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Abstract 

The polymerizable antibacterial monomer methacryloxylethyl cetyl ammonium chloride 
(DMAE-CB) has provided an effective strategy to combat dental caries. However, the application 
of such material raises the question about the biological safety and the question remains open. The 
mechanism of this toxic action, however, is not yet clearly understood. The present study aims at 
providing novel insight into the possible causal link between cellular oxidative stress and DNA 
damage, as well as apoptosis in human dental pulp cells exposed to DMAE-CB. The enhanced 
formation of reactive oxygen species and depletion of glutathione, as well as differential changes in 
activities of superoxide dismutase, glutathione peroxidase, and catalase in DMAE-CB-treated cells 
indicated oxidative stress. By using substances that can alter GSH synthesis, we found that GSH 
was the key component in the regulation of cell response towards oxidative stress induced by 
DMAE-CB. The increase in oxidative stress-sensitive 8-Oxo-2'-deoxyguanosine (8-OHdG) 
content, formation of γ-H2AX and cell cycle G1 phase arrest indicated that DNA damage occurred 
as a result of the interaction between DNA base and ROS beyond the capacities of antioxidant 
mechanisms in cells exposed to DMAE-CB. Such oxidative DNA damage thus triggers the 
activation of ataxia telangiectasia-mutated (ATM) signaling, the intrinsic apoptotic pathway, and 
destruction of mitochondrial morphology and function. 

Key words: methacryloxylethyl cetyl ammonium chloride; oxidative stress; DNA damage; apoptosis; 
mitochondria. 

Introduction 
Dental caries is one of the most prevalent 

bacteria-related infectious diseases worldwide [1]. 
Data analysis from American Dental Association 
indicates that nearly 200 million dental restorations 
have been placed in the U.S. in one year [2]. Dental 
caries shorten the service life dental restorations and 
more than 50% of dental restorations need 

replacement [3]. The annual cost for dental 
restorations in the U.S. has been reported to be nearly 
$50 billion in 2005 [4]. Thus, dental caries brings a 
heavy economic burden for individuals and society. 
The cariogenic bacterial biofilms tend to accumulate 
on the restorations and surrounding tooth tissues, and 
they generate acids to cause the demineralization of 
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enamel and dentin, which is responsible for dental 
caries [5]. In order to reduce secondary caries and 
prolong the service life, great efforts have been made 
to develop dental restorative materials with 
antibacterial properties. Accordingly, novel polymers 
containing quaternary ammonium monomers, such as 
methacryloxylethyl cetyl ammonium chloride 
(DMAE-CB) have been developed [6, 7] (Fig. 1A). 
These antibacterial monomers can be blended with 
other resin monomers, and subsequently 
copolymerized within the polymer network to 
develop antibacterial dental materials, which has been 
considered as an effective strategy to combat dental 
caries [8-10].  

However, the application of such materials raises 
concerns regarding their potential harm to the 
ecosystem and human health. According to in vitro 
studies with multiple target cells, DMAE-CB can 
interfere with various cellular functions, and induce 
apoptosis via the intrinsic mitochondrial apoptotic 
pathway [11-13]. Although not yet clearly 
understood, current experimental evidence strongly 
suggests that the mechanism behind these specific cell 
responses is the generation of oxidative stress [14, 15]. 
It has been firmly established that DMAE-CB, like 
other acrylic and methacrylic monomers, after its 
intake by cells, causes a depletion of the intracellular 
antioxidant glutathione (GSH) and over-production 
of reactive oxygen species (ROS) [16-18]. There exists 
a highly sophisticated anti-oxidative system 
consisting of non-enzymatic and enzymatic elements 
to maintain a balanced intracellular redox 
homeostasis. GSH is the key component of the 
anti-oxidative defense system, and the activities of 
many enzymatic elements depend on the availability 
of GSH [19]. Based on the understanding of the 
involvement of oxidative stress in dental 
monomer-related cytotoxicity, antioxidants, such as 
N-acetyl cysteine (NAC), have been proved effective 
to protect cells from DMAE-CB-induced cell damage 
[12].  

Genotoxicity or mutagenicity has been reported 
in various types of cells exposed to methacrylic-based 
monomers such as 2-hydroxy ethyl methacrylic 
(HEMA) and triethylene glycol dimethacrylic 
(TEGDMA) [20-27]. The overproduced ROS beyond 
the capacities of anti-oxidative mechanisms can react 
with cellular macromolecules, such as lipids, proteins, 
and DNA [17, 28]. The interactions of ROS with DNA 
may result in DNA lesions and block progression of 
replication, which causes the formation of DNA 
double-strand breaks (DSBs) in the chromosome and 
triggers related signal transduction pathways that 
establish cell-cycle arrest and the induction of 
programmed cell death [20]. Based on the facts that 

DMAE-CB induced oxidative stress similar to 
conventional monomers, we hypothesized that DNA 
damage and subsequent cell cycle arrest as well as 
apoptosis might be induced after DAME-CB 
treatment as a result of ROS over-production [29].  

To test our hypothesis, first, we investigated the 
levels of ROS and GSH and activities of anti-oxidative 
enzymes after DMAE-CB treatment. Then, 
DMAE-CB-induced DNA damage was examined by 
checking the formation of DSBs, the disturbed cell 
cycle, and the altered expression of several related 
genes. Finally, since DMAE-CB is known to induce 
intrinsic mitochondrial apoptosis [11-13], we further 
investigated whether DMAE-CB impacted the 
morphologies and functions of mitochondria. To 
investigate these mechanisms, human dental pulp 
cells (hDPCs) from primary cultures were used as 
model cells, which previously have been 
demonstrated to be sensitive to DMAE-CB-induced 
cytotoxicity [12]. The role of oxidative stress in the 
current investigation was examined by employing 
substances modifying GSH synthesis [30]. 

Materials and Methods 
Cell cultures 

Human dental pulp cells (hDPCs) were obtained 
from dental pulps of clinically healthy teeth from 
18–25 year old patients who had their noncarious 
third molars extracted. The procedure was reviewed 
and approved by the Ethics Committee of the Fourth 
Military Medical University. After removal of the 
dental pulp tissues from the tooth, hDPCs were 
isolated and expanded as described in previous 
studies [31]. Experiments for this study were 
performed with hDPCs between passages two to five. 

Biomarkers of oxidative stress 

Intracellular ROS analysis 
 The cells (1×105 cells/well) were cultivated in 

6-well plates at 37 °C for 24 h. Next, cell cultures were 
subsequently preincubated with either 50 μM 
buthionine sulfoximine (BSO) or 5 mM 
2-oxo-4-thiazolidine-carboxylic acid (OTC) for 20 h 
prior to exposure to DMAE-CB as described before 
[30]. Then, the cells were treated with DMAE-CB 
(0-0.01-0.05 mM) in the presence or absence of BSO or 
OTC at 37 °C for 6 h. Subsequently, a commercial kit 
(Beyotime Biotechnology, China) was used to 
measure the level of intracellular ROS according to 
the manufacturer’s recommendations. For each 
sample, 10,000 cells were analyzed. 

Determination of glutathione (GSH) content 
The cells were cultivated in 6-well plates at 37 °C 
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for 24 h. Next, cell cultures were subsequently 
preincubated with either 50 μM BSO or 5 mM OTC for 
20 h prior to exposure to DMAE-CB. Then, the cells 
were treated with DMAE-CB (0-0.01-0.05 mM) in the 
presence or absence of BSO or OTC at 37 °C for 24 h. 
Subsequently, intracellular levels of GSH were 
measured using a commercially available kit (Nanjing 
Jiancheng Bioengineering Institute, China) according 
to the manufacturer’s recommendations.  

Antioxidant enzyme activity assays  
Briefly, the cells were seeded into a 6-well plate 

for 24 h at 37°C. Next, cells were preincubated with 50 
μM BSO or 5 mM OTC for 20 h, and then exposed to 
0.01 and 0.05 mM DMAE-CB in the absence or 
presence of BSO or OTC for 24 h as described above. 
The activities of glutathione peroxidase (GPx1/2), 
superoxide dismutase (SOD), and catalase (CAT) 
were all determined by using commercial assay kits 
(Beyotime Biotechnology, China) as described by our 
previous study [32].  

Determination of apoptosis 
DMAE-CB-induced cell apoptosis was assessed 

with an Annexin V-FITC apoptosis detection kit 
(Beyotime Biotechnology, China). The cells were 
cultivated in 6-well plates at 37 °C for 24 h. Next, the 
cells were treated with DMAE-CB (0-0.01-0.05 mM) in 
the presence or absence of BSO or OTC at 37 °C for 24 
h as described above. Subsequently, the cells were 
washed with PBS, gently resuspended in Annexin V 
binding buffer, and incubated with Annexin 
V-FITC/propidium iodide (PI). Flow cytometry 
analysis was performed (FAC Scan, Becton 
Dickenson, USA). For each sample, 10,000 cells were 
analyzed.  

Analyses of DNA damage  

Measurement of 8-Oxo-2'-deoxyguanosine (8-OHdG) 
The cells (1×104 cells/well) were cultivated in 

96-well plates at 37 °C for 24 h. Next, the cells were 
treated with DMAE-CB (0-0.01-0.05 mM) in the 
presence or absence of BSO or OTC at 37 °C for 24 h as 
described above. Subsequently, DNA samples were 
extracted as described before [33]. The measurements 
of 8-OHdG were carried out using the OxiSelect 
Oxidative DNA Damage ELISA Kit (Cell Biolabs, San 
Diego, USA) according to the manufacturer’s 
protocol.  

Quantification of DNA damage  
DMAE-CB-induced DNA damage in hDPCs was 

assessed and quantified using a commercial DNA 
damage assay kit (Epigentek, Farmingdale, NY, USA) 
according to the manufacturer’s recommendations. 

The assay enables the measurements of the 
phosphorylation of histone H2AX to form γ-H2AX, 
which is a chromatin modification during DNA 
damage.  

γ-H2AX immunofluorescence  
DNA-DSBs formation was examined using the 

OxiSelect DNA Double-Strand Break Staining Kit 
(Cell Biolabs, San Diego, United States). The cells 
(5×105 cells/well) were cultivated on glass-bottomed 
cell culture dishes (Nest Biotechnology, China) at 37 
°C for 24 h. Next, cell cultures were subsequently 
preincubated with either 50 μM BSO or 5 mM OTC for 
20 h prior to exposure to DMAE-CB. Then, the cells 
were treated with 0.01 mM DMAE-CB in the presence 
or absence of BSO or OTC at 37 °C for 24 h. For 
immunofluorescent staining, the cells were fixed with 
3.7% paraformaldehyde in PBS for 10 min at room 
temperature, washed with cold PBS (4ºC) once, and 
incubated with ice-cold 90% methanol for 10 minutes 
at 4ºC. Then the cells were incubated with blocking 
buffer for 30 minutes at room temperature on an 
orbital shaker and washed with cold PBS once. 
Thereafter, cells were incubated with 
anti-phospho-Histone (γ-H2AX) Antibody Solution, 
and incubated for 1 hour. After washed 5 times with 
Wash Buffer (PBST), the cells were incubated with 
secondary antibody, Cy3 Conjugate Solution for 1 
hour at room temperature. Cells were further 
incubated with 10 mg/ml Hoechest 33342 (Sigma) for 
5 min. Specimens were analyzed by laser scanning 
confocal microscopy (Keyence Co., Osaka, Japan). 

Cell cycle analysis 
The cells were cultivated in 6-well plates at 37 °C 

for 24 h. Next, the cells were treated with DMAE-CB 
(0-0.01-0.05 mM) in the presence or absence of BSO or 
OTC at 37 °C for 24 h as described before. Cells were 
then harvested and treated with mixed solution of 
RNase and PI using a cell cycle and apoptosis analysis 
kit (Beyotime Biotechnology, China) according to the 
manufacturer’s recommendations. For each sample 
10,000 cells were analyzed. 

Quantitative reverse transcription-polymerase 
chain reaction (RT-PCR) 

The cells were cultivated in 6-well plates at 37 °C 
for 24 h. Next, the cells were treated with 0.01 mM 
DMAE-CB in the presence or absence of BSO or OTC 
at 37 °C for 24 h as described above. Quantitative 
RT-PCR was used to examine the expression of 
apoptotic and cell-cycle-related gene markers, 
including B-cell lymphoma-2 (BCL-2), Bcl2-associated 
X (BAX), CASPASE-3, Ataxia telangiectasia mutated 
(ATM), P21 and tumor protein p53 (TP53). Primer 
sequences for the aforementioned genes are listed in 
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Table 1. Total RNA was extracted with Trizol Reagent 
(Invitrogen, Madison, WI, USA). The cDNA was 
synthesized by using the PrimeScript RT Perfect Real 
Time reaction kit (TaKaRa Biotechnology, Dalian, 
China). Quantitative RT-PCR was performed with the 
SYBREx Tag II premix (TaKaRa Biotechnology) in the 
Bio-Rad CFX96 TM Real-Time System. The 
housekeeping gene actin was used to normalize the 
expression level of related genes.  

Intercellular ATP level determination  
The cells were cultivated in 6-well plates at 37 °C 

for 24 h. Next, the cells were treated with DMAE-CB 
(0-0.01-0.05 mM) in the presence or absence of BSO or 
OTC at 37 °C for 24 h as described before. ATP level 
was determined using a firefly luciferase based ATP 
assay kit (Beyotime Biotechnology, China) according 
to the manufacturer’s protocol.  

Measurement of mitochondrial membrane 
potential (MMP) 

The cells were cultivated in 6-well plates at 37 °C 
for 24 h. Next, the cells were treated with DMAE-CB 
(0-0.01-0.05 mM) in the presence or absence of BSO or 
OTC at 37 °C for 24 h as described above. 
Subsequently, disruption of mitochondrial membrane 
potential was analyzed using the fluorescent dye JC-1 
(Beyotime Biotechnology, China) according to the 
manufacturer’s protocol. For each sample 10,000 cells 
were analyzed. 

Transmission Electron Microscopy (TEM)  
The cells were cultivated in 6-well plates at 37 °C 

for 24 h. Next, the cells were treated with 0.01 mM 
DMAE-CB in the presence or absence of BSO or OTC 
at 37 °C for 24 h. Subsequently, the cells were fixed 
with 2.5% glutaraldehyde in 0.1 M cacodylate buffer 
for 2 h, and then post fixed with a solution of 1% 
osmium tetroxide in 0.1 M cacodylate buffer. 
Thereafter, after a graded-ethanol serial dehydration 
step, the cells were embedded in epoxy resins. The 
embedded cells were sectioned into ultrathin slices 
and stained by uranyl acetate solution and lead 
citrate. The samples were observed with a 
transmission electron microscope Tecnai G2 Spirit 
BioTWIN electron microscope (FEI Company, 
Eindhoven, The Netherlands).  

Immunofluorescence (IF) 
The cells were cultivated on glass-bottomed cell 

culture dishes (Nest Biotechnology, China) at 37 °C 
for 24 h. Next, cell cultures were subsequently 
preincubated with either 50 μM BSO or 5 mM OTC for 
20 h prior to exposure to DMAE-CB. Then, the cells 
were treated with 0.01 mM DMAE-CB in the presence 
or absence of BSO or OTC at 37 °C for 24 h. The cells 

were then fixed with a modified Zamboni's fixative 
(4% paraformaldehyde and 0.19% picric acid in PBS, 
pH 7.4) for 30 min at room temperature. Cells were 
washed twice with PBS, preincubated in the same 
buffer containing 0.3% Triton X-100 (Amresco, USA), 
and blocked with 0.1% BSA (Amresco, USA) in PBS 
for 1 h. The cells were incubated with primary 
antibodies (rabbit anti-Bax, 1:200, Beyotime 
Biotechnology, China; and mouse anti-Cytochrome C, 
1:50, Boster Biotechnology, China) overnight at 4°C. 
After three washes with PBS, cells were incubated 
with secondary antibodies (Alexa Fluor 594 
donkey-rabbit, 1:400; and Alexa Fluor 488 
donkey-mouse, 1:200; Life Technologies, Carlsbad, 
CA) for 30 min at 37°C. Cells were then washed in PBS 
and further incubated with 10 mg/ml DAPI (Sigma) 
at room temperature for 10 min. Fluorescent images 
were obtained by laser scanning confocal microscopy 
(Keyence Co., Osaka, Japan). 

 

Table 1. Primer sequences. 

Gene Primer sequence Product 
size 
(bp) 

ATM 
 

Forward: 5’-TGGTGCTATTTACGGAGCTG-3’ 20 
Reverse: 5′-TTCGAAAGTTGACAGCCAAA-3’ 20 

P21 
 

Forward: 5′-GTTCCTTGTGGAGCCGGAGC-3′ 20 
Reverse: 5′-GGTACAAGACAGTGACAGGTC-3′ 21 

TP53 
 

Forward: 5’-CGGAGGTCGTGAGACGCTG-3’ 19 
Reverse: 5’-CACATGTACTTGTAGTGGATGGTGG-3’ 25 

BCL-2 Forward: 5’-CCTGTGGATGACTGAGTACCTGAAC-3’ 25 
Reverse: 5’-CAGAGTCTTCAGAGACAGCCAGGA-3’ 24 

BAX Forward: 5’-CAGGATGCGTCCACCAAGAA-3’ 20 
Reverse: 5’-GCAAAGTAGAAGAGGGCAACCAC-3’ 23 

CASPASE-3 Forward: 5’-GGAGCAGCTTTGTGTGTGTGATTC-3’  24 
Reverse: 5′-TCCATCCTTTGACTCTGCTCATGG-3′ 24 

ACTIN Forward: 5’-AGGGTGTGATGGTGGGAA-3’ 18 
Reverse: 5′-CATCTGCTGGAAGGTGGA-3’ 18 

 
 

Enzyme-linked immunosorbent assay (ELISA) 
The cells were seeded into a 96-well plate at 37 

°C for 24 h. Next, cell cultures were subsequently 
preincubated with either 50 μM BSO or 5 mM OTC for 
20 h prior to exposure to DMAE-CB. Then, the cells 
were treated with 0.01 mM DMAE-CB in the presence 
or absence of BSO or OTC at 37 °C for 24 h and lysed 
in RIPA buffer. Subsequently, cells were resuspended 
in 1.5 mL of cold Mito-Cyto Buffer (Applygen 
Biotechnology, China). The supernatant was 
centrifuged at 12,000 g for 10 min in order to separate 
mitochondria (in pellet) from the cytoplasm (in 
supernatant). Cytosolic Cytochrome C (Cyto C) in the 
supernatant was quantified with an ELISA kit 
(Westang Biotechnology, China), using Cyto C 
(0–2000 pg/mL) as a standard. Data are expressed as 
the total amount of intracellular solubilized Cyto C. 
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Cytosolic Cyto C levels were normalized to protein 
contents measured in a BCA Protein Assay Kit 
(Beyotime Biotechnology, China). 

Statistical analysis 
Results were plotted as the mean ± standard 

deviation (SD) and all experiments were repeated 
three times. Data was analyzed by one-way analysis 
of variance (ANOVA) with SPSS 18.0 software (SPSS 
Inc., Chicago, IL, USA). The statistical significance 
level was set at P=0.05 for all tests.  

Results 
DMAE-CB induced oxidative stress in human 
dental pulp cells 

The formation of ROS in hDPCs after DMAE-CB 
treatment in the presence or absence of BSO or OTC 
was evaluated to identify differential effects of the 
GSH-modifying substances. As shown in Fig. 1B, a 
concentration-dependent increase in ROS level was 
observed after DMAE-CB treatment. Moreover, for 
cells treated with both DAME-CB and the 
GSH-synthesis inhibitor BSO, the formation of ROS 
was further enhanced. Although not completely 
inhibited, the amount of ROS remained at a low level 
for cells treated with DMAE-CB and OTC. As shown 

in Fig.1C, a decrease in GSH level was observed in 
cells exposed to DMAE-CB. The reduced GSH content 
was only slightly amplified by the presence of BSO. 
As expected, the presence of OTC replenished the 
depleted GSH pool after DMAE-CB treatment.  

Next, we analyzed the adaptive and coordinated 
activities of various antioxidative enzymes. The 
activity of GPx1/2 was dose-dependently reduced in 
cell cultures exposed to DMAE-CB compared with 
control group (P < 0.05, Fig.1D), and lowered by BSO 
even more. However, an increase was observed in 
GPx1/2 activity by OTC in cell cultures exposed to 
DMAE-CB. A similar dose-dependent reduction in the 
SOD activity was observed after exposure to 
DMAE-CB (P < 0.05 as compared with untreated 
cultures, Fig.1E). The decreased SOD activity was 
only slightly enhanced by BSO. In contrast, OTC 
drastically increased the levels of SOD in cells 
exposed to DMAE-CB. The activity of CAT was 
significantly enhanced in cell cultures exposed to 
DMAE-CB, compared with the control group (P < 
0.05, Fig.1F). In contrast, although the presence of BSO 
had only little effect on CAT activity, the activity of 
CAT was slightly reduced by OTC in cells exposed to 
DMAE-CB. 

 

 
Figure 1. DMAE-CB induced oxidative stress in hDPCs. A. Chemical structure of DMAE-CB. B. Intracellular ROS levels in hDPCs exposed to DMAE-CB in the absence 
or presence of BSO or OTC for 6 h. C–F. Contents of GSH (C), activity of GPx1/2 (D), SOD (E), and CAT (F), in hDPCs exposed to DMAE-CB in the absence or presence of 
BSO or OTC for 24 h. Data represent the mean ± SD of three independent experiments (n = 3). *P < 0.05 vs. control group; #P < 0.05 vs. DMAE-CB-treated cells; &P < 0.05 
between cells treated with 0.01 mM DMAE-CB and 0.05 mM DMAE-CB by one-way ANOVA. NS, no significance. 
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DMAE-CB induced apoptosis in human dental 
pulp cells 

As shown in Fig. 2, cell viability was reduced to 
76% (0.01 mM) or 42% (0.05 mM) by DMAE-CB 
compared with untreated cultures (93%), whereas the 
percentage of cells distributed in late 
apoptosis/necrosis has increased simultaneously. 
Moreover, the presence of BSO further induced an 
increase in the percentage of cells distributed in late 
apoptosis/necrosis, and meanwhile decreased the 
percentage of viable cells to 31% in cells exposed to 
0.05 mM DMAE-CB (Fig. 2A). Quite in contrast, the 
presence of OTC in 0.05 mM DMAE-CB-treated cell 
cultures significantly raised the percentage of viable 
cells from 42% to more than 65%, and the percentage 
late apoptosis/necrosis of hDPCs was reduced from 
53% to 28% in parallel (Fig. 2B).  

DMAE-CB induced DNA damage in dental 
pulp cells 

As shown in Fig. 3A, DMAE-CB significantly 
increased the intracellular 8-OHdG content in hDPCs 
cultures in a concentration-dependent manner after 24 
h treatment. The generation of 8-OHdG by DMAE-CB 

was further enhanced by BSO, whereas reduced in the 
presence of OTC. 

Next, we used the a commercial in situ DNA 
damage assay kit to assess and quantify whether 
DSBs were formed in hDPCs after 24 h treated with 
DMAE-CB in the absence or presence of BSO or OTC. 
It was shown that DMAE-CB dose-dependently 
enhanced H2AXser139 phosphorylation (P < 0.05, Fig. 
3B). Such effect was further amplified by BSO. OTC 
significantly reduced H2AXser139 phosphorylation 
when the dose of DMAE-CB was 0.01 mM (P < 0.05), 
however, such protective effect was not observed 
when the dose of DMAE-CB was 0.05 mM. Similar 
results were revealed by immunofluorescence 
observation. It was found that the red fluorescence of 
γ-H2AX was readily discernible in hDPCs nuclei by 
immunofluorescence using γ-H2AX-specific 
antibodies (Fig. 3C). Microscopic enumeration of red 
fluorescence of γ-H2AX revealed that DMAE-CB 
treatment induced H2AXser139 phosphorylation, and 
BSO co-treatment further exaggerated this trend. The 
presence of OTC weakened the red fluorescence of 
γ-H2AX, indicating that OTC could partly restore 
DNA damage caused by DMAE-CB.  

 
 

Figure 2. DMAE-CB induced 
apoptosis in hDPCs. A–C. Apoptosis 
of hDPCs after exposure to DMAE-CB in 
the absence or presence of BSO (A) or 
OTC (B) for 24 h, as assayed by Annexin 
V and PI double staining. *P < 0.05 vs. 
control group; #P < 0.05 vs. dental 
monomer-treated cells; &P < 0.05 
between cells treated with 0.01 mM 
DMAE-CB and 0.05 mM DMAE-CB by 
one-way ANOVA. NS, no significance. 

 



Int. J. Biol. Sci. 2016, Vol. 12 
 

 
http://www.ijbs.com 

586 

 
Figure 3. DMAE-CB induced DNA damage in dental pulp cells. A–B. 8-OHdG content (A) and the phosphorylation of H2AXser139 (γ-H2AX)(B) in hDPCs exposed to 
DMAE-CB in the absence or presence of BSO or OTC for 24 h. *P < 0.05 vs. control group; #P < 0.05 vs. DMAE-CB-treated cells; &P < 0.05 between cells treated with 0.01 mM 
DMAE-CB and 0.05 mM DMAE-CB by one-way ANOVA. C. Representative images of immunofluorescent staining for γ-H2AX in hDPCs exposed to DMAE-CB in the absence 
or presence of BSO or OTC for 24 h. Hochest 33342 (blue fluorescence) is a marker for DNA and stains the whole nucleus of a cell, while the red fluorescence indicates 
γ-H2AX-specific foci. (a) A nucleus of hDPCs without foci is typically seen in most of untreated cells. (b) A nucleus of hDPCs with typical γ-H2AX-specific foci can be observed 
in DMAE-CB-treated cells. (c) The presence of BSO enhanced the γ-H2AX-specific foci in the nucleus of hDPCs exposed to DMAE-CB. (d) OTC attenuated the red 
γ-H2AX-specific foci in the nucleus of hDPCs exposed to DMAE-CB. 

 

DMAE-CB induced cycle arrest in dental pulp 
cells 

It was observed that DMAE-CB induced a 
concentration-related delay of the cell cycle in G1 
phase (Fig.4A). The percentage of cells in G1 phase 
greatly increased from 65% in control cultures to 82% 
in cultures exposed to 0.01 mM and 88% treated with 
0.05 mM DMAE-CB (P < 0.05 as compared with 
untreated cells). BSO co-treatment further increased 
the percentage of cells distributed in G1 phase to 
89.7% after 0.01 mM DMAE-CB treatment. However, 
for 0.05 mM DMAE-CB, BSO showed no significant 
effects on the percent of cells residing in G1 phase. 
OTC partially reversed the DMAE-CB induced G1 
arrestment. The percentage of cells residing in S phase 
was significantly reduced after DMAE-CB treatment 
(P < 0.05), whereas OTC restored the effects to some 
extent. The percentage of cells found in G2 phase 
under the current conditions followed the changes 
found in G1 and S phase (not shown).  

Effect of DMAE-CB on expression of 
cell-cycle-related genes  

As shown in Fig.4B, the hDPCs exposed to 
DMAE-CB exhibited significantly enhanced 

expression levels of the cell-cycle-related genes (ATM, 
P21 and TP53) compared with untreated cells (P < 
0.05). BSO further amplified DMAE-CB-induced 
up-regulation of ATM, P21 and TP53 expression, while 
OTC showed the opposite effects. 

Effect of DMAE-CB on expression of pro- and 
anti-apoptotic genes  

According to our previous studies [11, 12], the 
cytotoxicity of DMAE-CB was related to the intrinsic 
mitochondrial apoptotic pathway. Thus, we used 
qRT-PCR to analyze the expression levels of pro- and 
anti-apoptotic proteins of the Bcl-2 family, as well as 
caspase-3 (Fig. 4C). DMAE-CB reduced the expression 
of BCL-2, regardless of the absence or presence of BSO 
compared with control group (P < 0.05). On the other 
hand, DMAE-CB induced higher expression of both 
BAX and CASPASE-3 as compared with control group 
(P < 0.05). This trend was further enhanced in the 
presence of BSO, and partially reversed in the 
presence of OTC. 

 Immunofluorescence (IF) analysis revealed that 
in untreated cells Bax was nearly undetectable and 
Cyto C was retained in the mitochondria (Fig. 5). The 
green fluorescence of Bax was obvious after treatment 
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with DMAE-CB, regardless of the absence or presence 
of BSO, and the dot-like staining on the mitochondria 
was enhanced. Meanwhile, the red fluorescence of 
Cyto C was diffused in the cytoplasm. Quite the 
reverse, the presence of OTC weakened the green 
fluorescence of Bax, which was diffused in the 
cytoplasm. And for red fluorescence of Cyto C, except 
for weak signal diffused in the cytoplasm, most of the 
strong spot signal was retained in the mitochondria. 

DMAE-CB impacts the morphologies and 
functions of mitochondria 

We further examined mitochondria morphology 
in cells exposed to DMAE-CB, in the absence or 
presence of BSO or OTC, by using TEM. It was 
observed that control cells showed the normal 
morphology with healthy mitochondria (Fig. 6AE). 

After DMAE-CB treatment, nuclear membrane 
condensation, cytoplasmic vacuolization, increased 
lysosome organelles and severe plasma membrane 
blebling could be observed, which suggested 
apoptosis might occur [34]. In addition, some 
mitochondria became larger and elongated with a 
reduced number of cristae and deformed cristae (Fig. 
6BF). The presence of BSO even enhanced the 
destructive effects of DMAE-CB on mitochondria. 
Some mitochondria became swollen and showed 
disorganized cristae and altered membrane structural 
integrity (Fig. 6CG). Quite in contrast, OTC restored 
the cells exposed to DMAE-CB. Nearly no 
cytoplasmic vacuolization and lysosome organelles 
were observed, and mitochondria with relatively 
normal appearance were detected (Fig. 6DH).  

 

 
Figure 4. DMAE-CB induced cell cycle arrest, cell-cycle-related gene and pro- and anti-apoptotic gene expression in dental pulp cells. A. Cell cycle analyses 
of hDPCs after exposure to DMAE-CB in the absence or presence of BSO or OTC for 24 h. The percentages of cells found in G2 phases (not shown) varied according to the 
changes observed with the number of cells in G1 and S. B–C. Gene expression of ATM, P21, TP53(B) BCL-2, BAX and CASPASE-3(C) in hDPCs exposed to DMAE-CB in the absence 
or presence of BSO or OTC for 24 h. *P < 0.05 vs. control group; #P < 0.05 vs. dental monomer-treated cells; &P < 0.05 between cells treated with 0.01 mM DMAE-CB and 0.05 
mM DMAE-CB by one-way ANOVA. NS, no significance. 
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Figure 5. Double Immunofluorescence staining for Bax and Cyto C in dental pulp cells exposed to DMAE-CB. Green fluorescence represents Bax, whereas red 
green fluorescence represents Cyto C. Yellow color in the overlay of these two images indicates co-localization of Bax and Cyto C (presumably in mitochondria). In control group, 
Bax was nearly undetectable and Cyto C was retained in the mitochondria. However, upon DMAE-CB regardless of in the absence or presence of BSO, Bax was obvious and 
dot-like staining on the mitochondria. Meanwhile, Cyto C was diffused in the cytoplasm. The presence of OTC weakened Bax, which was diffused in the cytoplasm. And Cyto C 
was weaker and retained in the mitochondria. 

 

 
Figure 6. Changes of mitochondrial morphology observed by transmission electron microscopic (TEM). (A, E) Representative images of untreated control cells. 
Healthy cell morphology and preserved mitochondria in the cytoplasm were observed. (B, F) Representative images of DMAE-CB-treated cells. Apoptosis signs such as plasma 
membrane (PM) blebing, condensed/peripheralized nuclear chromatin (CHR) condensation, and cytoplasmic vacuolization (CV) were observed. Some mitochondria were larger 
and elongated with reduced number of cristae and deformed cristae (black arrow). (C, G) Some mitochondria became swollen with disorganized cristae with altered membrane 
structural integrity (disorganized inner and outer membranes) in the presence of BSO in cells exposed to DMAE-CB (white arrow). (D, H) The presence of OTC restored cell 
and mitochondrial morphology, although pycnosis, swelling and less number of cristae or deformed cristae were observed in some mitochondria (wedged). 
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Figure 7. DMAE-CB impaired the functions of mitochondria in dental pulp cells. A-C. ATP level (A), MMP (B) and levels of cytosolic Cyto C (C) of hDPCs after 
exposure to DMAE-CB in the absence or presence of BSO or OTC for 24 h, as assayed by Annexin V and PI double staining. *P < 0.05 vs. control group; #P < 0.05 vs. dental 
monomer-treated cells; &P < 0.05 between cells treated with 0.01 mM DMAE-CB and 0.05 mM DMAE-CB by one-way ANOVA. 

 
 The ATP levels of hDPCs exposed to DMAE-CB, 

in the absence or presence of BSO or OTC, were 
demonstrated in Fig. 7A. After 24 h of DMAE-CB 
treatment, ATP level was significantly lower than that 
in control cultures both in 0.01 mM or 0.05 mM 
DMAE-CB (P < 0.05). The presence of BSO further 
decreased ATP levels to some extent. When the 
concentration of DMAE-CB was 0.01 mM, OTC 
restored cellular ATP level to almost normal level 
(p>0.05). For higher dose of DMAE-CB (0.05 mM), 
OTC still exhibited protective effects and partly 
recovered the ATP levels. Next, we analyzed the 
effects of DMAE-CB on the MMP, which is an 
important biomarker of intrinsic mitochondrial 
pathway [35]. DMAE-CB induced a dose-dependent 
MMP depolarization after a 24 h exposure period as 
compared with untreated cells (P < 0.05, Fig.7B). 
Disruption of MMP by DMAE-CB was slightly 
amplified in the presence of BSO, though the effects 
were not statistically significant. The presence of OTC 
partially reversed DMAE-CB-induced disruption of 
MMP. Then, we measured the cytosolic Cyto C level 
using an ELISA kit (Fig.7C). The cytosolic Cyto C level 
was greatly elevated after cells were exposed to 
DMAE-CB for 24 h, compared with control group (P < 
0.05). These increases were further enhanced by BSO, 
whereas completely blocked by OTC (P > 0.05 as 
compared with untreated cells).  

Discussion 
The recent findings strongly suggest that 

antibacterial monomers, such as DMAE-CB induce 
adverse biological effects in vitro in various cell types 
[11, 12, 14, 15, 36]. However, the underlying 
mechanism is still not clear. Based on our previous 
findings that DMAE-CB could induce oxidative stress 
in vitro, we hypothesized that DNA damage, cell cycle 
arrest and apoptosis might subsequently occur as a 
consequence of ROS over-production. Furthermore, 
GSH synthesis-modulating substances, such as GSH 

synthesis inhibitor BSO and GSH synthesis promoter 
OTC, were used to investigate whether GSH played a 
key role in the DMAE-CB-induced cytotoxicity.  

 Oxidative stress induced by increasing 
concentrations of DMAE-CB was indicated here by 
the overproduction of ROS, depletion of GSH, and the 
differential activities of anti-oxidative elements. In 
accordance with previous studies [12], DMAE-CB 
could dose-dependently increase ROS formation, 
whereas decrease GSH level in parallel. Functionally, 
GSH is the most important redox-regulating 
non-enzymatic thiol in the anti-oxidative defense 
system. GSH can directly scavenge ROS or act as a 
substrate of GPx1/2, which catalyzes the reduction of 
H2O2 [37]. The GSH synthesis-modulating substances 
such as BSO and OTC, could alter the GSH level as 
well as ROS formation here, in cells exposed to 
DMAE-CB. The enzymatic antioxidative defense 
system controls the intracellular oxidative state by 
metabolizing and scavenging diverse ROS, including 
superoxide anion (O2-), hydroxyl radical (OH-), and 
hydrogen peroxide (H2O2), aiming at a balanced 
redox system [38, 39]. Among them, SOD, GPx1/2 
and CAT are the key enzymatic antioxidants of this 
defense system by which help remove the free 
radicals. SOD catalyzes the breakdown of O2- into O2 
and H2O2. GPx1/2 and CAT then decompose H2O2 
into H2O and O2 [40-42]. In our study, it was found 
that DMAE-CB reduced SOD and GPx1/2 activities 
while at the same time increased CAT activity. Based 
on recent publication, H2O2 is the major sort of ROS 
which is over-produced after methacrylic monomer 
treatment [20]. Because GPx1/2 requires GSH as a 
substrate to reduce H2O2, the limited source of the 
substrate GSH as a consequence of DMAE-induced 
GSH depletion can subsequently restrict the activity 
of GPx1/2, causing the observed reduction in GPx1/2 
activity [19]. The elevated H2O2 formation may lead to 
the increased CAT activity and decreased SOD 
activity due to a feedback mechanism [16].  
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By using BSO and OTC, the key role of GSH in 
DMAE-CB-induced cytotoxicity was identified. The 
combination of DMAE-CB with GSH synthesis 
inhibitor BSO decreased GPx1/2 activity even further. 
In contrast to BSO, the GSH synthesis supporter OTC 
partially reversed DMAE-CB-induced differential 
activation of the investigated anti-oxidative enzymes. 
These observations showed that the depletion of GSH 
constitutes a key event during the generation of 
oxidative stress induced by DMAE-CB. These 
findings are in accordance with previous reports 
about conventional methyacrylate monomers [43-45]. 
Notably, by using GSH synthesis-modulating 
substances, we also present experimental evidence 
that the availability of GSH is causally related to 
DMAE-CB-induced apoptosis. BSO considerably 
increased the percentage of cells distributed in late 
apoptosis/necrosis On the other hand, OTC was 
observed to partially prevent DMAE-CB-induced 
apoptosis. These data indicated that, similar to other 
methacrylic monomers [46-51], depletion of GSH may 
be the origin of oxidative stress and subsequent 
apoptosis after the treatment of DMAE-CB.  

In our previous studies, it has been found that 
DMAE-CB induced apoptosis through the intrinsic 
apoptotic pathway [11-13]. Nevertheless, the origin 
upstream of this signaling pathway still needs to be 
identified. The formation of oxidative stress beyond 
the capacities of antioxidant mechanisms can cause 
oxidative damage to DNA, which may activate DNA 
repair process, or trigger cellular signaling resulting 
in apoptotic cell death. Thus, we hypothesized that 
oxidative DNA damage might be the initial reason for 
DMAE-CB induced apoptosis. To test our hypothesis, 
a series of oxidative DNA damage biomarkers was 
investigated in the present research work. It was 
found that 8-OHdG, a well-known biomarker of 
oxidative DNA damage [52, 53], was 
dose-dependently increased in hDPCs exposed to 
DMAE-CB. 8-OHdG is a modified base that occurs in 
DNA, when DNA is attacked by hydroxyl radicals, 
singlet oxygen or one-electron oxidants in cellular 
DNA [52, 53]. On the other hand, severe DNA 
damage might result in the formation of DSBs, 
structural damage to the DNA molecules, DNA 
protein crosslinks, and harmful mutations in the 
genomes [54]. There is increasing evidence that 
several diseases in humans, including Alzheimer's 
disease, cancer and rheumatoid arthritis are 
associated with free radical reactions with DNA [55]. 
Here, the quantative evaluation of γ-H2AX and 
immunofluorescent staining revealed that DMAE-CB 
could induce DSBs. DSBs are particularly hazardous 
to the cell due to their induction of genome 
rearrangements [56]. In addition, the formation of 

DSBs is considered as a activating signal which lead to 
cell cycle arrest to repair severe DNA damage [57]. 
Thus, the analysis of the cell cycle was performed. It 
was found that DMAE-CB greatly increased the 
percentage of cells distributed in G1 phase and 
meanwhile reduced the percentage of cells residing in 
S phase. The combined use of GSH synthesis inhibitor 
BSO further enhanced DMAE-CB-induced 8-OHdG 
and DSBs formation, and cell cycle arrest. On the 
other hand, the GSH synthesis supporter OTC 
partially reversed DAME-CB-induced DNA damage 
and cell cycle arrest. These data indicate that 
DMAE-CB induced oxidative DNA damage and 
subsequent cell cycle arrest is related to the 
availability of GSH, at least, to some extent, under the 
current culture conditions. These observations were 
also consistent with previous publication which 
demonstrated that the supplement of GSH could 
attenuate methacrylic monomer-induced 
genotoxicity. Lottner et al. found that the addition of 
NAC could reduce the DSBs induced by methacrylic 
monomers [25]. Likewise, Schweikl et al. found that 
the presence of NAC could reduce the formation of 
micronuclei caused by TEGDMA and HEMA [28]. 

Next, the signaling pathway involved in 
DMAE-CB induced apoptosis was investigated. 
Ataxia telangiectasia mutated (ATM), a member of the 
phosphoinositide 3-kinase-like family of 
serine/threonine protein kinases, can be recruited and 
activated by DNA double-strand breaks [58]. Upon 
DNA damage, especially the formation of DSBs, the 
activation of ATM by autophosphorylation on 
Ser1981 occurs, and it coordinates cycle with DNA 
repair or apoptosis by the activation of its 
downstream targets such as p53 [59]. The tumor 
suppressor protein p53 acts as a crucial regulator of 
cell cycle checkpoints, DNA repair and apoptosis [60]. 
The tumor suppressor protein p21 functions as an 
inhibitor of cell cycle progression at G1 phase. During 
oxidative stress stimuli, the expression of P21 gene is 
tightly controlled by p53. Via such a mechanism, 
protein p53 mediates the p53-dependent cell cycle G1 
phase arrest [61]. Thus, we hypothesized ATM 
signaling pathway might be involved in 
DMAE-CB-induced DNA damage. Here, we found 
that the expression of ATM, P21 and TP53 was 
significantly increased in cell cultures after treatment 
with DMAE-CB. The results on gene expression 
presented here suggest a central role of the ATM 
signaling pathway in DMAE-CB-induced apoptosis. 
Furthermore, the causal relationship between the 
generation of oxidative stress induced by DMAE-CB 
and the activation of ATM became even more 
apparent, since the expressions of ATM, P21 and TP53 
were further modified by GSH-synthesis inhibitor 
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BSO or activator OTC. In summary, DMAE-CB 
caused the formation of DSBs, and thus resulted in the 
activation of ATM as well as the activation of its 
downstream targets such as p53. The activation of 
tumor suppressor protein p53 upregulated P21 
expression and mediated the p53-dependent cell cycle 
arrest for DNA repair.  

In response to DNA damage, p53 can initiate 
apoptosis through the intrinsic apoptosis pathway 
[62, 63]. Thereafter, Bcl-2 family proteins change their 
usual localization as well as targeting patterns, trigger 
mitochondrial dysfunction, Cyto C release and 
caspase activation, and eventually lead to cell death 
via apoptosis [64]. Our qRT-PCR analyses showed a 
decrease in BCL-2 expression, as well as increases in 
both BAX and CASPASE-3 expression after 24 h 
treatment of DMAE-CB. Indeed, our immunofluore-
scence analysis revealed that after DMAE-CB 
treatment, Cyto C was released from the 
mitochondrial membrane into the cytoplasm, while 
Bax translocated from cytoplasm to mitochondria. 

 Functionally, mitochondria also act as sensors 
and amplifiers in the execution of cell programmed 
death [65]. Here, we found that DMAE-CB had very 
destructive effects on mitochondria by TEM 
observation. Pycnosis, swelling and less number of 
cristae as well as deformed cristae were observed. 
Damage and subsequent dysfunction in mitochondria 
may influence cell metabolism. It was found that the 
changes in mitochondrial morphology were 
accompanied with a decreased level of ATP. 
Furthermore, disruption of the mitochondrial 
membrane integrity inevitably resulted in 
depolarization of MMP and subsequent Cyto C 
release from mitochondrial membrane into the 
cytoplasm. We also found that the presence of BSO 
further enhanced the destructive effects of DMAE-CB, 
while OTC partially restored the morphology and 
function of mitochondria. These findings indicated 
that DMAE-CB-caused damage on mitochondria was 
correlated the formation of oxidative stress in 
DMAE-CB-treated cells. 

 Conclusions 
With the limitations of the present in vitro study, 

it might be concluded that DMAE-CB induced 
oxidative stress, and thus triggered DNA damage and 
apoptosis by the modification of signal transduction 
pathways. DMAE-CB caused disturbance of 
intracellular redox balance, characterized by 
depletion of GSH, over-production of ROS, and 
differential changes of anti-oxidative enzymes. The 
formation of oxidative stress beyond the capacities of 
antioxidant mechanisms could cause oxidative DNA 
damage, induce cell cycle arrest and thus trigger the 

activation of ATM signaling, the intrinsic apoptosis 
pathway. By using substances that can modulate GSH 
synthesis, we found that GSH played a key role in cell 
reaction in response to DMAE-CB.  
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