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Objective. 2-Hydroxyethyl methacrylate (HEMA) is a component of many  resin-modified

materials and elutes from dental restorations into the oral cavity. Objective of our investiga-

tion  was to determine the impact of HEMA on oral keratinocytes (OKF6/TERT2) and gingival

fibroblasts (HGFs) in a newly established 3D co-culture model (3D-CCM) and to analyze the

permeability of OKF6/TERT2 cells for HEMA.

Methods. Well-characterized 3D-CCMs, consisting of confluent OKF6/TERT2 cells on cell cul-

ture  inserts above HGF-containing collagen gels, were treated supra-epithelial with HEMA.

Mass spectrometry was used to measure the supra- and sub-epithelial distribution of HEMA

after  24 h. The impact of HEMA on nuclear factor erythroid 2-related factor 2 (Nrf2) target

genes  was measured by qRT-PCR and western blot analysis.

Results. Mass spectrometry showed that HEMA was evenly distributed above and below the

keratinocyte layer after 24 h. Analyzed target genes of Nrf2 were induced in both cell types on

the  mRNA-level but less pronounced in HGFs. On the protein-level, both cell types showed

similar effects: At 5 mM HEMA, heme oxygenase-1 was induced 5.1-fold in OKF6/TERT2

cells and 4.1-fold in HGFs. NAD(P)H quinone dehydrogenase-1 was approximately induced

1.85-fold in both cell types.

Significance. Our 3D-CCM is suitable to analyze the biocompatibility of dental materials due

to  an improved simulation of the oral mucosa compared to monolayer cultures. Our results
indicate that HEMA is able to penetrate a dense layer of keratinocytes and to activate the

cellular oxidative defense response. This may be due to the activation of the Nrf2-pathway

in  both cell types.
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.  Introduction

esin-based restorative materials are widely used in den-
istry. Resin-modified materials are based on a radical chain
olymerization of monomers, for example methacrylates like
-hydroxethyl methacrylate (HEMA), which is triggered by
nitiators. Several studies have shown that unpolymerized

onomers elute from the resinous matrix into the oral cav-
ty [1,2]. To our knowledge, no studies exist that quantified
he concentration of eluted HEMA in vivo. However, a meta-
nalysis of data derived from in vitro studies showed that
.3 nmol of HEMA might elute per mm3 of restoration in
ater-based solutions within the first 24 h [3]. These data

ndicate that HEMA concentrations might reach the single-
igit mM range, for instance, when the restoration is located
nderneath the gingiva or placed after a direct pulp-capping
rocedure [4]. Incomplete curing could increase the concen-
ration further.

Cytotoxic and molecular effects of HEMA have been stud-
ed in monolayers of different cell types [5,6]. HEMA causes
arious effects like the reduction of proliferation, modulation
f the immune response caused by pathogens, or the induc-
ion of micronuclei [7–9]. These reactions have been linked to
he generation of oxidative stress, which may be caused by the
epletion of intracellular glutathione (GSH) by the formation
f HEMA-GSH adducts [10–12]. One of the main mechanisms
f cells to maintain redox homeostasis is the nuclear factor
rythroid 2-related factor 2 (Nrf2) dependent signaling path-
ay. Nrf2 is constitutively expressed and directly degraded in

he cytoplasm. When oxidative stress occurs, Nrf2 is stabilized
nd translocated to the nucleus where it activates the tran-
cription of corresponding genes [13]. Additionally, it has been
escribed that the Nrf2 promoter itself has two Nrf2-binding
ites, potentially to enhance its own expression by a positive
eedback loop [14,15]. Target genes of Nrf2 are, for example,
eme oxygenase 1 (HO-1), NAD(P)H quinone dehydrogenase 1

NQO1), superoxide dismutase 1 (SOD1), and glutathione per-
xidase 4 (GPx4), which either directly or indirectly detoxify
eactive oxygen/nitrogen species (ROS/RNS) [16–20].

Studies that analyzed the molecular effects of HEMA on
ifferent cell types used monolayer cultures. However, mono-

ayer cultures have limitations when it comes to the in-depth
nalysis of molecular mechanisms and their clinical rel-
vance. Cells grown in monolayer cultures differ in their
orphology and physiology due to the lack of spatial adhesion

omains and the stiffness of glass or plastic surfaces [21–23].
his leads to alterations of parameters like cell migration,
ell proliferation, cell differentiation and the basal transcrip-
ome between cells grown in monolayer cultures and cells
rown in a three-dimensional (3D) environment [24–27]. Addi-
ionally, it has been shown that responses of cells grown in
D cultures are more  similar to the in vivo situation com-
ared to cells grown in monolayer cultures [28,29]. Another
otential limitation of conventional monolayer cultures is due
o the lack of interactions with other cell types compared
o the in vivo setting. For instance, the co-culture of fibrob-

asts and keratinocytes has been studied to understand the
nteraction between both cell types especially during the pro-
ess of wound healing. It has been shown that the balance
 0 1 9 ) 1214–1226 1215

of matrix metallopeptidases (MMPs) and corresponding tis-
sue inhibitors of metalloproteinases (TIMPs) dependents on
the interaction between both cell types and differs between
cell monolayers and co-cultures [30,31]. The regulation of cell
migration, differentiation and proliferation of keratinocytes
and fibroblasts is also regulated by complex networks of sig-
naling molecules and paracrine growth factor loops between
both cell types [32,33].

In recent years, studies have been carried out with co-
culture models that incorporate 3D matrices to improve the
simulation of the natural mucosa in vitro. In those models, ker-
atinocytes were directly seeded on 3D scaffolds (like collagen)
either without fibroblasts [34] or with fibroblasts embedded
in 3D matrices to generate organotypic models of the oral
mucosa [35,36]. These models have been used mainly to study
host-pathogen interactions [37,38]. In 1997, Schmalz et al. ana-
lyzed the effect of metals used in dentistry on cell survival and
prostaglandin E2 release in commercial 3D cell culture models
[39]. But to our knowledge, the molecular interactions of com-
posite resins regarding the regulation of genes and proteins
from different cells from the oral mucosa have not yet been
analyzed in 3D co-culture models.

The aim of our study was to analyze the effect of HEMA
on the expression of mRNA  and protein of genes related to
the oxidative stress defense in a 3D co-culture model, which
mimics the oral mucosa. For that, we  established a co-culture
model with human oral keratinocytes and collagen-embedded
gingival fibroblasts of the mucosa. Both cell types were sepa-
rated by a porous membrane to allow paracrine interactions
between the two cell types and to allow for a separate sam-
pling of keratinocytes and fibroblasts (Fig. 1a). We  aimed to
investigate whether (1) HEMA induces key enzymes of the cel-
lular oxidative stress defense system by real time PCR and
western blotting, (2) HEMA passes the in vitro endothelial
barrier of oral keratinocytes using gas chromatography–mass
spectrometry (GC/MS) and if (3) HEMA exerts similar effects
on cells grown in our 3D co-culture model in comparison to
cells from monolayer cultures.

2.  Material  and  methods

2.1.  Cell  cultures

Cell cultures of human gingival fibroblasts (HGFs) were grown
from a biopsy of the gingiva of permanent molars of a healthy
patient. The tissue donor was informed and we  obtained con-
sent according to the guidelines of the Institutional Review
Board. HGFs were cultivated in Dulbecco’s modified Eagle’s
medium with 4.5 g/L glucose, 25 mM 2-[4-(2-hydroxyethyl)-1-
piperazinyl] ethane sulfonic acid (HEPES), 4 mM l-glutamine,
3.7 g/L NaHCO3, 100 U/mL penicillin, 100 �g/mL streptomycin
and 2.5 �g/mL amphotericin B, supplemented with 10% fetal
bovine serum (FBS, all from Biochrom KG, Berlin, Germany)
at 37 ◦C and 10% CO2 in a humidified atmosphere. Cells

were supplied with fresh medium three times a week. HGFs
were detached by trypsin/ethylenediaminetetraacetic acid
(EDTA, 0.25% trypsin, 0.02% EDTA; GIBCO/Invitrogen, Darm-
stadt, Germany) and seeded in new culture flasks when the

https://doi.org/10.1016/j.dental.2019.05.006
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Fig. 1 – Characterization of the 3D co-culture model. (a) Schematic image of the 3D co-culture model (Red = growth medium).
(b) LY retention by OKF6/TERT2 cells grown on cell culture inserts over a period of 14 d. The relative amount of LY that
passed the membrane was calculated relative to the equilibrium concentration. (c) Cell numbers of HGFs grown in collagen
gels. Two different concentrations of HGFs were seeded in collagen gels (indicated at 0 d). The quantity of HGFs per gel was
measured following a collagenase digestion at three time points. (d) Contraction of HGF-containing collagen gels. The area
of collagen gels was measured during pre-cultivation of cells and before the 3D co-culture systems were  assembled. The
area is shown in relation to the area of a well of 6-well plates (Y-axis). The column at the day of seeding (0 d) is capped at
20% for a clear view. (b), (c), (d) means ± SD from three independent replicates are shown. (For interpretation of the

ed to
references to colour in this figure legend, the reader is referr

confluency reached about 90%. HGFs from passages six or
seven were used to set up the 3D culture in collagen gels.

The immortalized oral keratinocyte cell line OKF6/TERT2
was provided by Dr. J. Rheinwald (Havard University) [40].
OKF6/TERT2 cells were cultured in serum-free medium
(ker-sfm) supplemented with 25 �g/mL bovine pituitary
extract (BPE), 0.2 ng/mL epidermal growth factor (EGF, all
from GIBCO/Invitrogen, Darmstadt, Germany), 0.3 mM CaCl2,
100 U/mL penicillin, 100 �g/mL streptomycin and 2.5 �g/mL
amphotericin B. For passaging, OKF6/TERT2 cells were
detached by trypsin/EDTA solution (0.125% trypsin, 0.01%
EDTA). Inactivation of trypsin was achieved by adding 1
volume of Dulbecco’s modified Eagle medium/Ham’s F-12
medium (DMEM/F-12, Biochrom KG, Berlin, Germany) supple-
mented with 10% FBS. OKF6/TERT2 cells for experiments were
grown in medium with a higher nutrient concentration when

a confluency of about 30% was reached (HD-ker): 1:1 mixture
of DMEM/F-12 and ker-sfm supplemented with 25 �g/mL BPE,
0.2 ng/mL EGF, 0.2 mM CaCl2, 0.75 mM L-glutamine, 100 U/mL
 the web version of this article.)

penicillin, 100 �g/mL streptomycin and 2.5 �g/mL ampho-
tericin B. OKF6/TERT2 cells were cultivated at 37 ◦C and 5%
CO2 in a humidified atmosphere at all stages.

2.2.  3D  co-culture  model

2.2.1.  Preparation  of  collagen  gels  with  fibroblasts
HGF-containing collagen gels were produced in two  steps.
First, acellular collagen gels were cast in 6-well plates. For that,
the wells of 6-well plates were moistened with DMEM + 10%
FBS and then 1 mL  of acellular collagen mixture was added.
The mixture was prepared on ice. It contained 0.27 mL  distilled
water, 0.14 mL  FBS, 0.1 mL  of 10× DMEM (Biochrom KG, Berlin,
Germany), 0.1 mL  l-glutamine (200 mM), 0.1 mL  10× reconsti-
tution buffer (20 mM HEPES, 22 mg/mL  sodium bicarbonate in

20 mL 0,062 M sodium hydroxide) and 0.38 mL  of type 1 rat tail
collagen (2 mg/mL  in 0.1 % acetic acid; SERVA Electrophoresis
GmbH, Heidelberg, Germany) per gel. The gels polymerized in
30 min  at room temperature (RT). Afterwards, acellular gels

https://doi.org/10.1016/j.dental.2019.05.006
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ere covered with 3 mL of the cellular gel solution containing
 × 105 HGFs. The mixture of the cellular collagen was also pre-
ared on ice. It contained 0.84 mL  distilled water, 0.25 mL  FBS,
.3 mL  of 10× DMEM,  0.03 mL  l-glutamine (200 mM), 0.3 mL
0× reconstitution buffer, 1.18 mL  of type 1 rat tail collagen
nd 0.1 mL  of HGFs in DMEM with 10% FBS per gel. Poly-
erization was achieved by incubating the gels for 60 min  at

T. HGF-containing collagen gels were covered with 3 mL  of
GF growth medium. After 24 h, the gels were contracted and
ostly detached from the well. Gels that were not fully sepa-

ated from the well were carefully detached manually using a
mall needle. HGF-containing collagen gels were cultivated at
7 ◦C and 10% CO2 in a humidified atmosphere. The medium
as exchanged three times a week. The contraction of HGF-

ontaining collagen gels was measured until they were used
or the co-culture models with OKF6/TERT2 cells seven days
fter the preparation, in order to ensure a consistent seeding
nd viability of gingival fibroblasts.

.2.2.  Seeding  of  OKF6/TERT2  cells  on  cell  culture  inserts
KF6/TERT2 cells (5*105 cells in 1.5 mL  HD-ker) were seeded
n cell culture inserts for 6-well plates with a pore diameter
f 0.4 �m (ThinCert 657641, Greiner-Bio-One, Kremsmuenster,
ustria), seven days before the beginning of the co-culture
ith fibroblasts. 2.6 mL  HD-ker was added to the lower com-
artment underneath the cell culture insert. OKF6/TERT2 cells
n inserts were cultivated at 37 ◦C and 5% CO2 in a humidified
tmosphere. The medium was exchanged three times a week.

.2.3.  Assembly  of  the  3D  co-culture  model
onfluent OKF6/Tert2 cells grown on cell culture inserts and
GF-containing collagen gels were combined in a new 6-
ell plate. The gels were transferred with a sterile spatula
nd supplied with 2.6 mL  of DMEM/F-12 medium supple-
ented with 25 �g/mL BPE, 0.2 ng/mL EGF, 0.2 mM CaCl2,

.5 mM l-glutamine, 100 U/mL penicillin, 100 �g/mL strepto-
ycin, 2.5 �g/mL amphotericin B and 2% FBS (DF-K medium).
fterwards, the OKF6/TERT2 cells on the inserts were placed
bove the gels and supplied with 1.5 mL  of DF-K medium with
EMA or control media as described in Section 2.4.

.3.  Characterization  of  the  3D  co-culture  model

.3.1.  Lucifer  Yellow  assay
he fluorescent dye Lucifer Yellow (Sigma-Aldrich, St. Louis,
SA) was used to assess the permeability and confluency of
ral keratinocytes on the cell culture inserts. Lucifer Yellow

LY) was prepared at a concentration of 1 mg/mL  in Hanks’
alanced Salt solution (HBSS; Biochrom KG, Berlin, Germany)
nd diluted 1:20 in HD-ker to obtain the LY working solution.
he growth medium of the inserts to be tested was removed
nd replaced with 2 mL  HD-ker in the lower compartment
nd 1 mL  of LY working solution in the upper compartment
f the co-culture system. The LY working solution was diluted
:3 in HD-ker to obtain the equilibrium control as reference
or a maximal diffusion across the membrane of the inserts

equal distribution in upper and lower compartment). The
ell culture systems and the equilibrium control were incu-
ated for 1 h at 37 ◦C and 5% CO2. Afterwards, 200 �L were
aken from the lower compartment of the co-culture inserts
 0 1 9 ) 1214–1226 1217

and the equilibrium control, which were then transferred to
different wells of a 96-well plate in technical duplicates. HD-
ker was used as blank. The fluorescence of LY was measured
with a Synergy H1 plate reader (excitation/emission wave-
length = 428 nm/540 nm,  BioTec, Neufahrn, Germany) and
quantified in relation to the equilibrium control.

2.3.2.  Counting  of  HGFs  from  collagen  gels
HGFs were seeded at a density of 4 × 105 or 8 × 105 cells per gel
and cultured as described in Section 2.2.1. The HGF-containing
collagen gels were harvested 4, 8, and 14 d after seeding to
count the cells. Initially, gels were washed for 10 min  in 20 mL
HBSS. Afterwards, collagen was digested by an incubation with
collagenase type 1 (250 U/mL; ThermoFisher, Waltham, USA)
in HBSS, supplemented with 3 mM CaCl2, for 1 h at 37 ◦C and
slow agitation. Isolated cells and cell aggregates were pelleted
by centrifugation at 250 × g for 5 min. The supernatant was dis-
carded and the pellet was resuspended in 1 mL  0.25% trypsin/
0.02% EDTA solution. After incubating the gels for 10 min  at
37 ◦C and slow agitation, remaining cell aggregates were resus-
pended by pipetting up and down gently. Cells were pelleted
again and resuspended in 0.5 mL  DMEM + 10% FBS. The iso-
lated cells were counted using a TC20 automated cell counter
(Biorad, Hercules, USA). Three independent experiments, each
with two technical replicates, were carried out.

2.3.3.  Histology  of  HGF-containing  collagen  gels  and
OKF6/TERT2  cells  on  inserts
Membranes with attached OKF6/TERT2 cells from cell cul-
ture inserts and HGF-containing collagen gels were fixated in
10% formalin solution for 24 h and automatically embedded
in paraffin using an automated TP1020 tissue processor (Leica,
New Boston, USA). Membranes were kept in a vertical orien-
tation to facilitate cross sectioning. Resulting paraffin blocks
were sectioned in 4 �m slices and stained with haematoxylin
and eosin (H&E) for histological evaluation. The sections were
examined using a DM4000 B microscope (Leica).

2.4.  HEMA  treatment  of  3D  co-culture  models

Co-cultured cells were treated with 0.5 or 5 mM HEMA for
24 h. The co-monomer 2-hydroxyethyl methacrylate (HEMA)
was provided by VOCO (Cuxhaven, Germany). 400-fold con-
centrated stock solutions of HEMA were prepared in ethanol.
Stock solutions were freshly diluted 1:400 in DF-K medium
supplemented with 2% FBS prior to each experiment to obtain
the treatment solutions (5 mM  and 0.5 mM HEMA). Growth
medium with 0.25% ethanol (C1) and growth medium with-
out ethanol (C2) served as controls. 2.6 mL  of DF-K medium
supplemented with 2% FBS was added to the lower compart-
ment of 3D co-culture models and 1.5 mL  of each treatment
solution was added to the upper compartment to perform a
supra-epithelial treatment.

2.5.  GC/MS  measurement  of  HEMA  in  3D  co-culture
models
OKF6/TERT2 cells were seeded on cell culture inserts as
described in Section 2.2.2 and treated with 5 mM HEMA or
0.25% ethanol as control (C1) as described in Section 2.4. After

https://doi.org/10.1016/j.dental.2019.05.006
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24 h, 1 mL  medium was taken from both compartments, briefly
centrifuged and used for GC/MS measurements. Eight cali-
brators were prepared by diluting 5 mM HEMA stock solution
consecutively 1:2 in DF-K medium with 0.25% ethanol to a
concentration of 39.06 �M.  HEMA was extracted by mixing
300 �L sample or calibrator with 300 �L ethyl acetate (Merck,
Darmstadt, Germany), supplemented with 1.25 mM caffeine
(Sigma-Aldrich, St. Louis, USA) as internal standard, for
10 min. Afterwards, 300 �L ethyl acetate was added, followed
by vortexing for 2 min. The resulting mixture was centrifuged
at 5445 × g (5 min, 4 ◦C). 50 �L of the resulting supernatant
were transferred to an amber glass vial with inserts (f N11-1
HP; Macherey-Nagel, Düren, Germany) and diluted with 200 �L
ethyl acetate. 1 �L of each extract was injected via a 7693 ALS
Autosampler (Agilent Technologies, Santa Clara, USA) into the
Agilent 7890B GC System equipped with a HP-5MS UI col-
umn, 30 m × 0.25 mm ID, 0.25 �m film thickness coupled to
an Agilent 7000C GC/MS triple quadrupole mass spectrom-
eter. Helium was used as carrier gas at a constant flow of
1.2 mL/min. Analytes were separated by applying the follow-
ing temperature program: 50 ◦C initial temperature for 1 min
followed by a temperature-ramp of 25 ◦C/min to 150 ◦C and
a second ramp of 15 ◦C/min to 300 ◦C, held for 1 min. Under
these conditions, the retention time of HEMA on the column
was 3.83 min. HEMA was identified by MS  via its m/z  69.1 and
m/z  86.9 mass fragments. Experiments were repeated three
times independently.

2.6.  Gene  expression  analysis

After treatment, total RNA of both cell types was isolated.
OKF6/TERT2 cells were washed with PBS and RNA was isolated
using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany)
according to the manual including a DNA digestion step
(DNase Set, Qiagen, Hilden, Germany). HGF-containing colla-
gen gels were shock frozen in liquid nitrogen and stored at
−80 ◦C. Frozen gels were dissolved in 1 mL Tri Reagent (Sigma-
Aldrich, St. Louis, USA) by shaking for 15 min  at RT. 200 �L
chloroform was added and the mixture was vortexed for 2 min
followed by an incubation step for 5 min  at RT. Afterwards,
samples were centrifuged for 15 min  at 12,000 × g and 4 ◦C.
The aqueous phase was transferred to a new tube and washed
with 1 volume chloroform (vortex, incubation, and centrifu-
gation as above). The aqueous phase was again transferred to
a new tube and total RNA was precipitated using 2 volumes
of ice cold ethanol followed by an incubation step at −20 ◦C
overnight. The next day, RNA was pelleted by a centrifugation
for 20 min  at 14,000 × g and 4 ◦C. Afterwards the pellet was
washed with 500 �L 70% ethanol and centrifuged for 10 min
at 14,000 × g and 4 ◦C. The supernatant was removed and the
pellet was dried at room temperature. The RNA pellet was dis-
solved in 30 �L RNase and DNase free water. The concentration
and 260 nm/280 nm ratio of eluted RNA from both cell types
was measured with a Synergy H1 plate reader using a Take3
micro-volume plate (BioTek, Winooski, USA). The integrity
of RNA was checked by agarose gel electrophoresis. 1 �g of

total RNA was used for cDNA synthesis using the QuantiTect
Reverse Transcription Kit (Qiagen, Hilden, Germany). cDNA
synthesis was carried out according to the manual. Experi-
ments were repeated three times independently.
 ( 2 0 1 9 ) 1214–1226

2.6.1.  Quantitative  reverse-transcription  polymerase
chain  reaction
Quantitative analysis of gene expression was carried out by
quantitative reverse transcription PCR (qRT-PCR) using the
Rotor-Gene Q system (Qiagen, Hilden, Germany). SYBR

®
Pre-

mix  Ex Taq Kits (Takara, Kusatsu, Japan) and QuantiTect
Primer Assays (Qiagen, Hilden, Germany) were used to set up
the qRT-PCR reactions. The cycling conditions were an ini-
tial denaturation step of 95 ◦C for 30 s, followed by 40 cycles
of 5 s at 95 ◦C for denaturation and 60 ◦C for 20 s for primer
annealing and extension. The specificity of reactions was con-
trolled by standard melting curves. qRT-PCRs were carried out
in technical duplicates. Average PCR amplification efficien-
cies and ct values were calculated using LinRegPCR [41]. The
gene expression was calculated relative to the two most stable
housekeeping genes, identified by geNorm from six candidate
housekeeping genes (18S ribosomal RNA [18S rRNA], Actin
beta [ACTB], Beta-2-microglobulin [B2M], Glyceraldehyde-3-
phosphate dehydrogenase [GAPDH], Succinate dehydroge-
nase complex subunit A flavoprotein [SDHA]  and Tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation
protein zeta [YWHAZ]) [42]. Housekeeping genes were iden-
tified for both cell lines independently: SDHA and YWHAZ for
OKF6/TERT2 cells and B2M and SDHA for HGFs. The applied
primer assays are described in previous studies from our
group, except for GPx4 (QT00067165; Qiagen, Hilden, Germany)
[43,44]. Normalized ratios between the untreated control (C2)
and treated samples were calculated according to the effi-
ciency adjusted delta delta ct method [45].

2.7.  Western  blot

Experiments for the analysis of protein expression and mRNA
abundances were executed in parallel. To isolate total cel-
lular protein, oral keratinocytes were incubated with 1 mL
150 mM NaCl, 0.4 mM Na3VO4 and 0.4 mM EDTA in PBS for
5 min, scratched from the membrane of cell culture inserts
and pelleted by a centrifugation for 30 s at 12,000 × g. HGF-
containing collagen gels were shock frozen in liquid nitrogen
and ground under strict cold conditions. Samples were trans-
ferred to a new 1.5 mL  tube. Protein from both cell types was
isolated by adding 100 �L lysis buffer (150 mM NaCl, 1 mM
Na3VO4, 5 mM EDTA, 50 mM Tris-HCL, 0.5% Triton X-100 and
a protease inhibitor cocktail: Complete, Roche, Mannheim,
Germany) to the pellet of OKF6/TERT2 cells or the HGF-
containing powder followed by vigorous mixing. The mixture
was incubated on ice for 15 min  and centrifuged for 5 min
at 12,000 × g to pellet cell debris. The protein-containing
supernatant was used for protein analysis. Protein concen-
tration was assessed using a Pierce BCA protein assay kit
(ThermoFisher, Waltham, USA) according to the manufac-
turer’s instructions. Equal amounts of protein per sample were
loaded on 12–15% sodium dodecyl sulfate (SDS) polyacryl-
amide gels and separated by electrophoresis (SDS-PAGE) using
a Tris-glycine running buffer (1.9 M glycine, 250 mM Tris
and 1% SDS). Afterwards, proteins were transferred onto a

polyvinylidene difluoride membrane (PVDF, Millipore, Burling-
ton, USA) at 240 mA  for 1.5 h on ice using a wet  blot system
(Hoefer, Holliston, USA) with a transfer buffer consisting of
25 mM Tris, 192 mM glycine and 20% methanol. Membranes

https://doi.org/10.1016/j.dental.2019.05.006
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ere blocked overnight at 4 ◦C with 3% BSA in PBS and
hen incubated for 1 h with the following primary antibod-
es diluted in 0.5% milk powder in PBS with 0.05% Tween 20
PBS-T): anti GAPDH (rabbit; 1:10,000; Sigma-Aldrich, St. Louis,
SA), anti HO-1 (rabbit; 1:2000; Enzo Life Sciences; Farming-
ale, USA) and anti NQO1 (goat; 1:1000; Abcam, Cambridge,
K). Membranes were washed with PBS-T and incubated

or 1 h with the respective secondary goat anti-rabbit or
abbit anti-goat antibody conjugated with horseradish perox-
dase (DakoCytomation, Hamburg, Germany) diluted 1:10,000
n PBS-T containing 0.5% milk powder. Membranes were
ashed again with PBS-T and developed with an enhanced

hemiluminescence substrate (SuperSignal West Pico chemi-
uminescent substrate, ThermoFisher, Waltham, USA) using
n imaging system (Fusion SL-4-400WL, Vilber, Eberhardzell,
ermany). Chemiluminescence signals were quantified using
io1D (Vilber). Experiments were carried out three times inde-
endently.

.8.  Statistics

ata were calculated relative to untreated controls (C2) and are
xpressed as means ± SD. Significance levels of qRT-qPCR and
estern blot analysis were calculated relative to respective

olvent controls (C1) using one way ANOVA. The normalized
old changes of both analyses were log2 transformed to enable
tatistical testing. In all cases Dunnett’s post-hoc tests were
arried out to account for multiple testing.

.  Results

.1.  Characterization  of  the  3D  co-culture  models

Y assays were used to assess the permeability of the
KF6/TERT2 layer grown on cell culture inserts (Fig. 1b). LY
xperiments were conducted for 14 days to evaluate the
rogression of the permeability. A prerequisite for starting
xperiments with the 3D co-culture model was a constant and
aximum LY retention by the keratinocyte layer to ensure cel-

ular confluency. The amount of LY that passed through the
ayer of OKF6/TERT2 cells decreased continuously within the
rst four days after seeding from 18.3% ± 0.6% of the equilib-
ium concentration to 12.2% ± 0.6%. Thereafter, it remained
table at approximately 6.5% of the equilibrium concentration
rom day seven until day 14 after seeding.

We  counted the number of HGFs from collagen gels at three
ime points after seeding (4 d, 8 d, 14 d) to compare the prolifer-
tion of two different seeded fibroblast quantities (Fig. 1c). The
ell number slightly decreased initially to 6.8 × 105 HGFs with

 SD of ±1.2 × 105 after four days of culture, when 8 × 105 HGFs
ere seeded per gel. Afterwards, the cell number increased to
pproximately 1 × 106 HGFs after 14 days of culture. Starting
ith 4 × 105 HGFs per gel led to a more  pronounced increase
f the cell number. 6.0 × 105 HGFs per gel were counted after
our days and the initial cell number was more  than doubled

fter 14 days with approximately 8.6 × 105 HGFs per gel. The
rea of the collagen gels with the embedded gingival fibrob-
asts was measured within the pre-cultivation period until the
D co-culture models were assembled (Fig. 1d). Determination
 0 1 9 ) 1214–1226 1219

of this viability marker for gel-embedded fibroblasts ensures
reproducible experiments. Some HGF-containing collagen gels
were still attached to the well one day after seeding. Therefore
the area of the gels could not be measured with absolute pre-
cision. The area of the gels markedly decreased from 100% of
the well to 11.3% ± 0.6% at the second day after seeding. From
day two onwards, the area decreased slightly but consistently
to 6.8% ± 0.4% of the well area seven days after seeding.

The morphology of OKF6/TERT2 cells on cell culture inserts
and HGFs embedded in collagen gels was continuously docu-
mented by microscopy and additionally by hematoxylin and
eosin (H&E) staining of paraffin sections before the assem-
bly of the 3D co-culture systems, seven days after seeding
(Fig. 2). OKF6/TERT2 cells formed a dense layer on the cell
culture inserts as shown in Fig. 2a. Cross sections of paraf-
fin embedded membranes from cell culture inserts showed
that nuclei of OKF6/TERT2 cells were partially located on top
of each other (Fig. 2b). Gingival fibroblasts migrated from col-
lagen gels starting on day four after seeding and adhered to
the bottom of the wells as shown in Fig. 2c. Fig. 2d shows that
HGFs were evenly distributed in the center of collagen gels.
The HGF-containing part of collagen gels was prepared on an
acellular gel that did not shrink initially, which resulted in a
larger sphere of the acellular part underneath the cellular part
of collagen gels. HGFs continuously migrated into this origi-
nally acellular part revealing a ‘filamentous’ shape as shown
in Fig. 2e. Fig. 2f documents the transition from the part of
collagen gels that was initially acellular with fewer nuclei to
the cellular part with a cell density comparable to the image
in Fig. 2d. Due to these results, the HEMA experiments were
started at day 7 after setting up the pre-culture.

3.2.  GC/MS  analysis  of  the  HEMA  distribution  within
the 3D  co-culture  models

We  measured the concentration of HEMA in the upper and
lower compartment of 3D co-culture models that were treated
with 1.5 mL  of 5 mM HEMA, applied only in the upper com-
partment (‘supra-epithelial treatment’), for 24 h. We  observed
that the HEMA concentrations in both compartments reached
equal concentrations of approx. 1.4 mM after 24 h. For deter-
mination of the HEMA recovery rate, we calculated the amount
of HEMA molecules in 1.5 mL treatment solution of 5 mM
HEMA. Considering the volume and the concentration, a
resulting amount of 7.5 �mol  HEMA was applied. We could
recover 27.9% ± 1.1% of HEMA molecules in the upper com-
partment (1394 ± 56 �M or 2.091 ± 3 �mol  molecules in 1.5 mL)
and 48.4% ± 1.6% in the lower compartment (1452 ± 45 �M or
3.775 ± 6 �mol  molecules in 2.6 mL). Accordingly, 77.3% ± 2.6%
of the applied HEMA could be recovered in total. Additionally,
we incubated aliquots of the 5 mM HEMA treatment solution
for 24 h in a 6-well plate at 37 ◦C to assess the influence of the
culturing conditions over 24 h on the stability of HEMA. We
could recover 98.1% ± 4.5% of the initial amount of HEMA in
these retained samples (data not shown).
3.3.  Gene  expression  analysis

We  analyzed the transcription of five genes (Nrf2, HO-1, NQO1,
SOD1, GPx4), that are primarily linked to the cells’ defense

https://doi.org/10.1016/j.dental.2019.05.006
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Fig. 2 – Characterization of OKF6/TERT2 cells on cell culture inserts and HGF-containing collagen gels 7 days after seeding.
(a) Top view of OKF6/TERT2 cells on cell culture inserts (100× magnification). (b) H&E staining of paraffin cross sections of
OKF6/TERT2 cells on cell culture inserts. (c) HGFs migrating from collagen gels (100× magnification). (d) H&E staining of
paraffin sections from the center of a collagen gel. (e) HGFs at the edge of a collagen gel (40× magnification). (f) H&E staining
of paraffin sections from the transition of the part of the gel that was initially acellular (upper left area) to the cellular part of

collagen gels (lower right area).

against oxidative stress, after HEMA treatment with two
different concentrations (5 mM and 0.5 mM HEMA; Fig. 3a).
The transcription of genes was analyzed in both cell types
separately 24 h after the beginning of the treatment. The tran-
scription factor Nrf2 was not significantly regulated in both
cell types on the transcriptional level. The transcription of HO-
1 was induced by a factor of 6.3 ± 3.0 relative to the untreated
control in oral keratinocytes and 6.3 ± 2.3 in gingival fibrob-
lasts when 5 mM HEMA was applied. The abundance of NQO1
mRNA was significantly increased at 5 mM and 0.5 HEMA in
both cell types. OKF6/TERT2 cells showed an induction up
to 14.3 ± 1.7 relative to the untreated control at 5 mM and
3.1 ± 1.3 at 0.5 mM HEMA. In HGFs, NQO1 transcription was
induced up to 4.4 ± 0.3 relative to the untreated control at
5 mM and 1.7 ± 0.4 at 0.5 mM HEMA. The transcription of SOD1
and GPx4 was not significantly affected in human gingival

fibroblasts while both genes were transcriptionally induced
at 5 mM HEMA in oral keratinocytes. SOD1 was induced by
a factor of 2.1 ± 0.3 and GPx4 by a factor of 2.1 ± 0.5 relative
to the untreated control. Interestingly, NQO1 showed the ten-
dency for a more  pronounced increase in OKF6/TERT2 cells
compared to HGFs. SOD1 and GPx4 were induced in oral ker-
atinocytes only.

3.4.  Western  blot  analysis

We analyzed the influence of 0.5 mM and 5 mM HEMA on
the expression of two proteins associated with the cellular
defense against oxidative stress (HO-1 and NQO1). Fig. 4a
shows the averaged results of the quantification of signals
from western blots of three independent experiments. HO-
1 was significantly induced by a factor of 5.1 ± 2.2 compared
to the untreated control in OKF6/TERT2 cells and by a factor
of 4.1 ± 0.5 in HGFs, when 5 mM HEMA was applied. In HGFs,

0.5 mM HEMA also caused a slight but significant induction
of HO-1 protein by 1.3 ± 0.2 compared to the untreated con-
trol. The protein content of NQO1 was induced at 5 mM HEMA
in both cell types. In oral keratinocytes NQO1 was induced

https://doi.org/10.1016/j.dental.2019.05.006
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Fig. 3 – HEMA-induced alterations of the transcription of genes related to oxidative stress in HGFs and OKF6/TERT2 cells
from 3D co-culture models. 3D co-culture models were treated with the indicated concentrations of HEMA for 24 h. Gene
expression was analyzed by qRT-PCR and normalized to the expression of two stable reference genes (OKF6/TERT2: SDHA
and YWHAZ, HGF: B2M and SDHA). The data are shown as means from three biological replicates ± SD of log2-transformed
fold changes relative to untreated medium control (C2). For a better clearness, log2 values at the Y-axis were transformed to
linear values. Asterisks above the error bars indicate significant differences (P < 0.05) in comparison to the corresponding
solvent control C1 (0.25% EtOH; ANOVA, Dunnett’s post-hoc test).

Fig. 4 – HEMA-induced alterations in protein expression of OKF6/TERT2 cells and HGFs in 3D co-culture models. 3D
co-culture models were treated with the indicated concentrations of HEMA for 24 h. Protein amounts were  analyzed by
western blots in three biological replicates. Amount of loaded total protein per sample: GAPDH: 2.5 �g, HO-1: 5 �g and
NQO1: 5 �g. (a) Chemiluminescence signals were  quantified by Bio1D. Protein abundances from HO-1 and NQO1 were
normalized to GAPDH as housekeeping gene and are shown as means ± SD of log2-transformed fold changes relative to the
untreated medium control (C2). Log2 values at the Y-axis were  transformed to linear values. Asterisks above the error bars
indicate significant differences (P < 0.05) in comparison to the according solvent control C1 (0.25% EtOH; ANOVA, Dunnett’s
p d pr
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t
n
s

ost-hoc test). (b) Representative western blots of all analyze

.8 ± 0.4-fold compared to the untreated control and in human
ingival fibroblasts by a factor of 1.9 ± 0.3 when cells were
reated with 5 mM HEMA for 24 h. GAPDH was used as an inter-

al control and showed steady expression over all samples as
hown by representative blots in Fig. 4b.
oteins.

4.  Discussion
In the present study, we  used a newly developed 3D co-
culture model, to analyze the effects of the resin monomer
HEMA on the redox-regulated mRNA/protein expression.
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Mass spectrometry-based measurements showed that HEMA
molecules passed the confluent keratinocyte layer and
reached the underlying fibroblasts. qRT-PCR and western blot
analyzes revealed that important enzymes related to the cel-
lular defense against oxidative stress were induced on the
protein and mRNA  level.

Oral keratinocytes and gingival fibroblasts are one of the
first target cells of components released from dental resins.
To establish an appropriate in vitro test system, that mim-
ics an in vivo-like environment, which consists of human
oral mucosa, we  generated a 3D co-culture model by seed-
ing immortalized keratinocytes onto membranes with a pore
diameter of 0.4 �m on top of primary fibroblasts embedded in
a collagen I scaffold (Fig. 1a). This setting enables paracrine
interactions between keratinocytes and fibroblasts and still
allows for a separate sampling of both cell types. We char-
acterized the model by different methods and showed that
OFK6/TERT2 cells grew as dense layer and that HGFs were
distributed throughout the collagen matrix, altered the extra-
cellular matrix (ECM) and migrated within the gel.

The LY assay is mainly used to evaluate paracellular trans-
port, which refers to the transfer of molecules across an
epithelium by passing through the intercellular space between
cells [46,47]. We applied LY to analyze the permeability of the
keratinocyte layer and thus to define a reproducible integrity
marker of the keratinocytes barrier representing the degree of
confluence of oral keratinocytes seeded on cell culture inserts.
We observed a continuous decrease of LY that passed the
layer of OKF6/TERT2 cells until 7 d after seeding followed by
a steady plateau phase of approximately 6.5% of the equilib-
rium concentration until the end of experiments (14 d). Our
data indicate that the OKF6/TERT2 layers reached the mini-
mal  permeability 7 d after seeding, when we started the HEMA
treatment (Fig. 1b). Microscopic images and H&E stained sam-
ples of OKF6/TERT2 cells on culture inserts are in accordance
with the results from the LY assay and show a very dense layer
7 d after seeding with partially stacked nuclei. We  conducted
LY assays in every experiment 7 days after seeding to ensure
that the desired permeability of OKF6/TERT2 cells was reached
before the HEMA-treatment. The threshold for maximal con-
fluence and minimal permeability was defined as 8% LY of the
equilibrium concentration.

We  seeded two different concentrations of HGFs (4 × 105

and 8 × 105) in collagen gels and analyzed the development
of the cell number as an indicator for cell proliferation and
thus as a parameter for cell viability (Fig. 1c). The cell num-
ber increased slowly from both seeded starting quantities and
converged at the end of the experiments. A tendency for a
slight drop in comparison to the seeded cell number was
observed 4 d after seeding when a concentration of 8 × 105

HGFs was used. This may be explained by two possibilities:
Either some of the seeded cells died within the first 4 days
or the cell number was underestimated due to a loss of a cer-
tain share of the cells during the time-consuming procedure of
the collagenase digestion, which included two centrifugation
steps. However, the measurement was reproducible as indi-

cated by rather small standard deviations. This clearly implies
that the HGFs proliferated in the collagen gels, especially when
4 × 105 cells were seeded, although the volume of the collagen
gels decreased continuously. It has been described previously
 ( 2 0 1 9 ) 1214–1226

that the proliferation of HGFs in collagen gels is lower in com-
parison to monolayer cultures [30]. This effect seems to be
associated with different attachment tensions of the cells with
the substrates, either stiff plastic surfaces or flexible 3D matri-
ces [48]. For experiments including HEMA-treatments, 4 × 105

HGFs were seeded per gel to allow for a proliferation and to
avoid an excess of cells at early stages.

The contraction of HGF-containing collagen gels is another
indicator for the viability and functionality of HGFs growing
in collagen gels (Fig. 1d). Fibroblasts from different sources
contract floating collagen gels through the processing of
loose collagen fibrils to a more  compact configuration, which
leads to the exclusion of water [49]. This process is influ-
enced by various factors, like growth factors and mechanical
stimuli. It is potentially used to maintain tensional homeo-
stasis [50,51]. Microscopic images of H&E stained samples
of HGF-containing collagen gels showed that HGFs were
evenly distributed throughout the cellular part of collagen gels
(Fig. 2d). HGFs migrated into the part of collagen gels that was
initially acellular and also out of the collagen gels where HGFs
adhered to the plastic surface (Fig. 2c, e and f). Cell migration
within 3D matrices is highly complex and not yet fully under-
stood. Factors like pore size and stiffness of the matrix regulate
cell migration as well as the thickness and alignment of fibers
[52,53]. Additionally, high cell densities lead to enhanced cell
migration especially in 3D matrices, which may explain the
migration of HGFs into the acellular part and out of the col-
lagen gels [54]. Taken together, the characterization of the 3D
co-culture model showed that OKF6/TERT2 cells grow as dense
layer (Fig. 2a and b). Furthermore, HGFs in collagen gels were
viable as indicated by proliferation, migration and processing
of the collagen matrix.

The purpose of the 3D co-culture model is to improve
the clinical relevance of biocompatibility analyzes of dental
materials in vitro in comparison to monolayer cultures by get-
ting closer to the in vivo situation. We  used a supra-epithelial
treatment of 3D co-cultures with two different HEMA concen-
trations (5 mM and 0.5 mM).  Thus, keratinocytes were exposed
to HEMA before HGFs, like in vivo, in the presence of a healthy
oral mucosa. We measured the amount of HEMA that passed
through confluent keratinocytes to determine the permeabil-
ity of OKF6/TERT2 layer for HEMA and thus to determine
the HEMA concentration the gingival fibroblast were exposed
to after 24 h (Table 1). It has been described previously that
HEMA is able to diffuse through the dentin barrier and to
reach the pulp due to its comparatively high hydrophilicity
and its low molecular weight (130.4 Da) [55,56]. But so far,
it has not been investigated if HEMA is able to pass a cell
layer of oral keratinocytes. Our analysis showed that HEMA
is evenly distributed between the upper and lower compart-
ment of the 3D co-culture model after 24 h. This indicates that
HEMA can readily pass a confluent cell layer in vitro. HEMA may
either pass the cell layer directly through the cells (transcel-
lular) or through the spaces between the cells (paracellular)
to reach the lower compartment. In our experiments, LY was
able  to penetrate keratinocyte layers to some degree within

one hour. LY is a hydrophilic molecule, which cannot pen-
etrate cell membranes. Therefore, it is used to analyze the
paracellular transport. HEMA could take the same route like
LY to some extent, although oral keratinocytes form a dense

https://doi.org/10.1016/j.dental.2019.05.006
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Table 1 – Mass spectrometry-based measurement of HEMA in 3D co-culture models.

Compartment Vol. HEMA applied Conc. after 24 h Amount of HEMA Recovered
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Upper 1.5 mL 5000 �M (7.5 �mol) 

Lower 2.6 mL x 

ell layer with tight junctions to enforce cell–cell contacts [57].
t was shown as well that C14-labeled HEMA, its metabolized
roducts and also GSH-HEMA conjugates were found intracel-

ularly [58,59]. This indicates that HEMA can pass membranes
o some extent. Additionally, it is likely that HEMA has to
nter the cells to cause molecular effects and to modulate the
etabolism, like the induction of oxidative stress, either by

iffusing through the plasma membrane or by an unspecific
ransport. This assumption is supported by the observation
hat HEMA modulates the immune status of spleen cells in

ice following a topical application of HEMA [60]. In addi-
ion, our GC/MS results showed that only a certain share of the
pplied HEMA could be recovered in the 3D co-culture model
Table 1). However, we could retrieve a considerably higher
mount of HEMA in aliquots of the treatment solution con-
rol (without cells) that were incubated for 24 h at 37 ◦C. This
ndicates that HEMA is stable in growth medium at 37 ◦C at
east for 24 h. Our results imply that a fraction of the HEMA
as metabolized in the presence of cells and, therefore, was
ot detectable in GC/MS readings due to the resulting shift of
he molecular mass and/or due to its accumulation in cells.
hree ways for the metabolism of HEMA have been described
o far: Once HEMA reaches the cytoplasm it is either directly
ydrolyzed to methacrylic acid by cellular esterases, or it binds

ysine residues of proteins or thiol groups of reduced GSH
58,11,61]. Taken together, the GC/MS results showed that a
ertain share of the applied HEMA is potentially metabolized
n cells. Furthermore, HEMA is obviously able to penetrate a
ense layer of oral keratinocytes.

We analyzed effects caused by HEMA in the 3D co-culture
odel on the transcription of five genes, which are associated
ith the cells’ defense against oxidative stress (Nrf2, HO-1,
QO1, SOD1 and GPx4; Fig. 3). Two of these genes (HO-1 and
QO1) were also analyzed on the protein level (Fig. 4). Except

or Nrf2, all analyzed genes (HO-1, NQO1, SOD1 and GPx4)
ere transcriptionally induced in OKF6/TERT2 cells, whereas
nly the mRNA  levels of HO-1 and NQO1 were significantly

ncreased in collagen-embedded HGFs. On the protein level,
O-1 and NQO1 were also induced in both cell types, which,

o our knowledge, is shown for the first time for human oral
eratinocytes and gingival fibroblasts. The induction of four
nalyzed target genes of Nrf2 on the mRNA  level and two
n the protein level indicates that the Nrf2 signaling path-
ay was activated. SOD1 is specifically detoxifying superoxide

nions and produces hydrogen peroxide [18]. GPx4 detoxifies
ipid peroxides in the presence of reduced thiols, even within

embranes or lipoproteins [62]. Lipid peroxides are a possible
onsequence of the generation of superoxide anions through
he oxidation of lipids [63]. NQO1 also detoxifies superox-
de anions directly. In addition, it provides protection against
embrane peroxidation via the reduction of hydrophobic
ntioxidants, like co-enzyme Q [16]. HO-1 produces biliverdin,
hich is converted to bilirubin. Both molecules detoxify a
 ± 56 �M 2.091 ± 3 �mol 27.9 ± 1.1%
 ± 45 �M 3.775 ± 6 �mol 48.4 ± 1.6%

Total 77.3 ± 2.6%

broad spectrum of ROS and RNS like hydrogen peroxide, lipid
hydroperoxides and peroxynitrite [64,65]. Taken together, our
results indicate that oxidative stress was induced, potentially
caused by the depletion of intracellular GSH by HEMA as
described previously [11,12]. Furthermore, the transcriptional
induction of SOD1 implies that superoxide was generated
among other ROS/RNS.

The induction of genes associated with the defense against
oxidative stress was more  pronounced in OKF6/TERT2 cells
compared to HGFs as described above. The different effects
of HEMA on the two cell types may be due to the facts,
that, firstly, keratinocytes and fibroblasts react differently to
equivalent HEMA concentrations [6,43]. Secondly, HEMA was
applied only in the upper compartment of the 3D co-culture
model. OKF6/TERT2 cells on cell culture inserts were exposed
to 5 mM or 0.5 mM HEMA directly after the application. Over
time, HEMA was continuously diluted because of the dis-
tribution into the lower compartment until the equilibrium
concentration (maximal: 1.83 mM or 0.183 mM)  was reached.
Vice versa, the exposition of HGFs to HEMA was delayed in
the lower compartment and the concentration was lower.
Interestingly, even 0.183 mM HEMA seemed to be sufficient to
significantly induce the transcription of NQO1 and to increase
the protein content of HO-1 in HGFs. All analyzed genes are tar-
get genes of the transcription factor Nrf2 [17,20]. We  previously
reported a slight but significant increase in Nrf2 transcription,
when OKF6/TERT2 cells in monolayer culture were treated
with 10 mM or 5 mM HEMA for 24 h. This increase was associ-
ated with a strong induction of HO-1 transcription of more
than 35-fold in comparison to the untreated controls [43].
In the 3D co-culture model, the level of HO-1 mRNA  was
increased approximately 6.3 fold. But Nrf2 transcription was
not induced significantly. On the contrary, NQO1 transcription
showed a more  pronounced increase in OKF6/TERT2 cells in
the 3D co-culture model (14.3 fold) in comparison to mono-
layer cultures (8.6 fold), when cultures were treated with 5 mM
HEMA. Additionally, the induction of SOD1 did not differ sig-
nificantly between both culture types [43]. Although HO-1,
NQO1 and SOD1 share some properties regarding their role
and their regulation by Nrf2, they are regulated by different
transcription factors. For example, the transcription factors
HIf-1� and AP-1 are involved in the ethanol-dependent induc-
tion of HO-1, while they do not participate in the induction of
NQO1 [66]. The promoter of SOD1 has a binding site for AP-
1 but not for HIf-1� [67]. Therefore, the observed differences
between the 3D co-culture model and the monolayer cultures
are potentially based on general differences regarding the
basal transcriptomes, proteomes and phosphoproteomes as
described previously [68,29]. It is likely that these differences
influence and modulate the magnitude of stress responses

against oxidative stress.

Our results showed that HEMA induces gene and protein
expression of components of the cellular defense machin-
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ery against oxidative stress in directly exposed human
keratinocytes in the upper compartment, and gingival fibrob-
lasts in the lower compartment of the 3D co-culture. HEMA
is obviously able to penetrate a dense layer of oral ker-
atinocytes, either by paracellular or by transcellular transport.
There have been concerns regarding the clinical relevance of
results, which were generated in experiments with mono-
layer cell cultures. These concerns specifically addressed the
effects caused by dental materials on cellular metabolism
in monolayer cultures. The HEMA-dependent induction of
mechanisms on the mRNA- and protein-level, which we  docu-
mented in our 3D co-culture model were different from those
observed in monolayer cultures. Although cells of the same
type and origin were used in both culture systems, the relative
‘magnitudes’ of effects were different. However the quality
of the effects was equivalent. These documented differences
may be explained by the alteration of the gene and protein
expression caused by the ‘cross-talk’ between both cell types
and their growth in different spatial environments [69,30,68].
In conclusion, our data show that the presented 3D co-culture
model may be of high value for a more  “in vivo-like” preclini-
cal assessment of the biocompatibility of dental materials and
their components. Therefore, it should help to improve the
risk assessment of these materials due to a better simulation
of the natural mucosa in vitro.
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