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ABSTRACT

Resin monomers (RMs) are inflammatory agents and are
thought to cause allergic contact dermatitis (ACD).
However, mouse models are lacking, possibly because of
the weak antigenicities of RMs. We previously reported that
inflammatory substances can promote the allergic dermatitis
(AD) induced by intradermally injected nickel (Ni-AD) in
mice. Here, we examined the effects of RMs on Ni-AD. To
sensitize mice to Ni, a mixture containing non-toxic concen-
trations of NiCl, and an RM [either methyl methacrylate
(MMA) or 2-hydroxyethyl methacrylate (HEMA)] was
injected intraperitoneally or into ear-pinnae intradermally.
Ten days later, a mixture containing various concentrations
of NiCl, and/or an RM was intradermally injected into ear-
pinnae, and ear-swelling was measured. In adoptive transfer
experiments, spleen cells from sensitized mice were trans-
ferred intravenously into non-sensitized recipients, and 24 h
later NiCl, was challenged to ear-pinnae. Whether injected
intraperitoneally or intradermally, RM plus NiCl, mixtures
were effective in sensitizing mice to Ni. AD-inducing Ni
concentrations were greatly reduced in the presence of
MMA or HEMA (at the sensitization step from 10 mM to 5
or 50 uM, respectively, and at the elicitation step from 10
uM to 10 or 100 nM, respectively). These effects of RMs
were weaker in IL-1-knockout mice and in macrophage-
depleted mice. Cell-transfer experiments in IL-1-knockout
mice indicated that both the sensitization and elicitation
steps depended on IL-1. Challenge with an RM alone did
not induce allergic ear-swelling in mice given the same RM
+ NiCl, 10 days before the challenge. These results suggest
that RMs act as adjuvants, not as antigens, to promote
Ni-AD by reducing the AD-inducing concentration of Ni,
and that IL-1 and macrophages are critically important for
the adjuvant effects. We speculate that what were previously
thought of as “RM-ACD” might include ACD caused by
antigens other than RMs that have undergone promotion by
the adjuvant effects of RMs.
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INTRODUCTION

esins and metals are frequently encountered in modern life, and they have

many medical uses. Thus, contact with them can occur through a variety
of routes. In dentistry, for example, resins and/or metals are used as dentures,
prostheses, restorations, implants in replacement surgery, orthodontic wires,
and various other devices. Resin monomers (RMs) are known to be a cause of
allergic contact dermatitis (ACD), especially in dental personnel (Aalto-Korte
et al., 2007). Indeed, according to one report, 64% of dermatitis in dental
personnel was due to ACD induced by RMs (Rustemeyer and Frosch, 1996).
Such RM-induced ACD (RM-ACD) also occurs in dental patients (Gongalves
et al., 2006) and in people who use nail make-up (Teik-Jin Goon et al., 2007).
Among the metals, nickel (Ni) is the most frequent contact allergen (Garner,
2004).

RMs are known to be inflammatory, toxic materials (Leggat and Kedjarune,
2003; Paranjpe et al., 2005). However, RMs induce ACD in animal models
with potencies reportedly much weaker than those of other well-known
chemical haptens, such as oxazolone, dinitrochlorobenzene, and formalde-
hyde (Kimber et al., 2003; Betts et al., 2006). Rustemeyer et al. (1998) suc-
ceeded in sensitizing guinea pigs to RMs, but only by the drastic method of
intradermally injecting mixtures of 1 M of RMs (10-20%) in water-Freund’s
complete adjuvant (1:1). In our experience with mice, 50% Freund’s complete
adjuvant alone (Sato et al., 2007) and such concentrations of RMs alone
(unpublished observations) cause severe skin injuries. Thus, the above model
may not reflect actual environmental situations that result in ACD in humans
and suggest that unknown conditions or factors may be necessary for
RM-ACD to occur. As yet, no one has succeeded in inducing RM-ACD in
mice. We have reported that various bacterial components or ligands of Toll-
like receptors (TLRs) act as potent adjuvants of the allergic dermatitis (AD)
induced by intradermally injected Ni (Ni-AD) in mice, and this can occur at
both the sensitization and elicitation steps (Sato et al., 2007; Kinbara et al.,
2011; Takahashi et al., 2011; Huang et al., 2011). However, our attempts
using these substances as adjuvants to produce RM-ACD in mice have all
failed.

Having previously found that inflammatory chemicals (nitrogen-containing
bisphosphonates) can promote Ni-AD in mice (Takahashi et al., 2011), we
hypothesized that: (i) RMs might also promote the establishment of the aller-
gies induced by other antigens by acting as adjuvants, rather than as antigens;
and (ii) what were previously thought of as “RM-ACD” might include ACD
caused by antigens other than RMs that have undergone promotion by the

Downloaded from jdr.sagepub.com at Instituto Superiore Di Sanita on October 9, 2014 For personal use only. No other uses without permission.

© International & American Associations for Dental Research


http://jdr.sagepub.com/

2 Bando et al.

adjuvant effects of RMs. Interestingly, Sandberg et al. (2005)
reported that 2-hydroxyethyl methacrylate (HEMA) had adju-
vant properties in mice, in which it promoted the production of
the antibodies to ovalbumin. In the present study, we tested the
above hypotheses by evaluating the effects of RMs on Ni-AD in
the skin of mice.

MATERIALS & METHODS

Animals

BALB/c IL-1- knockout (KO) mice were established from
original IL-1a-KO and IL-1B-KO mice (Horai et al., 1998).
Female BALB/c mice were bred in our laboratory under con-
ventional conditions. All mice were raised in standard aluminum
cages (with a lid made of stainless steel wires) and allowed
standard food pellets (LabMR Stock; Nihon Nosan Inc.,
Yokohama, Japan) and tap water ad libitum (the latter from a
plastic bottle through a stainless steel tube) in an air-conditioned
room at 23 + 1°C and 55 + 5% relative humidity with a standard
cycle of 12 h light and 12 h dark (lights on at 07:00 a.m.). All
experiments complied with Regulations for Animal Experiments
and Related Activities at Tohoku University.

Reagents

Methyl methacrylate (MMA) and HEMA were purchased from
Sigma-Aldrich (St. Louis, MO, USA). First-grade NiCl, (purity
> 95%) and all other reagents were purchased from Wako Pure
Chemical Ind. Ltd. (Osaka, Japan), unless otherwise indicated.

Sensitization to Ni and Elicitation of
Ni-allergic Inflammation

Mice were sensitized to Ni by intraperitoneal (i.p.) injection,
except in the experiment illustrated by Fig. 2B, in which Ni was
intradermally (i.d.) injected into ear-pinnae. For injection by
either route, a mixture of NiCl, and an RM was used. Ten days
later, ear-pinnae were challenged by i.d. injection of NiCl, solu-
tion or a mixture of NiCl, and an RM near the root of the ear (20
pL/ear). Ear-swelling was measured at the indicated times by
means of a Peacock dial thickness gauge (Ozaki MFG Co. Ltd,
Tokyo, Japan), and the induced swelling was calculated as the
difference between before and after the challenge. Detailed pro-
tocols are described in the text or in the legend to the Fig. relat-
ing to each experiment.

Measurement of IL-1 in Ear-pinnae

IL-1a and IL-1p in ear-pinnae were measured as described pre-
viously (Deng et al., 2006, 2012) with ELISA kits for IL-1a
(R & D Systems, Minneapolis, MN, USA) and IL-1B (Thermo
Scientific, Waltham, MA, USA).

Depletion of Phagocytic Macrophages

Clodronate-encapsulated liposomes (Clo-lipo) have been shown
to deplete phagocytic macrophages, but not dendritic cells and
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neutrophils (Van Rooijen and Sanders, 1994). A suspension of
Clo-lipo was prepared by the method devised by Van Rooijen
and Sanders (1994) as described previously (Yamaguchi et al.,
2006). A suspension of original Clo-lipo was diluted 5-fold with
sterile saline and injected intravenously (i.v.) via the tail vein at
100 pL/10 g body weight.

Adoptive Transfer of Spleen Cells

Mice were sensitized with a mixture of NiCl, and MMA, and 10
days later, 1x10° spleen cells from a sensitized mouse were i.v.-
transferred into a non-sensitized mouse. One day after the trans-
fer, the recipient’s ears were challenged with NiCl,.

Statistical Analysis

Experimental values are given as the mean = SD. The statistical
significance of differences was analyzed by a Bonferroni mul-
tiple comparison test after analysis of variance (ANOVA) with
the aid of InStat software (InStat, Scottsdale, AZ, USA). A p <
.01 was considered to indicate significance.

RESULTS

Inflammatory Effects of RMs and RM-induced
Production of IL-1

The purpose of the experiments in this section was to search for
the optimal concentrations of RMs (i.e., concentrations not
causing severe injuries). Incidentally, MMA is less soluble than
HEMA; thus, 1% MMA and 5% HEMA are solutions, while 5%
MMA is a lyophobic suspension. Intradermal injection of 5%
HEMA into ear-pinnae induced ear-swelling at the injection site
that was greater and more prolonged than that induced by 1.5%
MMA (Figs. 1A, 1B). However, 5% MMA suspension induced
a greater and more prolonged ear-swelling than 1% MMA (data
not shown). Thus, inflammatory properties may be essentially
the same between MMA and HEMA. Painting 100% RMs onto
ears was not inflammatory (Figs. 1C, 1D). Although i.p. injec-
tion of 5% RMs was very toxic (some mice weakened or died
within 30 min of the injection), such toxic effects were not
detected for 1% RMs. Because neither MMA nor HEMA at 1%
caused any detectable ear-swelling, we used 1% or less of RMs
in the following experiments.

IL-1 reportedly contributes to the development of ACD
(Nambu and Nakae, 2010). As shown in Figs. 1E and 1F, either
1.5% MMA or 5% HEMA, when injected into an ear-pinna,
significantly increased IL-1o and IL-1f in that ear-pinna. It
should also be noted (Figs. 1E, 1F) that: (i) in wild-type mice,
IL-1a was constitutively present in ear-pinnae, and its level was
much higher than that of IL-1p (ordinate scales differ between
Figs.1E and 1F); and (ii) IL-1pB levels were similar between
IL-1-KO mice and saline-injected wild-type mice. The latter
point indicates that ear-pinnae contain a remarkably high level
of IL-1pB-like unknown protein(s). Thus, an increase in IL-1p, if
quite small (e.g., pg level), might be masked by a variation in
the level of such protein(s). Indeed, we could not detect a sig-
nificant elevation of either IL-1a or IL-13 when 1% MMA or
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Figure 1. Inflammatory effects of the RMs themselves. (A, B) MMA and
HEMA were diluted with saline to the indicated concentrations and
injected into ear-pinnae (20 pl/ear, i.d.). (C, D) MMA and HEMA
were diluted with acetone to the indicated concentrations and painted
onto ear-pinnae (10 pl/each side of the ear). Each value is the mean
+ SD from 6 ears (i.e., 3 mice). *p < .01 vs. saline (A, B) or acetone
(C, D) at the same time point. (E, F) Effects of RMs on the levels of IL-1a.
and IL-1B in ear-pinnae. Saline, 1.5% MMA, or 5% HEMA was i.d.-
injected into the ear-pinnae of BALB/c wild-type mice (20 pL/ear), and
ear-pinnae were taken 24 h later. Values are also shown for non-
injected IL-1-KO mice. Each value is the mean + SD from 4 mice (both
ears of a mouse were combined). *p < .05; **p < .01 vs. saline. The
results shown for a given experiment were confirmed by at least one
additional repetition. Please note that ordinate scales differ between
panels A and B, and between panels E and F.

1% HEMA was injected (data not shown). Be all that as it may,
however, Figs. 1E and IF indicate that both MMA and HEMA
have the potential to increase IL-1o and IL-1[.

Effects of RMs on the Establishment of Ni-AD

Next, we examined whether RMs have adjuvant effects on
Ni-AD. Mice were sensitized to Ni by the injection of a solution
containing 0.5 mM NiCl, and 1% of an RM (250 uL/mouse, i.p.,
or 20 pL/ear, i.d.), and 10 days later, their ear-pinnae were chal-
lenged with 1 mM NiCl, (20 pL/ear). Mice sensitized with NiCl,
plus an RM by either i.p. or i.d. injection exhibited significant
allergic responses, with the peak at 24 to 48 h (Figs. 2A, 2B),
while NiCl, alone was ineffective. Histologically, when compared
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Figure 2. Adjuvant effects of RMs in the establishment of Ni-AD. (A, B)
Effects on allergic earswelling. A solution containing 0.5 mM NiCl,
alone or a solution containing 0.5 mM NiCl, and either 1% MMA or
HEMA was injected (20 pl/ear, i.d. or 250 ul/mouse, i.p.), and 10
days later, the ear-pinnae were challenged with T mM NiCl, (20 pL/
ear, i.d.). Each value is the mean = SD from 6 ears (i.e., 3 mice). *p
< .01 vs. 0.5 mM Ni alone at the same time point. (C, D) Histological
features of ear-pinna skins that had been injected with NiCl,. (C) Non-
sensitized mice were i.d.-injected with T mM NiCl, (20 pl/ear). (D)
Mice were sensitized to Ni with an i.p. injection of a solution
containing 0.5 mM NiCl, and 1% MMA (250 pl/mouse). Ten days
later, their ear-pinnae were challenged with 1 mM NiCl, (20 pl/ear).
Forty-eight h after that challenge, ears were removed, fixed in 10%
formalin, and embedded in paraffin. Sections were stained with
hematoxylin and eosin, and evaluated microscopically. Arrows and
asterisks represent blood vessels and edema, respectively. The results
shown for a given experiment were confirmed by at least 1 additional
repetition.

with non-sensitized mice, sensitized mice showed skin edema
and vasodilation, but little infiltration of inflammatory cells
(Figs. 2C, 2D). These results indicate that both MMA and
HEMA can promote Ni-AD as an adjuvant, but not as an anti-
gen. It is important to note that challenge with an RM (1% )
alone did not induce allergic ear-swelling in mice given the
same RM + NiCl, by i.p. injection at 10 days before the chal-
lenge, indicating that, in mice, RMs cannot by themselves
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Figure 3. Effects of RMs on the AD-inducing concentration of Ni at the
sensitization step. Solutions containing NiCl, and either MMA or
HEMA at the concentrations indicated in the panels were i.p.-injected
info mice, and 10 days later, their ear-pinnae were challenged i.d.
with 1 mM NiCl,. In (A) and (B), the concentration of MMA or HEMA
was fixed at 1%. In (C) and (D), the concentration of NiCl, was fixed
at 0.5 mM. Each value is the mean + SD from 6 ears (i.e., 3 mice).
*p < .01 vs. 1% MMA or HEMA alone (A, B) or 0.5 mM NiCl, alone
(C, D) at the same time point. The results shown for a given experiment
were confirmed by at least 1 additional repetition.

induce AD at these concentrations (i.e., RMs cannot be anti-
gens) (Figs. 4C, 4D).

Effects of RMs at the Sensitization Step

In the following experiments, RMs were i.p.-injected together
with NiCl, at the sensitization step. We previously reported that:
(1) mice could be sensitized to Ni by NiCl, alone at 10 mM (250
uL/mouse, i.p.); and (ii) LPS, given in combination with NiCl,,
markedly reduced the AD-inducing concentration of Ni to as
little as 10 uM (Kinbara et al., 2011). So, we examined whether
RMs might alter the AD-inducing concentration of NiCl, at the
sensitization step. Mice were sensitized with (i) a solution con-
taining 1% MMA or HEMA and one of several concentrations
of NiCl, or (ii) a solution containing 0.5 mM NiCl, and one of
several concentrations of MMA or HEMA (each, 250 uL/mouse,
i.p). Ten days later, their ear-pinnae were challenged i.d. with 1
mM NiCl, (20 pL/ear). As shown in Figs. 3A and 3B, when
NiCl, was given with 1% MMA or HEMA, allergic swelling
was induced at 5 uM or 50 uM NiCl,, respectively, indicating
that MMA and HEMA reduced the AD-inducing concentration
of Ni by factors of 2,000 and 200, respectively, at the sensitiza-
tion step. As shown in Figs. 3C and 3D, when MMA or HEMA
was combined with 0.5 mM NiCl,, allergic swelling was
induced by 0.2% MMA or 1% HEMA.

J Dent Res XX(X) 2014

Effects of RMs at the Elicitation Step

Next, we examined whether RMs might alter the AD-inducing
concentration of Ni at the elicitation step. In this experiment, mice
were sensitized to Ni with a solution of 0.5 mM NiCl, plus 1%
MMA or HEMA (250 puL/mouse, i.p.), and 10 days later, their
ear-pinnae were challenged i.d. with (i) NiCl, alone or saline, (ii)
a solution containing 1% MMA or HEMA and one of several
concentrations of NiCl,, or (iii) a solution containing 1 pM NiCl,
and one of several concentrations of MMA or HEMA (each,
20 pL/ear). As shown in Figs. 4A and 4B, allergic swelling was
induced by NiCl, at 10 pM, but not at 1 pM, without RMs.
However, when combined with 1% MMA or HEMA, allergic
swelling was induced at 10 or 100 nM NiCl,, respectively (Figs.
4C, 4D), indicating that MMA and HEMA reduced the
AD-inducing concentration of Ni by factors of 1,000 and 100,
respectively, at the elicitation step. It should also be noted that
when an RM was combined with 1 pM NiCl,, allergic swelling
was induced by 0.2% MMA or HEMA (Figs. 4E, 4F).

Involvement of IL-1 and Macrophages
in the Adjuvant Effects of RMs

We previously suggested that the adjuvant effects of LPS and
inflammatory substances on Ni-AD in mice depended on IL-1
and macrophages (Sato et al., 2007; Takahashi et al., 2011). So,
here we examined the possible contributions made by IL-1 and
macrophages to the adjuvant effects of RMs. In the first experi-
ment, sensitization to Ni was achieved by i.p. injection of a
solution containing 0.5 mM NiCl, plus 1% MMA, and 10 days
later, the ear-pinnae were challenged i.d. with 1 mM NiCl,. As
shown in Fig. 5A, allergic swelling was marginal in IL-1-KO
mice. Similar results were obtained in the second experiment,
which differed only in that mice were sensitized with a solution
containing 0.5 mM NiCl, plus 1% HEMA, rather than 1% MMA
(data not shown).

Next, to determine at which step IL-1 is involved, we per-
formed cell-transfer experiments. Ten days after the sensitizing
injection had been given to IL-1-KO or wild-type (WT) mice,
1x10° spleen cells were intravenously transferred into non-
sensitized IL-1-KO or WT mice. Then, 24 h later, the ear-pinnae
of those mice were challenged with 1 mM NiCl,. As shown in
Fig. 5B, only cell-transfer from sensitized WT to non-sensitized
WT mice induced allergic swelling. In macrophage-depleted
mice, no clear allergic swelling was detected (Fig. 5C). Although
C3H/HeJ mice lack the functional LPS receptor Toll-like recep-
tor 4 (TLR4), due to a mutation, their allergic swelling was
essentially the same as that seen in control C3H/HeN mice (Fig.
5D). Similar results were obtained in mice sensitized with a
solution containing 0.5 mM NiCl, plus 1% HEMA (data not
shown). These results indicate that, for the adjuvant effects of
RMs: (i) IL-1 is necessary at both the sensitization and elicita-
tion steps; and (ii) macrophages, but not TLR4, are required.
Moreover, analysis of the above data indicated that the adjuvant
effects we attributed to RMs are not due to contaminating LPS
in the RM preparations.
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Figure 4. Effects of RMs on the AD-inducing concentration of Ni at the
elicitation step. All mice were sensitized to Ni by i.p. injection of a
solution containing 0.5 mM NiCl, and either 1% MMA or HEMA, and
10 days later, their ear-pinnae were challenged i.d. with NiCl, alone
or with NiCl, plus an RM. (A, B) Challenge with saline or various
concentrations of Ni. (C, D) Challenge with 1% of an RM plus various
concentrations of Ni. (E, F) Challenge with 1T uM Ni plus various
concentrations of an RM. Each value is the mean = SD from 6 ears
(i.e., 3 mice). *p < .01 vs. saline (A, B), 1% MMA or HEMA alone (C,
D), or 1 uM NiCl, alone (E, F) at the same time point. The results
shown for a given experiment were confirmed by at least one
additional repetition.

DISCUSSION

In this study, we confirmed that RMs have inflammatory and
cytotoxic effects, and we found that RMs have the potential to
increase IL-1a and IL-1f. Inflammatory substances, including
chemicals and microbial substances, reportedly exert adjuvant
effects in the establishment of the ACD induced by organic
haptens (Grabbe et al., 1996) and metallic haptens (Sato et al.,
2007; Takahashi et al., 2011; Huang et al., 2011). Here, we
found that both MMA and HEMA have an adjuvant effect, in
which IL-1 and macrophages are critically important, suggest-
ing that the adjuvant effects of MMA and HEMA are essentially
of the same nature. Incidentally, comparison of the present find-
ings with previously reported data (Sato et al., 2007) indicates

Resin Monomers Promote Ni-induced Allergic Dermatitis 5

-O- IL-1-KO
30 - WT

1S
=2
= 0 24 48 72 96
E
n c -O- Clo-lipo D -O- C3H/HeJ
S 30 _m- Saline 30 —@- C3H/HeN
w

20

10

* *
* *
0

0 24 48 72 9 0 24 48 72 9
Time after Challenge (h)

Figure 5. Involvement of IL-1, macrophages, and TLR4 in the adjuvant
effects of RMs. All mice were sensitized to Ni by i.p. injection of a
solution containing 0.5 mM NiCl, and 1% MMA, and 10 days later,
their ear-pinnae were challenged i.d. with 1 mM NiCl,. (A) Induction
of allergic ear-swelling in Il-1-KO and control wildtype (WT) BALB/c
mice. *p < .01 vs. WT at the same time point. (B) Cell+ransfer between
IL-1-KO and WT mice. Ten days after the sensitizing injection to IL-1-KO
or WT mice, 1x10° spleen cells from a given mouse were i.v.-transferred
info non-sensitized Il-1-KO or WT mice, as indicated in the panel.
Then, 24 h after the celltransfer, the ear-pinnae of the recipients were
challenged i.d. with 1 mM NiCl,. *p < .01 vs. the other 3 groups
indicated at the same time point. (C) Induction of allergic earswelling
in macrophage-depleted mice. Clo-lipo or saline was i.v.-injected into
WT BALB/c mice (see “Methods”), and 24 h later they were sensitized
and challenged as described above. *p < .01 vs. saline at the same
time point. (D) Induction of allergic ear-swelling in C3H/HeJ mice (with
mutated, non-functional TLR4) vs. control C3H/HeN mice. Each value
is the mean + SD from 6 ears (i.e., 3 mice). The results shown for a
given experiment were confirmed by at least 1 additional repetition.

that 1% RMs are better adjuvants than H,O, and Complete
Freund’s Adjuvant in terms of low toxicity, reproducibility of
their adjuvant effects, and ability to reduce the AD-inducing
concentration of Ni.

Concerning the mechanism underlying the adjuvant effects
of inflammatory substances in Ni-AD, we postulated elsewhere
that IL-1 or its related signaling pathways might play an impor-
tant role (Sato et al., 2007; Takahashi et al., 2011). Indeed, it has
been suggested that IL-1 contributes to the development of ACD
(Nambu and Nakae, 2010). Recent studies suggested that the
adjuvant effects of exogenous substances may be associated
with danger signals generated by damage to cells, and the defi-
nition of an adjuvant could, in principle, be extended to include
preparations capable of inducing a “danger” signal leading to
direct/indirect tissue damage (Batista-Duharte et al., 2011;
Marichal et al., 2011). Intracellular danger- or pathogen-
associated events trigger the formation of inflammasomes
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within macrophages, leading to activation of caspase-1 and the
subsequent release of IL-1(3 (Contassot et al., 2012). Stimulation
of TLRs is known to produce IL-1 (Gabay et al., 2010; Dinarello
et al., 2012), and we have shown that various TRRs, as well as
TLR4, are involved in adjuvant effects promoting Ni-induced
AD (Takahashi et al., 2011; Huang et al., 2011). Here, we found
that RMs stimulate the production of both IL-1a and IL-1 in
ear-pinnae. Thus, IL-1 may be critically involved in the adjuvant
effects of RMs. Interestingly, Ni by itself is known to activate
TLR4 in humans, but not in mice (Schmidt et al., 2010), sug-
gesting that even if Ni-ACD in humans involves a mechanism
different from that present in mice, stimulation of innate immu-
nity may indeed be involved in promoting Ni-ACD in both species.

Polymethylmethacrylate particles reportedly induce a release
of IL-1B in human monocytes and mouse macrophages via
inflammasome activation (Burton et al., 2013). In contrast to
our finding, earlier findings indicate that HEMA does not stimu-
late the production of IL-1B in vitro in THP-1 macrophages,
human gingival fibroblasts, and keratinocytes (Rakich et al,
1999; Moharamzadeh et al., 2007). On the contrary, RMs evi-
dently inhibit the LPS-induced production of IL-13 by macro-
phages in vitro (Bolling et al., 2013). Thus, the responses to
RMs may differ between the in vivo and in vitro situations.
Interestingly, we found that IL-1a is constitutively present in
ear-pinnae at a much higher level than IL-13 (Figs. 1E, 1F).
Thus, future studies should examine whether RMs can induce
IL-1a release and stimulate IL-1 production, as suggested by
Gabay et al. (2010) and Dinarello et al. (2012).

Here, we have shown that RMs can markedly reduce the
AD-inducing concentration of Ni at both the sensitization and
elicitation steps. At the sensitization step, 10 mM NiCl, was
required without RMs. However, 1% of MMA or HEMA reduced
this to 5 uM and 50 uM, respectively. At the elicitation step,
10 uM NiCl, was required without RMs, but 1% of MMA or HEMA
reduced this to 10 nM and 100 nM, respectively. In humans, it has
been reported that, for Ni, the threshold (amount/cm’® skin) is
10-1,000 times higher at sensitization than at elicitation (Menne,
1994). Our data (here and in Kinbara et al., 2011) are consistent with
that conclusion. Many people are thought to be already sensitized to
Ni (Fischer et al., 2005), and it has been reported that the concentra-
tions of Ni in sweat, saliva, and blood in humans who have had
contact with metals containing Ni are 0.1 to 1 mM, 10 nM to 1 uM,
and 1 uM, respectively (Eliades et al., 2003; Liden et al., 2008;
Matos de Souza and Macedo de Menezes, 2008; Petoumenou et al.,
2009). If our findings in the present mouse model are applicable to
humans, the levels of Ni listed above are likely to be sufficient to
elicit allergic responses when the individual is exposed to an adequate
concentration of an RM.

The present study also indicates that, in the presence of 1 uM
NiCl,, even 0.2% RMs can elicit allergic swelling, suggesting
that RMs at concentrations below those that are directly inflam-
matory may promote allergic responses to Ni. In this context, it
should be noted that various acrylic resins contain residual RMs
(Pfeiffer and Rosenbauer, 2004, and its references).

In conclusion, the present results suggest that: (i) RMs can
exert adjuvant effects at either the sensitization or elicitation
step in the induction of Ni-AD; (ii)) RMs markedly reduce the
AD-inducing concentration of Ni; (iii) in the induction of such

J Dent Res XX(X) 2014

adjuvant effects, IL-1 is involved at both the sensitization and
elicitation steps; and (iv) macrophages are necessary for the
adjuvant effects of RMs. Our findings may inform the correct
diagnosis of, and appropriate therapeutic strategies against,
Ni-ACD. What were previously thought of as “RM-ACD” may
need to be viewed instead as ACD caused by Ni or other dental
materials that have undergone promotion by the adjuvant effects
of RMs.
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