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Sister chromatid exchanges in human lymphocytes
treated with silica
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Abstract
The abilities of Min U Sil quartz or tridymite
particles to induce sister chromatid exchanges
(SCEs) in cultures ofhuman lymphocytes plus
monocytes or of human purified lymphocytes
were investigated. With cultures of lympho-
cytes plus monocytes the level of SCEs was
significantly enhanced after treatment with
tridymite at the highest dose tested (50
pg/cm2). No effect was observed with purified
lymphocytes. Quartz did not give clear cut
results. Complementary experiments with
tridymite filtrates suggested that phagocytosis
of tridymite particles by monocytes was a
necessary step for the induction of SCEs in
human lymphocytes.

Silica is a ubiquitous mineral, abundant in the earth
crust. Its presence in the environment results from
natural processes and anthropological activities and
is widely encountered in many industrial sectors,
especially mines and quarries, foundries, granite and
stone industries, glass, and ceramics.
The carcinogenic potency of silica has recently

been reviewed by the IARC': crystalline silica is
classified in the 2A group (limited evidence but a
high suspicion of carcinogenicity to man). To inves-
tigate the carcinogenic potency of silica several
epidemiological studies have been carried out in
workers exposed to silica with or without silicosis.
The results have been contradictory, some showing
an excess of lung cancer and some not. The main
problem has been that most ofthe positive studies did
not correctly take into account confounding factors,
expecially tobacco.''0 In the studies that did take
account of well known pulmonary carcinogens the
results showed an increased risk of lung cancer."'3
Numerous animal experiments have been perfor-

INSERM Unite 139, Hopital Henri Mondor, 94010
Creteil, France
J C Pairon, M C Jaurand, L Kheuang, P Brochard,
J Bignon
Laboratoire d'Etude des Particules Inhalees, 75013
Paris, France
X Janson

med. Wagner et al induced malignant lymphomas in
different strains of rats (Wistar, Agus, and PVG)
when quartz, cristobalite, or tridymite were injected
into the pleural or peritoneal cavities.'"'6 Jaurand et
al also observed this type oftumour after intrapleural
injection of DQ 12 quartz into Sprague-Dawley
rats.'7 In addition, pulmonary epithelial tumours
were induced in Fisher 344 rats after inhalation of
Min U Sil quartz.'8"' Groth et al also observed
epithelial tumours in Fisher rats when quartz was
injected intratracheally."0 From the data obtained
with experimental animals, the IARC experts con-
cluded that crystalline silica was carcinogenic to
animals.'

Since few in vitro studies have been carried out,"'4
the IARC's conclusions drawn from the results
available were that there was inadequate evidence of
carcinogenicity.'
The aim of the present work was to study the

genotoxic effect of crystalline silica using human
lymphocytes because of their easy availability.

Material and methods
PARTICLES AND CHEMICALS
Samples of Min U Sil 5 (a form of alpha quartz) and
Tridymite 118 were obtained from the Centre
d'Etudes et de Recherches des Charbonnages de
France (CERCHAR); the mineralogical characteris-
tics of this material are summarised in table 1.

Sources of chemicals were as follows: culture
medium was RPMI 1640 from Biopro; fetal calf
serum (FCS) was supplied by Flow laboratories;
penicillin and streptomycin by Merieux: L-
glutamine by Gibco; phosphate buffered saline
(PBS) and lymphocytes separation medium (MSL
3000) by Eurobio; purified phytohaemaglutinine
(PHA P), bromoxyuridine (BrdU), colcemid, and
EDTA (disodium salt) by Sigma; heparin
(Liquemine) by Roche; and potassium chromate
(K,CrO4), trisodium citrate, sodium chloride,
ethanol, and glacial acetic acid by Prolabo.

CELL PREPARATION
Thirty millilitres of venous blood were aseptically
taken with a syringe containing 1500 UI heparine
from non-smoker young volunteer adults free of any
medical treatment. An equal volume of PBS at 4°C
was added and homogenisation was performed with a
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Table 1 Quartz and tridymite: mineralogical characteristics

Sample Quartz Min U Sil S Tridymite 118

Density 2-65 2-27

Particle size:
<1 PM 56% 87-9%
1-2 pm 27-3% 8-6%
2-5 pm 15 70% 3-35%
>5pm 1% 015%

Particle concentration 0-54 6-4
(particle x 106/pg)

Pipet-Aid. The homogenate was centrifuged (15
min, 900 x rpm, 4'C) and the supematant removed.
An equal volume of PBS was added to this platelet
poor blood. Isolation of lymphocytes and monocytes
(lymphocytes + monocytes) was carried out by
differential centrifugation of 25 ml of this mixture on
11 ml of MSL (26 min, 1700 x rpm, 20'C). Cells
were rinsed twice with PBS (10 min, 1500 x rpm,
4°C), then suspended in RPMI 1640 supplemented
with 10% FCS, 233 ig L-glutamine, 50 jug/ml
vitamin C, 200 ug/ml cysteine, 100 U/ml penicillin,
and 50 pg/ml streptomycin.

Purification of lymphocytes was carried out by
adhesion of monocytes on to plastic Falcon flasks.
Cells were suspended in RPMI 1640 supplemented
with 5% FCS at a concentration of 106 cells/ml, then
incubated at 37'C, 5% CO2 for one hour.The sus-
pension was harvested and centrifuged to obtain the
purified lymphocytes. The residual percentage of
monocytes was determined for each experiment
before and after adhesion by means of May-
Grunwald Giemsa staining of smears.

PREPARATION OF PARTICLES
Particles were sterilised by exposure to ultraviolet
light for 12 hours and then suspended at a concentra-
tion of 1 mg/ml in RPMI 1640 and dispersed by
sonication for 10 minutes (20 kHz, 20 w).

"Tridymite filtrates" were prepared as follows:
2 mg of tridymite were suspended in 1 ml of RPMI
1640 supplemented with 10% FCS (FCS +) or
without FCS (FCS -). These suspensions were
sonicated for 10 minutes (20 kHz, 20 w), incubated
for 48 hours (37'C, 5% CO2), and then filtered
through a Millipore filter of porosity 0-2 gm.
K,CrO4 was solubilised at 1 mg/ml in RPMI 1640

and filtered (Millipore 0 2 rim).

TREATMENT OF CELLS
Cells were cultured in multiwell plates (2 cm2/well).
One million cells in 1 ml were incubated in each well.
Cells were stimulated with 12 5 Mg/ml PHA P and
BrdU was added at the beginning ofthe culture (final
concentration: 10 Mg/ml). Lymphocytes + mono-
cytes or purified lymphocytes were treated with
different concentrations of particles (1-10-100 ug/

ml for lymphocytes + monocytes, 50 and 100 jg/ml
for purified lymphocytes). Because of the sedimenta-
tion of particles these concentrations are equivalent
to 0-5-5-50 and 25-50 ,ug/cm2 respectively.
Lymphocytes + monocytes were also treated with
100 ,ul of tridymite filtrates. Multiwell plates were
then incubated (37'C, 5% CO2) for 67 hours,
corresponding to about two cell cycles. Potassium
chromate was added after 24 hours (final concentra-
tion of 0-5 Mg/ml).

CHROMOSOME PREPARATION AND STAINING
Chromosome preparation was performed according
to the method of Dutrillaux and Couturier.25 Col-
cemid was added during the last two hours of
incubation at the final concentration of 0 30 jug/ml.
Cells were then harvested using 0-02% EDTA
disodium salt in PBS and centrifuged at 1500 x rpm
for seven minutes. The cells were treated at 37'C
with 0-075M KCI for 35 minutes then fixed twice
with ethanol: glacial acetic acid (3:1) at + 4°C.
Spreading was made one day later. Slides were
stained with 5 ug/ml Hoechst 33258 in PBS, exposed
to ultraviolet light for 30 minutes in a thin strip of
PBS, incubated in 2X super concentrated solution
(0 3M sodium chloride, 0 03M trisodium citrate) at
60'C for 20 minutes, and finally stained with 3%
Giemsa for 10 minutes.

CYTOTOXICITY STUDY AND ELECTRON
MICROSCOPY STUDY
Cytotoxicity was evaluated using Trypan blue stain-
ing. Cells were harvested after 24 hours of culture
and then stained according to standard methods. The
mean survival percentage was calculated from three
wells of each treatment.
Two experiments were performed under electron

microscopy to study phagocytosis of the particles by
the cells, one with lymphocytes + monocytes and
one with purified lymphocytes. The method used has
been described elsewhere.26

SCORING AND STATISTICAL ANALYSIS
Two hundred metaphases were studied to evaluate
the cell cycle kinetics according to the formula of
Sinha et al'7: average lymphocytic divisions (ALD) =
(1 x I) + (2 x II) + (3 x III),whereI,II,andIII
are the proportions of metaphases of first, second,
and third (or more) cycles.

Forty metaphases in the second cycle having 44-48
chromosomes per metaphase were scored. The
results were expressed as number of sister chroma-
tid exchanges (SCEs) per metaphase. The Mann-
Whitney test was applied to compare the results
obtained in untreated and treated cells.
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Table 2 SCEs in lymphocytes + monocytes treated with silica particles

SCEs per metaphase

Experiment No 1 2 3 4

Treatment (pg/cm') (a) p < (b) (a) p < (b) (a) p < (b) (a) p < (b)

Control 7-2 ± 2 8 - 8-1 ± 3 4 - 7 7 ± 2-9 - 8-0 ± 2-9

Quartz 05 7-1 ± 28 NS 8-4 ± 29 NS 74 ± 24 NS -

50 78 ± 3-1 NS 91 ± 32 NS 75 ± 25 NS 74 ± 24 NS
500 80 ± 3-1 NS 10-4 ± 4 5 005 (c) (c) 84 ± 2 7 NS

Tridymite 0-5 - - 96 ± 3 7 NS 8-0 ± 3 4 NS -

50 - - 9-1 ± 2-8 NS 91 ± 26 005 - -
500 - - 97 ± 33 005 95 ± 30 005 94+26 001

K,CrO4 (0-5 pg/ml) 20-1+5 1 0 001 17 5 ± 3 7 0 001 22 1 ± 5 9 0-001 14 8 ± 3 7 0 001

(a) = Values represent mean ± SD on 40 metaphases.
(b) = Mann-Whitney test compares control at each particle concentration.
(c) = SCE quantitation could not be determined in this experiment because of lack of cells in second cycle.

Results in purified lymphocytes. Control of the purification
The results of silica induction of SCEs on lympho- of lymphocytes gave the following results: the per-
cytes + monocytes and purified lymphocytes are centage of monocytes decreased from 30% to 1%
presented in tables 2 and 3. In lymphocytes + after adhesion in experiment number 5 and from
monocytes the level of SCEs was enhanced with 50% to 2% in experiment number 6.
50 pg/cm2 of tridymite in the three experiments and Table 4 shows the results obtained with "tridymite
in one experiment at the intermediate dose (5 pg/ filtrates." These three experiments (Nos 7, 8, and 9)
cm2). Quartz only once induced a significant increase were performed to confirm that the induction of
at the highest dose. By contrast, quartz and tridymite SCEs in lymphocytes resulted from an interaction of
did not increase the number of SCEs per metaphase lymphocytes and monocytes with tridymite particles

but not from soluble compounds released in the
Table 3 SCEs in purified lymphocytes treated with silica culture medium by tridymite; there was no increase
particles in the SCEs level with tridymite filtrates.

SCEs per metaphase A significant increase in SCEs was obtained with
cells treated with K,CrO4 in all experiments.

Experiment no 5 6 The ALD index decreased in cells treated with

Treatment (pg/cm') (a) p < (b) (a) p < (b) K,CrO4 when compared with control cells and was
also lowered with particles most constantly with the

Control 82 2 ± 26 - 7 8 ± 2 5 - highest concentrations (fig 1).
50 80 ± 28 NS 7-1 ± 2-1 NS Results of the cytotoxicity studies are reported in

Tridymite 25 8-5 ± 2-7 NS 7 6 ± 2-5 NS table 5. With lymphocytes + monocytes there was a
K,CrO4 50 8 9 ± 3 5 NS 8136 NS3 NS moderate decrease in the percentage of survival cells

K2CrO1 ~ 13-1 ± 3-3 0-001 13-6 ± 3*9 0-001
(0 5 pg/ml) at 24 hours when cells were treated with the highest

dose of silica. This decrease was more pronounced
(a) = Values represent mean ± SD in 40 metaphases. i * *
(b) = Mann-Whitney test compares control at each particle concen- with quartz than with tridymite.
tration. No silica particles were seen in sections of purified

Table 4 SCEs in lymphocytes + monocytes treated with tridymitefiltrates

SCEs per metaphase

Experiment No 7 8 9

(a) p < (b) (a) p < (b) (a) p < (b)

Control FCS+ 8-8 ± 3-4 - 9 9 ± 3 1 - 6 5 ± 23 -

SFTriFCS+ 92 ± 3-1 NS 99 ± 3.4 NS 69 ± 2-7 NS
Control FCS- 82 ± 33 - 103 ± 39 - 66 ± 32 -

SF Tri FCS - 87 ± 32 NS 10-9 ± 35 NS 70 ± 2-3 NS
K,CrO4 (0 5 pg/ml) 14 1 ± 4-4 0 001 19-1 ± 4 3 0 001 13 6 ± 3 9 0.001

SF: Silica filtrate.
Tri: Tridymite.
FCS: Fetal calf serum.
(a) = Values represent mean ± SD on 40 metaphases.
(b) = Mann-Whitney test compares control at each particle concentration.
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3-01 Table 5 Cytotoxicity of silica on lymphocytes + monocytes

A
2-5- a v v

ALD i A A V V0 0
A

A A v V v
A A

2-0 t U
A A A V *

IV o l
1-5 A

% Survival at 24 hours*

Treatment Experiment A Experiment B

Control 93 7 ± 3-8 77-3 ± 2-0
K2CrO4 0 5 pg/ml 74 3 ± 3-8 77 0 ± 3 3
Quartz 0-5 pg/cm2 73-7 ± 7 4 76 7 ± 4 5
Quartz 5 0 pg/CM2 70-0 ± 08 -

Quartz 50 0 pg/cm2 54 7 ± 4 9 54-7 ± 6-3
Tridymite 0 5 pg/cm2 72 3 ± 6-1 70 7 ± 3 7
Tridymite 5 0 pg/cm2 69-3 ± 3 8 74 0 ± 4 6
Tridymite 50 0 pg/cm2 58 0 ± 1-6 68 0 ± 12 3

*Results are expressed as mean ± SD.

i.0 - Oshimura et al reported absence of chromosomal
,>'° '<e, aberrations or cellular transformation after treatment

'° A$'(k , of Syrian hamster embryo (SHE) cells with alpha-
quartz," whereas Hesterberg et al reported that

Figure 1 Average lymphocytic divisions (ALD) index treatment of SHE cells with Min-U-Sil quartz and
according to treatment in experiments with lymphocytes + alpha-quartz resulted in cell tranformation and
monocytes and with purified lymphocytes. alh-qat reule in cel trrfomtonai

induction of micronucleus.232 Our data indicated
that tridymite and quartz did not induce SCEs in

lymphocytes by electron microscopy (fig 2). By purified lymphocytes. In their experiments Hester-
contrast, sections of cultures from lymphocytes + berg et al noticed that silica particles were internal-
monocytes showed evidence of phagocytosis by ised and suspected a genotoxic action because of the
monocytes (fig 3) and quartz and tridymite were direct interaction of silica with genetic material
found in sections of these cells. during mitosis.24 Our electron microscopic studies

showed that there was no phagocytosis by purified
Discussion lymphocytes and this could explain the absence of
Few experiments have been carried out to study the SCE induction in these cells after purification.
cytogenetic effects of crystalline silica. Price Jones et A significant increase in SCE level was observed
al found no increase in SCEs in V79-4 Chinese when lymphocytes + monocytes were treated with
hamster cells treated with Min-U-Sil quartz.2" tridymite but quartz did not give clear cut results. In

;
> fs S ~~~~~~~~~~~~~~~~~~~~~'S"'

.4~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~4
* '.... ...

F~gureEetro .1 Si

Figue2Elecronmicroscopy ofpurified lymphocytes treated with tridymite. Several tridymite particles (arrows) are
seeotsde els x9100).
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addition to having a different crystalline structure,
tridymite and quartz samples presented different
granulometries: particle concentration per unit
weight was about 12 times higher with tridymite than
with quartz. The importance of particle size has been
emphasised for fibres to explain carcinogenesis.2829
According to Holland et al, silica induced fibrosis
also depends on particle size and concentration."9
The higher number oftridymite particles than that of
quartz and therefore the larger cumulated particles
surface could explain the difference between
tridymite and quartz.
When compared with the experiments of Price

Jones et al2' and Oshimura et al,"2 our positive results
with tridymite might be explained by the doses of
particles used. These authors used 4 pg/cm2 and
2 pg/cm2 of quartz respectively whereas in our
experiment significant SCE enhancement was
observed with 50 pg/cm'. Hesterberg and Barrett
observed a dose effect relation in transforming
potency of quartz on SHE cells.23 They did not,
however, obtain any significant cellular transforma-
tion with quartz doses lower than 10 pg/cm2. They
also noticed that the dose effect relation was less than
that obtained with chrysotile. Our data indicate that
only the highest dose (50 pg/cm2) and once the
medium dose (5 pg/cm2) led to increased levels of
SCEs with tridymite.
The presence ofmonocytes appeared necessary for

induction of SCEs in tridymite treated cells because
positive results were observed with lymphocytes +

monocytes but not with purified lymphocytes. The
increase in the level of SCEs could not be due to the
fact that observed metaphases belonged to mono-
cytes because these cells do not proliferate in culture.
Silica particles were slightly cytotoxic on lympho-
cytes + monocytes. This was in agreement with
previous studies: silica is known to be cytotoxic
towards macrophages'3' and not towards lympho-
cytes.3" Therefore a hypothesis could be suggested to
explain the role of monocytes in the induction of
SCEs in lymphocytes with silica particles.
Phagocytosis of silica particles by monocytes could
be followed by monocyte release of mediators.
Monocytes are known to release interleukin 1,`
prostaglandins, leukotrienes, oxygen derivatives,
arachidonic acid,34 and possibly growth factors after
stimulation. Growth factors35 and free radicals36 have
been shown to induce SCEs respectively in Chinese
hamster ovary fibroblasts and in lymphocytes.
Tridymite filtrates did not induce SCEs in lym-

phocytes + monocytes. This agreed with the hypo-
thesis that phagocytosis is necessary to induce
cytogenetic abnormalities. Phagocytosis of particles
could be followed by chromosomal damage in at least
two ways that are not mutually exclusive: a direct
effect of particles on chromosomes during mitosis
when cells are capable of phagocytosis, as suggested
by Hesterberg et al'4 and an indirect genetoxic effect
that could involve factors released by phagocytic cells
when the proliferative cells are not able to ingest
particles. This was the case in our experiment.
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The difference in the results obtained with quartz
and tridymite is difficult to explain: it might,
however, be due to the number of particles per unit
weight or to a difference in the surface state of the
particles.

Conclusion
Mechanisms proposed to explain the carcinogen
potency of some varieties of crystalline silica have
been presented by Goldsmith et al.37
Two important facts must be pointed out in our

experiment: firstly, quartz and tridymite did not give
the same results. The level of SCEs was increased
only in lymphocytes + monocytes treated with
tridymite particles. Secondly, a cellular cooperation
between lymphocytes and monocytes probably
occurs and is necessary for the induction of SCEs by
tridymite particles.
Damage of the genoma was observed in human

lymphocytes treated with tridymite particles under
certain conditions. Further experiments, however,
are required to reach a conclusion about the geno-
toxic potency of crystalline silica.

We thank A Gaudichet (Laboratoire d'Etude des
Particules Inhalees, Paris) for help, and H Daniel and
P Sebastien (Centre d'Etudes et de Recherches des
Charbonnages de France, Verneuil en Halatte) who
supplied samples of silica.
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