not shown).

Confirmation of the lack of hydroxyl radical formation by
AM. Although the results of the three spin trapping techniques
provided strong evidence for the lack of - OH generation by

5G
PMA + 4-POBN/EtOH
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PMA + Fe + 4-POBN/EtOH

Figure 1. Spin trapping of free radicals formed by stimulated AM
from smokers. Shown are two EPR tracings obtained after PMA
stimulation of AM from smokers in the presence of 4-POBN, ethanol,
and DTPA in the absence or presence of exogenous iron (0.1 mM).

In the presence of iron the 4-POBN/- CHOHCH, spin adduct was
detected indicating - OH production. Results are representative of
experiments performed with AM from three separate donors. Identi-
cal results were obtained using AM from nonsmokers.

AM regardless of smoking status, we sought to confirm our
results using an alternative - OH detection system. The reac-
tion of - OH with 2-deoxyribose results in formation of oxida-
tion products that, when exposed to TBA and boiled, yield a
chromagen with a characteristic absorbance maximum at 532
nm (17-19). Since neither - O3 nor H,0, lead to formation of
such a chromagen, formation of TBA-reactive deoxyribose oxi-
dation products has been used as a sensitive and relatively spe-
cific means of quantitating the production of - OH.
Accordingly, AM from smokers and nonsmokers were stim-
ulated with PMA or opsonized zymosan in the presence of
2-deoxyribose. After a 40-min incubation at 37°C, cells were
pelleted and the presence of TBA reactive oxidation products
was determined in the supernatant. As shown in Table I, unless

Table I. Formation of Hydroxyl Radical
by Alveolar Macrophages From Smokers and Nonsmokers

Smokers Nonsmokers
Unstimulated 0.016+0.006 0.012+0.002
PMA 0.027+0.003 0.035+0.008
(074 0.022+0.009 ND
PMA + FeNTA 0.172+0.015 0.166+0.021
OZ + FeNTA 0.177+0.067 ND

PMA and opsonized zymosan (OZ)-stimulated °OH formation by
AM of smokers and nonsmokers in the presence and absence of added
FeNTA. Data are the mean+SEM Ag;, of duplicate samples from
three separate experiments whereby “OH generation was assessed us-
ing the formation of TBA-reactive 2-deoxyribose oxidation products.
The slight increase in As;, observed after PMA and OZ stimulation

of AM in the absence of exogenous iron was not significantly different
from unstimulated AM (P > 0.05). This increase is expected from
the presence of adventitious iron in the buffer as a similar As;, was
generated during the reaction of hypoxanthine and xanthine oxidase
in the same buffer. This reaction does not generate *OH in the absence
of exogenous iron (78, 79). ND, not determined.
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a catalytic iron chelate (FeENTA ) was included in the reaction
mixture, no evidence of - OH generation was detectable.

Evidence for catalytic iron complexes in airway lavage fluid
and their uptake by AM. The above data are consistent with the
hypothesis that intracellular sequestration of iron by AM may
decrease the potential for extracellular - OH generation result-
ing from the presence of catalytic iron complexes within the
airway. Indirect evidence has suggested that catalytic iron com-
plexes contained in cigarette smoke may be deposited in the
airway and contribute to cigarette-associated lung injury (9,
33, 34). However, direct evidence for catalytic iron in airway
fluids has not previously been obtained. Accordingly, we ex-
posed BAL samples from which cellular components had been
removed to a chemical -O;/H,0, generating system. Evi-
dence for - OH generation was sought using the 4-POBN/eth-
anol spin trapping system. - OH production was demonstrable
using BAL from either smokers (n = 5) or nonsmokers (7 = 2)
(Fig. 2). Preincubation of the BAL with the iron chelator defer-
oxamine (0.5 mM X 2 h) decreased the magnitude of - OH
generation by 80%, suggesting that an iron catalyst present in
the BAL was responsible for the ability of the samples to induce
- OH generation. Although the normal saline used for the la-
vage also resulted in some - OH formation, this was consider-
ably below levels observed with the BAL fluid. Somewhat sur-
prisingly, there appeared to be little difference between the
amount of - OH catalyzed by smoker and nonsmoker BAL.

The observations that cell-free lavage fluid can contribute
to -OH formation whereas intracellular iron present in iso-
lated AM cannot suggests that AM may limit the steady state
concentration of catalytic iron complexes in the airway. To
further examine this possibility, the ability of AM to decrease
the ability of the BAL samples to catalyze - OH generation was
evaluated. AM (2 X 10%/ml) were added to BAL samples and
the suspension incubated at 37°C for 30 min. The cells were
removed and the resulting BAL supernatant was added to the
+0;/H,0, generating system. Hydroxyl radical generation
was then quantitated by spin trapping. As shown in Fig. 2,
exposure to AM resulted in a marked decrease in the ability of
the BAL to catalyze - OH formation (n = 5).

In contrast to results that would have been predicted from
our studies with AM from smokers (Fig. 1), PMA stimulation
of AM that had been incubated in BAL demonstrated the abil-
ity to generate - OH (Fig. 3). This suggested that the duration
of time after exposure to catalytic iron complexes might be an
important factor in determining whether iron-exposed AM
generated - OH upon subsequent stimulation. To examine this
possibility it would be necessary to study AM at various time
points after BAL exposure. Unfortunately, we have found that
viability of AM, particularly those obtained from cigarette
smokers, decreases rapidly when placed in cell culture (McGo-
wan, S. E., unpublished observation). Furthermore, the hetero-
geneous nature of the AM population obtained from the air-
way in terms of age, metabolic status, etc., could conceivably
confound data interpretation. We have previously shown that,
like AM, MDM also lack the endogenous capacity to generate
-OH (16, 20) and these cells in many ways resemble tissue
macrophages. In addition, when used from a single donor they
provide a uniform cell population for study. Therefore, we as-
sessed whether MDM generated under in vitro growth condi-
tions could be used to address the above question. Consistent
with the AM results we found that exposure of BAL to MDM
resulted in a diminution of the ability of the BAL to act as an
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Figure 2. Spin trapping of hydroxyl radical catalyzed by BAL fluid.
Shown are EPR spectra representing 4-POBN/- CHOHCH; and
therefore - OH formation, resulting from the incubation of the N-
methyl-1-hydroxyphenazine/NADH - O; /H,0, generating system in
the presence of 10 mM 4-POBN, 170 mM ethanol, and 0.1 mM
DTPA in the stock saline solution routinely used for BAL; BAL from
a smoker; the same smoker BAL sample, which had been incubated
for 30 min in the presence of AM as per methods; BAL from a non-
smoker; and the same nonsmoker BAL, which had been incubated
for 30 min in the presence of AM. BAL from both smokers and non-
smokers induced similar increases in - OH generation relative to the
normal saline control. This ability of the BAL fluid to act as an - OH
catalyst was decreased by exposure to AM. Results are representative
of experiments performed with BAL samples obtained from five
smokers and two nonsmokers.

- OH catalyst (not shown) and that these BAL-exposed MDM
acquired the ability to generate - OH upon stimulation with
PMA (Fig. 3). When these BAL-exposed MDM were allowed
to remain in culture, after 5 d they would no longer generate
- OH when stimulated by PMA (Fig. 3).

Effect of increasing iron content of MDM on subsequent
hydroxyl radical formation. The above data are consistent with
an alteration in the site and/or reactivity of catalytic iron taken
up from BAL fluid by macrophages over time. Further study of
the acquisition of this catalytic iron was limited by the fact that
BAL contains a heterogeneous group of iron complexes that
are present in relatively low concentrations (35, 36). Accord-
ingly, experimental conditions were developed whereby MDM
with increased cellular iron content could be generated using
well-defined catalytic iron chelates. MDM were incubated in
0.5 mM FeNTA, FeADP, or Fe-citrate for 30 min at 37°C
followed by repetitive washing. This resulted in an increase in
cellular iron content from 3.2+0.3 to 24.8+1.8, 47.0+0.2, and
18.3+1.8 nmol/ 109 cells, respectively (mean+SEM, n = 3, P
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Figure 3. Spin trapping of hydroxyl radical generated by AM and
MDM exposed to BAL fluid. The first four EPR spectra are those re-
sulting from PMA stimulation in the presence of 4-POBN, ethanol,
and DTPA of AM and MDM previously incubated in normal saline
or BAL from a smoker for 30 min (+BAL) and then washed. The
bottom spectrum was performed using the same cells as in the fourth
spectrum except they had been allowed to remain in culture an addi-
tional 4 d. AM or MDM incubated in the presence of BAL acquired
the ability to generate - OH upon stimulation with PMA. In the case
of MDM this capacity was lost after 5 d in culture. Similar results
were obtained regardless of whether the BAL was derived from
smokers (five samples) or nonsmokers (two samples).

< 0.05 for each of the conditions). These levels are similar to
those of AM from smokers (7, 8). As seen with BAL-exposed
MDM, when these acutely FeNTA or FeADP iron-overloaded
cells were stimulated with PMA, evidence of - OH formation
was readily detectable by spin trapping using the 4-POBN/eth-
anol system (see Fig. 4). No spin adducts were detectable with
either the DMPO/DMSO or PBN/DMSO systems, likely re-
lated to the increased sensitivity of the 4-POBN /ethanol sys-
tem for -OH (21, 22). In addition, no evidence of - OH was
observed following PMA stimulation of MDM or AM acutely
loaded with Fe-citrate with any of the three spin trapping tech-
niques (not shown). Of note, stimulation of control MDM in

the presence of 20 uM Fe-citrate also failed to generate - OH as
detected by the 4-POBN/ethanol system.

As confirmation of the above data, experiments were again
repeated using the deoxyribose oxidation assay. PMA stimula-
tion of MDM acutely loaded with FeNTA, FeADP, or Fe-ci-
trate yielded As;, of 0.107+0.024, 0.029+0.001, and
0.017+0.001, respectively. In each case these values were signif-
icantly greater than the respective control (unloaded) MDM (n
= 3, P < 0.05 for each conditions by paired ¢ test).

Effects of acute versus chronic MDM iron overload. As
noted above, among the potential factors accounting for the
generation of - OH by acutely iron-overloaded MDM and AM
but not AM from smokers with similar levels of cell-associated
iron is the duration of time between iron exposure and quanti-
tation of - OH generation. To examine this variable, mononu-
clear phagocytes were iron loaded by exposure to 0.5 mM
FeNTA, FeADP, or Fe-citrate for 30 min. They were then al-
lowed to remain in culture for an additional 5 d. These cells
were termed chronic iron-overloaded MDM. Exposure to
FeNTA and FeADP resulted in cells whose iron content was
considerably increased relative to control cells (Table II and
Table III). For FeNTA- and FeADP-loaded cells, total cellular
iron content decreased only 32-35% over days 1-5 of incuba-
tion after iron exposure ( Table Il and Table III). Even with this
decrease, the iron content of the FeNTA- and FeADP-loaded
cells was 10- and 25-fold higher, respectively, than a control
cell population. In contrast to these data, by 24 h of culture, the
iron content of the Fe-citrate-loaded cells reverted to levels
that were no different from control cells (Table III). As as-
sessed with the deoxyribose assay, the magnitude of - OH gener-
ation after PMA stimulation of the iron-loaded cells decreased
with their time in culture independent of the iron chelate with
which they were initially loaded ( Table II and Table III). Sur-
prisingly, at day 1 the Fe-citrate-loaded cells exhibited greater
- OH generation than the control cells in spite of similar levels
of cellular iron (Table IIT). By day 5 in culture, - OH formation
by all iron-loaded MDM was not statistically different from
control (non-iron—-treated ) cells ( Table II and Table III). Stim-
ulation of control and chronic iron-overloaded MDM with
PMA in the presence of freshly added FeNTA yielded similar
magnitudes of -OH (data not shown), suggesting that the
chronic iron-overloaded MDM did not lose their ability to gen-
erate - O3 and/or H,0,.

Consistent with the above results, no evidence of - OH was
detected by 4-POBN/ ethanol spin trapping when chronic iron-
overloaded MDM were stimulated with PMA regardless of
whether they were loaded with FeNTA, FeADP, or Fe-citrate.

Table I1I. Iron Content of Subcellular Fractions and *OH Generation by FeNTA-loaded MDM as a Function of Time in Culture

Iron content Iron content

Days in Iron content 11,000 g 100,000 g Iron content
culture whole MDM ‘OH pellet pellet supernatant
1 41.992+0.098 0.098+0.003 11.872+2.176 0.433+0.069 2.166+0.088
3 29.334+2.177 0.044+0.008 6.722+1.535 1.724+0.484 4.767+£1.010
5 26.944+1.857 0.029+0.004 7.944+2 800 5.944+3.028 6.333+1.642

Total cellular iron content (nmol/10° cells) and PMA-stimulated hydroxyl radical generation detected by the deoxyribose oxidation assay (As3,)
of MDM as a function of days in culture after acute iron exposure of 5-d-old MDM to FeNTA in comparison to paired cells that were not iron
treated. Also shown is change in the iron content (nmol/10° cells) over time of subcellular fractions of these same cells. Data are the mean of

three separate experiments.
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Table II1. Iron Content of Subcellular Fractions and *OH Generation

over Time from MDM Loaded with Iron Bound to FeADP or Fe-Citrate

Iron content

Days in culture whole MDM ‘OH 11,000 g pellet 100,000 g pellet Supernatant
FeADP

1 9.580+1.277 0.058+0.007 0.884 0.429 0.671

2 9.059+1.646 0.025+0.005 0.796 1.167 2432

3 6.509+1.137 0.011+0.007 0.648 1.735 1.267
Fe-citrate

1 1.457+0.095 0.038+0.003 0.173 0.162 0.256

2 1.637+0.588 0.003+0.003 0.360 0.580 0.680

3 0.971+0.105 0.002+0.001 0.422 0.578 0.489

Total cellular iron content (nmol/10° cells) and PMA-stimulated hydroxyl radical generation detected by the deoxyribose oxidation assay (As3,)
of MDM as a function of days in culture after acute iron exposure of monocytes to FeADP or Fe-citrate in comparison to paired cells that were
not iron treated. Also shown is change in the iron content (nmol/10° cells) over time of subcellular fractions obtained from these same cells.
Movement of iron from the 11,000 g (membrane-containing) pellet to the 100,000 g pellet and supernatant (cytosol) was observed over time.
Results are the mean of triplicate samples from three separate experiments. Note that the values from the individual fractions for each day
sometimes give the appearance of an increase in total cellular iron content over time (e.g., FEADP and Fe-citrate). However, the variability from
day to day of the effectiveness of the cavitation, as reflected by the iron content of the 500 g pellet (not shown), makes such interpretation invalid.

These data contrast the clear evidence of - OH formation ob-
tained with acutely FeNTA- or FeADP-loaded MDM (Fig. 4)
in spite of their similar total iron content.

Translocation of cell-associated iron. One possible mecha-
nism for the loss of - OH generation in the chronically iron-
overloaded MDM is movement of the cell-associated iron to a
different cellular location. Therefore, MDM that had been pre-
viously incubated in FeNTA, FeADP, or Fe-citrate and placed
in cell culture were periodically harvested and subcellular frac-
tions obtained. Determination of the iron content of these sub-
cellular fractions showed that there was a gradual translocation
of the cell-associated iron from the plasma membrane-con-
taining fraction (11,000 g pellet) to the cytosol (100,000 g su-
pernatant) as well as the 100,000 g pellet independent of the
iron chelate with which the cells were loaded (Tables II and
IIT). The timing of the iron movement corresponded closely to
the decrease in - OH generation of PMA-stimulated cells ( Ta-
bles Il and III), suggesting that the iron became less available as
a catalyst for Haber-Weiss reaction with internalization.

This phenomenon was further evaluated by electron micros-

copy using cells loaded with FeENTA as the model system.-

When cells were stained for iron, electron microscopy revealed
that, in contrast to acutely iron-overloaded MDM and control
(non-iron-loaded ) MDM, iron-containing aggregates were de-
monstrable in the cytosol of chronic iron-overloaded MDM
(Fig. 5).

Intracellular iron in most cells is stored within the cytosol as
ferritin. Previous work (8) suggested that an increase in macro-
phage iron content should result in an increase in ferritin con-
tent as well. Consistent with this literature the ferritin content
of chronic iron-overloaded cells that had been exposed to
FeNTA as 5-d-old MDM and then allowed to remain in culture
for an additional 5 d was 273.5 compared with 82.1 ng ferritin/

10¢ cells in non-iron-exposed controls. Similarly, after 5 d in
culture, the ferritin content of MDM that had been exposed to
FeNTA as monocytes was nearly nine times higher than the
same population of MDM that were not previously exposed to
FeNTA: 438.1+198.5 compared with 51.8+14.8 ng ferritin/
10¢ MDM (7 = 5). In the control cell population 91% of the
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ferritin detected was in the 100,000 g supernatant. In contrast,
the 100,000 g supernatant contained only 65% of the ferritin in
the chronically iron overloaded MDM as detected by radioim-
munoassay. The remainder was present in the 100,000 g pellet.

Effect of iron overload on MDM antioxidant defenses. An
alternative mechanism(s) that could also contribute to the de-
crease in - OH generation by iron-overloaded MDM over time
would be if the process caused increased levels of one or more
antioxidant enzymes. Therefore, levels of MnSOD, CuZn-
SOD, catalase, and glutathione peroxidase in 5-d-old control
and MDM acutely and chronically iron-overloaded with
FeNTA were quantitated by immunoblot. No differences in
any antioxidant enzyme levels were observed among the three
cell populations (Fig. 6).

Acute iron exposure likely places cells under increased oxi-
dative stress. Such oxidant stress induces the production of a
group of proteins termed heat-shock proteins (e.g., heat-shock
protein 70 [HSP-70]) in a variety of eukaryotic and prokary-
otic systems (37). This response appears to confer protection
from such exposures (37). Therefore, we examined whether in
vitro iron overload induced the heat shock response in MDM.
However, neither control nor acutely or chronically iron-
loaded MDM exhibited detectable levels of HSP-70 as assessed
by immunoblot (data not shown). Silver-stained SDS-PAGE
of each of these cell populations also showed no apparent dif-
ference in protein profile (data not shown).

Discussion

Alveolar macrophages from smokers contain considerably
more iron than those of nonsmokers (7-9), presumably the
result of AM ingestion of iron contained in cigarette smoke
(12, 38) or alternatively as a consequence of the release of
intracellular iron stores by local cells damaged by smoke con-
stituents (9). Since some iron chelates catalyze the formation
of -OH (39) from -Oj3 and H,0, and - OH production has
been incriminated in the pathogenesis of several forms of pul-
monary injury (40-44), we examined whether AM from
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Figure 4. Spin trapping with 4-POBN/ethanol of free radicals gener-
ated by MDM and AM after acute overloading with various low mo-
lecular weight iron chelates. The first and fourth EPR spectra are
tracings of MDM that had been acutely loaded with FeNTA or
FeADP as per methods, after which the cells were stimulated with
PMA in the presence of 10 mM 4-POBN, 170 mM ethanol, and 0.1
mM DTPA. Spectra observed with the FeNTA- and FeADP-loaded
cells is that of 4-POBN /- CHOHCH; consistent with - OH formation.
The second and fifth scans are tracings obtained under the same con-
ditions except that the MDM had been loaded with FeNTA or FeADP
as monocytes and placed in culture for an additional 5 d to allow
differentiation to MDM (chronic MDM). No evidence of - OH pro-
duction was detected. The third scan was obtained when these same
chronic FeNTA-loaded MDM were PMA stimulated in the presence
of exogenous iron (0.1 mM). Hydroxyl radical formation was de-
tected, demonstrating the ability of these chronic MDM to generate
- OH when an active iron catalyst was present. The bottom two scans
are those obtained after PMA stimulation of AM from smokers re-
cently loaded with either FeNTA or FeADP. Evidence of - OH pro-
duction was detected in contrast to non-iron-loaded AM (Fig. 1).
Negative results were again obtained with Fe-citrate-loaded AM. Re-
sults shown are representative of those obtained with studies of MDM
from three separate subjects and of AM from two subjects.

smokers differed from those of nonsmokers in their capacity
for - OH generation.

Using three different spin trapping systems as well as the
deoxyribose oxidation assay we found no evidence for the for-
mation of - OH by AM from either smokers or nonsmokers in
the absence of an exogenous iron chelate. These data are simi-
lar to those obtained in recent spin trapping studies of MDM
(16, 20, 22). Yet they contrast conclusions reached in other

studies of macrophages, including human AM (45-52). The
reason for the discrepancy among these studies is not totally
clear. However, the specificity of the systems employed in stud-
ies reporting detection of - OH has been questioned (53) and
the possibility that - OH formation could have been the conse-
quence of adventitious iron in the buffers employed (54) has
not been addressed.

Failure to detect -OH after stimulation of AM from
smokers was not entirely surprising since their increased iron
content is related to increased intracellular stores of both insolu-
ble iron (possibly hemosiderin) and ferritin (8), predomi-
nantly of the L-type (55). Although both ferritin and hemosid-
erin have been reported to catalyze - OH formation (56, 57),
iron bound to both compounds is considerably less reactive
than other iron chelates. Therefore, apoferritin has been sug-
gested to serve an antioxidant function in some cells (58, 59).
Furthermore, the exposure of intracellular iron chelates to - O3
and H,0, generated by the respiratory burst is likely low since
H,0, and - O3 are secreted extracellularly and AM antioxidant
systems would markedly limit the intracellular concentration
of these species. These data suggest that sequestration of extra-
cellular iron, derived from cigarette smoke or damaged cells,
within the AM may protect surrounding tissue from - OH-as-
sociated injury.

Consistent with the above hypotheses we demonstrated
that BAL fluid contained substances capable of catalyzing
- OH formation and that AM, as well as MDM, have the capac-
ity to rapidly remove this catalytic iron from BAL fluid. The
exact nature of the iron complex in BAL responsible for - OH
generation is unclear. Pertinent to cigarette smokers, aqueous
extracts of cigarette smoke can generate - OH via the metal
(Fe)-catalyzed decomposition of H,0, (33) and a tobacco con-
stituent(s) has the capacity to mobilize iron from other biomol-
ecules forming new iron complexes (34). Our ability to detect
- OH generation after stimulation of AM recently exposed to
BAL, FeNTA, or FeADP emphasizes the importance of the
storage of this iron within the macrophage as a means of pre-
venting extracellular - OH generation. The fact that BAL sam-
ples from both smokers and nonsmokers contain catalytic iron
complexes suggests that this process is dynamic and only de-
creases the steady state concentration of catalytic iron chelates
rather than eliminates them from the airway. The increased
number of AM in the airways of cigarette smokers may in part
explain our somewhat surprising finding that BAL from
smokers has no greater capacity for - OH catalysis than that of
nonsmokers in spite of the fact that the iron concentration of
the lower respiratory tract in smokers is increased relative to
nonsmokers (9).

Although the above process may be favorable from the
standpoint of local tissue injury, it is worth noting that an in-
crease in AM intracellular iron may also prove deleterious by
enhancing the ability of certain pathogenic microorganisms to
survive and replicate within macrophages (60-62). In addi-
tion, because of uncertainty as to the sensitivity of spin trap-
ping and the deoxyribose assay for detecting - OH formed
within cells, our results do not eliminate the possibility of in-
creased intracellular - OH generation in AM from smokers.
Although this should not damage surrounding tissues, it could
contribute to the dysfunction observed in some studies of AM
from smokers (63).

Results obtained with MDM suggest that the ability to se-
quester iron is not unique to AM but may be a property of
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Figure 5. Localization of iron in iron-overloaded MDM. Electron microscopy of MDM stained with acid ferrocyanide to reveal iron location (see
Methods). Opposite page: Shown are electron micrographs viewed at an accelerating voltage of 50 kV of (4) MDM after chronic iron exposure
of 5 d, X5,000. (B) 5-d-old MDM after acute iron exposure, X4,200. Above: (C) 5-d-old MDM that have not been treated with exogenous iron,
X5,400. Iron was localized as small aggregates throughout the cytosol (arrows) of the chronically iron-overloaded MDM (A4 ) but was not de-

tectable in the other two cell populations (B and C).

other tissue macrophages. The work also further demonstrates
the importance of intracellular iron sequestration as a means of
preventing macrophage-associated iron from catalyzing extra-
cellular - OH generation. Using a system similar to that re-
cently reported (61), MDM could be acutely iron overloaded

Mn SOD

CuZn SOD

1 2 3 1 2 3 1 2 3

Figure 6. Effect of iron loading on antioxidant enzyme levels of
MDM. Representative immunoblots of antioxidant enzymes from
untreated control and chronically iron-loaded MDM. Shown are re-
sults with (4) MnSOD, (B) CuZnSOD, and (C) catalase. In each
panel lane  contains purified human antigen, lane 2 contains un-
treated MDM, and lane 3 contains chronically iron-loaded MDM.
No difference in the amount of immunoreactive MnSOD, CuZnSOD,
or catalase was detectable between the two cell types.

in such a way as to yield cells whose iron content was similar to
AM from smokers. In contrast to AM from smokers, however,
stimulation of acutely iron-loaded MDM generated extracellu-
lar - OH. Results with Fe-citrate-loaded cells were less dra-
matic than when FeNTA or FeADP were used, likely related to
the lesser uptake of iron bound to citrate. The reason for the
detection of apparent - OH formation after PMA stimulation
of Fe-citrate-loaded cells by the deoxyribose assay but not any
of the spin trapping techniques is not clear. The deoxyribose
assay may be more sensitive for - OH under the conditions
employed or, alternatively, could be detecting the production
of an oxidant species other than - OH, such as a ferryl species
(64), which may not be detectable with the spin trapping
methods employed.

Consistent with results in another cell system (65), most of
the cell-associated iron after exposure to FENTA, FeADP, and
Fe-citrate appeared initially to be localized to the plasma mem-
brane. Movement of iron from the membrane to intracellular
sites was associated with a progressive decrease in the magni-
tude of - OH generation along with an increase in ferritin. It
seems likely that the ability of acutely iron-loaded macro-
phages to generate - OH upon stimulation reflects the presence
of catalytic iron at the same site (plasma membrane) as the
ongoing generation of - O3 /H,0, by the phagocyte NADPH-
dependent oxidase. Loss of - OH-generating capacity over time
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likely results from the transfer of this iron to intracellular ferri-
tin and hemosiderin. Alterations in the cellular antioxidant
enzymes or induction of heat-shock protein (HSP-70) do not
appear to be involved. However, it remains possible that other
heat-shock proteins or additional proteins reported to protect
cells from iron-associated oxidative stress (66, 67) could be
involved.

The mechanism whereby MDM can transport small molec-
ular weight iron chelates such as FeNTA is unclear. Most stud-
ies of iron transport in macrophages have concentrated on the
uptake of iron bound to transferrin (68, 69). Previous work has
shown that peripheral blood monocytes take up iron bound to
NTA with a corresponding increase in ferritin content (70).
These results contrast somewhat studies performed with rabbit
reticulocytes where hemin but not other iron complexes induce
ferritin synthesis (71, 72). Consistent with studies of other cells
(65, 73-75), preliminary data from our own laboratory suggest
that MDM take up iron much more rapidly when it is bound to
low molecular weight chelates compared with transferrin and
that the mechanism resembles in some ways fluid phase pino-
cytosis (76). Smoking itself may alter macrophage iron trans-
port so as to increase iron storage (77).

In summary, human macrophages have the capacity to
transfer large quantities of extracellular iron to intracellular
locations over time. This storage process decreases the poten-
tial for this iron to induce the generation of extracellular - OH
and may be an important means of protecting nearby cells
from exposure to potentially cytotoxic - OH. A similar hypoth-
esis has recently been put forward with regard to endothelial
cells (59). Additional studies are required to clarify the mecha-
nism of the intracellular sequestration of low molecular weight
iron chelates by human macrophages and the role of this pro-
cess in limiting inflammatory tissue injury.
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