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Abstract
Objectives: To verify in vivo the embryotoxicity, teratogenic power and other possible effects of the
orthodontic acrylic resin and its components separately using Zebra�sh as a model organism. Materials
and Methods: Embryo and larval stage animals were divided into 5 experimental groups. These were
divided into 5 subgroups: three speci�c doses of each substance tested, one control with the vehicle
(0,1% DMSO in water) and one absolute control (water). In the 5o day post fertilization, the animals were
submitted to morphological, cardiac, behavioral, and cognitive evaluations. Ten animals were used in
triplicate for all experiments. Survival and hatching were analyzed by the Kaplan Meier test and the other
measurements were analyzed by one way ANOVA and Tukey post hoc test. Results:For all tested
substances, statistically signi�cant differences were found between the control and treated groups for
heart rate, cognitive responsiveness, and cellular apoptosis, whereas survival, hatching rate and other
parameters did not show signi�cant differences. Only the highest dose of the dibutyl phthalate group
showed signi�cant difference in survival.  Conclusions: Chronic exposure to acrylic resin and its
components may be associated with decreased cognitive ability and cardiac rhythm and an increase in
the level of cellular apoptosis in zebra�sh. Clinical Relevance:Acrylic resin widely used in dentistry, where
not only the patient stays in contact with it for a long period of time, but the dental and laboratory staff
also often for a lifetime. Considering this, we emphasize the importance of further investigating the long-
term effects of acrylic resin.

Introduction
The biocompatibility of materials has been studied for several years and it represents a matter of high
concern in the scienti�c literature. The use of biocompatible dental materials is indispensable to a
biologically safe treatment for patients, considering that they may remain in contact with oral tissues for
a long period [1, 2]. In addition, dental professionals and laboratory staff are also exposed to these
materials throughout their life [3].

Biological and immunological adverse reactions can be attributed to dental materials and, in general,
allergic reactions and hypersensitivity are the most common side effects [1]. Acrylic resin, a widely used
material in orthodontics (removable, �xed and retention appliances) and prosthetics (dentures,
restorations and temporary crows), can also be responsible for local reactions and occasionally lead to
systemic manifestations such as urticaria, burning sensation and di�culty in swallowing [4]. These
reactions are associated with the elution of the toxic components of these resins, which are methyl
methacrylate (MMA), formaldehyde, benzoyl peroxide and plasticizers such as dibutyl phthalate [4],
among which the main component is MMA (about 96%). All products leached from this resin, and not
only the residual monomer, have cytotoxic effects on cell lines, especially the epithelial cell line [5].

The acute oral median lethal dose of MMA in rats has been reported as 8.4-9 g/kg body weight, which
indicates very low acute systemic toxicity [6]. MMA is rapidly hydrolyzed by enzymes and subsequently
metabolized to toxic substances [7]. MMA vapor caused vertigo in dental professionals [8]. However,
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serious problems hasn’t been reported by inhaling poly methyl methacrylate (PMMA) ingredients,
although MMA may irritate eyes, skin and respiratory system [9]. Acute inhalation of MMA vapor induced
a moderate restriction of pulmonary function in dental students, both smokers and non-smokers [10].

There is plenty of evidence concerning about residual monomers release and toxicity of acrylic resin used
in dentistry [9], especially with clinical observations and in vitro experiments [4, 5, 11–14], but few in vivo
studies [10, 15]. Clinical observations are highly subject to bias, such as non-commitment of the
individual to the treatment or exposure of these individuals to external factors that may interfere with the
research, and in vitro experiments do not have system integrity to assess the real impact of a substance
in a complete organism, so animal models are better suited for these types of studies since they present
di�cult to simulate responses in cell culture [16]. Traditional mammalian models used to assess toxicity
are costly and di�cult to work during embryonic development [17]. Zebra�sh has characteristics that
qualify it as an excellent alternative model for toxicology studies, including being a vertebrate organism,
genetic similarity with humans [18], rapid external development and transparency during early
development [19], permeability to small molecules [20] and great fecundity [21].

Zebra�sh (Danio rerio) has been widely used to evaluate cytotoxicity, genotoxicity, nanotoxicity and
carcinogenic potential of various substances, such as drugs and nanomaterials [22, 23] and represents
an useful model in dental research especially in biocompatibility of dental materials, craniofacial
development and toxicological research [24]. In dentistry, there are already studies on �uorosis [25],
toxicity of zirconium oxide nanoparticles used in dental implants [26], porcelain-fused-to-metal crows [16],
dental bio ceramics [27], Bisphenol A-glycidyl methacrylate in dental �ling composite monomer [28] and
Methacrylate [29] using zebra�sh models.

The knowledge of the capacity that the materials used in Orthodontics in affecting the biological
environment is of great importance to provide the patient with a safe and effective treatment, since these
materials often remain for several years in contact with the oral mucosa, in addition to preserving the
health of the dental team, who maintains frequent contact with such materials. Considering that, this
study aims to verify, in vivo, the embryotoxicity, teratogenic power and other possible deleterious effects
of the orthodontic acrylic resin and its active components using zebra�sh as a model organism.

Material And Methods

Experimental design
Embryonic and larval wild-type AB zebra�sh (Danio rerio) obtained from the crossing of adult �sh with
more than seven months of life were used. At 4 hours post-fertilization (hpf), fertilized embryos were
observed in a stereomicroscope and those that were developing according to standardization of the
developmental stages of zebra�sh [30] were selected for the experiments.

The animals were divided into 5 experimental groups. These were divided into 5 subgroups: three speci�c
doses of each substance tested, 1 control with the vehicle (0,1% DMSO in water) and 1 absolute control
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(water only), used as a sentinel, but not included in the analyzes because it is not the adequate control for
the effects that were measured since the DMSO can have effect by itself (Table 1). The doses were based
on LC 50 (Lethal Concentration 50%) of each substance found in the literature and proportion the
concentrations of these in the resin monomer.

The selected embryos were sanitized with system water (reverse osmosis water equilibrated with Instant
Ocean salt according to the requirements of Wester�eld [31] and transferred to 6 well plates where they
were exposed to their treatments and kept in a controlled incubator of light / dark cycle (14/10 h) and
temperature (27oC + 1oC) until the 5 day post fertilization (dpf).

Table 1
Groups, experimental subgroups and exposure dose.

GROUP SUBGROUPS EXPOSURE DOSE

Resin (R) 0 DMSO 0.1%

  R1 0,01 mg/l

  R2 0,1 mg/l

  R3 1 mg/l

Methyl methacrylate (MMA) 0 DMSO 0.1%

  MMA1 0,01 mg/l

  MMA2 0,1 mg/l

  MMA3 1 mg/l

Formaldehyde (F) 0 DMSO 0.1%

  F1 0,12 mg/l

  F2 1,2 mg/l

  F3 12 mg/l

Dibutylphthalate (DB) 0 DMSO 0.1%

  DB1 0,024 mg/l

  DB2 0,24 mg/l

  DB3 2,4 mg/l

Benzoyl peroxide (PB) 0 DMSO 0.1%

  PB1 0,0024 mg/l

  PB2 0,024 mg/l

  PB3 0,24 mg/l
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For all groups, proceeded the middle exchange and monitored daily, including survival control, hatching
and morphology. In the 5 dpf, the animals were submitted to behavioral and cognitive, morphological,
and cardiac evaluations. Ten animals were used in triplicate for all experiments, as established by Nery et
al. [32].

This study was approved by the Scienti�c and Ethical Commission of the School of Health Sciences and
the Ethics Committee for the use of Animals of the Ponti�cal Catholic University of Rio Grande do Sul
(CEUA PUCRS, number 7031/15). It followed the directions of the National Council for Control of Animal
Experimentation (CONCEA) for the use of �sh in research and Brazilian legislation (COBEA No. 11.794 /
08).

Morphological measurements
The teratogenic potential of the elements tested was estimated by morphological defects monitoring in
larvae with 5 dpf (n = 10 in triplicate) under a stereomicroscope (Nikon, Melville, USA). NIS Elements D
software (Nikon Instruments Inc., Melville, USA) and Image J 1.37, both for Windows, was used to
determine the body length (Appendix Fig. 1A) and head (Appendix Fig. 1B), distance between the eyes
(Appendix Fig. 1B) and ocular height and width (Appendix Fig. 1C). Body length was estimated using the
method described by Altenhofen et al. [33]. The other parameters were estimated using the Kramer et al.
[28] method.

Appendix Fig. 1. Photographs performed with stereomicroscope (Nikon, Melville, USA) for body, cranial
and ocular measurements in zebra�sh embryos in µm. Body length, 4x magni�cation (1A); Length of
head and interocular distance, 6x magni�cation (1B); Height and width ocular, 6x magni�cation (1C).
Dorsal view.

Cardiac system
For cardiac system evaluation, larvae with 5 dpf (n = 10 in triplicate) were observed under a
stereomicroscope (Nikon, Melville, USA) and had their heart rate counted for 10 seconds. Subsequently
these beats were multiplied by 6 to obtain the average heart rate per minute.

Exploratory Behavior
For exploratory behavior and locomotion analysis, larvae with 5 dpf (n = 10 in triplicate) and without
morphological changes were used individually in 24 well cell culture plates with system water. First the
animals were acclimated for 1 minute. After this time exploratory behavior was recorded with a HD digital
webcam (Logitech) camera for 5 minutes, according to Nery et al. [32]. The videos were later analyzed
with Ethovision software for the following parameters: distance traveled, average speed, immobile and
mobile periods, thigmotaxis (exploration of the peripheral versus central area, validated in larvae as an
anxiety measure), rotation and "turn angle" during movement.

Aversive behavior
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To assess the cognitive ability to escape a visual aversive stimulus, a task adapted from Pelkowski et al.
[34] by Nery et al. [32] was performed. The larvae were placed in six well plates (5 larvae per well, n = 10 in
triplicate) and exposed to a visual stimulus where a red circle oscillated between the two extremities for 5
minutes. The ability to move to the area without stimulus during the task is indicative of cognitive
response to the aversive stimulus. At the end of the session, the percentage of animals in the portion
without stimulus was used to assess the cognitive ability of the different groups [32].

Cellular apoptosis
For the quanti�cation of apoptotic cells, the acridine orange technique was used, a dye that �uoridates
the degraded nucleic acid [35], thus allowing the observation of apoptotic cell islands throughout the
animals' bodies. For this, 24-hour embryos (n = 10 in triplicate) were treated with propylthiouracil (PTU)
until the 5° dpf to inhibit the natural pigmentation process of the animals and to facilitate the
visualization of �uorescent labeling. In the 5° dpf the animals were immersed in acridine orange solution
(2 µg / mL) for 30 min, followed by three washes with system water for 10 minutes [35]. For the
photographic record the larvae were �xed in methylcellulose (3%) and observed under stereomicroscope
with UV light. The densitometric quanti�cation of each image was performed using Carestream software
(Carestream Health), using the ratio of positive and negative pixels.

Statistical analysis
Survival and hatching were analyzed by the Kaplan-Meier test. Once the normality of the data was
observed, the other measurements were analyzed by the one–way ANOVA test, followed by the Tukey test
when there was a difference between the groups. The signi�cance level considered was p < 0.05.

Results

1. Effects of acrylic resin and its components on zebra�sh
mortality and hatching rate
The survival rate showed a signi�cant difference only for the highest dose in the DB group, where 100%
mortality was observed in the 1° dpf. Regarding the hatch rate, there was no delay or acceleration for any
of the groups studied. Both were monitored daily and analyzed by the Kaplan-Meier test. All treatments
were accompanied by an absolute control group exposed only to water and data from these groups did
not differ from the control group of the vehicle.

2. Effects of acrylic resin and its components on behavioral parameters and cognitive abilities.

The individual evaluation of the locomotion and exploratory parameters in the 5° dpf showed no
signi�cant difference between the groups tested. Only discrete variations were found, which do not seem
to support any larger analysis.
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For the evaluation of cognitive abilities was used the aversive behavior test, where the animals submitted
to the varied doses of all substances tested showed a lower escape response to the aversive stimulus,
dose-dependent, that is, the higher the concentration of the substances, the lower the escape response
(Fig. 1), except for the resin group where a non-monotonic dose response curve was observed, in which
the lower concentration showed a lower escape response in relation to the intermediate concentration.

Figure 1. Effects of the resin and its components on the cognitive escape response in the 5 dpf. The bars
expressed the mean ± standard error (n = 10, in triplicate). * indicates p ≤ 0.05 and ** indicates p ≤ 0.01 in
relation to the respective control of each group (one-way ANOVA, followed by the Tukey test). The
animals exposed to resin and their components separately showed a decrease in the escape response
when compared to their respective control. The R and F group showed a signi�cant decrease in the
escape response even at its lowest dose.

3. Effects of acrylic resin and its components on the heart rate in zebra�sh.

Exposure to resin monomer, dibutyl phthalate and benzoyl peroxide caused a decrease in heart rate at
higher concentrations, while exposure to MMA and formaldehyde caused an acceleration in the rate
(Fig. 2).

Figure 2. Effects of resin and its components on the heart rate of zebra�sh larvae at 5 dpf. The bars
expressed the mean ± standard error (n = 10, in triplicate). * indicates p ≤ 0.05 and ** indicates p ≤ 0.01 in
relation to the respective control of each group (one

way ANOVA, followed by the Tukey test). The heart rate was counted with a stereomicroscope (Nikon,
Melville, USA) for 10 seconds and then multiplied by 6 to obtain the average heart rate per minute. All
groups tested showed changes in heart rate in relation to their respective controls.

4. Teratogenicity of acrylic resin and its components in zebra�sh.

The possible effects of exposure to resin and its components on morphological parameters were also
evaluated (Fig. 3). Regarding the resin, there was no signi�cant difference for any of the evaluated
parameters. For the other groups only discrete results were found, which do not seem to support any
larger analysis.

Figure 3. Morphological effects of acrylic resin and its components in 5º dpf larvae. A) Body length; B)
Head length; C) Interocular distance; D) Eyer diameter and E) Eye depth. The bars expressed the mean ± 
standard error (n = 10 animals in triplicate analyzed individually for each subgroup). * indicates p ≤ 0.05
and ** indicates p ≤ 0.01 in relation to the respective control of each group (one-way ANOVA, followed by
the Tukey test).

5. Effects of acrylic resin and its components on cellular apoptosis parameter.
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All groups showed a signi�cant increase in the rate of cellular apoptosis at the intermediate and higher
concentrations, except for the resin group where only the highest concentration showed a signi�cant
difference. The DB group showed a signi�cant increase even at the lowest concentration (Fig. 4).

Figure 4. Apoptosis analysis by means of the acridine orange technique in zebra�sh with 5 dpf. The bars
expressed the mean ± standard error (n = 10 animals in triplicate analyzed individually for each
subgroup). * indicates p ≤ 0.05 and ** indicates p ≤ 0.01 in relation to the respective control of each
group (one-way ANOVA, followed by the Tukey test). All groups showed signi�cant increase of apoptotic
cells relative to their respective controls.

Discussion
In the present study, the effects of different concentrations of the acrylic resin and its components were
separately evaluated during the initial development of the zebra�sh. This study showed that 120 hours of
exposure to the resin and its components can cause signi�cant changes in heart rate, cognitive de�cits,
and cellular apoptosis. Exposure to treatments did not cause major morphological abnormalities in
developing embryos, such as pericardial and yolk sac edema, caudal deformities, and curvature of the
spine, among others, which often occurs in embryos exposed to substances known to be toxic [36].
Despite that, there were discrete and isolated alterations in some measurements, such as interocular
distance in animals exposed to MMA, formaldehyde, and DB (Fig. 3). Therefore, it is not possible to
conclude that such substances have no teratogenic potential, since they may not have been concentrated
enough to express such potential.

The acrylic resin group showed no signi�cant difference for survival and hatching parameters. Regarding
the morphological and behavioral parameters, only slight changes were observed. No studies have been
found in the literature that have evaluated the toxicity of the acrylic resin in animals, but many studies
have evaluated allergic contact reactions. In the current study, the acrylic resin caused a signi�cant
de�ciency in the escape response at all concentrations (Fig. 1), suggesting that it may cause cognitive
de�cits in zebra�sh, in addition to a signi�cant increase in cellular apoptosis levels (Fig. 4). A decrease in
heart rate was also observed, suggesting a potential toxic effect on the cardiac system (Fig. 2).

The MMA group, despite being the main component of the acrylic resin (96%), showed a signi�cant
increase in heart rate even at its lowest concentration (Fig. 2), while the de�cit in the escape response
was signi�cant only at the highest concentration, differently from the resin group which even at its lowest
concentration showed signi�cant cognitive de�cit (Fig. 1). These differences may suggest an important
role of the other components on the resin. Regarding the cellular apoptosis parameter, only the lowest
concentration showed no signi�cant difference (Fig. 4). In vitro [11] and in vivo studies [37] have shown
toxic effects of MMA. It has also been shown to be toxic in human neuron-enriched primary culture,
derived from embryonic brain tissue [38]. Developmental defects were observed in methacrylate exposed
embryo, as pericardial edema [29].
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Studies in animals have shown the neurotoxic potential of formaldehyde, and that exposure to this
compound may induce de�cits in spatial learning and memory [39], symptoms of cognitive dysfunction
frequently accompanied by anxiety and depressive disorders [40], in addition to intensifying aggressive
behaviors in rats [41]. Formaldehyde is also responsible for causing toxicity in the reproductive system of
rats in short- and long-term exposure [16] and oxidative stress in cardiac rainbow trout tissue [42]. Studies
in humans have shown the neurotoxic potential of this compound and may be an important factor in the
induction of Alzheimer's disease, since it may be responsible for loss of memory, cognitive dysfunction,
reduction of cholinergic signals and increased acetylcholinesterase activity in humans [43–45]. In this
study, formaldehyde showed a signi�cant increase in heart rate (Fig. 2) and cell apoptosis at its highest
concentrations (Fig. 4). There was also a decrease in the ability to escape to the aversive stimulus even at
its lowest concentration (Fig. 1), as well as in the resin group, which may suggest a great in�uence of this
compound on the toxicity of the acrylic resin for this parameter. These results corroborate the
toxicological potential of formaldehyde found in the above-mentioned studies.

In this study, the DB group presented a mortality rate of 100% in its highest concentration, still in the
embryonic stage (2o dpf). Many studies have shown that the resin releases by products into the oral
cavity [15, 46], so it is possible that the mortality of 100% of the higher dose embryos in the DB group
may be related to resin toxicity observed in clinical and in vitro studies. The DB is also responsible for
causing reproductive abnormalities, oxidative stress, embryonic toxicity, and neurotoxicity in �sh [47–49],
rats [50] and even in children [51]. In this study it was observed that DB, even at its lowest concentration,
showed a marked level of cellular apoptosis (Fig. 4) and cognitive loss (Fig. 1), which is considered a
toxicological parameter.

The PB group showed no signi�cant difference for the survival and hatching parameters. As with the
other groups, there were discrete morphological and behavioral changes and signi�cant alterations in
cardiac rhythm and cellular apoptosis in their higher concentration, and a decrease in the escape
response only at the highest concentration. The literature is still scarce of toxicological studies with this
compound in animals, being more explored in research on dermatitis since it is widely used in the
treatment of acne.

All groups, at their highest concentrations, showed changes in heart rate (Fig. 2). The Resin, DB and PB
groups showed a decrease in heart rate, while the MMA and formaldehyde groups showed increase. The
MMA (increased heart rate) and DB (decreased heart rate) groups showed changes even at their lower
concentrations. Even though MMA was the main component of the acrylic resin, it still showed a
decrease in the rhythm, which suggests that for this parameter dibutyl phthalate exerted a greater
in�uence than the MMA on the resin group.

In addition to assessing mortality and hatch rates, behavioral tests can also be a simple and rapid
method to obtain additional information on the toxic effects of different substances on embryonic and
nervous system development [52]. In this study, we observed discrete behavioral changes in zebra�sh
larvae in all groups tested.
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Regarding cognitive abilities, all groups showed a decrease in this capacity in the 5 dpf (Fig. 1). Resin and
formaldehyde groups showed a signi�cant decrease in the escape response even at their lower
concentrations. Formaldehyde showed a dose dependent response. Although MMA is the main
component of the resin, only the highest concentration of MMA showed a decrease in the escape
response. Formaldehyde was the only component of the resin that showed a signi�cant reduction of this
ability at the lowest concentration, which may suggest a great in�uence of this component on the resin,
since it can be considered more toxic than MMA, requiring more attention [53].

Cellular apoptosis is an important process that occurs during the development of vertebrates, but the
exacerbated loss of cells by this type of programmed cell death can also have irreversible deleterious
consequences throughout life [54]. The results of the present study showed that exposure to acrylic resin
and all its components signi�cantly increased apoptosis when compared to its controls, suggesting that
all its components cause cell death, some at a higher level than others (Fig. 4). MMA showed a dose
dependent relationship, which caused more cell death in its higher doses, in comparison to the lower and
the control doses. The DB and PB groups also had a dose dependent relationship. Interestingly the
controls of these two groups showed a much higher level of cellular apoptosis than in controls of the
other groups, which may suggest that these compounds release toxic vapors that may have interfered in
their controls, since all treatments were performed on plaques of 6 wells that were closed after treatment
changes. These plates were opened again only the other day for further treatment change.

More in vivo research is needed to deepen the knowledge of the toxicological potential that acrylic resin
can have since it is a widely used material in dentistry, and where people are exposed for long periods of
time either by direct contact, or by inhalation.

Based on the results found, it can be concluded that acrylic resin and all its components present
toxicological potential, which can cause cardiac alterations, cognitive losses and increased cellular
apoptosis. Although MMA is the main component of acrylic resin, it appeared to have less in�uence than
formaldehyde on cognitive abilities parameters and less in�uence than dibutyl phthalate on heart rate.

This study showed the toxicological potential of orthodontic acrylic resin on the initial development of
zebra�sh, reinforcing this animal model as a potential tool for future studies in dentistry.
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Figures

Figure 1

Effects of the resin and its components on the cognitive escape response in the 5 dpf. The bars
expressed the mean ± standard error (n = 10, in triplicate). * indicates p ≤ 0.05 and ** indicates p ≤ 0.01
in relation to the respective control of each group (one-way ANOVA, followed by the Tukey test). The
animals exposed to resin and their components separately showed a decrease in the escape response
when compared to their respective control. The R and F group showed a signi�cant decrease in the
escape response even at its lowest dose. 
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Figure 2

Effects of resin and its components on the heart rate of zebra�sh larvae at 5 dpf. The bars expressed the
mean ± standard error (n = 10, in triplicate). * indicates p ≤ 0.05 and ** indicates p ≤ 0.01 in relation to
the respective control of each group (one

way ANOVA, followed by the Tukey test). The heart rate was counted with a stereomicroscope (Nikon,
Melville, USA) for 10 seconds and then multiplied by 6 to obtain the average heart rate per minute. All
groups tested showed changes in heart rate in relation to their respective controls.
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Figure 3

Morphological effects of acrylic resin and its components in 5º dpf larvae. A) Body length; B) Head
length; C) Interocular distance; D) Eyer diameter and E) Eye depth. The bars expressed the mean ±
standard error (n = 10 animals in triplicate analyzed individually for each subgroup). * indicates p ≤ 0.05
and ** indicates p ≤ 0.01 in relation to the respective control of each group (one-way ANOVA, followed by
the Tukey test). 
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Figure 4

Apoptosis analysis by means of the acridine orange technique in zebra�sh with 5 dpf. The bars
expressed the mean ± standard error (n = 10 animals in triplicate analyzed individually for each
subgroup). * indicates p ≤ 0.05 and ** indicates p ≤ 0.01 in relation to the respective control of each
group (one-way ANOVA, followed by the Tukey test). All groups showed signi�cant increase of apoptotic
cells relative to their respective controls.
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