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ABSTRACT:  

Synthetic fragrance compounds, widely employed in household and personal care products, have become 

persistent pollutants in aquatic ecosystems due to insufficient removal during wastewater treatment processes. 

This review highlights their capacity as endocrine-disrupting chemicals (EDCs) on aquatic animals. Principal 

scent compounds, such as galaxolide (HHCB), tonalide (AHTN), and musk ketone, were identified in 

wastewater effluents and surface waters at quantities varying from nanograms (ng/L) to micrograms (µg/L).  

This paper elucidates the mechanisms of hormonal interference in fish and amphibians, focusing on estrogenic, 

androgenic, and thyroidal pathways, through a synthesis of literature, experimental design, and in silico 

toxicity modeling. The findings suggest that extended, low-level exposure to these chemicals can alter 

reproductive behavior, gonadal development, and endocrine gene expression. Combining analytical chemistry, 

molecular assays, and ecological modeling is crucial for evaluating the cumulative danger of fragrance-derived 

endocrine-disrupting chemicals and formulating mitigation methods for sustainable aquatic ecosystem health. 

 

Introduction 

The ongoing and extensive production and application of 

chemicals throughout the last hundred years have led to 

the constant release of various synthetic organic 

compounds, frequently found in household, cosmetic, 

and personal care products, into the worldwide 

ecosystem. A notable subset in this category comprises 

the Pseudo-Persistent Organic Pollutants (P-POPs), 

distinguished by their ongoing release that sustains a 

persistent environmental concentration, despite 

relatively short half-lives [1]. This situation renders 

aquatic habitats—the ultimate recipients of urban and 

industrial discharges—especially susceptible. A good 

example is the group of synthetic scent chemicals, or 

musk-like substances, that are used all over the world to 

make many consumer products smell better [2]. As a 

result, treated wastewater effluent acts as a primary and 

ongoing pathway for the direct introduction of these 

musks into rivers, lakes, and coastal waters, thereby 

categorizing them as enduring pollutants within the 

aquatic ecosystem. The levels of wastewater discharges 

like Galaxolide (HHCB), Tonalide (AHTN), and Musk 

Ketone (MK) are usually high nanograms per liter (ng/L) 

to low micrograms per liter (µg/L) [3]. The observed 

ambient concentrations hold considerable significance 

from an ecotoxicological perspective. The elevated log 

Kow values of these musks enhance their 

bioaccumulation in the tissues of aquatic organisms, 

which may result in internal concentrations surpassing 

those found in the surrounding water, thereby ensuring 

chronic, lifelong exposure to intricate chemical mixtures 

[4]. 

The primary ecological concern centers on the role of 

synthetic musks as Endocrine-Disrupting Chemicals 

(EDCs). EDCs are external substances that alter the 

endocrine system, leading to negative health effects on 

an organism, its progeny, or particular populations. 

Aquatic vertebrates, such as fish and amphibians, serve 

as highly sensitive indicators of this disruption, given 

that hormonal signals closely regulate their life cycles 

[5]. Literature and in silico evidence strongly indicate 

that these synthetic musks are not simply inert 

contaminants; rather, they have molecular structures that 

can interact with hormone receptors or steroidogenesis 

enzymes, thus disrupting estrogenic, androgenic, and 

thyroidal pathways. Given the documented 

environmental presence of HHCB, AHTN, and MK, and 

the increasing toxicological evidence, researchers must 

conduct a comprehensive examination of the specific 
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effects of notable concentrations ranging from (ng/L) to 

(µg/L) on aquatic vertebrates [6].  

This study combines a thorough review of existing 

literature and toxicological data and an experimental 

approach with model aquatic organisms to evaluate the 

effects of relevant concentrations on biological 

outcomes. Additionally, in silico toxicity modeling is 

employed to predict the molecular mechanisms of action, 

with a particular emphasis on the binding affinity and 

agonistic/antagonistic activity associated with critical 

nuclear receptors, including the estrogen receptors (ERα) 

and androgen receptors (AR). The main objective is to 

clarify the mechanistic links between extended, low-

level exposure to synthetic musks and the adverse effects 

observed in fish and amphibians. Key endpoints include 

changes in reproductive behavior, histological signs of 

disrupted gonadal development, and alterations in the 

expression of crucial endocrine-related genes. The 

results underscore the essential requirement to move 

towards a thorough risk assessment framework that 

seamlessly incorporates analytical chemistry for 

exposure evaluation, molecular assays for understanding 

mechanisms, and ecological modeling for precise 

assessment and prediction of health impacts on global 

aquatic ecosystems. 

Sources and Environmental Distribution of the 

Synthetic Musks 

The extensive use of synthetic musks and other fragrance 

compounds in cosmetics and detergents results in a 

continuous influx into wastewater systems. Traditional 

wastewater treatment facilities (WWTPs) exhibit 

limitations in effectively eliminating these compounds, 

attributed to their hydrophobic and enduring 

characteristics, thereby reinforcing their classification as 

Pseudo-Persistent Organic Pollutants (P-POPs)[7]. 

The efficiency of conventional wastewater treatment 

plants varies significantly and is influenced by the 

structural characteristics of specific compounds as well 

as the operational parameters of the facility, such as 

sludge retention time. Sorption onto sludge biomass 

primarily facilitates removal, not complete 

biodegradation. Given their significant lipophilicity log 

Kow (5.7–5.9), these musks partition onto activated 

sludge and accumulate in various environmental 

matrices, such as sediments and the tissues of aquatic 

organisms [8]. Bioaccumulation has been extensively 

documented in fish, particularly in lipid-rich organs such 

as the liver and gonads, as well as in mussels, where 

tissue concentrations can sometimes be attained. The wet 

weight is measured in mg/kg. Importantly, metabolites 

such as HHCB-lactone frequently exhibit enhanced 

persistence and can play a substantial role in the overall 

toxic load [9]. 

The remaining quantities released into aquatic 

environments build up in sediments and living 

organisms, resulting in prolonged exposure for aquatic 

life. Bioaccumulation has been reliably observed in fish 

tissues, particularly in lipid-rich organs like the liver and 

gonads, where levels are elevated. The elevated log Kow 

values  (e.g., HHCB ≈ 5.9, AHTN ≈ 5.7) indicate a 

significant propensity for partitioning into organic 

phases, such as sludge and biological lipids[10]. 

Concentrations in fish and mussels have been 

documented to reach up to the mg/kg wet weight range, 

which is comparable to or even exceeds levels of some 

regulated Persistent Organic Pollutants (POPs) in 

specific areas [11]. Recent findings suggest that musk 

metabolites, including HHCB-lactone, may exhibit 

greater environmental persistence and toxicity compared 

to their parent compounds, thereby contributing 

substantially to the overall toxic burden within biota. The 

limited biomagnification of synthetic musks is 

noteworthy. Although bioaccumulation from water and 

sediment is considerable, research indicates that these 

compounds show minimal biomagnification. 

Biomagnification occurs because higher-trophic-level 

organisms, such as fish, possess the metabolic ability to 

process and eliminate toxins effectively. Nonetheless, 

the phenomenon varies by species[12,13]. 
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Table 1:  Environmental Occurrence and Fate of Synthetic Fragrance Compounds in Wastewater and Aquatic Systems. 

Compound Common Use WWTP 

Removal 

Efficiency 

Typical Environmental 

Concentration 

Fate of the 

contaminant 

Refer

ences 

Galaxolide 

(HHCB) 

 

Perfume, 

detergents 

60–80% 50–800 ng/L The presence of 

metabolite HHCB-

lactone in effluent 

frequently exceeds 

that of the parent 

compound, 

presenting a unique 

and enduring risk. 

[14] 

Tonalide 

(AHTN) 

 

Cosmetics, air 

fresheners 

50–75% 20–500 ng/L Tonalide (AHTN) 

typically 

demonstrates a 

lower reactivity to 

advanced oxidation 

processes, such as 

ozone, than HHCB. 

[15] 

Musk ketone 

(MK) 

 

 

Soaps, lotions 40–60% 10–200 ng/L Usage is limited in 

numerous areas 

due to increased 

apprehensions 

about persistence 

and toxicity in 

comparison to 

polycyclic musks. 

[16] 

 

http://www.jchr.org/
https://paperpile.com/c/fktwFd/C6SF
https://paperpile.com/c/fktwFd/MMd0
https://paperpile.com/c/fktwFd/TQ6y


  

 

709 

Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2025) 15(6), 706-717 | ISSN:2251-6727 

 

Fig 1: Various sources and environmental distribution of 

synthetic musks affecting biota 

Mechanisms of Endocrine Disruption 

Estrogenic Effects (Xenoestrogenicity): 

Synthetic musks function as xenoestrogens and anti-

androgens, disrupting the vertebrate hypothalamic-

pituitary-gonadal (HPG) axis. This dual interference 

plays a vital role in reproductive function. Synthetic 

musks, especially the polycyclic types such as HHCB 

and AHTN, exhibit a weak yet detectable affinity for 

estrogen receptors (ERα and ERβ) [17]. Although their 

binding affinity is frequently much lower than that of the 

natural ligand (17β-estradiol), their persistent and high-

volume occurrence in aquatic environments indicates 

that the overall environmental burden can be 

considerable. This type of receptor is the most common 

biomarker for environmental factors[18]. Investigations 

involving zebrafish (Danio rerio) and Japanese medaka 

(Oryzias latipes) have consistently demonstrated that 

exposure to environmentally relevant levels of HHCB 

and AHTN results in measurable VTG synthesis in male 

fish. This molecular feminization indicates a disruption 

in functionality[19]. Prolonged exposure has been 

associated with histological alterations in the gonads of 

affected fish, such as the emergence of intersex traits 

(testis-ova) and diminished fertility. This disruption is 

related to the estrogen signaling pathway. Estrogenicity 

refers to the induction of vitellogenin (VTG), a yolk 

precursor protein that is typically produced solely by 

female fish during their reproductive cycles[20]. 

 

Fig 2: Estrogenic Effects (Xenoestrogenicity) of 

synthetic musks in Aquatic Mammals 

Anti-Androgenic Effects 

Synthetic musks disrupt male hormone signaling by 

functioning as antagonists to the androgen receptor (AR). 

These substances compete with natural androgens, such 

as testosterone and 11-ketotestosterone, for binding to 

the androgen receptor, thereby inhibiting the 

downstream androgenic signaling essential for male 

development and function[21]. Studies show that 

polycyclic musks can hinder essential enzymes involved 

in steroidogenesis, specifically 17β-hydroxysteroid 

dehydrogenase (17β -HSD) and cytochrome P450 side-

chain cleavage enzyme (P450 scc), resulting in decreased 

circulating testosterone levels[22]. In fish, androgen 

signaling regulates the development of male secondary 

sexual characteristics, such as breeding tubercles and fin 

morphology. Exposure to HHCB and AHTN has 

demonstrated an impact on the demasculinization of 

these traits, influencing mating success and reproductive 

behavior[23,24]. 

 

Fig 3: Anti-Androgenic Effects of synthetic musks in 

Aquatic Mammals 
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Thyroid Hormone Disruption 

Thyroid hormones play a vital role in regulating 

metabolism, supporting growth, and facilitating 

metamorphosis in amphibians. Synthetic musks are 

increasingly recognized as significant disruptors of the 

thyroid system. The active thyroid hormone, 

triiodothyronine (T3), is mainly synthesized in target 

tissues through the conversion of circulating thyroxine 

(T4) by deiodinase enzymes (D1, D2, D3) [25]. 

Fragrance compounds have been observed to inhibit 

deiodinase activity. By inhibiting this conversion, musks 

significantly lower the levels of T3 that are essential for 

triggering important developmental processes. Certain 

musks may also vie with T4 for attachment to 

transthyretin (TTR), a protein responsible for plasma 

transport. This competition has the potential to change 

the overall distribution and availability of T4 within the 

body [26]. The African clawed frog exemplifies the 

amphibian model. Exposure to HHCB and AHTN at 

sublethal concentrations leads to significant 

developmental delays, such as delayed metamorphosis, 

abnormal limb development, and skeletal deformities. 

This effect results directly from inadequate T3 signaling. 

Xenopus laevis offers distinct and quantifiable indicators 

for assessing thyroid disruption [27]. Recent studies have 

validated changes induced by musk in the expression of 

genes associated with the thyroid, such as the thyroid 

hormone receptor-β and T3 target genes, in tadpoles [28]. 

 

Fig 4: Thyroid Hormone Disruption of Synthetic Musks 

in Aquatic Mammals 

Genomic and Epigenetic Alterations 

The most significant adverse effects arise from the 

disruption of gene expression induced by musk and 

potentially epigenetic programming, which regulates 

persistent heritable modifications. Aromatase 

(CYP19A1) is an enzyme that facilitates the 

transformation of androgens into estrogens. The altered 

expression of CYP19A1 serves as a significant indicator 

of exposure to EDCs. Exposure to HHCB and AHTN has 

been shown to increase the production of estrogen in the 

brain and gonads of fish by up-regulating CYP19A1. 

This is linked to feminization and endocrine disruption 

[29,30]. 

Transcriptomic studies consistently indicate changes in 

the expression of genes that encode ERβ.  Genes that 

encode ER are often modified as a compensatory 

mechanism in response to xenoestrogen interaction[31]. 

Vitellogenin (VTG) has been observed to have 

transcription that is significantly activated in males, and 

in the case of Peroxisome Proliferator-Activated 

Receptors (PPARs), research indicates that polycyclic 

musks can activate PPARs, which play a crucial role in 

regulating lipid metabolism. This connection suggests 

that exposure to musks may lead to potential metabolic 

disruptions in addition to endocrine effects [32]. 

Epigenetic mechanisms 

Epigenetics involves inheritable modifications in gene 

activity that take place without altering the DNA 

sequence itself. The addition of a methyl group to DNA, 

known as DNA methylation, serves as a crucial 

epigenetic mark that generally leads to the silencing of 

gene expression[33]. Recent studies indicate that 

prolonged or early-life exposure to synthetic musks may 

lead to alterations in DNA methylation within the 

germline (sperm/oocytes) and somatic tissues of affected 

organisms. These alterations frequently focus on the 

promoter regions of essential endocrine genes, such as 

those within the HPG axis[34]. This epigenetic 

reprogramming serves as a mechanism that underpins 

transgenerational effects, specifically the adverse 

outcomes seen in unexposed offspring. This 

phenomenon may elucidate the long-term reproductive 

impairments and the population-level consequences 

observed in ecological models[35]. 

Toxicological Evidence in Aquatic Vertebrates 

Synthetic fragrance compounds demonstrate a variety of 

toxic effects in aquatic vertebrates, encompassing 

endocrine disruption, reproductive toxicity, 

developmental delays, and genotoxicity. Their 
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hydrophobic and lipophilic properties promote 

bioaccumulation in tissues like the liver, gonads, and 

brain, leading to chronic sublethal effects that hinder 

population fitness[36,37]. 

Table 2: Toxicological Responses of Aquatic Vertebrates to Synthetic Fragrance Compounds 

Species Chemical Concentration/Duration Observed 

Effects 

Reference 

Danio rerio 

(Zebrafish) 

Galaxolide 

(HHCB) 

500 ng/L, 30 d ↑ Vitellogenin, 

testicular 

atrophy 

[38] 

Oryzias latipes 

(Medaka) 

Tonalide 

(AHTN) 

200 ng/L, 21 d ↓ Egg output, 

feminization 

[39] 

Xenopus laevis 

(Amphibian) 

Musk 

ketone 

100 ng/L, 30 d Delayed 

metamorphosi

s,  thyroid 

disruption 

[25] 

Cyprinus 

carpio (Carp) 

Galaxolide Field exposure Hepatic 

accumulation 

alters CYP 

activity. 

[40] 

Oncorhynchus 

mykiss (Trout) 

Tonalide 1 µg/L, 14 d DNA damage, 

micronuclei 

formation 

[41] 

 

Analyses of toxicogenomics indicate notable disruptions 

in transcriptional and enzymatic activities: The reduction 

of androgen receptor (AR) and 17-hydroxysteroid 

dehydrogenase negatively affects steroidogenesis[42]. 

The activation of cytochrome P450 aromatase 

(CYP19A1) and vitellogenin (Vtg) genes results in the 

feminization of males. The inhibition of deiodinase 

(DIO1 and DIO2) enzymes leads to the disruption of T4–

T3 conversion and thyroid homeostasis[43]. Increased 

levels of oxidative stress indicators (superoxide 

dismutase, catalase, and lipid peroxidation) imply the 

presence of secondary oxidative damage processes. 

Proteomic studies indicate alterations in plasma proteins 

linked to lipid transport and reproduction, suggesting a 

broader metabolic disruption within the system[44]. 

Analytical and Detection Methods: Merging 

Sophisticated Analytical Techniques and Bio-Effect 

Instruments for Evaluating Synthetic Musk Risks 

The modern methodology for evaluating the 

ecotoxicological risks associated with synthetic musk 

fragrances (SMFs) in environmental matrices has 

developed into a robust, integrated system that merges 

ultra-sensitive chemical detection with functional 

biological screening and predictive computational 

models [45]. Gas Chromatography–Mass Spectrometry 

(GC–MS) and Liquid Chromatography–Tandem Mass 

Spectrometry (LC–MS/MS) continue to serve as 

foundational analytical techniques. Recent 

developments, including the implementation of GC–

Triple Quadrupole MS/MS (GC–QqQ–MS/MS) in 

Multiple Reaction Monitoring (MRM) mode, facilitate 
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the precise quantification of lipophilic polycyclic musks 

(HHCB, AHTN) and their significant metabolites (e.g., 

HHCB-lactone) at concentrations ranging from (ng/L) to 

(pg/L) in complex matrices such as wastewater effluents, 

fish tissue, and sediments [46]. The improved sensitivity 

and selectivity are essential for addressing matrix effects, 

especially in the analysis of fish samples with elevated 

lipid levels or sediments that necessitate intricate 

extraction techniques such as Accelerated Solvent 

Extraction (ASE) or Solid-Phase Microextraction 

(SPME) [47]. At the same time, high-resolution mass 

spectrometry (HRMS) is becoming increasingly 

prominent, providing exceptional mass accuracy that 

allows for the reliable differentiation of SMFs from 

overlapping interferences, which poses a considerable 

challenge in environmental monitoring. In addition to 

identifying chemicals, bioassays offer a crucial 

functional assessment of toxicity [48]. The Yeast 

estrogen screen (YES) and the E-screen assay (utilizing 

MCF-7 cells) serve as established methods for efficiently 

evaluating samples, measuring the overall estrogenic 

activity of the complete chemical mixture—not limited 

to the specific musks—and translating it into 17β-

Estradiol Equivalents (EEQ) [49]. Research 

demonstrates that musks and their degradation products 

activate estrogen receptor-mediated proliferation in these 

assays, thereby validating their classification as 

Endocrine-Disrupting Chemicals (EDCs), albeit 

generally exhibiting weak effects. To facilitate resource-

intensive experimental work, computational toxicology 

utilizes quantitative structure-activity relationship 

(QSAR) models and in silico molecular docking [50]. 

QSAR models predict physicochemical characteristics, 

including bioaccumulation potential and toxicological 

endpoints. In contrast, docking studies utilize 3D 

structural data on receptors (ER, AR) to estimate the 

binding affinity of new or untested musks, allowing for 

the prioritization of compounds that pose the greatest 

inherent hazard for subsequent biological testing [51]. 

The Integration of Chemical and Biological Detection 

(ICBD)—analyzing the predicted biological effect 

derived from quantified concentrations against the actual 

effect observed through bioassays—offers a thorough 

understanding of risk. This approach guarantees that both 

recognized contaminants and the "unknown toxic 

burden" of complex mixtures are considered in a 

comprehensive, effect-based evaluation of aquatic 

ecosystem health [52]. 

Ecological and Regulatory Implications 

The release of persistent and bioaccumulative synthetic 

musk fragrances (SMFs) into the environment presents 

serious ecological implications that extend beyond 

isolated physiological impacts, endangering the stability 

of ecosystems [53]. Recent research demonstrates that 

the endocrine-disrupting and toxic properties of musks, 

such as Galaxolide (HHCB) and Tonalide (AHTN), 

result in reproductive dysfunction in aquatic organisms, 

including fish and amphibians [54]. Over time, such 

impacts can diminish population resilience and 

significantly alter trophic interactions, such as 

influencing the foraging behavior of predators or 

impacting the overall health of microbial communities 

essential for nutrient cycling. Despite the accumulating 

evidence, which includes the detection of HHCB and 

AHTN at high-risk quotients (RQ>1) near wastewater 

treatment plant (WWTP) discharge sites, SMFs have not 

yet been universally classified as priority pollutants in 

numerous global regulatory frameworks[55]. This 

situation highlights a significant monitoring gap that is 

currently being addressed by the scientific community. 

Addressing this pervasive pollution necessitates a 

comprehensive approach centered on controlling sources 

and advancing technological solutions[56]. The 

fragrance industry is experiencing a significant transition 

towards sustainable practices, emphasizing the 

preference for macrocyclic and alicyclic musks instead 

of the more enduring polycyclic and nitro musks[57]. 

This method entails employing biocatalysis and more 

sustainable synthesis pathways to develop readily 

biodegradable alternatives, tackling the issue directly at 

the point of production. At the same time, enhanced 

oversight measures should be implemented alongside 

advanced oxidation processes (AOPs) in wastewater 

treatment plants (WWTPs)[58]. Studies conducted in 

2023-2024 have demonstrated that while traditional 

treatment methods fall short, advanced treatments such 

as ozonation and UV-based AOPs (e.g., UV/H  or 

UV/FAC) can effectively eliminate over 90% of most 

musks by producing highly reactive hydroxyl radicals 

(OH). Nevertheless, specific compounds, such as musk 

ketone, persist in exhibiting partial resistance. The 

comprehensive implementation of these eco-friendly 

chemical alternatives and cutting-edge wastewater 

technologies is crucial for alleviating environmental 
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impacts and protecting aquatic ecosystems from these 

emerging pollutants[59,60]. 

Future scope 

The future direction of studies on fragrance compounds 

is shifting towards a more comprehensive, mechanism-

oriented, and predictive approach to risk assessment, 

driven by the shortcomings of conventional single-

chemical, acute-exposure toxicology. To comprehend 

the cumulative, hereditary effects of prolonged, low-

level exposure, it is imperative to concentrate on chronic, 

multi-generational studies [61]. Recent research on other 

endocrine-disrupting chemicals (EDCs) has 

demonstrated a heightened, cumulative incidence of 

diseases, such as obesity, in subsequent generations that 

were not directly exposed. Persistent synthetic musks are 

likely to be relevant to this finding [62]. To elucidate the 

intricate biological pathways of disruption, multi-omics 

approaches—combining transcriptomics, metabolomics, 

and proteomics—are essential. The incorporation of 

these high-throughput technologies, as demonstrated in 

2024 studies on various EDCs, is crucial for uncovering 

subtle synergistic effects and identifying the precise 

molecular pathways (e.g., disruption of the TORC1 

signaling pathway or metabolic cycles) through which 

musks influence cellular function and hormone 

regulation [63,64]. At the same time, the development of 

advanced wastewater treatment technologies needs to 

speed up the pace of innovation in getting rid of these 

common pollutants. Ozonation and UV-based advanced 

oxidation processes (AOPs) demonstrate significant 

removal rates[65]. Ongoing investigations aim to 

enhance their sustainability and effectiveness by 

incorporating photocatalysis with innovative visible 

light-responsive catalysts, as well as refining 

biofiltration and membrane bioreactors to address 

recalcitrant compounds. Ultimately, to connect 

laboratory discoveries with practical environmental 

management, ecological modeling plays a crucial role 

[66]. The sophisticated population models, which extend 

past basic risk characterization ratios (RCRs), are 

capable of incorporating individual-level effects (such as 

decreased fecundity) alongside ecological dynamics 

(including population density and recovery potential) to 

effectively forecast long-term population-level 

outcomes, thus equipping managers with evidence-based 

decision-making frameworks [67]. To achieve these 

objectives, it is crucial to promote interdisciplinary 

collaboration among toxicologists, environmental 

chemists, engineers, and ecologists. This collaboration is 

crucial for creating genuinely sustainable, safe, and 

effective solutions that span from the chemical synthesis 

phase to environmental remediation. 

Emerging Environmental Concerns and Global 

Outlook 

Despite significant progress in analytical detection and 

regulation, synthetic musks continue to pose emerging 

challenges at the global scale. Their widespread use in 

personal care and household products ensures a constant 

influx into aquatic environments, where they resist 

degradation and accumulate in sediments and biota. 

Seasonal variations in wastewater discharge and urban 

runoff further complicate their environmental 

distribution, often leading to elevated concentrations 

during dry seasons. The persistence of these compounds 

across environmental compartments raises concerns 

about long-term ecological resilience, especially in 

sensitive ecosystems such as estuaries and wetlands that 

act as biological filters. Addressing these emerging 

concerns requires continuous global cooperation, 

harmonized monitoring protocols, and public awareness 

initiatives to minimize their uncontrolled release. 

Conclusion 

The widespread presence of persistent, bioaccumulative 

synthetic fragrance compounds in aquatic ecosystems 

represents a significant and frequently neglected 

ecotoxicological risk, demanding immediate global 

attention to water management and chemical regulations. 

The chemicals in question, primarily released through 

wastewater, act as powerful endocrine disruptors, as 

evidenced by recent studies that demonstrate their ability 

to disrupt the hormonal systems of fish and amphibians 

by mimicking or blocking estrogen and androgen 

receptors. This hormonal interference results in 

significant reproductive and developmental issues, 

including the feminization of male fish and decreased 

fertility, which ultimately jeopardize the stability and 

biodiversity of entire aquatic populations. Confronting 

this crisis requires a comprehensive approach: 

establishing more stringent, evidence-based regulatory 

frameworks that consider non-monotonic effects and 

chemical combinations; promoting innovation in green 

chemistry to create inherently safer, non-persistent 

macrocyclic and alicyclic substitutes; and enforcing the 
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broad implementation of advanced technologies for 

wastewater treatment, such as AOPs, to guarantee 

efficient contaminant elimination at the source. 
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