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resumo 
 

 

O mercúrio (Hg) é um contaminante perigoso para selvagem ambiente e para a 
saúde humana. Danio rerio (peixe-zebra) é uma espécie modelo comum, usada 
em toxicologia e ecotoxicologia para estudar os efeitos de contaminantes na 
saúde humana e no ambiente. O objetivo deste estudo foi identificar os efeitos 
causados pela exposição ao mercúrio (Hg) no desenvolvimento embrionário do 
peixe-zebra e nos biomarcadores de efeito. 
Os embriões de peixe-zebra foram expostos a diferentes concentrações de 
HgCl2 (0, 10 e 100 μg/L) durante 96 horas após a fertilização (hpf). A toxicidade 
e os parâmetros de desenvolvimento foram avaliados a cada 24 horas durante 
o período de exposição. As alterações induzidas pelo Hg ao nível da 
colinesterase (ChE), catalase (CAT), glutationa-S-transferase (GST), glutationa-
redutase (GR), fosfoproteína fosfatase-1-gama (PPP1CC) e glutationa 
peroxidase-4 (GPx4), foram avaliadas em ovos ou larvas de peixe-zebra, 
recolhidos e congelados antes da análise a cada 24 horas até às 96h. 
Os resultados mostraram que 100 μg/L de Hg induzem alterações no 
desenvolvimento do peixe-zebra, incluindo várias malformações (por exemplo, 
edema do pericárdio e curvatura) e atraso no período de eclosão. Além disso, 
foi detetada uma diminuição significativa nos níveis de ChE (marcador 
neurotóxico), em indivíduos expostos a 100 μg/L de Hg, e foi observado um 
aumento nos níveis de atividade de GST (marcador de stress oxidativo). Pela 
primeira vez, foi avaliado o efeito do Hg nos níveis da PPP1CC e da GPx4 
durante o desenvolvimento do peixe-zebra. Mostrou-se que os níveis de 
PPP1CC aumentam ao longo do desenvolvimento embrionário, no entanto, não 
foi detetada nenhuma alteração nos níveis da proteína após a exposição ao Hg. 
O nosso estudo mostrou que a exposição ao Hg induz alterações ao nível do 
desenvolvimento do peixe-zebra e dos biomarcadores de efeito. 
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abstract 

 
Mercury (Hg) is a widespread contaminant hazardous to the environment and 
human health. Danio rerio (zebrafish) is a common model species used in 
toxicology and ecotoxicology, as a surrogate model to understand the effects of 
contaminants on human health and the environment. The aim of this study was 
to identify the effects of mercury (Hg) exposure on zebrafish embryo 
development and biomarkers levels. 
Zebrafish embryos were exposed to different concentrations of HgCl2 (0, 10 and 
100 μg/L) up to 96 hours post-fertilization (hpf). Toxicity and developmental 
endpoints were assessed every 24h during the exposure period. Hg-induced 
alterations in the levels of Cholinesterase (ChE), Catalase (CAT), Glutathione-
S-transferase (GST), Glutathione-Reductase (GR), Phosphoprotein 
Phosphatase-1-gamma (PPP1CC) and Glutathione Peroxidase-4 (GPx4), were 
assessed in zebrafish eggs or larvae, collected and snap-frozen prior to analysis 
every 24h up to 96h. 
Results showed that at 100 μg/L HgCl2 induced developmental changes in 
zebrafish development, including several malformations (eg. Pericardial edema 
and curvature) and delay of the hatching period. Additionally, a significant 
decrease in ChE levels (marker of neurotoxic damage) was detected in 
individuals exposed to 100 μg/L of HgCl2, while an increase in GST activity levels 
(marker of oxidative stress) was observed. For the first time, the effect of Hg on 
the levels of PPP1CC and GPx4 during zebrafish development was tested. 
Overall, we found levels of PPP1CC to increase over time. No alteration on 
protein levels following Hg exposure were, however, reported. 
Taken together, our study showed that Hg exposure induced alterations at 
developmental and biomarkers levels. 
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1.Introduction 

1.1 Mercury biogeochemical cycle 

Mercury (Hg) is a ubiquitous environmental pollutant (1). It can be present in 

elemental, inorganic (e.g. mercury sulfide (HgS), mercury chloride (HgCl2)) and/or organic 

forms (e.g. methylmercury (MeHg)) in air, soil and water (2). Hg is naturally mobilized in 

Earth's biogeochemical system via volcanic activity and forest fires (3). Hg exists in small 

amounts in inorganic compounds in the mantle (mostly HgS) and the core of the earth. It is 

a volatile part of the volcanic activity that releases about 90 ton/yr of Hg for atmosphere (4).  

Apart from that, the increase in temperature provoked by climate changes decreases 

the energy of the organisms, promoting a higher consumption rate and so an increase of 

MeHg in the organism (5). Furthermore, increases of wildfires rise the release of Hg present 

in terrestrial soils (6). 

In spite of this, about half of the Hg mobilized to the atmosphere is resultant from 

anthropogenic activities such as coal-burning for energy production, incineration and is 

heavily used in the production of sodium hydroxide (Castner-Kellner process) and small-

scale gold mining (7,8).  

The first cases of human poisoning by MeHg (called Minamata disease) occurred in 

1956, in Minamata and Niigata, Japan, and it was caused by the consumption of fish, 

affecting mainly the cerebrum and the cerebellum (9). This case had a global impact in the 

public awareness on Hg contamination and, efforts were made to identify and reduce 

contaminations by Hg included some industrial productions (eg. lamps) and medical 

applications (thermometers and disinfectants such as mercurochrome) (10,11). 

Most industrial and medical applications have been banned in the European Union 

(EU) and many other countries (12), which enabled Hg emissions to decrease until 2014 by 

73% and 71%, in air and water, respectively. Nowadays, the EU accounts for less than 5% 

global Hg air emissions, and overall Hg emission rate in the EU is expected to decrease by 

approximately more 40% until 2021 (13). 

The Hg biogeochemical cycle is composed of interaction of atmospheric, terrestrial, 

aquatic and biotic compartments (14) (Figure 1). 

Mercury is the only metal that is considered as a “global” pollutant because in its 

elemental form (Hg0) has an atmospheric residence time of 0.8 months to 1.7 years, allowing 

it to travel for long distances (15). After releasing in the atmosphere, Hg0 easily suffers 
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photochemical oxidation, forming water-soluble divalent Hg species (HgII) that are 

deposited into aquatic and terrestrial ecosystems (6), dissolving in water and constituting 

part of the rain and snow (16). Then, a part is reduced back to Hg0 and reintroduced into the 

atmosphere, whereas the remainder HgII cycles through oceans and soils until it is re-

sequestered into the lithosphere (6). In the ground, it rapidly makes several inorganic 

compounds such as HgS and HgCl2 and accumulates until it is methylated by anaerobic 

bacteria such as sulfate-reducing bacteria converting HgII into MeHg (17). This process of 

methylation occurs also in muds, rivers, lakes, and oceans. MeHg easily enters in aquatic 

food web through algae, shellfish, bivalves, krill, etc. and readily bioaccumulates and 

biomagnifies (6,18). Thus, several Hg compounds are present in the human body (≈0.19 

ppm), although they have no known vital or beneficial effect and over time can cause serious 

illnesses (19).  

 

 

Figure 1: Mercury cycle in the environment (adapted from (17)). 

 

1.2 Mercury toxicity to biota 

Hg is highly toxic at low levels to both aquatic and terrestrial organisms (20). Hg is 

neurotoxic, affecting primarily the nervous system, which may lead to changes in behaviour, 

motor and sensory function in exposed organisms (21–23). Moreover, Hg can also induce 
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oxidative stress and damage in the immune system and alterations in reproduction, and 

survival in exposed animals and humans (20,24). 

In the environment, one example of the effects of Hg exposure is in ria the Aveiro, that 

receives water from a highly contaminated effluent by a mercury cell chlor-alkali plant from 

the 1950s until 1994 (25). These contamination affected the quality of the soils in the area 

and the macrophyte harvesting for human direct or indirect use and the consumption of 

mussels, crabs and the sea bass from the Laranjo bay constituted a health risk (25,26). 

In birds, the Hg exposure, has been linked to impaired immune and neurological 

function, reduced reproductive and hatching success, increase incidence of abnormal 

development and altered parental and chick behaviour (27,28). For example, in a study with 

white ibises (Eudocimus albus) exposed to environmentally relevant dietary MeHg 

concentrations, they made fewer nesting attempts, had lowered egg productivity and 

exhibited more same-sex pairing behaviour among males (27).  

In humans, Hg exposure is immunotoxic, carcinogenic, and teratogenic (29). 

Continuous exposure to low Hg concentrations can lead to infertility and men with higher 

blood Hg concentrations showed poor sperm parameters than men with lower concentrations 

of Hg (30). Also in humans, exposure to Hg induced sperm DNA damage and menstrual 

disorders, spontaneous abortions, malformations and, stillbirth were associated with higher 

levels of maternal Hg exposure (31). In monkeys, studies showed that Hg decreased sperm 

motility and swimming speed and increased the abnormal sperm tail morphology (32).  

A study with Wistar rats showed that at a Hg intake of 3.0 mg/kg body weight/day, Hg 

bioaccumulated in testis, epididymis, seminal vesicle, vas deferens, liver, and kidney, being 

the kidney the organ that showed the highest Hg concentrations. Moreover, this study 

showed that MeHg produced a significant reduction in serum testosterone levels at 

individuals with Hg intake of 3.0 mg/kg body weight/day (33). In rats, free radicals are 

involved in the control of steroidogenesis in Leydig cells so oxidative stress may be a cause 

of testicular steroidogenic disorder as free radicals prevent gonadal steroidogenesis (34,35). 

Studies showed that the increase of reactive oxygen species (ROS) and the inhibition of 

antioxidant enzymes activity can be related with the increase of abnormal reduction in the 

production of spermatozoa (36). In rats with 7 weeks old, it was showed that Hg decreases 

the testosterone levels and impaired spermatogenesis (37).  



4 

 

In mice with 12 weeks old, Hg exposure decreases the number of spermatozoa and the 

testicular weight (38). In female mice, Hg exposure resulted in an accumulation in ovaries 

that may be a cause of the alterations in reproductive function, contributing to infertility or 

ovarian failure (38). Moreover, evidences suggest that there is a transplacental passage of 

Hg in mice (39). This was also confirmed for humans, in the study of Alves et al (40), where 

levels of Hg were detected in both maternal and fetal parts of the placenta, as well in the 

amniotic membrane and umbilical cord. 

In marine fish, the embryonic and larval stages are the most sensitive periods for Hg 

exposure (41). Studies showed that Hg-induced hepatotoxicity induced genetic mutations, 

oxidative stress, cytoskeletal damage, immunotoxicity and changes in energy metabolism, 

indicating that mitochondria may be the primary target for Hg in cells (41). MeHg also 

induce malformations mostly in the spine, behaviour changes and reducing the hatching 

success and survival. Moreover, Hg induced a decrease in the fish growth, once it is 

expended more energy to eliminate MeHg, accumulated in the brain, inducing changes in 

the total number and volume of neurons and glial cells in specific areas of the brain, leading 

to changes in swimming (42). 

MeHg can accumulate in the gonads of fish and may affect the reproductive system 

and inhibit the growth and development of fish gonads (43). Hg interfered with the 

expression of genes related to the hypothalamic–pituitary–gonadal (HPG) axis, altering the 

sex hormone levels, making the gonadal tube walls thicker, detecting spermatogenic 

degeneration and necrosis (Sertoli cells suffered hypertrophy and occurred interstitial 

inflammation) and disrupting the connections between follicular cells and oocytes in 

females, which may lead to a delay in ovarian development (42). In zebrafish, HgCl2 also 

tends to bioaccumulate in the kidneys and has limited capacity to pass to blood-brain barriers 

(8). 

 

1.3 Application of zebrafish Model to Environmental Toxicology 

Danio rerio, commonly known as zebrafish is a freshwater fish that is mostly used in 

developmental biology and genetic studies but their use in toxicology, as well as in safety 

assessment, has been increasing (44). Zebrafish is also used in disease biology, behaviour 

(45) and is an emerging model for fertility research (46). It is also a good toxicological model 
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because many drugs and environmental pollutants have been reported from zebrafish 

experiments as having similar effects to ones in higher vertebrates, including humans (47).  

Zebrafish embryos and larvae are good models to use for large drug-screening tests 

because of their permeability to many chemicals and drugs (48). They can absorb small 

molecules diluted in water by the skin and gills, larger molecules like proteins can be 

microinjected in the yolk sac, sinus venous or circulation system and/or enter for the mouth 

after 72 hours post-fertilization (hpf) (49). Moreover, zebrafish has a small generation time 

(3 to 6 months to maturation), easily bred, a large number of eggs per reproduction (500 to 

600 eggs per week) and external fertilization with transparent eggs that allows the 

observation of the embryonic development (46). 

Zebrafish is also a good model because it has a small size requiring small quantities of 

the testing products and generally few laboratory resources when compared with bigger 

animals (44). Additionally, other advantages of the use of zebrafish include the genome 

completely elucidated which helps to understand mechanisms in toxicology at a molecular 

level and 71.4% of human genes are similar to zebrafish genes (50).  

In spite of these aspects, there are some disadvantages to the use of zebrafish for 

toxicological studies. First, compound metabolization in zebrafish may differ from mammals 

(51). Moreover, in early life stages (~ until 48 hpf), zebrafish has a protective membrane 

(chorion) that difficult the diffusion of some chemicals and non-water soluble chemicals 

cannot be easily dispersed (51).  

  

1.4 Normal zebrafish development and reproduction 

In adult zebrafish, the structure and function of gonads are similar to humans (52). In 

male zebrafish , there are paired testes with tubule organization (53). This organization has 

Sertoli cells that are present in the walls and support testes morphogenesis and 

spermatogenesis. Additionally, there are Leydig cells that are present in interstitial space and 

are the primary testosterone producers (54). The main difference between the male 

reproductive system in humans and zebrafish is in the Sertoli cells. In humans, these cells 

can be divided into two different stages separated by puberty. In fetal life, the Sertoli cells 

are responsible for the testis formation and sexual differentiation. That means that they are 

responsible for the testicular development, formation of seminiferous cord, prevention of 

germ-cells entry into meiosis, differentiation and function of Leydig cells and regression of 
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Muller ducts (they are present in embryos of both sexes but only in female they develop into 

reproductive organs (55)) through the secretion of anti-Mullerian hormone (56). In puberty, 

the maturation process of the Sertoli cells occurs and the capacity of proliferation is lost and 

inter-Sertoli cells tight junctions are formed and new functions appear (57). After 

maturation, these cells are responsible for spermatogenesis. They provide physic and 

metabolic support to germ-cell differentiation, meiosis, transformation into spermatozoa and 

the number of Sertoli cells is positively related to the number of spermatozoids (57). 

Zebrafish, instead of having a few germ cells with different development stages like men 

and many superior vertebrates, have a group of Sertoli cells that develop synchronously (58) 

and do not lose the capacity of proliferation over time (59). Male zebrafish has also an 

accessory sperm duct gland that serves mainly to secrete substances that are linked to the 

diverse mechanisms of sperm release and produce the sperm trails (54). 

In wild, the mating is mainly in monsoon season although it is possible that females 

have mature ovum all year if food is available (60). The photoperiod is also very important, 

being the first hour of light the key for spawning events. Female zebrafish prefers to mate 

along shallow shorelines. In the lab, it is important to simulate the photoperiod, adding the 

appropriate amount of cold water to simulate the rain and provide a shallow surface to 

increase the number of eggs released. Basic mating behaviours include elliptical movements 

made by the male around the female (61). Males first release the sperm that will move in the 

water for several minutes and then females will release the eggs. After the females deposit 

the eggs, males start swimming next to the nest to accelerate sperm dispersal and mixing 

with the water, accelerating egg insemination (62). 

Zebrafish has seven mainly embryonic development stages (Figure 2): zygote, 

cleavage, blastula, gastrula, segmentation, pharyngula, hatching and early larva period (63). 

The first period is the zygote, with about 700 μm of diameter and consists of the vitello 

plasm. The vitello plasm consists of the yolk globules and the ooplasm that contains 

numerous organelles. The ooplasm forms three interconnected domains: a blastodisc at the 

top of the animal hemisphere, a layer of ectoplasm at the yolk cell periphery, and a network 

of endoplasmic lacunae in the yolk cell (64). After the zygote period, the cleavage period 

began and the cell cycles occur rapidly and synchronously (63). Then, in the blastula period, 

cell cycles lengthen and become asynchronous during the mid-blastula transition. Cells at 

the blastoderm margin collapse into the yolk and form the yolk syncytial layer, a thin, 
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multinucleate structure at the interface of the blastoderm and the yolk and then the epiboly 

begins (65).  

In the gastrula period, the future dorsoventral axis becomes obvious through 

asymmetry in the thickness of the blastoderm and is characterized by the movement of single 

cells rather than coherent cell layers. There is the formation of hypoblast and epiblast that 

converge from ventral and lateral positions toward the dorsal side. At the end of epiboly, the 

embryo extends along the dorsal side of the yolk sphere, with the head positioned at the 

former animal pole and the tailbud developing at the former vegetal pole of the egg (66). 

The segmentation period is responsible for the development of somites, pharyngeal 

arch primordia, and neuromeres, primary organogenesis, earliest movements and the appears 

of the tail (63).  

In the pharyngula period, the body axis straightens from its early curvature about the 

yolk sac; circulation, pigmentation, and tins begin development (63).  

In the end, the hatching period completion of rapid morphogenesis of primary organ 

systems, the cartilage development in head and pectoral tin and hatching occur 

asynchronously and in the early larval period appears the swim bladder inflates, food-

seeking and active avoidance behaviours (63). 
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Figure 2: Zebrafish embryonic stages: 1. Zygote period with A: few mins after fertilization and B: about 10 min after 

fertilization; 2. Cleavage period with A: 2-cell stage (0.75 h), B: 4-cell stage (1 h), C: 8-cell stage (1.25 h), D: 16-cell 

stage (1.5 h), E: 32-cell stage (1.75 h) and F: 64-cell stage(2 h); 3. Blastula period with A: 256-cell stage (2.5 h), B: 

High stage (3.3 h), C: Transition between the high and oblong stages (3.5 h), D: Transition between the oblong and 

sphere stages (3.8 h), E: Dome stage (4.3 h) and F: 30%-epiboly stage (4.7 h); 4. Gastrula period with A: 50%-epiboly 

stage (5.25 h), B, C: Germ ring stage (5.7 h), D, E: Shield stage (6 h). The embryonic shield, marking the dorsal side, is 

visible as a thickening of the germ ring to the left, F: 70%-epiboly stage (7.7 h). The dorsal side of the blastoderm, to the 

left, is thicker than the ventral side, to the right. The anterior axial hypoblast, or prechordal plate (arrow), extends nearly 

to the animal pole, G: 75%-epiboly stage (8 h). The arrow indicates the thin evacuation zone on the ventral side, H, I: 

90%-epiboly stage (9 h). The tail bud (arrow) becomes visible in some embryos at this stage, J: Bud stage (10 h); 5. 

Segmentation period with A: Two-somite stage (10.7 h). Somite 2 is the only one entirely pinched off at this time, the 

arrow indicates its posterior boundary. Somite 1 is just developing a clear anterior boundary at this stage, B: Two-

somite stage, ventral view. C, D: Four-somite stage (11.3 h), E: Five-somite stage (1 1.7 h), ventral view, the focus is on 

the newly forming Kupffer’s vesicle (arrow). F: Eight-somite stage (13 h). The optic primordium has a prominent 

horizontal crease (arrow), G: Thirteen-somite stage (15.5 h), H: Fourteen-somite stage (16 h), dorsal view, and 

positioned so that the first somite pair is at the center, I, J: Fifteen-somite stage (16.5 h). The arrow shows Kupffer’s 

vesicle, K: Seventeen-somite stage (17.5 h), L: Twenty-somite stage (19 h). The arrow indicates the optic vesicle. M: 

Twenty-five-somite stage (21.5 h). The telencephalon is prominent dorsally, at the anterior end of the neuraxis. N: 

Twenty-five somite stage, dorsal view; 6. Pharyngula period with: A: Left-side view at the prim-5 stage (24 h), B, C: The 

prim-1 2 stage (28 h), D, E: The prim-20 stage (33h), F, G: The prim-25 stage (36 h). Pigment extends almost to the end 

of the tail. The arrow in F indicates the ventral horn of melanophores. H, I: The high-pec stage (42 h). Pigment now 

extends the whole length of the embryo; 7. Hatching and early larva period with A, B: Long-pec stage (48 h), C, D: Pec-

fin stage (60 h), E, F: Protruding-mouth stage (72 h), G, H: Early larva (120 h). Adapted from (63). 
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1.5 Effects of Hg on Zebrafish development and reproduction 

The toxicity of Hg on zebrafish depends on the stage of development, the dosage and 

time of exposure and can become irreversible and even lead to death (67). In zebrafish larvae 

(~6 days post fertilization, dpf), an exposure higher than 100 nM of HgCl2 significantly 

increased mortality rate. Exposure between 7.5 to 100 nM, induced motor deficit, decreased 

swimming speed, elevated resting time and lake of response (8). Exposure to HgCl2 also 

decreased body length and delayed the hatching period (68). Zebrafish larvae exposed to 

HgCl2 also showed locomotor and biochemical defects in proteins, lipids, carbohydrates and 

nucleic acid levels that contributed to the behavioural impairment (8). 

Exposure to Hg is related to dose-response motility parameters in zebrafish sperm and 

the effective concentrations are reduced in parallel with the exposure duration (69). Hg 

affected the physiology of spermatozoa and therefore, caused a decrease in fertilization 

success by injuring mitochondria, affecting water channels of the plasma membrane, 

displacing Ca2+ ions and inducing oxidative stress (69). In testis, sublethal exposure to MeHg 

chloride caused thickens of the tubule walls, probably resulting in inhibition of 

spermatogenesis and disorderly arranged spermatozoa which might be a signal of sperm 

necrosis (70). In the ovary, exposure to Hg caused degenerative changes such as atresia 

(follicular degeneration) and the loss of contact between the oocyte cell membranes and the 

follicular cell layer which might lead to delayed ovary development (70).  

Exposure to Hg for 168 hpf induced oxidative stress affecting antioxidant enzyme 

activities, such as Catalase (CAT), Glutathione S-transferase (GST), Glutathione Peroxidase 

(GPx), Superoxide dismutase (SOD) (71). Exposure to Hg induced an increase in the CAT 

activity, indicating that an antioxidant status was increased to neutralize the oxidative stress 

(72). Moreover, Hg increased the GST activity, by increasing the formation of conjugates 

between Hg2+ and glutathione (GSH), indicating a protective and adaptative response. GPx 

decreased with exposure to Hg, indicating an increased utilization for the elimination of 

hydrogen peroxide (H2O2) and lipid hydroperoxides. Endogenous GSH increased with Hg 

exposure suggesting the enhanced GSH biosynthesis in an attempt to protect the fish from 

oxidative stress and lipid peroxidation (Malondialdehyde - MDA - contents) (72). All the 

above suggests that Hg exposure induced ROS generation and caused severe oxidative stress 
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as well as mRNA damage genes (cat1, sod1, gstr and gpx1a, that are transcriptional levels 

of genes encoding the antioxidant enzymes above) encoding antioxidant proteins (72). 

 

1.6 Biomarkers response as a tool to assess Hg effects 

Biomarkers may be defined as any biological response of varying nature (e.g. 

molecular, cellular or physiological) to a stressor, measured inside an organism or in its sub-

products (e.g. urine, faeces, hair, feathers, etc.), indicating a stress-related deviation from the 

normal status of the individual to the stressor before direct components of fitness (e.g. 

survival) are affected (73). The assay to quantify biomarkers should be reliable, cheap and 

easy to perform. Baseline data of the biomarker should be well defined in order to distinguish 

between natural variability (noise) and contaminant-induced stress (signal) and the impacts 

of confounding factors to the biomarker response, the underlying mechanism of the 

relationships between biomarker response and pollutant exposure (dosage and time) and the 

toxicological significance of the biomarker should be well established (74).  

According to the National Research Council (NRC) and WHO, there are 3 types of 

biomarkers (75,76): 

 

  Biomarkers of effect – correspond to biochemical, physiological, behavioural or 

other alteration in an organism that, depending upon the magnitude, can be 

recognized as impairment or disease (77).  

 Biomarkers of susceptibility – correspond to inherent and/or acquired ability of an 

organism to respond to the challenge of exposure to a specific xenobiotic substance 

(e.g. polymorphisms of detoxification systems) (78).  

 Biomarkers of exposure – correspond to any contaminant,  derived metabolites 

and/or interactive product between the contaminant compound and endogenous 

components of the cell, measured in the organisms’ body fluids, internal tissues or 

another biological matrix (e.g. feather, urine, etc.) (75,76).  

 

1.6.1 Oxidative stress markers 

Oxidative stress has been described as a serious imbalance between the production of 

ROS and the antioxidant defences (79). ROS, in low amounts are essential to cells, but when 



11 

 

produced in a deregulated way they are an unavoidable by-product of metabolic processes 

of organisms, and can damage cell contents (e.g. proteins, lipids, DNA) which in turn may 

lead to cellular senescence and death (79,80). ROS include superoxide anion radical (O2•
-), 

hydroxyl radical (OH•), peroxyl radical (RO2•), hydrogen peroxide (H2O2), etc. (79). CAT, 

GSH, GR and GST are some of the enzymes that help to maintain the redox status of cells 

and avoid oxidative stress. In Figure 3 there are represented the interaction between 

antioxidant enzymes present in the elimination of ROS. CAT eliminate ROS, converting 

H2O2 in water (H2O) and molecular oxygen (O2) (81). GST catalyses the transformation of 

a wide variety of electrophilic compounds to less toxic substances by conjugating them to 

GSH (82,83). In addition, some GST isozymes display peroxidase activity with respect to 

lipid hydroperoxide (LOOH) (84,85). GR reduces the glutathione disulfide (GSSG) in GSH 

(86).  

Hg makes alterations in the antioxidant defence system and induces the production of 

ROS (87–89). Because Hg induces alterations in antioxidant enzymes such as CAT, GST, 

GSH, GR, etc., they are considered as biomarkers of Hg effect (90). 

  

Figure 3: Representative diagram of the interaction between antioxidative enzymes. Adapted from (86,91) 

 

1.6.2 Cholinesterase activity 

Cholinesterase is a family of esterase enzymes responsible for hydrolysing the 

neurotransmitter acetylcholine into choline and acetic acid at synapses and neuro-effector 
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junctions (92). This family consists of two sister enzymes: acetylcholinesterase (AChE) 

which is presented in the nervous system and butyrylcholinesterase (BChE) which occur in 

serum and liver but the particular function of the enzyme remains undiscovered (92,93).  

ChE activity has been traditionally used in environmental toxicology as a proxy for 

the exposure of organophosphate and carbamate pesticides (92). The competitive binding of 

the agonists to the active centre of acetylcholinesterase leads to the accumulation of 

acetylcholine within synaptic clefts and, thus, to an inactivation of signal transduction across 

cholinergic synapses (94). The inhibition of ChE activity can be used as a tool to evaluate 

the organism exposure to neurotoxic compounds such as metals (95,96).  

Zebrafish only have the gene for AChE, which is responsible for the whole ACh 

degradation, being the BChE absent (97). AChE has already been identified, cloned and 

functionally detected in the zebrafish brain, so it is an important biomarker of effect for 

neurotoxicity studies and it is essential for neuronal and muscular development in zebrafish 

embryos (98).  

 

1.6.3 Phosphoprotein phosphatase 1 

Protein phosphatases (PPs) are a class of enzymes that remove the phosphate group 

from the phosphorylated amino acid residue and in turn, regulate the activity of their target 

phosphoproteins in cellular processes (99). The presence or absence of a phosphate group 

can change the conformation of the target protein, modifying its activity. Protein kinases 

(PK), other phosphoregulatory proteins, covalently attach a phosphate group to a target. 

Protein phosphorylation is implicated in many areas of cellular biology; such as 

transcriptional control, signal transduction, regulation of the cell cycle, 

immunoproliferation, development, apoptosis, and targeted proteolysis (99). 

PPs can be divided into three classes based on the sequence, structure and catalytic 

function. Those classes are: a) serine-threonine protein phosphatases (STPPs), b) tyrosine 

phosphatases and c) dual-specific phosphatases that dephosphorylate all three residues 

(100). The STPPs are classified into three structurally unrelated families: phosphoprotein 

phosphatase (PPP), metallo-dependent protein phosphatases (PPM) and CTD aspartate-

based protein phosphatases (FCP/SCP). The largest class of PPs is the PPP superfamily 

comprising PPP1, PPP2A, PPP2B, PPP4, PPP5, PPP6 and PPP7, differing only in their N- 

and C- terminus and sharing high homology in the catalytic domains (101–103). The 
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majority of phosphatase activity in eukaryotic cells belongs to PPPs, mainly to protein 

phosphatase 1 (PPP1) and protein phosphatase 2A (PPP2A) (104). PPP1 is involved in the 

regulation of several cellular events like glycogen metabolism, cell cycle, and sperm motility 

(105,106). In humans, the catalytic subunit is encoded by three different PPP1 genes 

(PPP1CA, PPP1CB, and PPP1CC), that give rise to four isoforms PPP1CA, PPP1CB, 

PPP1CC1, and PPP1CC2 and can bind to other non-catalytic subunits like PPP1 regulatory 

subunit that plays an important role in substrate specificity (107). The difference between 

the isoforms of PPP1C resides mainly in the C-terminal (108) (Figure 4). 

 

Figure 4: Schematics of all PPP1C isoform proteins. The bars represent the sequences and the scale of grays represent 

the similarity (1- no similarity, 6- high similarity) (100). 

In humans, the PPP1CC2 is the isoform testis-enriched and sperm-specific (109). All 

four forms of PPP1C are expressed in mammalian testis (110), but PPP1CC2 is the isoform 

in higher amounts in testis and spermatozoa (111). PPP1CC2 is predominantly localized in 

post-meiotic cells, cytoplasm of secondary spermatocytes, round and elongated spermatids 

(108,110). In the spermatozoa, this isoform is distributed through the flagellum midpiece, 

and posterior region of the head suggested a role in motility and acrosome reaction. 

Moreover, decreased PPP1CC2 activity is associated with increased motility, so PPP1CC2 

is thought to be a key protein for regulating sperm motility (108).  

There are evidences that on zebrafish, PPP1 has five genes related to the mammalian genes 

PPP1CA, PPP1CB and PPP1CC. Two genes are similar to PPP1CA (ppp1caa and ppp1cab), 

two other genes are similar to PPP1CB (ppp1cb and ppp1cbl) and another gene is similar to 

PPP1CC (ppp1cc) (112).  
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2. Objectives and relevance of the study 

We decided to study the effects of Hg exposure in zebrafish early development stage 

phases.  

To accomplish the general goal of this study, the following specific aims were 

proposed:  

1) To evaluate the survival and hatching rate of zebrafish as well as the morphological 

alterations during the exposure period;  

2) To evaluate the effects of Hg on biomarkers of effect for neurotoxicity (AChE) and 

for oxidative stress (GST, GR, and CAT);  

3) To study the effect of Hg on the expression of PPP1CC and GPx4.  

Hg is one of the most toxic elements threatening the biosphere at large and humans in 

particular, with levels steadily rising due to both natural and human activities (113). 

Zebrafish larvae is a good model to study the Hg effects in the early development stages of 

human life, because many drugs and environmental pollutants have been reported from 

zebrafish experiments as having similar effects to ones in higher vertebrates, including 

humans (47).  

For this study, we selected three concentrations of Hg (0, 10 µg/L and 100 µg/L) in 

order to have control, the highest asymptomatic (10 µg/L - no visible deformations) and  

highest sub-lethal concentrations (100 µg/L).  

To our knowledge there are no published results about the PPP1CC evolution in 

zebrafish, so we identify and analyze its expression for the first time in zebrafish embryonic 

development. For GPx4, there are only a few results available and they are about its 

expression in the first 24 hpf (114,115), so we monitor for the first time the expression of 

this proteins in the first 96 hpf of zebrafish development. 
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3. Material and Methods 

3.1 Zebrafish husbandry and embryos collection  

Adult zebrafish was maintained at the facility at the Department of Biology of 

University of Aveiro in a flow-through system with carbon-filtered water at 27.0 ± 1 °C with 

a 14:10 h photoperiod (light: dark) and fed twice a day with commercially available artificial 

diet. Conductivity was kept at 750 ± 50 μS/cm1, pH at 7.5 ± 0.5 and saturation of dissolved 

oxygen at 95%. These conditions were maintained in order to induce the reproductive cycle 

of fishes.  

Zebrafish eggs were collected within 30 min after natural mating and rinsed in fish 

system water. Males and females were placed for crossing in aquariums (natural mating) as 

described in Andrade et al., (2016). Eggs were collected immediately after fertilization.  

For fish mating, at the beginning of light cycle of the applied photoperiod, males and 

females were placed for crossing in aquariums (natural mating) with marbles on the bottom, 

to protect eggs from predation by adults. Eggs were collected 30 min after spawning, rinsed 

in system water and checked under a stereomicroscope (Stereoscopic Zoom Microscope - 

SMZ 1500, Nikon Corporation) for unfertilized or injured eggs. Eggs were separated and 

individual exposed to three different concentrations of HgCl2 (C0=control, C1=10 μg/L and 

C2=100 μg/L) in 24-well plates for 96 h. Then, for each concentration, fertilized eggs were 

randomly transferred into Eppendorf’s at 0 hpf, 24 hpf, 48 hpf, 72 hpf and 96 hpf, frozen in 

liquid nitrogen and stored at -80ºC for further analysis . 

 

3.2 Morphological analyses 

For each timepoint morphological analyses were carried out and five replicates of 10 

eggs/larvae for biomarkers analyses and three replicates of 6 eggs/ larvae for Western Blot 

were collected. Morphological traits assessed were hatching delay, pigmentation, balance, 

tail deformation, curvature, pericardial edema and yolk absorption. These observations were 

according to Fish Embryo Acute Toxicity Test (FET) in OECD 236 Protocol (116). Each 

day, the eggs/larvae were transferred to Eppendorf’s (one Eppendorf per replicate) and were 

frozen in liquid nitrogen and stored at -80ºC until analysis. 
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3.3 Biomarkers analysis 

3.3.1 Sample preparation for biochemical analysis 

To each sample previously prepared, 0.5 mL of K-phosphate buffer (0.1 M, pH = 7.2) 

was added and samples were homogenized at 4ºC using a U200S control IKA 

LABORTECHNIK. Following this, samples were centrifuged (10,000 g, 20 min, 4ºC), the 

obtained post-mitochondrial supernatant (PMS) was divided into different aliquots (two 

aliquots: 150 µl PMS; four aliquots: 50 µl PMS) and stored at -80ºC until biomarker analysis. 

 

3.3.2 Protein determination 

Protein concentration in samples was determined following the Bradford method 

(117). Briefly, in a 96-well microplate, 10 μL of sample was added in triplicate. A protein 

standard (concentrations: 0.0 mg/mL, 0.2 mg/mL, 0.5 mg/mL and 1.0 mg/mL) was prepared 

using a stock solution of bovine ɣ- globulin 1 mg/mL, added in quadruplicate in the 

microplate. Following this, 250 µL of a protein detection kit solution (Bio-Rad®) was added, 

the microplates were incubated at room temperature for 15 min, and the absorbance 

measured at 595 nm. A standard curve was obtained and used to determinate the total protein 

concentration of each sample.  

All photometric measurements were carried out using a Multiskan Spectrum, reader 

(Thermo Scientific®).  

 

3.3.3 Cholinesterase (ChE) activity 

The activity of ChE was determined in triplicate, according to the Ellman’s method 

(118) adapted to microplate by Guilhermino et al. (119). Briefly, 50 μl of sample and 250 µl 

of the reaction buffer were added to each well, the microplates were incubated at room 

temperature for 10 min, and the absorbance was measured at 414 (measurement times: 10, 

15 and 20 min). The reaction buffer was a mixture of 1 ml of 5.50-dithiobis-2-nitrobenzoic 

acid solution (DTNB; 10 mM), 0.2 ml of acetylthiocholine solution (ASCh; 0.075 M) and 

30 ml of K-phosphate buffer (0.1 M, pH=7.2). Enzymatic activity is expressed in nmol of 

substrate hydrolyzed per minute per mg of protein in PMS (nmol/min/mg of protein), using 

a molar extinction coefficient of 13.6x103 M-1 cm-1. 
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3.3.4 Catalase (CAT) activity 

The CAT activity was determined in triplicate, following the Claiborne’s method 

adapted to a UV microplate. Briefly, in a 96-well UV microplate, 20 µl of the sample, 130 

µl K-Phosphate buffer (0.05 M, pH=7.0) and 150 µl of hydrogen peroxide (H2O2; 0.03 M) 

were added to each well. The absorbance was then immediately read at 240 nm, in 20 s 

intervals, for 3 min. The enzymatic activity presented is expressed as μmol of the substrate 

(H2O2) hydrolyzed per minute per mg of protein in PMS (µmol/min/mg of protein), using a 

molar extinction coefficient of 40 M−1 cm−1. 

 

3.3.5 Glutathione Reductase (GR) activity 

GR activity was measured following the Cribb’s method (120) adapted to microplate. 

Briefly, 20 μL of sample and 280 μL of the reaction buffer was added, in triplicate, and the 

absorbance was measured at 340 nm, in 20 s intervals, for 3 minutes. For the preparation of 

the reaction buffer, 17.2 mg of NADPH, 65.4 mg of glutathione disulfide (GSSG) and 19.6 

mg of diethylenetriaminepentaacetic acid (DTPA) were dissolved in 100 mL of K-phosphate 

buffer (0.05 M, pH=7,0). Enzymatic activity is expressed as nmol of NADPH oxidized per 

minute per mg of protein in PMS (nmol/min/mg of protein), using a molar extinction 

coefficient of 6.223 M−1 cm−1. 

 

3.3.6 Glutathione s-transferase (GST) activity 

GST activity was determined using the Habig’s method (121), adapted to microplate 

(122). Briefly, 100 µl of sample and 200 µl of a reaction buffer were added in triplicate, and 

absorbance was measured at 340 nm, in 20s intervals, for 5 min. The reaction buffer was a 

mixture of 14.85 ml of K-phosphate buffer (0.1M, pH=6.5), 0.45 ml of 1-chloro-2,4-

dinitrobenzene (CDNB; 10 mM) and 2.70 mL of glutathione reduced (GSH; 10 mM). 

Enzymatic activity is expressed as nmol of substrate (GSH) hydrolyzed per minute per mg 

of protein in PMS (nmol/min/mg of protein), using a molar extinction coefficient of 9.6x10-

3 M cm−1. 
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3.4 Analysis of protein expression  

3.4.1 Preparation of zebrafish lysate 

To prepare zebrafish embryo protein extracts, the three replicates with 6 eggs each 

were homogenized with SDS 1% (5 µL per egg). Tubes were maintained on constant shack 

at 4ºC for 30 min and then centrifuged at 16,000 x g for 20 min at 4ºC. Then the tubes were 

gently removed from the centrifuge and placed on ice. The supernatant was transferred to 

new fresh tubes kept on ice until protein quantification and the pellets were frozen. 

 

3.4.2 BCA assay protocol for Western Blot 

The protein content of the samples was determined using the Pierce bicinchoninic acid 

(BCA) Protein Assay Reagent Kit (Fisher Scientific, Loures, Portugal). Standard protein 

quantification was prepared as described in Supplementary Table 2. Samples were prepared 

by adding 6 µL sample in 54 µL lysis buffer. In a 96-well plate, 25 µL of each standard and 

sample were transferred in duplicate. The Working Solution (WS) was prepared by mixing 

BCA reagent A with BCA reagent B in the proportion of 50:1. Then, 200 µL of WS were 

added to each well, for standards and samples and incubated in the dark at 37ºC for 30 min. 

The absorbance was measured at 562 nm using an Infinite® 200 PRO (Tecan, Switzerland). 

A standard curve was obtained by plotting BSA standard absorbance vs BSA concentration 

and used to determinate the total protein concentration of each sample. 

 

3.4.3 Western Blotting  

The protein extracts of zebrafish embryos (with 30 µg of protein) were resolved by 

15% SDS-polyacrylamide gel electrophoresis (PAGE) prepared as described in 

Supplementary Table 1 and proteins were transferred onto nitrocellulose membranes.  

The gel was run at 200 V and transferred at 200 mA for 2h. After the transfer, the 

membranes were washed with 1x Tris Buffered Saline and Tween-20 (TBS-T). Then, the 

membrane was incubated with Ponceau Staining on a shaker for 5 minutes. The membrane 

was then washed with distilled water until the proteins were well defined and scanned. 

For PPP1CC, the membrane were blocked with 5% non-fat milk in TBST 1X for 1h 

with agitation, washed in TBST 1X, incubated with primary antibody (anti-PPP1CC in 5% 

non-fat milk in TBST 1X in a dilution of 1:1000) for two hours at room temperature, washed 
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three times in TBST 1X for 10 min with agitation, incubated with secondary antibody (anti-

rabbit in 5% non-fat milk in TBST 1X in a dilution of 1:10000) for one hour at room 

temperature, washed two times with TBST 1X for 10 min and once with TBS 1X with 

agitation and revealed in odyssey.  

For GPx4, the membrane were blocked with 5% BSA in TBST 1X for 1h with 

agitation, washed in TBST 1X, incubated with primary antibody (anti-GPx4 in 5% BSA in 

TBST 1X in a dilution of 1:1000) for one hour at room temperature, washed three times in 

TBST 1X for 10 min with agitation, incubated with secondary antibody (anti-rabbit in 5% 

BSA in TBST 1X in a dilution of 1:5000) for one hour at room temperature, washed two 

times with TBST 1X for 10 min and once with TBS 1X with agitation and revealed in 

odyssey.  

The image of the total protein (scanned with Ponceau) and the image of PPP1CC and GPx4 

(odyssey) were treated and the bands were quantified in image Lab program. A ratio of 

PPP1CC : protein and GPx4 : protein were calculated and then statistical analysis were 

performed. 

 

3.5 Statistical analyses 

A series of two-way ANOVAs (analysis of variance) was used to test the effects of 

exposure time and Hg concentration on AChE, CAT, GR and GST activity. The Tukey HSD 

post-hoc test was applied (where ANOVA allowed it) to identify the homogeneous groups. 

The same techniques were also used to test the effects of time and Hg concentration on 

PPP1CC and GPx4 levels, For the abnormal development observed a one-way ANOVA was 

performed with the Dunnet post-hoc test. All analyses were carried out using SigmaPlot® 

11.0 software (Systat Software Inc.). 
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4. Results 

4.1 Impact of Hg exposure on zebrafish Morphology 

Zebrafish were exposed to different HgCl2 concentrations during different time 

periods. Our results show that eggs in the control group presented normal embryonic 

development and mortality remained below 10% throughout the experiment, validating the 

criteria of the OECD 236 protocol (Figure 5). At 24 hpf all the eggs were alive. After 48 hpf 

in the control group, 1.2% of the eggs hatched, in the group with 10 μg/L of Hg 2.2% hatched 

and 5.6% didn’t survived, at 100 μg/L of Hg 7.8% of the embryos died and there was no 

hatching. At 72 hpf in the control group all had hatching and 1.2% of the larvae had died, at 

10 μg/L of Hg all had hatching and at 100 μg/L of Hg 37.8% had hatching and 1.1% of the 

larvae died. In the end of the exposure, at 96 hpf, in the group with 100 μg/L of Hg, 65.6% 

had hatching, having yet 25.6% of embryos. The final percentage of mortality were 1.2% in 

control, 5.6% with 10 μg/L of Hg and 8.9% with 100 μg/L of Hg.  

 

 
Figure 5: Percentage of zebrafish survival after Hg exposure. 

In the Figure 6 there are represented the observed morphological malformations on the 

zebrafish larvae at 96 hpf after exposure to 0, 10 and 100 μg/L of Hg. In the left of the figure 

is demonstrated a normal larvae, in the middle is a larvae with a tail deformation and in the 

right a larvae with several defects (e.g. curvature, low yolk sac absorption and pericardial 

edema).  

 

 

Figure 6: Observed morphological malformations at 96 hpf in different concentrations of Hg. TD – tail deformation; YS 

– low yolk sac absorption; PE – pericardial edema; C – curvature. 
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In Figure 7, is represented the average of abnormal development per animal exposed to Hg. 

The abnormal development of zebrafish embryos increases with the increase in Hg 

concentration. At 96 hpf, in average 1 larvea have 0.08 deformations in control, have 0.03 

deformations with 10 μg/L of Hg, and 2.9 deformations with 100 μg/L of Hg, in percentage 

of abnormal development were 1.5%,.0.6% and 51.1% respectively.  

 

 
Figure 7: Average of abnormal development per fish, on zebrafish after 96 hours of exposure to Hg. Data are expressed 

as mean ± SE; asterisks indicate significant different concentration compared with control (*- one-way ANOVA, post 

hoc: Dunnett test, p < 0.05) 

 

In Figure 8, is represented the abnormal development observed at 96 hpf. Only in the highest 

concentration tested there were significant abnormal development. The abnormal 

development more represented was the low equilibrium of the fish (67%), followed by 

curvature (61%), pericardial edema and low yolk sac absorption were next (52 and 52% 

respectively), followed by tail deformation (43%) and alteration in pigmentation (11%).  
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Figure 8: Percentage of prevalence of each abnormal development on zebrafish after 96 hours of exposure to Hg. Data 

are expressed as mean ± SE; asterisks indicate significant different concentration compared with control (*- one-way 

ANOVA, post hoc: Dunnett test, p < 0.05) 

 

4.2 Impact of Hg exposure on biomarkers of effect 

The Figure 9 indicate the results of ChE, CAT, GR and GST activities. ChE activity 

(in nmol/min/mg of prot) is inhibited by the highest concentration of Hg (100 μg/L) at 72 

and 96 hpf. CAT activity (in μmol/min/mg of prot) is not significantly affected by the 

exposure to Hg although it has a tendency to decrease. GR activity (in nmol/min/mg of prot) 

increase at 48 hpf in both treatments (10 and 100 μg/L of Hg) and decrease at 72 hpf also in 

both treatments. GST activity (in nmol/min/mg of prot) increases with time, mostly since 48 

hpf. At 48 hpf only the high concentration (100 μg/L) significantly increases and at 72 and 

96 hpf there are an increase of activity in both concentrations (10 and 100 μg/L of Hg). 
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Figure 9: Levels of activity of ChE (nmol/min/mg of prot), CAT (μmol/min/mg of prot), GR (nmol/min/mg of prot) and 

GST (nmol/min/mg of prot) with different concentrations of Hg over time. Results were expressed as mean ± SE; “*” 

indicates at each time point, significant differences with the respective control and “  ” indicates at each concentration 

(blue for 0 µg/L, orange for 10 µg/L and gray for 100 µg/L), significant differences with time 0 (two-way ANOVA, post 

hoc: Tukey test, p < 0.05). 

  

4.3 Protein expression analysis  

4.3.1 PPP1CC expression 

The UniProt website provides a multiple sequence alignment tool for proteins called 

‘Align’ (123). Using this tool, we found areas of similarity between PPP1CC in zebrafish 

and PPP1CC1 and PPP1CC2 in human. To execute the multiple sequence alignment, we 

introduced the Uniprot identifiers (P36873-1 for human PPP1CC1, P36873-2 for human 

PPP1CC2 and A0A0R4IZT6-1 for zebrafish PPP1CC) into the sequence input box provided. 

The UniProt Align results are in Figure 10. These results showed that zebrafish PPP1CC and 

human PPP1CC1 have 316 identical positions, 6 similar positions and 97.833% of identity. 

Regarding the comparison between zebrafish PPP1CC and human PPP1CC2 we found that 

these proteins have 309 identical positions, 6 similar positions and 91.691% of identity.  
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Figure 10: “Align” results between PPP1CC in zebrafish and PPP1CC1 and PPP1CC2 in human. 

Figure 11 shows the expression of PPP1CC during zebrafish development. These 

results demonstrate that PPP1CC protein content increases over time, but with different 

concentrations of Hg there are no statistically significant differences. We also can observe 

that with 100 μg/L of Hg there is a delay in the increase of PPP1CC until 72 hpf.  

 

 

Figure 11: Impact of the Hg exposure on PPP1CC by Western blotting. A – Zebrafish embryos extracts were run on SDS-

PAGE gels. Three different concentrations (C0=0 μg/L, C1=10 μg/L and C2=100 μg/L) of Hg were tested over time (t0 

to t96 hpf). B - Protein expression was found to significantly increase (p≤0.05) with time. There were no statistically 
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significant differences between concentrations (p=0.130) or between time and concentration (p=0.320) except for a 

marginal (p=0.049) identification at 100 μg/L at the 72hpf. Data were expressed as mean ± SE. (n=3) 

 

4.3.2 GPx4 expression 

GPx4 expression (Figure 12) was not affect by time of exposure (p=0.259) nor by 

concentration of Hg (p=0.832). These results should be repeated since the bands in the 

membrane are too weak, and thus difficult to quantify. 

 

 

Figure 12: The immunoblotting in zebrafish with anti-GPx4 antibody showed the expression of GPx4 with three different 

concentrations (C0=0 ug/l, C1=10ug/l and C2=100 ug/l) of Hg over time (t0 to t96 hpf). There weren’t statistical 

differences in time (p=0.259), in concentration (p=0.832) or between time and concentration (p=0.974). Data were 

expressed as mean ± SE. (n=3) 
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5. Discussion 

5.1 Morphology 

In the present study, high concentrations of Hg exposure (100 μg/L) decreased the 

hatching rate, delayed the hatching period and resulted in several non-lethal morphological 

abnormalities (equilibrium, curvature, pericardial edema, low yolk sac absorption, tail 

deformation and pigmentation), reflecting the developmental toxicity of Hg in zebrafish. 

Like our findings, Hg was reported to prolong the hatching time of other fishes (70,124,125). 

This delayed effect was probably caused by the inhibition of mitoses or suppression of 

embryogenesis (126,127), or by the inability of the emerging larvae to break the egg 

membrane (71). Reduced hatching success of Hg-exposed embryos was probably due to 

structural and functional disturbances during embryonic development (127). In our results 

we find that the equilibrium is the abnormal development most affected by Hg (67%) 

exposure probably duo to neurological effects (AChE) followed by curvature and tail 

deformations (61 and 43% respectively). 

 

5.2 Neurotoxicity and oxidative stress biomarkers 

Cholinesterase activity was measured to observe if there were some neurotoxic effects 

in zebrafish when exposed to Hg. AChE is the only cholinesterase present in zebrafish, so 

the results showed an increase of AChE activity over time. The exposure to Hg at high 

concentrations decreased AChE activity between 48 and 96 hpf with statistically 

significance. Similar concentrations of Hg were tested in vitro on the zebrafish and the result 

also suggests a decrease in AChE activity (97). As we refer previously, AChE it is an 

important biomarker of effect for neurotoxicity studies and it is essential for neuronal and 

muscular development in zebrafish embryos (98), so the inhibition of AChE can be related 

with the lack of equilibrium that we observed in the morphological analyses.  

To assess potential effects of Hg exposure in oxidative stress of zebrafish, the activity 

of CAT, GR and GST in eggs and larvae were determined. CAT is responsible for the 

subsequent degradation of H2O2, generating non-toxic H2O and is considered to be the first 

line defenses that directly scavenge ROS (50). In literature, exposure to Hg induced an 

increase in the CAT activity in brain and ovary, indicating an increase of the antioxidant 

status to neutralize the oxidative stress and decrease in liver indicating that the liver was not 

able to eliminate or neutralize the excess of ROS, decreasing enzyme activities or even 
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degrade the enzymes (50). In our study, CAT activity didn’t change significantly between 

concentrations of Hg.  

To maintain the redox status of the cells and avoid oxidative stress, glutathione 

reductase reduces the glutathione disulphide in GSH (86). We observe an increase of GR 

activity at 48hpf of Hg exposure indicating that the antioxidant status is neutralizing the 

oxidative stress, and a decrease of GR activity at 72 hpf indicating that the fish in not able 

to eliminate or neutralize more ROS. At 96 hpf there are no significant differences with the 

control. Studies show an increase in GR activity in zebrafish after 30 days of exposure (128).  

GST activity was statistically significant higher in the presence of Hg in both 

concentrations (10 and 100 μg/L) after 72 and 48 hpf respectively. The increased GST 

activity upon Hg exposure could indicate a protective and adaptative response to Hg 

accumulation by elevating GST activity to increase the formation of conjugates between 

Hg2+ and GSH (129).  

Hg can cross the blood brain barrier and accumulate in the brain, promoting the 

generation of oxidative stress and alterations in the metabolism of some proteins associated 

with the development of neurodegenerative diseases (97) so, probably, the oxidative stress 

induced by Hg treatment in zebrafish may be involved with the inhibitory effect observed 

on AChE activity.  

 

5.3 Protein expression levels  

We study for the first time the expression of PPP1CC in early development of 

zebrafish. PPP1CC has a high percentage of identity with PPP1CC1 and PPP1CC2 in human 

(97.833% and 91.692% respectively) but is closer of PPP1CC1. In human, PPP1CC1 is 

ubiquitous in somatic cells while PPP1CC2 is expressed in testicular germ cells and sperm 

(130). We showed that PPP1CC expression increase during the development of zebrafish 

embryos. Studies in mice testis showed that there is an increase of expression over time of 

development (108,110). PPP1CC expression decrease only at 72 hpf in the hight 

concentration of Hg.  

GPx4 is a monomeric selenoenzyme harboring a selenocysteine in the catalytically 

active center (131). GPx4 plays various roles in controlling the cellular redox status (131), 

signal transduction, inflammation, and apoptosis (132). The loss of GPx4 activity has been 

linked to human diseases such as male infertility, arteriosclerosis, Alzheimer's disease and 
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Parkinson's disease (133). We decided to study this protein because little is known about its 

function and expression on fish. Two forms of GPx4 (GPx4a and GPx4b) have been 

identified in zebrafish, and their expression has been followed during embryonic 

development (134). Our study suggests that GPx4 expression is not affected neither for the 

time of development of the fish (0 to 96 hpf) nor for the exposure to mercury (control to 100 

μg/L). 
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6. Conclusion 

With this work, we wanted to test the effect of mercury in zebrafish early development. 

For that, we analyzed the effect of exposure to several concentrations of HgCl2 on zebrafish 

morphology, selected protein expression (PPP1CC and GPx4), oxidative stress biomarkers 

(CAT, GST, and GR) and neurotoxic effect biomarkers (AChE). 

Our study showed that high concentrations of Hg delay the hatching process and 

induce malformations mainly causing difficulties in equilibrium and curvature. 

Exposure to Hg also induced alterations of the biomarker’s levels (inhibit AChE after 

72 hpf, promote GST after 48 hpf and GR activity is promoted at 48 hpf and inhibit as 72 

hpf). 

PPP1CC was for the first time identified in zebrafish and we saw an increase of 

expression with time. PPP1CC was only affected by mercury at 72 hpf in the highest 

concentration. 

We did not find any significant alteration in protein expression of GPx4 or in CAT 

activity. 

More studies are necessary to clarify the effect of mercury in zebrafish development 

and about expression of PPP1CC and GPx4 in zebrafish. 

It seems also particular interesting to investigating if: 

 Hg affects zebrafish over longer exposure times; 

 the alterations provoked by mercury are reversible or not; 

 the future generations have any inherited morphological, behaviour or enzymatical 

alterations. 
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Supplementary data 

 

Supplementary Table 1 - Solutions used in the experiments 

Western Blot 

Running gel 15% (2 

gels, 1.5 mm thickness 

ddH2O                                       4,280 

Tris-HCl 1,5M pH 8,8              5,000 

Acrylamide 40%                      7,360 

Bisacrylamide 2%                    2,960 

SDS 10%                                    0,200 

APS 10%                                    0,100 

TEMED                                      0,020 

Staking gel 4% (2 gels, 

1,5 mm thickness) 

ddH2O                                       4,736 

Tris-HCl 0,5M pH 6,8              2,000 

Acrylamide 40%                      0,784 

Bisacrylamide 2%                    0,320 

SDS 10%                                    0,080 

APS 10%                                    0,040 

TEMED                                      0,008 

Tris-HCl 1.5 pH 8.8 
buffer 

For 1 L dissolve 181,5 g of Tris in 800 ml of deionized 

water. Adjust pH at 8,8 with HCl and make up to 1 L with 

deionized water. 

Tris-HCl 0.5M pH 6.8 

buffer 

For 1 L dissolve 60 g of Tris in 800 ml of deionized water. 

Adjust pH at 6,8 with HCl and make up to 1 L with 

deionized water. 

10% APS (ammonium 

persulfate) 

For 10 ml of deionized water add 1 g of APS. 

10% SDS (sodium 

dodecilsulfate) 

For 500 ml of deionized water dissolve 50 g of SDS. 

4X LB For 10 ml add 4 ml of glycerol, 2,5 ml of Tris-HCl 0.5 M pH 

6.8, 0,8 g of SDS, 0,2 ml of β-mercaptoethanol and 3,3 ml 

of deionized water. Add bromophenol blue (a small 

amount). Keep it at RT for short periods or at 4 ºC for long 

periods.  

Tris-Gly 10 x stock For 1 L dissolve 30,30 g of Tris (250 mM) and 144,10 g of 

Gly (1,92 M) in 1 L of deionized water. 

running buffer For 1 L add 800 ml of deionized water, 100 ml of Tris-Gly 

10x and 10 ml of 10% SDS. Make up to 1 L with deionized 

water. 

transfer buffer For 1 L add 100 ml of Tris-Gly 10x to 700 ml of deionized 

water and 200 ml of methanol. 

10X TBS (Tris buffered 

saline) 

For 1 L dissolve 12,11 g of Tris in deionized water and 

adjust pH at 8.0. Add 87,665 g of NaCl and make up to 1 L 

with deionized water. 
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1X TBST (TBS + 

Tween-20) 

For 1 L add 100 ml of TBS 10x and 500 μl of Tween-20 to 

900 ml of deionized water. 

5% BSA in TBST 1x For 100 mL of solution dissolve 5 g of BSA in TBST 1x. 

5% milk in TBST 1x For 100 mL of solution dissolve 5 g of nonfat milk in TBST 

1x. 

Ponceau For 100mL of ponceau staining solution dissolve 0,1 g of 

pounceau S in 5ml of acid acetic and fill up to 100ml with 

deionized water. 

 

Supplementary Table 2 – Standards for BCA assay 

Tube Name Volume of BSA 
(μL) 

From Tube Volume Lysis Buffer 
(1% SDS) (μL) 

Final [BSA] 
(μg/mL) 

A 30.0 BSA stock 0 2000 

B 37.5 BSA stock 12.5 1500 

C 32.5 BSA stock 32.5 1000 

D 17.5 B 17.5 750 

E 32.5 C 32.5 500 

F 32.5 E 32.5 250 

G 32.5 F 32.5 125 

H 10.0 G 40.0 25 

I 0 - 40.0 0 (Blank) 
 

 

 


