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Abstract
Acrylamide is a chemical used mainly in industrial applications and the
treatment of drinking and wastewater, making it easy to enter aquatic ecosystems. There are few studies known about the toxicity of acrylamide to aquatic
organisms which have shown evidence of a number of histopathological effects. To assess the effects of acrylamide to freshwater fish, Zebrafish (Danio
rerio) embryos were exposed to serial concentrations of acrylamide (0, 100,
300, and 500 mg/L) to investigate the acute toxicity effects on teleost embryogenesis. Embryos less than 24 hrs old were exposed under static
non-renewal conditions for ten days or until hatching. The toxic endpoints
evaluated include: egg/embryo viability, hatchability, and morphological/developmental anomalies during organogenesis. The acute toxicity test
resulted in a 48 h-LC50 of 585 mg/L for egg viability. Exposure of embryos
significantly reduced hatchability and larval survival, in a concentration dependent manner. Dimethyl sulfoxide (DMSO) was used as a solvent carrier to
permeate the uptake of acrylamide through the chorion membrane. No significant damages or complications were observed in embryos exposed to
DMSO. At 500 mg/L, the highest test concentration, the survival of embryos
was greatly reduced within 24 hrs of exposure. The lower test, 100 mg/L,
produced a significant number of developmental anomalies to the Zebrafish
that included dorsal tail flexure, severe pericardial edema, facial and cranial
defects and decreased heartrate (40 bpm). Premature hatching of embryos
and developmental arrest was observed in all concentrations. The severity of
these anomalies was concentration-dependent and resulted in low survival
rate and high frequency of malformations. These results indicate that acrylamide is teratogenic and provide support for sub-lethal toxicity testing using
Zebrafish embryos.
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1. Introduction
Acrylamide is a chemical intermediate used in the production and synthesis of
polyacrylamide [1] [2]. It is a synthetic chemical compound commonly used in
many branches of industry. The largest use for polyacrylamide is treating municipal drinking water and wastewater to remove suspended solids. The polymer
is used to remove suspended solids from industrial wastewater before discharge,
reuse, or disposal. Recent discoveries have shown that people are exposed to
small amounts of acrylamide through its presence in some starchy foods cooked
at high temperatures [3]. Effects of acrylamide on human health and the environment depend on how much acrylamide is present and the length and frequency of exposure [4]. The most important environmental contamination results from the use of acrylamide in soil grouting and drinking-water contamination by the use of polyacrylamide flocculants that contain residual acrylamide
monomer [5] [6] and from acrylamide-based sewer grouting and wastepaper recycling [7] [8].
The EPA’s Toxics Release Inventory reported environmental releases of
8,797,482 lb of acrylamide from 42 facilities in the US, 99.9% of which was released to underground injection wells [9]. Levels detected of 400 mg/l in
well-water in Japan had been contaminated from a grouting operation and residual acrylamide concentrations for water-treatment plants ranged from 0.5 to
600 ppm [10] [11]. Acrylamide monomers may not be removed in many water
treatment processes and remain stable for more than two months in tap water
and can become a potential source of pollution.
Laboratory animals exposed to acrylamide exhibited a decrease in glutathione
level and in the activity of glutathione-S-transferase on the brain and liver. The
inhibition of glutathione-S-transferase by acrylamide, which catalyzed conjugation with glutathione, may lead to the accumulation of the monomer and it enhanced neurotoxicity [12]. In addition, laboratory studies in animals have also
shown that exposure to acrylamide can induce cancer, genetic damage and adverse effects on reproduction and development. Several studies have shown
acrylamide to have a moderate acute toxicity effect to aquatic organisms [13]. At
present, little is known about the toxic effects of acrylamide in fishes. Acrylamide toxicity study conducted in two species of aquatic macroinvertebrates and
three species of fish demonstrated that acrylamide was moderately toxic aquatic
organisms [14]. There was also histopathological changes and correlation with
genotoxicity and metabolic alterations when Carassius auratus hepatopancreas
(goldfish) was exposed to acrylamide [15].
Since acrylamide could be released into water systems, there is a need to unDOI: 10.4236/jep.2018.910067
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derstand and evaluate its impact on the early life stage development of aquatic
organisms. Fish is an important component of the ecosystem and the early life
stages of fish have been found to be more sensitive to pollutants than adult [16].
Proliferating embryonic tissue can be particularly sensitive to damage from reactive metabolites generated by xenobiotic metabolizing enzymes [17].
In this study the zebrafish, (Danio rerio) was the model used to assess the developmental processes and toxicological effects of acrylamide on developing
embryo. The zebrafish is idea due to ease of maintenance, translucent and
non-sticky eggs, and a short reproduction cycle [18]. A non-static renewal bioassay was used to assess hatchability, and development. Furthermore, the study
will determine if acrylamide is teratogenic to the developing embryo.

2. Materials and Experimental Methods
2.1. Test Material
Acrylamide (C3H5NO)-Lot No. 148571-25G, Purity 97%, and Dimethyl Sulfoxide,CAS No. 67-68-5, was both purchased from Sigma-Aldrich Chemical Company (St. Louis, MO). Dimethyl Sulfoxide (DMSO) was used as a solvent carrier.
Instant Ocean Sea Salt was used for preparing embryo rearing medium (egg water) and was obtained from Aquarium Systems (Vernon, CT). The embryos were
obtained from a continuous culture at the University of Mississippi, (Oxford,
MS) Biology department. The water temperature was set at 27˚C with a cycle of
14 hours light: 10 hours dark. Eggs were collected within 5 hours of spawning
and examined microscopically for fertilization and stage development. Embryos
were transferred to a clean 20 ml vials containing 15 ml of rearing medium (60
µg/ml), 15 ul of DMSO and appropriate concentration of test chemical. The
rearing medium used in this study consisted of the following: 10 g NaCl, 0.3 g
KCl, 0.4 g CaCl2, and 1.63 g MgSO4 in 1000 mL of deionized water. Normal
hatching period for untreated zebrafish embryo was 56 hours after fertilization.
Embryos, both treated and untreated, completing the hatching process were
recorded daily. Hatched larvae were not fed due to the duration of the test. Fertilized eggs were examined daily to observe embryonic development, time point of
lesion and abnormal development, developmental arrest and hatching success.

2.2. Acute Exposure
The study was conducted in a static non-renewal system. The rearing medium
consisted of Instant Ocean Sea Salts (40 g) added to 1liter distilled water. The
stock solution was diluted with rearing medium to the desired acrylamide concentrations of 100, 300 and 500 mg/L. These concentrations are based on the
high levels of acrylamide released in the effluents from treatment plants into the
aquatic environments.
Twenty embryos (two replicates) were placed in 15 ml of rearing medium and
incubated at a temperature of 27˚C. Photoperiod was timer-controlled with 14
hours light and 10 hours dark. Each group of 20 embryos was examined daily for
DOI: 10.4236/jep.2018.910067
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signs of early life stage toxicity. There were two control groups, a positive (rearing medium only) and vehicle control (DMSO plus rearing medium). DMSO
made the embryo more sensitive to the uptake of acrylamide to reach sufficient
concentrations needed for the exposure.
Dead and hatched embryos were counted and removed daily. Embryo developmental stage, time point of lesion and mortality was determined by microscopic examination. Egg mortality was based on the number of embryos that
died prior to hatching and that was opaque in appearance. Embryos were exposed to concentrations until hatched.

2.3. Statistical Analysis
The EPA Probit analysis method was used to calculate the LC50 value and its 95%
confidence intervals, from the 96-h acute toxicity data. For the sub-acute experiments, descriptive statistics were applied to determine the mean values of each
experimental data set. An analysis of variance (ANOVA, F-test) was performed
to determine whether there were significant differences among these means. The
Student t-test was used to compare each of the treated measurements with the
control measurements, which included the DMSO vehicle control. The level of
significance was set at p = 0.05 (95% confidence level).

3. Results and Discussion
3.1. Time Hatching and Egg Mortality
The hatching success of non-exposed (control) and exposed zebrafish embryos
are presented in Figure 1. The acute exposure of zebrafish embryos to acrylamide caused a significant decrease in hatching that correlated with increasing
acrylamide concentrations. Embryos were exposed to acrylamide after fertilization at concentrations of 100, 300, and 500 mg/L. Hatching for zebrafish embryos began at 56 hours where 100% of embryos hatched in the control group
and 95% fry hatched in the vehicle control. No death was observed in the DMSO
exposed embryos during the first 24 hours, however, the mean percentage of egg
mortality for DMSO embryos were 5% for the remainder of development.

Figure 1. Effects of Acrylamide on hatching success of Zebrafish embryos at different
concentrations. p = 0.05 (95% confidence level). (N = 40 per Acrylamide concentration).
DOI: 10.4236/jep.2018.910067

1085

Journal of Environmental Protection

H. Spencer et al.

DMSO did not appear to have a negative effect on the development of the zebrafish during the hatching period. The non-exposed embryos showed normal signs
of teleostean development based on the developmental series for the zebrafish
embryo [19]. Hatching and egg mortality disparities were observed in all concentrations as well as delayed hatching and a reduction in the number of embryos that completed the hatching process. Egg mortality was shown to be concentration dependent. Death in exposed was observed within 24 hours and continued to increase throughout embryos development. Statistical analysis using
the F-test (ANOVA) shows highly significant differences (p = 0.01) in mean
percentages of hatching among experimental groups. Therefore, it could be concluded that hatching was inversely correlated with acrylamide concentrations.
Statistical analysis using the F test (ANOVA) shows highly significant difference
among hatching experimental groups.
The diffusion of the acrylamide in the zebrafish embryo was extremely slow in
which slow infusion of a chemical is a protective mechanism of the outer chorion and membrane systems that protect the embryo from chemical insult [20].
DMSO made the embryo more sensitive to the uptake of acrylamide to reach
sufficient concentrations needed for the exposure.

3.2. Teratogenic Effects of Acrylamide
Characteristics signs of acrylamide early life stage toxicity in embryo are presented in Figure 2. The embryonic abnormalities were observed within 32 hours
of exposure, indicating that acrylamide may be teratogenic. Major signs of acrylamide toxicity observed were severe pericardial and yolk sac edema, scoliosis
(dorsal tail flexure), and cranial defects (sloping forehead). As illustrated, there
was a concentration-response relationship with respect to the induction of each
of these developmental abnormalities by acrylamide. The earliest adverse physiological effect produced by induced acrylamide toxicity on the developing zebrafish embryo was pericardial and yolk sac edema at a concentration of 100 ppm.

Figure 2. Percentage of developmental abnormalities in the zebrafish embryos exposed to
acrylamide. p = 0.05 (95% confidence level). (N = 40 per Acrylamide concentration). (N =
40 per Acrylamide concentration).
DOI: 10.4236/jep.2018.910067
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For instance, 0.0, 23, 74 and 90 percent of scoliosis malformations were observed
in embryos exposed to 0 (Control), 100, 300 and 500 ppm of acrylamide, respectively.

3.3. Effects of Acrylamide on Heartrate and Blood Flow in
Zebrafish Embryo
When exposed to acrylamide shortly after fertilization, zebrafish embryos exhibit reduced heartrate and blood flow by 32 hours post fertilization (hpf). The effects of acrylamide on the heartrate of the zebrafish embryo are shown in Figure
3. Data illustrated indicates a dose-response relationship related to the toxicity of
acrylamide. All control embryos exhibit a normal heartrate throughout hatching.
The average heart rate for control at 32 hr was 142 beats per minutes (bpm).
Within 32 hours, embryos began to show sign of stress. All treated embryos, began to show oscillation blood flow pattern associated with a decreased blood
flow and heartrate in all concentrations after 32 and 48 hours of exposure, but
more profound at 48 hrs. Upon 48 hours of exposure, the average percentage
heartrate for embryos in each concentration were 146, 83, 70, 40 bpm at concentrations of 0, 100, 300 and 500 ppm, respectively. Oscillation blood flow pattern
usually occurred in conjunction with slow blood flow. Similar patterns of blood
flow were also observed in the yolk sac in the vitelline vein of the embryo. After
48 hours of exposure, the vitelline vein became a broad band in the treated embryos. With an increase in concentration, the number of lesions (blood clots,
hemorrhage, and cessation of blood flow) increased in treated embryos.

3.4. Effects of Increasing Concentrations of Acrylamide on
Malformation Development in Zebrafish Embryo
The primary site of action of acrylamide in the zebrafish embryos was the profound effects on the circulatory and nervous systems. The earliest sign of acrylamide

Figure 3. Effects of acrylamide on heartrate in the zebrafish embryo at 48 and 72 hours at
different concentration. The heartrate in beats per minutes (bpm) decreased from ~146 to
60 bpm in 48 hours and from ~150 to 40 bpm in 72 hours. p = 0.05 (95% confidence level). (N = 40 per Acrylamide concentration).
DOI: 10.4236/jep.2018.910067
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induced toxicity after post-fertilization was the cardiovascular and nervous system. An increase in concentration resulted in an increase in the percentage abnormalities occurring in the zebrafish embryos. A normal control zebrafish
embryo and fry shown in Figure 4(a) illustrates normal zebrafish embryonic
and larvae development. A treated embryo and fry from (100 ppm) is shown in
Figure 4(b) with moderate pericardial and yolk-sac edema, sloping forehead and
scoliosis after induction of acrylamide toxicity, indicating that organogenesis
may be the most sensitive stage of embryonic development. A severe form of pericardial edema and scoliosis was also observed at 300 ppm (Figure 4(c)). The
same effects were notable but more severe than observed in the 100 ppm treated
embryo. The embryo shown in Figure 4(d) reflects a greater degree of severity
of the lesion cause by acrylamide exposure. After 72 hours, most embryos in this
concentration were not hatched.
Acrylamide produce more severe forms of pericardial edema, cranial defect
and scoliosis at 500 ppm than seen at any other concentrations. The severity of
these malformations also produced a high death rate in the embryo which indicates that acrylamide becomes increasingly fatal to embryos at higher concentrations. Pericardial edema gives rise to the collapse of the yolk sphere which prevents the heart from undergoing normal chamber formation [21].
Scoliosis of the spine was commonly observed in all concentrations. Scoliosis
in fish is most likely caused by agents that act on the central nervous system, or
the neuromuscular junctions [22]. Similar lesion observed in zebrafish exposed
has been attributed to calcium depletion [23].

4. Conclusion
This study illustrated that acrylamide was acutely toxic to the development of
the zebrafish embryo. The stage of embryonic development through the larval
stage of a fish life is most sensitive to environmental contaminants. The exposure to sublethal concentrations of acrylamide resulted in a significant reduction
in hatching, as well as the development of a number of morphological and physiological abnormalities in the zebrafish. Acrylamide exposure induces developmental

(a)

(b)

(c)

(d)

Figure 4. (a) Control embryos showing normal teleostean development; (b) Zebrafish
embryo treated with 100 ppm acrylamide. Embryo and larvae showed signs of yolk-sac
edema and dorsal curvature of the spine. Sloping forehead and deformed mouth was also
evidence of acrylamide toxicity; (c) 300 ppm acrylamide treated embryos showing defect
in head and trunk development and along with yolk-sac edema; (d) 500 ppm treated embryos showing delayed hatching with severe cranial deformation, scoliosis and yolk-sac
edema (40× Magnification).
DOI: 10.4236/jep.2018.910067
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abnormalities in the zebrafish embryos, which leads to developmental arrest and
delayed hatching, especially in the highest concentration. The lowest tested concentration produced a significant number of developmental effects to the zebrafish embryo, including pericardial edema, dorsal tail flexure, cranial defect, and
defects in heart morphology. The severity of these malformations also produced
a high death rate in the embryo. These results indicated that acrylamide becomes
increasingly fatal to embryos, reducing survival at higher concentrations when
exposed during early development. In addition, the zebrafish is a good test model for assessing and screening the wide range of effect following exposure to
acrylamide and the potential for risks to human health at low levels.
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