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Objective. Eluted dental resin co-monomers can be metabolized to intermediate methacrylic

acid (MA) and, further, to epoxy metabolites. Antioxidants have been studied previously,

with  the intention of decreasing the DNA double-strand breaks (DNA-DSBs) in human gin-

gival  fibroblasts (HGFs). In this study, the effects of the antioxidants, ascorbic acid (Asc) and

N-acetylcysteine (NAC), were investigated on co-monomer metabolite-induced DNA-DSBs.

Methods. HGFs were incubated with MA, 2,3-epoxy-2-methyl-propionicacid-methylester

(EMPME) and 2,3-epoxy-2-methylpropionic acid (EMPA), respectively, in the presence or

absence of antioxidants (Asc or NAC). EC50 Values were obtained from an XTT-based viability

assay. DNA-DSBs were determined using a �-H2AX assay.

Results. The cytotoxicity of the compounds could be ranked in the following order

(mean ± SEM; n = 4): EMPA > EMPME > MA. The average number of DSBs-foci/cell induced by

each substance at EC50-concentration could be ranked in the following order (mean ± SD;

n  = 4): EMPA > EMPME > MA. EMPA (1.72 mM) and EMPME (2.58 mM) induced the highest num-

ber  of DSBs-foci, that is 21-fold and 13-fold, respectively, compared to control (0.48 ± 0.08

foci/cell). The addition of Asc (50; 100; 200 �M) or NAC (50; 100; 200; 500 �M) to MA (15.64;

5.21  mM), EMPME (2.58 mM), and EMPA (1.72; 0.57 mM) significantly reduced the number of

foci/cell in HGFs. The highest reduction could be found in HGFs with 1.72 mM  EMPA,  the

addition of NAC (50; 100; 200; 500 �M) induced a 15-fold, 17-fold, 14-fold and 14-fold lower

number of DSBs-foci/cell, respectively.

Significance. Dental co-monomer epoxy metabolites, EMPME and EMPA, can induce DNA-

DSBs. The addition of antioxidants (Asc or NAC) leads to reduction of DNA-DSBs, and NAC

leads to more prominent reduction of DNA-DSBs compared to Asc.

© 2017 The Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.

∗ Corresponding author at: Department of Operative/Restorative Dentistry, Periodontology and Pedodontics, Ludwig-Maximilians-
University of Munich, Goethestr. 70, 80336 Munich, Germany. Fax: +49 89 7095 73817.

E-mail address: Christof.hoegg@lrz.uni-muenchen.de (C. Högg).
http://dx.doi.org/10.1016/j.dental.2017.01.005
0109-5641/© 2017 The Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.

dx.doi.org/10.1016/j.dental.2017.01.005
http://www.sciencedirect.com/science/journal/01095641
www.intl.elsevierhealth.com/journals/dema
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dental.2017.01.005&domain=pdf
mailto:Christof.hoegg@lrz.uni-muenchen.de
dx.doi.org/10.1016/j.dental.2017.01.005


d e n t a l m a t e r i a l s 3 3 ( 2 0 1 7 ) 418–426 419

1.  Introduction

The unpolymerized co-monomers triethylene glycol
dimethacrylate (TEGDMA) and 2-hydroxyethyl methacry-
late (HEMA) can be released from incompletely polymerized
composite resins [1], and thereby affect the activity of dental
pulp cells or enter the intestine by swallowing, subsequently
reaching the circulatory system and organs [1,2]. Our previous
studies have demonstrated the uptake, distribution and
elimination of radiolabeled 14C-TEGDMA and 14C-HEMA in
guinea pigs [3,4]. As a result, the metabolism of TEGDMA
and HEMA was postulated, and the formation of methacrylic
acid (MA), a metabolisation intermediate of TEGDMA and
HEMA, was described [3,4]. MA  can be metabolized by two
different pathways [5]. In one pathway (epoxide pathway),
it was suggested that 2,3-epoxy-2-methyl-propionicacid-
methylester (EMPME) might be formed [6]. Additionally, the
C-C-double bond of MA  can be oxidized, consequently, the
epoxy metabolite, 2,3-epoxy-2-methylpropionic acid (EMPA)
can be formed [6–8]. In this process, hydrogen peroxide is
involved as chemical catalyst [9], and cytochrome P450 2E1
(CYP2E1) also plays an important role [7]. In a previous study,
it was shown that 14C-TEGDMA and 14C-HEMA are mainly
metabolized via epoxide pathway in A549 cells [10], and the
formation of EMPA  in human oral cells (for example, human
gingival fibroblasts (HGF) and human pulp fibroblasts (HPF))
has also been demonstrated [7].

In a previous study, the toxicology of EMPME and EMPA
was investigated by the use of a modified fluorescent stem-
cell test; as a result, the teratogenic effect was observed for
EMPA, and an embryotoxic effect was observed for EMPME on
the embryonic stem cells of mice [6]. A similar genotoxicity of
epoxides was also found in glycidamide, the epoxy metabolite
of acrylamide, which is commonly present in fried food [11], is
highly reactive toward DNA by formation of covalent adducts
on the N7-position of guanine, N3-position of adenine and N1-
position of deoxyadenosine [12]. Since the glycidamide has an
epoxy structure similar to those of EMPME  and EMPA,  it is likely
that they will lead to a similar genotoxicity. Since the DNA
damage can lead to carcinogenic and mutagenic effects [13],
the epoxides are considered to be highly reactive molecules
and toxic agents [8]. If they are left unrepaired, they can lead
to cell death; chromosomal translocations and genomic insta-
bility may occur if they are misrepaired [14].

Many  studies have dealt with the toxicology of co-
monomers such as TEGDMA and HEMA, which can induce
DNA-DSBs [15,16]. Schweikl et al. demonstrated that HEMA-
induced apoptosis is a response to DNA damage [17]. However,
in comparison with the precursors, TEGDMA, HEMA and the
intermediate MA,  whether the epoxy metabolites can induce
more DNA-DSBs is still unknown. In this study, therefore,
the effect of the co-monomer epoxy metabolites, EMPME and
EMPA,  on the DNA-DSBs, was investigated. In some studies, it
has been demonstrated that the addition of antioxidants, such
as Asc or NAC, can reduce the cytotoxic effects and DNA-DSBs
of dental resin co-monomers [18–20]. It is not known whether
antioxidants can lead to the reduction of DNA-DSBs in the
presence of co-monomer epoxy metabolites. Therefore, in this
study, the effects of Asc and NAC on the epoxide-induced
DNA-DSBs in HGFs were also investigated.

2.  Methods

2.1.  Chemicals

EMPME and MA were obtained from Sigma–Aldrich (Wein-
heim, Germany). EMPA was synthesized by oxidation of MA,
according to the method described by Yao and Richardson [9].
For the determination of cytotoxic effects, a cell-proliferation
kit II from Roche Diagnostics (Mannheim, Germany) was
used. Asc was purchased from Sigma–Aldrich (St. Louis, MO,
USA), NAC was obtained from Alfa Aesar GmbH (Karlsruhe,
Germany). Hydrogen peroxide (H2O2) was obtained from
Sigma–Aldrich (Steinheim, Germany). MA, EMPME, EMPA,  Asc
and NAC were dissolved directly in the medium. All chemicals
and reagents were of the highest purity available.

2.2.  Cell  culture

HGFs were obtained from Provitro GmbH (Berlin, Germany).
The HGFs (passage 10) were cultured as described in our for-
mer  study [15].

2.3.  XTT-based  viability  assay

An XTT-based cell viability assay was used to determine
the half-maximum effect concentration (EC50) values for the
investigated substances in HGFs. This assay was performed
according to our previous study [15]. The cells were treated
with medium containing MA (1–100 mM), EMPME  (0.5–12 mM)
and EMPA (0.01–10 mM), respectively, followed by incubation
for 24 h. The formazan formation was quantified spectropho-
tometrically at 450 nm (reference wavelength 670 nm), using a
microplate reader (MULTISKAN FC; Thermo Fisher Scientific
(Shanghai) Instruments Co., Ltd., China). Four independent
experiments were performed, each time in triplicate.

2.4.  �-H2AX  immunofluorescence

DNA-DSBs formation was determined in HGFs by �-H2AX
assay, as described in our previous study [15]. In the follow-
ing the procedure and modifications for the present study is
outlined:

12 mm round cover slips (Carl Roth, Karlsruhe, Germany)
were cleaned in 1 N HCl and distributed into a 24-well plate.
HGFs were seeded at 7 × 104 cells/ml in each well with the
medium, followed by overnight incubation at 37 ◦C. The cells
were exposed for 6 h to medium containing the MA,  EMPME,
and EMPA,  respectively, or the antioxidants alone; the con-
centrations of MA, EMPME and EMPA are determined by EC50,
1/3EC50 and 1/10EC50, based on the XTT values: MA  (15.64;
5.21; 1.56 mM),  EMPME (2.58; 0.86; 0.26 mM),  EMPA  (1.72; 0.57;
0.17 mM), the concentrations of antioxidants tested alone
were Asc (50; 100; 200; 500 �M) and NAC (50; 100; 200; 500 �M);
these concentrations were based on a previous study [19]. Con-
sidering toxicity caused by 500 �M Asc from our result, the
concentrations of antioxidants to be added to MA,  EMPME,
EMPA for �-H2AX assay were: Asc (50; 100; 200 �M)  and NAC
(50; 100; 200; 500 �M). Negative control cells received the
medium for 6 h. Positive control cells received 1 mM H2O2 in
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