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Abstract: Vascular normalization is a new concept of targeting angiogenesis to restore vessel 

structure and function and to increase blood perfusion and delivery of drugs. It has been 

confirmed that vascular normalization can decrease relapse and benefit other cancer therapy, 

including chemotherapy, radiotherapy, and immune cell therapy. The key point of this therapy is 

to inhibit pro-angiogenic factors and make it be balanced with anti-angiogenic factors, resulting 

in a mature and normal vessel characteristic. Vascular endothelial growth factor (VEGF) is a 

key player in the process of tumor angiogenesis, and inhibiting VEGF is a primary approach 

to tumor vessel normalization. Herein, we review newly uncovered mechanisms governing 

angiogenesis and vascular normalization of cancer and place emphasis on targeting VEGF 

pathway to normalize the vasculature. Also, important methods to depress VEGF pathway and 

make tumor vascular are discussed.

Keywords: vascular normalization, vascular endothelial growth factor, anti-angiogenesis, 

treatment resistance, cancer therapy

Introduction
Angiogenesis has been defined as the formation of new blood vessels from pre-existing 

blood vessels, which has a great impact on tumor process.

It is widely believed that tumor cannot grow beyond 2 mm3 without adequate 

supply of oxygen and nutrients via vessels. A number of blood vessels in solid tumor 

support tumor growth rapidly. However, these vessels are abnormal and characterized 

by leakiness on the vessel wall,1–3 increased interstitial fluid pressure (IFP),4 poor blood 

perfusion,5,6 drug delivery limit,7 hypoxia,8 treatment resistance,9 and so on. Folkman 

articulated the concept of tumor anti-angiogenesis therapy in 1970s. He proposed 

that blocking the formation of new blood vessels could deprive the supply of tumor 

nutrients, thus keeping tumor at a dormant state and tiny volume.10 The theory indi-

cated that anti-angiogenesis therapy could completely block pro-angiogenic factors, 

which were overexpression in pathological angiogenesis, and contributed to a large 

number of vessel formation in tumor. It was confirmed that anti-angiogenesis therapy 

reduced tumor volume and has the ability of anti-tumor.11 However, the benefits remain 

modest. Excessive pruning of vessels after anti-angiogenesis therapy has been shown 

to increase intratumoral hypoxia, which in turn triggers pathological angiogenesis, 

inflammation, increased migration, and others. Moreover, it leads to radioresistance 

and chemoresistance, even metastasis and relapse.12

To overcome the disadvantages of anti-angiogenesis, Jain proposed a novel concept 

aimed at tumor angiogenesis, which was named “vascular normalization.”6 Unlike 

anti-angiogenesis obliterating vessels completely, this theory advocated to revert the 
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grossly abnormal structure and function of the tumor vascu-

lature toward a more normal state. This hypothesis suggested 

that sustaining the balance of pro-angiogenic and anti-

angiogenic factors could lead to vascular normalization via 

appropriate dose of anti-angiogenic treatment. Compared to 

anti-angiogenesis therapy, vascular normalization is character-

ized by reducing vascular permeability and IFP and improving 

blood flow and tumor perfusion. These characteristics enhance 

the delivery of drugs, immune cells, and oxygen for radiation 

therapy.13,14 Dickson et al used bevacizumab, an inhibitor of 

angiogenesis via neutralizing human VEGF, to examine the 

vascular normalization in mice bearing human neuroblas-

toma xenograft.15 The result showed that vessels were more 

normal within 24 hours of therapy, including reductions in 

microvessel density (MVD) and vessel length, diameter, and 

tortuosity, a reduction in vascular permeability, a drop in 

tumor IFP, and an improvement in perfusion. Moreover, it 

improved tumor delivery of chemotherapeutics (topotecan and 

etoposide). These indicated that making vessel normalization 

was an effective approach to treat solid tumor.

Vascular endothelial growth factor A (VEGF-A, also 

called VEGF, vascular permeability factor) was isolated by 

Ferrara’s group,16 Plouet’s group,17 and Dvorak’s group.18 

VEGF-A was demonstrated to play a dominant role in 

angiogenesis when Carmeliet et al showed that VEGF 

haplo-insufficiency in mice led to the complete absence of 

blood vessels and embryonic lethality.19 Blocking VEGF-A 

reduced tumor growth and vascular density in animal 

models.20 Therefore, VEGF-A quickly became the preferred 

target for anti-angiogenesis drugs. Importantly, recent 

increasing preclinical studies have provided an insight that 

anti-VEGF therapy can initiate vascular normalization. The 

wide application in clinic to target VEGF is pharmacologi-

cal inhibitors including anti-VEGF agents, anti-VEGFR,14 

and targeting VEGF pathway such as gene model or some 

upstream factors. And the regulation of VEGF expression is 

complex and is affected by multiple factors such as hypoxia, 

signal transducers and activations of transcription, NO gra-

dient, microRNA, and other factors.21,22 Hence, we review 

the mechanism of targeting VEGF pathway (Figure 1) and 

summarize some effective methods to normalize vasculature 

via VEGF targets, in order to provide a novel therapeutic 

strategy to improve treatment of anti-tumor.

Mechanism of inhibiting VEGF 
expression to normalize tumor 
vessels
In tumor, the overexpression of VEGF could be triggered by 

many factors, among which we summarize some mechanisms 

that being inhibited might lead to vascular normalization. 

Figure 1 effects of HiF-1α, STAT3, NO, and miRNA in veGF expression.
Notes: STAT3 and HiF-1α promote veGF expression. miRNA has positive or negative effect on veGF expression. NO released by eNOS in endothelial cells form organized 
NO gradient around vessels. NO released by iNOS and nNOS in tumor cells disturb the NO gradient.
Abbreviations: HiF-1α, hypoxia-inducible factor 1α; NO, nitric oxide; veGF, vascular endothelial growth factor; STAT3, Signal transducer and activation of transcription 3;  
eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric oxide synthase; nNOS, neuronal nitric oxide synthase.

α

www.dovepress.com
www.dovepress.com
www.dovepress.com


OncoTargets and Therapy 2018:11 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

6903

Targeting veGF pathway to normalize the vasculature

When we target these key factors associated with VEGF 

expression, the VEGF expression would be decreased directly 

or indirectly to promote vascular normalization.23

Hypoxia-inducible factor 1α (HiF-1α)
As a hallmark of tumor metabolic microenviroment, hypoxia 

plays a critical role in abnormal angiogenesis which induces 

VEGF expression via HIF-1α. HIF-1α is one of subunits of 

HIF-1, and another is HIF-1β.24 In the presence of oxygen, 

beta subunit and alpha subunit were degraded, but in hypoxia, 

alpha subunit was accumulated and dimerized with beta 

subunit.25 Then HIF-1 complex can bind to VEGF gene 5′ 
hypoxia-responsive element (HRE) to contribute to tran-

scription and VEGF overexpression.26 It has been proved 

that increase of HIF-1α promotes tumor angiogenesis while 

deletion of HIF-1α impairs tumor angiogenesis and leads to 

vessel normalization.27,28 Zhu et al discovered that silencing 

HIF-1α reduces hypoxia-induced angiogenesis and promotes 

sensitivity in lung cancer xenograft model.29 Lee et al used 

prostate cancer xenograft model and revealed that blocking 

of HIF-1α inhibited tumor growth and reduced vessel density 

which was identified by immunohistochemistry for CD31.30 

It has been shown that HIF-1α-VEGF axis is a primary 

pathway of HIF-1 inducing VEGF, inhibiting of which leads 

to vessel normalization.

Nitric oxide (NO)
In tumor microenvironment, NO is an important gaseous 

mediator for vessels maturation. Perivascular NO mediates 

angiogenesis, PVC recruitment, and stabilization of blood 

vessel.22,31 The effects of NO regulation of vessel matura-

tion depend on localization, concentration, and duration of 

NO exposure and cellular sensitivity to NO.22 NO induces 

the expression of multiple endogenous angiogenic factors, 

such as VEGF and basic fibroblast growth factor.32–34 NO can 

upregulate the activity of VEGF promoter, and the primary 

target of NO is the HRE, which indicated that the role of NO 

in vessel normalization may be relative to VEGF.35

Nitric oxide synthase (NOS) exists in three isoforms: 

neuronal NOS (nNOS, encoded by NOS1), inducible NOS 

(iNOS, encoded by NOS2), and endothelial NOS (eNOS 

encoded by NOS3). In normal tissues, eNOS mediates vessel 

maturation which is mainly expressed in vascular endothe-

lium and its catalyzed product NO generated well gradients 

around vessels. But in tumor tissues, one or multiple NOSs 

are expressed by tumor cells. The extra NO not only induces 

VEGF expression and promotes angiogenesis but also inter-

feres the perivascular NO gradients and destroys the vessels 

stabilization.36 Tumor cells express iNOS or nNOS or both of 

them but not eNOS, depending on the tumor type and stage. NO 

which is produced by iNOS or nNOS contribute to the perivas-

cular NO gradients distraction and abnormalities of vessels.

Kashiwagi et al proposed a hypothesis that localizing 

NO selectively around blood vessels and restoring the NO 

gradients could normalize tumor vasculature.36 The theory 

indicated that if specifically silencing or blocking nNOS 

or iNOS in tumor cells, the morphology and function of 

tumor vessels would be improved. To test this hypothesis, 

Kashiwagi et al36 used U87MG human glioma xenograft 

model, in which NO is produced by nNOS in tumor cells 

and eNOS in vascular endothelial cells. In control U87MG 

tumors, NO was observed in both the vascular region and 

tumor parenchyma. In NOS1-silenced U87MG tumors, NO 

was predominantly localized around blood vessels. The 

results showed that in NOS1-silenced U87MG tumors, both 

morphology and function of vessels were improved, includ-

ing reduced vessel tortuosity, improved PVCs coverage, 

decreased vessel diameter, lower permeability, improved 

tumor oxygenation, and increased benefit of radiotherapy. 

However, inhibition of eNOS or all NOS isoforms got one 

opposite result and could not make tumor vessels similar to 

normal tissue. These results suggested that establishment 

of NO gradients improved tumor vessel morphology and 

function, leading to a more normal and mature vasculature.

Signal transducer and activation of transcription 3 
(STAT3) regulates veGF expression
STAT3 has been referred as a critical role in oncogenesis 

through preventing programmed cell death and enhancing 

cell proliferation.37,38 STAT3 mediates tumor initiation, pro-

gression, chemoresistance, and angiogenesis and is activated 

in many human cancers including hepatocellular carcinoma, 

breast cancer, prostate cancer, multiple myeloma, head and 

neck squamous cell carcinoma, etc.39–41 Recently, Niu et al 

have shown that constitutively activated STAT3 upregulated 

VEGF expression in ten human cancer cell lines, which 

spanned three types of cancer, breast cancer, head and neck 

neoplasm, and melanoma.42 And previous study revealed that 

interrupting STAT3 signaling in B16 tumor cells inhibited 

VEGF expression, through B16 tumor cell transfected with 

an expression vector encoding a dominant negative variant of 

STAT3 protein, or STAT3 antisense oligonucleotide. These 

results suggested that STAT3 as an anti-VEGF target had 

ability to result in vascular normalization.

miRNAs associated with vascular normalization
miRNAs are 19–25 single-stranded non-coding RNAs that 

regulate mRNA stability and translation and are implicated in 
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Table 1 Some miRNAs associated with vessel normalization

microRNA Targets Roles Reference

miR-20b HiF-1α and STAT3 Downregulating veGF and suppressing angiogenesis 53
miR-93 integrin β8 Promoting tumor growth and angiogenesis 54
miR-107 HiF-1α Suppressing angiogenesis 55
miR-126 veGF-A Tumorigenicity and angiogenesis 50, 57
miR-874 STAT3 Tumor growth and angiogenesis 56

Abbreviations: HiF-1α, hypoxia-inducible factor 1α; STAT3, Signal transducer and activation of transcription 3; veGF, vascular endothelial growth factor.

many tumor processes including metabolism, angiogenesis, 

autophagy, invasion, and metastasis.43,44 miRNAs that medi-

ate the angiogenic switch are termed as angiomiRs, which 

regulate vascular integrity and modulate endothelial cells 

(ECs) functions tightly.45,46

It has been shown that targeting angiomiRs was an 

effective approach to make tumor vessels normalized.47,48 

miR-126 is wildly expressed in endothelial cells from veins 

and arteries, which is deemed to be a master regulator 

of angiogenesis and vascular integrity. It promotes tumor 

angiogenesis through the regulation of downstream growth 

factors like VEGF, bFGF, and EGF.49,50 Van Solingen et 

al used murine ischemic hindlimb model injected with a 

single dose of antagomir-126 to verify whether silencing 

of miR-126 impairs angiogenesis.51 They analyzed CD31-

stained capillaries in sections and discovered that mice treated 

with antagomir-126 showed a markedly lower density of 

capillary vessels. miR-20b was reported as a negative regula-

tor of VEGF in nasopharyngeal carcinoma epithelioid cells 

and breast cancer cells under hypoxia.52,53 The mechanism 

was that the nuclear accumulation of HIF-1α and STAT3 

were strongly inhibited by miR-20b. miR-93 promotes 

tumor growth and angiogenesis by targeting integrin β8.54 

miR-107 is a microRNA regulated by p53. Yamakuchi et al 

revealed that overexpression of miR-107 decreased VEGF 

and HIF-1β, while knockdown of endogenous miR-107 

increased VEGF levels in HCT116 cells.55 They injected 

nude mice with HCT116 cells that had been transduced 

with LV-GFP-miR-107. The results showed that the tumor 

volume and numbers of vessels were decreased significantly 

compared to control groups. miR-874 is a suppressive regu-

lator in angiogenesis by targeting STAT3 in gastric cancer, 

and inhibiting miR-874 increased VEGF level and MVD.56 

Therefore, targeting miRNA signaling pathways in tumor 

cells provides new therapeutic avenues to suppress tumor 

pathologic angiogenesis and make vessel normalization. 

We have summarized some miRNAs that might be targets 

of vascular normalization in Table 1.

Methods of inhibiting VEGF 
expression to normalize tumor 
vessels
Some common pharmacological 
inhibitors of veGF pathway
Bevacizumab
Bevacizumab is the first drug to be applied in clinic to 

anti-angiogenesis in many solid tumors, which have 

been approved for first-line treatment in renal cancer.57 

Bevacizumab is a humanized monoclonal antibody. The 

anti-angiogenesis mechanism of bevacizumab is that it 

neutralizes VEGF released by tumor cells, causing the 

inhibition of tumor angiogenesis and growth. Recently, it 

has been reported that bevacizumab can not only inhibit 

angiogenesis but also induce vessel normalization in pre-

clinical and clinical trials. Some rectal cancer studies have 

shown that vessel normalization occurred when patients 

were treated with 5 mg/kg bevacizumab. The vessel nor-

malization was evaluated by tumor physiology (blood 

perfusion, blood volume, permeability, MVD, perivascular 

coverage, and IFP), systemic response, and tumor response 

via biopsies, functional computed tomography scans and 

positron emission tomography scans. In a clinical trail, six 

patients with primary and locally advanced adenocarcinoma 

of the rectum had been treated with bevacizumab (5 mg/kg 

intravenously). Twelve days after bevacizumab infusion, a 

decrease in blood perfusion, vascular volume, MVD, IFP, 

and permeability surface product and an increase in drug 

delivery and the fraction of vessels with pericyte coverage 

were observed.58 Similarly Willett CG’s study observed the 

same result in rectal cancer patients with 5 mg/kg bevaci-

zumab administration after 12 days.59 However, 12 days after 

the 10 mg/kg bevacizumab dose, MVD, blood flow, and IFP 

were reduced, but fluorodeoxyglucose uptake and perme-

ability surface product did not change because a high dose 

of 10 mg/kg induced dose-limiting toxicities and excessive 

destruction on vessels.
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DC101
DC101 is a rat monoclonal antibody against mouse VEGFR2, 

which is expressed highly in ECs of the tumor vasculature 

and mediates most of the angiogenic properties of VEGF. 

Specific VEGFR2 pathway blockade with DC101 provides 

an insight into normalization of tumor vessels. Studies have 

reported that DC101 therapy induced vessel normalization 

in mice bearing lung, breast, colorectal, and glioblastoma 

multiforme tumors.60,61 After DC101 administration in these 

model, the characteristics of vascular normalization was 

evaluated by intravital microscopy and dorsal skin fold cham-

bers. The results showed the reduction of MVD and vessel 

diameter, an increase in PVC coverage, a decrease in IFP, 

and even a modification in vascular basement membrane.60 

Additionally, another study used orthotopic mammary tumor 

mouse model to validate that normalizing the abnormal blood 

vessels cloud improve the delivery and effectiveness of che-

motherapeutics.61 Vessel normalization by DC101 decreased 

IFP in tumor and reduced vessel wall pore sizes, allowing 

small nanoparticles to enter them more rapidly.

Ramucirumab
Ramucirumab is an entirely humanized monoclonal antibody 

directed against VEGFR2, which was approved for patients 

with advanced or metastatic gastric cancer or gastroesopha-

geal junction carcinoma. Its role for metastatic breast cancer 

or advanced non-small-cell lung cancer is still debated.62 With 

a similar mechanism of anti-angiogenesis to DC101, ramuci-

rumab is thought to have potential ability to normalize tumor 

vessels via blocking specific VEGFR2 pathway. One study 

demonstrated that it decreased vascularity and permeability 

in a liver metastasis after treatment with ramucirumab.63 

However, this trial lacked further studies about the charac-

teristics of tumor vascular normalization, which still needs 

more trials to validate it.

Sunitinib
VEGFR on ECs is tyrosine kinase-dependent receptor, and 

inhibiting tyrosine kinase allows anti-angiogenesis. It is one of 

the most representative tyrosine kinase inhibitors of VEGFRs. 

Studies showed that sunitinib treatment of gliomas reduced 

tumor IFP and increased the delivery of chemotherapy 

(temozolomide) to tumor cells.64,65 Temozolomide delivery to 

tumors directly correlated with the degree of PVC coverage 

and inversely correlated with the density of the abnormally 

thick collagen IV basement membrane. It suggested that 

sunitinib could induce vessel normalization in solid tumor.

everolimus
The mammalian target of rapamycin (mTOR), a multifunc-

tional signal transducing protein, which is not only a crucial 

regulator for cell growth and metabolism but also a promoter 

on angiogenesis. mTOR increases the translation of HIF-1/

HIF-2, activating the expression of HIF-1α responsive 

genes, including VEGF, platelet-derived growth factor-β, 

transforming growth factor-α (TGF-α). It has been validated 

that inhibiting mTOR-HIF-1α-VEGF pathway contributes 

to vascular normalization in solid tumor. Everolimus is the 

primary inhibitor of this pathway, and it has been approved 

for clinical application.66

Everolimus has been shown to have significant effects 

including reduction in expression of HIF-1 and VEGF in 

cultured tumor cells, and reduction in microvessel area and 

blood vessel density in several different tumor model, such as 

renal cell cancer, ovarian cancer, and glioma xenografts.66–69 

Moreover, it has been proved that everolimus has the abil-

ity of prolonging survival and increases radiosensitivity in 

solid tumor.68,70

Interestingly, Chen et al suggested that mTOR also pro-

moted macrophage-induced angiogenesis through STAT3, 

and the effects of mTOR inhibitor were non-overlapping 

with anti-VEGF therapies.71 Based on this concept, it indi-

cated that bevacizumab and everolimus in combination with 

chemotherapy would coordinately target parallel angiogenic 

signaling pathways and emerge a synergistic action to 

improve vessel normalization and suppress some potential 

resistance mechanisms.72

veGF gene alternative splicing
VEGF is grouped into two protein families, which is resulted 

from different alternative selection of the pre-mRNA splicing 

site. Proximal splice-site selection in exon 8 (exon 8a) results 

in pro-angiogenic VEGFxxx isoforms, whereas distal splice-

site selection in exon 8 (exon 8b) results in anti-angiogenic 

VEGFxxxb isoforms, where xxx means the number of 

amino acids on the polypeptide chain.73 The difference of 

two isoforms in structure is the six different amino acids 

in C-terminal region.74 VEGFxxx family members consist 

of VEGF189, VEGF165, VEGF121, and other variants. 

VEGFxxxb family is composed by VEGF121b, 145b, 165b, 

183b, and VEGF189b.75–77

The selection of splicing suggests that control of splic-

ing might be an important regulatory mechanism of VEGF 

expression. Thus, if we inhibit the pro-angiogenic splicing 

pathway, namely VEGFxxx selection splicing, the vessel 
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growth will be suppressed, subsequently vasculature normal-

ization will occur in tumor. Indeed many studies suggested 

that it significantly inhibited EC proliferation, angiogenesis, 

and tumor growth when the C-terminal region of VEGF was 

changed.78,79

VEGF165b isoform seems to be an endogenous anti-

angiogenic agent, which could neutralize VEGF165 in vivo.80 

Studies have shown that VEGF165b overexpression inhibits 

the growth of colon and prostate tumors, kidney cell carci-

noma, Ewing sarcoma, and metastatic melanoma in animal 

models.80–82

Base on the selection of splicing site to VEGF isoforms, 

two possibilities of therapy were proposed. The first is 

specific antibody blocking for the exon 8a, resulting in 

the inhibition of angiogenic isoform. The second is using 

molecular inhibitors that could alter the splicing mecha-

nism for the expression of VEGFxxxb isoform in vivo and 

resulting in vessel normalization.83 To date, documents have 

not shown much about the pathways that regulate alterna-

tive splicing of VEGF pre-mRNA in general and of the 

exon 8a/8b alternative 3′ splice site in particular. But some 

studies suggest that regulatory splicing factors (particularly 

SRp55) and growth factors (especially TGF-β1) can prefer-

entially select the distal splice site.75 The regulatory splicing 

factors include the SR proteins (eg, 9G8, ASF/SF2, SRp40, 

SRp55, among others) which regulate pre-mRNA binding 

to enhancer and silencer.84

SiRNA implication in vessel normalization
siRNA is a ,30 nucleotides long mRNA sequence, and 

siRNA recognizes that dsRNAs combine with the homog-

enous mRNA sequence and degrade it.85,86 It has been shown 

that this kind of gene silencing provided a new approach to 

study and cure some gene-associated diseases, such as onco-

gene, gene associated with anti-apoptosis, growth factors, 

and angiogenesis.87–89

Utilizing siRNA to inhibit angiogenesis in tumor is a 

novel but effective approach to treat solid tumors through 

normalizing tumor vasculature. In the retinoblastoma xeno-

graft model, it was observed that siRNA targeting VEGF 

suppressed angiogenesis and made vessels normalized.90 

In this study, the result showed that VEGF expression 

was strongly reduced by 87% and the tumor volume was 

reduced by 66% compared to controls. More crucial, the 

MVD (0.42±0.24) were significantly decreased in tumors 

treated by VEGF siRNA, compared to control (2.04±0.28). 

This was in line with the results of Zhang et al, who dem-

onstrated that anti-HIF-1α reduced VEGF level and MVD 

in osteosarcoma xenograft model91 and reduced resistance 

against radiotherapy in lung cancer xenograft model.29

Summary and perspective
Since Folkman first hypothesized the importance of angio-

genesis in tumor progression, anti-angiogenesis therapy has 

become a novel strategy to cure solid tumor. Unlike conven-

tional anti-cancer therapies designed to directly kill prolifer-

ating malignant cells, anti-angiogenesis therapy is to destroy 

tumor vasculature. In this concept, the regression of tumor 

vessels could make tumor be a tiny and dormant state and turn 

cancer from a killer into a chronic asymptomatic disease. In the 

past 40 years, this hypothesis has been evaluated in many pre-

clinical studies. These data suggested that anti-angiogenesis 

therapy indeed eliminated tumor vessels and inhibited tumor 

growth to some degree, but could not keep tumor in a dormant 

state. Since the US Food and Drug Administration granted 

approval to the first anti-angiogenesis drug bevacizumab, anti-

angiogenesis therapy began to be widely used in clinic to treat 

various tumors. Later, many other anti-angiogenic drugs have 

been approved in succession. Unfortunately, the benefits of 

these anti-angiogenesis agents proved to be modest in a large 

number of clinical trials.92,93 The disparity between the theory 

and medical reality anti-angiogenesis therapy might attribute 

to the difference of human cancers and xenograft model, for 

example, the growth rate of human tumor is slower, the time 

scale is longer, and each human patient with metastatic disease 

typically has multiple lesions. On the other hand, excessive 

vessel pruning leads to hypoxia and acidosis and even induces 

metastasis and relapse.94,95

Based on anti-angiogenesis theory, Jain hypothesized 

the theory of vasculature normalization and tried to make 

up the defects of anti-angiogenesis therapy. The hypothesis 

suggested that judicious dosing and administrative time of 

anti-angiogenic agents can restore the structure and function 

of vessels by decreasing hypoxia and vascular permeability 

and improving pericyte coverage, tumor perfusion, and blood 

flow, and synergize with immunotherapy and chemotherapy. 

Vascular normalization therapy exhibited benefits not only 

in preclinical trial but also in clinical trials. Although a large 

development was observed in patients with cancers, the 

concept of vascular normalization as a therapeutic strategy 

against tumors is relatively young and has some limitations. 

First, human tumors presented spatial and temporal hetero-

geneity, and the effects of vascular normalization maybe 

different from animal models. For instance, the fundamental 

effect of anti-angiogenesis therapy in many animal models 

(ie, tumor growth delay or shrinkage) is not generally 
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seen in humans. Second, the state of vascular normalization is 

not permanent but transient, and the time window is difficult 

to confirm. Only in time window, the vessels present normal 

characteristics in structure and function. After time window, 

the tumor vessels return to abnormal, which is deemed to be 

relevant to activation of alternative pro-angiogenic signal-

ing pathways. However, appearing point and period of time 

window rely on agent types and dose, tumor types, and loca-

tions. Therefore, the challenge is inducing time window by 

optimal dose and prolonging it.96

As the most important factor in angiogenesis, VEGF is 

a commendable target to make tumor vessel normalization. 

We summarize some key roles in VEGF expression, including 

NO gradient, upstream regulator like HIF-1, and transcription 

modulation like STAT3. We provide some common methods 

to normalize the tumor vasculature through targeting VEGF. 

It deserves to consider how to control its anti-angiogenensis 

effect and promote the normalization of tumor blood vessels. 

Optimal dose and duration of treatment control the effect anti-

angiogenesis. As mentioned earlier, in Willett CG’s study, 

normalized vessels were observed in rectal cancer patients 

with 5 mg/kg bevacizumab administration after 12 days, but 

not in the group with 10 mg/kg bevacizumab.59 High dose of 

bevacizumab blocked VEGF completely and made excessive 

destruction on vessels. In this study, 5 mg/kg dose and 12 days 

of bevacizumab seemed like the optimal dose and duration in 

rectal patients. Due to tumor heterogeneity, the optimal dose 

and time are different and dubious in various tumors, which 

needs many trials to confirm. In addition, a long period of 

inhibiting VEGF might activate other potential alternative 

pathways for neovascularization, such as Ang-Tie2 axis.97 

So in preclinic or clinic, only targeting VEGF might not 

acquire enough normalization, and multiple anti-angiogenesis 

approaches might make vessel more normal.

Although vascular normalization of anti-VEGF therapeu-

tic strategy is faced with several challenges, the development 

of theory and drugs would lead it toward a more efficient 

and successful clinical application in the future. Recently, 

nanoparticles (50–200 nm size) presented a favorable abil-

ity of anti-angiogenesis for they have greater permeability, 

better penetrance, and retention.98,99 The treatment might be 

greatly better when nanoparticles are implicated in vascular 

normalization of anti-VEGF therapy.
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