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INTRODUCTION

Quartz particles are highly cytotoxic to rodent macrophages
in vitro.410 This cytotoxic effect is thought to be mediated
by the lysis of phagolysosomal membranes through ingested
quartz particles.? In comparison to cultured rodent
macrophages human monocytes/macrophages are more resis-
tant t0 quartz-induced cytotoxicity in vitro.5 Exposure of
human macrophages to quartz mainly leads to the formation
of fibroblast-proliferating factors and to the release of
mediators which activate neutrophils to generation of oxygen
species.?# This stimulatory action of quartz dust DQ 12 on
human macrophages in vitro is morphologically paralleled
by the development of a labyrinth of dilated vacuolar spaces
within the cells.! Sequential analysis of quartz-exposed
human macrophages by means of transmission electron
microscopy further indicates the manifestation of specific
autophagolysosomal processes which result in a vacuolar net-
work filled with degradation products intrinsic to the cell in
addition to quartz particles. From this study,! it has been
concluded that human macrophages in vitro develop a pro-
tection mechanism against toxic quartz particles which is
initiated by phagocytosis and which results in consecutive
cell stimulation.

In the present study we report about surface alterations in
human monocytes/macrophages in vitro which are induced
by quartz DQ 12 and which further explain the considerably
higher resistance of human macrophages to quartz particles
in vitro.

MATERIALS AND METHODS

Cell Cultures

Isolation of human monocytes from peripheral blood in
Ficoll-Hypaque gradient and cultivation of monocytes to
maturation of cells with characteristics of macrophages has
already been described in detail 57

For transmission electron microscopical studies 25X 10°
mononuclear cells were seeded in tissue culture flasks (Falcon
3013), for scanning electron microscopy 2.5X%10% cells
were distributed on tissue culture plate with 24 wells (Falcon
3047, Multiwell tissue culture plate) containing round glass
coverslips with a diameter of 12 mm. After removing of non-
adherent cells monocytes were cultivated for 7-14 days to
differentiate into mature macrophages as already

reported 67 The cells were then incubated with 100 pg
quartz DQ 12 (particle size < 5um) per ml medium for 2,
24 and 48 hours. Cell viability has been tested by dye exclu-
sion test.

Transmission Electron Microscopy

For transmission electron microscopy the cells were briefly
fixed in situ by the addition of 2% buffered glutaraldehyde.
After gently shaking to remove the cells from their substrate
the cells were spinned down, pelleted and postfixed with
osmium tetroxide. They were then dehydrated in a graded
series of ethanol, and embedded in Araldite. Ultrathin sec-
tions were investigated in 2 Philips 400T electron micro-
scope.

Scanning Electron Microscopy

For scanning electron microscopical investigations the cells
were fixed in situ with buffered glutaraldehyde, post-fixed
with osmium tetroxide and dehydrated in a graded series of
ethanol. After short immersion in hexamethyldisilazane the
celis were air dried according to the method of Nation,5
coated with gold, mounted and anatyzed in a Philips SEM
515 electron microscope.

RESULTS

At concentrations which are highly cytotoxic to guinea pig
macrophages, human monocytes/macrophages react with a
considerable higher survival rate (Figure 1). Macrophages
which had been exposed to 100 pg/ml quartz DQ 12 for 48
hours display a vacuolar network filled with flocculent
material and quartz particles (Figure 2) but no signs of
cytotoxicity. No disruptions of lysosomal membranes were
ever detected. The morphological picture rather results from
processes of cell activation induced by quartz particles in
vitro. The dilated vacuolar network is open to the ex-
tracellular space (Figure 2, Figure 3), so that the in-
travacuolar degradation products as well as the quartz par-
ticles are exposed to the extracellular micro-environment.

Connections between quartz-induced labyrinth formation and
extracellular space—supposed to occur for the analysis of
transmission electron micrographs!—are also evident in cell
samples which have been exposed to 100 pg/ml quartz DQ
12 for 24 hours and subsequently investigated by scanning
electron microscopy. As is indicated in Figure 6, deep in-
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dentations or “holes’ can be seen on the surfaces of nearly
all macrophages. One single foramen is usually characteristic
for these cells. Since the formation of foramina can never
be observed in cultured control macrophages (Figure 4) nor
in cells being exposed to shorter times (2 hours, Figure 5)
of the same quartz dust concentration, ‘holes’ are
characteristically late phase alterations in otherwise vital
cells. A comparison between Figure 3 and Figure 6 clearly
indicates the similarity between sections through parts of
dilated vacuoles containing fingerprint-like structures! and
the formation of a foramen on their surface.

DISCUSSION AND CONCLUSIONS
Results obtained by scanning electron microscopy (presented

in this paper) and by transmission electron microscopy! in-
dicate that cultured human monocytes/macrophages display
unique features upon contact with toxic quartz particles. The
higher resistance of the cells to quartz concentrations which
are toxic for animal cells is underlined by a special
mechanism of phagocytosis in combination with
autophagolysosomal processes’ and cell secretion.3-# Similar
observations have never been reported to occur in silica-
exposed rodent macrophages. Therefore, the effects
demonstrated by us are species specific characteristics of
human cultured monocytes/macrophages which have been
exposed to quartz particles.
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Figure 1. Effect of quartz DQ 12 on the survival rate of guinea pig alveolar macrophages and of human

macrophages in vitro.
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DQ 12 in vitro. Development of a vacuolar network containing quartz particules
and flocculent material. Transmission electron micrograph. Magn. x25000.
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Figure 3. 12 days old human macrophage after incubation with 100 pg/ml quartz DQ 12
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Figure 4. Human macrophages from a 12 days old culture. Scanning electron micrograph.

1463



Poster Session IIT

1464

” .
f.l.(a t':
.FL').-',_ ™

z’-‘. -

=
.-

" r/f: -

Figure 5. Scanning electron micrograph of a human macrophage after exposure to
100 pg/ml quartz DQ 12 for 2 hours in vitro.
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Figure 6. Scanning electron micrograph of a human macrophage after exposure to 100
pg/ml quartz DQ 12 for 24 hours, displaying characteristic ‘holes.’
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MEDIATORS(S) FROM HUMAN MONOCYTES/MACROPHAGES INDUCED
BY QUARTZ DUST DQ12 OR COAL MINE DUST TF-1 ARE LEADING TO
RELEASE OF OXYGEN RADICALS FROM HUMAN GRANULOCYTES
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INTRODUCTION

Pneumocoeniosis is a chronic inflammatory and fibrotic lung
disease caused by long-term inhalation of quartz dust or
quartz containing dust. Inhaled dust particles with a mass
median acrodynamic diameter less than 5 um may overcome
the mechanisms of lung clearance and gain access to regional
lymphatic tissue, hilar lymph nodes and subpleural ag-
gregates. Here we find the typical fibrotic nodules, which
consist of quartz dust laden alveolar macrophages, lym-
phocytes, polymorphonuclear granulocytes and fibroblasts.
Alveolar macrophages scem to play a central role in the
development of fibrotic tissue changes in the lung. Several
authors reported that alveolar macrophages can influence the
activity of inflammatory processes by production and secre-
tion of soluble cytokines.4-:6.8.11 Particular attention must
be paid to the activation of polymorphonuclear granulocytes
{(PMN), since an increased immigration of PMN in the lung
tissue, especially in the early phases of pneumoconiosis, has
been reported by several investigators. "% Human PMN are
potent inflammatory cells and their importance in the
development of pneumoconiosis may be due to the effects
of secretory products of activated PMN as f.e. collagenases,
elastases, proteolytic enzymes, and especially reactive ox-
ygen radicals (ROS).2 Besides, activation of prolylhydrox-
ylase, a key enzyme in collagen synthesis, by superoxide
anion has been reported.? Therefore, we investigated
whether cultivation of human monocytes/macrophages under
exposure to quartz dust DQ12 or a typical coal mine dust
from the Ruhr-area could lead to the liberation of mediators,
which in tum could activate PMN. Since toxicity of PMN
is largely dependent on their generation of free oxygen
radicals, we examined the activation of the oxidative burst
of PMN by supernatants of quartz or coal mine dust exposed
cultures of human mononuclear cells. Furthermore, we
studied the morphological changes of PMN under influence
of quartz dust induced mononuclear cell supernatants with
a transmission electron microscope.

MATERIALS AND METHODS
Cell Cultures

Isolation of human monocytes and PMN from the peripheral
blood of healthy donors by Ficoll-Hypaque density cen-
trifugation as well as the matoration of monocytes to cells
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with characteristics of macrophages have been described in
detail.!?

Dust Samples

Quartz dust DQI12 was used as fibrogenic stimulus for
cultures of human mononuclear cells. This is Dorentruper
crystall quartz flour (grinding No.12) with a particle size 5
pm. Furthermore a typical coa! mine dust (TF-1, fraction
BAT-II} from a colliery of the Ruhr-area was tested. It is
characterized by a high mineral content (95 weight%), a
quartz content of 10.6 weight% and a grain size distribution
from 0.5 to 2.5 um.!® Electrocorund (BAR 3 S, particle
size < 5 pm) was used as non cytotoxic control.

Detection of Free Oxygen Radicals

Measurement of formation of reactive oxygen specics, in par-
ticular of superoxide anion, from activated PMN was per-
formed using lucigenin dependent chemiluminescence
(CL).! For this purpose we either used a 6-channel
luminometer (LB9505, Berthold, Wildbad, FRG) or a
microtiterplate image luminometer (C-1966, Hamamatsu
Photonics Europe, Herrsching, FRG) as reported
earlier. 2:14.13 Furthermore, we studied the activation of the
oxidative burst of PMN applying the cytological nitroblue
tetrazolium reduction capacity test (NBT test): the percent-
age of detectable “‘formazan-cells’*—associated with the up-
take of nitro-blue tetrazolium and its reduction to formazan—
reflects the activation of PMN by oxidative processes,!?

Blological and Biochemical Characterization
of Mediators

In order to approach the nature of the mediator(s) in the
supernatants of dust treated cultures of mononuclear cells
we analyzed the dose effect relationship, the thermostabili-
ty, and the effect of treatment of the mediators with various
enzymes.13-14 Preliminary estimation of the molecular
weight of the mediator(s) involved were performed using
HPLC gelfiltration techniques (TSK 2000) as reported
previously.!# In order to evaluate the cellular origin of the
mediator(s) responsible for the activation of PMN we isolated
monocyte depleted and monocyte enriched cell suspension
and incubated them with quartz dust DQ12 (50 pg/ml, 24h).
Cellular composition of isolated cell suspensions was deter-



mined by cell surface marker analysis with an Ortho
cytofluorograph (model 50 H) using FITC-Iabelled mouse
monoclonal antibodies as described earlier. !4

RESULTS

Supernatants of quartz dust DQ12 treated mononuclear cells
are capable of stimulation of human PMN to a highly signifi-
cant and long lasting chemiluminescence, which reflects the
release of superoxide anion from activated PMN.! The
mediator(s) in the supernatants responsible for this effect
were called *‘Granulocyte Activating Mediator(s).”
“GRAM’’. However, this activation of PMN was strictly
dependent on the sort and dose of dust used for production
of supernatants. Highest values of CL of PMN were ob-
tained with supernatants from mononuclear cells exposed to
50-100 pg/ml quartz dust DQ12 for 24 hours. Even the tested
coal mire dust TF-1 was able to release GRAM’s from
mononuclear cells,’* but in contrast to quartz dust DQ12
peak values of CL of PMN were obtained using 200 pg/ml
TF-1 for production of supernatants. Interestingly, elec-
trocorund, known for its non-fibrogenic behaviour, was
unable to release GRAM’s from mononuclear cells. ' Fur-
thermore, we analysed the influence of the time of exposure
of quartz dust DQ12 to mononuclear cells on the release of
GRAM'’s. After an incubation period of only 4 hours low
amounts of GRAM’s were detected. Highest values were
measured after an incubation period of 24 hours.!* After 48,
72, and 96 hours of incubation release of GRAM’s was
reduced to approximately 50% of the peak value obtained
after 24 hours. Therefore, supernatants harvested from
cultures of mononuclear cells exposed to 50 pg/ml quartz
dust DQ12 for 24 hours were used as “‘standard-GRAM"’
for further characterisation of GRAM. Exposure of PMN
to *‘standard-GRAM™’ in the NBTHest led to a threefold in-
crease in the formation of formazan-cells.!2:14 This result
again underlines the activation of the oxidative burst of PMN
by GRAM’s. We also analyzed the morphological changes
of PMN exposed to GRAM with a transmission electron
microscope. We found, that in contrast to control cells PMN
which were exposed to GRAM for 15 min. present marked
signs of chemotactic activity as can be seen by changes of
the cel! shape and development of a leading lamella. After
an incubation period of 45 min. PMN seem to enlarge to
some extent. After 60 min. of incubation we found a reduc-
tion of chemotactic activity. Additionally, we detected a loss
of intracytoplasmatic granules, indicating the release of
lysosomal products.!2.14 In further studies we investigated
some biclogical and biochemical properties of GRAM. The
chemiluminescence inducing activity of standard-GRAM was
detectable up to a dilution 1:16.14 Activity of GRAM was
progressively diminished by heat treatment and was abolished
after boiling of supernatants.!4 After treatment of GRAM
with hydrolytic enzymes and subsequent testing of the re-
maining CL induction on PMN, it was demonstrated that
GRAM is relatively stable towards ribonuclease,
neuraminidase and trypsin, whilst chynmypsm and protease
significantly reduced the activity.!3:'* Preli estima-

tions of the molecular weight of GRAM using HPLC
gelfiltration techniques indicated that the chemiluminescence
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inducing activity of GRAM is probably caused by two
substances with a m.w. of about 10 kDa and 20 kDa resp. !4
In further studies we investigated the cellular origin of
GRAM. Therefore, we incubated monocyte enriched and
monocyte depleted cell suspensions with 50 pg/ml quartz dust
DQ12 for 24 hours. Supernatants were harvested and tested
on their ability to induce chemiluminescence of PMN. Results
demonstrated that monocyte depleted cell cultures (95% lym-
phocytes, 5% monocytes/macrophages) were unable to
release sufficient amounts of GRAM. Cultures of mono-
nuclear cells consisting of 17% or 50% of monocytes/macro-
phages were strong inducers of release of GRAM.* Data
suggest that monocytes/macrophages and not lymphocytes
are the main producers of GRAM.

DISCUSSION AND CONCLUSION

Results presented demonstrate that human 'macro-
phages in culture release a soluble mediator(s) following in-
cubation with quartz dust DQ12 or coal mine dust TF-1. The
mediator(s) stimulates human PMN to the release of reac-
tive oxygen species, especially of superoxide anion.
Therefore, we named this mediator(s) ““Granulocyte Ac-
tivating Mediator(s),”” *“GRAM"’. Some important character-
istics of GRAM are summarized in Table I: Human mono-
cytes/macrophages are able to release GRAM’s if stimulated
with low amounts of fibrogenic dust particles (quartz dust
DQ12 or coal mine dust TF-1 were tested). The relative ther-
moresistance of GRAM and the sensitivity of GRAM against
treatment with protease or chymotrypsin suggest a protein
nature of GRAM. Preliminary determination of the molecular
weight of GRAM indicates that two molecules {or two parts
of one molecule) with a m.w. of approximately 10 kDa and
20 kDa resp. are responsible for the observed chemilumi-
nescence. Besides the enhancement of the oxidative burst of
PMN by GRAM we observed the induction of stong chemo-
tactic changes as well as the release of lysosomal products
from GRAM treated PMN in a time dependent manner by
uitrastructural analysis. Taken together our results present
an jn vitro example of possible non-direct mechanisms of
quartz- and coal mine dust pathogenicity. Monocytes/macro-
phages, when treated with low amounts of quartz dust DQ12
or coal mine dust TF-1 release a soluble cytokine like
mediator(s}, which then in turn activates human PMN to pro-
duction of reactive oxygen species. Oxygen species could
either directly be toxic and thus lead to alveolar damage?:16
or could enhance activity of prolythydroxylase, a key en-
Zyme in collagene synthesis.?2 Furthermore, the chemotac-
tic effects of GRAM on PMN may explain the immigration
of PMN in the early phases of silicosis.

In previous studies we reported that human monocytes
/macro-phages under influence of quartz- or coal mine dust
release a “‘Fibroblast Proliferation Factor,” *‘FPF”’ 7,19
The question whether FPF and GRAM are identical has not
yet been investigated. Therefore, further research concern-
ing biological and biochemical properties of the mediators
described is needed. Our investigations as done so far point
to new mnon-direct, cytokine mediated mechanisms of
pneumoccniosis. Measurement of the release of such
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mediators may be helpful to estimate the noxious effects of

Table I

Important Characteristics of Quartz and Coal Mine Dust Induced Granulocyte Activating Mediator(s)
GRANULOCYTE ACTIVATING MEDIATOR (GRAM)

Source:

Inducing
Agent:

Molecular:

o — o —— ——— —————— — - ———— — — T

Human monocytes/macrophages

Quartz dust DQl2, Coal mine dust TF-1

S A o S P e s il e e L e e e — -

one (part of a) molecule with m.w. about
20 kda

Weight: - another (part of a) molecule with m.w.
just <10 kda (preliminary estimation,
reduced by data from HPLC gel-
filtration)

Stability: 56°C, 60 min - 37% loss of activity

80°C, 60 min - 58% loss of activity
100°C, 60 min - 81% loss of activity

Sort of

molecule: Protein nature

respirable particles.

human peclymorphonuclear granuloctes
(PMN)

Induction of chemiluminescence of PMN
Formation of Formazan cells morpho-
logical changes of PMN

Metabolic activation with release of
oxygen radicals (superoxide anion) from
PMN

chemotactic activation of PMN

4. Berardi, M., Begin, R., Rola-Plescynski, M.: Stimulation of neutrophil
chemiluminescence by alveolar macrophages from patients exposed to
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FREE RADICALS IN FRESH AND STALE COAL DUST
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INTRODUCTION

The mechanistic details of the biological events leading to
coal workers pneumoconiosis (CWP) are not yet fully
understood, despite several decades of extensive
epidemiologic'? and laboratory studies.2® Epidemiologic
studies'-? have shown, for example, that the incidence and
severity of CWP differ markedly in the different regions and
mines at comparable exposures, but laboratory
investigations?6 have demonstrated only partial correlation
of the epidemiologic data with the differences in the mineral
composition and the rank of coal mined. In particular, while
epidemiologic data indicate!? direct correlation of the
prevalence and severity of CWP with the rank (i.e., % car-
bon content) of coal, this correlation has not been established
by laboratory*® and animal exposure® studies. In order to
explain these resuits, in 1980 Artemov and Reznik’ sug-
gested that perhaps they arise from the fundamental dif-
ferences in the surface properties of the coal dusts inhaled
by the coal miners and those used in the laboratory studies:
while the miners inhale freshly fractured coal particles,
henceforth called the ‘fresh’ coal dust, the laboratory studies
generally utilize “aged’ coal dusts (i.e., dusts that have been
stored for many days or even longer). Reznik and Artemov?
used electron spin resonance (ESR) spectroscopy to show
that the mechanical crushing of some Soviet Union coals
generated organic free radicals and that the concentration and
the decay times (hence the reactivity) of these radicals were
higher for the coals of higher ranks. Since some of the
radicals decayed within a few minutes in air, the authors sur-
mised that while these radical species could lead to certain
specific pathogenic reactions at the sites of mining opera-
tions, this might not be the case in the laboratory studies,
due to the conventional use of ‘stored’ dusts which would
be expected to contain significantly smaller free radical con-
centraticns. This is consistent with the recent findings that,
standardized, aged coal dusts exhibit minimal cytotoxicity.®

While the above mentioned work of Artemov and Reznik’
did suggest a possible new clue to the pathogenesis of CWP
(i.c., the role of the coal based free radical species), no direct
biological/cytotoxicity data were provided to show that
‘fresh’ coal dusts were, indeed, more pathogenic than the
‘stale’ ones. Because of the rather significant implications
of the Artemov-Reznik hypothesis to the understanding of
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the biochemical mechanism and, hence, the strategies for the
eventual containment of CWP, we have initiated a com-
parative study of the free radical formation and cytotoxicity
propertics of freshly crushed coal particles. As done by
Artemov and Reznik,” we have used the ESR technique as
the direct method of measuring the concentration and decay
kinetics of the coal based free radicals. Our preliminary ESR
studies on two Pennsylvania coals, a bituminous {carbon con-
tent 72%) and an anthracite (95% carbon) coal, have con-
firmed the Artemov-Reznik finding that the crushing-induced
free radical sites are higher on the coals with higher carbon
content (i.e., higher rank).*!! In the present work we
describe our more recent results of a parallel study of the
time dependence of the decrease in the free radical content
of a freshly made anthracite dust (as measured via ESR) and
that of the dust’s cytotoxicity potential as measured by the
extent of hemolysis of (sheep) erythrocytes. We have also
investigated the effects of free radical scavengers on the
cytotoxicity potentia! of the dust and deduce that indeed the
free radicals could play a significant role in the initial events
in the mechanism of the cytotoxic effects due to the inhala-
tion of coal dust inhalation.

MATERIALS AND METHODS

Reagents

The anthracite coal (#PSOC-867 Carbon content = 95%)
was obtained from the Generic Respirable Dust Technology
Center, Pennsylvania State University, University Park,
Pennsylvania, USA. The samples were received as particles
of about 5 mm (longest) dimension. These particles were
hand crushed using an agate mortar-pestle arrangement to
sizes smaller than 20 microns. A mixed particle size, rather
than a specific size fraction, was used in our studies as an
effort to simulate the rather random, respirable size coal dust
particles in the mining operations. Superoxide Dismutase
(SOD) and catalase were purchased from Sigma and were
used as received.

ESR Measurements

ESR spectroscopy was used for identifying the crushing-
induced coal radicals, and to follow their concentration. The
ESR measurements were made with a Bruker ER-200D spec-
trometer operating at X-band (=9.5 GHz) frequencies, with



100 kHz field modulation. The magnetic field is controlled
via a linearized Hall probe (Bruker, model ER031M} and
calibrated with a self-tracking NMR gaussmeter (Bruker,
model ER035M). The microwave frequency was measured
with a Hewlett-Packard 5340A digital frequency counter. All
ESR measurements were carried out at room temperature.

Hemolysis Measurements

Hemolytic activity of the coal dust was measured, follow-
ing an established method, 12 as the amount of hemoglobin
released from a 4% suspension of sheep erythrocytes after
incubation with 5 mg and 10 mg of coal dust for one hour
at 37°C. The hemoglobir release was estimated via the ab-
sorbance at 540 nm using a Gioford spectrophotometer. The
procedure was phosphate buffer solution as a negative con-
trol (background) and 0.5% Triton-X-100 as a positive con-
trol (100% hemolysis). The percentage of hemolysis was
calculated as follows:

% Hemolysis = (I_, —lneg) / Upos —T neg?

where I, is the absorbance after incubation with the silica
dust, while L., and L, are those with buffer only and 0.5%
Triton-X-100, respectively.

RES{LTS AND DISCUSSION

Radical Concentration vs. Crushing Under Nitrogen
Figure 1 shows three typical, first derivative, ESR spectra
of the Pennsylvania anthracite coal (PSOC-867). Figure 1
(a) corresponds to the radicals from the stale, uncrushed par-
ticles while (b) and (c) are the spectra from 200 x 200 mesh
(smaller than 40 micron) and the 400 x 400 mesh (smaller
than 20 microns) particles. All of the signals are assigned
to the highly delocalized carbon-centered organic free
radicals, based on the measured g-value of 2.0029, Lorent-
zian lineshapes with peak-to-peak widths of about 1
Gauss.!3 Since the lineshapes and widths of all three spec-
tra are essentially the same, the peak-to-peak heights of the
first derivative spectra are proportional to the radical con-
centration in the respective preparations. It is evident that
the smaller the particle size the larger the free radical con-
centration. The measured radical concentrations for all three
samples are present in Table I.

Radical Decay In Air

As noted earlier,13 the free radical signals decreased upon
exposure of the samples to air, or oxygen. In order to in-
vestigate the effect of the crushing in air, as would be the
case in the mining environment, some particles (the more
shiny ones) were crushed in air to sizes of smaller than 25
microns and kept in air contact during ESR measurements
every five minutes over 170 hours, without disturbing the
sample or the spectrometer settings. Figure 2 shows three
typical ESR spectra taken dependence of the free radical con-
centration. We note here that the radical concentration was
measured from the areas under the ESR signal via double
integration of the derivative peaks. It is seen from Figure
2 that the radical decay pattern seems to exhibit an oscillatory
behavior up to about 24 hours after which the decay is
monotonous. While much more detailed experimentation is
necessary to establish the origin of this complex decay
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kinetics, it was found reproducible in two independent sets
of measurements. Table II lists some of the selected data
points. While the mechanism for the complex decay kinetics
is not clear, a somewhat similar fluctuational behavior was
noted in the hemolysis measurements as discussed next.

Hemolysis By Fresh vs. Stale Coal Dust

In order to determine if the freshly-crushed coal particles,
containing higher amounts of free radicals, are more cytotox-
ic than the same particles on storage, we carried out
hemolysis measurements on dust particles from the same
stock as used in the above discussed radical kinetics. The
hemolysis measurements were made for two dust concen-
trations at specific times (0-1/2, 4, 24, and 96 hours) after
crushing. The average hemolytic activity was deterrnined as
24.5% for the 5 mg/ml and 45.3% for the 10 mg/ml coal
dust samples for the 0-1/2 hour period. The other measured
values are included in Table ITI and represented graphically
in Figure 3. Both Table IIl and Figure 3 reveal that the
hemolytic activity decreased significantly as a function of
the dusts’ storage in both air and in a phosphate buffered
satine (PBS) solution. It is also seen that the air stored dust
samples exhibited a faster decrease in the hemolytic activity
as compared to the PBS-stored samples.

Effect of Radical Scavengers

The above ESR measurements on ‘fresh’ coal dust
demonstrated that the free radical sites on the coal particles
react with oxygen in the air, and that this reaction increases
the cytotoxicity of the dust particles. In order to find further
clues to the biochemical mechanism of the oxygen-radical
involvement in the cytotoxicity, hemolysis measurements
were made in the presence of several oxygen-radical
scavengers as discussed below.

Superoxide Dismutase (SOD)

The superoxide dismutase (SOD) was the first radical quen-
cher enzyme tested for its effect on the hemolysis because
SOD is known to provide an enzymatic defense mechanism
against oxygen toxicity. !4 Thus if oxygenated radicals con-
tribute to the toxicity of the fresh coal dust as measured via
hemolysis, the addition of SOD should cause a decrease in
the hemolysis. Table IV shows the results of addition of
0.5 mg/ml of SOD to the fresh coal dust samples prior to
incubation with the sheep erythrocytes. As before, the
hemolysis measurements were made at the dust concentra-
tions of 5 mg/ml and 10 mg/ml. Indeed the addition of SOD
causes a significant drop in the hemolytic potential of the
fresh coal dust. The results indicate a significant role of the
superoxide-based radicals in the hemolysis by coal dust.

Catalase

As an aid in understanding the above results with SOD, we
investigated the effect of catalase, an enzyme known to of-
fer protection against the hydrogen peroxide (H,0,) toxici-
ty, by breaking down H,0O, into H,O and O,. Table IV also
includes the hemolysis results in the presence of 0.5 mg/ml
of added catalase. It is clearly seen that the addition of
catalase decreases the hemolytic activity even more than done
by SOD.
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a BEFORE CRUSHING

AFTER CRUSHING

200 X 200 MESH
C
400 X 400 MESH
Figure 1. Time dependence of the decay of radicals in air.
Table 1
Effect of Crushing on the Anthracite (PSOC-867) Coal
Size Spin/Gram
. 16
Before Crushing 4.8 x 10
After Crushing 200 x 200 mesh 1.5 x 1017
Before Crushing 7.9 x 101°
After Crushing 400 x 400 mesh 4.3 x 1017
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PSOC—867(C=95%)

Time after grinding in air
(hours)

Figure 2. ESR spectra showing the formation of radicals on crushing.

Sodium Benzoate

As a third test, we investigated the hemolytic activity of the
fresh dust in the presence of sodium benzoate, a compound
often used tp specifically quench “OH radicals in biological
systems. 1 Sodium benzoate was added at two different con-
centrations, 0.1 mg/4 m! and 0.01 mg/4 ml. The results are

presented in Table IV wherefrom it is clear that sodium ben-
zoate decreases the hemolytic activity in a dose-response
manner but with much less efficiency than catalase or SOD,
These results suggest that the -OH radicals are not the main
species in the mechanism of the membrane cytotoxicity of
the fresh anthracite dusts.
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SPINS / GRAM ({E47)

1474

Table IT

Decay of Radicals in an Anthracite Coal Crushed

and Kept 1in Air

Time (hours) Spins/Gram

0 4.28 x 107

10 4.33 x 1017

20 4.44 x 10Y7

50 4.31 x 107

100 4.07 x 107

170 3.35 x 1017
4. - 47 .0
4. —-41.0
3.7% -35.0

et _—

5.25 -29.0
2.75 | 23.0

20.0 ’ 60.0 v 100. ) 140. 180.

TIME / HOURS

Figure 3. Correlation of the radical concentration measured by ESR, and the toxicity deduced from hemolysis

studies of fresh anthracite coal as a function of time.
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Percent Hemolysis Data for an Anthracite Coal

(PSOC-867) Crushed in Air

Time/Hoursi Percent Hemolysis
5 mg/ml 5 mg/ml 10 mg/ml 10 mg/ml
AIR BUFFER AIR BUFFER
o 24.5 24.5 45.3 45.3
4 18.5 20.0 35.5 37.5
24 20 21.7 39.3 41.0
26 17.3 20.0 32.0 40.0
176 17.0 20.5 29.0 40.0
Table IV

Effect of SOD, Catalase, and Sodium Benzoate on Hemolysis of Coal Dust

Compound
sSOoD

Catalase

Sodium Benzoate

Concentration

5 mg/ml

5 mg/ml + SOD
10 mg/ml
10 mg/ml + SOD

S mg/ml

5 mg/ml + Catalase
10 mg/ml
10 mg/ml + Catalase

5 mg/ml

5 mg/ml + 0.1 mg
Sodium Benzoate

5 mg/ml + 0.1 mg
10 mg/ml

10 mg/ml + 0.1 mg
Sodium Benzoate

10 mg/ml + 0.01 mg
Sodium Benzoate

Percent Hemolysis

31.1

8.7
46.3
24.3

29.7
10.6
47.2
23.3

32.%5
22.9

26.5
45.3
31.9

38.4
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Oxygen Atmosphere

In order to further ascertain if oxygen plays a direct role in
the cytotoxicity, not involving the mechanism of any ox-
ygenated species, we carried out comparative hemolysis

studies of coal dusts particles under flowing nitrogen gas (to
exclude oxygen) and, separately, in air. Moreover the

50 .

45 _

measurements were made for two different particle sizes,
200 x 200 mesh (<40 microns) and 400 by 400 (<25
microns). As shown in Figure 4. The results show that the
participation of oxygen is as important to the mechanism of
the fresh dust’s cytotoxicity as measured by hemolysis, in
conformity with the conclusions from the above discussed
measurements employing the oxygen radical quenchers.

404 | I FresH pusT (400)

35 @ 200 X 200
@ 400 X 400

»

30

25 4

20 .

15

MWt roxmzxT

10 .

5 mg/ml

10 mg/ml

CONCENTRATION

Figure 4. Effect of particle size and nitrogen atmosphere on the hemolysis by the fresh anthracite dust.
The data indicates mean of 7 experiments with freshly prepared dust.
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Conclusions

The above results suggest that freshly made anthracite coal
dusts are more cytotoxic than the ‘stale’ dusts from the same
stock, and that surface oxidation reactions involving free
radical sites on the coal particles play a significant role in
the dusts cytotoxicity.
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EVIDENCE FOR FREE RADICAL INVOLVEMENT IN THE TOXICITY
AND CARCINOGENICITY OF CHROMATE DUSTS

XIANGLIN SH1 = Nar S. Dalal

Department of Chemistry, West Virginia University, Morgantown, WV 26506, USA

INTRODUCTION

Epidemiologic studies of workers in chromate-ore related
industries,”? and stainless steel welding and related
occupations* have shown that they have about 20-40 times
higher risk of throat or respiratory track cancer than con-
trols. Although the actual carcinogenic substances were not
identified in these statistical studies, Cr{VI) compounds (for
example, calcium chromate, zinc chromate, and lead
chromate) were implicated as the causative agents, whereas
Cr(Ill) compounds were not suspected as carcinogens.’
These suggestions were supported by laboratory studies
wherein many Cr{VI} compounds produced sarcomas at the
implant or injection sites.!-> Squamous cell carcinomas and
adenocarcinomas closely resembling human hung cancer were
induced by intrabronchial implants of calcium chromate in
rats,%7 whereas Cr(IIT) oxide and Cr(IIl) sulfate did not in-
duce any tumor formation.5-’

‘While the mechanism of the chromate-induced carcinegenici-
ty is not fully understood, it is generally thought® that it in-
volves some damage to DNA. Specifically, it has been
reported that: a) the chromate ion, henceforth referred to as
chromate, can pass through the cell membrane and enter the
cell while CR(III) does not,? b) chromate does not interact
with either native or denatured DNA'? while Cr(III) does, !
amd ¢) the fina! Cr-DNA complex isolated from cellular reac-
tions of chromate is Cr(Ill}-DNA, with Cr(IIT) binding to
the phosphate groups.!2:!3 Thus the important question is:
since Cr(IIT) cannot pass through the membranes, how does
Cr(III)}-DNA complex form? For this to happen, Cr(VI) must
be reduced to its lower oxidation states,'# ultimately to
Cr(Ill), by some reductants in the cellular environment.
Unless this reduction occurs, the DNA would not be damaged
and therefore no chromate carcinogenicity would ensue. Thus
the reduction of chromate to its lower oxidation states seems
to be a key step in the chromate carcinogenicity.!® One of
the major reductants in cellular environments is thought to
be glutathione (GSH), both outside and inside the cells.16-18
Some evidence for the role of GSH in the chromate toxicity
was provided by recent studies showing that exposure of
hamster cells to non-toxic levels of added selemite increases
the levels of GSH as well as the Cr(VI)-induced DNA strand
breaks,!? and that such DNA strand breaks in hepatocytes
also change in direct proportion to the GSH content.20-2!
These observations were interpreted as implying that the
reduction of chromate by GSH to some reactive intermediate
is an important step in the chromate carcinogenicity.20-2! In
the present undertaking? we have used electron spin reso-
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nance (ESR) and spin-trap methodology to investigate the
reduction of chromate by GSH and find evidence for the in-
volvement of the glutathionyl radical (GS-+) as well as
Cr(V)-intermediates.

MATERIALS AND METHODS

ESR spectra were obtained at X-band (~9.7 GHz) using a
Bruker ER200D ESR spectrometer. The magnetic field was
calibrated with a self-tracking NMR Gaussmeter (Bruker,
Model ERO35M) and the microwave frequency was
measured with a Hewlett-Packard (Model 5340A) frequen-
cy counter. The spin probes, & —(4-pyridyl-1-oxide)-N-tert-
butylnitrone (4-POBN) and 5,5-dimethyl-1-pyrroline-1-oxide
(DMPO), were purchased from Aldrich, and used without
further purification since very weak or no spin-adduct signals
were obtained from the purchased sample when used alone.
K;Cr,0,, purchased from Fisher, was used as a source for
the chromate ion. All measurements were made at room
temperature.

RESULTS AND DISCUSSION

Figure 1 shows some typical ESR spectra obtained. While
an aquecus solution of 0.1 M spin trap, 4-POBN, contain-
ing either chromate or GSH alone, did not give any ESR
signal, mixtures of chromate, GSH and 4-POBN together
gave a spectrtum which was composite of the spin adduct
signal (sharp doublets of triplets) and those of Cr(V) (the
broad peaks at g = 1.995 and g = 1.985)226 (Figure la).
About ten minutes later, when the signal from Cr(V) had
decayed, a clear spectrum at g = 2.0061, consisting of only
doublets of triplets, was obtained, which is assigned to the
4-POBN-GS adduct because of its strong similarity to the
spectrum reporied earlier?® for the same adduct, the GS-
radical being produced via reaction of GSH with «-
chromanoxyl radical. The analysis of the spectrum (doublets
of triplets) in Figure la gave the nitrogen hyperfine coup-
ling ay = 15.0 G and proton hyperfine coupling a;; = 2.3
G, which compare well with those (ay = 15.13 G and ay
= 2.32 G) reported earlier.?

Additional support for this identification was obtained from
spin-trap studies with DMPO. The ESR spectrum obtained
using DMPO was composite of that of the spin adduct, a
1:2:2:1 quartet, and that of Cr(V), the broad peaks at g =
1.995 and g = 1.985, Figure 1b. The analysis of the spin-
adduct spectrum gave ay = 15.2 G and a; = 15.9 G. These
values are fairly close to those (ay = 15.4 Gand a; = 16.2
G) reported earlier®®?’ for the DMPO-GS spin adduct.
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Figure 1. ESR spectra recorded 2 minutes after mixing a
solution of [K;Cr,05] = 0.015 M, [glutathione]
= 0.15 M; (a) [4-POBN] = 0.1 M; pH = 4.0;
(b) [DMPO] = 0.1 M; pH = 7.2. The asterisks
indicate minor Cr(V) species.

Moreover the spin-adduct spectrum showed a rapid decrease
with time essentially as described previously.26-27

The spin-trap studies showed that an increase in the amount
of GSH causes to an increase in the spin adduct ESR signals
until the intensity leveled off at a molar ratio of about fif-
teen to one of GSH to K;Cr;04. No spin-adduct ESR signal
was detected for the molar ratio of less than one. We also
find direct evidence for the formation of a fairly long-lived
Cr(V) intermediate, but at molar ratios of higher than one
of GSH to K,Cr,0, in contradictiom to an earlier report.'6
In agreement with other studies, 2324 however, several dif-
ferent Cr(V) complexes were observed depending on the
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reaction conditions, as indicated by asterisks in Figure 1.
We were able to isolate the dominant, g = 1.993, species
with a yield of about 50 percent. The measured g-values for
the powder spectrum are gy = 2.007 and g ) = 1.989, with
little variation with temperature from 115 to 310 K. These
values are typical of Cr(V) solids.?® ESR measurements on
samples redissolved in water gave spectra identical with those
from the reaction mixtures (before isolation), showing the
stability of this isolated product, and reaffirming its Cr(V)
identification.

The above results also help understand two recent
reports20-2! showing that increased levels of GSH in the
cells result in increased DNA damage by Cr(VI). Our detec-
tion of the formation of GS * and Cr(V) at high GSH levels,
as true for the in vivo conditions,!® suggests that the
synergistic reactions of the Cr(V) intermediate and GS - are
perhaps responsible for the increased Cr(VI)-induced DNA
strand breaks at high GSH levels. It is thus felt that these
results open up new avenues for understanding the
mechanism of chromate-related carcinogenesis.
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