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ABSTRACT

Human exposure to asbestos can cause a wide variety of pulmonary diseases, including pneumoconiosis (i.e.,
asbestosis). This lung injury is mediated by oxidant generation which increases with the concentration of iron
associated with the asbestos. Iron from host sources is complexed by the surface of these fibrous silicates fol-
lowing introduction into the lower respiratory tract. Using bronchoalveolar lavage from unexposed and ex-
posed workers, we demonstrate that asbestos disrupts the normal iron homeostasis in the lungs. Based on
these findings, we propose a model of oxidative stress and human lung injury after asbestos exposure. Antioxid.

Redox Signal. 10, 371-377.

INTRODUCTION

HUMAN EXPOSURE TO ASBESTOS can cause a wide variety of
pulmonary injuries, including airway disease, pleural
plaques and thickening, rounded atelectasis, pneumoconiosis
(i.e., asbestosis), mesotheliomas, and lung cancers. These lung
diseases are mediated by free radical generation by the six fi-
brous silicates designated by the term asbestos (i.e., chrysotile,
amosite, crocidolite, anthophyllite, tremolite, and actinollite)
(19). In addition to a direct generation of oxidants by the fiber,
cells included in the inflammatory influx into the lung can also
contribute to both oxidative stress and the development of as-
bestos-associated injury (21).

Silicates (fibrous and particulate) generate oxidants in both
cell-free and cultured cell systems (20, 30). Cell lines transfected
with superoxide dismutase were more resistant to asbestos-in-
duced cytoxicity, an oxidant-dependent process (25). An in vivo
oxidative stress can also be detected in the lower respiratory tract
of animals after exposure to asbestos (27). In animal models of
asbestos disease, systemic administration of catalase reduced
(24), while genetically-determined decrements in superoxide dis-
mutase increased lung injury following fiber exposure (8).

In vitro oxidant production by a fibrous silicate increases with
the concentration of iron associated with the asbestos (16). Iron-

catalyzed oxidants generated by asbestos can include superox-
ide, hydrogen peroxide, hydroxyl radical, and ferryl radical:

Fe2* + 0, —» Fe3* + 0,~ Eq. 1
Fe?* + O, + 2H" — Fe3* + H,0, Eq. 2
Fe2* + H,0, — Fe3* + 'OH + “OH Eq. 3

Fe2* + H,0, — Fe2[H,0,] Eq. 4

Some portion of the oxidative stress and the consequent tissue
injury after asbestos exposure, both in vitro and in vivo, is there-
fore dependent on an availability of iron. Asbestos may or may
not have metal included in the crystal lattice of the silicate; ideal
formulas for these silicates are Mg3Si,Os(OH)4 for chrysotile,
(Fe? ™), (Fe? ", Mg)sSigO2(OH), for amosite, Nay(Fe?™,Mg)s
Fe3™ SigO,,(OH), for crocidolite, (Mg,Fe?™)7Sig0»,(0OH), for
anthophyllite, Ca,MgsSigO,>(OH), for tremolite, and Ca,
(Mg,Fe?")Sig0,,(OH), for actinollite. Whereas a differential in
the biological effect is acknowledged among these six fibers,
this recognizes that the toxicity of the serpentine chrysotile is
less than that of the amphiboles including amosite, crocidolite,
anthophyllite, tremolite, and actinollite. Disparities in biologi-
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cal effect reflecting an inclusion of iron in the crystal lattice
have not been observed (e.g., tremolite has not been reported
to have a diminished toxicity relative to the other amphiboles
as a result of a lack of iron in its ideal molecular formula). Fur-
thermore, iron in the lattice of a silicate fiber is strongly bound
and the availability of either an empty or labile coordination
site to participate in electron transfer is not realistic. Finally,
structural iron in the crystal is inaccessible to reductants and
hydrogen peroxide which are necessary to catalyze oxidant pro-
duction. Therefore, iron in the fiber lattice is subsequently un-
likely to participate in the catalysis of oxidant generation by as-
bestos.

The alternative to iron in the crystal lattice of the silicate par-
ticipating in oxidant generation by asbestos is that the fiber sur-
face complexes iron from its immediate environment; this
would include the crust of the Earth initially and then the hu-
man lung after inhalation of the asbestos. Ordinarily, the avail-
ability of iron in any human tissue is limited. However, there
are indications that fibers might disrupt normal iron homeosta-
sis in the host after its inhalation and mobilize and accumulate
metal (11). We tested the postulate that exposure to asbestos
disrupts the normal iron homeostasis in the lung of exposed
workers.

DISRUPTION OF IRON HOMEOSTASIS
AFTER ASBESTOS EXPOSURE

Iron is taken up, stored, and released by cells in all tissues
of the body, including the lung (29). Although single endpoints
reflecting the iron homeostasis are rarely definitive, measuring
a collection of the proteins involved in the uptake, storage, and
release of this metal provides some integrated measure of the
status of this metal in a tissue. We therefore measured lavage
concentrations of the metal as well as levels of transferrin, trans-
ferrin receptor, lactoferrin, and ferritin as indices of iron ho-
meostasis.
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FIG. 1. Lavage protein among unexposed and asbestos-ex-
posed subjects. A statistically significant elevation in lavage
protein was observed among those workers exposed to asbestos
but this is small in absolute value. * significantly greater than
controls using a T-test of independent means; p < 0.05.
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FIG. 2. Levels of iron in lavage fluid from healthy subjects
and asbestos-exposed workers. Metal concentrations in the
bronchoalveolar fluid of asbestos-exposed workers were ele-
vated relative to those values in healthy subjects. * significantly
greater than controls using a T-test of independent means; p <
0.05.

Ten nonsmoking, unexposed individuals (6 males and 4 fe-
males; mean age of 40.2 = 3.4 years) and 14 nonsmoking sub-
jects exposed to asbestos (all males; mean age was 53.3 = 4.1
years) had bronchoscopy with bronchoalveolar lavage. As-
bestos-exposed individuals had a history of occupational expo-
sure to asbestos for 10 years or longer with or without radio-
graphic manifestations. Bronchoscopy with bronchoalveolar
lavage has been previously described (1). Total protein con-
centrations were determined using Coomassie Plus Protein As-
say Reagent (Pierce, Rockford, IL). Those values in the lavage
of unexposed individuals were significantly lower than those
values in the asbestos-exposed workers (Fig. 1).

Iron is measurable in the bronchoalveolar lavage fluid of
healthy subjects (17,29). Lavage iron concentrations, measured
by a commercially available colorimetric assay (Sigma, St.
Louis, MO), were significantly higher among those individuals
exposed to asbestos relative to healthy controls (Fig. 2). Those
concentrations of iron in the lavage of the healthy unexposed
individuals were comparable to previously reported values and
approached serum values of the metal after assuming a 100-
fold dilution with the procedure. Concentrations of metal in the
asbestos-exposed workers were elevated approximately twofold
those of the healthy unexposed individuals. This supports a ca-
pacity of the fiber to accumulate iron from the host. Exposures
to asbestos introduce a solid—liquid interface into lung tissue.
In such an aqueous environment, these fibers will be covered
with ionized hydroxyl groups at the surface (e.g., -Si-O~ and
-Mg-O7). As a result of its electropositivity, Fe>* has a high
affinity for such oxygen-donor ligands. This metal reacts with
oxygen-containing functional groups at the mineral oxide sur-
face, especially the silanol group (-Si-O7™) (7). Therefore, sili-
cates which are retained in the lung tissue accumulate metal
from available host sources in the lower respiratory tract (12).
After endocytosis of a fiber, a cell will accumulate iron, sup-
porting this capacity of the surface to complex iron from bio-
logical sources (22). Increased lavage iron concentrations
among the asbestos-exposed individuals indicate that such an
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ASBESTOS AND IRON HOMEOSTASIS

accumulation is likely to also occur at the level of the tissue.
As a result of a cycling of iron in the lung, increased cell con-
centrations of this metal will be reflected by elevations in lavage
levels (29).

Transferrin has been proposed to have antioxidant activity in
the lower respiratory tract and is measurable in lavage fluid (26).
The origin of this transport protein appears to be the serum (10),
despite its production by cells resident in the lung (34). Concen-
trations of transferrin were analyzed using a commercially avail-
able kit, controls, and standards from INCSTAR Corporation
(Stillwater, MN). Levels in the lavage fluid of the asbestos-ex-
posed workers were not significantly different relative to that in
healthy unexposed controls (Fig. 3). The transferrin receptor can
also be present in measurable quantities in lavage fluid (11). Con-
centrations of transferrin receptor were measured using a com-
mercially available ELISA kit (R & D Systems, Minneapolis, MN)
and two- to threefold increases were observed in those exposed
to asbestos (Fig. 4). Transferrin is that iron transporter most fre-
quently utilized to meet the needs of the cell for iron regarding
metabolic and proliferative purposes. This glycoprotein was not
anticipated to participate in a detoxification of iron associated with
an oxidative stress. Elevations in lavage concentrations of trans-
ferrin receptor among asbestos-exposed workers suggest an in-
consistency. Alveolar macrophages are among those cells with
transferrin receptors that can demonstrate a capacity for metal se-
questration (18, 23). It is possible that the receptor concentration
in the lavage of exposed workers was elevated since it is produced
locally by an influx of macrophages which follows asbestos in-
halation. As a result of this inflammatory incursion into the lung
following asbestos exposure, transferring receptor levels may in-
crease, simply reflecting the increased number of macrophages.
Following a binding of the receptor with holotransferrin, levels of
extracellular iron will decrease after fiber exposure as the trans-
porter moves the metal into the cell. The reaction of the transfer-
ring receptor with transferrin may therefore be included in the at-
tempt of the host to sequester the iron from the fiber and control
the oxidative stress presented by asbestos.

Lactoferrin is a monomeric, cationic metal binding glycopro-
tein synthesized by secretory epithelium. This glycoprotein can
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FIG. 3. Transferrin concentrations in lavage obtained from
controls and individuals exposed to fibers. Levels of this
glycoprotein were not significantly elevated in individuals ex-
posed to asbestos.
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FIG. 4. Lavage levels of transferrin receptor in unexposed
controls and asbestos-exposed workers. In contrast to trans-
ferrin, the concentrations of transferrin receptor were increased
among those exposed to asbestos. * significantly greater than
control subjects using a T-test of independent means; p < 0.05.

be an alternate route of metal transport, especially in inflamma-
tion (31). Lactoferrin concentrations were measured using a com-
mercially available ELISA kit (Calbiochem, La Jolla, CA) and
levels were elevated significantly in those workers exposed to
asbestos relative to unexposed controls (Fig. 5). These increases
in the lavage of asbestos-exposed subjects support a potential in-
volvement of lactoferrin in controlling the metal-catalyzed oxi-
dant generation by fibers in the lung. Increased production and
release of lactoferrin in the lung and reaction with iron will result
in the ultimate transport of metal to ferritin.

Sequestration of metal by ferritin limits the capacity of iron
to generate free radicals and confers an antioxidant function to
this protein (2, 4). The concentration of ferritin in the normal
lung is high, reflecting the direct interaction of this tissue with
iron in the external environment (29). Ferritin concentrations in
the lavage fluid of asbestos workers, quantified by a commer-
cially available ELISA kits (R & D Systems), were elevated
relative to those of normal controls (Fig. 6). This verifies the
host’s attempt to diminish concentrations of catalytically active
metal available to the asbestos in the lower respiratory tract.
Expression of this intracellular storage protein is controlled by
concentrations of iron (28). Through both transcriptional and
post-transcriptional mechanisms, ferritin expression is in-
creased by elevated concentrations of iron. The metal is trans-
ported to this protein intracellularly but elevations in extracel-
lular ferritin accompany numerous states of iron excess (9). The
observation of increased concentrations of this protein in the
lavage of exposed workers proposes a role for ferritin in a re-
lease of iron from a cell (29).

A MODEL OF OXIDANT GENERATION
AND BIOLOGICAL EFFECT AFTER
ASBESTOS EXPOSURE

Iron is an essential nutrient utilized in almost every aspect
of normal cell function (6), but those same chemical properties
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FIG. 5. Concentration of lactoferrin in the bronchoalveolar
fluid. Comparable to other iron-transport and storage pro-
teins, lavage lactoferrin was elevated in those workers exposed
to asbestos. * significantly greater than control subjects using
a T-test of independent means; p < 0.05.

which allow this metal to function as a catalyst in the reactions
of molecular oxygen make it a threat via the generation of ox-
idants. Cells must obtain iron to catalyze required functions,
but oxidants generated by the metal have a capacity to damage
biological molecules. Consequently, living systems transport
and store iron with all coordination sites of the metal fully com-
plexed (5). There results a delicate balance of iron in any cell
with concentrations of available metal only great enough to
meet necessities of metabolism and proliferation.

With fiber deposition in the lower respiratory tract, iron com-
plexation by the asbestos surface effects an accumulation of the
metal. The silicate surface will mobilize host iron sources and
this will be followed by increased cell uptake to replace this
metal (33). After complexation of the metal by the fiber sur-
face, the lack of pliancy (by the surface) predicts that place-
ment of electrons into symmetrically located coordination sites
of iron would be incomplete, allowing its participation in elec-
tron transport and catalysis of oxidants. Requirements for such
oxidant production by the fiber include reductants and hydro-
gen peroxide; both are available in the lower respiratory tract.
This radical generation catalyzed by metal at the fiber surface
results in a cascade of cell signaling, transcription factor acti-
vation, and mediator release (Fig. 7). Clinical manifestations of
this series of reactions culminate in inflammatory, fibrotic, and
neoplastic disease. These biological consequences of exposure
are also dependent on the biopersistence of fibers in the lower
respiratory tract. Clearance and/or solubilization of chrysotile
shortens its half-life and therefore diminishes effect; this is
likely to contribute to observed disparities in outcomes between
exposures to serpentine and amphibole asbestos (3).

The host responds to this metal-catalyzed oxidative stress
with recruitment of mechanisms focused on sequestering the
metal from the asbestos (that is decreasing the availability of
host Fe?* to the fiber surface) and the re-establishment of nor-
mal host homeostasis. An incursion of neutrophils and macro-
phages is among these mechanisms. Superoxide generated by
these recruited inflammatory cells in the lung will reduce Fe3™*
to Fe?" and displace it from the mineral oxide surface (15).

GHIO ET AL.

Similarly, respiratory epithelial cells respond to asbestos with
production of O~ which chemically reduces the metal (33).
After reduction (by superoxide or an alternative reductant), fer-
rous ion can catalyze radicals with a capacity to injure host tis-
sues (e.g., hydroxyl and ferryl radicals). This can occur at the
fiber surface with the host reduction of Fe3" to Fe?* initiating
a pathway of transport to sequester the metal. Alternatively,
there are other sites at which the iron cation will be reduced to
ferrous ion including at any membrane where transport is re-
quired and in ferritin where the metal will be stored. At any of
these locations, reduced iron will have an ability to produce an
oxidative stress.

The reduction of Fe3* to Fe?* by superoxide allows metal
carrier proteins to transport the metal across the cell membrane
to intracellular sites where it can be detoxified (13, 32). Metal
transporters, including the divalent metal transporter 1 (DMT1),
can move iron into a cell only in the ferrous state. Exposure of
respiratory cells to asbestos will increase both the mRNA and
protein expression of DMT1 (4). If this pathway of intracellu-
lar transport is interrupted, metal cannot be sequestered and will
remain catalytically active (33)

The cellular uptake of iron associated with asbestos fibers
can diminish oxidative stress only if the metal is sequestered in
a less reactive state. That site most frequently employed by all
cells is ferritin. Iron storage by ferritin limits the metal’s ca-
pacity to generate free radicals and confers an antioxidant func-
tion to this protein. Ferritin synthesis is regulated by a post-
transcriptional mechanism involving an iron responsive element
(IRE) at the 5’-untranslated end of ferritin mRNA, which binds
to a cubane iron—sulfur cluster, the iron regulatory protein
(IRP) (28). Iron transported away from the asbestos is proposed
to react with the IRP, decreasing the protein’s affinity to the
IRE. Subsequently, the IRP is displaced from the mRNA and
the translation of ferritin proceeds (28).

The overall effect of this host response minimizes the ox-
idative stress associated with asbestos exposure by sequester-
ing iron, which is initially complexed to the surface of the fiber
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FIG. 6. Ferritin concentrations in the lavage fluid of con-
trol subjects and asbestos-exposed workers. Concentra-
tions of this storage protein in the bronchoalveolar lavage of
those individuals exposed to fibers significantly exceeded those
values observed in the control group. * significantly greater than
controls using a T-test of independent means; p < 0.05.
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and catalytically active, in a less reactive state within ferritin.
However, an absolute increase in metal concentration results.
Some portion of this could ultimately be made catalytically ac-
tive and thereafter support a continued generation of an oxida-
tive stress.

Differences between serpentine and amphiboles in oxidative
stress and biological effects do not reflect an inclusion of iron
in the crystal lattice. Rather, these disparities result from a) dis-
similar biopersistence of the fiber in the lung, and b) larger
numbers of surface functional groups in amphiboles which can
mobilize iron from the host. Regarding the latter, the silanol
group is likely to be the most effective surface functional groups
in complexing metals and their number will be determined by
the percentage SiO, in a fiber. Chrysotile is ~40% SiO, while
the amphiboles are typically 50% supporting surface number of
this function group as a potential determinant in oxidative stress
and biological effect.

With aging, iron concentrations in all human tissues, includ-
ing the lung, increase (13). Therefore, the availability of host
metal to the asbestos surface will increase as an individual ages.
Complexation of the increasing iron concentrations by retained
fibers will present an increased oxidative stress to the host. This
will contribute to progression of fiber-related injury following
a worker’s removal from the exposure. In addition, smoking
cigarettes will also increase iron concentrations in the lung (14).
Interactions between cigarette smoking and asbestos exposure
(e.g., synergistic effects in the risk for lung cancer) are simi-
larly predicted to result from increased levels of metal in the
lung of the smoker available to the fiber surface for complex-
ation and the resultant elevations in oxidant generation. The
only effective resolution of such oxidant generation catalyzed
by metal complexed at the particle surface (and the increased
risk for human health effects which ensue) is the clearance of
the asbestos from the lower respiratory tract. However, the
chelate (i.e., the particle surface) is difficult for the host to ei-
ther totally clear or destroy. The result is a cycle of mobiliza-
tion of host iron, oxidative stress, and attempts at sequestration
of this metal by the host.
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