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Effects of Phospholipid Surfactant on Apoptosis Induction by
Respirable Quartz and Kaolin in NR8383 Rat Pulmonary Macro-
phages. Gao, N., Keane, M. J., Ong, T., Ye, J., Miller, W. E., and
Wallace, W. E. (2001). Toxicol. Appl. Pharmacol. 175, 217–225.

Apoptosis was measured in rat alveolar macrophage NR8383
cells challenged in vitro with respirable quartz or kaolin dust
and with the dusts pretreated with dipalmitoyl phosphatidyl-
choline (DPPC) to model conditioning of respired dusts by
interaction with a primary phospholipid component of pulmo-
nary surfactant. Quartz dust is known to induce apoptosis in
vitro and in vivo. For this study, quartz and kaolin were com-
pared as dusts of similar cytotoxicity in some in vitro assays but
of differing pathogenic potential: quartz can cause significant
pulmonary fibrosis while kaolin generally does not. NR8383
cells exposed to native quartz at concentrations from 50 to 400
mg/ml for 6 h showed a dose-dependent increase in apoptosis

easured by the TdT-mediated dUTP-fluorescein nick end
abeling (TUNEL), cell death ELISA, and DNA ladder forma-
ion assays, while native kaolin induced significant response
nly at the higher concentrations and only in the TUNEL and
LISA assays. For cell challenge from 6 h to 5 days at 100

mg/ml of dust, quartz was active at all times while kaolin was
ctive only at 5 days. DPPC pre-treatment suppressed quartz
ctivity until 3 days and kaolin activity through 5 days. Cellu-
ar release of lactate dehydrogenase, measured in parallel ex-
eriments to compare dust apoptotic and necrotic activities,

ndicated that components of serum as well as surfactant may
ffect kaolin in vitro expression of those activities.
Key Words: apoptosis; cell death ELISA assay; dipalmi-

oylphosphatidylcholine; DNA ladder formation assay; kaolin;
actate dehydrogenase assay; pulmonary fibrosis; pulmonary sur-
actant; quartz; rat macrophage NR8383; respirable dust; serum;
urfactant; TUNEL assay.

Exposure to silica dust can result in lung inflammat
fibrosis, and cancer (IARC, 1997). Exposures to respir
kaolin aluminosilicate dust are not known to present s
significant risk for pulmonary disease. In workers expose
kaolin dust during the milling and bagging of kaolin, there

an increased prevalence of pneumoconiosis, however, kao
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clay mineral-induced disease typically was not as severe a
induced by quartz (Schulz, 1993). Seemingly counter to thin
vitro membranolysis or cytotoxicity assays have found ka
dust and some other nonpathogenic dusts to express cyt
activity comparable to that of quartz dust, as measure
several cellular assays, e.g., LDH,b-glucuronidase, andb-N-
acetyl glucosaminidase release. (Vallyathanet al., 1988)
Therefore quartz and kaolin dusts are being compared for
in vitro activities that might identify bases for their appar
differences for disease risk. Quartz is known to be active
apoptosis induction (Leighet al., 1997); the current stud
provides a direct comparison of kaolin. Dusts are comp
both in their native state and after incubation in the prim
phospholipid component of pulmonary surfactant. This i
model, in part, the conditioning of the surfaces of parti
depositing in the deep lung bronchioles or alveoli.

Mechanisms involved in the development of silica-indu
pathological changes have not been fully defined. When r
rable particles or fibers deposit in a pulmonary alveolus,
interact with the pulmonary fluids coating the epithelial
surface. Previous studies have shown that dipalmitoyl p
phatidylcholine (DPPC) is adsorbed from dispersion in ph
ological saline by quartz and kaolin particles and suppre
the otherwise promptin vitro cytotoxicity of the dusts (Wallac
et al., 1985). Acellular studies have shown that phospholi
enzymes can digest DPPC from the dusts, with a conse
restoration of cytotoxic activity (Wallaceet al., 1988, 1992).In
vitro studies have found that cellular processes can d
quartz- and kaolin-adsorbed DPPC (Hillet al., 1995) and ca
restore quartz toxicity (Liuet al., 1998). Some observatio
indicate that pulmonary alveolar or interstitial macropha
play a central role in the development of inflammation
fibrosis (Flint, 1988; Martinet al., 1984; Adamsonet al.,
1989). When exposed to silica particles, various cytok
growth factors, and free radicals are generated in the
(Rom, 1991; Blackfordet al., 1994; Piguetet al., 1990; Wil-
liamset al., 1993) and are thought to play an important rol
the development of silica-induced inflammation. In additio
silica per se, some of these substances may induce apo

linApoptotic cells are frequently observed in bronchoalveolar
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218 GAO ET AL.
lavage fluid in silica-induced pneumoconiosis (Leighet al.,
997). Apoptosis is a mechanism of cellular death believe
lay an important role in a wide variety of physiologi
onditions (Thompson, 1995) and in the resolution of infl
atory reactions. Shrinkage of cells accompanied by un
NA fragmentation, about 180–200 bp, caused by the ac

FIG. 1. Lactate dehydrogenase activity induced by quartz and kao
NR8383 rat alveolar macrophages (AM) after challenge for 6 h. Signifi
LDH activities were observed in both quartz and kaolin-treated AM. Va
represent the mean LDH activity (U/L )6 SE for five replications of th

xperiment. **Statistical significance comparing quartz or kaolin to contr
etermined by Dunnett’st test,p , 0.01.

FIG. 2. Time course of untreated and DPPC-treated quartz and kao
100 mg/ml of dust. Controls were cells in growth medium only. Values r
tatistical significance comparing untreated or DPPC-treated quartz to con
to

-
ue
a-

ion of an endonuclease, are characteristic features of
ndergoing apoptosis. Deregulation of apoptosis may con
te to the pathogenesis of many diseases, ranging from c

o acquired immunodeficiency syndrome (Waringet al., 1991)
The purposes of this study were to determine whether r

able-sized kaolin as well as quartz particles could ind
poptosis in NR8383 rat pulmonary macrophagesin vitro; to
easure the effect of DPPC surfactant pretreatment o
usts on the apoptotic response; and to compare this
ust-induced necrosis. Apoptosis was evaluated by cell
hology, TdT-mediated fluorescein nick end labe
TUNEL), cell death ELISA, and DNA ladder formation a
ays; necrosis was assayed by cellular release of lactate
rogenase (LDH).

MATERIALS AND METHODS

Mineral dusts. Min-U-Sil 5 respirable quartz dust (U.S. Silica Corpo
tion, Berkeley Springs, WV) was determined by X-ray diffraction to be 99
alpha quartz with 98% of particles smaller than 5mm area equivalent diamet
The specific surface area of this quartz dust was 3.97 m2/g as measured by BE

2 gas adsorption (Brunaueret al., 1938). A sized fraction of respirable kao
dust (Georgia Kaolin Mills, Augusta, GA) used was at least 95% alumin
cate with no crystalline quartz detected by X-ray diffraction, with 99% o
fraction , 5 mm area equivalent diameter. The specific surface area o
aolin dust was 13.25 m2/g as measured by BET N2 gas adsorption.

Surfactant. Dipalmitoyl phosphatidylcholine (Calbiochem, San Die
A) was ultrasonically dispersed into 0.165 M NaCl physiologic salt solu

PSS), at 5 mg DPPC/ml PSS, followed by centrifugation at 1500g for 10 min
o remove nondispersed DPPC. Quartz and kaolin were mixed in this d

in
nt
s

s

expression of LDH activity in NR8383 rat alveolar macrophages after e
esent the mean LDH activity (U/L)6 SE for five replications of this experime
lin
epr
trol as determined by Dunnett’st test at *p , 0.05, **p , 0.01.
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219EFFECTS OF PHOSPHOLIPID SURFACTANT ON APOPTOSIS
sion at a ratio of 0.1 g DPPC/g quartz and 0.2 g DPPC/g kaolin and
centrifuged at 1500g for 10 min. The supernatant was discarded, and the
were resuspended in complete RPMI 1640 medium to desired concentr
Prior studies of these preparations had shown that the quartz adsorbs a
mg DPPC/g and the kaolin adsorbs about 150 mg DPPC/g as multil
Approximately 20 mg DPPC/g quartz and 80 mg DPPC/g kaolin provid
bilayer covering that is stable to rinsing and fully suppresses hemolytic ac
(Wallaceet al., 1992).

Cell culture. NR8383 (American Type Culture Collection, ATCC, Ma
assas, VA) is a rat alveolar macrophage cell line derived by lung lavag
normal adult male Sprague–Dawley rat. NR8383 cells were maintaine
monolayer culture in RPMI 1640 culture medium supplemented with 2
L-glutamine, 1.5 g/L sodium bicarbonate, 10% heat-denatured fetal b
erum, and 1% penicillin–streptomycin solution. The cells were cultur
7°C in a humidified incubator with 5% CO2.
Five million cells were seeded in each well of a 6-well plate for

viability, morphology, TUNEL, and DNA ladder assays, and 13 105 cells in
.1 ml medium were seeded into each well of a 96-well plate for ELISA a
ll cultures were incubated at 37°C and 5% CO2 for 24 h to permit ce
dherence; and culture medium then was removed by suction. Cells
hallenged for 6 h with untreated and DPPC-treated quartz and kaolin
entrations of 50, 100, 200, or 400mg/ml; and cells were incubated at a d

concentration of 100mg/ml for selected times of 6 h to 5 days.

Cytotoxicity analysis. Cell damage was determined by measuring L
activity in the culture media using an LDH assay kit (Roche Diagnos
Indianapolis, IN).

Cell morphology. Seventy-five microliters of cell suspension was pla
on a cytospin slide and centrifuged at 600 rpm for 7 min (Shandon, Pittsb
PA), fixed in cold methyl alcohol for 5 min, and stained with Diff-Quik (Da
AG, Miami, FL). The slides were air dried and examined by light microsc
under oil immersion (10003). At least two slides were made for each sam

FIG. 3. Photomicrographs of Diff-Quik-stained NR8383 rat alveolar
(C) 200mg/ml quartz, and (D) 100mg/ml kaolin. Cells were challenged w
whereas kaolin did not induce apoptosis at 50 to 200mg/ml and caused l
segmented nucleus. Magnification 10003 (oil) in bright field.
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TUNEL assay. Apoptosis was determined by the terminal deoxynuc
tidyl transferase (TdT)-mediated dUTP-fluorescein nick end labeling a
which measures the fragmented DNA of apoptotic cells by catalytically i
porating fluorescein-12-dUTP at 39-OH DNA ends using the enzyme TdT. T
fluorescein-12-dUTP-labeled DNA can then be visualized directly by flu
cence microscopy. A 75-ml cell suspension aliquot (13 106 cells/ml) was

rophages after treatment with quartz or kaolin: (A) control, (B) 100mg/ml quartz
uartz or kaolin for 6 h. Quartz caused apoptosis in rat AM at 50 to 400mg/ml,

ed apoptosis at 400mg/ml. Apoptotic cells (arrows) have a dark, conden

FIG. 4. Apoptotic cells induced by quartz and kaolin in NR8383
pulmonary macrophages after challenge for 6 h using fluorescein assay. Valu
represent the mean apoptotic cells (%)6 SE for five replications of th

xperiment. **Statistical significance comparing quartz or kaolin to contr
etermined by Dunnett’st test atp , 0.01.
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220 GAO ET AL.
placed on a cytospin slide and centrifuged at 600 rpm for 7 min and fix
immersing slides in freshly prepared 4% methanol-free formaldehyde so
in PBS for 25 min at 4°C, with repeat washing of the slides by immersi
fresh PBS for 5 min at room temperature. Cells were permeabilize
immersing the slides in 0.2% Triton X-100 solution in PBS for 5 min. Sl
were rinsed with PBS for 5 min, covered with 100ml of equilibration buffe
for 5–10 min at room temperature, and, after removal of the buffer, incu
with 50 ml of TdT incubation buffer for 60 min at 37°C inside a humidifi
hamber. The reaction was terminated by immersion of the slides in s
hloride and sodium sulfate for 15 min at room temperature. The slides
ashed three times with PBS for 5 min at room temperature. Cells were s
y immersing the slides in 40 ml of 1mg/ml propidium iodide in PBS for 1

min at room temperature in the dark. Slides were washed three time
deionized water for 5 min, drained, and a drop of Anti-Fade solution was a
to the area containing the treated cells. Cells were mounted using
coverslips and were analyzed immediately under a fluorescence micro
using a standard fluorescein filter set to view the green fluorescen
fluorescein at 5206 20 nm and the red fluorescence of propidium iodid
.620 nm.

Cell death ELISA assay. For the detection of oligonucleosomes in cy
plasmic fractions of the cells, the samples were processed and analyze
the Cell Death Detection enzyme-linked immunosorbent assay kit (Boeh
Mannheim, Indianapolis, IN) using monoclonal antibodies directed ag
DNA and histones. Cells (13 105) from each sample were processed; 5
cells were used for each reaction, and triplicate reactions were perform
each sample. Cell medium was removed and washed with incubation
three times, and rinses were removed. Lysis buffer (200ml) was added to eac
well and incubated for 30 min at room temperature. The lysate was centr
at 200g for 10 min and 20ml of supernatant was transferred into the stre
idin-coated microtiter plate (MTP) for analysis. The immunoreagent
ontaining anti-DNA-peroxidase and anti-histone-biotin, was added to
ell (80 ml), the MTP was covered with an adhesive cover foil, and the

was incubated for 2 h at room temperature. The solution was remo
thoroughly by tapping, rinsing wells three times with 250–300ml of incuba-
tion buffer per well, and the washing buffer solution was removed care
2,29-Azino-di[3-ethylbenzthiazolin-sulfonate] (ABTS) substrate solution (
ml) was pipetted into each well and incubated for 5 min. Absorbance
measured at 405 nm against substrate solution as a blank.

DNA ladder assay. The samples were analyzed using the Suicide-T
DNA Ladder Isolation Kit (Oncogene Research Products, Cambridge,
according to the manufacturer’s protocol. Cell suspensions (53 105 to 1 3
106 cells) were transferred to a microcentrifuge tube and centrifug
1000g for 5 min at room temperature. The supernatant was removed
the cell pellet was resuspended in 500ml extraction buffer, incubated for 3
min on ice, and centrifuged at 15,000 –16,000g for 5 min at room tempe
ature. The supernatant was carefully removed and transferred to a
tube. A solution (20ml) for the degradation of RNA in the cell lysate w
added; samples were incubated at 37°C for 60 min; 25ml of solution for
solation of DNA from the cell lysate was added and mixed gently; an
amples were incubated at 50°C overnight. Pellet Paint Coprecipita

ml), 60 ml 3 M sodium acetate, pH 5.2, and 662ml 2-propanol were adde
the solution was mixed by inversion and incubated at room temperatu
2 min and then centrifuged at 15,000 –16,000g for 5 min. The supernata

as removed and the pellet was rinsed with 500ml 100% ethanol an
centrifuged at 15,000 –16,000g for 5 min. The supernatant was remov

nd the pellet was air dried by placing the inverted tube open o
enchtop for a few minutes at room temperature and resuspended inml

of resuspension buffer. The DNA ladder sample (20ml) was transferred t
a clean centrifuge tube; 2ml loading buffer was added and the sample
oaded onto the gel. Gel electrophoresis was run at 5 V/cm for 2 h in TAE
uffer (Tris base, acetic acid, and EDTA) containing 0.5mg/ml ethidium

bromide. DNA ladders were visualized by UV illumination.
 c
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Statistical analysis. Values are presented as means6 SE. Statistica
ifferences between control and treated groups were determined by Du
test to take into account that thet tests are correlated, which increases
tatistical power, and also to control for the multiple comparisons, w
owers the power. Differences were considered statistically significant ap #

.05; significance atp # 0.01 also was calculated.

RESULTS

Quartz and Kaolin-Induced Macrophage Injury

Quartz and kaolin caused a dose-dependent increase in
release from NR8383 cells (Fig. 1). Exposure to 50, 100,
or 400mg/ml of untreated quartz for 6 h resulted in statistical
ignificant LDH release above the control, with a monot
ncrease in LDH release with increasing quartz concentra
ell challenge for 6 h with native kaolin resulted in significa
DH release at the two highest kaolin concentrations of
nd 400mg/ml; response was not significant at the lower ka

concentrations. At the two highest dust concentrations, n
kaolin expressed about two-thirds the activity of native qu
in this LDH assay.

Figure 2 shows that challenge of cells over a 5-day pe
with native quartz or with native kaolin at 100mg/ml caused
time-dependent increase in LDH release, which was signifi
at p , 0.01 for quartz at all time points and was significant
kaolin atp , 0.01 at 3 and 5 days. DPPC treatment dela
significant quartz-induced LDH activity until 3 and 5 days.
5 days the effect of DPPC treatment was no longer seen

Quartz and Kaolin-Induced Apoptosis in NR8383 Cells

Morphological indications of apoptosis in NR8383 c
were seen in cells 6 h after challenge by quartz at 50 to 4
mg/ml and by kaolin at 400mg/ml. Figures 3A–D are repr
sentative photomicrographs (10003) of cells incubated for 6
with medium control (A), 100mg/ml quartz (B), 200mg/ml
quartz (C), and 100mg/ml kaolin (D), respectively. Contr
cells are rounded with uniformly large, light purple nuclei
normal cytoplasm. In contrast, Figs. 3B and 3C show qu
(100 and 200mg/ml)-treated cells with dark, shrinking nuc
indicative of nuclear condensation common to apoptosis.
clear disintegration is also apparent in some cells, chara
ized by a dark, condensed, segmented nucleus. Figur
shows that cells exposed for 6 h to kaolin at 100 mg/ml
concentration have a morphology consistent with control c
with no apparent apoptotic cells.

Figure 4 shows the proportion of apoptotic cells (%) indu
by quartz and kaolin in NR8383 cells after exposure for 6 h at
dust concentrations from 50 to 400mg/ml as measured by t
TUNEL fluorescein assay. (Leighet al., 1997). Native quart
hallenge caused a statistically significant increased perce
f apoptotic cells above background at all native quartz
oncentrations and percentage of apoptotic cells increase
d with
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221EFFECTS OF PHOSPHOLIPID SURFACTANT ON APOPTOSIS
increasing dust concentration. Kaolin induced a signifi
response only at the highest concentration ( 400mg/ml ).
Representative illustrations of these TUNEL assay data
shown in the fluorescence photomicrographs in Fig. 5. No
cell nuclei are stained red by propidium iodide; fragme
DNA typical of apoptotic cell nuclei additionally incorpora
the green fluorescein label. The combination results in
appearance of yellow fluorescent apoptotic cell nuclei.

Results of cell death ELISA assay of control and dust-tre
cells are shown in Fig. 6. Cell challenge by native qu
resulted in a dose-dependent increase in cytosolic his
bound DNA fragments, measured by optical density. Na
kaolin induced significant response at the two highest con
trations. At the highest native dust concentration, the n
quartz expressed about two and a half times the activity o
native kaolin.

Cells also were challenged over a 5-day period at a con
tration of 100mg/ml of native or DPPC-treated quartz or kao

nd assayed at 6 and 12 h and 1, 3, and 5 days by the cell
LISA assay, with results shown in Fig. 7. Native qu

nduced a time-dependent increase in apoptosis over a
eriod, which then decreased gradually with exposure
etween 1 and 5 days, while remaining significant atp , 0.01

at all times. Challenge with native kaolin resulted in no acti
at 6 h through 3 days, with activity significant atp , 0.01
expressed at 5 days. DPPC pretreatment of quartz supp
apoptotic activity to background levels over a 1-day period
this activity was restored and was significant atp , 0.01 at 3
and 5 days after cell challenge. No apoptotic activity was fo
in cells challenged with DPPC-treated kaolin.

To further confirm the results of morphology, TUNEL a
cell death ELISA assays for apoptotic response, a DNA
rose gel study tested for the presence of internucleosomal
fragmentation, which is a characteristic feature of apop
cells. As shown in Fig. 8, treatment of NR8383 with na
quartz for 6 h atconcentrations from 50 to 400mg/ml resulted
in readily seen DNA ladder formation; there appeared to
qualitative dust concentration-dependent increase in inte
of the ladder bands. Native kaolin at concentrations from 5
400 mg/ml did not appear to result in DNA ladder format
qualitatively discernable above controls. Figure 9 shows
result of DNA ladder assays of cells after treatment ov
5-day period at a concentration of 100mg/ml of untreated an
DPPC-treated quartz dust. Native quartz resulted in vi
DNA ladder formation at all time points; the activity appea
to decrease with time after the 12-h point. DPPC pretreat
of quartz suppressed its DNA ladder formation over a 1
period, but this DNA ladder formation was clearly visible a
and 5 days after challenge. No DNA ladder formation
apparent for cells treated with native and DPPC-treated k
at dust concentration of 100mg/ml for a 5-day period.
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DISCUSSION

Both native quartz and native kaolin caused a concentra
and time-dependent increase in cytotoxicity to the NR838
alveolar macrophage cell line as measured by anin vitro LDH
release assay. Native quartz dust challenge caused a s
cally significant increase in cell-released LDH activity ab
background at all native quartz dust concentrations; and
activity increased with increasing dust concentration. In
trast, kaolin cytotoxic activity was not seen at the two low
kaolin concentrations. Some previous short-termin vitro cyto-
toxicity and membranolysis assays found comparable acti
for these quartz and kaolin dusts, such as seen at the h
concentration in this study (Vallyathanet al., 1988; Wallaceet
al., 1985, 1988, 1992). For example, a 2-h incubation of na
quartz and kaolin with primary lavaged rat alveolar ma
phages in serum-free buffer resulted in slightly greater L
release induced by the kaolin at equal mass concentratio
1000 mg/ml (Wallaceet al., 1985). Andin vitro erythrocyte
hemolysis studies in serum-free medium have found this
of kaolin to express comparable and somewhat greater
branolytic activity than this stock of quartz, with the activity
both dusts fully suppressed by DPPC adsorption adequ
provide a bilayer lipid coating on the dust surfaces (Wallacet

l., 1992). However, in anotherin vitro cytotoxicity experi
ent with these dusts using serum-containing medium, e

ure of lavaged rat pulmonary macrophages at quartz co
rations up to 6.7mg/ml and kaolin up to 13.4mg/ml indicated
native quartz to be almost twice as active as native kaolin
“live–dead” fluorescence assay for cell viability (Gaoet al.,
2000). The low cytotoxicity seen at low native kaolin conc
trations in the current study may reflect an innate min
specific difference in native dust cytotoxicity between qu
and kaolin seen only at the lower dust concentrations. H
ever, another possible cause is a mineral-specific passiv
effect in thisin vitro system, e.g., prophylactic components
serum in limited amounts may preferentially deactivate ka
until higher kaolin concentrations deplete the compon
Earlier short-termin vitro studies showing comparable cy
toxic activities of quartz and kaolin were performed us
serum-free medium, while the current study and the prior s
of Gaoet al. (2000) showing diminished kaolin activity us
serum-containing medium. The prophylactic effects of s
protein components of serum have been demonstrate
cristobalite silica dust (Barrettet al., 1999). Studies of silic
adsorption of some endogenous proteins have been rev
(Fubini and Wallace, 2000). And kaolin is recognized to b
effective sorbent for many compounds, including proteins f
aqueous solution.

The TUNEL and cell death ELISA assays found that, sim
to their necrotic activities, quartz caused a monotonic con
tration-dependent increase in apoptosis of NR8383 cein
vitro, while kaolin was active only at the highest concen
tra-



tos
Th
s a
ow
tio
th
t a
ua
(10
ap
ini
a

res
t d
ao
c a

d
t
genic
orted

ticu-
ollas-
am-

o

e that

to

r kaolin: (A)
osis in
ed

w nu

222 GAO ET AL.
tions. Native quartz was about twice as active in the apop
assays as native kaolin at the highest dust concentration.
is a comparable pattern of behavior between the necrosi
apoptosis activities with dust concentration, i.e., quartz sh
a monotonic increase in both activities with concentra
while kaolin activities were significantly expressed only at
higher dust concentrations; and kaolin activities were no
strong as the activities of an equal mass concentration of q
dust. Native quartz at the intermediate concentration
mg/ml) induced a nonlinear time-dependent increase in
ptosis, increasing for 12 h and then decreasing but rema
significant at 5 days as measured by the cell death ELISA
DNA ladder formation assays. That decrease may be the
of the increase in cytotoxic cell death with a subsequen
crease in cells available for apoptotic response. Native k
at that concentration did not express significant apoptoti
tivity until the 5-day time point. Quartz is known to induce c

FIG. 5. Fluorescence microscopy appearance of NR8383 rat alveola
control, (B) 50mg/ml quartz, (C) 400mg/ml quartz, and (D) 200mg/m kaolin
rat AM at 50 to 400mg/ml, whereas kaolin did not induce apoptosis at 50

ith fluorescein-12-dUTP and propidium iodide. Normal cells show red
elS
is
ere
nd
s

n
e
s
rtz
0
o-
ng
nd
ult
e-
lin
c-
l

apoptosisin vitro: Sarihet al. (1993) found that silica-treate
macrophages released high amounts of IL-1b and underwen
apoptosis. Several other agents are known to be both fibro
and apoptotic: bleomycin, a fibrogenic agent, has been rep
to cause alveolar macrophage apoptosis (Hamiltonet al.,
1995). Chrysotile and crocidolite asbestos, fibrogenic par
lates, have been reported to cause apoptosis, whereas w
tonite, a nonfibrogenic fiber, does not induce apoptosis (H
ilton et al., 1996). Hogquist et al. (1991) have als
demonstrated a possible relationship between IL-1b secretion
and cell apoptosis. Recent studies have provided evidenc
certain cytokines such as tumor necrosis factor-a (TNF-a) and
transforming growth factor beta (TGF-b) play a key role in
silica-induced inflammation and fibrosis (Piguetet al., 1990;
Williams et al., 1993). TNF-a and TGF-b have been shown
induce apoptosis in different types of cells (Pierceet al., 1991;

arinet al., 1995; Burschet al., 1993; Tsuchidaet al., 1995)

acrophages stained by the TUNEL technique on treatment with quartz o
ells were challenged with quartz or kaolin for 6 h. Quartz caused apopt
200mg/ml and caused limited apoptosis at 400mg/ml. Cells were double-stain

clei, whereas apoptotic cells show yellow nuclei. Magnification 10003 (oil).
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However, the nature of a cause and effect relationship bet
the apoptotic potential of dusts or fibers and their abilit
produce fibrosis is not certain. In the current study, the pa
behavior of cytotoxic and apoptotic activities with dust c
centration and with time of cell challenge suggests but doe
prove that the apoptotic activity may be a response of s
cells in the culture to cytokines or other factors release
nearby cells undergoing necrotic response to the dust.

FIG. 6. Effects of quartz and kaolin on apoptosis in NR8383 rat pu
nary macrophage after challenge for 6 h using cell death ELISA assay. Valu
represent the mean cytosolic histone-bound DNA (OD)6 SE for five repli-
cations of this experiment. Statistical significance comparing quartz or k
to control as determined by Dunnett’st test at *p , 0.05, **p , 0.01.

FIG. 7. Time course of untreated and DPPC-treated quartz and kao
mg/ml of dusts using cell death ELISA assay. Values represent the me
*Statistical significance comparing untreated or DPPC-treated quartz t
en
o
el
-
ot
e
y

DPPC surfactant pretreatment of quartz dust fully
pressed its cytotoxicity and apoptotic activity at the early
points. Apoptotic and necrotic activities expressed by na
quartz at 6 and 12 h and 1-day time points were elimina
DPPC surfactant treatment of kaolin eliminated the apop
activity that had begun to be expressed by the native kao
5 days. Restoration of quartz activities at 3 and 5 day
consistent with other studies of thein vitro rates of surfactan
digestion from quartz particles by digestion processes in
other cell lines: In cell-free systems, phospholipase enz
can remove adsorbed DPPC surfactant from quartz and k
dusts and restore dust toxicity that had been suppress

-

lin

nduction of apoptosis in NR8383 rat pulmonary macrophages after exp
cytosolic histone-bound DNA (OD)6 SE for five replications of this experime

ontrol as determined by Dunnett’st test atp , 0.01.

FIG. 8. Agarose gel electrophoresis of DNA extracted from con
quartz-, or kaolin-treated NR8383 rat alveolar macrophages. Sequentia
fragmentation resulting in banding or ladder appearance is characteri
apoptosis. Cells were challenged with quartz or kaolin for 6 h. Quartz c
DNA ladder formation in rat AM at 50 to 400mg/ml, whereas kaolin did no
Electrophotograms from left: lane M, commercial DNA size marker; lan
and 6, control; lanes 2–5, 50, 100, 200, and 400mg/ml of quartz; lanes 7–1

0, 100, 200, and 400mg/ml of kaolin.
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224 GAO ET AL.
DPPC adsorption (Wallaceet al., 1988, 1992). Cellular re
sponse to DPPC-treated quartz was observed over a
period for macrophagesin vitro (Antonini et al., 1994).In vitro
digestion of DPPC from quartz and kaolin by the macroph
P388D1 cell line was measured over a 9-day period (Hillet al.,
1995). A parallel time course has been seen for thein vitro
removal of DPPC surfactant and restoration of quartz tox
to macrophages over a 7-day period (Liuet al., 1998). The
current study results are consistent with the theory that p
pholipid surfactant adsorption onto mineral dust surfaces
presses their prompt toxicities and that digestive remov
this coating is associated with their restoration.

In summary, the current study demonstrates distinctivin
vitro necrotic and apoptosis behavior between quart
strongly fibrogenic dust, and kaolin, a dust with relatively w
pathogenic potential. Quartz induced necrotic and apop
activity at all concentrations tested, while kaolin expres
activity only at the higher concentrations. For a given min
the time-course and dose–response behavior for its cyto
activity and its apoptotic activity were similar, sugges
necrosis of some cells may have induced apoptotic activ
others. DPPC surfactant pretreatment of the dusts had a
sient prophylactic effect on their activities. Kaolin dust cy
toxic activity seen in this study is weak compared to tha
quartz; this is in contrast to results of some previous studi
which quartz and kaolin were comparably cytotoxicin vitro in
serum-free medium. This suggests additional prophylacti
fects, e.g., of components of the serum medium, may
preferentially affected the kaolin activities at low dust conc
trations under conditions used in the current study.
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FIG. 9. Agarose gel electrophoresis of DNA extracted from con
uartz-treated, and quartz/DPPC-treated NR8383 rat alveolar macrop
equential DNA fragmentation resulting in banding or ladder appeara
haracteristic of apoptosis. Cells were challenged with quartz at 100mg/ml for
5-day period. Electrophotograms from left: lane M, commercial DNA
arker; lanes 1 and 7, control; lanes 2–6, 6 h, 12 h, 1 day, 3 days, and
fter cell exposure to quartz; lanes 8–12, 6 h, 12 h, 1 day, 3 days, and
fter cell exposure to DPPC-treated quartz.
ay

e

y

s-
p-
of

a
k
tic
d
l,
xic

in
an-
-
f
in

f-
ve
-

l–
ch

REFERENCES

Adamson, I. Y. R., Letourneau, H. L., and Bowden, D. H. (1989). Enha
macrophage-fibroblast interactions in the pulmonary interstitium incr
after silica injection to monocyte-depleted mice.Am. J. Physiol.134,411–
417.

Antonini, J. M., McCloud, C. M., and Reasor, M. J. (1994). Acute s
toxicity: Attenuation by amiodarone-induced pulmonary phospholipid
Environ. Health Perspect.102,372–378.

Barrett, E. G., Johnston, C., Oberdorster, G., and Finkelstein, J. N. (1
Silica binds serum proteins resulting in a shift of the dose–respons
silica-induced chemokine expression in an alveolar type II cell line.Toxicol.
Appl. Pharmacol.161,111–122.

Blackford, J. A., Jr., Antonini, J. M., Castranova, V., and Dey, R. D. (19
Intratracheal instillation of silica up-regulates inducible nitric oxide synt
gene expression and increases nitric oxide production in alveolar m
phages and neutrophils.Am. J. Respir. Cell Mol. Biol.11, 426–431.

Brunauer, S. P., Emmet, P. H., and Teller, E. T. (1938). Adsorption of
in multi-molecular layers.J. Am. Chem. Soc.60, 309–311.

Bursch, W., Oberhammer, F., Jirtle, R. L., Askari, M., Sediny, R., Grasl, K
Purchio, A. F., and Schulte, H. R. (1993). Transforming growth factor
1 as a signal for induction of cell death by apoptosis.Br. J. Cancer67,
531–536.

Flint, A. (1988). Pathologic features of interstitial lung disease. InInterstitial
Lung Disease.Dekker, Philadelphia.

Fubini, B., and Wallace, W. (2000). Modulation of silica pathogenicity
surface processes. InAdsorption on Silica Surfaces(Papirer, E., Ed.), pp
645–664. Dekker, New York.

Gao, N., Keane, M. J., Ong, T., and Wallace, W. E. (2000). Effec
simulated pulmonary surfactant on the cytotoxicity and DNA-dama
activity of respirable quartz and kaolin.J. Toxicol. Environ. Health Part
60, 153–167.

Hamilton, R., Li, L., Felder, T., and Holian, A. (1995). Bleomycin indu
apoptosis in human alveolar macrophages.Am J. Physiol.269,L318–L325

amilton, R., Li, L., Iyer, R., and Holian, A. (1996). Asbestos indu
apoptosis in human alveolar macrophages.Am J. Physiol.271,L813–L819

ill, C. A., Wallace, W. E., Keane, M. J., and Mike, P. S. (1995).
enzymatic removal of a surfactant coating from quartz and kaoli
P388D1 cells.Cell Biol. Toxicol.11, 119–128.

ogquist, K. A., Nett, M. A., Unanue, E. R., and Chaplin, D. D. (19
Interleukin 1 is processed and released during apoptosis. Proc. Natl.
Sci. USA88, 8485–8489.

nternational Agency for Research on Cancer (IARC), Working Group o
Evaluation of Carcinogenic Risks to Humans (1997). Silica, some silic
coal dust, and para-aramid fibrils.IARC Monog. Eval. Carcinogen. Ris
Hum.68, 41–242.

eigh, J., Wang, H., Bonin, A., Peters, M., and Rean, X. (1997). Silica-ind
apoptosis in alveolar and granulomatose cells in vivo.Environ. Health
Perspect.105(Suppl. 5), 1241–1245.

iu, X. R., Keane, M. J., Harrison, J. C., Cilento, E. V., Ong, T., and Wal
W. E. (1998). Phospholipid surfactant adsorption by respirable quartz
vitro expression of cytotoxicity and DNA damage.Toxicol. Lett.96–97
77–84.

artin, T. R., Altman, L. C., Albert, R. K., and Henderson, W. R. (19
Leukotriene B4 production by the human alveolar macrophage: A pote
mechanism for amplifying inflammation in the lung.Am. Rev. Respir. Di
129,106–111.

ierce, G. B., Parchment, R. E., and Llewellyn, A. L. (1991). Hydro
peroxide as a mediator of programmed cell death in the blastocyst.Differ-
entiation46, 181–186.

,
es.
is

e
ays
ays



li, P
ilica

eas
.

uce
in

TNF

.),

isea

en
nta

reen,
icity

W ).
.

W . D.,
article
: Dis-

W . D.
sur-

pase

W med

W em-
en-

.

225EFFECTS OF PHOSPHOLIPID SURFACTANT ON APOPTOSIS
Piguet, P. F., Collart, M. A., Grau, G. E., Sappino, A. P., and Vassal
(1990). Requirement of tumor necrosis factor for development of s
induced pulmonary fibrosis.Nature344,245–247.

Rom, W. N. (1991). Relationship of inflammatory cell cytokines to dis
severity in individuals with occupational inorganic dust exposure.Am. J
Ind. Med.19, 15–17.

Sarih, M., Souvannavong, V., Brown, S. C., and Ada, A. (1993). Silica ind
apoptosis in macrophages and the release of interleukin-1 alpha and
leukin-1 beta.J. Leukocyte Biol.54, 407–413.

Sarin, A., Coman, C. M., and Henkart, P. A. (1995). Cytotoxic effect of
and lymphotoxin on T lymphoblasts.J. Immunol.155,3716–3718.

Schulz, C. O. (1993). Silicon and silicates including asbestos. InPatty’s
Industrial Hygiene and Toxicology(G. D. Clayton and F. E. Clayton, Eds
Vol. II, Part A Wiley, New York.

Thompson, C. (1995). Apoptosis in the pathogenesis and treatment of d
Science267,1456–1462.

Tsuchida, H., Takeda, Y., Takei, H., Shinzawa, H., Takahashi, T., and S
F. (1995).In vitro regulation of rat neutrophil apoptosis occuring spo
neously or induced with TNF-alpha or cycloheximide.J. Immunol.154,

2403–2412.
.
-

e

s
ter-

se.

do,
-

Vallyathan, V., Schwegler, D., Reasor, M., Stettler, L., Clere, J., and G
F. H. Y. (1988). Comparative in vitro cytotoxicity and relative pathogen
of mineral dusts.Ann. Occup. Hyg.32, 279–289.

allace, W. E., Vallyathan, V., Keane, M. J., and Robinson, V. (1985In
vitro biologic toxicity of native and surface-modified silica and kaolinJ.
Toxicol. Environ. Health16, 415–424.

allace, W. E., Keane, M. J., Vallyathan, V., Hathaway, P., Regad, E
Castranova, V., and Green, F. H. Y. (1988). Suppression of inhaled p
cytotoxicity by pulmonary surfactant and retoxification by phospholipase
tinguishing properties of quartz and kaolin.Ann. Occup. Hyg.32, 291–298.

allace, W. E., Keane, M. J., Hill, C. A, Vallyathan, V., and Regad, E
(1992). Contrasting respirable quartz and kaolin retention of lecithin
factant and expression of membranolytic activity following phospholi
A2 digestion.J. Toxicol. Environ. Health37, 391–409.

aring, P., Kos, F. J., and Mullbacher, A. (1991). Apoptosis or program
cell death.Med. Res. Rev.11, 219–236.

illiams, A. D., Flanders, K. C., and Saffiotti, U. (1993). Immunohistoch
ical localization of transforming growth factor-beta 1 in rat with experim
tal silicosis, alveolar type II hyperplasia, and lung cancer.Am. J. Pathol

142,1831–1840.


	FIG. 1
	FIG. 2
	MATERIALS AND METHODS
	FIG. 3
	FIG. 4

	RESULTS
	DISCUSSION
	FIG. 5
	FIG. 6
	FIG. 7
	FIG. 8
	FIG. 9

	ACKNOWLEDGMENT
	REFERENCES

