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Abstract Because the lungs are exposed to airborne
hazardous materials, alveolar macrophages (AMs) play a
major role in defending against the exposure to various
noxious chemical substances. In this study, we reviewed
magnetometric investigations of the effects of various
chemicals on the lungs and AMs. Magnetometry, using
magnetite as an indicator, was used to evaluate the effects
of certain chemicals on the lung and AMs. A rapid
decrease of the remanent magnetic field after the cessation
of external magnetization, a phenomenon called relaxation,
was impaired when the lungs and macrophages were
exposed to toxic substances. The delayed in vivo relaxation
observed in the lungs exposed to magnetite and gallium
arsenide was almost identical to the in vitro relaxation
observed in the AMs exposed to the same materials.
Delayed relaxation was observed in the AMs exposed to
silica dust; various fibers, such as chrysotile and some man-
made mineral fibers; and toxic arsenic and cadmium
compounds. The extracellular release of lactate dehydro-
genase activity was found in the AMs exposed to the
chemicals. Relaxation is attributed to the cytoskeleton-
driven rotation of phagosomes containing magnetite. While
the exact mechanism of delayed relaxation due to exposure
to harmful chemicals remains to be clarified, cell magne-
tometry appears to be useful for the safety screening of
chemical substances.
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Introduction

The lungs are target organs of several chemicals including
particles, fibers, metals, and gases. Alveolar macrophages
(AMs) are considered to play a major role in the protection
of living things against various pathogens and chemical
substances. These cells are phagocytic and initiate the
pathogenic process leading to inflammation and fibrotic
lung diseases. Therefore, AMs have been used for the in
vitro evaluation of the toxic effects of chemicals. Using the
rate of relaxation as an indicator of the cytoskeletal func-
tion of cells by magnetometry, we have found several
chemicals affecting relaxation [1-5]. The magnetometric
measurement of lung contamination of magnetite was
developed by Cohen [6]. His coworker, Kotani, introduced
lung magnetometry to Japan in 1977. Chiyotani reported
the estimation of dust burden in the lungs of foundry
workers using the magnetometric apparatus developed by
Kotani [7]. Aizawa and colleagues [8] applied lung mag-
netometry in rabbits to evaluate the toxicity of gallium
arsenide (GaAs) and later developed cell magnetometry
using the AMs of hamsters and rats for the evaluation of
various chemical substances, including GaAs. More than
ten chemical substances have been evaluated for their
toxicity by magnetometry.

Lung magnetometry in humans

The principle of magnetometry is to administer iron oxide
particles to lungs and to allow AMs to engulf them. By the
application of external magnetization, the iron oxide par-
ticles located in the phagosomes of macrophages are
magnetized and aligned in a magnetic field. The remanent
magnetic field (RMF) decreases rapidly upon the cessation
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of external magnetization as time passes, a phenomenon
called relaxation. Relaxation occurs due to the cytoskele-
ton-driven random rotation of phagosomes that contain
magnetized iron oxide particles [9]. Therefore, delayed
relaxation indicates dysfunction of the cytoskeleton. As
shown in Fig. 1, a 5-min period of relaxation was fitted to
the exponential function, B = Bge(—At), where B is the
RMF at time #; By the RMF at time = 0; e is the exponent;
t is the time (in seconds) from the termination of magne-
tization; and / is the relaxation rate (decay constant) for
5 min [10].

Because the RMF immediately after the cessation of
external magnetization indicates the amount of magnetized
dust in the lung, lung magnetometry is used to evaluate the
burden of inhaled dust among workers such as welders and
foundry workers [11, 12]. Cohen et al. [13] observed a
significant relation between asbestos retention in the lungs
and the exposure index in asbestos miners and combustion
workers. The compensated ex-miners were found to pres-
ent with more intensive RMF than were miners and healthy
nonexposed persons [14].

Chiyotani disclosed that the lungs of foundry workers
with roentgenological categories exceeding 1/1 contained
100 mg or more of magnetizable dust, even though clear
dose-dependent findings were not shown [7]. Magnetom-
etry was applied for the evaluation of the lung burden of
magnetizable dust in welders to find the association of dust
burden of magnetites with pulmonary function tests [15].
Because pneumoconiosis is a chronic irreversible and
progressive disease, measurement of the burden of dust in
the lungs is more useful than is early detection of pneu-
moconiosis by chest roentgenogram. However, the appli-
cation of lung magnetometry for exposure evaluation is
limited to magnetizable dust.

The repetition of magnetization and measurements of
RMF demonstrate the clearance of iron oxide particles
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Fig. 1 Relaxation curve of RMF and the suggested behavior of
magnetic particles after magnetization. A 5-min period of relaxation
was fitted to the exponential function, B = Bge(—Af), where B is the
RMF at time f; By the RMF at time = 0; e is the exponent; ¢ is the
time (in seconds) from the termination of magnetization; and A is
the relaxation rate (decay constant) for 5 min. Relaxation curve A
represents impaired cytoskeletal movement, and curve B represents
normal cytoskeletal movement with rapid decrease of RMF

@ Springer

from the lungs. Smokers showed delayed clearance of
inhaled iron oxide particles from the lungs compared with
nonsmokers [16]. Spherical ferromagnetic iron oxide par-
ticles were inhaled by patients with primary ciliary dyski-
nesia, and their airway clearance was retarded compared to
that of healthy nonsmokers [17].

Lung magnetometry in animals

Aizawa et al. [1] applied lung magnetometry to rabbits to
evaluate the lung toxicity of GaAs, as shown in Fig. 2.
After instillation of GaAs and iron oxide particles into the
trachea, a 50 mT magnetic field was applied to the thorax
of an anesthetized rabbit placed on a board between a pair
of enameled copper wire coils driven by a DC power
supply. Each animal was exposed to this field for 15 s for
magnetization. After removal of the external magnetic
field, the RMF in the chest was measured by a fluxgate
magnetometer for at least 40 min. The relaxation and
clearance of iron oxide particles in the rabbits concurrently
exposed to GaAs were dose-dependently impaired. Histo-
logical findings of GaAs-exposed rabbits showed marked
cellular infiltration in the alveolar space and interstitial
space [8]. Because definite delay of relaxation and clear-
ance was not observed in the rabbits exposed to Ga,Os, As
in the lungs appears to be responsible for the lung damage.

Mechanism of relaxation

The mechanism of relaxation observed in lung magne-
tometry has been clarified by the magnetometry of cultured
cells. Morphological and pharmacological studies have
indicated the relaxation occurred due to the energy-
dependent random rotation of phagosomes containing
magnetite [9, 18, 19]. The rotation of phagosomes
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Fig. 2 Apparatus of lung magnetometry for rabbits
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containing magnetizable particles has been examined
by high-performance videoanalysis, magnetometry, and
immunofluorescence analysis when the cells were exposed
to the cytoskeleton disturbing chemical, vinblastine. A
high-resolution videoscopic examination with 10,000
magnitude showed the iron particles to be aligned in the
external field and misaligned immediately after cessation
of magnetization. When the cells were exposed to vin-
blastine 5 x 10~* M, the movement of the aggregated iron
particles appeared disturbed. Immunofluorescent staining
using anti-o microtubulin antibody did not show a mesh-
like microtubular network structure in the cells exposed
to 5 x 107> M vinblastine, though the structure was
observed in the unexposed cells. The magnetometric
analysis showed delayed relaxation in the cells exposed to
5 x 107* M vinblastine but demonstrated almost normal
relaxation in the cells exposed to 5 x 107* M or lower
vinblastine. Therefore, the videoscopic movement of
clustered iron particles in the field and a mesh-like struc-
ture in immunofluorescent staining appeared to be related
to the speed of relaxation by magnetometry, despite the
difference in effective vinblastine doses.

Toxicity evaluation using cell magnetometry and other
supportive examinations

We applied cell magnetometry for the screening of toxicity
of various chemical substances [2]. The samples of
chemical substances were suspended in phosphate-buffered
saline and mixed by ultrasonic oscillation before use. Iron
oxide particles with a mean geometric diameter of 0.26 pm
were used as the magnetometric index. Male hamsters
[2, 3] or F344/NSlc rats [20] were anesthetized and
bronchoalveolar lavage fluid was obtained. The harvested
cells, about six million cells, were divided into two groups:
one group was exposed to different doses of chemicals, and
the other group was exposed to phosphate-buffered saline
as a control. Both groups included Fe3;O, as an indicator of
magnetometry. Recently, the RAW264.7 cell line was used
instead of harvested AMs, showing no remarkable differ-
ence from previous cells [21].

Cell disks (sample) were removed from the wells after
18 h in a 5%-CO, incubator. Glass tubes containing med-
ium and a cell disk on the bottom were installed on a stage
and magnetized in 70 mT for 10 ms. Then the stage was
turned at 10 rpm above the probe of a fluxgate magne-
tometer surrounded by a shield to protect it from noise
from outside and maintained at 37°C with a heater [2]
(Fig. 3). Relaxation, a rapid decrease of the RMF strength
radiated from phagocytized iron oxide particles in macro-
phages after the cessation of external magnetization, was
used as an indicator of cellular function (Fig. 3).

= o
Magnetic
l Sample
"""""" Cell disks
Pen-recorder ' )
Magnetizer

F ol Probe

sl )

o

e

Fluxgate magnetometer

Thermostat

Fig. 3 Apparatus of cell magnetometry

We evaluated the release of intracellular enzyme lactate
dehydrogenase (LDH) activity with an LDH-UV test. Tri-
ton-X 100 was added to the control group to measure the
total LDH activation index derived from both the intra-
cellular and the extracellular matrices. The LDH release
rate (%) was calculated using the following equation:
(LDH activation index from exposed-cells) x 100/(total
LDH activation index). Macrophages that adhered to glass
were used for observation by scanning electron microscopy
and transmission electron microscopy. Apoptosis was
evaluated by both the terminal deoxynucleotidyl transfer-
ase-mediated dUTP-biotin nick end labeling (TUNEL)
method and the DNA ladder method [3]. The DNA ladder
method was performed in two steps, DNA extraction and
agarose gel electrophoresis.

We evaluated the cytotoxic effects of the following
chemicals, particles, and fibrous materials as compounds
[3, 22, 23], cadmium (Cd) compounds [24, 25], silica [26]
or other dust, chryosotile fibers (CFs) [2], and five man-
made mineral fibers (MMMFs) [4, 5], using the above-
mentioned tests, and the results are shown in Table 1. On
the basis of magnetometry and the LDH release assay, we
estimated that there were no observable adverse effect
levels (NOAEL) on the cells.

Arsenic and compounds used in the microelectronics
industry

GaAs has been used as a material in various microelec-
tronics products, but was reported to cause toxic effects to
the lungs of animals. An in vitro magnetometric study
revealed that relaxation was delayed dose-dependently due
to exposure to GaAs. LDH release was increased in GaAs-
exposed cells. According to DNA electrophoresis and the
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Table 1 Cytotoxicity evaluation by cell magnetometry

Delayed relaxation (estimated NOAEL) Extracellular LDH% (estimated NOAEL) Ultra-structure Apoptosis
Particulates
Silica Moderate (<20 pg/ml) Moderate (<20 pg/ml) Necrosis ND
Ca,CO; Negligible (60 pg/ml) Negligible (60 pg/ml) Negligible ND
GaAs Marked (2 pg/ml) Marked (<2 pg/ml) Necrosis Negative
InAs Negligible (20 pg/ml) Negligible (20 pg/ml) Negligible Negative
CdO Marked (0.1 pg/ml) Marked (1 pg/ml) Necrosis Negative
pTiO, Negligible (60 pg/ml) Negligible (60 pg/ml) Negligible Negative
Toner Negligible (60 pg/ml) Negligible (60 pg/ml) Negligible Negative
Fibers
Chrysotile Moderate (15 pg/ml) Moderate (15 pg/ml) Negligible Negative
SiC Moderate (<20 pg/ml) Negligible (60 pg/ml) Nucleus Suspected
fTiO, Mild (40 pg/ml) Moderate (20 pg/ml) Negligible Negative
PT Moderate (10 pg/ml) Moderate (10 pg/ml) Negligible Negative
Microglass Negligible (160 pg/ml) Mild (80 pg/ml) Negligible ND
Rock wool Negligible (150 pg/ml) Negligible (150 pg/ml) Negligible Negative
Solution
CdCl, Marked (<1 pg/ml) Marked (<1 pg/ml) ND Suspected
AsCl; Marked (<2 pg/ml) Marked (<2 pg/ml) ND ND

Estimated NOAEL represents the level with no significantly affected relaxation or release of LDH in the exposed cells compared with controls

ND not done, NOAEL no observable adverse effect level, LDH lactate dehydrogenase, GaAs gallium arsenide, /nAs indium arsenate, CdO

cadmium oxide, pTiO, particle titanium dioxide, SiC silicon carbide, fTiO, fibrous titanium dioxide, PT potassium octatitanate whisker

TUNEL method, apoptotic changes failed to be detected
[3]. Because AsCl; alone caused effects identical to those
of GaAs on magnetometry and LDH release in macro-
phages, and Ga,0O; did not show significant effects, it was
concluded that As was responsible for the toxicity to
macrophages [22]. Indium arsenate and indium phosphate,
which are also used for light-emission semiconductors,
showed neither delayed relaxation nor increased LDH
release [23].

Cadmium

Cd is an industrial and environmental pollutant, found
primarily in batteries, electroplating, pigment, plastic, fer-
tilizer, and cigarette smoke. Although the kidney is a major
target of Cd-induced toxicity, the respiratory system is also
affected, where Cd produces bronchitis, pulmonary edema,
pneumonitis, and emphysema [24]. Two Cd compounds,
the insoluble material CdO and a soluble form, CdCl,,
delayed relaxation markedly and increased the LDH
release from exposed macrophages [25, 26].

Particulate materials

Exposure to silica (Si0,) is known to develop silicosis in
humans, and the cytotoxicity of SiO, to phagocytes is well
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known. Relaxation was moderately delayed and significant
extracellular release of LDH was observed when AMs were
exposed to SiO, [27].

CaCO; is used for cement production and for environ-
mental protection. Neither cell magnetometry nor LDH
release assays indicate cell damage to macrophages due to
CaCOs exposure [27].

Photocopier toner has been suspected to develop pneu-
monitis in workers possibly exposed to toner [28, 29].
However, neither cell magnetometry nor the LDH release
assay suggested adverse effects of toner on AMs [30].
Neither did particulate titanium dioxide (TiO,) exposure
affect relaxation or LDH release; however, fibrous TiO,
significantly delayed relaxation and increased LDH release
[31].

Chrysotile and MMMFs

CFs [2], silicon carbide whiskers [4], TiO,, and potassium
octatitanate whiskers [20, 31] appeared to have similar
toxicity. Microglass demonstrated milder toxicity than did
the other four fibers. Rock wool (RW) [32]-exposed cells
did not show toxicity in the range of the applied doses.
Apoptosis was suspected in AMs only when exposed to
silicon carbide, determined by DNA ladder detection,
TUNEL, and electron microscopy showing condensed
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chromatin in the nuclei. The nontoxic nature of RW was
confirmed by earlier clearance in rats after inhalation of
RW than chrysotile [33].

Conclusions

Magnetometric studies show that RMFs generated from
iron oxide particles in AMs following external magneti-
zation decrease rapidly. Lung magnetometry demonstrates
relaxation and clearance of magnetite from the lungs. Cell
magnetometry also demonstrates relaxation, the speed of
decrease of RMF, indicating cytoskeletal function. The
delay of relaxation generally corresponded with the release
of the cytoplasmic enzyme LDH due to cell membrane
damage. A combination of the no-observable-adverse-
effect level of magnetometric behavior with that of LDH
release from cells exposed to various substances indicates
the toxicity of chemicals. Therefore, this method could be
used for the safety screening of new industrial materials.
Further exposure studies using animals, and epidemiolog-
ical studies, are warranted for any suspected toxic chemical
substances.
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