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1 | INTRODUCTION

Angiogenesis, the process by which pre-existing blood and lymphatic
vessels divide to generate new ones, is fundamental for the growth
and metastasis of tumors (Liu et al., 2023). The intricate process of
angiogenesis, meticulously regulated in healthy tissues, can become
dysregulated in cancer, leading to an aberrant formation of new blood
vessels. Tumor cells secrete an abundance of proangiogenic factors,
such as vascular endothelial growth factor (VEGF), fibroblast growth
factor (FGF), and platelet-derived growth factor (PDGF), tipping the
scales in favor of excessive blood vessel growth (Marech et al., 2016).
This neovascularization provides the tumor with a vital lifeline, ensur-
ing a steady supply of nutrients and oxygen to support its growth and
metastasis (Nishida et al., 2006; Wendong et al., 2024). In this context,
angiogenesis plays avital role in cancer progression, making it a promis-
ing therapeutic target; by inhibiting tumor angiogenesis, researchers
aim to starve tumors, prevent metastasis, and boost the efficacy of
conventional cancer treatments, thereby improving patient outcomes
(Rajabi & Mousa, 2017). The potential of natural compounds as anti-
cancer agents is becoming more widely recognized (Kitic et al., 2024;
Shaheen et al., 2024; Sharma et al., 2019). These substances origi-
nate from microbes, plants, and animals and include various chemical
compounds (Herrera-Bravo et al., 2024; Khatua et al., 2024). While
antiangiogenic therapies have shown promise in cancer treatment,
their limitations, such as tumor resistance and side effects, high-
light the need for safe alternative approaches (Ribatti et al., 2019).
Natural products offer a promising avenue for developing novel antian-
giogenic agents with enhanced efficacy and reduced toxicity (R. Li
et al,, 2021). Although considerable research has been carried out in
recent years, further studies on the mechanisms of action and clin-
ical efficacy of natural products are required to fully explore their
potential as effective therapeutic strategies for cancer. In this con-

text, this review article aims to provide a comprehensive overview of

giogenic properties. Challenges such as dose standardization, routes of administration,
and potential side effects remain. Further studies, including in-depth animal mod-
els and human epidemiological studies, must elucidate clinical efficacy and safety.
Synergistic effects with current antiangiogenic therapies, such as bevacizumab and
tyrosine kinase inhibitors, should be explored. Additionally, the potential hormone-
dependent effects of compounds like genistein highlight the need for safety evaluation.
In conclusion, natural products hold promise as adjunctive therapies to conventional
antineoplastic drugs in modulating angiogenesis in cancer. However, robust clinical

trials are needed to validate preclinical findings and ensure safety and efficacy.

angiogenesis, antiangiogenic therapy, cancer treatment, molecular mechanisms, natural com-

the current status, latest updates, and future perspectives of natural
product-based antiangiogenic therapies. First, we address the molecu-
lar basis of angiogenesis and cancer. Then, we discuss several classes of
natural compounds from plants and animals with antiangiogenic activi-
ties concerning their molecular mechanisms and therapeutic potential.
Moreover, we describe preclinical and clinical studies and molecu-
lar targets of natural products in angiogenesis, and we mention the
advantages and challenges of using these compounds as antiangio-
genic agents. Finally, we discuss the challenges and future directions of
these emergent antiangiogenesis food-derived substances. In conclu-
sion, although diverse pharmaceutical agents targeting angiogenesis
have received approval for specific cancer types, growing evidence sug-
gests that common food constituents may also possess antiangiogenic
effects. Therefore, this review represents a comprehensive outlook
emphasizing that investigating dietary compounds’ potential antian-
giogenic properties represents an attractive and emergent scientific

research field.

2 | REVIEW METHODOLOGY

This review systematically synthesizes the current literature on the
antiangiogenic effects of natural compounds in cancer treatment. A
detailed database search was followed by a qualitative synthesis of
the extracted data to elucidate the molecular mechanisms through
which these compounds act and their potential therapeutic impli-
cations. Three major electronic databases were searched: PubMed,
Scopus, and Web of Science, covering publications from January 2019
to November 2023. The search strategy incorporated Medical Sub-

»u

ject Headings (MeSH) and keywords related to “angiogenesis,” “cancer,”
and “natural compounds.” Specific names of natural compounds such
as polyphenols, terpenes, alkaloids, cannabinoids, omega-3 fatty acids,

polysaccharides, proteins, and carotenoids were also included. Boolean
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operators “AND” and “OR” were utilized to combine search terms
effectively. Inclusion criteria included studies discussing natural com-
pounds’ antiangiogenic effects on cancer models, articles written in
English, and publications providing detailed mechanistic insights or
clinical relevance. Review reviews, meta-analyses, randomized con-
trolled trials, cohort studies, and laboratory-based experimental stud-
ies were considered for inclusion. Exclusions were applied to duplicate
studies, non-English articles, and publications lacking primary data or
clear methodologies.

3 | ANGIOGENESIS AND CANCER: A BRIEF
OVERVIEW

As tumoral masses develop beyond the reach of O, diffusion, typi-
cally 1-2 mm in diameter, they require additional internal blood supply
to deliver nutrients, sustain growth, and avoid hypoxic cell death (De
Palma et al., 2017; Igbal et al., 2024; Mortezaee, 2021; Sung et al.,
2019). Tumors have long been found to develop their blood supply dur-
ing their early phases when they reach only millimeters in diameter
(Batlle et al., 2019; Kerbel & Folkman, 2002). This ability to induce or
access vasculature to support tumor growth is recognized as a cancer
hallmark (Hanahan, 2022). Compared with vessels in healthy tissues,
vessels developed by tumors are often immature, tortuous, and hyper-
permeable, resulting in increased flow resistance and fluid leakage into
perivascular tissues (Bordeleau et al., 2017). Vessel hyperpermeabil-
ity is related to structural changes in endothelial cells, notably wider
pores and reduced intercellular tight junctions (Sengupta et al., 2005;
Wautier & Wautier, 2022). In contrast, the convoluted shapes of tumor
vessels have been associated with increased extracellular matrix stiff-
ness (Bordeleau et al., 2017). The blood stasis and hypoxia-induced by
tortuous tumor vessels promote tumor cell invasion. At the same time,
a high density of highly permeable capillaries deprived of basement
membranes facilitates tumor cell intravasation and metastasis (Yang
et al., 2020). Normalizing the tumor vasculature to increase perfusion
and reduce permeability has been found to exert significant antitumor
effects (Tianet al., 2017).

Tumor vascularization develops through three different means,
namely, via the co-option of pre-existing vessels to create cuff-like
tumor nests, vasculogenesis of de novo blood vessels from bone
marrow-derived progenitor cells, or angiogenesis, defined as the
sprouting of new blood vessels from pre-existing ones (Santi et al.,
2018). Vascularization via angiogenesis is most observed, especially in
response to tumor hypoxia, and may exhibit classical sprouting struc-
tures glomeruloid and intussusceptive growth patterns (Carmeliet
& Jain, 2011; Donnem et al., 2018). The metabolic adaptation and
proangiogenic tumor responses to hypoxia are critically mediated by
hypoxia-inducible factor (HIF). This transcription factor acts as the
leading promoter of angiogenesis, as previously reviewed (de Heer
et al., 2020). Critically, HIF controls the transcription of VEGF, which
is considered the most prominent angiogenic growth factor. VEGF is
a soluble or extracellular matrix-bound cytokine produced by various
cell types, including fibroblasts, inflammatory cells, and many tumor
cells (Lohela et al., 2009; Zhang & Brekken, 2022). VEGF promotes

the development of blood and lymphatic vessels (Choueiri & Kaelin,
2020) through receptor tyrosine kinase VEGF receptors (VEGFRs).
Several VEGF isoforms (VEGF-A, VEGF-B, VEGF-C, and VEGF-D) inter-
act with different VEGFRs (VEGFR-1, VEGFR-2, and VEGFR-3). In
general, VEGF-A promotes the growth of blood vessels, while VEGF-C
and VEGF-D act over lymphatics, and VEGF-B mainly supports the car-
diac vasculature. VEGF-A is the principal promoter of angiogenesis in
solid tumors by binding to VEGFRs VEGFR-1 and VEGFR-2 (Carmeliet
& Jain, 2011). In contrast, VEGF-C and VEGF-D mainly bind to VEGFR3
to drive lymphangiogenesis (Chung et al., 2010; Kuonqui et al., 2023),
with specific contributions for establishing blood vessel networks
(Tammela et al., 2011), as described below. VEGF participates actively
in the angiogenic response by inducing endothelial cells’ proliferation,
migration, and survival, increasing microvascular permeability and the
secretion of matrix metalloproteinases (MMPs) (Goggins et al., 2023;
Lohela et al., 2009). The binding of VEGF to VEGFR leads to autophos-
phorylation of specific tyrosine residues in the VEGFR-2 cytoplasmic
domain, initiating downstream signaling pathways critical to angiogen-
esis and producing a strong mitogenic and survival signal in endothelial
cells (Koch et al., 2011). The VEGF-A stimulates the activation of
several signaling proteins in endothelial cells, including extracellular-
signal-regulated kinases (ERKs), focal adhesion kinase, mammalian
target of rapamycin (mTOR), noncatalytic region of tyrosine kinase
adaptor protein, protein kinase B, protein kinase C, phospholipase C-
¥, p38 mitogen-activated protein kinases, Ras-related C3 botulinum
toxin substrate, and Shc-related adaptor protein (Soumya et al., 2016).
During blood vessel sprouting, tip cells migrate toward a VEGF-A gra-
dient, and the sprout elongates via the proliferation of stalk cells. The
tips from adjacent neovessels then meet and anastomose to form per-
fused networks lined by quiescent phalanx endothelial cells (Welti
et al,, 2013). Tip cell migration depends on VEGFR-2 stimulation by
high VEGF-A levels, enhanced by its coreceptor neuropilin-1 (Fantin
et al., 2013), resulting in VEGFR-2 internalization and upregulated sig-
naling via ERK1/2 (Nakayama et al., 2013). Tip cells express Delta-like
4, a Notch ligand, which acts paracrinally over adjacent endothelial
cells,downregulating VEGFR-2 and neuropilin-1 expression and upreg-
ulating VEGFR-1 which traps VEGF-A and committing those cells to
the sprout’s stalk (Geudens & Gerhardt, 2011; Jakobsson et al., 2010;
Krueger et al., 2011) (Figure 1).

Finally, the tips of adjacent sprouting vessels fuse under the regula-
tion of VEGF-C produced by perivascular macrophages, which activate
VEGFR3 to promote the conversion of tip cells into stalk cells (Tam-
mela et al., 2011). The neovessel’s stalk is maintained and elongated
by regulating Notch activity and sustaining proliferative stimuli via
the Wnt signaling pathway (Phng et al., 2009). Angiopoietin-1 (Ang-
1) is produced by perivascular cells and acts paracrinally over Tie2
receptors in endothelial cells, promoting survival and cell—cell adhe-
sion and contributing to vessel normalization (Koh, 2013). Conversely,
Ang-2 produced by endothelial cells destabilizes vessels, promoting
cell migration and angiogenesis (Gerald et al., 2013). Tumor vessels
tend to upregulate Ang-2 and show a high Ang-2/Ang-1 ratio, mak-
ing this system an attractive therapeutic target (Daly et al., 2013).
The expanding knowledge of the VEGF-VEGFR axis and other sig-

naling pathways involved in angiogenesis prompted the development
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Progression from avascular to vascular phase in tumor development. This figure illustrates the transition of a tumor from the

avascular phase to the vascular phase, highlighting the critical role of angiogenesis in tumor progression. Initially, the dormant tumor releases
various angiogenic factors like FGF, VEGF, EGF, and angiopoietin, which stimulate nearby blood vessels to sprout new branches toward the tumor,
marking the onset of the vascular phase. Protease production further assists in this transition by remodeling the extracellular matrix, allowing
tumor expansion and increased vascularization. As the tumor becomes vascularized, factors such as MMPs, integrins, VEGFR-2, and
angiopoietin-2 facilitate the formation of a robust blood supply network, enhancing the tumor’s growth potential and metastatic capability
through increased blood diffusion. Abbreviations: EGF, epidermal growth factor; FGF, fibroblast growth factor; MMPs, matrix metalloproteinases;
VEGF, vascular endothelial growth factor; VEGFR-2, vascular endothelial growth factor receptor 2.

of targeted antiangiogenic therapies with varying success (Majidpoor
& Mortezaee, 2021). Multiple antibodies and small-molecule drugs
have been developed against molecular targets involved in angio-
genesis, among which bevacizumab is the most extensively studied
(Garcia et al., 2020). Bevacizumab, an anti-VEGF monoclonal antibody;,
has been approved for treating colorectal, breast, ovarian, cervical,
and non-small-cell lung cancer, renal cell carcinoma, and glioblastoma
(Garcia et al., 2020). However, resistance to bevacizumab therapy
may occur, for example, in metastatic breast cancer, where improve-
ments in progression-free survival were modest and did not result
in improved overall survival (de Heer et al., 2020). Multiple tyrosine
kinase inhibitors are also able to target VEGFR in several types of
cancer, like axitinib (Motzer et al., 2019) and panopazib (Sheng et al.,
2020), which are used for treating renal cell carcinoma, tivozanib for
glioblastoma (Kalpathy-Cramer et al., 2017) and sorafenib for hepato-
cellular carcinoma (HCC) (Yau et al., 2022). Other VEGF-independent
strategies have been tested, like targeting Ang-Tie2 signaling with
trebananib, a peptibody that inhibits Ang-1 and Ang-2 binding of
Tie2, with limited clinical efficacy (Diéras et al., 2015; Vergote et al.,
2019). Resistance to antiangiogenic therapies has been associated
with alternative modes of vascularization like the co-option of exist-
ing vessels, recruitment of bone marrow endothelial precursors, and
vascular mimicry, as well as with a boost in proangiogenic molecules
driven by hypoxia following the therapeutic destruction of tumor blood

vessels (Majidpoor & Mortezaee, 2021). These observations led to

efforts aimed at normalizing the tumor vasculature rather than simply
destroying it to allow effective delivery of combinatorial chemother-
apies and avoid hyperpermeability and hypoxia (Augustin & Koh,
2022; Meng et al., 2021). Combining antiangiogenic therapies with
immunotherapies is another relevant line of research, stemming from
the observation that proangiogenic factors like VEGF exert immune
suppressive functions in the tumor microenvironment (Gavalas et al.,
2012; Khan & Kerbel, 2018; Ziogas et al., 2012). Such approaches
have produced positive results, for example, in patients with melanoma
(Hodi et al., 2014), breast cancer (Li et al.,, 2020), and HCC (Lee et al.,
2020).

4 | PRECLINICAL STUDIES AND MOLECULAR
TARGETS OF NATURAL PRODUCTS IN
ANGIOGENESIS

Several studies using cancer cell lines or animal models have been
conducted to address the effects of different bioactive compounds
in angiogenesis in different types of cancers, with promising results.
Experimental models commonly used to study angiogenesis include
in vitro models such as cancer cell lines, rat aortic ring, and human
umbilical vein endothelial cells (HUVECs) and ex/in vivo models such
as chick chorioallantoic membrane (CAM) and xenograft models (mice,

rat, and zebrafish). These natural products mainly target VEGFs (Cheng
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FIGURE 2 Summarized diagram of
inhibition of angiogenesis by natural
antiangiogenic agents. The figure depicts the
molecular interaction between vascular
endothelial growth factor (VEGF) and its
receptor on endothelial cells, highlighting
natural antiangiogenic agents’ inhibition of
angiogenic processes. The binding of VEGF to
its receptor promotes a series of downstream
effects that facilitate angiogenesis, including
enhanced cell survival, vascular permeability,
cytoskeletal rearrangement, cell migration, cell
proliferation, and nitric oxide production. As
shown by the red “X” marks, natural products
can interfere with these processes, effectively
inhibiting the angiogenesis pathway and
potentially restricting tumor growth and
metastasis.

Natural products

{

Anti-angiogenic agents

Cell survival
Vascular cell permeability
Cytoskeleton rearrangement
Cell migration
Cell proliferation
Nitric oxide production

Angiogenesis

et al.,, 2021) or VEGFRs (Yuan & Hu, 2023). However, some natural
compounds are also able to target other molecules involved in tumor
angiogenesis, like Aurora kinases (Tran et al., 2022), CD31 (Pal et al.,
2019), EGFR (Metibemu et al., 2021), H1F-1a (Cheng et al., 2021), FLK-
1 (Ayuningtyas et al., 2023), FLT-1 (Bae et al., 2020), IKBKE (Messeha
et al.,, 2022), MMPs (Hsu et al., 2020), Sema3A (Yu et al., 2023), TGF-«a
(Ramadan et al., 2023), TGF-S (Ramadan et al., 2023), and vimentin (Pal
et al., 2022), decreasing tube formation and angiogenic factors expres-
sion (Figure 2). Tube formation is the most popular angiogenesis assay
using HUVECs with Matrigel, while the ex vivo CAM model assesses
vessel number and density. In in vivo models, particularly in rodents,
vascular density is the most frequently evaluated parameter. Natural
extracts impair angiogenesis by tumor starvation.

This section comprehensively composes recent in vitro and in vivo
studies on cancer models involving natural compounds. The featured
compounds include macromolecules (polysaccharides, proteins, and
peptides), omega-3 fatty acids, and secondary metabolites (polyphe-
nols, terpenes/terpenoids, alkaloids, carotenoids, and cannabinoids)
with antiangiogenic properties. Relevant studies from the last 5 years
are summarized in Tables 1-8.

4.1 | Macromolecules

411 | Polysaccharides

Polysaccharides, macromolecules formed by long chains of monosac-

charide units linked through a- or 8-glycosidic linkages, display struc-

tures that can be linear or include branched side chains (Mohammed
et al., 2021). Polysaccharides are essential in cell wall structures and
energy reserves and are abundant in all organisms. These polysaccha-
rides also exhibit diverse pharmacological effects, including anticancer
properties by inducing cell cycle arrest, apoptosis, and inhibiting angio-
genesis (Guo et al, 2022; Y. Li et al., 2021; Ying & Hao, 2023).
Molecular weight, constituent monosaccharide subunits, and glyco-
sidic bonds influence their anticancer activities. Table 1 summarizes
several polysaccharides with antiangiogenic effects. Current polysac-
charide antitumor research predominantly employs cell models, while
animal experiments aim to elucidate the mechanisms, with limited
focus on in vivo absorption, transport, and metabolism (Ju et al., 2023).
Marine algae polysaccharides, such as laminarin, fucoidan, alginate,
ulvan, and cellulose, display distinct compositions and structures com-
pared to plant-derived polysaccharides (de Jesus Raposo et al., 2015).
Extensively researched for their antiangiogenic properties (Ouyang
et al., 2021; Sajadimajd et al., 2019), these polysaccharides also find
application in formulations for delivering other compounds. Fucoidan,
a fucose-rich polysaccharide from brown algae, particularly Fucus
vesiculosus, has potential in anticancer applications by downregulat-
ing antiangiogenesis mediators, namely, VEGF-A, IGF-I, bFGF, MMP-2,
and MMP-9 expression, inhibiting tube formation and impeding vas-
cular development in various cancer cell lines and models (Hsu et al.,
2020; Oliveira et al., 2019; Xue et al., 2013). Research has explored
its sole use (Bae et al.,, 2020; Chen et al., 2021; Hsu et al., 2020;
Oliveira et al., 2019; Pan et al., 2019), in combination with other drugs
(Abdollah et al., 2023), or novel formulations enhancing cancer imag-
ing and photodynamic therapy (Cho et al., 2020). Studies regarding
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other marine algae-derived polysaccharides, like alginate and cellu-
lose, primarily focus on their application in formulations to enhance
absorption or target therapies (G. Chen et al., 2020; Gopinath et al,,
2018; W.W.Huetal., 2019; Marulanda et al., 2021; Schaly et al., 2022;
Wang et al.,, 2018; Yang et al., 2022) to downregulate cancer-related
angiogenesis. Propylene glycol alginate sodium sulfate, a heparinoid
polysaccharide drug used in the clinic for over 30 years in China (Xue
et al., 2023), inhibited FGF2-mediated angiogenesis in a rat aortic ring
model and decreased MMP-2 and MMP-9 activity in murine melanoma
(B16-F10) cells (Ma et al., 2019). Plants, a significant source of polysac-
charides in our daily diet, also demonstrate potential in regulating
cancer-associated angiogenesis (Ahmad et al., 2022; Urzi et al., 2023).
Sambucus adnata polysaccharide (SPS-1) and a polysaccharide from
Inula japonica (1JP70-1) exhibited antiangiogenic activities in various
models, including C57BL/6 mice with xenografted Lewis tumor cells
and zebrafish with altered vessel lengths, respectively (X. Wang et al.,
2023; Yuan & Hu, 2023). A polysaccharide isolated from the root of
dandelion (Taraxacum mongolicum) hinders angiogenesis by inhibiting
the PI3K/AKT/HIF-1a/VEGF pathway in HUVECs, CAM, and BALB/c
mice with xenografted murine HCC (Hepal-6 and H22) cancer cell
lines (Ren et al., 2020). HH1-1, a homogeneous polysaccharide from
safflower (Carthamus tinctorius), exhibited antitumor effects in nude
mice xenografted with human pancreatic cancer (BxPC-3) cells by
preventing the binding of EGFR and Galectin-3, inhibiting the Galectin-
3/GFR/KT/OXO3 signaling pathway (Yao et al., 2019). Additionally,
PRP-S16 (a chemically sulfated polysaccharide from Phellinus ribis)
(Ding et al., 2020), PSM001 (a homo-polysaccharide from Mangifera
indica seed kernel) (Varghese et al., 2019), PST001 (a galactoxyloglucan
from Tamarindus indica seeds) (Varghese et al., 2019), and Yulangsan
polysaccharide (from Millettia pulchra root) (Qin et al., 2019) also show
antiangiogenic effects, targeting diverse molecular pathways involved
in angiogenesis. Asparagus polysaccharide inhibited VEGF, HIF-1q,
and CD34 expression in human HCC (SK-Hep1 and Hep3B) cells and
nude mice xenografted with SK-Hep1 cells (Cheng et al., 2021). Cur-
rent research has also focused on modifying these natural compounds
to improve their efficacy; namely, Platycodon grandiflorum derived
acetylated glucomannan (PGP40-1) and its selenium-modified form,
Se-PGP40-1, which showed significant antitumor activity by inhibiting
proliferation, migration, inducing apoptosis and blocking angiogenesis
in vitro and zebrafish models (Zhang et al., 2022). Also, EJP90-1-
Se, a selenized polysaccharide from Eriobotrya japonica, demonstrated
antiangiogenic effects in a zebrafish model (Zhang et al, 2021).
Polysaccharides derived from animal sources, exemplified by chitosan
and chondroitin sulfate, have also been investigated for their poten-
tial role in modulating angiogenesis. Chondroitin sulfate, isolated from
Litopenaeus vannamei, when applied to rat aortic endothelial cells,
exhibited antiangiogenic properties, as evidenced by the inhibition of
capillary formation and a concurrent decrease in VEGFA expression
(Palhares et al., 2020). In a study involving nude mice xenografted
with human HCC (BEL-7402) cells, chitosan nanoparticles loaded with
troxerutin revealed a reduction in microvessel formation coupled with
downregulation of VEGFR2 mRNA expression (Subbaraj et al., 2023).

Although there has not been much study done on polysaccharides

originating from microorganisms, LHEPS-3, an exopolysaccharide from
Lactobacillus helveticus MB2-1, has been shown to have antiangio-
genic properties by lowering the number of vessel branches in CAM
(Xiaomeng et al., 2023). Figure 3 illustrates the molecular interactions
and pathways affected by polysaccharides, highlighting their roles in
downregulating key angiogenic factors like VEGF, FGF2, and their
receptors.

412 | Omega-3 fatty acids

Polyunsaturated fatty acids are a large group of fatty acids that contain
long-chain carbon molecules, including omega-3 fatty acids (Lozac’h,
1986). Omega-3 fatty acids, characterized by a double bond between
the third and fourth carbon atoms from the methyl end, are naturally
present in fatty fish, certain seafood, nuts, and seeds (Cholewski et al.,
2018).

a-Linoleic acid (ALA), an essential omega-3 fatty acid found mainly
in green leafy vegetables, oil, seeds, and nuts, has been shown to
decrease the expression of VEGF, MMP-2, and MMP-9 proteins in
two human cervical cancer (SiHa and Hela) cell lines (Deshpande
et al., 2016). Docosahexaenoic acid (DHA), exclusively found in cold-
water fish, demonstrated a reduction in microvessel count and Ki-67
expression in mice xenografted with human triple-negative breast
cancer (MDA-MB-231) cells (Rose & Connolly, 1999). In another
study, DHA reduced VEGF expression and tube formation miR-34a,
miR-125b, miR-221, and miR-222, while increasing miR-9, miR-17-
5p, miR-19a, miR-126, miR-130a, miR-132, miR-296, and miR-378
in human breast cancer (MDA-MB-231) cells (Ghaffari-Makhmalbaf
et al., 2021). Another omega-3 fatty acid that is found in fish, eicos-
apentaenoic acid (EPA), was investigated in a fibrosarcoma model in
mice and showed a significant decrease in tumor volume, as well as
in the expression of VEGF-« (Tevar et al., 2002). Although omega-3
fatty acids have been studied in the past, studies are scarce, so the
antiangiogenic properties of various omega-3 fatty acids, namely, DHA,
17-Oxo-DHA, ALA, EPA, and DHA-PC, have continued to be investi-
gated in recent years (Table 2). For instance, 17-Oxo-DHA reduced
the vessels and hemoglobin accumulation in SKH1-Hrhr mice sub-
jected to UVB-induced skin carcinogenesis (Kim et al., 2023). DHA has
exhibited further antiangiogenic properties in human breast cancer
(MDA-MB-231 and BT-474) cells, leading to decreased expression of
proangiogenic genes and microRNAs, including HIF-1a, TGF-3, SOX2,
Snaill, VEGFR, miR-101, miR-199, and miR-342, while increasing miR-
382 and miR-21 expression (Aslan et al., 2020). A combination of
DHA and ALA demonstrated antiangiogenic effects in CAM, result-
ing in decreased VEGF, VEGFR-2, and CD31 expression and a reduced
overall number of vessels (Pal et al., 2019). Similarly, in an N-butyl-
N-(4-hydroxybutyl) nitrosamine-induced rat urinary bladder cancer
model, daily administration of DHA and EPA led to reduced VEGF
expression (Fadallah et al., 2022). Furthermore, DHA-enriched phos-
phatidylcholine exhibited antiangiogenic effects in CAM and HUVECs
by reducing the number of microvessels, tube formation, and VEGFR-
2 mRNA expression (Liu, Tian, et al., 2021). EPA also demonstrated
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antiangiogenic effects in HUVECs and cancer-associated fibroblasts,
decreasing VEGFR expression and tube formation (Ando et al., 2019).
Figure 4 highlights how Omega-3 fatty acids inhibit tumor angiogen-
esis by blocking VEGF signaling and modulating microRNA profiles,

ultimately reducing tumor vascular development.

4.1.3 | Amino acids, peptides, and proteins

Aminoacids, the building blocks of proteins, provide energy, forming
essential biomolecules such as hormones, neurotransmitters, and sig-
naling molecules. The polymers of amino acids, peptides, and proteins
intricately regulate various physiological and biochemical processes
in the human body. Peptides, composed of two or more amino acids
linked by peptide bonds, act as building blocks for proteins, with
polypeptides forming longer, continuous, unbranched chains; bioactive
peptides serve as sources of nitrogen and amino acids and also poten-
tially regulate physiological functions (Harnedy & FitzGerald, 2011).
Proteins, as important macronutrients, are a vital source of essential
amino acids and energy, playing a critical role in numerous physiological
processes within the human body (Cerna, 2011). Beyond their funda-
mental nutritional contributions, specific food proteins offer additional
health benefits by releasing bioactive peptides (Tahergorabi & Hos-
seini, 2017). Despite these compounds’ integral role in body function,
there is a noticeable gap in research concerning their pharmacolog-
ical use and potential impact on angiogenesis regulation (Medina &

Quesada, 2014). Arginine, a dietary amino acid involved in several

FIGURE 3 Mechanisms of polysaccharide
action in cancer antiangiogenesis. The figure
illustrates the inhibitory pathways of
polysaccharides in cancer angiogenesis. The
signaling cascades involve the interaction
between VEGFA, VEGFR, FGF2, and FGFR,
which are fundamental for angiogenesis.
Polysaccharides modulate these interactions
and downstream pathways (PI3k, Akt,
Galectin-3, MMP-2, MMP-9), leading to
reduced expression of HIF 1« in the nucleus
and ultimately decreasing angiogenesis in the
tumor microenvironment. Abbreviations and
Symbols: Akt, protein kinase B; FGF2,
fibroblast growth factor 2; FGFR, fibroblast
growth factor receptor; HIF 1,
hypoxia-inducible factor 1-alpha; MMP-2,
matrix metalloproteinase-2; MMP-9, matrix
metalloproteinase-9; P13k, phosphoinositide
3-kinase; VEGFA, vascular endothelial growth
factor A; VEGFR, vascular endothelial growth
factor receptor. Symbols: | decrease, -
nhibition

metabolic pathways, was investigated for its antiangiogenic capacity
using nude mice xenografted with human colon cancer (SW480) cells,
revealing significantly lower MMP-2, MMP-9, and VEGFR levels in
tumors (Yeh et al., 2010). Regarding peptides, the pepsin-generated
peptide lactoferricin, derived from bovine lactoferrin, demonstrated
inhibition of tumor metastasis in mice with highly metastatic murine
melanoma (B16-BL6) and lymphoma (L5178Y-ML25) cells, associ-
ated with a reduction in tumor-induced blood vessels and suppressed
tumor growth (Yoo et al., 1997). Carnosine (B-alanyl-L-histidine), found
in beef and fish, demonstrated significant inhibition of angiogene-
sis-related molecules, including VEGF, EGFR, and HIF-1a, when tested
in human colorectal carcinoma (HCT-116) cells (Hsieh et al., 2022).
Additionally, anticancer peptides have been isolated from marine
species (Ahmed et al., 2022). Aplidine from Aplidium albicans, a toxic
sea squirt, demonstrated inhibition of cell migration and invasive-
ness in ovarian cancer (1A9) cells by blocking VEGF-mediated effects
and suppressing the production of MMP-2 and MMP-9 (Taraboletti
et al., 2004). Interestingly, venoms also serve as a source of peptides
for cancer therapy (S. Mirzaei et al., 2021), exemplified by the RK1
peptide, a 14-aminoacid peptide derived from Buthus occitanus tune-
tanus, which has demonstrated great potential in cancer therapy by
suppressing migration and angiogenesis (Khamessi et al., 2018). Addi-
tionally, the peptide Tv1 found in the venom of the predatory marine
snail Terebra variegatavia has demonstrated efficacy in downregulating
cyclooxygenase-2 (COX-2) in BALB/c mice allografted with mouse liver
carcinoma (BNL1IMEA.7R.1) cells, thereby suppressing angiogenesis
and metastasis (Anand et al., 2019). Among the proteins studied in the
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FIGURE 4 The role of omega-3 fatty acids in inhibiting tumor angiogenesis. The diagram outlines the antiangiogenic mechanisms of Omega-3
fatty acids on tumor growth. Omega-3 fatty acids inhibit the release of VEGF from the tumor, which subsequently prevents VEGF from binding to
its receptor (VEGFR) on endothelial cells. This disruption hinders multiple downstream angiogenic pathways, including the decrease in expression
of MMP-2 and MMP-9, which are essential for vascular remodeling. The figure also highlights the modulation of microRNA (miRNA) profiles by
Omega-3 fatty acids, leading to the upregulation of antiangiogenic miRNAs and downregulation of proangiogenic miRNAs, which suppress key
proangiogenic genes such as HIF-1a, TGF-3, SOX2, and Snail. Collectively, these effects result in reduced tumor angiogenesis. Abbreviations:
HIF-1a, hypoxia-inducible factor 1-alpha; MMP-2, matrix metalloproteinase-2; MMP-9, matrix metalloproteinase-9; TGF-, transforming growth
factor beta; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor. Symbols: 1 increase, | decrease.

literature (Table 3), lactoferrin derived from cow milk demonstrated
significant antiangiogenic effects. In BALB/c mice with xenografted
human colorectal adenocarcinoma (HT29) cells, the administration of
lactoferrin resulted in a notable decrease in the expression of vital
angiogenic markers, including VEGFR2, VEGF-A, p-PI3K, p-AKT, and
p-Erk1/2 (H. Y. Li et al., 2019). Additionally, in another study, lacto-
ferrin administration to human melanoma (A375SM) cell line and
C3H/HeN mice xenografted with human squamous cell carcinoma
(SCCXII) cells resulted in significant reductions in VEGF-A, FLT-1, and
FLK-1 mRNA expression levels (Ayuningtyas et al., 2023). This protein
further demonstrated inhibitory effects on p-p65 by binding to TRAF6,
suppressing HIF-1a activation, and ultimately reducing microvessel
density (Ayuningtyas et al., 2023). Interestingly, administering arresten
derived from collagen has reduced tumor cell proliferation, vessel
density, and local invasiveness in nude mice xenografted with tongue
carcinoma (HSC-3) cells (Aikio et al., 2012). Furthermore, a pro-
tein (ZK002) isolated from Deinagkistrodon acutus venom has been
found to exhibit antiangiogenic effects by decreasing tube length in
HUVECs (Chan et al., 2023). Plants can also be a rich source of pro-
teins with medicinal properties, especially anticancer (Boh, 2013). A
plant-derived lectin from Praecitrullus fistulosus exhibited antiangio-
genic properties in Swiss albino mice xenografted with Ehrlich ascites
carcinoma cells and CAM by decreasing VEGF levels, microvessel
density, and MMP activity (Madhu et al., 2019). Protein derivatives,

including phycobiliprotein and glycoproteins, have also shown poten-
tial regarding antiangiogenesis cancer treatments (Saadaoui et al.,
2020). C-phycocyanin, one of the most widely known phycobilipro-
teins and often found in cyanobacteria, simultaneously downregulated
HIF-1 and MCP-1 expression and promoted MIP-1 expression, thereby
reducing angiogenesis in a rat model of colon cancer (Saini & Sanyal,
2014). Direct therapeutic use may be challenging since proteins are
large and poorly stable. Therefore, effective and targeted biodistribu-
tion requires an efficient delivery vehicle. One such example is a study
by Marulanda et al. (2021), which delivered Slit3 proteins, common
proteins in the human body, using alginate microbeads and found that
angiogenesis was effectively downregulated in HUVECs and MECs.

4.2 | Secondary metabolites
421 | Polyphenols

Polyphenols constitute a varied category of secondary metabolites
found abundantly in plants and, consequently, in plant-based foods
and beverages (Niedzwiecki et al., 2016). Polyphenolic compounds can
be broadly classified into two main categories: nonflavonoids, char-
acterized by a single phenol ring, and flavonoids, distinguished by

the presence of two phenol rings. Among these, flavonoids, encom-
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passing anthocyanins, flavanols, flavones, flavonols, flavanones, and
isoflavones, stand out as the most abundant polyphenols in our diet
and existing in both free and conjugated forms in nature (Sharma
et al., 2019; Sheikh et al., 2020). Nonflavonoid compounds comprise
phenolic acids, stilbenes, and lignans. Many studies have explored the
health advantages associated with polyphenols (Azevedo et al., 2024;
Briguglio et al., 2020), highlighting their antioxidant or anticarcino-
genic properties, especially by mediating the angiogenic process in
tumors (Rahaman et al., 2023) (Table 4). Quercetin, a flavonoid found in
fresh fruits, vegetables, and citrus fruits, has demonstrated anticancer
properties by inhibiting tumor proliferation, invasion, metastasis, and
angiogenesis. The anticancer mechanism of quercetin is controlled
through several signaling pathways within the cancer cells, includ-
ing apoptotic, p53, nuclear factor-kappa B (NF-xB), MAPK, JAK/STAT,
PI3K/AKT, and Wnt/B-catenin pathways. Quercetin also controls the
activity of oncogenic and tumor suppressor ncRNAs. Quercetin may
inhibit angiogenesis by suppressing the VEGF and VEGFR expres-
sions, critical regulators of angiogenesis (Pratheeshkumar et al., 2012;
H. Shi et al., 2020). Quercetin also inhibits the activity of MMPs,
which are enzymes that degrade the extracellular matrix and pro-
mote angiogenesis (Saragusti et al., 2010; Vijayababu et al., 2006).
Anand et al. (2011) examined the effects of quercetin on solid tumors
induced by Dalton’s lymphoma ascites in Swiss albino mice. The results
proved that administering quercetin directly into the tumor reduced
its size/weight. Additionally, quercetin induced the death of cancer
cells by reducing the levels of Hsp90 and Hsp70. The decrease in
these two chaperones due to quercetin might activate caspase-3 in
the treated tumors. Furthermore, it also diminished the expression of
central angiogenic or proangiogenic factors, such as VEGF and HIF-1a.
Another study also explored the antiangiogenic effects of quercetin in
models in vitro, ex vivo, and in vivo (Pratheeshkumar et al., 2012). Their
findings revealed that quercetin considerably suppressed microvessel
sprouting at nontoxic concentrations and notably inhibited endothelial
cell proliferation, migration, invasion, and tube formation—all critical
steps in angiogenesis. Moreover, the matrigel plug and the chicken
egg CAM assays confirmed that quercetin decreased ex vivo angio-
genesis. Likewise, quercetin prevented the VEGFR2 phosphorylation
induced by VEGF, as indicated by western blot analysis in HUVEC cells.
Finally, quercetin, at a dosage of 20 mg/kg/day, noticeably diminished
the size and weight of solid tumors in a prostate xenograft model,
suggesting that quercetin prevents tumorigenesis by affecting angio-
genesis. Onthe other hand, a recent study examined the antiangiogenic
effect of quercetin on both endothelial cells and colorectal cancer cells
(Uttarawichien et al., 2021b). The authors determined the tube forma-
tion ability of HUVECs by using HT-29 cells that received quercetin
and were cocultured with HUVECs. After this treatment, the fluo-
rescence assay and Western blot analysis were used to measure the
VEGF-A and NF-kB pé5 protein levels. Quercetin notably reduced
the angiogenesis induced by HT-29 cells in HUVECs and inhibited the
expression of NF xB p65 and VEGF-A proteins. Moreover, quercetin
significantly lowered the expression and translocation of VEGFR-2
protein in HUVECs after coculturing with HT-29 cells that received

a high dose of quercetin. Thus, the authors concluded that quercetin

exerted its antiangiogenic effect by blocking VEGF-A related to the
NF-xB signaling pathway in the HT-29 cells and by decreasing the
expression and translocation of VEGFR-2 in HUVECs.

Luteolin is a natural compound tested for its antiangiogenic effects.
It is a flavonoid with antiproliferative, antimetastatic, and antiangio-
genic biological activities based on its antioxidative activity (neutraliz-
ing reactive oxygen species [ROS]) (Williams et al., 2004). Ambasta et al.
(2015) conducted a study that demonstrated that luteolin inhibits cell
growth at a dose of 20 pM compared to lectin and lupeol in HT-29 cell
culture for 24 and 48 h. In the chick CAM assay, luteolin exposure after
24 and 48 h produced an effect dose-dependent and inhibited angio-
genesis better than lectin and lupeol (Ambasta et al., 2015). Park et al.
(2012) demonstrated that the exposure of 1-uM of luteolin inhibited in
vitro angiogenesis in human retinal microvascular endothelial cells, and
the administration of 0.1 and 1 uM of luteolin inhibits retinal neovas-
cularization in oxygen-induced retinopathy without toxicity. According
to the authors, the mechanism of action of luteolin would be related
to inhibited VEGF expression by blockade of ROS production (Park
et al., 2012). A strong relationship exists between increased ROS and
angiogenesis and tumor growth through VEGFs (Ushio-Fukai & Naka-
mura, 2008; Xia et al., 2007). Another natural compound that inhibits
tumor neovasculature formation in cancer conditions is curcumin, an
active and nontoxic phenolic compound isolated from the rhizome of
Curcuma longa L (H. Mirzaei et al., 2021). Fu et al. (2015) demonstrated
that curcumin inhibits tumor growth accelerated by VEGF in a dose-
dependent manner; moreover, it normalizes vasculature structures of
livers and reduces tumor micro-vessel density. Li et al. (2022) also
demonstrated the antiangiogenic effects of 2.5-100 pM curcumin in
colon cancer cells incubated at 37°C for 24, 48, or 72 h. The results
indicated that curcumin inhibited the proliferation of colon cancer in
a dose-dependent manner and did not harm normal colon mucosa
epithelial cells (Li et al., 2022).

Anthocyanins, prevalent water-soluble pigments in plants derived
from anthocyanidins, can be found in several plant species’ flowers,
seeds, fruits, and leaves (Azevedo et al., 2022; Castafeda-Ovando
et al.,, 2009; Tan et al., 2022). These compounds exhibit diverse bio-
logical activities, including antioxidant, immunomodulatory, antitumor,
hepatoprotective, antiaging, and anti-inflammatory effects (Tan et al.,
2022). Their antiangiogenic effects have been extensively investigated
using various models, especially cell lines and CAM (Bagchi et al., 2004;
Favot et al., 2003; Gupta et al., 2023; Huang et al., 2006; Rodrigo et al.,
2006). Studies on human pulmonary adenocarcinoma (A549) cells
have shown that delphinidin, an anthocyanidin, exhibits antiangiogenic
effects in vitro and in vivo by downregulating EGF, CoCl2, HIF-1«, ERK,
and VEGF gene expression (Kim et al., 2017). Cyanidin-3-glucoside
also exhibits promising antiangiogenic properties in human breast can-
cer (MDA-MB-231) and cholangiocarcinoma (QBC399) cells, CAM, and
HUVECSs by effectively reducing tube formation and suppressing VEGF
and HIF-1a expression (Ma & Ning, 2019; Xie et al., 2019).

Flavanols, another essential subclass of the flavonoid family, are
molecules with biological activities of great interest, particularly anti-
cancer effects (Kumar & Pandey, 2013). They are mainly found in

broccoli, kale, apples, grapes, tomatoes, onion, red wine, olive oil, and
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citrus fruits (Mahmud et al., 2023). Epigallocatechin gallate, an exam-
ple of flavanol, demonstrated antiangiogenic effects in human gastric
cancer (SGC7901) cells alone and in BALB/c-nu/nu nude mice com-
bined with vincristine sulfate through downregulation of VEGF at both
protein and mRNA levels (L. Chen et al., 2020; Fu et al., 2019).

Flavanones, another subclass of flavonoids, are abundant in vari-
ous plants’ seeds, fruit skin, bark, and flowers (Panche et al., 2016).
Numerous naturally occurring flavanones have been identified for
their antioxidative, anti-inflammatory, and antibacterial properties
(Manthey et al., 2001; Moulari et al., 2006). A previous study indi-
cated that hesperidin, a flavanone glycoside from citrus species,
suppresses metastasis, angiogenesis, and tumor growth in BALB/c
mice xenografted with 4T1 cell lines by inducing a significant reduc-
tion in the gene expression of CD105, VEGF-A, VEGFR2, and COX-2
(Shakiba et al., 2023). Hesperidin can also inhibit tumor growth
and invasion by inhibiting angiogenesis and metastasis by decreasing
mast cell density, MMP-2, and MMP-9 expression in Swiss mice with
Benzo(a)pyrene-induced lung cancer (Kamaraj et al., 2010). Baicalin,
the main active chemical constituent of Scutellaria baicalensis, exhibited
antiangiogenic effects both in vitro (human pulmonary adenocarci-
noma [A549] cells and HUVECs) and in vivo (nude mice xenografted
with human pulmonary adenocarcinoma (A549) cells), resulting in
decreased tube formation and VEGF protein expression (Yan et al.,
2020).

Flavonols such as myricetin (Kim et al., 2006), quercetin (Tan et al.,
2003), kaempferol (Luo et al, 2009), and galangin (Huang et al.,
2015), found in various fruits, vegetables, nuts, and beverages such as
wine and tea, have been widely researched for their antiangiogenic
properties (Khater et al., 2020). Quercetin, in particular, displayed
antiangiogenic effects in human esophageal carcinoma (Eca109) and
human colorectal adenocarcinoma (HT-29) cells by decreasing VEGF-
A, VEGFR-2, MMP-2, and MMP-9 protein expression (Liu, Li, et al.,
2021; Uttarawichien et al., 2021a). Quercetin exposure also reduced
new vessel formation and CD31 expression in Swiss albino mice allo-
grafted with Ehrlich ascites carcinoma cells (Sannappa Gowda et al.,
2023).

Isoflavones, such as genistein, daidzein, and equol, primarily found
in legumes like soy, exhibit significant antiangiogenic properties (Kri-
zova et al., 2019; Varinska et al., 2015). Genistein, identified as the
primary isoflavone in soybeans, acts as a receptor-associated tyrosine
kinase inhibitor, preventing excessive cell proliferation and abnormal
angiogenesis (Akiyama et al., 1987). It interacts primarily with HIF-
1a in breast cancer (MDA-MB231 and T-47D) cells (Mukund et al.,
2019). In an oral squamous cell carcinoma (HSC-3) cell line, genis-
tein downregulated VEGF, bFGF, and MMP-2 (Myoung et al., 2003).
It also demonstrated anticancer effects in human thyroid cell lines
(CAL-62, ACC 448, CGTH-W1, and ACC 360) by reducing cell viabil-
ity and hTERT, VEGF-A, and NF-xB mRNA expression levels (Ozturk
et al., 2018). In prostate cancer (LNCaP, PC-3, and DU-145) cells,
Daidzein directly inhibited several angiogenesis genes (Rabiau et al.,
2010). Equol inhibited angiogenesis in bovine brain capillary endothe-
lial cells through the MAPK pathway, downregulating VEGF, FGF2, and
extracellular regulated kinase1/2 (Bellou et al., 2012).

Phenolic acids, a nonflavonoid subcategory, are divided into hydrox-
ybenzoic and hydroxycinnamic acids, characterized by hydroxylated
aromatic rings (Tsakiroglou et al., 2019). Hydrobenzoic acids, such as
vanillic acid, have shown the capacity to hinder angiogenesis and prolif-
eration by inhibiting HIF-1 protein synthesis in a dose-dependent man-
ner (Gong et al., 2019). Protocatechuic acid exhibited potent antian-
giogenic activities in an in vitro study using HUVECs, blocking several
cellular processes and inhibiting VEGFR2-dependent A/MMP-2 and
ERK pathways (Hu et al., 2018). Gallic acid inhibited the growth and in
vitro angiogenesis of two ovarian cancer (OVCAR-3 and A2780/CP70)
cell lines by inhibiting VEGF secretion through AKT phosphorylation
inhibition and HIF-1a expression while promoting PTEN expression
(Heetal.,, 2016). Ellagic acid is another antioxidant, a natural compound
with antiangiogenic effects in cancer, attributed to growth inhibition
and apoptosis-promoting activity (Vanella et al., 2013). Ellagic acid
demonstrated antiangiogenic effects in rat glioma (Cé) and human
cervical carcinoma (HeLa) cells, leading to decreased VEGF mRNA
and protein expression (Cetin & Biltekin, 2019; Ramadan et al., 2023;
Saribas et al., 2023). Vanella et al. (2013) evaluated the antiangiogenic
effects of exposure to 25—-50 uM of ellagic acid in the human pro-
static cancer cell line LnCap. The authors reported that ellagic acid
decreases VEGF, which poses antiproliferative and prodifferentiation
properties via decreased eicosanoid synthesis (Vanella et al., 2013).
Kowshik et al. (2014) tested the ellagic acid in a hamster model of
oral oncogenesis; the researchers observed that it is a lead compound
for anticancer therapeutics because it inhibits VEGF/VEGFR2 signal-
ing a critical oncogenic cascade (Kowshik et al., 2014). Concerning
hydroxycinnamic acids, ferulic acid inhibits endothelial cell tube forma-
tion and suppresses melanoma (A375, CHL-1, SK-MEL-2, B16F10) cell
growth and angiogenesis through the FGFR1-mediated PISK-AKT sig-
naling pathway (Yang et al., 2015). The combination of hydroxybenzoic
and hydroxycinnamic acids, specifically gallic and caffeic acids, exhib-
ited antiangiogenic effects in a murine model allografted with Ehrlich
ascites carcinoma cells, reducing microvessel density and downreg-
ulating VEGF, MMP-2, and MMP-9 mRNA expression (Orsolic et al.,
2020).

Lignans, diphenolic plant compounds resulting from the dimer-
ization of cinnamic acid residues, are found in various foods, fruits,
vegetables, and cereals (Hazafa et al., 2022; Reuben et al., 2012).
Flaxseed (Linum usitatissimum)-derived lignans, enterodiol, and entero-
lactone have shown inhibition of VEGF secretion in human breast
cancer (MCF-7) cells (Bergman Jungestrom et al., 2007). Addition-
ally, sesamin extracted from Sesamum indicum seeds suppressed VEGF
expression in human breast cancer (MCF-7 and MDA-MB-231) cells by
targeting HIF-1a, NF-xB, AKT, and p38 MAPK (Lee et al., 2011). Epis-
esamin treatment in HCC cells led to significantly lower VEGF levels in
anin vitro study (Freise et al., 2012).

Stilbenes also represent a large class of plant secondary polyphe-
nols widely distributed in food and medicinal plants (Su et al., 2022).
A notable example is resveratrol. Resveratrol is a natural polyphe-
nol found in various plants and fruits, such as grapes, blueberries,
cranberries, and peanuts. Resveratrol has multiple biological effects,

including antioxidant, antiaging, anti-inflammatory, antiestrogenic, and
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anticancer activities (Koushki et al., 2018). Resveratrol can inhibit
angiogenesis by affecting various molecular pathways and cellular
processes. This compound exerts its anticancer effects by prevent-
ing angiogenesis, which is vital for tumor growth and metastasis, as it
provides nutrients and oxygen to the cancer cells and allows them to
invade other tissues. Resveratrol inhibited VEGF expression in human
ovarian cancer (A2780/CP70 and OVCAR-3) cells by reducing HIF-1«
expression levels (Cao et al., 2004). In addition, resveratrol inhib-
ited VEGF expression and cell proliferation in a human osteosarcoma
(U20S) cell line (Liu et al., 2012). This phenolic compound was also
shown to decrease tube structures in HUVECs, increase the capillary-
free area in CAM, and reduce hemoglobin percentages within the
tumor mass in BALB/c mice xenografted with Ehrlich ascites carci-
noma cells (Kucan et al., 2023; Sudha et al., 2020; Uvez et al., 2020).
Although resveratrol is the most well-known stilbene and has antian-
giogenic effects in several models, other stilbenes, such as piceatannol,
also show these properties. In BALB/c mice allografted with mammary
carcinoma (4T1) cells, piceatannol treatment reduced the expression
of transcription factors P-NF-xB, p65, P-STAT3, and HIF-1«, along
with various proteins regulating angiogenesis (VEGF-A, VEGFR-2, VE-
cadherin, CD31) (Song et al., 2015). Also, resveratrol can prevent the
activation of VEGF receptor-2 (VEGFR-2) and the molecules it signals,
such as Akt, ERK, and eNOS, which mediate the angiogenic activity
of VEGF (W. H. Hu et al., 2019). Likewise, resveratrol can modify the
function and expression of integrins, which mediate the interaction
between the extracellular matrix and endothelial cells. Resveratrol can
specifically inhibit the av3 integrin, which is highly expressed on acti-
vated endothelial cells and has a relevant role in angiogenesis (Ho et al.,
2018). Resveratrol can interfere with the attachment of av3 inte-
grin to vitronectin and fibronectin and prevent the development of
focal adhesion complexes and cytoskeletal rearrangements required
for endothelial cell migration and invasion. Resveratrol can decrease
the production and action of molecules that cause inflammation, such
as COX-2, prostaglandins, and interleukins, which can increase angio-
genesis by promoting the expression of VEGF and other angiogenic
factors (Zykova et al., 2008). Resveratrol can also stop the activation of
NF-xB, which controls the expression of many genes related to inflam-
mation and angiogenesis (Manna et al., 2000). Resveratrol can augment
the amount and activity of enzymes that protect cells from harmful
ROS and reduce oxidative stress (Xia et al., 2017). These enzymes
include glutathione peroxidase, catalase, and superoxide dismutase.
Finally, resveratrol can also modulate the signaling pathways sensitive
to the balance of ROS, such as Nrf2 and AMPK, which can control
the expression of genes associated with antioxidant defense, energy
metabolism, and angiogenesis (Bitterman & Chung, 2015; Dhapola
etal., 2024; Kim et al., 2018).

Resveratrol has been tested in different experimental models of
angiogenesis and cancer. It has exhibited hopeful results in stopping
the creation of new blood vessels and tumor growth. For example,
a pioneer study investigated the antitumor properties of resvera-
trol on RT-2 gliomas in rats and its impact on angiogenesis (Tseng
et al., 2004). Its experimental design involved treating RT-2 glioma

cells with resveratrol, assaying cytotoxicity, measuring apoptosis by

flow-activated cell sorter flow cytometry, and quantifying the VEGF
expression by RT-PCR. Additionally, in vitro proliferation was assayed
to explore the effects of resveratrol on the proliferation of ECV304
endothelial cells. The study found that resveratrol had a concentration-
and time-dependent cytotoxic effect on glioma cells, causing apop-
tosis. Furthermore, the expression of VEGF in the glioma cells and
the proliferation of ECV304 cells were inhibited by resveratrol in
a concentration-dependent fashion. Immunohistochemical analyses
showed that the s.c. gliomas from resveratrol-treated rats had fewer
microvessel densities than those of control rats. Therefore, resvera-
trol demonstrated substantial cytotoxicity and apoptosis in glioma cells
and inhibited angiogenesis in s.c. gliomas. Similarly, Trapp et al. (2010)
performed experiments to evaluate the effects of resveratrol on angio-
genesis in vitro in HMVECad endothelial cells. The authors assessed
angiogenesis as a function of endothelial cell survival in a three-
dimensional spheroidal coculture. When cocultured with WM3211,
YUZAZ6, or A375 melanoma cells, resveratrol treatment (50 IM, 48 h)
decreased endothelial cell viability. Interestingly, the combination of
resveratrol with other compounds seems to improve the anticancer
and antiangiogenic activities. In this regard, a study investigated the
antiangiogenic properties of resveratrol and 5-Fluorouracil (5-FU),
individually or in combination, in a B16 mouse melanoma model. The
combined use of resveratrol and 5-FU was more successful in inhibit-
ing cell growth than either drug used separately, and this antigrowth
effect was linked to changes in the expression levels of AMPK, COX-2,
vasodilator-stimulated phosphoprotein (VASP), and VEGF. Moreover,
the combined treatment of resveratrol and 5-FU led to a reduction
in tumor growth compared to the control group, and this reduction
in growth was correlated with changes in the expression levels of
VEGF, VASP, and AMPK. Immunohistochemical analysis of angiogen-
esis indicated that the combined treatment of resveratrol and 5-FU
resulted in fewer microvascular vessels than the control group. These
findings demonstrate that the combined treatment of resveratrol and
5-FU inhibited angiogenesis and cell growth in B16 mouse melanoma
tumors.

It is necessary to highlight that some compounds, such as genistein
and resveratrol, are endocrine-disrupting chemicals. This implies a dual
role of these compounds, which can both prevent and promote cancer
depending on the context (Modica et al., 2023). For example, genis-
tein has shown the potential to reduce mammary cancer in rats (Bhat
etal.,, 2021). However, it has also been associated with increased mam-
mary tumors and uterine adenocarcinomas in animal models (Doerge
et al., 2002; Newbold et al., 2001). Similarly, resveratrol, known for
its chemopreventive properties, can also act through estrogenic path-
ways, potentially exacerbating hormone-dependent cancers (Abdal
Dayem et al., 2016). Polyphenols have a chemical structure like that of
estradiol. Therefore, they could join the estrogenic receptors (Henley &
Korach, 2006) and alter the hormone functions related to cholesterol
production and reproductive cycles in males and females. Specifically,
the dual observed effect could be given to the relation between hor-
mone activity in the organism, the type of cancer hormone-dependent,
and the dose and affinity to estrogenic receptors of the compound
(Henley & Korach, 2006; Modica et al., 2023).
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422 | Terpenes and terpenoids

Terpenes, synthesized by plants and various organisms through the
mevalonate pathway, are commonly present in essential oils, resins,
and other plant-derived materials (Masyita et al., 2022). Distinguished
by a specific carbon skeleton, terpenes display a diverse array of lin-
ear, branched, or cyclic structures. These compounds consist of basic
hydrocarbons, whereas terpenoids represent a modified category of
terpenes featuring diverse functional groups and oxidized methyl
groups relocated or eliminated at various positions (Perveen, 2018).
Terpenes or terpenoids are grouped as hemiterpenes (C5), monoter-
penes (C10), sesquiterpenes (C15), diterpenes (C20), sesterterpenes
(C25), triterpenes (C30), and tetraterpenes (C40). These compounds
interact with specific biological targets, modulating signaling path-
ways critical to cellular processes (Wroblewska-Luczka et al., 2023).
Notably, terpenes demonstrate potent antiangiogenic effects in cancer
(Wroblewska-Luczka et al., 2023), as shown in Table 5.

Monoterpenes like thymoquinone, auraptene, and linalool also
exhibited antiangiogenic effects. Thymoquinone inhibited MMP-2,
MMP-9, and VEGF expression in DEN-intoxicated rats (Tadros et al.,
2022), while auraptene, in CAM and human breast cancer (MCF-
7) cells, reduced the number of blood vessels, as well as MMP-2,
MMP-9, VEGFR-1, and VEGFR-2 expression levels (Charmforoshan
et al.,, 2019). Linalool has been studied using several models, namely
in B16F10, a murine melanoma cell line, CAM, aortic ring assay, and
HDMECs, leading to inhibition of VEGF, MMP-2, and MMP-9 expres-
sion, as well as decreased vascular network formation (Becker et al.,
2021; Pal et al., 2022).

Sesquiterpenes like B-caryophyllene (BCP), furanodiene, and
artemisinin (ART) showed antiangiogenic properties in various models.
BCP, found in plants, inhibited tube formation in HUVECs and reduced
neovascularization in CAM (Dahham et al., 2021), while furanodi-
ene, also of plant origin, decreased subintestinal vessel formation in
zebrafish (Zhu et al., 2019). Extensive evaluation in HUVECs, osteosar-
coma (MG-63) cells, as well as xenografts of osteosarcoma and breast
cancer, has revealed ART as capable of modulating the expression of
critical factors such as TSP-1, VEGF, HIF-1«, and Notch1 (J. Dong et al.,
2020; Z. Li et al., 2019; Tsui et al.,, 2019; Yu et al., 2022). -elemene,
another sesquiterpene, exhibited antiangiogenic activity in heman-
gioma endothelial cells (HemECs) and BALB/c mice by downregulating
ACE2, VEGFA, and HIF-1a (Z. Wang et al., 2023; Wang et al., 2021).

Leucosesterterpenone, a sesterterpene isolated from the
Himalayan plant Leucosceptrum canum, is capable of inhibiting FGF-
2-induced proliferation, migration in a wounding assay, chemotaxis,
and tube formation with small vessel (human dermal) and large vessel
(bovine aortic) endothelial cells (Hussain et al., 2008).

One noteworthy polycyclic diterpenoid is Taxol (paclitaxel), which
promotes tubulin polymerization and shows remarkable efficacy in
cancer chemotherapy (Koksal et al., 2011). This natural product,
extracted from the bark of the Pacific yew tree Taxus brevifolia, is a
widely used agent for the treatment of a variety of tumors, including
lung, breast, head, neck, and ovarian cancers, as well as Kaposi’s sar-
coma (Hsiao et al., 2009; Li et al., 2012; Wang et al., 2009). This drug

has been widely studied regarding its antiangiogenic properties (Bocci
et al., 2013). Recent studies focus on low-dose paclitaxel administra-
tions (Shetti et al., 2019), combinations with other natural compounds
(Mahmoud et al., 2021), and even new encapsulation formulations to
improve its delivery (Clemente et al., 2019).

Regarding sesquiterpenoids, such as curcumol, these compounds
displayed antiangiogenic effects by decreasing VEGF-A and TSP1 pro-
tein levels in human pulmonary adenocarcinoma (A549) and human
non-small-cell lung cancer (H1975) cells and BALB/c mice xenografted
with human pulmonary adenocarcinoma (A549) cells (Ma et al., 2022).
Additionally, it reduced HIF-1a, p-ERK, p-JNK, p-p38, p-mTOR, p-
p70S6K, p-4EBP1, and p-elF4E in human HCC (Hep3B) cells (Zuo
et al., 2020). Diterpenoids, including eurifoloid Q, suppressed angio-
genesis by targeting VEGFR/AKT in rat aortic rings and HUVECs (Qi
et al., 2020). Anotherditerpenoind is Tanshinone |, Tanshinone IIA, and
Cryptotanshinone compounds of the herb Salvia miltiorrhiza, which
efficiently inhibit antiangiogenesis in tumor metastasis in hypoxic or
normoxic conditions, acting in vitro (lung cancer and osteosarcoma
cells) and in vivo, and induced the impairment of VEGF expression to
suppress the cancer growth (Zhou et al., 2020; Zhu et al., 2016).

Triterpenoids, such as oleanolic and ursolic acids, exhibited antian-
giogenic effects by downregulating VEGFR, HIF-1a, and MMP-2
mRNAs in DMBA-induced HCC in Swiss mice, several tumor cell lines
(A549, H460, and CAKI-1 cells), and HUVECs (Cai et al., 2023; Hosny
etal.,2021; Kanget al., 2021). A hexane extract from Azadirachta indica
containing lupeol, isomeldenin, nimocinol, gedunin, and nimbidinin also
reduced VEGFR, HIF-1, and MMP-2 mRNA expression in DEN-induced
HCC Wistar rats (Akinloye et al., 2021).

423 | Carotenoids

Carotenoids, the most common tetraterpenes in nature, are ubiqui-
tous pigments in photosynthetic bacteria, algae, and plants (Ademowo
et al., 2024; Maoka, 2020). These compounds play an important role in
photosynthesis, displaying red, yellow, or orange hues while contribut-
ing to photoprotection and cell membrane stabilization. Chemically,
carotenoids are divided into carotenes (pure hydrocarbons containing
no oxygen) and xanthophylls (oxygenated carotenes). Typically com-
posed of eight isoprene units, most carotenoids feature a 40-carbon
backbone with a standard structure comprising a polyene chain with
nine conjugated double bonds and terminal groups (Maoka, 2020).
The effects of several carotenoids (astaxanthin,7’,8,8'-tetrahydro-g,5-
carotene, betacarotene-15,15’-epoxide, diatoxanthin, crocetin, crocin,
and fucoxanthin) have been the focus of extensive research, particu-
larly assessing their antiangiogenic properties in cancer (Table 6).
Astaxanthin, a plant-derived xanthophyll, has shown promising
antiangiogenic effects in various in vitro and in vivo models. In human
prostate cancer (LNCaP) cells, astaxanthin demonstrated a decrease in
VEGF-A expression (Erzurumlu, Catakli, & Dogan, 2023). Additionally,
in colon cancer (HCT116) cells, astaxanthin exhibited an upregula-
tion of miR-29a-3p expression (Kim et al., 2019). Furthermore, in a

DMBA-induced breast carcinoma model in Wistar rats, a combination
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of astaxanthin, 7,7/,8,8'-tetrahydro-j,5-carotene and betacarotene-
15,15’-epoxide led to a significant reduction in the expression of vital
angiogenesis-related markers, including VEGF, VEGFR, EGFR, HIF-
1a, and MMP-2 (Metibemu et al., 2021). Other carotenoids, such
as diatoxanthin and crocetin, have also demonstrated antiangiogenic
properties. Diatoxanthin, in human prostate cancer (PC3 and DU145)
cells, decreased MMP-1 and MMP-9 expression (Sansone et al., 2023).
At the same time, crocetin, an apocarotenoid dicarboxylic acid, demon-
strated antiangiogenic effects in gastric cancer (Hs-746T) cells and
HUVECs, leading to a reduction in tube formation and vasculogenic
mimicry (Zang et al., 2021). Hydrophilic carotenoids, such as crocin,
have also shown promise in inhibiting tumor growth and angiogenesis.
In athymic nude mice xenografted with human colorectal adenocar-
cinoma (HT-29) cells, crocin administration decreased the number of
vessels and tumor volume (Bakshi et al., 2022). Additionally, fucox-
anthin, an epoxycarotenol, exhibited antiangiogenic effects in various
models, including female dog mammary gland carcinoma (CMT-U27),
human breast cancer (MDA-MB-231 and MDA-MB-468) cells, CAM
with glioblastoma (GBM1) cells, and BALB/c nu/nu mice xenografted
with human breast cancer (MDA-MB-231) cells. In these studies, angio-
genesis was hindered by decreased expression of VEGF-A, VEGF-C,
and VEGFR-3 protein and mRNA levels but also reduced lymphatic ves-
sel number and area, tumor volume, and weight (Ahmed et al., 2023;
Jangetal., 2021; Lopes et al., 2020; Wang et al., 2019).

Although some studies report carotenoids in animals, these are pri-
marily acquired from food or undergo partial modification through
metabolic reactions, as animals generally do not synthesize them
de novo (Maoka, 2011). Marine animals, including sponges, mollusks,
and crustaceans, exhibit structural diversity in their carotenoids,
which often derive from f-carotene, fucoxanthin, peridinin, diatox-
anthin, alloxanthin, and astaxanthin (Maoka, 2011). New structural
carotenoids discovered in marine animals offer valuable informa-
tion about function, food chains, and metabolic pathways, most likely
sourced from seaweeds or microalgae (Meresse et al., 2020).

424 | Cannabinoids

Cannabinoids, classified as terpenophenolic compounds with a C21
backbone, display diverse chemical structures primarily influenced
by variations in isoprenyl groups, side chains, and the resorcinyl core.
Based on their chemical composition, cannabinoids can be catego-
rized into 11 distinct classes, namely, cannabichromene, cannabidiol
(CBD), cannabielsoin, cannabigerol, cannabicyclol, cannabinol (CBN),
cannabinodiol, (=)-A8-trans-tetrahydrocannabinol
(A8-THC), (A9-THC), and

miscellaneous-type cannabinoids (Radwan et al, 2021). While

cannabitriol,

(=)-A9-trans-tetrahydrocannabinol

several compounds in these subclasses exhibit anticancer activity
(Daris et al., 2019; Silva-Reis et al., 2023), three classes (CBD, CBN, and
THC) have been extensively studied and shown to impact angiogenesis
in cancer (Table 8). CBD, a nonpsychotropic phytocannabinoid isolated
from Cannabis sativa, has been extensively studied regarding its anti-

cancer properties, especially by mediating angiogenesis (Ramer et al.,

2014). This compound inhibited sprout formation in human pulmonary
adenocarcinoma (A549) cells cocultured in HUVECs and treated with
CBD (Ramer et al., 2014). More recently, CBD was reported to exhibit
antiangiogenic properties in various models. It induced a reduction
in VEGF, a key regulator of angiogenesis, in BALB/c mice xenografted
with the murine colorectal carcinoma (CT26) cells; it caused a decrease
in VEGF, a key regulator of angiogenesis (Honarmand et al., 2018). In
human breast cancer (MCF-7) cells, CBD contributed to the down-
regulation of HIF-1a and VEGF (Jo et al., 2021). In human prostatic
adenocarcinoma (LNCaP) cells, CBD reduced N-cadherin and VEGF
levels (Erzurumlu, Catakli, & Sezer, 2023), while in athymic nu/J mice
xenografted with lung adenocarcinoma (NCI-H1437) cells, it reduced
the levels of VEGF and P-selectin (Salles et al., 2023). THC, another
cannabinoid compound, inhibited vascularization in A549 xenografted
tumors in SCID mice (Preet et al., 2008). In ErbB2-MMTV-neu mice
with metastatic mammary cancer, THC treatment resulted in antian-
giogenic effects through the downregulation of AKT (Caffarel et al.,
2010). Furthermore, CBN, another cannabinoid, was described to
exhibit antiangiogenic effects in neuroblastoma cell lines (IMR-5
and SK-N-AS), including decreased p-AKT, downregulated E2F1
expression, and increased miR-34a expression (Wang et al., 2022).
Extracts containing CBD, THC, and THCA also reduce CAM’s VEGF

and L-arginine-induced vessel formation (Bala et al., 2019).

425 | Alkaloids

Alkaloids, nitrogen-containing compounds produced by plants, fungi,
and bacteria (Dey et al., 2020), have diverse biological effects and
historical uses in traditional medicine (Ziegler & Facchini, 2008).
They can be classified based on nitrogen atoms and categorized by
chemical properties and sources (Yan et al., 2021). Some alkaloids
exhibit promising anticancer properties, particularly in angiogenesis
modulation (Table 7).

Capsaicin is a natural product of Capsicum species; it induces exci-
tation of nociceptive terminals implicated in pain sensation (Min et al.,
2004). It has demonstrated carcinogens’ and mutagens’ properties in
vitro and in vivo assay systems. in vitro, 1—-25 pM for 48 h of capsaicin
(ICs0: 5 uM) inhibited VEGF-induced proliferation, DNA synthesis,
chemotactic motility, and capillary-like tube formation of primary cul-
tured human endothelial cells (Min et al., 2004). Also, it protects against
experimentally induced mutagenesis and tumorigenesis and induces
apoptosis in immortalized or malignant cell lines (Surh, 1999). Pyun
et al. (2008) demonstrated that the pretreatment for 30 min of 1,
5, 10, or 25 pmol/L of capsiate (a capsaicin analog) in primary cul-
tured human endothelial cells inhibited VEGF-induced proliferation,
chemotactic motility, and capillary-like tube formation. Their study also
exposed that the exposure of capsiate (5 or 25 pmol/L) to aortic seg-
ments from 6-week-old Sprague-Dawley rats (ex vivo study) inhibits
VEGF-induced vessel sprouting. In an in vivo study with C57BL/6 mice,
exposure for 7 days to 0.6 mL of Matrigel containing VEGF (100 ng) and
60 pg of capsiate inhibited the formation of new blood vessels (Pyun
et al., 2008).
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TABLE 7 Naturally occurring cannabinoids derived from Cannabis sativa in tumor angiogenesis: Sources, experimental models, and

antiangiogenic molecular mechanisms.

1=

Bioactive Cellular/animal
compounds Origin models Treatment Molecular targets Effects Ref(s)
CBD ND BALB/c mice (Xen:  1-5 mg/kg (i.p., VEGF | VEGF Honarmand et al.
CT26 cells) three times a (2018)
week, 7 weeks)
Standard MCF-7 cells 2uM (1-24h) HIF-1a | HIF-1a and Joetal.(2021)
VEGF
Formulation Athymic nu/J mice 6.4 mg/day P-selectin, VEGF | P-selectin and Salles et al. (2023)
ApelinDx (Xen:NCI-H1437 (inhaled, 3 weeks) VEGF
cells)
ND extract LNCaP cells 1-20nM (24 h) N-and | N-cadherin and Erzurumlu et al.
E-cadherin, VEGF  VEGF (2023)
1 E-cadherin
CBD, THC, THCA Hexane, DCM, CAM 40 pg (11 days) VEGF | VEGF and L- Balaetal.(2019)
and MeOH arginine-induced
extracts vessel formation
CBN ND IMR-5 and 15-20uM (24 miR-34a, PFKFB3 | Tube formation, ~Wangetal. (2022)
SK-N-AS cells and 48 h) p-AKT and E2F1
T miR-34a
expression

Abbreviations: CAM, in vivo chick chorioallantoic membrane; CBD, cannabidiol; CBN, cannabinol; DCM, dichloromethane; E2F1, E2 transcription factor
1; HIF-1a, hypoxia-inducible factor 1-a; i.p., intraperitoneal; MeOH, methanol; ND, nondefined; THC, tetrahydrocannabinol; THCA, tetrahydrocannabinolic

acid; VEGF, vascular endothelial growth factor; Xen, xenograft.

Noscapine, a benzylisoquinoline alkaloid from plants in the Papaver-
aceae family, has shown reduced HIF-1a and HIF-1-regulated gene
products in ovarian cancer (C13K) cell lines (Alasvand et al., 2019).
This antiangiogenic activity has also been observed in various other cell
lines (Chougule et al., 2011; Newcomb et al., 2008) and in Nu/Nu mice
xenografted with human non-small-lung cancer (H460) cells (Jackson
et al.,, 2008). Berberine is another alkaloid that has been the focus
of several studies, being found to decrease VEGF expression lev-
els in human cervical cancer (SiHa) and human HCC (HepG2) cells
(Chu et al., 2014; Jie et al., 2011). Sanguinarine, found in multiple
plants including Bocconia frutescens, Chelidonium majus, Macleya cordata,
Poppy fumaria, and Sanguinaria canadensis, has also undergone exten-
sive study in the past, mainly focusing on its antiangiogenic effects in
diverse cell lines such as murine B16 melanoma (4A5) cells (De Stefano
et al., 2009), human pulmonary adenocarcinoma (A549) cells (Xu et al.,
2013), human breast cancer (MCF-7) (Dong et al., 2013), and human
pancreatic cancer (BxPC-3 and MIA PaCa-2) (Singh et al., 2015).

Camptothecin, isolated from Camptotheca acuminata, showed
antiangiogenic effects in CAM (Wang et al., 2003) and resulted in
reduced blood vessel density in an orthotopic metastatic human
colon cancer (HCT-116) cell line in ND-GFP nude mice (Yong et al,,
2007). Notably, four analogs of camptothecin—topotecan, irinotecan,
belotecan, and trastuzumab deruxtecan—have been approved and are
currently employed in cancer chemotherapy (Montanino et al., 2021).

Recent research has delved into other alkaloids, including evo-
diamine, present in a variety of herbs, such as Evodia rutaecarpa
and Euonymus europaeus, which has displayed a notable reduction
of angiogenesis-related factors in colorectal cancer (SW480 and

HCT116) cell lines (Zeng et al., 2021). In human prostate cancer (PC-3
and DU145) cells, evodiamine was shown to increase Sema3A (Yu et al.,
2023) and reduce VEGF levels (Hwang et al., 2020). Similarly, sophori-
dine, derived from herbs such as Sophora alopecuroides L., Euchresta
japonica Benth, and Sophora moocrorftinan, has shown a decrease in
VEGFR in human breast cancer (MDA-MB-231 and BT549) cell lines
(Xue et al., 2022). Crinamine, an alkaloid isolated from Crinum asiaticum
bulbs, demonstrated antiangiogenic effects by inhibiting VEGF-A in
human cervical cancer (SiHa) cells (Khumkhrong et al., 2019). Also,
tetramethylpyrazine, an alkaloid isolated from the medicinal herb
Ligusticum chuanxiong, demonstrated inhibitory effects on VEGF and
CD31 expression in HUVECs and BALB/c nude mice xenografted with
ovarian cancer (A2780) cells (Zou et al., 2019). Harmaline, a major j-
carboline alkaloid present in the seeds and roots of Peganum harmala,
exhibits a downregulation of VEGF, MMP-2, and VEGFR2 in a human
breast cancer (4T1) cell line, as well as in BALB/c mice xenografted
with this same cell line (Rashidi et al., 2022). Lycorine, the primary
active alkaloid of most Amaryllidaceae plants, demonstrates inhibition
of PDGFRa in HUVECs (Lv et al., 2022). Solanidine, an alkaloid isolated
from Solanum dulcamara L., has revealed inhibitory effects on HIF-1«,
VEGF-A, MMP-2, and MMP-9 expression levels in murine Lewis lung
carcinoma and human pulmonary adenocarcinoma (A549) cell lines
(Sherapura et al., 2023).

Although most alkaloids studied in the literature come from plant
sources, quinadoline B, an alkaloid derived from fungi, has also been
found to have antiangiogenic effects in a murine model with allografted
melanoma (B16F10) cells, leading to a notable reduction in CD31
expression (Guo et al., 2023).
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TABLE 8 Naturally occurring alkaloids in tumor angiogenesis: Sources, experimental models, and antiangiogenic molecular mechanisms.

Bioactive Cellular/animal
compounds Origin models Treatment Molecular target Effects Ref(s)
Crinamine Isolated from SiHacells 4-16 UM (8 h) VEGF-A | VEGF-A Khumkhrong et al.
Crinum asiaticum (2019)
bulbs
Cyclovirobuxine Standard ACHN and 786-O 20-60 M (48 h) Vimentin | Vimentin Liu, Lv, et al.
cells (2021)
Nude mice (Xen: 0.5 mg/kg (i.p., 7
786-0 cells) days)
Evodiamine Standard DU145 and PC-3 10 uM (48 h) Sema3A 1 Sema3A Yu et al. (2023)
cells
HCT116 and 0.375-12.0uM HIF-1a, MMP-2, | HIF-1a, MMP-2, Zengetal. (2021)
SW480 cells (24 h) MMP-9, VEGF MMP-9, VEGF
DU145 and PC-3 1-10uM (36 h) VEGF | VEGF Hwanget al.
cells (2020)
Harmaline Standard BALB/c mice (Xen: 10-30 mg/kg (i.p., MMP-2, VEGF, | VEGF Rashidi et al.
4T1 cells) 35 days) VEGFR2 | MMP-2, (2022)
VEGFR2
Harmine Standard HUVECs, RT4 10 uM (24 h) VEGFR2 | VEGFR2 Hai-Rong et al.
cells (2019)
BALB/c nude mice 10 mg/kg (i.p., 30
(Xen: RT4 cells) days)
Ligustrazine ND BALB/c nude mice 70 mg/kg (i.p., Whnt/B-catenin | Wnt/B-catenin Y.Dong et al.
(Xen: H1299 cells) 6 weeks) signaling pathway  signaling pathway (2020)
Lycorine Standard HUVECs 6—-12uM (24 h) PDGFRa | PDGFRa Lvetal.(2022)
Oxostephanine Isolated from OVCAR-8 and 0.2-25uM (24 h) Aurora kinases 1 Aurorakinases Tranetal.(2022)
Stephania dielsiana  Hela cells

leaves

Quinadoline B Isolated from C57/BL6J mice 10 mg/kg (i.p., 18 CD31, VEGFR 1 CD31 Guo et al. (2023)
Aspergillus (Allo: B16F10 days)
clavutus cells)
LZD32-24
Sanguinarine Standard MDA-MB-231 5uM (24 h) IKBKE | IKBKE Messeha et al.
and (2022)
MDA-MB-468
cells
Solanidine Standard A549 and LLC 4-8uM (48 h) HIF-1a, MMP-2, | HIF-1a, MMP-2, Sherapuraetal.
cells MMP-9, VEGF-A MMP-9, VEGF-A (2023)
Sophoridine Standard BT549 and 20-80 pM (24 h) VEGFR | VEGFR Xue et al. (2022)
MDA-MB-231
cells
Standard HUVECs 100 uM (48 h) CD31, VEGF | CD31, VEGF Zou et al. (2019)
Tetramethylpyrazine
BALB/c nude mice 60 mg/kg (tail vein

(Xen: A2780 cells)

injection, every 2
days, 12 days)

Abbreviations: CD31, cluster of differentiation 31; HIF-1«a, hypoxia-inducible factor-1 «; i.p., intraperitoneal; IKBKE, inhibitor of nuclear factor kappa B kinase
subunit epsilon; IL-8, interleukin-8; MMP, matrix metalloproteinase; PDGFR, platelet-derived growth factor receptor; Sema3A, semaphorin-3A; VEGF-A,
vascular endothelial growth factor-A; VEGFR, vascular endothelial growth factor receptor.
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Other alkaloids such as oxostephanine, harmine, sanguinarine, ligus-
trazine, and cyclovirobuxine have also shown varying degrees of
antiangiogenic effects in diverse cancer cell lines and animal models,
targeting molecules such as Aurora kinases, VEGFR-2, IKBKE, Wnt/$3-
catenin signaling pathway, and vimentin (Y. Dong et al., 2020; Hai-Rong
etal., 2019; Liu, Lv, et al., 2021; Messeha et al., 2022; Tran et al., 2022).

42.6 | Ginsenosides

Ginsenosides are natural compounds extracted from the root of the
Ginseng plant. Ginsenoside-Rg3 has demonstrated in vitro and in vivo
antiangiogenic effects in cancer models (Nakhjavani et al., 2019; Zhang
et al., 2024). A study conducted by Yue et al. (2006) exposed that
this compound inhibits HUVEC proliferation at IC5¢ 10 nM, demon-
strating its capacity to suppress angiogenesis by inhibiting vascular

proliferation.

5 | COMBINED NATURAL PRODUCTS WITH
ANTIANGIOGENIC DRUGS IN CANCER

Nowadays, combinatorial therapy between natural compounds and
antiangiogenic drugs for cancer treatments has become increasingly
significant. This increase could be due to administering multiple
chemotherapeutics targeting different biochemical pathways, enhanc-
ing efficacy and safety (Naeem et al.,, 2022). Various studies have
successfully combined phytochemicals with conventional drugs. For
example, Ginsenoside Rg3 is known for inhibiting tumor cells’ adhe-
sion, invasion, and proliferation and forming tumor neovascularization
(Hong et al., 2020). In a study involving a cervical cancer-bearing nude
mouse model, ginsenoside Rg3 was administered orally at 5 mg/kg and
evaluated for 5 weeks. The experimental design included a cisplatin-
positive control group and a combined treatment group. Jia et al.
(2024) performed an immunohistochemical analysis to determine the
expression levels of CD31 and PCNA in tumor tissues and apopto-
sis. Their results indicated that ginsenoside Rg3, both alone and in
combination with cisplatin, significantly inhibited the growth of Hela
cell-transplanted tumors in nude mice (Jia et al., 2024). Cisplatin (5, 10,
and 15 pyM) was also evaluated with piperine (20 and 30 uM) in the
MCEF-7 cell line for 24 h. Asynergistically inhibited cell viability of MCF-
7 breast cancer cells more than piperine and cisplatin used alone was
observed. At concentrations of 5 uM cisplatin and 20 uM piperine, a
synergistic effect is observed in inducing apoptosis (Fattah et al., 2021).
In another study by Shen et al. noscapine administration increases
cisplatin’s sensitivity by modulating the cell cycle and inducing apop-
tosis in cisplatin-resistant ovarian SKOV3 cells in mice. Curcumin is
one of the most tested compounds in combination with other conven-
tional anticancer drugs (Shen et al., 2015). Its administration increases
the doxorubicin’s antitumor activity by inducing apoptosis in neurob-
lastoma SH-SY5Y cells via upregulation of p21 p53 and TIMP1 and
downregulation of MMP2 (Namkaew et al., 2018). Combined therapies

offer some advantages. For example, (i) diminishing the toxicities linked

with chemotherapeutics drugs such as doxorubicin and cisplatin. (ii)
Overcoming chemoresistance can reduce adverse events by employing
lower doses of drugs while maintaining the same efficacy and, in some
cases, achieving better pharmacological effects through synergism (Ng
etal., 2022).

6 | PROS AND CONS OF USING NATURAL
PRODUCTS

Natural compounds offer distinct advantages in drug discovery due
to their diverse range and ability to target multiple signaling path-
ways in angiogenesis (Khalid et al., 2016). These compounds are readily
available in our daily diet, cost-effective compared to other drugs,
efficiently absorbed from the gastrointestinal tract, and provide long-
lasting effects suitable for extended prevention and treatment (Khalid
et al., 2016). Additionally, they typically exhibit minimal side effects.
Combining natural compounds with classic antineoplastic drugs can
mitigate the latter’s toxicity, improving patients’ quality of life (Mohi-
Ud-Din et al., 2023; Naeem et al., 2022) (Figure 5). For example,
Daumone (a natural product secreted by Caenorhabditis elegans) is a
biodegradable glycolipid with low toxicity that enhances the hybrid
system’s solubility and activity (Ricci et al, 2011). This synergistic
approach also holds the potential for minimizing side effects associ-
ated with prolonged drug administration and has also been found to
augment drug efficacy (Ng et al., 2022). Currently, an expanding field of
research is focused on synthesizing bifunctional conjugates of natural
products. This approach addresses the limitations of developing new
and more effective cancer treatments. These conjugates enhance the
selectivity of natural products for cancer cells, reducing their toxicity
(Sflakidou et al., 2022). For example, in the phase | clinical trial, EC145,
a conjugate of folic acid and the vinca alkaloid desacetylvinblastine
hydrazide, was determined to have an acceptable toxicity profile. How-
ever, some symptoms were presented, such as constipation, nausea,
fatigue, and vomiting (Lorusso et al., 2012). The evaluation of natural
compounds such as curcumin and triptolide, which have strong liver
and kidney toxicities, has demonstrated that curcumin exerts synergis-
tic anticancer effects in ovarian cancer and decreases the side effects
of triptolide (Liu et al., 2018).

Despite these benefits, several challenges must be addressed: their
limited bioavailability, aqueous solubility, chemical complexity, sus-
ceptibility to degradation, and low absorption rates (Lu et al., 2023;
Shanmugam et al., 2017). To address these limitations enhancing the
therapeutic potential of natural products, various formulation strate-
gies, including liposomes, micelles, nanoparticles, and solid dispersions,
have been explored, aiming to improve the solubility and stability of
natural products, ultimately enhancing their bioavailability and tar-
get specificity (Baranwal et al., 2023; Mahran et al., 2017). Likewise,
a research opportunity is to explore the natural compounds with
antiangiogenesis activity in clinical trials to determine their effects as
anticancer compounds.

Other challenging issues when using natural compounds are the

potential drawbacks, including adverse effects, contraindications, and
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FIGURE 5 Benefits of combining natural
products with conventional chemotherapeutic
drugs in cancer therapy.
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interactions with other medications. For example, orally administered
resveratrol supplements are generally considered safe at doses of up
to 1500 mg daily for up to 3 months. However, caution is warranted
when exceeding this dosage, as higher amounts may result in adverse
effects such as nausea, diarrhea, vomiting, and even liver dysfunction.
Notably, resveratrol has the potential to interact with medications
that undergo hepatic metabolism, particularly those processed by
the cytochrome P450 1A2 (CYP1A2), CYP3A, and CYP2E1. These
interactions may impact drug efficacy or safety (Piver et al., 2001). Con-
sequently, individuals concurrently taking medications metabolized
by these enzymes could suffer from harmful complications. Addition-
ally, it is essential to note that resveratrol may increase the risk of
bruising and bleeding when used concomitantly with anticoagulants
or antiplatelet agents in individuals with bleeding disorders. Likewise,
quercetin may have potentially hazardous interactions with several
drugs, including warfarin and cyclosporine. For example, quercetin
may amplify the effects of warfarin, increasing the bleeding risk (Poér
et al., 2017). Moreover, quercetin may influence the metabolism of
cyclosporine, a medication commonly prescribed to prevent organ
transplant rejection; quercetin could alter its effects and side effects
by slowing down its breakdown (Hsiu et al., 2002). Thus, the paral-
lel administration of quercetin with these medications might require
caution and close medical monitoring. Similarly, other natural com-
pounds may have adverse effects or important implications when
coadministered with conventional drugs. For instance, high doses of
epigallocatechin gallate could produce liver dysfunction and/or inter-
act with medications for cholesterol or blood pressure (Z. Shi et al.,

2020; Zeng et al., 2022). Likewise, genistein may influence hormone-

Increase patients”
quality of life

dependent cancers due to their structural resemblance to endogenous
hormones. In summary, although many natural compounds are promis-
ing for cancer treatment, it is evident that there are potential risks
associated with the unregulated use of natural medicines alongside
conventional therapeutic medications. Thus, a comprehensive evalu-
ation and monitoring of possible side effects associated with these
natural compounds is warranted to guarantee their safe and effective

integration for cancer treatment.

7 | CLINICAL STUDIES OF NATURAL PRODUCTS
AS ANTIANGIOGENIC AGENTS

Significant attention has been given lately to finding natural chemo-
preventive substances that can inhibit, retard, or reverse multistage
carcinogenesis because its antitumor, anti-inflammatory, and antian-
giopathy bioactivities often used in clinical applications. We could not
detect direct clinical trials of natural products targeting an antiangio-
genesis mechanism in cancer. International clinical registries reveal
that most molecules extracted from natural products related to an
antiangiogenesis mechanism are being evaluated, looking for a mech-
anism of malignant cell death, treatment of cancer-related symptoms
such as pain, inflammation, or, in the greatest proportion, as adjuvants.
In the public information of clinical trials, the need for data such as
purity of the compounds or the combination of extracts, in addition to
the type of source of natural origin variables intrinsic to natural prod-
ucts, may be convenient. We are still in the initial stage of evaluating

clinical trials, and we will need more time and more support work to
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advance the in vivo knowledge of antiangiogenesis mechanisms. We
can corroborate the above in that most of the studies on the related
topic began in 2010, and in most of them, there is still no definitive
public result. However, it highlights and motivates the interest that
they are natural products that could offer a high benefit at a low cost
and with almost no adverse effects. Most of the reports of clinical tri-
als with natural products for tumors are in phase 1. One aspect that
we observe that highlights its importance is that most interventions
do not consider further intervention or modification to the route of
administration and the type of pharmaceutical dosage form to guar-
antee adequate pharmacology. Therefore, the clinical result may be
undervalued in most studies, hence the discrepancy in in vitro-in vivo
correlations.

In this section (Table 9), we provide information regarding clini-
cal studies made with natural products shown to have antiangiogenic
effects in vivo and in vitro.

In human trials, the therapeutic potential of curcumin in cancer
patients has been evaluated. From June 2014 to July 2016, a double-
blind, randomized phase Il study was carried out. This study evaluated
the effect of curcumin plus docetaxel (a chemotherapy drug) 6 g/day
for 7 days every 3 weeks in 50 patients with metastatic castration-
resistant prostate cancer (mCRPC). The authors evaluated data on
the time to progression, overall survival, prostate-specific antigen,
response, safety, curcumin absorption, and patients’ quality of life at
6 months. No statistical significance was observed between the cur-
cumin and placebo groups in any evaluated variable at 6 months. These
results underline that curcumin was ineffective in improving the stud-
ied parameters in mCRPC patients. The study was discontinued due
to curcumin ineffectiveness (Passildas-Jahanmohan et al., 2021). Also,
an open-label phase | trial was conducted to assess the feasibility and
tolerability of administering docetaxel with curcumin among people
with breast cancer. The inclusion criteria were: (i) postmenopausal
women or men, (ii) histologically confirmed metastatic or regionally
recurrent advanced breast cancer, and (iii) patients who had received
anthracycline-based adjuvant chemotherapy. For six cycles, 100 mg/m?2
of docetaxel was administered to patients as a 1-h intravenous infu-
sion every 3 weeks. Curcumin was orally applied at 500 mg/day for
seven consecutive cycles and gradually increased until dose-limiting
toxicity was observed. This study also evaluated the effect of cur-
cumin on VEGFs and tumor markers. The maximal tolerated dose of
curcumin was determined to be 8000 mg/day. Regarding the VEGF,
it significantly decreased by —30% between baseline and cycle no. 3.
Worth mentioning that VEGF overexpression is clinically associated
with larger tumor size, increased metastasis, and poor prognosis in
metastatic breast cancer patients (Sweeney et al., 2001). The clinical
trial authors recommend the dose of 6000 mg/day of curcumin for 7
days in sequence, every 3 weeks, with the standard dose of docetaxel.

Another natural compound that has been studied for treating can-
cer is genistein. A phase Il randomized clinical trial was conducted
between May 2009 and January 2011. This study assessed the appro-
priate efficacy of genistein in blocking enzymes for cancer cell growth
and tumor blood flow among patients with primary adenocarcinoma of

the pancreas. Also, its effect on angiogenesis-related factors. Patients

were randomly divided into two groups: the oral genistein group, with
a 3-week time frame, and another group that received no specific
therapy and carried out surgical resection in the third week from
enrolment. Currently, the results have not been posted on Clinical-
Trials.gov. Ginsenoside Rg3 was used in Shanghai, China, in a study
conducted from December 2020 until December 2023 on patients
with unresectable HCC. Ginsenoside Rg3 is a ginseng leachate extract
that can inhibit angiogenesis, reduce the expression of programmed
cell death ligand 1 (PD-L1), and block the binding of programmed cell
death 1 and PD-L1. This study was directed to compare the efficacy
and safety of transcatheter arterial chemoembolization combined with
the antiangiogenic targeted drugs and ginsenoside Rg3 versus tran-
scatheter arterial chemoembolization alone. Although antiangiogenic
targeted drugs and ginsenoside Rg3 synergize with transcatheter arte-
rial chemoembolization in this clinical trial, no results are posted on
ClinicalTrials.gov for this study (Table 9). In summary, the studies dis-
cussed above demonstrated that natural compounds have the potential
to inhibit angiogenesis, which is essential to cancer progression. How-
ever, most clinical trials that have tested the natural compounds have
not been finished, so it is necessary to give continuity to trials, espe-
cially to know the probable side effects and doses for different cancer

conditions.

8 | CHALLENGES AND FUTURE DIRECTIONS

The effects of natural products as antiangiogenic compounds are lim-
ited and inconclusive. Indeed, the results are contradictory in some
cases; for example, the capsaicin that is antiangiogenic. However,
high capsaicin pepper use is a risk factor for developing stomach
and liver cancer; even capsaicin is considered a carcinogen (Archer
& Jones, 2002). So, the evidence suggests that capsaicin has a dual
role in carcinogenic and mutagenic processes. A challenge in using
natural compounds as antiangiogenic agents is the standardization
of the doses, routes of administration, types of tissues affected, and
people’s habits since it has been established that consuming nat-
ural compounds in the diet involves the risk of developing cancer
(Archer & Jones, 2002). These challenges affect the reproducibility
of the study and, therefore, of results. Also, translating preclinical
findings into clinical studies is difficult due to limitations and discrep-
ancies in bioavailability and compound specificity. Only a small fraction
of the administered dose reaches the systemic circulation, and the
bioavailability of antiangiogenic compounds varies depending on the
administration way (Sohn et al., 2021). The parenteral route offers
superior absorption and bioavailability compared to the oral route
(Stielow et al., 2023). The oral administration of these compounds
alters their composition because they could suffer modification within
the gastrointestinal system, rendering them susceptible to inactivation
(Stielow et al., 2023).

In humans, the homogenization of natural dietary compounds is
complex; therefore, evaluating an interest compound’s pure effect
is difficult. An additional complication arises from the fact that cer-

tain bioactive agents, such as amino acids and proteins, have diverse
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functions in regulating biochemical and physiological processes in the
human body and serve as a source of energy. Therefore, providing a
detailed report of people’s diets in the clinical trials could be benefi-
cial in considering another factor that could alter, bias, or confound the
results.

A notable comment in most studies in vitro that tested natural
compounds as antiangiogenic is the use of high concentrations of com-
pounds in cell culture systems and not in animal models. So, there
exists a need for further in-depth studies in animal models and epi-
demiology studies with humans to precisely delineate the effects of
natural compounds on antiangiogenesis in cancer. As a result of this
review, we observed that in most articles that tested natural com-
pounds as modulators of angiogenic effects, the decrease of VEGF
is its primary effect. It was postulated that VEGF-blocking by phyto-
chemicals has emerged as an attractive strategy for cancer prevention
and therapeutics (Kowshik et al., 2014). VEGF is the most essential
angiogenic signal protein that stimulates tumor neoangiogenesis. This
protein also increases vascular endothelial cells’ mitogenic and has
survival properties (Dvorak, 2005; Roberts & Palade, 1997). There-
fore, a limitation is that there is a lack of studies that test the
synergic or additive effects between the natural compounds with
antiangiogenic effects (diet or as a supplement) and the antiangio-
genic therapy for cancers, as bevacizumab (Avastin), small molecule
tyrosine kinase inhibitors (sunitinib, sorafenib, and pazopanib), sol-
uble VEGF decoy receptor (aflibercept), and humanized monoclonal
antibody of VEGFR2 (ramucirumab). Finally, it is essential to highlight
that some natural compounds, such as genistein, could favor cancer
hormone-dependent because of their chemical similitude with endo-
gen hormones. It has been reported that consuming genistein may have
the opposite effect for patients with a high ERa/ERS ratio diagnosed
with breast cancer who are undergoing anticancer treatment (Pons
et al., 2016). Thus, although the natural compounds discussed in this
article seem promising alternatives for cancer treatment, the use of
these substances carries potential risks. Therefore, a thorough eval-
uation and ongoing monitoring of these natural compounds’ possible
side effects and contraindications are essential to ensure their safe and
effective integration into cancer treatment protocols.

9 | CONCLUSION

This review presents a portfolio of diverse bioactive compounds with
antiangiogenic molecular mechanisms. Interestingly, preclinical evi-
dence reveals an encouraging outlook for controlling different types
of cancer through an antiangiogenesis mechanism. Therefore, natural
products as modulators of angiogenesis in cancer could be adjuvant
treatments to classic antineoplastic drugs. However, some clinical tri-
als are underway, but no confirmatory evidence exists to support the
information suggested from the preclinical data. Then, as occurs with
the advance of research in the translation of the knowledge of different
bioactive compounds, the impact of clinical studies may require greater
robustness in the studies for some biocompounds from extraction,

purification, characterization, demonstration of the reproducibility of

the previous processes, safety, and efficacy to guarantee an adequate
clinical trial and, therefore, more clinical trials in development.
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