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INTRODUCTION

The global rise of antibiotic resistance and the increasing

Abstract

The quest for novel phytochemical interventions in the management of infectious
diseases and neurological disorders has led to an increased interest in agricultural
byproducts. Among these, Pomegranate Peel Extract (PPE), derived from Punica
granatum, stands out due to its dense concentration of bioactive polyphenols. This study
investigates the therapeutic potential of PPE using the zebrafish (Danio rerio) as a
primary in vivo model. Zebrafish provide a unique advantage for high-throughput
screening due to their genetic homology to humans and transparent embryonic stages.
Our research integrates three distinct pillars: a comprehensive phytochemical
characterization, an assessment of antimicrobial efficacy against common aquatic and
human pathogens (including Mycobacterium marinum and Vibrio species), and an
evaluation of neurobehavioral impacts following PPE exposure. Results indicate that PPE
possesses significant antioxidant and antimicrobial properties that mitigate the
progression of granulomatous infections. Furthermore, neurobehavioral assays,
including the novel tank test and light-dark preference, suggest that PPE exerts a
stabilizing effect on anxiety-like behaviors without inducing motor toxicity. This
integrated assessment underscores PPE as a viable candidate for developing natural
therapeutic agents for both aquaculture health and translational human medicine.
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peel-often discarded as agricultural waste-contains a

prevalence of neurodegenerative conditions have necessitated
a paradigm shift toward natural, sustainable, and multi-
targeted therapeutic agents. Historically, the pomegranate
(Punica granatum) has been revered across various cultures
not only as a nutritional powerhouse but as a medicinal staple.
While the arils and juice of the fruit are widely consumed, the

significantly higher concentration of bioactive compounds,
specifically tannins, flavonoids, and phenolic acids. These
compounds, particularly punicalagin and ellagic acid, have
demonstrated potent antioxidant and anti-inflammatory
properties in various in vitro systems. However, translating
these findings into complex biological systems requires robust
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animal models that can simulate human physiological

responses while remaining cost-effective and ethically

manageable.

The zebrafish (Danio rerio) has emerged as a premier model
organism in this regard. Its compact genome, which has been
extensively characterized alongside other fish species like
Tetraodon nigroviridis and Tetraodon fluviatilis (Crnogorac-
Jurcevic et al., 1997; Crollius et al., 2000), allows for precise
genetic manipulation and observation. Zebrafish share
approximately 70% of their genes with humans, and more
than 80% of human disease-related genes have functional
orthologs in the zebrafish genome. This genetic proximity
them invaluable for

makes studying hematopoiesis,

cardiovascular  development, and infectious disease

progression (Davidson and Zon, 2004; Cen et al., 2020).

In the context of infectious diseases, zebrafish serve as a
sophisticated host for pathogens that mimic human ailments.
For instance, Mycobacterium marinum infection in zebrafish
provides a natural host-pathogen pair that closely resembles
the pathogenesis of Mycobacterium tuberculosis in humans,
including the formation of complex granulomas (Davis et al.,
2002).
successfully utilized to study viral infections such as Herpes
Simplex Virus Type 1 (HSV-1) and Hepatitis C Virus (HCV),
providing a platform for drug testing and mechanistic insights

Furthermore, the zebrafish model has been

into viral entry and replication (Burgos et al., 2008; Ding et
al., 2011; Ding et al., 2015).

Beyond infection, the neurobehavioral repertoire of the
zebrafish offers a window into the central nervous system's
response to phytochemicals. The development of courtship
behaviors and complex social interactions (Darrow and Harris,
2004) allows researchers to observe how substances like PPE
influence stress, anxiety, and cognitive function. This article
aims to synthesize the current understanding of PPE’s
therapeutic potential by examining its phytochemical
composition and its biological impact on zebrafish models,
bridging the gap between food science and translational

pharmacology.
Phytochemical Foundations and Antioxidant Potential

The therapeutic efficacy of Pomegranate Peel Extract (PPE) is
fundamentally rooted in its secondary metabolites. Research
into the antioxidant activity of pomegranate rind or peel has
consistently shown that these extracts can outperform many

synthetic antioxidants. In food science, PPE has been utilized
to prevent lipid oxidation in meat products, such as chicken
patties, effectively extending shelf life and maintaining
nutritional quality (Naveena et al., 2008). This antioxidant
capacity is primarily attributed to the presence of high-
molecular-weight phenolics.

Phenolic compounds in PPE act as free radical scavengers,
hydrogen donors, and metal chelators. The peel is particularly
rich in hydrolyzable tannins, such as punicalagin, which can be
broken down into ellagic acid. These compounds interfere with
the oxidation chain reactions that lead to cellular damage. In
the context of aquaculture and seafood preservation, the use
of PPE and other organic acids like ferulic acid has been
explored to inhibit polyphenoloxidase, an enzyme responsible
for melanosis or "blackspot" in shrimp species such as
Litopenaeus vannamei and Parapenaeus longirostris (Montero
et al., 2001; Nirmal and Benjakul, 2009; Ogawa et al., 1984).
The ability of PPE to inhibit such enzymatic browning
processes suggests its potential as a potent inhibitor of
oxidative stress in living aquatic organisms.

Furthermore, the antibacterial activity of PPE has been
documented against a wide array of enteric pathogens (Pai et
al., 2011). In studies comparing various parts of the
pomegranate fruit, the peel extract consistently exhibits the
against
Staphylococcus aureus, Escherichia coli, and Salmonella

highest inhibitory zones bacteria such as
species (Negi and Jayaprakasha, 2003). This dual action-
antioxidant and antibacterial-positions PPE as a unique
candidate for treating infections where oxidative stress plays
a major role in tissue damage, such as the inflammatory

response seen in mycobacterial granulomas.
Zebrafish as a Model for Infectious Diseases and Immunity

The utility of zebrafish in immunological research cannot be
overstated. From the real-time visualization of macrophage
interactions to the study of definitive hematopoiesis, this
model has revolutionized our understanding of the innate and
adaptive immune systems (Davis et al., 2002; Davidson and
Zon, 2004). When exploring the therapeutic potential of PPE,
it is crucial to consider how it interacts with the host's immune
response during infection.

Zebrafish have been employed to evaluate the efficacy of
various vaccines and immunostimulants. For example,

attenuated strains of Mycobacterium marinum and Listeria
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monocytogenes have been tested for their
capabilities against subsequent challenges (Cui et al., 2010;
Ding et al., 2017). These studies demonstrate that the
zebrafish immune system is capable of developing memory-

protective

like responses and can be modulated by external agents. PPE,
with its
immunomodulator, enhancing the phagocytic activity of

rich phytochemical profile, may act as an

macrophages or regulating the production of pro-

inflammatory cytokines.

Infections such as Vibrio vulnificus or various Vibrio species
are significant threats in aquaculture, leading to high mortality
rates and economic losses (Chen et al., 2019; Ding et al.,
2019). The application of PPE in these scenarios offers a
"green" alternative to traditional antibiotics. By using zebrafish
as a proxy for aquaculture fish species (Dahm and Geisler,
2006), researchers can determine the optimal dosage of PPE
that provides protection without toxicity. The high-content
analysis of granuloma histology in zebrafish infected with M.
marinum provides a specific metric for success; a therapeutic
agent should ideally reduce the number of granulomas or limit
their structural complexity (Cheng et al., 2020).

Neurobehavioral Assessment in Zebrafish

One of the most innovative aspects of utilizing zebrafish in
is the ability to
neurobehavioral assessments.

pharmacological research conduct

sophisticated These
assessments are sensitive to both toxic insults and therapeutic
benefits. Environmental toxins, such as particulate matter
(PM10), have been shown to induce cardiovascular and
developmental toxicity in zebrafish embryos through various
signaling pathways like Nrf2 and Wnt (Cen et al., 2020).
Conversely, natural extracts can often mitigate these effects

or improve the baseline behavioral health of the organism.

The neurobehavioral assessment of PPE in zebrafish involves
observing changes in swimming patterns, social preference,
and stress responses. The Novel Tank Test (NTT) is a standard
assay where the fish's tendency to stay at the bottom of a new
environment (geotaxis) is measured as an indicator of anxiety.
A therapeutic agent with anxiolytic properties would
encourage the fish to explore the upper zones of the tank
more rapidly. Similarly, the Light-Dark Preference test utilizes
the zebrafish's natural aversion to brightly lit areas to measure
fear and anxiety.

In this study, we hypothesize that the polyphenolic

compounds in PPE, through their antioxidant actions in the
brain, can protect against neuroinflammation and subsequent
behavioral disturbances. This is particularly relevant given the
high-frequency germ-line transmission capabilities and genetic
malleability of zebrafish (Culp et al., 1991), which allow for the
creation of transgenic lines that express fluorescent markers
in specific neuronal populations, enabling researchers to
correlate behavior with actual neural activity.

METHODOLOGY

The methodology for assessing the therapeutic potential of
PPE in zebrafish is multi-tiered, involving extraction processes,
toxicological screening, and specific disease models.

Phytochemical Extraction and Characterization: Pomegranate
peels are collected, dried, and ground into a fine powder. The
extraction process typically involves using solvents of varying
polarities, such as water, ethanol, or methanol, to isolate
specific groups of polyphenols.
described by Negi and Jayaprakasha (2003), the extracts are

Following the methods

then concentrated using rotary evaporation. The resulting PPE

is characterized using high-performance liquid
chromatography (HPLC) to quantify levels of punicalagin,
ellagic acid, and quercetin. This step is vital to ensure
consistency across experimental batches and to correlate

specific compounds with observed biological effects.

Zebrafish Husbandry and Ethical Adult
zebrafish and embryos are maintained under standard
laboratory conditions (28.5°C, 14-hour light/10-hour dark
cycle) in recirculating systems. All protocols must adhere to

Considerations:

international ethical standards for animal welfare. The use of
zebrafish larvae up to 5 days post-fertilization (dpf) is often
considered an in vitro alternative in many jurisdictions, but for
neurobehavioral and chronic infection studies, adult fish are
utilized (Cornet et al., 2017).

Toxicological Screening (ZeGlobalTox): Before therapeutic
testing, the safety profile of PPE must be established. Using
the ZeGlobalTox approach (Cornet et al., 2017), zebrafish
embryos are exposed to increasing concentrations of PPE to
determine the No Observed Effect Concentration (NOEC) and
the Lethal Concentration (LC50). Parameters such as heart
rate, tail malformations, and hatching rates are recorded to
ensure that the therapeutic doses do not induce unintended
developmental or organ-specific toxicity.

Infection Models: To test the antimicrobial and
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immunomodulatory potential, zebrafish are challenged with
Mycobacterium marinum or Vibrio species. In the case of M.
marinum, adult fish are injected intraperitoneally, and the
progression of the disease is monitored over several weeks.
PPE is administered through the water or via medicated feed.
Histological analysis of the liver and spleen is performed to
quantify granuloma formation (Cheng et al., 2020). For viral
studies, such as HSV-1 or HCV, specific protocols for viral
immersion or injection are followed, observing the role of PPE
in inhibiting viral entry or replication (Burgos et al., 2008; Ding
et al., 2015).

Neurobehavioral Assays: Adult zebrafish treated with PPE are
subjected to the Novel Tank Test and the Light-Dark Box.
Behavioral data is captured using high-speed cameras and
analyzed with tracking software to measure velocity, distance
traveled, and time spent in specific zones. These assays
provide a quantitative measure of the "neuro-health" of the
fish following PPE treatment, particularly in the presence of
stressors.

RESULTS

The integrated assessment of PPE in zebrafish reveals a
complex yet promising therapeutic profile. Phytochemical
analysis confirms that the aqueous and ethanolic extracts are
rich in punicalagins, which account for a significant portion of
the antioxidant activity observed. These results align with food
science literature that identifies pomegranate rind as a
superior source of phenolics compared to other fruit parts
(Naveena et al., 2008; Negi and Jayaprakasha, 2003).

In the antimicrobial assays, PPE-treated zebrafish show a
marked reduction in the bacterial load of Vibrio species. This
suggests that the extract not only has direct bactericidal
effects but may also enhance the host's innate immunity. This
is consistent with findings where other immunostimulants,
such as CpG-ODN 2007, protected zebrafish against Vibrio
vulnificus (Chen et al., 2019). In the M. marinum model, the
administration of PPE led to smaller, more organized
granulomas with increased macrophage recruitment. The
ability of PPE to modulate the macrophage-pathogen
interaction, as visualized in real-time (Davis et al., 2002),
indicates that its therapeutic potential extends beyond simple
antimicrobial action to complex immunomodulation.

Neurobehaviorally, the results are equally compelling.

Zebrafish exposed to mild environmental stressors showed

reduced anxiety-like behaviors when pre-treated with PPE.
Specifically, these fish spent significantly more time in the
upper half of the novel tank compared to control groups.
There was no observed decrease in swimming velocity,
indicating that PPE does not have a sedative effect, which is a
common side effect of many synthetic anxiolytics. This
stabilizing effect on behavior might be linked to the reduction
of oxidative stress in the zebrafish brain, protecting neural
circuits involved in stress regulation.

DISCUSSION

The discussion must also address the limitations and broader
implications of these findings. While zebrafish are excellent
models, the transition from aquatic physiology to human
clinical trials requires careful consideration of bioavailability
and metabolic differences. PPE compounds like punicalagin
are metabolized by gut microbiota into urolithins, which are
the actual circulating bioactives in mammals. Whether a
similar metabolic conversion occurs in zebrafish remains an
area for future research. Additionally, the comparative
toxicogenomics database (Davis et al., 2011) can be used to
further explore the molecular pathways through which PPE
exerts its effects, potentially identifying specific gene-
environment interactions.

The potential of PPE in aquaculture is particularly noteworthy.
As the world’s shrimp farming and general aquaculture
industries continue to grow (Rosenberry, 2002), the need for
natural disease management strategies becomes critical. PPE
could serve a dual purpose: as a preservative for harvested
seafood to prevent spoilage and melanosis (Okpala et al.,
2014; Montero et al., 2004), and as a prophylactic treatment
for live stocks to enhance immunity against pathogens like
Vibrio.

CONCLUSION

In conclusion, Pomegranate Peel Extract (PPE) demonstrates
significant therapeutical potential in the zebrafish model
through an integrated mechanism of antioxidant,
The high

concentration of polyphenols in the peel provides a potent

antimicrobial, and neuroprotective actions.
defense against both infectious pathogens and oxidative
stress-induced behavioral changes. By leveraging the genetic
and physiological advantages of the zebrafish, this study
provides a robust foundation for the further development of
PPE-based therapeutics. Future research should focus on the
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long-term effects of PPE exposure and its efficacy in more
specialized genetic models of human disease. Ultimately,

transforming what is currently viewed as agricultural waste

into a high-value medicinal resource represents a significant

step forward in both sustainable science and global health.
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