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Abstract

Although several studies have shown that chlorhexidine digluconate (CHX) has bactericidal activity against periodontal pathogens
and exerts toxic effects on periodontal tissues, few have been directed to evaluate the mechanisms underlying its adverse effects on these
tissues. Therefore, the aim of the present study was to investigate the in vitro cytotoxicity of CHX on cells that could represent common
targets for its action in the surgical procedures for the treatment of periodontitis and peri-implantitis and to elucidate its mechanisms of
action.

Osteoblastic, endothelial and fibroblastic cell lines were exposed to various concentrations of CHX for different times and assayed for
cell viability and cell death. Also analysis of mitochondrial membrane potential, intracellular Ca®* mobilization and reactive oxygen spe-
cies (ROS) generation were done in parallel, to correlate CHX-induced cell damage with alterations in key parameters of cell homeosta-
sis, CHX affected cell viability in a dose and time-dependent manners, particularly in osteoblasts. Its toxic effect consisted in the
induction of apoptotic and autophagic/necrotic cell deaths and involved disturbance of mitochondrial function, intracellular Ca®*

increase and oxidative stress.

These data suggest that CHX is highly cytotoxic in vitro and invite to a more cautioned use of the antiseptic in the oral surgical

procedures.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well documented that chronic periodontitis and
peri-implantitis represent the main cause of teeth and
implants loss in the adult population. Since the pathogen-
esis of these discases is mainly related to multiple infective
agents (Slots and Genco, 1984; Mombelli et al., 1987;
Becker et al.,, 1990; Eke et al., 1998; Listgarten and Lai,
1999), several attempts have been developed for the eradi-
cation of microorganisms from the root and implant sur-
face with the use of mechanical procedures combined
with antimicrobial agents (Cadosch et al., 2003; Vianna
et al., 2004). Indecd, owing to the technical difficulties of
access to the anatomical structures for instrumentations,
the use of conventional mechanical methods alone (i.e.,
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scaling and root planning) cause only a temporary decrease
in the subgingival levels of pathogens and endotoxins
(Sbordone et al., 1990; Drisko, 2001; Renvert et al.,
2006), without blocking the pathological process (Mombel-
li and Lang, 1992). Moreover, the complexity of the
implant surfaces provided with threads or roughness, make
the mechanical management of peri-implant infection
almost unfeasible (Mombelli and Lang, 1992). In particu-
lar, since intact implant roughness and titanium oxide layer
are essential for modulating osteoblasts migration from the
implant tissue interface and favouring their attachment and
proliferation on the implant surface, decontaminating
implants with mechanical devices may seriously affect the
surface properties and compromise the possible re-osseoin-
tegration of implant (Mustafa et al., 2000; Shibli et al,,
2003). In this connection, the chemotherapeutic
approaches for treatment of periodontal and peri-implant
disease, including topical application of antiseptic agents
such as hydrogen peroxide, povidone-iodine (Quirynen
et al.,, 1995; Hoang et al., 2003) or the sustained release
of local drugs such as tetracycline, minocycline, doxycy-
cline and metronidazole (Drisko et al., 1995; Stelzel and
Flores-de-Jacoby, 1996; Jeffcoat et al., 1998; Buchter
et al., 2004; Renvert et al., 2006) has been shown to largely
increase the benefits obtained by conventional mechanical
treatment. The application of chlorhexidine (CHX) is con-
sidered the gold standard antiseptic treatment, since this
agent is one of the most extensively used and tested, espe-
cially in consideration of its high bactericidal capability, its
ability to inhibit glycosydic and proteolytic activities and to
reduce matrix metalloproteinases activities in a huge vari-
ety of oral bacteria (Beighton et al., 1991; Gendron et al,,
1999; Cronan et al., 2006) and its efficacy in the treatment
of oral infections (Quirynen et al., 1995; Pitten and Kra-
mer, 1999). However, evidences are emerging suggesting
that this compound may also have adverse effects on oral
tissues and cells at the concentrations used clinically.
Indeed, several studies have reported that CHX: (i) has
cytotoxic activity on cultured alveolar bone (Cabral and
Fernandes, 2007) and gingival epithelial cells (Babich
et al., 1995); (ii) induces a dose-dependent reduction of
human gingival fibroblast proliferation and reduces both
collagen and non-collagen protein production at concen-
trations with little effect on cellular proliferation (Pucher
and Daniel, 1992; Cline and Layman, 1992; Mariotti and
Rumpf, 1999); (iii) prevents fibroblast attachment to root
surfaces and interferes with periodontal regeneration
(Alleyn et al., 1991); (iv) is able to induce primary DNA
damage in leukocytes and oral mucosal cells of rats treated
daily with the compound (Ribeiro et al., 2004) and; )
exerts genotoxic side effects on epithelial and blood cells
when used for mouth rinsing in clinical trials (Eren et al.,
2002). To further complicate this scenario and hamper
the efficacy of the CHX treatment in the dental practice,
there are data showing that only very high concentrations
of CHX (0.5-2% for 10 min) can achieve substantial bacte-
ricidal effect against periodontal pathogens (Oosterwaal

R

et al., 1989). Moreover, some periodontal microorganism
have been shown to be only moderately susceptible to this
compound (Slots et al., 1991; Rams and Slots, 1996).

On the basis of these observations and in consideratimll
of the widespread use of CHX for topical oral surgical
preparation and for the treatment of periodontal an(!i
peri-implant diseases, the current study was designed to
examine the effects of CHX on cell viability and cell death
in different cell types (fibroblasts, endothelial and osteo}-
blastic cells) that could represent common targets for th$
toxic substance in the oral surgical procedure. We also
aimed to investigate the mechanisms underlying the poten
tial cytotoxicity of the antiseptic on these cells.
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2, Materials and methods
2.1. Cell culture and treatment

Osteoblastic Saos-2, from human osteosarcoma cells!
obtained from American Type Culture Collection (ATCC
(Manassas, VA, USA), were cultured in F12-Coon’s mod-
ification medium (Sigma, St. Louis, MO, USA) containing
10% fetal bovine serum (Sigma), 100 U/ml! penicillin—strep-
tomycin. Murine fibroblasts NIH/3T3 cells obtained from
ATCC and murine endothelioma H-end cells obtained
from Cambrex (Walkersville, MD, USA) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Sigma)
with 4.5 g/l glucose, supplemented with 10% bovine calf
serum (HyClone, Perbio Company, Logan, UT, USA)
and fetal calf serum (Sigma) respectively, penicillin
(100 U/ml) and streptomycin (100 pg/ml) (Sigma). The
cells were grown at 37 °C in a humidified atmosphere of
5% CO,, then treated with different concentrations
(0.0025%, 0.005%, 0.0075%, 0.01% and 0.12%) of chlorhex-
idine digluconate (Sigma) for different times (1 min, 5 min
and 15 min), and finally shifted in complete fresh medium
for further 4 h.

2.2. Cell viability assay (MTS)

Cell viability was determined by 3-(4.5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-ZH-
tetrazolium (MTS) assay (Promega Corp., Madison, WI,
USA), a colorimetric method for determining the number
of viable cells in cytotoxicity assays. The dye is reduced
by the mitochondrial enzyme succinate dehydrogenase to
produce a colored formazan product in live cells, as previ-
ously described (Mosmann, 1983). To this purpose, the
cells were plated in 96-well plates (1.5x 10* cells/well)
and, after 48 h of incubation, were treated with CHX in
phenol red-free medium for 1, 5 and 15 min. Then the cells
were shifted in 100 ul of fresh medium and 20 pl of MTS
test solution was added to each well. After 4 h of incuba-
tion, the optical density (OD) of soluble formazan was
measured using a multi-well scanning spectrophotometer
(ELISA reader) (Amersham, Pharmacia Biotech, Cam-
bridge, UK) at a wavelength of 490 nm. The values are




expressed as mean + SD obtained from five independent
experiments carried out in triplicates.

2.3. Confocal immunofluorescence

. Cells grown for 48 h on glass coverslips both untreated
and treated with CHX for the different times, were fixed
in 0.5% buffered paraformaldehyde for 10 min at room
temperature. After permeabilization with cold acetone for
3 min, the fixed cells were blocked with 0.5% bovine serum
albumin (BSA) (Sigma) and 3% glycerol in PBS for 20 min
and then incubated with primary antibody monoclonal
anti-vinculin (1:100, Sigma) for 1h at room temperature.
After washing, the cells were further incubated for 1h at
room temperature with Alexa 488 IgG (1:100, Molecular
Probes, Eugene, OR, USA), rinsed and mounted with an
antifade mounting medium (Biomeda Gel mount, Electron
Microscopy Sciences, Foster City, CA, USA). Negative
control was carried out by replacing the primary antibody
with non-immune mouse serum. Counterstaining was per-
formed with tetra methyl rhodamine isothiocyanate
(TRITC)-labeled phalloidin (1:100, Sigma) for 1 h at room
temperature to reveal F-actin organization. Cells were then
examined with a Bio-Rad MCR 1024 ES Confocal Laser
Scanning Microscope (CLSM) (Bio-Rad, Hampstead,
UK) equipped with a Krypton/Argon (Kr/Ar) laser source
(15 mW) for fluorescence measurements and with differen-
tial interference contrast optics. Fluorescence was collected
by a Nikon Plan Apo X 60 oil immersion objective (Mel-
ville, NY, USA). Series of optical sections (512 x 512 pix-
els) at intervals of 0.4 um were taken and superimposed

as a single composite image. The laser potency, photomul-

tiplier and pin-hole size were kept constant.

2.4, Evaluation of dboéiésis by ISEL d&say ; -

performed on untreated and treated cells, according to
. the manufacturer’s instructions. Briefly, after a treatment
with 20 pg/ml of proteinase K to remove the excess pro-
tein from nuclei, and inactivation of endogenous peroxi-
. dases with H,0,, the cells were incubated with the

~ Klenow fragment of DNA polymerase I and biotinylated
deoxynucleotides (FRAGEL-Klenow, DNA fragmenta-
tion kit, Calbiochem, San Diego, CA, USA) in a humid-
ified chamber at 37 °C for 1.5 h. After that, the cells were
incubated with streptoavidin-peroxidase for 10 min and
stained with  diaminobenzidine tetrahydrochloride

green. Quantification of ISEL-positive cells was per-
formed by examining at least five different optical fields
- of 138,000 um? at 540x magnification in each sample. In
each field, which contained ~80 cells, the number of posi-
tive cells was recorded and the percentage of these cells

evaluated the same microscopic fields and individual val-
ues were then averaged. /i (i o

In situ end labeling of nicked DNA (ISEL assay) was

(DAB). Counterstaining was performed with methyl

over the total cells was calculated. Two different observers
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2.5. Assessment of mitochondrial membrane potential

The alteration of mitochondrial membrane potential in
untreated and treated cells (osteoblastic, endothelial and
fibroblastic cells) was determined by $,5',6,6'-tetrachloro-
1,1,3,3'-tetraethylbenzimidazolyl-carbocyanine iodide
(JC-1) (Molecular Probes) assay. Untreated and treated
cells grown on glass coverslips were incubated with 1 ml
of DMEM w/o phenol red containing 2 pg/m! of JC-1
for 15min at 37°C. Subsequently, the specimens were
rinsed with PBS, mounted in open-slide flow-loading
chamber and placed onto the stage of a confocal micro-
scope. Fluorescence images were collected by a Nikon Plan
Apo x 60 oil immersion objective using 488/564 nm excita-
tion wavelengths. JC-1 is a cationic dye whose emitted fluo-
rescence changes from red (J-aggregates) to green (JC-1
monomers) following a mitochondrial membrane depolar-
ization. In each experimental condition, the ratio of red/
green fluorescent signal was calculated in 80 randomly
selected cells by measuring the average intensities of the
emitted fluorescence using Image J (NIH) software.

2.6. Ultrastructural analysis

For transmission electron microscopy (TEM) analysis,
the cells were cultured in flasks to obtain a confluence of
90%, treated with CHX (0.01%) for 1 min, and shifted in
fresh medium for 2 h. The cells, untreated and treated, were
then rinsed, detached and, after centrifugation, the pellets
were immediately fixed in 4% cold glutaraldehyde in
0.2 M sodium cacodylate buffer, pH 7.4, for 1 h at room
temperature, and postfixed in 1% osmium tetroxide in
0.1 M phosphate buffer, pH 7.4, for 1 h at 4 °C. The pellets
were then dehydrated in graded acetone, passed through
propylene oxide and embedded in Epon 812. Semi-thin sec-
tions, 2 um thick, were cut, stained with toluidine blue
sodium tetraborate and observed under light microscope.
Ultrathin sections were also obtained from the same spec-
imens stained with uranyl acetate and alkaline bismute sub-
nitrate and then examined under transmission electron
microscopy at 80 kV. For a quantitative evaluation of cell
death, a mean of 1500 cells were scored for ultrathin sec-
tions. The number of dead cells (i.e. cells showing disrupted
plasma membrane, pyknotic nuclei, cytoplasmic swelling
and/or apoptotic nuclear fragmentation) was expressed as
the percentage of the total cells.

k2. 7. Confocal analysis of calcium transients

- To reveal variations in intracellular concentrations of
calcium, the cells were plated on glass coverslips and incu-
bated at room temperature for 10min in serum-free
DMEM with 0.1% BSA containing Fluo-3-acetoxymethyl
ester (1 uM), as fluorescent Ca®* dye, 0.1% anhydrous
dimethyl sulfoxide and Pluronic F-127 (0.01% wt/vol) as
dispersing agent (Molecular Probes). The cells were then :
washed and maintained in fresh medium for 10 min to 1




allow the complete de-esterification of Fluo 3-AM. After
that, the cells were placed in open-slide ﬂow-loadmg cham
bers and mounted on the ‘stage of a confocal microscope
CHX (0.01% for the osteoblastic cells and 0.12% for fibro
blasts and endothelial cells) or vehicle was added to loaded
cells and Fluo 3-AM fluorescence was monitored using a
488nm wavelength Fluoresoence unages were collected
with a Nikon Plan Apo 'x60 oil immersion objectiv
through a 510 nm long-wave pass filter. The t1me course”

‘'was, determin using the fluorogeni
substrate 5-(and-6)-chloromethyl-2’, 7'~dichlorodihydroflu
orescin diacetate, acetyl ester (CM-H,; DCFDA) (Molecu
lar Probes), as previously described (Pieri et al, 2006
Wardman, 2007). Bneﬁy, Saos-2 cells were grown on glass
coversllps, treated ‘with 0.0

*(SD). Compansons between the different groups were per-
ormed by ANOVA followed by the Bonferroni t-test. Val

.in~ tiseptic - agent
.(from 0. 03% to ‘0 12%) correlatedwnth a parallel increase
n the osteoblastic cell

xidine Digluconate 15 min.

BSA0S-2 cells
ONM/ITI cells
& H-end cells

Effects of CHX " on cell vnablhty Dose and time-dependent
response of Saos-2, NIH/3T3 and H-end cells to CHX by MTS assay. The|
cells were treated at the indicated concentrations of CHX for the indicated
time. points, . The cells were then shifted in complete fresh medium
containing 20 ul of MTS test for further 4 h. MTS reduction was measured

y a spectrophotometer. The values are expressed as mean + SD obtained
independent experiments carried out in triplicates.

in ; th cytoskeletal ‘organization followed by ’
o1 ding up of the cells and progressive detachment from
he substrate, suggesting the ability of the compound to
nduce irreversible cell damage. Previous reports have, in
act, shown that actin disarrangement leads to cell growth
arrest and apoptosis (Gourlay and Ayscough, 2006;
Anuradha t al., 2007). In particular, in untreated Saos-
ells, actin filaments were arranged in a web-like structure |’
hich was’ anchored_ to the plasma membrane through
ocal adhesxon (FA) sites containing vinculin (Fig. 2A):
’fter‘treatment the filaments appeared dispersed and the
A irregularly distributed within the cytoplasm (Fig. 2B).
ibroblastic and endothelial cell cultures exposed to higher.
vels (0.12%) of CHX presented a similar behavior (data
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