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Abstract

Angiogenesis, a crucial process in tumor growth and metastasis, necessitates targeted therapeutic intervention.

This review reviews the latest knowledge of anti-angiogenesis targets in tumors, with emphasis on the molecular
mechanisms and signaling pathways that regulate this process. We emphasize the tumor microenvironment’s role

in angiogenesis, examine endothelial cell metabolic changes, and evaluated potential therapeutic strategies targeting
the tumor vascular system. At the same time, we analyzed the signaling pathway and molecular mechanism of tumor
angiogenesis in detail. In addition, this paper also looks at the development trend of tumor anti-angiogenesis drugs,
including their future development direction and challenges, aiming to provide prospective insight into the devel-
opment of this field. Despite their potential, anti-angiogenic therapies encounter challenges like drug resistance

and side effects, necessitating ongoing research to enhance cancer treatment strategies and the efficacy of these

therapies.
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Introduction

Tumor is a new growth formed by the proliferation of
local tissue cells in the body due to various tumorigenic
factors. It has the characteristics of rapid reproduc-
tion, strong metabolism and tenacious vitality, and its
requirement for oxygen and nutrients is higher than that
of normal tissue cells [1]. Angiogenesis is the process of
developing a new vascular network through the original
vascular system. The core mechanism includes the deg-
radation of the vascular basement membrane, the activa-
tion and proliferation of endothelial cells (ECs), and cell
migration, and finally the reconstruction of the vascular
network [2, 3]. This process is important for tissue repair
and embryonic development in physiology and is closely
related to tumor growth and inflammatory response in
pathology, involving diverse cells and molecules [4]. ECs
in the inner blood vessel wall are crucial for angiogen-
esis and vascular homeostasis, facilitating oxygen and
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nutrient supply to meet the body’s metabolic demands.
During angiogenesis, endothelial progenitor cells (EPCs)
are recruited, differentiate into mature vascular ECs
in response to local stimuli, and form blood vessels [5].
Neovascularization is crucial for tumor growth and
metastasis, facilitating nutrient transport and metabolic
waste removal from tumor cells. Immature neovasculari-
zation induces hypoxia and acidosis in the tumor micro-
environment, accelerating tumor growth and metastasis
[6, 7]. It’s a self-reinforcing cycle [8, 9]. Angiogenesis is
crucial for tumor growth, metastasis, and prognosis.

Anti-angiogenesis therapy is a novel approach for treat-
ing tumors. Angiogenesis is now a crucial target in cancer
therapy, focusing primarily on the VEGF/VEGEFR, PDGF/
PDGEFR, EGF/EGFR, and FGF/FGER signaling pathways
[10]. In recent years, anti-tumor angiogenesis research
has shifted from single-target anti-angiogenic drugs to
combination therapies, immunotherapies, and multi-
target anti-angiogenic agents due to adverse effects,
increasing drug resistance, off-target toxicity, and tumor
recurrence [10-14]. In addition, many metabolites in nat-
ural drugs have been found to possess high anti-cancer
activity and low side effects, which deserve further detect
[15].

While anti-angiogenic therapy offers significant sur-
vival benefits by reducing tumor size and extending
survival time, it also presents challenges, acting as a
double-edged sword. However, adverse effects like head-
ache, hypertension, proteinuria, bleeding, thrombosis,
and thrombocytopenia have brought great challenges
to its clinical application [16]. Maximizing therapeu-
tic effects while minimizing side effects is a significant
challenge in clinical anti-angiogenic therapy. Resistance
to anti-angiogenic drugs is common in the treatment of
cancer patients, which significantly affects the progno-
sis of patients. At the same time, the therapeutic effect
of single-agent pro-angiogenic therapy is relatively lim-
ited, which poses a major challenge in the current field.
Anti-angiogenic drugs such as Bevacizumab face resist-
ance challenges in clinical application. The main mecha-
nisms include: redundancy of VEGF signaling (such as
up-regulation of VEGFC and PIGF); Changes in biologi-
cal characteristics of tumor cells (invasion and metasta-
sis, enhanced stem cell characteristics, autophagy and
metabolic reprogramming); The pro-angiogenic effects
of bone marrow-derived cells (MDSCs, TAMs) and local
stromal cells (pericytes, CAFs); And alternative models
of angiogenesis (co-selection and mimicry) [17]. Conse-
quently, researchers have concentrated more on enhanc-
ing therapeutic efficacy and reducing drug resistance
[17, 18]. At present, a variety of multi-targeted angio-
genesis inhibitors, such as Sorafenib [19], Lenvatinib and
Vorolanib [20, 21], have been developed for the treatment
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of tumors. The combination of anti-angiogenesis drugs
and immunotherapy exhibits a synergistic effect. In addi-
tion, numerous pivotal clinical trials have evaluated the
combination of angiogenesis inhibitors with traditional
cancer therapies such as chemotherapy, radiotherapy,
biotherapy, immunotherapy, adoptive cell therapy, and
cancer vaccines in patients with various cancer types
[22]. Ongoing research into the molecular mechanisms
of angiogenesis and the development of novel therapeu-
tic agents targeting these pathways offers hope for more
effective cancer treatments with fewer side effects.

This review outlines the process and characteristics of
tumor angiogenesis, its impact on tumor growth, spread,
invasion, and metastasis, the composition of the tumor
microenvironment and its influence on angiogenesis, the
metabolic changes of ECs within the tumor microenvi-
ronment, and the potential for targeting tumor blood
vessels. This review also examines the signaling pathways
and molecular mechanisms driving tumor angiogenesis.
In addition, we also outline some anti-angiogenic drugs
and their mechanisms of action.

The pathophysiological process of tumor
angiogenesis
In 1971, Professor Folkman suggested that angiogenesis
is crucial for tumor growth and metastasis, offering a new
theoretical foundation for anti-tumor angiogenesis drugs
[23]. Tumor angiogenesis is the process where new blood
vessels form from existing ones, supplying nutrients, oxy-
gen, and a cellular network essential for tumor growth
[23-27]. The complex vascular network facilitates tumor
cells entering the bloodstream and metastasizing to dis-
tant body sites. Tumor angiogenesis is a complex process
regulated by pro-angiogenic and anti-angiogenic fac-
tors within solid tumors [28, 29]. When pro-angiogenic
factors outnumber anti-angiogenic factors, tumors will
form new blood vessels. Tumor growth and spread are
largely dependent on tumor blood vessels. Once a tumor
is formed, with its continuous growth, when its diameter
exceeds 1-2 mm, if it cannot timely neovascularization
to provide oxygen and nutrition, it is difficult to continue
to grow [30, 31]. Benign tumor cells exist in a quiescent
state and are affected when it is difficult to obtain an ade-
quate blood supply. However, when angiogenesis of dor-
mant tumor cells is activated and secreted factors induce
ECs sprouting and chemotaxis to form tumor masses,
an'angiogenic switch"occurs [32]. The angiogenic switch
is primarily activated by the secretion of growth factors
and cytokines, oncogene activation, tumor suppressor
gene inactivation, and tumor-associated hypoxia [33].
Tumor angiogenesis can arise through various mecha-
nisms, each distinct in its process. Key processes include
sprouting angiogenesis, intussusceptive angiogenesis,
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vasculogenesis, vasculogenic mimicry, vessel co-option,
and trans-differentiation of cancer stem cells (Fig. 1) [34].
The formation of sprouting vessels is regarded as the
most representative step in the physiological and patho-
logical process of angiogenesis.

Sprouting angiogenesis. It is the earliest discovered
way of tumor angiogenesis. This process, which includes
steps such as endothelial cell activation, matrix degrada-
tion, cell invasion, proliferation, migration, formation of
vascular lumen, and stabilization of new blood vessels,
is tightly controlled by positive and negative regulators
[35]. Among them, Vascular endothelial growth factor
(VEGF) plays a crucial role in forming new blood vessel
branches [34, 36], involving tip cell migration and stem
cell proliferation to form lumen-like structures that con-
nect with other vessels.

Intussusceptive angiogenesis. It is a process first
observed in pulmonary capillary remodeling [37, 38], in
which blood vessels split longitudinally into two capil-
laries. Intussusceptive angiogenesis is a rapid and highly
efficient process that even takes only a few minutes. The
molecular mechanisms of intussusceptive angiogenesis is
unknown, but VEGF seems to induce this process [39],
indicating that VEGF signaling inhibitors might effec-
tively block it.

a. Sprouting angiogenesis
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Vasculogenesis. Tumor vasculogenesis involves not
only the recruitment of bone marrow-derived cells, espe-
cially EPCs, which can transform into ECs to construct
the neovascularization network required to support
the continuous growth of tumors. This complex pro-
cess is critical for tumor development and spread, and
therefore can also be a target in anti-tumor therapeutic
strategies [34]. EPCs have excellent reproductive ability,
self-renewal, and participate in neovascularization and
promote endothelial tissue repair [40, 41].

Vascular mimicry (VM). During VM, the malignant
tumor cells themselves undergo morphological changes,
and the tumor cells extend to form lumen-like structures
resembling blood vessels, which then connect with pre-
existing blood vessels. This angiogenesis mode is com-
pletely different from the traditional tumor angiogenesis
mode. The tumor is not attached to vascular ECs, which
can realize direct contact with blood and effectively pro-
mote the delivery of red blood cells and oxygen to the
tumor area [42]. Under hypoxic conditions, epithelial-
mesenchymal transition is accelerated, resulting in the
generation of a network of channels formed by cancer
cells in an extracellular matrix (ECM) -rich environ-
ment. This mechanism not only ensures the stability of
blood supply to the tumor, but also promotes its effective

b. Intussusceptive agiogenesis
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Fig. 1 The most prevalent pattern of tumor angiogenesis. a Sprouting angiogenesis: this process involves the growth of new blood vessels

from the existing vasculature; b Intussusceptive angiogenesis: the lumen of the existing blood vessel splits and eventually the blood vessel splits
into two; ¢ Vasculogenesis: It refers to the process of angiogenesis from scratch, the differentiation of EPCs in the bone marrow into ECs, and finally
the construction of a new vascular system; d Vascular mimicry: tumor cells form a vascular structure that directs oxygen and nutrients to the tumor
tissue; e Vessel co-option: tumor cells utilize the existing vasculature for their own growth needs instead of inducing new blood vessels; f
Trans-differentiation of cancer stem cells (CSCs): CSCs transform into ECs, which in turn participate in the formation of new vascular network
supporting tumor growth. In normal tissues and tumors, the first three patterns were common. The subsequent three were specifically associated

with tumor angiogenesis
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communication with the peripheral vascular system
[42]. This is a rare biological phenomenon that has only
been observed in a limited number of tumor types, but
it has shown a significant correlation with tumor drug
resistance. Therefore, it is of great theoretical and appli-
cation value to deeply study and explore the molecular
mechanism of VM, as well as to identify and target spe-
cific molecular pathways that interfere with this process
[43-45].

Vessel co-option. Vessel co-option is similar to VM,
which represents a non-angiogenic process. Tumor cells
not only rely on the pre-existing vascular network for
growth and spread [46], but also migrate along the blood
vessels to penetrate the surrounding tissues to obtain the
oxygen and nutrients they need [47]. Vessel co-option
has become a crucial resistance mechanism in anti-angi-
ogenic therapy. The impact of this factor on the therapeu-
tic effect of tumor will undoubtedly profoundly reshape
the strategy and direction of anti-tumor therapy in the
future [48].

Trans-differentiation of cancer stem cells. The role and
mechanism of this model covers the trans-differentia-
tion process of cancer stem cell-like cells into ECs and

Normal vasculature

Pericytes sparsify

collapsed vessel
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vascular smooth muscle-like cells, thereby promoting the
generation of new blood vessels. This mechanism is also
particularly important in the study of cancer angiogen-
esis [49-53].

Besides the mechanisms, tumors can also induce angi-
ogenesis via lymphangiogenesis and coalescent angiogen-
esis [39].

During the rapid growth of tumor tissue, insufficient
nutrient and oxygen supply lead to the abnormal clear-
ance of metabolic wastes, which lead to local hypoxia and
acidic environment. This hypoxic state becomes a key
factor driving tumor neovascularization. Tumor blood
vessels typically exhibit curved and irregular structures
with local leakage and compression (Fig. 2) [54, 55].
These abnormalities arise primarily from two factors: (a)
abnormal membrane structure—due to dysfunction and
reduction of the number of perivascular cells and the dis-
order of cadherin secretion. These factors together lead
to the destruction of the connection between vascular
pericytes and basement membrane, thereby reducing the
overall stability and integrity of the vessel wall; (b) abnor-
mal lumen structure—uncontrolled tumor cell growth
and expansion, constrained by surrounding host tissue,

Tumor vasculature
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Fig. 2 Tumor blood vessels characteristics. Abnormal tumor vascular structure: compared with normal blood vessels, tumor vascular perfusion
dysfunction, disordered, distorted shape, and excessive branching; hyperpermeability: an increase in the number of abnormal pores (such

as endothelial Spaces, vesicles, and transcellular channels) in the vascular walls of the tumor, widening of connections between endothelial cells,
broken or missing basement membranes, and abnormal shapes of endothelial cells that overlap and sometimes protrusion into lumen; Increased
vascular leakage: due to the above changes, vascular leakage is aggravated, which disrupts the metabolic balance between the tumor area

and the surrounding normal lymphatic system, causes the increase of hydrostatic pressure within the tumor tissue, and aggravates the deterioration
of the tumor growth environment; Reduced endothelial surface markers: ECs in tumor vessels may exhibit low levels of surface markers, such as cell
adhesion molecules, which may affect the function of the vessel; Pericellular sparsity: Tumor blood vessels may lack pericellular cells, which are
critical for maintaining the"resting"state of blood vessels and ensuring proper vascular activity to meet metabolic needs
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generate mechanical forces that compress intratumoral
blood vessels, leading to lumen collapse. In addition, the
disordered accumulation of vascular ECs further leads to
abnormal luminal structure [7].

Structurally, we found that the tumor vessels showed
significant membrane structure and luminal structure
abnormalities, which was one of its core features. The
disruption of connections between pericytes and the
basement membrane results in an incomplete vascu-
lar wall, increased permeability, and elevated interstitial
fluid pressure, leading to tissue fluid leakage and swell-
ing in and around the tumor tissue [56]. Tumor cells are
also prone to invasion and hematogenous metastasis.
The collapse of the lumen structure leads to poor perfu-
sion of the blood vessels, insufficient oxygen transport
and the inability of metabolites to be transported out
in time. The release of VEGF, FGF, TNFa, PIGF, TGF-p,
angiopoietin (Ang), etc. [57], and other inflammatory
factors not only exacerbates abnormal angiogenesis but
also induces immunosuppressive effects [58]. In addition,
the low vascular perfusion capacity also leads to the dif-
ficulty of drug delivery, which seriously affects the effi-
ciency of tumor treatment [7, 9]. Future research should
explore the molecular basis of these biological processes
in order to identify and establish potential new therapeu-
tic targets.

The effect of tumor microenvironment

on angiogenesi

The tumor microenvironment (TME) is the key environ-
ment for the growth, proliferation and diffusion of tumor
cells. TME includes tumor cells, surrounding fibroblasts,
immune and inflammatory cells, glial cells, ECM, blood
vessels and biomolecules in the adjacent area, which
together constitute a complex network and provide key
support and promotion for tumor proliferation and sur-
vival [59-62]. At present, more and more people realize
the importance of TME in tumor biology and begin to
realize that tumor and tumor microenvironment are an
inseparable whole. The study of TME plays an extremely
key role in understanding the mechanism of tumor angi-
ogenesis, growth, invasion and metastasis, as well as
promoting the diagnosis, prevention strategies and prog-
nosis evaluation of tumors [61, 63].

The unique phenomena of hypoxia, low PH and inter-
stitial hypertension in TME are rooted in the abnormal
structure and function of tumor blood vessels. These
conditions promote tumor proliferation, invasion and
metastasis [64]. The phenomenon of hypoxia is particu-
larly significant in TME, which is due to the contradic-
tion between the rapid increase in oxygen consumption
rate caused by the enhancement of metabolic activity
of tumor cells and the relative lag in the ability of new
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angiogenesis. The adaptive mechanism of tumor cells
in the face of hypoxia is mainly regulated by hypoxia-
inducible factor- 1 (HIF- 1) [65]. The activation of HIF- 1
increases the expression of pro-angiogenic factors such
as VEGE, thereby promoting tumor angiogenesis [66, 67].
Therefore, HIF- 1 is recognized as one of the key targets
against tumor angiogenesis.

As a dynamic interaction network, the members of
TME include diverse cell types, including tumor cells,
ECs, fibroblasts, immune cells, and pericytes, as well as a
variety of extracellular components including ECM, and
key signaling molecules such as cytokines and growth
factors [68]. The specific details of the key components
are shown below (Fig. 3).

Tumor endothelial cells (TEC). TEC are microscopi-
cally distinct from regular EC in that they lack coverage
and pericytes are usually separated from ECs, irregular
TEC and lack of structural integrity in the vessel wall
can lead to leakage [69, 70]. There are significant struc-
tural and functional differences between TEC and nor-
mal EC. The irregular morphology of TEC and the loss
of VE-cadherin together lead to a significant increase in
their permeability and disordered cell arrangement. The
incomplete and discontinuous basement membrane of
tumor blood vessels promotes a further increase in vas-
cular permeability. These structural abnormalities lead to
a hypoxic and acidizing environment in the TME region
[64]. TEC significantly contributes to tumor angiogenesis
and immune cell interactions by secreting factors that
influence immune response and promote immunosup-
pression. In addition, current novel therapies combine
anti-angiogenic therapy with immunotherapy, target-
ing TEC and immune cells, blocking angiogenesis and
enhancing effector cell activity within tumors. Clinical
trials are exploring these combination therapy strategies
and nanotechnology-based approaches for targeting TEC
[71].

Pericytes. These cells are a type of parietal cell embed-
ded between the capillary EC and the basement mem-
brane surrounding the postcapillary venules. Its function
is to promote the maturation of blood vessels, maintain
the normal microcirculation of local tissues and organs,
regulate blood flow, vascular permeability and capillary
vasomotion, which is an important part of TME [72, 73].
Pericytes support blood vessels structurally and are cru-
cial for angiogenesis and vascular stability. Pericytes and
ECs are closely related in anatomical structure, and their
interaction is crucial for the occurrence, development,
stability, maturation and remodeling of capillaries. The
related signaling pathways include PDGF-BB/PDGEFR-f,
TGEP1/2, and Ang/Tie- 2, etc. [74]. Through these sign-
aling pathways, signal transduction between pericytes
and ECs is enhanced. Therefore, pericytes and related



Liu et al. Biomarker Research

(2025) 13:62

Page 6 of 29

Fig. 3 Angiogenesis related factors secreted by various components of the tumor microenvironment

signaling pathways can be used as important targets for
anti-tumor angiogenesis, which provides a new direction
for anti-tumor angiogenesis therapy.

Cancer-Associated Fibroblasts (CAFs). CAFs play a
central role in tumor microenvironment and are the
most important type of stromal cells in this environ-
ment [75]. The key factors, including VEGEF-A, PDGF-C,
IL, osteopontin, SFRP2 and FGEF- 2, to promote tumor
angiogenesis [76]. CAFs play a key role in the process of
tumorigenesis, tumor growth and spread through tumor
metastasis, angiogenesis, immune evasion and drug
resistance. In recent studies, CAFs-derived extracellular
vesicles (EVs) affect tumor angiogenesis and lymphangi-
ogenesis by regulating specific miRNAs and other bio-
active molecules, thereby promoting tumor growth and
metastasis, which provides new insights for the devel-
opment of targeted therapies against tumor growth and
metastasis [77]. Therefore, CAFs have become potential
targets for tumor intervention and treatment. A variety
of drugs targeting CAFs have been successfully devel-
oped and completed the preliminary clinical trials [61].

Immune cells. Immune cells are an important part of
TME, and they have pro-or anti-tumor growth effects.
Immune cells fall into two categories: adaptive and innate
immune cells. One is adaptive immune cells, including T
cells, B cells, and natural killer (NK) cells, which are acti-
vated in response to encounter with a specific antigen
[78]. Once activated, they build immune memory from
which to assess potential threats and efficiently mount
immune responses to meet challenges. Innate immu-
nity, as a nonspecific defense system that involves mac-
rophages, neutrophils, and dendritic cells (DC) that begin
to function within hours after the introduction of foreign
antigens [78]. These cells play diverse roles in immune
responses, with tumor-associated macrophages (TAMs)
being the most prominent in TME [79, 80]. TAMs are fre-
quently linked to cancer progression, poor prognosis, and
resistance to treatments, including immunotherapy. They
can be classified into the pro-inflammatory M1 subtype,
which engulfs and kills cells, or the anti-inflammatory
M2 subtype, which aids in wound healing. Both subtypes
play roles in tumorigenesis, progression, angiogenesis,
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and metastasis [81]. TAMs facilitate angiogenic transi-
tion by releasing various pro-angiogenic factors [82],
such as VEGF [83], PDGF, FGF, IL- 8 [84], TGF-f, and
MMP9 [85]. These factors enhance the recruitment and
activation of ECs and other cells, promoting vascular
network formation [81, 86]. In addition, TAMs promote
ECs recruitment and angiogenesis activation by releasing
adrenomedullin in melanoma [87].

Extracellular matrix (ECM). As the main non-cellular
component in TME, the composition of ECM is com-
plex and diverse, including collagen, galectins, proteo-
glycans, and glycoproteins [88]. ECM also has important
functions in TME. Solid tumors contain a large amount
of ECM deposits, accounting for about 60% of the total
tumor mass. It not only provides a physical scaffold for
tumor epithelial cells and stromal cells, but also is a key
factor promoting tumor cell dissemination [89, 90]. The
ECM is associated with angiogenic and inflammatory
pathways that help promote metastatic TME [89]. Ele-
vated matrix metalloproteinases (MMP) levels in TME
regulate ECM homeostasis and facilitate tumor angio-
genesis [91]. MMP inhibitors, including incyclinide, have
been assessed as potential therapeutic targets for tumor
angiogenesis and have demonstrated promising results
[91].

The TME is a complex, multifaceted environment with
important implications for the angiogenic process. We
summarized the angiogenesis related factors secreted
by the above components in Fig. 2. Understanding TME
component interactions and their secretory factors is
crucial for developing effective anti-angiogenic therapies.

Vascular endothelial cell metabolism and tumor
angiogenesi

During development, the vasculature dilates to accom-
modate and meet the increasing metabolic demands of
the body. ECs of the vessel wall is the basic cellular com-
ponent that constitutes the vascular system and plays a
central role in the regulation of angiogenesis. Under nor-
mal conditions, mature ECs exhibit extremely high adap-
tive characteristics and are usually in a quiescent state
[92]. However, in the presence of growth factors, they can
rapidly transform into a state of activation, proliferation
and migration, which mainly depends on the regulation
of VEGF signaling [93]. In the process of angiogenesis,
ECs are divided into three groups according to their spe-
cific location and function: tip cells, stem cells and square
cells [93-95]. Angiogenesis, the process by which new
blood vessels are derived from existing blood vessels,
plays a crucial role in the normal growth and develop-
ment of an organism, as well as the development of path-
ological conditions such as cancer [96].

Page 7 of 29

With the deepening of research, it is now believed that
the metabolic state of ECs and the stimulation of VEGF
are equally important for the biological process of angio-
genesis. ECs play a key role in angiogenesis through its
diverse metabolic pathways, such as glycolysis, fatty acid
oxidation and glutamine metabolism [97]. As the main
energy-generating mechanism in ECs, glycolysis is capa-
ble of producing up to 85% ATP to provide sufficient
power for cellular activities [93, 98, 99]. ECs exhibit a gly-
colysis rate comparable to many cancer cells and higher
than numerous other healthy cell types. After glucose
enters the ECs, it is converted to pyruvate via the gly-
colytic pathway. Under normal physiological conditions,
the complete oxidative metabolism of glucose molecules
is capable of generating approximately 34 ATP mole-
cules [97]. However, it is worth noting that only a small
fraction (less than 1%) of pyruvate produced from the
glycolytic pathway is able to further participate in the tri-
carboxylic acid (thyroid cancerA) cycle to undergo oxida-
tion reactions [93]. In addition, glycolysis produces ATP
rapidly, which is essential to ensure cell migration, energy
requirements for cytoskeletal remodeling during angio-
genesis, and rapid revascularization prior to hypoxic tis-
sue death [99].

ECs of tumor tissue undergoes metabolic remod-
eling compared to normal ECs [100].TEC are even
more dependent than normal ECs on glycolysis to pro-
duce ATPD, the process being the primary source of ATP
production, and exhibit a hyperglycolytic phenotype.
Its mechanism of action involves glucose transporter
1 (GLUT1) and the expression of glycolytic activator
PFKFB3 [101, 102]. Hypoxia, pro-inflammatory cytokines
and hormonal signals in TME act synergistically to up-
regulate PFKFB3 expression [99], thereby promoting
the switch of oxidative phosphorylation (OXPHOS) to a
more efficient glycolytic pathway [92, 101-105]. In con-
trast to normal EC, TEC activates pentose phosphate
and serine biosynthetic pathways to synthesize nucleo-
tides [106]. TEC enhances cell glycolysis by activating
cyclooxygenase- 2 (COX2) and upregulating VEGF pro-
duction [107]. In hypoxic environment, the accumulation
of lactate not only affects cellular energy metabolism, but
also promotes angiogenesis by activating HIF1a and PI3
K/AKT pathways, which in turn stimulate VEGF sign-
aling [108, 109]. In addition to glycolysis, TEC also car-
ries out metabolic remodeling through other pathways,
such as TEC still retains the basic function of mitochon-
dria, OXPHOS can not only increase the cell’s ability to
use other nutrients to produce energy, but also provide
metabolites for biosynthesis to support cell proliferation.
Glutamine metabolism in TEC also promotes tumor ECs
proliferation [110-112]. Proliferating ECs can also utilize
fatty acids to maintain the TCA cycle to support de novo
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nucleotide synthesis by ECs during proliferation [113].At
present, it has been proved that tumor angiogenesis can
be inhibited by inhibiting PFKFB3 and inhibiting fatty
acid synthesis [106]. Further exploration of metabolic
changes in the TME and a deeper understanding of ECs
metabolism are crucial to guide the development of tar-
geted tumor growth inhibition and angiogenesis drugs.

ECs metabolic pathways are considered to be key
mechanisms regulating angiogenesis, and this finding
provides potential targets for exploring and developing
anti-angiogenic therapies. Recent studies have shown
that the metabolic state of ECs and the stimulatory effect
of VEGF play a key role in the core mechanism of the
biological process of angiogenesis. [99, 114]. Identifying
and understanding the molecular and metabolic hetero-
geneity between normal and TEC is the key to design-
ing more targeted and effective therapeutic strategies.
Exploring the similarities and differences of ECs metabo-
lism in normal and TME is expected to open up a new
perspective for the development of anti-angiogenic drugs
and the optimization of treatment strategies for vascular
diseases.

Molecular mechanisms and signaling pathways

in tumor angiogenesis

Tumor angiogenesis is influenced by intricate interac-
tions between molecular mechanisms and signaling
pathways. A variety of angiogenic factors and their recep-
tors can accelerate the formation of tumor-associated
blood vessels. A variety of pro-angiogenic factors have
been found to be involved in this process. These include
growth factors (VEGF, FGF, PDGF, EGF, etc.), adhesion
factors (integrin, cadherin), proteases (MMP), angi-
opoietins, endothelial cell specific molecule- 1 (ESM1),
ANGPTLs, apelin (APLN) and chemokines. These fac-
tors participate in the regulation of tumor neovascu-
larization by activating a variety of signal transduction
pathways (Fig. 5a). At multiple stages of tumor angiogen-
esis, these factors are usually expressed concurrently and
collaborate efficiently at various stages of tumor angio-
genesis [36]. We will briefly discuss these pro-angiogenic
factors and their signaling pathways and highlight their
key roles in anti-cancer angiogenesi

Growth factors and growth factor receptors

VEGF/VEGEFRs. VEGF plays a key role in regulating
the permeability and angiogenesis of blood vessels,
especially in tumor-associated angiogenesis. The VEGF
family is composed of the following members: VEGE-
A/B/C/D, PIGE, and VEGF-E and svVEGEF, which are
encoded by non-human genomes [115, 116]. The tyros-
ine kinase receptor VEGFR consists of three major
components: a domain that spans the cell membrane,
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an extracellular ligand-binding domain with an Ig-like
structure, and an intracellular tyrosine kinase domain
[117]. Members of the VEGF family fulfill their biologi-
cal functions by binding to VEGFR. VEGF-A/VEGEFR- 2
is considered to be the core signaling pathway of angio-
genesis in physiological and pathological conditions.
VEGE-A mediates the activation of downstream signal-
ing pathways such as PI3 K/AKT/mTOR, p38 MAPK,
Ras/Raf/MEK/ERK by VEGER- 2. These signaling path-
ways not only promote ECs growth and survival, but
also promote angiogenesis [118, 119]. Research indi-
cates that VEGFR- 2 overexpression is present in solid
tumors like melanoma and ovarian cancer (OC) [120,
121], which makes VEGF-A/VEGER- 2 a key target for
angiogenesis inhibitors [122].

PDGF/PDGEFRs. The PDGF family consists of PDGF-
A/B/C/D, which ensure the stability of neovasculariza-
tion by promoting the maturation of blood vessels and
the recruitment of pericytes through two cell surface
tyrosine kinase receptors, PDGFR-a and PDGFR-f [36].
Therefore, therapies targeting the PDGF/PDGER signal-
ing pathway are also considered to be powerful means
against tumor angiogenesis.

EGF/EGFRs. EGF is a single-stranded polypeptide
consisting of 53 amino acids. EGFR is composed of four
proteins: EGFR (ErbB- 1 HER1), ErbB- 2 (HER2), ErbB-
3 (HER3), and ErbB- 4 (HER4) [123]. In healthy tissues,
EGER plays a regulatory role in cell growth and differ-
entiation. However, in the tumor body, due to its abnor-
mal expression or activity, the tumor takes on aggressive
characteristics and further accelerates the formation and
development of tumor blood vessels [124-126]. EGF/
EGEFRs directly stimulate the formation of tumor blood
vessels by regulating the expression of genes, thereby fur-
ther accelerating the invasion and spread of tumors, and
are associated with many types of cancers such as breast
cancer (BC) and OC [126, 127]. Because it is involved in
the growth of cells and the formation of new blood ves-
sels, it is often associated with poor prognosis.

FGF/FGFRs. FGF, which is composed of 23 struc-
turally diverse proteins [128, 129], plays a key role in
wound healing and is the first growth factor identi-
fied to be closely related to angiogenesis [10]. FGF- 2,
namely basic fibroblast growth factor (bFGF), plays a
central role in maintaining its physiological function
and promoting the development of tumors [130, 131].
As an important angiogenic factor, FGF- 2 plays an
important role. It not only promotes angiogenesis by
inducing the secretion of MMP, plasminogen activa-
tor and collagenase, but also participates in the deg-
radation of extracellular matrix and tissue remodeling
[132]. FGER, a transmembrane receptor family, pro-
motes angiogenesis in humans by self-phosphorylation
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and activating SrC-family kinases, PLCy/DAG/PKC,
Ras/Raf-MAPK, and PI3 K/AKT pathways [133-135].

HGF/c-Met. Hepatocyte growth factor (HGF) not
only plays a key role in promoting the proliferation and
differentiation of normal cells as a multifunctional fac-
tor [136], but also has attracted much attention because
it can significantly enhance the invasion and metasta-
sis of tumor cells [137]. c-met is a specific receptor for
HGF [138, 139]. HGF/c-Met signaling pathway plays a
central role in wound healing, tissue regeneration, and
embryogenesis [140-142]. The abnormal HGF/c-Met
signaling pathway, involving the amplification of c-Met
gene, secondary mutation, transcriptional regulation
imbalance and the abnormal HGF autocrine or parac-
rine caused by the overexpression of c-Met, can signifi-
cantly promote the proliferation, invasion, angiogenesis
[143, 144], drug resistance and ultimately affect the
prognosis of patients [140, 145-147]. Due to the critical
role of HGF/c-Met axis in angiogenesis and anti-tumor
drug resistance in pathophysiological processes, this
pathway has gradually become an attractive target for
anti-tumor angiogenesis therapy.

IGF/IGERs. Insulin-like growth factor (IGF) is a poly-
peptide molecule that plays a key role in the regulation
of human growth, development and energy metabolism
[148]. It includes three key ligands: insulin, IGF1 and
IGF2—that engage in the physiological cycle via auto-
crine, paracrine, and endocrine mechanisms [149].
IGF and IGFRs play a central role in the process of cell
growth, proliferation and differentiation. IGF plays a
key role in promoting angiogenesis by enhancing the
viability and migration of ECs. Specifically [150], IGF1
and IGF2 can stimulate the synthesis of VEGF, which
promotes the process of angiogenesis.

TGE-B. Transforming growth factor-p (TGEF-B), a
key signaling molecule, not only plays a central role
in maintaining homeostasis, but also actively partici-
pates in tissue repair processes and regulates immune
responses [151]. The interaction between TBRI, TPRII
and TPRIII significantly regulates cell growth, dif-
ferentiation and apoptosis [152]. In the development
of the tumor, this factor plays a two-sided role: in the
initial stage, its main function is to curb the prolifera-
tion of the tumor; However, when a tumor reaches the
mature stage, it promotes tumor growth by promoting
processes such as epithelial-mesenchymal transition
(EMT) and angiogenesis [153-155]. TGE-P is closely
related to a variety of tumors, and it may become a key
therapeutic target to prevent tumor angiogenesis and
overcome drug tolerance.

In the development of the tumor, this factor plays a
two-sided role: in the initial stage, its main function is to
curb the proliferation of the tumor.
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Transcription factors

HIF- 1. Hypoxia plays a central role in the tumor micro-
environment. It not only affects the drug resistance of
tumors, but also is closely related to tumor angiogenesis
[156]. HIF- 1, a regulator that plays a central role in cell
survival and metabolism, is composed of two subunits,
HIF- la and HIF- 1B, forming a heterodimer structure.
HIF- 1a undergoes hydroxylation and degradation under
sufficient oxygen. However, in response to hypoxia, HIF-
la binds to HIF- 1B to form a complex that activates the
expression of key pro-angiogenic genes such as VEGF
[157]. HIF- la is not only closely related to the progres-
sion of tumors, but also affects the prognosis of patients
[158]. Therefore, it has shown great clinical application
prospects as a potential target in anti-tumor treatment
strategies.

NF-«B. Nuclear factor-kB (NF-kB) is a key intracellu-
lar transcription factor that plays a central role in many
biological processes such as inflammatory response,
immune regulation, cell growth and survival, and pro-
motion of angiogenesis [159-161]. Activation of NF-«xB
usually involves a complex set of signaling pathways,
including phosphorylation of IkB, a protein that inhibits
NF-«kB, and the subsequent transfer of NF-kB from the
cytoplasm to the nucleus [162]. The abnormal activation
of NF-kB is related to the occurrence and development
of many diseases, such as autoimmune diseases and can-
cer [163]. In the pathological process of cancer, it plays an
important indirect role in the occurrence, development
and metastasis of many types of cancer by regulating the
expression of angiogenic factors, especially VEGE. [164].
Inhibiting NF-«B signaling diminishes tumor angiogen-
esis, presenting a viable anti-angiogenic strategy.

Epigenetic regulation

Epigenetic regulation drives tumor angiogenesis through
mechanisms such as DNA methylation, RNA methylation
(m6 A), histone modification and non-coding RNA[165—
168]. DNA methylation affects angiogenesis by regulat-
ing the expression of VEGE, IL- 8 and other genes. For
example, DNMT3B-mediated hypermethylation of miR-
200 family enhances TGF-P1 signaling pathway and pro-
motes CAFs to secrete pro-angiogenic factors [169]. The
m6 A enhances the proangiogenic phenotype of CAFs
by modifying genes such as COL10 Al [170, 171]. His-
tone modifications regulate angiogenesis-related genes
through chromatin remodeling, such as HDAC inhibitor
entinostat up-regulates anti-angiogenic genes SERPINF1
and THBS2 and inhibits vascular mimicry [172]. Non-
coding Rnas, such as miR- 21, promote angiogenesis by
targeting STAT3 and other pathways [173]. Currently,
IncRNAs and circRNAs have been identified as novel and
multifunctional players involved in tumor angiogenesis
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through manipulation of angiogenic factors [174]. Several
well-known IncRNAs, such as H19 and MALAT]1, have
been identified as important regulators of angiogenic fac-
tors [175]. Similarly, circRNA and circRhoC enhanced
OC angiogenesis by regulating VEGFA expression [176].
Epigenetic drugs combined with immune checkpoint
inhibitors are becoming a new strategy for anti-angiogen-
esis treatment.

Other angiogenic factors

ESM1. Endothelial cell specific molecule 1 (ESM1), pri-
marily expressed in human lung and kidney ECs, is cru-
cial for angiogenesis and serves as a significant clinical
marker for various tumors [177]. Physiologically pre-
sent in proliferative tissues, it can also be ectopically
expressed in various cancers, including bladder cancer,
BC, OC, colorectal adenocarcinoma (COAD), gastric
adenocarcinoma (STAD), lung adenocarcinoma (LUAD),
and thyroid cancer (THCA) [178]. It influences cancer
progression through proliferation, migration, invasion,
and drug resistance [179, 180]. ESM1 regulates criti-
cal signaling pathways in cancer development, including
the AKT/NF-kB/Cyclin D1, PI3 K/Akt/mTOR, Wnt/p-
catenin, DLL4-Notch, AKT/eNOS, and NF-«xB/iNOS
pathways [178]. ESM1 expression is regulated by TNF-a,
IL- 1B, HIF, and VEGE. Our research indicates that ESM1
is pivotal in cancer metabolic reprogramming. We found
that ESM1 can interfere with glucose metabolism and
fatty acid synthesis. In LUAD, ESM1 up-regulates SCD1
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and FASN through the Akt signaling pathway to promote
lipid metabolic reprogramming and accelerate angio-
genesis (Fig. 4a) [181].SCD1 and FASN are crucial lipid-
metabolizing enzymes that facilitate fatty acid synthesis
[182]. ESM1 promotes OC cell proliferation and angio-
genesis by up-regulating the PI3 K/Akt pathway (Fig. 4b)
[178]. A recent study has shown that ESM1 is signifi-
cantly associated with gastric cancer peritoneal metas-
tasis (GCPM) and plays an important role in promoting
angiogenesis. Specifically, ESM1 upregulates the expres-
sion of VEGEF-A, HIF1la and MMP9 by binding to c-Met
and activating the MAPK/ERK pathway (Fig. 4c) [183],
which play key roles in tumor angiogenesis, invasion and
metastasis. These findings not only reveal the important
role of ESM1 in cancer progression, but also provide new
clues for ESM1 and its regulated signaling pathways to
become therapeutic targets in the future.

ANGPT2-TIE2 signaling pathway is a key system to
regulate angiogenesis and homeostasis, which is com-
posed of angiopoietins (ANGPT1/ANGPT2) and TIE
receptors (TIE1/TIE2) [184, 185]. As an endothelial
cell-specific receptor tyrosine kinase, TIE2 mediates
vascular development, maturation and microenviron-
ment stability through ligand binding [186]. ANG1 acti-
vates the phosphorylation of TIE2 to promote vascular
stability. ANG2 competitively inhibits the binding of
ANG1 to TIE2, blocks its phosphorylation and weak-
ens vascular integrity, while enhancing the sensitivity of
endothelial cells to VEGF and synergistically promoting

ANGPTL4
JAK2

STAT3

FASN,
SCD1

MMP9, eNOS

HIF1a, VEGF, ‘ HIF1a, VEGF, ‘

Tumor Angiogensis

Fig.4 ESM1 and ANGPTL4 promote tumor angiogenesis signaling pathways
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angiogenesis. VE-PTP further regulates this pathway
activity by dephosphorylating TIE2. Studies have shown
that ANG2 plays a central role in the abnormal prolifer-
ation of tumor blood vessels, and its high expression is
closely related to tumor progression, which can not only
drive the sprouting of new blood vessels, but also accel-
erate tumor metastasis by destroying vascular homeo-
stasis [187]. Therefore, targeting ANG-TIE2 pathway has
become an important direction of anti-tumor therapy.
At present, drugs targeting ANG2 single target, ANG2/
VEGEF dual target, ANG1/ANG2 bifuncular antibody and
TIE2/VE-PTP inhibitor have entered the clinical devel-
opment stage. In addition, the potential of ANG2 as a
prognostic marker and a potential therapeutic target has
attracted much attention, while TIE2 targeted drugs are
in the early stages of investigation. Due to its dual role in
vascular remodeling and tumor microenvironment regu-
lation, ANG2-TIE2 axis has become a research hotspot
in tumor immunotherapy and anti-angiogenesis combi-
nation therapy [188].

ANGPTLs. ANGPTLs share structural similarities
with Ang [189]. ANGPTLs do not interact with the angi-
opoietin receptors Tie2 or Tiel [190], yet they influence
angiogenesis and participate in metabolic processes and
inflammation related to cancer progression [191]. Pre-
vious studies have revealed that ESM1 not only signifi-
cantly enhances the proliferation of OC cells by activating
the Akt signaling pathway, but also acts synergistically
with ANGPTL4 to further promote its migration, inva-
sion, angiogenesis, and lipid metabolism reprogramming
process, thereby providing a key support mechanism for
the development of OC [181, 192]. ANGPTL4 plays a
role in pathophysiological processes, including metabolic
reprogramming, angiogenesis, proliferation, and metas-
tasis. Research shows that ANGPTL4 was significantly
increased in patients with GC. The contradictory effects
of ANGPTL4 on proliferation, migration, invasion and
angiogenesis in multiple cancer cell lines, including AGS,
MKN?7 and SNUS5 [193]. At present, the understanding of
ANGPTLs signaling pathway is not comprehensive, and
there are many unsolved mysteries. The potential role
and mechanism of this pathway in cancer progression
needs to be further explored and revealed.

The molecular mechanisms and signaling pathways
regulating tumor angiogenesis are extremely complex
and interrelated, which mainly drive the process of
tumor angiogenesis by enhancing the proliferation abil-
ity of target cells, enhancing their survival advantages,
promoting migration and changing cell morphology.
In addition to the signaling pathways and biomolecules
described above, angiopoietin/Tie [184], Notch-Delta/
Jagged [194], Ephrins/EphR [195], Apelin/APLNR [196],
Slit/Robo pathways [197], as well as adrenomedullin
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[198], COX- 2 [199], CXC chemokine [200], interleukin
[201], interferon [202], integrin [203], nitric oxide syn-
thase (NOS) [204], and polytropic cell protein (PTN)
[205], steroid hormones [206], MMP [207], thrombos-
pondin (TSP), secreted protein acidic and rich in cysteine
(SPARC) [208-210], Fibronectin 1 (EN1) [211, 212], and
programmed death ligand 1 (PD-L1) also play a role in
tumor angiogenesis [10, 213, 214]. Understanding these
pathways and molecules will be critical to advancing tar-
geted therapies to disrupt tumor angiogenic processes.
Future research should aim to elucidate pathway interac-
tions and identify novel therapeutic targets.

Anti-angiogenic targeted therapies in oncology:
classification, clinical efficacy, and emerging
challenges

Anti-angiogenic therapy, a key strategy to effectively curb
tumor growth and metastasis by blocking angiogenesis,
has become one of the important means in the field of
malignant tumor treatment. Although a number of stud-
ies have clearly pointed out that tumor angiogenesis is
affected by a variety of regulatory factors, the current
development and clinical application of anti-angiogen-
esis inhibitors are still highly focused on the strategy
of targeting the signal transduction pathway mediated
by VEGF and its receptor VEGFRs [215]. This not only
reflects the central role of VEGF/VEGERs signaling path-
way in the process of tumor angiogenesis [216], but also
reflects the limitations and challenges of existing thera-
peutic strategies. With the in-depth exploration of other
potential regulatory mechanisms, more comprehensive
and efficient anti-angiogenic therapies may be developed
in the future to more precisely block the vascular support
required for tumor growth. At present, the US Food and
Drug Administration (FDA) has approved 14 targeted
Anti-angiogenic drugs [11], mainly including monoclo-
nal antibodies and tyrosine kinase inhibitors, which have
shown significant effects in the treatment of a variety of
cancers and other human diseases [10].

Table 1. provides a systematic classification of anti-
angiogenic drugs, including targets and indications;
Table 2 compares the efficacy and safety data of various
classes of anti-angiogenic therapies from clinical trials.

Monoclonal antibodies

Bevacizumab (Avastin®), an anti-VEGF monoclonal
antibody, has demonstrated therapeutic effectiveness
across multiple malignancies (Table 1.) [63]. A phase III
clinical trial enrolling 878 individuals with recurrent or
advanced non-small cell lung cancer (NSCLC) revealed
that combining bevacizumab with paclitaxel and carbo-
platin chemotherapy resulted in superior outcomes com-
pared to chemotherapy alone. Specifically, the regimen
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Table 1 Classification, molecular targets, and tumor applications of anti-angiogenic agents in oncology
Classification of drugs drugs Targets Tumor type Reference
Monoclonal antibodies Bevacizumab (Avastin) VEGF-A colorectal cancer, NSCLC, RCC, [63,217,218]
GBM, CC, metastatic BC
Ramucirumab (Cyramza) VEGFR- 2 NSCLC, Advanced GC, GEJ adeno-  [219, 220]
carcinoma, metastatic colorectal
cancer, metastatic urinary tract
epithelial cancer
Olaratumab (Lartruvo) PDGFR-a soft tissue sarcoma [221]
Bevacizumab-awwb (Mvasi)  VEGF colorectal cancer, NSCLC, RCC, [222,223]
GBM, CC
Durvalumab PD-L1 OC, TNBC, Endometrial [224]
Carcinoma,HCC
Atezolizumab PD-L1 Metastatic nonsquamous NSCLC,  [225]
Advanced TNBC, HCC
Recombinant fusion proteins Aflibercept (Eylea) VEGF-A/B, PIGF colorectal cancer [226]
ziv-Aflibercept (Zaltrap) VEGF-A/B, PIGF colorectal cancer [227]
HIF- 1 inhibitor EZN- 2208 HIF-1 Metastatic colorectal cancer, [228]
CRLX101 HIF- Ta RCC, PRAD [229, 230]
2ME2 HIF-Ta RCC [231]
HIF- Ta Melanoma [232]
Classification of drugs drugs Targets Tumor type Reference
Vorinostat HIF-Ta HNSCC [232]
H [¢]
N
©/ \n/\/\/\)J\N,OH
o) H
PT2977 . HIF- 2a RCC [233]
N7 o F
F
o:?:o OH
mTOR inhibitors Temsirolimus (Torisel) mTOR RCC [234]
Everolimus (Afinitor) mTOR RCC, SEGA, pNET, HER2- BC [235]
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Classification of drugs drugs Targets Tumor type Reference
Immunomodulatory agents Thalldomlde (Thalomid) VEGF-A, NF-kB, TNF multiple myeloma [236]
Lenalldomlde (Revlimid) VEGF-A, NF-Kb, TNF multiple myeloma, mantle cell [237,238]
lymphoma
Classification of drugs drugs Targets Tumor type Reference
Tyrosine kinase inhibitors (RTKI) ~ Sorafenib (Nexavar) VEGFR- 1/2/3, PDGFR-B, Raf, Ret, RCC, hepatocellular carcinoma, [239, 240]
BRAF, c-Kit, Flt- 3 thyroid cancer, differentiated
>;©\ /©/ \CHK thyroid cancer
Sunitinib (Sutent) VEGFR- 1/2/3, PDGFR-a/B3, c-Kit, RCC, gastrointestinal stromal [241,242]
0 " CSF-1R,Ret, Flt-3 tumor, pNET
R J N/\/NV
J |
HN
N (¢]
H
Pazopanlb Votr\ent VEGFR- 1/2/3, c-Kit, PDGFR-0/3, RCC, soft tissue sarcoma [243,244]
jeptnot
Vandetanib (Caprelsa) VEGFR- 2/3, EGFR, Ret medullary thyroid cancer [245, 246]
~N
N
(0] N\j
\o ~ N
jon
Br F
Regorafenib (Stivarga) VEGFR- 1/2/3, PDGFR-{, FGFR- 1, colorectal cancer, hepatocel- [247,248]
c-Kit, Tie- 2, BRAF, Raf- 1, Ret lular carcinoma, gastrointestinal
>;©\ il U C)k stromal tumor
Classification of drugs drugs Targets Tumor type Reference
Axitinib (Inlyta) VEGFR- 1/2/3, PDGFR-a/p, c-Kit RCC [249, 250]

(0)
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Table 1 (continued)
Classification of drugs drugs Targets Tumor type Reference
Ponatinib (Iclusig) VEGFRs, FGFRs, PDGFRs, EPHs, Ret,  Ph+ AML, CML [251]
(\r LYN, ABL, Src, LCK, BLK, c-Kit, FGR,
S N{ HCK, FRK, FYN, c-FMS,
Cabozantinib (Cometriq) VEGFR- 2, c-Kit, c-Met, Flt- 3, RON,  medullary thyroid cancer, hepato-  [252]
/O:CEN) Ret, AXL, Tie- 2 cellular carcinoma, RCC,
jeRsSey
Apatinib (Aitan) VEGFR- 2, c-Kit, Src GC [253]
7/ \N
Classification of drugs drugs Targets Tumor type Reference
Nintedanib (Ofev) VEGFRs, PDGFRs, FGFRs, LCK, Flt- 3, NSCLC [254]
o
\ ., Src LYN
C;&NWN
0 O N ©
H
o
Vorolanib (CMO82) VEGFRs, PDGFR advanced RCC, lung cancer [21]
H \
N.__O NN
U H/C T
F N
H
Lenvatinib (Lenvima) VEGFRs, PDGFRs, FGFRs, c-Kit, Ret  differentiated thyroid cancer, [255-257]

thyroid cancer, hepatocellular
carcinoma, RCC, Endometrial
Carcinoma

GBM Glioblastoma, CC Cervical cancer, BC Breast cancer, GC Gastric cancer, GEJ Gastroesophageal junction, TNBC Triple-negative breast cancer, PRAD Prostate
adenocarcinoma, HNSCC Head and neck squamous cell carcinoma, SEGA Subependymal giant cell astrocytoma, HER2 Human epidermal growth factor receptor 2,
PNET Pancreas neuroendocrine tumor, Ph+AML Philadelphia chromosome-positive acute myeloid leukemia, CML Chronic myeloid leukemia, NSCLC Non-small cell

lung cancer, RCC Renal cell carcinoma, HCC Hepatocellular carcinoma

enhanced median overall survival (OS) (12.3 vs. 10.3
months), progression-free survival (PFS), and objec-
tive response rates (ORR). However, adverse events such
as significant bleeding (4.4% vs. 0.7%) and treatment-
related fatalities (15 vs. 2 cases) were more frequent in

the bevacizumab group. These findings supported FDA
approval of bevacizumab combined with paclitaxel and
carboplatin for NSCLC management [258]. This study
highlights the significant survival benefit of bevacizumab
in selected NSCLC patients, while also pointing out the
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increased risk of serious side effects. On May 29, 2020,
the FDA approved the PD-L1 monoclonal antibody
atezolizumab combined with bevacizumab as first-line
therapy for unresectable or metastatic hepatocellular
carcinoma (HCC) in systemic treatment-naive patients.
This combination remains the sole immunotherapy
regimen approved by the FDA for initial HCC manage-
ment [259]. Additionally, bevacizumab-awwb is a beva-
cizumab biosimilar with the same mechanism of action
as the originator. Its clinical equivalence was confirmed
in the MAPLE phase III trial, which reported comparable
efficacy and safety profiles to the originator in advanced
NSCLC cohorts [260].

Ramucirumab (Cyramza®), a fully human IgG1 mon-
oclonal antibody directed at the extracellular domain
of VEGFR- 2, inhibits tumor angiogenesis by blocking
VEGEF signaling (Table 1.) [261]. Its therapeutic utility has
been corroborated across clinical studies. For instance,
in the phase III REVEL trial involving NSCLC patients
refractory to platinum-based chemotherapy, the addi-
tion of ramucirumab to docetaxel enhanced OS (10.5 vs.
placebo 9.1 months) and PFES (4.5 vs. 3.0 months). Simi-
larly, the phase III RAINBOW trial demonstrated fur-
ther improvements in OS (9.6 vs. 7.4 months) and PFS
(4.4 vs. 2.86 months) when ramucirumab was combined
with paclitaxel, leading to its FDA approval in 2014 for
GE]J adenocarcinoma following prior therapy [262]. Addi-
tionally, a phase II trial (NCT02898077) indicated that
ramucirumab-paclitaxel combination therapy exhibited
both safety and efficacy in second-line management of
advanced GC or GEJ adenocarcinoma.

Olaratumab (Table 1.), a monoclonal antibody target-
ing PDGFRa, is used to treat soft tissue sarcomas [221].
A randomized, double-blind phase Ib/II study evaluat-
ing olaratumab combined with albumin-bound pacli-
taxel and gemcitabine failed to demonstrate significant
improvements in median OS (9.1 vs. 10.8 months) or PFS
(5.5 vs. 6.4 months) compared to placebo in metastatic
pancreatic ductal adenocarcinoma [263]. Although its
safety profile was consistent with that in previous studies,
this combination therapy did not meet the prespecified
primary end point, which suggests that its use in meta-
static pancreatic ductal adenocarcinoma needs further
exploration.

Durvalumab and Atezolizumab are both anti-PD-
L1 monoclonal antibodies, which can enhance T cell
immune response to tumors by blocking the binding of
PD-L1 to PD- 1 (Table 1.) [224]. In the treatment of hepa-
tocellular carcinoma, Durvalumab combined with beva-
cizumab showed significant efficacy in the HIMALAYA
phase III trial, with a median OS of 16.43 months and
ORR of 20.1%, significantly better than sorafenib (OS of
13.77 months and ORR of 5.1%) [264]. Durvalumab has
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also shown potential when paired with locoregional ther-
apies such as transarterial chemoembolization (TACE),
stereotactic body radiotherapy (SBRT), and transarterial
radioembolization (TARE). The IMbravel50 phase III
trial evaluated atezolizumab plus bevacizumab as first-
line therapy for unresectable HCC. This regimen signifi-
cantly extended median OS (19.2 vs. 13.4 months) and
PES (6.8 vs. 4.3 months) compared to sorafenib, along-
side a higher ORR (27.3% vs. 11.9%). These results led
to FDA approval in 2020, establishing this combination
as a standard frontline treatment [265]. Together, these
agents broaden HCC therapeutic options by synergisti-
cally combining immune checkpoint inhibition and anti-
angiogenic effects.

Recombinant fusion proteins

Aflibercept and ziv-aflibercept are recombinant fusion
proteins comprising the ligand-binding domains of
VEGEFR1/2 linked to the human IgGl Fc fragment
(Table 1.). These agents suppress angiogenesis by com-
petitively binding VEGF ligands with high affinity,
thereby inhibiting VEGFR-mediated signaling pathways.
Ziv-aflibercept gained FDA approval in 2012 for meta-
static colorectal cancer therapy [266]. Similarly, afliber-
cept demonstrates significant therapeutic potential in
oncology through its VEGF pathway blockade [267].

HIF- 1 inhibitors

Multiple agents targeting HIF- la or associated path-
ways have shown anti-angiogenic activity (Table 1.)
[268]. EZN- 2208 (an irinotecan metabolite), which
reduces HIF- 1 mRNA levels and was tested with cetuxi-
mab in metastatic colorectal cancer (NCT00931840);
CRLX101 (camptothecin-loaded nanoparticles), evalu-
ated in a phase II trial combined with bevacizumab for
metastatic renal cell carcinoma (RCC) (NCT02187302);
2-Methoxyestradiol (2ME2), a multitarget HIF- la
inhibitor, studied alongside sunitinib in metastatic RCC
(NCT00444314); 17-AAG (tanespimycin), which destabi-
lizes HIF- 1a via HSP90 inhibition, trialed as monother-
apy or with sorafenib in advanced melanoma and solid
tumors (NCT00087386, NCT00121264); Vorinostat,
a histone deacetylase inhibitor that degrades HIF- 1,
investigated with pembrolizumab in recurrent head and
neck squamous cell carcinoma (NCT02538510); PT2977,
a second-generation HIF- 2a inhibitor, undergoing
phase II evaluation with cabozantinib in advanced RCC
(NCT03634540) [232].

mTOR Inhibitors

Everolimus and Temsirolimus (Table 1.), the mTOR
inhibitors, play an important role in the treatment of
metastatic RCC. Everolimus, an oral agent, inhibits



Liu et al. Biomarker Research (2025) 13:62

tumor proliferation and angiogenesis by inhibiting the
mTORC1 complex and blocking the PI3 K/AKT path-
way. The phase III RECORD- 1 trial showed that its use
as a second-line treatment resulted in median PFS (4.0
months vs. Placebo 1.9 months), but ORR was only 1.5%,
and median OS was 14.8 vs. 14.4 months [269]. Tem-
sirolimus, an intravenous agent, was evaluated in the
phase III Global ARCC trial as first-line therapy for poor-
prognosis metastatic RCC (including clear and non-clear
cell subtypes). It achieved a median OS of 10.9 months
compared to 7.3 months with interferon-a, alongside
improved PFS (3.8 vs. 1.9 months). These outcomes led to
its recommendation by the NCCN for high-risk patients
[270].

Immunomodulatory agents

Thalidomide and its derivative lenalidomide exhibit sig-
nificant therapeutic utility in hematologic malignan-
cies (Table 1.). Initially withdrawn due to teratogenicity,
thalidomide regained attention for its anti-angiogenic
and immunomodulatory properties. It received FDA
approval in 1998 for erythema nodosum leprosum and
later in 2006 for multiple myeloma based on a phase III
trial combining it with dexamethasone [236, 271]. Lena-
lidomide, an optimized derivative of thalidomide, sig-
nificantly reduced cytotoxicity by inhibiting tumor cell
proliferation and activating IL- 2 release by T cells [237].
In 2013, it was approved for relapsed/refractory mantle
cell lymphoma, supported by pivotal phase II trials con-
firming durable efficacy and safety in treated patients
[238].

Tyrosine Kinase Inhibitors (TKls)
Sorafenib (Table 1.), an oral multi-targeted TKI, sup-
presses tumor growth and angiogenesis by targeting
VEGFR1/2/3, PDGFR-B, c-Kit, FLT- 3, and inhibiting the
Ras/Raf/MEK/ERK signaling cascade [239]. In the phase
III SHARP trial, first-line sorafenib significantly extended
median OS to 10.8 months compared to 7.9 months
with placebo (HR =0.69) in advanced HCC, securing
its approval as the first systemic therapy for this indica-
tion [272]. As the first anti-angiogenic TKI, sorafenib has
promoted the development of subsequent drugs (such as
lenvatinib and regorafenib), and improved the targeting
selectivity and safety through structural optimization,
which provides an important basis for the evolution of
treatment strategies for hepatocellular carcinoma [273].
Sunitinib and pazopanib are multi-targeted TKIs that
impede angiogenesis via inhibition of VEGFR- 1/2/3,
PDGFR-a/B, and c-Kit (Table 1.). Sunitinib, approved
for first-line advanced RCC based on phase III data
[241, 274], demonstrated a 1.2-year improvement in
median disease-free survival (DFS) post-nephrectomy
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in high-risk RCC patients in the pivotal NCT00375674
trial, leading to FDA approval in 2017 [275]. Pazopanib,
evaluated in the Monk 2010 trial for persistent/recurrent
cervical cancer, showed no OS benefit versus lapatinib
(HR =0.96, 95% CI: 0.67-1.38) but modestly prolonged
median PFS (18.1 vs. 17.1 weeks) [276]. In addition, the
incidence of severe hypertension was significantly higher
in the pazopanib-alone group (42.8%) than in the con-
trol group (8.3%). Therefore, although pazopanib has
shown efficacy in specific tumors (e.g., adjuvant therapy
for renal-cell carcinoma), its clinical use needs to be
balanced against the risk of adverse effects, particularly
monitoring for cardiovascular events [274]. Axitinib,
a selective VEGFR- 1/2/3 inhibitor, is primarily utilized
in second-line settings, achieving a median PFS of 6.2
months in trials [277]. Despite the emergence of combi-
nation immunotherapies (e.g., immune checkpoint inhib-
itors (ICI) + TKI) as a new standard, sunitinib is still used
as first-line therapy in immunotherapy-ineligible patients
(e.g., comorbidities or monotherapy), whereas axitinib is
used as a second-line option when not involved in first-
line regimens [278].

Vorolanib (Table 1.), a highly selective TKI, primarily
targets VEGFR and PDGER. In the randomized, double-
blind phase III CONCEPT trial for metastatic RCC, com-
bining vorolanib with the mTOR inhibitor everolimus
as second-line therapy significantly extended PFS (10.0
vs. 6.4 months) and improved objective response rates
(ORR) (24.8% vs. 8.3%), whereas vorolanib monotherapy
demonstrated comparable efficacy to everolimus alone
[255]. Although safety profiles were generally tolerable,
grade >3 adverse events occurred more frequently with
the combination (72.2% vs. 53.4%). These findings posi-
tion vorolanib-everolimus as a viable second-line option
for patients refractory to first-line VEGFR-TKIs, espe-
cially in patients who cannot receive combination immu-
notherapy or in certain risk strata [279].

Other multi-targeted kinase inhibitors, such as vande-
tanib, regorafenib, cabozantinib, lenvatinib, Ponatinib,
Apatinib, Nintedanib and other small molecule anti-
angiogenic drugs (Table 1.), it inhibits tumor prolifera-
tion, invasion, metastasis, and angiogenesis by blocking
a variety of tyrosine kinase receptors, including VEGFR
[10]. Vandetanib, withdrawn for NSCLC due to phase III
trial failure but approved in 2011 for advanced medul-
lary thyroid cancer, demonstrating prolonged median OS
and PFS [245]. Regorafenib, structurally modified from
sorafenib, was approved for metastatic colorectal can-
cer in 2012 and extended to the second-line treatment
of HCC in 2017. The anti-tumor immune regulatory
mechanism (p38/Creb1/KIf4 pathway) of regorafenib
is an emerging research field [280]. Cabozantinib has
been approved for multiple types of angiogensis-related
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solid tumors due to its potent inhibition of VEGFR-
2/c-Met. Cabozantinib combined with ICI can signifi-
cantly improve the survival rate of advanced RCC [281].
Lenvatinib, First-line therapy for advanced RCC when
combined with everolimus or pembrolizumab (PD- 1
antibody), with ongoing trials exploring its utility in HCC
[256]. Although Ponatinib has a broad inhibition effect
on angiogenesis kinase, it is only used in leukemia with
T315I mutation (ALL/CML) [282]. Apatinib and Nint-
edanib exhibit clinical promise in diverse solid tumors
due to potent kinase inhibition [283, 284].
Anti-angiogenic inhibitors are employed in cancer ther-
apy to disrupt tumor angiogenesis, but they encounter
issues like tumor recurrence, drug resistance, absence of
biomarkers, short duration of action, and adverse events
[285, 286]. Initially, these inhibitors control tumor growth
by blocking blood supply, but prolonged use may increase
the risk of invasion and metastasis due to hypoxia. Since
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drugs targeting angiogenesis primarily interfere with
initial vascular development processes such as the mul-
tiplication and movement of ECs along with new vessel
formation, research findings indicated that newly formed
tumors exhibited greater sensitivity to these therapeutic
approaches compared to well-developed malignancies
at advanced stages (Fig. 5b) [287]. This differential effi-
cacy highlights the importance of early intervention in
anti-angiogenic therapy and underscores the challenges
in treating established tumors with complex vascular
networks [29, 288]. Furthermore, the limited clinical effi-
cacy of anti-angiogenic therapies may stem from alter-
native vascularization modes such as vascular mimicry
and vessel co-option, which bypass traditional angiogen-
esis pathways and evade therapeutic targeting [289-291].
Concurrently, transient vascular normalization induced
by these agents temporarily improves perfusion and
enhances adjuvant therapy efficacy, yet ultimately leads

b Anti-Angiogenic Therapy Response by Tumor Stage
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Fig. 5 Mechanisms and consequences of anti-angiogenic therapy in tumor vascular targeting. a Key molecular targets of anti-angiogenesis include
tyrosine kinase signaling pathways (such as VEGF-VEGFR, FGR-FGFR axis, etc.), angiopoietins, ESM1, Notch ligands, and integrins to trigger vessel
sprouting by regulating EC proliferation, migration, and survival; b The efficacy of anti-angiogenic therapy depends on the tumor growth stage

and angiogenesis status, with early tumors being more sensitive to this treatment; ¢ The dynamic effect of vascular budding inhibition induces
transient vascular pruning that reduces tumor growth through starvation. Moderate anti-angiogenic agents promote vascular normalization
(strengthening, stabilizing blood vessels) to improve perfusion and adjunctive therapy. However, excessive pruning can aggravate tumor hypoxia
and necrosis, triggering resistance mechanisms such as vascular co-selection, metastasis, and invasive recurrence. Vascular normalization is only a
transient phase, as long-term treatment eventually leads to hypoxia-driven tumor progression
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to hypoxia-driven relapse (Fig. 5¢) [287]. This paradoxical
duality underscores the dynamic interplay between vas-
cular remodeling and therapeutic resistance. Drug resist-
ance, whether congenital or acquired, involves complex
mechanisms like the upregulation of selective pro-angio-
genic pathways and the recruitment of perivascular cells
[292-294]. The development of effective biomarkers to
monitor treatment response and predict drug resistance
is critical, but due to the complexity and variability of
tumors, the development of biomarkers faces great chal-
lenges. In order to further improve the efficacy of these
therapies, more in-depth research and clinical trials are
necessary to optimize them.

Vascular promotion strategies in anti-cancer
therapy

Recent advances in vascular regulation have introduced
the concept of"vascular promotion"as a counterintuitive
but promising approach to improve oncoltherapeutic
outcomes. In contrast to conventional anti-angiogenic
therapies, which aim to pruritise tumor vasculature,
vasopromoting therapies aim to cultivate functional vas-
cular networks to alleviate hypoxia and improve drug
delivery [287]. This strategy is based on the premise that
transient increases in vessel density and perfusion sensi-
tize tumors to subsequent cytotoxic or immunotherapy
interventions [295].

When low-dose integrin inhibitors such as cilengitide
are used, low concentrations of cilengitide paradoxi-
cally enhance VEGF-mediated signaling by promoting
VEGFR2 recycling in ECs, thereby promoting VEGE-
mediated angiogenesis [296]. When used in combination
with vasodilators such as verapamil and chemotherapeu-
tic agents such as gemcitabine, this approach increases
vessel density and blood flow, thereby improving drug
penetration into tumor tissue (Fig. 6) [297]. Preclini-
cal studies of this approach in mouse models of pancre-
atic ductal adenocarcinoma and NSCLC have shown
significant inhibition of tumor growth and reduction
of metastasis due to enhanced metabolic activation of
chemotherapeutic agents within the tumor cells [298].
In addition, an MT1-MMP activated liposome (MC-T-
DOX) was designed with low-density cilengitide (av(3
integrin targeting peptide). This liposome is digested by
MT1-MMP in TECs to release cilengitide, which pro-
motes ECs migration and new angiogenesis, thereby
improving tumor blood perfusion and enhancing lipo-
some accumulation in tumors. Subsequently, adriamycin
is released by heat trigger to improve drug penetration
and cellular uptake and synergistically inhibit tumor
growth (Fig. 6) [299]. This strategy significantly inhibited
tumor growth with low toxicity in the mouse model of
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pancreatic cancer, and may be extended to other hypop-
erfusion tumor treatments in the future.

As vascular promotion strategies were proposed, sub-
sequent studies demonstrated the therapeutic potential
of vascular remodeling agents in combination with con-
ventional chemotherapeutic agents. A notable example is
aribulin mesylate, a microtubule dynamics inhibitor that
exhibits dual antitumor and pro-angiogenic properties
in the clinical setting [300, 301]. Experimental evidence
from breast cancer and clear cell sarcoma models showed
that the combination of capecitabine or paclitaxel not
only enhanced vascular density and oxygenation, but
also enhanced anti-tumor immune responses, ultimately
achieving effective tumor growth inhibition (Fig. 6) [302,
303]. Another innovative strategy involves lysophospha-
tidic acid (LPA), a bioactive phospholipid that promotes
the formation of permeable vascular networks [304].
By activating LPA4 receptor on the surface of TEC, it
induces the membrane localization of VE-cadherin at
adhesion junctions through Gi and Gal2/13 signal-
ing pathways, thereby enhancing ECs adhesion (Fig. 6).
In preclinical models of colorectal and lung cancer,
LPA, when combined with 5-fluorouracil or oxaliplatin,
increased the permeability of chemotherapeutic agents
into tumor tissues by 40% (p< 0.001) and significantly
inhibited tumor growth (65% reduction in tumor burden
in lung cancer model, p < 0.001) [305, 306].

In addition, nitric oxide (NO) -based therapies have
shown potential to promote angiogenesis. When NO and
paclitaxel were co-delivered by TPGS-based polymeric
hybrid micellar systems, multiple effects were demon-
strated in several mouse tumor models: In situ release
of NO can significantly improve tumor vascular perme-
ability, enhance blood perfusion and increase blood ves-
sel density, and then increase drug accumulation through
permeability and retention effect and vascular function
improvement [307, 308]. At the same time, the synergis-
tic effect of NO and PTX significantly inhibited tumor
growth and reduced the risk of metastasis (96% reduction
in lung metastatic nodules), and TPGS components fur-
ther overcame multidrug resistance by inhibiting P-gly-
coprotein [309].

Despite these advances in vascular promotion ther-
apy, challenges remain in optimizing dosing regimens
and identifying biomarkers to monitor therapeutic time
Windows [287]. Future work could consider combining
vascular promotion with immunotherapy or metabolic
inhibitors to amplify the antitumor response. By embed-
ding vascular facilitation in a multimodal framework,
this strategy could overcome drug resistance in hypoxic
tumors, offering translational potential for patient
outcomes.
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Vascular promotion therapy
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Fig. 6 Vascular facilitation Therapy. This strategy promotes functional angiogenesis to improve tumor drug delivery by combining low-dose
vascular remodeling drugs with chemotherapy. Low-dose cilengitide, which targets aV33 integrin, can increase vascular density and improve
perfusion when combined with gemcitabine and verapamil. Epirubicin inhibits microtubule dynamics and, when combined with paclitaxel
or capecitabine, reduces hypoxia and enhances antitumor immunity. Lysophosphatidic acid (LPA) activates LPA4 receptor to promote

the localization of VE-cadherin, forming a dense vascular network to improve the delivery efficiency of 5-fluorouracil/oxaliplatin

Conclusion

The interaction between complex molecular mecha-
nisms and signaling pathways shows rich layers in the
process of tumor angiogenesis, which not only reveals
its internal fine regulatory network, but also provides
many potential targets for the exploration and develop-
ment of targeted therapeutic methods. Anti-angiogen-
esis therapy has become one of the common strategies
in the field of current anti-tumor therapy. With the
deepening of research, scientists continue to explore
and find a variety of innovative methods to target the
tumor vasculature. Despite the good clinical efficacy
of anti-angiogenic therapies, challenges such as drug
resistance, adverse reactions, and the need for effec-
tive biomarkers remain. Ongoing research is essential
for enhancing these therapies, increasing their efficacy,
and minimizing side effects, thereby improving patient
outcomes and offering hope for more effective cancer

treatments. The future of anti-angiogenic therapy lies
in continuing to explore the complex tumor microen-
vironment and developing multi-targeted drugs that
combine anti-angiogenic strategies with therapeutic
modalities such as immunotherapy to combat drug
resistance and enhance treatment response.
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