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Abstract Drug resistance and toxic side effects are major

therapeutic hurdles affecting cancer patients receiving

conventional chemotherapy based on the maximum toler-

ated dose. Metronomic chemotherapy (MCT), a new ther-

apeutic approach developed to avoid these problems

generally, consists of the continuous administration of low-

dose cytotoxic agents without extended intervals. This

therapy targets the tumor microenvironment, rather than

exerting a direct effect on tumor cells. As a result, the MCT

regimen functionally impairs tumor endothelial cells and

circulating endothelial progenitor cells, leading to tumor

dormancy via anti-angiogenesis. Over the past 10 years,

several studies have highlighted the impact of MCT on the

tumor microenvironment and angiogenesis and demon-

strated its potential as a switch from the pro-angiogenic to

the anti-angiogenic state. However, the mechanisms of

action are still obscure. Here, we systematically review the

evidence regarding the anti-angiogenic potential of MCT

as a crucial determinant of tumor dormancy and cancer

treatment.
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Introduction

Conventional or traditional cytotoxic chemotherapy is

based on cycles of drug administration using the maximum

tolerated dose (MTD), followed by a drug-free rest period

to allow the body to recover from acute cytotoxicity

(Emmenegger et al. 2004). This therapeutic regimen leads

to a highly responsive efficacy by directly inducing cyto-

toxicity against proliferating tumor cells but may cause

significant and severe side effects, including immunosup-

pression, liver toxicity, and cardiac and nervous injury

(Galluzzi et al. 2015). Antineoplastic drugs, used in con-

ventional chemotherapy, intrinsically kill rapidly dividing

tumor cells, but they can also induce cytotoxicity against

proliferating hematopoietic and immune cells, thus sup-

pressing natural and adaptive defense mechanisms. Several

chemotherapeutic agents have immunosuppressive effects,

mainly associated with reduction of monocyte/macrophage

function, depletion of T lymphocytes, and dysfunction of

natural killer cells, leading to an impairment of the anti-

tumor immune surveillance (Galluzzi et al. 2015).

To minimize adverse effects and tumor immunosup-

pression, cytotoxic drugs are administrated at intervals of

3–4 weeks to recover from reversible toxicity and to allow

hematopoiesis and restoration of impaired immune activity.

Unfortunately, tumors frequently regrow during the resting

or recovery period. To address these problems, the research

groups of Judah Folkman, Robert Kerbel, and Douglas

Hanahan (Browder et al. 2000; Klement et al. 2000;

Hanahan et al. 2000) independently proposed a new

modality of drug administration called metronomic

chemotherapy (MCT). This therapy consists of frequent or

continuous administration of low doses (1/10 * 1/3 of

MTD) of chemotherapeutic drugs without extended rest
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periods. Thus, MCT has a great potential to improve the

quality of life of cancer patients considerably.

MCT indirectly exerts antagonizing effects on tumor

growth and progression by inhibiting tumor vessel forma-

tion and stimulating anticancer immune response (Pasquier

et al. 2010; Maiti 2014), suggesting that the metronomic

regimen can be considered as a multi-targeted therapy. A

number of preclinical and clinical studies have evaluated

the efficacy and tolerability of MCT regimens (Gnoni et al.

2015) and reported promising results, showing low toxicity

in patients with several types of cancer (Trevisani et al.

2015; Jones et al. 2017; Trevisani et al. 2018). Recently, a

phase III study in patients with metastatic colorectal cancer

showed increased progression-free survival in the MCT

group compared to the observation group treated with

conventional chemotherapy (Simkens et al. 2015; Woo and

Jung 2017). Although MCT offers significant clinical

advantages, the underlying therapeutic mechanism has not

been elucidated. In this review, we will discuss the

potential mechanisms of MCT at the cellular and molecular

levels.

Conventional Chemotherapy Versus MCT

Despite its relatively good efficacy, conventional

chemotherapy still has some limitations, such as severe

side effects and impaired antitumor immune response

(Emmenegger et al. 2004; Galluzzi et al. 2015). MCT has

been developed as an alternative therapeutic strategy for

targeting tumors and overcoming the unwanted effects.

MCT provides many therapeutic benefits over conventional

chemotherapy regarding dose and frequency of drug

administration, pharmacokinetics, drug resistance, cellular

and molecular target, host toxicity, tumor immunity, and

patient quality of life (Table 1). The principal difference

between both regimens is their therapeutic targets. Con-

ventional chemotherapy primarily targets the rapidly

dividing tumor cells, whereas metronomic therapy mainly

targets the angiogenically activated endothelial cells pre-

sent in tumor blood vessels.

Cell-based mechanism of MCT action

Several cytotoxic drugs do not specifically target tumor

cells, but rather interfere with cell division by inhibiting

proteins and enzymes involved in DNA synthesis, cell

replication, and microtubule dynamics. Thus, these drugs

are cytotoxic for all rapidly dividing cells, not only tumor

cells, but also bone marrow, gut mucosa, and hair follicle

cells (Emmenegger et al. 2004). Recent clinical studies

showed that metronomic administration of cytotoxic anti-

cancer drugs had similar effects on the tumor without

causing significant side effects, probably by targeting

multiple genes and cells, when compared to conventional

chemotherapy (Trevisani et al. 2015; Trevisani et al. 2018).

Although metronomic therapy can induce both direct and

indirect effects on tumor cells to limit their proliferation, it

has the strong potential to modulate the tumor microenvi-

ronment via both anti-angiogenesis by impairing endothe-

lial cell function and enhanced antitumor immunity by

activating T-cells, resulting in restriction of tumor growth

and metastasis (Pasquier et al. 2010; Maiti 2014).

Tumors are highly heterogeneous and contain a subset

of cancer cells termed stem-like tumor-initiating cells

(Visvader and Lindeman 2008), whose phenotype is tightly

regulated by cell-extrinsic factors, such as IL-6 and IL-8,

produced in stromal or immune cells within tumor

microenvironments (Iliopoulos et al. 2011; Korkaya et al.

2011). A recent study demonstrated that conventional

chemotherapy induces glutamate-leucine-arginine (ELR)-

motif-positive chemokines, such as CXCL1, CXCL2,

CXCL5, and CXCL6, in carcinoma-associated fibroblasts.

This resulted in a switch of the tumor phenotype to

epithelial-mesenchymal transition-driven cancer stem cells,

Table 1 Comparison of conventional and metronomic chemotherapy regimens

Conventional chemotherapy Metronomic chemotherapy

Dose used Maximum tolerated dose (MTD) Optimal biological dose (1/10 * 1/3 of MTD)

Dosing frequency At defined intervals, e.g., triweekly, fortnightly, or weekly Administrated frequently or continuously without any

interruptions

Pharmacokinetics Rise and fall of plasma drug concentration Sustained plasma drug concentration

Target Proliferating tumor cells Tumor endothelial cells and angiogenesis factors

Host toxicity Acute or cumulative toxicity Less significant toxicity

Tumor immunity Impairs antitumor immune response Stimulates antitumor immune system

Intent of treatment Effective against primary tumor (cancer eradication) Palliative care for advanced cancer (cancer control)

Quality of life Diminishment Improvement

2 J. Y. Kim, Y.-M. Kim

123



which promote their invasive behavior. However, this

phenotype modulation was mostly avoided in MCT regi-

mens that downregulate these chemokines (Chan et al.

2016). These chemokines have also angiogenic effects,

which suggests that MCT can modulate the tumor

microenvironment through negative regulation of tumor

angiogenesis by attenuating chemokine production. Thus,

MCT improves the therapeutic outcome of tumors by

modulating cell-extrinsic factors derived from stromal cells

within their microenvironment.

Accumulating evidence has shown that MCT strongly

inhibits endothelial cell function and tumor angiogenesis

compared with conventional therapy, resulting in the tumor

microenvironment remodeling, which is closely connected

to modulation of antitumor immunity, stromal pro-onco-

genic activity, and tumor dormancy (Maiti 2014). There-

fore, metronomic therapy is thought to effectively target

activated endothelial cells and negatively regulate the

cooperative crosstalk between tumor angiogenesis and the

tumor microenvironment, leading to a high antitumor

efficacy and low cytotoxicity as compared to conventional

chemotherapy.

Initial evidence for anti-angiogenesis

Solid tumor growth occurs in two distinct stages, the

avascular growth phase and the vascular growth phase.

During the former, tumors can grow to a size of approxi-

mately 1–2 mm3 or a few mm in diameter before their

metabolic demands are restricted by the diffusion limit of

oxygen and nutrients. To overcome this limitation and

continue growing, tumors switch to an angiogenic pheno-

type (vascular phase) attracting new blood vessels from the

preexisting vascular network of the surrounding healthy

tissue (Folkman 2007). During the transition phase, the

hypoxic tumor microenvironment secretes diffusible pro-

angiogenic factors into the surrounding tissue.

Of the prominent angiogenic activators, vascular

endothelial growth factor (VEGF) is the strongest inducer

of tumor angiogenesis and neovascular networks that

supply tumor cells with nutrients and oxygen, resulting in

tumor growth, invasion, and metastasis (Folkman 2007).

Tumor angiogenesis generally consists of sequential steps

of activation, proliferation, and migration of endothelial

cells present in the normal vasculature surrounding the

tumor. This process is known as sprouting tumor angio-

genesis. Based on this concept, anti-angiogenic treatments

that target the VEGF/VEGF receptor (VEGFR) pathway

potentially inhibit tumor vessel growth, thus abrogating

tumor progression and metastasis. Currently, many

humanized monoclonal antibodies (e.g., bevacizumab and

ramucirumab) and small molecules (e.g., sunitinib and

axitinib) that inhibit tumor angiogenesis by targeting

tumor-associated endothelial cells are used in patients with

advanced colorectal, lung, ovarian, and kidney cancers

(Zhang et al. 2009; Roviello et al. 2017).

By studying a mouse model of tumor growth, the lab-

oratories of Folkman and Kerbel found evidence that MCT

inhibits angiogenesis as part of its antineoplastic activity

without causing severe cytotoxicity (Browder et al. 2000;

Klement et al. 2000). These results suggest that MCT

inhibits endothelial cell function and tumor angiogenesis,

limiting tumor growth and progression; they do not exclude

the possibility that MCT can directly target dividing tumor

cells. To confirm which cell types were mainly targeted by

MCT, a comparative study was performed in a mouse

model with cyclophosphamide-resistant tumors (Browder

et al. 2000). When the mice were exposed to conventional

cyclophosphamide treatment, they died due to accelerated

tumor growth. However, metronomic cyclophosphamide

therapy induced endothelial cell dysfunction and apoptosis,

followed by tumor cell apoptosis and tumor growth

restriction, indicating that MCT primarily targets

endothelial cells. This conclusion was subsequently con-

firmed using different chemotherapy agents, including

vinblastine, doxorubicin, and paclitaxel (Klement et al.

2000; Bocci et al. 2002).

Accumulating evidence has demonstrated that MCT

effectively inhibits tumor progression and metastasis by

inhibiting tumor angiogenesis, modulating the tumor

microenvironment, and functionally impairing tumor

endothelial cells (TECs) (Matsuda et al. 2010a; Hida et al.

2013a). The principal mode of action of MCT is the

alteration of the tumor microenvironment via suppression

of tumor angiogenesis, particularly by targeting TECs,

which are more sensitive to metronomic administration of

cytotoxic drugs than tumor cells, eventually resulting in

restriction of tumor growth (Gasparini 2001). Indeed,

several lines of evidence have shown that TECs are more

sensitive to anticancer drugs than tumor cells, explaining

why MCT is more effective in killing or inactivating TECs

than tumor cells (Upreti et al. 2013).

MCT offers several benefits, such as low cytotoxicity,

continuous inhibition of tumor angiogenesis, and modula-

tion of tumor environment, consequentially resulting in

tumor dormancy and disease remission, while the con-

ventional regimen has some limitations, such as systemic

toxicity, recurrence of tumor growth, and angiogenesis

during the drug-free periods (Fig. 1). Although MCT is

known to target highly angiogenic TECs and consequently

inhibit their angiogenic activity in the growing tumor blood

vessels, the exact mechanisms by which MCT inhibits

angiogenic activity of TECs rather than normal endothelial

cells (NECs) remains unclear. This is likely due to the

phenotypic or characteristic differences between TECs and

NECs (St Croix et al. 2000; Hida et al. 2013b). Thus, we
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further discuss the characteristics of TECs as a possible

target for MCT.

TEC heterogeneity may allow selective inhibition

Endothelial cells form a one-cell-thick layer called

endothelium, which lines the entire circulatory system,

including arteries, arterioles, venules, veins, and capillar-

ies. These cells are essential for maintaining vascular tone

homeostasis, angiogenesis, and vascular integrity, which

are involved in the regulation of tumor microenvironment.

The microenvironment is controlled by cross-interactions

occurring among various cell types, oxygen concentrations,

soluble and growth factors, and extracellular matrix com-

ponents, which orchestrate the fate of TECs and tumor

vessel formation (Catalano et al. 2013). Among these

factors, the hypoxic tumor microenvironment is a major

contributor to the stabilization of the transcription factor

hypoxia-inducible factor (HIF)-1a that induces the

expression of various pro-angiogenic factors, including

VEGF, thus promoting endothelial cell activation and

tumor angiogenesis. Therefore, there is reciprocal crosstalk

between tumor angiogenesis and the tumor microenviron-

ment, leading to accelerated stimulation of TEC function

and behavior. These findings suggest that TECs are a

crucial and specific target for MCT to induce anti-angio-

genesis and tumor dormancy.

Since TECs originate from endothelial cells existing in

the normal vasculature, they have been thought to be

genetically stable and identical to NECs. However, several

reports have shown molecular differences between TECs

and NECs, indicating that TECs are heterogeneous and not

clonal at the gene expression level (St Croix et al. 2000;

Hida et al. 2013b). In addition, in vitro cultured endothelial

cells isolated from tumor tissue express higher levels of

VEGFR-1/-2 than NECs, leading to a strong angiogenic

response to VEGF (Matsuda et al. 2010b). TECs also

exhibit more angiogenic properties in response to other

pro-angiogenic factors, such as epidermal growth factor

(EGF) and adrenomedullin, compared with NECs (Hida

et al. 2013b). Notably, TECs isolated from high metastatic

tumors are more angiogenic than those isolated from low

metastatic tumors because they upregulate the angiogene-

sis-associated genes VEGFR-1/-2 and VEGF (Hida et al.

2013b), suggesting that TEC properties are closely linked

to tumor malignancy. These findings indicate that TECs

have remarkable heterogeneity, which may be induced by

their environmental properties, particularly tumor malig-

nancy, and that they elicit higher responses to angiogenic

factors than NECs. Thus, TECs are thought to be more

vulnerable to MCT than NECs (Klement et al. 2000; Bocci

et al. 2002).

Because TECs have different characteristics, such as

increased DNA synthesis, cell division, and proliferation,

from quiescent endothelial cells in normal tissues, they are

more susceptible to low-dose chemotherapeutic drugs

(Kerbel and Kamen 2004). Several studies have reported

that low concentrations of anticancer drugs significantly

inhibit endothelial cell growth, but not tumor cell prolif-

eration in cell culture conditions (Clements et al. 1999;

Bocci et al. 2002; Klement et al. 2000). Notably, treatment

with nanomolar or picomolar concentrations of vinblastine

induced endothelial cell dysfunction and anti-angiogenesis

without inducing apoptosis, but did not affect proliferation

Initial tumor Tumor cell apoptosis
Tumor vessel regression

Recurrence

Weeks0 9 6 3 

Blood vessel              

Tumor cell                  

Apoptotic/necrotic cell

Drug treatment

(A) Conventional chemotherapy 

(B) Metronomic chemotherapy 
Initial tumor Tumor vessel regression

Tumor cell apoptosis
Avascular phase
Tumor remission

Fig. 1 Schematic representation comparing the effects of conventional and metronomic chemotherapy on tumors. a Conventional

chemotherapeutic regimen is administrated intermittently with cytotoxic anticancer drugs at MTD, followed by a long break (e.g., 3 weeks),

leading to tumor recurrence and angiogenesis after several weeks of treatment. b MCT is administrated frequently or continuously (e.g., every

4 days or daily), using fractionated MTD (1/10 * 1/3) of chemotherapeutic drugs for a period with no prolonged drug-free interruptions,

resulting in effective inhibition of tumor angiogenesis, tumor growth, and consequent remission of the disease
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of tumor cells and fibroblasts (Vacca et al. 1999), providing

the possibility that MCT negatively regulates the intracel-

lular signaling pathways of angiogenesis, without causing

endothelial cytotoxicity. In addition to high sensitivity to

metronomic anticancer drugs, TECs differ from NECs in

other aspects, such as dividing and proliferating rate

(Kerbel and Kamen 2004), angiogenic properties (Matsuda

et al. 2010b), gene expression profiles (St Croix et al.

2000), epigenetic regulation (Maishi et al. 2016), and

responses to growth factors (Matsuda et al. 2010a; Matsuda

et al. 2011). These findings suggest that TECs display

phenotypic and genotypic heterogeneities, which are con-

sidered as crucial factors for their selective sensitivity to

MCT using cytotoxic drugs, despite these drugs being

designed to preferentially kill the dividing and proliferating

tumor cells (Kerbel 2007).

Normalization of tumor blood vessels by targeting

TECs

TECs have a specialized phenotype, similar to organ-

specific endothelial cells that display a significant degree of

functional heterogeneity depending on their location in the

different types of blood vessels, such as vascular tone in

arteries, leukocyte trafficking in venules, and organ-speci-

fic properties in capillaries (Aird 2006). This heterogeneity

is mostly associated with differential gene expression

profiles in organ-specific and microvascular-bed-specific

endothelial cells (Langenkamp and Molema 2009). This

suggests that endothelial cells exhibit different behaviors in

response to environmental cues in an origin-specific man-

ner. For example, liver sinusoidal endothelial cells and

kidney glomerular endothelial cells are flattened and highly

fenestrated to filter or exchange fluids, solutes, and parti-

cles between plasma and the hepatocytes or the urinary

space, whereas the blood–brain barrier endothelium is

characterized by junctional proteins that restrict passage

solutes into the central nervous system. In addition, human

umbilical vein endothelial cells (HUVECs) exert dramatic

differences in tumor necrosis factor (TNF)-a-induced
E-selectin expression from human umbilical arterial

endothelial cells, as confirmed by substantial responsive-

ness only in HUVECs (Liu et al. 2008). This indicates that

endothelial cells are highly specialized from organ to

organ, suggesting that TECs have distinct properties from

endothelial cells in normal tissues.

Tumors are considered to be dysfunctional organs,

because they conduct abnormal metabolic pathways, such

as impaired glucose metabolism (anaerobic glucose cata-

bolism) and increased lactate production causing acidosis

(Lee et al. 2015), as well as expanded non-perfused or focal

hypoxic areas, resulting in promotion of pro-angiogenic

VEGF expression (Folkman 2007). Endothelial cells

exposed to those environments switch to specialized phe-

notypes, such as TECs, which possess abnormal pro-an-

giogenic function (Dudley 2012). Activated TECs, present

in tumor vessels, branch and sprout excessively, thus losing

their polarity, detaching from the basement membrane,

forming defective endothelial monolayers, and losing

endothelial cell junctions (Baluk et al. 2005). As a result,

tumor vessels have structural and functional abnormalities

(Carmeliet and Jain 2011), such as leakiness, tortuosity,

serpentine course, irregular branches, and abnormal shunts

(Fig. 2). Consequently, the tumor blood flow is chaotic,

with high flow rates in some segments and stagnant in

others. Increased interstitial fluid pressure by focal leakage

in tumor vessels further impedes tumor blood flow, leading

to obstructions of chemotherapeutic drug delivery and

reduction of therapeutic efficacy.

TECs activated by VEGF form the tumor microvascu-

lature, which is generally more hyperpermeable to

macromolecules than normal vessels. An early study

showed that administration of anti-VEGF antibody reduced

not only tumor vessel formation, but also vascular per-

meability in a tumor-bearing animal model (Yuan et al.

1996), suggesting that inhibition of TEC function nor-

malizes tumor vessels and improves delivery and efficacy

of chemotherapeutic drugs. Thereafter, several studies

demonstrated that combined treatment of anti-angiogenic

therapeutics and cytotoxic drugs synergistically inhibited

tumor progression and improved survival in tumor-bearing

animal models and clinical trial patients (Sandler et al.

2006; Baek et al. 2017). This indicates that MCT improves

blood flow and perfusion via functional normalization of

tumor vessels, leading to effective delivery of anticancer

drugs into the tumor. Thus, tumor vessel normalization is

currently considered as an emerging concept for metro-

nomic anticancer drug-based tumor therapy.

In addition to an anti-angiogenic effect, MCT regimens

improve structural and functional normalization of the

tumor vasculature by inhibiting the expression of multiple

pro-angiogenic genes, including VEGF (Colleoni et al.

2006; Cham et al. 2010). Metronomic paclitaxel therapy

resulted in a significant decrease in tumor vessel perme-

ability, an index of vascular normalization, followed by a

further improvement in the antitumor effect of concomi-

tantly injected doxorubicin in a breast cancer xenograft

mouse model (Luan et al. 2016). This suggests that MCT

normalizes imperfect tumor blood vessels and improves

chemotherapeutic drug delivery deep inside tumor tissues.

A recent study using a mathematical model demonstrated

that MCT improves tumor vessel normalization, which is

associated with enhanced delivery of oxygen and anti-

cancer drugs (Mpekris et al. 2017). Thus, this therapy may

be more effective in cancer treatment than conventional

regimen. These findings indicate that MCT results not only
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in the inhibition of tumor angiogenesis, but also in the

normalization of the tumor vasculature by effectively

impairing function of TECs, but not NECs.

Functional impairment of endothelial progenitor

cells (EPCs)

Postnatal new blood vessel formation, including tumor

angiogenesis, has been known to result from endothelial

sprouting from the preexisting vasculature. However,

Asahara et al. (1997) demonstrated in 1997 that a certain

population of mononuclear cells in adult peripheral blood

contributed to the neovascularization of ischemic tissue by

differentiating into endothelial cells. There are two types of

EPCs in circulating blood, early EPCs and late EPCs (Lin

et al. 2000). Early EPCs with spindle shape show peak

growth at 2 to 3 weeks during in vitro culture of

mononuclear cells and die at 4 weeks, whereas late EPCs

with cobblestone shape appear after 2 to 3 weeks of culture

show exponential growth at 4 to 8 weeks and live up to

12 weeks (Hur et al. 2004). Although both types of EPCs

have comparable in vivo angiogenic capacity, early EPCs

secrete more angiogenic trophic factors than late EPCs in

in vitro culture conditions. Both cell types have not only

therapeutic application for ischemic or hypoxic diseases

but are also involved in pathological angiogenesis related

to tumor growth and metastasis.

Systemic injection of EPCs into tumor-bearing mice

increased vascular network formation within the tumor

microenvironment and promoted tumor growth and pro-

gression (Russell and Brown 2014). This suggests that EPCs

serve as a therapeutic target for inhibiting tumor growth and

metastasis. Indeed, disrupting the stromal cell-derived fac-

tor-1 (SDF-1)/CXCR4 pathway, a crucial axis of EPC

homing and migration, with a CXCR4-blocking antibody

reduced recruitment of bone marrow-derived EPCs to the

tumor bed and inhibited tumor growth in Lewis lung cancer

mouse models (Murakami et al. 2009). During the recovery

period after conventional chemotherapy, the number of

circulating EPCs increased sharply, doubling pre-therapeu-

tic levels at day 21 after conventional chemotherapy. How-

ever, metronomic treatment with the cyclophosphamide

analog ifosfamide decreased the circulating EPC levels of

cancer patients (Stoelting et al. 2008), suggesting that

metronomic treatment of anticancer drugs inhibits tumor

angiogenesis by decreasing circulating EPCs. MCT with

irinotecan significantly also diminished EPC count in

peripheral blood and tumor vessel density compared with

conventional therapy in a mouse model for colon cancer

(Murakami et al. 2011).

Similarly, metronomic treatment with topotecan in

combination with the tyrosine kinase inhibitor pazopanib

significantly reduced the number of circulating EPCs in

tumor-bearing mice, leading to a parallel reduction in

tumor angiogenesis and vessel density (Kumar et al. 2011).

Several other studies also demonstrated that the antitumor

efficacy of MCT is associated with angiogenic dormancy

via the inhibitory effects on mobilization and viability of

circulating EPCs in patients with several types of cancers

(Stoelting et al. 2008; Natale and Bocci 2018). These

findings strongly suggest that functional impairment of

EPCs is a mechanism of MCT.

Molecular targets of MCT

MCT exerts its anti-angiogenic effects not only by

inhibiting the angiogenic properties of TECs and EPCs but

also by differentially regulating expression of pro- and

anti-angiogenic genes. Angiogenic activity largely depends

on local alterations of the net balance between angiogenic

stimulators and inhibitors that are usually expressed in the

tumor microenvironment (Fig. 3). In the following sec-

tions, we will discuss the asymmetric expression of pro-

and anti-angiogenic genes, as molecular targets of MCT, in

preclinical and clinical settings.

Normal Vessel Tumor Vessel 

MCT 

Normalization 
 High perfusion 
  Normal O2 tension 
 High drug delivery 
High drug sensitivity 

Heterogeneity 
 High permeability 
  Low O2 tension 
 Poor drug delivery 
Less drug sensitivity 

Fig. 2 Differences between normal and tumor blood vessels. Normal vasculature has hierarchical branching pattern of arteries, veins, and

capillaries, whereas tumor vessels exhibit an unorganized structure, chaotic blood flow, and vascular permeability and leakiness. MCT

normalizes structure and function of tumor vasculature, resulting in an improvement in drug delivery into tumor tissue and chemotherapeutic

efficacy
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Pro-angiogenic factors

The potent angiogenic stimulator VEGF is induced and

secreted from the hypoxic tumor microenvironment and

diffuses to nearby vessels in normal tissues. It binds to

VEGFR-2 expressed in vascular endothelial cells and

triggers a molecular signal cascade of tumor angiogene-

sis. Therefore, the humanized anti-VEGF antibody beva-

cizumab is clinically used to treat various types of solid

tumors (Sandler et al. 2006; Roviello et al. 2017), indi-

cating that blocking VEGF expression is a useful strategy

for cancer treatment.

Metronomic treatment of colorectal and gastric cancer

cells with capecitabine decreased VEGF expression and

tumor angiogenesis (Shi et al. 2014; Yuan et al. 2015),

suggesting that decreased VEGF levels are directly asso-

ciated with the antitumor effects of MCT. A similar

decrease in serum VEGF concentration was observed in

tumor-bearing mice receiving subcutaneous MCT (Main-

etti et al. 2012). Furthermore, oral treatment of breast

cancer patients with metronomic cyclophosphamide

effectively diminished VEGF serum levels and signifi-

cantly inhibited tumor growth (Colleoni et al. 2006; Baz-

zola et al. 2015), resulting in a significant improvement in

progression-free survival (Calleri et al. 2009). These results

provide evidence that MCT regimen impairs angiogenic

activity of TECs through downregulation of VEGF in the

tumor microenvironment.

MCT also caused a significant decrease in other pro-

angiogenic factors, such as EGF, platelet-derived growth

factor (PDGF), and basic fibroblast growth factor (bFGF).

A recent study confirmed that metronomic treatment with

capecitabine reduced PDGF levels in the culture super-

natants of gastric cancer cells and the peripheral blood of

tumor-bearing nude mice (Yuan et al. 2015). Metronomic

administration of the drug GMX1777, a cellular NAD

synthesis inhibitor, resulted in decreases in VEGF and

PDGF expression, tumor vessel maturation, and tumor

progression in a human neuroblastoma xenograft mouse

model (Fuchs et al. 2010). It was also demonstrated that

metronomic gemcitabine or etoposide diminished the

expression levels of several pro-angiogenic molecules,

such as EGF and bFGF (Cham et al. 2010; Panigrahy et al.

2010). Therefore, MCT might elicit its anti-angiogenic

effects by causing a dynamic inversion of the pro-angio-

genic disequilibrium through downregulation of multiple

pro-angiogenic genes in the tumor microenvironment.

Anti-angiogenic factors

Many angiogenic inhibitors, including anti-VEGF anti-

bodies and small chemical drugs, have been developed, and

various endogenous inhibitors of angiogenesis have been

also discovered. Both are clinically used in anti-angiogenic

tumor therapy. Endogenous angiogenesis inhibitors include

proteins, protein fragments, or peptides; for example,

thrombospondins (TSP), pigment epithelium-derived factor

(PEDF), chondromodulin-1, platelet factor-4, soluble

VEGFR-1 (sVEGFR-1/sFlt-1), sVEGFR-2, soluble endo-

glin, vasohibins, endostatin, angiostatin, and tumstatin

(Rao et al. 2015).

In addition to the decreased levels of pro-angiogenic

factors, Bocci et al. showed that MCT using paclitaxel and

cyclophosphamide increased TSP-1 expression in

endothelial cells and its circulating levels in the plasma of

human tumor-bearing mice (Bocci et al. 2003). They also

demonstrated that the anti-angiogenic and antitumoral

effects of metronomic cyclophosphamide were lost in TSP-

1-null mice carrying Lewis lung carcinomas. Although the

underlying mechanism remains unclear, MCT with differ-

ent chemotherapeutic drugs significantly inhibited tumor

angiogenesis and progression by increasing TSP-1

expression and production in tumor tissues of animals

carrying various types of tumors, including pancreatic

adenocarcinomas, colorectal cancer, hepatocellular carci-

noma, ovarian cancer, breast cancer, and gastric cancer

(Shi et al. 2014; Natale and Bocci 2018).

A notable increase in TSP-1 levels has also been found

in cancer patients enrolled in clinical trials of various

phases. Indeed, metronomic irinotecan administration

enhanced plasma TSP-1 levels in metastatic colorectal

Pro-angiogenic
inhibitor 

(TSP-1, Vasohibin, 
Endostatin) 

Anti-angiogenic
activator

(VEGF, VEGFR-2,
bFGF, SDF-1)

LDM chemotherapy

TECs
EPCs 

Tumor 
angiogenesis

Fig. 3 Schematic representation illustrating the anti-angiogenic

mechanisms of MCT. MCT inhibits the expression of pro-angiogenic

factors, such as VEGF, VEGFR-2, bFGF, and SDF-1, and also

increases the expression of anti-angiogenic factors, such as TSP-1,

vasohibin, and endostatin. The changes in the levels of both factors

inhibit angiogenic activity of TECs and suppresses mobilization and

recruitment of EPCs, resulting in inhibition of angiogenesis in the

tumor microenvironment
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cancer patients (Allegrini et al. 2008). Similar increases in

TSP-1 plasma levels were confirmed in metastatic gas-

trointestinal cancer patients receiving MCT with

cyclophosphamide, uracil-tegafur, and celecoxib (Allegrini

et al. 2012). Oral metronomic vinorelbine and dexam-

ethasone also induced a significant increase in plasma TSP-

1 levels in castration-resistant prostate cancer patients,

leading to favorable therapeutic activity without significant

toxicity profile (Di Desidero et al. 2016).

In addition to TSP-1, other endogenous angiogenesis

inhibitors are enhanced by MCT. In fact, metronomic

treatments with anticancer drugs significantly increased the

plasma levels of sVEGFR-1/-2, endostatin, and PEDF,

which were inversely correlated with angiogenesis or

tumor progression in preclinical and clinical settings

(Panigrahy et al. 2010; Jia and Waxman 2013; Natale and

Bocci 2018). However, the anti-angiogenic capacity of

MCT was diminished in TSP-1-deficient mice, but not in

type XVIII collagen a1 chain (endostatin)- and type IV

collagen a3 chain (tumstatin)-deficient mice (Hamano

et al. 2004), suggesting that plasma TSP-1 level could

serve as an anti-angiogenic marker for the success of MCT

in cancer patients. Noticeably, MCT regimens did not

always induce increased plasma levels of anti-angiogenic

factors in cancer patients, nor is there any significant cor-

relation between anti-angiogenic factor levels and clinical

outcomes of patients (Gnoni et al. 2015), suggesting that

efficacy of MCT is associated with multiple factors.

Factors that influence EPC activity

EPCs not only reduce ischemic damage by promoting

neovascularization but also promote tumor angiogenesis,

leading to tumor progression and metastasis. In general,

VEGF and SDF-1 recruit EPCs from the bone marrow or

activate tumor-resident EPCs. Both factors are upregulated

in a HIF-1a-dependent manner (Ceradini et al. 2004),

indicating that recruitment of EPCs to the tumor bed can be

mediated by hypoxia-dependent expression of VEGF and

SDF-1 within the tumor microenvironment. Indeed, com-

bination of VEGF and SDF-1 resulted in a synergistic

stimulation of EPC-mediated angiogenesis and blood per-

fusion in a murine model of hind-limb ischemia (Yu et al.

2009).

SDF-1 is a chemokine that plays a major role in mobi-

lization, trafficking, homing, and retention of hematopoietic

CD34? stem cells, including EPCs, via ligation of its sole

receptor CXCR4. Disruption of the SDF-1/CXCR4 interac-

tion by a blocking antibody against CXCR4 or SDF-1 sig-

nificantly reduced tumor growth and metastasis in tumor-

bearing mice, subsequently promoting their survival (Muller

et al. 2001; Jung et al. 2017). This suggests that SDF-1

suppression inhibits tumor angiogenesis by impairing

CXCR4-mediated homing of circulating EPCs to the tumor

environment. Similarly, metronomic administration of

anthracycline inhibited HIF-1a-dependent SDF-1 expres-

sion and EPC recruitment, resulting in a significant reduction

of tumor vascularization in prostate cancer xenograft mice

(Lee et al. 2009). These findings suggest that MCT inhibits

EPC-induced tumor angiogenesis by downregulating SDF-

1.

Regulated in development and DNA damage

response 1 (REDD1) as an endogenous inhibitor

of mTOR

Cytotoxic anticancer drugs, including DNA damage-in-

ducing doxorubicin, significantly upregulate REDD1 gene

(Räsänen et al. 2016). This gene is highly induced by

various stressful conditions, such as oxidative stress, DNA

damage, and energy stress (Ellisen et al. 2002). Notably,

chemotherapeutic drugs induce REDD1 expression by

inducing oxidative stress and p53 (Vadysirisack et al. 2011;

Nissinen et al. 2016). REDD1 is an endogenous inhibitor of

mTOR, which stimulates protein biosynthesis by phos-

phorylating ribosomal protein S6 kinase (S6K) and

eukaryotic translation initiation factor 4E (eIF4E)-binding

protein 1 (4E-BP1). Doxorubicin frequently leads to heart

failure and vascular dysfunction, and these events were

recovered by adeno-associated viral vector-mediated gene

transfer of VEGF (Räsänen et al. 2016). These findings

suggest that metronomic doxorubicin may inhibit VEGF

expression at the translational level by inhibiting mTOR-

dependent phosphorylation of S6K and 4E-BP1 via

upregulation of REDD1.

Accumulating evidence showed that mTOR stimulates

physiological and pathological angiogenesis, including

tumor angiogenesis, probably via translational upregulation

of pro-angiogenic factors, suggesting that mTOR inhibitors

prevent tumor angiogenesis by impairing endothelial cell

function (Frost et al. 2013). Several studies have demon-

strated that the mTOR inhibitor rapamycin blocks VEGF

expression in patients with stable angina and cultured

endothelial cells and that it inhibits primary and metastatic

tumor growth by promoting anti-angiogenesis (Guba et al.

2002; Czepluch and Waltenberger 2008; Wang et al. 2016).

Other studies have shown that rapamycin attenuates

translation/stabilization of HIF-1a protein and subsequent

downregulation of VEGF (Wei et al. 2016). Moreover,

mice with endothelial cell-specific knockout of DEP

domain-containing mTOR-interacting protein (DEPTOR),

a repressor of mTOR signaling, hyperactivate the mTOR

pathway and promote angiogenesis via HIF-1a-dependent
VEGF expression. These angiogenic events were blocked

by rapamycin (Ding et al. 2018), indicating that the mTOR

pathway stimulates tumor angiogenesis by upregulating
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VEGF. Similarly, specific knockdown of the mTORC2

component rapamycin-insensitive companion of mam-

malian target of rapamycin (RICTOR) impaired tumor

growth in pancreatic cancer models by inhibiting VEGF

expression and secretion (Schmidt et al. 2017). These

results strongly suggest that REDD1 may mitigate tumor

angiogenesis by impairing mTOR-dependent translational

biosynthesis of VEGF and VEGFR-2 (Fig. 4), although it

has not been proved that REDD1 directly inhibits VEGF

expression.

The Sox transcription factor family is divided into

several subfamilies, particularly with the SoxF subfamily

consisting of Sox7, Sox17, and Sox18 (Sarkar and

Hochedlinger 2013). Sox7 and Sox17 are specifically

expressed in endothelial cells and stimulate sprouting

angiogenesis by promoting VEGFR-2 expression; notably,

Sox7 plays an important role in tumor angiogenesis (Kim

et al. 2016). Expression of Sox7 and Sox17 is negatively

regulated by rapamycin and positively regulated by over-

expression mTOR (Kim et al. 2016), suggesting that

mTOR is essential for SoxF-mediated VEGFR-2 expres-

sion and tumor angiogenesis. Specific deletion of Sox7 in

endothelial cells diminishes tumor growth in mice with

high-grade glioma by suppressing VEGFR-2 expression

(Kim et al. 2018). These results suggest that REDD1

induced by MCT may contribute to anti-angiogenesis by

inhibiting translational biosynthesis of HIF-1a and SoxF,

resulting in transcriptional downregulation of pro-angio-

genic factors, such as VEGF, VEGFR-2, and SDF-1

(Fig. 4).

Translational initiation in eukaryotes occurs via two

main mechanisms that are either dependent or independent

on the m7GTP cap of mRNA, namely the canonical cap-

dependent and the alternative cap-independent translation

(Merrick 2004). The mTOR pathway affects mRNA

translation through phosphorylation of downstream targets,

such as S6K and 4E-BP1, facilitating the formation of the

translation initiation complex on the 50-cap of mRNA

transcripts. Rapamycin inhibits 4E-BP1 phosphorylation

and cap-dependent initiation of translation (Beretta et al.

1996), suggesting that REDD1 can block cap-dependent

protein biosynthesis. The antifungal agent itraconazole was

shown to inhibit the mTOR signaling pathways and

VEGFR-2 expression in cultured endothelial cells and to

reduce tumor growth by promoting anti-angiogenesis (Choi

et al. 2017). These effects were further augmented by co-

treatment with paclitaxel that inhibits the mTOR pathway

(Rocha et al. 2011; Choi et al. 2017). These results indicate

that REDD1, induced by MCT, plays an important role in

the inhibition of VEGF-mediated tumor angiogenesis.

Conclusions and future perfectives

Based on the available experimental, pre-clinical, and

clinical data, it seems worthwhile to establish MCT as a

new clinical treatment strategy to control several types of

cancer, although the underlying mechanisms are only

partially understood. Conventional chemotherapy directly

targets proliferating tumor cells, whereas MCT can act on

several different targets, such as the tumor microenviron-

ment, the immune system, endothelial cells, and circulating

EPCs. Among them, TECs and EPCs are the primary tar-

gets of MCT. As a result, MCT regimen effectively inhibits

tumor angiogenesis. Overall, MCT provides a better qual-

ity of life with minimal toxicity and fewer complications in

cancer patients. The molecular targets of MCT are still

obscure; therefore, omics-based pharmacogenetic and

pharmacoproteomic approaches are needed to identify

precise molecular targets of TECs in response to MCT and

to determine the most effective drugs and/or combinations

for clinical use. It should be noted that accumulating data

from phase II/III studies have shown promising outcomes

in patients with several types of cancers following MCT

(Simkens et al. 2015; Woo and Jung 2017; Trevisani et al.

2018). A randomized, double-blind phase III study is

Metronomic chemotherapy

VEGF 
VEGFR-2 
SDF-1 

REDD1

mTOR

SoxFHIF-1α

SoxFHIF-1α VEGF 
VEGFR-2 

pS6K, p4E-BP1

Fig. 4 Possible role of REDD1 in MCT-induced downregulation of

pro-angiogenic genes. MCT induces REDD1 via DNA damage or

reactive oxygen species (ROS) production. REDD1 inhibits mTOR-

dependent translational systems, such as phosphorylation of riboso-

mal S6 protein kinase (S6K) and eukaryotic initiation factor 4E-

binding protein (4E-BP1), and directly downregulates the biosynthe-

sis of pro-angiogenic factors (VEGF and VEGFR-2) and transcription

factors (HIF-1a and SoxF), resulting in transcriptional inhibition of

pro-angiogenic genes, including VEGF, VEGFR-2, and SDF-1.

Consequently, MCT blocks tumor angiogenesis and promotes tumor

dormancy
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required in the near future to evaluate the prospective

benefits of MCT precisely.
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