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Pharmaceutical Colorants and Aquatic Animals — Toxicological Prospective
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ABSTRACT

Food colorants, both natural and synthetic are widely used in various industries to enhance the visual appeal of the food products.
They play crucial role in maintaining nutritional value and stability. Meanwhile their environmental impact, especially in aquatic
ecosystems raises significant concerns. This review explores the types and sources of pharmaceutical colorants emphasizing their
environmental fate and toxicological effects. It highlights the synthetic colorants derived from petroleum or coal tar can persist in
environment entering ecosystems through wastewater and agricultural runoff leading bioaccumulation and biomagnification. The
toxicological effects on aquatic organisms including fish, invertebrates and plants manifest as developmental abnormalities,
behavioral changes, reproductive issues and altering nutrient cycling. Furthermore, the potential of these colorants to disrupt the
endocrine functions and induce genotoxicity underscores the need for rigorous environmental risk assessments and regulatory
frameworks. Effective monitoring strategies, pollution prevention measures and public awareness are essential for minimizing the
ecological risks associated with pharmaceutical colorants. This review highlights the necessity for continuous research and adaptive
measures for ensuring the safe use of these colorants while safeguarding the aquatic ecosystem.
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INTRODUCTION

Pharmaceutical food colorants also known as food dyes are additives added to enhance or maintain the visual appeal of food
products, making them more attractive to the consumers. [1] Food coloring plays a crucial role in offsetting color due to light, air,
extremes of temperature, moisture and storage conditions, protecting flavors and vitamins from damage by light and thereby
improving and maintaining the nutritional value of food. Food colorants find wide range of application in bakery, cosmetics,
toiletries, pet food, seafood, beverage, diary & ice cream products, meat and pharmaceuticals. [2]

Types of food colorants and common colorants:

Food colorants are classified as natural and synthetic. Natural food colorants are derived from natural sources such as plants, fruits,
vegetables, minerals and organic materials. Natural colors include chlorophyll, anthocyanins, carotenoids, betalains etc., [3] Natural
colorants are eco-friendly, obtained from renewable sources, harmonized with nature and prepared using methods with minimal
potential for chemical reactions. Additionally, they are bio disposable. [4]

Chemically prepared, synthetic dyes are primarily composed of aromatic rings and azo functional groups. Some dyes may consist
of complex, intensive, and large structures derived from tar coal or petroleum, forming the parent chain. [5] Brilliant Blue FCF,
Indigo Carmine, Patent Blue V, Allura Red AC, Amaranth, Carmoisine, Erythrosine, Quinoline Yellow, Tartrazine, Titanium
dioxide and many other synthetic colours are widely used in the industries. [6]
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Replacing synthetic colors with natural colorants poses a challenge due to the dependency of plant pigments on factors such as
pigment structure and concentration, light intensity, metals, pH, temperature, enzymes, oxygen, ascorbic acid, sugar, processing
flexibility, long-lasting effect, and profitability. Synthetic colorants are viewed more favorably from all these perspectives. [7]

Environmental fate of pharmaceutical colorants:

Pharmaceutical colorants when enters the ecosystem affect the health, behavior and reproductive success of various species within
an ecosystem. Many food colorants are synthetic compounds, they may pose risks to environment upon release during
manufacturing, usage or disposal. (8)

Food colorants can enter into ecosystems through several pathways. Waste water from food processing plants often contains the
residues of these dyes, which can subsequently be discharged into rivers, lakes and oceans. Additionally, during agricultural
practices, runoff from fields treated with food related substances can carry these compounds into nearby water bodies. It is important
to understand how these dyes behave in the environment including its persistence, degradation and bioaccumulation. (9)

Many food colorants can exhibit toxic effects on aquatic organisms like fish, invertebrates, amphibians, algae and other aquatic
species. These food colorants can harm the aquatic life, affecting their growth, reproduction and overall ecosystem health. These
impacts can have cascading effects throughout the food web, finally affecting biodiversity and ecosystem stability. (10)

Food colorants can also affect soil organisms and plants. If these compounds seep into soil, they may impact the soil microorganisms
which are essential for nutrient cycling and plant health. It is important to evaluate the long-term effects of food colorant on soil
health, crop yield and overall ecosystem functionality.

The environmental fate of pharmaceutical colorants depends on their chemical properties, usage patterns and disposal methods. It
relies on how they react with the environment. Some colorants may degrade rapidly through processes like proteolysis, hydrolysis
or microbial degradation while others may persist for a longer period. Persistent colorants can accumulate in the environment and
potentially pose threat to ecosystems over time. The solubility and affinity of pharmaceutical colorant for organic matter and soil
influence their mobility in the environment. Highly soluble colorants may leach into the groundwater or surface water, while less
soluble ones may remain in soil, or sediment, affecting their distribution and potential for exposure to organisms. (11)

Like other organic compounds, pharmaceutical colorants can accumulate in the tissues of organisms and bio magnify through the
food chain. This accumulation poses risk to organisms, particularly those at high tropic levels, as well as potential ecological
disruptions. (12)

Pharmaceutical colorants may exhibit toxic effects on various organisms including fish, algae, invertebrates as well as terrestrial
organisms. Chronic exposure even to low concentration, can disrupt biological processes and ecosystems, necessitating careful
assessment of their ecotoxicity. As pharmaceutical colorants degrade, they may form transformation products with different
properties and toxicity profiles. Understanding the fate and effects of these products is crucial for a comprehensive assessment of
environmental impacts. The environmental fate of pharmaceutical colorants involves a complex interplay of their chemical
properties, interactions with the environment, and potential impacts on organisms and ecosystems, necessitating thorough
assessment and regulatory oversight. (13)

Mechanism of toxicity:
1. Direct Chemical Toxicity:

Direct toxicity refers to immediate harmful effects of a substance without involving any secondary processes. Food colorant can
exert direct toxicity through several mechanisms like cellular damage by membrane disruption, organelle dysfunction.
Pharmaceutical colorants often contain chemical compounds that can directly harm living organisms. They may interact with cell
membrane or specific organelles. Thus, disrupting crucial cellular processes or structures, leading to cellular damage or death.
Colorant can interact with protein disrupting their function and structure further leading to cellular impairment. This can lead to loss
of enzymatic activity, impaired cellular processes and ultimately lead to death. Colorants can inhibit the activity of essential enzyme
involved in various metabolic processes leading to impaired energy production, nutrient metabolism and other vital cellular
functions. Some colorants can block the ion channels which are essential for cell signaling thereby leading neurological disorders.
Some colorants can generate Reactive Oxygen Species(ROS). This oxidative stress can result in damage to cellular components
such as proteins, lipids, and DNA. (14)
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2. Genotoxicity:

Certain pharmaceutical colorants have the potential to cause genetic damage within cells, which can lead to mutations, chromosomal
abnormalities, or breaks in DNA strands. This genotoxicity can have severe and long-lasting consequences, including the
development of cancer or heritable genetic defects in exposed organisms. By damaging DNA, these colorants can disrupt essential
cellular functions and regulatory mechanisms, leading to cellular dysfunction or death. This can also result in abnormal cell growth
and division directing to the development of tumors. Some azo dyes which are used as food colorants have shown genotoxicity.
Some colorants are contaminated with heavy metals such as lead or arsenic which causes genotoxicity. Higher concentrations and
prolonged exposure of food colorants can increase the risk of genetic damage. In aquatic embryos and larvae, these genotoxic
substances lead to developmental defects like malformations or reduced growth rate. (15)

3. Endocrine Disruption:

Endocrine disruption happens when the chemical substance interferes with the endocrine system of the body which controls the
hormone production, secretion and other actions. When the food colorants released into aquatic environment, these can disrupt the
endocrine system of the aquatic organisms resulting in various adverse effects. Some pharmaceutical colorants act as endocrine
disruptors, meaning they interfere with hormone signaling pathways in organisms. These colorants can mimic or block the action
of natural hormones, disrupting normal physiological processes such as reproduction, development, and metabolism. Whereas some
colorants can interfere with the synthesis or breakdown of hormones leading to imbalance in hormone levels. Endocrine-disrupting
colorants have been associated with adverse effects on reproductive health, growth, and behavior in aquatic organisms, as well as
disruptions in endocrine function in vertebrates and invertebrates. (16)

4. Bioaccumulation and Biomagnification:

Bioaccumulation is a process in which a chemical substance accumulates in the tissues over the period of time while
biomagpnification is process by which chemical substance becomes increasingly concentrated in the tissues of high level organism
in the food chain. Factors such as persistence of the substance in the environment, their bioavailability, lipid solubility and food
chain position affects the bioaccumulation and biomagnification. Pharmaceutical colorants may accumulate in the tissues of
organisms over time through uptake from the environment or diet. Once accumulated, these colorants can reach toxic concentrations
within the body, leading to adverse effects on cellular function, organ systems, or behaviour. Additionally, colorants that
bioaccumulate in organisms can undergo biomagnification in food chains, resulting in higher exposure levels for predators at the
top of the food chain. This biomagnification can lead to significant ecological impacts and threats to higher trophic level organisms.
17)

5. Immunotoxicity:

Exposure to pharmaceutical colorants can impair the immune system of organisms, rendering them more vulnerable to infections,
diseases, or environmental stressors. Colorants may disrupt immune cell function, interfere with cytokine signaling, or inhibit
antibody production, compromising the organism's ability to mount an effective immune response. Immunotoxicity can lead to
increased susceptibility to pathogens, decreased resistance to environmental stressors, and overall reduced health and fitness in
exposed organisms. Higher concentration, prolonged exposure time and individual susceptibility affects the immunotoxicity caused
by the food colorant. (18)

6. Formation of Reactive Metabolites:

Some pharmaceutical colorants can undergo metabolism within organisms to form reactive intermediates or metabolites that are
more toxic than the parent compound. These reactive metabolites can bind covalently to cellular macromolecules such as proteins,
DNA, or lipids, leading to cellular dysfunction, inflammation, or tissue damage. The formation of reactive metabolites can contribute
to the overall toxicity of colorants and exacerbate their adverse effects on organisms. (19)

Toxicological effects on aquatic organism:

Food colorants when released to aquatic ecosystem may led to various toxicological effects in aquatic species ranging from acute
to chronic long term effects. These effects can directly impact on the health, survival and reproduction of these aquatic organisms.
High concentrations of food colorants can directly kill the aquatic organisms especially sensitive species like fishes and
invertebrates. It can also alter the behavior of the species thereby affecting their feeding, mating and predator avoidance behavior.
On chronic exposure, food colorants can disturb the growth and development causing reduced growth rate, deformities and delayed
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sexual maturation. Due to chronic toxicity, it causes reproductive problems, immunotoxicity, neurotoxicity, genotoxicity,
bioaccumulation and biomagnification.

These toxic effects of pharmaceutical food colorant can reduce the species diversity by affecting their survival and reproduction of
sensitive species. Population dynamics are also affected because of their effect on birth rates, death rates and migration patterns.
The health and productivity of aquatic ecosystems are affected by this toxicity. (20)

These toxic effects differ depending on particular species. For instance:
1. Fishes:

Pharmaceutical colorants can induce developmental abnormalities in fish embryos, including malformations of the body, fins, or
organs. Exposure to pharmaceutical colorants can alter the behaviour of zebrafish, including swimming activity, feeding behavior,
and social interactions. These changes may indicate neurological or physiological disturbances.

Some pharmaceutical colorants may induce DNA damage in zebrafish, leading to mutations or chromosomal abnormalities.
Genotoxic effects can have long-term consequences on the health and reproductive capacity of zebrafish populations.

In Salmonids (e.g., trout, salmon) pharmaceutical colorants can impact the physiology and behavior of salmonids, affecting growth,
reproduction, and migration patterns. Sub-lethal effects such as reduced feeding activity or altered stress responses may also occur.

Similar to zebrafish, cyprinid species like carp, minnows may experience developmental abnormalities and behavioral changes
when exposed to pharmaceutical colorants. Chronic exposure can lead to reduced survival and reproductive success.

Perciform fishes such as perch, bass may exhibit sensitivity to pharmaceutical colorants, with effects ranging from acute toxicity to
chronic sub-lethal effects. Changes in feeding behavior, growth rates, and hormonal balance have been observed in response to
exposure. (21)

2. Invertebrates:

Invertebrates like Daphnia magna, crustaceans and mollusks can be highly sensitive to the food colorants during the early stages of
their life and can experience reproductive toxicity when exposed to pharmaceutical colorants. This may manifest as decreased
fecundity, delayed maturation, or altered reproductive behavior.

Chronic exposure to pharmaceutical colorants can impair the survival and growth of aquatic invertebrates. Sublethal effects such as
reduced mobility or feeding activity may also occur, impacting their ecological roles in aquatic ecosystems. (22)

3. Agquatic Plants:

Pharmaceutical colorants can inhibit photosynthesis in aquatic plants, leading to reduced growth rates and biomass production.
Changes in chlorophyll content and pigment composition may also occur, affecting the plant's ability to capture light energy. This
affects their primary productivity and ecosystem health.

Some pharmaceutical colorants may promote the growth of algae, leading to algal blooms in aquatic ecosystems. Excessive algal
growth can deplete oxygen levels in the water, leading to fish kills and other ecological disruptions. (23)

4. Agquatic microorganisms:

Pharmaceutical food colorant influences the population dynamics of aquatic microorganisms resulting in altered water quality and
nutrient cycling. Food colorants presence may also contribute in the development of antibiotic resistance in aquatic microorganism
making them difficult to control. These food colorants can indirectly impact on nutrient cycling, decomposition process and water
quality. The health and stability of the marine ecosystem depends on balance of microbial species and their diversity. Disruptions
in this microbial community can be a threat to the ecosystem stability. (24)

Regulatory framework and monitoring strategies:

Regulatory and monitoring strategies for pharmaceutical colorants are essential for ensuring their safe use and minimizing their
environmental impact.
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1. Regulatory Frameworks:

Regulatory agencies such as the Environmental Protection Agency (EPA) in the United States, and their equivalents in other
countries should establish guidelines, standards, and regulations for the use and discharge of pharmaceutical colorants into the
environment. Colorants needs to undergo registration and approval processes before being allowed on the market. Regulatory bodies
should assess their chemical properties, toxicity, and environmental fate to determine their safety for use and release. (25)

2. Environmental Risk Assessment:

Before approval, pharmaceutical colorants should undergo ecotoxicity testing to assess their potential effects on aquatic organisms
and ecosystems. These tests evaluate their acute and chronic toxicity, bioaccumulation and other relevant endpoints. Regulatory
agencies should conduct assessments to estimate the likely exposure of aquatic environments to pharmaceutical colorants. This
includes evaluating usage patterns, release pathways, and environmental fate to determine potential risks. (26)

3. Monitoring Programs:

Regular monitoring of surface water bodies and wastewater effluents helps in tracking the concentrations of pharmaceutical
colorants and assesses the compliance with regulatory standards. Sampling and analysis techniques detects the colorants and other
pollutants, providing data for risk assessment and management. Monitoring programs should include assessments of aquatic
organisms, such as fish, invertebrates, and algae, to detect signs of colorant exposure and assess their ecological health.
Biomonitoring helps in identifying potential impacts on aquatic ecosystems and prioritize management actions. (27)

4. Pollution Prevention and Control:

Encouraging the use of alternative colorants with lower environmental impact, or promoting the adoption of cleaner production
practices should be done which helps in reducing the release of pharmaceutical colorants into the environment. Implementing an
effective wastewater treatment technology can remove or reduce the concentration of pharmaceutical colorants in effluents before
discharge into water bodies. Treatment methods should include physical, chemical, and biological processes made for the colorant
removal. (28)

5. Public Awareness and Education:

Engaging industry stakeholders, regulatory agencies, environmental groups and the public fosters collaboration should be done for
addressing the environmental challenges associated with pharmaceutical colorants. Raising awareness about the environmental
impacts of pharmaceutical colorants and promoting responsible use and disposal practices is important to empower individuals and
businesses to minimize their environmental footprint. (29)

6. Adaptive Management:

Regulatory frameworks and monitoring programs should be periodically reviewed and updated based on new scientific knowledge,
technological advancements, and changing environmental conditions. Adaptive management ensures that strategies remain effective
and responsive to emerging challenges. (30)

CONCLUSION

The widespread use of pharmaceutical food colorants presents both significant benefits and significant environmental concerns.
While these colorants enhance the visual appearance and perceived quality of food products, their synthetic nature raises concern to
ecological toxicity, bioaccumulation and disruption to health of various organisms. This review highlights the potential adverse
effects on various organisms, particularly in aquatic environment. Regulatory frameworks and monitoring strategies are essential to
mitigate the risks associated with pharmaceutical colorants. By assessing the ecotoxicity of these colorants and implementing strict
regulations, environmental impact can be minimized. As the demand for food colorants continue, there is need for development and
adoption of eco-friendly alternatives that can benefit consumer preference and also safeguard the environmental health.
Collaboration among industry stakeholders, regulatory agencies and public will be vital in creating sustainable practices. Ultimately,
balancing the aesthetic benefits of food colorants with environmental responsibility is essential for a healthier future for our
ecosystems and communities.
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