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Abstract: Metals are ubiquitous in aquatic environments, where they play both
essential and toxic roles in the development of aquatic organisms, particularly
fish embryos. This review examines the normal and excessive concentrations of
metals in fish embryos, exploring the physiological roles and adverse effects
associated with varying levels. Metals, derived from both natural and
anthropogenic sources, enter aquatic ecosystems, where they undergo processes
of bioaccumulation and bio-magnification, impacting organisms at various trophic
levels. This review begins by discussing the uptake mechanisms and distribution
of metals in fish embryos and establishes the accepted normal concentration
limits for various metals. Essential metals, such as zinc and copper, are required
for embryo development; however, when present in excess, metals like mercury,
lead, and cadmium cause significant toxicity through pathways such as oxidative
stress and cellular apoptosis, resulting in developmental abnormalities, reduced
hatching rates, and mortality in fish embryos. The review also highlights
detoxification and adaptive mechanisms in embryos, including the production of
metallothioneins, as well as interspecies differences in tolerance. Methods for
assessing metal toxicity in fish embryos are outlined, encompassing bioassays,
imaging, and biomarker analysis. Lastly, knowledge gaps and future research
directions are discussed, emphasizing the need for standardized toxicity testing
and further studies on genetic and molecular responses to metal exposure.
Understanding the balance between essential and toxic levels of metals in fish
embryos is critical for establishing effective environmental regulations and
conservation strategies.
Keywords: metal toxicity, fish embryo, bioaccumulation, normal concentration
limits, aquatic ecosystems, developmental abnormalities, detoxification,
environmental regulation

1.0 Introduction to Metal Presence in Aquatic Environments

Heavy metals are pervasive environmental pollutants that can adversely affect
aquatic organisms, particularly during critical developmental stages such as
embryogenesis. This review aims to compare the roles of metals in fish embryos
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under normal exposure limits versus conditions where these limits are exceeded.
Understanding these differences is vital for assessing environmental risks and
developing management strategies.

1.1 Normal Limits of Metal Exposure

In natural aquatic ecosystems, fish embryos are exposed to trace metals that are
essential in small quantities, such as zinc (Zn), copper (Cu), and selenium (Se).
These metals play crucial roles in enzymatic functions, cellular processes, and
overall development. For instance:

Zinc is vital for DNA synthesis, cell division, and protein synthesis (McKenzie et
al., 2013). Copper contributes to iron metabolism and is essential for the
formation of red blood cells (Baker & Wentz, 1990). Selenium acts as an
antioxidant, protecting embryos from oxidative stress during development
(Shivakumar et al., 2016).

1.3 Exceeding Limits of Metal Exposure

When environmental concentrations of heavy metals exceed safe levels, the
repercussions for fish embryos can be severe. Research indicates that elevated
levels of metals such as lead (Pb), mercury (Hg), and cadmium (Cd) lead to a
myriad of developmental issues:

1.3.1.Lead: Exposure to high concentrations of lead has been linked to neural
and developmental deficits in fish embryos, causing abnormalities in brain
structure and function (Lépez et al., 2018).

1.3.2. Mercury: High mercury levels can disrupt cellular processes and lead to
apoptosis, resulting in reduced survival rates and deformities (Kahn et al., 2017).
Mercury is particularly notorious for its neurotoxic effects, impacting the
developing nervous system.

1.3.3. Cadmium: Cadmium exposure is associated with reduced hatching rates,
delayed development, and increased mortality in fish embryos (Pérez et al.,
2020). It interferes with the synthesis of proteins essential for growth and cellular
repair.

1.4 Physiological and Molecular Impacts

The physiological effects of heavy metals at toxic concentrations extend beyond
morphological changes. They can induce oxidative stress, leading to DNA
damage and altered gene expression in fish embryos. For instance, exposure to
cadmium has been shown to upregulate stress response genes while
downregulating genes involved in growth and development (Jha, 2008).
Additionally, interactions between multiple heavy metals can exacerbate these
effects. The combined toxicity of metals often results in synergistic effects, where
the presence of one metal enhances the toxic effects of another (Garcia et al.,
2020).

1.5 Overview of metals commonly found in aquatic ecosystems

Metals are ubiquitous in aquatic ecosystems, with both essential and toxic effects
on organisms (Galvin, 1996). Common metals include lead, mercury, cadmium,
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arsenic, copper, zinc, and chromium (Seleghim&Horikawa, 2020; Rafi et al.,
2021). These metals enter aquatic environments through industrial, agricultural,
and municipal waste disposal (Rafi et al., 2021). While some metals like
molybdenum and zinc are essential for human life, others like cadmium and
mercury have negative toxicological effects (Galvin, 1996). Heavy metals can
bioaccumulate in the food chain, impacting biodiversity, ecosystem services, and
human health (Seleghim&Horikawa, 2020). In aquatic organisms, metal uptake
involves absorption through membranes, intracellular transport, and
sequestration in tissues (Deb & Fukushima, 1999). Metallothioneins and plasma
proteins play crucial roles in regulating essential metals and detoxifying harmful
ones (Deb & Fukushima, 1999). Excessive metal concentrations can lead to organ
damage, anemia, and death in fish and other aquatic life (Rafi et al., 2021).

1.6 Sources of metal contamination (natural vs. anthropogenic)

Metal contamination in the environment stems from both natural and
anthropogenic sources. Natural sources include weathering of metal-rich rocks,
volcanic eruptions, and wind-blown dust (Thornton, 1995). Anthropogenic
sources encompass industrial activities, mining, smelting, and fuel combustion
(Santos & Rodriguez, 2012). Distinguishing between these sources is crucial for
effective mitigation strategies. Geochemical and mineralogical characteristics
can help differentiate natural from anthropogenic metal sources in soils and
sediments (Kelley & Hudson, 2007). For instance, natural weathering of deposits
typically results in increasing metal concentrations with depth, while
anthropogenic contamination is often localized at the surface. Statistical methods
like principal component analysis and spatial interpolation can aid in identifying
metal sources and distribution patterns (Davis et al., 2009). Understanding the
origins and behavior of metals in the environment is essential for assessing their
impact on plant, animal, and human health, and for developing appropriate
regulatory policies (Thornton, 1995).

1.7 Bioaccumulation and biomagnification of metals

Bioaccumulation and biomagnification of metals in food chains have significant
implications for wildlife and human health (Ali & Khan, 2019). The process
involves the transfer of metals from the environment to living organisms, with
accumulation occurring at different trophic levels (Mann et al.,, 2011).
Bioaccumulation in fish results from both aqueous uptake (bioconcentration) and
dietary intake (biomagnification) (Streit, 1998). Factors influencing metal
accumulation include biotic elements like body size, age, and diet, as well as
abiotic factors such as environmental metal distribution and water chemistry
(Jakimska et al., 2011). Carnivorous species tend to accumulate higher metal
concentrations than herbivores or omnivores (Jakimska et al., 2011). The trophic
transfer of hazardous metals like cadmium, lead, mercury, and arsenic is of
particular concern (Ali & Khan, 2019). Understanding these processes is crucial
for assessing ecosystem health and potential risks to human populations (Mann et
al., 2011).
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2.0 Mechanisms of metal uptake in embryos

The mechanisms of metal uptake in embryos involve several key processes. In
avian embryos, vitellogenin plays a crucial role in transporting trace elements
from the hen's liver to the developing oocyte and egg yolk (Richards & Steele,
1987; Richards, 1997). The yolk sac membrane is primarily responsible for
mobilizing and uptaking trace minerals from egg stores, regulating their export
to the embryo (Richards, 1997). Specific metal-binding proteins mediate
interorgan transport, cellular uptake, and intracellular partitioning of trace
elements in the developing embryo (Richards & Steele, 1987). In mammalian
embryos, cadmium uptake mechanisms differ based on gestational age. Early in
development, cadmium can pass from the yolk-sac cavity into the primitive gut
for absorption, but this pathway closes later in gestation (Dencker, 1975).
Cadmium also accumulates in various maternal and embryonic tissues,
potentially disrupting maternal-embryonic relationships and fetal nutrition
(Dencker, 1975).

2.1 Differences in metal accumulation during early developmental stages
Metal accumulation in aquatic organisms varies significantly across
developmental stages and species. In amphibians, metal concentrations
generally decrease with increasing weight and developmental stage in anurans,
while in salamanders, concentrations are less correlated with weight, suggesting
diet plays a role (Smalling et al.,, 2021). Similarly, in the aquatic insect
Ephoronvirgo, mercury and cadmium concentrations increase in early nymph
stages before decreasing in later stages (Cid et al., 2010). Xenopuslaevis
embryos show increased cadmium uptake and bioaccumulation as development
progresses, with a significant increase in resistance to cadmium toxicity at later
stages (Herkovits et al., 1998). In Caenorhabditiselegans, the profiles of iron,
copper, and zinc bound to proteins change markedly during development from
eggs to young adults, with each metal exhibiting a unique pattern (Hare et al.,
2016). These studies highlight the complexity of metal accumulation dynamics
across different species and developmental stages.

2.2 Factors influencing metal distribution in fish embryos

Metal distribution in fish embryos is influenced by various factors. Essential
metals like iron, copper, zinc, and manganese play crucial roles in fish
development and are obtained primarily from the yolk during embryonic stages
(Chandrapalan&Kwong, 2021). The uptake and distribution of metals differ
between nanoparticles and metal ions, with gold showing the highest
accumulation, followed by silver, zinc, and copper (Béhme et al.,, 2017).
Subcellular metal distribution in prey significantly affects metal assimilation in
fish, with higher assimilation efficiencies observed for heat-stable and heat-
sensitive protein fractions compared to insoluble fractions (Zhang & Wang, 2006).
Heavy metal toxicity can negatively impact early development, growth, and
reproduction in fish, causing reduced gonadosomatic index, fecundity, hatching
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rate, and fertilization success (Taslima et al., 2022). The effects of heavy metals on
fish embryos vary depending on species, metal type, concentration, and
exposure time (Taslima et al., 2022).

3.0 Normal Limits of Metal Concentrations in Fish Embryos and Definition
of safe or normal limits for different metals

Research on safe concentrations of metals in environmental and biological
contexts has been conducted across multiple studies. Iwasaki &Ormerod (2012)
estimated safe concentrations for copper, zinc, cadmium, and manganese in
rivers using macroinvertebrate surveys, finding values that aligned with existing
water quality standards. For human health, Makarenko et al. (2001) compiled
normal levels of heavy metals in various human organs, tissues, and fluids,
emphasizing the importance of laboratory-specific reference values. Karamova et
al. (2010) proposed a method for determining ecologically allowable levels of
heavy metals in human serum by simultaneously measuring metal concentrations
and homeostasis parameters in healthy individuals. They suggested that these
levels could serve as clinical maximum allowable concentrations (MACs). These
studies collectively contribute to defining safe or normal limits for different
metals in both environmental and human health contexts, providing valuable
reference points for risk assessment and toxicological evaluations.

3.1 Regulatory standards and guidelines for metal limits in aquatic life
Regulatory standards for metal limits in aquatic ecosystems have evolved to
address the complex issue of metal bioavailability and toxicity. Environmental
Quality Standards (EQSs) based on total metal concentrations may not adequately
protect aquatic life, necessitating the incorporation of bioavailability assessment
tools (Bass et al., 2008; Vaananen et al., 2018). The biotic ligand model (BLM)
approach is currently considered the best method for evaluating metal
bioavailability and chemical speciation in EQS setting (Bass et al., 2008).
Quantitative structure-activity relationship (QSAR) methods have been developed
to predict metal toxicity and criteria maximum concentrations (CMCs) for various
aquatic organisms (Wu et al., 2013). The U.S. Environmental Protection Agency
has implemented site-specific environmental risk assessments for water and
sediment, including metal mixture toxicity evaluation (Prothro, 1993; Vdaananen et
al., 2018). However, there is a need for advanced guidelines, simple scientific
methods for assessing metal bioavailability, and improved knowledge among
administrators to effectively manage metal contamination in freshwater
ecosystems (Vaananen et al., 2018).

3.2 Examples of acceptable concentration levels for key metals (e.g.,
mercury, lead, cadmium)

Research indicates acceptable concentration levels for key metals in human
biological samples. For blood lead, the Health Canada guidance value is 10
ug/dL, with fewer than 1% of Canadians exceeding this level (Wong & Lye, 2008).
Blood mercury concentrations above 20 pug/L for adults are considered elevated,
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with less than 1% of Canadian adults surpassing this threshold (Wong & Lye,
2008). For breast milk, screening levels of approximately 5 ng/L for cadmium, 20
ng/L for lead, and 3.5 ug/L for mercury are suggested (Abadin et al., 1997). The
Soil Association Organic Standards specify maximum permitted levels for heavy
metals in soils and manures, including zinc, chromium, copper, lead, nickel,
cadmium, mercury, and arsenic (Padel& Lowman, 2005). However, safe levels of
chronic biological exposure can overlap with concentrations causing health
effects, and individual sensitivity varies (Baron &Schweinsberg, 1988). Ongoing
research is needed to refine these guidelines and better understand the health
impacts of low-level metal exposure.

4.0 Physiological Role of Metals Within Normal Limits

Essential metals play crucial roles in human health, with sodium, potassium,
magnesium, calcium, and several transition metals being vital for normal
biological functions (Gupta, 2018; Jomova et al., 2022). These metals are integral
to enzyme activity, cellular processes, and maintaining homeostasis, particularly
in the central nervous system (Jomova et al., 2022). Deficiency or excess of these
metals can lead to various diseases, including anemia, brain and heart diseases,
and growth retardation (Gupta, 2018). While essential metals are necessary for
survival, they can become toxic in excess (Gupta, 2018; Lynes et al., 2007). Non-
essential heavy metals like cadmium, mercury, and lead are generally toxic and
can disrupt normal biological functions (Lynes et al., 2007; Pier, 1975). The
cellular targets for metal toxicity include the kidney, liver, heart, immune
response, and nervous systems (Lynes et al., 2007). Understanding the role of
metals in human health is crucial for developing treatments and maintaining
overall well-being (Jomova et al., 2022).

4.1 Essential metals and their role in fish embryo development (e.g., zinc,
copper)

Essential metals like zinc, copper, and iron play crucial roles in fish embryo
development. These metals are vital for various biological processes, including
energy metabolism and immune response (Chandrapalan&Kwong, 2021). In early
developmental stages, fish embryos obtain essential metals primarily from the
yolk (Chandrapalan&Kwong, 2021). Studies on Xenopuslaevis oocytes and
embryos have shown that the full complement of zinc, iron, and copper needed
for development is present at oocyte maturation (Nomizu et al., 1993). However,
excessive concentrations of these metals can have adverse effects. For instance,
copper and zinc exposure in zebrafish embryos/larvae can lead to
developmental toxicity and thyroid disruption (Zhong et al., 2022). The
homeostasis of these essential metals becomes critical at the blastocyst stage and
during early morphogenesis, with their roles extending throughout development
(Kambe et al., 2008). Understanding the mechanisms of metal homeostasis and
their developmental impacts is crucial for fish embryology research.
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4.2 How fish embryos utilize trace metals for growth and cellular functions
Trace metals like iron, copper, zinc, and manganese play crucial roles in fish
embryonic development, growth, and cellular functions (Chandrapalan&Kwong,
2021). During early stages, fish embryos primarily obtain these essential metals
from the yolk (Chandrapalan&Kwong, 2021; Thomason et al., 2017). MicroXRF
tomography has revealed distinct distributions of zinc and iron in zebrafish
embryos, with zinc predominantly in the yolk and iron in brain regions and
myotome (Bourassa et al., 2016). Metal levels remain stable until embryos can
acquire them from the environment (Thomason et al., 2017). While these metals
are essential for growth and development, excessive concentrations can be toxic,
affecting early development, growth, and reproduction in fish (Taslima et al.,
2022). The absorption and regulation of trace metals involve specific transporters
and a complex network of regulatory mechanisms (Chandrapalan&Kwong, 2021).
Understanding trace metal utilization in fish embryos is crucial for genetic,
physiological, and toxicological studies (Thomason et al., 2017).

4.3 Mechanisms of metal homeostasis in embryos

Metal homeostasis is crucial for embryonic development, with copper, zinc, and
iron playing key roles from the blastocyst stage onwards (Kambe et al., 2008).
Zinc, the most abundant transition metal in mammalian oocytes and
preimplantation embryos, is essential for early mitotic divisions and proper
chromatin structure (Kong et al.,, 2015). In avian embryos, trace mineral
metabolism begins with egg formation, involving vitellogenin-mediated transfer
to the yolk and subsequent mobilization by the yolk sac membrane (Richards,
1997). Bacterial systems demonstrate the importance of coordination chemistry in
metal transport and sensing, with specialized proteins regulating metal
homeostasis in response to deprivation or overload (Ma et al., 2009). These
mechanisms ensure proper metal distribution and utilization throughout
development, with each component of the homeostasis machinery being
selective for specific metal ions under prevailing conditions (Ma et al., 2009).
Understanding these processes is crucial for elucidating the diverse roles of
metals in embryonic growth and differentiation.

5.0 Effects of Exceeding Metal Limits on Fish Embryos

Research on metal exposure in fish embryos reveals significant impacts on
development, growth, and reproduction. Exceeding safe limits of heavy metals
can cause toxicity, reduced survival, and slower embryonic development
(Taslima et al., 2022; Barbee et al., 2014). Studies have shown that metal exposure
affects motor neuron development, neuromast formation, and escape responses
in zebrafish embryos (Sonnack et al., 2015). Transcriptome analysis indicates that
essential and non-essential metals elicit different responses, with cadmium
affecting more genes post-hatch, while copper and cobalt have greater effects
pre-hatch (Sonnack et al., 2018). Even low concentrations of metals can damage
neuromasts, which are more sensitive than other morphological traits (Sonnack et
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al., 2015). Long-term consequences of sublethal exposure include reduced
gonadosomatic index, fecundity, and fertilization success (Taslima et al., 2022).
These findings highlight the importance of preventing and controlling aquatic
metal contamination to protect fish populations and ecosystem health.

5.1 Toxicity pathways of excess metals (e.g., oxidative stress, cell apoptosis)
Toxic metals can induce oxidative stress by increasing reactive oxygen species
(ROS) production, overwhelming cellular antioxidant defenses (Ercal et al., 2001;
Ghasemi et al., 2014). This oxidative stress leads to damage of lipids, proteins,
and DNA, contributing to metal toxicity (Valko et al., 2005). Mitochondria are key
targets for metal-induced toxicity, with metals disrupting oxidative
phosphorylation and membrane integrity (Ghasemi et al., 2014). Different metals
have varying mechanisms: redox-active metals like iron undergo redox cycling,
while redox-inactive metals like cadmium deplete cellular antioxidants (Ercal et
al., 2001). Metal-induced oxidative stress can trigger apoptosis through multiple
pathways, including mitochondrial permeability transition pore opening,
cytochrome c release, and caspase activation (Korotkov, 2023). The toxicity of
metals can potentially be mitigated by antioxidant supplementation, though
further research is needed to fully elucidate the mechanisms of metal toxicity and
effective interventions (Ercal et al., 2001; Ghasemi et al., 2014).

5.2 Case studies of specific metals and their toxic impact on fish embryos
Heavy metals pose significant threats to aquatic ecosystems, particularly affecting
fish embryos and larvae. Studies have shown that exposure to metals like
cadmium, copper, cobalt, nickel, and zinc can lead to various developmental
abnormalities in fish embryos, including growth retardation, yolk sac edema, and
scoliosis (De Silva et al., 2021; Naz et al., 2023). Transcriptome analysis revealed
that different metals affect gene expression differently at various developmental
stages, with cadmium impacting more genes post-hatch and essential metals like
copper and cobalt showing greater effects pre-hatch (Sonnack et al., 2018). The
toxicity of heavy metals can result in reduced survival rates, disrupted growth
hormone expression, and impaired neuromast and motor neuron development
(Sonnack et al., 2018; Naz et al., 2023). Furthermore, heavy metal exposure can
negatively impact fish reproduction, leading to reduced gonadosomatic index,
fecundity, and fertilization success (Taslima et al., 2022). These findings
underscore the importance of monitoring and controlling heavy metal pollution in
aquatic environments.

5.3 Comparative impact on different fish species and life stages

Research on fish species' responses to environmental stressors reveals varying
sensitivities across life stages and species. Early life stages, particularly eggs and
embryos, are generally more vulnerable to low dissolved oxygen levels (Elshout
et al., 2013). Similarly, exposure to endocrine-disrupting compounds (EDCs)
affects different life stages of Atlantic salmon, with fry showing the highest
sensitivity among early stages (Duffy et al., 2014). Comparative toxicity studies of
TCDD on seven freshwater fish species demonstrate species-specific sensitivities,
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with lake herring being the most sensitive and zebrafish the least (Elonen et al.,
1998). Climate change impacts on fish populations are complex, affecting habitat
availability and connectivity throughout their life cycles. Species with specific
habitat requirements for spawning or nursery grounds, such as herring and
plaice, may be more vulnerable to climate-driven changes than those with more
flexible life histories, like anchovy (Petitgas et al., 2013). These findings
underscore the importance of considering multiple life stages and species-
specific traits when assessing environmental impacts on fish populations.

6.0 Developmental Abnormalities and Mortality in Fish Embryos Due to
Metal Toxicity

Heavy metals can significantly impact fish embryonic development and larval
survival. Exposure to metals like cadmium (Cd) and copper (Cu) during early
developmental stages can reduce embryonic survival, increase malformations,
delay hatching, and impair larval growth and development (Witeska et al., 2013).
Zinc, molybdenum, and copper were found to be particularly toxic, causing
increased mortality and shorter life expectancy in zebrafish embryos (Gouva et
al., 2020). Cadmium has been shown to decrease thyroid hormone levels and
disrupt growth hormone expression in fish, while nickel exposure can lead to
various negative health effects (Naz et al., 2023). The embryonic stage appears to
be more sensitive to heavy metal exposure than later life stages, with effects
potentially persisting even after transfer to clean water (Witeska et al., 2013).
These developmental abnormalities can have long-term consequences for fish
populations, affecting survival, growth rates, and overall welfare (Sfakianakis et
al., 2015).

6.1 Types of developmental abnormalities caused by excessive metal
exposure

Excessive metal exposure can cause various developmental abnormalities in
mammals. Metals such as lead, mercury, arsenic, cadmium, and chromium can
affect reproduction and development, leading to subfertility, infertility,
spontaneous abortions, malformations, and birth defects (Apostoli&Catalani,
2011). The timing and duration of exposure, as well as metal distribution and
accumulation in organs, influence the severity of effects (Apostoli&Catalani,
2010). Neonatal and early postnatal periods are particularly sensitive to metal
toxicity (Apostoli&Catalani, 2011). Proposed mechanisms of action include
endocrine disruption and oxidative stress (Apostoli&Catalani, 2010). While
experimental data provide clear evidence of metal-induced developmental
toxicity, human studies are limited (Apostoli&Catalani, 2011). Chelating agents
such as DMSA and DMPS have shown effectiveness in alleviating arsenic- and
mercury-induced teratogenesis, while Tiron may protect against vanadium- and
uranium-induced developmental toxicity (Domingo, 1994).
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6.2 Impact on hatching rates, growth, and survival of fish embryos

Research on fish embryos reveals that various factors impact hatching rates,
growth, and survival. Antioxidants like a-lipoic acid and ascorbic acid can
enhance cell proliferation and somatic growth in zebrafish larvae (Francis et al.,
2012). Light intensity and photoperiod influence embryonic development, with
higher hatching rates and larval survival observed at lower light intensities for
some species (Arambam et al., 2020). Heavy metal pollution poses a significant
threat to fish development, affecting hatching rates, growth, and reproduction,
with impacts varying by species, metal type, concentration, and exposure time
(Taslima et al., 2022). Uranium exposure, both through chemical and radiological
toxicity, can significantly impair hatching success, growth, and survival of
zebrafish embryos and larvae, with early life stages showing higher sensitivity to
contamination (Bourrachot et al., 2008). These findings underscore the
importance of considering multiple environmental factors in aquaculture and
environmental risk assessments.

6.3 Long-term ecological consequences of metal toxicity

Long-term metal pollution poses significant threats to biodiversity and ecosystem
integrity. Chronic exposure to heavy metals can negatively affect population
distribution, community structure, and ecosystem dynamics (Tovar-Sanchez et al.,
2018). The Rio Doce estuary in Brazil exemplifies these long-term consequences,
where metal contamination persists years after a major mining disaster, causing
ongoing ecological risks and potential human health impacts (Gabriel et al.,
2021). Genetic studies have become increasingly important in understanding the
long-term effects of metal pollution on animal populations (Mussali-Galante et al.,
2014). Researchers are now focusing on delayed, transgenerational, and
evolutionary impacts of pollutants to improve ecological risk assessments
(Coutellec&Barata, 2013). This emerging field of long-term and evolutionary
ecotoxicology aims to provide valuable tools for sustainable ecosystem
management and conservation, balancing human impact with environmental
protection (Coutellec & Barata, 2013).

1.0 Factors Influencing Metal Toxicity in Fish Embryos

Metal toxicity in fish embryos is influenced by various biotic and abiotic factors.
Water quality parameters such as pH, temperature, hardness, and organic
substances can significantly alter metal toxicity, often attenuating its effects
(Wang, 1987; Davies, 1986). Salinity has been shown to alleviate the lethal toxicity
of copper and cadmium in zebrafish embryos, although this protective effect is
concentration-dependent (Santos et al., 2021). Organism-specific factors,
including species, life stage, and tolerance, also play crucial roles in determining
metal toxicity (Wang, 1987; Davies, 1986). Zebrafish embryos exposed to trace
metals like arsenic, cadmium, mercury, lead, copper, and zinc exhibit increased
mortality rates and various sublethal deformities, demonstrating their sensitivity
to metal pollution (De Silva et al.,, 2021). The complex interactions between
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metals and environmental factors highlight the importance of considering site-
specific conditions when assessing environmental hazards (Wang, 1987; Davies,
1986).

1.1 Role of environmental factors (e.g., pH, temperature) in metal toxicity
Environmental factors significantly influence metal toxicity and accumulation in
aquatic and terrestrial organisms. pH plays a crucial role, with lower pH
generally increasing metal toxicity and uptake (Gaur &Noraho, 1995; Spurgeon et
al., 2006). Temperature elevation typically enhances metal toxicity by increasing
metabolic activities and metal transport (Wang, 1987; Gaur &Noraho, 1995).
Water hardness and alkalinity can reduce metal toxicity through various chemical
mechanisms (Davies, 1986). The presence of organic and inorganic ligands, such
as EDTA, can decrease metal bioavailability and toxicity by forming complexes
(Gaur &Noraho, 1995). Organism-specific factors like size, life stage, and species
also affect metal toxicity responses (Wang, 1987; Davies, 1986). Metal speciation,
particularly the free ion concentration, is highly pH-dependent and correlates
well with toxicity and accumulation in some organisms (Spurgeon et al., 2006).
These findings highlight the importance of considering site-specific conditions
and multiple factors when assessing environmental metal toxicity (Wang, 1987).
1.2 Influence of metal speciation and bioavailability

Metal speciation and bioavailability in aquatic and terrestrial systems are crucial
for understanding metal toxicity and uptake by organisms. pH and salinity
significantly influence metal speciation and bioavailability, with lower values
generally increasing biological effects (Riba et al., 2003). Dynamic speciation
analysis provides insights into metal lability and bioavailability across different
time scales (van Leeuwen et al., 2005). In anaerobic digestion, metal sulfides act
as stores and sources of trace metals, while chelating agents can control
bioavailability (Thanh et al., 2016). The interaction between organisms and
metals in soil can be understood as competition between all system components,
explaining seemingly contradictory observations of pH effects on metal toxicity in
different environments (Plette et al., 1999). This quantitative approach to metal
speciation and bioavailability can help predict metal sorption to biota in complex
systems and assess the impact of environmental changes on metal availability
(Plette et al., 1999).

1.3 Synergistic and antagonistic effects of multiple metals and other
pollutants

The synergistic and antagonistic effects of multiple metals and pollutants on
aquatic organisms have been extensively studied. Research has shown that
combinations of metals like Zn, Cu, and Cd can exhibit both synergistic and
antagonistic effects on microbial biosensors, with the toxicity of metal
combinations often greater than the sum of individual toxicities (Preston et al.,
2000). Similar interactions have been observed in vitro with various metal cations
affecting eukaryotic cells (Wataha et al., 1992). The toxicity of metal mixtures can
be influenced by factors such as exposure duration, test species, and
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environmental conditions (Preston et al., 2000; Mitchell et al., 2011). Furthermore,
the presence of engineered nanoparticles (ENPs) in aquatic environments can
alter the bioavailability and toxicity of metallic pollutants, leading to complex
interactions and effects on aquatic organisms (Li et al.,, 2020). Understanding
these interactions is crucial for accurate environmental risk assessment and
developing mitigation strategies for metal-contaminated water sources (Mitchell
etal., 2011).

8.0 Protective Mechanisms and Adaptive Responses

Protective mechanisms and adaptive responses are crucial for organisms to
defend against environmental stressors like radiation and chemicals. These
responses involve complex cellular processes including DNA repair, antioxidant
production, and immune system activation (Dimova et al., 2008; Martin &Dodds,
2006). The adaptive response, triggered by low-dose exposure, can increase
resistance to subsequent higher doses of the same or different stressors (Dimova
et al., 2008; Guéguen et al., 2018). This phenomenon is orchestrated through
multiple stress response pathways, such as p53, ATM, Nrf2, and NF-kB (Guéguen
et al., 2018). Aging may affect these adaptive responses, although the exact
mechanisms remain unclear (Miura, 2004). Understanding these processes is
essential for improving cancer treatment, radiation protection, and risk
assessment (Dimova et al., 2008; Guéguen et al., 2018). However, the biological
effects of low-dose exposure are controversial and challenging to detect due to
their low magnitude and long-term nature (Guéguen et al., 2018).

8.1 Detoxification processes in embryos (e.g., metallothionein production)
Metallothioneins (MTs) play a crucial role in metal detoxification and homeostasis
during embryonic development across various species. In snail embryos, three
MT isoforms (CAMT, CuMT, and Cd/CuMT) show differential expression patterns,
with CAMT responding to cadmium exposure (Baurand et al., 2015). Lizard
embryos exhibit spatiotemporal changes in MT expression, initially in the central
nervous system and later in metabolic tissues (Simoniello et al., 2010). Rabbit
blastocysts demonstrate constitutive MT expression, which can be induced by
zinc and cadmium exposure (Andrews et al., 1987). Similarly, turkey embryos in
shell-less culture synthesize MT-like proteins in response to zinc, particularly in
the liver and yolk sac (Richards, 1984). These studies highlight the importance of
MT in metal regulation during early development, with expression patterns and
responses varying across species and developmental stages. The ability to
synthesize MTs appears to be an essential adaptation for embryos to manage
metal stress and maintain proper growth.

8.2 Potential adaptive responses to metal exposure

Plants have developed various adaptive responses to cope with metal exposure.
These include both constitutive mechanisms present in most phenotypes and
adaptive mechanisms specific to tolerant phenotypes (Meharg, 1994).
Metallothioneins (MTs), small cysteine-rich polypeptides, play a crucial role in
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forming cross-adaptation responses to neurobehavioral toxicity from metal
exposure in Caenorhabditiselegans (Ye et al.,, 2010). Pre-treatment with mild
metal exposure can activate adaptive responses to subsequent severe metal
exposure in nematodes, suppressing neurotoxicity on locomotion behavior
(Wang & Xing, 2009). At the molecular level, plants counteract heavy metal stress
through complex networks involving transcriptomics, genomics, proteomics, and
metabolomics. Key mechanisms include extracellular and intracellular metal
sequestration, with organic anions providing extracellular sequestration and
cellular receptors and transmembrane transporters facilitating intracellular
sequestration. The functioning of chloroplasts, mitochondria, and the Golgi
complex is also affected under heavy metal stress (Kosakivska et al., 2020).

8.3 Differences in tolerance levels among species and populations

Research on various species demonstrates significant variation in tolerance to
environmental stressors both among and within populations. Studies on Daphnia
magna revealed differences in cadmium tolerance among populations and high
genetic variability within populations (Barata et al., 2002). Similar findings were
observed for pesticide tolerance in ranid tadpoles, with variations at species,
population, and family levels (Bridges &Semlitsch, 2000). Desert woodrats from
different habitats showed differential tolerance to creosote bush resin, with the
population exposed to creosote in their natural environment exhibiting higher
tolerance (Mangione et al., 2000). These variations in tolerance have important
implications for ecological risk assessment and conservation efforts. Researchers
suggest incorporating genetic variability in tolerance into risk estimates to
improve the accuracy of extrapolations from laboratory to field conditions (Barata
et al., 2002). Understanding these differences in tolerance levels is crucial for
predicting species responses to environmental stressors and developing
effective conservation strategies.

9.0 Methods for Assessing Metal Toxicity in Fish Embryos

Recent studies have explored methods for assessing metal toxicity in fish
embryos, highlighting their sensitivity to pollutants and ecological relevance.
Zebrafish embryos exposed to trace metals like arsenic, cadmium, and copper
showed increased mortality rates and developmental abnormalities (De Silva et
al., 2021). Similar effects were observed in Galaxias maculatus embryos exposed
to metal mixtures, with impacts on larval behavior and otolith formation (Barbee
et al., 2014). Various techniques for toxicity assessment in aquatic organisms have
been developed, including disease challenge assays, bioassays, and gene
isolation methods (Ostrander, 1996). The fish embryo toxicity (FET) test has
gained popularity, but it may be less sensitive than other methods for some
neurotoxic compounds. Incorporating sublethal endpoints, such as growth
parameters and cardiovascular function, could improve the FET test's sensitivity
and utility in evaluating neurotoxic compounds (Krzykwa et al., 2019).
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9.1 Common methodologies for testing metal toxicity (e.g., bioassays,
imaging)

Common methodologies for testing metal toxicity include bioassays and imaging
techniques. Algal bioassays can detect low levels of heavy metals and assess
their biological availability, with different species showing varying sensitivities
(Hutchinson & Stokes, 1975). Microbial and biochemical assays, such as those
based on bioluminescence or enzyme activity, offer faster and less expensive
alternatives to traditional fish and daphnid bioassays (Kong et al., 1995).
Bioimaging techniques have emerged as valuable tools for visualizing metal
distribution in biological systems at nanoscale or macroscale levels. These
include autoradiography, mass spectrometry, X-ray fluorescence, and
fluorescent bioprobes (Wang, 2021). Other methods for assessing metal toxicity
in aquatic organisms involve disease challenge assays, frog embryo
teratogenesis assays, and dose-response feeding studies with salmonids
(Ostrander, 1996). These diverse approaches allow researchers to evaluate metal
toxicity at various levels of biological organization and in different environmental
contexts.

9.2 Advances in biomarker analysis for metal exposure

Recent advances in biomarker analysis for metal exposure have expanded across
multiple levels of biological organization, from molecular to ecosystem scales
(Mussali-Galante et al., 2013). These biomarkers serve as early warning signals of
environmental metal pollution, with "omics" technologies providing molecular
signatures for more robust risk assessments (Mussali-Galante et al., 2013).
Researchers are increasingly employing innovative statistical methods to analyze
metal mixtures and their health effects, necessitating a comprehensive
understanding of metal sources, biotransformation, and potential interactions
(Martinez Morata et al., 2021). Biomarkers of effects offer greater sensitivity and
specificity compared to traditional endpoints, but their use requires careful
consideration of potential confounding factors and reverse causality (Bernard,
2008). Future research should focus on integrating biomarker responses across
biological levels, using multi-species and multiple-biomarker approaches to gain
deeper insights into complex environmental problems (Mussali-Galante et al.,
2013). This integration will enable more accurate assessments of metal exposure
and its impacts on human and ecosystem health.

9.3 In vitro vs. in vivo studies in toxicity assessment

In vitro toxicology studies are gaining acceptance as potential alternatives to in
vivo animal testing for risk assessment of chemicals and airborne contaminants
(Balakrishna Murthy, 2007; Bakand et al.,, 2005). While in vitro methods offer
rapid and cost-effective toxicity screening, regulatory agencies remain cautious
about fully replacing animal studies (Bakand et al., 2005). Challenges persist in
correlating in vitro results with in vivo effects, as demonstrated by studies
comparing pulmonary toxicity profiles of various particle types (Sayes et al.,
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2007). Factors such as cell types, culture conditions, exposure duration, and
measured endpoints can influence the correlation between in vitro and in vivo
findings (Sayes et al., 2007). Despite these challenges, innovative approaches are
being developed to effectively use in vitro data for human health risk assessment
(Bale et al.,, 2014). Currently, in vitro studies primarily support hazard
characterization and mechanistic understanding of toxicity, with ongoing efforts
to improve their predictive capacity for in vivo effects (Bale et al., 2014).

10. Current Gaps and Future Directions in Research

Recent literature reviews have identified several critical gaps and future
directions in research across various fields. In work-family studies, key areas for
exploration include effective coping strategies for work-family conflict, achieving
work-family enrichment, and addressing methodological issues such as causality
and endogeneity (Kuschel, 2014). eParticipation research faces challenges in
breadth, research design, technology design, institutional resistance, equity, and
theory development (Macintosh et al., 2009). In modular integrated construction
(MiC), gaps include the need for quantitative analysis of innovative design
proposals, cost analysis, and appropriate project delivery methods. Future
directions in MiC research involve developing models for stakeholder
relationships, examining contractual relationships, conducting cost comparisons,
and integrating MiC into engineering curricula (Abdelmageed&Zayed, 2020).
These reviews highlight the importance of addressing methodological
challenges, expanding theoretical frameworks, and exploring practical
applications in future research across disciplines.

10.1 Knowledge gaps in understanding metal toxicity mechanisms in
embryos

Metal toxicity in embryos remains a significant concern, with various mechanisms
still not fully understood. Studies have shown that toxic metals can impair
vasculogenesis during early pregnancy, potentially leading to developmental
anomalies (Vimalraj et al., 2017). MicroRNAs play a crucial role in mediating
these effects, with certain miRNAs differentially expressed in response to metal
exposure (Vimalraj et al., 2017). Research has also focused on identifying
biomarkers for metal toxicity in embryos within the general population, as
industrial development increases public exposure to toxic metals (OuJie et al.,
2019). Transcriptome analysis of zebrafish embryos exposed to cadmium, cobalt,
and copper revealed concentration-dependent gene expression effects, with
cadmium eliciting a distinct response compared to the essential metals cobalt
and copper (Sonnack et al., 2017). The study identified several genes that may
indicate specific mechanisms of action for individual metals in zebrafish embryos,
providing potential targets for further investigation (Sonnack et al., 2017).

10.2 Need for standardization in metal toxicity testing

The need for standardization in metal toxicity testing is evident across aquatic
and terrestrial ecosystems. Current regulatory methods rely on limited
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standardized tests, but variations in physicochemical parameters and biological
aspects can lead to significant result variability (Janssen &Heijerick, 2003).
Factors such as hardness, pH, test medium, and species selection greatly
influence metal toxicity to algae. For sediment analyses, standardization is crucial
for grain size effects and sampling methods (Forstner&Salomons, 1980). Heavy
metals impact various microbe-mediated ecological processes, highlighting the
importance of incorporating these effects into regulatory methodologies
(Babich&Stotzky, 1985). Standardization efforts have been made in aquatic
toxicity tests, including those for freshwater branchiopods, Daphnia, brine
shrimp, and fish embryo-larval tests (Soares&Calow, 1993). To improve
environmental risk assessments and criteria, it is essential to develop
standardized, cost-effective microbial ecotoxicity tests that produce quantifiable
data for regulatory policies.

10.3 Potential areas for further research, including genetic and molecular
studies

Recent research has highlighted potential areas for further investigation in
genetic and molecular studies related to various health conditions. In otitis media,
advances in molecular biology, biochemistry, and genetics have provided new
insights into pathogenesis and identified novel therapeutic targets (Li et al.,
2013). For anorexia nervosa, studies suggest a role for the serotonin system and
potential susceptibility genes on chromosomes 1 and 10 (Klump&Gobrogge,
2005). In women's sexual health, progress has been slow due to various
challenges, emphasizing the need for more accurate phenotypes and
collaborative research to increase sample sizes (Burri, 2018). Posttraumatic stress
disorder (PTSD) research has revealed specific vulnerability genes and gene-
environment interactions, with epigenetic mechanisms like DNA methylation
playing a crucial role in mediating trauma's impact (Domschke, 2012). Future
directions may include genome-wide association studies, imaging genetics, and
pharmaco- and psychotherapy-genetic studies to further unravel genetic
underpinnings and develop tailored therapeutic approaches.

11.0 Conclusion

The role of metals in fish embryos is a complex interplay between essential
nutrients and toxic contaminants. Under normal limits, trace metals are vital for
growth and development; however, exceeding these limits poses significant
risks, resulting in developmental abnormalities, increased mortality, and long-
term impacts on fish populations. Future research should focus on establishing
clear guidelines for metal exposure in aquatic environments and developing
strategies for mitigating metal contamination.

Metal contamination in soils and food products is a significant environmental
concern. Studies have shown that cadmium (Cd) is most likely to exceed limit
concentrations in UK soils, while lead (Pb) and arsenic (As) uptake in crops
remains challenging to predict (McGrath & Zhao, 2015). In Turkey, milk samples
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from various regions revealed that 8.3% exceeded maximum residue limits for
Pb, although average levels were below the threshold (Cakir&Yarsan, 2021). Soil
metal concentrations typically follow a log-normal distribution, with some metals
exceeding the upper 99.7% limit in uncontaminated soils (Frink, 1996). In the UK,
critical load and critical limit exceedances for copper (Cu) and zinc (Zn) were
observed in approximately 20% of woodland habitats. Lead showed significant
critical load exceedance in woodland areas due to higher deposition scavenging
by trees, while Cd exhibited minimal exceedance for both critical load and
critical limit (Hall et al., 2015).

Recent ecological research has shifted from an equilibrium paradigm to
recognizing ecosystems' dynamic, non-equilibrium nature, which has significant
implications for biodiversity conservation and management (Wallington et al.,
2005). Environmental policies often struggle to incorporate these new
perspectives, creating a gap between scientific understanding and practical
application. Empathy conservation offers a promising alternative approach to
improve the effectiveness of environmental policies (Czap et al., 2018). Economic
analysis of policy options and instruments is crucial for biodiversity protection,
with institutional reform potentially providing appropriate incentive structures
(Bhattarai&Hammig, 1998). Behavioral science has shown potential in influencing
environmental policy and conservation practices, particularly through
interventions focusing on feedback, framing, green nudges, and social norms
(Vélez& Moros, 2021). However, challenges remain in scaling up these
interventions and applying them to common pool resources in the global south,
highlighting the need for continued research and practical implementation.

Recommendations for monitoring and managing metal contamination in
aquatic habitats

Metal contamination in aquatic environments is a global concern requiring
effective monitoring and management strategies. Bioavailability is crucial in
determining metal toxicity, which depends on site-specific water and sediment
characteristics (Vaananen et al., 2018). Biomonitoring using selected organisms is
preferred over measuring dissolved or sediment concentrations, as it provides
time-integrated measures of bioavailable metals (Rainbow, 2007). Understanding
accumulation kinetics and using a suite of biomonitors is essential for
comprehensive assessment (Rainbow, 2007; Luoma et al., 2008). Environmental
quality standards and guidelines for water and sediment quality are used to
manage metal risks, with some regions implementing site-specific assessments
and considering metal mixture toxicity (Vaananen et al.,, 2018). However,
monitoring approaches must be complex and consider various factors, including
social, political, economic, and administrative forces, to ensure relevance,
timeliness, and cost-effectiveness (Moore &Ramamoorthy, 1984). Ongoing efforts
are needed to improve guidelines, develop simple scientific methods, and
enhance administrators' knowledge and skills (Vaananen et al., 2018).
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