


Sustainable Aquaculture by Harnessing Medicinal Plants to Improve Growth, Immunity, and Lipid Metabolism

Abstract
Global aquaculture has expanded rapidly to meet rising demand for aquatic protein, yet this expansion has been accompanied by intensified disease pressure and a corresponding reliance on antimicrobial chemotherapeutics, a practice now constrained by regulatory restriction and the spread of antimicrobial resistance. Medicinal plants and their derived phytochemicals have emerged as a widely investigated alternative, offering growth-promoting, immunomodulatory and metabolic benefits without the residue and resistance liabilities of synthetic drugs. This review synthesises evidence published between January 2015 and March 2026 on the dietary use of medicinal plants in finfish and crustacean aquaculture, with particular attention to three interlinked outcomes: growth performance, innate and adaptive immune function, and lipid metabolism. Botanicals such as Astragalus membranaceus, Moringa oleifera, Curcuma longa, Allium sativum, Zingiber officinale and Withania somnifera consistently improve weight gain, feed conversion, digestive enzyme activity and resistance to bacterial challenge across a range of species and rearing systems, generally through stimulation of lysozyme, complement and phagocytic activity, upregulation of cytokine and antioxidant gene networks, and modulation of hepatic lipogenic and lipolytic pathways such as SREBP-1c, PPARα and AMPK signalling. Effects are, however, markedly dose- and species-dependent, and excessive inclusion levels can suppress immune function rather than continue to enhance it. The review further considers the methodological heterogeneity of the underlying trials, the paucity of pharmacokinetic and long-term safety data, and the practical barriers to large-scale adoption, including standardisation of extracts and cost of production. It concludes that medicinal plants represent a scientifically credible component of sustainable feed formulation strategies but that their translation into commercial aquafeeds requires more rigorous dose-optimisation trials, harmonised reporting standards and mechanistic studies linking phytochemical composition to physiological outcome.
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1. Introduction
Aquaculture has become the fastest-growing food-production sector worldwide, now supplying more than half of all aquatic animal food consumed by humans, and production is projected to continue rising through the next decade to meet nutritional demand from a growing global population (Food and Agriculture Organization of the United Nations [FAO], 2024). This growth has been achieved largely through intensification: higher stocking densities, formulated diets and controlled water systems that maximise output per unit area. Intensification, however, concentrates animals under conditions that favour pathogen transmission, and outbreaks of bacterial, viral, fungal and parasitic disease remain among the principal constraints on profitable, sustainable production (Dadras et al., 2023).
For several decades the default response to disease pressure in farmed aquatic animals was prophylactic or therapeutic antibiotic use. This practice is now recognised as unsustainable. Antibiotic residues accumulate in tissue and sediment, non-target microbial communities are disrupted, and selection pressure has driven the proliferation of antibiotic-resistant bacteria and mobile resistance genes within aquaculture systems and their receiving environments (Yuan et al., 2023). Multiple reviews have documented resistance to tetracyclines, sulfonamides, macrolides and fluoroquinolones in bacterial isolates from farmed fish and shrimp across Asia, Europe, the Americas and Africa, with implications that extend beyond the farm gate to human and environmental health under a One Health framework (Afroze et al., 2025). Regulatory bodies in many jurisdictions have consequently tightened restrictions on antimicrobial use in food-animal production, creating strong commercial and scientific incentive to identify safe, effective, biodegradable alternatives.
Medicinal plants, employed in human and veterinary phytotherapy for millennia, have attracted particular interest as such an alternative. Their tissues contain complex mixtures of secondary metabolites, including polyphenols, flavonoids, alkaloids, saponins, tannins, essential oils and polysaccharides, several of which possess documented antimicrobial, antioxidant, anti-inflammatory and immunomodulatory activity in terrestrial animal models (Li et al., 2020). Incorporation of these botanicals, whole or as extracts, into aquafeeds is reported to enhance growth performance, feed conversion efficiency, digestive enzyme activity, disease resistance and stress tolerance in a wide range of cultured species, while simultaneously reducing reliance on synthetic chemotherapeutics (Awad & Awaad, 2017; Tadese et al., 2022). A parallel and less frequently reviewed body of evidence indicates that several of these same botanicals also act on lipid metabolism, a physiological axis of direct relevance to flesh quality, hepatic health and feed efficiency in intensively farmed fish, where high-energy formulated diets predispose to excessive visceral and hepatic fat deposition (Yao et al., 2020; Huang et al., 2023). Recent syntheses indicate that phytobiotics derived from medicinal plants can influence growth performance, immune function, antioxidant defence and disease resistance in finfish and shellfish, while outcomes depend on botanical source, processing, dose, administration route, bioavailability and host species (Kalaiselvan et al., 2024; Lee et al., 2024; Awad, 2025; Phan et al., 2025). Collectively, this evidence indicates that appraisal of medicinal plant applications in aquaculture should consider physiological efficacy together with formulation standardisation and species-specific response.
Despite the volume of primary research in this area, the literature remains fragmented across plant species, animal models, dosing regimens and outcome measures, and few syntheses have attempted to integrate growth, immunity and lipid metabolism within a single coherent narrative. Existing reviews tend to focus on one axis in isolation, most commonly immunostimulation, leaving the metabolic dimension comparatively underexplored and the mechanistic links between the three outcomes only loosely articulated.
1.1 Scope, Research Gap and Objectives of the Review
The scope of the present review is restricted to peer-reviewed, empirical and review literature concerning the dietary administration of whole medicinal plants, plant parts, crude extracts or purified phytoconstituents to farmed finfish and crustacean species, with outcomes reported for growth performance, immune function, disease resistance or lipid and hepatic metabolism. Studies confined to human, rodent or purely in vitro systems are considered only where they illuminate a mechanism directly transferable to the aquaculture context. The principal research gap addressed here is the absence of an integrated treatment linking phytotherapeutic growth promotion, immunomodulation and lipid-regulatory activity within a single analytical frame, together with a critical appraisal of dose-dependency, safety margins and translational barriers that is frequently omitted from narrower, single-outcome reviews. The objectives of this review are threefold: first, to synthesise and critically evaluate current evidence on the growth-promoting, immunomodulatory and lipid-metabolic effects of medicinal plants in aquaculture species; second, to characterise the principal molecular and physiological mechanisms proposed to underlie these effects, with attention to shared signalling pathways across the three outcome domains; and third, to identify the methodological, regulatory and practical gaps that currently constrain the translation of phytotherapeutic research into standardised commercial aquafeed formulations.
2. Methods for Literature Selection
2.1 Databases and Search Strategy
Literature was identified through structured searches of Web of Science, Scopus, Google Scholar and PubMed, supplemented by six field-specific indexing resources relevant to aquaculture, animal nutrition and veterinary science: CAB Abstracts, Aquatic Sciences and Fisheries Abstracts (ASFA), AGRICOLA, BIOSIS Previews, the FAO Fisheries and Aquaculture database, and the Directory of Open Access Journals (DOAJ). Search strings combined controlled vocabulary and free-text terms in Boolean combination, for example: ("medicinal plant*" OR phytobiotic* OR "herbal extract*" OR phytogenic*) AND (aquaculture OR fish OR shrimp OR "Litopenaeus vannamei" OR tilapia OR carp) AND (growth OR immun* OR "disease resistance" OR "lipid metabolism" OR hepatic). Variants substituted specific plant genera (Astragalus, Moringa, Curcuma, Allium, Zingiber, Withania) and specific outcome terms (lysozyme, phagocytic, SREBP, PPAR, AMPK, triglyceride) to capture mechanistic literature.
2.2 Date Range
The search covered literature published from January 2015 to 30 March 2026. The lower bound was chosen because it approximates the point at which dietary phytotherapy research in aquaculture moved from isolated case studies toward a more systematic body of dose-response and mechanistic work. A small number of methodologically foundational or mechanistically important sources published before 2015 were retained where no more recent equivalent existed and where their content remains directly relevant to the physiological pathways discussed.
2.3 Inclusion and Exclusion Criteria
Studies were included if they reported original experimental data or synthesised primary data concerning dietary administration of a medicinal plant, plant part or plant-derived extract to a farmed aquatic species, with quantitative outcomes for growth, feed utilisation, immune parameters, disease resistance or lipid and hepatic metabolism, and if they were published in an English-language, peer-reviewed journal. Authoritative institutional reports from bodies such as the Food and Agriculture Organization were eligible where no equivalent peer-reviewed synthesis existed for global production statistics. Studies were excluded if they were conference abstracts, theses, patents, non-peer-reviewed preprints, trade publications or books; if they examined only immersion or bath administration without a dietary component relevant to feed formulation; or if the test organism was not a farmed aquatic species.
2.4 Rationale for a Narrative Rather Than Systematic Review Approach
A narrative rather than systematic review design was adopted because the literature spans a heterogeneous set of plant taxa, extraction methods, dosing units, culture species and outcome measures that resist meaningful quantitative pooling, and because the aim here is conceptual integration across three physiological domains rather than estimation of a single pooled effect size. Narrative synthesis is an established and appropriate design for such integrative, mechanism-oriented questions, and its methodological quality can nonetheless be benchmarked against recognised appraisal instruments (Baethge et al., 2019).
2.5 Screening Workflow and Handling of Duplicates
Titles and abstracts retrieved from each database were compiled into a single reference library, and duplicate records arising from overlapping database coverage were removed prior to full-text screening. Remaining records were screened at title and abstract level against the inclusion criteria above, and full texts of potentially eligible records were retrieved for detailed assessment. Non-English-language records were excluded at the screening stage unless an English translation or English-language abstract with sufficient methodological detail was available. Priority for detailed discussion in this review was given to studies with clearly reported dosing regimens, replicated experimental designs and statistically analysed outcomes, and to influential reviews that themselves synthesise a substantial primary literature base, so that the narrative reflects the weight of current evidence rather than isolated findings.
3. Global Aquaculture Context and the Rationale for Phytotherapy
World aquaculture production has continued to expand, and aquatic animal foods now play a central role in strategies to meet global food security and nutrition targets, with continued growth expected over the medium term (FAO, 2024). This expansion has occurred disproportionately within intensive and semi-intensive systems, where high stocking density, nutrient loading and water-quality fluctuation elevate physiological stress and disease incidence. Historically, the response to elevated disease pressure has been increased antimicrobial input, yet accumulating evidence shows that antibiotics used in aquaculture persist in sediment and water at concentrations sufficient to select for resistant bacterial populations, with tetracyclines, macrolides, fluoroquinolones and sulfonamides most frequently implicated (Yuan et al., 2023). Comprehensive reviews of the aquaculture antimicrobial-resistance literature report that resistance genes and resistant bacterial isolates are now widespread across major producing regions, and that the sector has often been inadequately addressed within national antimicrobial-resistance action plans despite its scale (Afroze et al., 2025).
This regulatory and ecological pressure has reframed medicinal plants from a traditional curiosity into a mainstream research priority within animal nutrition science. Reviews spanning more than a decade of primary literature document consistent, if heterogeneous, benefits of dietary phytotherapy across finfish and crustacean species, encompassing enhanced growth, improved feed conversion, elevated innate immune parameters and reduced mortality following experimental pathogen challenge (Awad & Awaad, 2017; Dadras et al., 2023; Tadese et al., 2022). These reviews converge on several practical advantages of plant-based feed additives relative to synthetic alternatives: low production cost in regions where the source plants are cultivated, biodegradability, a generally favourable safety margin at physiologically relevant doses, and freedom from the residue-monitoring burden associated with pharmaceutical compounds. The remainder of this review considers the evidence for three specific physiological outcomes in turn before addressing the mechanisms that link them.
4. Effects of Medicinal Plants on Growth Performance
Growth performance, most commonly quantified through weight gain, specific growth rate, feed conversion ratio and protein efficiency ratio, is the outcome most frequently reported in the phytotherapy literature and the one of greatest immediate commercial relevance to producers. Botanicals from several unrelated plant families demonstrate reproducible growth-promoting activity across culture species, although the magnitude and consistency of the effect vary with species, developmental stage, inclusion level and extract preparation.
Polysaccharide fractions derived from Astragalus membranaceus, a legume long used in traditional Chinese medicine, have been particularly well studied. Dietary Astragalus polysaccharide supplementation improved weight gain, body composition and non-specific immune indices in white shrimp, with intermediate inclusion levels outperforming both unsupplemented controls and the highest tested dose, indicating a threshold beyond which additional supplementation confers no further zootechnical benefit (Pu & Wu, 2022). A comparable dose-dependent pattern was reported in spotted sea bass, where graded levels of Astragalus polysaccharide altered growth-associated physiological and biochemical parameters alongside changes in hepatic lipid-metabolism gene expression (Huang et al., 2023).
Moringa oleifera, whose leaves are rich in essential amino acids, carotenoids and phenolic compounds, has similarly demonstrated growth-promoting activity in Nile tilapia. Dietary inclusion of Moringa leaf and seed material, particularly in fermented form, improved growth performance alongside immunological and antioxidant parameters and increased resistance to Aeromonas hydrophila challenge, with the fermented preparation outperforming the unfermented equivalent, suggesting that microbial fermentation liberates or generates bioactive compounds not present in the raw material (Nassar et al., 2024). Moringa leaf extract has also been shown to protect growth performance and haemato-biochemical status in Nile tilapia exposed concurrently to a sub-lethal agrochemical stressor, pointing to a protective as well as a purely additive growth-promoting role under environmentally realistic co-stress conditions (Mahmoud et al., 2022).
Curcumin, the principal polyphenolic constituent of turmeric (Curcuma longa), has generated an extensive body of species-specific growth data. In Nile tilapia, long-term dietary curcumin supplementation improved growth performance at intermediate inclusion levels, with feed conversion ratio improved by approximately fifteen per cent relative to control at the optimal dose, while higher inclusion levels did not confer additional benefit and in some parameters approached the unsupplemented baseline (Amer et al., 2022). Curcumin nanoparticle formulations, designed to improve bioavailability relative to native curcumin, have likewise been reported to promote growth performance and humoral immunity in Nile tilapia fingerlings while favourably modulating hepatic and intestinal histology (Abdel-Tawwab et al., 2022).
Allium sativum (garlic) is among the most extensively studied phytogenic feed additives across both finfish and crustacean aquaculture, with documented benefits spanning growth, feed efficiency, haematological status and disease resistance in species as diverse as tilapia, rainbow trout, sturgeon, crayfish and shrimp (Cala Delgado et al., 2023). Comparable growth benefits are reported for garlic juice processing by-products incorporated into diets for juvenile black rockfish, where supplementation improved weight gain, specific growth rate and feed efficiency alongside upregulation of growth- and antioxidant-related gene expression (Oh, Lee, Lee, Lee, Sohn, et al., 2022).
Zingiber officinale (ginger) rhizome and its processing residues have similarly demonstrated consistent growth-promoting activity. Ginger residue from juice extraction, an industrial by-product, improved growth performance and feed efficiency in juvenile black rockfish even at the lowest tested inclusion level, alongside enhanced antioxidant enzyme activity and improved survival following bacterial challenge (Oh, Lee, Lee, Lee, Joo, et al., 2022). In Labeo rohita reared under semi-intensive field conditions, graded dietary ginger powder improved growth performance and health status over a prolonged one-hundred-and-twenty-day trial, supporting the translational relevance of laboratory-derived findings to commercial-scale, outdoor rearing systems (Rawat et al., 2022).
Withania somnifera (ashwagandha), a Solanaceae root long used in Ayurvedic medicine, has more recently entered the aquaculture literature. Dietary supplementation with Withania somnifera root powder improved growth performance and reduced feed conversion ratio in common carp in a dose-dependent manner, alongside improved haematobiochemical status, antioxidant capacity and survival following Aeromonas hydrophila challenge (Habib et al., 2024).
Table 1 summarises representative growth-performance findings across the principal medicinal plants considered in this section. Taken together, this literature shows a broadly consistent qualitative pattern: dietary medicinal plant inclusion at low-to-moderate levels enhances growth and feed efficiency across a taxonomically diverse set of species, most plausibly through combined effects on appetite stimulation, digestive enzyme activity and reduced subclinical physiological stress, while excessively high inclusion levels frequently fail to improve, and in some cases impair, growth relative to an intermediate optimum. This recurring inverted-U dose-response pattern is one of the most robust generalisations to emerge from the literature and carries direct implications for commercial feed formulation, discussed further in Section 8.
Table 1. Representative dietary medicinal plant effects on growth performance in cultured aquatic species
	Plant / Compound
	Species
	Key growth outcome
	Dose range tested / apparent optimum
	Source

	Astragalus membranaceus polysaccharide
	White shrimp (Litopenaeus vannamei)
	Improved weight gain and body composition; high dose no better than moderate dose
	Optimum at 30 g/kg; no further gain at 50 g/kg
	Pu & Wu (2022)

	Astragalus membranaceus polysaccharide
	Spotted sea bass (Lateolabrax maculatus)
	Dose-dependent change in growth-related physiological parameters
	Tested across 0.2–1.0 g/kg diet
	Huang et al. (2023)

	Fermented Moringa oleifera
	Nile tilapia (Oreochromis niloticus)
	Improved growth and survival against A. hydrophila
	Greatest effect at 10% inclusion (fermented)
	Nassar et al. (2024)

	Curcumin
	Nile tilapia (O. niloticus)
	Improved growth; ~15% improvement in feed conversion ratio
	Optimum at 400 mg/kg diet
	Amer et al. (2022)

	Ginger residue (juice by-product)
	Black rockfish (Sebastes schlegelii)
	Improved weight gain and feed efficiency from lowest dose tested
	Effective from 0.25% inclusion
	Oh, Lee, Lee, Lee, Joo, et al. (2022)

	Ginger powder
	Rohu (Labeo rohita)
	Improved growth and health status over 120-day field trial
	Tested across 5–20 g/kg diet
	Rawat et al. (2022)

	Withania somnifera root powder
	Common carp (Cyprinus carpio)
	Improved growth and reduced FCR, dose-dependent
	Continued benefit up to 4% inclusion
	Habib et al. (2024)


5. Immunomodulatory and Disease-Resistance Effects
Beyond growth promotion, the most frequently cited justification for phytotherapeutic feed additives is their capacity to stimulate innate and adaptive immune function, thereby reducing mortality during natural or experimental pathogen challenge and diminishing reliance on antibiotic intervention. Medicinal plants act on both cellular and humoral arms of the fish and crustacean immune system, most commonly evidenced through elevation of lysozyme activity, phagocytic index, respiratory burst activity, complement activity and immunoglobulin titre, together with modulation of pro- and anti-inflammatory cytokine gene expression (Awad & Awaad, 2017).
Astragalus-derived polysaccharides again feature prominently. In white shrimp, moderate dietary Astragalus polysaccharide inclusion improved non-specific immune indices without the further gain seen at the highest dose (Pu & Wu, 2022), a pattern consistent with the broader observation that immunostimulant efficacy in aquatic species frequently follows a bell-shaped dose-response curve, with excessive dosing risking immunosuppression rather than continued enhancement (Awad & Awaad, 2017).
Moringa oleifera preparations have demonstrated substantial immunomodulatory activity in Nile tilapia. Fermented Moringa supplementation enhanced phagocytic and lysozyme activity, upregulated immune-related cytokine and immunoglobulin M gene expression, and increased survival following Aeromonas hydrophila challenge relative to both unsupplemented controls and the non-fermented preparation (Nassar et al., 2024). Moringa leaf extract likewise restored haemato-immunological parameters in tilapia subjected to sub-lethal pesticide exposure, indicating that its immunoprotective activity extends to chemically stressed as well as unstressed animals (Mahmoud et al., 2022).
Curcumin exerts immunomodulatory activity through both antioxidant and anti-inflammatory mechanisms. Long-term curcumin feeding in Nile tilapia modulated the expression of proinflammatory cytokines and apoptosis-related indicators alongside improved antioxidant capacity and histological integrity of intestine and liver, with resistance to Aeromonas hydrophila challenge improved at intermediate but not the highest dose (Amer et al., 2022). Curcumin nanoparticle formulations similarly enhanced humoral immunity and favourably modulated hepatic and intestinal histology in tilapia fingerlings, suggesting that improved bioavailability may permit lower effective inclusion levels (Abdel-Tawwab et al., 2022).
Garlic-derived compounds, principally organosulfur allicin and its derivatives, exert direct antimicrobial activity against Gram-positive and Gram-negative fish pathogens in addition to indirect immunostimulation, with documented benefit against Aeromonas, Vibrio and Streptococcus species across multiple host taxa (Cala Delgado et al., 2023). Garlic juice processing waste supplementation in black rockfish enhanced digestive enzyme activity together with growth- and antioxidant-related gene expression, supporting a combined nutritional and immunoprotective mode of action (Oh, Lee, Lee, Lee, Sohn, et al., 2022).
Ginger similarly demonstrates immunostimulatory activity independent of its growth-promoting effects. Ginger residue supplementation improved antioxidant enzyme activity and survival following Streptococcus iniae challenge in black rockfish (Oh, Lee, Lee, Lee, Joo, et al., 2022), while ginger powder supplementation in Labeo rohita improved health status over a prolonged field trial under semi-intensive farming conditions (Rawat et al., 2022).
Withania somnifera root powder enhanced total antioxidant capacity (TAC), superoxide dismutase (SOD), catalase (CAT) and reduced glutathione (GSH) activity in common carp serum, together with markedly improved lysozyme activity, phagocytic activity and relative percentage survival following Aeromonas hydrophila challenge, with the highest tested dose producing the greatest immunological benefit in this trial (Habib et al., 2024) — a finding that stands in partial contrast to the inverted-U pattern reported for several other botanicals and underscores the species- and compound-specific nature of dose-response relationships in this literature.
Table 2 summarises representative immunomodulatory findings. Across these studies, a consistent mechanistic thread emerges: medicinal plant bioactives enhance innate immune parameters (lysozyme, phagocytosis, complement) more consistently and more rapidly than adaptive immune parameters, and their protective benefit is most clearly and reproducibly demonstrated through improved survival in standardised experimental pathogen challenge, which remains the most rigorous outcome measure available in this literature.
Table 2. Representative immunomodulatory and disease-resistance effects of medicinal plants in aquaculture species
	Plant / Compound
	Species
	Immune parameters affected
	Pathogen challenge outcome
	Source

	Astragalus membranaceus polysaccharide
	White shrimp
	Improved non-specific immunity, dose-dependent
	Not challenge-tested in this trial
	Pu & Wu (2022)

	Fermented Moringa oleifera
	Nile tilapia
	↑ Phagocytic and lysozyme activity; ↑ cytokine/IgM gene expression
	Increased survival vs. Aeromonas hydrophila
	Nassar et al. (2024)

	Moringa oleifera leaf extract
	Nile tilapia (pesticide-stressed)
	Restored haemato-immunological parameters
	Improved resilience under sub-lethal toxicant stress
	Mahmoud et al. (2022)

	Curcumin
	Nile tilapia
	↓ Proinflammatory cytokines; improved histoarchitecture
	Improved survival at intermediate, not highest, dose
	Amer et al. (2022)

	Curcumin nanoparticles
	Nile tilapia fingerlings
	↑ Humoral immunity; improved hepatic/intestinal histology
	Not directly challenge-tested
	Abdel-Tawwab et al. (2022)

	Garlic juice processing waste
	Black rockfish
	↑ Digestive enzyme and antioxidant gene expression
	Improved resistance against Streptococcus iniae
	Oh, Lee, Lee, Lee, Sohn, et al. (2022)

	Ginger residue
	Black rockfish
	↑ Antioxidant enzyme activity
	Improved survival vs. Streptococcus iniae
	Oh, Lee, Lee, Lee, Joo, et al. (2022)

	Withania somnifera root powder
	Common carp
	↑ TAC, SOD, CAT, GSH, lysozyme, phagocytosis
	Improved relative percentage survival vs. A. hydrophila
	Habib et al. (2024)


6. Effects on Lipid Metabolism and Hepatic Health
Intensive aquaculture diets are typically formulated at high energy density to maximise growth and feed conversion, a practice that predisposes farmed fish, particularly herbivorous and omnivorous cyprinids and high-lipid-diet carnivorous species, to excessive visceral and hepatic fat deposition, hepatic steatosis and associated impairment of liver function and flesh quality (Yao et al., 2020). Medicinal plants have accordingly attracted interest not only as growth promoters and immunostimulants but as lipid-regulatory agents capable of ameliorating diet-induced metabolic disturbance.
The mechanistic foundation for this activity is well established in mammalian hepatology, where herbal medicines and isolated phytochemicals have been shown to regulate lipid accumulation through modulation of sterol regulatory element-binding protein 1c (SREBP-1c), peroxisome proliferator-activated receptor alpha (PPARα), AMP-activated protein kinase (AMPK) and sirtuin 1 (SIRT1) signalling, collectively governing the balance between hepatic lipogenesis and fatty acid β-oxidation (Li et al., 2020). These same pathways have since been documented directly in farmed fish species. Dietary supplementation with an alcoholic extract of lotus leaf reduced lipid deposition in both the hepatopancreas and skeletal muscle of juvenile grass carp, with gene expression analysis indicating parallel regulatory mechanisms operating in the two tissues, consistent with a systemic rather than organ-restricted mode of action (Yao et al., 2020).
Astragalus polysaccharide supplementation in spotted sea bass altered the expression of genes related to lipid metabolism alongside its effects on growth and physiological parameters, with the response varying across the dose range tested (Huang et al., 2023). A phytogenic supplement combining olive by-product and green tea extracts improved lipid metabolism in largemouth bass fed a high-soybean-meal diet, evidenced by reduced plasma triglyceride (TG) and low-density lipoprotein cholesterol (LDL-C) concentrations and downregulation of hepatic lipogenesis and cholesterol synthesis gene expression, alongside improved hepatic antioxidant capacity and enhanced protein retention efficiency through upregulated AKT–mTOR signalling (Liu et al., 2022).
Comparative evidence from livestock nutrition reinforces this mechanistic picture, even where the host species differs from those farmed in aquaculture. A herbaceous mixture of Andrographis paniculata, Silybum marianum, Azadirachta indica and Ocimum basilicum reduced hepatic triglyceride and total cholesterol content in post-peak laying hens while upregulating hormone-sensitive lipase (HSL) and lipoprotein lipase (LPL) expression, indicating enhanced hepatic lipolysis and lipoprotein clearance as a route to reduced hepatic fat deposition (Zhu et al., 2022). While laying hens are not an aquaculture species, this finding is included here because it demonstrates, in a well-controlled livestock model, the same lipolytic-enzyme mechanism proposed to operate in fish, and it illustrates how comparative animal nutrition research can usefully inform hypotheses about mechanism in aquaculture species pending direct confirmation.
Not all reported outcomes in this domain are favourable, and the lipid-metabolic literature illustrates clearly why dose- and species-specific validation is necessary rather than uncritical extrapolation of a botanical's reputed hepatoprotective properties from one species or dosing context to another. Comparable caution is warranted regarding the mechanistic assumption, common in the narrative literature, that a single signalling axis such as AMPK or SREBP-1c operates uniformly across teleost taxa; the degree of homology and functional conservation of these pathways between mammalian and piscine hepatocytes remains incompletely characterised and represents an important area for confirmatory molecular work.
Table 3 summarises the principal lipid-metabolic findings reviewed here, indicating both the mechanistic convergence across botanicals on shared regulatory nodes and the residual uncertainty regarding the conditions under which these effects generalise favourably.
Table 3. Effects of selected medicinal plants and phytogenic compounds on lipid metabolism and hepatic health in cultured fish
	Plant / Compound
	Species
	Lipid/hepatic outcome
	Proposed mechanism
	Source

	Lotus leaf alcoholic extract
	Grass carp (Ctenopharyngodon idellus)
	Reduced hepatopancreatic and muscle lipid deposition
	Coordinated gene-expression regulation across tissues
	Yao et al. (2020)

	Astragalus membranaceus polysaccharide
	Spotted sea bass
	Dose-dependent change in expression of lipid-metabolism genes
	Regulatory shift across tested dose range
	Huang et al. (2023)

	Olive by-product + green tea phytogenic blend
	Largemouth bass (Micropterus salmoides)
	↓ Plasma TG, LDL-C; ↓ lipogenic/cholesterogenic gene expression
	AKT–mTOR pathway activation; reduced hepatic ROS
	Liu et al. (2022)

	Herbal medicines/natural products (general, mammalian model)
	Cross-species mechanistic synthesis
	Reduced hepatic steatosis
	SREBP-1c, PPARα, AMPK, SIRT1 signalling
	Li et al. (2020)

	Herbaceous mixture (Andrographis, Silybum, Azadirachta, Ocimum)
	Laying hens (comparative livestock model)
	↓ Hepatic TG and total cholesterol; ↑ HSL, LPL expression
	Enhanced lipolysis; improved lipoprotein clearance
	Zhu et al. (2022)


7. Mechanisms of Action Linking Growth, Immunity and Lipid Metabolism
The three physiological outcomes considered separately above are mechanistically interconnected rather than independent, and appreciating this interdependence helps explain why individual botanicals so often produce concurrent benefits across all three domains. First, several classes of phytochemical, particularly polyphenols, flavonoids and polysaccharides, possess direct antioxidant activity that reduces oxidative stress within hepatocytes and immune cells alike; because oxidative stress simultaneously impairs digestive enzyme function, suppresses immune cell activity and promotes aberrant lipid accumulation, a single antioxidant mechanism can plausibly account for improvements across all three outcome measures (Li et al., 2020; Liu et al., 2022).
Second, many medicinal plant polysaccharides, including those derived from Astragalus, act as pattern-recognition-receptor ligands that engage innate immune signalling pathways, stimulating lysozyme secretion, phagocytic activity and cytokine gene transcription, while the same polysaccharide fractions can influence intestinal microbial composition and short-chain fatty acid production, thereby indirectly improving nutrient digestibility and growth performance (Pu & Wu, 2022; Huang et al., 2023). Omega-3 polyunsaturated fatty acids present in some marine-derived and terrestrial oilseed-based phytogenic formulations further illustrate this convergence, modulating gut microbiota composition and intestinal immune tolerance through effects on inflammatory mediator production and short-chain fatty acid signalling (Fu et al., 2021), a mechanism directly relevant to the intestinal health outcomes reported for several of the botanicals discussed in Sections 4 and 5.
Third, hepatic lipid-regulatory pathways such as AMPK and SIRT1 signalling are themselves modulated by cellular energy status and inflammatory tone, meaning that anti-inflammatory phytochemical activity in the liver can simultaneously improve lipid homeostasis and reduce hepatic damage that would otherwise compromise both growth efficiency and systemic immune competence (Li et al., 2020). This shared signalling architecture explains, for example, why the same Astragalus polysaccharide preparation that improves non-specific immunity in shrimp also alters lipid-metabolism gene expression in sea bass, and why a phytogenic blend selected primarily for its antioxidant properties in largemouth bass simultaneously improved lipid profile and protein retention through AKT–mTOR pathway engagement (Liu et al., 2022).
Table 4 consolidates the principal mechanistic pathways proposed across the reviewed literature, mapping specific plant-derived compounds to their reported molecular targets and the physiological domain most directly affected.
Table 4. Principal mechanistic pathways proposed for medicinal plant bioactivity in aquaculture species
	Molecular pathway / target
	Representative plant compound
	Physiological domain primarily affected
	Source

	Pattern-recognition receptor engagement; lysozyme/phagocyte activation
	Astragalus polysaccharide
	Innate immunity
	Pu & Wu (2022)

	Cytokine and immunoglobulin gene upregulation
	Fermented Moringa oleifera
	Adaptive/innate immunity
	Nassar et al. (2024)

	Antioxidant enzyme induction (SOD, CAT, GSH)
	Curcumin; Withania somnifera
	Immunity and hepatic protection
	Amer et al. (2022); Habib et al. (2024)

	SREBP-1c / PPARα / AMPK / SIRT1 hepatic signalling
	Polyphenolic and flavonoid extracts (general)
	Lipid metabolism
	Li et al. (2020)

	AKT–mTOR pathway activation
	Olive by-product/green tea phytogenic blend
	Growth (protein retention) and lipid metabolism
	Liu et al. (2022)

	Gut microbiota modulation and short-chain fatty acid signalling
	Omega-3 polyunsaturated fatty acids
	Intestinal immunity and nutrient digestibility
	Fu et al. (2021)

	Direct antimicrobial (organosulfur) activity
	Allicin (Allium sativum)
	Disease resistance
	Cala Delgado et al. (2023)


8. Dose-Response Relationships, Safety Considerations and Practical Implementation
A recurring theme across Sections 4 through 7 is the frequency with which growth-promoting, immunostimulatory and lipid-regulatory effects follow an inverted-U dose-response curve, with efficacy rising from a low baseline to a species- and compound-specific optimum before plateauing or reversing at higher inclusion levels. This pattern has been documented for Astragalus polysaccharide in shrimp, for curcumin in tilapia, and is implicit in the general caution expressed across multiple reviews that excessive medicinal plant dosing risks immunosuppression rather than continued immune enhancement (Awad & Awaad, 2017; Amer et al., 2022; Pu & Wu, 2022). This non-linearity carries direct practical significance: extrapolating a beneficial dose identified in one species, developmental stage or extract preparation to a different context without independent dose-titration is scientifically unjustified and could, in the least favourable case, produce the opposite of the intended effect.
A second practical consideration concerns extract standardisation. The concentration of active phytoconstituents in a given plant material varies substantially with cultivar, growing conditions, harvest timing, processing method and storage, yet few of the trials reviewed here report standardised phytochemical fingerprinting of the test material, a limitation that impairs both reproducibility across laboratories and the translation of laboratory findings into consistent commercial feed formulations. Fermentation, as demonstrated for Moringa oleifera, can materially alter bioactivity relative to the unprocessed material, indicating that processing method should be treated as an independent experimental variable rather than incidental detail (Nassar et al., 2024).
Third, the disease-resistance literature, while encouraging, relies overwhelmingly on experimental challenge with a single bacterial pathogen under controlled laboratory conditions, and considerably less evidence addresses efficacy against viral or parasitic pathogens, polymicrobial infection, or performance under the fluctuating water-quality and multi-stressor conditions typical of commercial farms. The field trial conducted in Labeo rohita over one hundred and twenty days under semi-intensive conditions is a valuable exception and illustrates the feasibility, though not yet the routine practice, of validating laboratory findings at production scale (Rawat et al., 2022).
Finally, economic and logistical barriers remain underexplored in the primary literature reviewed here. Several of the botanicals discussed, including garlic and ginger juice-processing residues, are agricultural by-products with the practical advantage of low marginal cost and reduced waste, a consideration likely to influence commercial adoption more strongly than incremental gains in growth or immune parameters alone (Oh, Lee, Lee, Lee, Joo, et al., 2022; Oh, Lee, Lee, Lee, Sohn, et al., 2022).
9. Future Directions
Future research in this field would benefit from several specific developments. Standardised phytochemical characterisation of test materials, including quantification of principal bioactive constituents, should become a minimum reporting requirement rather than an optional addition, enabling meaningful comparison across studies using nominally the same plant species. Dose-titration studies designed explicitly to characterise the full shape of the response curve, rather than comparing a small number of arbitrarily chosen inclusion levels, would allow more precise identification of species-specific optimal doses and safety margins. Greater use of multi-stressor and polymicrobial challenge models, alongside extended field trials under commercial rearing conditions, would strengthen the practical relevance of laboratory findings. Molecular studies directly confirming the conservation and functional equivalence of mammalian-derived signalling pathways such as SREBP-1c, PPARα, AMPK and SIRT1 in teleost and crustacean hepatic and hepatopancreatic tissue would place the proposed lipid-metabolic mechanisms on firmer footing. Finally, integration of nanoencapsulation, fermentation and other bioavailability-enhancing processing techniques into standard experimental design, rather than as isolated proof-of-concept studies, would help clarify whether such techniques offer a general route to lower effective inclusion levels across botanicals, with corresponding economic and formulation benefits.
10. Conclusions
Medicinal plants exert reproducible, biologically plausible and mechanistically interconnected effects on growth performance, immune function and lipid metabolism across a diverse range of farmed finfish and crustacean species, offering a scientifically credible complement or alternative to antibiotic use in aquaculture feed formulation. Botanicals including Astragalus membranaceus, Moringa oleifera, Curcuma longa, Allium sativum, Zingiber officinale and Withania somnifera consistently improve weight gain and feed efficiency, enhance innate immune parameters and survival following experimental pathogen challenge, and, in several documented cases, favourably regulate hepatic lipogenic and lipolytic gene expression. These benefits converge on shared antioxidant, anti-inflammatory and metabolic signalling mechanisms that link the three outcome domains rather than operating through independent pathways. The evidence base is nonetheless characterised by pronounced dose-dependency, meaningful species specificity, and reliance on laboratory-scale trials with limited standardisation of plant material, all of which currently constrain confident, generalisable recommendations for commercial feed formulation. Continued investment in dose-optimisation, extract standardisation and field-scale validation is warranted before medicinal plants can be routinely and reliably incorporated into sustainable aquafeed strategies at commercial scale.
11. Limitations
This review is subject to several limitations. The narrative rather than systematic design, while appropriate to the integrative aim of the paper, does not permit formal quantitative synthesis or meta-analytic effect-size estimation, and the selection and emphasis of individual studies, though guided by explicit inclusion criteria, retains an element of author judgement. The literature search, although conducted across multiple databases, was restricted to English-language publications, which may have excluded relevant findings published in other languages, particularly from regions with substantial aquaculture research output. The evidence synthesised here is drawn predominantly from controlled laboratory trials of comparatively short duration, and conclusions regarding long-term safety, cumulative dietary effects, and performance under full commercial production conditions should be regarded as provisional. Finally, the mechanistic discussion in Section 7 draws in part on pathways characterised primarily in mammalian hepatocytes, and their direct applicability to fish and crustacean physiology, while biologically plausible, awaits fuller confirmation in aquatic species.
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