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Abstract

Silica is a biomedical material with excellent biological compatibility applicable in bone tissue engineering and
artificial joints. The silica materials usually contact with bone tissues and stimulate the differentiation of osteoclasts. On
the other hand, the differentiated osteoclasts can further decompose the silica materials resulting in corrosion or
loosening of artificial bone tissues. Clinically, radiation has been found able to inhibit the activity of osteoclasts.
However, the biological effect of radiation on osteoclasts is seldom investigated for the patients with bone tissues using
silica materials.

Monocytes from RAW 264.7 cell line were cultured with safe dose of silica particles to investigate the biological
effect of silica on monocytes in this research. Four groups including the control, silica treatment, radiation treatment (5
Gy) and a combinative treatment of silica and radiation were divided in the experiment. In this research, relative
concentration of produced tartrate resistant acid phosphatase (TRAP) and the number of differentiated osteoclasts were
evaluated. Osteoclasts were stained by Annexin-V-FITC kit to analyze the apoptotic cells. Silica particles were found
able to stimulate the production of TRAP representing the activity of osteoclasts and increase the number of
differentiated osteoclasts. However, radiation was discovered promotive to apoptosis of osteoclasts yet suppressive to the
differentiation of osteoclasts. The results concluded that radiation was able to increase the apoptosis of osteoclasts
induced by silica and decline the activity and amount of osteoclasts.
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Introduction to excrete enzymes for bone resorption, which is

controlled by some physical (e.g., electric and magnetic
Maintaining bone mass is related to the bone . . .
g fields) and chemical factors (e.g., cell cytokines, alcohol
formation of osteoblasts and bone resorption of osteoclasts. .
and caffeine).
Over activation of osteoclasts may cause bone loss and . . . .
Many inflammation-related cytokines stimulate the
lead bone fracture. Osteoclasts are multinucleated cells . - .
differentiation of osteoclasts. Therefore, many patients
derived from monocytes/macrophages [1] and able . L. . -
y phages [1] with chronic inflammation usually have comorbidity of
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serious bone loss due to over activation of osteoclasts (2).
Several cytokines [such as IL-6(3), TGF-B(4), MCP-1(5),
IFN-y(6) and TNF-a(7)] may induce differentiation of
osteoclasts adjusted by the receptor for activation of
nuclear factor kappa B ligand [RANKL; also called the
osteoclast differentiation factor ( ODF ) ] excreted by
stromal cells. Osteoclasts are able to excrete the TRAP
(tartrate resistant acid phosphatase) for bone resorption by
decomposing bone tissues. Therefore, the TRAP is usually
used as an indicator for the measurement of osteoclasts.
Recently, some cancer cells, such as prostate cancer
[8] and breast cancer [9], are able to stimulate excretion of
ODF and result in corrosion of bone tissues [10], which
further cause metastasis of cancer cells to bone tissues.
Radiation is known able to inhibit the activity and
differentiation of osteoclasts [11]. Artificial joints usually
utilize silica as a bio-compatible material. However, silica
is a potential cause of inflammation reaction in bone
tissues, which may induce differentiation of osteoclasts,
bone loss of surrounding regions, as well as weakness and
durability decrease of artificial joints. Past researches for
the biological effects of silica focused on pulmonary
diseases (pneumoconiosis) [12]. Investigation about the
biological effects of silica on bone tissues is rare. This
study was aimed to investigate the effect of silica on the
differentiation of osteoclasts as well as whether radiation

is effective in reducing this effect.

Materials and Methods

Culture of monocytes

A murine macrophage cell line (RAW264.7) was
maintained in RPMI-1640 medium supplemented with
heat-inactivated FBS (10%) in a humidified atmosphere of
5% CO; at 37°C.
Preparation of silica particles

Silica particles (0.5-10 um; Sigma-Aldrich Co. LLC.)
were washed twice firstly with deionized water and then
with phosphate buffer solution (PBS). After sterilized, the
silica particles were dried for use.

Measurement of cytotoxicity of silica for monocytes
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Sterilized silica particles (0, 50, 100, 500, 1000 or
2000 ppm) were added to monocytes (1x10* cell/cm?) and
incubated for 1 day. The cytotoxicity to monocytes was
evaluated by the absorbance at 570 nm for living-cell
number according to the 3-(4,5-dimethylthiazol-2-yl)
-2,5-diphenyltetrazolium bromide (MTT) assay. In the
mitochondrion of living cells, MTT can be reduced by
lactate dehydrogenase and react with cytochrome C to
form formazan (blue colored). The relative number of
living cells can be estimated by measuring the absorbance
of formzan dimethyl sulfoxide (DMSO).

Measurement of monocyte proliferation

The monocytes (1x10* cell/cm?) were incubated with
sterilized silica particles (0, 50, 100, 500, 1000 or 2000
ppm) for 3 days and then analyzed by MTT assay to
determine the proliferation rate.

Time course of osteoclast differentiation

The monocytes (5x10* cell/cm?) were cultured in
24-well plates with RANKL (2 ng/mL). Differentiated
osteoclasts were counted on day 0, 3, 5 10 and 15
respectively.

Cell treatment

Four groups, including the control, silica treatment
(50 ppm), radiation treatment (X-ray; 5 Gy) and a
combinative treatment of silica (50 ppm) plus radiation
(X-ray; 5 Gy), were divided in the experiment.

Osteoclast formation assay

Monocytes (1x10*mL) cultured in 48-well plates
containing the M-CSF (50 ng/mL) and RANKL (2 ng/mL)
were stained with the TRAP Staining Kit (Sigma-Aldrich
Co. LLC.) after 10 days. The positively stained of
multinucleated (=3 nuclei) cells were pinky and indicated
as osteoclasts.

TRAP activity assay

After 10 days of culture, the TRAP enzyme activity
of the monocytes [originally 1x10* cell/cm? in M-CSF (50
ng/mL) and RANKL (2 ng/mL)] was determined using a
TRAP assay kit (Sigma-Aldrich Co. LLC.). The
absorbance was measured at 405 nm using a microplate

reader.
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Cell apoptosis assay

After 10 days of culture, the medium was removed,
and the attached cells [originally 1x10* cell/cm?® in M-CSF
(50 ng/mL) and RANKL (2 ng/mL)] were washed with
PBS, fixed with 70% of ethanol and stained with an
Annexin V-FITC kit (Strong Biotech Corporation) for
apoptosis assay. Apoptotic cells were identified by double
staining with Annexin V-FITC (2 pL/mL) plus propidium
iodide (PI) (2 pL/mL). The apoptotic rate of cells was
represented as apoptotic number per 100 osteoclasts.
Statistical analysis

The statistically processed data were represented as
mean value £ standard error and analyzed by Student’s
t-test. Statistical significance was set at the level of
P<0.05.

Results

Cytotoxicity of silica for monocytes

No apparent cytotoxicity was observed at silica
concentration lower than 500 ppm (p>0.05). The viability
of monocytes is about 50% at 1000 ppm as compared to
the control group and decrease with the silica
concentration higher than 1000 ppm (Fig. 1).
Effect of silica on the proliferation of monocytes

The proliferation rate of monocytes apparently
decreases (<50%) when the concentration of silica is
higher than 100 ppm (Fig. 2). At 500 ppm, the
proliferation rate of monocytes is only 16.67+4.16 %. To
evaluate the biological effect of silica, the concentration
was accordingly set as 50 ppm, which was the maximum
dose with disapparent cytotoxicity.
Effect of silica on the time course of osteoclast
differentiation

The number of osteoclasts formed is increasing with
culturing time, and reached a maximum value on the 10"
day yet decreasing from the 15" day (Fig. 3).
Effect of silica on osteoclast formatiom

According to the time course of osteoclast

differentiation, the test for the formation of osteoclasts
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Fig 1. Cell toxicity of silica for monocytes. The
monocytes were cultured with silica and the cell
toxicity was determined by the MTT assay on the
next day. The results indicated that silica particles
were nontoxic at the concentration less than 500

ppm. Histogram here is represented as meant

standard error (n=3) and the significance is
indicated (**) when P <0.01.
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Fig 2. Effect of silica on the proliferation of monocytes.
The proliferation of monocytes cultured with silica
for 3 days were analyzed by the MTT assay. No
apparent effect was found on the proliferation of
monocytes when the silica concentration was less
than 50 ppm. Obvious inhibition was observed on
the proliferation of monocytes while the silica was
higher than 100 ppm. Histogram here is

represented as meantstandard error (n=3) and the

significance is indicated (**) when P <0.01.
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Fig 3. Evolution of the differentiation of osteoclasts with

time. The number of differentiated osteoclasts
derived from the monocytes [cultured in M-CSF
(50 ng/mL) RANKL (2 ng/mL)] were counted
after a period of time. The mean (n=3) and

standard error are represented.

250+
* %
—~ 200-
23
-]
o S 1504
s 8
O 4w
§ © 1004
FE
50 o o
O_
Silica - + -
Radiation - - +

Fig 5. Analysis of TRAP activity. The monocytes were

treated with silica (50 ppm), radiation (5 Gy) or
silica combined with radiation. After 10 days of
culture, the medium was removed and the activity
of TRAP was determined. The results show that
silica is able to increase TRAP activity, which can
be inhibited by radiation. The mean (n=3) and
standard error are represented, and the significance
is indicated as ** for P <0.01.
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Fig 4. Effect of silica and radiation on the differentiation

of osteoclasts. The monocytes were treated with
silica (50 ppm), radiation (5 Gy) or silica
combined with radiation. After 10 days of culture,
the osteoclasts were stained with TRAP staining kit,
and the TRAP-positive cells with more than three
nuclei were counted as osteoclasts. Diagram (A)
illustrates the differentiation of osteoclasts after
different treatments. Diagram (B) represents the
number of differentiated osteoclasts. Silica
particles were found able to stimulate the
differentiation of osteoclasts, which can be
inhibited by radiation. The mean (n=3) and
standard error are represented, and the significance
is indicated as * for P <0.05 and ** for P <0.01.
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Fig 6. Analysis for the apoptosis of osteoclasts. The
monocytes were treated with silica (50 ppm),
radiation (5 Gy) or silica combined with radiation.
Annexin-V staining was used for the apoptosis of
osteoclasts after 10 days of culture. The results
show that radiation is able to increase the number
of apoptotic osteoclasts whether combined by the
treatment of silica or not. The mean (n=3) and
standard error are represented, and the significance
is indicated as ** for P <0.01.

was carried out after ten days of culture. The number of
osteoclasts increased in the silica treated group is ~200%
as compared to the control group (Fig. 4). In the radiation
treated group and the combinative treatment group of
silica plus radiation, the number of osteoclasts decreases
to ~60%. The results indicate that X-ray is found able to
decrease the number of osteoclasts and inhibit the
formation of osteoclast induced by silica.
Effect of silica on the TRAP activity

The TRAP activity in silica treated group is about
twice as that in the control group (Fig. 5), which infers
that the bone resorption is higher after treated with silica.
On the other hand, in the radiation treated group as well as
the combinative treatment group of silica plus radiation,
this effect is suppressed to < 30%, indicating that radiation
is able to decrease bone resorption whether silica is
combinatively treated.
Effect of silica on the apoptosis of osteoclasts

At the initial stage of apoptosis of osteoclasts, the

765

exposed phosphatidyl serine on cell membrane has high
affinity for Annexin-FITC and emits green fluorescent
light under microscope. At the late stage of apoptosis of
osteoclasts, orange colored apoptotic bodies appear when
the propidium iodide (PI) stain binds with chromatins in
the cells. The percentage of apoptotic cells is highest in
radiation treated group, while that between the silica
treated group and the control one represents no significant
difference (Fig. 6). Nevertheless, the percentage of
apoptotic osteoclasts in the radiation treated group as well
as in the combinative treatment group of silica plus
radiation is apparently higher (> 60%) than the silica

treated group.

Discussion

No immediate toxicity was found for monocytes
cultured in medium with silica <500 ppm after one day.
Cell toxicity was apparent when the concentration of silica
was higher than 1000 ppm. However, apparent cell
damage was observed for monocytes after 3 days of
culture in the medium with >100 ppm of silica. The
macrophaged silica by monocytes was found increasing
with time in microscope investigation, which is similar to
the phenomenon observed in pulmonary study.
Macrophage cell is derived from monocytes and both of
them possess powerful ability of phagocytosis. Therefore,
the cytotoxicity of silica for monocytes may be ascribed to
the amount of silica phagocytosed by monocytes and the
excretion of inflammation-related cytokines [13-14].
Osteoclast apoptosis was not found in the silica treated
group (Fig. 6). However, accumulation of silica in cells
may lead to apoptosis of monocytes. In addition, the
breakdown of apoptotic cells may release the
phagocytosed silica particles, which can further be
phagocytosed by other monocytes and causes serial
apoptosis of cells. Therefore, monocytes are more
sensitive in apoptosis than osteoclasts toward silica
treatment. This result is similar to the development of
pneumoconiosis.

Osteoclasts are multinuclear cells (generally 10-20
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nuclei) fused by monocytes, of which the size is about
50-100 um in diameter. The number of osteoclasts
increases with culture time and reaches the maximum on
the 10" day, which decreases later (Fig. 3). Although the
number of osteoclasts decreases on the 15" day, the
average diameter of cells is larger than that on the 10" day.
Moreover, the number of nucleus is also higher. This
phenomenon can be ascribed to cell fusion among the
osteoclasts [15], which makes the cell number decreasing
yet the nucleus number as well as the cell size increasing.
In order to investigate the number of osteoclasts, the cell
fusion should be avoided. Therefore, the counting of
osteoclasts in this study was carried out on the 10" day
after culture.

According to Fig. 4, the differentiations of osteoclasts
are significantly promoted by silica particles. In addition,
radiation is effective to down regulate the differentiation
of osteoclasts whether silica is combined in the treatment.
In the study of pneumoconiosis, silica was found able to
stimulate the excretion of monocyte chemotactic proteins
(MCP) by monocytes or macrophages [14], which can
induce the differentiation of osteoclasts [5]. Metastasis is
common for prostate and breast cancer cells to bone
tissues and further causes differentiation of osteoclasts.
This is thought to be related to the excretion of RANKL,
TNF-o. and INF-y [9] by cancer cells. Moreover, the
differentiation of osteoclasts was found mainly regulated
by NF-«xB, which may activate considerable differentiation
of osteoclasts in patients with chronic inflammation
[16-18]. Therefore, the effects of silica and radiation are
likely working via the regulation of cytokines, such as
MCP, RANKL, TNF-a, INF-y, and NF-«xB.

In addition to stimulating the differentiation of
osteoclasts, the NF-xB is responsible for promoting the
activity of osteoclasts. Moreover, some drugs have been
used to decrease apoptosis of osteoclasts by suppressing
the excretion of NF-kB. Similarly, radiation is usually
applied to inhibit the over-activation of osteoclasts. It has
been discovered that radiation is able to enhance apoptosis

of osteoclasts by reducing the production of RANKL and
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further inhibiting the excretion of NF-xB [19]. The effect
of radiation on osteoclasts is therefore suggested via
inhibiting the differentiation of osteoclasts (Fig. 4) and the
formation of TRAP (Fig. 5) by suppressing the excretion
of NF-xB.

Conclusion

Cytotoxicity was observed at silica concentration
higher than 1000 ppm. The proliferation rate of monocytes
apparently decreases when silica concentration of was
higher than 100 ppm. The differentiated osteoclasts
increased with culturing time and reached a maximum on
the 10" day. Radiation (X-ray) was found able to decrease
the differentiation of osteoclasts (and thus the bone
resorption) as well as the TRAP activity whether the
monocytes were treated by silica. The effects of silica and
radiation were suggested via the regulation of MCP,
RANKL, TNF-a, INF-y, and NF-kB.
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