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Osteomyelitis, osteitis, spondylodiscitis, septic arthritis, and prosthetic joint infections still represent
the worst complications of orthopedic surgery and traumatology. Successful treatment requires, besides
surgical débridement, long-term systemic and high-concentration local antibiotic therapy, with possible
local antibiotic concentrations of 100 pg/ml and more. In this study, we investigated the effect of 20
different antibiotics on primary human osteoblasts (PHO), the osteosarcoma cell line MG63, and the
epithelial cell line HeLa. High concentrations of fluoroquinolones, macrolides, clindamycin, chloram-
phenicol, rifampin, tetracycline, and linezolid during 48 h of incubation inhibited proliferation and
metabolic activity, whereas aminoglycosides and inhibitors of bacterial cell wall synthesis did not. Twenty
percent inhibitory concentrations for proliferation of PHO were determined as 20 to 40 pg/ml for
macrolides, clindamycin, and rifampin, 60 to 80 pg/ml for chloramphenicol, tetracylin, and fluoroquino-
lones, and 240 pg/ml for linezolid. The proliferation of the cell lines was always less inhibited. We
established the measurement of extracellular lactate concentration as an indicator of glycolysis using
inhibitors of the respiratory chain (antimycin A, rotenone, and sodium azide) and glycolysis (iodoacetic
acid) as reference compounds, whereas inhibition of the respiratory chain increased and inhibition of
glycolysis decreased lactate production. The measurement of extracellular lactate concentration revealed
that fluoroquinolones, macrolides, clindamycin, rifampin, tetracycline, and especially chloramphenicol
and linezolid impaired mitochondrial energetics in high concentrations. This explains partly the observed
inhibition of metabolic activity and proliferation in our experiments. Because of differences in the energy
metabolism, PHO provided a more sensitive model for orthopedic antibiotic usage than stable cell lines.

The septic diseases osteomyelitis, osteitis, spondylodiscitis,
septic arthritis, and prosthetic joint infection represent the
worst complications of orthopedic surgery and traumatology.
Successful treatment usually requires a combination of surgical
débridement and antibiotic therapy. Only antibiotics with a
high bioavailability in bone are suited for treatment, but they
have to be administered in high dosage and for long terms, at
least 4 to 6 weeks. Complementary antibiotics are often ap-
plied locally to achieve extremely high concentrations in bone
tissue without high serum concentrations to avoid detrimental
side effects. In 1970, Buchholz and Engelbrecht (6) reported
that penicillin, erythromycin, and gentamicin incorporated into
polymethylmethacrylate (PMMA) cement used to attach total
hip joint prostheses diffused out into the surrounding tissues
over a period of months, thereby providing prolonged concen-
trations of local antibiotic. As a therapy for osteomyelitis,
Klemm (29) formed gentamicin-impregnated PMMA cement
into beads and used them to temporarily fill in the dead space
created after the débridement of infected bone. Adams et al.
(1) measured the elution of several antibiotics (cefazolin, cip-
rofloxacin, clindamycin, ticarcillin, tobramycin, and vancomy-

* Corresponding author. Mailing address: Klinik und Poliklinik
fiir Orthopédie, Universitatsklinikum Koln, Joseph-Stelzmann-Str. 24,
50931 Koln, Germany. Phone: (49) 0221-478-86535. Fax: (49) 0221-
478-86536. E-mail: Nicole.Duewelhenke@uk-koeln.de.

¥ Published ahead of print on 6 November 2006.

54

cin) from PMMA beads in mongrel dogs. Depending on the
antibiotic, they found initial concentrations of active antibiotic
in the space around the beads between 7.5 pg/ml (ciprofloxa-
cin) and 1,516.7 pg/ml (clindamycin). With the exception of
ticarcillin, antibiotic concentrations in the granulation tissue
surrounding the beads exceeded 30 wg/ml even 28 days after
implantation. In pharmacokinetic studies in patients after im-
plantation of gentamicin-impregnated PMMA, concentrations
of up to 150 pg/ml active gentamicin were observed in wound
exudates derived directly from the vicinity of the implanted
cement (49). Besides the nonbiodegradable PMMA, numerous
biodegradable materials have been studied for use as local
drug delivery systems for antibiotics (27). Commercially avail-
able are gentamicin collagen sponges that can create local
concentrations of up to 1,000 wg/ml gentamicin over a short
period of time (50).

In consideration of the fact that very high concentrations of
antibiotics are achieved in bone tissue during local treatment,
the influence of antibiotics, especially on bone cell function,
seems most relevant. We investigated 20 antibiotics of different
classes and antibacterial mechanisms in a cell culture model of
primary human osteoblasts. For comparison, all experiments
were carried out with the osteosarcoma cell line MG63 and the
epithelial cell line HeLa as well. Different cell parameters have
been investigated: cell proliferation, metabolic activity, cyto-
toxicity, and lactate production as an indicator of impaired
mitochondrial energetics.
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MATERIALS AND METHODS

Materials, reagents, and antibiotics. The following antibiotics were investi-
gated: cefazolin, chloramphenicol, clindamycin, erythromycin, gentamicin, linco-
mycin, penicillin G, rifampin, roxithromycin, streptomycin, tetracycline, tobra-
mycin, and vancomycin (all from Sigma, Taufkirchen, Germany); amoxicillin and
flucloxacillin (GlaxoSmithKline GmbH & Co. KG, Munich, Germany); cipro-
floxacin (MP Biomedicals GmbH, Eschwege, Germany); fosfomycin (Infecto-
Pharm, Heppenheim, Germany); moxifloxacin (Bayer AG, Leverkusen, Ger-
many); and linezolid and azithromycin (Pfizer GmbH, Karlsruhe, Germany).

High-glucose Dulbecco’s modified Eagle medium (DMEM), GlutaMAX-I,
fetal calf serum (FCS), and sodium pyruvate were obtained from Invitrogen
GmbH (Karlsruhe, Germany); Liberase Blendzyme 3, Cytotoxicity Detection
Kit, and Cell Proliferation enzyme-linked immunosorbent assay (ELISA) were
from Roche Applied Science (Mannheim, Germany); ITS+ (insulin-transferrin-
selenium) was from BD Bioscience (Heidelberg, Germany); platelet-derived
growth factor (PDGF-BB) was from R&D Systems GmbH (Wiesbaden, Ger-
many); epidermal growth factor (EGF), dexamethasone, ascorbic acid 2-phos-
phate, B-glycerophosphate, and thiazolyl blue tetrazolium bromide (MTT) were
from Sigma (Taufkirchen, Germany); Accutase was from PAA Laboratories
GmbH (Colbe, Germany); Ultroser G was from PALL GmbH (Dreieich, Ger-
many); fibronectin was from Biochrom AG (Berlin, Germany); and Lactate
Reagent was from Trinity Biotech (Bray, Ireland).

All cell culture plastic was obtained from BD Bioscience (Heidelberg, Ger-
many) with the exception of 96-well microtiter plates, which were purchased
from NUNC (Wiesbaden, Germany).

Primary human osteoblast culture. Mesenchymal stem cells were isolated
from trabecular bone obtained during total hip replacements from the femurs of
patients aged 42 to 82 years (41, 46). The bone pieces were cut into fragments of
3 to 10 mm and incubated with Liberase Blendzyme 3 in a concentration of 70
pg/ml for 1.5 to 2 h at 37°C. The supernatant containing the mesenchymal stem
cells, bone marrow, and blood cells was stored, the fragments were washed twice
with phosphate-buffered saline (PBS), and the lavage was united with the super-
natant. The cell suspension was centrifuged at 300 X g for 5 min. The pellet was
resuspended in expansion medium (modified after Reyes et al. [38]) consisting of
DMEM supplemented with 2% GlutaMAX-I, 1% FCS (embryonic stem cell
tested), 1 mM sodium pyruvate, 1% ITS+, 25 pg/ml ciprofloxacin, 10 ng/ml
human EGF, and 10 ng/ml human PDGF-BB and seeded in fibronectin-coated
cell culture flasks (38). After 24 h of incubation at 37°C and 5% CO,, the
supernatant containing nonadherent cells, like blood cells, was removed, the
adherent cells were washed twice with PBS, and fresh medium was added. After
nearly reaching confluence, the cultures were passaged in expansion medium
without ciprofloxacin after 7 to 10 days. To gain mature osteoblasts, the cells
were placed at passage two or three in differentiating medium consisting of
DMEM supplemented with 2% Ultroser G serum substitute, 2% GlutaMAX-I,
1 mM sodium pyruvate, 100 nM dexamethansone, 50 WM ascorbic acid 2-phos-
phate, and 10 mM B-glycerophosphate for 5 to 7 days (26). We characterized the
obtained cells on the basis of expression of osteocalcin, osteopontin, SPARC
(secreted protein acidic and rich in cysteine), and alkaline phosphatase; the
ability to build extracellular matrix (collagen I); and their mineralization as
mature osteoblasts (5, 28, 40). The cells were detached with Accutase for passage
or seeding. Cells from different subjects were cultivated separately and never
pooled. For experiments, cells from one subject were seeded on 96-well micro-
titer plates at a density of 0.75 X 10* cells/cm? for proliferation assays and 1.5 X
10* cells/em? for MTT assay, lactate dehydrogenase (LDH) release, and lactate
determination in 100 wl differentiation medium per well. For time kinetic ex-
periments, the cells were seeded in 25-cm? cell culture flasks at a density of 1.5 X
10* cells/em? in 7 ml medium. All cultures were examined regularly for myco-
plasma contamination. All experiments were performed in differentiating me-
dium if not stated otherwise.

MG63 and HeLa cultures. Cells were cultivated in DMEM supplemented with
2% GlutaMAX-I, 1 mM sodium pyruvate, and 10% FCS (standard medium) at
37°C and 5% CO,. They were passaged thrice a week. For experiments they were
seeded on 96-well microtiter plates at a density of 0.5 X 10* cells/cm? (MG63) or
0.75 x 10* cells/cm? (HeLa) for proliferation assays and 1.5 X 10* cells/cm? for
MTT assay and lactate determination in 100 pl standard medium. For time
kinetic experiments, the cells were seeded in 25-cm? cell culture flasks at a
density of 1.5 X 10* cells/em? in 7 ml medium. All cultures were examined
regularly for mycoplasma contamination. Experiments to determine the prolif-
eration in the presence of antibiotics were performed in standard medium con-
taining 10% FCS. For experiments to determine metabolic activity and lactate
production, the medium was changed 24 h after seeding with DMEM containing
2% of the serum supplement Ultroser G, if not stated otherwise.
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Cytotoxicity. Quantification of cell death and lysis of primary human osteo-
blasts was based on the measurement of LDH activity released from the cytosol
of damaged cells into the supernatant. Twenty-four hours after seeding, the
medium was replaced with fresh differentiating medium and the cells were
incubated with the antibiotics. After 24 h of incubation, the LDH release in the
supernatant and the intracellular LDH content of the corresponding adherent
cells after lysis with 1% Triton X were determined via the Cytotoxicity Detection
Kit following the manufacturers’ instructions. Percentage cytotoxicity was calcu-
lated as the quotient of released LDH/total LDH (i.e., intracellular LDH of the
corresponding adherent cells plus released LDH).

Proliferation. The quantification of cell proliferation was based on the mea-
surement of bromodeoxyuridine (BrdU) incorporation during DNA synthesis in
proliferating cells. Twenty-four hours after seeding, the cells were treated with
the antibiotics and nurtured in their presence for 48 h. The primary human
osteoblasts were labeled with BrdU for 48 h, and the cells lines were labeled with
BrdU for 18 h. If not explicitly stated otherwise, primary human osteoblasts were
incubated in differentiating medium, and the cells lines were incubated in stan-
dard medium containing 10% FCS. The incorporated BrdU was quantified using
the Cell Proliferation ELISA following the manufacturers’ instructions.

Metabolic activity. The overall metabolic activity in the cell populations was
determined via reduction of MTT by NAD-dependent dehydrogenase activity to
form a colored reaction product. Twenty-four hours after the seeding medium
was changed, the cells were treated with the antibiotics and nurtured in their
presence for 48 h. Afterwards they were incubated for 2 to 3 h with 20 ul MTT
solution (1% MTT in PBS) at 37°C. The supernatant was removed, and the
formazan was solubilized with 2-propanol and measured photometrically at 450
nm. Equally treated wells without cells served as blanks.

To investigate a possible direct reaction with MTT, every antibiotic was incu-
bated with MTT but without cells in PBS, and the extinction of the supernatant
was measured.

Lactate production. The measurement of lactate was performed with Lactate
Reagent, which is based on the conversion of lactic acid to pyruvate and hydro-
gen peroxide. The increase in absorbance at 540 nm is directly proportional to
the lactate concentration in the sample and was measured with an ELISA reader.
Because of the high lactate content of FCS, all cultures were cultivated under
serum-free conditions with Ultroser G. The medium was changed 24 h after
seeding, and the cells were treated with the antibiotics and nurtured in their
presence for 48 h. Because of the extreme sensitivity of the lactate measurement,
the optimal quantity of the cell culture supernatant sample was determined in
every experiment. Usually 2 to 10 .l of supernatant was sufficient for a precise
determination with 200 pl lactate reagent on 96-well plates. The concentration of
lactate was calculated in relation to a lactate standard in known concentration.

To analyze the lactate production in time kinetic experiments, the medium was
removed and replaced with 5 ml medium supplemented with 2% Ultroser G
containing the substance to be tested at time point zero, and the cultures were
incubated at 37°C during the experiment. Every hour, including time point zero,
20 pl cell culture supernatant was collected for determination of lactate concen-
tration.

No direct reaction of the lactate reagent with any antibiotic was observed.

Data analysis. The untreated control of every experiment was defined as 100%
proliferation, metabolic activity, or lactate production, and the values of the
antibiotic-treated cultures were calculated in relation to the control. Standard
deviations displayed in dose-response curves were calculated on the basis of six
replicates in the same experiment. Displayed graphs are representative for the
corresponding experiment. Experiments with PHO were repeated with cells
derived from different subjects. All experiments were repeated at least four times
to determine inhibition of proliferation of primary human osteoblasts and cell
lines, four times to determine metabolic activity and extracellular lactate pro-
duction of the cell lines, four times to determine cytotoxicity, and at least six
times to determine metabolic activity and lactate production of PHO. Twenty
percent inhibitory concentrations (IC,,s) and ICs,s were determined graphically
for every experiment, and mean values were calculated for the tabulation.

RESULTS

Possible detrimental influence of solvents in the concentra-
tions used was excluded prior to the experiments.

Direct cytotoxicity of antibiotics for primary human osteo-
blasts. Direct cytotoxicity measured via LDH release could not
be observed 24 h after treatment of PHO with inhibitors of the
bacterial cell wall synthesis, aminoglycosides, tetracycline, ri-

Downloaded from https://journals.asm.org/journal/aac on 29 October 2022 by 120.29.110.207.



56 DUEWELHENKE ET AL.

ANTIMICROB. AGENTS CHEMOTHER.

TABLE 1. Mean IC,ys and ICs for all experiments for proliferation and metabolic activity for 48 h of incubation of PHO, MG63 cells, and
HelLa cells with different antibiotics

Mean IC (proliferation, metabolic activity, in pwg/ml) and cell type”

Antibiotic
IC,, PHO IC5, PHO IC,, MG63 IC5, MG63 IC,, HeLa IC,, HeLa

Penicillin G No effect No effect No effect No effect No effect No effect
Flucloxacillin No effect No effect No effect No effect No effect No effect
Amoxicillin No effect No effect No effect No effect No effect No effect
Cefazolin 380, >400 >400, >400 230, 400 >400, >400 270, >400 >400, >400
Vancomycin No effect No effect No effect No effect No effect No effect
Fosfomycin No effect No effect No effect No effect No effect No effect
Gentamicin No effect No effect No effect No effect No effect No effect
Streptomycin No effect No effect No effect No effect No effect No effect
Tobramycin No effect No effect No effect No effect No effect No effect
Ciprofloxacin 70, 260 170, >400 80, 60 160, 150 100, 70 290, 120
Moxifloxacin 80, 190 160, >400 110, 30 230, 170 90, 40 320, 110
Tetracycline 60, 180, + 60, + 180, + 200, + >400, +
Rifampin 30, + 130, + 120, + 240, + 180, + 270, +
Clindamycin 40, 340 150, >400 160, 200 250, >400 230, 80 >400, 200
Lincomycin No effect No effect No effect No effect No effect No effect
Erythromycin 30, 210 180, >400 130, 180 300, 310 210, 110 >400, 170
Roxithromycin 20, 110 70, 210 50, 50 180, 110 100, 30 160, 90
Azithromycin 20, 80 25, 160 30, 70 190, 180 110, 50 240, 160
Chloramphenicol 60, 260 230, >400 200, 110 >400, 400 340, 100 >400, 340
Linezolid 240, >400 >400, >400 No effect, 250 No effect, >400 No effect, 300 No effect, >400

“ICs over 400 wg/ml could not be determined, because this was the highest tested concentration.
> =+ ICs could not be determined because of direct reaction of MTT with antibiotic.

fampin, and lincomycin, in any concentration tested. The fluo-
roquinolones ciprofloxacin and moxifloxacin caused 10 to 20%
cytotoxicity only in concentrations of 400 pg/ml. Clindamycin
and erythromycin caused a cytotoxicity of 10 to 25% and 40%),
respectively, in concentrations of 400 pg/ml, but in contrast to
azithromycin and roxithromycin, no LDH release could be
detected with lower concentrations. Azithromycin and rox-
ithromycin both caused 20 to 30% cytotoxicity at 100 wg/ml, 30
to 45% at 200 pg/ml, and 40 to 60% at 400 wg/ml (data not
shown). Light microscopic examination during incubation re-
vealed that very high concentrations of clindamycin, erythro-
mycin, and, more distinctly, azithromycin and roxithromycin
caused a rounding of PHO, which resulted in a detachment
from the surface within a few hours.

Effect of antibiotics on proliferation, metabolic activity, and
lactate production of primary human osteoblasts, MG63 cells,
and HeLa cells. The aminoglycosides and the inhibitors of the
bacterial cell wall synthesis, with exception of cefazolin, dis-
played no influence on proliferation, metabolic activity, and
lactate production. Cefazolin decreased the proliferation of
PHO slightly in the highest concentration of 400 wg/ml, yet the
proliferation of MG63 and HeLa cells was inhibited in lower
concentrations (Table 1). It decreased the metabolic activity
and lactate production of PHO only slightly, whereas the met-
abolic activity and lactate production of the cell lines was
almost unchanged.

The fluoroquinolones ciprofloxacin and moxifloxacin inhib-
ited the proliferation of PHO, starting with concentrations of
10 pg/ml (Fig. 1A; Table 1). Both decreased concentration-
dependent metabolic activity and proliferation in a similar
fashion. They increased the lactate production about 10 to
20% above control values in concentrations of 25 to 50 pg/ml,
but higher concentrations caused a decrease, about 30% be-
low control values. Although the fluoroquinolones inhibited

the proliferation of the cells lines MG63 and HeLa in higher
concentrations than PHO, the 1Cs,s for the inhibition of the
metabolic activity were significantly below the ICsys of PHO
(Fig. 1B; Table 1). The lactate production of MG63 and HeLa
was only very slightly or was not influenced by the fluoroquino-
lones. Because of the great similarity in the effect of antibiotics
on both cell lines, only representative graphs of MG63 cells are
displayed in the results.

Rifampin and tetracycline inhibited the proliferation of
PHO with ICs similar to those of the fluoroquinolones (Table
1). Tetracycline inhibited proliferation of MG63 cells in a
fashion similar to that of PHO, but concentrations above 400
pg/ml were necessary for 50% inhibition of proliferation of
HeLa cells. In the case of rifampin, both cell lines exhibited
higher ICs for proliferation than PHO (Table 1). Both tetra-
cycline and rifampin converted MTT directly to formazan in
the absence of cells. Rifampin converted almost four times
more MTT than did tetracycline in the same time. Microscopic
examination of PHO after MTT incubation revealed a signif-
icantly stronger formazan staining of the individual cells in
cultures treated with high concentrations of rifampin com-
pared to cells in control cultures (data not shown). MTT is
probably converted directly by intracellular sources of rifampin
and tetracycline. Because they increased the metabolic activity,
no ICs could be determined. Tetracycline increased the max-
imal lactate production of PHO and averaged about 30% at
190 pg/ml, but the increase measured in seven different exper-
iments varied strongly between 0% and 60%. It increased the
lactate production of MG63 and HeLa cells only in lower
concentrations about 7.5% at most compared to the control,
but in contrast to PHO it decreased the dose-dependent lactate
production about 30 to 70% in the highest concentration. Ri-
fampin increased the maximal lactate production of PHO and
averaged about 40% in concentrations of 400 pg/ml, but as for
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FIG. 1. Effect of moxifloxacin, clindamycin, azithromycin, and linezolid on PHO and MG63 cells. PHO (A, C, E, and G) and MG63 cells (B,
D, F, and H) were treated with moxifloxacin, clindamycin, azithromycin, or linezolid in concentrations of 1.5 to 400 pg/ml for 48 h. Proliferation
was determined via BrdU incorporation, metabolic activity via MTT assay, and glycolytic activity by means of lactate production. The untreated
control was defined as 100% proliferation, metabolic activity, or lactate production, and all other values were calculated in relation to the control
values. Displayed are representative graphs of the particular experiments. The error bars demonstrate the standard deviations of six independent
replicates of the same experiment.
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tetracycline the values acquired from seven independent ex-
periments varied strongly between 0% and 100%. Instead of
increasing, it decreased the lactate production of MG63 and
HelLa cells about 50 to 60% at 400 wg/ml (data not shown).
The observed variability in the effect on primary human osteo-
blasts was never observed with any other antibiotics besides
tetracycline and rifampin.

Clindamycin and the macrolides displayed similar effects on
PHO and cell lines, whereas lincomycin had no effect at all.
Azithromycin and roxithromycin inhibited the proliferation
and metabolic activity of PHO much more than erythromycin
and clindamycin with the lowest ICs of all antibiotics tested,
whereas the ICs of the metabolic activity were two to six times
higher than the ICs for proliferation (Table 1; Fig. 1C and E).
This is in contrast to the cell lines. Although the ICs of pro-
liferation were higher than the ICs of PHO, the ICs of the
metabolic activity were always lower than the corresponding
ICs of PHO (Table 1; Fig. 1D and F). Clindamycin as well as
the macrolides decreased the lactate production of the MG63
and HelLa cells, comparable to the inhibition of proliferation.
In contrast, the concentration-dependent lactate production of
PHO was dramatically increased by clindamycin and erythro-
mycin. Concentrations of 25 pg/ml clindamycin and erythro-
mycin already caused an increase in lactate production, with a
maximal increase of about 60 to 70% compared to the control
at 400 pg/ml (Fig. 1C). The lactate production was increased
by azithromycin about 20 to 30% at most but dropped at 400
pg/ml to about 30 to 40% below control levels (Fig. 1E).
Increasing concentrations of roxithromycin caused at first a
decrease in lactate production of about 20%, but concentra-
tions of 100 wg/ml and more increased the lactate production
again to control levels. The singular course of the graph was
exactly reproducible in every experiment (graphs not shown).
To demonstrate that clindamycin is actively transported into
the cells via the nucleoside transporters, PHO were incubated
with 400 pg/ml clindamycin in the presence of 20 mM adeno-
sine. Adenosine blocked almost completely the increase of
lactate production as well as the LDH release induced by 400
pg/ml clindamycin during 10 h of incubation (data not shown).

Chloramphenicol decreased the proliferation of PHO con-
centration dependently, whereas the metabolic activity was
much less influenced (Table 1). In contrast, the proliferation of
MG63 and HeLa cells was much less inhibited by chloram-
phenicol than was the metabolic activity. Linezolid inhibited
both proliferation and metabolic activity of PHO about 30% at
most only in very high concentrations (Table 1; Fig. 1G). No
inhibitory influence on proliferation of MG63 and HelLa cells
could be found with any concentration during 48 h of incuba-
tion, but linezolid decreased the concentration-dependent
metabolic activity in higher concentrations (Table 1; Fig. 1H).

The increase of lactate production of PHO induced by chlor-
amphenicol and linezolid was remarkable. Even in the pres-
ence of 1.5 pg/ml chloramphenicol, an increase of 12 to 31%
lactate production of PHO could be measured, with a maximal
increase of 150% on average at 400 pug/ml compared to control
values. An increase of lactate production of PHO caused by
linezolid was already detectable at 6 wg/ml, with an increase of
13% on average. Concentrations of 400 wg/ml caused an in-
crease of 120% on average, but almost 200% could be reached
in some experiments. Chloramphenicol and linezolid both in-
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creased the lactate production of MG63 and HeLa cells by only
about 25% on average (data not shown).

Usually all osteoblasts were cultivated with DMEM contain-
ing the serum replacement Ultroser G. To demonstrate that
the effect of at least clindamycin, erythromycin, chloramphen-
icol, and gentamicin on PHO was not dependent on the ab-
sence of FCS, some experiments were performed in medium
containing 10% FCS. Gentamicin did not inhibit the prolifer-
ation of PHO during 48 h of incubation, regardless of supple-
menting the medium with FCS or Ultroser G (data not shown).
Clindamycin as well as erythromycin and chloramphenicol
inhibited the proliferation of PHO cultivated in medium con-
taining FCS with the same ICs,s that were determined for
PHO cultivated in Ultroser G.

The dose-response curve characteristics and ICsys were al-
ways reproducible with PHO gained from different individuals
(data not shown).

Effect of repeated treatment with low concentrations of clin-
damycin and erythromycin on PHO. To investigate if low con-
centrations can influence the metabolic activity of PHO after
repeated treatment instead of a single application, PHO were
seeded in high density on 96-well plates in medium supple-
mented with 10% FCS. After 24 h the antibiotics were added
at concentrations of 0.01 pwg/ml up to 25 pg/ml. The medium
was changed daily, and fresh clindamycin or erythromycin was
added at the corresponding concentration. The antibiotic-free
medium of control cultures was changed daily as well. After 6
days, the metabolic activity of the cultures was determined via
MTT assay. Figure 2 shows dose-response curves for three
different experiments with osteoblasts gained from different
individuals. ICss could not be determined in these experi-
ments, but the IC,,s of metabolic activity were 20 pg/ml for
clindamycin and 11 pg/ml for erythromycin, significantly below
the IC,,s determined after 48 h of incubation (Table 1).

Inhibition of glycolysis and respiratory chain of PHO and
MG63 cells. The increased lactate production can be an
indicator of impaired mitochondrial energetics. To prove
this hypothesis, PHO and MG63 cells were treated with
known inhibitors of glycolysis and the respiratory chain.

Inhibition of glycolysis with iodoacetic acid caused a con-
centration-dependent decrease in proliferation, metabolic ac-
tivity, and lactate production of PHO as well as of MG63 cells
(Fig. 3A and B). In cultures of PHO as well as in cultures of
MG63 cells, the lactate production dropped almost simulta-
neously with the overall metabolic activity measured via MTT.
The proliferation of PHO was inhibited in lower concentra-
tions than lactate production and metabolic activity, whereas in
contrast the lactate production and metabolic activity of MG63
cells decreased before the proliferation was inhibited.

Antimycin A did not affect proliferation and metabolic ac-
tivity of PHO in concentrations of less than 1 uM, but the
lactate production was increased about 150% at most in con-
centrations over 0.25 pM (Fig. 3C), whereas the lactate pro-
duction of MG63 cells was increased about 50% at most com-
pared to the control at 50 nM (Fig. 3D). Antimycin A did not
influence the proliferation of MG63 cells, but the metabolic
activity decreased to 70% of control. As long as the lactate
production increased with rising concentrations of antimycin
A, the metabolic activity of MG63 cells was not influenced but
decreased in parallel to the lactate production after reaching
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FIG. 2. Influence of clindamycin and erythromycin on metabolic activity of confluent PHO when cell culture medium containing the antibiotics
was changed daily. The cultures were incubated with clindamycin (A) or erythromycin (B) in concentrations of 0.01 to 25 pwg/ml. The medium was
changed daily, and fresh antibiotics at the same concentration as before were added. After 6 days the metabolic activity of the cultures was
determined via MTT. The untreated control was defined as 100% metabolic activity, and all other values were calculated in relation to the control
values. Displayed are dose-response curves of three independent experiments with osteoblasts gained from different individuals (PHO 1 to 3). The
error bars demonstrate the standard deviations of six independent replicates of the same experiment.

their maximum. Similar results were obtained with rotenone,
but the induced increase in lactate production began at lower
concentrations (Fig. 3E and F).

Sodium azide increased the lactate production of PHO to
more than 150% compared to the control without influencing
the metabolic activity, like antimycin A and rotenone, but in
contrast it strongly decreased the proliferation about 80 to
90% in concentrations of more than 1 mM (Fig. 3G). It in-
creased the lactate production of MG63 cells about 20 to 50%
but decreased again with higher concentrations of sodium
azide. The proliferation of MG63 cells was inhibited compa-
rable to that of PHO, but the metabolic activity decreased
slightly in lower concentrations and decreased beginning with
the maximum of lactate production parallel to it (Fig. 3H).

Measurement of lactate production by time kinetics over
10 h revealed that MG63 cells produced three times more
absolute lactate than PHO under noninfluenced conditions
when seeded in the same density 24 h before the experiment
(Fig. 4). Increase of lactate production caused by inhibition of
respiration with antimycin A (1 pM), rotenone (1 uM), or
azide (1 mM) was already visible after 1 h of incubation in both
cell systems. Antimycin A caused a doubling of lactate produc-
tion of PHO after 10 h of incubation (7 pmol to 14 pwmol),
whereas the lactate production of MG63 cells was increased
only about 25% compared to the untreated control (21 pmol to
28 pmol). Iodoacetic acid (100 pM) blocked lactate produc-
tion of PHO and MG63 cells almost completely after 1 h. It is
noteworthy that complete inhibition of the respiratory chain
with antimycin A and rotenone caused in both cultures an
absolute increase of about 7 pwmol lactate after 10 h. This
corresponds to 7 wmol ATP that has been produced aerobi-
cally in this experiment when the respiratory chain was not
inhibited.

DISCUSSION

We demonstrated that antibiotics in high concentrations,
which are reached in vivo in bone during local antibiotic
therapy, can be cytotoxic or cytostatic for primary human
osteoblasts (PHO) and the cell lines MG63 and HeLa. By
means of measuring the lactate concentration in the cell

culture supernatant as an indicator of glycolysis, we showed
that a lot of antibiotics can impair mitochondria, which are
believed to be direct descendants of a bacterial endosymbi-
ont that became established at an early stage in a nucleus-
containing host cell (19).

While most cells require oxygen for respiration in vivo, cul-
tured cells often rely on glycolysis, a high proportion of which,
as in transformed cells, may be anaerobic, because hemoglobin
as an O, carrier is absent (18). Reduced or ceased mitochon-
drial activity results in a reduction of pyruvate to lactate by
NADH formed via glycolysis, which is catalyzed by cytosolic
lactate hydrogenase (LDH). At the same time, glycolysis is
stimulated with the aim of maintaining the ATP production
constant over time, resulting in an enhancement of lactate
production and secretion in the cell culture supernatant.
D’Aurelio et al. (13) called the difference between “basal”
lactate (spontaneously produced) and respiratory chain inhib-
itor-induced lactate production “Alactate” and defined it as an
index of mitochondrial function (13, 36, 42). The osteosarcoma
MG63 cells consumed much more energy than PHO and hence
had to produce more glycolytic ATP, because oxygen is the
limiting factor in energy production under cell culture condi-
tions (18). The MTT assay provided information about the
overall metabolic activity, because it was shown that most cel-
lular reduction of MTT is dependent on the reduced pyridine
nucleotides NADH and NADPH, not on mitochondrial succi-
nate as had been believed previously (3). PHO compensated
for the complete inhibition of aerobic ATP production via
glycolysis, whereas the overall metabolic activity of MG63 cells
decreased when the glycolytic rate could not be enhanced
further, demonstrating a connection between lactate produc-
tion and metabolic activity. Maybe because of a metabolic shift
the lactate production of MG63 cells declined after reaching a
maximum and lactate was consumed instead of produced (15).

Some of our observed cytotoxic and cytostatic effects of
clindamycin, macrolides, fluoroquinolones, linezolid, chloram-
phenicol, rifampin, and tetracycline on PHO can be explained
by an impairment of mitochondrial energetics, whereas the
inhibitors of the bacterial cell wall syntheses (with the excep-
tion of cefazolin with an unknown eukaryotic target [16]) and
aminoglycosides displayed no effect on PHO because of ab-
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FIG. 3. Inhibition of glycolysis and respiratory chain. PHO (A, C, E, and G) and MG63 cells (B, D, F, and H) were treated with iodoacetic acid
(inhibition of glycolysis), antimycin A (inhibition of respiratory chain complex III), rotenone (inhibition of respiratory chain complex I), or sodium
azide (inhibition of respiratory chain complex IV) in different concentrations for 48 h. Proliferation was determined via BrdU incorporation,
metabolic activity via MTT assay, and glycolytic activity by means of lactate production. The untreated control was defined as 100% proliferation,
metabolic activity, or lactate production, and all other values were calculated in relation to the control values. Displayed are representative graphs
of the particular experiments. The error bars demonstrate the standard deviations of six independent replicates of the same experiment. Alactate
indicates the difference between “basal” lactate (spontaneously produced) and respiratory chain inhibitor-induced maximal lactate production.
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FIG. 4. Absolute lactate production within 10 h of incubation with different inhibitors. PHO (A) and MG63 cells (B) were incubated with the
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acid (100 pM). Every hour, aliquots of the cell culture supernatant were removed, and the lactate concentration was determined in comparison

to a lactate standard in a known concentration.

sence of a specific target or because they could not enter the
cells in the absence of a specific receptor (34, 43). In contrast,
chloramphenicol and linezolid increased the lactate produc-
tion comparable to the specific inhibitors of the respiratory
chain presumably by inhibition of mitochondrial protein syn-
thesis, which was actually shown in vitro for chloramphenicol
(30, 39). Reports about lactate acidosis (2), neuropathy (12),
thrombocytopenia, and pancytopenia (21) suggest an impair-
ment of mitochondrial function by linezolid in vivo as well (24).
Our experiments indicate that clindamycin, macrolides, fluo-
roquinolones, tetracycline, and rifampin also can impair mito-
chondria via different mechanisms of action. Macrolides and
clindamycin like linezolid and chloramphenicol inhibit bacte-
rial protein synthesis by binding the bacterial 50S ribosomal
subunit and might inhibit mitochondrial protein synthesis as
well, although this has not been shown directly so far (39). The
impairment of mitochondrial energetics could also be caused
by direct interaction with mitochondrial membranes, because
at least macrolides are known to interact directly with phos-
pholipids (35, 47) and macrolides as well as clindamycin are
accumulated intracellularly (22, 48). The increase in lactate
production caused by the fluoroquinolones was only marginal,
because it was superposed with direct toxic effects in higher
concentrations. A more distinct increase in lactate production
could be observed after 9 days of incubation of PHO with 25
pg/ml ciprofloxacin, which resulted in Alactate values of 70 to
80% (N. Duewelhenke, unpublished data). Fluoroquinolones
may affect mitochondria via a mitochondrial DNA gyrase,
the presence and functioning of which was demonstrated
(10). Lawrence et al. postulated that the cytotoxicity of cipro-
floxacin could be mediated by influencing mitochondrial topo-
isomerase II activity, resulting in loss of mitochondrial DNA
(31, 32). The detrimental effect of fluoroquinolones on mito-
chondria could possibly be a cytotoxic effect comparable to the
antibacterial mechanism due to inhibition of the gyrase. Tet-
racycline is known to inhibit bacterial protein synthesis as well
as eukaryotic protein synthesis and protein synthesis of iso-
lated mitochondria (39). Variations in the expected increased
lactate production between experiments with PHO from dif-
ferent individuals might be caused by varying diffusion into
cells derived from different individuals. Rifampin, the antibac-

terial action of which is based on the inhibition of bacterial
RNA polymerases, does not seem to interfere with eukaryotic
RNA polymerases (11), but it was shown to inhibit eukaryotic
protein synthesis and RNA synthesis in mitochondria (8, 9).
Probably both mechanisms contribute to the observed in vitro
cytotoxicity.

Metabolic inhibitors and antibiotics have always affected the
proliferation of PHO in lower concentrations than the meta-
bolic activity, but the reverse is true for MG63 and HelLa cells.
Both MG63 and HeLa cells are transformed immortalized
stable cell lines which mainly aim to proliferate. Even if they
were short of energy, they maintained their growth rate first of
all, whereas the nontransformed and highly specialized pri-
mary human osteoblasts reacted differently by reducing cell
proliferation and saving energy first. The reaction of PHO, and
probably of other primary cells as well, reflects much better the
reaction of normal body tissue on substances influencing en-
ergetics than do cell lines. However, mitochondria are not only
responsible for the oxidative phosphorylation, they have also
been shown to play a central role in activating apoptotic cell
death (20) and regulation of calcium homeostasis. Since it had
been shown that they can accumulate calcium, some evidence
was provided that mitochondria could be involved in biological
mineralization (4, 33, 44, 45). Because they could impair
mitochondrial function, macrolides, fluoroquinolones, clinda-
mycin, rifampin, tetracycline, chloramphenicol, and linezolid
could be cytotoxic or cytostatic for bone cells in vivo after local
administration, at least in high concentrations. Some of them
might impair bone metabolism even in therapeutic serum con-
centrations. In vitro and animal experiments demonstrated a
chondrotoxicity of fluoroquinolones (7, 17) and an impairment
of fracture repair in early stages (23). An inhibition of prolif-
eration of osteoblast-like cells in vitro in low concentrations of
rifampin was reported before (25a) and should be investigated
further, because rifampin proved to be an effective agent for
treating bacteria in biofilms, which is extremely important in
the pathogenesis of bone and joint infections. Although ami-
noglycosides, the most frequently used antibiotics for local
treatment of bone infections, are known to affect mitochon-
drial protein synthesis (14), we did not find any effect on PHO
or the cell lines. This is in contrast to reported in vitro detri-
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mental effects of gentamicin on osteoblasts and bone tissue
(25, 37). Possible differences in the effect on osteoblasts may
depend on the state of differentiation, expressed surface re-
ceptors, and time of incubation. The ICs presented here were
determined for 48 h of incubation, but additionally we dem-
onstrated that ICs are principally dependent on the experimen-
tal setup and, probably because of active uptake, some antibi-
otics can accumulate intracellularly and may reach cytotoxic
concentrations after prolonged administration of low concen-
trations.
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