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Abstract: Pomegranate (Punica granatum L.) has long been recognised for its rich antioxidant profile
and potential health benefits. Recent research has expanded its therapeutic potential to include an-
tiangiogenic properties, which are crucial for inhibiting the growth of tumours and other pathological
conditions involving aberrant blood vessel formation. This review consolidates current findings on
the antiangiogenic effects of pomegranate extracts. We explore the impact of pomegranate polyphe-
nols, including ellagic acid, punicalagin, anthocyanins, punicic acid and bioactive polysaccharides on
key angiogenesis-related pathways and endothelial cell function. Emphasis is placed on the effects of
these extracts as phytocomplexes rather than isolated compounds. Additionally, we discuss the use
of pomegranate by-products, such as peels and seeds, in the preparation of extracts within a green
chemistry and circular economy framework, highlighting their value in enhancing extract efficacy
and sustainability. By primarily reviewing in vitro and in vivo preclinical studies, we assess how
these extracts modulate angiogenesis across various disease models and explore their potential as
adjunctive therapies for cancer and other angiogenesis-driven disorders. This review also identifies
existing knowledge gaps and proposes future research directions to fully elucidate the clinical utility
of pomegranate extracts in therapeutic applications.

Keywords: Punica granatum L.; angiogenesis; punicalagin; ellagic acid; ellagitannins; extraction
methods; punicic acid; cancer; supplement; VEGF

1. Introduction
1.1. Understanding Angiogenesis and Its Key Regulatory Processes

Angiogenesis is the process by which new blood vessels form from pre-existing
ones. It plays a crucial role in embryonic development, tissue repair, and physiological
processes like wound healing. However, when dysregulated, abnormal angiogenesis—
whether excessive or insufficient—can contribute to a variety of diseases, including cancer,
atherosclerosis, arthritis, psoriasis, endometriosis, obesity and SARS-CoV-2 [1].

The following three key processes shape the vascular system:

—  Vasculogenesis: During embryogenesis, endothelial precursor cells (angioblasts) dif-
ferentiate into endothelial cells, leading to the de novo development of blood vessels.
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- Angiogenesis: In adults and embryos, new blood vessels sprout from existing small
vessels (sprouting angiogenesis) or form through intravascular subdivision (intus-
susception). Pruning and remodelling transform the existing vasculature into a ma-
ture network.

- Arteriogenesis: The rapid proliferation of pre-existing collateral vessels (arterioles)
transforms them into functional arteries. The process plays an important role in
enhancing perfusion to collateral-dependent ischemic regions.

Once these three processes are completed during postnatal development, the adult
vasculature becomes stable and rarely proliferates under physiological conditions.

Angiogenesis is tightly regulated by a balance between pro-angiogenic and antian-
giogenic factors (Figure 1). Among the pro-angiogenic factors, Hypoxia-Inducible Factors
(HIFs), Platelet-Derived Growth Factors (PDGFs), Vascular Endothelial Growth Factors
(VEGFs) and VEGF-like molecules play a pivotal function. When VEGF binds to its receptor,
VEGFR-2, it initiates a signalling cascade that leads to endothelial cell activation, sprouting,
and increased vessel permeability [2,3].
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HIF proteins (HIF-1x and HIF-2), triggering the synthesis and release of proangiogenic factors like
VEGFs. These factors are initially sequestered by the basement membrane (BM) and cannot reach
their target receptors on endothelial cell (EC) membranes. Cancer cells recruit macrophages and mast
cells from the nearby stroma, which release matrix metalloproteinases (MMPs) that start degrading
BM. (b) Degradation of BM releases sequestered proangiogenic factors, allowing them to bind to
their receptors and activate the MAPK/ERK signalling pathway. Phosphorylated ERK translocates
to the nucleus to regulate transcription, promoting EC proliferation and migration. Additionally,
increased endothelial permeability releases more MMPs and urokinase plasminogen activators
(UPAs), participating in activating pericellular proteolysis and releasing additional proangiogenic
factors (e.g., bFGF, TGF-3, PDGF, angiogenin and angioprotein). Activin receptor-like kinases
(ALK1/5) work together to regulate angiogenesis, with ALK1 promoting the formation of new vessels
and ALKS5 contributing to their maturation and stabilisation. VEGF-DLL4/Notch signalling regulates
the formation of tip and stalk cells: VEGF induces DLL4 expression in tip cells, activating Notch1
signalling and suppressing tip cell formation in adjacent stalk cells. Tip cells adhere to the extracellular
matrix via integrins, start to form lamellipodia and filopodia and migrate toward guidance signals
like semaphorins and ephrins. (c) Stalk cells proliferate behind the tip cell, elongating the sprout along
the VEGF gradient towards the tumour microenvironment and initiating lumen formation. Growth
factors also decrease the levels of antiangiogenic molecules (e.g., thrombospondins, angiostatin,
endostatin), while eNOS and NO synthesis in endothelial cells under shear stress enhance blood flow,
vascular permeability, and endothelial cell proliferation and migration. NO also interacts with VEGE,
amplifying its angiogenic effects. (d) Proangiogenic signals recruit endothelial progenitor cells from
the bone marrow, accelerating vascularisation. As sprouting continues, stalk cells deposit BM and
recruit pericytes, stabilising the forming vessel. Pericyte precursors are attracted by endothelial cell-
expressed PDGF and differentiate into mature pericytes in response to TGF-f, reducing endothelial
cell migration, proliferation, and vascular leakage, leading to vessel stabilisation and the formation
of mature vasculature. HIFs, Hypoxia-Inducible Factors; VEGFs, Vascular Endothelial Growth
Factor; ERK, Extracellular signal-Regulated Kinase; bFGF, basic Fibroblast Growth Factor; TGF-§3,
Transforming Growth Factor beta; PDGEF, Platelet-Derived Growth Factor; DLL4, Delta-Like ligand 4;
eNOS, endothelial Nitric Oxide Synthase; NO, Nitric Oxide.

This binding also triggers the PI3K/AKT/mTOR pathway, leading to the upregulation
of the pro-survival B-cell lymphoma 2 (Bcl-2) protein, which protects endothelial cells
from apoptosis. The balance between pro-apoptotic Bcl-2-associated X protein (Bax) and
anti-apoptotic Bcl-2, indicated by the Bax/Bcl-2 ratio, is central to angiogenesis, affecting
endothelial cell proliferation and vessel stability. Additionally, Bcl-2 activates Nuclear
Factor-xB (NF-xB), which upregulates pro-angiogenic chemokines CXC Ligand-1 (CXCL1)
and CXC Ligand-8 (CXCLS8). This enhances the angiogenic potential of endothelial cells
through autocrine signalling via the CXC Receptor-2 (CXCR2) [4]. NF-«B also induces
the expression of the AP-1 subunit JunB and acts as a transcriptional partner of JunB to
modulate the expression of genes associated with the inflammatory response. A reduction
of JunB in various cell types results in severely impaired hypoxia-induced VEGF expression,
despite the presence and stabilisation of HIFs [5].

Another key factor, the basic Fibroblast Growth Factor (bFGF), is instrumental in
promoting the proliferation and survival of endothelial cells. Additionally, Intercellular
Adhesion Molecules (ICAMs) and Vascular Cell Adhesion Molecules (VCAMs), along
with Matrix Metalloproteinases (MMPs), facilitate the migration of cells required for the
formation of new blood vessels [6,7]. On the other hand, antiangiogenic factors (i.e.,
thrombospondins, angiostatin and endostatin) inhibit angiogenesis and help maintain the
quiescence of the vascular system [8]. To trigger angiogenesis, the production of activators
must increase while the production of inhibitors decreases. Understanding these molecular
mechanisms is essential for developing therapeutic approaches targeting angiogenesis
in various diseases. Furthermore, reduced angiogenesis may result from the proteolytic
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breakdown of pro-angiogenic factors, a process commonly observed during wound healing
in certain pathological conditions, such as diabetic ulcers [9].

1.2. Angiogenesis and Cancer: A Dynamic Interplay

Cancer growth is intricately linked to angiogenesis. This phenomenon is not just a
hallmark of cancer but a fundamental enabler of tumour survival and expansion. Tumours,
much like normal tissues, require a steady supply of oxygen and nutrients to sustain their
rapid proliferation. Angiogenesis fulfils this need by developing an extensive vascular
network that infiltrates the tumour, providing the necessary sustenance and even a route
for metastasis, where cancer cells spread to other parts of the body [10,11]. Over a dozen
proteins and a variety of smaller molecules have been identified as “angiogenic” signals,
released by tumours to kickstart angiogenesis. Key players in this process include VEGF
and bFGEF. These angiogenic factors act as growth signals, prompting endothelial cells
to not only divide and move towards the source of the signal but also to transform into
complex tubular structures essential for new blood vessel formation [12]. Tumour-induced
inflammation and oxidative stress also participate in initiating pathological angiogenesis.
When macrophages and neutrophils infiltrate the tumour microenvironment, they release
pro-inflammatory cytokines, chemokines and Reactive Oxygen Species (ROS). These factors
stimulate the production of angiogenic molecules, including VEGF and bFGF, leading
to the development of abnormal vasculature. Furthermore, chronic inflammation and
oxidative stress contribute to the creation of a hypoxic tumour environment, which activates
signalling pathways like MAPK/ERK and stabilises hypoxia-inducible factor-1 alpha (HIF-
1x), further upregulating the expression of angiogenic factors. This interplay between
inflammation, oxidative stress and angiogenesis not only promotes tumour growth but also
contributes to metastasis, becoming a significant area of study for developing anti-cancer
therapies [13].

The concept of targeting angiogenesis for cancer therapy emerged in the 1970s, pi-
oneered by Judah Folkman, who hypothesised that cutting off a tumour’s blood supply
could inhibit its growth. This revolutionary idea shifted the paradigm of cancer treatment,
leading to the development of antiangiogenic drugs designed to thwart the formation of
new blood vessels [14]. These therapies aim to starve the tumour by blocking the signalling
pathways that promote vascular growth, such as the VEGF pathway. An example of an an-
tiangiogenic agent used in clinical practice since 2004 is Bevacizumab (Avastin, developed
by Genentech), a humanised recombinant monoclonal antibody directed toward VEGF (rhu
Anti-VEGF Mab) [15]. Despite the theoretical promise of antiangiogenic strategies, their
practical application has faced challenges [16]. One significant issue is that these therapies
are often administered after cancer has already progressed, by which time the tumour has
developed sophisticated mechanisms to adapt and survive. Additionally, tumours can
become resistant to antiangiogenic treatments, finding alternative pathways to continue
their growth and spread [17]. Moreover, the dynamic interplay between angiogenesis and
cancer is not a one-way street. Tumours actively influence their surroundings, creating
an environment that fosters angiogenesis. They release various growth factors and en-
zymes that degrade the extracellular matrix, making it easier for new blood vessels to
sprout (Figure 1). This bidirectional interaction highlights the complexity of the tumour mi-
croenvironment and underscores the importance of understanding the various factors that
promote or inhibit angiogenesis. It also emphasises the need for more nuanced approaches
to overcoming cancer resistance mechanisms, particularly in relation to antiangiogenic
therapies [18].

Recent research has also explored the potential of integrating antiangiogenic therapies
with other treatment modalities. For instance, combining these therapies with immunother-
apy, which harnesses the body’s immune system to fight cancer, has shown promising
results. By disrupting the blood supply to the tumour, antiangiogenic drugs can enhance the
efficacy of immunotherapies, making it harder for the tumour to evade immune detection
and destruction [19].
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1.3. Shifting Paradigms in Cancer Prevention: The Role of Natural Antiangiogenic Agents

Several years ago, researchers observed that certain cancer chemo-preventive agents
exhibited antiangiogenic properties, shifting cancer research from treatment to prevention.
This discovery highlighted the strategy of targeting angiogenesis to inhibit tumour growth
from the outset. The concept of prevention encompasses a wide array of possibilities,
from dietary modifications and lifestyle changes to the use of repurposed drugs known to
inhibit angiogenesis [11]. Compounds in everyday foods like epigallocatechin, a flavonoid
abundant in green tea, and resveratrol in red grapes have shown promise in preventing
angiogenesis. These natural substances not only boost overall health but also disrupt the
formation of new blood vessels, thereby starving potential tumours of their vital nutrients
and oxygen. Omega-3 fatty acids, known for cardiovascular benefits, are now recognised
for their role in cancer prevention by interfering with tumour vascular supply. Addition-
ally, retinoids—especially fenretinide—and carotenoids like lycopene and fucoxanthin are
under investigation for their antioxidant properties, cardioprotective effects, and potential
anticancer benefits [20,21]. Even common medications such as aspirin, 3-blockers, and
renin-angiotensin-aldosterone system inhibitors are being re-evaluated for their potential
to inhibit blood vessel formation and offer new avenues for cancer prevention.

This shift towards prevention highlights the potential of combining dietary elements,
lifestyle adjustments, and established medications in a comprehensive strategy to fight
cancer. By focusing on early detection and intervention, and expanding our understanding
of angiogenesis inhibition, we can drastically reduce the incidence and severity of cancer
and other angiogenesis-dependent diseases. This approach provides a proactive and
holistic method for health management. With ongoing research and increased awareness,
harnessing natural compounds holds the potential to revolutionise cancer prevention,
elevating its importance to that of treatments [22].

2. Pomegranate: A Multifunctional Natural Powerhouse in Cancer Prevention

Plants have a long-standing history in cancer therapy, with nearly three-quarters
of anti-tumour compounds used in modern medicine being natural products or their
derivatives [23]. Among cancer-preventing plants, pomegranate (Punica granatum L.)
stands out for its ability to interfere with tumour initiation and progression through various
mechanisms, including the modulation of inflammation, induction of apoptosis, inhibition
of cell proliferation and invasion (metastasis), and, relevant to this review, prevention of
angiogenesis (Figure 2) [24].

Rich in polyphenols like ellagic acid and punicalagin, pomegranates effectively inhibit
the formation of new blood vessels necessary for tumour growth. This antiangiogenic effect,
combined with its strong antioxidant properties, makes pomegranate and its by-product
extracts valuable additions to a cancer-preventive diet [25,26]. Key molecular targets
influenced by pomegranate include Bax/Bcl-2 ratio, cyclins, VEGE, MMPs and Peroxisome
Proliferator-Activated Receptors (PPARs) [27,28]. However, the antiangiogenic effect and
related molecular targets of pomegranate extracts have been demonstrated primarily
in vitro and in animal cancer models. While in vivo studies have shown no significant
cytotoxicity following oral administration of pomegranate extracts, no clinical trials have
yet evaluated their efficacy as antiangiogenic agents. This gap may be attributed to the
absence of systemic toxicity data related to the intravenous administration of pomegranate
extracts, highlighting the need for further investigation.

Finally, it remains poorly investigated the effect of high ingestion of pomegranate
in patients experiencing high angiogenesis in conditions such as pregnancy where these
antiangiogenic effects might be deleterious for the development of the fetus.
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Figure 2. Potential inhibitory mechanisms of pomegranate juice and extracts on cancer initiation
and progression. Processes that are upregulated or activated are shown in green, while those that
are downregulated or inhibited are shown in red. Bad, Bcl-2-associated death promoter; Bak, Bcl-2
homologous antagonist/killer; Bax, Bcl-2-associated X protein; Bcl-2; B-cell lymphoma 2 protein;
Bcl-XL, B-cell lymphoma-Extra Large protein; CCL5, C-C motif chemokine ligand 5; CDK, Cyclin-
dependent kinase; CXCR4, C-X-C chemokine receptor type 4; E-caderin, Epithelial caderin; HIF-
1a, Hypoxia-Inducible Factor 1-alpha; HMMR, Hyaluronan-Mediated Motility Receptor; ICAM1,
Intercellular Adhesion Molecule 1; ILs, interleukins; LDL, Low-Density Lipoprotein; KIP1/P27,
Cyclin-dependent kinase inhibitor 1B; MGO, methylglyoxal; miRs, microRNAs; MMPs, Matrix
metalloproteinases, PON, Paraoxonase; PECAMI, Platelet Endothelial Cell Adhesion Molecule;
SOD, Superoxide Dismutase; VEGEFE, Vascular Endothelial Growth Factor; CDKNs, Cyclin-dependent
kinase inhibitors.

Notably, pomegranate consumption has generally been shown to be safe; for in-
stance, a study involving 86 overweight human individuals reported no adverse ef-
fects after administering 1420 mg/day of pomegranate fruit extract in tablet form for
28 days [29-31]. However, the effects of high pomegranate intake in conditions charac-
terised by elevated angiogenesis, such as pregnancy, remain poorly understood. In such
cases, the antiangiogenic properties of pomegranate could potentially have adverse effects
on fetal development, underscoring the need for targeted research in this area.
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2.1. Anatomy, Composition and Nutritional Benefits of Pomegranate Fruit

The pomegranate fruit consists of three main parts: the pericarp, also known as
the husk or rind, which is the outer-coloured leathery shell; the mesocarp, or albedo,
which comprises the inner spongy pith and the yellowish, papery, septal (carpellary)
membranes; and the edible arils (seeds), which contains the sarcotesta from which the
juice is obtained, along with the kernel, the woody part of the seed. Each portion contains
beneficial compounds (Figure 3) [32].

Amino acids: proline, valine, methionine, glutamic and aspartic acids
Anthocyanins: cyanidin, delphinidin, pelargonidin glucosides

. Ellagitannins: punicalin, punicalagin, corilagin, casuarinin, gallagildilacton
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Flavan-3-ols/flavonols: catechin, epicathechin, epigallocatechin-3-gallate,
quercetin, rutin
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glucopyranosides, phenylethyl rutinoside, icariside D1
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Sterols and steroids: stigmasterol, B-sitosterol, camesterol, cholesterol, 17-a-
estradiol, estrone, testosterone, estriol

Tocopherols: y-tocopherol
Triterpenes: Ursolic, oleanolic acids

Figure 3. Pomegranate fruit anatomy and key chemical constituents identified in the juice, peel and
kernel fractions.

The juice is rich in water, macro and microelements, carbohydrates, pectins, organic
acids, several polyphenols, and other compounds such as fatty acids, amino acids and toco-
pherols. Its intense red pigmentation results mainly from the presence of anthocyanins and
ellagitannins [33]. The peels, comprising rind, pith and septal membranes, contain minerals,
carbohydrates, polyphenols, dietary fibres, fatty acids, organic acids and alkaloids [34,35].
Among these, polyphenols, particularly hydrolysable tannins, such as ellagitannins and
gallotannins, found predominantly in the pith and membranes, significantly contribute to
pomegranate’s antioxidant capacity and are the most relevant for pharmaceutical appli-
cations [36]. Pomegranate kernel oil, rich in punicic acid (73.4-83.5% of total fatty acids),
also contains tocopherols, phytosterols, cerebrosides, and both steroidal and non-steroidal
oestrogenic phytochemicals [37].

2.2. Anti-Inflammatory, Antioxidant and Neuroprotective Effects of Pomegranate Extracts

Pomegranate extracts, especially those high in punicic acid and ellagitannins, exhibit
potent anti-inflammatory effects by inhibiting NF-«B, PI3K/AKT/mTOR and MAPK/ERK
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signalling pathways and downregulating cyclooxygenases (COX-1 and COX-2), and mi-
crosomal Prostaglandin E Synthase-1 (mPGES-1) expression. This results in reduced
production of prostaglandins and a decrease in the activity of inflammatory cytokines,
which are significant in various pathologies, including those associated with dysregulated
angiogenesis [38,39]. Besides, the high polyphenol content in pomegranates provides
substantial antioxidant benefits, reducing oxidative stress, DNA damage and lipid peroxi-
dation. Compounds such as punicalagin and anthocyanidins efficiently scavenge reactive
oxygen and nitrogen species, enhancing overall cellular health [40,41]. Pomegranate ex-
tracts have also demonstrated neuroprotective effects by lowering soluble human amyloid
beta (Ap42) peptide levels and reducing amyloid deposition in the hippocampus, which is
relevant for improving Alzheimer’s disease outcomes and enhancing memory following
ischemia [42]. Additionally, studies suggest that Af342 can disrupt normal angiogenesis
by either promoting abnormal vessel growth or inhibiting new vessel formation. This
dysregulation may contribute to the progression of Alzheimer’s disease and other con-
ditions where angiogenesis plays a critical role, such as cancer and age-related macular
degeneration [43,44].

3. Sustainable Extraction and Valorisation of Pomegranate Bioactive Compounds in a
Circular Economy

Pomegranate bioactive compounds, particularly those found in fruits and their by-
products like peels and kernels, are extracted using both traditional and green techniques
(Figure 4).

Traditional juice extraction methods typically involve mechanical pressing, ranging
from aril extraction without kernel crushing to pressing whole or halved fruits using
squeezers or rack-and-cloth presses. Recent advancements have integrated non-edible
pomegranate parts—such as peels, carpellary membranes, and pith—into juice extrac-
tion processes. This approach enhances the juice with higher concentrations of bioactive
compounds, though it may alter the flavour [45].

Globally, pomegranate production reaches approximately 3 million tons annually,
with rinds and kernels comprising about 54% of the fruit. This translates to an estimated
1.62 million tons of waste, presenting a significant opportunity for valorisation within a
circular economy framework that emphasises waste reduction and resource efficiency [46].

Traditional methods for recovering bioactive molecules from pomegranate by-products,
such as maceration, Soxhlet extraction and cold pressing, are still widely used. These tech-
niques are particularly common for extracting polyphenols from peels using methanol
or ethanol and for extracting oil from kernels. However, some traditional methods raise
sustainability concerns due to the use of potentially toxic solvents and the risk of degrad-
ing thermolabile nutritional compounds during processing [47]. For instance, while cold
pressing of kernel oil preserves its nutritional quality without the use of solvents, the
yields are often lower compared to solvent extraction [48]. To address these challenges,
green extraction methods have emerged as more sustainable alternatives. Techniques
such as ultrasound-assisted extraction, microwave-assisted extraction, enzyme-assisted
extraction, hydrodynamic cavitation, and sub- or supercritical fluid extraction have gained
popularity. These methods reduce energy consumption and solvent use while preserving
the integrity of bioactive compounds. Despite their environmental benefits and effec-
tiveness in maintaining compound stability, they still face challenges in scalability and
standardisation for industrial applications [45]. Additionally, the proper storage and preser-
vation of pomegranate peels, seeds, juices and extracts are essential to prevent oxidative
deterioration and microbial growth. Effective pre-treatment processes, including drying,
homogenization, and grinding into powder, are crucial for optimising extraction quality.
These processes must be carefully selected and fine-tuned to minimise the degradation of
bioactive compounds and ensure stability during storage [46].
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Figure 4. Valorisation of bioactive compounds from pomegranate peels and seed kernels using
conventional and green extraction methods.

Emerging green pre-treatment technologies, such as cell permeabilization methods
involving pulsed electric fields, high-intensity ultrasound, and microwave heating, can
greatly enhance extraction efficiency. Integrating these technologies into the biorefinery of
pomegranate by-products improves mass transfer and facilitates solvent access to target
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compounds. These strategies can be applied individually or in combination to optimise
sequential extraction processes, leading to the development of valuable new ingredients
for use in food, cosmetics and pharmaceuticals [49].

In recent years, sequential biorefinery extraction methods have attracted consider-
able attention to improve the efficiency and sustainability of biomass processing. These
methods systematically recover valuable compounds through multiple extraction steps,
each designed to target specific molecules in the raw material [50]. For instance, a two-step
process combining expeller pressing with supercritical CO, extraction has proven effective
for extracting pomegranate kernel [51]. Additionally, a one-pot enzymatic green process
utilising protease from Aspergillus oryzae, followed by centrifugation to separate the aque-
ous phase, solid residue and oil, has been explored to recover high-quality oil, food-grade
proteins and fibres from pomegranate kernel waste. This process yielded oil with higher
levels of conjugated fatty acids, polyphenols and antioxidant activity, while the extracted
proteins were rich in all essential amino acids [52].

A comprehensive biorefinery approach has also been employed to extract key products
such as ellagic acid, lignin and pectin from pomegranate peels [53]. Moreover, natural
deep eutectic solvents and pressurised liquids have been used sequentially to extract
proteins from defatted pomegranate kernels [54]. The primary advantage of sequential
extraction methods is their ability to enhance the economic viability of the process while
simultaneously reducing greenhouse gas emissions associated with each product. This
results in increased process efficiency and a lower environmental impact.

Once obtained, pomegranate extracts can be incorporated into various food matrices
to enhance “clean label” products and improve functional properties, aligning with current
trends in health, well-being and sustainability [55]. Leveraging these by-products allows
the pomegranate industry to optimise production costs and develop affordable, value-
added products, such as dietary supplements. This approach not only contributes to a more
sustainable and circular economy but also supports the discovery of novel phytocomplexes
with potential therapeutic applications.

4. Bioactive Compounds in Pomegranate: Antiangiogenic and Therapeutic Potential

Pomegranate fruit is abundant in bioactive compounds that exhibit promising an-
tiangiogenic properties. Notable molecules include ellagitannins (such as punicalagin,
punicalin and ellagic acid), flavonoids including anthocyanins, flavonols (quercetin and
kaempferol) and flavones (luteolin glycosides), fatty acids and polysaccharides. These
compounds also exhibit antioxidant and anti-inflammatory activities, further contributing
to their antiangiogenic effects [38].

4.1. Ellagitannins

Ellagitannins, a subgroup of hydrolysable tannins formed by the combination of gallic
acid and hexahydroxy diphenic acid with glucose, exhibit diverse structures, including
glycosides of ellagic acid. Numerous data suggest that ellagitannins exhibit a wide range
of biological and clinically relevant activities and have the potential for health promotion
and medical applications, including cancer prevention and treatment [56]. However, due
to the complexity of their structure, most of the ellagitannins from various sources are
not absorbed in the human gastrointestinal system. Therefore, the strong bioactivity of
dietary ellagitannins can be explained by their ability to be hydrolysed in the digestive
system, primarily to ellagic acid and other smaller polyphenols, and also to produce
biologically active metabolites in vivo. At the same time, the health-promoting effects of
ellagitannins are also related to their inherent biological activity in addition to the effects of
their breakdown products (Figure 5).
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Figure 5. Metabolic pathway of punicalagin to urolithins in the human digestive system. Ingested
punicalagin is initially hydrolysed in the stomach and small intestine to produce punicalin and
ellagic acid. These compounds are then transformed by the gut microbiota through a series of
reactions, leading to the formation of various urolithins, with urolithin-A and urolithin-B being two
key final products.

Prominent among ellagitannins is punicalagin, found abundantly in pomegranate
juice, peels, seeds, flowers, leaves, bark and roots. It exists in two anomeric forms, o« and
(3, with concentrations in pomegranate juice reported at 95 mg/g and 43 mg/g, respec-
tively, while ellagic acid is present at around 13 mg/g [57]. Upon ingestion, punicalagin
hydrolyses to release ellagic acid, gallagic acid dilactone and D-glucose [38]. Punicalagin
exhibits a broad spectrum of bioactive properties, including anti-inflammatory, antioxidant
and anti-proliferative/pro-apoptotic effects. It reduces inflammation in various cell types,
including macrophages (RAW264.7), microglia (BV2), macroglia and liver cells (HepG2),
by modulating inflammation-associated gene expressions and inhibiting the MAPK/ERK
and NF-«B signalling pathways.

As an antioxidant, punicalagin protects PC12 neuronal cells from oxidative stress in-
duced by hydrogen peroxide, mitigating damage from ROS. Punicalagin’s anti-proliferative
effects span multiple cancer cell lines, including lung cancer (A549), osteosarcoma (U20S,
MG63, Sa0S2), breast cancer (MCF7, MDA-MB-231), colorectal cancer (HT-29, HCT-116,
Caco-2), leukaemia (THP-1), thyroid carcinoma (BCPAP), cervical cancer (HeLa, ME-180)
and pancreatic cancer (PANC-1, Aspc-1). These effects are mediated through apoptosis
regulation, with increased expression of pro-apoptotic markers like Bax and decreased
expression of anti-apoptotic markers such as Bcl-XL and Bcl-2. Additionally, punicalagin
enhances the mRNA levels of Nrf2 (Nuclear factor erythroid 2-related factor 2), which
regulates cellular antioxidative responses by influencing target genes like HO-1, GCLC,
GCLM, GSTM1, GSTA4 and NQO-1, bolstering the cell’s antioxidative defences. Punicala-
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gin demonstrates potent antiangiogenic activity, primarily through its effects on endothelial
and cancer cells. Studies have shown that punicalagin can inhibit the proliferation and
migration of human umbilical vein endothelial cells (HUVECs), which are critical for an-
giogenesis. This inhibition is associated with a decrease in the expression of VEGF and
other pro-angiogenic factors [58]. In osteosarcoma cell lines U20S and Sa0S2, punicalagin
reduces the production of interleukins IL-6 and IL-8, which are involved in promoting
angiogenesis via the NF-«B signalling pathway [59]. Moreover, in xenografted mice mod-
els, punicalagin injection attenuated the growth of osteosarcoma and reduced tumour
neoangiogenesis [60].

Under certain conditions, punicalagin can be hydrolysed to punicalin and ellagic acid.
Punicalin also exhibits several health benefits including anti-inflammatory, antioxidant
and antiviral activities. Its antioxidant properties help reduce the risk of various diseases,
such as nephrotoxicity, cancer, diabetes, inflammation, liver disease and neurological con-
ditions. Notably, punicalin has demonstrated neuroprotective effects, showing promise
in mitigating neuroinflammation, improving learning and enhancing memory function
in animal models. Specifically, punicalin has been found to inhibit LPS-induced memory
impairment through anti-inflammatory and anti-amyloidogenic mechanisms by inhibit-
ing Toll-Like Receptor-4 (TLR4)-activated NF-«B signalling [61]. Additionally, punicalin
(10 mg/kg, intraperitoneal injection) alleviates LPS-induced acute lung injury in mice by
reducing the production of inflammatory cytokines and inhibiting MAPK/ERK and NF-«kB
signalling [62]. While more research is needed to fully understand its bioavailability and
mechanisms of action, punicalin holds potential as a therapeutic agent for neurological
health and angiogenesis regulation.

Ellagic acid, the predominant polyphenol in pomegranates, typically exists conjugated
with glucose or as part of ellagitannins [56]. Upon hydrolysis, it exhibits antiangiogenic,
anti-inflammatory, antioxidant and anti-tumour properties [38]. Known for its potent
antioxidant properties, it inhibits the formation of advanced glycation end products and
free radicals, contributing to its wide range of bioactive effects as well as antiangiogenic
properties. Ellagic acid inhibits steps of angiogenesis by targeting VEGFR-2, inhibiting its
tyrosine kinase activity and downstream signalling pathways (such as MAPK/ERK and
PI3K/AKT/mTOR), thereby impeding endothelial cell proliferation, migration and tube
formation. Ellagic acid demonstrated an antiangiogenic effect against breast cancer cells
MDA-MB-231, hepatocellular carcinoma, bladder cancer cells T24, UM-UC-3, 5637, HT-1376
and HUVECs. It also reduces neo-vessel formation in the chick embryo chorioallantoic
membrane (CAM) and inhibits sprout formation in the chicken aorta [63—-66]. Conversely,
urolithins, particularly urolithin A, which result from the gut microbiota’s catabolism of
ellagic acid, play a significant role in promoting angiogenesis. Urolithin A has been shown
to enhance angiogenic pathways in skeletal muscle by increasing ATP and NAD* levels—
both essential for cellular energy and metabolism—while inhibiting the PI3K/AKT/mTOR
pathway. Furthermore, it activates the SIRT1-PGC-1x pathway;, a crucial cellular signalling
mechanism for regulating energy metabolism and mitochondrial biogenesis. This activation
leads to the upregulation of angiogenic markers such as VEGFA and CDH5, a member of
the VCAM family [67,68].

Ellagic acid also demonstrates anti-tumour effects against various cancer cell lines,
including osteosarcoma (Saos-2, MG63), breast cancer (MCF-7), ovarian cancer (ES-2, PA-1,
A2780), melanoma (WM115), lung cancer (A549), prostate adenocarcinoma, glioblastoma
(U251 MG, U87, MG, U118), oral cancer (HSC-2) and colorectal carcinoma (Caco-2). Its anti-
inflammatory properties involve downregulation of iNOS, COX-2, TNF-& and IL-6 through
NE-«B inhibition, and chemopreventive effects via the PI3K/AKT/mTOR pathway [38].
Combined with punicalagin and punicic acid, ellagic acid enhances anti-inflammatory and
antioxidant effects, as evidenced in cardiac fibroblasts (IM-HCF) under TGF-f1-induced
inflammation [69]. Several lines of evidence indicate that oestrogen directly modulates
angiogenesis by acting on endothelial cells. Ellagic acid may exhibit both oestrogenic and
anti-oestrogenic activities, depending on which oestrogen receptor it binds to. Specifically,
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binding to the oestrogen-alpha receptor (ERx) triggers oestrogenic effects, while binding
to the oestrogen-beta receptor (ER3) leads to anti-oestrogenic activity. As a result, ellagic
acid can differentially influence angiogenesis, with its effects varying according to cancer
type, tumour microenvironment and hormonal status [56,70]. These versatile bioactive
compounds from pomegranates hold significant therapeutic potential due to their diverse
pharmacological activities. Punicalagin and ellagic acid have demonstrated the ability to
modulate angiogenesis by downregulating the expression of VEGF and VEGF-like growth
factors and MMPs, thereby inhibiting blood vessel formation [71].

4.2. Flavonoids

Flavonoids, abundant in vegetables, fruits and certain beverages, serve as potent sec-
ondary metabolites with diverse health benefits. They exhibit antioxidant, anti-inflammatory,
neuroprotective, cardioprotective, antiviral and antibacterial properties [72]. Notably,
flavonoids are under investigation for their potential in cancer prevention by targeting
endothelial cells and modulating angiogenesis. Indeed, several flavonoids have demon-
strated efficacy in inhibiting angiogenesis and metastasis by regulating multiple signalling
pathways. They affect the expression of key factors such as VEGF, bFGF, HIF-10c, MMPs
and VEGFR, while also inhibiting NF-kB, PI3K/AKT/mTOR and MAPK/ERK signalling
pathways. Additionally, flavonoids play a role in adjusting endothelial cell proliferation
and migration [73].

Among flavonoids, anthocyanins—a subclass particularly abundant in pomegranate
fruits—show multiple anti-carcinogenic effects. Anthocyanins, a subclass of flavonoids,
have demonstrated multiple anti-carcinogenic effects. These include direct scavenging
of ROS, stimulation of Phase II detoxification enzymes, and reduction of oxidative DNA
damage. Specific anthocyanins like cyanidin, delphinidin and malvidin act through the
Keapl/Nrf2 pathway, inhibiting caspase-3 via glutathione-related enzymes [74]. Delphini-
din, for instance, blocks VEGF-induced phosphorylation in endothelial cells by modulating
MAPK/ERK and PI3K/AKT/mTOR pathways [75].

Kaempferol and quercetin, both flavonols present in pomegranate, exhibit signifi-
cant anti-cancer properties. Kaempferol disrupts cancer cell VEGF release and reduces
VEGF-stimulated cell viability by downregulating PI3K/AKT/mTOR and MAPK/ERK
pathways [76]. Furthermore, kaempferol potentiates phosphorylation of endothelial Ni-
tric Oxide Synthase (eNOS) and VEGFR-2 in endothelial cells [77]. Quercetin inhibits
angiogenesis in human retinal endothelial cells by targeting the VEGFR2, MAPK/ERK,
PIBK/AKT/mTOR and MAPK/JNK pathways [78]. Lastly, luteolin suppresses VEGF
expression via HIF-1x-dependent mechanisms and inhibits ROS production [79]. It also
reduces MMP-1 and MMP-9 expression, contributing to decreased angiogenesis in gastric
cancer [80,81].

Pomegranate-derived oestrogenic flavonoids, including luteolin, quercetin and
kaempferol, have been suggested to inhibit angiogenesis through multiple mechanisms.
These include downregulating the expression of angiogenic growth factors, disrupting key
cellular signalling pathways like PI3K/AKT/mTOR, and exerting antioxidant effects that
reduce oxidative stress [82].

4.3. Fatty Acids and Their Derivatives

Dietary fatty acids play a crucial role in modulating vascular function, particularly
through their impact on endothelial cells. Polyunsaturated fatty acids (PUFAs), especially
n-3, have been shown to regulate endothelial function effectively. High-fat diets rich in
n-6 fatty acids are associated with poor prognosis in breast cancer patients. In a nude
mouse model, such diets enhanced breast cancer progression, whereas n-3 fatty acids
exhibited suppressive effects associated with impaired angiogenesis. Lipoxygenase and
cyclooxygenase products of n-6 fatty acid metabolism have been identified as angiogenic
in in vitro assays. Interestingly, dietary saturated and trans fats (excluding cholesterol) can
induce hepatic angiogenesis and lymph angiogenesis, promoting hepatic tumours [83].



Plants 2024, 13, 3350

14 of 24

Punicic acid (C18:3, n-5), a conjugate of linolenic acid, is a notable compound of
pomegranate consisting of 18 carbon atoms with three double bonds located at positions 9,
11 and 13. It constitutes approximately 70% of the fatty acids in pomegranate kernel oil [48].
Punicic acid exhibits significant anti-proliferative, pro-apoptotic, anti-inflammatory and
antiangiogenic properties. Specifically, these effects have been observed against breast
cancer cells MCF7 and MDA-MB-231, prostate cancer cells PC-3, lung non-small cells
Ab549, ovarian cells SKOV3, and glioblastoma T98 GBM [29,84,85]. The anti-inflammatory
properties are evident against TNF-x-induced neutrophils and LPS-stimulated Caco-2
cells, where punicic acid inhibits ROS production by targeting the p38 MAPK and Ser345-
p47phox axis [86,87].

Punicic acid has also shown significant neuroprotective effects [88]. Acting as a potent
anti-inflammatory and antioxidant agent, it modulates neuronal function by inhibiting
NF-kB activation and reducing the release of inflammatory cytokines like TNF-«. This
reduction in cytokines decreases neuroinflammation, tau hyperphosphorylation, and Af3
formation and aggregation [89]. Additionally, punicic acid inhibits calpain and CDKS5 acti-
vation, further limiting tau hyperphosphorylation. It enhances GLUT4 protein expression,
improving brain glucose metabolism and reducing insulin resistance. Its antioxidative
properties boost the PON1 complex, reducing ROS generation and mitigating mitochon-
drial dysfunction and neuronal apoptosis. Punicic acid also alters HDL lipid composition,
reducing oxysterol formation and increasing oxidative resistance, thereby decreasing Af3
plaque formation. Despite these promising effects, research on punicic acid in neuronal
cultures is limited, with in vivo studies dating back over a decade [90]. More recent and
comprehensive studies are needed to fully elucidate its potential benefits in neuroprotection
and cancer therapy.

Lipoic acid, a sulphur-containing compound with potent antioxidant properties de-
rived from caprylic acid, plays a pivotal role in regulating angiogenesis. While its presence
has been reported in pomegranate juice [91], conclusive evidence regarding its significant
presence or quantification in various parts of the fruit or its by-products remains lacking
and requires further investigation. Pomegranate is not a primary source of lipoic acid,
but it is more abundantly found in foods such as spinach, broccoli, and organ meats like
liver and kidneys. Nevertheless, lipoic acid merits inclusion in this review not only for
completeness but also due to its well-documented health-promoting properties and its
relevance to angiogenesis and related physiological processes. Lipoic acid neutralises ROS
and regenerates key antioxidants, including glutathione and vitamin C, thereby stabilising
the cellular microenvironment and influencing angiogenic signalling pathways. Studies
emphasise its role in modulating extracellular matrix and angiogenesis-related gene expres-
sion, particularly in wound healing under hyperbaric oxygen therapy, where it reduces
inflammatory cytokines and regulates VEGF and MMP activity [92].

Beyond its angiogenic properties, lipoic acid exhibits broad biological activity, func-
tioning in both intracellular and extracellular environments. It has demonstrated promise
in treating conditions such as diabetic neuropathy and cancer, where it inhibits cancer cell
proliferation and modulates tumour suppressor genes. Notably, research suggests that
lipoic acid enhances the efficacy of chemotherapeutic agents like paclitaxel—a widely used
microtubule-stabilising drug in cancer therapy—through synergistic effects [93].

With its anti-inflammatory, redox-modulating and multifaceted biological properties,
lipoic acid presents significant potential for promoting angiogenesis and addressing a range
of clinical challenges.

4.4. Polysaccharides

Polysaccharides, one of life’s fundamental substances, exhibit a wide array of biologi-
cal activities, including antioxidative, immunomodulatory, antitumour, anti-inflammatory
and hypoglycaemic properties. Their antitumour mechanisms are multifaceted, involv-
ing cell cycle arrest, antiangiogenesis, apoptosis and immunomodulation, all of which
are closely related to their structure and bioavailability [94]. Clinically, polysaccharides
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extracted from mushrooms such as Lentinula edodes (Berk.) Pegler (lentinan), Polyporus
umbellatus (Pers.) Fr., Ganoderma lucidum (Curtis) P. Karst., and from the genus of Fabaceae
Astragalus have been employed as antitumour drugs or adjuvants. These compounds
either directly target tumour cells or enhance the body’s immune response, demonstrating
significant therapeutic efficacy in cancer treatment [95].

Notably, polysaccharide extracts from various plants have shown pronounced an-
tiangiogenic effects. For instance, water-soluble polysaccharides extracted from the roots
of Polygala tenuifolia Willd. significantly downregulated the protein and mRNA levels of
Epidermal Growth Factor Receptor (EGFR), VEGF and the Cluster of Differentiation 34
(CD34) transmembrane cell-cell adhesion factor in tumour-bearing BALB/c mice, thereby
inhibiting tumour growth [96]. Similarly, Ren et al. [97] reported that dandelion polysaccha-
ride exhibits antiangiogenic properties, evidenced by tube formation and CAM assays. This
polysaccharide inhibits VEGF and HIF-1o expression by targeting the PI3K/AKT/mTOR
pathway, suggesting a novel strategy for tumour growth suppression. A homogeneous
heteropolysaccharide from Inula japonica Thunb. has demonstrated significant antitumour
activity in vivo, primarily through immune system activation and angiogenesis inhibition
rather than direct cytotoxicity. This mechanism involves interactions with key proteins
such as TLR4, programmed death receptor-1 (PD-1) and VEGF [95].

Partially purified pectin fractions from pomegranate rind have shown a dose-dependent
inhibition of blood vessel formation in chicken embryos, indicating their potential in an-
tiangiogenic therapy. Although the exact mechanisms are yet to be fully elucidated, it is
hypothesised that pectins may mitigate inflammation, disrupt growth factor activity, or
affect signalling pathways regulating angiogenesis [98]. Furthermore, galactomannan iso-
lated from pomegranate rind has been recognised for its robust antioxidant, immunomodu-
latory and anticancer properties in both in vitro and in vivo models. This polysaccharide
significantly reduces neovascularization in chick embryos and impairs the invasion, migra-
tion and clonogenic capacity of both human and murine cancer cells. Molecular analysis
revealed that galactomannan downregulates key pro-angiogenic and pro-metastatic factors
such as VEGF, MMP-2 and MMP-9 while upregulating the tissue inhibitors of metallo-
proteinases TIMP-1 and TIMP-2. Its anti-metastatic efficacy was further validated in a
pulmonary metastasis C57BL/6 mice model, where combined treatment with vincristine
enhanced survival rates and reduced metastatic indices. Additionally, galactomannan’s
inhibition of angiogenesis was confirmed through a peritoneal angiogenesis assay in a
BALB/c mice ascitic tumour model [99].

5. The Implications of the Antiangiogenic Effect of Pomegranate Extracts

In recent years, the study of phytocomplexes has progressed significantly, driven by
advances in omics disciplines and systems biology. Phytocomplexes—mixtures of active
and inactive molecules derived from plant extracts—present distinct advantages over iso-
lated single molecules, often leading to enhanced overall health-promoting efficacy. These
benefits arise from the synergistic interactions between the various constituents of phyto-
complexes and their molecular targets. By leveraging these combined effects, treatments
can be tailored to the individual’s specific needs. This personalised approach allows for
more effective therapeutic strategies, as it considers the complex interactions within the
phytocomplex and their relevance to the patient’s unique biological makeup. Consequently,
whole pomegranate extracts have attracted attention for their diverse bioactive properties,
particularly their antiangiogenic effects.

The antiangiogenic effect of pomegranate stems from its ability to modulate the
expression and activity of key angiogenic factors, resulting in a complex interplay be-
tween pro-angiogenic and antiangiogenic molecules (Figure 6). This effect is observed
across multiple cancer types, including prostate, skin, breast, pancreatic and colon can-
cers [100]. For instance, a powdered pomegranate extract rich in ellagitannins—derived
from peels and standardised to contain 37% ellagitannins (as punicalagin) and 3.5% free
ellagic acid—significantly inhibited proliferation and reduced HIF-1cx and VEGF levels in
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prostate cancer cells (LNCaP) and HUVECs under hypoxic conditions in vitro. This extract
also decreased tumour size, vessel density, and the expression of HIF-1ac and VEGF in
prostate cancer xenografts in severe combined immunodeficient (SCID) mice, indicating
its potential to inhibit tumour growth and angiogenesis in vivo [101]. Similarly, studies
on B16F10 melanoma and HUVECs have shown that ethanolic pomegranate peel extracts
inhibit malignant cell proliferation and angiogenesis. In HUVECs, the extract significantly
reduced tube formation and VEGF mRNA expression. These effects were reversed by
PPAR antagonists, suggesting that the antiangiogenic effects of the extract may be mediated
through a PPAR-dependent pathway [102,103]. Pomegranate extracts significantly reduced
tumour weight and haemoglobin content in human pancreatic cancer (Suit-2) and colon
cancer (Colo205) cell lines. The extract also showed promise in treating benign prostatic
hypertrophy (BPH) reducing the proliferation and migration rates of BPH-1 cells by up
to 60%, along with a decrease in the release of inflammatory cytokines such as IL-6 and
PGE2, as well as pro-angiogenic factors like VEGE. Pomegranate extracts also elevated
the levels of Asymmetric Dimethylarginine (ADMA), an endogenous inhibitor of eNOS
that functions as a negative regulator of angiogenesis. Furthermore, pomegranate extract
reduced angiogenesis in vitro by inhibiting tube formation in human endothelial cells,
suggesting its potential as a therapeutic option to prevent neovascularization in BPH and
its progression to prostate cancer [104].
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Figure 6. Schematic illustration of the primary molecular targets of pomegranate juice and extracts in
relation to angiogenesis and their interactions. ADMA, Asymmetric dimethylarginine; ALKSs, Activin
receptor-like kinases; AKT, Protein Kinase B; Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma-
2; Bcl-XL, B-cell lymphoma-extra-large; bFGF, basic Fibroblast Growth Factor; COX1, Cyclooxygenase
1, COX2; Cyclooxygenase 2; eNOS, endothelial Nitric Oxide Synthase; ERK, Extracellular Signal-
Regulated Kinase; HIF-1c, Hypoxia Inducible Factor 1-alpha; ILs, Interleukins; JNK, c-Jun N-terminal
kinase; MAPK, Mitogen-Activated Protein Kinase; MIF, Macrophage Migration Inhibitory Factor;
miR126, MicroRNA 126; MMPs, Matrix metalloproteinases; mPGES-1, Microsomal Prostaglandin
E Synthase-1; mTOR, mechanistic Target of Rapamycin; NF-kB, Nuclear Factor kappa-light-chain-
enhancer of activated B cells; Nrf2, Nuclear factor erythroid 2-related factor 2; NO, Nitric oxide; p53,
protein 53; PI3K, Phosphoinositide 3-kinase; PGE2, Prostaglandin E 2; PPAR, Peroxisome Proliferator-
Activated Receptor; Sp, Specificity proteins; TGF-{3, Transforming Growth Factor beta; TIMPs, tissue
inhibitors of metalloproteinases; TNF«, Tumor Necrosis Factor alpha; TRL4, Toll-like receptor-4;
VEGE, Vascular Endothelial Growth Factor; VCAMI1, Vascular Cell Adhesion Molecule 1; VEGFR-2,
Vascular Endothelial Growth Factor Receptor-2.
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In a DMBA-induced rat breast cancer model, whole pomegranate extract, either alone
or in combination with tangeretin—an O-polymethoxylated flavone from citrus peels—,
significantly decreased plasma VEGEF levels, while increasing p53 and Bax expressions,
indicating a potential role in breast cancer prevention [105]. In the same in vivo system, a
pomegranate emulsion composed of seed oil in aqueous pomegranate extract suppressed
the expression of inflammatory mediators, including iNOS, COX-2, prostaglandin E2 (PGE-
2) and HSP90 [106,107]. Moreover, treatment with methanolic pomegranate peel extract
in triple-negative breast cancer cells resulted in marked inhibition of cell migration and
alterations in gene expression related to cancer cell migration, including downregulation of
VEGEF [108].

In AOM-treated rats, pomegranate juice also demonstrated significant effects downreg-
ulating the expression of iNOS, COX-2, NF-kB and VCAM-1, inhibiting the phosphorylation
of PI3K/AKT and mTOR, and increasing the expression of miR-126. This micro-RNA
is abundant in endothelial cells and progenitor cells, where it regulates angiogenesis by
promoting VEGF signalling and maintaining vascular integrity, as well as attenuating
inflammatory responses [109]. Additionally, pomegranate juice significantly reduced the
level of secreted IL-6, IL-12p40, IL-1 and CCL5 (C-C motif chemokine ligand 5) in prostate
cancer cells [110].

An earlier study in 2003 found that the antiangiogenic effects of pomegranate super-
critical CO;-extracted seed oil and fermented juice polyphenols involved downregulation
of VEGF in some cancer cell types (MCF-7) and upregulation of the angiogenic suppressor
Macrophage Migration Inhibitory Factor (MIF) in others (MDA-MB-231). These extracts
also reduced tube formation in HUVECs and decreased new blood vessel formation in the
CAM model. In contrast, cold-pressed pomegranate seed oil and pomegranate peel extract
had only mild effects on VEGF levels. The greater efficacy of polyphenols in fermented juice,
compared to those from the peels, has been attributed to the breakage of flavonoid-sugar
complexes during fermentation, a process akin to stomach hydrolysis [111]. Pomegranate
fractions, particularly seed oil, also exhibit oestrogenic activity, influencing vascular en-
dothelium through oestrogen receptors and NF-kB pathways. In a study involving MCF-7
breast cancer cells co-cultured with adipose-derived stem cells (ADSCs), pomegranate seed
extract enhanced the inhibitory effects of ADSCs on cancer cell viability and proliferation,
increased apoptosis, and downregulated VEGF gene expression [30].

Moga et al. [112] reported that the antiangiogenic potential of pomegranate extracts
also involves the downregulation of Specificity proteins (Sp) transcription factors, which
regulate the expression of VEGF, VEGFR and survivin. Survivin, a member of the inhibitor
of apoptosis (IAP) family, is highly expressed in most human tumours and foetal tissues
and is capable of independently promoting VEGF expression.

Other parts of the pomegranate have also demonstrated significant antiangiogenic
and vasoprotective effects. For example, an ethanolic extract of pomegranate root inhibited
angiogenesis in a CAM assay and protected against glucose-induced vascular changes.
These effects were attributed to punicalin, punicalagin and ellagic acid, compounds present
also in the roots, through antioxidant mechanisms and the inhibition of VEGF and VEGEF-
like growth factors [113].

6. Conclusions

Extensive evidence underscores the significant antiangiogenic potential of pomegranate
extracts, positioning them as promising candidates for the prevention and treatment of
cancer and other angiogenesis-related diseases. This potential is primarily attributed to
their rich content of polyphenols, punicic acid and bioactive polysaccharides, which mod-
ulate key molecular targets such as HIF-1, VEGEF, Sp, specific microRNAs and various
inflammatory mediators. Beyond their antiangiogenic properties, the diverse bioactive
compounds found in various parts of the pomegranate—such as juice, peels, kernels and
roots—contribute to a wide range of biological activities, including anti-inflammatory, an-
tioxidant and pro-apoptotic effects. These activities collectively inhibit neovascularization,
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potentially reducing tumour growth, limiting metastasis, and enhancing the efficacy of
conventional cancer therapies.

Moreover, the method of extraction plays a crucial role in determining the efficacy
of pomegranate extracts. Certain techniques, particularly green extraction methods, have
been shown to enhance the bioavailability and potency of active compounds compared
to conventional solvent-based methods. The complex interplay and potential synergistic
effects among the various phytochemicals within the extracted phytocomplex may further
amplify their therapeutic potential when compared to isolated compounds. Therefore,
refining green extraction methods to produce high-quality, non-toxic extracts is essential,
especially from a sustainability perspective and in the context of exploiting pomegranate
by-products within a circular economy.

Future research should focus on detailed mechanistic studies to deepen our under-
standing of the precise molecular pathways through which pomegranate extracts exert
their antiangiogenic effects. Such insights will be critical for developing targeted therapies
that maximise these benefits. Equally important are clinical trials to validate the safety
and efficacy of pomegranate extracts in human populations, particularly across different
cancer types and other conditions driven by abnormal angiogenesis. Current studies indi-
cate that pomegranate extracts are largely non-cytotoxic when administered topically or
orally, suggesting safety for these routes. However, data on systemic toxicity, particularly
regarding intravenous use, are still limited. This highlights the need for further research to
comprehensively assess the safety profile of intravenous administration of pomegranate
extracts. A thorough understanding of potential systemic effects is essential to ensure safe
and effective therapeutic applications. Additionally, exploring the potential synergistic
effects of combining pomegranate extracts with other natural or synthetic agents could
lead to the development of more effective combination therapies.

Advances in biotechnology and nanotechnology offer promising avenues for improv-
ing the delivery, stability and bioavailability of pomegranate extracts, ensuring their full
therapeutic potential is realised. Additionally, progress in nutrigenomics provides new
insights into how pomegranate extracts could be tailored to individual genetic profiles,
enhancing their effectiveness in managing angiogenesis-related diseases. Given their
accessibility, low cost and minimal side effects, pomegranate extracts represent a valu-
able option for addressing these conditions. Continued research and innovation in this
area will be crucial for integrating pomegranate extracts into personalised medicine and
broader therapeutic strategies, potentially transforming the landscape of treatment for
these conditions.
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