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ABSTRACT

Ellagic acid (EA) is a natural polyphenol and dilactone of hexahydroxydiphenic acid (HHDP), primarily found as ellagitannins in plants like pomegranates,
raspberries, grapes, nuts, and strawberries. Its molecular structure consists of a gallic acid dimer linked by two lactone bonds. EA is produced through
the hydrolysis of ellagitannins and geraniin and is a major bioactive compound in pomegranates, exhibiting strong antioxidant, anti-diabetic, anti-cancer,

antiparasitic, and organ-protective properties.

However, EA’s low water solubility limits its absorption and therapeutic potential. To enhance its bioactivity and bioavailability, various nanoparticle
formulations and microspheres have been developed. Recent in vitro and in vivo studies indicate that EA nanoparticles (EA-NPs) offer improved antioxidant
effects, mitigate oxidative stress, detoxify, and inactivate DNA and RNA viruses. EA-NPs have also shown benefits in reducing diabetes complications
and preventing lung, prostate, and pancreatic cancers. Additionally, EA-loaded microspheres exhibit inhibitory effects on Babesia species and Theileria
equi, while EA nanoparticle formulations combined with chemotherapeutics show promise in breast cancer therapy. This review explores EA nanoparticle

formulations and their recent therapeutic advancements.
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Introduction

Ellagic acid was discovered in 1831 by Braconnot, who
named it “acide ellagique” [1]. Ellagic acid (EA) (Figure. 1),
2,3,7,8-tetrahydroxy-chromeno[5,4,3-cde] chromene-5,10-dione
(molecular formula C,,HO,) is a naturally occurring polyphenolic
and powerful bioactive and highly thermostable (350°C melting
point) molecule with 302 gmol! of molecular weight. The structure
of EA contains a lipophilic domain represented by four rings and
it has four phenolic groups with two lactones which represent its
hydrophilic domain [2].

Figure 1: Ellagic Acid

Sources of EA

The presence of EA in plants was not widely known until the 20th
century. Being part of the tannin family, EA is widely present in
vegetables, fruits, oak, seeds and nuts [3] (Table 1). EA is one
of the abundant phenolic acids in pomegranate juice (Punica
granatum L.) [4]. In plant cells, EA is present in the bound form
i.e., EA glycosides and ellagitannins (ET). EA glycosides contain
sugar residues such as glucose, xylose, arabinose, or rhamnose.
Upon hydrolysis, both ellagitannins and EA glycosides release EA,
a process that occurs in various plants as well as in the digestive
systems of humans and herbivorous animals [5]. For a long time,
plants containing high amounts of EA have been identified as
traditional medicine in Chinese medicine and Ayurveda [6].

Table 1: Some Sources of Ellagic Acid

Part Common Scientific Reference
name name
Fruit Blackberry Rubus ursinus [7]
Red raspberry | Rubus idaeus [8]
Strawberry Fragaria [8].
ananassa
Hipberry Rosa Canina [9]
Plum Terminalia [10]
ferdinandiana
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Table 2: Types of Ellagitannins

ETs can be categorized into monomeric, oligomeric, and polymeric
types based on the number of hexahydroxydiphenic acid (HHDP)
groups in the molecule [33,34]. Monomeric ETs consist of a
single HHDP group attached to a glucoside core [33]. These
monomeric ETs often undergo polymerization to form dimers,
oligomers, and polymers, where the units are linked via C-O-C
bonds [33,35] Table 2.

Cranberries Vaccinium [11]
subg. ET type Examples
Gy Monomeric ETs Nupharin A, Geraniin, Tellimagrandin
Pomegranate Punica [12] II, Punicalagin, Eugeniin, Davidiin,
granatum Casuarictin, Corilagin
Guava Psidium [13] Dimeric ETs Sanguiin
G, Oligomeric ETs Agrimoniin, Nupharin E, Nupharin C,
Black currants | Ribes nigrum [14] Hirtellin A
Boysenberries | Rubus ursinus [15] C-glycosidic ETs Vescalagin, Castalagin, Casuarinin,
X Rubus Stachyurin
idaeus
Cloudberries | Rubus [11] Biosynthesis of EA
chamaemorus EA is mainly formed through the oxidation and dimerization of
Wood Spanish oak Quercus [16] gallic acid derivatives. Gallic E'IC.id is sypthesized via the shi.kimalte
pyrenaica p}ilthwa;ly (;Nﬁege 3—dehydros]l:1)1k1magf¢ is congerted to galllll'c acid
) throu ehydrogenation. Depending on the species, this step
Ciesmiene || Goraei) s [17] can algso occur Viag the polyketide pathgway. Following this, gallic
White oak Quercus alba [17] acid is esterified with glucose to form B-glucogallin, which forms
Java plum bark | Syzygium [18] serves as a building block to form larger polyphenolic compounds
cumini called Ellagitannins. Oxidative coupling between galloyl residues
Mousedeer Anisophyllea [19] leads to the formation of HHDP units, which are characteristic
Plant bark dichostyla R. structures of ETs [36].
Br.
Brazil nuts Bertholletia [20] Most ETs hydrolyze to produpe EA, a process .fa.cilitated by the
bark excelsa breakdown of HHDP groups into EA under acidic or enzymatic
conditions. This characteristic is common among monomeric,
Beka bark Oroxylum [21] oligomeric, and some polymeric ETs, as the HHDP groups are
G277 a defining feature of these compounds. However, C-glycosidic
Leaves Eucalyptus Eucalyptus [22] ellagitannins, such as vescalagin and castalagin, are structurally
globulus distinct due to their C-glycosidic linkages, which render them
Seeds and nuts | Walnuts Juglans nigra [7] more resistant to hydrolysis. While they can release EA under
Longan seed | Dimocarpus [23] certain conditions, their hydrolysis is generally more challenging
longan compared to other types of ETs [37].
Manger kernel szngera Pl Extraction of EA from Natural Sources
tmdied EA content varies significantly across different fruits, nuts, and
Pecankernel | Carya [24] seeds, influenced by the extraction methods used. In fruits, berries
illinoinensis such as raspberries and cane berries show a wide range of ellagic
Chestnut Castanea [25] acid content, from 2.63 to 90 mg/g, with extraction methods like
sativa solid-liquid extraction, and sonication [38] [39]. Pomegranate has
Heartnut Juglans [26] notably high concentrations in its peels, mesocarps, and juice,
ailantifolia with values reaching up to 81.23 mg/g and 2071 mg/L in the juice,
Brazil nuts Bertholletia [27] ext.ract.ed .through methods like pressurlze.d water, stirring, and
excelsa solid-liquid extraction [40-42]. Strawberries, blackberries, and
) boysenberries tend to have lower levels, with some extractions
LIS ARSI 28] yielding up to 17.92 mg/g [43-45]. Nuts and seeds such as pecan
hypogaea kernels exhibit wide variation depending on the preparation,
Cashews Anacardium [29] ranging from 20.96 to 86.21 mg/g [23,24,46]. while mango kernel
occidentale and longan seed contain relatively low ellagic acid levels (0.031—
Pistachio Pistacia vera [30] 1.18 mg/g) [24].
L.
Pine nuts Pinus pinea [31] The ef?cliency of EAlexl;[raction is linﬂlhenceél Ey factq;s such as Fhe
. type of plant material, the part analyzed, and the specific extraction
Almonds Prunus dulcis [32] conditions. Alcohol-based solvents, particularly when acidified,
Persian Juglans regia [26] have proven to be the most effective, especially when paired with
walnuts techniques like vortexing and sonication [47]. In many studies,

aqueous methanol in varying concentrations has been favoured
as the extraction solvent. This preference is attributed to the high
polarity of these solvents, which significantly enhances the yield
of extracted compounds [48]. To further optimize the recovery of
EA, some researchers employ multi-solvent extraction strategies.
For example, Maitti-Riihinen et al. used ethyl acetate for the
initial extraction, followed by methanol to process the remaining
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solid residue, showcasing a methodical approach to maximize
EA recovery [8]. This combination of advanced techniques and
strategic solvent use underscores the importance of tailoring the
extraction protocol to the specific characteristics of the plant
material and the desired compound.

Technical applications of EA

Research on EA has been highly interdisciplinary, with a significant
focus on its medicinal and nutritional benefits. However, its
applications extend beyond these areas, encompassing various
other fields as well. It has been identified as an efficient chelating
agent for metal ions by Zhang et al. and Przewloka et al.,
further enhancing its potential in environmental and industrial
applications [49,50]. Reitze et al. expanded on EA’s chemical
versatility, synthesizing a range of innovative polymer precursors,
which could open new possibilities in material science [51]. In
recent years, EA has garnered attention for its use as a chemical
sensor, with researchers demonstrating its ability to detect
nitrobenzene and selectively identify copper ions in aqueous
solutions, highlighting its promise for environmental monitoring
and analytical applications [52] [53]. Additionally, Goriparti et
al. showed that EA could serve as a high-capacity electrode
material for lithium-ion batteries, suggesting its relevance in
energy storage technologies [54]. Grape et al. explored EA in
the creation of biocompatible bismuth ellagate metal-organic
frameworks (MOFs), underlining its role in the development of
bioinspired microporous materials for advanced applications [55].
Additionally, Vilela et al. demonstrated that chitosan/ellagic acid
films exhibit UV-light protection, homogeneity, and flexibility,
positioning them as effective materials for active food packaging
[56]. These diverse studies collectively highlight the versatile
technical applications of ellagic acid in areas ranging from
environmental management to material science and energy storage.

Pharmacological Effects of EA

As research continues, the potential health benefits and therapeutic
applications of simple ellagitannins, including their role in plant
defence, are being increasingly recognized. EA has been notified to
possess robust antioxidant activity against ROS (reactive oxygen
species) in a cell-based assay. EA is not only a potent antioxidant,
but it is also reported to have anticarcinogenic, anti-apoptotic, anti-
inflammatory, antiviral, antibacterial, antidiabetic, cardioprotective
and neuroprotective properties (Figure 2) [58-66].

Anti-oxidant

Anti-diabetic Anti-cancer

Hepatoprotective

Neuroprotective .

Anti_indl,

;@x
#\ *\J

Figure 2: Pharmacological Properties of EA (Image source -
Biorender)
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Hseu et al. reported that ellagic EA protects human keratinocytes
from UVA-induced oxidative stress and apoptosis by enhancing
cell viability, reducing ROS and DNA damage, and modulating
Nuclear erythroid 2-related factor 2 (Nrf2) gene signalling.

Its protective effects are linked to increased expression of
antioxidant enzymes like Heme Oxygenase-1 (HO-1) and
Superoxide dismutase (SOD) [67]. El-Shitany et al. reported
that EA effectively reduces carrageenan-induced inflammation
by inhibiting pro-inflammatory markers like Cyclooxygenase
(COX-2), Nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-kB), Malondialdehyde (MDA), and Nitric oxide (NO),
while boosting antioxidant levels (GSH) and anti-inflammatory
cytokines (IL-10). Its protective effects involve modulation of
oxidative stress, cytokine release, and COX-2 expression [61].
Han et al. observed that EA inhibited the mRNA expression of
B-defensin2, an antimicrobial peptide commonly associated with
psoriasis lesions. Additionally, they reported that EA reduced
the mRNA expression of specific inflammatory cytokines and
chemokines, including CXC motif chemokine ligand 8 (CXCLS)
and CC motif chemokine ligand 20 (CCL20) in HaCaT human
keratinocyte [68].

Chung et al. reported that EA inhibits ovarian carcinoma cell
proliferation by inducing G1 phase arrest, caspase-3-mediated
apoptosis, and restoring anoikis through modulation of key
molecular pathways. It also enhances the efficacy of chemotherapy,
suggesting its potential as a chemo preventive and therapeutic
agent for ovarian cancer [69]. Umesalma et al. reported that EA
inhibits colon cancer progression in a 1,2-dimethyl hydrazine
(DMH) induced rat model by suppressing the phosphoinositide-
3-kinase (PI3K)/ Protein kinase B (Akt) pathway, modulating
B-cell lymphoma 2 (Bcl-2) family proteins, and activating Bcl-
2-associated X protein (Bax) and caspase-3 to promote apoptosis.
These findings highlight EA’s potential as a chemo preventive
agent against colon carcinoma [70]. Gonzalez-Sarrias et al.
reported that its colonic metabolites, urolithin-A and -B, inhibit
colon cancer cell growth by arresting the cell cycle and modulating
mitogen-activated protein kinase (MAPK) signalling and cell
cycle-related genes. These findings highlight their potential as
dietary chemo preventive agents targeting key processes in colon
cancer development [71].

Yu et al. reported that EA suppresses IL-1B-induced oxidative
stress, nuclear translocation of NF-kB, and expression of adhesion
molecules like vascular cell adhesion molecule-1 (VCAM-1) and
endothelial leukocyte adhesion molecule (E-selectin) in human
umbilical vein endothelial cells (HUVEC), reducing monocyte
adhesion. These anti-inflammatory effects highlight EA’s potential
in preventing atherosclerosis [72]. Kullappan et al. reported that
EA exhibited the strongest binding affinity (-9.9 kcal/mol) and
the highest stability in complexes with Zika virus NS3 helicase,
making it a promising inhibitor for viral RNA synthesis and
genome replication. ADMET analysis confirmed its nontoxic
and non-carcinogenic properties, emphasizing its therapeutic
potential [73].

Ellagic acid wields its benignant effects by controlling multiple
pathways which include antioxidant, anti-inflammatory, and anti-
cancer properties. Its ability to modulate key molecular pathways
such as Nrf2 signalling, PI3K/Akt, MAPK, and NF-«kB, as well
as its role in enhancing antioxidant enzyme expression, reducing
oxidative stress, and promoting apoptosis, underscores its
therapeutic potential. These findings suggest that EA is a promising
natural compound for the prevention and treatment of various
diseases, including cancer, atherosclerosis, and inflammatory
conditions.

Bioavailability of EA
The bioavailability of ETs is low in humans. This may be due
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to their large size and high polarity [74]. When hydrolysed,
they release EA which is also poorly bioavailable due to their
hydrophobic nature [75]. The high number of hydrogen bond
donors and acceptors in ellagic acid, combined with its polar
structure, makes it less likely to passively diffuse through lipid
membranes, which is essential for drug absorption. While it
doesn’t fit Lipinski’s criteria for oral bioavailability, it may still
be biologically active and useful in non-oral formulations or for
specific biological targets [76]. In humans, EA is typically absorbed
through the stomach or small intestine [35]. The hydrolysis of
ETs to release EA occurs in the small intestine, where the pH is
neutral to slightly basic. This pH environment also facilitates the
absorption of EA. While no specific transporters for EA uptake
in the gut epithelium have been identified, it is believed to be
absorbed via passive diffusion driven by a concentration gradient
[77]. Once absorbed, EA is metabolized by the gut microbiota into
urolithins [78]. Initially, one of the lactone rings of EA is opened,
followed by the removal of a carboxyl group to form urolithin
D. Urolithin D then undergoes dihydroxylation, losing one, two,
or three hydroxyl groups, resulting in the formation of urolithin
C, urolithin A/ isourolithin A, and urolithin B, respectively, each
being more bioavailable than the other (Figure 3) [79].
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Figure 3: Gut Metabolism of EA

Furthermore, pharmacokinetic studies of EA have shown significant
inter-individual variability. Additionally, Gonzalez-Sarrias et al
concluded that increasing the intake of EA does not enhance
its bioavailability, with plasma concentrations rarely exceeding
nanomolar levels in humans [80]. In contrast, urolithins can reach
bloodstream concentrations at the micromolar level [81]. Since the
conversion of EA to its metabolites occurs in vivo, discrepancies
between in vitro and in vivo results regarding its bioavailability
are inevitable [82]. In vitro studies frequently indicate high
solubility and stability for EA, suggesting favourable absorption
profiles [83]. However, these models lack critical physiological
factors such as enzymatic activity, gut microbiota metabolism, and
interactions with other dietary components, which are integral to
the in vivo environment [84]. As a result, in vitro absorption rates
often overestimate EA’s actual bioavailability. Conversely, in vivo
studies consistently report significantly lower bioavailability, as
outlined previously. These differences highlight the need for a
deeper understanding of EA’s bioavailability mechanisms and the
development of innovative strategies to enhance it.

Ellagic Acid Nanoparticle Formulations and Microspheres
EA due to its hydrophobic nature is insoluble in water resulting
in lower bioavailability and bioactivity, poor absorption and

quick elimination from our body. Because of this, its molecular
effects and therapeutic edge are restricted as most of the clinical
drugs are orally administered [85]. This led to the development of
advanced delivery systems such as Nanoparticle formulations and
Microspheres to overcome their hydrophobicity and to enhance
their bioavailability and bioactivity [86].

e Chitosan-Coated Ellagic Acid Nanoparticles

Ellagic acid is loaded into chitosan nanoparticles and EANP@
CS (Chitosan-coated ellagic acid nanoparticles) were prepared
using sodium triphosphate (STP) as a gelatin agent. Chitosan is
a Chitin-derived polymer compound, frequently used in enzyme
loading and drug conduction carriers. Chitosan nanoparticles
exhibit a positive surface charge which gives significant confluence
to negatively charged biological membranes and site-specific site
targeting. As a result, Chitosan nanoparticles are referred more
specifically to the target cells as a drug-coated material to enhance
drug release. Transmission electron micrographs of ellagic acid
encapsulated chitosan nanoparticles (EANP@CS) revealed that
EANP@CS are spherical in shape with average size of 20 to 62
nm [85].

e (-CD EA Microspheres

B-CD EA microspheres are prepared using B-cyclodextrin (B-
CD) as a coating material of EA. B-cyclodextrin (B-CD), a
cyclodextrin glucose transferase-derived cyclic oligosaccharide
with seven glucose monomers form inclusion compounds. Here
B-cyclodextrin (B-CD) acts as a host where Ellagic acid as a
guest gets accommodated (host-guest interaction) resulting in the
formation of an inclusion complex. Scanning electron microscopy
(SEM) study revealed that B-CD EA microsphere complexes are
spherical with a size of 6.12 £ 3.27 um [87].

Antioxidant Mechanism of Ellagic Acid Nanoparticles
Recent studies have explored the antioxidant properties of EA in
various forms, demonstrating its potential to mitigate oxidative
stress in different biological contexts [88] (Table 3). One study
highlighted the effectiveness of chitosan-coated ellagic acid
nanoparticles (EANP@CS), derived from pomegranate, in
reducing the harmful effects of sodium nitrite toxicity in rats. The
treatment resulted in significant reductions in serum nitric oxide
levels, liver and kidney nitric oxide levels, and liver NOS activity.
In addition, liver Gpx and catalase activity were notably increased,
while hepatic DNA fragmentation was significantly reduced, with
a decrease in DNA damage from 43.32% in the sodium nitrite-
intoxicated group to 27.30% in the EANP@CS-treated group
[85]. This finding is further supported by studies on different
formulations of EA. For example, EA has been intercalated into
layered double hydroxide (LDH) nanoparticles, enhancing its
bioavailability and antioxidant effects. These hybrid materials
demonstrated significant antioxidant activity, measured by DPPH
and CuPRAC assays, indicating their potential in scavenging free
radicals [89]. In a similar vein, ellagic acid-loaded nanostructured
lipid carriers (NLCs) prepared from various lipid compositions,
including NLC-EA1 and NLC-EA2, were shown to manage high
antioxidant activity with minimal toxicity to human keratinocyte
cells. NLC-EA1 exhibited less cytotoxicity than NLC-EA2, further
emphasizing the promise of lipid-based EA formulations for
antioxidant therapies [90].
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Table 3: Ellagic Acid Nanoparticles Exhibiting Antioxidant Mechanism

Slno. | Nanoparticle type Highlighted results Reference
1 Chitosan-coated EA nanoparticles (EANP@CS) Reduced nitric oxide levels, increased liver Gpx and catalase [85]
activity, reduced DNA damage (43.32% — 27.30%).
2 EA-Layered Double Hydroxide (LDH) Improved bioavailability; strong antioxidant activity (DPPH, [89]
Nanoparticles CuPRAC assays).
3 Ellagic Acid-Loaded Nanostructured Lipid Carriers | High antioxidant activity; NLC-EA1 less cytotoxic than [90]
(NLCs) NLC-EA2.
4 Ellagic Acid-Loaded PEG-Chitosan Nanoparticles | Mitigated oxidative stress, apoptosis; synergistic effect, low [91]
(EA@PCS) cytotoxicity.
5 Ellagic Acid Nanoformulation (NEL) with Enhanced testicular antioxidant capacity, reduced diabetic [92]
Metformin damage.
6 Ellagic acid crystalline particles Significant H,O, related ROS scavenging ability in PC12 [93]
cells
7 Ellagic acid - modified gold nanoparticles (EA- EA-AuNPs targeted bacteria, reduced IL-6, and boosted IL- [94]
AuNPs) 10, showing antimicrobial and anti-inflammatory potential.
8 Ellagic acid loaded zein nanoparticles EA-loaded zein NP demonstrated potential against free [95]
radicals and infections by Gram-positive and Gram-negative
bacteria.

Other studies have also highlighted the role of EA-loaded
nanoparticles in combating oxidative stress in specific models.
For example, Ellagic Acid Loaded PEG-Chitosan Nanoparticles
(EA@PCS) demonstrated significant antioxidant activity in human
neuroblastoma cells, mitigating rotenone-induced oxidative stress
and apoptosis. The combination of EA with a chitosan nanoparticle
carrier was found to be less cytotoxic than when EA or chitosan
were used separately, suggesting a synergistic protective effect
[91]. Furthermore, an investigation into the antioxidant effects of
EA in combination with metformin (MET) revealed promising
results in alleviating testicular damage induced by diabetes.
EA nanoformulation (NEL) significantly enhanced antioxidant
capacity in the testes, with NEL and MET co-treatment showing
the best outcome in restoring oxidative balance and reducing lipid
peroxidation [92]. Together, these studies underscore the versatility
of EA, particularly in nanoparticle form, for combating oxidative
stress and its potential therapeutic applications in various diseases
and conditions.

Detoxifying and Hepatoprotective Mechanism

Recent studies have highlighted the protective potential of EA
nanoparticles in mitigating chemical-induced toxicity, particularly
in liver and kidney models. One study demonstrated the ability of
EA nanoparticles, prepared using the emulsion solvent diffusion
technique to enhance bioavailability, in alleviating cisplatin (CISP)-
induced hepatotoxicity in rats. Pre-treatment with EA nanoparticles
resulted in significant reductions in liver function enzymes such
as ALT, AST, and ALP, which are markers of liver damage.
Additionally, oxidative stress markers like malondialdehyde
(MDA) and nitric oxide (NO) levels were notably decreased,
while liver glutathione (GSH) levels were significantly increased,
indicating improved liver function. Immunohistochemical analyses
further showed a decrease in apoptotic markers such as BAX and
Bcl-2, highlighting the protective effect of EA nanoparticles in
preventing liver cell apoptosis induced by CISP [96].

This hepatoprotective effect is supported by another study in
which chitosan-coated EA nanoparticles (EANP@CS) were used
to treat rats intoxicated with sodium nitrite (NaNO?2). Results
revealed that EANP@CS treatment significantly reduced serum
urea levels, a marker of kidney dysfunction, as well as liver AST
levels, compared to the NaNO2 intoxicated group. These findings

emphasize the nephroprotective and hepatoprotective effects of EA
nanoparticles, suggesting their potential to counteract oxidative
stress and organ damage induced by toxic chemicals like cisplatin
and sodium nitrite [85]. Collectively, these studies suggest that
ellagic acid nanoparticles offer dual protection for both the liver
and kidneys, providing a promising approach to ameliorating
toxicity-induced damage.

Inactivates RNA, DNA Viruses

Currently, the entire world is recovering from the COVID-19
pandemic, emerging from the new coronavirus SARS-CoV 2
along with its various mutants has severely affected numerous
lives and economic systems across the globe. Till now no clinically
approved drug has been developed for this disease. In a recent
study, a hybrid Ellagic acid nanoformulation was developed
and tested across various cell lines. In this study, Ellagic acid is
prepared as inorganic-organic hybrid nanoformulation by using
inorganic functionalized zinc oxide nanoparticles (ZnO NPs)
where organic Ellagic acid is loaded via covalent interactions
and the effect of this hybrid nanoformulation on cell lines such
as human coronavirus 229E (HCoV-229E) (RNA viruses) and
human adenovirus type 7 (Ad-7) (DNA viruses) were determined.
The Antiviral Evaluation of Ellagic acid hybrid nanoformulation
treated Ad-7 (DNA virus) and HCoV-229E (RNA viruses) cell lines
have shown lower IC50 4.1 pg/mL and 6.6 pg/mL respectively
along with a better therapeutic index of 51.7 and 75.7 respectively
compared to the control (ZnO NPs) group. Moreover, this hybrid
nanoformulation showed direct inactivation of HCoV-229E with
a percentage inhibition of > 60%. This result suggests that this
hybrid nanoformulation is potentially secure and a cost-effective
possible therapeutic strategy for COVID-19 [97].

Antiparasitic Activities of Ellagic Acid

A recent study investigated the antiparasitic effects of EA on
Theileria equi (in vitro) and four Babesia species, including
B. bovis, B. bigemina, B. divergens, and B. caballi (in vitro),
as well as Babesia microti in mice (in vivo). In this study, EA
was formulated into microspheres using B-cyclodextrin (j-
CD), referred to as B-CD EA microspheres, and into APSP EA
nanoparticles using an antisolvent precipitation method with a
syringe pump. The formulations were then evaluated for their
effects on Babesia species and 7. equi in vitro, and B. microti
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in vivo. In vitro growth-inhibition assays showed that f-CD EA
microspheres significantly inhibited the growth of all Babesia
species and 7. equi, with the APSP EA nanoparticles showing
lower IC50 (half-maximal inhibitory concentration) values than
the B-CD EA microspheres. In vivo, APSP EA nanoparticles
reduced peak parasitemia of B. microti by 68.1% at a concentration
of 70 mg/kg, and when combined with atovaquone (AQ), APSP
EA nanoparticles exhibited an enhanced chemotherapeutic effect
compared to the nanoparticles alone. These results suggest that
ellagic acid in both microspheres and nanoparticle formulations
holds promise as an effective antiparasitic therapy [98].

Inhibition of Adipogenic Differentiation

Arecent study prepared Chitosan/alginate-ellagic acid microspheres
and evaluated their effects on the murine preadipocyte cell line
3T3-F442A. These microspheres demonstrated a dose-dependent
inhibitory effect on preadipocyte proliferation. Oil Red O staining
of the 3T3-F442A adipocytes indicated that Chitosan/alginate-
ellagic acid microspheres effectively inhibited adipogenesis, the
process by which preadipocytes differentiate into adipocytes, in
a dose-dependent manner. To explore the underlying molecular
mechanisms, the study assessed the mRNA expression of C/EBPa
(CCAAT/enhancer-binding protein alpha) and PPARY (peroxisome
proliferator-activated receptor gamma) using qPCR analysis. The
results showed that the Chitosan/alginate-ellagic acid microspheres
significantly downregulated the expression of C/EBPo and PPARY,
leading to the inhibition of both preadipocyte proliferation and
adipogenic differentiation [99].

Antidiabetic Mechanism of Ellagic Acid Nanoparticles
Diabetes mellitus (DM) is a metabolic disorder characterized by
elevated blood glucose levels, arising either from underproduction
of insulin (Type-1 DM) or impaired insulin action (Type-2 DM).
Type-1 DM is largely genetic, while Type-2 DM is primarily driven
by lifestyle factors and is more manageable. Both types can lead
to acute complications such as hyperglycemia, hypoglycemia, and
diabetic ketoacidosis, as well as chronic complications including
retinopathy, nephropathy, neuropathy, cardiovascular diseases
(CVD), and Alzheimer’s disease, all of which are associated
with increased oxidative stress from elevated blood glucose.
Recent studies have investigated potential therapeutic approaches
involving ellagic acid (EA), a potent antioxidant, to alleviate some
of these complications.

One such study developed ellagic acid nanoparticles (NEA)
encapsulated with zinc oxide and evaluated their effects on two key
enzymes, aldose reductase and a-glucosidase. Aldose reductase
plays a critical role in the development of diabetic complications
via the polyol pathway, generating reactive oxygen species (ROS),
while a-glucosidase accelerates glucose absorption from dietary
carbohydrates. In vitro tests showed that NEA significantly
inhibited both enzymes at a concentration of 0.4%, demonstrating
its potential to mitigate oxidative stress and prevent secondary
diabetes complications, suggesting that NEA may be an effective
therapeutic strategy [100].

Moreover, another study assessed the protective effects of
EA, an ellagic acid nanoformulation (NEL), and metformin
(MET) on testicular damage induced by high-fat diet (HF) and
streptozotocin (STZ)-induced diabetes in rats. NEL combined
with MET significantly improved fasting blood glucose (FBG)
levels, testicular weight, and histopathological markers, preserving
germ cell layers and seminiferous tubules. In contrast, diabetic
rats treated with EA alone or MET alone showed less significant
improvements. These results suggest that NEL, particularly when

combined with MET, effectively prevents male reproductive
damage due to diabetes, underscoring the potential of EA-based
formulations in restoring organ functions affected by diabetes
[101].

Furthermore, a study examined ellagic acid nanoparticles (Ella
NPs) alone and in combination with metformin (a common
antidiabetic medication) for their effects on Type-2 diabetes
in HFD/STZ-induced rats. Results showed that Ella NPs in
combination with metformin not only significantly reduced blood
glucose levels but also helped preserve the function of pancreatic
beta cells, crucial for insulin production. The study also found a
notable improvement in body weight and plasma lipid profiles in
the combined treatment group compared to the diabetic controls,
suggesting that Ella NPs, especially in synergy with metformin,
could serve as a potent antidiabetic agent, improving glucose
metabolism and reducing the risk of cardiovascular disease [102].

These studies interrelate in showing that ellagic acid, in various
nanoparticle forms, offers significant antioxidant and therapeutic
potential for managing diabetes and its complications, particularly
when combined with conventional antidiabetic drugs such as
metformin.

Anticancer Mechanism

Cancer is a major global health concern, with an estimated 17
million diagnoses in 2018 and a predicted rise to 27.5 million
new cases by 2040, as reported by the International Agency for
Research on Cancer. The key risk factors for cancer include
smoking, unhealthy diets, sedentary lifestyles, and infections, and
this burden is expected to increase substantially due to population
growth and aging [103]. In recent studies, ellagic acid (EA), a
potent antioxidant, has emerged as a promising anticancer agent,
demonstrating anticancer potential across various cancer types
when delivered through innovative nanoformulations.

One such study investigated the anticancer effects of EA delivered
as solid lipid nanoparticles (SLNs) in human prostate cancer
(PC3) cells. EA-loaded SLNs displayed enhanced drug release,
particularly in lower pH and higher temperature conditions, and
exhibited a dose-dependent antiproliferative effect in PC3 cells.
MTT assays showed a lower IC50 value for EA-loaded SLNs
compared to EA alone, indicating increased potency. Moreover,
apoptosis induction, confirmed by DAPI staining and upregulation
of pro-apoptotic Bax mRNA (2.39-fold increase), supports the
efficacy of EA-loaded SLNs. These findings suggest that EA-
loaded SLNSs can overcome the therapeutic limitations of EA and
serve as a potential therapeutic strategy for prostate cancer [104].
In yet another study, EA was combined with lipoic acid (ALA)
and fluvastatin (FLV) in nanostructured lipid carriers (NLCs) and
tested against prostate cancer (PC-3) cells. The combination of EA,
ALA, and FLV NLCs showed a significant increase in caspase-3
activity, an apoptotic marker, compared to EA, ALA, and FLV
alone. The combination also reduced cell viability more effectively,
with a lower IC50 value, suggesting that EA in combination with
ALA and FLV in NLCs holds promise as an enhanced therapeutic
approach for prostate cancer treatment [105].

Additionally, EA has been investigated for its effectiveness in
lung cancer (A549 cells), using lactoferrin—chondroitin sulfate
nanocomplexes to deliver both EA and doxorubicin (DOX), a
chemotherapeutic agent. This inhalable nanocomplex showed
improved cytotoxicity and enhanced drug accumulation in A549
cells. In vivo studies in mice revealed significant reductions in
lung tumor weight and tumor biomarkers such as VEGF and Ki-67,
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confirming the potential of EA-DOX inhalable nanocomplexes as
a promising targeted therapy for lung cancer [106].

Furthermore, in the treatment of tongue squamous carcinoma
(SAS) cells, a synergistic therapy combining EA with microRNA
125 (miR-125), which regulates mitochondrial dysfunction,
demonstrated enhanced anticancer activity. EA and miR-125
nanoformulations targeted mitochondria and cellular metabolism,
effectively reducing tumor growth in SAS cells. This combination
offers a new therapeutic strategy targeting mitochondrial
dysfunction, a key metabolic alteration in cancer cells [107].

These studies illustrate the growing potential of EA in cancer
therapy, particularly when formulated in combination with other
bioactive compounds in nanoparticle forms. The synergistic
effects seen in various cancer cell lines highlight the advantages of
nanomedicine in enhancing drug delivery, improving therapeutic
efficacy, and minimizing side effects, thus offering promising
strategies for the treatment of several types of cancer.

In Breast Cancer Therapy

Breast cancer remains one of the most prevalent and deadly
cancers among women worldwide. In 2020, it surpassed lung
cancer as the most frequently diagnosed cancer, with an estimated
2.3 million new cases (11.7% of all cancer cases) and 684,996
deaths globally [108]. Recent research has focused on enhancing
the efficacy of ellagic acid (EA), a bioactive compound with potent
anticancer properties, through novel nanoparticle formulations.
These studies have shown that combining EA with other anticancer
agents in nanoparticle forms can significantly improve therapeutic
outcomes against breast cancer.

One such study involved the preparation of EA encapsulated
in chitosan nanoparticles coated with Tween 80 (EA-chitosan-
NPs) to assess its therapeutic effects on breast cancer. In vitro,
cytotoxicity tests on MCF-7 breast cancer cells revealed that
EA-chitosan-NPs significantly inhibited cell proliferation, with
alower IC50 value (30.55 pg/ml) compared to uncoated EA-NPs
(36.64 pg/ml) and free EA (39.55 pg/ml). The in vivo results in
mice bearing Ehrlich Ascites Carcinoma (EAC) tumours also
demonstrated that EA-chitosan-NPs effectively caused tumour
regression (73%) after 28 days, which was notably higher than
the tumour regression seen with uncoated EA-NPs (48%) and free
EA (51%). Histopathological analyses revealed more significant
tumour necrosis and fewer prominent nuclei in the EA-chitosan-
NPs treated group, indicating a potent antitumor efficacy. This
study suggests that EA-loaded chitosan nanoparticles may be a
promising approach for breast cancer treatment in the future [109].

Another study evaluated EA encapsulated in Schizophyllan and
Chitin nanoparticles (EA/SPG-NP and EA/Ch-NP) to enhance its
bioavailability and therapeutic effects against MCF-7 cells. Both
formulations showed significant inhibition of cell proliferation
in a dose-dependent manner, with lower IC50 values compared
to free EA, further supporting the potential of nanoparticle-based
delivery systems for breast cancer therapy [110].

In a different approach, EA was combined with the cytotoxic
drug Pemetrexed (PMT) and encapsulated in Lactoferrin-coupled
mesoporous silica nanoparticles (Lf-MSNPs) to explore a
synergistic effect against MCF-7 cells. The dual-loaded EA+PMT
MSNPs showed enhanced inhibition of cancer cell proliferation
with an IC50 of 14 pug/ml, significantly more effective than EA-
loaded MSNPs (IC50 = 20 ug/ml), highlighting the therapeutic
benefit of combining EA with other chemotherapeutic agents [111].

In another study, EA was combined with paclitaxel (PTX), a widely
used anticancer drug, and encapsulated in N-iso-propylacrylamide-
polyethylene glycol acrylate (NIPAAm-PEG) polymeric
nanoparticles. The EA+PTX loaded nanoparticles showed superior
inhibition of cell growth in MCF-7 cells compared to PTX-loaded
nanoparticles alone. The combination of EA and PTX in these
polymeric nanoparticles resulted in better inhibition with a lower
IC50 of 45 pg/ml compared to PTX alone (80 pg/ml) [112].

Collectively, these studies underscore the potential of EA
nanoparticle formulations as a potent therapeutic strategy for
breast cancer, particularly when combined with established
chemotherapeutic agents like Pemetrexed and Paclitaxel. The
use of nanoparticle carriers not only enhances the bioavailability
and targeted delivery of EA but also improves its synergistic effect
with other anticancer agents, making these combination therapies
highly promising for effective breast cancer treatment.

Discussion

Ellagic acid, a polyphenolic compound with a unique structure
featuring both lipophilic and hydrophilic domains, is a natural
antioxidant that has gained considerable attention for its various
pharmacological and therapeutic properties [113]. It is derived from
the hydrolysis of ellagitannins, present in various plant sources
such as pomegranates, raspberries, strawberries, and walnuts.
This molecule demonstrates not only a broad range of medicinal
benefits but also promises in diverse technical applications, such
as in materials science and environmental monitoring.

EA’s robust antioxidant activity is one of its most widely
recognized benefits, particularly in protecting cells from oxidative
stress. This protective effect extends beyond antioxidants to
include anti-inflammatory, anticarcinogenic, and neuroprotective
properties. EA’s capacity to inhibit inflammatory pathways makes
it an attractive candidate for the prevention and treatment of
chronic conditions like cancer, cardiovascular diseases, and
neurodegenerative disorders. Furthermore, EA has shown potential
in synergizing with chemotherapy in ovarian cancer treatment,
underscoring its value as both a chemo preventive and therapeutic
agent.

Despite its promising pharmacological properties, EA faces a
significant challenge of low bioavailability. Both EA and its
precursor ellagitannins are poorly absorbed due to their large
molecular size, polarity, and hydrophobic nature, which limit
their effectiveness in vivo. The conversion of EA into bioactive
urolithins by gut microbiota improves bioavailability, though the
process varies among individuals due to differences in microbiota
composition [114]. EA’s therapeutic efficacy is constrained by
rapid metabolism and limited systemic availability. Urolithins, the
metabolites derived from EA, overcome many of these limitations
due to their enhanced bioavailability, allowing for better systemic
distribution. Among them, urolithin A has shown significant anti-
inflammatory and antioxidant effects, as well as neuroprotective
benefits and the ability to address metabolic disorders like type
2 diabetes and obesity. Compared to EA, urolithins are more
effective at improving intestinal barrier function and preventing
inflammation-induced barrier dysfunction. While both EA and
urolithins share antioxidant and anti-inflammatory properties,
urolithins are more versatile and potent in their therapeutic
applications due to their superior bioavailability and broader
pharmacological spectrum, particularly in treating metabolic and
neurodegenerative disorders.
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Recent advancements suggest that optimizing extraction and
formulation methods could mitigate some of the bioavailability
issues. Strategies such as employing methanol-based solvents,
ultrasound-assisted extraction, and multi-solvent extraction
systems have been effective in obtaining higher yields of EA
from plant material. Additionally, improving the stability and
solubility of EA formulations may enhance their potential for
therapeutic applications. As a solution, advanced drug delivery
systems, such as nanoparticle formulations and microspheres,
have been explored to overcome these barriers and enhance the
therapeutic efficacy of EA.

The development of chitosan-coated ellagic acid nanoparticles
(EANP@CS) represents a promising approach to overcoming
EA’s poor solubility. Chitosan, a biocompatible and biodegradable
polymer, offers several advantages, including improved drug
loading, controlled release, and enhanced cellular uptake due to its
positive surface charge, which enables effective interaction with
negatively charged biological membranes. Transmission electron
micrographs have revealed that these nanoparticles possess a
spherical shape with an average size ranging from 20 to 62 nm,
which contributes to their efficient penetration across biological
barriers [85]. Additionally, the use of B-cyclodextrin (B-CD) to
form EA-loaded microspheres enhances solubility by facilitating
the formation of an inclusion complex. f-CD serves as a host
molecule, accommodating EA as the guest, thereby stabilizing
the hydrophobic drug. The resulting B-CD EA microspheres are
spherical in shape and exhibit controlled release properties that
further promote the bioavailability of EA [87]. This strategy
of combining B-CD and EA ensures greater efficiency in drug
delivery, which can be crucial for targeting diseases with oxidative
stress-related pathophysiology, such as cancer and diabetes.

The incorporation of EA into nanoparticle formulations
significantly enhances its antioxidant capacity. Various studies
have demonstrated that EA-loaded nanoparticles, such as EANP@
CS, effectively mitigate oxidative damage. One study highlighted
the antioxidant activity of chitosan-coated EA nanoparticles in
rats with sodium nitrite-induced toxicity, where the treatment
reduced oxidative stress markers, including nitric oxide and DNA
fragmentation, and boosted antioxidant enzyme activities like
Gpx and catalase [85]. These findings are consistent with other
reports showing that EA-loaded nanoparticles or hybrids (such as
those with layered double hydroxides or lipid carriers) effectively
scavenge free radicals and reduce oxidative stress, thereby
demonstrating promising therapeutic potential for managing
diseases linked to oxidative damage [89,90].

Moreover, EA’s role in protecting against chemical-induced
hepatotoxicity and nephrotoxicity has been established in several
models. For instance, EA nanoparticles reduced liver damage and
improved liver function in rats treated with the chemotherapy drug
cisplatin [96]. The hepatoprotective and nephroprotective effects
of EA-loaded nanoparticles are crucial for mitigating drug-induced
organ toxicity, a common challenge in cancer therapies and other
therapeutic treatments [115].

EA formulations have also shown promise in antiviral and
antiparasitic treatments. The development of EA hybrid
nanoformulations with zinc oxide nanoparticles demonstrated
significant antiviral activity against both RNA and DNA viruses,
including human coronavirus 229E and adenovirus type 7,
providing a potential therapeutic avenue for managing viral

infections such as COVID-19 [97]. In addition to its antiviral
properties, EA-loaded nanoparticles have exhibited activity against
parasitic infections, particularly against Babesia species and
Theileria equi. Both in vitro and in vivo studies have demonstrated
that EA-based formulations, including -CD EA microspheres
and APSP EA nanoparticles, reduce parasitemia and enhance
chemotherapeutic effects when combined with other treatments
like atovaquone [98]. These findings suggest that EA could be
developed as a potent anti-parasitic agent through nanoparticle-
based delivery systems.

The ability of EA to combat cancer has gained significant
attention, with numerous studies exploring its anticancer effects
when formulated into nanoparticles. EA-loaded nanoparticles
have demonstrated enhanced bioavailability, improved tumor
penetration, and a higher therapeutic index compared to free
EA [116,117]. For example, EA encapsulated in solid lipid
nanoparticles (SLNs) significantly inhibited the proliferation of
cancer cells, induced apoptosis, and reduced tumor growth in animal
models [104]. The synergistic effects of EA in combination with
other anticancer agents, such as diindolylmethane and paclitaxel,
further suggest that EA-loaded nanoparticles could serve as
effective carriers for combination therapies, improving treatment
outcomes and reducing side effects in cancer therapy [105,112]. EA
formulations are also showing promise in the treatment of breast
cancer. Recent research revealed that EA encapsulated in chitosan
nanoparticles significantly inhibited the proliferation of MCF-7
breast cancer cells and induced tumor regression in a mouse model
[109]. Moreover, combination therapies involving EA and other
cytotoxic agents, such as pemetrexed or paclitaxel, delivered
via nanoparticles, demonstrated synergistic anticancer effects
with reduced IC50 values and enhanced therapeutic responses
[111,112].

The antioxidant and anti-inflammatory effects of EA, particularly in
nanoparticle form, offer great potential in alleviating complications
of diabetes. EA nanoparticles have shown promise in inhibiting
key enzymes involved in diabetic complications, such as aldose
reductase and a-glucosidase, and may provide a viable strategy for
managing oxidative stress and preventing secondary complications
[100]. Furthermore, combination therapies involving EA and
metformin have demonstrated protective effects on diabetic-
induced testicular damage, offering a potential approach for
managing male reproductive health in diabetes [102].

Conclusion

While EA shows great promise as a multi-functional bioactive
compound with significant medicinal and technical benefits,
overcoming its bioavailability limitations remains a key hurdle.
Future research focusing on enhancing its absorption and systemic
bioavailability, alongside its ongoing use in diverse fields, will
determine its full potential as a therapeutic agent and functional
material in technology. EA, especially when delivered through
advanced nanoparticle formulations, offers significant therapeutic
potential across a variety of biological contexts, including
antioxidant defense, cancer treatment, antiviral and antiparasitic
therapy, and the management of diabetes and its complications.
Nanoparticle and microsphere-based delivery systems enhance the
bioavailability, stability, and controlled release of EA, maximizing
its therapeutic efficacy while minimizing side effects. Continued
research into these advanced formulations holds promise for
expanding the clinical applicability of ellagic acid in managing
oxidative stress-related diseases and other chronic conditions.
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