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Background. Leakage of unpolymerized methacrylate monomers after placement of

methacrylate-containing polymeric dental materials leads to human exposure. Based on

studies using murine macrophages and LPS from Escherichia coli (E. coli), dental monomers

like  2-hydroxyethyl methacrylate (HEMA) are known to inhibit lipopolysaccharide (LPS)

induced cytokine release. The aim of this study was to establish a model system with rel-

evance for human oral monomer exposure using exposure to live gram-positive bacteria,

and  to confirm the HEMA-induced effects on cytokine release in this model.

Methods. The human THP-1 monocyte cell line was differentiated to macrophages using

phorbol 12-myristate 13-acetate (PMA), before exposure to 0.5–2 mM HEMA and live Staphy-

lococcus aureus (S. aureus) in various multiplicity of infections (MOI). Cytokine release and

cytotoxicity were determined after (i) 2–24 h pre-exposure to HEMA followed by 2–4 h S.

aureus exposure and (ii) 2–4 h simultaneous exposure. The 24 h pre-exposure regime was

also tested in primary human airway macrophages and for phagocytosis of S. aureus in

THP-1 macrophages.

Results. HEMA attenuated the cytokine release more strongly in the pre-exposure than com-

bined  exposure regime, with a maximal reduction of 95% in the S. aureus-induced cytokine

release. A MOI of 0.1 (corresponding to a bacteria-macrophage ratio of 1:10) was deter-

mined to be optimal in the THP-1 macrophages as it induced sufficient cytokine release

and negligible cytotoxicity. Attenuated release of S. aureus-induced interleukin (IL)-1� after

HEMA exposure was confirmed in primary airway macrophages, while HEMA increased the
phagocytosis of S. aureus in THP-1 cells.

Conclusion. The model was successfully established and attenuated bacteria-induced

cytokine release after HEMA exposure confirmed.
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1.  Introduction

Methacrylate-based polymeric composites, in combination
with methacrylate-based adhesive systems, have become the
most commonly used filling materials in many  countries. The
methacrylate monomer 2-hydroxyethyl methacrylate (HEMA)
is a common constituent of adhesives and resin-inforced glass
ionomer cements. Both these materials are cured by light after
placement. Since the setting process is not complete, unpoly-
merized monomers leak, causing oral exposure to HEMA [1,2].
This is supported by in vitro leakage studies reporting that
HEMA is released to various water based solutions [3–5].

In vitro exposure to HEMA induces DNA damage, apoptosis
and necrosis in various cell lines [6–8]. Although methacry-
late monomers appear to have a limited potential to induce
pro-inflammatory cytokines [9], they attenuate LPS-induced
release of interleukin (IL)-1� and tumor necrosis factor (TNF)-�

from macrophages and monocytes in relatively low concen-
trations (0.2–1 mM)  [10,11]. HEMA has been reported to bind
directly to cellular glutathione (GSH), and form GS-HEMA
adducts, due to its high thiol affinity [12,13]. This adduct for-
mation causes a transient drop in cellular GSH levels that has
been suggested as a possible mechanism for HEMA-induced
effects [14,15]. More  specifically, the initial cellular oxidative
stress induced by HEMA has been demonstrated to cause
activation of signal transduction and transcription factors
resulting in apoptosis in murine macrophages [14,16].

Dental biofilms are complex ecosystems consisting of a
diverse community of bacteria [17]. The first colonizers and
the early biofilm is dominated by gram-positive aerobic bac-
teria [18]. In healthy individuals, the oral resident bacteria
live in homeostasis with the host. However, environmental
and genetic factors may cause a shift in the biofilm compo-
sition as well as the interaction between biofilm and host
cells, causing development of caries or periodontal disease
[17,19]. Inflammatory responses in oral epithelial cells and
immune cells like polymorphonuclear leukocytes, neutrophils
and macrophages play a role in initiation and development of
disease [19,20].

Bacteria or their components present in the saliva or
biofilm may trigger inflammatory responses, including release
of pro-inflammatory cytokines [21,22]. During dental treat-
ment, cells in the oral cavity may be exposed to HEMA
and bacteria simultaneously. The effects of dental monomers
on inflammatory responses to bacteria have generally been
studied in an in vitro model using the bacterial component
lipopolysaccharide (LPS) originating from the Gram negative
Escherichia coli (E. coli) bacteria in combination with murine
macrophages (RAW264.7 cells) [9,10,15,23]. Moreover, two
studies assessed effects of methacrylate monomers in human
gingival fibroblasts after co-exposure with LPS or Streptococcus
mitis (S. mitis) bacteria [24,25]. In the studies in macrophages,
both simultaneous exposure to LPS and monomers and pre-
exposure to monomers followed by simultaneous LPS and
monomer exposure attenuated the LPS-induced cytokine
release.
HEMA may affect both pre- and post-translational pro-
cesses [15,26,27]. Although the cellular mechanisms involved
in the attenuated LPS-induced cytokine release due to HEMA
 ( 2 0 1 9 ) e235–e248

exposure have not been fully elucidated, GSH-depletion and
formation of HEMA-protein adducts have been suggested to
play a role [15,27]. Recently, Schweikl et al. demonstrated that
the decreased cytokine release from murine macrophages for
4–8 mM HEMA was due to inhibition of the nuclear transcrip-
tion factor NF�B, possibly involving formation of oxidative
stress and cross-talk with the transcription factor Nrf2 [27].
However, GSH depletion, indicative of oxidative stress, could
not fully explain the attenuated LPS-induced IL-1� release due
to HEMA concentrations ≤2 mM,  i.e. concentrations that do
not induce cell-death [15]. Instead, formation of HEMA-protein
conjugates due to the thiol-reactivity of HEMA was suggested
as a possible mechanism [15]. Accordingly, protein binding
assays reveal that dental monomers bind to serum proteins
[5,28], while conjugates of albumin and HEMA had an adjuvant
effect on allergic responses to ovalbumin in a mouse model
[29].

Although it is well documented that methacrylate
monomers like HEMA attenuate cytokine release from murine
RAW264.7 macrophages after exposure to LPS from E. coli
[9,10,15,23,27], similar effects on exposure to live bacteria have
not been reported for macrophages in the literature. Therefore,
the aim of the current study was to establish a model with rel-
evance for human monomer exposures, and to confirm the
effects of “non-lethal” concentrations of HEMA on cytokine
release in this model. Staphylococcus aureus (S. aureus) is fre-
quently detected in the oral cavity, and it has recently been
suggested that oral S. aureus infections originate from the
oral microbiota [30–34]. This species is also known to induce
a strong IL-1� signal [35,36], and was therefore chosen as
a model to study the effects of HEMA on bacteria-induced
cytokine release. Human THP-1 macrophages and human pri-
mary airway macrophages were applied as cellular models.
The effects of HEMA were tested for different multiplicity of
infections (MOI) in both pre-exposure and combined exposure
regimes. In addition, the cytokine levels in THP-1 cell lysates
were analyzed to assess whether HEMA-induced effects were
due to pre- or post-translational mechanisms. Finally, effects
of 24 h pre-exposure to HEMA on phagocytosis of S. aureus was
studied as a second THP-1 endpoint reflecting another aspect
of macrophage functionality.

2.  Materials  and  methods

2.1.  Reagents  and  chemicals

RPMI 1640 medium with 2 mM l-glutamine, sodium pyru-
vate and HEPES were purchased from Lonza BioWhittaker
(VWR, PA, USA), while HEMA (CAS no. 868-77-9, purity
> 99%) was from Fluka Chemie AG (Buchs, Switzerland).
THP-1 cells were obtained from the European Collection
of Cell Cultures (ECACC). Phorbol 12-myristate 13-acetate
(PMA), LPS (from E. coli 026:B6), fetal bovine serum (FBS,
heat inactivated and sterile filtered), Triton x-100, dithiothre-
itol (DTT), Penicillin/Streptomycin, Trypan blue (0.4%), Eukitt

quick-hardening mounting medium and Roche LDH kit was
purchased from Merck (Darmstadt, Germany). Gentamicin
and Amphotericin B were purchased from Gibco while Brain
Heart Infusion (BHI) was from Oxoid (both distributed by

https://doi.org/10.1016/j.dental.2019.07.005
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hermo Fisher Scientific, MA,  USA), while Diff-Quik was from
edion Diagnostics (Duedingen, Switzerland). Enzyme-linked

mmunosorbent assay (ELISA) kits for human IL-1� and TNF-�

nd MCP-1 were obtained from R&D Systems Inc. (MN,  USA),
nd for human IL-8 and IL-10 from Invitrogen (Thermo Fisher
cientific, MA,  USA). S. aureus strains Newman was a kind gift
rom Tadashi Baba, Juntendo University School of Medicine,
okyo, Japan.

.2.  Cell  cultures

HP-1 monocytes were cultured in complete medium (c-
PMI), i.e. RPMI 1640 cell culture medium with 2 mM
-glutamine supplemented with 1 mM sodium pyruvate and
0 mM HEPES, with 10% FBS and 100 �g/ml Gentamicin. Cells
ere cultured at 37 ◦C under 5% CO2 in a humidified incu-
ator and kept in a logarithmic growth phase at 106–2 × 107

ells/75 cm2 in 20 ml.  This was achieved through routine sub-
ulturing three times a week by mixing and subsequent
ilution of cells.

The THP-1 cells were differentiated to macrophage-like
ells for exposures, achieved by 48 h exposure to PMA  followed
y 24 h rest in the absence of PMA  (Fig. 1, upper panel). Cells
ere treated with 40 ng/ml PMA  and seeded in 12-well plates
t 0.5 × 106 cells/ml in 1 ml  medium per well using c-RPMI with
0% FBS and 100 �g/ml Gentamicin. After 48 h, the cells were
ashed and replenished with c-RPMI with 10% FBS without
entamicin to remove excess PMA, and allowed to rest for 24 h.
fter this differentiation, there was a 28 h exposure period for
xposure to HEMA and S. aureus (Fig. 1, middle panel, see Sec-
ion 2.3 for further description), resulting in a total culturing
eriod of 100 h.

To prepare for bacteria exposure, cells were cultured with-
ut antibiotics the last 48 h prior to bacteria exposure. Thus,
edium without Gentamicin was used for the 24 h resting

eriod and the first 24 h of the exposure period (Fig. 1, lower
anel). Then, immediately before exposure to S. aureus,  the
edium was changed to c-RPMI with 1% FBS (instead of 10%),

o provide optimal conditions for the bacteria.
Primary airway macrophages were obtained from induced

putum [37] from 6 individuals. Informed consent was
btained from all subjects and ethical approval was obtained
rom the Norwegian Regional Committees for Medical and
ealth Research Ethics (REC; 2015/1322). In short, hypertonic

aline was inhaled from an ultrasonic nebuliser (DeVilbiss,
unrise Medicals, Longmont, CO, USA) for 7 min  in 3 intervals.
xpectorates were collected after each inhalation period and
ombined to one sample, which was dissolved in 0.1% DTT
n PBS, filtered, centrifuged and re-suspended in c-RPMI with
0% FBS, penicillin (100 U/ml)/streptomycin (100 �g/ml) and
.5 mg/ml  Amphotericin B. Based on the relative cell viability
Trypan blue exclusion) and differential cell counts (cytospins
tained with Diff-Quik and mounted), the macrophage con-
entration was calculated and cells were seeded in 48 well
ell culture plates at 105 macrophages/well in 250 �l. The cells
ere incubated for 1 h in an atmosphere of 37 ◦C and 5%

O2 to allow macrophages to attach. Then, the wells were
ashed twice with pre-heated c-RPMI with 10% FBS, antibi-
tics and Amphothericin B, before 250 �l of the same medium
as added. The cells were allowed to rest for 24 h prior to expo-
 0 1 9 ) e235–e248 e237

sure to HEMA. The HEMA exposure was performed in c-RPMI
with 10% FBS, while c-RPMI with 1% FBS was used for S. aureus
exposure (both without antibiotics and Amphothericin B). In
this method, the primary airway macrophages were separated
from the other cell types in the sputum sample by attachment
to the cell culture. The macrophages were not characterized
with regard to their phenotype, but the resulting culture purity
was found to be 88% macrophages [37].

2.3.  Exposure  to  HEMA  and  S.  aureus

Stock solutions of 200 mM HEMA were freshly prepared in c-
RPMI for each experiment, and added to cell culture wells to
provide concentrations of 0.5–2 mM.  Three different exposure
scenarios were used to assess effects of HEMA on macrophage
responses to S. aureus.  These represent the exposure scenar-
ios applied in the literature; (i) 24 h pre-exposure to HEMA
followed by 2–4 h exposure to S. aureus (Fig. 2a), (ii) 2 h pre-
exposure to HEMA followed by 2–4 h exposure to S. aureus
(Fig. 2b) and (iii) 2–4 h combined exposure to HEMA and S.
aureus (Fig. 2c).

For the macrophage infection assay, pre-cultures of S.
aureus were made from overnight cultures of S. aureus in
Brain Heart Infusion (BHI) at 37 ◦C in a 5% CO2 supplemented
atmosphere. These overnight cultures were diluted at 1:50
in pre-heated BHI and grown until an optical density of
approximately 0.7 (measured at 600 nm). Then, cultures were
aliquoted in 30% glycerol and stored at −80 ◦C. To determine
the concentration of S. aureus,  a serial dilution in PBS was per-
formed, followed by plating on BHI agar, incubation overnight
at 37 ◦C in a 5% CO2 supplemented atmosphere, and finally
enumeration of colony forming units (CFU).

For the cellular exposure, these frozen batches of S. aureus
were thawed and centrifuged at 5000 × g for 5 min. The super-
natant was discarded and the pellet re-suspended in c-RPMI
at a concentration of approximately 6.67 × 107 CFU/�l. This
S. aureus suspension was further diluted in c-RPMI to obtain
stock solutions with concentrations suitable for macrophage
infection at MOI  between 0.02 and 10.

2.4.  Other  exposures

To facilitate comparison of the current model system with the
data in the literature from LPS-induced cytokine release, the
effect of HEMA on LPS-induced cytokine release was tested in
THP-1 macrophages in the 24 h pre-exposure and combined
exposure regimes. Frozen stocks of LPS from E. coli (1 mg/ml
in PBS) were thawed and diluted further in c-RPMI for cellular
exposure resulting in a final concentration of 0.05 ng/ml. This
concentration was based on preliminary experiments (data
not shown) and chosen to provide an IL-1� concentration in
the same range as exposure to live S. aureus.

Since conjugation of HEMA with proteins has been sug-
gested as a possible mechanism for HEMA-induced effects, the
influence of interaction with serum proteins was tested. More
specifically, the effect of deprivation or pre-incubation with

serum (FBS) proteins was tested in the 24 h pre-exposure sce-
nario. For protein-deprivation, i.e. avoiding contact between
HEMA and serum proteins, the HEMA stock solution was pre-
pared in serum free medium. In addition, the first 2 h of the

https://doi.org/10.1016/j.dental.2019.07.005
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Fig. 1 – Schematic illustration of differentiation and exposure.
The figure illustrates the timeframes for PMA  differentiation of THP-1 monocytes, including the resting period (upper panel),
and exposure periods for HEMA and S. aureus (middle panel; for details regarding HEMA and S. aureus exposures, please
see Figs. 2 and 3). The media specifications for the different phases of the culturing are also indicated (lower panel). To

 not
minimize the number of medium changes, the medium was

HEMA exposure was performed in serum-free medium, allow-
ing for interaction with cells in the absence of proteins. For
pre-incubation with serum proteins, c-RPMI containing 2 mM
HEMA and 10% FBS (with antibiotics) was incubated over night
at 37 ◦C to facilitate binding between HEMA and serum pro-
teins. Upon exposure, the medium in the cell-culture well
was replaced by this medium from the pre-incubation. Cor-
respondingly, the medium in the control wells was replaced
with freshly prepared pre-heated medium at the same time.

2.5.  Cytokine  release

For analysis of cytokine release, the supernatant was har-
vested at the end of the exposure period and centrifuged for
10 min  at 100 × g to remove cells. Then the supernatant was
transferred to a new tube and centrifuged again for 10 min
at 5000 × g to remove bacteria, before storage at −80 ◦C until
analysis. The levels of the pro-inflammatory cytokines IL-1�,
TNF-�, MCP-1 and IL-8, and the anti-inflammatory cytokine
IL-10 in the supernatants were analyzed using ELISA kits
according to the manufacturer’s manuals using a synergy
H1 hybrid reader (BioTek).

2.6.  Cytotoxicity
The level of lactate dehydrogenase (LDH) released from the
cells was measured in supernatants as a measure of cyto-
toxicity. This was done using a colorimetric kit according to
the manufacturers instructions, measuring the absorbance
 changed prior to HEMA exposure.

with a synergy H1 hybrid reader. To determine the maximal
releasable LDH from the cell culture (max control), the cells in
a control well were lysed with c-RPMI with 2% Triton x-100.
To control for the LDH produced by S. aureus, the LDH levels
were determined in Triton x-100 treated S. aureus.  However,
the measured LDH level was negligible compared to that from
lysed cell cultures. The cytotoxicity was calculated as a per-
centage of the max  control, i.e. the LDH level measured in the
supernatant divided by the max  control LDH level, and then
multiplied by 100%.

2.7.  Phagocytosis  and  intracellular  killing

To determine the appropriate MOI for the phagocytosis exper-
iments, THP-1 macrophages were exposed to a MOI  of 1,
5 and 10 for 1 h in a titration experiment. This resulted in
cytotoxicity of 2, 11 and 27% respectively. Based on these
data a MOI of 5 was chosen for the experiments evaluat-
ing phagocytosis and intracellular killing. These assays were
only performed for the 24 h pre-exposure to HEMA. For both
assays, the medium was removed at the end of the HEMA
exposure and replaced with 1 ml  pre-heated medium contain-
ing live S. aureus corresponding to a MOI of 5 (c-RPMI, with
1% FBS, without antibiotics). After 1 h incubation at 37 ◦C, the
cells were washed with 1 ml  pre-heated c-RPMI with 1% FBS

without antibiotics to remove extracellular bacteria. Then,
the medium was replaced by 1 ml  pre-heated c-RPMI with
1% FBS with antibiotics (0.3 mg/ml  Gentamicin (6 �l/1 ml of
50 mg/ml  stock solution), and incubated for 1 h at 37 ◦C to

https://doi.org/10.1016/j.dental.2019.07.005
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Fig. 2 – Comparison of three exposure scenarios for MOI  10.
PMA-differentiated THP-1 macrophages were  exposed to 2 mM HEMA in three different exposure scenarios 24 h
pre-exposure; (a, d, g), 2 h pre-exposure (b, e, h) and combined exposure (c, f, i). The exposure scenarios are illustrated in
a–c. The graphs show release of IL-1� determined by ELISA (d–f) or cytotoxicity determined by LDH release (g–i) for exposure
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ill any remaining extracellular bacteria. Finally, the medium
as  replaced with pre-heated c-RPMI with 1% FBS, without

ntibiotics.
For the phagocytosis assay, immediately after the 2 h incu-

ation described above, 1 ml  dH2O (MilliQ quality) was added
o each well for lysis of the THP-1 macrophages. The contents
f each well was mixed using a pipette, incubated at 37 ◦C for
5 min, mixed again and incubated for another 15 min  at 37 ◦C.
hen the cell lysates, containing the phagocytosed bacteria,
ere subjected to a 10x serial dilution resulting in a total of

hree dilutions in addition to the undiluted suspension; i.e. 1,
0, 100 and 1000× dilution. These were then plated on agar as
5 �l drops in duplicate. The agar plates were incubated over
ight at 37 ◦C before the number of colony forming units (CFU)
ere counted.

For the intracellular killing assay, after the 2 h incubation
escribed above, the macrophages were incubated for another
.5 or 3 h to allow for intracellular killing of bacteria. Finally,

he cells were lysed using 1 ml  dH2O (30 min  with mixing two
imes as described above). Then the resulting cell lysates were
iluted, plated on agar and counted as described above.
icates significant decrease compared to control wells
 ND = not detected.

2.8.  Statistics  and  data  processing

The number of independent experiments (N)  are indicated
in the figure legends. All columns in figures represent mean
values while the error bars correspond to standard error of
mean (SEM). All statistical analysis was performed in Graph-
Pad Prism (GraphPad Software, CA, USA). As specified in the
figure legends, either a two-way ANOVA with Sidaks post-test
or a two-sided t-test was applied. All p-values <0.05 were con-
sidered as significant.

Since the IL-1� release from primary human macrophages
showed large variation between individuals, these data are
presented relative to the control level of S. aureus-induced
cytokine release. To allow for ANOVA analysis after this nor-
malization, a two-step procedure was used to retain variation
in the controls but scale them to the same level. First, the data
from each experiment (i.e. each individual) was divided by the
mean value of all the data in that experiment. Then, all the

data in this dataset (i.e. from all 6 individuals) were divided by
the mean of the controls in these experiments, and multiplied
by 100%.

https://doi.org/10.1016/j.dental.2019.07.005
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The CFU data from the phagocytosis and intracellular
killing assays in THP-1 cells also showed large variation
between experiments, and were presented relative to their
respective controls. Four independent phagocytosis experi-
ments were performed, each with the control and 2 mM HEMA
exposure in triplicates, resulting in 12 data-points for each
treatment (Control and 2 mM HEMA) and time-point (0, 1.5
and 3 h). For each experiment, all the data were divided by the
mean of the three controls in that experiment, retaining varia-
tion in the normalized control levels. After this normalization,
the standard deviation of the data from a single experiment
was in the same range as the standard deviation of all the data-
points within each condition. Thus, the triplicate wells in each
experiment were included as independent data-points in the
statistical analysis.

For the intracellular killing, a similar normalization proce-
dure was used. However, to assess cellular killing relative to
the amount of bacteria phagocytosed initially (i.e. the phago-
cytosis data corresponding to 0 h), the Control and HEMA data
were normalized separately. This was achieved by dividing all
the data from one condition in each experiment to the mean
value of their respective 0 h data. This retained the variation
in the 0 h data for both Control and HEMA, and allowed for
ANOVA analysis.

3.  Results

3.1.  Comparison  of  exposure  scenarios

To establish the model system where live S. aureus bacteria
induce cytokine release from THP-1 macrophages, different
exposure scenarios and exposure times for HEMA were tested
using MOI  10 (Fig. 2). The 2 or 4 h exposure to S. aureus alone
in a MOI  of 10 resulted in an IL-1� release of 200–800 pg/ml
and a cytotoxicity of 30–70 % in the three different exposure
scenarios.

Exposure to 2 mM HEMA reduced the S. aureus-induced IL-
1� release with 75–85 % in the 24 h pre-exposure regime, while
the effect was less pronounced in the 2 h pre- and combined
exposure scenarios with reductions of 10–25 % (Fig. 2d–f). The
IL-1� release was below the detection limit in the absence of
S. aureus,  thus HEMA exposure without S. aureus was excluded
from the remaining experiments.

The S. aureus-induced cytotoxicity was reduced with 25–40
% due to 24 h pre-exposure to HEMA, while HEMA had a limited
effect on the S. aureus-induced cytotoxicity in the two other
exposure scenarios (Fig. 2g–i).

Since HEMA induced similar effects in the 2 h pre- and com-
bined exposure scenarios both with respect to IL-1� release
and cytotoxicity, only the combined and 24 h pre-exposure
scenarios were included in the further experiments.

3.2.  Titration  of  MOI

The 2–4 h incubation of the THP-1 macrophages with S. aureus

at a MOI  of 10 induced a 40–70 % cytotoxicity (Fig. 2g–i),
with unspecific release of IL-1� due to rupture of the cell
membrane as a possible consequence. In order to inves-
tigate controlled/regulated rather than cytotoxicity-induced
 ( 2 0 1 9 ) e235–e248

IL-1� release, titration of the MOI to reach a non-cytotoxic
level of S. aureus was performed (Fig. 3). A 4 h incubation
with MOI of 0.02 and 0.1 resulted in negligible cytotoxicity,
while MOI 0.5 increased the cytotoxicity to approximately 30%
(Fig. 3f–h). The 24 h pre-exposure to HEMA generally resulted
in a stronger effect on the IL-1� release than the combined
exposure (Fig. 3c–e). HEMA induced a concentration depen-
dent decrease in IL-1� release after 24 h pre-exposure, with a
maximal reduction of 90–95 % for all MOIs investigated. In con-
trast, the effect of HEMA in the combined exposure scenario
varied with the MOI (20–60 % reduction) and showed strongest
effect for the two lowest MOI (Fig. 3d–e).

HEMA had similar effects on the S. aureus-induced cytotox-
icity in the two exposure regimes for MOI 0.5, with 50 and 40%
reductions in the 24 h pre- and combined exposure regimes,
respectively (Fig. 3h). For MOI  0.1, HEMA had a stronger impact
on S. aureus-induced cytotoxicity in the combined than pre-
exposure regime (40 vs. 15% reduction) (Fig. 3g).

The effect of HEMA on IL-1� release from THP-1
macrophages induced by LPS from E. coli was similar to
the S. aureus-induced release, with a 98% reduction in the
pre-exposure regime (Fig. 4). Similarly, the LPS-induced cyto-
toxicity was reduced with 47% after 24 h pre-exposure to
HEMA. In contrast to the S. aureus-induced responses, neither
IL-1� release nor cytotoxicity were affected by HEMA in the
combined exposure regime.

3.3.  Primary  human  macrophages

To assess the translational value of the THP-1 macrophage
model, the effect of 24 h pre-exposure to HEMA on S. aureus-
induced IL-1� release was also tested in primary human
macrophages (Fig. 5). Since initial experiments revealed that
these primary macrophages were more  robust in terms of
withstanding S. aureus-induced toxicity, higher MOI  were
applied than in the THP-1 model. For the three MOI  tested (0.1,
1 and 10), only the highest (MOI 10) induced a significant cyto-
toxicity of 60% compared to control. Moreover, the release of
IL-1� was only significantly increased by the two highest MOIs
(1 and 10). For MOI 1, resulting in significant cytokine release
and no cytotoxicity, 2 mM HEMA reduced the IL-1� release with
60%, while an even stronger reduction in IL-1� release (75%)
was observed for the cytotoxic MOI of 10. Interestingly, HEMA
did not reduce the S. aureus-induced cytotoxicity in this model
system using primary human macrophages, in contrast to the
THP-1 macrophage model.

3.4.  Release  of  other  inflammatory  mediators

To assess whether the effects of HEMA were limited to IL-1�,
the levels of TNF�, IL-8, IL-10 and MCP-1 were determined
in supernatants from experiments using MOI 0.1 (Fig. 6). The
release of TNF� followed the same pattern as IL-1� after expo-
sure to S. aureus and HEMA; the 24 h pre-exposure to HEMA
resulted in a stronger effect than the combined exposure, with
95 and 40% reductions respectively (Fig. 6a). For IL-8, HEMA

only induced a significant effect in the 24 h pre-exposure
regime, with a 50% reduction in its release (Fig. 6b). Unfortu-
nately IL-10 and MCP-1 levels were below the detection limit
for the majority of the experiments. However, similar trends
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Fig. 3 – Titration of MOI  to establish non-cytotoxic exposure conditions.
Schematic illustrations of the two applied exposure scenarios (a) 24 h pre-exposure to HEMA prior to 4 h S. aureus exposure
and (b) 4 h combined exposure to HEMA and S. aureus.  In c–h) PMA-differentiated THP-1 macrophages were  exposed to
0.5–2 mM HEMA and S. aureus at a MOI  of 0.02 (c, f), 0.1 (d, g) or 0.5 (e, h) according to the indicated exposure scenarios. After
4 h S. aureus exposure, the release of IL-1� was determined by ELISA in (c–e), while cytotoxicity was determined by the LDH
assay (f–h). The * indicate significant decrease compared to control wells (2-way repeated measures ANOVA, Sidak
p icity
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ost-tests, N = 4). The dotted line indicates the basal cytotox

s for IL-1� and TNF� were observed with regard to HEMA-
nduced effects on the release of IL-10 and MCP-1 when these
ytokines were detectable (data not shown).

.5.  Intracellular  cytokine  levels

o test whether the effects of HEMA on cytokine release were
elated to the transcriptional and translational regulation or
o the actual release of the cytokines, the cells were lysed at

he end of the S. aureus exposure to determine the remaining
ntracellular cytokine levels (Fig. 7). As for the IL-1� release, the
. aureus-exposure per se increased the intracellular cytokine
evels compared to the basal levels (control bar vs. dotted line).
 level, e.g. in cells not exposed to S. aureus.

The effect of HEMA on intracellular IL-1� was similar to its
effects on IL-1� release, although not as strong. While the IL-
1� release was reduced with 95 and 60% in the 24 h pre- and
combined exposure scenarios (Fig. 3d), respectively, the cor-
responding intracellular levels were reduced with 70 and 20%
(Fig. 7a). The effects of HEMA on intracellular TNF� and IL-8
on the other hand, was similar or more  pronounced than the
effects on their release. For TNF�, the intracellular levels were
reduced with 95 and 50% reductions in 24 h pre- and combined
exposure, respectively, while the corresponding reductions in

release were 95 and 40% (Figs. 6a and 7 b). The IL-8 levels were
only affected by HEMA after 24 h pre-exposure, and the 60%
reduction in the intracellular level was slightly higher than
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Fig. 4 – Effects of HEMA on LPS-induced IL-1� release.
PMA-differentiated THP-1 macrophages were  either pre-exposed to 2 mM HEMA for 24 h followed by 4 h exposure to E. coli
LPS (0.05 ng/ml) or subjected to a 4 h combined exposure to 2 mM HEMA and E. coli LPS (0.05 ng/ml). The release of (a) IL-1�

was determined by ELISA while (b) cytotoxicity was assessed by the release of LDH presented as percent of the max  control.
* indicates significant decrease compared to respective control wells (2-way repeated measures ANOVA, Sidak post-tests,
N = 3).

Fig. 5 – Effects of 24 h pre-exposure to HEMA in primary human macrophages.
Primary human macrophages from induced sputum were  exposed to 2 mM HEMA and a MOI  of 0.1, 1 or 10 for 4 h to
determine (a) the release IL-1� by ELISA and (b) the cytotoxicity by the LDH assay. Since the basal and the S. aureus-induced
IL-1� levels varied considerably between macrophages from different donors (basal: mean 20 pg/ml, range 2–55 pg/ml;
induced: mean 300 pg/ml, range 50–480 pg/ml), these data were  2-way normalized to the level in the unexposed controls.

ls (2-
The * indicates significant decrease compared to control wel

the 50% reduction in the release (Fig. 7c). On the contrary, the
intracellular LDH level was not affected by either S. aureus or
HEMA exposure (Figs. 6b and 7 d).

3.6.  Pre-incubation  or  deprivation  of  serum  proteins

Since conjugation with proteins has been proposed as a pos-
sible mechanism for the cellular effects of HEMA, the effects
of deprivation or pre-incubation with proteins on S. aureus-
induced IL-1� release were tested. Incubation in FBS-free

medium the first 2 h of exposure or 24 h pre-incubation of
HEMA with FBS at 2 mM in 37 ◦C resulted in HEMA-induced
reductions in S. aureus-induced IL-1� release of 95 and 98%,
respectively (Supplementary Appendix A, Fig. A.1). These
way repeated measures ANOVA, Sidaks post-tests, N = 6).

reductions were similar to the 97% reduction in the pre-
incubation exposure regime (left part of Fig. 3d).

3.7.  Phagocytosis  and  bacterial  killing

To address a different aspect of macrophage functionality,
HEMA-induced effects on phagocytosis of S. aureus were inves-
tigated in PMA-differentiated THP-1 macrophages. After 24 h
pre-exposure to HEMA, the phagocytosis was increased with

77% (±26%) compared to control (Fig. 8a). However, the intra-
cellular killing of S. aureus,  determined during the 3 h following
the initial phagocytosis assessment in Fig. 8a, was not affected
by HEMA exposure (Fig. 8b).
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Fig. 6 – Effects of HEMA on S. aureus-induced release of TNF and IL-8.
PMA-differentiated THP-1 macrophages were  exposed to 0.5–2 mM  HEMA and S. aureus at a MOI  of 0.1 for 4 h to determine
release of (a) TNF� and (b) IL-8. The levels of MCP-1 and IL-10 were  under the detection limit in the majority of the
experiments, and are not displayed. The graphs are based on re-analysis of supernatants from experiments in Fig. 3d, and
the * indicate significant difference from control wells (2-way repeated measures ANOVA, Sidaks post-test, N = 5). In the
absence of S. aureus, the mean IL-8 levels ± standard deviation (range) was 52 ± 38 (14–99) pg/ml (indicated by a dotted line
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n b), while all the TNF� levels were  below the detection lim

.  Discussion

ethacrylate monomer-containing dental materials are com-
only applied in dentistry. Due to incomplete setting

fter placement, these materials cause oral exposures to
ethacrylate monomers. Although it is well documented

hat methacrylate monomers like HEMA attenuate cytokine
elease from murine RAW264.7 macrophages after exposure
o LPS from E. coli [9,10,15,23,27], there is limited knowledge
egarding effects of HEMA on macrophage responses to live
acteria. In the current study, a model using live S. aureus bac-
eria to induce cytokine release from THP-1 macrophages or
rimary human airway macrophages was successfully estab-

ished. Moreover, HEMA attenuated S. aureus-induced cytokine
elease in both macrophage models, confirming the results
rom the murine macrophage cell-line. The effect of HEMA
as stronger in the THP-1 macrophages, with 90–98 % reduc-

ion in S. aureus-induced IL-1� release, than in the airway
acrophages, where the reduction was around 60%.
PMA  differentiated THP-1 cells are commonly used as a

uman macrophage model [38,39]. However, since their phe-
otype has been reported to differ considerably from the tissue
acrophage phenotype [40], primary airway macrophages
ere included in the current study as a complementary model

ystem. The applied primary macrophages from induced spu-
um are available through a non-invasive method resulting
n mature airway macrophages [37], hence no in vitro differ-
ntiation is required. The phenotype of tissue macrophages
epends on the local environment and varies between dif-
erent tissues [41]. Thus, macrophages in the oral cavity,

oth tissue macrophages and those recruited and differenti-
ted from monocytes during acute inflammation, are likely to
ave a different phenotype than the applied primary airway
acrophages. Nevertheless, the current data demonstrate
the absence of bacteria.

that HEMA affects bacteria-induced IL-1� release from human
macrophages.

S. aureus was chosen as a model-bacteria to study the
effects of HEMA on bacteria-induced cytokine release since
it is present in the oral cavity and known to induce a strong
IL-1� signal [30–33,35,36]. Approximately 20% of the popula-
tion are persistent nasal carriers of S. aureus,  while around
60% are intermittent carriers and the remaining population
are non-carriers [42,43]. In addition, the oral cavity and the
perioral region is frequently colonized by S. aureus,  with a car-
rier rate of 44.6% [44,45]. Also, oral S. aureus infections have
recently been suggested to originate from the oral microbiota
[34]. Although S. aureus is not strongly associated with chronic
periodontitis or caries, it has been associated with therapy-
resistant (refractory) cases of periodontitis and may also be
associated with peri-implantitis or cause oral bacterial infec-
tions [46–48]. Such oral S. aureus infections will activate the
innate immune response with macrophages as the first line of
defense, supporting the choice of S. aureus as a model-bacteria.

The bacterial component LPS has been applied in the pre-
vious studies assessing the effects of HEMA on inflammatory
macrophage responses. LPS interacts with toll-like receptor
(TLR) 4 which causes activation of intracellular pathways
resulting in activation of the transcription factor NF�B  as well
as other transcription factors [49]. In contrast, a number of
cell wall components and proteins secreted from S. aureus
contribute to the inflammatory response [50]. These bacte-
rial factors interact with a range of receptors, including TLR2,
Nod and TNFR1, that result in activation of NF�B and sub-
sequent transcription of immune response genes including
pro-inflammatory cytokines [50,51]. Although the interaction

between S. aureus and immune cells is more  complex than for
LPS from E. coli and similar intracellular signaling pathways
are activated [35], there are also distinct differences between

https://doi.org/10.1016/j.dental.2019.07.005
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Fig. 7 – Remaining intracellular cytokine and LDH levels (lysed cells).
PMA-differentiated THP-1 macrophages were  24 h pre-exposed to 2 mM  HEMA and S. aureus in MOI  of 0.1 for 4 h. At the end
of exposure the cells were  lysed with Triton x-100 for analysis of a) intracellular IL-1� and b) TNF�, c) IL-8 and d) LDH levels.
The * indicates significant decrease compared to control wells (2-way repeated measures ANOVA, Sidaks post-tests, N = 3).
The dotted lines indicate the mean levels of intracellular IL-1�, IL-8 or LDH in unstimulated cells, while no TNF� could be

detected in the lysates from unstimulated cells.

TLR2 and 4 signaling [49,52]. In the THP-1 macrophages, the
S. aureus and LPS-induced IL-1� release was attenuated in a
similar manner after 24 h pre-incubation with HEMA, with a
90–98 % reduction in release. In contrast, the effects of HEMA
on S. aureus and LPS-induced IL-1� release differed dramat-
ically for the 4 h combined exposure, where HEMA caused a
60% reduction in S. aureus-induced IL-1� release, while the
LPS-induced release was not affected at all. However, in the
RAW264.7 macrophages, HEMA affected LPS-induced IL-1�

release to a similar extent in the 24 h pre-incubation and 24 h
combined exposure regimes [15], suggesting that the lack of
effect observed in the THP-1 cells may not be specific to the
LPS stimuli. The applied exposure time to live S. aureus and
LPS in the THP-1 cells was shorter than for LPS in RAW264.7
cells (4 vs 24 h) due to the cytotoxic effects of the live bacteria
over time, and this difference in exposure time is a possible
explanation for the different response patterns for LPS in the

two macrophage models.

In the 24 h pre-exposure regime, the effect of HEMA on S.
aureus induced IL-1� release from THP-1 macrophages was
stable  across the different MOI tested, with approximately
90–100 % reduction. In the combined exposure regime, how-
ever, the effect of HEMA varied across the different MOIs,
and appeared to decrease with increasing levels of cytokine
release. Indeed, when the percent reduction was plotted
versus the cytokine level in the control well in the same exper-
iment, there was a strong negative correlation (R2 = 0.81) in the
combined exposure regime, but not for the 24 h pre-exposure
(Supplementary Appendix A, Fig. A.2). Thus, for high cytokine
levels (i.e. high MOI) the effect of the bacteria exposure seems
to ‘override’ the effect of the HEMA exposure in the combined
exposure regime.

In accordance with the literature from LPS-stimulated
RAW264.7 macrophages [15,27], HEMA reduced the S. aureus-
induced cytotoxicity in THP-1 macrophages with up to 50%.
When comparing the effects of pre-exposure and combined
exposure to HEMA on cytotoxicity, there was no clear pattern

with regard to the relative potency of HEMA in the two expo-
sure regimes. However, in the combined exposure regime, the
effect of HEMA seemed to depend on the MOI  in a similar

https://doi.org/10.1016/j.dental.2019.07.005
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Fig. 8 – Effects of 24 h pre-exposure to HEMA on phagocytosis and intracellular killing of S. aureus.
PMA-differentiated THP-1 macrophages were  pre-exposed to 2 mM HEMA for 24 h and then exposed to S. aureus at a MOI  of
5 for 1 h. Extracellular bacteria where then removed by washing the wells, before 1 h incubation, lysis of cells and
subsequent plating of suspension on agar for determination of phagocytosis (a). A total of 4 experiments were  performed in
triplicate, resulting in 12 measurements points for each condition, these were  normalized to the mean of the control in each
experiment (corresponding to displayed dots). To assess cellular killing of bacteria (b), the cells were  incubated for an
additional 1.5 and 3 h before lysis and agar plating. Then, Control and HEMA data were  normalized to the mean of their
respective 0 h control (corresponding to the data used to assess phagocytosis after 1 + 1 h incubation) to assess cellular
killing of S. aureus relative to the amount of bacteria phagocytosed initially. In (a) * corresponds to significant increase
compared to control (unpaired two-tailed t-test), while data in (b) were  analyzed by 2-way ANOVA with Sidaks post-test (the
columns correspond to the mean of the 12 individual measurement points).
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anner as the IL-1� release, since the S. aureus-induced cyto-
oxicity decreased significantly with increasing cytotoxicity
i.e. high MOI) with a moderate negative correlation (R2 = 0.58)
Fig. A.3). In the previous studies of HEMA reporting reduced
PS-induced cytotoxicity in RAW264.7 cells, activation of the
ellular antioxidant defense system by HEMA has been pro-
osed as the underlying mechanism [27]. Specifically, while
he cytotoxic effect of LPS in RAW264.7 cells was mediated
hrough NFkB and peroxynitrite, HEMA counteracted these
ffects by activation of the cytoprotective Nrf2 pathway [27]. In
ontrast to in the THP-1 and RAW264.7 macrophages, HEMA
id not affect S. aureus-induced cytotoxicity in the primary
uman macrophages. Thus, this’ protective’ effect of HEMA
eems to be cell type specific, and may have limited relevance
or the in vivo setting since it was not observed in the primary

acrophages.
The cytokine levels in THP-1 cell lysates were analyzed

o assess whether HEMA-induced effects were due to pre- or
ost-translational mechanisms. When comparing the percent
eduction in cytokine release (Figs. 3 and 6) and remain-
ng intracellular levels (Fig. 7) in a 2-way ANOVA, there
ere no significant differences (data not shown). The sim-

lar effects of HEMA on S. aureus-induced cytokine release
nd intracellular levels, suggest that the effects of HEMA
n S. aureus-induced cytokine release are mostly due to
echanisms pre-translation rather than mechanisms related

o cytokine release, as suggested previously for LPS [15,27].
chweikl et al. investigated the role of oxidative stress in

PS-induced cytokine release from RAW264.7 cells exposed
o 1–8 mM HEMA, and suggested a role for hydrogen perox-
de levels due to adduct formation of HEMA with GSH [27].
owever, the hydrogen peroxide levels only increased for
the higher concentrations of HEMA (4–8 mM).  The molecular
events preceding the HEMA-induced reduction in LPS stimu-
lated cytokine release may differ between high and low HEMA
concentrations [26]. In RAW264.7 cells, cellular GSH deple-
tion by the GSH synthesis inhibitor butylsulfoximine (BSO)
induced similar effects as exposure to 0.25–2 mM HEMA  in
terms of reduction of LPS-induced IL-1� release [15]. How-
ever, due to differences in the dynamics and magnitude of the
effects between HEMA and BSO, GSH depletion alone could not
explain the attenuation of LPS-induced IL-1� release by HEMA
[15]. Based on the strong thiol reactivity of HEMA reported in
the literature [12,13], formation of HEMA-protein conjugates
was suggested as a possible candidate for the effects induced
by low concentrations of HEMA [15].

Binding of HEMA to cysteine residues in proteins has
also been proposed previously [13], based on the ability of
HEMA to bind directly to cysteine in GSH and form GS-HEMA
adducts [12,13]. Accordingly, dental monomers were reported
to bind to serum proteins in protein binding assays [5,28], fur-
ther supporting this hypothesis. Binding to serum proteins
could, however, also reduce bioavailability of methacrylate
monomers in vitro and thereby reduce their toxicity [5,28,53].
In the current study, the overnight pre-incubation of HEMA
with serum protein, which is likely to result in reduced lev-
els of unconjugated or ‘free’ HEMA, did not reduce the effect
of HEMA on S. aureus-induced IL-1� release. Similarly, 2 h
serum deprivation did not affect the effect of HEMA  in the
applied model. Thus, interaction between HEMA and serum

proteins did not seem to play a role in the observed reduction
in IL-1� release. This may point towards a specificity in the
HEMA-protein conjugation, i.e. that it only occurs for certain
proteins with specific topography around the SH group that
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facilitates the HEMA-SH-group interaction (like GSH). Other
possible hypotheses include that HEMA-protein conjugation
occurs but is reversible or is not involved in the observed cel-
lular effects. Overall, further studies are necessary to fully
elucidate the role of HEMA-protein interactions in the cellular
effects of HEMA.

Phagocytosis plays a critical role in the early innate
immune response, and is essential for elimination of bac-
teria [54]. In contrast to the reduction in S. aureus-induced
cytokine release, the phagocytosis of S. aureus was signifi-
cantly increased with around 80% after 24 h pre-incubation
with 2 mM HEMA. However, in human primary monocytes
and neutrophils HEMA did not affect the phagocytosis of
E. coli significantly, but decrease the average respiratory burst
activity [55]. The observed increase in phagocytic activity due
to HEMA exposure may suggest an enhanced macrophage
immune response. In contrast, a possible consequence of
the attenuated S. aureus-induced cytokine release, could be
an impaired immune response due to insufficient recruit-
ment of immune cells to the site of infection. Further
experiments are required to elucidate the relative impor-
tance of the increased phagocytosis and the reduced cytokine
release.

In contrast to the current findings, HEMA increased the
LPS-induced mRNA  expression of the pro-inflammatory medi-
ators TNF� and Cox-2 in primary human gingival fibroblasts
[24], while these mediators were not affected by TEGDMA dur-
ing co-exposure with viable S. mitis [25]. Thus, the impact
of methacrylate monomers may vary between different cell
types and model systems and even be opposite. Similarly,
contradictory findings have been reported with respect to the
effect of GSH depletion on cytokine release, as both reduced
and increased LPS-induced release was reported in differ-
ent model systems [56,57]. Although macrophages are of
major importance during oral infections, other cell types like
epithelial cells, neutrophils and T-cells appear to play a more
important role both during tissue homeostasis and develop-
ment of oral disease [58–60]. Finally, while epithelial cells are
continuously exposed to any monomers released from dental
materials to saliva, macrophages are generally tissue resident
and subjected to limited exposure to methacrylate monomers
from saliva. These data point towards the importance of con-
ducting further studies of methacrylate monomer-induced
effects on the responses to bacteria and bacterial components
in cell types with higher relevance for disease development
and oral exposure.

In conclusion, a macrophage model with relevance for
combined oral exposure to bacteria and dental monomers was
successfully established. The current study confirmed that
HEMA attenuates bacteria-induced cytokine release in human
macrophages, indicative of an impaired immune response.
However, since the significantly increased phagocytosis may
point towards enhanced immune responses, further experi-
ments are required for a better understanding of the clinical
relevance of altered macrophage functionality due to HEMA
exposure. Due to the complex interplay between immune cells
and connective tissue in the oral immune responses, applica-
tion of models including other cell types (e.g. epithelial cells
and neutrophils) and bacterial species is highly recommended
in future studies.
 ( 2 0 1 9 ) e235–e248
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