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Mesenchymal Stem Cell physiology can be affected by antibiotics: An in vitro study
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Abstract

The aim of this study was to investigate the effect of antibiotics used in clinical practice on Mesenchymal Stem Cells (MSCs) potential to proliferate and differentiate
towards an osteogenic lineage. Trabecular bone was obtained from 10 patients (mean age of 36 years, range 18-72) suffering from long bone fractures. Mesenchymal
Stem Cells (MSCs) were isolated and functional assays on their proliferation (CFU-F and XTT) and osteogenic differentiation (alkaline phosphatase activity and
total calcium production) were performed. The effect of medium supplementation with gentamicin, vancomycin, benzyl-penicillin, flucloxacillin, cefuroxime and
metronidazole was analysed. In concentrations found in peripheral circulation, none of the studies antibiotics had an effect on MSCs ability to proliferate and dif-
ferentiate towards osteogenic lineage. Vancomycin and gentamicin in concentrations of 200 pg/ml and 75 pg/ml respectively, down-regulated the proliferation and
osteogenic activity of MSCs. Some combination of the studied antibiotics found to inhibit both proliferation and osteogenesis. High antibiotic concentrations and the

combination of different formulations can have detrimental effects on osteoprogenitor cells physiology and potentially bone healing.
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Introduction

Infection is a dreaded complication in Trauma and
Orthopaedic Surgery. The administration of prophy-
lactic antibiotics used either parenterally or together
bone cement or metal implants is a common measure
to reduce the risk of contamination (1,2,3). In cases of
established deep seated infections treatment strategies
include surgical debridement, irrigation, and recon-
struction of the soft tissue envelope and the administra-
tion of a prolonged course of antibiotics (4). Prolonged
courses of high doses of antibiotics however, can lead
to systemic side effects including nephrotoxicity, oto-
toxicity and gastrointestinal complications (5). Avoid-
ance of these systemic side effects has been achieved by
the insertion of implants like polymethyl-methacrylate
(PMMA) bone cement and beads which are loaded with
antibiotics and release high concentrations of the anti-
bacterial drug only locally (4,6,7,8). Moreover, inject-
able biodegradable antibiotic-loaded systems are cur-
rently under development as a less invasive technique to
avoid the surgical stress response (9,10). It is of interest
however, that such implants elute antibiotic concentra-
tion that are hundred or even thousand times higher than
those expected after oral or intravenous administration
(11,12,13,14).

Two commonly used antibiotics that can be mixed
with cements and beads, particularly for the preven-
tion or eradication of resistant organisms like MRSA,
are preparations of gentamicin and vancomycin
(6,15,16,17). Other antibacterial preparations com-
monly used for the treatment of post-operative trauma
and orthopaedic infections in isolation or in combined
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formulations include benzylpenicilin, flucloxacillin,
metronidazole and cefuroxime (17,18). Although all of
the above preparations are very commonly used in the
clinical setting, the evidence regarding their effects on
bone physiology and bone repair processes is limited.

The aim of this study therefore was three-fold. First-
ly, to investigate the effect of a wide range of concentra-
tions of vancomycin and gentamicin on the proliferation
and osteogenic differentiation of mesenchymal stem
cells (MSCs) aiming to model the effect of these two
antibiotics when loaded to the bone cement. Secondly,
to assess the effect of the expected peak plasma concen-
trations of benzyl-penicillin, flucloxacillin, cefuroxime
and metronidazole on MSC proliferation and osteogen-
esis and thirdly to investigate if combinations of the
above antibiotic drugs have a negative impact on the
physiology of MSC’s.

Materials and methods

Patients

Between January 2009 and February 2009, ten con-
secutive patients (6 males and 4 females) with a mean
age of 36 years (range 18-72) were invited to participate
in this study. Ethics committee approval was obtained
(Ref number Q1206/127). Inclusion criteria included
patients admitted to our institution with a lower limb
long bone fracture (Tibia/Femur) requiring operative
treatment. Exclusion criteria included children, patho-
logical fractures, patients suffering from infections or
other systemic inflammatory conditions and patient that
were on steroids or other medications prior to the frac-
ture.
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Isolation of Mesenchymal Stem Cells

Trabecular bone (TB) was harvested intra-operati-
vely. MSCs were isolated from trabecular bone using
enzymatic digestion with collagenase 0.25% (Stem Cell
Technologies, Vancouver, Canada) for 4 hours (37°C,
5% CO,). 20x10° collagenase-released TB cells were
placed into 25 cm? flasks and grown to passage (p) 3. At
p3 they were frozen in liquid nitrogen prior to further
use. None of the culture media used in the study contai-
ned antibiotics except when the antibiotics were being
tested. Phenotypic characterisation was performed for
all donors to depict the nature of cultures grown. A
standard panel of antibodies was used including CD73,
CD106, CD146, CD166 (BD, Oxford, UK), CD105,
CD13 (Serotec, Kidlington, UK) and CD45 (Dako, Ely,
UK). Flow cytometry was performed at PO according to
standard protocols on a BD FASCan and all cells used
in the study exhibited a MSCs phenotype (positive for
CD13, CD73, CD105, CD106, CD146 and CD166 and
negative for CD45) as shown before (19,20,21).

Antibiotics

Six antibiotics were tested in this study: Vancomycin
(Hospira, Illinois, USA), gentamicin (Aventis, Surrey,
UK), benzyl-penicillin sodium (Britannia, Berkshire,
UK), flucloxacillin (Wockhardt, Wrexham, UK), cefuro-
xime (Fresenius Kabi, Cheshire, UK) and metronidazole
(Braun, Melsungen, Germany). All six antibiotics were
dissolved according to the manufacturer instructions
and aliquoted prior to further use. Vancomycin and gen-
tamicin were used in a range of concentrations between
25 — 800 pg/ml. As peak plasma concentrations for van-
comycin and gentamicin we considered the 55 pg/ml
for vancomycin and the 10 pg/ml for gentamicin. This
is based on studies reporting a Cmax of vancomycin of
54.4 ug/ml following an single dose of 1gr administered
intravenously and a Cmax of 10.7 of gentamicin fol-
lowing a dose of 4.5 mg/kg (22,23). For the rest of the
antibiotics only the Cmax was used. More precisely, rel-
evant experiments included 30 pg/ml benzyl-penicillin
(based on studies reporting mean Cmax between 17 and
31 pg/ml) (23,24) 200 pg/ml for flucloxacillin (based
on two studies reporting mean Cmax of 167 pg/ml and
arange of 118 to 357 pg/ml after 1gr IV) (25,26) 50 pg/
ml for cefuroxime (750 mg dose IV results in Cmax of
51.1-52.6 pg/ml) (27,28) and 20 pg/ml for metronida-
zole (500 mg dose IV results in Cmax of ~20 pg/ml)
(29,30).

Analysis of proliferation

The effect of antibiotics on MSC proliferation was
assessed by two different methods on cells of all 10 do-
nors: a) according to the number of viable cells (XTT
assay) and b) the number and size of the colonies for-
med (CFU-F assay). In both assays unsupplemented
cells (no antibiotics were used in culture media) were
used as control. For the XTT assay 96-well-plates were
used and the cells were seeded in triplicates (3 wells per
patient). The cells allowed to proliferate for 72 hours
and on day 3, 50 pl of XTT dye was added according to
manufacturers’ instructions. After an incubation period
of 4 hours (37°C, 5% CO,) the plates were read at a plate
ELISA reader at 450 nm. The optical densities were pro-
portional to the number of viable cells.
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For the CFU-F assay 6-well-plates were used. 1000
cells per well were seeded in triplicates (3 wells per
patient). On the 7" day of culture, adherent cells were
washed with PBS, fixed by an addition of 1 ml of 1%
paraformaldehyde (Aldrich, #533998) for 15 minutes
and stained with 0.5 ml Crystal Violet (1% in water, BD
Lab Supplies, #C142555) for two minutes. After exten-
sive washing with tap water, individual colonies were
scored based on the size and number of their colonies
blindly by two people.

Analysis of osteogenic differentiation

Osteogenic induction was performed using p3 cells
from MSCs from all 10 donors using standard protocols.
Briefly, the two assays used to define the osteogenic po-
tential of MSCs were the quantitative measurement of
Alkaline Phosphatase (ALP) activity in the cellular pro-
tein fraction at day 7, and the calcium deposition at day
21 of osteogenic differentiation. Both assays included a
control group where no antibiotics were used.

For the analysis of total calcium production 10,000
cells per well in triplicates (96-well plate) were plat-
ed. The osteogenic induction medium (composed of
DMEM, dexamethasone L-ascorbic acid 2-phosphate
and B-glycerol phosphate) containing the respective
antibiotic was added and cells stayed in culture for 21
days. For calcium extraction the cells were washed with
PBS (no Ca*, no Mg*") and 50 ul of 0.1 N HCI was
added for 10 minutes. The surface of each plate was
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Figure 1. The effect of vancomycin on the proliferation and dif-
ferentiation of MSCs. A. XTT assay, B. CFU-F assay, C. Calcium
production in 21 days and ALP activity in 7 days. (n=10) * p<0.05,
** p<0.01
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scraped and the content was transferred in eppendorf
tubes and mixed in 4° C for 4 hours. For the quanti-
fication of calcium the Cresolphthalein Complexone
method (Thermo, #TR29321) was used and values were
obtained using an ELISA plate reader.

For the quantitative measurement of ALP activity
cells were left to differentiate towards osteogenic lin-
eage for 7 days under the influence of the antibiotics.
At day 7, the cells were lysed and the supernatant was
collected. 20 pL of cell supernatant was added to 90 p
L of p-nitrophenyl phosphate (Sigma, #N-7653) and in-
cubated for 30 minutes at 37° C. The absorption was
read with the ELISA reader at 405 nm. Protein content
was determined (Protein assay, BioRad, #500-0114) and
normalization of ALP was performed.

Statistical Analysis

Assumption of normality was tested with a one-
sample Kolmogorov-Smirnov test. Data are expressed
as mean (standard deviation) or median (range) as ap-
propriate. Parametric and nonparametric data were
compared using the unpaired Student’s t-test and non-
parametric paired test, respectively. The result obtained
from each concentration of all studied antibiotics was
tested against the control (un-supplemented with anti-
biotics cells). The cut-off value for significance was p
=0.05. All calculations were done using the Statistical
Package for the Social Sciences (SPSS, version 17.0,
IBM, New York, USA).

Results

The effect of 25-800 ug/ml of vancomycin and genta-
micin on the proliferation of MSc’s

Treating proliferating MSC cultures with vanco-
mycin, resulted in no statistical significant effect up to
the concentration of 200 pg/ml (Figure 1A,B). When
200 pg/ml of vancomycin was added in cuture media,
a ~22 % and ~24 % (XTT and CFU-F assays respec-
tively) downregulation of MSC proliferation was noted
in comparison to untreated controls. A dose dependant
effect was found and the highest inhibition was noted
with the concentration of 800 pg/ml (p<0.05).
Similarly to the vancomycin, MSC’s proliferation was
found unaffected with gentamicin up to the concentra-
tion of 75 pg/ml. Higher gentamycin concentrations
inhibited MSC’s proliferation (p<0.05). (Figure 2A,B).

The effect of 25-800 ug/ml of vancomycin and genta-
micin on the osteogenic differentiation of MSCs

Media supplementation with 200 pg/ml and higher
inhibited both the ALP activity and the calcium produc-
tion (p<0.05) while the concentration 25 — 100 pg/ml
found to have no statistically significant difference to
the controls (Figure 1C). The inhibition noted with 200
pg/ml of vancomycin was ~30% for the ALP activity
(p<0.01) and ~25% for the total calcium production
(p<0.05). (Figure 1C).

In terms of gentamycin, ALP activity was signifi-
cantly decreased in all studied concentrations except the
25 pg/ml and a dose dependent effect was also noted
(Figure 2C). The highest studied concentration re-
sulted in a ~60% reduction of ALP activity (p<0.01). A
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Figure 2. The effect of gentamicin on the proliferation and differ-
entiation of MSCs. A. XTT assay, B. CFU-F assay, C. Calcium pro-
duction in 21 days and ALP activity in 7 days. (n=10) * p<0.05, **
p<0.01

~25% decrease of calcium production was found with
concentrations of 100 pg/ml of gentamicin and above
(p<0.05). The lower gentamicin concentrations (25-75
pg/ml) did not result in any statistically significant dif-
ference in calcium production but a dose dependent ef-
fect was noted for the concentrations between 100 — 800
pg/ml.

Effect of the peak plasma concentrations of benzyl-
penicillin, flucloxacillin, cefuroxime and metroni-
dazole alone and in combination on MSCs ability to
proliferate and differentiate towards an osteogenic
lineage

None of the studied antibiotics at their peak plasma
concentration affected proliferation or osteogenic dif-
ferentiation. The combination of benzyl-penicillin,
flucloxacillin and metronidazole however resulted in
downregulation of proliferation of MSCs by ~21% and
~29% by the XTT and CFU-F assay respectively com-
pare to the control (p<0.05) (Figure 3A).

In terms of osteogenesis, ALP activity found de-
creased only with cefuroxime and the combination of
cefuroxime and metronidazole (p<0.01), (Figure 3B).
Calcium production was statistically significantly de-
creased by ~31% with the combination of benzyl-peni-
cillin, flucloxacillin and metronidazole compared to the
controls whereas this combination had no effect on ALP
activity (p<0.01), (Figure 3B).
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Figure 3. The effect of the expected peak plasma concentration of benzyl-penicillin, flucloxacillin, cefuroxime and metronidazol in isolation and

in combination on the proliferation and differentiation of MSCs. A. XTT and CFU-F assay, B. Calcium production in 21 days and ALP activity in
7 days. (n=10) * p<0.05, ** p<0.01. CM: Cefuroxime and Metronidazole, BFM: Benzyl-penicillin, flucloxacillin and metronidazole.

Discussion

In this study, we assessed the effect a range of of
vancomycin and gentamicin on MSCs potential to pro-
liferate and differentiate towards an osteogenic line-
age. In addition, four commonly prescribed antibiotics
(benzyl-penicillin, flucloxacillin, cefuroxime and met-
ronidazole) were selected to be evaluated at the peak
expected plasma concentrations alone or in combination
due to their wide spread usage as broad spectrum antibi-
otic in cases of contaminated wounds (17,18)

Vancomycin is a glycopeptide antibiotic, used in
the prophylaxis and treatment of infections caused by
Gram-positive bacteria and is traditionally been reserved
as a drug of the last resort (22,23) Our results showed
that vancomycin concentrations of 200 pg/ml and over
downregulated MSC proliferation by ~22-24 % while
the highest inhibition was noted with concentrations of
800 pg/ml. Similarly ALP activity and calcium produc-
tion was inhibited by concentrations of 200 pg/ml and
over. There are two in-vitro studies analysing the effect
of vancomycin (31,32) Edin et al using osteosarcoma
MG-63 osteoblasts found no effect with concentrations
up to 1000 pg/ml but cell death was noted at 10,000
pg/ml (31) The second study analysed the prolifera-
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tion potential of MC3T3-E1 preosteoblasts and N1511
prechondrocytes treated with vancomycin (32). Their
results showed that cellular proliferation was inhibited
with doses greater than 250 pg/ml, but not 4000 pg/ml
for osteoblasts and all studied concentrations for chon-
drocytes. To the best of our knowledge, our study is the
first to utilize human MSCs derived from the fracture
site and the differences found could be explained by the
difference of cells used in the other two studies. Our
study also suggests that in a clinical scenario in which
vancomycin is administered parenterally (peak plasma
concentration reaches approximately 55 pg/ml after 1 gr
intravenous infusion (22)), the resulted concentrations
are unlikely to affect MSCs proliferation and osteogenic
differentiation. In cases where vancomycin is loaded on
the cement, several studies have reported concentra-
tions prolonged high concentrations which could have
detrimental effects on MSC proliferation and osteogen-
esis (11,14). For instance, Hsieh et al reported that ce-
ment spacers could elute vancomycin concentrations of
1538 £ 243 pg/ml in day 1 after implantation, reduced
to 571.9 + 169 pg/ml in day 7 (14). Our study showed
that such concentrations could have detrimental effect
on MSCs physiology.

Gentamicin is an aminoglycoside antibiotic, used

4
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to treat many types of bacterial infections, particularly
those caused by Gram-negative organisms (23) Our
results showed that MSC proliferation was inhibited
with concentrations of 75 pg/ml and higher. ALP ac-
tivity was decreased in all concentrations except the
25 pg/ml while calcium production was decreased in
concentrations of 100 pg/ml and higher. Previous stud-
ies failed to reach an agreement with some studies sug-
gesting that osteoblast proliferation was inhibited with
concentrations over 80—100 pg/ml (33,34,35) while oth-
ers found either inhibitions with higher concentrations
or no statistically significant difference at all (36,37).
ALP activity was found down-regulated with lower
concentrations, even as low as 12.5 — 25 pg/ml (36,37).
sGAG and Type Il & X collagen were found lower in
growing chondrocytes with gentamicin levels over 100
pg/ml (33). It is of note however that a variety of cells
were used including rat calvaria stromal cells, human
foetal osteoblasts, murine osteoblasts (C2C12) which
can contribute to the differences found. In terms of in-
vivo studies Haleem et al. reported no effect with gen-
tamicin concentrations of 1.5 mg/kg twice daily for 21
days on a rat experimental fracture healing model (38).
Intravenous administration of gentamicin at a dose of
4.5 mg/kg results in a peak plasma concentration of ~11
pg/ml. Based on our results, such concentrations are
unlikely to have any effect on MSC physiology. Gen-
tamicin impregnated implants elute high concentrations
for prolonged period time suggesting potential interfer-
ence with the osteoprogenitor cells biology (12,39,40).
Beads found to elute concentrations as high as 600 pg/
ml, reduced to 120 pg/ml in day 10 and 10 pg/ml in day
80 (12). Down-regulation of MSC functions and poten-
tial should be expected with such concentrations.
Benzyl-penicillin, flucloxacillin, cefuroxime and
metronidazole are all first line antibiotics used frequent-
ly in the clinical setting. Benzyl-penicillin is the gold
standard type of penicillin, a beta-lactam antibiotic that
is used in the treatment of bacterial infections caused by
susceptible, usually Gram-positive organisms (23,24).
Flucloxacillin is a narrow-spectrum B-lactam antibiotic
usually used to treatment of infections caused by sus-
ceptible Gram-positive bacteria (25,26). Cefuroxime is
a second generation cephalosporin, which is a subgroup
of B-lactam antibiotic (27,28). Cefuroxime has increased
activity against Gram-negative bacteria but also gram-
positive organisms as well (27,28). Metronidazole is a
nitroimidazole antibiotic used particularly for anaerobic
bacteria and protozoa (28,30). The combination of ei-
ther benzyl-penicillin, flucloxacillin and metronidazole
or cefuroxime and metronidazole provide a wide cover-
age against unknown organisms and are used initially
before the organism identified with cultures (17,18).
Our results showed that none of the studied antibiot-
ics at their peak plasma concentration affected MSC
proliferation and osteogenic differentiation. However,
the combination of benzyl-penicillin, flucloxacillin and
metronidazole resulted in a statistically significant inhi-
bition of both proliferation and calcium production of
MSC:s. These findings support the view that an additive
effect could be exerted with different pharmacologi-
cal agents. Cefuroxime and metronidazole on the oth-
er hand did not affect MSC proliferation and calcium
production during osteogenesis. We failed to find any
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previous studies on benzyl-penicillin, flucloxacillin and
metronidazole. The effect of cefuroxime was studied by
Salzmann et al who suggested that TB derived osteo-
blast proliferation was unaltered by concentrations up to
100 pg/ml however higher concentrations resulted in an
increase of proliferation (41). In addition, ALP activity
was found increased with concentrations less than 100
but was inhibited in higher concentrations. In our study
we failed to reproduce this effect.

The herein study suggests that all six studied anti-
biotics have no effect on MSCs proliferation at concen-
tration found after parenteral administration. The com-
bination of several agents aiming broad spectrum anti-
biotic cover could result in a temporary negative effect
therefore focused antibiotic administration is advisable.
In addition, surgical patients are exposed to a variety
of pharmaceutical agents known to interfere with bone
healing like NSAIDs, anticoagulants and steroids there-
fore it is unknown what the global risk of the combina-
tion of all these medicines is (20,42,43). Furthermore,
we failed to find any variability between the patients or
the site from where MSCs were harvested.

Strengths of this study include the selection of com-
monly used antibiotics in the clinical setting and the
utilization of an in vitro model capable of defining the
direct effect of these agents on the biological properties
of MSCs. Limitations of this study include the use of
an artificial culture and induction environment which is
different compared to that found in vivo where the effect
of mitogenic and osteogenic growth factors present in
the fracture site is not taken into account. The require-
ment for cell culture expansion and the absence of other
cell types could also have an impact on the final out-
come. Finally, another limitation of our study is the fact
that we did not investigate the molecular mechanisms
that could be responsible for the results obtained. This
however was not the scope of the herein study.

The mechanism by which antibiotics can inhibit
proliferation and osteogenesis at a molecular level still
remains obscure but several speculations can be raised.
Active uptake and intracellular accumulation can occur,
leading to cytotoxic concentration. In such conditions
decreased mitochondria activity takes place and several
studies have shown that impaired mitochondria energe-
tics, protein synthesis and loss of mitochondrial DNA
occurs (44,45). Similarly, other authors agree that toxi-
city seems to be the attributing pathway excluding cel-
lular senescence as the determinant factor (32). This can
also explain our finding which suggested that the highest
inhibition was associated with higher doses of antibio-
tics or multiple agents. Another plausible pathway of
inhibition of osteogenesis is that of the inhibition of ma-
trix metalloproteinases (MMPs) and collagen synthe-
sis (46). Studies to determine the molecular insight of
the impact of high concentrations of antibiotics on the
vitality of MSCs are desirable. Further analysis of the
gene expression could outline the involved pathways
responsible for these results. Finally, in-vivo studies as
well as randomized controlled clinical trials would shed
more light in this field.

As a conclusion, the expected peak plasma concen-
tration of the studied antibiotics included in this study
found to have no effect on MSCs ability to proliferate
and differentiate towards osteogenic lineage. Higher
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concentrations, as those eluted by some implants, can
have detrimental effects on osteoprogenitor cell physi-
ology. In addition, this study suggests that an additive
effect exist when combination of antibiotics were used.
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