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Abbreviation/term Explanation 

(M)SDS (Medical) safety data sheet 

(UPH)LC-MS (Ultra-High Performance) Liquid Chromatography 

ADME Absorption, Distribution, Metabolism and Excretion (Toxicokinetic terms) 

Bis-EMA Bisphenol A ethoxylate dimethacrylate 

Bis-GMA Bisphenol-A diglycidylmethacrylate 

CLP Labeling and Packaging of substances and mixtures Regulation (EU) 

dae Aerodynamic equivalent diameter 

GC-MS Gas chromatography–mass spectrometry 

Genes names All gene abbreviations are italicized and capitalized, e.g., heme oxygenase gene 
(HMOX1)* 

GSH Globally Harmonized System of Classification and Labelling of Chemicals 

HEMA 2-hydroxyethyl methacrylate 

In silico Performed on computer or via computer simulation 

m/z mass to charge (m/z) ratio 

MDR/MDD Medical Device Regulation/Medical Device Directive 

NRF2 A transcription factor. Referred to the master regulator of antioxidant responses. 

Omics Omics, e.g., proteomics, aims at the collective characterization and quantification 
of pools of biological molecules that translate into the structure, function, and 
dynamics of an organism or organisms 

PRM Polymer resin-based dental material 

Protein names All protein abbreviations are capitalized version of the gene-name, e.g., heme 
oxygenase protein (HMOX1)* 

Abbreviation used for regulated proteins are presented in appendix 1a, 1b 

SILAC Stable Isotope Labeling by Amino acids in Cell culture 

TEGDMA Triethylene glycol dimethacrylate 

UDMA Urethane dimethacrylate 

* In line with the recommendations from the HUGO Gene Nomenclature Committee (1) 
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Materials used in restorative dentistry today are primarily polymer-resin 

based dental materials (PRMs). These materials contain methacrylates and other 

organic additives that may cause adverse effects in exposed patients and dental 

personnel. Despite that relative few adverse effects are reported for this type of 

materials, this does not rule out that adverse effects may occur. The purpose of 

this thesis was therefore to study biological effects of one of the most commonly 

used methacrylate in PRMs, and to investigate how patients and dental health 

personnel may be exposed to constituents in PRMs. 

In paper I, methods and terminology used in cell culture studies on PRM 

constituents’ toxicity were charted by systematic searches in several search 

engines. It was found that non-standardized nomenclature and methods are 

commonly used. In paper II, biological effects of triethylene glycol dimethacrylate 

(TEGDMA) were charted on the proteomic level in the human THP-1 monocyte cell 

line with the metabolic labeling strategy SILAC followed by liquid chromatography- 

mass spectrometry analysis. It was shown that TEGDMA induces time- and dose-

dependent effects on cells, even at doses previously reported as non-toxic (as 

shown in Paper I). 

In the studies in paper III and IV, liquid- and gas chromatography-mass 

spectrometry-based techniques were used to characterize and estimate exposure 

to organic substances in PRMs. More specifically, in paper III, the organic 

composition of, and eluates from, resin-modified pulp capping materials were 

examined. It was found that patients may be exposed to a range of organic 

substances, including methacrylates, if these materials are used for direct capping. 

In paper IV, release of particle-associated and gaseous organic substances in PRMs 
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during restorative procedures were examined in a simulated, clinical environment. 

The results of this study reinforced the notion that occupational exposure to 

particle-associated organic substances in PRMs may occur. However, it was also 

shown that this exposure was below the limit of detection during clinical 

circumstances.  

In conclusion, this thesis add novel knowledge, and strengthen the current 

understanding, of how patients and dental personnel may be exposed to organic 

substances in PRMs. It also reinforce the notion that methacrylates are reactive 

compounds that can induce several biological effects in exposed cells.  
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Biomaterials can be defined as materials intended to be used inside or in 

contact with the human body (2). In dentistry, biomaterials are extensively used 

for a range of purposes. While many types of biomaterials exist, polymer resin-

based dental materials (PRMs) are perhaps the most widely used materials today 

— in particular for direct restoration procedures with dental composites and 

adhesives. In fact, the use of these tooth colored restorations has soared in 

Scandinavian countries subsequent to the ban/limitations of amalgam (3). 

However, other reasons, such as patients demand for aesthetics, have also 

contributed to the increased use of these materials on a global scale. In 2011, it 

was calculated that more tooth surfaces were filled with composite than with 

amalgam (4). In light of the widespread use of PRMs, it may be questioned whether 

these materials, or rather their constituents, pose any risk for patients and/or 

dental health personnel. 

Epidemiological research suggests that the frequency of adverse effects, in 

general, are low for PRMs compared to other dental materials, e.g., alloys (5). 

However, direct contact with uncured PRMs (6) or repeated, low dose exposure to 

PRM constituents may induce adverse reactions (7–10). Several studies have 

shown that occupational effects of these substances could be of concern (7–10). 

For example, PIIRILÄÄ et al showed an increase in respiratory hypersensitivity for 

dental personnel after the transition to PRMs (9). Contact allergy to PRM 

constituents have also been documented (7,11,12). Still, limited numbers of 
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studies, absence of national reporting systems, and/or lack of symptomatic effects 

could imply that it is difficult to assess the total extent of adversities associated 

with substances in PRMs (5). As PRMs are among the most frequently used 

biomaterials in humans, exposure and effects of PRM constituents should be 

thoroughly examined to assess the risk associated with these materials. The 

purpose of this thesis was therefore to add novel knowledge about biological 

effects of one of the most commonly used methacrylates in PRMs, triethylene 

glycol dimethacrylate (TEGDMA), and to investigate how patients and dental health 

personnel may be exposed to TEGDMA and other PRM constituents. 

PRMs mainly consist of inorganic and/or organic filler particles embedded in 

a matrix consisting of monomers and additives (Figure 1). In PRMs for direct 

restorative treatment, the monomers are usually methacrylates; however, other 

monomers exists (e.g. ormocers and siloranes). Since this thesis will focus on the 

methacrylate-based PRMs, all further references to PRMs imply that these 

materials have a methacrylate matrix. The physical and biological properties of 

PRMs are influenced by the ratio and type of fillers and monomers. Thus, ideally, 

the composition of PRMs are tailored for their indication for use. Some PRMs 

contain other, sometimes therapeutic, ingredients that cannot readily be classified 

under either fillers or matrix constituents (discussed in section 1.2.3). 
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Figure 1: Schematic structures of three different PRMs with different applications. Filler particles (black and grey) 
are embedded in a continuous, polymer matrix-phase (white). Therapeutic agents are labeled with a cross. 1: Light 
curing capping materials (here exemplified by Theracal® LC (Bisco)) contain therapeutic agents as they are 
indicated for vital pulp therapy. 2: Adhesives (here exemplified by Clearfil SE Bond (Kuraray)) contain low amount 
of filler particles, to increase wettability. 3: Universal composites, (illustrated by ceram.x® universal (Densply)) 
contain large amount of filler particles to increase the strength of the material. Images: Bo Wold Nilsen 

Filler particles make up the discontinued phase of PRMs and have many 

functions, e.g., fillers reduce polymerization shrinkage, water sorption and thermal 

expansion and increase the strength, viscosity, wear-resistance, and stiffness of 

materials (13). Filler loading of materials usually reflects their intended application, 

e.g. hybrid, all-purpose composites usually contain between 75% to 80% by 

weight, and 60% to 65% by volume, of fillers (13). In comparison, adhesives 

contain slight amounts or no fillers (14). Fillers are in general relative biological 

inert compared to the constituents in the matrix phase of PRMs; however, concerns 

have been raised regarding the inhalation of nano-sized fillers generated during 

certain restorative procedures (15–18). 
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The matrix represents the continuous, curable phase of PRMs, and consists 

of methacrylates and small amounts of additives (e.g. initiators, activators, 

inhibitors, and stabilizers). The proportion and type of methacrylates (and 

additives) will affect their biocompatibility, as well as their physical/chemical 

properties. For example, a high content of high molecular weight methacrylates 

such as bisphenol-A diglycidylmethacrylate (Bis-GMA) and urethane 

dimethacrylate (UDMA), will yield a viscous material (19). In comparison, low 

molecular weight monomers such as TEGDMA will dilute this effect, making the 

introduction of fillers during manufacturing easier and enhance the clinical handling 

of PRMs. TEGDMA is therefore a common ingredient in both high- and low-viscous 

PRMs (14).  

For a majority of PRMs, polymerization of the matrix phase is initiated by 

light in the 370 – 470 nm spectrum range (20). Polymerization of monomers in 

PRMs is never fully completed as crosslinking of chains disables movement of 

monomers within the bulk of the material. Under ideal conditions, this results in a 

maximum double bond conversion of about 60 – 70 %, and 2-3 % unreacted 

monomers in the bulk of the material (21,22). Inadequately cured materials will 

have a poorer double bond conversion, and greater amount of unreacted 

monomers (and additives), that may be a source of exposure for PRM constituents 

(23,24). 

In contrast to fillers, most matrix constituents are reactive by nature. 

Several studies have shown that additives cause adverse biological responses in 

cell cultures (25–28). Regarding monomers, methacrylates are electrophilic, , -

unsaturated carbonyls with the ability to form polymer-networks through free 

radical polymerization. Importantly, this also enables them to react with 
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bionucleophiles such as DNA and proteins (29). However, due to different 

molecular structures, the biological effect and potency of methacrylates vary. For 

example, Bis-GMA cause cytotoxic effects in vitro at much lower concentrations 

than HEMA and TEGDMA (30).  

TEGDMA is present in many PRMs, and is the methacrylate being tested for 

biological effects in paper II. TEGDMA is a dimethacrylate with a molecular weight 

of 286.324 g/mol. The molecule consists of two methacrylate groups, in addition 

to three repeated units of ethylene glycol (Figure 2).  

 
Figure 2: The 3d structure of TEGDMA. Model generated in Avogadro molecule editor and visualizer (31).  
 

The TEGDMA molecule has several rotatable bonds, and is highly flexible 

and mobile compared to other methacrylates, e.g., Bis-GMA. This, combined with 

a slight water-solubility, makes it one of the major eluates from PRMs (23). 

TEGDMA is also one of two monomers — the other being HEMA —  which have 

been shown to have the potential to cross the tooth dentin layer during restorative 

procedures (32–34). The ester bonds of methacrylates are sensitive to non-

enzymatic and enzymatic hydrolysis. However, the extent of susceptibility seems 

to be methacrylate and enzyme-specific (35). For example, TEGDMA demonstrates 
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higher susceptibility than Bis-GMA to enzymatic hydrolysis (likely due to the 

availability of the ester bonds) (35). TEGDMA’s susceptibility to enzymatic 

hydrolysis may also explain the rapid elimination of TEGDMA (~ 24 hours) 

observed in guinea pigs and mice models (36). When hydrolyzed, TEGDMA yields 

two methacrylic acid molecules and a tri-ethylene glycol chain - both less toxic 

than TEGDMA itself (37). However, in vitro studies suggest that other mechanisms 

may be involved in the elimination of TEGDMA in humans, as human lung-cells 

preferably form two epoxy-intermediates of 2,3-epoxymethacrylic acid when 

exposed to TEGDMA (38). The epoxy intermediate is reported to be as toxic as 

TEGDMA itself (39). TEGDMA has, owing to its amphiphilic nature, the ability to 

move in all compartments of a cell culture (cytosol, lipid fraction, culture medium), 

and can therefore cause a range of toxic effects in cells (40). Yet, the precise 

mechanisms of TEGDMA-induced toxicity is not yet fully understood. This was 

further explored in paper II. 

The light-curing ability of methacrylate-containing materials makes them 

easy to handle in the clinic. This have led to their introduction in groups of 

materials that traditionally did not contain methacrylates, e.g., glass ionomer 

cement and pulp capping materials. In the latter group of materials, it may be 

speculated if the presence of PRM constituents will negatively influence the clinical 

efficacy of the material. 

Resin modified pulp-capping materials are indicated for either indirect or 

direct contact with pulp tissue. They contain methacrylates and organic additives, 

in addition to substances usually found in traditional, pulp capping agents, i.e. 

calcium hydroxide or calcium silicates (also referred to as Portland cement by the 



7 

 

manufactures). While the benefit of light curable materials is their easy handling, 

their use as direct pulp capping materials likely also implies patient-exposure to 

high concentrations of reactive matrix constituents (32). To the knowledge of the 

author, there are no published clinical trials with long term follow-ups ( 12 

months) on these materials (41), and at present, only one published trail with 6 

months follow-up exist (showing a non-significant, lower survival for Theracal® LC 

vs calcium hydroxide without laser therapy) (42). Yet, despite that there are pulp 

capping materials with ample data on clinical efficacy (43–45), light curing capping 

materials are advertised and sold to dentists all over the world. In fact, the light-

curing resin modified pulp-capping material Theracal® LC was shown to be more 

widely used for capping procedures among Norwegian dentists than mineral 

trioxide aggregates (46) — a material that has demonstrated its clinical feasibility 

for this purposes in several clinical trials (43–45). The composition of resin-

modified pulp capping materials, as well as their indications for use, have been 

investigated and critically discussed in paper III.  

Dental materials are medical devices according to the European Medical 

Devices Directives (MDD) (47). Thus, these materials have to meet the general 

requirements of this directive to achieve the CE-marking that is required for 

permitting a material to be sold in the European Economic Area (including 

Norway). By CE-marking, the manufacturer demonstrates that a product complies 

with the applicable requirements of the regulation and other applicable harmonized 

Union legislation. As of 2017, the MDD will be replaced by the Medical device 

regulations (MDR), however with a transition period of three years (48). The aim 

of the new regulation is to address inherent weaknesses in the old directives, as 
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well as providing improvements such as the establishment of a comprehensive 

database on medical devices and strengthening of post-market surveillance (e.g. 

trend reporting) (48).  

 According to the MDD and MDR, medical devices should not compromise 

the clinical condition and/or safety of the patients or user (47,48). If risk is linked 

to the material, this must be weighed against the benefits of the device (47,48). 

Medical devices should not achieve its intended action by pharmacological, 

immunological, or metabolic means (47,48). Medical devices are placed in one of 

four categories based on the intended application and risk associated with the 

device (Table 1). Depending on the classification, different test regimes are 

required prior to approval. For example, Class IIa and Class IIb materials, do not 

demand the same extent of tests and documentation to fulfilling the criteria of the 

MDR/MDD as class III. However, any dental materials for long-term use (more 

than 30 days) classified as class II or higher (e.g. composite, resin-based pulp 

capping materials etc.), require that an independent part (i.e. notified body) has 

to control that the requirements are followed by the manufacturer.   

 

Table 1: The European Union’s Medical Devices Directive/regulative for classification of medical devices. A full 
description of rules that govern the classification of medical devices is available in the Annex VIII of the MDR (48). 

Class Description (example) 
I Non-invasive products (e.g. bandages) 

Invasive products for transient contact (e.g. impression materials) 

IIa Surgically invasive products (e.g. PRMs) 

IIb Intraosseous dental implants 

III Products with drug-like effects (e.g. endodontic sealers with antibiotics) 
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As dental products sold in the EU may contain hazardous ingredients, they 

should be labeled and supplied with an information sheet in accordance with the 

Classification, Labeling and Packaging of substances and mixtures Regulation 

(CLP) – and of 2017, the MDR (49). The information sheets were previously 

available in many versions (implying that a material could have several differently 

labeled sheets). However, the EU has since January 2008 adopted the United 

Nations Globally Harmonized System of Classification and Labelling of Chemicals 

(GHS) through the CLP regulation(49). This implies that Medical Safety Data 

Sheets (MSDS) have been replaced by universal Safety Data Sheets (SDS). GSH 

has also been adopted by many countries outside EU, including Canada, United 

States, and Norway. As of today, GSH regulations are enforced in the EU, and in 

all the other countries mentioned. 

With regard to the constituents of dental materials, Safety Data sheets 

(MSDS or SDS) can be a guidance for clinicians of which materials to avoid in case 

of sensitivity or toxicity concerns as SDS’ should provide the necessary details to 

identify potential hazardous substances in a material. In addition to the name of 

substances, a CAS number (50) – an unique numerical identifier of a substance – 

should be provided. In previous studies, it has been shown that SDSs for PRMs, 

and other products, are incomplete (51–56). For example, Michelsen et al found 

that 25 – 85 % of quantifiable organic eluates from PRMS were not reported in the 

SDS of the material (53). One can hope that the new regulations will improve the 

situation, i.e., that dentists will be better able to identify which substances they 

may expose patients or themselves towards when using dental materials. Problems 

associated with SDSs and CAS-numbers in relation to exposure assessment was 

discussed in Paper III and IV. 
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Exposure to a substance is a prerequisite of an adverse effect. Data on 

exposure is therefore also a prerequisite for conducting human health risk 

assessments. For constituents of PRMs, both occupational and non-occupational 

exposure occur (12,57). Exposure scenarios for patients and dental personnel are 

illustrated in Figure 3.  

 
Figure 3: Illustration of exposure scenarios relevant for PRM constituents. 1: during direct contact with skin; 2: 
elution from cured materials into the oral cavity; 3: direct exposure to pulp-tissue; 4: inhalation of methacrylates in 
gas-phase: 5: elution of PRM-constituents from inhaled particles. 
Images used are free of copyrights under Creative Commons (CC0) (Pixbay.com) 

 

Exposure and dose are closely linked, but separate entities. Exposure 

represent the opportunity for a substance to enter the body, and is a product of 

intensity, frequency and duration of exposures (58). Subsequently, the net 

exposure to PRM constituents during a lifetime is higher for dental personnel than 

for patients. Exposure to a substance can by definition be prevented. For PRM 
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constituents, relevant preventive measures include the use of gloves, high-vacuum 

suction, rubber dam, and the use of water during clinical procedures (59).  

In toxicology, the dose is the fraction of the exposure that reach a particular 

site where it can exert an effect (60). This may be the local dose, the intracellular 

dose, or more commonly used, the internal dose. The internal dose is the amounts 

of substance that reach the circulation, and is influenced by the absorption, 

distribution, metabolism and excretion (ADME) characteristics of a particular 

substance. In addition, the exposure route of a substance can heavily influence 

the absorption of a substance. This is partly due to differences in the thickness and 

type of tissue that make up barriers against toxicants (61). For example, exposure 

to a toxicant via the lungs is in general regarded as more potent than skin or 

mucosal exposure, as the epithelial barrier of the pulmonary alveolus is only two 

cell layer thick (61). In a wound, e.g., a pulp exposure, there is no barrier (implying 

a 100 % absorption of a toxicant).  

The physiochemical properties of a substance also influences several 

important factors related to exposure and ADME, e.g., lipophilicity of a substance 

influences all aspects of ADME (62). In general, water-soluble substances have a 

shorter half-life than that of fat-soluble substances, and are not as readily 

absorbed through the skin. Volatility of a substance, and thus the likelihood of 

inhaling the substance, is also influenced by its physiochemical properties. 

Important chemical characteristics relevant for exposure of three common PRM 

constituents are presented in Table 2.  
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Table 2: Summary of chemical characteristics which may influence exposure route and absorption of common 
methacrylates used in PRMs. 

Parameter Bis-GMA TEGDMA HEMA MMA 

CAS number* 1565-94-2 109-16-0 868-77-9 80-62-6 

Predicted solubility  
(Log KOW**) (63) 

Log KOW = 5.53 Log KOW = 1.81 Log KOW = 0.5 Log KOW = 1.35 

Vapor pressure (64) - 9.4×10-4 mmHg 0.126 mmHg 38.5 mmHg 

*CAS: Chemical Abstracts Service. 
** Log KOW is the partition coefficient of this substance for octanol and water. A positive number suggest that the 
material is more hydrophobic than hydrophilic. Substances with a Log KOW above 4.5 have bio-accumulative abilities 
(in adipose tissues) due to low rate of elimination from the body. 

 

With regard to exposure assessments and human health risk assessments, 

indirect measurements in the environment is more commonly used than direct 

measurements of exposure (e.g. measuring of toxicants in body fluids) (58). This 

is most likely because indirect measurements are less invasive and cheaper.  

Patients may be exposed to leaching substances from all PRMs used in 

dentistry. This is due to unreacted and hydrolysis sensitive substances in PRMs 

that are exposed to humid conditions in the oral cavity. Evidence from laboratory 

studies on PRMs, suggest that the total amount of elutes are low (in the μg-range); 

however, variations have been reported between materials (23). Dissimilarities in 

eluates between materials can be explained by the degree of curing and by the 

composition of the PRMs (65,66). For example, the combined elution of TEGDMA 

and Bis-GMA from poorly cured composite samples have been demonstrated to be 

approximately 7-fold higher than that of a sufficiently cured material (67). With 

regard to monomers, some substances elutes readily, i.e., low molecular weight, 
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water soluble, mobile molecules (TEGDMA, HEMA); while poorly soluble, less 

mobile, high-molecular weight substances (Bis-GMA) are released at a much lower 

rate (68). The release of unreacted monomers is in general highest the first day 

after a restoration is placed, and decreases rapidly thereafter (69). 

While PRMs used for restoration purposes mainly expose patients to the 

constituents through elution of substances into the oral cavity, other PRMs may 

expose the dental pulp to PRM constituents indirectly or directly. In case of indirect 

exposure, this most likely occurs for flexible and low-viscous monomers, like HEMA 

and TEGDMA, that often are present in low-viscous bonding agents (14). 

Laboratory studies have suggested that HEMA may reach concentrations in the 

range of 0.2–3.6mM during application of bonding (34). However, these 

concentrations were reached in 30 min diffusion experiments ex vivo which are 

much longer than what would occur under clinical conditions (70). In another 

laboratory study, where the bonding agent was applied as recommended by the 

manufactures, it was shown that the amount of TEGDMA or HEMA entering the 

pulp chamber through 2 mm of dentin are in the range of 0.04–0.2 μg after three 

days (33). In case of a deep cavity (less than 0.5 mm between the pulp and the 

restoration), it has been calculated (based on the diluting effect of dentin) that 

TEGDMA concentrations can reach as high as 4mM in the pulp chamber (32,71). 

Still, concentrations of PRM constituents reaching the pulp during ordinary use are 

likely not causing acute toxicity, as PRMs for restorative procedures are in general 

used with clinical success. However, this does not imply that PRM constituents 

reaching the pulp do not adversely affect tissue homeostasis at a subclinical level. 

Concerning exposure to PRM constituents, direct application of resin-modified 

pulp capping materials (Section 1.2.3) to pulp tissue may demonstrate a potent 
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route of exposure to PRM constituents. Few studies have looked in detail into the 

composition of these materials, and this is studied and discussed in paper III. 

Occupational exposure to PRM constituents can occur (12,57). Dental 

personnel are at risk of direct contact with unreacted monomers during handling 

of PRMs. Exposure to PRM constituents can even occur when gloves are used, as 

they do not readily protect against exposure (72,73). In addition, as an average 

worker inhales thousands of liters of air during a 8-hour work day, airborne 

exposure to PRM constituents is likely (74). Clinic measurements of gaseous 

exposure to methacrylates show that dental professionals may be exposed to 

HEMA and methyl methacrylate (57), e.g. HEMA levels of approximately 80 μg/m3 

have been measured during procedure-specific monitoring (57). Interestingly, 

~50% of measurements were below the limit of quantification for both substances 

(57). Concerning TEGDMA, maximum air concentrations of 45 μg/m3 and 81 μg/m3 

have been reported during adhesive procedures and removal of old PRM 

restorations, respectively (75,76). The latter suggests that there are latent, 

unreacted methacrylates in the bulk of PRM-materials. However, since there was 

no information in the articles about the brand/type of materials used during the 

procedures, it is difficult to assess material-specific contribution to the estimated 

exposure.  

Composite particles may also be inhaled during polishing and removal of 

PRMs as a large portion of the particles generated during these procedures are 

respirable (15–17,77). In relation to PRM constituents, the large surface area of 

micro- and nano-sized particles (15,78), may enable unreacted constituents to 

elute from inhaled PRM particles in the humid environment of the lungs. In a recent 
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laboratory study, elution of both high and low-molecular substances from inhalable 

PRM dust was shown (24). In relation to exposure to PRM constituents, this finding 

signify that particles can act as vehicles for non-volatile substances that normally 

would not reach lung tissue (e.g. Bis-GMA) (24). However, this has not yet been 

confirmed to occur under clinical relevant conditions (where high-vacuum suction 

and water is used during the procedure), and was therefore investigated in paper 

IV. 

Apart from exposure in dental practice, patients and dental personnel can 

be exposed and sensitized to methacrylates and organic substances found in PRMs 

in non-dental settings. Sensitization is especially relevant for cosmetic products 

containing methacrylates used in dentistry (e.g. HEMA and TEGDMA) (79–81). 

However, since cross-reactions between methacrylates and acrylates do occur 

(82,83), hypersensitivity can also occur as a results of exposure to “non-dental” 

methacrylates in products used during nail sculpturing or eyelash extension 

procedures (84,85). In analogy to occupation effects observed in dentistry (9,86), 

cases of asthma and dermal sensitization to methacrylates have also been reported 

to occur in staff performing nail sculpturing (79,82). Allergic reactions towards 

hearing aid materials that contains polyethylene glycol dimethacrylate – a 

substance present in the resin-modified capping material Theracal® LC – have also 

been reported (87).  
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An exposure assessment typically involves a collection and analysis of 

samples. The methods used in these steps will vary depending on the sample of 

interest, as well as the type of analysis required. Sampling and analysis of eluates 

from cured samples of resin modified pulp-capping materials and inhalable 

particles were performed in Paper III and IV, respectively. In paper IV, assessment 

of gaseous exposure was also performed. 

A common exposure assessment in dentistry is to evaluate leachables – or 

eluates - from composite restorations (18). This is usually performed under 

experimental conditions by immersing pre-cured samples of composite in an 

extraction solution for a period of time. A systematic review on this topic has shown 

pronounced variation in methodology in studies on this subject, including variation 

in surface-area of samples, volume of extraction solution, type of extraction 

solution (e.g. water, ethanol, methanol), immersion time and temperature, as well 

as the method used to analyze the collected samples (23).  

The method used to assess leaching will most likely influence the obtained 

results. It has been shown that a protein-containing immersion medium (native 

saliva) yields a significantly lowered amount of detectable and quantifiable 

substances compared to immersion mediums without proteins (88). With regard 

to clinical relevance, cyclic stress, endogenous and bacterial esterases (35,89,90), 

and fluctuating pH and temperature may influence elution of unreacted substances 

from PRMs in vivo.  
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Release of gaseous methacrylates is not as commonly studied as eluates; 

however, some studies have been published on this subject (57,75,76). The 

collection of gaseous substances is usually performed by the use of sorbents used 

in conjunction with a personal carried sampling pump. Different sorbents may 

influence the obtained results as sorbent have dissimilar affinity for substances. In 

paper IV, a sorbent suitable to capture methacrylates – in particular TEGDMA – 

was used. After sampling, organic substances are typically extracted from the 

sorbents with solvents, prior to analysis.  

Dust particles can be collected by different types of equipment attached to 

personnel carried pumps. The equipment used determines which type of particles 

that can be sampled. Particles relevant for health effects are all particles with an 

aerodynamic equivalent diameter (dae) below 100 μm (91,92). These particles are 

often referred to as inhalable particles, and is collected using a filter cassette. A 

sub-fraction of the inhalable particles is the respirable fraction, i.e., particles with 

a dae between 0.01 and 10 μm, which can be deposited deep into the alveolar 

region of the lung. These particles may contribute to the pathogenesis of a range 

of chronic lung diseases (18,91,92), and are usually sampled using a cyclone with 

a filter. Prior to analysis, organic substances trapped on filters are extracted by 

the use of solvents. Particle-associated exposure to methacrylates has, to the 

knowledge of the author, so far only been investigated in the laboratory. The 

extent of exposure under clinically relevant conditions to particle-associated PRM 

constituents (and gaseous substances) was therefore assessed in paper IV. 
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Chromatography is a powerful technique to separate analytes in a sample 

(Figure 4). Separation is achieved by the principle that substances may have 

different distribution coefficients between the stationary and the mobile phase in 

the chromatography column. This ultimately leads to different retention times of 

substances (i.e. the time the analyte reach the detector). The two major forms of 

chromatography are Gas Chromatography (GC) and Liquid Chromatography (LC). 

The distinction is based on the nature of the mobile phase. The combination of GC 

and mass spectrometry, MS, (GC-MS) is used to analyze volatile and semi-volatile 

substances. The combination of LC and MS (LC-MS) is used to analyze substances 

with low vapor pressure even at elevated temperatures (that cannot be analyzed 

on GC-MS). A disadvantage with GC is that the substances usually are subjected 

to high temperatures during injection (  250 C) that may cause thermal 

degradation of analytes. This may result in loss of signal and/or detection of 

products of the thermal degradation, i.e. detection of false positive signals (55). 

Concerning constituents of PRMs, the monomer UDMA has been described to 

decompose to HEMA in the GC-injector (55,93). Both LC (or more precisely, Ultra-

high performance liquid chromatography (UHPLC)- and GC-based methods were 

used in paper III and IV for exposure assessment.  
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Figure 4: Principles of chromatography. 1: A sample is injected into the column (blue). 2: The analytes are clustered 
together in the beginning of the column. 3: At the end of the column, analytes may have been separated from each 
other. 4: Once the analytes reach a detector, they will generate a signal that are transferred to a computer. 5: 
Separated analytes will have different retention times (as observed in the computer software).  
 

Mass spectrometry was the detector system used in paper II-IV. It has an 

unparalleled selectivity and sensitivity compared to other detector systems (i.e. 

UV-VIS light and flame ionization detectors), as substances can be identified not 

only by their retention time, but by their mass-spectrum as well (94). A mass 

spectrum is generated by ionization of analytes that are introduced from the 

column into the ion source of the MS instrument. In the ion source, the neutral 

molecules are converted to a number of ions with different mass, usually including 

both the molecular ion (the un-fragmented, ionized analyte) and a number of 

smaller fragment ions. The ions are further separated from each other according 

to their mass to charge (m/z) ratio and recorded, both with respect to mass and 

amounts. The result is often presented as a mass spectrum of the compound, a 
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plot of intensity of the ions versus the m/z ratio. The general principles of mass 

spectrometry is presented in Figure 5. 

 
Figure 5: Principles of mass spectrometry. 1: A group of analytes reach the detector system. The ion source 
produce ions of the analyte(s). 2: The ions are filtrated depending on the instrument settings. 3: The mass spectrum 
of the red analyte is shown. 

 

The MS can be used in either Selective Ion(s) Recording (SIR) or SCAN 

mode. When using the MS in the SCAN mode, all ions are detected, which provides 

both quantitative and structural information at the same time. In the SIR mode, 

the MS is set to detect only a limited type of ions (m/z) that characterize the 

compound of interest. Using the MS in the SIR mode increases the ability of the 

instrument to detect small amounts of the actual analyte, and also increases 

selectivity. Depending on the type of MS instrument and the analyte, the lower 

limit of detection is usually in the 10-9–10-15 gram range (on column).  

An advantage with GC-MS is that the results (i.e. the appearance of the 

mass spectra) are instrument independent and hence, extensive mass spectrum 

libraries are available, e.g. National Institute of Science and Technology library. In 

contrast, results from LC-MS depend on instrument settings, type of instrument, 
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and various other factors. The access to universal libraries is therefore much more 

restricted. By comparing the retention time, area under the peak and mass-spectra 

of a substance obtained in a LC-MS/MS or GC-MS analysis with the analysis results 

of reference substances, it is possible to identify and quantify the chemicals 

present in samples, and hence, estimate exposure. 
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In toxicology, risk is the probability of harmful effects to human health after 

exposure to a toxicant (95). The risk associated with a particular substance 

encompasses the hazard, i.e., the inherent health damaging properties of the 

substance, and the extent of exposure to that particular substance (95). Yet, while 

interpretable and reliable data on exposure can be achieved, it has proven 

challenging to collect reliable health-hazard data for humans — especially for 

chronic toxicants — thus making an accurate risk assessment very difficult (96,97). 

A hazardous substance is a substance that causes acute or chronic, local or 

systemic toxicity. Hazardous substances for humans can be difficult to identify and 

characterize as living organisms are immensely complex systems to study, with 

endless possibilities of direct and indirect effects to be examined. In addition, 

epigenetic and genetic variations between individuals imply that hazards may vary 

both within and between species (98,99).  

The main challenge in identifying and characterizing human hazards is the 

lack of a proper gold standard (99). Hazard characterization of substances are 

mostly based on experiments conducted on short-lived animals, such as mouse or 

rat (96). However, animal experiments have limitations for this purpose, due to 

species-specific differences in physiology and anatomy (100), as well as 

methodological issues related to the testing (97).  

Animal experiments are also time-consuming and costly in terms of money 

and animal lives. It is estimated that 54 million vertebrate animals and a 9.5 billion 

euro over the next ten years are needed to comply with the European Chemical 
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Regulation for Registration of Chemicals legislation on testing of chemical 

compounds imported or produced in quantities above 1 ton (101).  The huge cost 

and uncertainty associated with the current methods for assessing human health 

hazards suggest that other alternatives should be sought (102). To quote a leading 

authority in toxicology, Dr. Thomas Hartung on the subject of toxicity testing: “To 

meet the challenges of the 21st century, revolution rather than evolution is 

required” (97).  

In 2007, a new vision for toxicity testing was presented in the landmark 

National Research Council of USA report, Toxicity testing in the 21st century: a 

vision and a strategy (21.tox) (96). In this report, it is stated that human biology 

ought to be the basis for toxicity assessments in the future by using human cell 

lines, in conjunction with in silico methods (data simulation), to detect and map 

the molecular basis of adverse effects caused by chemicals. Within decades, such 

an approach is suggested to provide a less costly, faster and more accurate 

manner of predicting harmful effects of chemicals (96). It would also provide a 

more ethical way of testing chemicals; though, the 21.tox movement is not 

primarily motivated by animal welfare, but more by the limitations of current 

methods when it comes to ability of toxicity prediction. While the 21.tox approach 

is still in its infancy, the rapid development of in silico and in vitro tools is expected 

to catalyze the development, validation and acceptance of this approach in future 

human health risk assessments (99).  
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In silico
The term In silico covers computer based tools that are used to generate or 

interpret data (103). In toxicology, it can be used to analyze, simulate, visualize 

or predict the toxicity of chemicals. In theory, in silico methods may generate non-

testing data on new chemicals for a range of toxicological endpoints based on 

approaches such as 1) grouping (read-across between structural similar 

chemicals), 2) structure-activity relationship (predict biological effects of a 

chemical structure) and 3) expert systems (systems that mimic human reasoning 

and formalize existing knowledge) (103). Figure 6 illustrates some of the current 

possibilities of this approach in relation to hazard assessment. One controversy 

with the method is the risk of trash in, trash out; the quality of prediction is limited 

by the quality of the input. Thus, the easy interpretation of an in silico analysis 

may be compromised by its uncertainty.  

 
Figure 6: Toxtree (104). A free in silico tool that can be used to predict toxicity hazards of chemicals. The hazard 
assessment is based on different decision trees. The example shows an alert for protein binding of TEGDMA. 
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Regarding the data presented in the present thesis, in silico methods are 

used to analyze and visualize proteomic data. The STRING database used in paper 

II is a database of known and predicted protein-protein interactions, that derive 

data from other databases, automated text-mining and high-throughput lab 

experiments (105).    

Toxicity is essentially a product of the initial interaction between a toxicant 

and one or more target molecules (the mechanism of action), and the molecular 

cascade – and late effects - following this interactions (the mode of action) (Figure 

7 and 8) (106).  The study of these events are called mechanistic toxicology.  Vast 

advancements in biomedical methods and computation during the last decades 

have enabled scientists to study adverse effects at a higher fidelity than previously 

(56–60).  

 
Figure 7: The chain of events following a toxic insult. 1: The initial interaction between the biomolecules and the 
toxicant, 2: The cellular signal transduction (pathways) initiated by the interaction, 3: Observable change at the 
cellular level, 4: Observable change at the tissue-level, 5: Clinical detectable effect. 
The images used in bullets 1, 3, and 4 are a property of colourbox.com and used in agreement with their credit 
Attribution Guide. The image used in bullet 5 is of courtesy Ulf Thore Ørtengren. All other images are CC0 (from 
Wikipedia.commons). 
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Omics refer to the relatively new biological disciplines with a –omics suffix, 

e.g., genomics, transcriptomics, proteomics, and metabolomics. Omics enable the 

collective characterization and quantification of biomolecules that are related to 

structure, function, and behavior of cells, tissues, and organisms. In toxicology, 

omics can provide data on up- and/or downregulated proteins, metabolites, and/or 

transcripts that can be used to comprehend how toxicants may cause harm, and 

potentially, predict the toxicity of substances (107–110).  

In general, the results obtained with omics contain information of both the 

direct and indirect responses of a cell, tissue or organism to a toxicant (Figure 8). 

Differentiating these responses are difficult, as the indirect, homeostatic responses 

often are much wider and more pronounced than the direct responses. Yet, the 

indirect response is interesting as it can provide clues about pathways that are 

disturbed by the toxicant (111), as well as elucidate pathways that are important 

for cell survival/cell death. The latter can in theory be targeted by pharmaceuticals 

to modulate cell survival.  

The change in omics parameters are time-dependent (106). The earliest 

changes will reflect the immediate interaction between the toxicant and the cells 

(mechanism of action), whereas intermediate changes reflect the functional and 

structural changes that occur due to the initial insult (mode of action) (Figure 8). 

In late phases of an exposure, detectable parameters will be unspecific alterations 

related to breakdown of homeostasis and cell death (106). Thus, from a 

mechanistic standpoint, omics analyses are best performed early in the exposure 

to readily identify the mechanisms of toxicity. 
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Figure 8: Groups of time-dependent responses of an in vitro test system after exposure to a toxicant. After a 
chemical insult (indicated by an arrow hitting the horizontal time axis) many parameters, e.g., metabolites, 
transcripts, or cell organelle functions will change in a time-dependent manner. Some of these parameters may be 
relevant for predicting/charting hazards of a chemical (mechanism of action, mode of action), while other may not 
be relevant (epiphenomena). Differentiating between groups of events may be difficult. 
 
Unaltered figure from: Blaauboer BJ et al. t4 Workshop Report * The Use of Biomarkers of Toxicity for Integrating 
In vitro Hazard Estimates Into Risk Assessment for Humans. ALTEX. 2012 Jan;29(4):411–25. (published under 
Creative Commons Attribution 4.0 International license) (106). 

 

The term early will be relative to the method used. For example, mRNA-

levels are detectable prior to changes in levels of newly translated proteins. 

However, in contrast to transcripts, proteins are functional biomolecules that are 

directly related to the phenotype of an adverse effect. In addition, transcripts may 

not fully predict changes in protein levels, as it has been suggested that only ~30–

40% of the variance in protein abundance is explained by mRNA abundance 

 (112). Thus, charting global proteomes may offer a better insight into the 

mechanisms that orchestrate the biological effects induced by a toxicant. 
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Proteins are involved in nearly all cellular processes. However, biological 

functions are seldom initiated by a single protein, but a range of indirect and direct 

protein interactions. Thus, assessing the global expression of proteins, i.e. the 

proteome, offers many advantages compared to assessing the expression of 

individual proteins.  

In this thesis, the metabolic labeling strategy SILAC (Stable Isotope Labeling 

by Amino acids in Cell culture) was used in conjunction with MS for proteomic 

analysis of TEGDMA effects on human THP-1 cells (Paper II). SILAC was first 

described by Ong et al. in 2002 (113), and is based on the metabolic incorporation 

of 13C labelled amino acids into cellular proteomes. The essential and semi-

essential amino acids lysine and arginine are commonly used for this purpose 

(114,115), and were used in the SILAC experiments in paper II. Prior to MS 

analysis, cells are grown in labeling medium for a number of cell doublings, before 

proteins are isolated/purified. Purified proteins are then separated by gel 

electrophoresis, followed by in-gel digestion of proteins by trypsin, before the MS 

analysis (referred to as bottom-up proteomics). Trypsin specifically cleaves the 

peptide bond C-terminal to lysine or arginine and produces peptides with an 

optimal size and charge distribution for MS (115). 

As peptides from an isotope labelled proteome will be shifted in a predictable 

manner in the MS analysis (compared to peptides from the non-isotopic labeled 

cell culture), this enables the comparison of protein expression between untreated 

and treated cells (Figure 9). The sensitivity and output of a SILAC analysis imply 

that biological effects (that may be relevant from a health hazard perspective) can 

be detected and charted at concentrations that may not induce a cytotoxic 

response (as detected by a traditional viability assay). 
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Figure 9: Principles of SILAC-based proteomics. 1: Cells are grown in SILAC-medium with heavy or light amino 
acids for 6-8 cell doublings to achieve high incorporation of isotope labeled amino acids into the cellular proteome. 
2: One of the cell cultures are treated with a test substance for a period of time. The mass-spectrum exemplifies 
the relative abundance of a particular peptide in the cell prior to exposure.  3: Treated cells are mixed with control 
cells (equal numbers of cells). Based on the mass-spectra, up- or down-regulation of individual proteins as a 
consequence of the exposure can be determined as the shift in the mass-spectrum is predictable (6 dalton per 
peptide). 4: The proteome results can obtain data on negative, neutral or positive regulation of a wide range of 
proteins. 
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Methacrylates are a vast group of chemicals with different toxic potencies. 

For example, Bis-GMA has been shown to cause cytotoxic effects at lower 

concentrations than HEMA and TEGDMA (30). The variation in toxicity suggests 

that specific methacrylates act (partly) through dissimilar mechanisms. Yet, it is 

recognized that methacrylates share some common features in how they induce 

toxicity, i.e. oxidative stress. (116–119). As the present thesis has focused on the 

time- and dose dependent effects of TEGMA on human THP-1 cells (Paper II), the 

following sections on methacrylate-induced toxicity will mostly refer to studies on 

TEGDMA 

Reactive oxygen species (ROS) is an umbrella term that describes O2-

derived free radicals. Low levels of ROS are normally present at homeostatic 

conditions and are essential for cell survival as ROS directly modify redox-sensitive 

residues in molecules that participate in essential cellular pathways (120,121). 

However, excessive levels of ROS, for example induced by a methacrylate, can 

cause uncontrolled oxidative modification of essential macromolecules such as 

DNA, lipids and proteins/enzymes. Thus, a correct balance between ROS inducers 

and antioxidants is essential for cell survival (122). 

The intracellular ROS balance is controlled by an interconnected system of 

enzymatic and non-enzymatic mechanisms. These mechanisms are supported by 

several proteins involved in the production, recovery and utilization of components 

central for the redox-equilibrium. The common function of non-enzymatic 

antioxidants is their ability to donate electrons to free radicals, and therefore stop 

free radical propagation (123).  Some molecules, such as nicotinamide adenine 



31 

 

dinucleotide phosphate (NADPH) act both as direct and indirect antioxidants by 

participating as the substrate in the recovery of antioxidants such as glutathione 

and thioredoxins (124,125). 

Among the antioxidants, the tripeptide glutathione is the most abundant 

free thiol and non-enzymatic antioxidant molecule in eukaryotic cells. It serves 

numerous functions (125). It is a co-factor for various antioxidant enzymes, 

regenerates the active form of other antioxidants (vitamin C and E), and is a direct 

scavenger of ROS (121). The balance between oxidized glutathione, glutathione 

disulfide (GSSG), and glutathione is tightly regulated. In a physiological 

environment, cells typically exhibit a high glutathione/GSSG ratio by performing 

glutathione synthesis, enzymatic reduction of GSSG (by glutathione peroxidase) 

and cellular uptake of glutathione (122). Low intracellular levels of glutathione are 

associated with increased intracellular ROS levels (126). In addition, low levels of 

glutathione have been shown to cause ROS-mediated apoptotic signaling (122). 

Methacrylates, including TEGDMA, cause depletion of cellular glutathione 

(117,127–130).  

The fate of a cell following a ROS-injury is controlled by a complex interplay 

between several ROS sensitive pathways/molecules (Figure 10). Pathways can 

either be pro-survival, pro-apoptotic/necrotic, or both. The outcome for the cell 

will be determined by the balance between pro-survival and “death” proteins, 

succeeding the signaling and transcription of genes (121–123,125,131,132).  The 

most studied antioxidant system with regard to methacrylate and TEGDMA-

induced toxicity is the glutathione system. However, other antioxidant systems, as 

well as other mechanisms, may be important in modulating toxicity of 

methacrylates (121,122). In paper II, the use of proteomics to investigate 
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biological effects of TEGDMA, enabled an unbiased approach for the investigation 

of toxic mechanisms and highlighted new arenas to be studied. 
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TEGDMA interacts with the glutathione redox system in several manners. 

For example, TEGDMA directly reduces the amount of intracellular glutathione in 

exposed cells due to its ability to make covalent bonds to nucleophilic regions of 

glutathione (29,129,133–135). Similar mechanisms also enable TEGDMA to 

interact with other crucial bionucleophiles, such as DNA, lipids and/or enzymes 

(29). TEGDMA can also cause depletion of glutathione without formation of GSSG. 

As TEGDMA-GSSG adducts prevent recovery of glutathione (136,137), and 

contribute to downregulation of enzymes important for recovery of glutathione 

(glutathione peroxidase), this shifts the cellular glutathione/GSSG balance towards 

increased ROS-production and ROS-associated damage (121). Antioxidants, such 

as n-acetylcysteine, ascorbate, and trolox (6-hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid) have been reported to diminish some of 

the cytotoxic effects of TEGDMA (130). However, exogenous glutathione does not 

inhibit the toxic effects of TEGDMA (129). Shifts in the glutathione/GSSG balance, 

due to the formation of TEGDMA-glutathione adducts, may partly explain this 

phenomena, and further underlines the importance the glutathione/GSSG balance 

for cell survival.  

The lack of complete protection of antioxidants towards TEGDMA induced 

toxicity may partly be explained by the suggested direct DNA-damaging abilities 

of TEGDMA (in contrast to indirect genotoxic effects following excessive oxidative 

stress) (135,138,139). This is relevant for other methacrylates as well. HEMA has 

been shown to mediate cellular damage through DNA damage, and this effect was 

not counteracted by the antioxidant trolox (140). Regardless of mechanisms, 

TEGDMA has been demonstrated to induce formation of microneuclei in 
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mammalian cells, which is a sign of genotoxic events and chromosomal instability 

(37). Genotoxic effects (double-strand breaks) have also been observed after 

exposure of human lymphocytes, salivary gland cells, and gingival fibroblasts to 

TEGDMA (141,142). TEGDMA and HEMA have both demonstrated to induce DNA 

damage, assessed by multiple genotoxicological endpoints, in human lymphocytes 

at low doses (1μM–100μM) (143). Furthermore, TEGDMA also inhibits the cell-

cycle through TP53 independent and dependent mechanisms in several cell lines 

(144). 

The mitochondria is a critical target for many ROS-generating toxicants, 

including TEGDMA (137,145); mitochondrial DNA (mtDNA) is particularly 

vulnerable. In contrast to nuclear DNA (which is protected by its helix structure, 

reparation machinery, nuclear glutathione, and histone sheets), mtDNA is circular, 

lacks a reparation machinery, and is located in close proximity to the main 

endogenous ROS source, the electron transport chain (146). Damage to mtDNA 

will compromise ATP-production and cause mitochondrial dysfunction, which may 

contribute to higher ROS production (146). In addition, following the inhibition of 

the citric cycle, recovery of crucial antioxidants will be prevented because of lack 

of NADPH substrates (which also are direct ROS scavengers) (124,125). 

Furthermore, TEGDMA is shown to induce a collapse in the mitochondrial 

membrane potential of human gingival fibroblasts at concentrations above 1mM 

(137) 

Also lower concentrations of TEGDMA (<1mM) have been shown to affect 

metabolic functions of the mitochondria. For example, an increased ratio of 

nucleoside diphosphates to nucleoside triphosphates has been observed in Swiss 

mouse 3T3 fibroblast cells exposed to TEGDMA (0.5mM) (40). These effects 
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suggest that detoxification of TEGDMA requires high-energy phosphates which are 

not compensated for by higher metabolic turnover of ATP (40). It has been 

hypothesized that this increased energy-consumption could be due to induction of 

ATP-dependent, multidrug resistance associated proteins, which removes 

xenobiotics from the cell (137). If ATP levels drop below a certain threshold, for 

example after a high dose TEGDMA-exposure, vital cell activities will be 

compromised (147). Besides failure to remove xenobiotics, maintenance of ionic 

equilibrium across the plasma membrane would cease; thus compromising the 

cells ability to maintain structural integrity (147). Correlation between decreasing 

glutathione/GSSG ratio and cellular ATP levels, with increasing lipid peroxidation 

and lactate dehydrogenase leakage in studies on TEGDMA, supports the notion 

that the combined failure of several intracellular functions contribute to the 

cytotoxicity of this methacrylate (137). 

On a molecular level, low concentrations of TEGDMA have demonstrated to 

influence the release of factors relevant for immune responses, i.e., tumor necrosis 

factor-  (TNF- ) release (32,148). TEGDMA has also been reported to inhibit 

lipopolysaccharides-induced release of TNF- , interleukin-6 and interleukin-10 and 

to decrease expression of cluster of differentiation proteins 40, 80 and 96 in murine 

RAW264,7 macrophages (149). In the same cell line, 0.4mM of TEGDMA increased 

expression of cyclooxygenase 2 and prostaglandin E2 (150). TEGDMA is further 

reported to induce expression of monocyte chemoattractant protein-1 in human 

monocyte-derived macrophages, and to increase hydrolase activity in human 

gingival and pulpal fibroblasts (151). In human pulpal cell cultures, TEGDMA has 

been shown to reduce odontoblast function by decreasing phosphatase activity, 

calcium deposition, and gene expression (152–155).  
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Taken together, this section suggests that TEGDMA is an environmental 

stressor that has the potential to modify cellular responses in different manners 

depending on the cell type, concentration and exposure interval.  

in vitro
In vitro toxicology research currently has many limitations as a tool for 

health risk assessment in humans. The most obvious is perhaps the difficulty in 

interpreting results in context of in vivo conditions (97). Yet, novel developments 

in methods and in silico tools, as described in the 21.tox report (96), may address 

this in the future. Meanwhile, a more manageable topic for discussion is how in 

vitro toxicity research is conducted today. Publication standards of results from 

basic research in life sciences, including toxicology, have by some been described 

to be lower than the standards set for clinical experiments (97,156). For example, 

Guidance on Good Cell Culture Practice, which was published in 2002, is still not 

properly implemented in cell research (97,157). In fact, a wealth of factors may 

modify the toxic response observed in vitro (Figure 11). In the following 

paragraphs, some of these issues will be presented. 

  

Figure 11: Examples of variables that may influence the measured response in vitro. Most of these parameters can 
be mapped and standardized in-between studies. Confounder: variables that can alter the TEGDMA concentration 
available for cells and the measurable outcome variable. Mediator: Variables that can influence the measureable 
outcome.  
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Precise terminology is important for a proper understanding of research 

findings. In line with this, jargon and non-standardized nomenclature should be 

avoided (158). With regard to cell biology and toxicology research, misuse of words 

and concepts have been described to be detrimental for establishing a universal 

platform for understanding cellular events (158,159). When it comes to description 

of cell death, reported terms such as percent necrosis/apoptosis/cell death/cell 

survival cannot be measured directly, whereas terms like percent cells with 

condensed chromatin, percent propidium iodide positive cells, or percent activated 

caspase-3 positive cells are more precise terms of the measurable parameters 

(158,159). This notion is also relevant for terms such as non-toxic and sub-lethal, 

which may be ambiguous when used in the context of cell biology research  (158). 

In paper I, terminology used in in vitro research on PRM constituents was 

investigated. 

Live cells are a prerequisite for assessing biological changes in vitro. Thus, 

suitable concentrations and exposure intervals for experiments are usually 

determined prior to other tests (e.g. proteomic experiments). In practice, the cell 

status are determined by bioassays which indirectly detect gross cytotoxic events 

such as cytostasis, necrosis and/or apoptosis of cells (160). The result of an assay 

is only indicative of the state that is measured, as results might differ between 

assays (161). In fact, no single parameter can fully characterize cytotoxicity, and 

all facets of cytotoxicity are not understood as stated by the Nomenclature 

Committee on Cell Death (NCCD) (147). Assays measuring metabolically active 

cells (commonly referred to as a viability assay) cannot detect apoptotic or necrotic 

cells; thus, a zero reading with a viability assay should not be interpreted as 
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necrosis and/or apoptosis. In contrast, cells undergoing apoptosis may be detected 

as viable by a viability assay. A comprehensive discussion on what constitutes a 

viable cells, and the word viability, has therefore been warranted by some (162). 

Regardless, by using supplementary methods (to bioassays), such as assessment 

of cell proliferation, and microscopy techniques, as recommended by 

Nomenclature Committee on Cell Death, a greater certainty of the state of exposed 

cells can be achieved (162,163).  

In vitro toxicity is not only related to the compound tested and the sensitivity 

of the cells, but also the availability of the substance in the in vitro system (164). 

Several factors can modify the concentration available for the cells in culture, e.g., 

the physiochemical properties of the substance, exposure duration, metabolism, 

and cell vessel (Figure 12). Thus, the concentration of substance added to a cell 

culture — often referred to as the nominal concentration in literature on this topic 

(165) — may not reflect the effective concentration, i.e., the free, unbound 

substances that cause a biological effect (164).  Concerning matrix constituents of 

PRMs, differences between nominal and detectable concentrations of TEGDMA in 

cell cultures have been observed (166).  
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Figure 12: The bioavailability of chemicals in the cell culture may be influenced by many factors that make the use 
of nominal doses inaccurate. 1: Only the unbound chemical are available for interactions (red circles). The amount 
of chemical may be reduced if the chemical binds to serum constituents (2), if it evaporates (3), binds to the cell 
vessel (4), or is degraded or hydrolyzed (5, 6). In the cell, several things can affect the available intracellular 
concentration (6). The substance (green circles) may bind to molecules that may or may not be vital for the cell. 
The chemical may also be eliminated (marked as X) or pumped out of the cell. Figure inspired by GROOTHUIS et al 
(165) 

 

The use of other dose metrics than nominal doses is in its infancy. This is 

most likely related to methodological challenges, and perhaps, the lack of 

knowledge of this topic among researchers.  However, awareness of the 

phenomena is relevant to future cell research and risk assessments, e.g. the 21.tox 

report state that “Chemical concentrations should be measured directly in the 

media used in the toxicity-pathway assays when administered concentrations 

might not represent the concentrations in vitro” (106,165). 
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A topic closely related to dose metric is solubility. Hydrophobic substances 

will form dispersions when added to water-based mediums. Dispersions of a 

chemical will cause a heterogeneous distribution of the chemical in the in vitro 

system, and decrease the amount of active substance. In contrast, a solution is a 

homogenous mixture of the medium and substance. Thus, solvents are often used 

in vitro to achieve solutions. However, solvents such as dimethyl sulfoxide 

(DMSO), acetone, and ethanol may increase cytotoxicity of substances, including 

monomeric methacrylates (166). Solvents may increase the permeability of the 

plasma membrane; and thus, increase the intracellular levels of the substance 

(166,167). With regard to TEGDMA, some cell culture studies on this monomer use 

solvent, but not all (151,168). Thus, the use of solvents in cell culture studies on 

PRM constituents were reviewed in paper I.  

Antibiotics are commonly used in cell cultures to prevent infection (169). 

However, guidance on Good Cell Culture Practice has since 2002 discouraged 

prophylactic and unnecessary use of antibiotics in cell culture mediums (157,170). 

Antibiotics may interfere with cellular functions of interest, and can mask otherwise 

evident infections (171,172). Antibiotics may also interact with the tested 

substance and serum proteins; thus, potentially influencing the biological effects 

observed (169,173). 

Importantly, mycoplasma infections, which are common in cell cultures and 

often undiagnosed, are in most cases not prevented by prophylactic use of 

antibiotics, as 90 % of mycoplasma strains are resistance to commonly used 

antibiotics (174). Reviews on the topic have concluded that mycoplasma infections 

are a major problem in cell culture research (175,176).  Screening for mycoplasma 
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infections in cell cultures should therefore ideally be performed and reported. 

Standardization of the use of antibiotics and contamination screening should be 

achievable – especially in immortalized cell lines. 

By using human cells in toxicology assessment, one may avoid the ethical, 

logistic and cost-related problems associated with animal experiments and animal-

to-human extrapolation. Yet, the use of cell cultures introduces other issues 

related to cell culture conditions and cells that make in vitro to in vivo extrapolation 

challenging.  

Several human and non-human cell lines exist for the purpose of in vitro 

toxicology research (Figure 13). However, as discussed in section 3.3, the use of 

human cells for toxicity testing will most likely become the norm in the future. A 

major problem with cultivated cells is that they often show a markedly different 

phenotype and behavior compared to their corresponding cell type in vivo 

(177,178). Furthermore, primary cells often rapidly de-differentiate ex vivo. Both 

of these events may partly be attributed to non-physiological culture conditions. 

For example, cell density in 2D cultures is often less than one percent of what is 

found in tissue (179). Additionally, a cell culture is a non-homeostatic 

environment, where there is a continuous buildup of waste products, and where 

medium conditions may change rapidly. Oxygen concentrations are also limited by 

diffusion in the medium (179). Altogether, these are all aspects that make it 

challenging to directly extrapolate results from cell culture experiments to the in 

vivo condition. However, being aware of these limitation, cell models are important 

tools for studies of cellular mechanisms. 
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Figure 13: Overview of human cell types, and the resemblance of the in vivo phenotype. Primary cells and non-
immortilized cells are finite and undergo cellular senescence after a number of mitosis. Immortilized cells are a 
result of selection and mutation that enables cells to undergo division indefinitely. Immortilized cells may also be 
sampled directly from cancerous tissue in vivo. For all cells, a loss of resemblance to the in vivo phenotype occurs 
during culturing. 
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The main objectives of this thesis were to provide novel insight into the 

biological effects induced by one of the most commonly used methacrylate in 

PRMs, and to provide new knowledge on how patients and dental health personnel 

may be exposed to constituents in PRMs. 

 The specific objectives of this project were to: 

1. Critically assess terminology and methods that have been used in in vitro 

toxicity testing of PRMs constituents (paper I) 

2. Explore the mechanisms of TEGDMA-induced toxicity by studying proteomic 

alterations caused by a seemingly non-cytotoxic and cytotoxic dose of TEGDMA 

in a human monocytic cell line (paper II) 

3. Examine and critically discuss the organic content and leachables from resin-

modified pulp capping materials (paper III). 

4. Examine exposure to gas-phase and particle-associated methacrylates released 

from PRMs during restorative procedures (paper IV). 
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Below follows a schematic summary of the methods and main results in 

paper I-IV. 
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Articles published between 1996 and 2015 concerning in vitro effects of 

PRM constituents were identified by systematic searches with the PubMed, 

MEDLINE, Web of Science (Thomson Reuters), Scopus (Elsevier), and Embase 

(Elsevier) search engines. Keywords associated with “low-dose effects”, polymer 

resin-based materials, in vitro parameters, and dental materials were used to 

identify eligible articles. The keywords associated with low-dose effects were 

used to limit the topic of the paper, but also because it was relevant to map 

nomenclature used to describe low-dose effects of PRM constituents for the 

reasons outlined in section 3.7.1 (Terminology in cell biology research). 

The use of several search engines were employed to maximize the 

potential to find eligible articles. For all keywords, it was attempted to tailor the 

text to the indexing of the search engines. Interestingly, relative few duplicates 

were removed during the screening phase, supporting the importance of using 

several search engines to maximize the amount of eligible articles for the review. 

The timespan (1996-2015) was chosen to illustrate changes in handling of the 

reviewed parameters in the literature. The parameters assessed were chosen to 

give a broad overview of factors that may influence results and interpretation of 

results in cell culture experiments. It also helped identify methodological pitfalls 

that could be avoided in paper II.
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In vitro
The experimental design of paper II was influenced by the findings and 

discussion in paper I. For example, antibiotics were not used in the cell culture 

medium, and cell passage number, as well as mycoplasma-screening routines, 

were reported in the manuscript. The decision to determine solubility of TEGDMA 

was also inspired by the findings in paper I, which showed no consensus with 

regard to solvents (type and concentration) used in the reviewed cell culture 

studies (Figure 14). Experiments performed with the photon correlation 

spectroscopy indicated that solvents were not needed with TEGDMA concentrations 

up to 10 mM, and solvents were therefore not used in the present study. As 

solubility is a measurable parameter, standardization with regard to the use of 

solvents in cell culture studies should be possible. The latter may be important for 

other methacrylates, as variation in use of solvents similar the results displayed in 

Figure 14, was also seen for other PRM constituents (Paper I). 

 
Figure 14: Solvents and concentrations used to dissolve TEGDMA in the papers reviewed in Paper I. No consensus 
between studies was seen. Number of studies using TEGDMA: n=17. 



52 

The human monocytic THP-1 cell line (ATCC® TIB-202™) was used in all 

experiments in paper II. Monocytes and macrophages were in the 1980ies 

described to be critical in biological responses to biomaterials (181). Since then, 

monocyte and macrophage cell lines have been extensively used to study adverse 

effects of dental materials and their constituents. In Paper I, it was shown that 

THP-1 cells were the most commonly used cell model to study low-dose toxicity of 

methacrylates. The THP-1 cell line is derived from an acute monocytic leukemia 

patient (182), but show many important characteristics similar to human 

peripheral blood mononuclear cells such as seemingly similar lipopolysaccharide 

response, cytokine production, and morphology (183). The technical advantage of 

using the THP-1 cell line compared to peripheral blood monocytes harvested from 

humans, include a high doubling time (35 – 50 hours), similar genetic background 

(that minimizes variance in cell phenotype between research institutions), and a 

pure cell type (no contamination of other cells or viruses) (183).  

However, as THP-1 is an immortalized cell line, obtained from a cancer 

patient, there are limitations to the extrapolation to healthy human monocytes. 

For example, it has been shown that THP-1 cells have alterations in TP53 mRNA 

which may influence their response to xenobiotics (184). Furthermore, while it has 

been found that THP-1 cells show similar response to some xenobiotics in vitro 

(183), this is most likely dependent on the mode of action of the tested substance. 

With regard to oxidative stress, research suggests that cancerous cells are more 

susceptible to increased oxidative stress as they have a higher metabolic baseline 

than healthy cells (125). In a paper which compared the toxicity of methacrylates 

in human peripheral blood monocytes and THP-1 cells, an increased sensitivity to 

PRM constituents was observed in THP-1 monocytes (185).  
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Several approaches were used to assess the effect of TEGDMA on the 

viability of THP-1 cells prior to the proteomic experiment, namely viability 

bioassay(s), cell counting, phase contrast microscopy and transmission electron 

microscopy.  

As bioassay, a newly developed, real-time viability assay (Realtime-Glo MT 

cell viability assay (Promega Corporation, Madison, WI, USA)) was used. This 

assay measures the cell reduction potential (186). A luciferase and a substrate is 

added to the cell medium prior to experiments. Metabolically active cells will reduce 

the substrate, which will produce a luminescent signal that correlates with the 

number of viable cells upon plate reading. Note, upon contacting Promega, the 

company consultant was unable to tell us which proteins that are involved in the 

reduction of the assay substrate. 

There are several advantages with using a real-time bioassay. In a real time 

assay, the readable signal is dependent on the continuous substrate-reduction by 

the cells (186). This enabled the determination of when the treatment groups start 

to diverge from the control. This is not possible with traditional, accumulative-

based viability assays like the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay, which was the most utilized bioassay in 

articles reviewed in paper I (20/29 articles used the assay). The Realtime-Glo 

assay enabled multiple measurements of viability from the same plate, in contrast 

to end-point measurements, which often require a post-treatment accumulation of 

converted substrates. For MTT, this post-treatment is associated with exacerbated 

cell injury, which may make measurements of viability inaccurate (187).  

The Realtime-Glo assay may also, according to the manufacturer, be used 

in multiplexing with other cytotoxic assays. In the pilot phase, we tried to multiplex 
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this assay with the Celltox-Green fluorescence assay (Promega) which binds to 

DNA exposed after cell membrane lysis. However, the latter assay did not yield 

stable results. Furthermore, time lapse confocal microscopy of TEGDMA treated 

cells, which was also employed during the pilot phase, did not indicate membrane 

lysis in the doses and time points tested.  

The optimal use of real-time bioassays is achieved by using a plate-reader 

coupled to a gas-exchange system. However, in lack of this equipment, it was 

shown that reliable results can be obtained with this assay by transporting the cells 

between the plate reader and the incubator, using a transportation device 

insulated with pre-warmed lead to keep the loss of heat to a minimum (< 0.4°C 

per minute). The loss of heat during transport was evaluated by a thermal camera 

(Figure 15). The thermal effect of ethanol, which was used to sterilize the plate 

during the transportation, was also assessed by the camera, and was shown to be 

negligible. Negative effects on cell viability were only seen when the cells were 

transported too often, i.e. once per hour over a longer period of time. 

 

Figure 15: Loss of heat from plates during transportation was evaluated by ThermaCam S65 HS (FLIR systems, 
Wilsonville, Oregon, USA) kindly provided by Professor James Mercer, University of Tromsø. Loss of heat was kept 
at a minimum in the central wells when a preheated lead box was used for transportation of cells between the 
incubator and plate reader. 
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Concerning the Realtime-Glo assay data in Paper II, it was decided to focus 

on trends between independent experiments, as it was not easy to get similar 

nominal values during plate reading. In addition, the timing of plate-readings were 

difficult to standardize as they had to be manually transported and read for a 

period of up to 72 hours.  

In addition to the real-time viability assay, automated cell counting and light 

and electron microscopy was used to assess TEGDMA effects on cell viability. This 

showed that exposure to  1.25 mM TEGDMA inhibited cell proliferation, while 

lower concentrations did not influence cell numbers compared to non-treated 

control cells. Thus, the increased reduction potential observed at  0.6mM 

TEGDMA with the Realtime-Glo was not due to increased proliferation.  Electron 

microscopy was used to assess the ultrastructure of TEGDMA treated cells. 

Together, the methods used to assess cell viability enabled a broad 

characterization of the state of the cells at the concentrations and time points used 

in the proteomic experiments (Figure 16).  

 
Figure 16: Real-time viability results and time points and concentrations used in the proteomic experiments. The 
horizontal line represents the positive control. The vertical lines show the time points used in the proteomic 
experiments. 
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Based on the viability assessments, 2.5mM and 0.3mM TEGDMA were 

decided as appropriate concentrations for the proteomic experiment. These 

concentrations would shed light on the early effects on the THP-1 cell proteome of 

an apparently non-cytotoxic and a cytotoxic dose of TEGDMA. The proteomic 

analyses were conducted after 6h and 16h exposure of the cells to TEGDMA, which 

is different from other toxicoproteomic studies that used one concentration and 

one exposure time of either 24h or 48h (188–190). The use of two concentrations 

at two early time points, was anticipated to better elucidate the mechanisms 

involved in the cellular response to TEGDMA (106).  

In the present proteomic experiment, SILAC was used. SILAC is a powerful 

and versatile metabolic-labelling strategy to study differential expression with 

mass spectrometry (MS)-based quantitative proteomics (114,191). With SILAC, it 

is important with a high level of incorporation of labelled amino acids in the cell 

proteins for accurate quantification (114). In a pilot study, we found that six cell 

doublings were not enough to achieve this goal; thus, in the SILAC experiments 

reported in paper II, 8-9 cell doublings were used. Furthermore, when differentially 

SILAC- labeled cell extracts (with either 12C or 13C-labeled amino acids) were 

mixed, this was performed at the earliest possible time-point to reduce 

experimental variations that could influence protein abundance ratios (as 

described in reference (114)).  

SILAC is a relative quantification method, as it yields ratios of protein 

expression between treated and non-treated cells (in contrast to absolute 

quantification methods) (192). This may influence how results should be 

interpreted. For example, a small change in ratio for an already abundant protein 
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may represent a major effort for a cell. In contrast, a small change in protein levels 

of a scarcely expressed protein will lead to a large change in ratio (111). Increased 

or reduced ratios of individual proteins should therefore be evaluated in a one-to-

one basis, as changes in protein ratio is not necessarily correlated with the 

biological importance of the protein. 

Regulation of important proteins like primary transcription factors (e.g. NF-

B, NRF2, ATM) are not easily detected by SILAC, as they may be present in cells 

in an inactive state and do not require new protein synthesis in order to become 

activated (193). In addition, if regulated, the half-life of transcription factors are 

short, and may not be active when the harvesting of proteins are performed. 

Furthermore, protein activity that is dependent on phosphorylation, i.e., proteins 

in signaling pathways such as PI3K/AKT/mTOR and MAPK pathway, were not 

investigable by the SILAC-method employed in this study.  

An advantage with the omics approach in toxicology is that it is an unbiased 

methodology for discovering new information on toxic effects of a substance(111). 

However, discussion of proteome findings is often restricted by a precise 

knowledge of protein function and relationships. Thus, regulated proteins may be 

biologically linked, despite no indicated relationship. As a result, several of the 

regulated proteins were not discussed in paper II.  Similarly, biological processes 

suggested by a Gene Ontology enrichment analysis may not give a complete 

picture of the biological processes that proteins are involved in, as an enrichment 

analysis is based on the current evidence that suggests a relationship between a 

gene (and its products) and a biological process (194,195).   

Pulp capping materials represent a high-dose exposure scenario for patients 

to a range of organic substances in PRMs – especially methacrylates. In paper III, 
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the organic composition as well as leachables of these materials were studied since 

previous publications on the subject are scarce. Some methodological 

considerations of paper III are presented in the following paragraphs. 

Cured samples were made in a Teflon mould that allowed the production of 

samples with varying thickness. Initially, 1 mm thick samples were prepared. 

However, it was visually detectable that 1 mm samples of TheraCal LC® were 

insufficiently cured. The reason for this could be related to the material itself or 

the curing light, as mould materials have demonstrated not to influence degree of 

conversion of PRMs (196). It was attempted to switch curing device from 

Bluephase Style to Bluephase G2 (Ivoclar Vivadent, Liechtenstein), as the former 

device has been reported to have a more uniform light distribution (197,198). 

However, the problem persisted, suggesting that this was a limitation with light 

curing capabilities of TheraCal LC®. It was therefore decided to use a sample 

thickness of 0.6 mm in the final experiments. 

Another problem encountered during sample preparation, was that all the 

prepared samples had visible pores. It appeared to be caused by air in the material 

syringe, as air bubbles kept raising from the uncured material during sample 

preparation. The extent of the pores were later assessed by micro-CT analyses. 

Concerning leaching medium, several types of mediums have been used in 

the literature, including water and ethanol (23). Water has sometimes been 

described as a “clinical relevant” leaching medium, while ethanol has been used 

as a “worst-case” estimate, as it more readily extracts available organic substances 

from the materials (23). In a 24h pilot with pure ethanol, large amount of eluates 

were detected from the resin-modified pulp capping materials. However, it was 

decided to use water as the leaching-medium, as one of the main component in 

TheraCal LC® — Portland cement — sets through a series of water-dependent 
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steps (199). Ethanol would likely negatively influence the setting of TheraCal LC® 

and cause an overestimate of eluates.  

Another immersion medium parameter, which briefly was assessed during 

pilots, was temperature. In contrast to what may be expected, increasing 

temperatures appeared to increase the presence of particles and eluates after 7-

days for the calcium hydroxide containing material Calcimol LC (appendix 2a and 

b). This was in contrast to what was observed with samples of a flowable composite 

(Tetric EvoFlow, Ivoclar Vivadent) stored under similar condition. While this was 

not investigated further, it underscores that medium conditions, as well as the 

composition of the PRM material, may influence the behavior of immersed samples. 

This latter may be especially important for materials with a less studied 

composition (e.g. resin-modified pulp capping materials). In case of the observed 

phenomena for Calcimol LC, this was conceivably partly attributed to the fact that 

calcium hydroxide in Calcimol LC is less soluble at high temperatures. It was 

decided to use 37 °C in the experiments presented in Paper III as it represent a 

clinical relevant temperature, and is commonly used in other elution studies (23) 

In contrast to the possible exposure to methacrylates from resin-modified 

pulp capping materials, airborne exposure to methacrylates seems to represent a 

low-dose exposure scenario (75). As respirable particles recently have been 

described as a source of methacrylate exposure under laboratory condition (24), 

we wanted to sample gaseous and particle-associated PRM constituents – including 

TEGDMA, during restorative procedures at the simulation clinic at the Department 

of Clinical Dentistry, UiT- The Arctic University of Norway.  

The reason for selecting the simulation clinic as the place for sampling was 

partly due to practical concerns, e.g., no patients, and easy access to operators. 
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However, it also enabled collection of data on hypothetical patient exposure 

through sampling of water collected in the mannequins, a precise determination 

on the amount of dust generated per procedures, as well as control over all the 

materials used during the clinical procedures. Another important aspect was that 

airborne exposure to methacrylates have not yet been studied in this 

subpopulation of dental personnel. 

As the dental units used in the simulation clinic are similar to those used in 

the student clinic (and elsewhere), and the work done in the simulation clinic 

represent exposure to airborne methacrylates that can occur in dental offices 

during restoration procedures, the results obtained in the experiments should be 

possible to extrapolate to real-life conditions. 

Concerning the sampling equipment, conductive polypropylene filter 

cassettes were used to account for electrostatically-related loss of particles during 

sampling. Extraction of organic substances was done immediately after sampling 

to avoid loss of methacrylates due to diffusion of volatile substances.  

Initially, it was planned to conduct sampling of inhalable and respirable 

particles from all the restoration procedures; however, as pilot experiments 

indicated that both the filter cassette and cyclone sampling yielded non-detectable 

results, it was decided to only sample inhalable particles (which per definition also 

include respirable particles). 

The BHT quantified in the majority of the sampled particles originated most 

likely not from the restorative procedures as there was no correlation between the 

amount of dust generated and the BHT signal in the samples. Furthermore, and 

perhaps more importantly, if BHT originated from the particles sampled, a signal 

for TEGDMA should also have been detected (as supported by analysis of the 

positive control and the uncured restorative material). Since BHT was not detected 



61 

in the blank samples of equipment and in the carry-over blanks, it was speculated 

that the source of the BHT was from cosmetic products from the participants (200). 

In paper III and IV, MS based methods were used to analyze organic 

substances in PRMs. Both UHPLC-QTOF-MS/MS and GC-MS were used for sample 

analysis. This approach enabled us to utilize the strengths of both methods. For 

example, GC-MS was a viable tool to screen the investigated materials for their 

constituents in paper III and IV. The use of UHPLC-MS, enabled us to investigate 

the presence of high-molecular weight, non-volatile substances that were present 

in the investigated materials. In paper III, it was found that Bis-GMA was not 

present in Theracal® LC, despite it being listed in the MSDS/SDS. In paper IV, the 

use of UHPLC enabled us to demonstrate that non-volatile, high-molecular 

substances can be transported with particles from PRMs to enter deep into the lung 

(as shown in the positive control).  

Concerning identification and quantification of high-molecular weight 

substances, it was discovered that the CAS-numbers of substances listed in the 

SDSs of the investigated materials were not enough to be able to perform proper 

analysis of some substances, i.e., polyethylene glycol dimethacrylate (paper III) 

and Bis-EMA (paper IV). Confusion regarding CAS-numbers have previously been 

described for other substances in PRMs, e.g., UDMA (201). The consequence of 

CAS-confusion may prevent proper identification and quantification of substances, 

as well as misinform scientists studying biological effects of substances that they 

think is present in PRMs.  

 The use of UHPLC-MS showed that the HEMA quantification performed in 

paper III on GC-MS may not be representative of the HEMA present in the 

materials investigated, as HEMA was not detected in the UHPLC-analysis. This 
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indicates that the detected HEMA may (partly) have originated in the GC-injector 

from decomposition of UDMA into HEMA and isocyanates — as previously 

hypothesized by others (55,93). Additional experiments to clarify this issue are 

currently being conducted. In case HEMA was not present in Calcimol LC or Ultra-

Blend® Plus, the detected eluates of HEMA would likely reflect elution of UDMA, a 

substance that has been shown to be ten-folds more cytotoxic than HEMA in vitro 

(142,202) 

To ensure the validity of the mass-spectrometry analysis, and to identify 

potential contaminants, blank samples from equipment and chemicals were 

analyzed. In addition, carry-over was assessed by analyzing blanks in between 

samples. Precision measurements (intra- and inter-day) were performed in both 

paper III and IV for the quantitative analysis. Of note, the inter-day precision 

related to TEGDMA quantification in paper IV was high (> 80 % relative standard 

deviation). The reason for these results were most likely a fluctuation in the 

ionization of substances, and indicates that there is an uncertainty in the 

quantification performed in paper IV for TEGDMA.  

Related to term and use of internal standard, some thoughts are warrant. 

Per definition, the internal standard should undergo the same sample preparation 

procedure as the analytes being analyzed to be able to account for loss of analyte 

(203). In paper IV, the internal standard was added to the solvent used to extract 

organic substances from the dust and sorbent. However, in paper III, the internal 

standard was added during the extraction of organic substances from the elution 

medium. Ideally, it should have been added to the elution medium at the same 

time as the precured samples were immersed to be able to take into account loss 

of analyte due to evaporation/hydrolysis during the 7d immersion. However, this 

would have required an isotope-labelled standard to make sense. In the dental 
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literature, isotope labeled analogs of the analytes are seldom used as internal 

standards (23). 

Concerning negative findings in the quantitative analysis, it is important to 

be aware that substances may still be present below the lower limit of detection. 

For example, eluates from composite restoration has been shown to be able to 

cause in vitro cytotoxicity, despite the fact that no substances were detected in 

the eluates (204).  

In vitro
The toxic actions of a substance on an organism is ultimately exerted at the 

cellular level. In this respect, in vitro methods have a great potential in toxicology 

as they enable a molecular classification of the events that triggers adversity in 

human cells (96). In the future, such mechanistic information — obtained in vitro 

— may be used to predict hazards and risks of chemicals (96). 

In relation to risks posed by methacrylates, relative few adverse effects are 

reported in patients despite the widespread use of PRMs (5). For dental personnel, 

the prevalence of adverse reactions is a little higher (approximately 1 % of dental 

personnel show signs of allergy towards methacrylates) (11). Yet, these are 

reported and symptomic adversities. As there are several scenarios where patients 

and dental health personnel may be exposed to low doses of these substances 

(23,57,75), the concepts of low-dose effects is an interesting theme to discuss.  

One of the topics discussed in paper I, was the use of terminology related 

to low-dose effects of methacrylates. While this discussion was not related to the 

quality of the studies of the reviewed papers, the different definitions of the terms 

used may cause confusion. For example, it was not always clear whether the term 

non-toxic was referring to a risk assessment of the chemical (for human health), 
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or related to the effects observed with a particular assay. To avoid confusion, 

results should therefore be reported in accordance with the parameter/end-point 

measured by a specific assay (163). A term like non-toxic may also act as anchor 

for which concentration of a substances that are interesting to study. However, 

toxicity is also a question about definition. A seemingly non-toxic response in vitro, 

like increased cell survival, may be an unwanted response in the whole organisms. 

In the 21.tox vision (96), in vitro methods are envisioned to be able to identify 

non-toxic chemicals and concentrations; however, this would require mechanistic 

knowledge and a framework for understanding toxicity that currently is not yet 

fully developed (109,205). 

In paper I, methods used in cell culture studies on PRM constituents, which 

may influence the interpretation and/or biological response of substances, were 

examined. Despite the existence of Good Cell Culture Practice guidelines since 

2002 (157,170), these recommendations seem not yet to have been implemented 

to a great extent in research on in vitro effects of PRM constituents (as seen in the 

results in paper I). This problem is, however, not only related to investigation of 

PRM constituents (156). 
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In paper II, the human monocytic cell line, THP-1, was exposed to an 

apparently cytotoxic (2.5mM), or non-toxic (0.3mM) dose of TEGDMA for 6h and 

16h to assess early proteomic alterations in the exposed cells. The doses and time 

points were chosen after thorough testing of the effects of different concentrations 

and exposure times on cell viability, cell proliferation, and morphology, as 

discussed under Methods, in order to capture early changes in the cell proteomic 

profile. Several proteins were regulated in the cells after exposure to both TEGDMA 

doses (Appendix 1a and b); many of these proteins have not been previously 

reported to be induced by TEGDMA, and are involved in events described in section 

3.6 (Toxicity of methacrylates). More specifically, oxidative stress and/or stress 

responses were upregulated in both dose groups. Some of the proteins involved in 

these pathways were regulated in a dose-independent manner. Of these, heme-

oxygenase 1 (HMOX1), which is reported to be regulated by the transcription factor 

NRF2 (206), showed the highest up-regulation of all regulated protein – 

independent of both the treatment dose and exposure time.  

Proteins associated with severe cytotoxic effects, e.g. DNA-damage, cell 

cycle disruptions and apoptotic signaling were only regulated in cells exposed to 

2.5mM TEGDMA. In contrast, several cytoprotective proteins NAD(P)H 

dehydrogenase [quinone] (NQO1), multidrug resistance-associated protein 1 

(ABCC1), thioredoxin reductase 1 (TXNRD1) were only overexpressed in the cells 

exposed to 0.3mM TEGDMA. 

In summary, a non-cytotoxic (0.3mM) concentration of TEGDMA, as defined 

by the results of the real-time viability assay, cell counting, and morphology 

studies, caused changes at the proteomic level in THP-1 monocytes that may alter 

the cell phenotype, and increase cell survival. In contrast, the high dose tested, 
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caused early changes in proteins associated with cytotoxic reactions. This signifies 

that materials containing TEGDMA may negatively influence cells beyond certain 

doses. 

Despite their easy-to-use nature, the direct application of an unpolymerised 

PRM to a pulpal wound surface will signify an acute, high-dose exposure to 

methacrylates and organic additives for the patient. Furthermore, the moist pulp 

can prevent a complete cure of the applied material at the site of application, 

signifying a risk for long-term exposure to unreacted constituents for the patient 

(6). Despite seemingly similar composition, Calcimol LC and Ultra-Blend® Plus 

(both containing TEGDMA) did not have the same indication for use. Ultra-Blend® 

Plus are indicated for direct pulp capping, while Calcimol LC is indicated for indirect 

capping (implying the presence of a dentin-bridge between the pulp and the 

material). The more cautious indication of Calcimol LC may be due to cytotoxicity 

concerns – however, this is only a speculation, since indication for use is determine 

by the manufacturers. 

The adverse effects of resin constituents on pulp hemostasis has been 

demonstrated in cell experiments, as well as under clinical conditions (6,154). Heat 

development during light curing may also contribute to pulp injury: When used for 

indirect capping, Theracal® LC and Ultra-Blend® Plus have demonstrated to 

increase the pulp temperature more than 7.5 °C (207). In a human tooth culture 

model, it was shown that Theracal® LC was more toxic to cells, produced higher 

inflammatory effects and had a lower bioactive potential than a calcium silicate 

material without resins (208). It was concluded that “… adding resins to tricalcium 

silicates alters their bioactive potential and leads to pulp toxicity” (208). The 

availability of therapeutic agents from resin-modified pulp capping materials is 
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another issue. Several studies suggest that matrix constituents may inhibit the 

release of therapeutic agents under physiological conditions compared to 

conventional capping materials (209–211). This may further affect their clinical 

efficacy and feasibility, and question the clinical relevance of the pH-

measurements in Paper III. 

Sensitization is a concern for both patients and dental personnel. It was 

demonstrated that both Calcimol LC and Ultra-Blend® Plus contained TEGDMA, 

UDMA (and potentially HEMA) which are latent sensitizers, whereas Theracal® LC 

— a material indicated for all types of pulp-capping — contained mainly 

polyethylene glycol dimethacrylate (Paper III). Polyethylene glycol dimethacrylate 

is described as a moderate sensitizer (212).  Bis-GMA – a compound listed in the 

SDS supplied with the purchased Theracal® LC in paper III, is also described as a 

sensitizer (83). Yet, the UPLC analysis of Theracal® LC (Paper III) revealed that it 

did not contain Bis-GMA. In the newer SDS of Theracal® LC, Bis-GMA is not listed 

(213). Thus, Bis-GMA seems to have been removed from the material. The reason 

for the removal can only be speculated on, but it could be related to cytotoxicity 

issues, as Bis-GMA have been shown to have a higher cytotoxic potential compared 

to other methacrylates (30). Yet, it could also be related to release of therapeutic 

agents, i.e., the resin matrix of Theracal® LC (presumingly containing bis-GMA) 

have shown to modify the setting mechanisms and hydration characteristics of 

calcium silicate, resulting in lower release of therapeutic calcium ions in vivo 

(209,210). Interestingly, in an article published in 2016 by the manufacturer of 

Theracal® LC, it was advocated that Bis-GMA was considered too hydrophobic to 

achieve the hydration characteristics needed (214). Whatever the reason, the 

transparency associated with changes in material composition is worrisome for 

patients, dental personnel and researchers.   
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In accordance with the European Medical Devices Regulation (which also 

govern Norwegian legislations) (48), dental materials should not compromise the 

clinical condition and/or safety of the patients or user. With regard to resin-

modified pulp capping materials, it would be difficult to see how these materials 

should be considered anything else then a compromise for patients – compared to 

methacrylate-free alternatives, which have clinical data that support their clinical 

efficacy (45). Furthermore, dental materials in general are classified as IIa-

products, and should not achieve its intended action by any pharmacological 

means, i.e. it is stated in the MDR and MDD that “All devices incorporating, as an 

integral part, a substance which, if used separately, can be considered to be a 

medicinal product … are in Class III” (47,48). With regard to resin-modified 

capping materials, one may argue that the calcium hydroxide or calcium silicates 

present in these materials are a prerequisite for their advertised purpose (and 

interaction with the host). Other, bioactive dental materials – like adhesives that 

contain bioactive, antimicrobial monomers, have in the past been relabeled as 

class III materials for this reason (215). 

In paper IV, it was demonstrated that airborne exposure to methacrylates 

did not occur above the detection limit under clinical circumstances. This can be 

explained by several factor, e.g., high-vacuum suction and water was mostly used 

during all aspects of the monitored polishing procedure (and always after the initial 

oxygen inhibition layer had been removed). In addition, the material used during 

a procedure may also influence the amount and type of unreacted constituents 

that may leech from particles. For examples, differences in quantifiable eluates 

has been shown between composite materials (216). With regard to the composite 

used in in Paper IV (ceram.x® universal), it has been demonstrated that it leech 
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considerable less TEGDMA (and other organic substances) in water during 24h 

compared to other materials (Figure 3, Paper IV). Yet, the positive control revealed 

that particles may be a potent source of exposure to airborne methacrylates even 

for this material, reinforcing the laboratory findings by COKIC et al (24).  

Furthermore, there are other clinical procedures that involve PRMs and particle 

generation that may be of concern. For example, in orthodontic practices and 

during aesthetic build-ups or treatment of severely worn teeth, a higher amount 

of PRM material is likely polished/grinded compared to the procedures monitored 

in paper IV. Thus, these are all scenarios that should be further studied.  

The applicability of in vitro research results in human health risk assessment 

is today limited. However, results from in vitro experiments may be used to 

generate hypotheses. From a health perspective, occasional, low-dose exposure 

for PRM constituents to patients — e.g. from leaching — may not pose a significant 

risk because of the low doses and frequencies of exposure involved. The low 

quantities of reported adverse effects in patients also underlines this notion (5). 

However, based on the present findings and literature, it may be speculated 

whether everyday exposure to low doses of airborne methacrylates, and other 

organic additives, in an occupational setting may be of concern as it is theorized 

that (repeated) exposure to chemicals may have long-lasting effects in cells 

thorough epigenetic mechanisms (217). That is, following a toxic insult, epigenetic 

changes can contribute to altered expression of proteins that may cause an 

delayed manifestation of disease or increased susceptibility to other chemicals 

(217) (Figure 17). There are a few real-life examples that support this 

mechanisms, e.g., the lung expression of metabolic enzymes that influences the 

susceptibility to various chemicals vary between smokers, non-smokers and ex-
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smokers (218). Furthermore, in monozygotic twins, epigenetic differences is 

evident – suggesting that susceptibility may even vary between genetically 

identical individuals (98). 

 
Figure 17: Cells subjected to any challenge to the intracellular homeostasis will mount a response aimed at 
removing the stimuli, repairing the damage induced by the challenge and restoring homeostasis. The cell may 
recover from damage, or go into a cell death routine. However, the chemical may also induce molecular scars, such 
as epigenetic changes, that potentially can lead to adverse outcomes over time.   
Figure modified from: Smirnova L, Harris G, Leist M, Hartung T. Food for thought... Cellular resilience. ALTEX. 
2015;32:247–60 (published under Creative Commons Attribution 4.0 International license) (217). 

 

From the results presented in paper II, it seems that THP-1 cells in the 

0.3mM TEGDMA treatment group were able to negate TEGDMA toxicity through 

upregulation of several proteins involved in antioxidant responses. Although not 

examined in the present study, these proteins are typically regulated by the NRF2 

transcription factor, which is regarded as the master regulator of antioxidant 
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responses (125). As 0.07mM TEGDMA had nearly the same effect as 0.3mM 

TEGDMA on the THP-1 cell reduction potential in the real-time viability assay (both 

doses increased the cell reduction potential compared to control), it is likely that 

exposure of cells to even lower concentrations of TEGDMA than 0.3mM may affect 

the cell proteome in a similar fashion. With regard to other methacrylates, it has 

been shown that some perturbate similar pathways as TEGDMA, i.e. NRF2-

regulated antioxidant cell responses inhibited HEMA-induced oxidative stress and 

supported cell viability in a similar fashion as observed in paper II (219). This 

underline that synergetic interactions may be important when characterizing risks 

of chemicals. 

While increased antioxidant activity following exposure to a xenobiotic may 

be beneficial for the cell for a period, one may speculate if this can cause unwanted 

cellular effects with time as antioxidants indiscriminately increase cell survival 

(220). This may be particular relevant to malignant cells, which in general are 

more susceptible to ROS-induced damage (125). NRF2-regulated antioxidant 

responses were previously identified as a tumor suppressor; however, recent 

publications on the NRF2-pathway discusses its oncogenic potential (220,221).  

For example, chronic exposure to low levels of arsenite — a ROS-inducing 

chemical — has been reported to cause transformation of cells in vitro by 

mechanisms that involves accumulation of NRF2 due to epigenetic dysregulation 

of Keap1 (the factor responsible for normal NRF2 degradation) and increased 

resistance to oxidative stress (222). Similar mechanisms may be relevant for long-

term, low-dose exposure to other ROS-inducing chemicals, including 

methacrylates, and should therefore be addressed in future studies. 
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In line with the specific objectives specified for the thesis, the following main 

conclusions were drawn: 

1. Non-standardized nomenclature and methods are commonly used in in-vitro 

cell studies on biological effects of PRM matrix constituents. 

2. TEGDMA caused several dose- and time-dependent proteomic alterations in 

human THP-1 monocytes, even at low concentrations, that may be relevant 

from a health perspective. 

3. Light-curing, resin-modified pulp-capping materials contain and elute 

several reactive organic substances that may influence their clinical 

feasibility. Despite seemingly similar composition, manufacturers have 

different indications for use for their materials. 

4. Dust particles generated during restorative procedures may contribute to 

exposure to organic substances in PRMs. However, neither particle-

associated nor gaseous exposure to airborne methacrylates were detected 

in samples collected on dental students.   



73 

1.  HUMAN GENOME ORGANISATION. HUGO Gene Nomenclature Committee 
[Internet]. Available from: https://www.genenames.org/ 

2.  SCHMALZ G, DORTHE A-B. Biocompatibility of Dental Materials. Springer Berlin 
Heidelberg; 2009. 1 p.  

3.  JONES DW. A Scandinavian tragedy. Br Dent J. 2008;204:233–4.  
4.  HEINTZE SD, ROUSSON V. Clinical effectiveness of direct class II restorations - 

a meta-analysis. J Adhes Dent. 2012;14:407–31.  
5.  SCHEDLE A, ÖRTENGREN U, EIDLER N, GABAUER M, HENSTEN A. Do adverse effects 

of dental materials exist? What are the consequences, and how can they be 
diagnosed and treated? Clin Oral Implants Res. 2007;18:232–56.  

6.  SILVA GAB, GAVA E, LANZA LD, ESTRELA C, ALVES JB. Subclinical failures of direct 
pulp capping of human teeth by using a dentin bonding system. J Endod. 
2013;39:182–9.  

7.  OHLSON CG, SVENSSON L, MOSSBERG B, HÖK M. Prevalence of contact dermatitis 
among dental personnel in a Swedish rural county. Swed Dent J. 
2001;25:13–20.  

8.  JAAKKOLA MS, LEINO T, TAMMILEHTO L, YLÖSTALO P, KUOSMA E, ALANKO K. 
Respiratory effects of exposure to methacrylates among dental assistants. 
Allergy. 2007;62:648–54.  

9.  PIIRILÄ P, HODGSON U, ESTLANDER T, KESKINEN H, SAALO A, VOUTILAINEN R, 
KANERVA L. Occupational respiratory hypersensitivity in dental personnel. Int 
Arch Occup Environ Health. 2002;75:209–16.  

10.  LINDSTRÖM M, ALANKO K, KESKINEN H, KANERVA L. Dentist’s occupational 
asthma, rhinoconjunctivitis, and allergic contact dermatitis from 
methacrylates. Allergy. 2002;57:543–5.  

11.  WALLENHAMMAR LM, ÖRTENGREN U, ANDREASSON H, BARREGÅRD L, BJÖRKNER B, 
KARLSSON S, WRANGSJÖ K, MEDING B. Contact allergy and hand eczema in 
Swedish dentists. Contact Dermatitis. 2000;43:192–9.  

12.  HAMANN CP, DEPAOLA LG, RODGERS PA. Occupation-related allergies in 
dentistry. J Am Dent Assoc. 2005;136:500–10.  

13.  ANUSAVICE KJ, SHEN C, RAWLS HR. Phillips science of dental materials 12th 
edition. 2012. 278-284 p.  

14.  VAN LANDUYT KL, SNAUWAERT J, DE MUNCK J, PEUMANS M, YOSHIDA Y, POITEVIN A, 
COUTINHO E, SUZUKI K, LAMBRECHTS P, VAN MEERBEEK B. Systematic review of 
the chemical composition of contemporary dental adhesives. Biomaterials. 
2007;28:3757–85.  

15.  VAN LANDUYT KL, HELLACK B, VAN MEERBEEK B, PEUMANS M, HOET P, WIEMANN M, 
KUHLBUSCH T A J, ASBACH C. Nanoparticle release from dental composites. Acta 
Biomater. 2014;10:365–74.  

16.  COLLARD SM, MCDANIEL RK, JOHNSTON DA. Particle size and composition of 
composite dusts. Am J Dent. 1989;2:247–53.  

17.  COLLARD SM, VOGEL JJ, LADD GD. Respirability, microstructure and filler 
content of composite dusts. Am J Dent. 1991;4:143–51.  

18.  ANDERSON JO, THUNDIYIL JG, STOLBACH A. Clearing the Air: A Review of the 
Effects of Particulate Matter Air Pollution on Human Health. J Med Toxicol. 
2012;8:166–75.  

19.  BOWEN WH, TILL MJ. Beginnings of the dental composite revolution. 
2013;144:357–61.  

20.  PRICE RB, FERRACANE JL, SHORTALL  A. C. Light-Curing Units: A Review of What 
We Need to Know. J Dent Res. 2015;94:1179–8.  



74 

21.  ANUSAVICE KJ, SHEN C, RAWLS HR. Phillips science of dental materials 12th 
edition. 2012. 160 p.  

22.  CORNELIO RB, WIKANT A, MJØSUND H, KOPPERUD HM, HAASUM J, GEDDE UW, 
ÖRTENGREN UT. The influence of bis-EMA vs bis GMA on the degree of 
conversion and water susceptibility of experimental composite materials. 
Acta Odontol Scand. 2013;72:1–8.  

23.  VAN LANDUYT KL, NAWROT T, GEEBELEN B, DE MUNCK J, SNAUWAERT J, YOSHIHARA 
K, SCHEERS H, GODDERIS L, HOET P, VAN MEERBEEK B. How much do resin-based 
dental materials release? A meta-analytical approach. Dent Mater. 
2011;27:723–47.  

24.  COKIC SM, DUCA RC, GODDERIS L, HOET PH, SEO JW, VAN MEERBEEK B, VAN 
LANDUYT KL. Release of monomers from composite dust. J Dent. 
2017;60:56–62.  

25.  HIKAGE S, SATO A, SUZUKI S, COX CF, SAKAGUCHI K. Cytotoxicity of dental resin 
monomers in the presence of S9 mix enzymes. Dent Mater J. 1999;18:76–
86.  

26.  GEURTSEN W, LEHMANN F, SPAHL W, LEYHAUSEN G. Cytotoxicity of 35 dental resin 
composite monomers/additives in permanent 3T3 and three human primary 
fibroblast cultures. J Biomed Mater Res. 1998;41:474–80.  

27.  NODA M, WATAHA JC, KACHI H, LEWIS JB, MESSER RL, SAN H. Radicals produced 
by blue-light - resin interactions alter the redox status of THP1 human 
monocytes. J Biomed Mater Res Part A. 2007;83A:123–9.  

28.  MASUKI K, NOMURA Y, BHAWAL UK, SAWAJIRI M, HIRATA I, NAHARA Y, OKAZAKI M. 
Apoptotic and necrotic influence of dental resin polymerization initiators in 
human gingival fibroblast cultures. Dent Mater J. 2007;26:861–9.  

29.  BLASCHKE U, EISMANN K, BÖHME A, PASCHKE A, SCHÜÜRMANN G. Structural alerts 
for the excess toxicity of acrylates, methacrylates, and propiolates derived 
from their short-term and long-term bacterial toxicity. Chem Res Toxicol. 
2012;25:170–80.  

30.  ANSTEINSSON V, KOPPERUD HB, MORISBAK E, SAMUELSEN JT. Cell toxicity of 
methacrylate monomers-the role of glutathione adduct formation. J Biomed 
Mater Res A. 2013;101:3504–10.  

31.  HANWELL MD, CURTIS DE, LONIE DC, VANDERMEERSCHD T, ZUREK E, HUTCHISON GR. 
Avogadro: An advanced semantic chemical editor, visualization, and analysis 
platform. J Cheminform. 2012;4:1–17.  

32.  NODA M, WATAHA JC, KAGA M, LOCKWOOD PE, VOLKMANN KR, SANO H. 
Components of dentinal adhesives modulate heat shock protein 72 
expression in heat-stressed THP-1 human monocytes at sublethal 
concentrations. J Dent Res. 2002;81:265–9.  

33.  GERZINA TM, HUME WR. Diffusion of monomers from bonding resin-resin 
composite combinations through dentine in vitro. J Dent. 1994;24:125–8.  

34.  BOUILLAGUET S, WATAHA JC, HANKS CT, CIUCCHI B, HOLZ J. In vitro cytotoxicity 
and dentin permeability of HEMA. J Endod. 1996;22:244–8.  

35.  FINER Y, SANTERRE JP. Biodegradation of a dental composite by esterases: 
dependence on enzyme concentration and specificity. J Biomater Sci Polym 
Ed. 2003;14:837–49.  

36.  REICHL FX, DURNER J, HICKEL R, KUNZELMANN KH, JEWETT A, WANG MY, SPAHL W, 
KREPPEL H, MOES GW, KEHE K, WALTHER U, FORTH W, HUME WR. Distribution and 
excretion of TEGDMA in guinea pigs and mice. J Dent Res. 2001;80:1412–
5.  

37.  SCHWEIKL H, SCHMALZ G, SPRUSS T. The induction of micronuclei in vitro by 
unpolymerized resin monomers. J Dent Res. 2001;80:1615–20.  



75 

38.  DURNER J, WALTHER UI, ZASPEL J, HICKEL R, REICHL F-XX. Metabolism of TEGDMA 
and HEMA in human cells. Biomaterials. 2010;31:818–23.  

39.  EMMLER J, SEISS M, KREPPEL H, REICHL FX, HICKEL R, KEHE K. Cytotoxicity of the 
dental composite component TEGDMA and selected metabolic by-products in 
human pulmonary cells. Dent Mater. 2008;24:1670–5.  

40.  ENGELMANN J, LEYHAUSEN G, LEIBFRITZ D, GEURTSEN W. Metabolic effects of 
dental resin components in vitro detected by NMR spectroscopy. J Dent Res. 
2001;80:869–75.  

41.  U.S. NATIONAL LIBRARY OF MEDICINE. Clinicaltrails.gov - Search results 
[Internet]. 2018 [cited 2018 Jan 4]. Available from: 
https://clinicaltrials.gov/ct2/results?cond=&term=theracal+OR+calcimol+O
R+ultrablend&cntry=&state=&city=&dist= 

42.  CENGIZ E, YILMAZ HG. Efficacy of erbium, chromium-doped:yttrium, 
scandium, gallium, and garnet laser irradiation combined with resin-based 
tricalcium silicate and calcium hydroxide on direct pulp capping: A 
randomized clinical trial. J Endod. 2016;42:351–5.  

43.  ZHU C, JU B, NI R. Clinical outcome of direct pulp capping with MTA or calcium 
hydroxide: A systematic review and meta-analysis. Int J Clin Exp Med. 
2015;8:17055–60.  

44.  SCHWENDICKE F, BROUWER F, SCHWENDICKE A, PARIS S. Different materials for 
direct pulp capping: systematic review and meta-analysis and trial sequential 
analysis. Clin Oral Investig. 2016;20:1121–32.  

45.  LI Z, CAO L, FAN M, XU Q. Direct Pulp Capping with Calcium Hydroxide or 
Mineral Trioxide Aggregate: A Meta-analysis. J Endod. 2015;41:1412–7.  

46.  STANGVALTAITE L, SCHWENDICKE F, HOLMGREN C, FINET M, MALTZ M, ELHENNAWY K, 
KEROSUO E, DOMÉJEAN S. Management of pulps exposed during carious tissue 
removal in adults: a multi-national questionnaire-based survey. Clin Oral 
Investig. 2017;21:2303–9.  

47.  EUROPEAN PARLIAMENT AND THE COUNCIL OF THE EUROPEAN UNION. 
Council Directive 93/42/EEC of 14 June 1993 concerning medical devices. 
Off J Eur communities. 1993;L 169/1.  

48.  EUROPEAN PARLIAMENT AND THE COUNCIL OF THE EUROPEAN UNION. Medical device 
regulation - Regulation (EU) 2017/745 of the European Parliament and of 
the Council of 5 April 2017 on medical devices, amending Directive 
2001/83/EC, Regulation (EC) No 178/2002 and Regulation (EC) No 
1223/2009 and repealing Council Direct. Off J Eur Union. 2017;L 111/1:34–
57.  

49.  EUROPEAN PARLIAMENT AND THE COUNCIL OF THE EUROPEAN UNION. Regulation (Ec) 
1272/2008 - On classification, labelling and packaging of substances and 
mixtures, amending and repealing Directives 67/548/EEC and 1999/45/EC, 
and amending Regulation (EC) No 1907/2006. Off J Eur Union. 2008;L 
353/1:1355.  

50.  CHEMICAL ABSTRACTS SERVICE. CAS.org FAQ [Internet]. [cited 2017 Dec 18]. 
Available from: https://www.cas.org/content/chemical-substances/faqs 

51.  KANERVA L, HENRIKS-ECKERMAN ML, JOLANKI R, ESTLANDER T. Plastics/acrylics: 
material safety data sheets need to be improved. Clin Dermatol. 
1997;15:533–46.  

52.  KANERVA L. Product analysis of acrylic resins compared to information given 
in material safety data sheets. 1997;36:164–5.  

53.  MICHELSEN VB, MOE G, SKÅLEVIK R, JENSEN E, LYGRE H. Quantification of organic 
eluates from polymerized resin-based dental restorative materials by use of 
GC/MS. J Chromatogr B. 2007;850:83–91.  



76 

54.  ÖRTENGREN U. Occupational skin and respiratory symptoms related to 
polymer materials among dental technicians . Status report. ISO Rapp. 
2008;8.  

55.  SPAHL W, BUDZIKIEWICZ H, GEURTSEN W. Determination of leachable 
components from four commercial dental composites by gas and liquid 
chromatography/mass spectrometry. J Dent. 1998;26:137–45.  

56.  SULEIMAN AM, SVENDSEN KVH. Are safety data sheets for cleaning products 
used in Norway a factor contributing to the risk of workers exposure to 
chemicals ? 2014;27:840–53.  

57.  HAGBERG S, LJUNGKVIST G, ANDREASSON H, KARLSSON S, BARREGÅRD L. Exposure 
to volatile methacrylates in dental personnel. J Occup Environ Hyg. 
2005;2:302–6.  

58.  UNITED STATES ENVIRONMENTAL PROTECTION AGENCY (EPA). Conducting a Human 
Health Risk Assessment [Internet]. 2018 [cited 2018 Jan 12]. Available 
from: https://www.epa.gov/risk/conducting-human-health-risk-assessment 

59.  OHLSON C-G, SVENSSON L. Prevention of allergy to acrylates and latex in dental 
personnel. Swed Dent J. 2002;26:141–7.  

60.  HASCHEK WM, ROUSSEAUX CG, WALLIG MA. Fundamentals of Toxicologic 
Pathology (Second edition). Elsevier; 2010. 7 p.  

61.  HODGSON E. A Textbook of Modern Toxicology, third edition. John Wiley & 
Sons; 2004. 77-110 p.  

62.  YOON M, CAMPBELL JL, ANDERSEN ME, CLEWELL HJ. Quantitative in vitro to in vivo 
extrapolation of cell-based toxicity assay results. Crit Rev Toxicol. 
2012;42:633–52.  

63.  ALSHALI RZ, SALIM N A., SUNG R, SATTERTHWAITE JD, SILIKAS N. Qualitative and 
quantitative characterization of monomers of uncured bulk-fill and 
conventional resin-composites using liquid chromatography/mass 
spectrometry. Dent Mater. 2015;31:711–20.  

64.  U.S. NATIONAL LIBRARY OF MEDICINE. Pubchem [Internet]. Available from: 
https://pubchem.ncbi.nlm.nih.gov/ 

65.  MÜLLER H, OLSSON S, SÖDERHOLM KJ. The effect of comonomer composition, 
silane heating, and filler type on aqueous TEGDMA leachability in model resin 
composites. Eur J Oral Sci. 1997;105:362–8.  

66.  RUEGGEBERG FA, CRAIG RG. Correlation of Parameters used to Estimate 
Monomer Conversion in a Light-cured Composite. J Dent Res. 1988;67:932–
7.  

67.  MUNKSGAARD EC, PEUTZFELDT A, ASMUSSEN E. Elution of TEGDMA and BisGMA 
from a resin and a resin composite cured with halogen or plasma light. Eur J 
Oral Sci. 2000;108:341–5.  

68.  ÖRTENGREN U, WELLENDORF H, KARLSSON S, RUYTER IE, REHABILITATION O, 
DENTISTRY P, SCIENCE DM, MATERIALS D. Water sorption and solubility of dental 
composites and identification of monomers released in an aqueous 
environment. J Oral Rehabil. 2001;28:1106–15.  

69.  MICHELSEN VB, KOPPERUD HBM, LYGRE GB, BJÖRKMAN L, JENSEN E, KLEVEN IS, 
SVAHN J, LYGRE H. Detection and quantification of monomers in unstimulated 
whole saliva after treatment with resin-based composite fillings in vivo. Eur 
J Oral Sci. 2012;120:89–95.  

70.  BØLLING AK, SAMUELSEN JT, MORISBAK E, ANSTEINSSON V, BECHER R, DAHL JE, 
MATHISEN GH. Dental monomers inhibit LPS-induced cytokine release from 
the macrophage cell line RAW264.7. Toxicol Lett. 2013;216:130–8.  

71.  HANKS CT, WATAHA JC, PARSELL RR, STRAWN SE, FAT JC. Permeability of 
biological and synthetic molecules through dentine. J Oral Rehabil. 



77 

1994;21:475–87.  
72.  MUNKSGAARD EC. Permeability of protective gloves by HEMA and TEGDMA in 

the presence of solvents. Acta Odontol Scand. 2000;58:57–62.  
73.  ANDREASSON H, BOMAN A, JOHNSSON S, KARLSSON S, BARREGÅRD L. On 

permeability of methyl methacrylate, 2-hydroxyethyl methacrylate and 
triethyleneglycol dimethacrylate through protective gloves in dentistry. Eur 
J Oral Sci. 2003;111:529–35.  

74.  BROCHU P, BOUCHARD M, HADDAD S. Physiological daily inhalation rates for 
health risk assessment in overweight/obese children, adults, and elderly. 
Risk Anal. 2014;34:567–82.  

75.  MARQUARDT W, SEISS M, HICKEL R, REICHL FX. Volatile methacrylates in dental 
practices. J Adhes Dent. 2009;11:101–7.  

76.  HENRIKS-ECKERMAN ML, ALANKO K, JOLANKI R, KEROSUO H, KANERVA L. Exposure 
to airborne methacrylates and natural rubber latex allergens in dental clinics. 
J Environ Monit. 2001;3:302–5.  

77.  VAN LANDUYT KL, YOSHIHARA K, GEEBELEN B, PEUMANS M, GODDERIS L, HOET P, VAN 
MEERBEEK B. Should we be concerned about composite (nano-)dust? Dent 
Mater. 2012;28:1162–70.  

78.  GEISER M, KREYLING WG. Deposition and biokinetics of inhaled nanoparticles. 
Part Fibre Toxicol. 2010;7:2.  

79.  SAUNI R, KAUPPI P, ALANKO K, HENRIKS-ECKERMAN ML, TUPPURAINEN M, HANNU T. 
Occupational asthma caused by sculptured nails containing methacrylates. 
Am J Ind Med. 2008;51:968–74.  

80.  ANDERSEN SL, RASTOGI SC, ANDERSEN KE. Occupational allergic contact 
dermatitis to hydroxyethyl methacrylate (2-HEMA) in a manicurist. Contact 
Dermatitis. 2009;61:48–50.  

81.  MSDS. Orly Gel FX Nail Lacquer - MATERIAL SAFETY DATA SHEET [Internet]. 
2011 [cited 2018 Jan 15]. Available from: 
http://www.universalcompanies.com/FetchFile.ashx?id=032023fd-f72c-
410f-9a85-3d2bf3fa4c32 

82.  LAZAROV  A. Sensitization to acrylates is a common adverse reaction to 
artificial fingernails. J Eur Acad Dermatology Venereol. 2007;21:169–74.  

83.  GEIER J, LESSMANN H, UTER W, SCHNUCH A. Are concomitant patch test reactions 
to epoxy resin and BIS-GMA indicative of cross-reactivity? Contact 
Dermatitis. 2007;57:376–80.  

84.  HEMMER PJRJW. Hypersensitivity from dental acrylates in a patient previously 
sensitized to artificial nails. Contact Dermatitis. 2005;114–22.  

85.  PESONEN M, KUULIALA O, HENRIKS-ECKERMAN ML, AALTO-KORTE K. Occupational 
allergic contact dermatitis caused by eyelash extension glues. Contact 
Dermatitis. 2012;67:307–8.  

86.  PIIRILÄ P, KANERVA L, KESKINEN H, ESTLANDER T, HYTÖNEN M, TUPPURAINEN M, 
NORDMAN H. Occupational respiratory hypersensitivity caused by preparations 
containing acrylates in dental personnel. Clin Exp Allergy. 1998;28:1404–
11.  

87.  SOOD A, TAYLOR JS. Allergic contact dermatitis from hearing aid materials. 
Dermat  contact, atopic, Occup drug. 2004;15:48–50.  

88.  ROTHMUND L, SHEHATA M, VAN LANDUYT KL, SCHWEIKL H, CARELL T, GEURTSEN W, 
HELLWIG E, HICKEL R, REICHL F-X, HÖGG C. Release and protein binding of 
components from resin based composites in native saliva and other 
extraction media. Dent Mater. 2015;31:496–504.  

89.  BOURBIA M, MA D, CVITKOVITCH DG, SANTERRE JP, FINER Y. Cariogenic bacteria 
degrade dental resin composites and adhesives. J Dent Res. 2013;92:989–



78 

94.  
90.  TECLES F, TVARIJONAVICIUTE A, DE TORRE C, CARRILLO JM, RUBIO M, GARCÍA M, 

CUGAT R, CERÓN JJ. Total esterase activity in human saliva: Validation of an 
automated assay, characterization and behaviour after physical stress. 
Scand J Clin Lab Invest. 2016;76:324–30.  

91.  AMERICAN CONFERENCE OF GOVERNMENTAL INDUSTRIAL HYGIENISTS. Particle Size-
Selective Sampling for Health-Related Aerosols. Air Sampling Procedures 
Committee. 1999.  

92.  EUROPEAN STANDARDIZATION COMMITTEE. Workplace Atmospheres - Size 
Fraction Definitions for Measurement of Airborne Particles. 1993;9.  

93.  SPAHL W, BUDZIKIEWICZ H. Qualitative analysis of dental resin composites by 
gas and liquid chromatography/mass spectrometry. J Anal Chem. 
1994;350:684–91.  

94.  HOFFAMNN E DE, STROOBANT V. Mass Spectrometry- Principles and Applications. 
John Wiley & Sons; 2007.  

95.  UNITED STATES ENVIRONMENTAL PROTECTION AGENCY (US EPA). Definition of risk 
[Internet]. Available from: https://www.epa.gov/risk/about-risk-
assessment 

96.  NATIONAL RESEARCH COUNCIL COMMITTEE ON TOXICITY TESTING AND ASSESSMENT OF 
ENVIRONMENTAL AGENTS. Toxicity testing in the 21st century: a vision and a 
strategy. The National Academies Press; 2007. 216 p.  

97.  HARTUNG T. Evolution of toxicological science: the need for change. Int J Risk 
Assess Manag. 2017;20:21.  

98.  FRAGA MF, BALLESTAR E, PAZ MF, ROPERO S, SETIEN F, BALLESTAR ML, HEINE-SUÑER 
D, CIGUDOSA JC, URIOSTE M, BENITEZ J, BOIX-CHORNET M, SANCHEZ-AGUILERA A, 
LING C, CARLSSON E, POULSEN P, VAAG A, STEPHAN Z, SPECTOR TD, WU Y-Z, PLASS 
C, ESTELLER M. Epigenetic differences arise during the lifetime of monozygotic 
twins. Proc Natl Acad Sci United States Am. 2005;102:10604–9.  

99.  HARTUNG T. Lessons learned from alternative methods and their validation for 
a new toxicology in the 21st century. J Toxicol Environ Health B Crit Rev. 
2010;13:277–90.  

100.  HASCHEK WM, WALLIG CGR, A. M. Fundumentals of Toxicology Pathology - 
Second Edition. 2010. 94 p.  

101.  HARTUNG T, ROVIDA C. Chemical regulators have overreached. Nature. 
2009;460:1080–1.  

102.  HARTUNG T. Evidence-based toxicology - the toolbox of validation for the 21st 
century? ALTEX. 2010;27:253–63.  

103.  RAUNIO H. In silico toxicology non-testing methods. Front Pharmacol. 
2011;2:1–8.  

104.  PATLEWICZ G, JELIAZKOVA N, SAFFORD RJ, WORTH AP, ALEKSIEV B. An evaluation 
of the implementation of the Cramer classification scheme in the Toxtree 
software. SAR QSAR Environ Res. 2008;19:495–524.  

105.  SZKLARCZYK D, FRANCESCHINI A, WYDER S, FORSLUND K, HELLER D, HUERTA-CEPAS 
J, SIMONOVIC M, ROTH A, SANTOS A, TSAFOU KP, KUHN M, BORK P, JENSEN LJ, VON 
MERING C. STRING v10: Protein-protein interaction networks, integrated over 
the tree of life. Nucleic Acids Res. 2015;43:D447–52.  

106.  BLAAUBOER BJ, BOEKELHEIDE K, CLEWELL HJ, DANESHIAN M, DINGEMANS MML, 
GOLDBERG AM, HENEWEER M, JAWORSKA J, KRAMER NI, LEIST M, SEIBERT H, TESTAI 
E, VANDEBRIEL RJ, YAGER JD, ZURLO J. t4 Workshop Report * The Use of 
Biomarkers of Toxicity for Integrating In Vitro Hazard Estimates Into Risk 
Assessment for Humans. ALTEX. 2012;29:411–25.  

107.  BROCKMEIER EK, HODGES G, HUTCHINSON TH, BUTLER E, HECKER M, TOLLEFSEN KE, 



79 

GARCIA-REYERO N, KILLE P, BECKER D, CHIPMAN K, COLBOURNE J, COLLETTE TW, 
COSSINS A, CRONIN M, GRAYSTOCK P, GUTSELL S, KNAPEN D, KATSIADAKI I, LANGE 
A, MARSHALL S, OWEN SF, PERKINS EJ, PLAISTOW S, SCHROEDER A, TAYLOR D, VIANT 
M, ANKLEY G, FALCIANI F. The Role of Omics in the Application of Adverse 
Outcome Pathways for Chemical Risk Assessment. Toxicol Sci. 
2017;158:252–62.  

108.  GEORGE J, SINGH R, MAHMOOD Z, SHUKLA Y. Toxicoproteomics: new paradigms 
in toxicology research. Toxicol Mech Methods. 2010;20:415–23.  

109.  HARTUNG T, MCBRIDE M. Food for Thought ... on mapping the human toxome. 
ALTEX. 2011;28:83–93.  

110.  RAMIREZ T, DANESHIAN M, KAMP H, BOIS FY, CLENCH MR, COEN M, DONLEY B, 
FISCHER SM, EKMAN DR, FABIAN E, GUILLOU C, HEUER J, HOGBERG HT, JUNGNICKEL 
H, KEUN HC, KRENNRICH G, KRUPP E, LUCH A, NOOR F, PETER E, RIEFKE B, SEYMOUR 
M, SKINNER N, SMIRNOVA L, VERHEIJ E, WAGNER S, HARTUNG T, VAN RAVENZWAAY 
B, LEIST M. Metabolomics in toxicology and preclinical research. ALTEX. 
2013;30:209–25.  

111.  RABILLOUD T, LESCUYER P. Proteomics in mechanistic toxicology: History, 
concepts, achievements, caveats, and potential. Proteomics. 
2014;15:1051–74.  

112.  VOGEL C, MARCOTTE EM. Insights into the regulation of protein abundance from 
proteomic and transcriptomic analyses. Nat Rev Genet. 2012;13:227–32.  

113.  ONG S-E. Stable Isotope Labeling by Amino Acids in Cell Culture, SILAC, as 
a Simple and Accurate Approach to Expression Proteomics. Mol Cell 
Proteomics. 2002;1:376–86.  

114.  PIECHURA H, OELJEKLAUS S, WARSCHEID B. SILAC for the study of mammalian 
cell lines and yeast protein complexes. Methods Mol Biol. 2012;893:201–21.  

115.  ONG SE, KRATCHMAROVA I, MANN M. Properties of 13C-substituted arginine in 
stable isotope labeling by amino acids in cell culture (SILAC). J Proteome 
Res. 2003;2:173–81.  

116.  CHANG H-H, GUO M-K, KASTEN FH, CHANG M-C, HUANG G-F, WANG Y-L, WANG R-
S, JENG J-H. Stimulation of glutathione depletion, ROS production and cell 
cycle arrest of dental pulp cells and gingival epithelial cells by HEMA. 
Biomaterials. 2005;26:745–53.  

117.  SAMUELSEN JT, DAHL JE, KARLSSON S, MORISBAK E, BECHER R. Apoptosis induced 
by the monomers HEMA and TEGDMA involves formation of ROS and 
differential activation of the MAP-kinases p38, JNK and ERK. Dent Mater. 
2005;23:34–9.  

118.  SPAGNUOLO G, D’ANTÒ V, VALLETTA R, STRISCIUGLIO C, SCHMALZ G, SCHWEIKL H, 
RENGO S. Effect of 2-Hydroxyethyl Methacrylate on Human Pulp Cell Survival 
Pathways ERK and AKT. J Endod. 2008;34:684–8.  

119.  NOCCA G, D’ANTÒ V, DESIDERIO C, ROSSETTI DV, VALLETTA R, BAQUALA AM, 
SCHWEIKL H, LUPI A, RENGO S, SPAGNUOLO G. N-acetyl cysteine directed 
detoxification of 2-hydroxyethyl methacrylate by adduct formation. 
Biomaterials. 2010;31:2508–16.  

120.  PAJARES M, JIMÉNEZ-MORENO N, DIAS IHK, DEBELEC B, VUCETIC M, FLADMARK KE, 
BASAGA H, RIBARIC S, MILISAV I, CUADRADO A. Redox control of protein 
degradation. Redox Biol. 2015;6:409–20.  

121.  TRACHOOTHAM D, LU W, OGASAWARA M A, NILSA R-DV, HUANG P. Redox regulation 
of cell survival. Antioxid.redox.signal. 2008;10:1343–74.  

122.  CIRCU ML, AW TY. Reactive oxygen species, cellular redox systems, and 
apoptosis. Free Radic Biol Med. 2010;48:749–62.  

123.  GENESTRA M. Oxyl radicals, redox-sensitive signalling cascades and 



80 

antioxidants. Cell Signal. 2007;19:1807–19.  
124.  KIRSCH M, DE GROOT H. NAD(P)H, a directly operating antioxidant? FASEB J. 

2001;15:1569–74.  
125.  GORRINI C, HARRIS IS, MAK TW. Modulation of oxidative stress as an anticancer 

strategy. Nat Rev Drug Discov. 2013;12:931–47.  
126.  KRIFKA S, HILLER KA, SPAGNUOLO G, JEWETT A, SCHMALZ G, SCHWEIKL H. The 

influence of glutathione on redox regulation by antioxidant proteins and 
apoptosis in macrophages exposed to 2-hydroxyethyl methacrylate (HEMA). 
Biomaterials. 2012;33:5177–86.  

127.  SCHWEIKL H, SPAGNUOLO G, SCHMALZ G. Genetic and Cellular Toxicology of 
Dental Resin Monomers. J Dent Res. 2006;85:870–7.  

128.  KRIFKA S, SPAGNUOLO G, SCHMALZ G, SCHWEIKL H. A review of adaptive 
mechanisms in cell responses towards oxidative stress caused by dental resin 
monomers. Vol. 34, Biomaterials. 2013.  

129.  MARTINS CA, LEYHAUSEN G, GEURTSEN W, VOLK J. Intracellular glutathione: a 
main factor in TEGDMA-induced cytotoxicity? Dent Mater. 2012;28:442–8.  

130.  STANISLAWSKI L, LEFEUVRE M, BOURD K, SOHEILI-MAJD E, GOLDBERG M, PÉRIANIN 
A. TEGDMA-induced toxicity in human fibroblasts is associated with early and 
drastic glutathione depletion with subsequent production of oxygen reactive 
species. J Biomed Mater Res A. 2003;66:476–82.  

131.  ESPINOSA-DIEZ C, MIGUEL V, MENNERICH D, KIETZMANN T, S??NCHEZ-P??REZ P, 
CADENAS S, LAMAS S. Antioxidant responses and cellular adjustments to 
oxidative stress. Redox Biol. 2015;6:183–97.  

132.  RUNCHEL C, MATSUZAWA A, ICHIJO H. Mitogen-activated protein kinases in 
mammalian oxidative stress responses. Antioxid Redox Signal. 
2011;15:205–18.  

133.  NODA M, WATAHA JC, LEWIS JB, KAGA M, LOCKWOOD PE, MESSER RLW, SANO H. 
Dental adhesive compounds alter glutathione levels but not glutathione 
redox balance in human THP-1 monocytic cells. J Biomed Mater Res Part B-
Applied Biomater. 2005;73B:308–14.  

134.  ENGELMANN J, LEYHAUSEN G, LEIBFRITZ D, GEURTSEN W. Effect of TEGDMA on the 
intracellular glutathione concentration of human gingival fibroblasts. J 
Biomed Mater Res. 2002;63:746–51.  

135.  VOLK J, LEYHAUSEN G, GEURTSEN W. Glutathione level and genotoxicity in 
human oral keratinocytes exposed to TEGDMA. J Biomed Mater Res B Appl 
Biomater. 2012;100:391–9.  

136.  BINDERMAN I, BAHAR H, ZELIGSON S, AMARIGLIO N, RECHAVI G, SHOHAM S, YAFFE 
A. TEGDMA modulates glutathione transferase P1 activity in gingival 
fibroblast. J Dent Res. 2007;83:914–9.  

137.  LEFEUVRE M, AMJAAD W, GOLDBERG M, STANISLAWSKI L. TEGDMA induces 
mitochondrial damage and oxidative stress in human gingival fibroblasts. 
Biomaterials. 2005;26:5130–7.  

138.  SCHWEIKL H, SCHMALZ G. Triethylene glycol dimethacrylate induces large 
deletions in the hprt gene of V79 cells. Mutat Res - Genet Toxicol Environ 
Mutagen. 1999;438:71–8.  

139.  WISNIEWSKA-JAROSINSKA M, POPLAWSKI T, CHOJNACKI CJ, PAWLOWSKA E, KRUPA R, 
SZCZEPANSKA J, BLASIAK J. Independent and combined cytotoxicity and 
genotoxicity of triethylene glycol dimethacrylate and urethane 
dimethacrylate. Mol Biol Rep. 2011;38:4603–11.  

140.  ANSTEINSSON V, SOLHAUG A, SAMUELSEN JT, HOLME JA, DAHL JE. DNA-damage, 
cell-cycle arrest and apoptosis induced in BEAS-2B cells by 2-hydroxyethyl 
methacrylate (HEMA). Mutat Res - Genet Toxicol Environ Mutagen. 



81 

2011;723:158–64.  
141.  KLEINSASSER NH, SCHMID K, SASSEN AW, HARRÉUS UA, STAUDENMAIER R, 

FOLWACZNY M, GLAS J, REICHL FX. Cytotoxic and genotoxic effects of resin 
monomers in human salivary gland tissue and lymphocytes as assessed by 
the single cell microgel electrophoresis (Comet) assay. Biomaterials. 
2006;27:1762–70.  

142.  URCAN E, SCHERTHAN H, STYLLOU M, HAERTEL U, HICKEL R, REICHL F-X. Induction 
of DNA double-strand breaks in primary gingival fibroblasts by exposure to 
dental resin composites. Biomaterials. 2010;31:2010–4.  

143.  GINZKEY C, ZINNITSCH S, STEUSSLOFF G, KOEHLER C, HACKENBERG S, HAGEN R, 
KLEINSASSER NH, FROELICH K. Assessment of HEMA and TEGDMA induced DNA 
damage by multiple genotoxicological endpoints in human lymphocytes. 
Dent Mater. 2015;31:865–76.  

144.  SCHWEIKL H, ALTMANNBERGER I, HANSER N, HILLER K-AA, BOLAY C, BROCKHOFF G, 
SPAGNUOLO G, GALLER K, SCHMALZ G. The effect of triethylene glycol 
dimethacrylate on the cell cycle of mammalian cells. Biomaterials. 
2005;26:4111–8.  

145.  VAN HOUTEN B, WOSHNER V, SANTOS JH. Role of mitochondrial DNA in toxic 
responses to oxidative stress. DNA Repair (Amst). 2006;5:145–52.  

146.  YAKES FM, VAN HOUTEN B. Mitochondrial DNA damage is more extensive and 
persists longer than nuclear DNA damage in human cells following oxidative 
stress. Proc Natl Acad Sci U S A. 1997;94:514–9.  

147.  GALLUZZI L, BRAVO-SAN PEDRO JM, VITALE I, AARONSON S A, ABRAMS JM, ADAM D, 
ALNEMRI ES, ALTUCCI L, … KROEMER G. Essential versus accessory aspects of 
cell death: recommendations of the NCCD 2015. Cell Death Differ. 
2015;22:58–73.  

148.  NODA M, WATAHA JC, LOCKWOOD PE, VOLKMANN KR, KAGA M, SANO H. Sublethal, 
2-week exposures of dental material components alter TNF-alpha secretion 
of THP-1 monocytes. Dent Mater. 2003;19:101–5.  

149.  ECKHARDT A, HARORLI T, LIMTANYAKUL J, HILLER KA, BOSL C, BOLAY C, REICHL FX, 
SCHMALZ G, SCHWEIKL H. Inhibition of cytokine and surface antigen expression 
in LPS-stimulated murine macrophages by triethylene glycol dimethacrylate. 
Biomaterials. 2009;30:1665–74.  

150.  LEE DH, KIM NR, LIM B-SS, LEE Y-KK, YANG H-CC. Effects of TEGDMA and HEMA 
on the expression of COX-2 and iNOS in cultured murine macrophage cells. 
Dent Mater. 2009;25:240–6.  

151.  GREGSON KS, TERRENCE O’NEILL J, PLATT JA, JACK WINDSOR L, O’NEILL JT, PLATT 
JA, WINDSOR LJ, TERRENCE O’NEILL J, PLATT JA, JACK WINDSOR L. In vitro 
induction of hydrolytic activity in human gingival and pulp fibroblasts by 
triethylene glycol dimethacrylate and monocyte chemotatic protein-1. Dent 
Mater. 2008;24:1461–7.  

152.  ABOUT I, CAMPS J, MITSIADIS TA, BOTTERO M-JJ, BUTLER W, FRANQUIN J-CC. 
Influence of resinous monomers on the differentiation in vitro of human pulp 
cells into odontoblasts. J Biomed Mater Res. 2002;63:418–23.  

153.  FALCONI M, ORTOLANI M, TETI G, ZAGO M, ORSINI G, SELAN L, MAZZOTTI G. 
Suppression of procollagen 1 type 1 by long-term low-dose exposure to 2-
hydroxyethylmethacrylate in human gingival fibroblasts in vitro. Int J 
Toxicol. 2010;29:523–31.  

154.  GALLER KM, SCHWEIKL H, HILLER K-AA, CAVENDER AC, BOLAY C, D’SOUZA RN, 
SCHMALZ G. TEGDMA Reduces Mineralization in Dental Pulp Cells. J Dent Res. 
2011;90:257–62.  

155.  BAKOPOULOU A, LEYHAUSEN G, VOLK J, TSIFTSOGLOU A, GAREFIS P, KOIDIS P, 



82 

GEURTSEN W. Effects of HEMA and TEDGMA on the in vitro odontogenic 
differentiation potential of human pulp stem/progenitor cells derived from 
deciduous teeth. Dent Mater. 2011;27:608–17.  

156.  HARTUNG T. Food for thought; Look back in anger - What clinical studies tell 
us about preclinical work. ALTEX. 2013;30:275–91.  

157.  HARTUNG T, BALLS M, BARDOUILLE C, BLANCK O, COECKE S, GSTRAUNTHALER G, 
LEWIS D. Good Cell Culture Practice. ECVAM Good Cell Culture Practice Task 
Force Report 1. Altern Lab Anim. 2002;30:407–14.  

158.  KROEMER G, GALLUZZI L, VANDENABEELE P, ABRAMS J, ALNEMRI ES, BAEHRECKE EH, 
BLAGOSKLONNY M V, EL-DEIRY WS, GOLSTEIN P, GREEN DR, HENGARTNER M, KNIGHT 
RA, KUMAR S, LIPTON SA, MALORNI W, NUÑEZ G, PETER ME, TSCHOPP J, YUAN J, 
PIACENTINI M, ZHIVOTOVSKY B, MELINO G. Classification of cell death: 
recommendations of the Nomenclature Committee on Cell Death. Cell Death 
Differ. 2005;16:3–11.  

159.  GALLUZZI L, VITALE I, ABRAMS JM, ALNEMRI ES, BAEHRECKE EH, BLAGOSKLONNY M 
V, DAWSON TM, DAWSON VL, EL-DEIRY WS, FULDA S, GOTTLIEB E, GREEN DR, 
HENGARTNER MO, KEPP O, KNIGHT RA, KUMAR S, LIPTON SA, LU X, MADEO F, 
MALORNI W, MEHLEN P, NUÑEZ G, PETER ME, PIACENTINI M, RUBINSZTEIN DC, SHI 
Y, SIMON H-U, VANDENABEELE P, WHITE E, YUAN J, ZHIVOTOVSKY B, MELINO G, 
KROEMER G. Molecular definitions of cell death subroutines: recommendations 
of the Nomenclature Committee on Cell Death 2012. Cell Death Differ. 
2012;19:107–20.  

160.  FRESHNEY RI. Culture of Animal cells, sixth edition. Hoboken: John Wiley & 
Sons; 2013. 365-381. Chapter: 21 p.  

161.  WEYERMANN J, LOCHMANN D, ZIMMER A. A practical note on the use of 
cytotoxicity assays. Int J Pharm. 2005;288:369–76.  

162.  BROWNE SM, AL-RUBEAI M. Defining viability in mammalian cell cultures. 
Biotechnol Lett. 2011;33:1745–9.  

163.  KROEMER G, GALLUZZI L, VANDENABEELE P, ABRAMS J, ALNEMRI ES, BAEHRECKE EH, 
BLAGOSKLONNY M V, EL-DEIRY WS, GOLSTEIN P, GREEN DR, HENGARTNER M, KNIGHT 
RA, KUMAR S, LIPTON SA, MALORNI W, NUÑEZ G, PETER ME, TSCHOPP J, YUAN J, 
PIACENTINI M, ZHIVOTOVSKY B, MELINO G. Classification of Cell Death. Cell Death 
Differ. 2009;16:3–11.  

164.  GU M, SEIBERT H, MO S, GÜLDEN M, MÖRCHEL S. Factors influencing nominal 
effective concentrations of chemical compounds in vitro: cell concentration. 
Toxicol In Vitro. 2001;15:233–43.  

165.  GROOTHUIS FA, HERINGA MB, NICOL B, HERMENS JLM, BLAAUBOER BJ, KRAMER NI. 
Dose metric considerations in in vitro assays to improve quantitative in vitro-
in vivo dose extrapolations. Toxicology. 2013;332:30–40.  

166.  NOCCA G, D’ANTÒ V, RIVIECCIO V, SCHWEIKL H, AMATO M, RENGO S, LUPI A, 
SPAGNUOLO G, ANT VD. Effects of ethanol and dimethyl sulfoxide on solubility 
and cytotoxicity of the resin monomer triethylene glycol dimethacrylate. J 
Biomed Mater Res - Part B Appl Biomater. 2012;100 B:1500–6.  

167.  NOTMAN R, NORO M, O’MALLEY B, ANWAR J. Molecular basis for dimethylsulfoxide 
(DMSO) action on lipid membranes. J Am Chem Soc. 2006;128:13982–3.  

168.  NODA M, WATAHA JC, LOCKWOOD PE, VOLKMANN KR, KAGA M, SANO H. Low-dose, 
long-term exposures of dental material components alter human monocyte 
metabolism. J Biomed Mater Res. 2002;62:237–43.  

169.  KUHLMANN I. The prophylactic use of antibiotics in cell culture. Kluwer Acad. 
1995;19:95–105.  

170.  COECKE S, BALLS M, BOWE G, DAVIS J, GSTRAUNTHALER G, HARTUNG T, HAY R, 
MERTEN O-W, PRICE A, SCHECHTMAN L, STACEY G, STOKES W. Guidance on good 



83 

cell culture practice. a report of the second ECVAM task force on good cell 
culture practice. Altern Lab Anim. 2005;33:261–87.  

171.  GRAY JS, BIRMINGHAM JM, FENTON JI. Got black swimming dots in your cell 
culture? Identification of Achromobacter as a novel cell culture contaminant. 
2011;38:273–7.  

172.  ARMSTRONG SE, MARIANO J A., LUNDIN DJ. The scope of mycoplasma 
contamination within the biopharmaceutical industry. Biologicals. 
2010;38:211–3.  

173.  ROLINSON GN, SUTHERLAND R. The Binding of Antibiotics To Serum 
Proteins. Br J Pharmacol Chemother. 1965;25:638–50.  

174.  DREXLER HG, UPHOFF CC. Mycoplasma contamination of cell cultures: 
Incidence, sources, effects, detection, elimination, prevention. 
Cytotechnology. 2002;39:75–90.  

175.  ROTTEM S, BARILE MF. Beware of mycoplasmas. Trends Biotechnol. 
1993;11:143–51.  

176.  OLARERIN-GEORGE AO, HOGENESCH JB. Assessing the prevalence of 
mycoplasma contamination in cell culture via a survey of NCBI’s RNA-seq 
archive. Nucleic Acids Res. 2014;43:2535–42.  

177.  GILLET J-P, VARMA S, GOTTESMAN MM. The clinical relevance of cancer cell lines. 
J Natl Cancer Inst. 2013;105:452–8.  

178.  ROCKWELL S. In vivo-in vitro tumour cell lines: characteristics and limitations 
as models for human cancer. Br J Cancer Suppl. 1980;4:118–22.  

179.  ANADÓN A, MARTÍNEZ MA, CASTELLANO V, MARTÍNEZ-LARRAÑAGA MR. The role of 
in vitro methods as alternatives to animals in toxicity testing. Expert Opin 
Drug Metab Toxicol. 2014;10:67–79.  

180.  COX J, MANN M. MaxQuant enables high peptide identification rates, 
individualized p.p.b.-range mass accuracies and proteome-wide protein 
quantification. Nat Biotechnol. 2008;26:1367–72.  

181.  ANDERSON JM, MILLER KM. Biomaterial biocompatibility and the macrophage. 
Biomater Silver Jubil Compend. 1984;5:21–6.  

182.  TSUCHIYA S, YAMABE M, YAMAGUCHI Y, KOBAYASHI Y, KONNO T, TADA K. 
Establishment and characterization of a human acute monocytic leukemia 
cell line (THP-1). Int J cancer. 1980;26:171–6.  

183.  CHANPUT W, MES JJ, WICHERS HJ. THP-1 cell line: An in vitro cell model for 
immune modulation approach. Int Immunopharmacol. 2014;23:37–45.  

184.  SUGIMOTO K, TOYOSHIMA H, SAKAI R, MIYAGAWA K, HAGIWARA K, ISHIKAWA F, 
TAKAKU F, YAZAKI Y, HIRAI H. Frequent mutations in the p53 gene in human 
myeloid leukemia cell lines. Blood. 1992;79:2378–83.  

185.  HEIL TL, VOLKMANN KR, WATAHA JC, LOCKWOOD PE. Human peripheral blood 
monocytes versus THP-1 monocytes for in vitro biocompatibility testing of 
dental material components. J Oral Rehabil. 2002;29:401–7.  

186.  PROMEGA. RealTime-GloTM MT Cell Viability Assay [Internet]. [cited 2018 Jan 
15]. Available from: https://no.promega.com/products/cell-health-
assays/cell-viability-and-cytotoxicity-assays/realtime_glo-mt-cell-viability-
assay/?catNum=G9711 

187.  LÜ L, ZHANG L, WAI MSM, YEW DTW, XU J. Exocytosis of MTT formazan could 
exacerbate cell injury. Toxicol Vitr. 2012;26:636–44.  

188.  LI Z-L, ZHOU S-F. A SILAC-Based Approach Elicits the Proteomic Responses 
to Vancomycin-Associated Nephrotoxicity in Human Proximal Tubule 
Epithelial HK-2 Cells. Molecules. 2016;21:148.  

189.  KALAYOU S, HAMRE AG, NDOSSI D, CONNOLLY L, SØRLIE M, ROPSTAD E, VERHAEGEN 
S. Using SILAC proteomics to investigate the effect of the mycotoxin, 



84 

alternariol, in the human H295R steroidogenesis model. Cell Biol Toxicol. 
2014;30:361–76.  

190.  PAN ST, ZHOU ZW, HE ZX, ZHANG X, YANG T, YANG YX, WANG D, QIU JX, ZHOU SF. 
Proteomic response to 5 , 6-dimethylxanthenone 4-acetic acid ( DMXAA , 
vadimezan ) in human non- small cell lung cancer A549 cells determined by 
the stable-isotope labeling by amino acids in cell culture ( SILAC ) approach. 
Drug Des Devel Ther. 2015;9:937–68.  

191.  LÖßNER C, WARNKEN U, PSCHERER A, SCHNÖLZER M. Preventing arginine-to-
proline conversion in a cell-line-independent manner during cell cultivation 
under stable isotope labeling by amino acids in cell culture (SILAC) 
conditions. Anal Biochem. 2011;412:123–5.  

192.  KITO K, ITO T. Mass Spectrometry-Based Approaches Toward Absolute 
Quantitative Proteomics. Curr Genomics. 2008;9:263–74.  

193.  OECKINGHAUS A, GHOSH S. The NF-kappaB family of transcription factors and 
its regulation. Cold Spring Harb Perspect Biol. 2009;1:1–14.  

194.  CARBON S, DIETZE H, LEWIS SE, MUNGALL CJ, MUNOZ-TORRES MC, BASU S, 
CHISHOLM RL, DODSON RJ, … WESTERFIELD M. Expansion of the gene ontology 
knowledgebase and resources: The gene ontology consortium. Nucleic Acids 
Res. 2017;45:D331–8.  

195.  CONSORTIUM TGO. Gene ontologie: Tool for the unification of biology. Nat 
Genet. 2000;25:25–9.  

196.  CORNELIO RB, KOPPERUD HM, HAASUM J, GEDDE U, ÖRTENGREN U. Mould 
materials’ influence on degree of conversion of dental resins. Dent Mater. 
2010;26:e23.  

197.  PRICE RBT, LABRIE D, RUEGGEBERG F A, SULLIVAN B, KOSTYLEV I, FAHEY J. 
Correlation between the beam profile from a curing light and the 
microhardness of four resins. Dent Mater. 2014;30:1345–57.  

198.  PRICE RBT, LABRIE D, RUEGGEBERG F A, FELIX CM. Irradiance differences in the 
violet (405 nm) and blue (460 nm) spectral ranges among dental light-curing 
units. J Esthet Restor Dent. 2010;22:363–77.  

199.  ANUSAVICE KJ, SHEN C, RAWLS HR. Phillips science of dental materials 12th 
edition. 2012. 332 p.  

200.  AMERICAN COLLEGE OF TOXICOLOGY. Final Report on the Safety Assessment of 
BHT 1. Int J Toxicol. 2002;21:19–94.  

201.  POLYDOROU O, KÖNIG A, HELLWIG E, KÜMMERER K. Uthethane dimethacrylate: A 
molecule that may cause confusion in dental research. J Biomed Mater Res - 
Part B Appl Biomater. 2009;91:1–4.  

202.  REICHL FX, SIMON S, ESTERS M, SEISS M, KEHE K, KLEINSASSER N, HICKEL R. 
Cytotoxicity of dental composite (co)monomers and the amalgam 
component Hg2+ in human gingival fibroblasts. Arch Toxicol. 2006;80:465–
72.  

203.  MURRAY KK, BOYD RK, EBERLIN MN, LANGLEY GJ, LI L, NAITO Y. Definitions of 
terms relating to mass spectrometry (IUPAC Recommendations 2013). Pure 
Appl Chem. 2013;85:1515–609.  

204.  WATAHA JC, RUEGGEBERG F A, LAPP C A, LEWIS JB, LOCKWOOD PE, ERGLE JW, 
METTENBURG DJ. In vitro cytotoxicity of resin-containing restorative materials 
after aging in artificial saliva. Clin Oral Investig. 1999;3:144–9.  

205.  KLEENSANG A, MAERTENS A, ROSENBERG M, FITZPATRICK S, LAMB J, AUERBACH S, 
BRENNAN R, CROFTON KM, GORDON B, FORNACE AJ, GAIDO K, GERHOLD D, HAW R, 
HENNEY A, MA’AYAN A, MCBRIDE M, MONTI S, OCHS MF, PANDEY A, SHARAN R, 
STIERUM R, TUGENDREICH S, WILLETT C, WITTWEHR C, XIA J, PATTON GW, ARVIDSON 
K, BOUHIFD M, HOGBERG HT, LUECHTEFELD T, SMIRNOVA L, ZHAO L, ADELEYE Y, 



85 

KANEHISA M, CARMICHAEL P, ANDERSEN ME, HARTUNG T. t4 workshop report: 
Pathways of Toxicity. ALTEX. 2014;31:53–61.  

206.  GOZZELINO R, JENEY V, SOARES MP. Mechanisms of Cell Protection by Heme 
Oxygenase-1. Annu Rev Pharmacol Toxicol. 2010;50:323–54.  

207.  SAVAS S, BOTSALI MS, KUCUKYILMAZ E, SARI T. Evaluation of temperature 
changes in the pulp chamber during polymerization of light-cured pulp-
capping materials by using a VALO LED light curing unit at different curing 
distances. Dent Mater J. 2014;33:764–9.  

208.  JEANNEAU C, LAURENT P, ROMBOUTS C, GIRAUD T, ABOUT I. Light-cured Tricalcium 
Silicate Toxicity to the Dental Pulp. J Endod. 2017;43.  

209.  CAMILLERI J. Hydration characteristics of Biodentine and Theracal used as pulp 
capping materials. Dent Mater. 2014;30:709–15.  

210.  CAMILLERI J, LAURENT P, ABOUT I. Hydration of Biodentine, Theracal LC, and a 
Prototype Tricalcium Silicate-based Dentin Replacement Material after Pulp 
Capping in Entire Tooth Cultures. J Endod. 2014;40:1846–54.  

211.  SABRAMANIAM P, KONDE S, PRASHANTH P. An in vitro evaluation of pH variations 
in calcium hydroxide liners. J Indian Soc Pedod Prev Dent. 2006;24:144–5.  

212.  MATHIAS CG, MAIBACH HI. Allergic contact dermatitis from anaerobic acrylic 
sealants. Arch Dermatol. 1984;120:1202–5.  

213.  FEDERAL REGISTER (US). TheraCal LC Safety Data Sheet. 2016;77:1–6.  
214.  CHILD PL. TheraCal LC - Over 5 million restorations later: Are you getting the 

most of it? Bisco. 2015;77:1–6.  
215.  SCHMALZ G, DORTHE A-B. Biocompatibility of Dental Materials. Springer Berlin 

Heidelberg; 2009. 47 p.  
216.  DARMANI H, AL-HIYASAT AS, MILHEM MM. Cytotoxicity of dental composites and 

their leached components. Quintessence Int. 2007;38:789–95.  
217.  SMIRNOVA L, HARRIS G, LEIST M, HARTUNG T. Food for thought... Cellular 

resilience. ALTEX. 2015;32:247–60.  
218.  KIM JH, SHERMAN ME, CURRIERO FC, GUENGERICH FP, STRICKLAND PT, SUTTER TR. 

Expression of cytochromes P450 1A1 and 1B1 in human lung from smokers, 
non-smokers, and ex-smokers. Toxicol Appl Pharmacol. 2004;199:210–9.  

219.  GALLORINI M, PETZEL C, BOLAY C, HILLER KA, CATALDI A, BUCHALLA W, KRIFKA S, 
SCHWEIKL H. Activation of the Nrf2-regulated antioxidant cell response 
inhibits HEMA-induced oxidative stress and supports cell viability. 
Biomaterials. 2015;56:114–28.  

220.  MENEGON S, COLUMBANO A, GIORDANO S. The Dual Roles of NRF2 in Cancer. 
Trends Mol Med. 2016;22:578–93.  

221.  SPORN MB, LIBY KT. NRF2 and cancer: the good, the bad and the importance 
of context. Nat Rev Cancer. 2012;12:564–71.  

222.  WANG D, MA Y, YANG X, XU X, ZHAO Y, ZHU Z, WANG X, DENG H, LI C, GAO F, TONG 
J, YAMANAKA K, AN Y. Hypermethylation of the Keap1 gene inactivates its 
function, promotes Nrf2 nuclear accumulation, and is involved in arsenite-
induced human keratinocyte transformation. Free Radic Biol Med. 
2015;89:209–19.  
 
 



Appendixes



87
 

 

Re
d 

tex
t =

 si
gn

ific
an

t v
alu

e 
(B

en
jam

ini
–H

oc
hb

er
g 

pr
oc

ed
ur

e 
wi

th 
a 

fal
se

 d
isc

ov
er

y r
ate

 (F
DR

) o
f 0

.05
). 

Gr
ee

n 
co

lor
: p

ro
tei

n 
re

gu
lat

ed
 in

 a
t le

as
t o

ne
 o

f t
he

 tr
ea

tm
en

t g
ro

up
s. 

Va
lue

s a
re

 Lo
g2

 (a
 nu

mb
er

 of
 1 

re
pr

es
en

t a
 tw

o-
fol

d c
ha

ng
e i

n e
xp

re
ss

ion
 co

mp
ar

ed
 to

 co
ntr

ol)
. N

aN
 =

 pr
ote

in 
no

t d
ete

cte
d i

n s
am

ple
. 

 
 



88
  

Re
d t

ex
t =

 si
gn

ific
an

t v
alu

e (
Be

nja
mi

ni–
Ho

ch
be

rg
 pr

oc
ed

ur
e w

ith
 a 

FD
R 

of 
0.0

5)
. G

re
en

 co
lor

: p
ro

tei
n r

eg
ula

ted
 in

 at
 le

as
t o

ne
 of

 th
e t

re
atm

en
t g

ro
up

s. 
Va

lue
s a

re
 Lo

g2
 (a

 nu
mb

er
 of

 1 
re

pr
es

en
t a

 tw
o-

fol
d c

ha
ng

e i
n e

xp
re

ss
ion

 co
mp

ar
ed

 to
 co

ntr
ol)

. N
aN

 =
 pr

ote
in 

no
t d

ete
cte

d i
n s

am
ple

.



89
 

 

Th
e t

em
pe

ra
tur

e o
f th

e i
mm

er
sio

n m
ed

ium
s a

pp
ea

rs 
to 

inf
lue

nc
e t

he
 ap

pe
ar

an
ce

 of
 th

e m
ed

ium
s a

fte
r 7

 da
ys

. T
he

 sa
mp

les
 st

or
e a

t lo
we

r t
em

pe
ra

tur
es

 (1
,2)

 se
em

 to
 ha

ve
 m

or
e 

pa
rtic

les
 th

an
 th

e s
am

ple
 st

or
ed

 at
 55

 °C
 (3

). 
Th

is 
mi

gh
t p

ar
tly

 be
 ex

pla
ine

d b
y t

he
 fa

ct 
tha

t c
alc

ium
 hy

dr
ox

ide
 in

sid
e C

alc
im

ol 
LC

 is
 m

or
e s

olu
ble

 at
 lo

we
r t

em
pe

ra
tur

es
. 



90
 

 

Th
e 

tem
pe

ra
tur

e 
of 

the
 im

me
rsi

on
 m

ed
ium

 a
pp

ea
rs 

to 
inf

lue
nc

e 
the

 a
mo

un
t o

f le
ac

ha
ble

s i
n 

the
 m

ed
ium

s a
fte

r 7
 d

ay
s. 

In 
the

 sa
mp

les
 st

or
ed

 a
t lo

we
r t

em
pe

ra
tur

es
 (t

he
 tw

o 
low

er
 ch

ro
ma

tog
ra

ms
), h

igh
er

 am
ou

nts
 of

 TE
GD

MA
 (1

6.6
5)

 an
d H

EM
A 

(7
.09

) in
 re

lat
ion

 to
 in

ter
na

l s
tan

da
rd

 (1
4.8

0)
 w

er
e d

ete
cte

d t
ha

n i
n t

he
 sa

mp
le 

sto
re

d a
t 5

5 °
C 

(u
pp

er
mo

st 
ch

ro
ma

tog
ra

m)
. T

his
 ob

se
rva

tio
n m

igh
t p

ar
tly

 be
 ex

pla
ine

d b
y t

he
 re

lea
se

 of
 ca

lci
um

 hy
dr

ox
ide

 fr
om

 C
alc

im
ol 

LC
 sa

mp
les

 (a
pp

en
dix

 2a
), 

an
d t

he
 su

bs
eq

ue
nt 

inc
re

as
ed

 m
ob

ilit
y 

of 
lea

ch
ab

les
. 


	Thesis BWN - 30.01.2018 - til appendix
	Skilleark - Appendixes
	Thesis BWN appendix - 30.01.2018

