


Dye effluent-induced stress responses in freshwater fishes: a critical appraisal of mechanisms, biomarker evidence and exposure realism
Abstract
Textile dyeing and finishing operations discharge coloured, chemically complex wastewater into freshwater systems that support fisheries, aquaculture and drinking-water abstraction. Fish exposed to such discharges display a recurring suite of alterations spanning redox biochemistry, genetic integrity, tissue architecture, haematology, behaviour and gut microbial composition. Whether these alterations constitute a coherent, mechanistically understood stress syndrome remains contested. This critical narrative review evaluates the strength, internal consistency and methodological quality of the evidence linking dye-bearing effluents and their constituent dyes to stress responses in freshwater fishes, and distinguishes conclusions that the literature supports from those that it does not. Verified peer-reviewed studies retrieved from openly accessible bibliographic indexes were appraised for exposure characterisation, concentration realism, biomarker interpretation and analytical transparency. Three findings emerge with reasonable confidence: exposure to dye-containing wastewater and to individual dyes elevates markers of lipid peroxidation and induces cytogenetic damage in erythrocytes across taxonomically diverse species; gill and liver are consistently the most severely affected organs; and conventional treatment reduces colour and organic load more effectively than it reduces biological hazard. Three areas remain unresolved. Antioxidant enzyme responses are directionally inconsistent across studies of the same dye and species, and this inconsistency is rarely analysed rather than described. Most laboratory exposures use concentrations one to five orders of magnitude above measured environmental levels, so the ecological meaning of reported effect thresholds is uncertain. Attribution of observed damage to parent dyes, to their reductive cleavage products or to co-occurring salts, metals and surfactants is almost never established experimentally. Neuroendocrine mediation, in particular the hypothalamic-pituitary-interrenal axis, is largely unexamined despite being the canonical vertebrate stress pathway. Priorities include quantified exposure characterisation, effect-directed attribution, chronic and multigenerational designs at environmentally measured concentrations, and standardised reporting of biomarker directionality.
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1. Introduction
Colour is among the oldest and most persistent signatures of industrial water pollution. Dyeing and finishing operations use large volumes of water, and a substantial fraction of the applied colourant fails to fix to the fibre, with estimates of the unfixed fraction clustering between roughly 2 and 50 per cent depending on dye class, fibre and application method (de Oliveira et al., 2018; Ramamurthy, Priya, et al., 2024). Because the sector is concentrated in regions where treatment infrastructure is uneven, the receiving waters are frequently shallow, seasonally low-flow rivers and canals that also support capture fisheries, aquaculture and irrigation (Colin et al., 2016; Sanyal et al., 2015). Fish integrate exposure across the water column and the sediment-associated food web, are long-lived relative to most invertebrate test species, and enter human diets directly, which makes them both ecologically informative and economically consequential (Bojarski & Witeska, 2020; Zulqurnain et al., 2024).
The chemistry involved is not a single contaminant class. Synthetic dyes are grouped by application (reactive, disperse, direct, acid, basic, vat, sulphur) and by chromophore (azo, anthraquinone, triarylmethane, phthalocyanine, indigoid), and the two classifications cut across one another. Azo compounds dominate industrial use and account for most of the toxicological literature (Al-Tohamy et al., 2022; Sharma et al., 2021). Their environmental behaviour is complicated by the reductive lability of the azo linkage, which under anoxic conditions yields aromatic amines whose mutagenic and carcinogenic properties are established independently of the parent dye (Chung, 2000; Mahmood et al., 2016). Anthraquinone dyes lack this cleavage pathway and resist biological decolourisation, while triarylmethane compounds such as malachite green carry an additional history of veterinary use in aquaculture that confounds source attribution (Kwan et al., 2019; Poopal et al., 2023). A framework built around azo chemistry alone cannot be extended uncritically to the other chromophore families.
Effluent adds a second layer of complexity. Dye-bath discharge carries residual colourant together with electrolytes used to promote dye uptake, acid and alkali from pH adjustment, sequestrants, levelling and dispersing agents, residual oxidants and reducing agents from bleaching and vat chemistry, surfactants from scouring, and metals associated with metal-complex dyes and mordanting (Adane et al., 2021; Peng et al., 2025; Sanyal et al., 2015). Salinity, chemical oxygen demand and suspended solids can each independently stress a freshwater teleost. An experiment that exposes fish to whole effluent and reports oxidative stress has therefore demonstrated that the effluent is hazardous, not that the dye caused the hazard, and this distinction underlies the interpretive difficulties that recur throughout the literature.
Research on the biological consequences of dye exposure in fish has expanded considerably over two decades and has diversified across endpoint types, from early work on lethality and cytogenetic damage in circulating erythrocytes (Al-Sabti, 2000; Sharma et al., 2009) through antioxidant enzyme profiling, histopathology, haematology and behavioural observation (Kaur & Kaur, 2015; Poopal et al., 2023; Sinha & Jindal, 2020; Srivastava et al., 2017) to developmental toxicity in embryo-larval models, inflammatory and apoptotic gene expression, gut microbiome sequencing and molecular docking of dyes with candidate protein targets (Köktürk, 2022; Ramamurthy, Madesh, et al., 2024; Singh et al., 2026; Wang et al., 2021; Wu, Xu, et al., 2021). The result is a large and technically varied evidence base whose internal coherence has not been examined closely.
Existing syntheses have not resolved this. Several influential reviews are organised around treatment technology, with ecotoxicological findings serving as justification for remediation rather than as an object of analysis (Al-Tohamy et al., 2022; Islam et al., 2025; Periyasamy, 2024; Sudarshan et al., 2023). Others are organised by dye class and human health outcome, summarising genotoxic and carcinogenic properties across taxa without separating fish-specific evidence or interrogating exposure realism (Dutta et al., 2024; Ramamurthy, Priya, et al., 2024). A recent review dedicated to aquatic effects uses the zebrafish, Danio rerio, as its organising model and consequently emphasises embryonic and larval endpoints, leaving juvenile and adult responses in ecologically important species comparatively unexamined (Khandelwal et al., 2024), while reviews of fish oxidative stress and neurotoxicity biomarkers offer methodological depth but treat dyes as one example among many contaminant classes (Formicki et al., 2025). None of these publications systematically confronts the three problems that most constrain inference in the field: the conflation of single-dye and whole-effluent exposures, the mismatch between tested and measured concentrations, and the directional inconsistency of antioxidant enzyme responses.
That inconsistency deserves emphasis at the outset because it is frequently obscured. Superoxide dismutase, catalase, glutathione peroxidase and glutathione S-transferase activities are reported as increased in some studies and decreased in others following exposure to the same or closely related dyes in the same or closely related species (Kaur & Kaur, 2015; Naz & Vaseem, 2025; Sharma et al., 2022; Singh et al., 2026; Wang et al., 2021; Wu, Lv, et al., 2021). Both directions are routinely interpreted as evidence of oxidative stress: induction is read as compensatory upregulation and suppression as enzyme exhaustion or direct inhibition. An explanatory framework that accommodates opposite observations equally well without specifying the conditions distinguishing them provides limited predictive value, and its widespread use has allowed a heterogeneous set of findings to be presented as a consistent body of knowledge.
Quantitative claims about the scale of the problem show comparable inconsistency. Global synthetic dye consumption has been reported as approximately 7 × 105 tonnes per year with the textile sector accounting for roughly two-thirds (Hernández-Zamora & Martínez-Jerónimo, 2019a), and as approximately 7 × 107 tonnes per year with the textile sector accounting for more than 10 000 tonnes (Ramamurthy, Priya, et al., 2024). These figures differ by two orders of magnitude and cannot both be correct. Their coexistence in the recent literature indicates that basic descriptive parameters of the field are propagated through citation chains without verification, and it provides a reason for caution when interpreting derived statements about environmental loading.
1.1 Scope, Research Gap and Objectives
This review examines the physiological, biochemical, cytogenetic, histological and behavioural responses of freshwater fishes to synthetic dyes, to dye-manufacturing and dye-application intermediates, and to the mixed effluents generated by textile dyeing, finishing and laundering. Coverage extends from cellular redox and genotoxic endpoints through tissue pathology and haematology to whole-organism performance, reproduction and gut microbial composition, and includes controlled laboratory exposures and field or in situ assessments of receiving waters. Freshwater teleosts of all life stages are within scope, together with cell lines derived from freshwater species where these inform mechanism.
The research gap addressed is interpretive rather than descriptive. The volume of primary observation is considerable, but the field lacks a critical account of how exposure characterisation, concentration selection, biomarker directionality and attribution of causation interact to constrain what can legitimately be concluded. Existing reviews catalogue effects without evaluating whether those effects are coherent, whether they occur at concentrations relevant to receiving waters, or whether they can be attributed to dyes rather than to the chemical matrix accompanying them.
Four objectives follow: to establish which responses are supported by convergent evidence across independent studies, species and dye classes and which rest on isolated or methodologically constrained observations; to analyse the sources of disagreement, particularly the directional inconsistency of antioxidant enzyme responses and the divergence between single-compound and whole-effluent findings; to evaluate the relationship between tested and measured environmental concentrations and its implications for risk inference; and to identify research priorities that would materially reduce the principal uncertainties, specifying the designs and measurements required.
Several adjacent areas are excluded. Treatment technologies are considered only where a study reports biological outcomes in fish before and after treatment. Human health, occupational and dietary risk assessment lie outside scope except where fish tissue residues bear on exposure interpretation. Marine and estuarine systems, terrestrial and plant test species and invertebrate-only assessments are excluded except where they supply comparative sensitivity information necessary to interpret fish results. Food-additive dyes are included only where exposure route and concentration are relevant to aquatic contamination.
2. Methods for Literature Selection
2.1 Review Design and Rationale
A critical narrative design was selected because the central questions concern interpretation, coherence and inferential validity rather than estimation of a pooled effect. The evidence base is irreducibly heterogeneous in exposure entity, from purified single dyes through synthesis intermediates to whole effluents of unquantified composition; in exposure metric, with concentrations expressed as nominal mass per volume, millimolar, percentage dilution, fractions of a median lethal concentration and mass per unit body mass; in species; and in endpoint, spanning enzyme activities, comet assay parameters, histological indices, microbial community metrics and behavioural observation. Quantitative pooling would require assumptions about commensurability that the primary literature does not support, and a scoping review would map the field without addressing the interpretive problems that motivate this work.
Narrative synthesis does not license reduced transparency or suspended appraisal. The conduct of this review was structured against the domains addressed by an established instrument for assessing narrative review quality, covering justification of importance, statement of aims, description of literature search, referencing, scientific reasoning and appropriate presentation of data (Baethge et al., 2019). Search sources, search period, eligibility rules and appraisal criteria are stated explicitly below so that the basis for each interpretive claim can be examined. Every source cited was checked against its bibliographic record and its persistent identifier before inclusion.
2.2 Information Sources
Searching was conducted in openly accessible scholarly indexes. The sources actually queried were OpenAlex, Crossref Metadata Search, PubMed, Europe PMC and the Directory of Open Access Journals. Bibliographic detail, including author lists, year, volume, issue, pagination or article number, was verified against Crossref metadata records and against the persistent identifier landing pages of the individual articles. General web searching was used as a supplementary route to identify candidate publications and reviews for subsequent verification in the indexes named above.
Subscription-restricted citation indexes and abstracting services were not accessible during preparation of this review, and no search of such resources is claimed; this limitation on coverage is discussed in the final section. Supplementary retrieval used backward citation searching from the reference lists of recent reviews and primary studies, forward and related-record searching through index citation links, and targeted author searching for groups that have published series of studies on individual dyes or effluent streams. Records were checked for corrections, expressions of concern and retraction notices, and material carrying such notices was not used as evidence.
2.3 Search Strategy and Search Period
Search concepts were built from four blocks combined with Boolean operators. The exposure block combined generic terms ("textile dye", "azo dye", "reactive dye", "disperse dye", "anthraquinone dye", "triarylmethane"), named dyes ("malachite green", "Congo red", "tartrazine", "Eriochrome Black T", "Acid Black", "Disperse Red", "indigo", "alizarin") and discharge terms ("dye effluent", "textile effluent", "dyeing wastewater", "dye bath effluent", "textile wastewater treatment plant effluent"). The receptor block combined "fish", "fishes", "teleost", "zebrafish", "carp", "tilapia", "catfish" and named species including Danio rerio, Labeo rohita, Cyprinus carpio, Oreochromis niloticus, Channa punctata, Clarias batrachus and Astyanax lacustris. The response block combined "oxidative stress", "antioxidant", "superoxide dismutase", "catalase", "glutathione", "lipid peroxidation", "malondialdehyde", "genotoxicity", "micronucleus", "comet assay", "histopathology", "haematology", "cortisol", "behaviour", "growth", "vitellogenin" and "gut microbiota". A context block combined "risk assessment", "predicted no-effect concentration", "whole effluent toxicity", "biomonitoring", "bioaccumulation", "recovery" and "treatment".
Representative strings, adapted to the syntax of each index, combined the exposure and receptor blocks as ("textile effluent" OR "dye effluent" OR "textile dye" OR "azo dye") AND (fish OR fishes OR zebrafish OR carp OR tilapia), and the exposure and response blocks as ("textile dye" OR "azo dye" OR "dyeing wastewater") AND ("oxidative stress" OR antioxidant OR genotoxic OR histopath OR haematolog OR hematolog). Further strings substituted named dyes and named species for generic terms, and combined the exposure block with the context block to capture exposure characterisation and risk-assessment literature. Free-text searching of title and abstract fields was used throughout to avoid dependence on indexing completeness.
The search period opened in 1990 and closed on 31 May 2026. The opening year was selected because the systematic application of cytogenetic and biochemical biomarkers to fish exposed to industrial colourants, as distinct from acute lethality testing, dates from that period, and because it precedes the earliest primary studies on which current interpretive frameworks in this field rest. Foundational publications on azo reduction chemistry and on the mutagenic properties of aromatic amines were included where earlier than the opening year, since these are necessary to explain the mechanistic reasoning that later fish studies inherit.
2.4 Eligibility Criteria
Publications were eligible if they were peer-reviewed primary research or review articles reporting or synthesising biological responses of freshwater fishes, or of cell lines derived from freshwater fishes, to synthetic dyes, dye intermediates or dye-bearing effluents. Eligible exposure entities were purified or commercial dyes, identified dye-synthesis or application intermediates, dye-bath and process-stream effluents, treatment plant effluents, and receiving waters demonstrably influenced by such discharges. Eligible response domains spanned redox and antioxidant biochemistry, genotoxicity and cytogenetic damage, histopathology and ultrastructure, haematology and clinical biochemistry, neurotransmission and behaviour, growth and energetics, reproduction and development, endocrine and immune measures, gut microbial composition, and tissue residue.
Publications were excluded if the exposure entity was a degradation catalyst, nanomaterial or adsorbent tested for its own toxicity; if fish material was used solely as an adsorbent or analytical substrate; if the receptor was exclusively non-fish; if the report was a preprint, conference abstract, thesis, trade publication or non-peer-reviewed commentary; or if bibliographic identity could not be verified. Studies whose concentration units could not be reconciled internally were retained only where the qualitative direction of effect was unambiguous, with the limitation noted in appraisal. No geographical restriction was applied. Language was restricted to English, which is a source of bias discussed in the final section.
2.5 Screening, Duplicate Handling and Study Selection
Records were screened first on title and abstract against the eligibility criteria, then assessed on full text or, where full text was inaccessible, on the complete abstract together with verified bibliographic metadata; records assessed only on abstract were used solely for corroborative statements. Duplicates arising from overlapping index coverage were identified by persistent identifier and, where absent, by matching title, first author and year, retaining the most completely documented record. Preprint versions of subsequently published articles were replaced by the version of record, and records for which neither exposure entity nor direction of effect could be established were set aside rather than interpreted. Because selection was purposive and interpretive rather than exhaustive, no screening counts are reported and no flow diagram is presented. Methodologically limited studies were retained where they provided the only available evidence on a particular dye, species or endpoint, with the limitation stated at the point of use.
2.6 Critical Appraisal and Evidence Synthesis
Each included primary study was appraised against criteria appropriate to aquatic toxicology rather than by a formal risk-of-bias instrument, since the reporting detail required to apply such an instrument reliably was frequently absent and formal scoring would have conveyed unwarranted precision. Appraisal considered whether the exposure entity was chemically characterised; whether concentrations were measured analytically or assumed from nominal preparation, and whether they bore a stated relationship to environmental measurements; whether exposure duration suited the endpoint, with particular attention to delayed effects in early life stages; whether controls, replication and unit of analysis were adequate; whether water quality covariates capable of independently producing the observed response were considered; whether biomarker directionality was interpreted consistently with the stated mechanism; and whether the reported conclusions were proportionate to the design.
Synthesis proceeded thematically, grouping studies by the interpretive problem they illuminate rather than by dye class or species, so that exposure characterisation, the redox framework, the genotoxicity signal, tissue and organismal response, the reproductive and microbiome domain, and the recovery and treatment question each form an analytical unit. Within each theme, convergent findings were identified first, conflicting findings were examined for methodological explanations, and residual disagreement was retained rather than resolved by preference. Confidence in each conclusion was assessed qualitatively from the number of independent groups reporting it, the diversity of species and dye classes across which it holds, the consistency of its direction, and its robustness to the exposure characterisation and concentration realism problems identified below.
Table 1 distinguishes the exposure entities that this literature treats as interchangeable and specifies what each can and cannot support. The distinctions are not pedantic: a conclusion drawn from purified dye exposure speaks to the intrinsic hazard of a defined molecule, whereas a conclusion drawn from whole effluent speaks to the hazard of a discharge whose composition is usually unquantified and locally variable. Studies that use the two designs are cited side by side throughout the field, and the resulting composite picture attributes to dyes effects that may originate in salinity, metals, surfactants or residual oxidants. The table also records the intermediate case of identified synthesis intermediates, which has been examined in a small but analytically informative body of work.
Table 1
Exposure entities in the dye effluent literature and the inferences each design supports
	Exposure entity
	Typical characterisation
	What the design can support
	What it cannot support
	Supporting references

	Purified or commercial single dye
	Named dye with Colour Index designation; concentration usually nominal
	Intrinsic hazard and potency of a defined chromophore; concentration-response relationships; mechanistic hypotheses
	Attribution of field effects; effects of process chemicals; realism of exposure
	Kaur & Kaur (2015); Köktürk et al. (2021); Parrott et al. (2016); Rodrigues et al. (2026)

	Identified dye-synthesis or application intermediate
	Named compound, often a sulphonated aromatic
	Hazard of specific transformation or precursor products; persistence-related exposure
	Effects of the parent dye; effluent-level hazard
	Mehra & Chadha (2020, 2021); Sharma et al. (2022)

	Dye-bath or process-stream effluent
	Colour, chemical oxygen demand, pH, solids sometimes reported; dye identity usually not
	Hazard of the discharge as generated; comparative severity across process units
	Attribution to dye chemistry; generalisation to other mills
	Sharma et al. (2023, 2024); Zhang et al. (2012)

	Treatment plant final effluent
	Compliance parameters usually reported; residual organics rarely characterised
	Adequacy of treatment for biological hazard; residual risk after compliance
	Identity of the residual causative agents
	Li et al. (2023); Peng et al. (2025); Wang et al. (2021, 2023)

	Receiving water or in situ exposure
	Water quality and community metrics; multiple upstream sources
	Ecological status and integrated response; spatial recovery gradients
	Isolation of the dyeing contribution from other sources
	Colin et al. (2016); Hemachandra & Pathiratne (2016); Pérez et al. (2018)


Note. Colour Index designations identify commercial dyes by constitution and application class. Nominal concentration refers to a concentration calculated from the mass of substance added rather than measured analytically in the exposure medium.
3. Exposure characterisation and concentration realism
3.1 The single-compound to whole-effluent continuum
The most consequential methodological division lies not between species or endpoints but between studies exposing fish to a defined dye and studies exposing fish to a discharge. Single-compound work establishes intrinsic hazard. Exposure of Labeo rohita to Acid Black at 6, 8 and 10 mg L−1, bracketing a 96 h median lethal concentration of 10 mg L−1, altered twelve antioxidant, detoxification and metabolic enzymes across liver, kidney, gill, muscle and brain dose-dependently, identifying superoxide dismutase as most responsive and liver as most affected (Kaur & Kaur, 2015). Embryo-larval exposures have yielded median lethal concentrations of 151.92 mg L−1 for Remazol Gelb-GR, 166.04 mg L−1 for Maxilon Blue 5G and 278.32 mg L−1 for Reactive Blue 203 in Danio rerio, and approximately 350 and 300 mg L−1 for natural and synthetic indigo (Köktürk, 2022; Köktürk et al., 2021; Porkodi et al., 2024), values consistent in indicating that many textile dyes are of low acute potency when tested as isolated substances.
Whole-effluent work establishes something different. Untreated textile effluents from two treatment plants serving a large industrial park produced toxic units of 17.3 against zebrafish embryos, alongside 42.9 against luminescent bacteria, 14.0 against green algae and 10.1 against duckweed, with toxicity associated with chemical oxygen demand, fulvic acid-like fluorescence, 4-nonylphenol and bisphenol A among other characteristics (Peng et al., 2025). Raw effluent from a jeans manufacturing operation produced a 96 h median lethal concentration of 3.40 per cent by volume for Rhamdia quelen larvae and 13.42 per cent for juveniles (Vasconcelos et al., 2025). Effluent from a Nigerian textile discharge produced a 96 h median lethal concentration of 8.203 mL L−1 in Clarias gariepinus, equivalent to slightly less than one per cent by volume (Ayoola et al., 2012). Expressed on any common basis, effluents are far more acutely toxic than the dyes they contain at the concentrations at which those dyes occur, which is the central reason why attribution matters.
Identification of non-dye organic contaminants as toxicity drivers in the Guangxi study matters because it demonstrates directly that the coloured component need not be the hazardous one (Peng et al., 2025). Work on intermediates points the same way. Naphthalene-2-sulphonate produced time- and dose-dependent oxidative stress, comet assay and micronucleus responses and measurable bioaccumulation in Channa punctata, with persistence attributed to the hydrophilicity conferred by the sulphonate group and consequent passage through treatment plants (Mehra & Chadha, 2020, 2021), and 2-aminobenzene sulphonate produced a biphasic antioxidant response with elevated malondialdehyde and DNA damage in the same species (Sharma et al., 2022). Such intermediates are colourless, are not indexed by colour-based compliance parameters, and are invisible to any study that characterises its exposure solely as a named dye.
Few studies have attempted partial attribution by testing constituents alongside effluent. Comparative exposure of Gambusia affinis to textile dye wastewater and to selected ingredients, comprising the azo dye methyl red and the metals cadmium, copper, nickel and zinc, found that the concentration halving erythrocyte counts was comparable in sensitivity to lethality, and identified erythrocyte morphology and count as superior monitoring indices in the absence of mortality (Sharma et al., 2009). Chromium deposition from handloom dyeing operations in West Bengal has been documented in water, sediment and biota (Sanyal et al., 2015), and the toxicology of hexavalent chromium in fish is sufficiently characterised that its contribution to effects in metal-bearing effluents cannot be dismissed (Bakshi & Panigrahi, 2018; Kamila et al., 2023). Studies reporting oxidative stress in fish exposed to metal-complex dye effluent without measuring metals have not distinguished dye toxicity from metal toxicity.
3.2 Tested concentrations against measured environmental concentrations
The concentrations at which effects are demonstrated bear an uncertain relationship to those fish encounter. The most rigorous characterisation concerns Disperse Red 1, for which a long-term predicted no-effect concentration of 60 ng L−1 and a short-term value of 1800 ng L−1 were derived, and for which liquid chromatography with tandem mass spectrometry established concentrations of 50 to 500 ng L−1 in river waters at three sites influenced by textile discharges (Vacchi et al., 2016). The resulting risk quotients indicate potential risk to freshwater biota, and a fish partial or full life-cycle study was identified as the measurement required to reduce threshold uncertainty; that study has not been performed. Most reported effect concentrations in the fish literature exceed measured river concentrations by three to five orders of magnitude.
A second well-characterised case reaches the opposite conclusion about risk while using comparably careful methods. Chronic embryo-larval exposure of fathead minnow, Pimephales promelas, established median lethal concentrations of 25.4 µg L−1 for Disperse Yellow 7 and 16.7 µg L−1 for Sudan Red G, with the anthracenedione dyes Acid Blue 80 and Acid Blue 129 producing no effect at measured concentrations of 7700 and 6700 µg L−1 (Parrott et al., 2016). The azo dyes were therefore some three hundred times more potent than the anthracenedione dyes. In 162 municipal wastewater effluent samples collected across Canada and analysed for these dyes, all results were below detection limits, and the authors concluded that concentrations entering the Canadian environment were much lower than those affecting larval survival. Two studies of similar analytical quality thus reach divergent risk conclusions, and the divergence is attributable to geography and to dye identity rather than to methodological disagreement. Risk conclusions in this field are not transferable between regions.
The Parrott study also identifies an exposure-duration artefact of general importance. Larval fish exposed to both azo dyes succumbed four to ten days after hatch, and the authors state explicitly that terminating exposure at the embryo stage or shortly after hatch would have greatly underestimated potency (Parrott et al., 2016). Standard fish embryo acute toxicity designs terminate at 96 h post-fertilisation, which for zebrafish is at or shortly after hatch. The large body of 96 h embryo studies reporting median lethal concentrations in the hundreds of milligrams per litre may therefore be systematically underestimating the potency of azo dyes, and the apparently reassuring conclusion that textile dyes are of low acute hazard to fish may be partly an artefact of test duration.
Recent work on the anthraquinone dye alizarin shows how far the picture shifts when sensitive designs are applied. A median lethal concentration of 45.8 µg L−1 and a tenth-percentile effect concentration of 20.8 µg L−1 were derived for Danio rerio embryos, with Daphnia similis effect concentrations of 68.6 to 105 µg L−1 depending on light regime and mutagenicity confirmed in a miniaturised bacterial reverse mutation assay (Rodrigues et al., 2026). These fish values lie three to four orders of magnitude below the indigo and Remazol figures cited above, and the light-dependence indicates that photochemistry modulates potency in ways standard designs do not capture. Anthraquinone dyes cannot be treated as uniformly less hazardous than azo dyes on the basis of the anthracenedione results.
Table 2 assembles the studies in which exposure concentrations can be compared with an environmental reference point, and it makes the scale of the mismatch explicit. The pattern is that exposure realism and mechanistic depth are inversely related across the literature: the studies that measure environmental concentrations and derive thresholds report few biological endpoints, while the studies that profile enzymes, histology, haematology and gene expression in detail almost never relate their concentrations to measured environmental values. No study identified for this review combines analytically measured environmentally realistic exposure with multi-level biomarker characterisation in a juvenile or adult fish, which is the single most consequential gap in the evidence base.
Table 2
Relationship between tested concentrations and environmental reference values in studies permitting comparison
	Study focus
	Species or model
	Tested concentration range
	Environmental reference reported
	Direction of mismatch
	Supporting references

	Disperse Red 1 risk assessment
	Eight species, four trophic levels
	Threshold derivation; PNEC 60 ng L−1 chronic, 1800 ng L−1 acute
	50-500 ng L−1 in three river sites near textile discharges
	Measured concentrations exceed chronic PNEC
	Vacchi et al. (2016)

	Azo and anthracenedione dye chronic toxicity
	Pimephales promelas embryo-larval
	16.7-7700 µg L−1 (measured)
	All of 162 municipal effluent samples below detection
	Tested concentrations far exceed measured
	Parrott et al. (2016)

	Alizarin multi-species assessment
	Danio rerio embryos; crustaceans; mussels
	LC50 45.8 µg L−1; EC10 20.8 µg L−1
	Not quantified in receiving waters
	Environmental reference absent
	Rodrigues et al. (2026)

	Single textile dye embryo toxicity
	Danio rerio embryo-larval
	0.5-100 mg L−1 sublethal; LC50 152-278 mg L−1
	Not reported
	Environmental reference absent
	Köktürk (2022); Köktürk et al. (2021)

	Disperse dye biomarker response
	Danio rerio early life stages
	Stated as environmentally realistic
	Referenced but not measured in study
	Realism asserted, not verified locally
	Meireles et al. (2018)

	Whole effluent toxicity units
	Zebrafish embryos and three other taxa
	Undiluted to compliance-treated effluent
	Discharge standards for China and other countries
	Effluent tested as discharged
	Peng et al. (2025)

	Malachite green residue and stress
	Red tilapia
	0.053 mg L−1 for 60 d; 0.105 mg L−1 for 20 d
	Muscle residues 82.68 and 108.04 µg kg−1
	Tissue burden quantified
	Kwan et al. (2019)

	Textile effluent dilution series
	Oreochromis niloticus
	100% and 12.5% treated effluent
	Sri Lankan discharge tolerance limits
	Genotoxicity at 1:8 dilution
	Hemachandra & Pathiratne (2016)


Note. PNEC, predicted no-effect concentration; LC50, median lethal concentration; EC10, effect concentration at the tenth percentile. Toxicity units express the reciprocal of the effluent dilution producing a fifty per cent response.
4. Oxidative stress as the dominant explanatory framework
4.1 Convergent evidence for redox disturbance
Lipid peroxidation is the most consistently reported response to dye and dye effluent exposure in fish, and it is the one for which confidence is highest. Elevated malondialdehyde or thiobarbituric acid reactive substances have been reported following exposure to Eriochrome Black T in Clarias batrachus and Heteropneustes fossilis (Naz & Vaseem, 2024, 2025), to malachite green in Cyprinus carpio gill and in Channa striata kidney and gill cell lines (Majeed et al., 2014; Sinha & Jindal, 2022), to Remazol Gelb-GR in Danio rerio larvae (Köktürk, 2022), to Reactive Blue 4 in zebrafish embryos (Tungare et al., 2022), to tartrazine in Carassius auratus and Carassius carassius (Wu, Lv, et al., 2021; Wu, Xu, et al., 2021), to naphthalene-2-sulphonate and 2-aminobenzene sulphonate in Channa punctata (Mehra & Chadha, 2020; Sharma et al., 2022), to textile effluent in Clarias gariepinus (Ayoola et al., 2012), and to textile effluent in Channa punctata (Sharma et al., 2024). The signal holds across azo, anthraquinone, triarylmethane and reactive chromophores, across cyprinid, channid, clariid and cichlid lineages, across in vivo and in vitro systems, and across single-compound and whole-effluent exposures, which supports the conclusion that dye-bearing exposures produce membrane lipid oxidation in fish tissues.
The mechanistic account is plausible and partially supported. Xenobiotic biotransformation in fish generates reactive oxygen species through redox cycling of quinoid and nitroaromatic structures, uncoupling of cytochrome P450 catalytic cycles and consumption of reducing equivalents during conjugation, with the resulting signalling organised around the nuclear factor erythroid 2-related factor 2 pathway (Silvestre, 2020). Direct support comes from a study in which that factor declined in zebrafish larvae exposed to Remazol Gelb-GR while nuclear factor kappa B, tumour necrosis factor alpha, interleukin 6 and caspase 3 increased and immunopositivity for 8-hydroxy-2-deoxyguanosine intensified (Köktürk, 2022); the same oxidative base lesion increased in the brain of zebrafish exposed to Maxilon Blue 5G and Reactive Blue 203 (Köktürk et al., 2021). These are among the few studies here that measure a molecular intermediate rather than inferring one.
Two qualifications apply. Malondialdehyde quantification by the thiobarbituric acid method is subject to interference from aldehydes and sugars unrelated to lipid peroxidation, and few studies report the chromatographic separation that would exclude such interference. One chronic study also reports malondialdehyde as decreasing after one and four months of effluent exposure while listing it among activities described collectively as antioxidant enzymes (Wang et al., 2021), a conceptual conflation that the report does not allow to be resolved.
4.2 Directional inconsistency in antioxidant enzyme responses
The antioxidant enzyme literature does not converge. Superoxide dismutase, catalase and glutathione reductase increased while glutathione peroxidase decreased in two catfish species exposed to Eriochrome Black T for 96 h (Naz & Vaseem, 2024). The same three activities rose and then declined in Channa punctata exposed to 2-aminobenzene sulphonate over the same duration (Sharma et al., 2022), whereas catalase and superoxide dismutase were reduced with elevated malondialdehyde in the same species after 45 days of textile effluent exposure (Sharma et al., 2024). Catalase, superoxide dismutase and glutathione peroxidase declined with elevated malondialdehyde in Carassius species exposed to tartrazine (Wu, Lv, et al., 2021; Wu, Xu, et al., 2021), and superoxide dismutase, catalase and total protein declined in Clarias gariepinus exposed to textile effluent (Ayoola et al., 2012). Superoxide dismutase, catalase, nitric oxide and lactate dehydrogenase increased while glutathione fell in zebrafish exposed to Sudan Black B (Ramamurthy, Madesh, et al., 2024), whereas catalase, glutathione, glutathione peroxidase and total antioxidant capacity all fell in adult zebrafish after chronic effluent exposure (Wang et al., 2021).
The most instructive comparison involves the same dye and the same species. Acute exposure of Labeo rohita to Acid Black at 6 to 10 mg L−1 for 96 h identified liver as the most affected tissue and superoxide dismutase as the maximally affected enzyme, with fish failing to recover ninety days after exposure ceased (Kaur & Kaur, 2015). Subchronic exposure of the same species to the same dye, designated Acid Black-1 with the same Colour Index number, for 150 days followed by a 90 day recovery phase identified muscle as the tissue showing the most pronounced changes for a majority of enzymes, while again reporting consistent decline in superoxide dismutase and proposing that enzyme as a biomarker (Singh et al., 2026). The convergence on superoxide dismutase as the responsive activity is reassuring; the divergence in target tissue is not, and it cannot be explained by species or compound difference. Exposure duration, concentration range, or the difference between the exposure and recovery phases in which measurements were taken remain candidate explanations, and the second study does not analyse the discrepancy with the first.
Several non-exclusive explanations are available. Induction early in exposure followed by suppression as substrate is consumed or protein oxidatively modified would generate opposite results depending on sampling point, and the biphasic pattern documented within a single 96 h exposure supports this reading (Sharma et al., 2022). Concentration is a second axis: hormetic responses have been documented for a textile azo dye in a fish cell line, where Direct Black 38 produced direct and oxidative comet assay damage in rainbow trout gonad cells in hormetic form (de Oliveira et al., 2018). Tissue is a third, since the studies above assay enzymes with differing tissue distributions in different organs. Species and life stage constitute a fourth, and the opposite gut microbial responses of Heteropneustes fossilis and Clarias batrachus to identical exposure show that closely related catfishes can diverge (Naz & Vaseem, 2024).
What is largely absent is analysis. Most studies interpret their directional result as oxidative stress without reference to studies reporting the opposite direction under comparable conditions, and reviews reproduce the pattern by listing effects rather than reconciling them (Dutta et al., 2024; Khandelwal et al., 2024). As applied in this literature the framework is close to unfalsifiable: both induction and suppression count as confirmation, no study identified here specifies its predicted direction in advance, and none reports a null result as evidence against redox involvement. Guidance on fish oxidative stress biomarkers emphasises attention to time course, tissue specificity and the distinction between damage and defence markers (Formicki et al., 2025), and adherence to it here is uneven.
4.3 Competing mechanisms
Reactive oxygen species generation is not the only mechanism capable of producing the observed changes, and three alternatives have empirical support. The first is direct interaction of dye with enzyme protein. Studies of Eriochrome Black T in Labeo rohita attributed declines in alkaline phosphatase, acid phosphatase, carboxylesterase, succinate dehydrogenase, catalase and peroxidase activity in skin and gill to dye binding rather than oxidative inactivation (Srivastava et al., 2017, 2018). Molecular docking has since been used to support that interpretation, with Acid Black-1 interacting with antioxidant enzymes at active or allosteric sites (Singh et al., 2026) and malachite green binding haemoglobin (Poopal et al., 2023). Docking demonstrates geometric and energetic plausibility rather than in vivo occurrence, and none of these studies provides the kinetic evidence that would establish direct inhibition. The hypothesis nevertheless accounts economically for coordinated declines across enzymes of unrelated catalytic chemistry.
The second alternative is energetic. Exposure of zebrafish early life stages to the azo dye Basic Red 51 and to the naphthoquinone dye erythrostominone reduced energy consumption from a lowest observed effect concentration of 7.5 mg L−1 while leaving available energy reserves in carbohydrate, lipid and protein unchanged, so that cellular energy allocation increased, and larvae exposed to either dye through 144 h were less active (Abe et al., 2018). Photodegradation of erythrostominone to a colourless product abolished all measured effects. Reduced metabolic activity accompanied by reduced locomotion is consistent with a generalised stress response rather than with a specific oxidative lesion, and the parallel behavioural and energetic findings provide a mechanistic route from biochemical change to whole-organism performance that the antioxidant literature does not supply. Earlier work by the same group established that antioxidant and neurotransmission biomarkers respond to natural as well as synthetic dyes in zebrafish early life stages, indicating that the response is not specific to synthetic chemistry (Abe et al., 2017).
The third alternative is inflammatory and immune activation. Tartrazine upregulated interleukin 6, tumour necrosis factor alpha, interleukin 8, interleukin 10, complement component 3, lysozyme and beta-defensin 3 in Carassius auratus alongside intestinal and hepatic histopathology and microbiota shift (Wu, Xu, et al., 2021), with comparable upregulation in Carassius carassius juveniles (Wu, Lv, et al., 2021). Sudan Black B produced a complex pattern across tumour necrosis factor alpha, interleukin 10 and inducible nitric oxide synthase with increased apoptosis and hepatic damage (Ramamurthy, Madesh, et al., 2024). Because reactive oxygen species and inflammatory signalling are reciprocally coupled, these observations do not exclude the redox account, but they indicate that immune activation may be primary rather than secondary, and no study identified here has established the temporal order.
Table 3 sets out the principal conflicting findings and the explanations that can reasonably be advanced for each. The table is analytical rather than exhaustive: it records where the literature disagrees, what the disagreement most plausibly reflects, and what measurement would resolve it. In every case except the biphasic time-course finding, the resolving measurement has not been made. The predominance of unresolved entries indicates that the disagreements in this field are not residual noise around an established relationship but consequences of design choices that could be corrected.
Table 3
Principal conflicting findings, candidate explanations and resolving measurements
	Conflict
	Contrasting observations
	Most plausible explanations
	Measurement that would resolve it
	Supporting references

	Direction of antioxidant enzyme response
	Superoxide dismutase and catalase increased in some exposures, decreased in others, at comparable concentrations
	Sampling time relative to induction and exhaustion; concentration-dependent hormesis; tissue specificity
	Time-resolved sampling across a concentration series in one tissue with one dye
	Kaur & Kaur (2015); Naz & Vaseem (2024); Sharma et al. (2022, 2024); Wang et al. (2021); Wu, Lv, et al. (2021)

	Most affected tissue for one dye in one species
	Liver identified after 96 h exposure; muscle identified after 150 d exposure
	Duration-dependent redistribution; differing concentration ranges; measurement phase
	Parallel acute and subchronic exposure with identical tissue panel
	Kaur & Kaur (2015); Singh et al. (2026)

	Relative hazard of anthraquinone dyes
	Anthracenedione dyes without effect near 7 mg L−1; alizarin lethal near 46 µg L−1
	Structural heterogeneity within the chromophore class; substituent effects; light-dependent activation
	Structure-activity testing across substituted anthraquinones under controlled light
	Parrott et al. (2016); Rodrigues et al. (2026)

	Ecological risk from textile dyes
	Risk quotients indicating potential risk; measured concentrations below detection
	Regional differences in discharge control; dye identity; analytical detection limits
	Harmonised monitoring of the same dyes across contrasting regulatory settings
	Parrott et al. (2016); Vacchi et al. (2016)

	Adequacy of a single dye as effluent surrogate
	Single dyes of low acute potency; effluents acutely lethal at low percentage dilution
	Non-dye constituents dominating toxicity; mixture interaction
	Effect-directed analysis with fractionation and confirmation in fish
	Ayoola et al. (2012); Peng et al. (2025); Vasconcelos et al. (2025)

	Interpretation of enzyme decline
	Attributed to oxidative exhaustion; attributed to direct dye-protein binding
	Both operating; relative contribution unquantified
	Enzyme kinetic characterisation with and without dye at measured tissue concentrations
	Singh et al. (2026); Srivastava et al. (2017, 2018)

	Direction of malondialdehyde change under chronic exposure
	Elevated in most acute and subacute studies; reduced after one and four months
	Adaptation; substrate depletion; assay interference; reporting error
	Chromatographically resolved aldehyde quantification over a long time course
	Sharma et al. (2024); Wang et al. (2021)


Note. Hormesis refers to a biphasic concentration-response relationship in which low and high concentrations produce opposite effects. Effect-directed analysis combines fractionation of a complex sample with bioassay to identify causative constituents.
5. Genotoxicity and cytogenetic damage
5.1 Consistency of the erythrocyte damage signal
Genotoxicity is the second domain in which the evidence converges, and it does so more cleanly than the antioxidant domain because the endpoints are counts rather than activities and their direction is unambiguous. Induction of micronuclei in fish erythrocytes by a chlorotriazine reactive azo dye was demonstrated in a dose- and time-dependent manner at 1, 5 and 10 mg L−1, establishing the design that most subsequent work has followed (Al-Sabti, 2000). Since then, elevated micronucleus frequency, nuclear abnormalities, comet assay tail length and tail moment have been reported following exposure to textile effluent in Clarias gariepinus (Ayoola et al., 2012), to treated textile effluent in Oreochromis niloticus at dilutions as low as one part in eight (Hemachandra & Pathiratne, 2016), to textile production effluent and to a commercial reactive dye in Astyanax lacustris (da Silva et al., 2023, 2024), to dye-bath effluent in Channa punctata with micronucleus frequencies 1.28 to 1.61 times those of a treated-effluent comparison group (Sharma et al., 2023), to naphthalene-2-sulphonate in the same species (Mehra & Chadha, 2021), and to dye effluent in Danio rerio by both micronucleus and comet assays (Zhang et al., 2014). Oxidative DNA base damage measured immunohistochemically corroborates the comet findings in zebrafish larvae (Köktürk, 2022; Köktürk et al., 2021).
Two qualifications temper this consistency. The original micronucleus study reported a slight time-dependent increase in control fish held in tap water (Al-Sabti, 2000), so handling, confinement and background water quality generate a drifting baseline over the multi-day sampling intervals typical of these designs. The second concerns effect size. In the study of a commercial reactive dye in Astyanax lacustris, reported totals were 27 micronuclei and 3513 cellular morphological changes across the experiment, with significance at all concentrations except mean DNA damage frequency at the lowest (da Silva et al., 2024). Micronucleus counts of that magnitude, distributed across four concentrations and replicated groups, rest on small absolute numbers, and the far larger count of morphological changes indicates that the two endpoints differ greatly in statistical power. Reviews reporting both as genotoxicity evidence without distinguishing their precision overstate the micronucleus signal.
The relationship between genotoxicity and mutagenicity in this field is not straightforward. Assessment of Acid Black 210, a trisazo dye of toxicological concern because of its potential to generate carcinogenic aromatic amines, returned negative results in the comet assay, in a cladoceran acute test and in the zebrafish embryo acute toxicity test, with the sole positive result arising in one bacterial reverse mutation strain at low mutagenic potency; the authors concluded that the dye was safe from an ecotoxicological standpoint in the areas evaluated given the low concentrations found in tannery effluents (Rocha et al., 2017). By contrast, alizarin was mutagenic in a bacterial reverse mutation assay and genotoxic in invertebrate somatic and germ cells while also being acutely lethal to fish embryos at microgram-per-litre concentrations (Rodrigues et al., 2026). Structural class does not predict genotoxic outcome, and the presence of azo linkages capable of yielding aromatic amines is not sufficient to establish genotoxicity in fish.
5.2 The attribution problem in genotoxicity
Where genotoxicity is demonstrated for an effluent, the causative agent is almost never identified. The strongest inferential evidence that azo cleavage products rather than parent dyes drive the response comes from treatment-train studies. In a Chinese textile factory and its associated sewage treatment plants, wastewater from bleaching, rinsing and soaping was highly acutely toxic and genotoxic to zebrafish; anoxic-oxic treatment reduced colour by 40 per cent and chemical oxygen demand by 84 per cent, bringing the effluent within the applicable discharge standard, yet toxicity and genotoxicity increased in the anaerobic tank and final effluent genotoxicity did not differ from that of the influent (Zhang et al., 2012). Increased hazard under anoxic conditions is what azo reduction to aromatic amines predicts, the reductive chemistry is well characterised in bacterial systems (Mahmood et al., 2016), and the mutagenicity of the amine products is established independently of any fish study (Chung, 2000).
This inference remains indirect because the amines were not measured. Direct measurement of specific aromatic amines in a dye effluent alongside a fish genotoxicity response has not been reported in the studies located for this review, and the transformation-product hypothesis therefore rests on mechanistic plausibility and on the pattern of hazard change through treatment stages rather than on chemical confirmation. That the hypothesis is well supported chemically does not make it demonstrated ecotoxicologically, and the distinction matters because several other candidate genotoxicants occur in the same streams, including metals with established genotoxic activity in fish (Bakshi & Panigrahi, 2018; Kamila et al., 2023) and residual oxidants from bleaching operations.
Low-dose behaviour compounds the problem. Low-concentration exposure to Disperse Red 1 in mice and zebrafish produced consequences below the doses used in conventional testing (Fernandes et al., 2024), and the natural anthraquinone emodin has been characterised as eco-genotoxic to aquatic organisms (de Farias et al., 2024), so naturally sourced colourants are not exempt. Taken with the alizarin findings, the field's concentration on high-concentration synthetic azo dye exposures has produced a distorted map of where genotoxic hazard lies.
6. Tissue-level and organismal responses
6.1 Gill, liver and kidney pathology
Histopathology provides the most spatially resolved evidence and converges strongly on target organ. Gill lesions reported across studies include lamellar fusion, curling and bending, epithelial uplifting, telangiectasia, aneurysm, oedema, necrosis and vacuolation, documented in Cyprinus carpio exposed to malachite green with corroborating electron microscopy showing microridge aberration, pyknosis, mitochondrial swelling and cristolysis (Sinha & Jindal, 2022), in Channa punctata exposed to textile effluent and to 2-aminobenzene sulphonate (Sharma et al., 2022, 2024), in Labeo rohita exposed to methyl orange (Alaguprathana & Poonkothai, 2021) and in Oreochromis niloticus exposed to indigo dye (Ayebidun & Ajibare, 2023). Hepatic lesions include sinusoidal dilation, congestion, lymphocytic infiltration, vacuolation and necrosis (Naz & Vaseem, 2025; Sharma et al., 2022, 2024), and renal lesions include tubular degeneration, glomerular shrinkage and interstitial haematopoietic necrosis (Hussain et al., 2021).
The convergence on gill and liver is mechanistically coherent. The gill is the first tissue in contact with waterborne solutes and combines a large surface area with a short diffusion distance, while the liver concentrates biotransformation capacity and receives portal drainage. Semi-quantitative scoring supports the pattern, with degree of tissue change reaching 50.33 in liver and 42.33 in gill under identical exposure to a dye intermediate in Channa punctata, indicating slightly greater hepatic involvement at that exposure (Sharma et al., 2022). Skin also responds, and the response has a defensive character: exposure of Labeo rohita to Eriochrome Black T produced epithelial hypertrophy, increased mucous goblet cell density and profuse mucous secretion, interpreted as protective, alongside degenerative change in club cells whose released contents were interpreted as plugging intercellular spaces against further entry (Srivastava et al., 2017). Adaptive and pathological changes therefore coexist in the same tissue, and scoring systems that aggregate all deviations from control conflate them.
Two interpretive weaknesses recur. Semi-quantitative indices are usually applied without stated blinding of the assessor or inter-observer agreement statistics, in a domain where expectancy effects are well recognised. The lesions themselves are not specific to dye exposure, since lamellar fusion, epithelial uplifting and telangiectasia also follow acidity, alkalinity, elevated salinity, ammonia, suspended solids and metals, all present in dye effluents. Where whole effluent is the exposure and water quality covariates are unreported, the lesions cannot be attributed to the coloured component. In situ assessment confirms that biochemical and histological damage occurs downstream of complex discharges (Pérez et al., 2018) without isolating dye-specific contributions.
6.2 Haematological responses
Haematological findings are internally inconsistent in a way that has not been examined. Reduced erythrocyte count, packed cell volume, haemoglobin and mean corpuscular haemoglobin concentration with increased leucocyte count occurred in Labeo rohita exposed to untreated methyl orange (Alaguprathana & Poonkothai, 2021), and reduced indices with markedly elevated leucocyte count occurred in Channa punctata exposed to untreated equalisation tank effluent relative to a microbially treated comparison (Sharma et al., 2024). In a companion study of dye-bath effluent in the same species, blood parameters were reported as increased and leucocyte count as reduced in the treated group relative to the untreated (Sharma et al., 2023). Haemoglobin, erythrocyte and leucocyte counts changed significantly in Cyprinus carpio under acute malachite green exposure (Poopal et al., 2023), and erythrocyte count halved at concentrations comparable in sensitivity to lethality in Gambusia affinis (Sharma et al., 2009). Two of these reports are reconcilable rather than contradictory, since both compare untreated with microbially treated effluent and both place the more severe outcome in the untreated group; the apparent conflict arises from the direction in which each comparison is stated. What remains unresolved is whether reduced oxygen-carrying indices with concurrent leucocytosis represent a response specific to dye-bearing exposure, since haematological indices in fish are sensitive to handling, sampling interval and water quality as well as to the contaminant under test (Bojarski & Witeska, 2020).
6.3 Behaviour, growth and energetics
Behavioural observation is nearly universal in this literature and nearly always qualitative. Reported responses include air gulping, erratic and accelerated swimming, increased opercular activity, mucus exudation and surface dye deposition in Channa punctata exposed to untreated dye-bath effluent (Sharma et al., 2023); irregular swimming, hyperventilation, rapid opercular movement and restlessness in Oreochromis niloticus exposed to indigo dye (Ayebidun & Ajibare, 2023); abnormal behaviour in Labeo rohita exposed to untreated but not to algal-treated methyl orange solution (Alaguprathana & Poonkothai, 2021); and inverse relationships between malachite green exposure and opercular and fin movement with escape behaviour from the exposure tank in Cyprinus carpio (Sinha & Jindal, 2020). Air gulping and increased opercular activity are consistent with respiratory compromise secondary to gill damage, and their co-occurrence with lamellar pathology across studies gives the association reasonable support.
Quantitative behavioural measurement is rare, and where it exists it links to physiology. Reduced swimming activity in zebrafish larvae exposed to Basic Red 51 and erythrostominone accompanied reduced energy consumption and, for the naphthoquinone dye only, reduced acetylcholinesterase activity from a lowest observed effect concentration of 15 mg L−1 (Abe et al., 2018). Neurotoxic mechanisms have since been examined for amaranth, reported to disrupt neuronal plasticity and promote alpha-synuclein aggregation (Gopi et al., 2025), aniline blue (Sudhakaran et al., 2025) and tartrazine, reported to induce mitochondria-mediated apoptosis during neurodevelopment (Haridevamuthu et al., 2024). This is the most mechanistically ambitious work in the field, and it shares a limitation: concentrations are selected for effect rather than environmental relevance, and the compounds are predominantly food-additive rather than textile-application dyes.
Growth responses have been documented mainly under chronic effluent exposure. Textile treatment plant effluent inhibited growth, worsened condition factor and increased mortality in adult zebrafish over one and four months (Wang et al., 2021), and three-month exposure to dyeing wastewater treatment plant effluent produced higher mortality and fatness with lower body weight and length and a reduced hepatosomatic ratio (Li et al., 2023). Growth reduction accompanied renal pathology in Cirrhinus mrigala exposed to hematoxylin dye (Hussain et al., 2021), and exposure of three Indian major carp species to dilutions of mixed industrial wastewater reduced unsaturated and increased saturated fatty acid proportions dose-dependently (Zulqurnain et al., 2024). Growth and body composition endpoints are ecologically and economically interpretable in a way that enzyme activities are not, and their relative neglect in single-dye studies is a structural weakness.
6.4 The neglected neuroendocrine axis
The vertebrate stress response is canonically organised around the hypothalamic-pituitary-interrenal axis, culminating in cortisol secretion, with secondary consequences for glucose mobilisation, ion regulation, immune function and growth. In the literature examined for this review, cortisol was not measured. Studies use plasma or serum glucose instead, reporting reduced glucose and protein in Labeo rohita exposed to methyl orange (Alaguprathana & Poonkothai, 2021), altered glucose, protein and cholesterol in Cyprinus carpio exposed to malachite green (Poopal et al., 2023), and decreased glucose with elevated lipid in zebrafish exposed to Sudan Black B (Ramamurthy, Madesh, et al., 2024). Glucose is downstream and non-specific, its direction depending on the balance between catecholamine-driven glycogenolysis, cortisol-driven gluconeogenesis and consumption by stressed tissue, so inconsistent glucose results are uninformative about axis activation.
7. Reproductive, developmental and microbiome-mediated responses
7.1 Early life stages
Embryo-larval work dominates the recent literature and has generated the most detailed developmental characterisation. Teratogenic outcomes reported across dyes include egg coagulation, tail detachment and bend, yolk sac and pericardial oedema, curved body axis, microphthalmia, spinal curvature, reduced heart rate and impaired hatching, documented for natural and synthetic indigo (Porkodi et al., 2024), for Maxilon Blue 5G and Reactive Blue 203 (Köktürk et al., 2021), for Remazol Gelb-GR with reduced blood flow and survival (Köktürk, 2022), for four food-additive azo dyes with complete embryolethality at 100 mM and teratogenic indices between 1.10 and 1.31 (Jiang et al., 2020), and for Congo red with yolk sac oedema, skeletal deformity and arrested hatching (Hernández-Zamora & Martínez-Jerónimo, 2019a). Malachite green produces cardiovascular defects in developing zebrafish through blockade of vascular endothelial growth factor receptor 2 signalling, which is among the few molecularly specified mechanisms in the field (Jang et al., 2009).
Comparative sensitivity across trophic levels does not support the assumption that fish embryos are the sensitive receptor. For Congo red, the microalga Pseudokirchneriella subcapitata was the most sensitive species with a fifty per cent inhibitory concentration of 3.11 mg L−1, while the cladoceran Daphnia magna tolerated 322.9 mg L−1 and Ceriodaphnia rigaudi 62.92 mg L−1; in zebrafish embryos the only lethal effect observed was absence of heartbeat (Hernández-Zamora & Martínez-Jerónimo, 2019a). Parallel results were obtained for Direct Blue 15 across the same battery (Hernández-Zamora & Martínez-Jerónimo, 2019b). For alizarin, the fish embryo median lethal concentration of 45.8 µg L−1 was lower than the crustacean effect concentrations, reversing the pattern (Rodrigues et al., 2026). Sensitivity ranking is dye-specific, and risk assessments based on fish alone or on invertebrates alone will misestimate hazard in opposite directions depending on the compound.
The dominance of the 96 h embryo design carries the limitation identified earlier: delayed larval mortality four to ten days after hatch would be invisible in most published designs (Parrott et al., 2016), and embryo assays depend on chorion permeability and on the limited biotransformation capacity of early embryos. Azo dyes requiring reductive cleavage to express toxicity are the class most likely to be underestimated. Biochemical endpoints in early life stages nevertheless respond at concentrations described as environmentally realistic for three red disperse dyes, so the design retains value as an early-warning screen even where its lethality estimates are conservative (Meireles et al., 2018).
7.2 Endocrine and reproductive endpoints
Reproductive evidence is sparse but consistent in direction. Exposure of Danio rerio to effluent from a textile factory and from two sewage treatment plants receiving industrial discharge in Zimbabwe produced significantly elevated vitellogenin in males exposed to one sewage treatment plant effluent, and textile effluent produced oocyte atresia in females and an increased proportion of spermatogonia in males, with textile effluent at 5 per cent by volume reducing fertilisation success in breeding groups (Teta & Naik, 2017). Reduced fertilisation and hatching rates with embryonic deformity and delayed yolk resorption followed tartrazine exposure in Carassius carassius (Wu, Lv, et al., 2021). Reproductive impairment therefore occurs at effluent dilutions well within the range encountered downstream of discharges, and it occurs through both gametogenic and fertilisation-competence pathways.
Attribution again limits interpretation. 4-Nonylphenol and bisphenol A were among the constituents associated with whole-effluent toxicity in the Guangxi study (Peng et al., 2025), and both are established oestrogen receptor agonists in fish, so vitellogenin induction in effluent-exposed fish is more parsimoniously attributed to them than to dyes. No study located for this review establishes endocrine activity for a dye molecule itself in fish, and general statements that azo dyes cause endocrine disruption in aquatic organisms should be treated as extrapolation from effluent studies. The absence of the life-cycle fish testing identified as necessary a decade ago (Vacchi et al., 2016) remains the principal barrier.
7.3 Gut microbiota and host-microbe interaction
Microbiome work is the newest addition to this field and has produced findings that complicate rather than confirm the prevailing account. Chronic exposure of adult zebrafish to textile treatment plant effluent altered intestinal microbial community composition and reduced community diversity, with slight changes in the relative abundance of Lactobacillus, Akkermansia and Lactococcus and increases in opportunistic pathogens (Wang et al., 2021), and a companion microcosm study confirmed dysbiosis under long-term exposure (Wang et al., 2023). Three-month exposure to dyeing wastewater treatment plant effluent shifted phylum-level composition and increased Lactobacillus while reducing Akkermansia, Prevotella, Bacteroides and Sutterella (Li et al., 2023). Tartrazine consumption reduced short-chain fatty acid producing genera and probiotic genera while increasing Bdellovibrio and Shewanella in Carassius auratus (Wu, Xu, et al., 2021).
Direction is inconsistent even for the same genus, with Lactobacillus reported as slightly changed in one effluent study and significantly increased in another (Li et al., 2023; Wang et al., 2021). The most analytically interesting result concerns species divergence: identical Eriochrome Black T exposure suppressed or eliminated commensals including Bacillus and Cetobacterium in Clarias batrachus while promoting Bacillus, Bacteroides, Prevotella and Megasphaera in Heteropneustes fossilis, with concurrent alteration of gut morphometry and of lipase, trypsin and amylase activity in both (Naz & Vaseem, 2024). Two air-breathing catfishes from the same habitat responded in opposite directions to one exposure. Because azo reduction is bacterially mediated, the microbiome is simultaneously a target of dye exposure and a determinant of internal aromatic amine dose, and species differences in community composition provide a mechanistic basis for species differences in susceptibility. The hypothesis is testable and has not been tested.
8. Recovery, adaptation and the treatment paradox
8.1 Reversibility and persistence
Recovery has been assessed in a minority of studies, and the results diverge in a way that carries direct management implications. Complete or near-complete recovery was documented in Labeo rohita transferred to clean water after four days of exposure to Eriochrome Black T, with skin mucous goblet cell density and area and enzyme activities returning to control values within eight days (Srivastava et al., 2017), and with succinate dehydrogenase, alkaline phosphatase and lactate dehydrogenase in gill returning to control levels over the same interval, although acid phosphatase, catalase, peroxidase and carboxylesterase remained significantly depressed (Srivastava et al., 2018). Recovery from oxidative stress and DNA damage induced by naphthalene-2-sulphonate was evident in Channa punctata thirty days after exposure ceased (Mehra & Chadha, 2020, 2021). Red tilapia exposed to malachite green at 0.053 mg L−1 for sixty days were interpreted as having adapted to the stress, with muscle accumulating 82.68 µg kg−1 of the sum of malachite green and its leuco metabolite (Kwan et al., 2019).
Persistence was documented under comparable designs. Labeo rohita exposed to Acid Black for 96 h had not recovered ninety days later, with the authors noting that even the lowest concentration tested produced significant effects that were sustained (Kaur & Kaur, 2015). Subchronic exposure of the same species to the same dye for 150 days followed by ninety days of recovery produced continued dose- and duration-dependent enzyme changes during the recovery phase, with a consistent and marked decline in superoxide dismutase throughout (Singh et al., 2026). Reversible and persistent outcomes have thus been reported for the same species under exposures differing in dye identity, duration and concentration, and the determinants of reversibility have not been isolated. Exposure duration is the most plausible discriminating variable, since the studies reporting recovery used exposures of four days to sixty days while the studies reporting persistence used a dye with a low median lethal concentration or an exposure of 150 days, but this remains a hypothesis rather than a finding.
8.2 Does treatment remove biological hazard?
The evidence that treatment reduces toxicity is consistent; the evidence that it removes toxicity is not. Reduction has been demonstrated across chemical, biological and nature-based processes: Fenton-coagulation eliminated detectable acute toxicity and genotoxicity to zebrafish within four hours while bringing chemical oxygen demand below 50 mg L−1 (Zhang et al., 2014); chitosan-based remediation removed approximately 80 per cent of dyes with a concurrent fall in metal content and reduced thiobarbituric acid reactive substances by 29.9 per cent, whereas conventional biological and physicochemical treatment increased metal content (Grinevicius et al., 2009); microbial treatment of dye-bath and equalisation tank effluent produced less severe outcomes in Channa punctata across all measured domains (Sharma et al., 2023, 2024); algal treatment of methyl orange abolished the responses observed with untreated dye in Labeo rohita (Alaguprathana & Poonkothai, 2021); plant-bacterial treatment reduced oxidative stress and gill damage in Etheostoma olmstedi, which died in untreated effluent (Watharkar et al., 2015); and vertical-flow constructed wetlands reduced cyto- and genotoxicity in Astyanax lacustris while hairy-root remediation halved zebrafish embryo mortality (da Silva et al., 2024; Tungare et al., 2022).
Residual hazard is equally well documented. Genotoxicity of treated effluents reaching a major Sri Lankan river persisted at a one-in-eight dilution in Oreochromis niloticus erythrocytes, with compliance parameters exceeded occasionally or frequently in the two industries studied (Hemachandra & Pathiratne, 2016). Genotoxicity of anoxic-oxic treated effluent did not differ from that of the influent despite compliance with the discharge standard (Zhang et al., 2012). Whole-effluent toxicity was reduced but not eliminated by a train comprising coagulation, anaerobic-aerobic treatment, Fenton oxidation, disinfection and wetland polishing, and only the final wetland effluent met both toxicity and physicochemical criteria (Peng et al., 2025). Bacterial bioremediation achieved only partial detoxification, with the bioremediated effluent still damaging Astyanax lacustris relative to controls (da Silva et al., 2023). Chronic exposure of adult zebrafish to fully treated effluent inhibited growth, increased mortality, altered antioxidant status and disturbed gut microbiota (Li et al., 2023; Wang et al., 2021, 2023).
The two bodies of evidence are reconcilable and jointly identify the central regulatory problem: colour and organic load are removed more efficiently than biological hazard, and compliance parameters therefore do not index residual risk. The 40 per cent colour and 84 per cent chemical oxygen demand removal that satisfied a discharge standard while leaving genotoxicity unchanged is the clearest single demonstration (Zhang et al., 2012). The finding that anaerobic stages can increase hazard while decolourising supplies the mechanism, and it implies that sequences optimised for colour removal may be counterproductive for genotoxicity unless followed by an oxidative or aerobic polishing stage capable of mineralising amine products. Treatment-focused reviews have not consistently drawn this conclusion, tending instead to present decolourisation efficiency as the primary performance metric (Adane et al., 2021; Islam et al., 2025; Periyasamy, 2024; Sudarshan et al., 2023). Comparable residual toxicity after conventional municipal treatment has been reported for anoxic-oxic processes generally (Zhang et al., 2013), so the problem is not unique to textile streams.
Table 4 compares treatment interventions against the biological outcomes measured in fish, and it shows that the interventions achieving the most complete detoxification are chemical oxidation and constructed wetland polishing rather than the biological and physicochemical processes most widely installed. The comparison is limited by the absence of standardised effluent characterisation, so cross-study inference about relative treatment performance is weak, and by the fact that most studies measure a single class of endpoint. The table should be read as a map of what has been tested rather than as a performance ranking.
Table 4
Treatment interventions assessed against biological outcomes in fish and fish-relevant endpoints
	Treatment approach
	Effluent or dye tested
	Physicochemical outcome reported
	Biological outcome in fish or fish cells
	Residual hazard
	Supporting references

	Fenton-coagulation
	Dye effluent
	Chemical oxygen demand below 50 mg L−1
	Acute toxicity and genotoxicity to zebrafish not detectable after 4 h
	None detected
	Zhang et al. (2014)

	Chitosan-based remediation
	Textile effluent
	Approximately 80% dye removal; metal content decreased
	Thiobarbituric acid reactive substances reduced by 29.9%
	Reduced, not quantified as absent
	Grinevicius et al. (2009)

	Conventional biological and physicochemical
	Textile effluent
	Metal content relatively increased
	Oxidative stress biomarkers less improved than chitosan system
	Present
	Grinevicius et al. (2009)

	Anoxic-oxic biological
	Textile factory and sewage streams
	Colour reduced 40%; chemical oxygen demand reduced 84%; standard met
	Genotoxicity of final effluent not different from influent; toxicity increased in anaerobic tank
	Substantial
	Zhang et al. (2012)

	Microbial consortium
	Dye-bath and equalisation tank effluent
	Not fully characterised
	Genotoxic, haematological, biochemical and histopathological damage less severe in Channa punctata
	Reduced, still present
	Sharma et al. (2023, 2024)

	Algal treatment
	Methyl orange solution
	Not fully characterised
	Behavioural, haematological and enzymological responses of Labeo rohita comparable to control
	None detected
	Alaguprathana & Poonkothai (2021)

	Plant-bacterial consortium bioreactor
	Textile effluent
	Chemical oxygen demand 78%, colour 93%, conductivity 4% reduction
	Reduced superoxide dismutase, catalase and lipid peroxidation and less gill damage in Etheostoma olmstedi
	Reduced
	Watharkar et al. (2015)

	Hairy-root remediation
	Reactive Blue 4
	Decolourisation followed by degradation
	Two-fold decrease in zebrafish embryo mortality; lipid peroxidation normalised
	Reduced at low concentration
	Tungare et al. (2022)

	Vertical-flow constructed wetland
	Reactive dye and textile production effluent
	Confirmed by spectrophotometry, chromatography-mass spectrometry and physicochemical analysis
	Cyto- and genotoxicity in Astyanax lacustris reduced
	Reduced
	da Silva et al. (2024, 2025)

	Bacterial bioremediation
	Textile production effluent
	Partial biodegradation
	Damage in Astyanax lacustris significantly above control after treatment
	Present
	da Silva et al. (2023)

	Full treatment train with wetland polishing
	Textile park effluents
	Compliance achieved in wetland effluent
	Zebrafish embryo toxic units reduced from 17.3
	Removed only after wetland stage
	Peng et al. (2025)

	Operational treatment plant final effluent
	Textile and dyeing wastewater
	Compliant discharge
	Growth inhibition, mortality, antioxidant change and dysbiosis in adult zebrafish
	Present
	Li et al. (2023); Wang et al. (2021, 2023)


Note. Thiobarbituric acid reactive substances index lipid peroxidation. Toxicity units express the reciprocal of the effluent dilution producing a fifty per cent response. Percentage removals are as reported in the cited studies and are not directly comparable because influent characteristics differ.
9. Methodological quality of the evidence base
The recurring weaknesses are structural rather than incidental, and they explain most of the interpretive difficulty documented above. Exposure concentrations are predominantly nominal; analytical confirmation was reported in a small minority of studies, of which the fathead minnow chronic work is the clearest example in basing its lethal concentrations on measured values (Parrott et al., 2016). Because dyes adsorb to tank surfaces, partition to particulates and photodegrade, nominal concentrations overestimate exposure by an unknown margin that varies with dye class, and reported effect concentrations are not comparable across studies.
Unit and dose expression are frequently irreconcilable, with concentrations appearing as mass per volume, millimolar, percentage volume dilution, fractions of a median lethal concentration and mass per unit body mass, the last implying an administered rather than waterborne dose while the exposure is described as aquatic. In one study the median lethal concentration is stated in grams per litre and the sublethal concentrations in milligrams per litre, with values differing by four orders of magnitude and the discrepancy unaddressed (Hussain et al., 2021). Where body-mass-normalised doses are used without conversion to water concentration, cross-study comparison is impossible (Mehra & Chadha, 2021).
Statistical and design limitations are common. Replication is frequently at the level of the individual fish rather than the tank, and the number of independent replicate tanks is often unstated. Blinding of observer-scored histopathological and cytogenetic endpoints is rarely reported, and sample sizes for cytogenetic work are sometimes very small, with one design using four fish per condition in triplicate across five conditions (da Silva et al., 2023, 2025). Correction for multiple comparisons is seldom described despite panels of ten or more enzymes being tested across several tissues and time points, which inflates the family-wise error rate and supplies a straightforward statistical contribution to the directional inconsistency documented in Section 4.
Geographical and taxonomic concentration limits generalisability. Most whole-effluent and single-dye studies on juvenile and adult fish originate from South Asia, with substantial contributions from Brazil, China and Türkiye and comparatively little from Africa despite major dyeing industries and documented effluent impacts there (Ayoola et al., 2012; Teta & Naik, 2017). Species selection is dominated by Danio rerio for developmental work and by Labeo rohita, Channa punctata, Cyprinus carpio and Oreochromis niloticus otherwise, while air-breathing species common in the shallow, hypoxic waters of dyeing districts appear in only a few studies (Naz & Vaseem, 2024, 2025, 2026). Because accessory respiration alters both exposure route and hypoxia tolerance, findings in obligate water-breathers may not transfer.
Publication and reporting bias should be assumed. No study located for this review reports absence of effect as its principal finding, with the partial exceptions of the Acid Black 210 assessment (Rocha et al., 2017) and the anthracenedione arm of the fathead minnow study (Parrott et al., 2016). A literature in which almost every tested dye produces effects is better explained by selective reporting and by concentration selection aimed at demonstrating effect than by uniform hazard across the many dyes in commerce. Table 5 summarises these limitations, their consequences and the available remedies.
Table 5
Methodological limitations of the evidence base, their consequences and available remedies
	Limitation
	Prevalence in the reviewed literature
	Consequence for inference
	Available remedy
	Supporting references

	Nominal rather than measured exposure concentrations
	Predominant
	Effect concentrations not comparable across studies; potency systematically misestimated
	Analytical verification of exposure water at intervals through the test
	Parrott et al. (2016)

	Incommensurable concentration units and dose metrics
	Frequent
	Cross-study comparison and meta-analysis precluded
	Reporting of waterborne concentration in mass per volume alongside any derived metric
	Hussain et al. (2021); Mehra & Chadha (2021)

	Unreported water quality covariates in effluent exposures
	Frequent
	Osmoregulatory and ammonia stress cannot be excluded as causes
	Full physicochemical characterisation reported with biological endpoints
	Watharkar et al. (2015); Peng et al. (2025)

	Absence of chemical attribution within effluent
	Almost universal
	Effects attributed to dyes may originate in metals, surfactants or oxidants
	Effect-directed analysis with fractionation and confirmatory fish testing
	Peng et al. (2025); Sanyal et al. (2015)

	Exposure duration too short for delayed effects
	Predominant in embryo studies
	Potency of dyes requiring metabolic activation underestimated
	Extension of exposure through at least ten days post-hatch
	Parrott et al. (2016)

	Pseudoreplication and unstated replicate structure
	Frequent
	Precision overstated; type I error inflated
	Tank as unit of analysis with stated replicate number
	da Silva et al. (2023, 2025)

	Multiple comparisons without correction
	Frequent
	Directional inconsistency partly attributable to chance
	Pre-specified primary endpoints with correction for the remainder
	Kaur & Kaur (2015); Singh et al. (2026)

	Unblinded observer-scored endpoints
	Frequent
	Expectancy bias in histopathology and cytogenetics
	Blinded scoring with inter-observer agreement reported
	Sharma et al. (2022); Sinha & Jindal (2022)

	Absence of internal dose measurement
	Predominant
	Dose-response relationships describe water rather than tissue exposure
	Tissue residue quantification alongside effect measurement
	Kwan et al. (2019); Naz & Vaseem (2025)

	Neuroendocrine mediator not measured
	Universal in the studies reviewed
	Generalised stress cannot be distinguished from specific toxicity
	Cortisol quantification by non-lethal or terminal sampling
	Lemos et al. (2023)

	Geographical and taxonomic concentration
	Substantial
	Generalisability to other regions and to air-breathing species uncertain
	Coordinated multi-region testing including accessory-breathing species
	Naz & Vaseem (2024); Teta & Naik (2017)

	Selective reporting of positive findings
	Probable
	Apparent uniformity of hazard across dyes overstated
	Publication of null results and pre-registration of designs
	Parrott et al. (2016); Rocha et al. (2017)


Note. Pseudoreplication refers to the treatment of non-independent observations as independent replicates. Effect-directed analysis combines sample fractionation with bioassay to identify causative constituents.
10. Future Directions
The first and most consequential priority is to couple environmentally measured exposure to multi-level biological response in juvenile or adult fish. No study located for this review combines analytically verified concentrations at levels documented in receiving waters with characterisation across redox, genotoxic, histological, endocrine and performance endpoints; rigorous exposure characterisation coexists with minimal biological measurement, and detailed biomarker profiling coexists with concentrations three to five orders of magnitude above measured river values (Parrott et al., 2016; Vacchi et al., 2016). The design required is a flow-through exposure at a concentration series bracketing measured receiving-water values, with periodic analytical verification and terminal tissue residue quantification, running for at least ninety days in a species of local fisheries importance, and measuring lipid peroxidation, a defined antioxidant panel, comet and micronucleus endpoints, blinded gill and liver histopathology, plasma cortisol and glucose, and growth. Without such a study the ecological significance of the biomarker literature remains conjectural.
The second immediate priority is chemical attribution within effluent. The demonstration that non-dye constituents including 4-nonylphenol and bisphenol A associate with whole-effluent toxicity establishes that colour is not a reliable proxy for hazard (Peng et al., 2025), and the persistence of genotoxicity through decolourising treatment establishes that the causative agents survive processes designed to remove dyes (Zhang et al., 2012). The appropriate method is effect-directed analysis: fractionation of effluent by polarity and molecular size, bioassay of fractions using a fish-relevant genotoxicity endpoint, chemical identification within active fractions by high-resolution mass spectrometry, and confirmation by testing identified compounds individually and in reconstituted mixtures against the same endpoint in fish. Priority analytes are the aromatic amines predicted by azo reduction chemistry (Chung, 2000; Mahmood et al., 2016), sulphonated aromatic intermediates known to pass through treatment (Mehra & Chadha, 2020), alkylphenols and bisphenols, and metals associated with metal-complex dyes (Sanyal et al., 2015). Success would convert the field's central mechanistic hypothesis from plausible to demonstrated and would identify the compounds that treatment must remove.
The third immediate priority is resolution of biomarker directionality through time-resolved design, since the disagreement documented in Section 4 follows from single-timepoint sampling across studies differing in duration, concentration and tissue. Exposing one species to one well-characterised dye at five or more concentrations spanning two orders of magnitude, with sampling at six or more intervals from hours to weeks and the same enzyme panel measured in the same tissues throughout, would establish whether induction followed by suppression is the general pattern, whether the transition is concentration-dependent, and whether the hormesis observed in fish cell lines occurs in vivo (de Oliveira et al., 2018). The design should include enzyme kinetic characterisation with and without dye at measured tissue concentrations, discriminating direct binding from oxidative inactivation and testing the alternative advanced on docking evidence (Singh et al., 2026; Srivastava et al., 2018). Reporting should distinguish damage from defence markers and specify predicted direction in advance (Formicki et al., 2025).
A fourth priority, achievable on the same timescale, is measurement of the neuroendocrine axis. Cortisol has not been quantified in any study located for this review, despite its status as the principal mediator of the vertebrate stress response and the availability of non-lethal sampling methods suited to pollutant work (Lemos et al., 2023). Incorporating cortisol alongside glucose, haematological indices and growth would establish whether the recurring findings represent a generalised stress response common to any aversive exposure or a dye-specific cellular toxicity, and it is inexpensive relative to the interpretive gain.
Longer-term priorities require larger investment. A fish partial or full life-cycle test, identified as necessary for reducing threshold uncertainty a decade ago and still not performed (Vacchi et al., 2016), would supply the chronic endpoints on which defensible water quality criteria for individual dyes depend and would establish whether the reproductive impairment observed under effluent exposure occurs with purified dyes (Teta & Naik, 2017). Multigenerational designs are warranted by evidence that low-dose exposure to a disperse azo dye produces consequences across generations (Fernandes et al., 2024). Structure-activity work across substituted anthraquinones under controlled light regimes is needed to explain the discrepancy between anthracenedione dyes without effect near 7 mg L−1 and alizarin lethal to fish embryos near 46 µg L−1 (Parrott et al., 2016; Rodrigues et al., 2026).
Two further directions follow from currently isolated findings. The gut microbiome should be examined as a determinant of internal dose rather than only as an endpoint, since azo reduction is bacterially mediated and the opposite responses of two air-breathing catfishes to identical exposure suggest that community composition governs susceptibility (Naz & Vaseem, 2024); the appropriate design combines germ-free or antibiotic-treated fish with defined microbial reconstitution and measures aromatic amine formation alongside host response. Coordinated monitoring of the same dyes and intermediates across regions with contrasting discharge controls would test whether divergent risk conclusions reflect genuine geographical difference in exposure rather than analytical or regulatory artefact (Parrott et al., 2016; Vacchi et al., 2016). Implementation follows directly: the first would identify species and settings requiring precautionary protection, and the second would determine whether colour-based discharge standards should be supplemented by toxicity-based criteria of the kind that residual-hazard findings imply (Hemachandra & Pathiratne, 2016; Peng et al., 2025).
11. Conclusions
Exposure of freshwater fishes to dye-bearing effluents and to individual synthetic dyes produces measurable biological change, and three conclusions can be drawn with reasonable confidence. Membrane lipid peroxidation increases across chromophore classes, species lineages, life stages and exposure designs, with sufficient independent replication to be regarded as established. Cytogenetic damage in circulating erythrocytes occurs consistently in response to whole effluents and to several individual dyes, including at effluent dilutions encountered downstream of discharges. Gill and liver are the principal target organs, a finding supported by concordant light and electron microscopy, semi-quantitative scoring and organ-specific enzyme measurement, and coherent with the physiology of solute uptake and biotransformation.
Beyond these, the evidence supports weaker claims than the literature generally asserts. Antioxidant enzyme responses are directionally inconsistent across studies of the same dye in the same species, and because both induction and suppression are routinely interpreted as confirming oxidative stress, the framework as applied has limited discriminating power. Alternative mechanisms remain live: direct binding of dyes to enzyme proteins offers a more economical account of coordinated declines across catalytically unrelated enzymes, reduced energy consumption with concurrent behavioural depression indicates a generalised rather than a specifically oxidative lesion, and inflammatory activation may precede rather than follow redox disturbance. None of these has been experimentally separated from the others.
Attribution is the field's central unresolved problem. Effluents are far more acutely toxic than the dyes they contain at environmentally occurring concentrations, non-dye organic constituents have been identified as toxicity drivers in the one study that looked for them, colourless synthesis intermediates produce the same biochemical and genotoxic signature as dyes while escaping colour-based monitoring, and metals and process chemicals co-occur throughout. Effects observed under whole-effluent exposure cannot be assigned to the coloured component, and statements that textile dyes cause a given effect in fish are frequently extrapolations from effluent studies. The hypothesis that azo reduction to aromatic amines drives genotoxicity is chemically well grounded and supported by the pattern of hazard change through treatment stages, but the amines have not been measured alongside a fish response.
Concentration realism further constrains inference. Most reported effect concentrations exceed measured concentrations in dye-affected rivers by three to five orders of magnitude, and the two studies that characterised exposure most rigorously reached divergent risk conclusions attributable to region and dye identity rather than to methodological disagreement. Standard embryo test durations terminate before the delayed larval mortality that azo dyes can produce, so the apparently reassuring finding that many textile dyes are of low acute potency to fish is partly an artefact of design. Assumptions that fish embryos are the sensitive receptor, and that anthraquinone dyes are inherently less hazardous than azo dyes, are both contradicted by specific well-conducted studies.
Two practical conclusions follow with reasonable security. Treatment consistently reduces biological hazard but does not reliably remove it, and because colour and organic load are removed more efficiently than genotoxicity, compliance with colour-based and oxygen-demand-based discharge standards does not indicate that a discharge is biologically safe; anaerobic stages that decolourise effectively can increase hazard, with direct implications for treatment train design. Recovery after exposure ceases is possible but not assured, with reversible and persistent outcomes documented in the same species under exposures differing in duration and potency.
The broader significance of this synthesis is methodological. A large and technically sophisticated literature has established that dye-bearing effluents harm fish without establishing which constituents are responsible, at what concentrations the harm occurs under field conditions, or through which physiological pathway it is mediated. These are answerable questions, and the designs capable of answering them are inexpensive relative to the work already undertaken. Redirecting effort from biomarker observation at high concentrations towards attribution, exposure realism and mechanistic discrimination would materially improve the capacity of this field to inform protection of freshwater systems.
12. Limitations
This review is a narrative synthesis and carries the limitations intrinsic to that design. Source selection was purposive and interpretive rather than exhaustive, and although search concepts, sources, period and eligibility rules are stated explicitly and every cited source was verified against its bibliographic record, studies may have been omitted whose inclusion would alter the balance of the assessment. Judgements about the weight of conflicting evidence, the plausibility of competing mechanisms and the adequacy of individual designs reflect the interpretive framework applied here, and a reviewer applying different criteria could reasonably differ on several points. No formal risk-of-bias scoring was applied, because the reporting detail required to do so reliably was frequently absent, and the qualitative appraisal used instead is less reproducible than a validated instrument.
Coverage was constrained by access. Subscription-restricted citation indexes and abstracting services were not available, and the search consequently relied on openly accessible bibliographic and scholarly indexes together with supplementary citation and author searching. Studies indexed only in restricted resources, and studies published in journals with limited indexing, may therefore be underrepresented. Where full text was inaccessible, assessment relied on complete abstracts together with verified metadata, and such sources were used only for corroboration rather than as sole support for quantitative claims. Restriction to English-language publications excludes literature from several countries with substantial dyeing industries, which is likely to compound the geographical imbalance identified in the primary evidence base.
The evidence base itself imposes the most severe limitations. Heterogeneity in exposure entity, concentration metric, duration, species, life stage and endpoint precluded quantitative synthesis, so no pooled effect estimate, dose-response meta-regression or formal assessment of publication bias could be undertaken. Comparability is further reduced by the predominance of nominal rather than measured concentrations and by the frequent absence of internal dose measurement. Long-term evidence is scarce, with chronic exposures exceeding three months confined to a small number of studies and life-cycle testing absent altogether, so conclusions about persistence, adaptation and reproductive consequence rest on limited foundations. Geographical representation is uneven, most juvenile and adult fish studies originating from a small number of countries. Reliance on observational field assessment for ecological inference and on laboratory exposure for mechanism means that neither body of evidence substitutes for the other. Publication bias towards positive findings should be assumed and its magnitude cannot be estimated. The field is developing rapidly, particularly in molecular and microbiome methods, and conclusions about the state of knowledge are correspondingly provisional.
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