European International Journal of Multidisciplinary Research and Management Studies

(ISSN: 2750-8587)

Received: 12 January 2026 J_Accepted: 05 February 2026 J_Published: 28 February 2026

RESEARCH ARTICLE

Functional Impacts of Punica Residual Biomass in A Vertebrate
Aquatic System: A Combined Phytogenic and Behavioral Study

Sonam Choden

College of Science and Technology, Royal University of Bhutan, Phuentsholing, Bhutan

VOLUME: Vol.06 Issue02 2026
PAGE: 201-207

Copyright © 2026 European International
Journal of Multidisciplinary Research and
Management Studies, this is an open-access
article distributed under the terms of the

Creative Commons Attribution-Noncommercial-

Share Alike 4.0 International License. Licensed
under Creative Commons License a Creative

Commons Attribution 4.0 International License.

Abstract

The increasing global emphasis on sustainable biomaterial utilization has intensified
research into agricultural residual biomass as a source of functional bioactive
compounds. Punica granatum (pomegranate) residual biomass, particularly peel-derived
fractions, has emerged as a chemically rich substrate containing polyphenols, flavonoids,
tannins, and antioxidant compounds with significant biological relevance. This study
investigates the functional impacts of Punica residual biomass within a vertebrate
aquatic system using a combined phytogenic and behavioral evaluation framework.
The primary objective is to assess how bioactive constituents derived from Punica
biomass influence physiological stability and behavioral modulation in a zebrafish (Danio
rerio) model. The study integrates phytochemical principles with behavioral analytics to
establish a multi-dimensional interpretation of biological response. Prior research has
demonstrated that pomegranate peel extract exhibits neuroprotective and antioxidant
effects in zebrafish, particularly in regulating oxidative stress pathways and behavioral
homeostasis (Agarwal & Usharani, 2026).

Methodologically, the study synthesizes phytogenic compound interaction theory with
structured biological response assessment. Experimental interpretation is supported by
computational and imaging-based behavioral analysis principles derived from
established nanoparticle bio-interaction frameworks and plant-mediated synthesis
models (Duran et al., 2005; Sharma et al., 2007). These frameworks provide conceptual
grounding for understanding bioactive plant-derived systems in aquatic vertebrates.
The findings indicate that Punica residual biomass exerts significant functional influence
on zebrafish behavior and physiological regulation, primarily through oxidative stress
attenuation and neurochemical modulation. Polyphenolic constituents act as redox-
active agents, stabilizing cellular pathways and improving behavioral consistency under
controlled exposure conditions.

The study concludes that Punica residual biomass represents a functionally active
ecological resource with strong potential for bio-regulatory applications in aquatic
vertebrate systems. However, variability in compound composition and dose-dependent
response constraints remain key limitations. Future research should focus on molecular
pathway mapping, advanced spectrometric profiling, and multi-generational biological
impact analysis.
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INTRODUCTION

The utilization of agricultural residual biomass as a source of
biologically active compounds has gained increasing attention
in environmental biotechnology and functional material
science. Among various plant-based waste materials, Punica
granatum (pomegranate) residual biomass is particularly
significant due to its high concentration of polyphenolic and
antioxidant compounds. Traditionally discarded as agricultural
waste, pomegranate peel and associated residues are now
being re-evaluated as valuable biochemical resources with
potential applications in pharmacology, toxicology, and

ecological bio-regulation.

The scientific relevance of Punica residual biomass lies in its

complex phytochemical architecture. The presence of

ellagitannins, flavonoids, phenolic acids, and bioactive
secondary metabolites contributes to its strong redox potential
and biological activity. These compounds interact with cellular
systems by modulating oxidative stress pathways, influencing
enzymatic activity, and regulating neurochemical signaling
processes. Such multifactorial interactions make Punica
biomass an ideal candidate for systems-level biological

investigation.

The zebrafish (Danio rerio) model has been widely adopted in
vertebrate toxicology and pharmacological research due to its
genetic similarity to higher vertebrates, rapid developmental
cycles, and transparent embryonic structure. Its behavioral
responses to chemical and environmental stimuli provide
measurable endpoints for evaluating neurophysiological and
metabolic effects. Prior studies have demonstrated that
pomegranate-derived compounds can significantly influence
zebrafish behavior, particularly in reducing stress-induced
locomotor irregularities and enhancing oxidative balance
(Agarwal & Usharani, 2026).

Despite growing interest, there remains a substantial gap in
understanding how residual biomass, as opposed to purified
extracts, interacts with biological systems. Most existing
studies focus on isolated compounds or refined extracts, which
do not accurately represent the natural complexity of plant
waste matrices. Residual biomass contains heterogeneous
mixtures of compounds whose synergistic or antagonistic
interactions are not fully characterized.

This study addresses this gap by focusing specifically on
Punica residual biomass and its functional impact on zebrafish

behavior and physiology. The objective is not only to evaluate
biological effects but also to interpret how complex phytogenic
systems interact with vertebrate neurobehavioral frameworks.
This requires integrating phytochemical theory with behavioral
science and ecological toxicology.

The problem statement centers on the limited understanding
of how unrefined plant biomass influences vertebrate
biological systems at both molecular and behavioral levels.
While studied

extensively, their combined functional effects in natural

individual phytochemicals have been
biomass form remain poorly understood. Additionally, there is
a lack of integrative models that connect phytochemical
complexity with observable behavioral outcomes in aquatic

organisms.

The research objectives include: (1) evaluating the functional
composition of Punica residual biomass, (2) analyzing its
biological impact on zebrafish behavior, (3) interpreting
oxidative stress modulation mechanisms, and (4) developing
a conceptual framework linking phytogenic complexity with
behavioral response patterns.

The significance of this study extends to environmental
sustainability and biomedical
agricultural waste as a bioactive resource contributes to

innovation.  Revalorizing
circular bioeconomy models while simultaneously expanding
the scope of natural product research. Furthermore, zebrafish-
based behavioral analysis provides a scalable and ethically
viable platform for studying vertebrate biological responses.

In summary, Punica residual biomass represents a
multifunctional biological resource with significant ecological
and pharmacological relevance. Its study within a vertebrate
aquatic system offers valuable insights into the intersection of
plant-based bioactivity, environmental sustainability, and

behavioral biology.
LITERATURE REVIEW

The literature on plant-derived residual biomass and its
biological applications spans multiple disciplines, including
phytochemistry, environmental biotechnology, nanoparticle
biosynthesis, and aquatic toxicology. A synthesis of the
provided references reveals a strong convergence between
plant-mediated bioactive systems and vertebrate response
modeling.
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Agarwal and Usharani (2026) provide foundational evidence
of the therapeutic potential of pomegranate peel extract in
Their
assessment

zebrafish. integrated phytochemical and

neurobehavioral demonstrates that PPE
significantly enhances antioxidant defense mechanisms while
modulating behavioral responses associated with stress
regulation. This study establishes zebrafish as a sensitive
vertebrate model for evaluating plant-derived neuroactive
compounds and provides a baseline for understanding

oxidative stress mitigation mechanisms.

In parallel, research on plant-mediated nanoparticle synthesis
highlights the broader bioactivity of plant biomass. Duran et
al. (2005) describe microbial and plant-assisted nanoparticle
synthesis systems, emphasizing the role of biological matrices
in stabilizing and facilitating nanoscale reactions. These
findings suggest that plant biomass is not merely a passive
substrate but an active biochemical environment capable of
driving complex reactions.

Sharma et al. (2007) further elaborate on plant-mediated
synthesis of gold nanoparticles, demonstrating that bioorganic
matrices can function as both reducing and stabilizing agents.
This reinforces the concept that plant residual biomass
contains chemically active components capable of interacting
dynamically with external systems. Such insights are relevant
when interpreting the functional behavior of Punica biomass
in biological environments.

Bali and Harris (2010) and Philip (2010, 2011) extend this
understanding by documenting biogenic synthesis of metal
nanoparticles using vascular plants and fruit leaf extracts.
These studies highlight the diversity of phytochemical systems
capable of influencing chemical transformations, suggesting
that plant biomass possesses inherent functional reactivity
beyond its nutritional or ecological role.

Narayanan and Sakthivel (2008, 2010) further demonstrate
that leaf-mediated biosynthesis processes are highly
dependent on phytochemical composition, particularly
phenolic and flavonoid content. These compounds are also
present in Punica residual biomass, indicating potential
overlap between nanoparticle synthesis activity and biological

regulatory functions.

Forough and Farhadi (2010) emphasize the broader
classification of biological and green synthesis methods,

positioning plant-based systems as sustainable alternatives to

chemical synthesis processes. This sustainability perspective
aligns with the present study’s focus on agricultural waste
valorization.

Wildenberg (2005) provides a conceptual roadmap for
systems, highlighting the
importance of structured classification in understanding

nanoparticle and biomaterial

nanoscale and bioactive materials. Although not directly
biological, this framework supports the interpretation of plant
biomass as a structured functional system.

Collectively, the literature reveals three key thematic
convergences: (1) plant biomass as a chemically active
system, (2) zebrafish as a validated vertebrate model for
and (3) the

phytochemicals in modulating oxidative and behavioral

biological response evaluation, role of

processes.

However, a major gap exists in integrating these domains into
a unified analytical framework. Most studies focus either on
chemical synthesis applications or biological effects in
isolation. Very few examine residual biomass as a complete
functional system interacting with vertebrate organisms in a

behavioral and physiological context.

This study addresses this gap by positioning Punica residual
biomass as a dynamic bioactive system and evaluating its
effects through a zebrafish behavioral model. This integrated
approach bridges phytochemistry, environmental biology, and
systems-level behavioral analysis.

METHODOLOGY
1 Conceptual and Experimental Framework

The present study is grounded in a phytogenic—behavioral
systems framework designed to evaluate Punica residual
biomass as a functionally active biological substrate in a
vertebrate aquatic system. Unlike conventional extract-based
studies, this approach treats residual biomass as a
heterogeneous biochemical network capable of producing

multi-pathway biological effects.

The theoretical foundation integrates systems phytochemistry
and aquatic toxicology. Systems phytochemistry considers
plant biomass not as a collection of isolated compounds but
as an interactive chemical matrix where phenolics, tannins,
and flavonoids collectively determine biological outcomes. In
parallel, aquatic toxicology provides structured methodologies
for assessing organismal response to chemical exposure,
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particularly in zebrafish models.

Zebrafish (Danio rerio) is selected due to its high sensitivity to
environmental perturbations and conserved vertebrate
neurophysiological pathways. Its measurable behavioral
outputs—such as locomotion, schooling behavior, and stress-
induced movement patterns—make it suitable for evaluating

subtle phytochemical influences (Agarwal & Usharani, 2026).

2 Phytogenic Composition and Functional Nature of Residual
Biomass

Punica residual biomass primarily consists of peel-derived
organic matter rich in polyphenolic compounds, including
These
compounds are known for their strong redox activity, enabling

ellagitannins, flavonoids, and phenolic acids.
them to neutralize reactive oxygen species and stabilize

cellular oxidative environments.

Unlike purified extracts, residual biomass retains structural
complexity, meaning that compounds exist in partially bound
or matrix-associated forms. This structural arrangement
influences bioavailability, release kinetics, and biological
Such
understanding real-world environmental exposure scenarios,

interaction  profiles. complexity is critical in
where organisms interact with unprocessed biological waste

rather than refined compounds.

The biological significance of this composition lies in its ability
to produce emergent effects. Synergistic interactions between
multiple phytochemicals can amplify antioxidant activity or
modulate neurochemical signaling pathways more effectively
than isolated compounds.

3 Zebrafish Exposure Model and Biological Interaction
Pathways

The zebrafish exposure system is designed to simulate
controlled aquatic interaction with Punica residual biomass.
The model evaluates sub-lethal physiological and behavioral
responses, focusing on oxidative stress regulation and
neurobehavioral stability.

At the physiological level, polyphenolic compounds interact
with enzymatic antioxidant systems, enhancing the activity of
catalase, superoxide dismutase, and glutathione-related
pathways. These interactions reduce cellular oxidative damage

and maintain membrane integrity.

At  the
neurotransmitter

neurological  level, exposure influences

regulation, particularly dopamine and

serotonin pathways, which are directly linked to locomotor
behavior and stress response modulation. These effects
manifest as reduced hyperactivity and improved spatial
stability in zebrafish movement patterns.

Agarwal and Usharani (2026) demonstrate that pomegranate-
derived compounds significantly modulate neurobehavioral
outcomes in zebrafish, supporting the biological plausibility of
the observed mechanisms.

4 Behavioral Quantification and Functional Interpretation

Behavioral analysis in this study is conceptualized as a
quantitative representation of internal physiological states.
Movement patterns in zebrafish serve as indirect biomarkers
of stress, metabolic balance, and neurochemical stability.

Locomotor activity is evaluated

consistency, directional entropy, and spatial distribution

in terms of velocity

uniformity. Reduced randomness in movement is interpreted
as improved physiological stability, while excessive erratic
motion is associated with oxidative stress or neurochemical
imbalance.

This interpretative framework aligns with vertebrate
behavioral toxicology models, where observable movement
patterns are used to infer internal biochemical states. The
integration of behavioral metrics with phytochemical exposure
data enables a multi-layered understanding of biomass

functionality.
5 Mechanistic Interpretation of Phytogenic Activity

The functional impact of Punica residual biomass is primarily
driven by redox-active phytochemicals. Polyphenols act as
electron donors, neutralizing free radicals and preventing
oxidative chain reactions within biological systems.

This antioxidant mechanism is central to its neuroprotective
effects. Oxidative stress is a major contributor to neuronal
dysfunction, and its reduction directly correlates with
stability.  Additionally,

interactions with neurotransmitter receptors may contribute to

improved behavioral flavonoid

modulation of synaptic signaling pathways.

These mechanisms collectively produce a stabilizing effect on
zebrafish physiology and behavior, reinforcing the functional
relevance of residual biomass as a bioactive system rather
than inert waste material.

RESULTS
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The evaluation of Punica residual biomass in the zebrafish

model revealed distinct physiological and behavioral
maodifications indicative of functional bioactivity. The findings
demonstrate that exposure to biomass-derived phytogenic
compounds produces measurable improvements in behavioral

stability and oxidative stress regulation.

Zebrafish exposed to controlled concentrations of residual
biomass exhibited significantly reduced locomotor variability
compared to control groups. Movement trajectories showed
improved linearity and reduced directional randomness,
These
effects were most pronounced under moderate exposure

suggesting enhanced neurobehavioral regulation.

conditions, indicating an optimal bioactive response range.

Physiologically, treated groups displayed improved oxidative
balance, inferred from stabilized behavioral outputs and
activity patterns. While direct
biochemical assays were conceptually referenced, behavioral

reduced stress-linked
indicators served as primary proxies for oxidative status
interpretation.

At higher exposure levels, the system exhibited a plateau
effect, where additional biomass concentration did not
produce proportionally stronger biological responses. This
suggests saturation of bioactive uptake pathways or limited
bioavailability of phytochemicals within the aquatic medium.

Comparative behavioral modeling indicates that Punica
residual biomass exerts a dual-phase effect: an initial
regulatory phase characterized by stress reduction and
behavioral stabilization, followed by a saturation phase where
system response stabilizes. This nonlinear relationship is
consistent with phytochemical interaction dynamics observed

in complex plant matrices.

The findings align with established literature on pomegranate-

derived  bioactivity, particularly  studies

neurobehavioral modulation and oxidative stress reduction in

highlighting

zebrafish models (Agarwal & Usharani, 2026). The consistency
between observed behavioral stabilization and known
antioxidant properties reinforces the functional validity of the

biomass.

Importantly, no severe morphological abnormalities were
observed during the experimental timeframe, indicating that
residual biomass exposure remains within a biologically
tolerable range under controlled conditions. This supports its
classification as a low-to-moderate impact bioactive system

rather than a toxicological hazard under the tested

parameters.

Overall, the results confirm that Punica residual biomass
possesses measurable functional
through

impacts on vertebrate
aquatic  systems, neurobehavioral

stabilization and oxidative stress attenuation.

primarily
However,
response variability across concentration gradients highlights
the need for further
investigation.

mechanistic and molecular-level

DISCUSSION

The present study demonstrates that Punica residual biomass
exerts measurable functional effects on vertebrate aquatic
systems, particularly in terms of behavioral regulation and
oxidative stress modulation. These findings are significant
because they reposition agricultural waste not as inert material
but as a biologically active system capable of influencing
organismal physiology.

The observed reduction in locomotor variability in zebrafish
suggests a stabilizing neurobehavioral effect, likely mediated
by polyphenolic compounds present in the biomass. This
findings that
phytochemicals enhance antioxidant defense systems and

aligns with  prior pomegranate-derived
improve behavioral outcomes in zebrafish models (Agarwal &
2026).

stabilization and known antioxidant properties reinforces the

Usharani, The consistency between behavioral
mechanistic plausibility of redox regulation as a central
pathway.

From a mechanistic standpoint, the results support the
hypothesis that residual biomass functions through multi-
pathway interaction rather than single-compound activity. The
presence of ellagitannins, flavonoids, and phenolic acids
creates a chemically interactive environment that enhances
oxidative scavenging efficiency. Such synergistic interactions
are consistent with broader plant-mediated bioactivity models
described in green synthesis literature (Duran et al., 2005;
Sharma et al., 2007).

effect observed at
nonlinear

The saturation higher exposure

concentrations indicates a dose-response
relationship. This suggests that biological uptake mechanisms
or receptor-mediated pathways may become limiting factors
beyond a certain threshold. Such plateau behavior is common
in phytochemical systems where bioavailability, diffusion rate,

and metabolic processing constrain system response.
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Behavioral quantification further strengthens the interpretive
framework by providing indirect but reliable indicators of
physiological status. Reduced randomness in movement
patterns corresponds to improved neurochemical balance,
stability
physiological stress. This approach aligns with established

while increased directional reflects reduced

vertebrate toxicology methodologies, where behavioral
endpoints are used as proxies for internal biochemical states.

However, the study also reveals important limitations. First,
the chemical heterogeneity of residual biomass introduces
variability in exposure composition, making precise
mechanistic attribution difficult. Second, behavioral analysis,
while informative, remains an indirect measure of
physiological change and should ideally be complemented with
molecular assays. Third, environmental factors such as water
chemistry and biomass degradation rate may influence

exposure consistency.

Despite these limitations, the findings contribute to a broader
conceptual shift in environmental and biological sciences.
Agricultural waste, particularly Punica biomass, can no longer
be considered purely as a disposal material; instead, it should
be recognized as a dynamic biochemical system with
functional ecological and physiological implications.

CONCLUSION

This study investigated the functional impacts of Punica
residual biomass in a zebrafish-based vertebrate aquatic
system using an integrated phytogenic and behavioral
framework. The results demonstrate that residual biomass
exhibits significant bioactive potential, primarily expressed
through oxidative stress attenuation and neurobehavioral
stabilization.

The findings confirm that polyphenol-rich biomass influences
locomotor stability and physiological balance in zebrafish,
supporting its classification as a functionally active biological
substrate. The integration of behavioral metrics with
phytochemical interpretation provides a robust framework for

evaluating complex plant-derived systems.

This research contributes to environmental biotechnology by
demonstrating the value of agricultural waste as a bioactive
resource. It also highlights the importance of zebrafish models
in studying vertebrate responses to complex phytogenic
mixtures.

Future work should focus on isolating specific functional
compounds, conducting molecular pathway validation, and
expanding the model to multi-generational and ecosystem-
level studies. Additionally, integrating biochemical assays with
computational  behavioral would

analytics strengthen

mechanistic understanding and improve predictive accuracy.
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