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ABSTRACT 

Objectives: The effects of chlorine dioxide (ClO2), sodium hypochlorite (NaOCl), and 

hydrogen peroxide (H2O2) on cell death and the cell cycle of human gingival fibroblast 

(HGF) cells were examined. 

Methods: The inhibition of HGF cell growth was evaluated using a Cell Counting Kit-8. 

The cell cycle was assessed with propidium iodide-stained cells (distribution of cells in 

G0/G1, S, G2/M phases) using flow cytometry. The patterns of cell death (necrosis and ap

optosis) were analyzed using flow cytometry with annexin V-FITC/PI staining. 

Results:  The lethal doses for 50% of the cells (LD50) of ClO2, NaOCl, and H2O2 were 0.

16 mM, 0.79 mM, and 0.11 mM, respectively. All three dental disinfectants induced G0/

G1 cell cycle arrest. H2O2 induced apoptosis at concentrations of 0.05 and 0.1 mM, while

 NaOCl and ClO2 did not induce significant apoptosis at any concentration examined. 

Conclusions: These results suggest that ClO2 is sufficient for use as a dental disinfectant

 compared with H2O2 or NaOCl. 
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1. Introduction 

Various disinfectants are used in endodontics and for gingival and soft tissue irrigation. 

Disinfectants are administered to the oral mucosa or to the root canals of pulpless teeth 

directly.1–3 These disinfectants can be absorbed into the bloodstream through the oral 

mucosa or by passing through the apical foramen of teeth.4–6 Consequently, tissue 

cytotoxicity and biocompatibility must be considered when choosing a disinfectant. 

Sodium hypochlorite (NaOCl) and hydrogen peroxide (H2O2) are widely used as 

endodontic irrigants.7–11 However, H2O2 and NaOCl have deleterious effects on cell 

DNA, and have been implicated in several pathological processes, such as cancer.12–14

Chlorine dioxide (ClO2) is currently used as a water purifier, surface disinfectant, 

and in some commercial mouth rinses.15–18 ClO2 has bactericidal activity and is toxic to 

both enveloped and non-enveloped viruses.19, 20 It has been considered for use as a root 

canal irrigant, but little is known about its cytotoxicity. 

This study was performed to evaluate the cytotoxicity of aqueous solutions of ClO2 

on human gingival fibroblast (HGF) cells in comparison with H2O2 and NaOCl, and to 

compare the effects of these disinfectants on the HGF cell cycle and cell death. 
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2. Materials and Methods 

2.1. Chemicals 

This study used the chemicals 30% H2O2 (Santoku Chemical Industries, Tokyo, Japan), 

10% NaOCl (Sigma-Aldrich, Tokyo, Japan) solution, and aqueous ClO2 (Kurosaki, 

Fukuoka, Japan). The aqueous ClO2 solution was prepared by mixing solution A (chiefly 

NaOCl2) and solution B (chiefly HCl), resulting in a concentration of 0.3% (45 mM) after 

1 h. We diluted samples of each stock solution to the appropriate final concentration using 

Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich) supplemented with 10% 

fetal bovine serum (FBS; Daiichi Pure Chemicals, Tokyo, Japan) immediately before use.  

 

2.2. Cells and cell culture 

Human gingival fibroblasts were cultivated from gingiva obtained from a patient’s tooth 

after obtaining informed consent according to institutional committee regulations. We 

incubated the cells in culture medium consisting of DMEM, 10% FBS, 100 U/ml 

penicillin, and 100 mg/ml streptomycin at 37°C in a humidified atmosphere of 5% CO2.  

 

2.3. Growth assay 

We used a Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) to determine the lethal dose 
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50% (LD50). We seeded an equal number of HGF cells (1 × 104 cells/well) in 100 µl of 

DMEM into 96-well microplates and incubated the cells overnight at 37°C in a 

humidified atmosphere of 5% CO2. We prepared a stock solution of each disinfectant and 

then diluted each solution serially in the cell culture medium. Then, we treated the cells 

with each disinfectant diluted in 100 µl of DMEM to obtain final concentrations of 10–0, 

10–1, 10–2, 10–3, 10–4, and 10–5 mM. 

Following incubation for 24 h, 10 µl of Cell Counting Kit-8 solution was added to each 

well and the plates were incubated for an additional 2 h at 37°C. We measured the 

absorbance at 450 nm with an immunoreader (Microplate Reader 550; Bio-Rad, Tokyo, 

Japan) and calculated the number of cells from the absorbance value relative to a standard 

curve. 

 

2.4. Cell cycle analysis 

We plated 5 × 105 HGF cells in 60-mm culture dishes and incubated them in DMEM with 

0.5% FBS for 48 h to synchronize the cells in G0/G1 phase by serum deprivation.21 We 

induced the cells to re-enter the cell cycle by incubation in fresh medium with the 

disinfectants at the final concentration (determined from the growth assay results) for a 

further 24 h. 
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The cellular DNA content was determined by flow cytometry, as described 

previously.22 We collected the floating and attached cells using trypsin-EDTA and 

resuspended them in DMEM (no FBS). The cells were fixed for 30 min in an ice-cold 

70% ethanol solution containing ribonuclease (RNase; 2 mg/ml). We washed the cells in 

PBS, and then stained them with propidium iodide (PI) for 10 min. The PI-elicited 

fluorescence was measured for individual cells using a flow cytometer (FACSCalibur; 

Becton Dickinson, Tokyo, Japan) with laser excitation at 488 nm. Emissions greater than 

590 nm were collected in a linear/log scale fashion. We analyzed a total of 1 × 104 cells 

for each sample and determined the percentages of cells in G0/G1, S, and G2/M phases 

using standard ModiFit and Cell Quest software (Becton Dickinson). 

 

2.5. Annexin V-FITC/PI assay 

To detect apoptosis, the cells were stained with PI and fluorescein isothiocyanate 

(FITC)-conjugated annexin V using an Annexin V-FITC Apoptosis Detection Kit I 

(Becton Dickinson). Annexin V-FITC identifies cells in early apoptosis by detecting 

externalized phosphatidylserine, and PI identifies cells that have lost plasma membrane 

integrity (i.e., necrotic or late apoptotic cells). We added the disinfectant concentration 

that previously produced growth in the HGF cultures and incubated the cells for 24 h at 
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37°C. After incubation, the cells were harvested by trypsin-EDTA treatment and washed 

with DMEM. We resuspended the cells in 50 μl of 1× binding buffer supplemented with 5 

μl of annexin V-FITC and 10 μl of PI, and kept the cells at room temperature in the dark 

for 15 min according to the manufacturer’s instructions. Following the addition of 450 μl 

of 1× binding buffer, the stained cells were kept on ice and subjected to 

fluorescence-activated cell sorter analysis (FACS) using a FACSCalibur flow cytometer. 

We measured the FITC fluorescence between 515 and 545 nm and the PI fluorescence 

between 564 and 606 nm. 

 

2.6. Data analysis 

The data are expressed as the means ± standard error (SE) of at least three independent 

experiments; they were analyzed using the Student’s t test; p < 0.05 was considered 

significant. 
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3. Results 

3.1. Growth assay 

We expressed cell proliferation as the percentage of cells that proliferated in the presence 

of a disinfectant relative to proliferation in its absence. The LD50 for HGF cells was 1.6 × 

10–1 mM for ClO2, 1.1 × 10–1 mM for H2O2, and 7.9 × 10–1 mM for NaOCl (Fig. 1). 

 

3.2. Cell cycle analysis 

Serum-deprived cells were arrested in G0/G1 phase (Fig. 2; control 0 h). When these cells 

were returned to culture medium containing 10% FBS, cell proliferation was stimulated 

after 24 hours and the number of cells in S and G2/M phases increased and the number in 

G0/G1 phase decreased, compared with control 0 h (Fig. 2; control 24 h). By contrast, the 

cells exposed to the disinfectants caused a large percentage of cells to remain in G0/G1 

phase, with a small percentage in S and G2/M phases (Fig. 3). 

 

3.3. Annexin V-FITC/PI assay 

Figure 4 shows the distribution of the cell populations after treatment with disinfectants 

for 24 h. A dot-plot of annexin V-FITC vs. PI showed four separate clusters: viable cells 

(lower left quadrant), early apoptotic cells (lower right quadrant), necrotic or late 
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apoptotic cells (upper right quadrant), and necrotic cells (upper left quadrant). The 

Student’s t test revealed that H2O2 (0.05 and 0.1 mM) induced significantly more 

apoptosis compared to the control 24 h (p < 0.05), while ClO2 and NaOCl did not produce 

significant levels of apoptosis (Fig. 5). 
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4. Discussion 

NaOCl and H2O2 are widely used as endodontic disinfectants. NaOCl, which is used at a 

concentration of 5.25% (7.8 × 102 mM), was shown to have both antibacterial and 

necrotic tissue dissolution properties. 8, 9,23 H2O2 is used as a cleansing agent in wound 

debridement and as an intracanal disinfectant at concentrations of 2.5–3.5% (7.4 × 102 to 

1.0 × 103 mM).1 

Chlorine dioxide (ClO2) is currently used as a water purifier, surface disinfectant, 

and in some commercial mouth rinses.15–18 ClO2 has recently been considered as a root 

canal irrigant because of its antibacterial activity and compatibility with living tissue,19 

but at present, little is known about its cytotoxicity. 

ClO2 is used as a disinfectant at concentrations of 0.1–15 mM,15, 24, 25 but an effective 

clinical concentration has not been determined. If a lower effective concentration can be 

determined, ClO2 may prove to be a relatively nontoxic disinfectant. 

In this study, the LD50 for HGF cells at 24 h was found to be 1.6 × 10–1 mM for ClO2, 

1.1 × 10–1 mM for H2O2, and 7.9 × 10–1 mM for NaOCl (Fig. 1). The results of the cell 

cycle analysis suggested that at the LD50, the HGF cells were arrested in G0/G1 phase 

(Fig. 3). This implies that disinfectant inhibition of cell growth was due to the arrest of 

DNA replication in the cell cycle. 
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The inhibition of cell growth causes cell death either through necrosis (i.e., 

accidental cell death) or apoptosis (i.e., programmed cell death).26-28 The morphological 

changes associated with necrosis are swelling, membrane rupture, and cell lysis. In 

contrast, during apoptosis, condensation and fragmentation of the cytoplasm and nucleus 

occur in the target cells, while the normal organelle structures are maintained. Several 

studies have indicated that exposing cells to exogenous oxidants can induce apoptosis.29

During the early stages of apoptosis, a loss of phospholipid asymmetry occurs that 

results in the translocation of negatively charged aminophospholipid phosphatidylserine 

(PS) from the inner to the outer leaflet of the cell membrane.30 The annexin V-FITC/PI 

assay used to identify apoptotic cells detects this change as a marker of apoptotic cells. In 

the presence of calcium ions, annexin V binds specifically to PS, and the externalization 

of PS is an important cell-surface signal for the macrophage clearance of apoptotic 

cells.31, 32

Apoptosis is a physiological process involved in cell deletion during organogenesis, 

and it controls cell proliferation and differentiation in adult tissues.33 The deregulation of 

apoptosis has been implicated in a variety of diseases. Excessive apoptosis has been 

related to sepsis, ischemic heart disease, stroke, and neurodegenerative diseases, while 
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functional deficiencies in the activation of apoptosis may facilitate the development of 

cancer and autoimmune diseases.34

We examined the effects of disinfectants on cell death using an annexin V-FITC/PI 

assay at close to the LD50 concentration (0.05, 0.1, and 0.5 mM). The dose-independent 

effect showed that H2O2, but not ClO2 or NaOCl, induced cell death by producing an 

apoptotic signal at 0.05 and 0.1 mM (Fig. 4, 5). We demonstrated that these disinfectants 

consistently arrested cells at G0/G1 phase of the cell cycle and induced apoptosis and 

necrosis. H2O2 arrested cells at G0/G1 phase of the cell cycle and induced apoptosis. ClO2 

and NaOCl arrested cells at G0/G1 phase of the cell cycle, however, did not induce 

apoptosis. In summary, ClO2 and NaOCl may be better dental disinfectants than oxidative 

agents, such as H2O2. 

Chlorinating agents, such as Cl2 and NaOCl, used as disinfectants for drinking water 

react with natural organic matter to produce halogenated disinfectant by-products. 

Trihalomethanes and haloacetic acids are the two most prevalent groups of disinfectant 

by-products formed during the chlorination of natural water.35 A recent study showed that 

trihalomethane is an animal carcinogen and a suspected human carcinogen.36 ClO2 

produces little or no trihalomethanes,37 and may be a better dental disinfectant than 

NaOCl. 

10 



These findings suggest that ClO2 is sufficient for use as a dental disinfectant 

compared with H2O2 or NaOCl. Further in vitro and in vivo studies are required to 

determine the clinical relevance of our findings. 
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Figure captions 

 

Fig. 1. Dose-related cytotoxicity following 24-h exposure to the disinfectants. Cells (104 

cells) in 96-well culture plates were exposed to different concentrations of disinfectant 

for 24 h. The LD50 concentration of each reagent is indicated by the intersection of the 

plotted line. 

 

Fig. 2. A: The representative flow cytometry profile of HGF cells at 0 and 24 h in the 

control condition. The high peak (left) indicates cells in G0/G1 phase, the smaller peaks 

(right) represent cells in G2/M phase and the area between the peaks represents the cells in 

S phase. B: The histogram representing percentage of cells in each cell cycle phase at 0 

and 24 h under the control condition.  

 

Fig. 3. The percentage of cells in G0/G1, S, and G2/M phases. Cultures exposed to NaOCl, 

ClO2, and H2O2 have significantly more cells in G0/G1 phase compared to the control. 

*Significantly different from the control at 24 h. 

 

Fig. 4. The FACS analyses after staining with annexin V-FITC and PI show the induction 
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of apoptosis and necrosis in HGF cells after a 24-h exposure to the disinfectants. In each 

plot, the lower left quadrant (LL) represents viable cells, the upper left quadrant (UL) 

indicates necrotic cells, the lower right quadrant (LR) denotes early apoptotic cells, and 

the upper right quadrant (UR) represents necrotic or late apoptotic cells. 

 

Fig. 5. The FACS statistical analysis for each disinfectant. The only significant difference 

found was an increase in apoptotic cells (LR) induced by H2O2 at 0.05 mM and 0.1 mM 

(*p < 0.05). The lower left (LL) shows viable cells; the upper left (UL) shows necrotic 

cells; the lower right (LR) shows early apoptotic cells; and the upper right (UR) shows 

necrotic or late apoptotic cells. 
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