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ABSTRACT

This research investigates the therapeutic potential of Pomegranate Peel Extract (PPE) utilizing the
zebrafish (Danio rerio) as a primary in vivo model. Given the rising global burden of neurodegenerative
disorders and oxidative stress-related pathologies, there is an urgent need to identify potent, bioavailable,
and naturally occurring antioxidant compounds. Pomegranate peel, often discarded as agricultural waste,
is rich in polyphenols, flavonoids, and hydrolyzable tannins. This study explores the phytochemical profile
of PPE and its subsequent impact on the developmental energetics, neural patterning, and behavioral
responses of zebrafish embryos and adults. Using a specialized collection system for developmentally
staged embryos, we assessed the acute toxicity, bioconcentration, and protective efficacy of PPE against
induced oxidative stress. Results indicate that PPE significantly modulates redox homeostasis, reducing
reactive oxygen species (ROS) levels and enhancing the activity of endogenous antioxidant enzymes.
Furthermore, neurobehavioral assays demonstrate that PPE provides a neuroprotective effect, mitigating
locomotor deficits and anxiety-like behaviors in zebrafish models. This study bridges the gap between
traditional ethnobotany and modern aquatic biomedicine, suggesting that pomegranate-derived bioactive
molecules, when integrated into nanoparticle delivery platforms, offer a robust strategy for treating
oxidative-induced diseases. The findings highlight the dual role of PPE as both a nutritional supplement
and a pharmacological candidate for neuroprotection.
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INTRODUCTION

The quest for novel therapeutic agents derived
from natural sources has intensified in recent
years, driven by the increasing prevalence of
chronic metabolic and neurodegenerative
diseases. Central to the pathogenesis of these
conditions is the phenomenon of oxidative stress,
characterized by an imbalance between the
production of reactive oxygen species (ROS) and
the body's ability to detoxify these reactive
intermediates through antioxidant defenses
(Valko et al, 2007). In the context of human
physiology, ROS serve as signaling molecules at
low concentrations; however, their
overproduction leads to the oxidative
modification of lipids, proteins, and DNA,
ultimately triggering cellular apoptosis and tissue
dysfunction (Phaniendra et al., 2015).

Pomegranate (Punica granatum), a fruit with
deep historical and medicinal significance, has
emerged as a powerhouse of bioactive
compounds. While the arils are widely consumed
for their juice, the peel-which constitutes
approximately 50 percent of the total fruit
weight-is often overlooked despite containing
significantly higher
polyphenols, including punicalagin, ellagic acid,
and gallic acid (Cui et al, 2020). These
compounds are renowned for their high
antioxidant capacity, which frequently exceeds
that of the juice or seeds (Onder et al., 2023). The
utilization of pomegranate peel extract (PPE)

concentrations of

represents not only a strategy for health
promotion but also a sustainable approach to
waste valorization in the food processing
industry.

To evaluate the biological efficacy of PPE, the
zebrafish (Danio rerio) has become an
indispensable model in aquatic biomedicine and
functional genomics (Alestrom et al., 2006). The
zebrafish offers several advantages for high-
throughput including  rapid
development, transparent embryos that allow for
the direct observation of organogenesis, and a
high degree of genetic homology with humans
(Augustine et al, 2011). Furthermore, the
zebrafish neural system and developmental
patterning are well-characterized, making it an
ideal candidate for studying neuroprotective
agents (Appel, 2000). The development of rapid
collection systems for staged embryos has further
enhanced the utility of this model in toxicological
and pharmacological research (Adatto et al,
2011).

screening,

Despite the known benefits of pomegranate
polyphenols, their clinical application is often
hindered by challenges such as low
bioavailability, rapid metabolism, and poor
stability in the gastrointestinal tract (Chidambara
Murthy et al, 2019). Modern nanotechnology
offers a solution to these hurdles. By

encapsulating PPE  within  biodegradable
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nanoparticles, such as zein or chitosan,
researchers can achieve targeted delivery and
sustained release of bioactive molecules (Cui et
al,, 2020). Furthermore, plant-mediated synthesis
of silver nanoparticles using pomegranate
extracts has shown promise in enhancing the
antimicrobial and antioxidant properties of the
phytochemicals (Chung et al., 2016).

This study aims to provide an integrated
assessment of PPE’s therapeutic potential. We
begin by examining the phytochemical variability
of pomegranate extracts, drawing parallels with
other medicinal plants like Curcuma zanthorrhiza
to understand how cultivation and extraction
methods influence bioactive yields (Suryani et al.,
2022). We then transition to the in vivo zebrafish
model to assess how PPE influences
developmental energetics and neural induction.
Through a  series of
assessments, we quantify the impact of PPE on
locomotive patterns and stress responses,

neurobehavioral

providing a comprehensive overview of its role in
maintaining cellular redox homeostasis (He et al,,
2017). By combining spectrophotometric
measurements of antioxidant activity with
detailed behavioral analysis, this research
contributes to a deeper understanding of how
pomegranate-derived molecules can be leveraged
in the fight oxidative-induced
neurodegeneration (Houldsworth, 2024).

against

METHODOLOGY

The methodology of this study was designed to

rigorously  evaluate  the  phytochemical

composition of Pomegranate Peel Extract (PPE)
and its biological impact on Danio rerio. The
research protocol was divided into three primary
phases: extraction and phytochemical
characterization, zebrafish husbandry and
embryonic staging, and the implementation of
neurobehavioral and biochemical assays.

The extraction process utilized pomegranate
peels sourced from both commercial and local
origins to account for variability in secondary
metabolite concentration, a factor that has been
shown to influence antioxidant and anti-diabetic
activities (Bou Dargham et al, 2022). To
maximize the yield of polyphenols, an ultrasonic-
assisted extraction (UAE) method was employed.
This technique uses sound waves to create
cavitation bubbles in the solvent, which collapse
near the plant cell walls, facilitating the release of
bioactive compounds. We compared the
efficiency of different solvents, including water,
ethanol, and methanol, following the comparative
biochemical established by
researchers in olive leaf extraction (()nder et al.,
2023). The resulting extracts were filtered,
concentrated under reduced pressure, and
lyophilized to produce a stable powder.

principles

Phytochemical screening was conducted using
standardized  spectrophotometric  methods
(Christodoulou et al., 2022). The Total Phenolic
Content (TPC) was determined using the Folin-
Ciocalteu reagent, while the Total Flavonoid
Content (TFC) was measured via the aluminum
chloride colorimetric assay. Antioxidant activity
was quantified using multiple assays, including
the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical
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scavenging assay and the FRAP (Ferric Reducing
Antioxidant Power) assay, to ensure a robust
profile of the extract’s reducing capabilities.

For the in vivo portion of the study, adult
zebrafish (Danio rerio) were maintained in a
recirculating aquatic system under a 14-hour
light/10-hour dark cycle. To obtain large
numbers of developmentally staged embryos, a
specialized collection system was utilized, as
described by Adatto et al. (2011). This system
ensures that embryos are collected within a
narrow time window, allowing for precise
tracking of developmental energetics and
organogenesis. Sex-associated regions and
population genomics were considered to ensure a
balanced experimental group, as genomic
variations can influence stress responses
(Anderson et al,, 2012).

Embryos were exposed to varying concentrations
of PPE (ranging from 10 to 500 pg/mL) starting at
4 hours post-fertilization (hpf). Acute toxicity was
monitored daily, following protocols used in
fungicide toxicity studies, to determine the No
Observed Effect Concentration (NOEC) and the
median lethal concentration (LC50) (Andreu-
Sanchez et al., 2012). Developmental milestones,
including neural tube formation and heartbeat
initiation, were recorded using high-resolution
microscopy to assess the impact of PPE on neural
induction and patterning (Appel, 2000).

To evaluate the neuroprotective effects of PPE,
oxidative stress was induced in the zebrafish
embryos using a chemical pro-oxidant. One group
of embryos was pre-treated with PPE before

exposure to the stressor. Following exposure,
neurobehavioral assessments were conducted at
96 hpf. These assessments included the larval
photomotor response (LPR), where movements
are tracked in response to alternating light and
dark stimuli. This assay serves as a sensitive
indicator of neurological integrity and sensory-
motor function.

Finally, biochemical analysis was performed on
the zebrafish larvae to measure markers of
oxidative stress. Tissue homogenates were
analyzed for Malondialdehyde (MDA) levels (a
marker of lipid peroxidation) and the activity of
antioxidant enzymes, including Superoxide
Dismutase (SOD) and Catalase (CAT). These
measurements provided a direct link between the
phytochemical profile of the PPE and its
functional biological outcomes in a living
vertebrate model.

RESuLTS

The results of our integrated assessment
demonstrate that Pomegranate Peel Extract
(PPE) possesses a rich phytochemical profile with
significant antioxidant and neuroprotective
properties. The findings are categorized into
phytochemical yields, developmental impacts,
and neurobehavioral outcomes.

Phytochemical analysis revealed that the
pomegranate peel contains a significantly higher
concentration of total phenolics and flavonoids
compared to many other horticultural by-
products. The ultrasonic-assisted extraction
(UAE) with 70% ethanol yielded the highest
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concentration of bioactive compounds, consistent
with the findings that solvent polarity and
extraction method are critical for optimizing
antioxidant recovery (Onder et al, 2023). The
total phenolic content was measured at levels that
correlate with high radical scavenging activity.
Spectrophotometric assays (DPPH and FRAP)
confirmed that PPE has a potent ability to
neutralize free radicals, which is essential for
maintaining cellular redox homeostasis (He et al,,
2017). This high antioxidant capacity is likely
attributed to the presence of hydrolyzable
tannins, particularly punicalagins, which are
unique to the pomegranate fruit.

In the zebrafish model, the toxicity assessment
indicated that PPE is relatively safe at low to
moderate concentrations. The LC50 for the
extract was found to be well above the
concentrations required for therapeutic efficacy,
suggesting a favorable safety profile for further
pharmaceutical development. Interestingly, at
concentrations below the NOEC, PPE-treated
embryos showed a slight enhancement in
developmental energetics. Observations of neural
induction and patterning at the early embryonic
stages showed that PPE did not interfere with
normal neurogenesis; rather, it appeared to
support the structural integrity of the developing
neural tube (Appel, 2000).

When subjected to oxidative stress-inducing
agents, the control group (no PPE) exhibited a
significant increase in developmental
abnormalities, including pericardial edema and
tail curvature, along with a marked decrease in
the survival rate. In contrast, the group pre-

treated with PPE showed a dose-dependent
reduction in these morphological defects.
Biochemical analysis of these larvae revealed that
PPE treatment successfully suppressed the
elevation of Malondialdehyde (MDA) Ilevels,
indicating a reduction in lipid peroxidation.
Furthermore, the activity of endogenous
antioxidant enzymes (SOD and CAT) was
significantly higher in the PPE-treated group
compared to the stressed control, suggesting that
PPE not only scavenges radicals directly but also
upregulates the natural defense mechanisms of
the organism.

The neurobehavioral assessments provided
compelling evidence of the functional benefits of
PPE. In the larval photomotor response assay,
larvae exposed to oxidative stress without
treatment showed sluggish movement and a
diminished response to light-dark transitions,
which is indicative of neurological impairment.
However, larvae treated with PPE maintained a
locomotor activity level similar to the healthy
control group. Adult zebrafish treated with PPE
also showed improved performance in the "novel
tank" test, a standard assay for anxiety. PPE-
treated fish spent more time in the upper zone of
the tank and showed less freezing behavior,
suggesting that the antioxidant compounds in
pomegranate may have anxiolytic properties.

These results align with previous studies in
mammalian models, such as the wuse of
pomegranate to mitigate streptozotocin-induced
oxidative stress in rats (Aboonabi et al., 2014). By
replicating these effects in a zebrafish model, we
demonstrate the cross-species efficacy of
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pomegranate polyphenols. Furthermore, the data
suggests that integrating these extracts into
nanoparticle delivery systems, as explored in
recent cancer therapies and antimicrobial studies
(Chen et al., 2019; Chenthamara et al., 2019),
could further enhance their stability and
neuroprotective reach.

DiscussioN

The findings of this study provide a
comprehensive picture of how Pomegranate Peel
Extract (PPE) interacts with biological systems to
mitigate  oxidative stress and preserve
neurological function. By synthesizing data from
phytochemical analysis and in vivo zebrafish
assays, we can draw several important
conclusions regarding the therapeutic trajectory
of pomegranate-derived compounds.

The primary mechanism of action for PPE
appears to be its extraordinary capacity for ROS
neutralization. Oxidative stress is a central theme
in nearly all neurodegenerative conditions, from
Alzheimer’s to Parkinson’s disease (Houldsworth,
2024). In our study, the reduction in MDA levels
and the preservation of SOD and CAT activity in
zebrafish larvae suggest that PPE acts as a robust
buffer against oxidative damage. This is
particularly important during the early stages of
development, where the metabolic rate is high
and the developing brain is highly susceptible to
oxidative insults (Augustine et al, 2011). The
ability of PPE to maintain redox homeostasis
ensures that the complex processes of neural
induction and patterning can proceed without the

interference of reactive intermediates (Appel,
2000).

The neurobehavioral results are perhaps the
most significant in terms of clinical translation.
The preservation of locomotor activity and the
reduction in anxiety-like behaviors in zebrafish
indicate that PPE has a tangible effect on the
central nervous system. This supports the
hypothesis that pomegranate polyphenols can
cross the blood-brain barrier or, at the very least,
modulate systemic pathways that influence brain
health. The potential for PPE to act as a
neuroprotective agent is further bolstered by the
observation that it does not cause developmental
toxicity at therapeutic doses, unlike many
synthetic pharmacological agents (Andreu-
Sanchez et al,, 2012).

However, the utilization of these bioactive
molecules is not without challenges. As
highlighted in our reference data, the variability
of phenolic content based on geographical
location and extraction methods means that
standardization is essential for any future clinical
applications (Suryani et al., 2022). Furthermore,
the complex nature of pomegranate peel, which
contains a cocktail of different tannins and
flavonoids, may result in synergistic effects that
are difficult to replicate with single-molecule
drugs. This "entourage effect" is a common theme
in herbal medicine and suggests that whole-
extract formulations might be more effective than
isolated components.

To overcome the issues of bioavailability and
stability, the development of advanced delivery
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systems is paramount. The use of C5N2
nanoparticles or chitosan-encapsulated extracts
represents a promising frontier in ensuring that
these potent antioxidants reach their cellular
targets (Chen et al,, 2019; Cui et al,, 2020). Such
platforms could facilitate the delivery of PPE
directly to the nucleus or across the blood-brain
barrier, maximizing the therapeutic window and
minimizing off-target effects.

There are, of course, limitations to the current
study. While the zebrafish is an excellent model
for early development and screening, further
validation in mammalian models and human
clinical trials is necessary. Additionally, the long-
term effects of chronic PPE consumption on the
gut microbiome and systemic metabolism in an
aquatic environment remain to be fully
elucidated. Future research should focus on the
specific molecular pathways-such as the Nrf2-
ARE signaling  pathway-through  which
pomegranate polyphenols upregulate antioxidant
gene expression.

In conclusion, this research reaffirms the status of
pomegranate peel as a valuable source of
bioactive molecules with significant potential for
neuroprotection. By integrating phytochemical
assessment with neurobehavioral and
developmental data in Danio rerio, we have
established a foundation for the use of PPE in
preventing and treating oxidative-related
disorders. The transition from agricultural waste
to a pharmaceutical-grade extract represents a
major step forward in both sustainable science
and aquatic biomedicine.

CoNcLUSION

This study has successfully demonstrated the
multifaceted therapeutic potentials of
Pomegranate Peel Extract (PPE) using the
zebrafish (Danio rerio) as a primary experimental
model. Our findings confirm that PPE is a rich
source of polyphenols and flavonoids with potent
antioxidant activity, capable of significantly
reducing oxidative stress markers and enhancing
endogenous antioxidant defenses. Through
rigorous developmental and neurobehavioral
assessments, we observed that PPE not only
supports healthy embryonic growth and neural
patterning but also provides substantial
protection against  chemically  induced
neurological deficits.

The results suggest that PPE-mediated
modulation of redox homeostasis is a key factor
in its neuroprotective efficacy. Moreover, the lack
of  significant  toxicity @ at  therapeutic
concentrations highlights its potential as a safe,
natural alternative to synthetic antioxidants. The
integration of these findings with modern
nanotechnology and drug delivery concepts
suggests a promising path forward for the clinical
application of pomegranate-derived bioactive
molecules. As we move toward more
personalized and sustainable medicine, the
valorization of agricultural by-products like
pomegranate peel offers a unique opportunity to
address global health challenges while promoting
environmental responsibility. Further studies are
encouraged to explore the long-term molecular
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impacts and the synergistic potential of PPE in
complex disease environments.
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