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A B S T R A C T

Dental resin systems have been in use for several decades. (Meth)acrylic monomers are an important part of the
matrix system and are either based on BPA while others lack the BPA core. The degree of conversion during
restoration is in general between 50–70 % allowing leaching from unreacted monomers to the oral cavity where
they can be taken up through the pulp or gastrointestinal tract after ingestion with subsequent hepatic meta-
bolism. This study identified the in vitro Phase I and Phase II metabolism of the dental resin monomers BisGMA,
UDMA, BisPMA and TCD-DI-HEA, using human liver microsomes (HLM) and human liver cytosols. During Phase
I incubation with HLM, the (meth)acrylic acid in the monomers was rapidly removed followed by oxidative and
hydroxylation pathways. For BisPMA an O-dealkylation pathway occurred resulting in the formation of BPA. The
carbamates present in TCD-DI-HEA and UDMA were resistant to biotransformation reactions. Phase II bio-
transformation products were only observed for BisPMA and included conjugation reactions with sulphate and
glucuronic acid. In total 4, 3, 12 and 3 biotransformation products were identified in this study for BisGMA,
UDMA, BisPMA and TCD-DI-HEA respectively. Possible human health effects of these biotransformation pro-
ducts remain unclear due to limited data availability.

1. Introduction

Dental resins systems have been in use for dental restorations for
several decades (Forss and Widström, 2001; Khalaf et al., 2014;
Sunnegardh-Gronberg et al., 2009) and have gained an even higher
market share after the Minamata convention and the encouragement of
the World Health Organization (WHO) for a global phase-down of
dental amalgam (Lynch and Wilson, 2013; United Nations Environment
Programme, 2013; World Health Organisation, 2011). Next to inorganic
fillers, the resin matrix consists of (meth)acrylic monomers which can
be self-cured, light-cured or a combination of both techniques. Com-
monly used monomers are either based on bisphenol A (BPA), such as
Bisphenol A glycidyl methacrylate (BisGMA) and Bisphenol A di-
methacrylate (BisDMA). Others lack the BPA backbone and include
triethylene glycol dimethacrylate (TEGDMA) and urethane dimetha-
crylate (UDMA). As with the amalgam systems, the safety of the resin

monomer systems is also under investigation (Söderholm and Mariotti,
1999). BPA, serving as a backbone for several monomers, has been
widely studied and is a known endocrine disrupting compound (EDC)
with estrogenic effects (Maffini et al., 2006; Rochester, 2013; Rubin,
2011). Next to BPA, several studies have investigated the effects of the
dental monomers. Estrogenic effects have been reported for BisDMA,
but not for BisGMA (Bonefeld-Jørgensen et al., 2007; Olea et al., 1996;
Tarumi et al., 2000). However, high doses of BisGMA were associated
with an increased uterine wet weight and uterine collagen content in
ovariectomized mice as well as a reduced fertility in male mice (Al-
Hiyasat and Darmani, 2006; Mariotti et al., 1998).

Upon restoration, the degree of conversion (DC) is in general be-
tween 50–70 % allowing leaching of remaining monomers from the
polymer matrix to the oral cavity where they can migrate through the
dentine to the pulp, resulting in a systemic uptake (Lempel et al., 2014;
Pongprueksa et al., 2015). Secondly, monomers can be ingested by the
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patient with subsequent hepatic metabolism after an uptake through
the gastrointestinal tract (Gupta et al., 2012; Reichl et al., 2008; Van
Landuyt et al., 2011).

Next to the effects of the parent molecules, (hydroxylated) meta-
bolites can interfere with hormone action in tissues where they are
generated or interact with hormone receptors in a tissue-specific
manner (Zoeller et al., 2012). Burmaster et al and Kostoryz et al have
previously investigated the in vitro stability, metabolism and bio-
compatibility of BisGMA. BisGMA was stable in vitro in aqueous con-
ditions but rat plasma rapidly hydrolysed the BisGMA ester monomer to
the tetrahydroxy metabolite (Burmaster et al., 2002). 90% of initial
BisGMA disappeared after 10min of incubation in hepatic S9 fractions
and the tetrahydroxy metabolite bisphenol A bis(2,3-dihydroxypropyl)
ether was identified. No other metabolites nor BPA were detected
(Kostoryz et al., 2003). The smaller methacrylates used in dental resins
2-hydroxyethyl methacrylate (HEMA) and triethyleneglycol dimetha-
crylate (TEGDMA), have been previously investigated in an in vivo
setting using guinea pigs or mice and have identified metabolic path-
ways with CO2 as end product to be the main excretion of these
monomers (Durner et al., 2009; Reichl et al., 2001, 2002).

So far BisDMA is the only known monomer to metabolize to BPA as
this can rapidly occur by exposure to esterases (Burmaster et al., 2002)
but this monomer is no longer commonly used. Kostoryz et al incubated
BisGMA in liver S9 fractions but the authors reported this did not led to
the formation of BPA (Kostoryz et al., 2003). Higher levels of BPA de-
tected in saliva and urine after dental restorations thus originate from
residual BPA present in the materials upon production (Joskow et al.,
2006; Kingman et al., 2012; Kloukos et al., 2013; Maserejian et al.,
2016; McKinney et al., 2014).

The present study aimed to identify Phase I and Phase II in vitro
biotransformation products of BisGMA, 2,2-bis-(4-(3-methacrylox-
ypropoxy)phenyl)propane (BisPMA), Bis-(acryloyloxymethyl)tricyclo
[5.2.1.0.sup.2,6] decane (TCD-DI-HEA) and UDMA in order to propose
potential, reliable and specific biomarkers for the detection in biomo-
nitoring studies after dental restorations with dental materials con-
taining these monomers. A recent study investigated the use of mono-
mers in composite resins and found BisGMA and UDMA in 75% and
52% of investigated resins (Dursun et al., 2016). BisPMA and TCD-DI-
HEA are less used proprietary alternatives.

The monomers were incubated with human liver microsomes
(HLMs), human liver cytosols (HLCYTs) and appropriate cofactors to
simulate the biotransformation reactions. Identification and elucidation
of the biotransformation products formed in the in vitro assay was
performed by analysing the samples using liquid chromatography
coupled to accurate-mass quadrupole-time-of-flight mass spectrometry
(LC-QTOF-MS) with a subsequent suspect screening data analysis
workflow.

The present study focused on microsomal phase I metabolism and
glucuronidation as well as sulfation by cytosolic enzymes. Pooled
human liver microsomes (HLMs) are a suitable source of enzymes for
examining in vitro human metabolism as they contain the major drug-
metabolizing enzymes: the cytochrome P450 s (CYPs) and UDP-glu-
curonosyltransferases (UGTs) (Brandon et al., 2003; Fisher et al., 2000;
Knights et al., 2016; Richter et al., 2017a). They are a cheap, quick and
easy option for elucidating potential targets for toxicological screening
(Hewitt et al., 2001; Richter et al., 2017b). Complementary to HLMs,
human liver cytosol (HLCYT) contains sulfotransferase (SULT) and can
be used to study in vitro sulfation reactions.

2. Materials and methods

2.1. Chemicals and reagents

HLMs (mixed gender, n= 50) were acquired from Tebu-Bio
(Boechout, BE). HLCYT (mixed gender, n= 150), theophylline

(anhydrous,> 99%), 2,5-uridinediphosphate glucuronic acid
(UDPGA), adenosine-3′-phosphate 5′-phosphosulfate (PAPS,> 60%)
lithium salt hydrate, alamethicin (neat,> 98%), dimethyl sulfoxide
(DMSO), 4-nitrophenol (4-NP) and the analytical standard of BPA were
obtained from Sigma-Aldrich (Missouri, US). NADPH tetrasodium salt
hydrate (> 96%) was purchased from Acros (Geel, BE). Acetonitrile
(ACN, HPLC-grade) and methanol (MeOH, ≥ 99.9% LC–MS grade)
were acquired from Fisher Chemical (Loughborough, GB), formic acid
(> 98%) and hydrochloric acid (37%) from Merck KGaA (Darmstadt,
DE). A 100mM TRIS-buffer was prepared by dissolving 12.11 g Trizma
base (Janssen Chimica, Beerse, BE) and 1.02 g MgCl2 (Merck KGaA,
Darmstadt, DE) in 1 L ultrapure water. The pH was adjusted to 7.4 by
adding 1M HCl solution. Ultra-pure water was produced in-house with
a PURELAB-purifier system of Elga Labwater (Tienen, BE). UDMA (CAS
72869-86-4) and BisGMA (CAS 1565-94-2) were received from Esstech
Inc (Essington, PA, United States). TCD-DI-HEA (CAS 861437-11-8) was
kindly provided by Heraeus Kulzer Benelux (Hanau, Germany). BisPMA
was provided by 3M (Seefeld, Germany).

2.2. In vitro metabolism assay metabolism assay

This study employed the in vitro assay optimized and used in pre-
vious studies (Ballesteros-Gomez et al., 2015; Erratico et al., 2016; Lai
et al., 2015; Negreira et al., 2015; Vervliet et al., 2018b). An overview
of the experimental setup can be found in the Supporting Information
(Figure SI-1). All tested sample sets contained three replicates.

2.2.1. Phase I incubations
Phase I biotransformation products were generated using pooled

HLMs. A reaction mixture containing 945 μL of TRIS-buffer (pH 7.4,
100mM), 25 μL of HLMs (20mg/mL in 250mM sucrose in water) and
10 μL of monomer stock solution (0.5mM in MeOH) was incubated in a
1.5 mL Eppendorf tube at 37 °C. 10 μL of NADPH (0.1M in TRIS-buffer)
was added after 5, 60 and 120min to replenish NADPH levels. During
incubation the total volume of organic solvent did not exceed 1% in
order to avoid any effects on the microsomal activity (Jia and Liu,
2007). Three negative control samples (without parent compound,
HLMs or NADPH) were prepared in parallel. The reaction was stopped
after one or three hours by the addition of 250 μL ice-cold ACN con-
taining 1% formic acid (phase I experiments) or by putting the samples
on ice for 3min (samples for further phase II experiments). The internal
standard, theophylline, was prepared in the ice-cold ACN with 1%
formic acid at 5 μg/mL. A positive control for phase I experiments was
included by incubating 10 μL phenacetin (5 μg/mL in ultrapure water).
The formation of two phase I biotransformation products - N-(4-hy-
droxyphenyl)-acetamide (P1) and N-(4-ethoxy-2-hydroxyphenyl)-acet-
amide (P2) was monitored.

2.2.2. Phase II incubations
Following the phase I experiments, samples were exposed to phase

II conjugation through glucuronidation (GLU) and sulfation (SUL). For
the GLU samples, 935 μL of the supernatant originating from the phase I
samples was incubated with 25 μL of HLMs and 10 μL of alamethicin
(1mg/mL in DMSO). 10 μL of UDPGA (100mM in TRIS-buffer) was
added after 5, 60 and 120min. SUL samples consisted of a mixture of
965 μL supernatant and 25 μL cytosol (20mg/mL in buffer containing
150mM potassium chloride and 50mM Tris, pH 7.5, with 2mM EDTA),
with addition of 10 μL PAPs (10mM in TRIS-buffer) after 5, 60 and
120min of incubation. Negative control samples were prepared by
omitting the tested monomer or the cofactor (UDPGA and PAPs) in
order to exclude false-positive results. A positive control was included
by incubating 4-NP (10 μL of 10mM in TRIS-buffer) and monitoring the
formation of 4-NP glucuronide and 4-NP sulphate. Reactions were
stopped as described above for the phase I incubations.

All samples were centrifuged for 5min at 8000 rpm (5900 g). The
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supernatant was transferred to a clean glass tube, evaporated under
nitrogen at 38 °C, and reconstituted in 200 μL of a 10% (v/v) ACN in
ultrapure water solution for LC-QTOF-MS analysis.

2.3. LC-QTOF-MS analytical method

Extracts were analysed using an Agilent 1290 Infinity UPLC hy-
phenated to an Agilent 6530 QTOF (Agilent, Santa Clara, USA).
Chromatographic separation was performed on an Agilent Poroshell
EC-C18 column (100 x 3.0mm; 2.7 μm particle size, Agilent, Santa
Clara, USA) using a mobile phase composed of ultra-pure water with
1mM ammonium fluoride (A) and methanol with 1mM ammonium
fluoride (B) with a flow of 0.4mL/min. The injection volume was 5 μL.
All samples were analysed in positive and negative ionization mode.
The eluent was directed to the waste during the first minute of each run
to protect the ion source from extensive contamination. For the analysis
different gradients were used for the investigated monomers in order to
have a maximal separation of possible metabolites. An overview of the
gradients can be found in Table 1. The column temperature was kept
constant at 40 °C.

The QTOF-MS instrument was operated in the 2 GHz (extended
dynamic range) mode, providing a Full Width at Half Maximum
(FWHM) resolution of approximately 5100 at m/z 118.0862 and 10,000
at m/z 922.0098. The ions m/z 121.0508 and 922.0097 for positive
mode and m/z 119.0363 and 940.0009 for negative mode were selected
for constant recalibration throughout the chromatographic run to en-
sure high mass accuracy. The eluting compounds were ionized using
Agilent Jet-Stream electrospray ionization in both positive and negative
ionization mode. Drying gas temperature and flow were at 325 °C and
8 L/min, respectively. The sheath gas temperature was 325 °C at a flow
of 11 L/min. Nebulizer pressure was set at 40 psig. Capillary, nozzle and
fragmentor voltages were at 3500 V, 0 V and 125 V, respectively. The
acquisition parameters were set for a m/z range from 80 to 1000 at a
scan rate of 5 scans/s and 6.67 scans/s for MS and MS/MS spectra,
respectively. Collision energies were applied at 10 and 30 V. Signals
were detected using a data-dependent acquisition method. An active
exclusion of 0.15min was applied to prevent repetitive acquisition of
MS/MS spectra for the same ion. All data were stored in centroid mode
and exported for analysis.

2.4. Workflows and data analysis

This study employed a suspect screening workflow for processing
the acquired in vitro data based on an in-house developed workflow,
which has been published previously. (Mortele et al., 2018; Negreira
et al., 2015, 2016) First, a list of possible biotransformation products
was generated using the Meteor Nexus (v2.1, Lhasa Limited, Leeds, UK)
software. For Phase I metabolism, all redox and non-redox bio-
transformations were selected. For Phase II metabolism, O- and N-glu-
curonidation, O- and N-sulfation, acetylation and conjugation with
amino acids were selected. The metabolite prediction was processed
with human CYP enzymes, the maximum depth set on 3 and the max-
imum number of biotransformation products set at 1000. The generated

list of possible biotransformation products with the molecular formula,
exact mass, structure and related enzyme for the corresponding meta-
bolism was stored as a csv-database. Furthermore, the list of com-
pounds in the database was augmented with structural information of
possible metabolites predicted by hand but not by Meteor Nexus.

Identification of the biotransformation products was based on the
accurate mass and isotopic profile obtained in the MS mode and on the
fragmentation pattern of product ions and their accurate mass, with the
following criteria: (a) a maximal mass variation of± 15 ppm between
the measured and theoretical parent ions; (b) a maximal mass variation
of± 25 ppm for product ions; (c) the measured isotope pattern matched
with the predicted ones with an isotope abundance score of at least 70;
(d) the identified biotransformation products were not present in any of
the negative control samples; and (e) the detected biotransformation
products were present in at least two out of three replicates.

3. Results and discussion

3.1. Experimental quality controls

As described in our previous study, phenacetin and 4-NP were used
as positive control compounds for Phase I and Phase II respectively, to
ensure the performance of the experimental setup. (Mortele et al.,
2018) MS and MS/MS spectra of the identified biotransformation pro-
ducts were found as expected and are shown in the supporting in-
formation (Figures SI-2 to SI-6).

3.2. Detection of parent monomers

BisGMA was detected in positive ionization mode ([M+NH4]+: m/
z 530.2766; [M+Na]+: m/z 535.2328). Figure SI-7 shows the MS/MS
spectrum and fragmentation pattern of BisGMA. Loss of water from the
protonated molecule led to the formation of a product ion at m/z
495.2395. The neutral loss of methacrylic acid from BisGMA leads to
the product ion at m/z 427.2046. Further loss of the 1-phenoxypropan-
2-ol moiety led to product ion at m/z 277.1391. Product ions m/z
143.0704 and m/z 69.0333 are related to the methacrylic acid moiety
of the monomer.

BisPMA was detected in positive ionization mode ([M+NH4]+: m/
z 498.2863; [M+Na]+: m/z 503.2417). Figure SI-8 shows the MS/MS
spectrum and fragmentation pattern of BisPMA. BisPMA is structurally
related to BisGMA, lacking only an oxygen atom on the 3-methacry-
loxypropoxy)phenyl moiety compared to BisGMA. As a result, fragment
ions related to this moiety (m/z 261.1463, 175.1099 and 127.0740)
have an m/z difference of 16 Da compared to the MS/MS spectrum of
BisGMA. As with BisGMA, the product ion m/z 69.0332 is specific for
the methacrylic group.

TCD-DI-HEA was detected in positive ionization mode ([M+H]+:
m/z 479.2381; [M+NH4]+: m/z 496.2658; [M+Na]+: m/z
501.2207). Due to its structure three isomers could be identified for
TCD-DI-HEA at a retention time of 14.31, 14.90 and 15.04min. Figure
SI-9 shows the MS/MS spectrum and fragmentation pattern of TCD-DI-
HEA. Loss of an acrylic acid moiety from TCD-DI-HEA led to the for-
mation of the product ion with m/z 407.2142. Further loss of an ethoxy
moiety led to the product ion at m/z 363.1866. Subsequent loss of
C3H4O2 led to the formation of the product ion at m/z 291.1677. The
product ions at m/z 99.0427 and 55.0178 are related to the acrylic acid
functional group of the monomer. The difference of 14 Da of m/z
55.0178 to the other monomers can be explained by the absence of a
methyl entity when comparing with the methacrylic acid moiety on the
other monomers.

UDMA was detected in positive ionization mode ([M+H]+: m/z
471.2718; [M+NH4]+: m/z 488.2979; [M+Na]+: m/z 493.2541).
Figure SI-10 shows the MS/MS spectrum and fragmentation pattern of
UDMA. The loss of 86.0355 Da from the protonated molecule corre-
sponds to the loss of the methacrylic acid moiety. Further loss of an

Table 1
Percentage organic mobile phase (%B) used for the LC-QTOF-MS/MS analysis
of the samples of the different in vitro metabolism experiments.

Time (min) BisGMA / BisPMA UDMA TCD-DI-HEA

0 15 15 5
1 15 15 5
15 95 85 85
15.1 95 95 95
18 95 95 95
18.1 15 15 5
24 15 15 5
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ethoxy group led to the product ion at m/z 341.2046. A subsequent
neutral loss of C4H6O2, originating from the remaining methacrylic acid
moiety, resulted in the product ion at m/z 255.1692. The product ions
at m/z 113.0600 and 69.0348 are related to the methacrylic acid
moiety of UDMA. Both are 14 Da higher than the corresponding frag-
ments of TCD-DI-HEA due to the presence of the extra methyl when
compared to the acrylic acid of TCD-DI-HEA.

3.3. Phase I biotransformation products

An overview of all identified in vitro biotransformation products can
be found in Table 2. Acquired MS/MS spectra can be found in the
Supporting Information (Figures SI-11 to SI-27).

3.3.1. BisGMA
Figure presents an overview of the elucidated potential metabolic

pathway. The parent molecule could only be detected in the negative
control samples of the phase I incubation where no HLM was added. In
the same sample, a monomethacrylate of BisGMA (BisGMA-M1) could
also be detected. Earlier work showed this is an impurity related to the
production of BisGMA (Vervliet et al., 2018a).

When incubated in HLM BisGMA was rapidly metabolized to the
tetrahydroxy metabolite bisphenol A bis(2,3-dihydroxypropyl)ether
(BisGMA-M2), a biotransformation product previously described by
Kostoryz et al (Kostoryz et al., 2003). Two chromatographically sepa-
rated peaks could be observed for this compound suggesting the pre-
sence of two different structural isomers (BisGMA-M2A & BisGMA-
M2B). However, we could not further elucidate the molecular structures
based on the MS/MS spectra.

BisGMA-M2 was also identified in the negative control samples
where NAPDH was absent, showing that the biotransformation pathway
of BisGMA-M2 is NADPH-independent. In addition, the degradation of
bisphenol A diglycidyl ether (BADGE) in an aqueous environment leads
to the formation of this biotransformation product (Lane et al., 2015).
Therefore, this biotransformation product and all biotransformation
products originating from BisGMA-M2 are no unique biomarker for
human exposure to BisGMA.

Further hydroxylation of BisGMA-M2 led to the formation of
BisGMA-M3. The product ion at m/z 225.1092 differs 16 Da from the
209.1189 product ion of BisGMA-M2A confirming the extra oxygen on
this part of the molecule. Loss of water leads to the formation of the
product ion atm/z 207.0983. Ramanathan et al and Holcapek et al have
demonstrated that the loss of water from analytes in LCeMS/MS is not
favoured when the hydroxylation occurred on phenyl groups (Holcapek
et al., 2010; Ramanathan et al., 2000). Presence of the product ion m/z
207.0983 thus suggests a hydroxylation either on one of the central
methyl groups or the dihydroxypropyl moiety. The product ions with

m/z 165.0506 and 135.0414 had a predicted formula of respectively
C9H9O3+ and C8H7O2+ resulting in the postulated structures and thus
suggesting the hydroxylation to occur on the dihydroxypropyl moiety.

The carboxylic acid biotransformation product (BisGMA-M4), ori-
ginating from further oxidation of BisGMA-M2 eluted after 9.83min
and was detected as the deprotonated ion in ESI-. Loss of the 2-hy-
droxypropanoic acid moiety led to the product ion with m/z 301.1418.
Further loss of the dihydroxypropyl moiety led to the product ion atm/z
227.1069 (Fig. 1)

3.3.2. BisPMA
Fig. 2 presents an overview of the elucidated potential metabolic

pathway. Unlike with BisGMA, no monomethacrylate could be detected
in the negative control samples, indicating this was not present as an
impurity from production.

Incubation of BisPMA with HLM led to a NADPH-independent for-
mation of the dihydroxy biotransformation product by the hydrolysis of
the ester functions linking the methacrylate groups (BisPMA-M1). The
characteristic ions for the related to the methacrylic acid moiety (m/z
69.0332, 127.0740 and 261.1463) were not present in the spectra of
BisPMA-M1, indicating the absence of this functional group. For the
product ion at m/z 193.1231 a formula of C12H17O2+ was predicted,
confirming the absence of the methacrylic acid moiety and allowing a
confirmation of level 3 according to Schymanski et al (Schymanski
et al., 2014).

Further hydroxylation of BisPMA-M1 led to the monocarboxylic
acid BisPMA-M2 and the dicarboxylic acid BisPMA-M3. BisPMA-M2
and BisPMA-M3 shared the product ion 227.1067, confirming their BPA
core. Loss of a propanoic acid moiety led to product ion m/z 285.1491
in BisPMA-M2 and 299.1276 in BisPMA-M3. The difference of 14 Da is
explained by the different functional group on the remaining propoxy
moiety.

An O-dealkylation of BisPMA-M1 led to the biotransformation
product BisPMA-M4. A second O-dealkylation formed the bio-
transformation product BisPMA-M6 (BPA). The product ions m/z
227.1077 and 211.0767 confirmed the presence of the BPA core. The
product ion m/z 267.1971 originates from the loss of water from the
precursor ion. For BisPMA-M6 no MS/MS spectra could be acquired due
to the lower intensity of the signal. It could still be confirmed at level 1
according to Schymanski et al due to the matching retention time and
isotopic pattern with the analytical reference standard.

BisPMA-M4 was further oxidated to form the carboxylic acid
BisPMA-M5. The absence of fragment ion m/z 267.1971 confirms the
modification of the hydroxyl moiety resulting in the absence of loss of
water. The other product ions confirmed the BPA-core of BisPMA-M5.

BisPMA-M7 was formed through the hydroxylation of BisPMA-M4.
Further oxidation of BisPMA-M7 led to the carboxylic acid BisPMA-M8.

Fig. 1. Elucidated metabolic pathway of the in vitro biotransformation of BisGMA.
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However, for both biotransformation products no MS/MS spectra could
be acquired to raise their level of confirmation.

3.3.3. UDMA
Fig. 3 presents an overview of the elucidated potential metabolic

pathway. UDMA and its monomethacrylate transformation product
UDMA-M1 were only detected in the negative control samples where no
HLMs were added. Incubation of UDMA with HLMs led to the rapid
formation of the biotransformation product UDMA-M2. UDMA-M2 is
the results of a ester hydrolysis reaction where both methacrylate
moieties are removed from UDMA. The absence of the product ions
related to the methacrylic acid moiety present in the spectra of UDMA
with m/z 69.0342, 113.0600 and 131.0701 aided in the confirmation of

this biotransformation product. The product ion with m/z 317.2075
was formed through the loss of water from the parent ion. Further loss
of C2H4O led to the product ion at m/z 273.1815.

Further oxidation of UDMA-M2 formed the aldehyde UDMA-M3,
which eluted after 9.08min. The isotopic pattern match and the pre-
sence of different adducts allowed a confirmation of level 4 according
to Schymanski et al, as no MS/MS spectra could be acquired
(Schymanski et al., 2014).

Although (non-specific) esterases quickly hydrolysed the ester
bonds of the methacrylic acid moieties, the carbamates present in
UDMA did not appear to be subjected to biotransformation reactions as
no related biotransformation products could be identified using our
suspect screening approaches.

Fig. 2. Elucidated metabolic pathway of the in vitro biotransformation of BisPMA.

Fig. 3. Elucidated metabolic pathway of the in vitro biotransformation of UDMA.
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3.3.4. TCD-DI-HEA
Fig. 4 presents an overview of the elucidated potential metabolic

pathway. In the negative control sample where no HLM was present,
three isomers of the monoacrylate transformation product TCD-DI-
HEA-M1 eluted after 13.08, 13.85 and 14.01min. For all isomers, the
product ions at m/z 55.0189, 99.0447 and 117.0550 confirmed the
presence of the remaining acrylate moiety. The product ions 407.2197
and 291.1731 were also observed with TCD-DI-HEA and confirmed,
next to the other product ions, the transformation product. Incubating
TCD-DI-HEA with HLMs resulted in a complete NAPDH-independent
formation of the biotransformation product TCD-DI-HEA-M2. This
could be confirmed by the absence of the product ions with m/z
55.0189, 99.0447 and 117.0550 and the presence of product ions
161.1308, 204.1370 and 309.1789 related to the core structure of TCD-
DI-HEA. The loss of water from the precursor ion and the product ion
with m/z 309.1789 led respectively to the product ions 353.2052 and
291.1692. Further oxidation of one of the hydroxyls led to the aldehyde
biotransformation product TCD-DI-HEA-M3 which could be confirmed
by the product ions 264.1584 and 307.1643. No further oxidative
biotransformation products (e.g. carboxylic acid) were identified.

3.4. Phase II biotransformation products

The main drug metabolizing enzymes for Phase II biotransformation
reactions include UDP-glucuronosyltransferases (UGTs), sulfo-
transferases (SULTs) and N-acetyltransferases (NATs) (Jancova et al.,
2010). UGTs and NATs were present in the HLMs and SULTs were
present in the HLCYTs used in this study. The formation of p-ni-
trophenyl-glucuronide and p-nitrophenyl-sulphate proved the cap-
ability of our experimental assay to form these conjugates, as was the
case in previous experiments using this experimental setup (Mortele
et al., 2018; Vervliet et al., 2018b).

During Phase II reactions, BisPMA-M1 was conjugated with glu-
curonic acid or sulphate to form respectively BisPMA-M9 and BisPMA-
M10. The common fragments at m/z 285.1480, 227.1060 and 211.0748
confirmed their shared origin. BisPMA-M9 could be further confirmed
with product ion m/z 401.1965 and 501.2066. BisPMA-M10 could be
further confirmed with the product ions m/z 136.9911 and 96.9592
which are related to the sulphate moiety.

BisPMA-M4 was conjugated with sulphate and formed BisPMA-
M11. Loss of the sulphate moiety led to the product ion at m/z
285.1451, which confirms the origin of BisPMA-M4. The product ions
227.1035 and 211.0739 are also shared with BisPMA-M4. The product
ion at 79.9568 originates from the sulphate moiety and confirms its
presence in BisPMA-M11.

BisPMA-M5 was conjugated with sulphate during Phase II reactions
to form BisPMA-M12. However, no MS/MS spectra could be acquired
for BisPMA-M12 to raise the level of confirmation.

However, besides for BisPMA no Phase II conjugation bio-
transformation products could be detected for any of the tested resin
monomers. Meteor Nexus only predicted conjugation reactions with
glutathione for the dental resin monomers after Phase I reactions.
Although glutathione S-transferase (GST) was present in the cytosolic
fractions, these conjugates could not be formed in our assay as the
necessary cofactor was not present. Secondly, possible acetyl conjugates
could not be formed as the necessary cofactor (acetyl CoA) was not
added during the experiment and thus not available for the NATs pre-
sent in the used subcellular fractions.

As enzymatic cleavage is an often-used technique for sample pre-
paration in both forensic and environmental urine analysis (Bastiaensen
et al., 2018; Geens et al., 2009; Maurer, 2007; Silva et al., 2004; Xue
et al., 2015), the Phase I biotransformation products identified in this
study can be a possible target for biomonitoring studies after dental
restorations.

3.5. Time trends of the Phase I biotransformation products

Fig. 5 shows the time trends of the phase I biotransformation pro-
ducts. For each biotransformation product, the relative area was cal-
culated by dividing the area by the area of the internal standard
theophylline and the average per group was plotted. The control group
consists of samples where HLM and substrate were added but no
NADPH was added. Parent compound and the mono(meth)acrylate
impurity were not plotted for all tested compounds as they were not
detected in any of these three groups.

For all substrates, the secondary biotransformation products
(BisGMA-M3, BisPMA-M2 to BisPMA-M7, TCD-DI-HEA-M3 and UDMA-
M3) show an increase over time confirming them as possible targets for
biomonitoring studies. Table 3 summarises the formation of the dif-
ferent biotransformation products and their possible application as
biomarker.

3.6. Toxicity of biotransformation products

Although liver metabolism serves as a detoxification mechanism,
biotransformation products can still interfere with hormones in the
tissues where they are generated (Zoeller et al., 2012). The effects of
BPA, identified as a biotransformation product of BisPMA, have been
widely studied and reviewed, with its potential estrogenic, anti-an-
drogenic and thyroid activity being evidenced (Howdeshell et al., 1999;

Fig. 4. Elucidated metabolic pathway of the in vitro biotransformation of TCD-DI-HEA.
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Fig. 5. Time Trends Phase I biotransformation products. For each biotransformation product the average relative area is calculated by dividing the area of the
biotransformation product by the area of the area of the internal standard theophylline. Per group results are averaged and standard deviations are shown.

Table 3
Overview of the different biotransformation products. For each biotransformation product the possibility to be used as a unique biomarker is marked, as well as the
different biotransformation reactions resulting in the specific product.

Phase I biotransformation reactions Phase II conjugations

Biotransformation
product

Possible biomarker (Meth)acrylic acid ester hydrolysis Hydroxylation O-dealkylation Oxidation Glucuronic acid Sulphate

BisGMA M1 X
M2 X
M3 X X
M4 X X

BisPMA M1 X
M2 X X X
M3 X X X
M4 X X X
M5 X X X X
M6 X X
M7 X X X
M8 X X X X
M9 X X
M10 X X
M11 X X X
M12 X X X X

TCD-DI-HEA M1 X
M2 X
M3 X X X

UDMA M1 X
M2 X
M3 X X X
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Kuiper et al., 1998; Vandenberg et al., 2009). Although BPA was only
identified in BisPMA, several studies report higher salivary and urinary
concentrations of BPA after routine use of dental materials (Kloukos
et al., 2013). However, previous studies may have overestimated BPA
exposure from dental treatments either due to analytical interference
due to co-elution of compounds or by using ELISA which may over-
estimate BPA concentrations in biological samples (Chapin et al.,
2008). It thus remains unclear how much BPA is released during and
after dental treatment.

For BisGMA-M2 (also known as BADGE.2H2O), limited data exists
on adverse effects. BADGE.2H2O increased the expression of Nur77
mRNA and protein as well as the promotor activity and transactivation
of Nur77 in mouse testicular Leydig cells, suggesting a disruption of
testicular steroidogenesis (Ahn et al., 2008). Estrogenic and androgenic
activities have been tested for BisGMA and BisGMA-M2. Whereas
BisGMA exerted a weak anti-estrogenic activity, the hydrolysed product
BisGMA-M2 had no (anti)estrogenic or (anti)androgenic activity (Fic
et al., 2014).

Other biotransformation products identified in our study have not
been studied and their effects on the human body remain unknown.
Due to its structural resemblance to BisGMA, BisPMA and its metabo-
lites might exert equal effects as BisGMA in the human body and needs
to be investigated. In addition, a recent study by Karrer et al suggests
glucuronide conjugates may not be devoid of pharmacological activity,
although previous reviews described the Phase II conjugation of BPA as
detoxification reactions (Goodman et al., 2009; Karrer et al., 2018).

4. Conclusions

Incubating dental monomers with HLMs leads to a complete hy-
drolysis of the ester groups linking the (meth)acrylates to the core of the
monomer, without the need for NADPH.

After hydrolysis, oxidative pathways transformed a hydroxyl group
to an aldehyde for UDMA and TCD-DI-HEA. For BisGMA, the de-
methacrylated biotransformation product was further metabolized to a
hydroxylated and a carboxylic acid biotransformation product.
Although it structurally resembles to BisGMA, BisPMA was the most
extensively metabolized dental monomer with 12 identified bio-
transformation products. The secondary products were formed through
oxidative and hydroxylation pathways, followed by conjugation with
glucuronic acid and sulphate. For the other monomers no Phase II
conjugates could be identified. The monomers in this study lacking the
BPA-core (UDMA and TCD-DI-HEA) had carbamate functions which
appeared to be resistant to biotransformation reactions as no corre-
sponding biotransformation products were observed. Except for
BisGMA, possible biomarkers for detection in biomonitoring studies
have been identified for the tested monomers.
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