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Abstract 

The industrial wastes, sewage effluents, agricultural run-off and decomposition of biological waste 

may cause high environmental concentration of chemicals that can interfere with the cell cycle 

activating the programmed process of cells death (apoptosis). In order to provide a detailed 

understanding of environmental pollutants-induced apoptosis, here we reviewed the current 

knowledge on the interactions of environmental chemicals and programmed cell death. Metals 

(aluminum, arsenic, cadmium, chromium, cobalt, zinc, copper, mercury and silver)as well as other 

chemicals including bleached kraft pulp mill effluent (BKME), persistent organic pollutants 

(POPs), and pesticides (organo-phosphated, organo-chlorinated, carbamates, phyretroids and 

biopesticides) and cyanobacterial toxins (microcystine, anatoxins-a and saxitoxins,  nodularin and 

cylindrospermopsin, lipopolysaccarides) were evaluated in relation to apoptotic pathways, heat 

shock proteins and metallothioneins. Although research performed over the past decades has 

improved our understanding of processes involved in apoptosis in fish, yet there is lack of 

knowledge on associations between environmental pollutants and apoptosis. Thus, this review could 

be useful tool to study the cytotoxic/apoptotic effects of different pollutants in fish species. 
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Introduction 

Controlled cell death is an evolutionary conserved process that plays a key role in the development 

and homeostasis of all metazoan animals (Janz et al., 2001). Tissue homeostasis requires a sensitive 

balance that is maintained between cell renewal and cell death, and homeostatic cell deletion is a 

well-controlled mechanism regulated by apoptosis (Beere et al., 2000). Apoptosis is a highly 

regulated and controlled cellular process where, by the activation of specific death-signaling 

pathways, leads to deletion of cells from tissue. These pathways are characterized by profound and 
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distinct changes in cellular architecture leading to self-destruction, and occurs as part of normal 

development and aging (Kerr et al., 1994). The distinct morphological features of apoptosis are cell 

shrinkage, chromatin condensation, membrane blebbing and formation of apoptotic bodies, which 

are phagocytosed by  macrophages without any act of inflammatory response (Jayakiran, 2015). 

Physiological cell turnover, shaping tissues during development, and endocrine-dependent atrophy 

required the apoptosis process (Wyllie, 1997), but also a variety of physiological and patho-

physiological stimuli including the damage stimuli from environmental metals (Kerr et al., 1994).  

Two major pathways of controlled cell death (Fig.1): mitochondrial pathway (or intrinsic or 

mitochondria-dependent) and the death receptor pathway (or extrinsic or mitochondria- 

independent) were already well described (Bratton et al., 1997; Ekert and Vaux, 1997; Ashkenazi 

and Dixit, 1998; Kaufmann and Hengartner, 2001; Beere, 2004; Gao et al., 2005; Favaloro et al., 

2012). In addition to these interrelated pathways, the perforin/granzyme pathway that can induce 

apoptosis via either granzyme B or granzyme A, was proposed and schematically represented by 

Elmore (2007) and Taylor et al. (2008) (Fig.1). 

The intrinsic pathway is characterized by the permeabilization of the outer mitochondrial membrane 

and the release of several pro-apoptotic factors into the cytosol, such as cytochrome C, apoptosis 

induced factor and mitochondrial serine protease (Robertson and Orrenius, 2000; Beere, 2004).  

Through their ability to regulate mitochondrial cytochrome C release, the Bcl-2 family proteins 

have a crucial role in the regulation of apoptosis via intrinsic pathway (Bernardi et al., 2001; Taylor 

et al., 2008). They can be classified into anti-apoptotic (such as Bcl-2 and others), and pro-apoptotic 

members (such as Bax, Bak, etc.).  The ratio of the Bcl2/Bax protein could affect the release of 

mitochondrial cytochrome C (Hildeman et al., 2003). The Bax gene promoter contains a p53-

binding site and was shown to be p53 responsive (Benchimol, 2001). The ability of p53 gene to 

control passage through the cell cycle (in G1 and in G2) and to control apoptosis in response to 

abnormal  proliferative/stress signals, including DNA damage, is considered as fundamental in cell 

survive (Levine, 1997).  

The extrinsic pathway involves the death receptor family which includes receptors that possess a 

death domain (DD) as FAS, TRAIL-R1 (DR4), TRAIL-R2 (DR5) or TNF-R1 (Jourdan et al., 

2009). The trigger component of this pathway is a cascade of cysteinyl aspartic acid-specific 

proteases known as caspases. The caspases are categorized into upstream (initiating) and 

downstream (executioner) types. Initiating type (caspase-2, -8, -9, -10 and-12), has being activated 

by autocatalysis upon sensing death signals; and executioner type (caspase-3, -6, and -7) has being 

activated proteolysis by upstream caspases (Gao et al., 2005) (Fig.1). A more detailed classification 

of caspases has been done in mammals into the apoptotic death gene-3 like caspases and the 

inflammatory interleukin-1β-converting enzyme (ICE)-like caspase (Takle and Andersen, 2007). 

Caspase-2 is activated by the p53 target gene product.  

The unique aspects of fish biology are expressed virtually all the core components equivalent to the 

mammalian apoptotic machinery (Beere, 2004).  In last decades, genetic analysis performed 

especially on zebrafish; a powerful vertebrate model system, opened new insights to understand 

apoptosis.  Several classes of the genes, the bcl-2 family, Bax, and the caspase family that are 

homolog to mammalian apoptosis regulators have been recorded in zebrafish DNA databases 

(Inohara and Nunez, 2000), and most apoptotic pathways are evolutionary conserved between 

zebrafish and higher vertebrates (Yamashita, 2003).The role of apoptosis on zebrafish development 

were well characterized (Abraham, 2005). The morphological, biochemical, and physiological 

information at all stages of early development and in juveniles and adults of both sexes of zebrafish 
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makes using this species ideal for toxicology research (Hill et al., 2005), including apoptosis 

occurred as an adverse effects of chemical exposure. In the review of Eimen and Ashkenazi (2010), 

the various techniques and experimental approaches that are used to study apoptosis in zebrafish 

were summarized, and the intrinsic and extrinsic pathways comprehensively  discussed including 

developmental apoptosis during embryogenesis, by focusing on the high degree of conservation 

with humans and other mammals. Therefore, zebrafish could be useful as laboratory experimental 

animal model in the field of apoptosis to compare with other fish species and mammals.  

In zebrafish, it was reported that Mdm2 knockdown embryos were severely apoptotic, and p53 is 

essential for DNA damage-induced apoptosis during embryonic development (Langheinrich et al., 

2002), however, relatively little is known about the specific role of p53 in fish. Although DNA 

damage (Kawakami et al., 2008) and p53 induction (Ostrakhovitch and Cherian, 2005) were noted 

as modulators in mammals, a lack of p53 induction was reported in fish cells by model 

chemotherapeutics (Embry et al., 2006).  Apoptosis in zebrafish during early development has 

beenshown to be associated with activation of p53-dependent pathways (Plaster et al., 2006). 

Ghiselli (2006) has investigated p53-dependent apoptosis in human and zebrafish cells in relation to 

the structural maintenance of chromosome 3 (SMC3) protein. SMC3 is a constituent of a number of 

nuclear multimeric protein complexes that are involved in DNA recombination and repair in 

addition to chromosomal segregation, and zebrafish SMC3 is 95% identical to the human protein 

(Ghiselli, 2006). 

The extrinsic pathway in zebrafish closely resembles its mammalian counterpart and cooperates 

with the intrinsic pathway (Beere, 2004; Eimon et al., 2006). Multiple apoptotic components, 

initiator and effector caspases were described in zebrafish. Moreover, at least six of them have 

protease domains homologous to mammalian caspase-8 and -10. Several inflammatory interleukin-

1β-converting enzyme-like (ICE-like) caspases have also been identified. The catalytic domains of 

the novel zebrafish caspases, caspy1 and caspy2 share also highest homology with those of human 

caspase-1 and -5, respectively (Eimon et al., 2006).  In addition, the zebrafish genome contains 

caspase-C and a caspase-C-like protease, which shows highest similarity to human caspase-4. 

Salmonid genome is also used to classify domain organization of fish caspases. Effector caspases, 

caspase-3, -6 and -7 (Takle et al., 2006); and a fish homologue of mammalian caspase-14 have been 

identified in Atlantic salmon, Salmo salar (Takle and Andersen, 2007).  

In pathway data-base which is a collection of manually drawn pathway representing our knowledge 

on the molecular interaction and reaction networks for some systems and processes including 

apoptosis, granzyme-B pathway is also drawn as a major pathway for zebrafish (Kanehisa and 

Goto, 2000). Granzyme B cleaves its substrates after aspartic acid residues, suggesting that this 

protease has the ability to activate members of the caspase family directly. The balance between the 

pro-apoptotic and anti-apoptotic signals eventually determines whether cells will undergo apoptosis, 

survive or proliferate. TNF family of ligands activates anti-apoptotic or cell-survival signals as well 

as apoptotic signals.  Due to the dynamic and complex nature of apoptotic processes, detecting 

analyses of controlled cell death by advanced methods such as live imagine were also becoming 

more attractive in recent years.  

Since teleosts are really unique models for studying apoptosis, we previously reviewed the 

relationships between altering environmental parameters and controlled cell death (AnvariFar et al., 

2016, Romano et al., 2013). Surely, the involvements of apoptosis in fish is also be influenced by 

other various stimuli, especially by environmental chemicals. In parallel with rapid urbanization and 

industrialization, so many chemicals can enter aquatic system (Scanu et al., 2015), which is 
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probably assumed as the largest sink. Fishes are very sensitive to aquatic pollutants, and will great 

promise to make a comparative analysis of environmental chemicals related to toxic stress 

(Krumschnabel and Podrabsky, 2009). Chemically induced stress can contribute to a variety of 

pathological conditions and may have a negative impact not only for the fish, but also for 

consumers of the fish them self (Morcillo et al., 2016). In addition, fish populations inhabiting 

highly polluted water provide precious information on the etiology of pollutant-mediated diseases 

such as cancer, and seems to be the practicable tool for health risk analyzes.  

 

Chemical-Induced Stress and Apoptosis 

The influence of environmental chemicals on apoptosis can be depended on dose and exposure 

time. The interactions of environmental pollution and health of fish are always characterized by a 

vicious cycle: chemicals can lead to stress, and stress seemed to exacerbate the effects of chemicals. 

As in mammals, immune-neuroendocrine interactions, and the involvements of stress proteins in 

fish have also a great interest, with particular attention to the modulation of immune responses by 

antimicrobial proteins (Caccia et al., 2017) and by hormones (Harris and Bird, 2000). The term 

“stress proteins” is not only used for “Heat Shock Proteins (HSPs)”, but also may refer to several 

other groups of proteins that respond to stressors; MTs, or cytochrome P450 enzymes (Iwama et al., 

1998). 

HSPs are a suite of highly conserved proteins of varying molecular weight (c. 16–100 kDa) that are 

produced in all cellular organisms (Roberts et al., 2010), and localized in various intracellular 

compartments and categorized into families that named as HSP100, HSP90, HSP70, HSP60 and the 

small HSPs (Lindquist, 1992; Iwama et al., 1998; Morimoto and Santoro, 1998; Feder and 

Hofmann, 1999; Basu et al., 2002; Roberts et al., 2010).   Constitutively expressed HSPs are made 

up to 5–10% of the total protein content that can be increased two to three times when exposed to 

stress conditions that cause protein unfolding, misfolding, and a flux of newly-synthesized non-

native proteins including the caspases (Pelham, 1986; 1990; Ellis, 1987; Chirico et al., 1988; 

Deshaies et al., 1988; Lindquist and Craig, 1988; Geething and Sambrook, 1992; Georgopoulos and 

Welch, 1993;Jolly and Morimoto, 2000; Pockley, 2003; Yamashita et al., 2010; Deane and Woo, 

2011). Thus, HSPs can also be defined as key proteins which play important roles in immune 

reactions, immunomodulation, and apoptosis (Beere, 2004, Romano et al. 2013). Although the 

majority of studies was focused mainly on the effects of heat shock, some interesting references 

start to consider HSPs involved in the stress response by high water concentrations of pollutants 

such as metals and pesticides (Iwama et al., 2004; Mosca et al., 2013). It was suggested that the 

survival of gray mullet, Mugil cephalus under metal-stressed condition may be due to the up-

regulation of HSP70, that mediates the altered signal pathway which promotes cellular resistance 

against apoptosis (Padmini and Tharani, 2014).  

Next to HSPs, the metallothioneins, MTs, are also stress-related, low-molecular-weight 

(approximately 6000-7000 Da), cysteine rich, intracellular proteins that have a great capacity to 

bind metals. MTs were suggested to act as a cellular-protector against free radicals and other 

oxidants, or ROS (Vašák and Hasler, 2000). The induction of MTs is often accepted as a sensitive 

indicator of metal exposition in aquatic animals, despite the fact that MTs induction in fish gills 

have been revealed to be very species-specific, with some dispute on fish species (De Boeck et al., 

2003). As recorded by Wang et al.(2014), MTs not only occur in cytoplasm, but also accumulate in 

lysosomes, yet could be transported to the nucleus and to the inter-membrane space of 

mitochondria.  
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The cause and effect relationships between environmental pollution and controlled cell death are 

still more attractive. By adding the special information about HSPs and MTs, data on fish apoptosis 

expands rapidly. In the light of current knowledge, we reported below the effects of some metals 

and pesticides, BKME, POPs and some other compounds that are familiar or novel, in relation to 

apoptosis (the synthesis is reported in Table 1). 

 

Metals and Apoptosis in Fish 

Heavy metals, semi-metals, transition metals and their compounds naturally enter aquatic 

environments by various geologic, physical and chemical processes. Surely, anthropogenic 

activities such as mining, metalworking and industrial processes consistently contribute to 

environmental concentrations of these compounds. Although some of the metals are essential for 

living organisms, they becomes toxic when reach to elevated concentrations. The toxicity is closely 

related to the physical and chemical properties of the metals that are characterized by highly 

biological activity, bioavailability and ability to bioaccumulation. An overview of references has 

been reported below about the effects of heavy metals -well known effects of heavy metals and 

emergent problems related to new types currently highly concentrated in water- in inducing the 

apoptosis process. 

Arsenic (As) 

It is a metalloid and naturally exists at high levels in the groundwater of a number of countries, thus 

enters aquatic environments by various geochemical and anthropogenic processes. As is used 

industrially as an alloying agent, as well as in the processing of glass, pigments, textiles, paper, 

metal adhesives, wood preservatives and ammunition. It is also used in the hide tanning process 

and, to a limited extent, in pesticides, feed additives and pharmaceuticals drink water (Ravenscroft 

et al., 2009). As noted by Seok et al. (2007), the main source of environmental As exposure is 

inorganic forms of arsenic (trivalent and pentavalent arsenite), however, organo-arsenic compounds 

are generally predominat in marine organisms. Its presence in freshwaters has been documented in 

the past including the possible effect in humans by assuming drink water (Ravenscroft et al., 2009). 

In vitro toxicity of arsenic in fish cell lines is similar to that observed in mammalian cell lines: in 

grass carp (C. idellus) cell culture ZC7901, all of the six heavy metal ions, including pentavalent 

arsenic, were able to induce apoptosis (Xiang et al., 2001). The liver is one of the most metals-

sensitive organ due to the accumulation role. As exposure in zebrafish liver cell line (ZFL cells) has 

induced a high expression of HSP70; however, a massive apoptosis were observed, indicating that 

the HSP70 apoptosis-block system has been not able in certain circumstances (Seok et al., 2007). 

PLHC-1 fish cell line has permitted to reveal that arsenic trioxide-induces necrotic-mediated cell 

death already at 10 hours while apoptosis has occurred later on, at 40 hours, indicating that the 

sensitivity of the fish cells to As is also time-dependent (Selvaraj et al., 2013). MTs induction by As 

are reported in lake whitefish (Coregonus clupeaformis) after 64 days of meal supplemented by As 

(Pedlar et al., 2002).  Not surprisingly, the hepatocytes seem to be really sensitive to As since 

significantly higher rates of apoptosis in hepatocytes were reported in catfish and sea bream species 

(Roy and Bhattacharya, 2006; Datta et al., 2007; Guardiola et al., 2013). Next to As-induced in liver 

inflammation and apoptosis, also head kidney and skin seemed to be sensitive tissue to As: it is a 

directly cause of down-regulation of mt, hsp70 and hsp90 genes in gilthead seabream skin (Cordero 

et al., 2014; Benhamed et al., 2016). 

The reproductive system of fish seemed to be also high sensitive to As. Japanese eel (Anguilla 

japonica) spermatozoa in vitro testicular organ culture system, showed positivity to TUNEL-
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reaction that can are enhanced by gonadotropin treatment (Celino et al., 2008), in line also rainbow 

trout gonad cell line-2(RTG-2) has shown DNA damage after exposure to As (Raisuddin and Jha, 

2004). In TO-2 cells (ovary cells of tilapia), treated with sodium arsenite a mitotic arrest was 

demonstrated (Wang et al., 2004), and concluded that ROS are involved in arsenite-induced 

apoptosis. After As treatment an intrinsic apoptotic pathway via mitochondrial membrane damage 

was hypothesized in PLHC-1 fish cell line (Selvaraj et al., 2013). Different effects of the As on the 

immune system were also demonstrated. In catfish exposed to non-lethal arsenic trioxide like the 

lymphocyte and head kidney-macrophage apoptosis induction (Ghosh et al., 2006; Datta et al., 

2009b). Exposure to As can also suppress the overall innate immune function in zebrafish, even if at 

concentrations deemed safe in drinking water (Nayak et al., 2007). In order to analyze the 

mechanisms involved in HSP70 induction by arsenic, were used zebrafish liver cell line (ZFL cells), 

and concluded that oxidative stress induced HSP70 in preventation of apoptosis (Seok et al. (2007). 

The effects of As are also seemed to be related to apoptosis in developmental stages. Zebrafish 

embryos (4-120 hours post-fertilization, hpf) threated with high doses of arsenite, exhibited a series 

of alterations, including genomic DNA methylation disturbances, cell proliferation and apoptosis 

(Li et al., 2009). As-induced changes in patterns of cell proliferation, cell death, and DNA 

methylation were also identifiedin developing zebrafish at 24 and/or 48 hpf, by various 

methods(Lee and Freeman (2014).The As-apoptosis induction was directly linked to a procaspase-

mediated mechanism by involving the caspase-3 pathway (Cordero et al., 2014). An induction of 

ROS production through the activation of NADPH oxidases mediated by caspase-3, was also 

demonstrated (Datta et al., 2009a; Datta et al., 2009b; Guardiola et al., 2013). However, a reduction 

in ROS production in zebrafish embryos following in vivo exposure to As (Hermann and Kim, 

2005) was explained with maturation of the immune system. Banerjee et al.(2011) have evidenced 

that several signaling pathways including the mitogen activated protein kinase family (MAPK) have 

been reported to be activated during stress and either promotes or helps in counteracting apoptotic 

stimuli. Three family members of MAPK, extracellular signal-regulated kinase (ERK), c-Jun NH2-

terminal kinase (stress-activated protein kinases, JNK ) and p38 were studied and concluded that, 

arsenic-induced alteration in intracellular Ca2+ levels initiates pro-apoptotic ERK and inhibitor 

calpain-2; the two pathways influence each other positively and induce caspase-3 mediated HKM 

apoptosis. 

Copper (Cu) 

In fish, Cu is an essential trace metal acting as a co-factor for a number of enzymes, and a structural 

element of many glycoproteins, so it is needed for erythropoietin processes, antimicrobial peptides 

formation (Caccia et al., 2017) growth, nervous functions and reproduction. Cu naturally occurs in 

the aquatic environment in low concentrations. Nonetheless, elevated concentrations originated 

from agricultural and industrial contamination can be highly toxic to aquatic life. The Cu content 

seems to concentrated in the basal compartment of the gills (Dang et al., 2000; Monteiro et al., 

2012)The exposure in high concentration for short time affect the chloride cells of gills by via 

necrosis, in Mossambique tilapia (Oreochromis mossambicus) and Nile tilapia (Oreochromis 

niloticus), the apoptosis was not revealed probably because the time of exposure has been too short 

to reveal other typology of damage (Pelgrom ,1995; Bury et al., 1998; Monteiro et al. (2009). In 

contrast, Xiang et al.(2001) reported that the effects of six heavy metal ions, including Cu, are able 

to induce apoptosis, in cell culture ZC7901 of grass carp (Ctenopharyngo donidellus). In tropical 

freshwater fish Prochilodus scrofa, necrosis and apoptosis of pavement and chloride cells was 

reported as intense in specimens exposed for long time to high Cu concentrations (Mazon et al., 
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2002). The higher incidence of TUNEL-positive cells in gill of the Cu-exposed zebrafish and 

golden fish, Carassius auratus gibelio, were also proved Cu-induced apoptosis (Vergolyas et al., 

2010; Luzio et al., 2013). Data on the biochemical mechanism of Cu-induced apoptosis thus is 

mainly in vitro, and suggest that Cu may induce apoptotic cell death via different pathways. 

Following dietary exposure to Cu, apoptotic cells were only observed at the apex of the intestinal 

folds of Atlantic salmon, Salmo salar  (Lundebye et al., 1999). An increase of blast cell apoptosis in 

hematopoietic tissue during both lethal and sub-lethal Cu exposures was evidenced in Labeorohita 

(Som et al., 2009).The effects of copper exposure has been performed in both larval and adult 

zebrafish from toxicological point of view, and Hernandez et al.(2011) noted that the most sensitive 

organs to stress induced by waterborne copper were the central nervous system and the liver, even 

though the most affected in terms of cell death that is likely to be elicited by the induction of ROS, 

were the gills and head kidney. Oxidative stress and cell death in lateral line hair cells of zebrafish 

larvae were induced by acute Cu exposition (Olivari et al., 2008).The apoptotic response of gill to 

Cu exposure is reported as concentration dependent, with lower concentrations inducing later 

effects (Luzio et al., 2013).  Furthermore, concomitant elucidation of experimental observation of 

apoptosis was performed by molecular docking with the p53 enzyme with CuO nanoparticles 

(Kumari et al., 2017).  Cell death is likely to be elicited by the induction of ROS, Cortisol- and Cu-

induced MT expression in tissues of tilapia was also investigated in vitro: when compared to the 

gills and intestines, the liver evidenced the major synthesis of MT and accumulation of Cu (Wuet 

al., 2006). The connections of Cu and HSPs are not yet elucidated (Iwama et al., 2004). In PLHC-1 

(Pociliopsis lucida hepatoma cell line) cells were treated with Cu, a significant induction of both 

HSP 60 and HSP70 was noted (Moreland et al., 2000). In hepatocytes of rainbow trout, O. mykiss, 

the Cu-induced apoptosis has been related to increasing amount of HSP70 and lactate 

dehydrogenase (Feng et al., 2003) and to the upregulation of reactive oxygen species, ROS (Roméo 

et al., 2000; Krumschnabel et al., 2005; Nawaz et al., 2006), demonstrating a possible independence 

to caspase-pathway (Li et al., 1998) whereas the latter one pathway might be tissue-specific 

dependent (Monteiro et al., 2009). More recently, Luzio et al. (2013) have demonstrated that 

apoptosis was initiated via intrinsic pathway (caspase-9), through p53 activation, then followed by 

the extrinsic pathway (caspase-8) and finally by the caspase-independent pathway; in the gills of 

zebrafish exposed to copper. Thus, it is possible to conclude that different apoptotic pathways can 

be triggered by Cu at different time points. 

Mercury (Hg) 

Historically, the accumulation of Hg has been revealed in the final predators of the ecological 

trophic scale and thus in fish, marine mammals and humans, where also toxicological analyses have 

been focused in these species (rev. Sweet and Zelikoff, 2001). Inorganic and organic Hg cause 

apoptosis, as  has been demonstrated in laboratory by in vitro test in zebrafish, sea bass etc. as well 

as in sample collected in vivo in a wide of fish species.  In the European sea bass (Dicentracrchus 

labrax), the head-kidney macrophages treated in vitro with HgCl2 have been revealed apoptosis as 

well as the ROS reduced production and the benefits of macrophage-activating factors (MAF) 

(Sarmento et al., 2004). The most common form of organic mercury is methylmercury (MeHg), that 

its devastating effect is well documented since Minamata disease, 1960s, where highly toxic 

chemical bioaccumulated in shellfish and fish in Minamata Bay and the Shiranui Sea, which, when 

eaten by the local populace, resulted in mercury poisoning, with nervous, skeleton an muscle 

disease.  MeHg accumulation and toxicity were investigated in zebrafish nervous system (Puga et 

al., 2016) and liver (Ung et al., 2010). Altered expression of clusters of genes involved in apoptosis, 
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oxidative stress response, transcriptional elongation, or DNA repair were reported in 48-72 hpf 

zebrafish embryos (Ho et al., 2013). Hg-induced toxicity triggered by oxidative stresses, activate 

the intrinsic apoptotic pathway, deregulation of nuclear receptor and kinase activities, 

gluconeogenesis, and adipogenesis. More recently, long established effects of MeHg, such as 

mitochondrial dysfunction, altered calcium homeostasis, and apoptosis are thought to be 

consequences of its oxidative stress promoting characteristics (Yadetie et al., 2016). Previous 

studies that had been performed on the effects of dietary MeHg on gonadal activities of fathead 

minnows P. promelas, walleye, Sander vitreus, walking catfish, Clarias batrachus, and guppy, 

Poecilia reticulate (Wang et al., 2014), fathead minnow, Pimephales promelas (Drevnick et al., 

2006). Increased ovarian follicular apoptosis was related to suppressed 17β-estradiol concentrations 

and smaller ovary size, and it was also suggested that, increased apoptosis as a possible mechanism 

for the impairment of reproduction in female fish (Homma-Takeda et al., 2001). It was concluded 

that MeHg may function as an endocrine disruptor by binding to estrogen receptors and acting 

virtually as an estrogen mimic (Klaper et al., 2006). Data on mercury-induced expressions of HSPs 

are limited. In subsistence fish, northern pike (Esoxlucius), burbot (Lota lota), whitefish 

(Coregonus nelsoni), grayling (Thymallus arcticus) and sheefish (Stenodus lencichthys); no 

correlation was observed between HSPs expressions in gill and muscle tissues, while HSP 60 or 

HSP70 protein levels in the gills were correlated  (Duffy et al., 1999). The relationships between 

Hg-induced apoptosis and MTs reported a significant increase dose-related after exposure in the 

liver of scat Scatophagus arguss, (Sinaie et al., 2010), Liza aurata (Mieiro et al., 2011) and C. carpi 

(Navarro et al., 2009). However, Dicentrarchus labrax revealed a depletion in brain MT content 

and an incapacity to induce MT synthesis in all the other tissues. 

Cadmium (Cd ) 

Cd pollution originated from industrial effluents is a serious environmental threat in aquatic 

ecosystem, however, the feeding is still an important route of its toxicity Cd. The acute and chronic 

toxicity and dangerous bioaccumulation of Cd and consequent apoptosis in fish are documented 

especially in salmonids. Cultured epidermal cells from explants of skin of rainbow trout exposed to 

Cd showed typical morphological changes indicative of cell death by apoptosis (Lyons‐Alcantaraet 

al., 1998). Over the skin, the gills are the major route of Cd uptake, as expected the chloride cells 

are the more sensitive since in fish species as tilapia, high number of immature, necrotic and 

apoptotic chloride cells and apoptotic bodies were also frequently found (Pratap and Wendelaar 

Bonga, 1993). In parallel research it has been reported similarly apoptosis in staminal cells of gills 

and skin after exposure to Cd in carp, Cyprinus carpio (Iger et al., 1994) and in Thalassoma pavo 

(Brunelli et al., 2011). The toxicity of Cd to a number of tissues and organs such as liver, kidney 

and gut was also proved by both of in vivo and in vitro studies. Cd accumulation in Atlantic salmon 

was highest in the liver, followed by the intestine and then the gills. Despite the fact that intestinal 

epithelia provides a much durable barrier than the gill, the rates of apoptosis and cell proliferation in 

the intestine were more increased by dietary Cd (Lundebye et al., 1999; Berntssen et al., 2001). The 

exposure to Cd resulted in an increase in apoptotic DNA fragmentation and induced apoptotic cell 

death in the liver of dab (Limandalimanda; Piechotta et al., 1999) and in gut, gills and liver 

topsmelt(Atherinopsaffinis; Rose et al., 2006). Next to this tissues, also the muscles can evidence an 

accumulation, (in parrotfish, Oplegnathusfasciatus; Okorie et al., 2014).  

In the ovaries of Cd-exposed Asian cyprinids (Labeo bata), lacking of mature oocytes and 

significantly higher proportion of atretic follicles were noted previously (Das et al., 2005). There 

was no significant difference in the extent of ovarian follicular cell apoptosis inblack bullhead 
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(Ameiurus melas) and bluegill sunfish (Lepomis macrochirus) collected during spring. However, 

seasonal variation in expression of HSP70, as well as alterations in circulating testosterone levels in 

female fish chronically exposed to metals were observed (Yoo and Janz, 2003). Expression of genes 

encoding Zn transporters can be involved in the cadmium-induced reproductive toxicity in female 

zebrafish (Chouchene et al., 2011). In the testis of Gobius niger, based on the increase of caspase-3 

gene expression and the presence of its active form in tissue, Cd is concluded a potential apoptotic 

factor (Migliarini et al., 2005; McClusky, 2006), and  MTs protect testis and liver from hazardous 

effects. In CdCl2-treated zebrafish embryos, Cd-induced apoptosis in the neural tube and defects in 

axon growth were reported (Chan and Cheng, 2003). Brief CdCl2 exposure causing olfactory cell 

death during larval development of zebrafish, and the initial wave of cell death occurred 

immediately following Cd exposure (Blechinger et al., 2007).T ime-dependent apoptotic effects of 

Cd were also noted in zebrafish, CdCl2, even at a sub-lethal concentration, induces cell death in the 

brain of embryos but also in adults of zebrafish (Monaco et al., 2017). Possible similarities in the 

toxicological mechanism of Cd and uranium were also recently noted by Armant et al. (2017), the 

authors concluded that, cell adhesion and apoptosis are important pathways involved in the 

mechanisms of toxicity of cadmium, and the detachment of cells from the cellular matrix lead to 

cell apoptosis, in zebrafish. Apoptosis activation mechanism in fish  by Cd has been documented to 

be of both caspase-dependent and caspase-independent pathways, and even autophagy (Gao et al., 

2005). In common carp, Hoole et al.(2003) stated that Cd may mediate their effects on apoptosis via 

the endocrine system. In cell culture ZC7901 of grass carp, superoxide dismutase (SOD) and 

catalase (CAT) were also be identified as responsible for Cd-induced apoptotic toxicity (Xiang and 

Shao, 2003).  The apoptosis induced by Cd in primary cultured trout hepatocytes was dependent on 

the generation of ROS, via mitochondrial cytochrome c (Cyt c) release, and a caspase-dependent 

pathway (Risso-de Faverney et al., 2001). Confirming this data, Gonzalez et al.(2006) have been 

evidenced that mRNA levels of apoptosis-related genes (Bax, p53 and c-jun) were up-regulated 

after exposure to Cd. Although they were confirmed the activation of caspase-3A, and caspase-9, 

Gao et al., (2013a,2013b) revealed that Cd is not able to activate caspase-8, in purse red carp. It is 

likely that dose and time dependent actions of Cd-induced apoptosis can occur via different 

pathways, as observed in arsenic. 

 

Emergent metal contaminants: Aluminum (Al), Chromium (Cr), Silver (Ag), Cobalt(Co)  

and Zinc(Zn) 

Elevated concentrations of aluminum in aquatic ecosystems may originate as a result of erosion and 

industrial activities, and high concentrations of Al can elicit tissue and organ damages, however, 

still scarcely investigated in fish. In rainbow trout, Oncorhynchus mykiss (Dussault et al., 2001), Al 

causes damage by swelling and fusion of lamellae, and increased heart rate. Thus, fish death may be 

caused by iono-regulatory or respiratory failure, or a mixture of both. In Atlantic salmon smolts 

(Salmo salar) the apoptosis of chloride-cells in gills was depended on severity and time-course of 

Al exposure (Monette and McCormick, 2008); confirmed by acute and subchronic experiment in 

another species (Prochilodus lineatus) where capability of genome repair was observed (Galindo et 

al., 2010). In mammals, aluminum presumably interacts by binding to either grooves of DNA or the 

its precipitation (Wu et al., 2005). In fish, the mechanisms were associated with Na/K ATPase, gill 

mRNA levels of CFTR I (Cystic Fibrosis Transmembrane Conductance Regulator I) and caspase-

3B levels (Monette and McCormick, 2008). The cytotoxic and genotoxic effects induced by Al 

were also determined on common carp erythrocytes, and higher frequencies of micronuclei and 
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TUNEL-positive cells were observed (García-Medina et al., 2013)..  In zebrafish, acute exposure to 

Al as AlCl2 or Al-nanoparticles cause a decrease in Na1/K1-ATPase activity in gills, presumably 

resulting in impaired iono-regulatory activity (Griffitt, 2011), however, the authors concluded that 

nanoparticulate aluminum has little acute toxicity for zebrafish in moderately hard freshwater. 

Similarly, Kovrižnych et al. (2014) noted that Al nanoparticles are non-toxic for in adulthood and in 

early life stages of zebrafish. Despite these conclusions, in P. lineatus, it seems that the increased 

catalase and GST activity helped prevent DNA damages caused by Al exposure(Galindo et al., 

2010). Furthermore, Al may induce increased lipid peroxidation and protein carbonyl content, as 

well as unbalance in enzymatic activity that caused an oxidative cell stress(García-Medina et al., 

2013; Razo-Estrada et al., 2013).  

Al exposure also increases acetyl-cholinesterase activity, and alters behavioral parameters in 

zebrafish (Senger et al., 2011; Maheswari et al., 2014). Although Al was recently reported as a 

cardiotoxin in addition to its neurotoxic ability that occured by damaging of astroglial cells- 

However, no comments was done its apoptotic effects on zebrafish nervous system (Monaco et al., 

2017). 

While insoluble, trivalent form of chromium (Cr III ) is a naturally occurring element, its 

hexavalent form, Cr VI that spilled from anthropogenic activities has being receive more attention 

due to its solubility in the last decades. Both forms of chromium are biologically active, as being a 

strong oxidizing agent, Cr VI can easily across cell membranes. Genotoxic activity of chromium 

that observed by micronucleus formation, chromosomal aberrations, formation of DNA adducts, 

and alterations in DNA replication and transcription (Singh et al., 1998). The gill tissues showed 

more sensitivity as compare with liver in trout (Roberts and Oris, 2004). No data have been reported 

on other organs or tissue lack the blood. In peripheral erythrocytes of fathead minnow exposed to 

Cr VI (de Lemos et al., 2001), and C. punctatus exposed to Cr III (Choudhary et al., 2012), a 

significant induction of micronucleated erythrocytes was noted. Cr VI caused to the cytotoxic 

responses of carp leukocytes. Moreover, changes in shape and reducing amounts of ROS in 

neutrophils were recorded (Steinhagen et al., 2004). Although appreciable differences in MT 

induction, SOD activity, lipid peroxidation, cellular morphology, and growth have been reported in 

rainbow trout (Roberts and Oris, 2004). In common carp leucocytes incubated with Cr VI, Cuesta et 

al. (2011) noted some changes in shape and reducing amounts of ROS in neutrophils, and 

depressing proliferation upon mitogen induction, as well as phagocytotic functions, at much lower 

concentrations that produced cytotoxicity or cell death. 

Both Cobalt (Co) and Zinc (Zn) are characterized by their enormous applications in industry and 

mining. Although numerous studies had been performed in different fish species to assess toxicity 

of Co and Zn, only a few reports were exhibited about Co- and Zn-induced apoptosis. In gudgeon 

(Gobio gobio), roach (Rutilus rutilus) and perch (Perca fluviatilis) were captured from polluted 

water, good to very good relationships were found between hepatic Zn and hepatic MT levels, 

however, no data was given in related to apoptosis (Bervoets et al., 2013). In Co-exposed zebrafish 

embryos, Cai et al. (2012) reported thatthe expression levels of caspase-9, caspase-3 and p53 had 

been significantly upregulated in a concentration- and stage-dependent manner, and a high level of 

apoptosis had been detected in the brain, trunk, and tail.  Exposure of zebrafish to Co nanoparticles 

and Co ions caused several gill injuries including necrosis, however, no apoptotic evidence was 

reported (Mansouri et al., 2015). 

Ag Nanoparticles (NPs) are materials of approximately 1-100 nm in length/width, with antibacterial 

activity (Ju-Nam and Lead, 2008). The AgNPs have able to agglomerate (McShan et al., 2014) and 
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in this form can provoke apoptosis by several actions: 1) interact with membrane proteins and 

activate signaling pathways (George et al., 2012; Garcia-Reyero et al., 2015); 2) enter the cell by 

diffusion/endocytosis to cause mitochondrial dysfunction; 3) could generate ROS; and/or 4) blocks 

the S phase of the cellular cycle. Interaction of AgNPs with DNA also leads to cell cycle arrest and 

completely blocks the S phase (Bacchetta et al., 2017).A concentration-dependent increase in 

mortality and hatching delay, and an increased apoptosis was observed in AgNP treated zebrafish 

embryos (Asharani et al., 2008). AgNPs exposure can disturb gill and liver function, since a 

moderate apoptosis was reported. In Japanese medaka, Oryziaslatipes, the high level induction of 

CYP1A that is a ubiquitous member of the P450 superfamily, may contribute to its response to Ag 

(Chae et al., 2009). It has been demonstrated in zebrafish that oxidative stress, DNA damage, and 

apoptosis are associated with AgNPs-induced hepatotoxicity by activation ofp53-related pro-

apoptotic genes Bax, Noxa, and p21 (Choi and An, 2008). In Japanese medaka, Ag nanospheres-

induced chromosomal aberrations and aneuploidy was also observed (Wise et al., 2010). In the liver 

of the common carp exposed to AgNPs, the upregulation of 502 and down-regulation of 1852 genes 

were analyzed by using the DNA microarray method (Leeet al., 2012). The differential effects on 

MT in the liver versus head kidney also suggested potential differences in AgNP 

deposition/retention in each site since tilapia exposed to AgNP, significantly decreased MT 

expression levels were observed in liver and spleen, while an increase was noted in the head kidney 

(Thummabancha et al., 2016). 

 

 

Bleached Kraft Pulp Mill Effluent (BKME) 

  

As being a complex fibrous mixture of woods, resin, fatty acids, phenols, sterols and terpenes,), 

Persistent Organic Pollutants (POPs, including the polycyclic aromatic hydrocarbons, PAHs) and 

heavy metals, called in the complex BKME, produces large volumes of wastewater impacting 

aquatic environment (Weber and Janz, 2001; Ellis et al., 2004). In perch (Perca fluviatilis), 

profound effects of BKME on several fundamental biochemical and physiological functions, such 

as very strong induction of certain cytochrome P-450-dependent enzyme activities in the liver, 

reduced gonad growth and suppression of immune system were reported (Andersson et al., 1988). 

Reproductive endocrine homeostasis of white sucker (Catostomus commersoni) could be altered by 

BKME chronic exposure, via increasing in ovarian cell apoptosis (Janz et al., 2001). Ellis et 

al.(2004) has suggested that reproductive endocrine impacts are not due solely to the bleaching 

process or to chemical additives of pulping, but could also be caused by naturally occurring plant 

compounds or metabolites. Androgenic effects of BKME was recently reported by observation of 

gonadal apoptosis (Rutherford, 2011).Although the apoptotic effects of  xenoestrogenes is a special 

issue that not be included to this review, it can be noted that genistein (4′, 5, 7-trihydroxy-

isoflavone), one of the endocrine disrupture chemicals of BKME,  causes apoptosis through at least 

two different pathways in zebrafish embryos: (i) it induces apoptosis in an ER-independent manner 

and (ii) it regulates aromatase-B expression in the brain in an ER-dependent manner (Sassi-Mesai et 

al., 2009). 

POPs include a wide range of halogenated, synthetic, lipophilic or proteophilic chemicals. Their 

persistence, bio-accumulation, bio-magnification, and long-range transportation are remarkable. 

Acute, high-level toxicity of POPS is well characterized (UNEP, 2010). 1) Pesticides: aldrin, 

chlordane, DDT, dieldrin, endrin, heptachlor, hexachlorobenzene, mirex, toxaphene; 2) Industrial 
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chemicals: hexachlorobenzene, polychlorinated biphenyls (PCBs); and 3) By-products: 

hexachlorobenzene; polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans 

(PCDD/PCDF), and PCBs. However, the list has been expanded formerly to include some 

polycyclic aromatic hydrocarbons (PAHs), brominated flame retardants, and other compounds. 

Effects of POPs on fish are reviewed recently with a great perspective by Viant et al.(2003). DDTs 

and dieldrin that mentioned above are known as the most frequently examined POPs,whereas 

chlordane, PCBs, dibenzodioxins and perfluorinated compounds have been investigated less 

frequently. Halogenated aromatic hydrocarbons (HAHs) include PCBs, polychlorinated dibenzo-p-

dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs). Although using of PCBs has been 

banned in many countries for several decades, but they are still present in the environment. PCBs 

occur in 209 different forms, or congeners. Depending on where the chlorine atoms are located, 

PCBs are classified into two major groups: coplanar (CO) and nonplanar (NP). Coplanar PCBs are 

considered to be most toxic and referred to as “dioxin-like”. Exposure to coplanar congeners of 

PCB 118 and PCB 77 resulted in an increase in apoptotic DNA fragmentation and induced 

apoptotic cell death in dab (L. limanda) liver tissue (Piechotta et al., 1999). In largemouth bass 

(Micropterus salmoides) and bluegill sunfish (L. macrochirus) apoptotic staining in liver, hearth, 

kidney, intestine and brain were exhibited by PCB exposure (Buckler et al., 2001). More recently, it 

was reported that chronic exposure to PCBs (PCB28, PCB52, PCB101, PCB118, PCB138, 

PCB153, and PCB180) could result in hepatic apoptosis in O. niloticus. It was revealed a significant 

activation of caspase 3, and that hepatic caspase (-3, -8, and -9) transcripts were also significantly 

enhanced (Zheng et al., 2016).Yadetie et al. (2014) demonstrated that genes associated with 

apoptosis pathways were significantly enriched in juvenile Atlantic cod (Gadus morhua) exposed to 

PCB153. NP PCB153, and CO PCB169 congeners could enhanced levels of ROS in goldfish 

lymphocytes (Jianying et al., 2009). As expected, coplanar congener was reported more cytotoxic 

than non-planar one. Aroclor 1254 is a highly chlorinated PCB mixture and its effects in rare 

minnow (Gobio cyprisrarus) larvae has evidenced apoptosis via intrinsic and extrinsic pathways 

(Wu et al., 2014). As noted by Gonzales et al. (2016), relatively few studies have taken advantage 

of zebrafish model system to examine PCB exposure effects, despite the fact that the developing 

zebrafish has been used extensively to examine the effects of pesticides and pharmaceuticals on 

neuro-development and behavior. The authors found that exposure to Aroclor 1254, from 2 to 26 

hpf zebrafish embryos induced two statistically significant behavioral defects in larvae at 7 days 

post-fertilization, but the mechanisms underlying these defects need further studies. 

Epigenetic transgenerational apoptotic effects of TCDD was demonstrated in some fish such as 

medaka(Cantrell et al., 1996, 1998), tilapia (Hart et al., 1999), zebrafish (Dong et al., 2001, 2002) 

and mummichog, Fundulus heteroclitus (Toomey et al., 2001); but not in rainbow trout (Hornung et 

al., 1999). The mediations of TCDD toxicity was overviewed by Hill et al. (2005).Dong et al (2001) 

demonstrated increased cell death in the dorsal midbrain of TCDD-treated zebrafish embryos, 

andnoted that incidence of apoptosis as inversely related to blood flow in this brain region 

following graded TCDD exposure concentrations (Dong et al, 2002). TCDD-induced apoptosis was 

also characterized in medaka, DNA degradation in cells of the embryonic vasculature and loss of 

functional integrity of the medial yolk vein of TCDD-exposed embryos were demonstrated 

(Cantrell et al., 1996, 1998). The authors suggested the relationships of the expressions of 

cytochrome P450 1A and cytochrome P450, while CYP1A expression was proposed by Toomey et 

al. (2001). The aryl hydrocarbon receptor (AHR) pathway was also recommended for not only 

TCDD, but also polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans 
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(PCDFs) and coplanar PCBs (Dong et al., 2001; 2002; Karchner et al., 2005; King-Heiden et al., 

2012). AHR is a ligand-inducible transcription factor, as a member of the basic helix-loop-

helix/Per-Arnt-Sim family of proteins, and well known for mediating the toxic effects of TCDD. In 

addition to two AHR genes, AHR1 and AHR2 that was previously identified in zebrafish, a new 

zebrafish AHR, designated as AHR1B was reported by Karchner et al. (2005).  Zebrafish AHR2 

binds TCDD with high affinity, is transcriptionally active and has a major role in mediating the 

developmental toxicity of TCDD. Zebrafish AHR1 lacks the ability to bind TCDD and activate 

transcription, and currently with unknown function. The authors speculated that AHR1B may have 

a physiological role, such as in embryonic development, whereas AHR2 mediates the response to 

xenobiotics.More recently, in order to develop a convenient and sensitive biomonitoring tool to 

examine the level of POPs in the environment and evaluate its potential human health risks by 

TCDD, Luo et al. (2018) established a transgenic zebrafish model with a red fluorescent reporter 

gene (mCherry) using the truncated cyp1a promoter. 

Perfluorinated organic compounds (PFCs) are emerging POPs (Stahl et al., 2014). 

Perfluorooctanoic acid (PFOA) is one of the most used PFCs and revealed oxidative stress and 

apoptosis in primary cultured hepatocytes of tilapia (Liu et al., 2007). In zebrafish, general mode of 

action of PFOA was described as an increase of the mitochondrial permeability and cell death 

(Hagenaars et al., 2013).  Perfluorooctane sulfonate (PFOS) is a persistent organic pollutant and 

causes oxidative stress, apoptosis, and developmental toxicity in zebrafish embryos. Shi and Zhou 

(2010) stated that, in PFOS- exposed 4 hpf zebrafish embryos, extracellular signal–regulated protein 

kinase (ERK) expression levels were unchanged, whereas terminal kinase (JNK) and p38 gene 

expressions were significantly upregulated, which could be linked to PFOS-induced cell apoptosis 

in zebrafish larvae. Du et al. (2017) revealed that PFOS plus ZnO-NPs co-exposure could cause 

more serious oxidative stress and apoptosis. The expressions of Bax, p53, caspase-3 and caspase-9 

were significantly up-regulated in the PFOS plus ZnO-NPs exposed zebrafish embryos, while anti-

apoptotic gene Bcl-2 was significantly down-regulated. Polybrominated diphenyl ethers (PBDEs) 

and hexabromocyclododecane (HBCD) are organo-bromine compounds that are widely used as 

flame retardant in a wide array of products (Covaci et al., 2006), and added to POPs list in 2009 and 

2013, respectively. Deng et al.(2009) stated that HBCD can induce oxidative stress and apoptosis in 

zebrafish by down-regulation of anti-apoptotic genes. PDBE 47 and PDBE 99 expositions of 

thymocyte culture of lake trout, Salvelinusnamaycush caused apoptosis, and necrosis (Birchmeier et 

al., 2005). In zebrafish, Usenko et al. (2012) reported that hydroxylated PBDEs disrupt 

development, and may induce oxidative stress and potentially disrupt the cholinergic system and 

thyroid hormone homeostasis.  However, the authors had not observed apoptosis by using caspase-3 

assay. Exposition to PDBE metabolite-OH-BDE-47, resulted in significantly  increase of apoptotic 

cells in the brain of zebrafish embryos from 4 hpf until 22, 26, 30, 34, or 96 hpf (Wang et al., 2018). 

Hexachlorocyclohexane (HCH) is any of several polyhalogenated organic compounds that have 

many of isomers using as insecticides. In lake troutexposed to Aroclor 1254 and alpha, beta, 

gamma, delta isomers of HCH,  an apoptotic effect on thymocyteswas reported (Sweet et al., 1998). 

Although it was recorded that HCH have serious effects on ovulation and fertilization in female 

zebrafish, (Yüksel et al, 2016), no data was found on its apoptotic effects. As expected, QSAR 

(quantitative structure–activity relationships) parameters can be versatile tools for prediction of the 

toxic effects of chemicals. In order to elucidate the in vitro apoptotic cytotoxicities of POPs on C. 

auratuslymphocytes, Zhang et al.(2008a)used some physicochemical parameters of 25 different 

chemicals including chlorobenzenes (CBs), PCBs, and DDTs. The apoptotic effects of all of the 
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substituted aromatic chemicals were confirmed by DNA ladder and nucleus condensation. The 

apoptotic EC50 data were best correlated with the dipole moment and the energy of the lowest 

unoccupied molecular orbital. 

Polycyclic aromatic hydrocarbons, PAHs are natural and/or anthropogenic derivatives and the most 

potently carcinogenic among POPs. They are benzo-a-pyrene (BaP),7,12- dimethylbenz-a-

anthracene (DMBA), and 3-methylcholanthrene (3-MC). In Fundulusheteroclitus fry acutely 

exposed to dimethyl sulfoxide (DMSO) control, BaP, or DMBA, bile duct epithelial cells 

(cholangiocytes) apoptosis and differentiation were noted as related to CYP1C1 expression (Wang 

et al., 2010).Weber and Janz (2001) exposing juvenile channel catfish (Ictalurus punctatus) acutely 

to the AHR agonists, β-naphthoflavone, or the model PAH, dimethylbenz-a-anthracene (DMBA) 

via intraperitoneal injection, have noted a significant negative relationship between expression of 

HSP70 and apoptosis. In  eel, Anguilla anguilla exposed to BaP, Aroclor 1254, 2-3-7-8-

tetrachlorodibenzo-p-dioxin and β-naphthoflavone, evidenced a significant induction of apoptosis 

(Nigro et al., 2002). 3-MC, that can be found environmentally, induced apoptosis in both 

lymphocytes and phagocytes of common carp, in dose dependent manner (Reynaud et al., 2004). 

Reynaud and Deschaux (2006) evidenced that 3-MC induced-apoptosis in carp was calcium 

dependent in both lymphocytes and phagocytes. Bakhtyar and Gagnon (2011) were investigated the 

effects of BaP on the Australian native fish pink snapper (Pagrus auratus), mulloway 

(Argyrosomus hololepidotus) and barramundi (Lates calcarifer). For all species, levels of HSP 70 

measured in the gills remained unchanged following the treatment with BaP, however, DNA 

integrity was affected in all three species of fish, and the appearing of fragmented-apoptotic cells in 

peripheral blood and head kidney after the exposure to nonylphenol and to spiked oil was reported. 

In 30 hpf zebrafish embryos exposed to different concentrations of  BaP, some morphological 

abnormalities such as pericardial edema, reducing in eye and jaw growths were revealed, however, 

no conclusion was done on possible relationships between apoptosis and abnormalities (Kim et al., 

2014). It was noted that decrease in ovarian HSP70 expression in response to DMBA (Weber and 

Janz, 2001; Baršienė et al., 2006). The high concentration of BaP impaired tilapia immune function 

and can induce apoptosis in the head kidney (Holladay et al., 1998). Fluorine is a member of the 

halogen family widely distributed in the environment. Cao et al. (2013) stated fluoride caused 

oxidative stress and a dose-dependent apoptosis was induced in the common carp. Comparative 

proteomic analysis of the kidney, liver, and cardiac muscle samples from puffer fish Takifugu 

rubripes exposed to excessive fluoride has revealed five or more proteins, up-regulated or down-

regulated, seem to be involved in apoptosis and other functions associated with fluorosis (Lu et al., 

2009, 2010a, 2010b). Tributyltin (TBT) compounds are an antifouling agents for ship-bottom paint. 

Reader et al.(1999) evidenced TBT triggered apoptosis through increase in intracellular Ca2+ levels 

also activation of calpain-like proteases which down-regulated protein kinase C (PKC), that this 

down-regulation or degradation of PKC, a key event in TBT-induced apoptosis could modify the 

phosphorylation status of Bcl-2 homologues and lead to apoptosis in trout hepatocytes. Although 

TBT has seemed to affect the reproductive system of fish, the effects on gonadal development and 

follicle maturation remain unclear. However, a significant increase in apoptotic ovarian follicular 

cells of TBT-exposed in Sebastiscus marmoratus has been noted (Zhang et al., 2007). The 

trimethyltin (TMT) is a short-chain trialkytin used in industry and agriculture (Gomez et al., 

2007).Wang et al.(2008) stated TMT induced apoptosis in brain cell by increased production of 

ROS, nitric oxide (NO) and caspase-3 of false kelpfish. In 48 to 72 hpf zebrafish embryos,  exposed 

to TMT has been observed significantly apoptosis, revealing a strong effect also in fish 
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development (Chen et al., 2011). Nonylphenolethoxylate is present as pollutant in the aquatic 

environment, it breaks down to 4- nonylphenol (NP) which is known more stable and persistent. 

The high concentrations of NP caused apoptosis in blood cells of Clarias batrachus (Ateeq et al., 

2002). Mekkawy et al. (2011) have recorded apoptotic erythrocytes with many malformations in C. 

geriepinus exposed to sublethal concentrations of NP. When compared to controls, a six-fold 

greater extent of apoptosis in spermatocytes, Sertoli cells and Leydig-homologue cells, but not in 

spermatids of testes from NP-exposed male medaka, as was reported by Weber et al.(2002). 4-

Nonylphenol has induced apoptosis in the notochord, trunk, medial fin and in the brain of 33 hpf 

zebrafish embryos, and it has suggested that might be due to cellular damage caused by oxidative 

stress (Chandrasekar et al., 2011).  

 

Pesticides 

 

Due to their widespread using, persistence and capability of bioaccumulation, agrochemicals are 

very hazardous to the aquatic environment. The effects of insecticides on fishes are of great 

concern, and it is well known that zebrafish is an unique tool to assess the apoptotic effects of 

pesticides during developmental stage. For example, exposure to atrazine, 2,4-D, DDT, dieldrin, 

and malathion cause  apoptotic cell death in the brain region of 96 hpf zebrafish embryos (Ton et 

al., 2006). Insecticides are generally accepted as the most acutely toxic class of pesticides, 

therefore, in this part of this review we will talk about six groups of insecticides classified as 

organophosphorus compounds (OP), organochlorin compounds (OC), carbamates (CB), 

pyrethroids, neonicotinoids and botanical pesticides.  

Organophosphorus Pesticides (OPs)  

OPs that derive from the phosphoric or phosphorothioic acid (Roberts and Reigart, 2013), and their 

effects on fish have been recognized and reviewed unless limited data are available regarding 

apoptosis effect. OPs exhibit their toxicity primarily by phosphorylation of the acetylcholinesterase 

(AChE). Moreover, OPs induced oxidative stress can trigger the cell death (Shen and Liu, 2006). 

Lipid peroxidation resulting from ROS can be easily detected by increasing of malondialdehyte 

(MDA) concentrations. It is also known that the involvement of JNK in controlling diverse cellular 

functions such as cell proliferation, differentiation, and apoptosis is based on phosphorylation and 

functional modification of these molecular targets in stimuli-and cell-type-dependent manners 

(Shen and Liu, 2006). OPs are also known to cause immunosuppression, although there have been 

only few studies involving fish, and the immunotoxic mechanisms are not clear.Díaz-Resendiz et 

al.(2016) stated that, late apoptosis and loss of mitochondrial membrane potential in lymphocytes of 

Nile tilapia were provoked by diazinon. Although their effects on gills, liver, hematological 

parameters, ovary and testis are well documented, no reports were available on fenthion- and 

fonofos-induced apoptosis. By employing multiple qualitative and quantitative methods, it has been 

shown that exposure of cell line ZC-7901 of grass carp fish to malathion induces a decrease in the 

mitochondrial membrane potential and apoptosis via a direct effect on the mitochondria (Chen et 

al., 2006). The induction of lipid peroxidation that resulted with ROS generation by methyl 

parathion was reported in gills, liver and brain of guppy, Poecilia reticulate (Sharbidre et al., 2011). 

Apoptotic effects and changes in glucose-6-phosphate dehydrogenase (G6PD) enzyme activity in 

liver and gill tissues of rainbow trout exposed to chlorpyrifos were investigated, evidenced 

apoptosis in gill and liver by inhibiting of G6PD (Topal et al., 2014). In Atlantic salmon (S. salar) 

liver cells, the antioxidant, vitamin E had only a modest effect on chlorpyrifos-induced oxidative 
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damage leading to apoptosis (Olsvik et al., 2015). Chlorpyrifos exposure were caused to controlled 

cell death and disturbed mRNA expression levels of c-myc, cyclin D1, Bax and Bcl-2, in zebrafish 

embryos (Yu et al., 2015). An activation of cell apoptosis in the brain of both embryos and larvae of 

zebrafish has been reported after an exposure to methamidophos (He at al., 2017) indicating also an 

effect on nervous system in vetebrates. 

Organo chlorinated Pesticides 

This group of pesticides comprises many of the most toxic and persistent compounds for aquatic 

environments, such as DDT and relatives, dieldrin, lindane, chlordane, and endosulfan. p,p′-DDE 

evidenced increase apoptosis on the immune system of Chinook salmon Oncorhynchus tshawytscha 

by a reduction in lymphocyte-granulocyte viability detected by increasing the percentage of 

apoptotic cells in spleen and head-kidney of juvenile Chinook salmon (Arkoosh et al., 1998; 

Misumi et al., 2005). Contrary, Cuesta et al. (2008) have observed no changes in innate cellular 

immune parameters in marine gilthead seabream leucocytes. Testicular apoptosis in Clariasgari 

epinus and O. mossambicus inhabiting a DDT sprayed area were demonstrated in detail by Patrick 

(2008). Interestingly, no strong positive or negative correlation between the increased number of 

apoptotic cells was revealed.  Dieldrin induces neurotoxicity in the vertebrate central nervous 

system (CNS) including teleostean and impairs reproductive processes in fish (Ton et al., 2006). 

Dieldrin exposure can cause prolonged oxidative stress, and may result in mitochondrial 

dysfunction and the release of cytochrome C into the cytosol, leading to apoptosis (Kitazawa et al., 

2003). Lindane (gamma-hexachlorocyclohexane) has provoked in gilthead seabream an impariment 

of the immune functions with head kidney leucocytes decrease (Cuesta et al., 2008). Although it 

was revealed that chlordane can accumulate in fish tissue,  endosulfan is a potent OC pesticide from 

the cyclodiene group and is widely used and Tellez-Bañuelos et al.(2011) have studied the in vitro 

effects of this insecticide in Nile and could in turn it have an anti-apoptotic effect.  

Carbamates (CB) 

It is believed that CB, like OPs, show their effect through inhibition of AChE, or/and butyryl-

cholinesterase (BChE), as well as disturbing the metabolism of other neurotransmitters such as 

gamma-aminobutyrate (GABA). As being a member of carbamates, carbaryl is also an AChE 

inhibitor that prevents the breakdown of acetylcholine, retards embryonic development, affects 

embryo size, and delays hatching. In carbaryl-treated zebrafish embryos, the amount of cell death 

that was experienced exceeded that of controls. TUNEL assays suggest that cell death in heart 

cavity and the extent of the brain and spinal cord may be due to apoptosis and is consistent with 

cardiac and neuronal defects (Schock et al., 2012). Carbendazim, a carbamate ester-amine that is 

widely used as fungicide, was previously reported as harmful to Prussian carp embryonic 

development and hatching (Ludwikowska et al., 2013). It has been recently shown that carbendazim 

has  potentiality to induce cell apoptosis and can causes immune toxicity and endocrine disruption 

in zebrafish embryos (Jiang et al., 2014). Upon the exposure to the same concentrations of 

carbendazim, the expression patterns of many key genes involved in cell apoptosis pathway (e.g. 

p53, Mdm2, Bbc3 and caspase-8) were significantly up-regulated, while the Bcl2 and caspase-3 

were down-regulated. 

Pyrethroids 

These synthetic chemicals that share some similarities with natural pyrethrins, are known as the 

safest insecticides that used worldwide, but they are highly toxic to most of fish in time-dose 

dependence. Cypermethrin (CYP) cause hepatic DNA damage and up-regulate genes related to 

apoptosis in the liver and nervous system in zebrafish embryos (Shi et al., 2011; Jin et al., 2011a). 
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In zebrafish, several apoptosis-related genes, such as p53, Apaf1 and Cas3, were significantly 

upregulated after CYP exposure, while Bcl2/Bax expression ratio had been decreased (Jin at al., 

2011b).  In chronically exposed to deltamethrin, early apoptotic signs on the gills of carp (C. 

carpio; Cengiz, 2006) and ovarian cells of Nile tilapia have been observed (O. niloticus; Calma et 

al., 2004). Up-regulation of chaperons stress genes, down- or non-regulated cytokines in Chinook 

salmon,  O. tshawytscha (Eder et al., 2009). Fenvalerate exposure resulted in apoptosis in the brain 

of zebrafish embryos and larvae (Gu et al., 2010).In delta smelt (Hypomesus transpacificus) 

exposed to esfenvalerate, alterations in the expression of genes associated with immune responses, 

along with apoptosis, were reported (Connon et al., 2009). The exposure to this substance has been 

also caused alterations in immune responses, along with apoptosis of leukocytes in lymphomyeloid 

organs (Kaviraj and Gupta, 2014). Piperonylbutoxide that used for prolong the effects of many 

synthetic insecticides, including phyrethroids, was reported as a modulator caused to increase the 

oxidative stress potential and apoptotic effects of lambda-cyhalothrin, in the liver of O. niloticus 

(Piner and Üner, 2012). 

Neonicotinoids 

The growing use of neonicotinoids, the new classes of insecticides, which degrade rapidly in water 

have a great concern in last decades. Due to their growing use, imidacloprid, clothianidin, 

dinotefuran, thiacloprid and acetamiprid, have raised a great concern in last decades. 

Neonicotinoids are distributed systemically throughout the growing plant following seed or soil 

applications, and another recent insecticide, fipronil, a phenyl-pyrazole (fiprole) rather than a 

neonicotinoid, has a similar toxicity and persistence profile. In fish, neonicotinoids could act by 

binding to nicotinic acetylcholine receptor (nAChR) in the postsynaptic neuron (Gibbons et al., 

2015). In vitro acute cytotoxicity in gill cell line of flounder, Paralichthy olivaceus after exposed to 

neonicotinoid insecticide imidacloprid evidenced a possible intrinsic pathway of apoptosis 

induction (Su et al., 2007). 

Biopesticides 

The term “biopesticides” is defined by EPA as naturally occurring substances that control pests 

(biochemical pesticides), microorganisms that control pests (microbial pesticides), and pesticidal 

substances produced by plants containing added genetic material (plant-incorporated protectants) or 

PIPs.  Natural pesticides can also be toxic, askethrin (obtained from roots of S. flavescens) that 

evidenced toxicity for the fresh water fish Labeorohita (Bhatt and Nagda, 2012). Camptothecin 

(CPT), isolated from the bark and stem of tree C. acuminate, is a cytotoxic quinoline alkaloid, 

beacause block DNA-repairing enzymes and thus apoptosis bodies (Venditto and Simanek, 2010 ), 

and in silver sea bream, Sparussarba determined DNA fragmentation and apoptosis (Deane and 

Woo, 2005). CPT was recorded as being a topoisomerase 1 inhibitor, in zebrafish (Kari et al., 2007) 

causing deformed embryos and some tissue, like muscle, peripheral nerve and bone have shown 

apoptosis (Ishaq et al., 2017). Azetidine-2-carboxylic acid (Aze) accumulates notably in the bulbous 

roots B.vulgaris, could interfere in the capacity of HSP70 synthesis in different fish species-cell line 

in combination with cortisol (Deane et al., 2006). 

 

Conclusion  

 

Fish are ideal organisms to assess and solve environmental problem since they are favorable 

bioindicators with their high sensitivity to toxicants. In this view, this review could be a 

comprehensive panorama of the knowing cell-toxicity to environmental pollutants. However, it was 
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removed from this manuscript the part relative to toxicology from bacteria, algae and protozoan that 

can occur in pollutants waters, because needs a deep and long-write discussion. Therefore we have 

decided to treat this precise topic in a future review. At this point, we have also to note that 

chemical-induced apoptosis in the manner of hormonal interactions is purposely outside the scope 

of this review. Along the manuscript, the zebrafish has revealed to be a fish model-species, due to 

be better suited to answer some special questions on apoptosis. Zebrafish has a well-known 

genotype, and a very sensitive freshwater species. The capacity to survive to chemical pollutants of 

zebrafish by AMPs expression (Caccia et al. 2017) or by the other cellular and extracellular 

molecules (Sales et al., 2017) open a new approach to translational studies in future for immune 

disorders and cancer (Moiseenko, 2010). For example, using of a liposomal formulation of 

hepcidin, AMP from tilapia, and epirubicin, an anti-neoplastic agent, can lead to cell death in 

human squamous carcinoma and pluripotent testicular embryonic carcinoma by activation of 

intrinsic pathway (Lo et al., 2015).  

 

Acknowledgments 

We would like to express a special thanks to Prof. Willem B. Van Muiswinkel for critical comments 

on the manuscript. We are indebted to Dr. B. Di Giacomo for help in realizing the figure in this 

manuscript. H. AnviriFar has been supported by a PhD student grant from Sari Universities of 

Agricultural Sciences and Natural Resources. 

Declaration of Conflicting Interests Statement: the authors declare that no potential conflict 

exists are present in that manuscript, with respect to the research, authorship, and/or publication of 

this article. 

 

References 

Abraham, N. (2004). Role of programmed cell death in defining zebrafish development. Ph. D. 

Thesis, Faculty of the Department of Biological Sciences, St. John's University, New York, 

USA. 

Andersson, T., Förlin, L., Härdig, J. and Larsson, Å. (1988). Physiological disturbances in fish 

living in coastal water polluted with bleached kraft pulp mill effluents. Canadian Journal of 

Fisheries and Aquatic Sciences, 45, 1525-1536. 

Anvarifar, H., Keramat Amirkolaie, A., Kolangi Miandare, H., Ouraji, H., Jalali, A. and İşisağ 

Üçüncü, S. (2016). Apoptosis in fish: environmental factors and programmed cell death. 

Cell and Tissue Research . 

Arkoosh, M.R., Casillas, E., Clemons, E., Kagley, A.N., Olson, R., Reno, P. and Stein, J.E. (1998). 

Effect of pollution on fish diseases: potential impacts on salmonid populations. Journal of 

Aquatic Animal Health, 10, 182-190. 

Armant, O., Gombeau, K., Murat,  El Houdigui, S., Floriani, M., Camilleri, V., Cavalie, I., Adam-

Guillermin, C. (2017). Zebrafish exposure to environmentally relevant concentration of 

depleted uranium impairs progeny development at the molecular and histological levels. 

PLoS ONE 12(5): e0177932. https://doi.org/10.1371/journal.pone.0177932 



19 

 

Asharani, P.V., Wu, Y.L., Gong, Z. and Valiyaveettil, S. (2008). Toxicity of silver nanoparticles in 

zebrafish models. Nanotechnology, 19, 255102. 

Ashkenazi, A. and Dixit, V.M. (1998). Death Receptors: Signaling and Modulation. Science, 281, 

1305-1308. 

Ateeq, B., Farah, M.A., Ali, M.N. and Ahmad, W. (2002). Induction of micronuclei and erythrocyte 

alterations in the catfish Clarias batrachus by 2, 4-dichlorophenoxyacetic acid and 

butachlor. Mutation Research/Genetic Toxicology and Environmental Mutagenesis, 518, 

135-144. 

Bacchetta, C., Ale, A., Simoniello, M.F., Gervasio, S., Davico, C., Rossi, A.S., Desimone, M.F., 

Poletta, G., López, G. and Monserrat, J.M. (2017). Genotoxicity and oxidative stress in fish 

after a short-term exposure to silver nanoparticles. Ecological Indicators, 76, 230-239. 

Bakhtyar, S. and Gagnon, M.M. (2011). Comparison of biomarker responses following one dose of 

benzo-a-pyrene. Journal of the Royal Society of Western Australia, 94, 465-472. 

Banerjee, C., Goswami, R., Datta, S., Rajagopal, R. and Mazumder, S. (2011). Arsenic induced 

alteration in intracellular calcium homeostasis induces head kidney macrophage apoptosis 

involving the activation of calpain-2 and ERK in Clarias batrachus. Toxicology and Applied 

Pharmacology, 256, 44-51. 

Baršienė, J., Dedonytė, V., Rybakovas, A., Andreikėnaitė, L. and Andersen, O.K. (2006). 

Investigation of micronuclei and other nuclear abnormalities in peripheral blood and kidney 

of marine fish treated with crude oil. Aquatic Toxicology, 78,Supplement 1, 99-104. 

Basu, N., Todgham, A.E., Ackerman, P.A., Bibeau, M.R., Nakano, K., Schulte, P.M. and Iwama, 

G.K. (2002). Heat shock protein genes and their functional significance in fish. Gene, 295, 

173-183. 

Beere, H.M. (2004). The stress of dying’: the role of heat shock proteins in the regulation of 

apoptosis. Journal of Cell Science,117, 2641-2651. 

Beere, H.M. (2005). Death versus survival: functional interaction between the apoptotic and stress-

inducible heat shock protein pathways. Journal of Clinical Investigation, 115, 2633–2639. 

Beere, H.M., Wolf, B.B., Cain, K., Mosser, D.D., Mahboubi, A., Kuwana, T., Tailor, P., Morimoto, 

R.I., Cohen, G.M. and Green, D.R. (2000). Heat-shock protein 70 inhibits apoptosis by 

preventing recruitment of procaspase-9 to the Apaf-1 apoptosome. Nature Cell Biology, 2, 

469-475. 

Benchimol, S. (2001). p53-dependent pathways of apoptosis. Cell Death and Differentiation, 8, 

1049-1051. 

Benhamed, S., Guardiola, F.A., Martínez, S., Martínez-Sánchez, M.J., Pérez-Sirvent, C., Mars, M. 

and Esteban, M.A. (2016). Exposure of the gilthead seabream (Sparus aurata) to sediments 

contaminated with heavy metals down-regulates the gene expression of stress biomarkers. 

Toxicology Reports, 3, 364-372. 

Bernardi, P., Petronilli, V., Di Lisa, F. and Forte, M. (2001). A mitochondrial perspective on cell 

death. Trends in Biochemical Sciences, 26, 112-117. 

Berntssen, M.H.G., Aspholm, O.O., Hylland, K., Wendelaar Bonga, S.E. and Lundebye, A.K. 

(2001). Tissue metallothionein, apoptosis and cell proliferation responses in Atlantic salmon 

(Salmo salar L.) parr fed elevated dietary cadmium. Comparative Biochemistry and 

Physiology Part C: Toxicology and Pharmacology, 128, 299-310. 



20 

 

Bervoets, L., Knapen, D., De Jonge, M., Van Campenhout, K. and Blust, R. (2013). Differential 

hepatic metal and metallothionein levels in three feral fish species along a metal pollution 

gradient. PLoS ONE, 8(3), e60805. 

Bhatt, D.K. and Nagda, G. (2012). Modulation of acid phosphatase and lactic dehydrogenase in 

hexachlorocyclohexane‐induced hepatocarcinogenesis in mice. Journal of Biochemical and 

Molecular Toxicology, 26, 439-444. 

Birchmeier, K.L., Smith, K.A., Passino‐Reader, D.R., Sweet, L.I., Chernyak, S.M., Adams, J.V. and 

Omann, G.M. (2005). Effects of selected polybrominated diphenyl ether flame retard ants on 

lake trout (Salvelinus namaycush) thymocyte viability, apoptosis, and necrosis. 

Environmental Toxicology and Chemistry, 24, 1518-1522. 

Blechinger, S.R., Kusch, R.C., Haugo, K., Matz, C., Chivers, D.P.  and Krone, P.H. (2007). Brief 

embryonic cadmium exposure induces a stress response and cell death in the developing 

olfactory system followed by long-term olfactory deficits in juvenile zebrafish. Toxicology 

and Applied Pharmacology, 224,72–80. 

Bratton, D.L., Fadok, V.A., Richter, D.A., Kailey, J.M., Guthrie, L.A. and Henson, P.M. (1997). 

Appearance of phosphatidylserine on apoptotic cells requires calcium-mediated nonspecific 

flip-flop and is enhanced by loss of the aminophospholipid translocase. The Journal of 

Biological Chemistry, 272, 26159-26165. 

Brunelli, E., Mauceri, A., Maisano, M., Bernabò, I., Giannetto, A., De Domenico, E., Corapi, B., 

Tripepi, S. and Fasulo, S. (2011). Ultrastructural and immunohistochemical investigation on 

the gills of the teleost, Thalassoma pavo L., exposed to cadmium. Acta Histochemica, 113, 

201-213. 

Buckler, D.R., Tillitt, D. and Papoulias, D. (2001). Fish Reproductive Health Assessment in PCB 

Contaminated Regions of the Housatonic River, Massachusetts, USA: Investigations of 

Causal Linkages Between PCBs and Fish Health. Interim Report of Phase I Studies, 

Interagency Agreement 1448-50181-99-H-008, 157pp. 

Bury, N.R., Jie, L., Flik, G., Lock, R.a.C. and Bonga, S.E.W. (1998). Cortisol protects against 

copper induced necrosis and promotes apoptosis in fish gill chloride cells in vitro. Aquatic 

Toxicology, 40, 193-202. 

Caccia, E., Agnello, M., Ceci, M., Strichler-Dinglasan, P., M., V.G. and Romano , N. (2017). 

Antimicrobial peptides are expressed during early development of zebrafish (Danio rerio) 

and are inducible by immune challenge. Fishes, 20, 1-16; doi:10.3390/fishes2040020. 

Calma, R.R., Olo, C.F. and Santos, T.S. (2004) Apoptosis in ovarian cells of nile tilapia 

(oreochromis niloticus) chronically exposed to pyrethroid. In: 6th Symposium on Tilapia in 

Aquaculture Philippine, pp. 12-16. International Convention Center Roxas Boulevard, 

Manila, Philippines. 

Cantrell, S.M., Joy-Schlezinger, J., Stegeman, J.J., Tillitt, D.E. and Hannink, M. (1998). Correlation 

of 2,3,7,8-tetrachlorodibenzo-pdioxin- induced apoptotic cell death in the embryonic 

vasculature with embryo toxicity. Toxicology and Applied Pharmacology, 148, 24-34. 

Cantrell, S.M., Lutz, L.H., Tillitt, D.E. and Hannink, M. (1996). Embryo toxicity of TCDD: The 

embryonic vasculature is a physiological target for TCDD-induced DNA damage and 

apoptotic cell death in medaka (Oryzias latipes). Toxicology and Applied Pharmacology, 

141, 23-34. 



21 

 

Cao, J., Chen, J., Wang, J., Jia, R., Xue, W., Luo, Y. and Gan, X. (2013). Effects of fluoride on liver 

apoptosis and Bcl-2, Bax protein expression in freshwater teleost, Cyprinus carpio. 

Chemosphere, 91, 1203-1212. 

Cai, G., Zhu, J., Shen, C., Cui, Y., Du, J., and Chen, X. (2012). The Effects of cobalt on the 

development, oxidative stress, and apoptosis in zebrafish embryos. Biological Trace 

Element Researches,150: 200. https://doi.org/10.1007/s12011-012-9506-6 

Celino, F.T., Yamaguchi, S., Miura, C. and Miura, T. (2008). Testicular Toxicity of Arsenic on 

Spermatogenesis in Fish Interdisciplinary Studies on Environmental Chemistry. In: 

Biological Responses to Chemical Pollutants (ed. by Y. Murakami, K.N., S.-I. Kitamura, H. 

Iwata and S. Tanabe), pp. 55-60. 

Cengiz, E.I. (2006). Gill and kidney histopathology in the freshwater fish Cyprinus carpio after 

acute exposure to deltamethrin. Environmental Toxicology and Pharmacology, 22, 200-204. 

Chae, Y.J., Pham, C.H., Lee, J., Bae, E., Yi, J. and Gu, M.B. (2009). Evaluation of the toxic impact 

of silver nanoparticles on Japanese medaka (Oryzias latipes). Aquatic Toxicology, 94, 320-

327. 

Chan, P.K. and Cheng, S.H. (2003). Cadmium-induced ectopic apoptosis in zebrafish embryos. 

Archives of Toxicology, 77, 69-79. 

Chandrasekar,G.,  Arner, A., Kitambi,S.S.,. Dahlman-Wright, K., and  . Lendahl, M.A. 

(2011).Developmental toxicity of the environmental pollutant 4-nonylphenol in 

zebrafish.Neurotoxicology and Teratology, 33, 752-764. 

Chen, X.Y., Shao, J.Z., Xiang, L.X. and Liu, X.M. (2006). Involvement of apoptosis in malathion-

induced cytotoxicity in a grass carp (Ctenopharyngodon idellus) cell line. Comparative 

Biochemistry and Physiology Part C: Toxicology and Pharmacology, 142, 36-45. 

Chen, J., Huang, C., Zheng, L., Simonich, M., Bai, C., Tanguay, R., and Dong, Q. (2011). 

Trimethyltin chloride (TMT) neurobehavioral toxicity in embryonic zebrafish. 

Neurotoxicology and Teratology, 33 (6), 721-726. 

Chirico, W.J., Waters, M.G. and Blobel, G. (1988). 70 kDa heat shock related proteins stimulate 

protein translocation into microsomes. Nature, 332, 805-810. 

Choi, C.Y. and An, K.W. (2008). Cloning and expression of Na+/K+-ATPase and osmotic stress 

transcription factor 1 mRNA in black porgy, Acanthopagrus schlegeli during osmotic stress. 

Comparative Biochemistry and Physiology, Part B, 149, 91-100. 

Chouchene, L., Banni, M., Kerkeni, A., Saïd, K. and Messaoudi, I. (2011). Cadmium-induced 

ovarian pathophysiology is mediated by change in gene expression pattern of zinc 

transporters in zebrafish (Danio rerio). Chemico-Biological Interactions, 193, 172-179. 

Choudhary, J., Jha, A.M. and Jha, A.M. (2012). Cytogenetic effect of chromium trioxide in an air 

breathing teleost Channa punctatus (Bloch). International Journal of Pharmacy and 

Biological Sciences,2, 246-253. 

Connon, R.E., Geist, J., Pfeiff, J., Loguinov, A.V., D'abronzo, L.S., Wintz, H., Vulpe, C.D. and 

Werner, I. (2009). Linking mechanistic and behavioral responses to sublethal esfenvalerate 

exposure in the endangered delta smelt; Hypomesus transpacificus (Fam. Osmeridae). BMC 

Genomics, 10, 608. 

Cordero, H., Guardiola, F.A., Cuesta, A., Meseguer, J. and Esteban, M.A. (2014). Arsenic Induced 

Inflammation and Apoptosis in Liver, Head-Kidney and Skin of Gilthead Seabream (Sparus 

aurata). Annals of Marine Biology and Research, 1, 1001-1010. 



22 

 

Covaci, A., Gerecke, A.C., Law, R.J., Voorspoels, S., Kohler, M., Heeb, N.V., Leslie, H., Allchin, 

C.R. and De Boer, J. (2006). Hexabromocyclododecanes (HBCDs) in the environment and 

humans: a review. Environmental Science and Technology, 40, 3679-3688. 

Cuesta, A., Meseguer, J. and Esteban, M.Á. (2008). Effects of the organochlorines p, p′-DDE and 

lindane on gilthead seabream leucocyte immune parameters and gene expression. Fish and 

Shellfish Immunology, 25, 682-688. 

Cuesta, A., Meseguer, J. and Esteban, M.Á. (2011). Immunotoxicological effects of environmental 

contaminants in teleost fish reared for aquaculture, in: Pesticides in the Modern World - 

Risks and Benefits, by Stoytcheva, Margarita (Ed.)  pp 241-266.INTECH Open Access. 

Dang, Z., Lock, R.a.C., Flik, G. and Bonga, S.E.W. (2000). Na+/K+-ATPase immunoreactivity in 

branchial chloride cells of Oreochromis mossambicus exposed to copper. Journal of 

Experimental Biology, 203, 379-387. 

Das, P., Gupta, A. and Manna, S.K. (2005). Heat shock protein 70 expression in different tissues of 

Cirrhinus mrigala (Ham.) following heat stress. Aquaculture Research, 36, 525-529. 

Datta, S., Ghosh, D., Saha, D.R., Bhattacharya, S. and Mazumder, S. (2009a). Chronic exposure to 

low concentration of arsenic is immunotoxic to fish: role of head kidney macrophages as 

biomarkers of arsenic toxicity of Clarias batrachus. Aquatic Toxicology, 92, 86-94. 

Datta, S., Mazumder, S., Ghosh, D., Dey, S. and Bhattacharya, S. (2009b). Low concentration of 

arsenic could induce caspase-3 mediated head kidney macrophage apoptosis with JNK-p38 

activation in Clarias batrachus. Toxicology and Applied Pharmacology,241, 329-338. 

Datta, S., Saha, D.R., Ghosh, D., Majumdar, T., Bhattacharya, S. and Mazumder, S. (2007). Sub-

lethal concentration of arsenic interferes with the proliferation of hepatocytes and induces in 

vivo apoptosis in Clarias batrachus L.Comparative Biochemistry and Physiology,Part C: 

Toxicology and Pharmacology,145, 339-349. 

De Boeck, G., Ngo, T.T.H., Van Campenhout, K. and Blust, R. (2003). Differential metallothionein 

induction patterns in three freshwater fish during sublethal copper exposure. Aquatic 

Toxicology, 65, 413-424. 

De Lemos, C.T., Rödel, P.M., Terra, N.R. and Erdtmann, B. (2001). Evaluation of basal 

micronucleus frequency and hexavalent chromium effects in fish erythrocytes. 

Environmental Toxicology and Chemistry, 20, 1320-1324. 

Deane, E.E. and Woo, N.Y.S. (2005). Growth hormone increases hsc70/HSP70 expression and 

protects against apoptosis in whole blood preparations from silver sea bream. Annals New 

York Academy of Sciences, 1040, 288-292. 

Deane, E.E. and Woo, N.Y.S. (2011). Advances and perspectives on the regulation and expression 

of piscine heat shock proteins. Reviews in Fish Biology and Fisheries,21, 153-185. 

Deane, E.E., Zhou, L. and Woo, N.Y.S. (2006). Cortisol can be pro- or anti-apoptotic in sea bream 

cells: Potential role of HSP70 induction for cytoprotection. Molecular and Cellular 

Endocrinology, 259, 57-64. 

Deng, D.F., Wang, C., Lee, S., Bai, S. and Hung, S.S.O. (2009). Feeding rates affect heat shock 

protein levels in liver of larval white sturgeon (Acipenser transmontanus). Aquaculture, 287, 

223-226. 

Deshaies, R.J., Koch, B.D., Werner-Washburne, M., Craig, E.A. and Schekman, R. (1988). A 

subfamily of stress proteins facilitates translocation of secretory and mitochondrial precursor 

polypeptides. Nature, 332, 800-805. 



23 

 

Díaz-Resendiz, K.J.G., Ortiz-Lazareno, P.C. and Girón-Pérez, M.I. (2016). Effects of diazinon on 

functional parameters of lymphocytes of Nile Tilapia (Oreochromis niloticus). Toxicology 

Letters, 259, Supplement,S151. 

Dong, W., Teraoka, H., Kondo, S. and Hiraga, T. (2001). 2,3,7,8-tetrachlorodibenzo-p-dioxin 

induces apoptosis in the dorsal midbrain of zebrafish embryos by activation of 

arylhydrocarbon receptor. Neuroscience Letters, 303, 169-172. 

Dong, W., Teraoka, H., Yamazaki, K., Tsukiyama, S., Imani, S., Imagawa, T., Stegeman, J., 

Peterson, R. and Hiraga, T. (2002). 2,3,7,8-Tetrachlorodibenzo- p-dioxin toxicity in the 

zebrafish embryo: local circulation failure in the dorsal midbrain is associated with 

increased apoptosis. Toxicological Sciences, 69, 191-201. 

Drevnick, P.E., Sandheinrich, M.B. and Oris, J.T. (2006). Increased ovarian follicular apoptosis in 

fathead minnows (Pimephales promelas) exposed to dietary methylmercury. Aquatic 

Toxicology, 79, 49-54. 

Du, J., Cai, J., Wang, S., and You, H.(2017). Oxidative stress and apotosis to zebrafish (Danio 

rerio) embryos exposed to perfluorooctane sulfonate (PFOS) and ZnO nanoparticles. 

International Journal of Occupational Medicine and Environmental Health, 30(2):213–229.  

Duffy, L.K., Scofield, E., Rodgers, T., Patton, M. and Bowyer, R.T. (1999). Comparative baseline 

levels of mercury, Hsp 70 and Hsp 60 in subsistence fish from the Yukon-Kuskokwim delta 

region of Alaska. Comparative Biochemistry and Physiology Part C: Pharmacology, 

Toxicology and Endocrinology, 124, 181-186. 

Dussault, È.B., Playle, R.C., Dixon, D.G. and Mckinley, R.S. (2001). Effects of sublethal, acidic 

aluminum exposure on blood ions and metabolites, cardiac output, heart rate, and stroke 

volume of rainbow trout, Oncorhynchus mykiss. Fish Physiology and Biochemistry, 25, 347-

357. 

Eder, K.J., Leutenegger, C.M., Köhler, H.R. and Werner, I. (2009). Effects of neurotoxic 

insecticides on heat-shock proteins and cytokine transcription in Chinook salmon 

(Oncorhynchus tshawytscha). Ecotoxicology and Environmental Safety, 72, 182-190. 

Eimon, P.M., Kratz, E., Varfolomeev, E.E., Hymowitz, S.G., Stern, H., Zha, J. and Ashkenazi, A. 

(2006). Delineation of the cell-extrinsic apoptosis pathway in the zebrafish. Cell Death and 

Differentiation, 13, 1619-1630. 

Eimon, P.M., and Ashkenazi, A. (2010). The zebrafish as a model organism for the study of 

apoptosis. Apoptosis, 15:331–349. DOI 10.1007/s10495-009-0432-9 

Ekert, P.G. and Vaux, D., L. (1997). Apoptosis and the immune system. Br Med Bull, 53, 591-603. 

Ellis, J. (1987). Proteins as molecular chaperones. Nature, 328, 378-379. 

Ellis, R.J., Heuvel, M.R., Stuthridge, T.R., Ling, N. and Dietrich, D.R. (2004). Lack of estrogenic 

and endocrine disrupting effects in juvenile rainbow trout exposed to a New Zealand pulp 

and paper mill effluent,Pulp and Paper Mill Effluent Environmental Fate and Effects. 

Destech Sect. 1: Fish Health Assessment, pp 67-77 

Elmore, S. (2007). Apoptosis: a review of programmed cell death. Toxicologic Pathology, 35, 495-

516. 

Embry, M.R., Billiard, S.M. and Di Giulio, R.T. (2006). Lack of p53 induction in fish cells by 

model chemotherapeutics. Oncogene, 25, 2004-2010. 

Favaloro, B., Allocati, N., Graziano, V., Di Ilio, C. and De Laurenzi, V. (2012). Role of apoptosis 

in disease. AGING, 4, 330-349. 



24 

 

Feder, M.E. and Hofmann, G.E. (1999). Heat-shock proteins, molecular chaperones, and the stress 

response: evolutionary and ecological physiology. Annual Reviews of Physiology, 61, 243-

282. 

Feng, Q., Boone, A.N. and Vijayan, M.M. (2003). Copper impact on heat shock protein 70 

expression and apoptosis in rainbow trout hepatocytes. Comparative Biochemistry and 

Physiology, 135C, 345-355. 

Ferrão-Filho, A.D.S. and Kozlowsky-Suzuki, B. (2011). Cyanotoxins: bioaccumulation and effects 

on aquatic animals. Marine Drugs, 9, 2729-2772. 

Fladmark, K.E., Serres, M.H., Larsen, N.L., Yasumoto, T., Aune, T. and DØskeland, S.O. (1998). 

Sensitive detection of apoptogenic toxins in suspension cultures of rat and salmon 

hepatocytes. Toxicon, 36, 101-114. 

Galindo, B.A., Troilo, G., Cólus, I.M.S., Martinez, C.B.R. and Sofia, S.H. (2010). Genotoxic effects 

of aluminum on the neotropical fish Prochilodus lineatus. Water, Air and Soil Pollution, 

212, 419-428. 

Gao, D., Xu, Z., Qiao, P., Liu, S., Zhang, L. and He, P. (2013a). Cadmium induces liver cell 

apoptosis through caspase-3A activation in purse red common carp (Cyprinus carpio). PLoS 

ONE, 8, e83423. 

Gao, D., Xu, Z., Zhang, X., Zhu, C., Wang, Y. and Min, W. (2013b). Cadmium triggers kidney cell 

apoptosis of purse red common carp (Cyprinus carpio) without caspase-8 activation. 

Developmental and Comparative Immunology, 41, 728-737. 

Gao, Z., Shao, Y. and Jiang, X. (2005). Essential roles of the Bcl-2 family of proteins in caspase-2-

induced apoptosis. Journal of Biological Chemistry, 280, 38271-38275. 

García-Medina, S., Nunez-Betancourt, J.A., Garcıa-Medina, A.L., Galar-Martınez, M., Neri-Cruz, 

N., Islas-Flores, H. and Gómez-Oliván, L.M. (2013). The relationship of cytotoxic and 

genotoxic damage with blood aluminum levels and oxidative stress induced by this metal in 

common carp (Cyprinus carpio) erythrocytes. Ecotoxicology and Environmental Safety, 96, 

191-197. 

Garcia-Reyero, N., Thornton, C., Hawkins, A.D., Escalon, L., Kennedy, A.J., Steevens, J.A. and 

Willett, K.L. (2015). Assessing the exposure to nanosilver and silver nitrate on fathead 

minnow gill gene expression and mucus production. Environmental Nanotechnology, 

Monitoring and Management, 4, 58-66. 

Geething, M.J. and Sambrook, J. (1992). Protein folding in the cell. Nature, 355, 33-45. 

George, S., Lin, S., Ji, Z., Thomas, C.R., Li, L.J., Mecklenburg, M., Meng, H., Wang, X., Zhang, H. 

and Xia, T. (2012). Surface defects on plate-shaped silver nanoparticles contribute to its 

hazard potential in a fish gill cell line and zebrafish embryos. ACS Nano, 6, 3745-3759. 

Georgopoulos, C. and Welch, W.J. (1993). Role of the Major Heat Shock Proteins as Molecular 

Chaperones. Annual Review of Cell and Developmental Biology, 9, 601-634. 

Ghiselli, G. (2006). SMC3 knockdown triggers genomic instability and p53-dependent apoptosis in 

human and zebrafish cells. Molecular Cancer, 5, 52. 

Ghosh, D., Bhattacharya, S. and Mazumder, S. (2006). Perturbations in the catfish immune 

responses by arsenic: organ and cell specific effects. Comparative Biochemistry and 

Physiology Part C: Toxicology and Pharmacology, 143, 455-463. 

Gibbons, D., Morrissey, C. and Mineau, P. (2015). A review of the direct and indirect effects of 

neonicotinoids and fipronil on vertebrate wildlife. Environmental Science and Pollution 

Research, 22, 103-118. 



25 

 

Gomez, F.D., Apodaca, P., Holloway, L.N., Pannell, K.H. and Whalen, M.M. (2007). Effect of a 

series of triorganotins on the immune function of human natural killer cells. Environmental 

Toxicology and Pharmacology, 23, 18-24. 

Gonzalez, P., Baudrimont, M., Boudou, A. and Bourdineaud, J.P. (2006). Comparative effects of 

direct cadmium contamination on gene expression in gills, liver, skeletal muscles and brain 

of the zebrafish (Danio rerio). Biometals, 19, 225-235. 

Gonzalez, S. T., Remick, D., Creton, R., and Colwill, R. M. (2016). Effects of embryonic exposure 

to polychlorinated biphenyls (PCBs) on anxiety-related behaviors in larval zebrafish. 

Neurotoxicology, 53, 93–101. http://doi.org/10.1016/j.neuro.2015.12.018 

Griffitt, R.J., Feswick, A., Weil, R., Hyndman, K.A., Carpinone, P., Powers, K., Denslow, N.D.,  

 and Barber, D. S. (2010). Investigation of acute nanoparticulate aluminum toxicity in 

zebrafish. Environmental Toxicology,26(5), 541-551.DOI 10.1002/tox 

Gu, A., Shi, X.,Yuan, C., Ji, G., Zhou, Y., Long, Y., Song, L., Wang, S., and Wang, X. (2010). 

Exposure to fenvalerate causes brain impairment during zebrafish development. 

Toxicological Letters, 197, 188–192. 

Guardiola, F.A., Gónzalez-Párraga, M.P., Cuesta, A., Meseguer, J., Martínez, S., Martínez-Sánchez, 

M.J., Pérez-Sirvent, C. and Esteban, M.A. (2013). Immunotoxicological effects of inorganic 

arsenic on gilthead seabream (Sparus aurata L.). Aquatic Toxicology, 134-135, 112-119. 

Hagenaars, A., Vergauwen, L., Benoot, D., Laukens, K. and Knapen, D. (2013). Mechanistic 

toxicity study of perfluorooctanoic acid in zebrafish suggests mitochondrial dysfunction to 

play a key role in PFOA toxicity. Chemosphere, 91, 844-856. 

Harris, J. and Bird, D.J. (2000). Modulation of the fish immune system by hormones. Veterinary 

Immunology and Immunopathology, 77, 163-176. 

Hart, L.J., Gogal, R.M., Smith, S.A., Smith, B.J., Robertson, J. and Holladay, S.D. (1999). 

Leukocyte hypocellularity in the spleen and pronephros of tilapia (Oreochromis niloticus) 

exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) may result from antiproliferative 

effects and enhanced apoptosis. Toxic Sub Mechan, 18, 21-38. 

He, X., Gao, J., Dong, T., Chen, M., Zhou, K., Chang, C.,  Luo, J., Wang, C., Wang, S., Chen, D., 

Zhou, Z., Tian, Y., Xia, Y., and Wang, X. (2017). Developmental neurotoxicity of 

methamidophos in the embryo-larval stages of zebrafish. International Journal of 

Environmental Research and Public Health, 14, 23; doi:10.3390/ijerph14010023 

Hermann, A.C. and Kim, C.H. (2005). Effects of arsenic on zebrafish innate immune system. 

Marine Biotechnology, 7, 494-505. 

Hernandez, P.P., Undurraga, C., Gallardo, V.E., macKenzie, N., Allende, M.L. and Reyes, A.E. 

(2011). Sublethal concentrations of waterborne copper induce cellular stress and cell death 

in zebrafish embryos and larvae. Biological Research, 44, 7-15. 

Hildeman, D.A., Mitchell, T., Aronow, B., Wojciechowski, S., Kappler, J. and Marrack, P. (2003). 

Control of Bcl-2 expression by reactive oxygen species. Proceedings of the National 

Academy of Sciences, 100, 15035-15040. 

Hill, A.J.,  Teraoka, H.,  Heideman, W., and Peterson, R.E. (3005). Zebrafish as a model vertebrate 

for investigating chemical toxicity.  Toxicological Sciences, 86(1), 6–19. 

Ho, N.Y., Yang, L., Legradi, J., Armant, O., Takamiya, M., Rastegar, S., and Strähle, U. 

(2013).Gene responses in the central nervous system of zebrafish embryos exposed to the 

neurotoxicant methyl mercury. Environmental Science and Technology, 47, 3316–3325. 



26 

 

Holladay, S.D., Smith, S.A., Besteman, E.G., Deyab, A.S.M.I., Gogal, R.M., Hrubec, T., 

Robertson, J.L. and Ahmed, S.A. (1998). Benzo(a)pyrene-induced hypocellularity of the 

pronephros in tilapia (Oreochromis niloticus) is accom- panied by alterations in stromal and 

parencymal cells and by enhanced immune cell apoptosis.Veterinary Immunology and 

Immunopathology, 64, 69-82. 

Homma-Takeda, S., Kugenuma, Y., Iwamuro, T., Kumagai, Y. and Shimojo, N. (2001). Impairment 

of spermatogenesis in rats by methylmercury: involvement of stage-and cell-specific germ 

cell apoptosis. Toxicology, 169, 25-35. 

Hoole, D., Lewis, J.W., Schuwerack, P.M., Chakravarthy, C., Shrive, A.K., Greenhough, T.J. and 

Cartwright, J.R. (2003). Inflammatory interactions in fish exposed to pollutants and 

parasites: a role for apoptosis and C reactive protein. Parasitology, 126, S71-S85. 

Hornung, M.W., Spitsbergen, J.M. and Peterson, R.E. (1999). 2,3,7,8-Tetrachlorodibenzo-p-dioxin 

alters cardiovascular and craniofacial development and function in sac fry of rainbow trout 

(Oncorhynchus mykiss). Toxicological Sciences, 47, 40-51. 

Iger, Y., Abraham, M. and Wendelaar Bonga, S.E. (1994). Response of club cells in the skin of the 

carp Cyprinus carpio to exogenous stressors. Cell and Tissue Researches, 277, 485-491. 

Inohara, N., Nunez, G. (2000). Genes with homology to mammalian apoptosis regulators identified 

in zebrafish. Cell Death and Differentiation 7, 509-510. 

Ishaq, O., Sadanandan, S.K. and Wählby, C. (2017). Deep Fish: Deep Learning–Based 

Classification of Zebrafish Deformation for High-Throughput Screening. SLAS Discovery, 

22, 102-107. 

Iwama, G.K., Afonso, L.O.B., Todgham, A., Ackerman, P.A. and Nakano, K. (2004). Are hsps 

suitable for indicating stressed states in fish? Journal of Experimental Biology, 207, 15-19. 

Iwama, G.K., Thomas, P.T., Forsyth, R.B. and Vijayan, M.M. (1998). Heat shock protein 

expression in fish. Reviews in Fish Biology and Fisheries,8, 35-56. 

Janz, D.M., Mcmaster, M.E., Weber, L.P., Munkittrick, K.R. and Van Der Kraak, G.M. (2001). 

Recovery of ovary size, follicle cell apoptosis, and HSP70 expression in fish exposed to 

bleached pulp mill effluent. Canadian Journal of Fish and Aquatic Sciences, 58, 620-625. 

Jayakiran, M. (2015). Apoptosis-biochemistry: a mini review. Journal of Clinical and Experimental 

Pathology, 5, 1-4. 

Jiang, J., Wu, S., Wu, C., An, X., Cai, L. and Zhao, X. (2014). Embryonic exposure to carbendazim 

induces the transcription of genes related to apoptosis, immunotoxicity and endocrine 

disruption in zebrafish (Danio rerio). Fish and Shellfish Immunology, 41, 493-500. 

Jianying, Z., Hangjun, Z. and Wanmin, N. (2009). Oxidative stress and apoptosis of Carassius 

auratus lymphocytes induced by nonplanar (PCB153) and coplanar (PCB169) 

polychlorinated biphenyl congeners in vitro. Journal of Environmental Sciences, 21, 1284-

1289. 

Jin, Y.X., Zheng, S.S. and Fu, Z.W. (2011a). Embryonic exposure to cypermethrin induces 

apoptosis and immunotoxicity in zebrafish (Danio rerio). Fish and Shellfish Immunology, 

30, 1049e1054. 

Jin, Y.X., Zheng, S.S. , Pu, Y., Shu, L., Sun, L., Liu, W., and Fu, Z. (2011b). Cypermethrin has the 

potential to induce hepatic oxidative stress, DNA damage and apoptosis in adult zebrafish 

(Danio rerio) Chemosphere, 82(3), 398-404. 

Jolly, C. and Morimoto, R.I. (2000). Role of the heat shock response and molecular chaperones in 

oncogenesis and cell death. Journal of the National Cancer Institute, 92, 1564-1572. 



27 

 

Jourdan, M., Reme, T., Goldschmidt, H., Fiol, G., Pantesco, V., De Vos, J., Rossi, J.F., Hose, D. 

and Klein, B. (2009). Gene expression of anti‐and pro‐apoptotic proteins in malignant and 

normal plasma cells. British Journal of Haematology, 145, 45-58. 

Ju-Nam, Y. and Lead, J.R. (2008). Manufactured nanoparticles: an overview of their chemistry, 

interactions and potential environmental implications. Science of the Total Environment, 

400, 396-414. 

Kanehisa, M. and Goto, S. (2000). KEGG: kyoto encyclopedia of genes and genomes. Nucleic 

Acids Research, 28, 27-30. 

Karchner, S. I., Franks, D. G., and Hahn, M. E. (2005). AHR1B, a new functional aryl hydrocarbon 

receptor in zebrafish: tandem arrangement of ahr1b and ahr2 genes. Biochemical Journal, 

392(Pt 1), 153–161. http://doi.org/10.1042/BJ20050713 

Kari, G., Rodeck, U. and Dicker, A.P. (2007). Zebrafish: an emerging model system for human 

disease and drug discovery. Clinical Pharmacology and Therapeutics, 82, 70-80. 

Kaufmann, S.H. and Hengartner, M.O. (2001). Programmed cell death: alive and well in the new 

millennium. Trends in Cell Biology, 11, 526-534. 

Kaviraj, A. and Gupta, A. (2014). Biomarkers of type II synthetic pyrethroid pesticides in 

freshwater fish. BioMed Research International, 2014. 

Kawakami, M., Inagawa, R., Hosokawa, T., Saito, T. and Kurasaki, M. (2008). Mechanism of 

apoptosis induced by copper in PC12 cells. Food  and Chemical Toxicology, 46, 2157-2164. 

Kerr, J.F., Winterford, C.M. and Harmon, B.V. (1994). Apoptosis, Its significance in cancer and 

cancer therapy. Cancer, 73, 2013-2026. 

Kim H. Y., Kim, H.R., Kang, M.G.Trang, N.T., Baek, H.J., Moon, J. D., Shin J.H., Suh, S. P., 

Ryang, D.W., Kook H., and Shin, M.G.  (2014). Profiling of biomarkers for the exposure of 

polycyclic aromatic hydrocarbons: lamin-A/C isoform 3, poly[ADP-ribose] polymerase 1, 

and mitochondria copy number are identified as universal biomarkers. BioMed Research 

International, 2014, Article ID 605135, 12 pages, 2014. 

https://doi.org/10.1155/2014/605135. 

King-Heiden, T.C., Mehta, V., Xiong, K.M., Lanham, K.A., Antkiewicz, D.S., Ganser, A., 

Heideman, W. and Peterson, R.E. (2012). Reproductive and developmental toxicity of 

dioxin in fish. Molecular and Cellular Endocrinology, 354, 121-138. 

Kitazawa, M., Anantharam, V., and Kanthasamy, A.G. (2003) Dieldrin induces apoptosis by 

promoting caspase-3-dependent proteolytic cleavage of protein kinase Cdelta in 

dopaminergic cells: relevance to oxidative stress and dopaminergic degeneration. 

Neuroscience 119:945–964 

Klaper, R., Rees, C.B., Drevnick, P.E., Weber, D., Sandheinrich, M.B. and Carvan, M.J. (2006). 

Gene expression changes related to endocrine function and decline in reproduction in 

fathead minnow (Pimephales promelas) after dietary methylmercury exposure. 

Environmental Health Perspectives, 114(9),1337-1343. 

Kovrižnych, J.A., Sotníková, R.,  Zeljenková, D., Rollerová, E., Szabová, E., and Wimmerová, S. 

(2013). Acute toxicity of 31 different nanoparticles to zebrafish (Danio rerio) tested in 

adulthood and in early life stages – comparative study. Interdisciplinary Toxicology, 6(2), 

67–73. doi: 10.2478/intox-2013-0012 

Krumschnabel, G., Manzl, C., Berger, C. and Hofer, B. (2005). Oxidative stress, mitochondrial 

permeability transition, and cell death in Cu-exposed trout hepatocytes. Toxicology and 

Applied Pharmacology, 209, 62-73. 



28 

 

Krumschnabel, G. and Podrabsky, J.E. (2009). Fish as model systems for the study of vertebrate 

apoptosis. Apoptosis,14(1):1-21. doi: 10.1007/s10495-008-0281-y 

Kumari, P., Panda, P.K., Jha, E., Kumari, K., Nisha, K., Mallick, M.A., and Verma, S.K. (2017). 

Mechanistic insight to ROS and apoptosis regulated cytotoxicity inferred by Green 

synthesized CuO nanoparticles from Calotropis gigantea to embryonic zebrafish. Scientific 

Reports, 7, 16284. http://doi.org/10.1038/s41598-017-16581-1 

Langheinrich, U., Hennen, E., Stott, G. and Vacun, G. (2002). Zebrafish as a model organism for 

the identification and characterization of drugs and genes affecting p53 signaling. Current 

Biology, 12, 2023-2028. 

Lee, B., Duong, C., Cho, J., Lee, J., Kim, K., Seo, Y., Kim, P., Choi, K. and Yoon, J. (2012). 

Toxicity of citrate-capped silver nanoparticles in common carp (Cyprinus carpio). BioMed 

Research International, 2012. 

Lee, J., and Freeman, J.L. (2014). Zebrafish as a model for developmental neurotoxicity 

assessment: the application of the zebrafish in defining the effects of arsenic, 

methylmercury, or lead on early neurodevelopment. Toxics, 2, 464-495; 

doi:10.3390/toxics2030464 

Levine, A.J. (1997). p53, the cellular gatekeeper for growth and division. Cell, 88, 323-331. 

Li, J., Quabius, E.S., Wendelaar Bonga, S.E., Flik, G. and Lock, R.a.C. (1998). Effects of water-

borne copper on branchial chloride cells and Na+/K+-ATPase activities in Mozambique 

tilapia (Oreochromis mossambicus). Aquatic Toxicology, 43, 1-11. 

Li, D.,  Lu, C., Wang, J., Hu, W.,  Cao, Z., Sun, D., Xia, H., and Ma, X. (2009). Developmental 

mechanisms of arsenite toxicity in zebrafish (Danio rerio) embryos. Aquatic  Toxicology, 

91, 229-237. 

Lindquist, S. (1986). The heat-shock response. Annual Review of Biochemistry, 55, 1151-1191. 

Lindquist, S. (1992). Heat-shock proteins and stress tolerance in microorganisms. Current 

Opininions in Genetics and Development, 2, 748-755. 

Lindquist, S. and Craig, E. (1988). The heat-shock proteins. Annual review of genetics, 22, 631-677. 

Liu, C., Yua, K., Shi, X., Wang, J., Lam, P.K.S., Wu, R.S.S. and Zhoua, B. (2007). Induction of 

oxidative stress and apoptosis by PFOS and PFOA in primary cultured hepatocytes of 

freshwater tilapia (Oreochromis niloticus). Aquatic Toxicology, 82 135-143. 

Lo, Y.L., Lee, H.P. and Tu, W.C. (2015). The use of a liposomal formulation incorporating an 

antimicrobial peptide from tilapia as a new adjuvant to epirubicin in human squamous cell 

carcinoma and pluripotent testicular embryonic carcinoma cells. International journal of 

Molecular Sciences, 16, 22711-22734. 

Lu, J., Chen, H., Xu, Q., Zheng, J., Liu, H., Li, J. and Chen, K. (2010a). Comparative proteomics of 

kidney samples from puffer fish Takifugu rubripes exposed to excessive fluoride: An insight 

into molecular response to fluorosis. Toxicology Mechanisms and Methods, 20, 345-354. 

Lu, J., Xu, Q., Zheng, J., Liu, H., Li, J. and Chen, K. (2009). Comparative proteomics analysis of 

cardiac muscle samples from pufferfish Takifugu rubripes exposed to excessive fluoride: 

Initial molecular response to fluorosis. Toxicology Mechanisms and Methods, 19, 468-475. 

Lu, J., Zheng, J., Liu, H., Li, J., Xu, Q. and Chen, K. (2010b). Proteomics analysis of liver samples 

from puffer fish Takifugu rubripes exposed to excessive fluoride: an insight into molecular 

response to fluorosis. Journal of Biochemical and Molecular Toxicology, 24, 21-28. 



29 

 

Ludwikowska, A., Bojarski, B., Socha, M., Lutnicka, H. and Trzeciak, K.B. (2013). The effect of 

carbendazim on embryonic Prussian carp (Carassius gibelio) development and hatching. 

Archives of Polish Fisheries, 21, 367-371. 

Lundebye, A.K., Berntssen, M.H.G., Wendelaar Bongaà, S.E. and Maage, A. (1999). Biochemical 

and Physiological Responses in Atlantic Salmon (Salmo salar) Following Dietary Exposure 

to Copper and Cadmium. Marine Pollution Bulletin, 39, 137-144. 

Luo, J.J., Su, D-S., Xie, S-L., Liu, Y., Liu, P., Yang, X-J., Pei, D-S. (2018). Hypersensitive 

assessment of aryl hydrocarbon receptor transcriptional activity using a novel 

truncatedcyp1apromoter in zebrafish. The FACEB Journal, 

https://doi.org/10.1096/fj.201701171R 

Luzio, A., Monteiro, S.M., Fontaı´Nhas-Fernandes, A.A., Pinto-Carnide, O., Matos, M. and 

Coimbra, A.M. (2013). Copper induced upregulation of apoptosis related genes in zebrafish 

(Danio rerio) gill. Aquatic Toxicology, 128-129, 183-189. 

Lyons‐Alcantara, M., Mooney, R., Lyng, F., Cottell, D. and Mothersill, C. (1998). The effects of 

cadmium exposure on the cytology and function of primary cultures from rainbow trout. 

Cell Biochemistry and Function, 16, 1-13. 

Maheswari, S. L., Venkatakrishna Murali, R., and Balaji, R. (2014). Aluminium induced 

cholinotoxicity in zebra fish brain - A sequel of oxidative stress. International Journal of 

Advanced Research, 2(2), 322-335. 

Mansouri, B., Maleki, A., Johari, S.A. and Reshahmanish, N. (2015). Effects of cobalt oxide 

nanoparticles and cobalt ions on gill histopathology of zebrafish (Danio rerio). AACL 

Bioflux, 8, 438-444. 

Mazon, A.F., Cerqueira, C.C.C. and Fernandes, M.N. (2002). Gill cellular changes induced by 

copper exposure in the South American tropical freshwater fish Prochilodus scrofa. 

Environmental Research, 88, 52-63. 

Mcclusky, L.M. (2006). Stage-dependency of apoptosis and the blood-testis barrier in the dogfish 

shark (Squalus acanthias): cadmium-induced changes as assessed by vital fluorescence 

techniques. Cell and Tissue Research, 325, 541-553. 

Mcshan, D., Ray, P.C. and Yu, H. (2014). Molecular toxicity mechanism of nanosilver. Journal of 

Food and Drug Analysis, 22, 116-127. 

Mekkawy, I.A., Mahmoud, U.M. and Sayed, A.E.H. (2011). Effects of 4-nonylphenol on blood 

cells of the African catfish Clarias gariepinus (Burchell, 1822). Tissue and Cell, 43, 223-

229. 

Mieiro, C.L., Bervoets, L., Joosen, S., Blust, R., Duarte, A.C., Pereira, M.E. and Pacheco, M. 

(2011). Metallothioneins failed to reflect mercury external levels of exposure and 

bioaccumulation in marine fish–considerations on tissue and species specific responses. 

Chemosphere, 85, 114-121. 

Migliarini, B., Campisi, A.M., Maradonna, F., Truzzi, C., Annibaldi, A., Scarponi, G. and 

Carnevali, O. (2005). Effects of cadmium exposure on testis apoptosis in the marine teleost 

Gobius niger. General and Comparative Endocrinology, 142, 241-247. 

Misumi, I., Vella, A.T., Leong, J.A.C., Nakanishi, T. and Schreck, C.B. (2005). p, p′-DDE 

depresses the immune competence of chinook salmon (Oncorhynchus tshawytscha) 

leukocytes. Fish and Shellfish Immunology, 19, 97-114. 

Moiseenko T. I. (2010). Effect of toxic pollution on fish populations and mechanisms for 

maintaining population size. Russian Journal of Ecology,41, 237–243. 



30 

 

Monaco, A., Grimaldi,  M C., and Ferrandino, I. (2017) Aluminium chloride-induced toxicity in 

zebrafish larvae. Journal of Fish Diseases, 40, 629–635 

Monaco, A., Capriello, T., Grimaldi, M.C., Schiano, V., Ferrandino, I. (2017). Neurodegeneration 

in zebrafish embryos and adults after cadmium exposure. European Journal of 

Histochemistry, 61(4):2833. doi:10.4081/ejh.2017.2833. 

Monette, M.Y., and McCormick,  S.D.   (2008). Impacts of short-term acid and aluminum exposure 

on Atlantic salmon (Salmo salar) physiology: a direct comparison of parr and 

smolts.Aquatic Toxicology, 86(2):216-226. 

Monteiro, S.M., Dos Santos, N.M., Calejo, M., Fontainhas-Fernandes, A. and Sousa, M. (2009). 

Copper toxicity in gills of the teleost fish, Oreochromis niloticus: effects in apoptosis 

induction and cell proliferation. Aquatic Toxicology, 94, 219-228. 

Monteiro, S.M., Oliveira, E., Fontaínhas-Fernandes, A. and Sousa, M. (2012). Effects of sublethal 

and lethal copper concentrations on the gill epithelium ultrastructure of Nile tilapia, 

Oreochromis niloticus. Zoological Studies, 51, 977-987. 

Morcillo, P., Esteban, M.Á. and Cuesta, A. (2016). Heavy metals produce toxicity, oxidative stress 

and apoptosis in the marine teleost fish SAF-1 cell line. Chemosphere, 144, 225-233. 

Moreland, J.J., Arrieta, D.E. and Washburn, B.S. (2000). Effects of estrogen on the stress response 

in CuSO 4-exposed PLHC-1 cells. Marine Environmental Research, 50, 509-512. 

Morimoto, R.I. and Santoro, M.G. (1998). Stress-inducible responses and heat shock proteins: New 

pharmacological targets for cytoprotection. Nature Biotechnology, 16, 833-838. 

Mosca, F., Romano, N., Malatesta, D., Ceccarelli, G., Brunetti, A., Bulfon, C., Volpatti, D., Abelli, 

L., Galeotti, M. and Falconi, A. (2013). Heat shock protein 70 kDa (HSP70) increase in sea 

bass (Dicentrarchus labrax, L 1758) thymus after vaccination against Listonella 

anguillarum. Fish Physiology and Biochemistry, 39, 615-626. 

Navarro, A., Quirós, L., Casado, M., Faria, M., Carrasco, L., Benejam, L., Benito, J., Díez, S., 

Raldúa, D. and Barata, C. (2009). Physiological responses to mercury in feral carp 

populations inhabiting the low Ebro River (NE Spain), a historically contaminated site. 

Aquatic Toxicology, 93, 150-157. 

Nawaz, M., Manzl, C., Lacher, V. and Krumschnabel, G. (2006). Copper-induced stimulation of 

extracellular signal-regulated kinase in trout hepatocytes: the role of reactive oxygen 

species, Ca2+, and cell energetics and the impact of extracellular signal-regulated kinase 

signaling on apoptosis and necrosis. Toxicological Science, 92, 464-475. 

Nayak, A.S., Lage, C.R. and Kim, C.H. (2007). Effects of low concentrations of arsenic on the 

innate immune system of the zebrafish (Danio rerio). Toxicological Science,98(1):118-24. 

Nigro, M., Frenzilli, G., Scarcelli, V., Gorbi, S. and Regoli, F. (2002). Induction of DNA strand 

breakage and apoptosis in the eel Anguilla anguilla. Marine Environmental Research, 54, 

517-520. 

Okorie, O.E., Bae, J.Y., Lee, J.H., Lee, S., Park, G.H., Mohseni, M. and Bai, S.C. (2014). Effects of 

Different Dietary Cadmium Levels on Growth and Tissue Cadmium Content in Juvenile 

Parrotfish, Oplegnathus fasciatus. Asian-Australasian Journal of Animal Sciences, 27, 62. 

Olivari, F. A., Hernández, P. P., and Allende, M. L. (2008). Acute copper exposure induces 

oxidative stress and cell death in lateral line hair cells of zebrafish larvae. Brain Researches, 

1244:1–12. doi: 10.1016/j.brainres.2008.09.050 



31 

 

Olsvik, P.A., Berntssen, M.H.G. and Søfteland, L. (2015). Modifying effects of vitamin E on 

chlorpyrifos toxicity in Atlantic salmon. PLoS ONE,16;10(3), e0119250. doi: 

10.1371/journal.pone.0119250. 

Ostrakhovitch, E.A. and Cherian, M.G. (2005). Role of p53 and reactive oxygen species in 

apoptotic response to copper and zinc in epithelial breast cancer cells. Apoptosis, 10, 111-

121. 

Padmini, E. and Tharani, J. (2014). Heat-shock protein 70 modulates apoptosis signal-regulating 

kinase 1 in stressed hepatocytes of Mugil cephalus. Fish Physiology and Biochemistry, 40, 

1573-1585. 

Patrick, S.M. (2008) Testicular apoptotic activity in two bio-sentinel fish species inhabiting an 

aquatic ecosystem in an area where continual DDT spraying occurs: utility of 

immunohistochemical assays. M.Sc. Thesis, Faculty of Health Sciences, University of 

Pretoria, South Africa. 

Pedlar, R.M., Ptashynski, M.D., Evans, R. and Klaverkamp, J.F. (2002). Toxicological effects of 

dietary arsenic exposure in lake whitefish (Coregonus clupeaformis). Aquatic Toxicology, 

57, 167-189. 

Pelgrom, S.M.G.J. (1995) Interactions between copper and cadmium in fish: metal accumulation, 

physiology and endocrine regulation. Ph.D. Thesis, University of Nijmegen, The 

Netherlands. 

Pelham, H.R.B. (1986). Speculations on the functions of the major heat shock and glucose-

regulated proteins. Cell, 46, 959-961. 

Pelham, H.R.B. (1990). Functions of the hsp70 protein family: an overview. In: Stress proteins in 

biology and medicine (ed. by Morimoto Ri, T.R.A., Georgopoloulos C (Eds)). Cold Spring 

Harbor Laboratory Press, New York. 

Piechotta, G., Lacorn, M., Lang, T., Kammann, U., Simat, T., Jenke, H.S. and Steinhart, H. (1999). 

Apoptosis in dab (Limanda limanda) as possible new biomarker for anthropogenic stress. 

Ecotoxicol. Environmental Safety, 42, 50-56. 

Piner, P. and Üner, N. (2012). Oxidative and apoptotic effects of lambda-cyhalothrin modulated by 

piperonyl butoxide in the liver of Oreochromis niloticus. Environmental Toxicology and 

Pharmacology, 33, 414-420. 

Plaster, N., Sonntag, C., Busse, C.E. and Hammerschmidt, M. (2006). p53 deficiency rescues 

apoptosis and differentiation of multiple cell types in zebrafish flathead mutants deficient for 

zygotic DNA polymerase δ1. Cell Death and Differentiation, 13, 223-235. 

Pockley, A.G. (2003). Heat shock proteins as regulators of the immune response. The Lancet, 362, 

469-476. 

Pratap, H.B. and Wendelaar Bonga, S.E. (1993). Effect of ambient and dietary cadmium on 

pavement cells, chloride cells, and Na+/K+ -ATPase activity in the gills of the freshwater 

teleost Oreochromis mossambicus at normal and high calcium levels in the ambient water. 

Aquatic Toxicology, 26, 133-150. 

Puga, S., Pereira, P., Pinto-Ribeiro, F., O’driscoll, N.J., Mann, E., Barata, M., Pousão-Ferreira, P., 

Canário, J., Almeida, A. and Pacheco, M. (2016). Unveiling the neurotoxicity of 

methylmercury in fish (Diplodus sargus) through a regional morphometric analysis of brain 

and swimming behavior assessment. Aquatic Toxicology, 180, 320-333. 

Raisuddin, S. and Jha, A.N. (2004). Relative sensitivity of fish and mammalian cells to sodium 

arsenate and arsenite as determined by alkaline single-cell gel electrophoresis and 



32 

 

cytokinesis-block micronucleus assay.Environmental and Molecular Mutagenesis, 44, 83-

89. 

Ravenscroft P, Brammer H, Richards K. (2009). Arsenic Pollution: A Global Synthesis Wiley-

Blackwell-  ISBN:9781444308785, pp 157-222 

Razo-Estrada, A.C., García-Medina, S., Madrigal-Bujaidar, E., Gómez-Oliván, L.M. and Galar-

Martínez, M. (2013). Aluminum-Induced Oxidative Stress and Apoptosis in Liver of the 

Common Carp, Cyprinus carpio. Water, Air, and Soil Pollution, 224, 1510-1522. 

Reader, S., Moutardier, V. and Denizeau, F. (1999). Tributyltin triggers apoptosis in trout 

hepatocytes: the role of Ca2+, protein kinase C and proteases. Biochimica et Biophysica 

Acta, 1448, 473-485. 

Reynaud, S. and Deschaux, P. (2006). The effects of polycyclic aromatic hydrocarbons on the 

immune system of fish: a review. Aquatic Toxicology, 77, 229-238. 

Reynaud, S., Duchiron, C. and Deschaux, P. (2004). 3-Methylcholanthrene induces lymphocyte and 

phagocyte apoptosis in common carp (Cyprinus carpio L) in vitro. Aquatic Toxicology, 66, 

307-318. 

Risso-De Faverney, C., Devaux, A., Lafaurie, M., Girard, J.P., Bailly, B. and Rahmani, R. (2001). 

Cadmium induces apoptosis and genotoxicity in rainbow trout hepatocytes through 

generation of reactive oxygene species. Aquatic Toxicology,53, 65-76. 

Roberts, A.P. and Oris, J.T. (2004). Multiple biomarker response in rainbow trout during exposure 

to hexavalent chromium. Comparative Biochemistry and Physiology Part C: Toxicology and 

Pharmacology, 138, 221-228. 

Roberts, J.R. and Reigart, J.R. (2013) Pyrethrins and Pyrethroids in: Recognition and Management 

of Pesticide Poisonings, 6th ed., US Environmental Protection Agency, 

http://www2.epa.gov/pesticide-worker-safety pp 38-42. 

Roberts, R.J., Agius, C., Saliba, C., Bossier, P. and Sung, Y.Y. (2010). Heat shock proteins 

(chaperones) in fish and shellfish and their potential role in relation to fish health: a review. 

Journal of Fish Diseases, 33, 789-801. 

Robertson, J.D. and Orrenius, S. (2000). Molecular mechanisms of apoptosis induced by cytotoxic 

chemicals. Critical Reviews in Toxicology, 30, 609-627. 

Romano, N., Ceccarelli, G., Caprera C., Caccia, E., Baldassini, M.R., Marino, G. (2013). Apoptosis 

in thymus of Teleost fish. Fish and Shellfish Immunology, 35, 589-594. 

Roméo, M., Bennani, N., Gnassia-Barelli, M., Lafaurie, M. and Girard, J.P. (2000). Cadmium and 

copper display different responses towards oxidative stress in the kidney of the sea bass 

Dicentrarchus labrax. Aquatic Toxicology, 48, 185-194. 

Rose, W.L., Nisbet, R.M., Green, P.G., Norris, S., Fan, T., Smith, E.H., Cherr, G.N. and Anderson, 

S.L. (2006). Using an integrated approach to link biomarker responses and physiological 

stress to growth impairment of cadmium-exposed larval topsmelt. Aquatic Toxicology, 80, 

298-308. 

Roy, S. and Bhattacharya, S. (2006). Arsenic-induced histopathology and synthesis of stress 

proteins in liver and kidney of Channa punctatus. Ecotoxicology and Environmental 

Safety,65, 218-229. 

Rutherford, R.J.G. (2011). Improving understanding of endocrine-active compounds in pulp and 

paper mill condensates using a mummichog (Fundulus heteroclitus) bioassay.M. Sc. Thesis, 

Faculty of Science, Wilfrid Laurier University, Canada. 



33 

 

Sales, C.F., Santos, K.P.E.D., Rizzo, E., Ribeiro, R.I.M.A., Santos, H.B.D., Thomé, R.G. (2017). 

Proliferation, survival and cell death in fish gills remodeling: From injury to recovery. Fish 

and Shellfish Immunology 68, DOI: 10.1016/j.fsi.2017.07.001 

Sarmento, A., Guilhermino, L. and Afonso, A. (2004). Mercury chloride effects on the function and 

cellular integrity of sea bass (Dicentrarchus labrax) head kidney macrophages. Fish and 

Shellfish Immunology, 17, 489-498. 

Sassi-Messai, S., Gibert, Y., Bernard, L., Nishio, S.-I., Ferri Lagneau, K.F., Molina, J., Benoit, J., 

Balaguer, P., and Laudet, V. (2009). The phytoestrogen genistein affects zebrafish 

development through two different pathways. PLoS ONE, 4(3), e4935. 

http://doi.org/10.1371/journal.pone.0004935 

Scanu,S., Soetebier, S., Piazzolla, S.,Tiralongo, F., Mancini, E., Romano, N., Marcelli, M. (2015). 

Concentrations of As, Cd, Cr, Ni, and Pb in the echinoid Paracentrotus lividus on the coast 

of Civitavecchia, northern Tyrrhenian Sea, Italy. Regional Studies in Marine Science 1, 7–

17. 

Schock, E.N., Ford, W.C., Midgley, K.J., Fader, J.G., Giavasis, M.N. and Mcwhorter, M.L. (2012). 

The effects of carbaryl on the development of zebrafish (Danio rerio) embryos. Zebrafish, 9, 

169-178. 

Selvaraj, V., Armistead, M.Y., Cohenford, M. and Murray, E. (2013). Arsenic trioxide (As(2)O(3)) 

induces apoptosis and necrosis mediated cell death through mitochondrial membrane 

potential damage and elevated production of reactive oxygen species in PLHC-1 fish cell 

line. Chemosphere, 90, 1201-1209. 

Senger, M.R., Seibt, K.J., Ghisleni, G.C., Dias, R.D., Bogo, M.R., and Bonan, C.D. (2011). 

Aluminum exposure alters behavioral parameters and increases acetylcholinesterase activity 

in zebrafish (Danio rerio) brain. Cell Biology and Toxicology, 27(3):199-205. doi: 

10.1007/s10565-011-9181-y. 

Seok, S.H., Baek, M.W., Lee, H.Y., Kim, D.J., Na, Y.R., Noh, K.J., Park, S.H., Lee, H.K., Lee, 

B.H., Ryu, D.Y. and Park, J.H. (2007). Arsenic induced apoptosis is prevented by 

antioxidants in zebra fish liver cell lines. Toxicol In Vitro, 21, 870-877. 

Sharbidre, A.A., Metkari, V. and Patode, P. (2011). Effect of methyl parathion and chlorpyrifos on 

certain biomarkers in various tissues of guppy fish, Poecilia reticulata. Pesticide 

Biochemistry and Physiology, 101, 132-141. 

Shen, H.M. and Liu, Z.G. (2006). JNK signaling pathway is a key modulator in cell death mediated 

by reactive oxygen and nitrogen species. Free Radical Biology and Medicine, 40, 928-939. 

Shi, X., Zhou, B. (2010). The role of Nrf2 and MAPK pathways in PFOS-induced oxidative stress 

in zebrafish embryos. Toxicological Sciences, 115(2), 391–400. 

Shi, X., Gu, A., Ji, G., Li, Y., Di, J., Jin, J., Hu, F., Long, Y., Xia, Y. and Lu, C. (2011). 

Developmental toxicity of cypermethrin in embryo-larval stages of zebrafish. Chemosphere, 

85, 1010-1016. 

Sinaie, M., Bastami, K.D., Ghorbanpour, M., Najafzadeh, H., Shekari, M. and Haghparast, S. 

(2010). Metallothionein biosynthesis as a detoxification mechanism in mercury exposure in 

fish, spotted scat (Scatophagus argus). Fish Physiology and Biochemistry, 36, 1235-1242. 

Singh, J., Carlisle, D.L., Pritchard, D.E. and Patierno, S.R. (1998). Chromium-induced genotoxicity 

and apoptosis: relationship to chromium carcinogenesis (review). Oncology Reports, 5, 

1307-1318. 



34 

 

Som, M., Kundu, N., Bhattacharyya, S. and Homechaudhuri, S. (2009). Evaluation of hemopoietic 

responses in Labeo rohita Hamilton following acute copper toxicity. Toxicological and 

Environmental Chemistry, 91, 87-98. 

Stahl, L.L., Snyder, B.D., Olsen, A.R., Kincaid, T.M., Wathen, J.B. and Mccarty, H.B. (2014). 

Perfluorinated compounds in fish from US urban rivers and the Great Lakes. Science of the 

Total Environment, 499, 185-195. 

Steinhagen, D., Helmus, T., Maurer, S., Michael, R.D., Leibold, W., Scharsack, J.P., Skouras, A. 

and Schuberth, H.J. (2004). Effect of hexavalent carcinogenic chromium on carp Cyprinus 

carpio immune cells. Diseases of Aquatic Organisms, 62, 155-161. 

Su, F., Zhang, S., Li, H. and Guo, H. (2007). In vitro acute cytotoxicity of neonicotinoid insecticide 

imidacloprid to gill cell line of flounder Paralichthy olivaceus. Chinese Journal of 

Oceanology and Limnology, 25, 209-214. 

Sweet, L.I., Passino-Reader, D.R., Meier, P.G. and Omann, G.M. (1998). Fish thymocyte viability, 

apoptosis and necrosis: in vitro effects of organochlorine contaminants. Fish and Shellfish 

Immunology, 8, 77-90. 

Sweet, L.I. and Zelikoff, J.T. (2001). Toxicology and immunotoxicology of mercury: a comparative 

review in fish and humans. Journal of Toxicology and Environmental Health Part B: 

Critical Reviews, 4, 161-205. 

Takle, H. and Andersen, Ø. (2007). Caspases and apoptosis in fish. Journal of Fish Biology, 71, 

326-349. 

Takle, H., Mcleod, A. and Andersen, O. (2006). Cloning and characterization of the executioner 

caspases 3, 6, 7 and Hsp70 in hyperthermic Atlantic salmon (Salmo salar) embryos. 

Comparative Biochemistry and Physiology Part B: Biochemistry and Molecular Biology 

144, 188–198. 

Taylor, R.C., Cullen, S.P. and Martin, S.J. (2008). Apoptosis: controlled demolition at the cellular 

level. Nature reviews Molecular cell biology, 9, 231-241. 

Tellez-Bañuelos, M.C., Ortiz-Lazareno, P.C., Santerre, A., Casas-Solis, J., Bravo-Cuellar, A. and 

Zaitseva, G. (2011). Effects of low concentration of endosulfan on proliferation, ERK1/2 

pathway, apoptosis and senescence in Niletilapia (Oreochromis niloticus) splenocytes. Fish 

and Shellfish Immunol, 31, 1291e1296. 

Thummabancha, K., Onparn, N. and Srisapoome, P. (2016). Analysis of hematologic alterations, 

immune responses and metallothionein gene expression in Nile tilapia (Oreochromis 

niloticus) exposed to silver nanoparticles. Journal of Immunotoxicology, 13, 909-917. 

Toomey, B.H., Bello, S., Hahn, M.E., Cantrell, S., Wright, P., Tillitt, D.E. and Di Giulio, R.T. 

(2001). 2,3,7,8-Tetrachlorodibenzo-p-dioxin induces apoptotic cell death and cytochrome 

P4501A expression in developing fundulus heteroclitus embryos. Aquatic Toxicology, 53, 

127-138. 

Ton, C., Lin, Y., and Willett, C.(2006). Zebrafish as a model for developmental neurotoxicity 

testing. Birth Defects Researches Part A: Clinical Molecular Teratology 76, 553–567. 

Topal, A., Atamanalp, M., Oruç, E., Kırıcı, M. and Kocaman, E.M. (2014). Apoptotic effects and 

glucose-6-phosphate dehydrogenase responses in liver and gill tissues of rainbow trout 

treated with chlorpyrifos. Tissue and Cell, 46, 490-496. 

UNEP (2010). The nine new POPs. An introduction to the nine chemicals added to the Stockholm 

Convention by the Conference of the Parties at its fourth meeting. 15 pp. 



35 

 

Ung, C.Y., Lam, S.H., Hlaing, M.M., Winata, C.L., Korzh, S., Mathavan, S. and Gong, Z. (2010). 

Mercury-induced hepatotoxicity in zebrafish: in vivo mechanistic insights from 

transcriptome analysis, phenotype anchoring and targeted gene expression validation. BMC 

Genomics, 11, 212. 

Usenko, C.Y., Hopkins, D.C., Trumble, S.T., Bruce, E.D. Hydroxylated PBDEs induce 

developmental arrest in zebrafish. Toxicology and Applied Pharmacology 262, 43–51. 

Vašák, M. and Hasler, D.W. (2000). Metallothioneins: new functional and structural insights. 

Current Opinion in Chemical Biology, 4, 177-183. 

Venditto, V.J. and Simanek, E.E. (2010 ). Cancer Therapies Utilizing the Camptothecins: A Review 

of in Vivo Literature. Molecular Pharmaceutics, 7, 307-349. 

Vergolyas, M.R., Veyalkina, N.N. and Goncharuk, V.V. (2010). Effect of copper ions on 

hematological and cytogenetic parameters of freshwater fishes Carassius auratus gibelio. 

Cytology and Genetics, 44, 124-128. 

Viant, M.R., Werner, I., Rosenblum, E.S., Gantner, A.S., Tjeerdema, R.S. and Johnson, M.L. 

(2003). Correlation between heat-shock protein induction and reduced metabolic condition 

in juvenile steelhead trout (Oncorhynchus mykiss) chronically exposed to elevated 

temperature. Fish Physiology and Biochemistry, 29, 159-171. 

Wang, L., Camus, A.C., Dong, W., Thornton, C. and Willett, K.L. (2010). Expression of CYP1C1 

and CYP1A in Fundulus heteroclitus during PAH-induced carcinogenesis. Aquatic 

Toxicology, 99, 439-447. 

Wang, W.C., Mao, H., Ma, D.D. and Yang, W.X. (2014). Characteristics, functions, and 

applications of metallothionein in aquatic vertebrates. Frontiers in Marine Science, 1, 34. 

Wang, X., Cai, J., Zhang, J., Wang, C., Yu, A., Chen, Y. and Zuo, Z. (2008). Acute trimethyltin 

exposure induces oxidative stress response and neuronal apoptosis in Sebastiscus 

marmoratus. Aquatic Toxicology, 90, 58-64. 

Wang, Y.C., Chaung, R.H. and Tung, L.C. (2004). Comparison of the cytotoxicity induced by 

different exposure to sodium arsenite in two fish cell lines. Aquatic Toxicology, 69, 67-79. 

Wang, F., Fang, M., Hinton, D.E., Chernick, M., Jia, S., Zhang Y., Xie L., Dong, W., and Dong W. 

(2018). Increased coiling frequency linked to apoptosis in the brain and altered thyroid 

signaling in zebrafish embryos (Danio rerio) exposed to the PBDE metabolite 6-OH-BDE-

47. Chemosphere, 198, 342-350. 

Weber, L.P. and Janz, D.M. (2001). Effects of beta-naphthoflavone and dimethyl-benz[a]anthracene 

on apoptosis and HSP70 expression in juvenile channel catfish (Ictalurus punctatus) ovary. 

Aquatic Toxicology,54, 39-50. 

Weber, L.P., Kiparissis, Y., Hwang, G.S., Niimi, A.J., Janz, D.M. and Metcalfe, C.D. (2002). 

Increased cellular apoptosis after chronic aqueous exposure to nonylphenol and quercetin in 

adult medaka (Oryzias latipes). Comparative Biochemistry and Physiology Part C: 

Toxicology and Pharmacology, 131, 51-59. 

Wise, J.P., Goodale, B.C., Wise, S.S., Craig, G.A., Pongan, A.F., Walter, R.B., Thompson, W.D., 

Ng, A.K., Aboueissa, A.M. and Mitani, H. (2010). Silver nanospheres are cytotoxic and 

genotoxic to fish cells. Aquatic Toxicology, 97, 34-41. 

Wu, F., Zheng, Y., Gao, J., Chen, S. and Wang, Z. (2014). Induction of oxidative stress and the 

transcription of genes related to apoptosis in rare minnow (Gobiocypris rarus) larvae with 

Aroclor 1254 exposure. Ecotoxicology and Environmental safety, 110, 254-260. 



36 

 

Wu, J., Du, F., Zhang, P., Khan, I.A., Chen, J. and Liang, Y. (2005). Thermodynamics of the 

interaction of aluminum ions with DNA: implications for the biological function of 

aluminum. Journal ofInorganic Biochemistry, 99, 1145-1154. 

Wu, S.M., Chen, C.C., Lee, Y.C., Leu, H.T. and Lin, N.S. (2006). Cortisol and copper induce 

metallothionein expression in three tissues of tilapia (Oreochromis mossambicus) in Organ 

Culture. Zoological Studies, 45, 363-370. 

Wyllie, A.H. (1997). Apoptosis: an overview. British Medical Bulletin, 53, 451-465. 

Xiang, L.X. and Shao, J.Z. (2003). Role of Intracellular Ca2+, Reactive Oxygen Species, 

Mitochondria Transmembrane Potential, and Antioxidant Enzymes in Heavy Metal-Induced 

Apoptosis in Fish Cells. Bulletin of Environmental Contamination and Toxicology, 71, 114-

122. 

Xiang, L.X., Shao, J.Z. and Meng, Z. (2001). Apoptosis induction in fish cells under stress of six 

heavy metal ions. Progress in Biochemistry and Biophysics, 28, 866-869. 

Yadetie, F., Bjørneklett, S., Garberg, H.K., Oveland, E., Berven, F., Goksøyr, A. and Karlsen, O.A. 

(2016). Quantitative analyses of the hepatic proteome of methylmercury-exposed Atlantic 

cod (Gadus morhua) suggest oxidative stress-mediated effects on cellular energy 

metabolism. BMC Genomics, 17, 554. 

Yadetie, F., Karlsen, O.A., Eide, M., Hogstrand, C. and Goksøyr, A. (2014). Liver transcriptome 

analysis of Atlantic cod (Gadus morhua) exposed to PCB 153 indicates effects on cell cycle 

regulation and lipid metabolism. BMC Genomics, 15, 481. 

Yamashita, M. (2003). Apoptosis in zebrafish development. Comparative Biochemistry and 

Physiology Part B: Biochemistry and Molecular Biology. 136(4), 731-742 

Yamashita, M., Yabu, T. and Ojima, N. (2010). Stress protein HSP70 in fish. Aqua-BioSci 

Monographs, 3, 111-141. 

Yoo, J.L. and Janz, D.M. (2003). Tissue-specific HSP70 levels and reproductive physiological 

responses in fishes inhabiting a metal-contaminated creek. Archives of Environmental 

Contamination and Toxicology, 45, 0110-0120. 

Yu, K., Li, G., Feng, W., Liu, L., Zhang, J., Wu, W., Xu, L. and Yan, Y. (2015). Chlorpyrifos is 

estrogenic and alters embryonic hatching, cell proliferation and apoptosis in zebrafish. 

Chemico-Biological Interactions, 239, 26-33. 

Yüksel, H., İspir, H., Ulucan, A., Türk, C., Taysı, M.R. (2016). Effects of hexachlorocyclohexane 

(hch-γ-isomer, lindane) on the reproductive system of zebrafish (Danio rerio). Turkish 

Journal of Fisheries and Aquatic Sciences 16: 917-921. 

Zhang, J., Zuo, Z., Chen, Y., Zhao, Y., Hu, S., and Wang, C. (2007)., Effect of tributyltin on the 

development of ovary in female cuvier (Sebastiscus marmoratus). Aquatic Toxicology, 

83(3), 174-179. 

Zhang, H.J., Zhang, J.Y. and Zhu, Y.M. (2008). In vitro investigation for the QSAR mechanism of 

lymphocytes apoptosis induced by substituted aromatic toxicants. Fish and Shellfish 

Immunology, 25, 710e717. 

Zheng, Y., Qiu, L., Fan, L., Song, C., Meng, S. and Chen, J. (2016). Effect of polychlorinated 

biphenyls on osmoregulatory response and apoptosis in GIFT tilapia, Oreochromis niloticus. 

Genetics and Molecular Research: GMR, 15. 

 

 


