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The effect of Staphylococcus aureus on apoptosis of
cultured human osteoblasts
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Objective: To investigate the effect of Staphylococcus aureus (S. aureus) on cultured human osteoblast apoptosis and
the corresponding mode of action.

Methods: Transmission electron microscopy (TEM), assessment of DNA laddering, and flow cytometry assays were
used to investigate human osteoblast apoptosis following infection with S. aureus.

Results: TEM examination and DNA laddering assessment indicated that S. aureus can induce cultured human
osteoblast apoptosis. Flow cytometry assays showed that human osteoblast apoptosis occurs in a dose-dependent manner
following infection with S. aureus. In addition, compared with under co-culture conditions, inhibition of invasion by
S. aureus resulted in a 64.62% reduction in the percentage of early apoptotic cells (P < 0.01); 7.09% * 1.21% of human
osteoblasts under indirect co-culture with S. aureus at a multiplicity of infection of 250 showed an early apoptotic profile
compared with uninfected controls(P < 0.01).

Conclusions: S. aureus induces cultured human osteoblast apoptosis in a dose-dependent manner. Intracellular
S. aureus is mainly responsible for cultured human osteoblast apoptosis following infection; secreted soluble factor(s) of
S. aureus playing a minor role in this process.
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Introduction the balance between bone resorption and formation®. S.
aureus-infected osteoblasts also produce the receptor acti-
vator of NF-kB ligand and prostaglandin E2, which can
modulate the activity or formation of osteoclasts’, an

Osteomyelitis is an inflammation of the bone associ-
ated with abnormal bone remodeling and massive bone
resorption. Staphylococcus aureus (S. aureus) is the most
commonly isolated pathogen in osteomyelitis, accounting
for approximately 80% of all human cases'. S. aureus not
only colonizes the bone matrix* and stimulates bone
resorption through secreting toxin’, but also invades
osteoblasts, this having been demonstrated in vitro*”,

inducing agent involved in bone destruction. However,
the pathogenesis of S. aureus induced osteomyelitis is
poorly understood’. There is therefore a need to reevalu-
ate the cellular pathophysiology of this disease process.
There is increasing evidence that S. aureus or other
. o . intracellular bacteria can induce apoptosis in diverse cells,
in vivo® and in clinical patients’. such as epithelial'’, endothelial ' and peritoneal mesothe-
lial cells’. It has also been shown that intracellular
S. aureus induces apoptosis in mouse osteoblasts’ and

intracellular Salmonella induces osteoblast apoptosis'*. In

Recent studies have demonstrated that S. aureus-
infected osteoblasts produce proinflammatory cytokines
and chemokines to recruit immune cells that can alter

addition, S. aureus secretes a large array of soluble viru-

lence factors". However, to date, whether intracellular S.
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induce cultured human osteoblast apoptosis has not been
clearly established. Therefore, in the present study, we
investigated the effect of S. aureus on cultured human
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Materials and methods

Bacteria, human osteoblasts and
culture conditions

S. aureus UAMS-1 (ATCC 49230), a strain which was
isolated from human osteomyelitis’, was used in this
study. ATCC 49230 was obtained from the American Type
Culture Collection (Rockville, MD, USA). S. aureus cells
were grown overnight (16 h) in 5 mL of tryptic soy broth
(Oxoid, Basingstoke, UK) in a shaking water bath at 37°C.
The bacteria were harvested by centrifugation for 10 min
at 4300 g at 4°C and washed twice in 5 mL of phosphate
buffered saline (PBS). The pellets were then resuspended
in 5 mL of growth medium lacking antibiotics or anti-
mycotics. SV40 human osteoblasts (SV40 hOBs) were
obtained from the American Type Culture Collection.
These cells had previously been characterized as authentic
osteoblasts'®. The cells were seeded in 25-cm” flasks and
incubated at 37°C in 5% CO, with DMEM/F12 (Gibco,
Gaithersburg, MD, USA) supplemented with 0.3 mg/mL
G418 (Sigma, St Louis, MO, USA) and 10% fetal bovine
serum (HyClone, Logan, UT, USA). The cells were then
propagated as described by the manufacturer.

Infection procedure

Once the osteoblasts had reached approximately 80%
confluency, the cells were trypsinized (0.025% trypsin-
0.01%
medium and seeded into 6 or 12-well plates (Corning,
Cambridge, MA, USA). Two to three hours before the
addition of bacteria, the cells were washed twice with PBS
and then incubated with an assay medium (growth
medium without antibiotics and antimycotics). S. aureus
was added at the designated multiplicity of infection
(MOI) at designated times. Next, the supernatants were
removed and the osteoblasts washed twice with PBS.
Finally, a growth medium containing gentamicin (25 pg/
mL) (Sigma) was added to kill the remaining extracellular
bacteria as described previously".

ethylenediaminetetraacetic acid), washed in

Transmission electron microscopy for apoptosis
One x 10° cells/well in 6-well plates were infected with
S. aureus at an MOI of 250 for 2 h. After infection, they
were incubated for 0, 16 or 20 h, then floating and adher-
ent cells were collected by trypsinization, washed three
times with PBS and collected by centrifugation at 1000 g
for 10 min. The cell pellets were fixed for 2h at 4°C in a
solution containing 2.5% glutaraldehyde (Sigma) and
washed three times with PBS. The pellets were then post-
fixed with osmium tetroxide (Sigma), dehydrated and
embedded in epoxy resin (Sigma). Ultrathin sections
were collected on 100- to 150-mesh nickel grids (Plano,
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Wetzlar, Germany), stained with lead citrate and uranyl
acetate and then examined by transmission electron
microscopy (TEM) (Tecnai-10; Philips, the Netherlands).
Uninfected SV40 hOBs were used as controls with the
same wash and addition of gentamicin.

DNA laddering assessment of apoptosis

Two x 10° cells/well in 6-well plates were infected with
S. aureus at an MOI of 250 for 2 h. After infection, they
were incubated for 20 h. Detached human osteoblasts
were centrifuged at 1000 g for 5 min at 4°C, the pellets
washed with ice-cold PBS and resuspended in a lysis
buffer. Adherent cells were lysed directly in the dish and
these two samples combined into a single sample. DNA
was isolated from the lysates with an Enhanced Apoptotic
DNA Ladder Detection Kit (BioVision, San Diego, CA,
USA) according to the manufacturer’s guidelines and ana-
lyzed on an ethidium bromide-stained 1.5% TreviGel
(Genzyme, Cambridge, MA, USA). Uninfected human
osteoblasts were used as controls, the same steps being
followed.

Flow cytometry assays to detect apoptosis

To further confirm apoptosis in human osteoblasts and
determine whether that apoptosis occurred in a dose-
dependent manner, 5 x 10* cells/well in 12-well plates were
infected with S. aureus at MOIs from 25 to 500 for 2 h.
Uninfected SV40 hOBs were used as controls, the same
steps being followed.

To determine the role of intracellular S. aureus in
human osteoblast apoptosis, 5 X 10* cells/well in 12-well
plates were exposed to S. aureus at an MOI of 250 for 2 h
in the presence of cytochalasin D (5 ug/mL) (Sigma)
added 1h prior to infection. Cells in the presence of
5 ug/mL cytochalasin D alone were used as controls, the
same steps being followed. Cytochalasin D at 5 pug/mL
inhibits invasion of S. aureus into human osteoblasts by
99.85% compared to controls®.

To determine the role in human osteoblast apoptosis of
the soluble factor(s) secreted by S. aureus, 5 x 10* cells/well
were grown in the lower compartment of a 12-well
Transwell bicameral chamber (Corning). This chamber
contains a 0.4-pm pore size polycarbonate filter that sepa-
rated the cells from S. aureus, which was added to the
upper chamber at an MOI of 250 for 2 h.

After infection, the cells were incubated for 10 h. Adher-
ent and floating cells were collected by trypsinization and
centrifuged at 1000 g for 5 min, washed in cold PBS and
incubated for 15 min with Annexin V-FITC and pro-
pidium iodide (PI) according to the manufacturer’s
instructions (Caltag Laboratories, Burlingame, CA, USA).
The cells were then analyzed by FACS Calibur flow cytom-
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Figure 1 Investigation of apoptosis by
TEM. (A) Uninfected human osteoblasts
showing normal cellular morphology.
(B) S. aureus has invaded human osteo-
blasts (black arrows). (C, D) Infected
human osteoblasts manifesting features of
apoptosis: shrunken cells, cytoplasmic con-
centration and apoptotic bodies (black
arrows).

etry (Beckman Coulter, Fullerton, CA, USA). Cells in the
early phases of apoptosis bind with Annexin V but exclude
PI, while necrotic cells or cells in the later stages of apop-
tosis stain simultaneously with Annexin V and PL

Statistical analysis

All assays were repeated in three independent experi-
ments. Data are presented as mean * SD. Statistical analy-
sis among groups was performed by analysis of variance
and the Student-Newman-Keuls test using the SPSS17.0
software package (SPSS, Chicago, IL, USA). Statistically
significant values were defined as P < 0.05.

Results

Results of transmission electron microscopy

Morphological changes in human osteoblasts after
infection with S. aureus were identified by TEM. Figure 1A
shows the normal morphology of human osteoblasts that
have not been infected with S. aureus, and Fig. 1B dem-
onstrates that S. aureus invades human osteoblasts. More-
over, as shown in Fig. 1C and D, following infection with
S. aureus human osteoblasts manifested features of
apoptosis.

Results of DNA laddering assessment

Internucleosomal DNA fragmentation, a hallmark of
apoptotic cells, was examined for the presence of a char-
acteristic 180-bp laddering pattern on agarose gels (Fig. 2,
lane a). As shown in Fig. 2, lane b, DNA extracted from
uninfected controls failed to display this laddering.
However, DNA from human osteoblasts infected with
S. aureus did display the characteristic fragmentation
(Fig. 2, lane ¢).

201

Apoptosis detection by flow cytometry assays

As shown in Fig. 3, human osteoblasts infected with
S. aureus demonstrated an apoptotic profile in a dose-
dependent manner at MOIs from 25 to 250. The
maximum percentage of early apoptotic cells (annexin
V +/PI —) was reached at an MOI of 250 (29.65% =
1.05%). There were no further increases in the early apo-
ptotic profile (18.58% = 0.63%), but there were
increases in later stages of apoptosis (annexin V +/PI+)
(22.86% = 2.67%) and necrosis (annexin V —/PI+)
(data not shown) at an MOI of 500. However, control
cells generally exhibited a low percentage of apoptosis
(1.32% = 0.54%).

Figure 2 Investigation of apoptosis by DNA laddering electrophore-
sis. Lane a, 100-bp standard DNA ladder; lane b, DNA from un-
infected human osteoblasts; lane ¢, DNA from S. aureus-infected
human osteoblasts at an MOI of 250, showing the characteristic
ladder of fragmented DNA bands in multiples of 180 bp.
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Figure 3 Investigation of apoptosis by flow cytometry with annexin V and Pl assay. (A) Human osteoblasts infected with S. aureus
demonstrate an apoptotic profile in a dose-dependent manner at MOlIs from 25 to 250. (B) Representative scatter plots are shown.

Comparing the percentage of apoptotic human osteo-
blasts infected with S. aureus at an MOI of 250 in the
presence or absence of 5 ug/mL cytochalasin D by flow
cytometry assays, as shown in Fig. 4, the percentage of
early apoptotic cells at an MOI of 250 was dramatically
reduced by 64.62% (P < 0.01) in the presence of cytocha-
lasin D (10.49% = 1.32%) compared with absence of
cytochalasin D (29.65% = 1.05%). These results indicate
that intracellular S. aureus is mainly responsible for cul-
tured human osteoblasts apoptosis following infection.

In addition, Fig. 4 also clearly demonstrates that, under
indirect co-cultured conditions with the Transwell bicam-
eral chamber, 7.09% * 1.21% of cells showed an early
apoptotic profile, this being significantly different (P <
0.01) than the findings with uninfected controls. This
result indicates that soluble bacterial factors secreted by
S. aureus may also, to some extent, play a role in apoptosis
of cultured human osteoblasts.
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Discussion

S. aureus induces apoptosis of diverse cells in a variety
of ways. Kahl et al. have reported that S. aureus RN 6390
can induce human epithelial cell apoptosis'®. They
thought that this apoptosis was associated with bacterial
invasion and their intracellular replication. It has been
shown that S. aureus a-toxin contributes to the triggering
of apoptosis from the intracellular environment, and
that cell apoptosis induced by S. aureus appears to be
dependent on invasiveness and agr- and sigB-controlled
gene products''. Furthermore, that intracellular S. aureus
induces mouse osteoblast apoptosis” and intracellular
Salmonella induces osteoblast apoptosis'* have also been
demonstrated.

In the current study, we first demonstrated that
S. aureus induces apoptosis of cultured human osteoblasts
in a dose-dependent manner (Figs 1-3). In addition, we
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Figure 4 The roles of intracellular S. aureus and the secreted soluble factor(s) of S. aureus on cultured human osteoblasts apoptosis following
infection with these bacteria. (A)The percentage of early apoptotic cells at an MOI of 250 is dramatically reduced in the presence of
cytochalasin D compared with absence of cytochalasin D. (B)Representatives scatter plots are shown. *P < 0.01, versus controls; #P < 0 01,
MOI 250 (cytochalasin D) versus MOI 250, cytochalasin D alone and controls.

observed that intracellular S. aureus not only induces
human osteoblast apoptosis, but is also mainly respon-
sible for cultured human osteoblast apoptosis following
infection. The above conclusions are based on two find-
ings. First, Fig. 1C and D show that apoptotic human
osteoblasts contain S. aureus, suggesting that S. aureus
induced human osteoblast apoptosis may occur through
invasion of cells. This morphological confirmation that
apoptotic cells contain intracellular bacteria was not
reported by Tucker et al.”” Second, as shown in Fig. 4,
compared to controls in which cytochalasin D was absent,
the percentage of early apoptotic cells at an MOI of 250
was dramatically reduced by 64.62% (P < 0.01) in the
presence of cytochalasin D (5 ug/mL), which means that
intracellular S. aureus is mainly responsible for apoptosis
of cultured human osteoblasts following infection.
Furthermore, we demonstrated for the first time that
the soluble bacterial factors secreted by S. aureus can also
induce cultured human osteoblast apoptosis (Fig. 4),
although these factor(s) are not the main reason for

human osteoblast apoptosis following infection with
S. aureus. It has been reported that S. aureus secretes a
large array of soluble factors, such as a-toxin, exotoxins,
toxic shock syndrome toxin-1 (TSST-1) and Panton-
Valentine leukocidin (PVL)". PVL can trigger phagocyte
apoptosis'®; a-toxin can induce mesothelial cell apopto-
sis12 and is required for induction of endothelial cell apo-
ptosis''; whereas TSST-1 can inhibit monocyte apoptosis'’
and exotoxins have the ability to inhibit eosinophil apop-
tosis®’. Thus, the mechanisms by which the secreted
soluble factor(s) of S. aureus induced cultured human
osteoblast apoptosis in the current experiments may be
complex and intricate. Indeed, although they only play a
minor role in cultured human osteoblast apoptosis fol-
lowing infection, further work is needed to explore how
the secreted soluble factor(s) of S. aureus triggers human
osteoblast apoptosis.

In summary, in the present study, we demonstrated that
S. aureus induces cultured human osteoblast apoptosis in
a dose-dependent manner. In addition, we revealed that
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intracellular S. aureus is mainly responsible for cultured
human osteoblast apoptosis following infection, while the
secreted soluble factor(s) of S. aureus play a minor role in
such apoptosis. These finding suggest that the destruction
of osteoblasts through apoptosis induced by intracellular
S. aureus and its secreted soluble factor(s) might be one
reason for the bone loss caused by osteomyelitis.
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