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Abstract: Gastric cancer is one of the most frequent malignancies worldwide. Despite improvements
in diagnosis and therapy, the overall prognosis remains poor. In the last decade, several
anti-angiogenic drugs for cancer treatment have been approved and lately also introduced to
gastric cancer treatment. While the initial trials focused only on unresectable or metastatic cancer,
anti-angiogenic treatment is now also investigated in the perioperative and neoadjuvant setting.
In this review, an overview of the role of angiogenesis and angiogenic factors in gastric cancer as
well as anti-angiogenic treatment of gastric cancer is provided. Findings from in vitro and animal
studies are summarized and put in a context with translational data on angiogenesis in gastric cancer.
The most important angiogenic factors and their effect in gastric cancer are highlighted and clinical
trials including anti-angiogenic drugs are discussed. Finally, an outlook of biomarkers for predicting
response to anti-angiogenic treatment is presented, the ongoing trials on this topic are discussed and
current challenges of anti-angiogenic therapy are outlined.
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1. Introduction

Gastric cancer is killing more than one million people worldwide every year [1]. Even if diagnosis
and perioperative therapy have improved over the last decades, outcome is still poor with overall
5-year survival rates of less than 40% [2–5]. While the early stages of gastric cancer can be resected
in a curative intention, in the case of advanced metastatic tumor stage or unresectability, therapeutic
options are limited. Because of low response rates and the development of chemoresistance to the
established chemotherapeutic regimens, anti-angiogenic drugs have gained more and more interest in
the therapy of gastric cancer [6–8].

Blood vessels themselves form an extensive network to nurture all tissues of the body and
to supply oxygen. Blood vessels are lined with an inner layer of endothelial cells. Angiogenesis
describes the physiological process of the formation of new blood vessels from preexisting ones. While
angiogenesis still occurs after birth during organ growth, in the adult, blood vessels are normally
quiescent and angiogenesis only occurs physiologically in the cycling ovary and in the placenta during
pregnancy [9]. Even though normally quiescent, ECs can sense angiogenic signals and can respond to
angiogenic signals by retaining a high plasticity. This is of most importance in pathological conditions
such as wound healing and inflammation, however in many disease conditions angiogenesis becomes
deregulated and further supports the disease development instead of limiting it [10].

In 1971, Folkman et al. proposed the hypothesis that tumor growth is angiogenesis-dependent [11],
which was subsequently proven and is one of the hallmarks of cancer [12]. Since then, several pro-
and antiangiogenic factors have been discovered and angiogenic inhibition showed success in the
treatment of numerous types of cancer [9,13]. Positive effects by inhibition of angiogenesis were shown
among others in breast [14–16], lung [17,18], colorectal [19] and gastric cancer [20].
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The purpose of this review is to focus on the current data of anti-angiogenic treatment in gastric
cancer. We will provide an overview of different angiogenic cytokines and their role in tumor
angiogenesis as well as on clinical trials investigating the effect of anti-angiogenic treatment. In the
last section, we will give an outlook on the prediction of potential biomarkers and their help for an
early diagnosis of the disease.

2. Angiogenic Signaling and Pathways

The first described cytokine contributing to tumor angiogenesis was vascular endothelial growth
factor (VEGF-A), initially described as VPN (vascular permeability factor), which was discovered
in 1983 [21] and fully sequenced in 1989 [22,23]. Even though angiogenesis is a highly complex
process, VEGF-A is its central player and is the primary survival factor of vascular endothelial cells
(ECs), stimulates proliferation and migration, inhibits apoptosis and modulates their permeability [24].
VEGF-A belongs to a family of cytokines including VEGF-B, -C, -D, -E and placental growth factor
(PlGF) [25,26]. Their intracellular signaling is mediated by binding to receptor tyrosine kinases
(VEGFR-1, -2, -3) with different affinities. VEGF binds to VEGFR-1 and VEGFR-2, PlGF and VEGF-B
bind to VEGFR-1, and VEGF-C and VEGF-D bind to VEGFR-3 and—depending on the species and
with a lower affinity—to VEGFR-2 [27]. The main effects on angiogenesis are mediated by VEGFR-2
while signaling via VEGFR-1 and -3 is more complex. The neuropilins NRP1 and NRP2 are co-receptors
and enhance the signaling of VEGFR-2 while also signaling by themselves [28,29]. PlGF is another
member of the VEGF-family and was first described in the placenta, where it controls trophoblast
growth and differentiation [30,31]. While loss of a single allele of VEGF-A is embryonically lethal,
PlGF is dispensable and seems to only play a role under disease conditions [32]. In the last decade,
it gained more interest since PlGF signaling seems to be involved in the angiogenic process of several
solid tumors and leukemia [30,33–35].

After identifying the VEGF-family, many other cytokines have been described to regulate the
process of angiogenesis in tumors. The angiopoetin/Tie-cascade is one of the most prominent ones.
Four different angiopoetins (Ang-1, 2, 3, 4) have been described, all of them binding to the tyrosine
kinase receptor tie-2 [36,37] while the exact role of Tie-1, even though it is a co-recpetor of Tie-2,
remains unclear. Angiopoetins are critical for vessel maturation and mediate migration, adhesion and
survival of endothelial cells. Ang-2 disrupts the connection between the endothelium and perivascular
cells and promotes cell death and vascular regression and therefore plays a crucial role in tumor
angiogenesis [38]. Another important regulator of angiogenic factors is the fibroblast growth factors
(FGF). These cytokines act via binding to four different receptors (FGFR 1–4) and regulate several cell
functions such as cell proliferation, migration, survival [39]. Angiogenesis is mainly controlled by
FGF-1 and FGF-2 by the activation of the AKT-pathway [40]. In experimental models of ischemic heart
disease, FGF-1/2 were shown to induce angiogenesis by increasing coronary artery branching and
density [41,42].

As hypoxia is a main driving force of angiogenesis, it is not surprising that upstream to these
cytokines angiogenesis is regulated by hypoxia inducible factor 1 (HIF-1). HIF-1 monitors the
cellular response to the oxygen levels in solid tumors. Under hypoxia conditions, HIF-1α protein
is stabilized and forms a heterodimer with the HIF-1β subunit [43,44]. This complex activates
the transcription of numerous target genes in order to adapt the hypoxic environment in human
cancer cells [45]. The HIF-mediated adaptive response is orchestrated by HIF prolyl hydroxylase
domain-containing enzymes (PHDs), which fulfill specific functions in multiple physiological and
pathophysiological processes [46]. In addition to HIF-1, recently HIF-2 gained more interest in the
regulation of angiogenesis. Initially, both isoforms were supposed to have similar functions but several
publications showed that regulation of erythropoietin (EPO) is mainly regulated by HIF-2 [47].

Beside this typical activator of angiogenesis in gastric cancer, recent studies showed that the
non-classical activator tryptase can stimulate angiogenesis in vitro and in vivo. Tryptase is stimulating
proliferation of endothelial cells by activation of the proteinase-activated receptor-2 (PAR-2) [48]
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and VEGF is produced by this process [49]. Tryptase is mainly released by infiltrating mast cells
and is thereby marking them as a potential target for the anti-angiogenic therapy in gastric cancer
patients [50].

In addition to these pathways, tumor angiogenesis is regulated by abundant other signal cascades
and is much more complex. Other pathways such as notch- and wnt-signaling [51,52] regulate
the process of angiogenesis in many ways and the interaction between tumor and stroma tissue is
especially influenced by other molecules such as integrins [53]. Since this review will focus on the
therapeutic implications of angiogenesis inhibition in gastric cancer, it will only highlight the most
common pathways.

3. Inhibition of Angiogenesis in Preclinical Models

In this section, we will focus on the interaction between gastric cancer cells and angiogenic
signaling in vitro and in animal studies.

3.1. Experimental In Vitro Data

Several studies on blocking angiogenic pathways in gastric cancer cell lines have been reported.
The first monoclonal antibody against VEGF was bevacizumab (avastin) which has been shown
to inhibit angiogenesis in several solid tumors [19]. Treatment of gastric cancer cell lines with
bevacizumab showed decreased cell growth and increased apoptosis rates [54]. Besides inhibition
by blocking VEGF via bevacizumab, there are two inhibitors of the VEGFR-2, the monoclonal
antibody ramucirumab and the tyrosine kinase inhibitor apatinib. Both were shown to inhibit
cell growth in vitro [55]. Silencing VEGF by specific siRNA led to the same effects with decreased
proliferation rates and reduced cell cycling [56]. One possible explanation for this is the activation
of proliferation-mediating signaling pathways, such as PI3K/Akt, by secreted VEGF [57]. Human
umbilical vein endothelial cells (HUVECs) as a model of angiogenesis showed upregulated mRNA
levels of VEGFR-1/-2 and VEGF when co-cultured with gastric cancer cells in vitro [58]. A summary
of the different drugs and their target in the angiogenic signaling is provided in Figure 1.
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Figure 1. VEGF receptor signaling and targets of anti-angiogenic therapy (modified). PlGF and
VEGF-A act through VEGFR1 while VEGFR2 is only stimulated by VEGF-A. Inhibitors of the pathways
are shown in boxes. Downstream pathways are simplified for better orientation. PlGF = Placental
growth factor; VEGF = Vascular endothelial growth factor; VEGFR = Vascular endothelial growth factor
receptor; Her2/neu = human epidermal growth factor receptor 2; PLCy = Phospolipase C y; PKC =
protein kinase C; RAF = Rapidly accelerated sarcoma kinase; MEK (MAPKK) = Mitogen-acitvated
protein kinase kinase; MAPK = mitogen-activated protein kinase. Blue arrow = activation; black T-bar
arrow = inhibition.
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All these data suggest that gastric cancer cells have a high angiogenic potential by secreting
angiogenic cytokines both to stimulate endothelial cells as well as in an autocrine loop to support their
own growth. Altogether, migration and proliferation in gastric cancer cells are highly regulated by the
VEGF pathway.

While there is abundant data on the inhibition of VEGF-mediated pathways in gastric cancer,
little is known about the effect of blocking PlGF in gastric cancer cell lines. Akrami et al. reported an
increased apoptosis rate and decreased migration in AGS cells by knocking down of PlGF [59].
The same group reported less tumorigenicity in AGS and MKN-45 cells after knockdown of
PlGF [60]. In this study, Mahmoodi et al. assessed stem cell properties in these cell lines and found
less self-renewal capacity, decreased matrix metalloprotease activity and decreased transcription
activity [60]. Inhibition of Angiopoetin-1 in vitro shows similar effects with reduced cell proliferation
and cell cycle activity [61–63]. Downregulation of Angiopoetin-2 led to similar results with decreased
proliferation rates in gastric cancer cell lines [64]. For PlGF, no studies are available on the effect of an
antibody-mediated blockage and for a better understanding of PlGF-mediated angiogenesis in gastric
cancer this pathway needs to be further elucidated.

All in all, blocking of VEGF, Angiopoetin-1/2 (and PlGF) was found to have inhibitory effects on
cell proliferation and migration. Beside these expected effects, there are several studies investigating
the interaction between anti-angiogenic therapy and chemoresistance. Induction of angiogenesis has
been shown to upregulate β-tubulines which contribute to chemoresistance in breast cancer [65,66].
Blocking this pathway leads to increased chemosensitivity of gastric cancer cells towards paclitaxel [67].
Zhao et al. reported inducing multidrug resistance by the upregulation of HIF [68]. One reason for this
enhanced sensitivity might be decreased apoptosis resistance via modulation of p53 and NF-kB [69]
and higher expression levels of bcl-2 as well as lower expression of bax [70]. In summary, inhibition
of angiogenesis does not only inhibit cell migration and proliferation in a direct way but also seems
to enhance the effect of chemotherapy. This effect might be due to vascular normalization promoted
by anti-angiogenic therapy. Compared to normal blood vessels, tumor vessels are structurally and
functionally abnormal and impairing the delivery of chemotherapeutic agents [71]. Jain proposes that,
by anti-angiogenic treatment, the tumor vessels normalize and thereby reestablish a proper blood
flow. By this, the chemotherapeutic agents can reach therapeutic concentrations and the addition of
anti-angiogenic treatment to chemotherapy has an adjuvant effect.

3.2. Experimental In Vivo Data

Most of the effects which are shown in vitro were confirmed in animal models. Blocking the
effects of VEGF by silencing RNA in gastric cancer cell lines led to reduced tumor volume after
implantation into nude mice [72]. The same effect was observed when mice were treated with apatinib
after tumor implantation [55]. In mouse models simulating peritoneal metastasis, administration
of bevacizumab significantly decreased tumor volume and the amount of malignant ascites [73,74].
One important effector in this signaling cascade is the STAT3-pathway. This transcription factor
regulates cell growth, migration and angiogenesis in multiple ways. Inhibition of STAT3 leads to
significant lower expression of VEGF and reduced tumor progression after implantation of gastric
cancer cells in nude mice [75]. The effect of STAT3 is inhibited by GP130, which acts as a binding site
for IL-6. Inactivation of this negative inhibition in GP130F/F mice leads to rapid tumor development
in the epithelium of the glandular stomach [76]. This animal model shows that the angiogenic and
oncogenic pathways are linked to each other and tumorigenesis of gastric cancer is closely related to
the activation of angiogenic pathways.

This relation is also observable when using combination therapy against angiogenic and
proliferative pathways. The human epidermal growth factor receptor (Her2/neu) regulates cell
growth and proliferation via RAS-MAP-kinase signaling. Inhibition of this receptor by the antibody
trastuzumab was shown to improve survival in breast cancer patients [77]. After implanting gastric
cancer cells into nude mice, a combined inhibition of VEGF and epidermal growth factor receptor
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led to significantly decreased tumor growth [78]. Trapping VEGF in addition to Her2/neu blockage
showed a significant decrease in tumor proliferation and increase in apoptosis of tumor cells compared
to each of the agents alone [79]. The fusion protein aflibercept traps VEGF and PlGF in vivo and is
currently being investigated in a clinical trial (NCT01747551) in addition to standard chemotherapy in
gastric cancer patients.

Beside this VEGF-specific inhibition, the effect of HIF-1 blockage has been investigated in animal
models in several ways. Treatment of subcutaneous xenografts with an inhibitory HIF-1 compound
results in smaller and less vascularized tumors after implantation into nude mice [80]. In addition,
human gastric cancer cells expressing a dominant negative form of HIF-1 showed slower tumor growth,
smaller overall vessel area and hampered vessel maturation when implanted orthotopically in nude
mice [81]. While these effects have been shown in many other types of cancer [82], the interaction
of HIF-1 with the gastric microbiome might have an organ-specific influence. Chronic Infection
with H. pylori is a driving factor for the development of reactive oxygen species (ROS) due to
neutrophil infiltration in response to H. pylori. This chronic infection causes epithelial cell injury
and progressive DNA damage [83]. There is evidence that gastric epithelial ROS may lead to HIF-1α
expression under normal oxygen conditions [84] and facilitate the tumor angiogenesis of gastric cancer.
Non-steroid antiphlogistics (NSAIDs) have been shown to protect from gastric cancer. In a rat model,
COX-inhibition by NSAIDs showed impaired tumor angiogenesis, and decreased HIF-1 levels were
observed in cells after exposure to NSAIDs.

4. Translational Data and Angiogenic Factors as Biomarkers

These findings from in vitro and animal studies were investigated in patients and most of these
molecules have been shown to be predictive in the evaluation of the response and prognosis of gastric
cancer. High serum levels of VEGF-A were shown to correlate with advanced tumor stages and
decreased survival [85,86]. Wang et al. [87] found higher levels of VEGF-C in patients with lymph node
metastasis. Overexpression of Angiopoetin in serum and tumor tissue is associated with poor survival.
A combination of both factors by calculating a Angiopoetin/VEGF-ratio is an independent predictor
for clinical and histopathological response to chemotherapy in gastric cancer but not esophageal
cancer [88–90]. While for colorectal and pancreatic cancer compartment-specific expression, data of
angiogenic molecules is available [91,92], the exact expression pattern of angiogenic molecules in
gastric cancer and its microenvironment is still not clear. Based on the data from the AVAGAST trial
(see below), Hacker et al. [93] found that the baseline plasma level of Angiopoetin-2 is an independent
predictor of overall survival and correlated with the frequency of liver metastasis. Baseline plasma
levels of Ang-2 were significantly lower in Asian patients and did not predict the response to the
therapy with Bevacizumab. The study population was divided into the two subgroups Asian-Pacific
and Non-Asian patients. In the non-Asian subgroup, van Cutsem et al. [94] found high levels of
VEGF-A and low levels of neuropilin-1 associated with a trend towards improved overall survival.
Similar to the findings by Hacker et al., all these effects were only present in non-Asian patients
while in Asian patients no significant association between the described biomarkers and survival was
observed. In contrast to these international studies, a smaller study, only including Asian patients, did
find a significant association between VEGF-A, Ang-3, Neuropilin and HIF-1 and advanced tumor
stage as well as poor survival [95]. A summary of all outcome-related factors is provided in Table 1.
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Table 1. Potential biomarkers predicting survival and metastasis in gastric cancer.

Angiogenic Factor Detection Lymph Nodes Distant Metastasis Survival

VEGF-A
VEGF-C

VEGF-A is elevated in gastric
cancer patients [96–99]

VEGF-A and VEGF-C is elevated in
patients with lymph node
metastasis [87]

VEGF-A is elevated in patients with
distant metastasis [87,89,97]

Elevated VEGF-A is associated with
worse prognosis [87,100,101]

Angiopoetin-1/2 Ang-2 is elevated in gastric cancer
patients [102,103]

Ang-2 is elevated in patients with
lymph node metastasis [103]

Ang-2 is elevated in patients with
liver metastasis [93]

Higher levels are correlated with
advanced stages [93]

Neuropilin-1/2 No clear evidence of correlation No clear evidence of correlation No clear evidence of correlation Low levels are associated with
shorter survival [94]

PlGF
Higher expression of PlGF in
tumor tissue compared to normal
mucosa [104]

No clear evidence of correlation No clear evidence of correlation No correlation with survival as a
single factor [105]
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Beside predicting the response to anti-angiogenic therapy by cytokine plasma levels, several
clinical symptoms have been shown to be significantly associated with response to anti-angiogenic
therapy. The development of hypertension under a therapy with bevacizumab predicted overall
survival in colorectal cancer patients [106,107] and proteinuria was associated with [108] survival as
well. As the grade of proteinuria is highly dependent on the combination with other chemotherapeutic
drugs, the establishment as a marker for monitoring response to anti-angiogenic therapy might
be problematic.

The reason for the development of hypertension is not completely understood and was reviewed
by several other authors [109,110]. One explanation discussed by these authors is the impaired
NO-production from the endothelial cells by inhibition of VEGF-signaling. In the end, it remains
unclear which unknown interactions lead to the development of hypertension in patients with
anti-angiogenic treatment. As patients usually receive a combination therapy of anti-angiogenic drugs
with chemotherapeutic agents, it is hard to define what specific interaction is causing the hypertension.

In contrast to the studies that showed a correlation between plasma levels of VEGF and response
to anti-angiogenic therapy, other authors did not see this effect in other types of cancer. In four phase
III studies in patients with colorectal, renal and lung cancer, the pretreatment levels of VEGF-A were
associated with the overall survival but did not predict response to the therapy with bevacizumab [111],
indicating a prognostic rather than a predictive value of circulation VEGF.

As initially described, the role of tryptase releasing mast cells in gastric cancer angiogenesis has
been recently investigated. A higher density of mast cells was shown to be associated with a higher
general vascularized area [50] in primary tumors and lymph node metastasis from patients undergoing
resection of gastric cancer. In what way this parameter is helpful to predict survival and response to
anti-angiogenic therapy has to be shown by clinical trials in the future.

All in all, the response to anti-angiogenic treatment might be associated with biomarkers but
monitoring only specific markers seems to be insufficient and prospective clinical trials investigating
this topic are needed [112].

5. Clinical Trials

Because of this striking preclinical data, inhibition of angiogenesis in gastric cancer was transferred
to clinical use. The first trial showing positive effects by inhibition of angiogenesis was the REGARD
trial conducted between 2009 and 2012 [20]. Patients with previously treated advanced gastric cancer
were either treated with ramucirumab, a VEGFR-2 antibody, or with a placebo. Patients who received
ramucirumab had significantly prolonged overall survival of 5.2 months compared to 3.8 months and
progression-free survival of 2.1 months compared to 1.3 months in the control group. An additional
study, the RAINBOW trial, was conducted between 2010 and 2012 and showed an increased overall
survival for patients treated with ramucirumab in combination with paclitaxel compared to patients
treated only with paclitaxel. The survival benefit in this study was 2.2 months and the progression-free
survival benefit was 1.5 months [113]. Based on these two studies, ramucirumab was approved by
the FDA in 2014 for the second-line treatment of advanced gastric cancer. Comparing treatment with
ramucirumab with standard therapy, the incidence of side effects is comparable with only significantly
more treatment-related hypertension in the patients receiving ramucirumab. Treatment-related death
occurred in 2% of the patients in the REGARD trial and showed no difference to the patients receiving
standard therapy. An overview of the phase-III trials with anti-angiogenic drugs is presented in Table 2.
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Table 2. Overview of phase-III studies in gastric cancer including anti-angiogenic therapy.

Study Patients Region of Recruitment Treatment Previous
Therapy

Median Overall
Survival Progression-Free Survival

Ohtsu et al. (AVAGAST)
2011 [114]

n = 774
Unresectable locally
advanced/metastatic gastric cancer

Asia-Pacific region: 49%
Europe: 32%
Pan-America: 19%

Bevacizumab +
Fluoropyrimidin/Cisplatin vs.
Placebo +
Fluoropyrimidin/Cisplatin

1st line 12.1 vs. 10.8 months
(p = 0.1) 6.7 vs. 5.3 months (p = 0.0037)

Shen et al. [AVATAR]
2015 [115]

n = 202
Unresectable locally
advanced/metastatic gastric cancer

China: 100%
Bevacizumab +
Capecitabine/Cisplatin vs.
Placebo + Capecitabine/Cisplatin

1st line 10.5 vs. 11.4 months
(p = 0.56) 6.3 vs. 6.0 months (p = 0.47)

Fuchs et al. [REGARD]
2014 [20]

n = 355
Unresectable or metastastic, locally
recurrent gastric or GE junction
adenocarcinoma

North America, Europe,
Australia: 69%
Asia: 8%
South/Central America,
India, Middle East: 23%

Ramucirumab vs. Placebo 2nd line 5.2 vs. 3.8 months (p =
0.047) 2.1 vs. 1.3 months (p = 0.001)

Wilke et al. [RAINBOW]
2014 [113]

n = 665
Unresectable or metastastic gastric
or GE junction adenocarcinoma

Europe, Australia, USA: 60%
South/Central America: 7%
Asia: 33%

Ramucirumab + Paclitaxel vs.
Placebo + Paclitaxel 2nd line 9.6 vs. 7.4 months (p =

0.017) 4.4 vs. 2.9 months (p < 0.0001)

Li et al. 2016 [116]

n = 267
advanced or metastatic gastric or
gastroesophageal junction
adenocarcinoma

Asia: 100% Apatinib vs. Placebo 3rd line 6.7 vs. 4.9 months (p =
0.149) 2.6 vs. 1.8 months (p = 0.001)

Cunningham et al. [ST03]
2017 [117]

n = 1063
Resectable adenocarcinoma of the
stomach/GE junction/lower
esophageus

Europe: 100%

Bevacizumab +
epirubicine/capecitabine/cisplatin
vs. Placebo +
epirubicine/capecitabine/cisplatin

perioperative
3-year-OS:*
48.1 vs. 50.3%
(p = 0.36)

No concrete time reported:
HR: 1.05 (95% CI: 0.89–1.23);
p = 0.56

* Highlighted, as it is different than the median over survival as stated in the header of the column.
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Before this approval, the AVAGAST and AVATAR trials, comparing the VEGF-antibody
bevacizumab plus cisplatin/capecitabine to chemotherapy alone in different populations, failed
to show any benefit in overall survival [114,115]. Patients treated with bevacizumab were shown to
have significantly longer progression-free survival and higher response rates to chemotherapy but did
not have any benefit in terms of overall survival. Subgroup analysis of patients in the AVAGAST trial
by region showed that patients in North and South America seem to benefit from an anti-angiogenic
therapy (overall survival of 11.5 months compared to 6.8 months in the control group) while this effect
was not seen in Asian patients (13.9 months compared to 12.9 months). European patients showed
intermediate results (11.1 months compared to 9.6 months). This missing effect was confirmed by the
AVATAR trial which showed no benefit of bevacizumab in a Chinese patient population. However,
the explanation for the different response to anti-angiogenic treatment among the different genetic
backgrounds remains unclear.

Ma et al. [118] investigated bevacizumab plus the standard chemotherapy protocol DOF
(docetaxel/oxaliplatin/5-FU) compared to chemotherapy alone in a neoadjuvant setting. Patients
who received bevacizumab had longer progression-free survival and higher rates of complete surgical
resection but did not show any benefit in overall survival. Cunningham et al. [117] reported similar
survival rates but impaired wound healing and an increased rate of anastomotic leakage in patients
undergoing preoperative treatment with bevacizumab. Taken together, bevacizumab, for some reason,
seems to have no positive effects on overall survival compared to ramucirumab, even if it is blocking
the same pathway. Because of this lack of clinical evidence and its negative effects on wound healing,
bevacizumab is not approved for the treatment of advanced gastric carcinoma.

After the positive results of the REGARD and RAINBOW trial, a large number of drugs were tested
for angiogenic inhibition in gastric cancer. The small-molecule inhibitor of VEGFR-2 Apatinib was
tested in patients with previously treated, advanced gastric carcinoma and showed prolonged overall
and progression-free survival [116]. The multi kinase inhibitor regorafinib, that targets angiogenic
(VEGFR-1 and -2, tie-2), stromal (PDGF-β) and oncogenic (RAF, RET and Kit) kinases was tested in
patients with advanced gastric carcinoma [119]. This phase-II trial showed prolonged progression-free
survival compared to patients treated with a placebo. Survival data will be expected from the ongoing
phase-III study. Similar results were obtained by testing the multi-kinase inhibitor foretinib which has
an inhibitory effect on VEGFR2 and Tie-2. This treatment did not show any benefit in an unselected
patient cohort with advanced gastric cancer [120].

A systematic review on this topic by Shan et al. [121] found a total number of 16 trials investigating
tyrosine kinase inhibitors in the therapy of gastric cancer. Only apatinib and, to a certain extent,
regorafenib, showed positive results while all other therapies failed to show any benefit compared
to standard therapy. A limitation of clinical trials is the different response to anti-angiogenic therapy
among the different ethnicities. Subgroup analysis of the AVAGAST trial showed that non-Asian
patients more likely benefit from an anti-angiogenic therapy than Asian patients. In the overall study
population, this effect was not observed. Further trials investigating the effect of ethnicity on the
response are needed to answer this question.

Nevertheless, the angiogenic phenotype of gastric cancer and its susceptibility to anti-angiogenic
therapy could be confirmed by clinical trials even if most of the anti-angiogenic drugs failed to show a
benefit in a clinical setting. In addition, the survival benefit was statistically significant but differences
were in the range of months. Anti-angiogenic therapy cannot stop progression of gastric cancer and is
only an option to prolong survival time in a certain manner. In advanced gastric cancer, the tumor
develops escape strategies and quickly overcomes the inhibition of angiogenic pathways. Because of
these limitations, it is crucial to identify biomarkers that are able to predict responses and prognoses
related to anti-angiogenic treatment.
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6. Challenges

Despite the achievements of these anti-angiogenic drugs, there are still a lot of remaining
challenges. The survival benefit by inhibition of angiogenesis only leads to short survival benefits
and tumors seem to develop escape mechanisms within a short time. Tumors seem to acquire specific
abilities to escape the anti-angiogenic therapy, including upregulation of compensatory pathways [122],
vasculogenic mimicry [123] and recruitment of bone marrow-derived cells [124,125]. In addition to
these escape mechanisms, several authors describe increased invasiveness and metastasis in patients
treated with angiogenic inhibitors. Ebos et al. [126] showed that short-term treatment with sunitinib
leads to acceleration of metastasis in a mice model, suggesting a “metastatic conditioning” by this
treatment. The same findings were reported by Paez-Ribes [127] in a mice model of pancreatic cancer
and glioblastoma. Although some other studies did not reproduce this effect [128], the possibility of
increasing tumor aggressiveness by anti-angiogenic therapy has to be regarded as a major caveat of
treatment, especially in patients with non-metastatic, localized gastric cancer.

This leads to the question of anti-angiogenic treatment as part of pre- or perioperative therapy.
In the trial by Cunningham et al. [117], no survival benefit was shown by adding bevacizumab to
the standard perioperative chemotherapy. Currently, the RAMSES/FLOT7 trial (NCT02661971) is
recruiting patients with resectable gastric or GE junction carcinoma to investigate the effect of adding
ramucirumab to the standard perioperative chemotherapy regimen (FLOT) and initial results are
expected in early 2019. Regarding the safety of anti-angiogenic therapy in perioperative treatment,
the STO3 trial did show a significant increase in wound healing complications and an increased
rate of anastomotic leakage (24% vs. 10%) in patients treated with bevacizumab (REF). Because of
these findings, patients with lower esophageal or GE junction carcinoma were excluded from the
recruitment. It remains to be seen whether the RAMSES trial will show similar results or if the wound
healing complications will be less in ramucirumab-treated patients compared with those receiving
bevacizumab. The implication of anti-angiogenic therapies in perioperative treatment of gastric cancer
will only be reasonable if surgical complications are comparable to standard chemotherapy.

Besides the challenges posed by the perioperative treatment of metastatic disease, the main
challenge is patient selection. In all the described trials, no assessment of the baseline expression of the
angiogenic factor or mutational status was performed before the treatment. This might be one reason
why, in these unselected patient cohorts, most of the anti-angiogenic agents failed to show a general
survival benefit. As mentioned above, the geographical background of the patients seems to have an
important influence on the effectiveness of anti-angiogenic treatment. While European and American
patients seem to benefit in some way, most Asian patients failed to show any benefit compared to
standard therapy.

With the currently available biomarkers, no appropriate prediction of either response or outcome
of a treatment with anti-angiogenic drugs, seems possible. Prospective randomized studies will be
needed to elucidate this field and make possible better patient selection for the available drugs.

Author Contributions: Henrik Nienhüser and Thomas Schmidt contributed to the writing and the revision of
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F.
Cancer incidence and mortality worldwide: Sources, methods and major patterns in globocan 2012. Int. J.
Cancer 2015, 136, E359–E386. [CrossRef] [PubMed]

2. Cunningham, D.; Allum, W.H.; Stenning, S.P.; Thompson, J.N.; Van de Velde, C.J.; Nicolson, M.; Scarffe, J.H.;
Lofts, F.J.; Falk, S.J.; Iveson, T.J.; et al. Perioperative chemotherapy versus surgery alone for resectable
gastroesophageal cancer. N. Engl. J. Med. 2006, 355, 11–20. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/ijc.29210
http://www.ncbi.nlm.nih.gov/pubmed/25220842
http://dx.doi.org/10.1056/NEJMoa055531
http://www.ncbi.nlm.nih.gov/pubmed/16822992


Int. J. Mol. Sci. 2018, 19, 43 11 of 17

3. Ychou, M.; Boige, V.; Pignon, J.P.; Conroy, T.; Bouche, O.; Lebreton, G.; Ducourtieux, M.; Bedenne, L.;
Fabre, J.M.; Saint-Aubert, B.; et al. Perioperative chemotherapy compared with surgery alone for resectable
gastroesophageal adenocarcinoma: An fnclcc and ffcd multicenter phase iii trial. J. Clin. Oncol. 2011, 29,
1715–1721. [CrossRef] [PubMed]

4. Sisic, L.; Blank, S.; Nienhuser, H.; Haag, G.M.; Jager, D.; Bruckner, T.; Ott, K.; Schmidt, T.; Ulrich, A. The
postoperative part of perioperative chemotherapy fails to provide a survival benefit in completely resected
esophagogastric adenocarcinoma. Surg. Oncol. 2017. [CrossRef] [PubMed]

5. Sisic, L.; Strowitzki, M.J.; Blank, S.; Nienhueser, H.; Dorr, S.; Haag, G.M.; Jager, D.; Ott, K.; Buchler, M.W.;
Ulrich, A.; et al. Postoperative follow-up programs improve survival in curatively resected gastric and
junctional cancer patients: A propensity score matched analysis. Gastric Cancer 2017. [CrossRef] [PubMed]

6. Jin, Z.; Yoon, H.H. Antiangiogenic therapy in gastroesophageal cancer. Hematol. Clin. N. Am. 2017, 31,
499–510. [CrossRef] [PubMed]

7. Macedo, F.; Ladeira, K.; Longatto-Filho, A.; Martins, S.F. Gastric cancer and angiogenesis: Is vegf a useful
biomarker to assess progression and remission? J. Gastric Cancer 2017, 17, 1–10. [CrossRef] [PubMed]

8. Song, H.; Zhu, J.; Lu, D. Molecular-targeted first-line therapy for advanced gastric cancer. Cochrane Database
Syst. Rev. 2016, 7, Cd011461. [CrossRef] [PubMed]

9. Carmeliet, P. Angiogenesis in life, disease and medicine. Nature 2005, 438, 932–936. [CrossRef] [PubMed]
10. Carmeliet, P.; Jain, R.K. Molecular mechanisms and clinical applications of angiogenesis. Nature 2011, 473,

298–307. [CrossRef] [PubMed]
11. Folkman, J. Tumor angiogenesis: Therapeutic implications. N. Engl. J. Med. 1971, 285, 1182–1186. [PubMed]
12. Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. [CrossRef]
13. Kerbel, R.S. Tumor angiogenesis. N. Engl. J. Med. 2008, 358, 2039–2049. [CrossRef] [PubMed]
14. Miller, K.; Wang, M.; Gralow, J.; Dickler, M.; Cobleigh, M.; Perez, E.A.; Shenkier, T.; Cella, D.; Davidson, N.E.

Paclitaxel plus bevacizumab versus paclitaxel alone for metastatic breast cancer. N. Engl. J. Med. 2007, 357,
2666–2676. [CrossRef] [PubMed]

15. Bear, H.D.; Tang, G.; Rastogi, P.; Geyer, C.E., Jr.; Robidoux, A.; Atkins, J.N.; Baez-Diaz, L.; Brufsky, A.M.;
Mehta, R.S.; Fehrenbacher, L.; et al. Bevacizumab added to neoadjuvant chemotherapy for breast cancer.
N. Engl. J. Med. 2012, 366, 310–320. [CrossRef] [PubMed]

16. Miles, D.W.; Chan, A.; Dirix, L.Y.; Cortes, J.; Pivot, X.; Tomczak, P.; Delozier, T.; Sohn, J.H.; Provencher, L.;
Puglisi, F.; et al. Phase iii study of bevacizumab plus docetaxel compared with placebo plus docetaxel
for the first-line treatment of human epidermal growth factor receptor 2-negative metastatic breast cancer.
J. Clin. Oncol. 2010, 28, 3239–3247. [CrossRef] [PubMed]

17. Sandler, A.; Gray, R.; Perry, M.C.; Brahmer, J.; Schiller, J.H.; Dowlati, A.; Lilenbaum, R.; Johnson, D.H.
Paclitaxel-carboplatin alone or with bevacizumab for non-small-cell lung cancer. N. Engl. J. Med. 2006, 355,
2542–2550. [CrossRef] [PubMed]

18. Yang, Z.Y.; Liu, L.; Mao, C.; Wu, X.Y.; Huang, Y.F.; Hu, X.F.; Tang, J.L. Chemotherapy with cetuximab
versus chemotherapy alone for chemotherapy-naive advanced non-small cell lung cancer. Cochrane Database
Syst. Rev. 2014, Cd009948. [CrossRef] [PubMed]

19. Hurwitz, H.; Fehrenbacher, L.; Novotny, W.; Cartwright, T.; Hainsworth, J.; Heim, W.; Berlin, J.; Baron, A.;
Griffing, S.; Holmgren, E.; et al. Bevacizumab plus irinotecan, fluorouracil, and leucovorin for metastatic
colorectal cancer. N. Engl. J. Med. 2004, 350, 2335–2342. [CrossRef] [PubMed]

20. Fuchs, C.S.; Tomasek, J.; Yong, C.J.; Dumitru, F.; Passalacqua, R.; Goswami, C.; Safran, H.; dos Santos, L.V.;
Aprile, G.; Ferry, D.R.; et al. Ramucirumab monotherapy for previously treated advanced gastric
or gastro-oesophageal junction adenocarcinoma (regard): An international, randomised, multicentre,
placebo-controlled, phase 3 trial. Lancet 2014, 383, 31–39. [CrossRef]

21. Senger, D.R.; Galli, S.J.; Dvorak, A.M.; Perruzzi, C.A.; Harvey, V.S.; Dvorak, H.F. Tumor cells secrete
a vascular permeability factor that promotes accumulation of ascites fluid. Science 1983, 219, 983–985.
[CrossRef] [PubMed]

22. Leung, D.W.; Cachianes, G.; Kuang, W.J.; Goeddel, D.V.; Ferrara, N. Vascular endothelial growth factor is a
secreted angiogenic mitogen. Science 1989, 246, 1306–1309. [CrossRef] [PubMed]

23. Keck, P.J.; Hauser, S.D.; Krivi, G.; Sanzo, K.; Warren, T.; Feder, J.; Connolly, D.T. Vascular permeability factor,
an endothelial cell mitogen related to PDGF. Science 1989, 246, 1309–1312. [CrossRef] [PubMed]

http://dx.doi.org/10.1200/JCO.2010.33.0597
http://www.ncbi.nlm.nih.gov/pubmed/21444866
http://dx.doi.org/10.1016/j.suronc.2017.06.001
http://www.ncbi.nlm.nih.gov/pubmed/28684226
http://dx.doi.org/10.1007/s10120-017-0751-4
http://www.ncbi.nlm.nih.gov/pubmed/28741059
http://dx.doi.org/10.1016/j.hoc.2017.01.008
http://www.ncbi.nlm.nih.gov/pubmed/28501090
http://dx.doi.org/10.5230/jgc.2017.17.e1
http://www.ncbi.nlm.nih.gov/pubmed/28337358
http://dx.doi.org/10.1002/14651858.CD011461.pub2
http://www.ncbi.nlm.nih.gov/pubmed/27432490
http://dx.doi.org/10.1038/nature04478
http://www.ncbi.nlm.nih.gov/pubmed/16355210
http://dx.doi.org/10.1038/nature10144
http://www.ncbi.nlm.nih.gov/pubmed/21593862
http://www.ncbi.nlm.nih.gov/pubmed/4938153
http://dx.doi.org/10.1016/S0092-8674(00)81683-9
http://dx.doi.org/10.1056/NEJMra0706596
http://www.ncbi.nlm.nih.gov/pubmed/18463380
http://dx.doi.org/10.1056/NEJMoa072113
http://www.ncbi.nlm.nih.gov/pubmed/18160686
http://dx.doi.org/10.1056/NEJMoa1111097
http://www.ncbi.nlm.nih.gov/pubmed/22276821
http://dx.doi.org/10.1200/JCO.2008.21.6457
http://www.ncbi.nlm.nih.gov/pubmed/20498403
http://dx.doi.org/10.1056/NEJMoa061884
http://www.ncbi.nlm.nih.gov/pubmed/17167137
http://dx.doi.org/10.1002/14651858.CD009948.pub2
http://www.ncbi.nlm.nih.gov/pubmed/25400254
http://dx.doi.org/10.1056/NEJMoa032691
http://www.ncbi.nlm.nih.gov/pubmed/15175435
http://dx.doi.org/10.1016/S0140-6736(13)61719-5
http://dx.doi.org/10.1126/science.6823562
http://www.ncbi.nlm.nih.gov/pubmed/6823562
http://dx.doi.org/10.1126/science.2479986
http://www.ncbi.nlm.nih.gov/pubmed/2479986
http://dx.doi.org/10.1126/science.2479987
http://www.ncbi.nlm.nih.gov/pubmed/2479987


Int. J. Mol. Sci. 2018, 19, 43 12 of 17

24. Korpanty, G.; Smyth, E.; Carney, D.N. Update on anti-angiogenic therapy in non-small cell lung cancer:
Are we making progress? J. Thorac. Dis. 2011, 3, 19–29. [PubMed]

25. Ferrara, N.; Gerber, H.P.; LeCouter, J. The biology of VEGF and its receptors. Nat. Med. 2003, 9, 669–676.
[CrossRef] [PubMed]

26. Olsson, A.K.; Dimberg, A.; Kreuger, J.; Claesson-Welsh, L. VEGF receptor signalling—In control of vascular
function. Nat. Rev. Mol. Cell Biol. 2006, 7, 359–371. [CrossRef] [PubMed]

27. Ruiz de Almodovar, C.; Lambrechts, D.; Mazzone, M.; Carmeliet, P. Role and therapeutic potential of VEGF
in the nervous system. Physiol. Rev. 2009, 89, 607–648. [CrossRef] [PubMed]

28. Beck, B.; Driessens, G.; Goossens, S.; Youssef, K.K.; Kuchnio, A.; Caauwe, A.; Sotiropoulou, P.A.; Loges, S.;
Lapouge, G.; Candi, A.; et al. A vascular niche and a VEGF-nrp1 loop regulate the initiation and stemness of
skin tumours. Nature 2011, 478, 399–403. [CrossRef] [PubMed]

29. Snuderl, M.; Batista, A.; Kirkpatrick, N.D.; Ruiz de Almodovar, C.; Riedemann, L.; Walsh, E.C.; Anolik, R.;
Huang, Y.; Martin, J.D.; Kamoun, W.; et al. Targeting placental growth factor/neuropilin 1 pathway inhibits
growth and spread of medulloblastoma. Cell 2013, 152, 1065–1076. [CrossRef] [PubMed]

30. Fischer, C.; Mazzone, M.; Jonckx, B.; Carmeliet, P. Flt1 and its ligands vegfb and plgf: Drug targets for
anti-angiogenic therapy? Nat. Rev. Cancer 2008, 8, 942–956. [CrossRef] [PubMed]

31. Maglione, D.; Guerriero, V.; Viglietto, G.; Delli-Bovi, P.; Persico, M.G. Isolation of a human placenta cdna
coding for a protein related to the vascular permeability factor. Proc. Natl. Acad. Sci. USA 1991, 88, 9267–9271.
[CrossRef] [PubMed]

32. Loges, S.; Schmidt, T.; Carmeliet, P. “Antimyeloangiogenic” therapy for cancer by inhibiting plgf. Clin. Cancer
Res. 2009, 15, 3648–3653. [CrossRef] [PubMed]

33. Schmidt, T.; Carmeliet, P. Angiogenesis: A target in solid tumors, also in leukemia? Hematol. Am. Soc.
Hematol. Educ. Progr. 2011, 2011, 1–8. [CrossRef] [PubMed]

34. Schmidt, T.; Kharabi Masouleh, B.; Loges, S.; Cauwenberghs, S.; Fraisl, P.; Maes, C.; Jonckx, B.;
De Keersmaecker, K.; Kleppe, M.; et al. Loss or inhibition of stromal-derived plgf prolongs survival
of mice with imatinib-resistant bcr-abl1(+) leukemia. Cancer Cell 2011, 19, 740–753. [CrossRef] [PubMed]

35. Van de Veire, S.; Stalmans, I.; Heindryckx, F.; Oura, H.; Tijeras-Raballand, A.; Schmidt, T.; Loges, S.;
Albrecht, I.; Jonckx, B.; Vinckier, S.; et al. Further pharmacological and genetic evidence for the efficacy of
plgf inhibition in cancer and eye disease. Cell 2010, 141, 178–190. [CrossRef] [PubMed]

36. Davis, S.; Aldrich, T.H.; Jones, P.F.; Acheson, A.; Compton, D.L.; Jain, V.; Ryan, T.E.; Bruno, J.; Radziejewski, C.;
Maisonpierre, P.C.; et al. Isolation of angiopoietin-1, a ligand for the tie2 receptor, by secretion-trap expression
cloning. Cell 1996, 87, 1161–1169. [CrossRef]

37. Maisonpierre, P.C.; Suri, C.; Jones, P.F.; Bartunkova, S.; Wiegand, S.J.; Radziejewski, C.; Compton, D.;
McClain, J.; Aldrich, T.H.; Papadopoulos, N.; et al. Angiopoietin-2, a natural antagonist for tie2 that disrupts
in vivo angiogenesis. Science 1997, 277, 55–60. [CrossRef] [PubMed]

38. Fagiani, E.; Christofori, G. Angiopoietins in angiogenesis. Cancer Lett. 2013, 328, 18–26. [CrossRef] [PubMed]
39. Liang, G.; Liu, Z.; Wu, J.; Cai, Y.; Li, X. Anticancer molecules targeting fibroblast growth factor receptors.

Trends Pharmacol. Sci. 2012, 33, 531–541. [CrossRef] [PubMed]
40. Forough, R.; Weylie, B.; Patel, C.; Ambrus, S.; Singh, U.S.; Zhu, J. Role of akt/pkb signaling in fibroblast

growth factor-1 (fgf-1)-induced angiogenesis in the chicken chorioallantoic membrane (cam). J. Cell. Biochem.
2005, 94, 109–116. [CrossRef] [PubMed]

41. Fernandez, B.; Buehler, A.; Wolfram, S.; Kostin, S.; Espanion, G.; Franz, W.M.; Niemann, H.; Doevendans, P.A.;
Schaper, W.; Zimmermann, R. Transgenic myocardial overexpression of fibroblast growth factor-1 increases
coronary artery density and branching. Circ. Res. 2000, 87, 207–213. [CrossRef] [PubMed]

42. Schumacher, B.; Pecher, P.; von Specht, B.U.; Stegmann, T. Induction of neoangiogenesis in ischemic
myocardium by human growth factors: First clinical results of a new treatment of coronary heart disease.
Circulation 1998, 97, 645–650. [CrossRef] [PubMed]

43. Harris, A.L. Hypoxia—A key regulatory factor in tumour growth. Nat. Rev. Cancer 2002, 2, 38–47. [CrossRef]
[PubMed]

44. Semenza, G.L. Hif-1 and tumor progression: Pathophysiology and therapeutics. Trends Mol. Med. 2002, 8,
S62–S67. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/22263059
http://dx.doi.org/10.1038/nm0603-669
http://www.ncbi.nlm.nih.gov/pubmed/12778165
http://dx.doi.org/10.1038/nrm1911
http://www.ncbi.nlm.nih.gov/pubmed/16633338
http://dx.doi.org/10.1152/physrev.00031.2008
http://www.ncbi.nlm.nih.gov/pubmed/19342615
http://dx.doi.org/10.1038/nature10525
http://www.ncbi.nlm.nih.gov/pubmed/22012397
http://dx.doi.org/10.1016/j.cell.2013.01.036
http://www.ncbi.nlm.nih.gov/pubmed/23452854
http://dx.doi.org/10.1038/nrc2524
http://www.ncbi.nlm.nih.gov/pubmed/19029957
http://dx.doi.org/10.1073/pnas.88.20.9267
http://www.ncbi.nlm.nih.gov/pubmed/1924389
http://dx.doi.org/10.1158/1078-0432.CCR-08-2276
http://www.ncbi.nlm.nih.gov/pubmed/19470735
http://dx.doi.org/10.1182/asheducation-2011.1.1
http://www.ncbi.nlm.nih.gov/pubmed/22160005
http://dx.doi.org/10.1016/j.ccr.2011.05.007
http://www.ncbi.nlm.nih.gov/pubmed/21665148
http://dx.doi.org/10.1016/j.cell.2010.02.039
http://www.ncbi.nlm.nih.gov/pubmed/20371353
http://dx.doi.org/10.1016/S0092-8674(00)81812-7
http://dx.doi.org/10.1126/science.277.5322.55
http://www.ncbi.nlm.nih.gov/pubmed/9204896
http://dx.doi.org/10.1016/j.canlet.2012.08.018
http://www.ncbi.nlm.nih.gov/pubmed/22922303
http://dx.doi.org/10.1016/j.tips.2012.07.001
http://www.ncbi.nlm.nih.gov/pubmed/22884522
http://dx.doi.org/10.1002/jcb.20274
http://www.ncbi.nlm.nih.gov/pubmed/15517595
http://dx.doi.org/10.1161/01.RES.87.3.207
http://www.ncbi.nlm.nih.gov/pubmed/10926871
http://dx.doi.org/10.1161/01.CIR.97.7.645
http://www.ncbi.nlm.nih.gov/pubmed/9495299
http://dx.doi.org/10.1038/nrc704
http://www.ncbi.nlm.nih.gov/pubmed/11902584
http://dx.doi.org/10.1016/S1471-4914(02)02317-1


Int. J. Mol. Sci. 2018, 19, 43 13 of 17

45. Zhong, H.; De Marzo, A.M.; Laughner, E.; Lim, M.; Hilton, D.A.; Zagzag, D.; Buechler, P.; Isaacs, W.B.;
Semenza, G.L.; Simons, J.W. Overexpression of hypoxia-inducible factor 1alpha in common human cancers
and their metastases. Cancer Res. 1999, 59, 5830–5835. [PubMed]

46. Harnoss, J.M.; Strowitzki, M.J.; Radhakrishnan, P.; Platzer, L.K.; Harnoss, J.C.; Hank, T.; Cai, J.; Ulrich, A.;
Schneider, M. Therapeutic inhibition of prolyl hydroxylase domain-containing enzymes in surgery: Putative
applications and challenges. Hypoxia 2015, 3, 1–14. [PubMed]

47. Ratcliffe, P.J. Hif-1 and hif-2: Working alone or together in hypoxia? J. Clin. Investig. 2007, 117, 862–865.
[CrossRef] [PubMed]

48. Morris, D.R.; Ding, Y.; Ricks, T.K.; Gullapalli, A.; Wolfe, B.L.; Trejo, J. Protease-activated receptor-2 is essential
for factor viia and xa-induced signaling, migration, and invasion of breast cancer cells. Cancer Res. 2006, 66,
307–314. [CrossRef] [PubMed]

49. Ammendola, M.; Marech, I.; Sammarco, G.; Zuccala, V.; Luposella, M.; Zizzo, N.; Patruno, R.; Crovace, A.;
Ruggieri, E.; Zito, A.F.; et al. Infiltrating mast cells correlate with angiogenesis in bone metastases from
gastric cancer patients. Int. J. Mol. Sci. 2015, 16, 3237–3250. [CrossRef] [PubMed]

50. Ammendola, M.; Sacco, R.; Zuccala, V.; Luposella, M.; Patruno, R.; Gadaleta, P.; Zizzo, N.; Gadaleta, C.D.;
De Sarro, G.; Sammarco, G.; et al. Mast cells density positive to tryptase correlate with microvascular density
in both primary gastric cancer tissue and loco-regional lymph node metastases from patients that have
undergone radical surgery. Int. J. Mol. Sci. 2016, 17. [CrossRef] [PubMed]

51. Liu, Z.; Fan, F.; Wang, A.; Zheng, S.; Lu, Y. Dll4-notch signaling in regulation of tumor angiogenesis. J. Cancer
Res. Clin. Oncol. 2014, 140, 525–536. [CrossRef] [PubMed]

52. Shi, Y.N.; Zhu, N.; Liu, C.; Wu, H.T.; Gui, Y.; Liao, D.F.; Qin, L. Wnt5a and its signaling pathway in
angiogenesis. Clin. Chim. Acta 2017, 471, 263–269. [CrossRef] [PubMed]

53. Bianconi, D.; Unseld, M.; Prager, G.W. Integrins in the spotlight of cancer. Int. J. Mol. Sci. 2016, 17. [CrossRef]
[PubMed]

54. Lv, Y.; Song, L.; Chang, L.; Liu, Y.; Zhang, X.; Li, Q.; Zhou, X.; Liu, W. Inhibitory effects of bevacizumab
monoclonal antibodies in combination with chemotherapy in different time sequences on a human gastric
carcinoma cell line. Ir. J. Med. Sci. 2017, 186, 275–280. [CrossRef] [PubMed]

55. Lin, Y.; Zhai, E.; Liao, B.; Xu, L.; Zhang, X.; Peng, S.; He, Y.; Cai, S.; Zeng, Z.; Chen, M. Autocrine vegf
signaling promotes cell proliferation through a plc-dependent pathway and modulates apatinib treatment
efficacy in gastric cancer. Oncotarget 2017, 8, 11990–12002. [CrossRef] [PubMed]

56. Xu, W.H.; Ge, Y.L.; Li, Q.; Zhang, X.; Duan, J.H. Inhibitory effect of vascular endothelial growth
factors-targeted small interfering rna on proliferation of gastric cancer cells. World J. Gastroenterol. 2007, 13,
2044–2047. [CrossRef] [PubMed]

57. Karar, J.; Maity, A. Pi3k/akt/mtor pathway in angiogenesis. Front. Mol. Neurosci. 2011, 4, 51. [CrossRef]
[PubMed]

58. Shi, J.; Wei, P.K. Interleukin-8: A potent promoter of angiogenesis in gastric cancer. Oncol. Lett. 2016, 11,
1043–1050. [CrossRef] [PubMed]

59. Akrami, H.; Mahmoodi, F.; Havasi, S.; Sharifi, A. Plgf knockdown inhibited tumor survival and migration in
gastric cancer cell via pi3k/akt and p38mapk pathways. Cell Biochem. Funct. 2016, 34, 173–180. [CrossRef]
[PubMed]

60. Mahmoodi, F.; Akrami, H. Plgf knockdown decreases tumorigenicity and stemness properties of spheroid
body cells derived from gastric cancer cells. J. Cell. Biochem. 2017, 118, 851–859. [CrossRef] [PubMed]

61. Wang, J.; Wu, K.C.; Zhang, D.X.; Fan, D.M. Antisense angiopoietin-1 inhibits tumorigenesis and angiogenesis
of gastric cancer. World J. Gastroenterol. 2006, 12, 2450–2454. [CrossRef] [PubMed]

62. Chen, Z.; Zhu, S.; Hong, J.; Soutto, M.; Peng, D.; Belkhiri, A.; Xu, Z.; El-Rifai, W. Gastric tumour-derived
angpt2 regulation by darpp-32 promotes angiogenesis. Gut 2016, 65, 925–934. [CrossRef] [PubMed]

63. Ou, X.L.; Chen, H.J.; Sun, W.H.; Hang, C.; Yang, L.; Guan, Y.Y.; Yan, F.; Chen, B.A. Effects of angiopoietin-1
on attachment and metastasis of human gastric cancer cell line bgc-823. World J. Gastroenterol. 2009, 15,
5432–5441. [CrossRef] [PubMed]

64. Tang, S.; Wang, D.; Zhang, Q.; Li, L. Mir-218 suppresses gastric cancer cell proliferation and invasion via
regulation of angiopoietin-2. Exp. Ther. Med. 2016, 12, 3837–3842. [CrossRef] [PubMed]

65. Banerjee, A. Increased levels of tyrosinated alpha-, beta(iii)-, and beta(iv)-tubulin isotypes in
paclitaxel-resistant mcf-7 breast cancer cells. Biochem. Biophys. Res. Commun. 2002, 293, 598–601. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/10582706
http://www.ncbi.nlm.nih.gov/pubmed/27774478
http://dx.doi.org/10.1172/JCI31750
http://www.ncbi.nlm.nih.gov/pubmed/17404612
http://dx.doi.org/10.1158/0008-5472.CAN-05-1735
http://www.ncbi.nlm.nih.gov/pubmed/16397244
http://dx.doi.org/10.3390/ijms16023237
http://www.ncbi.nlm.nih.gov/pubmed/25648323
http://dx.doi.org/10.3390/ijms17111905
http://www.ncbi.nlm.nih.gov/pubmed/27854307
http://dx.doi.org/10.1007/s00432-013-1534-x
http://www.ncbi.nlm.nih.gov/pubmed/24114288
http://dx.doi.org/10.1016/j.cca.2017.06.017
http://www.ncbi.nlm.nih.gov/pubmed/28641961
http://dx.doi.org/10.3390/ijms17122037
http://www.ncbi.nlm.nih.gov/pubmed/27929432
http://dx.doi.org/10.1007/s11845-016-1471-1
http://www.ncbi.nlm.nih.gov/pubmed/27351431
http://dx.doi.org/10.18632/oncotarget.14467
http://www.ncbi.nlm.nih.gov/pubmed/28061477
http://dx.doi.org/10.3748/wjg.v13.i14.2044
http://www.ncbi.nlm.nih.gov/pubmed/17465445
http://dx.doi.org/10.3389/fnmol.2011.00051
http://www.ncbi.nlm.nih.gov/pubmed/22144946
http://dx.doi.org/10.3892/ol.2015.4035
http://www.ncbi.nlm.nih.gov/pubmed/26893688
http://dx.doi.org/10.1002/cbf.3176
http://www.ncbi.nlm.nih.gov/pubmed/26968576
http://dx.doi.org/10.1002/jcb.25762
http://www.ncbi.nlm.nih.gov/pubmed/27735991
http://dx.doi.org/10.3748/wjg.v12.i15.2450
http://www.ncbi.nlm.nih.gov/pubmed/16688843
http://dx.doi.org/10.1136/gutjnl-2014-308416
http://www.ncbi.nlm.nih.gov/pubmed/25779598
http://dx.doi.org/10.3748/wjg.15.5432
http://www.ncbi.nlm.nih.gov/pubmed/19916173
http://dx.doi.org/10.3892/etm.2016.3893
http://www.ncbi.nlm.nih.gov/pubmed/28105117
http://dx.doi.org/10.1016/S0006-291X(02)00269-3


Int. J. Mol. Sci. 2018, 19, 43 14 of 17

66. Kavallaris, M.; Kuo, D.Y.; Burkhart, C.A.; Regl, D.L.; Norris, M.D.; Haber, M.; Horwitz, S.B. Taxol-resistant
epithelial ovarian tumors are associated with altered expression of specific beta-tubulin isotypes. J. Clin.
Investig. 1997, 100, 1282–1293. [CrossRef] [PubMed]

67. Hwang, J.E.; Lee, J.H.; Park, M.R.; Kim, D.E.; Bae, W.K.; Shim, H.J.; Cho, S.H.; Chung, I.J. Blockade of vegfr-1
and vegfr-2 enhances paclitaxel sensitivity in gastric cancer cells. Yonsei Med. J. 2013, 54, 374–380. [CrossRef]
[PubMed]

68. Zhao, Q.; Li, Y.; Tan, B.B.; Fan, L.Q.; Yang, P.G.; Tian, Y. Hif-1alpha induces multidrug resistance in gastric
cancer cells by inducing mir-27a. PLoS ONE 2015, 10, e0132746. [CrossRef]

69. Rohwer, N.; Dame, C.; Haugstetter, A.; Wiedenmann, B.; Detjen, K.; Schmitt, C.A.; Cramer, T.
Hypoxia-inducible factor 1alpha determines gastric cancer chemosensitivity via modulation of p53 and
nf-kappab. PLoS ONE 2010, 5, e12038. [CrossRef] [PubMed]

70. Liu, L.; Ning, X.; Sun, L.; Zhang, H.; Shi, Y.; Guo, C.; Han, S.; Liu, J.; Sun, S.; Han, Z.; et al. Hypoxia-inducible
factor-1 alpha contributes to hypoxia-induced chemoresistance in gastric cancer. Cancer Sci. 2008, 99, 121–128.
[PubMed]

71. Jain, R.K. Barriers to drug delivery in solid tumors. Sci. Am. 1994, 271, 58–65. [CrossRef] [PubMed]
72. Sun, P.; Yu, H.; Zhang, W.Q.; Hu, M.; Lv, R. Lentivirus-mediated sirna targeting vegf inhibits gastric cancer

growth in vivo. Oncol. Rep. 2012, 28, 1687–1692. [CrossRef] [PubMed]
73. Ninomiya, S.; Inomata, M.; Tajima, M.; Ali, A.T.; Ueda, Y.; Shiraishi, N.; Kitano, S. Effect of bevacizumab,

a humanized monoclonal antibody to vascular endothelial growth factor, on peritoneal metastasis of mnk-45p
human gastric cancer in mice. J. Surg. Res. 2009, 154, 196–202. [CrossRef] [PubMed]

74. Imaizumi, T.; Aoyagi, K.; Miyagi, M.; Shirouzu, K. Suppressive effect of bevacizumab on peritoneal
dissemination from gastric cancer in a peritoneal metastasis model. Surg. Today 2010, 40, 851–857. [CrossRef]
[PubMed]

75. Wu, X.; Yang, T.; Liu, X.; Guo, J.N.; Xie, T.; Ding, Y.; Lin, M.; Yang, H. Il-17 promotes tumor angiogenesis
through stat3 pathway mediated upregulation of vegf in gastric cancer. Tumour Biol. 2016, 37, 5493–5501.
[CrossRef] [PubMed]

76. Ernst, M.; Najdovska, M.; Grail, D.; Lundgren-May, T.; Buchert, M.; Tye, H.; Matthews, V.B.; Armes, J.;
Bhathal, P.S.; Hughes, N.R.; et al. Stat3 and stat1 mediate il-11-dependent and inflammation-associated
gastric tumorigenesis in gp130 receptor mutant mice. J. Clin. Investig. 2008, 118, 1727–1738. [CrossRef]
[PubMed]

77. Seidman, A.D.; Fornier, M.N.; Esteva, F.J.; Tan, L.; Kaptain, S.; Bach, A.; Panageas, K.S.; Arroyo, C.; Valero, V.;
Currie, V.; et al. Weekly trastuzumab and paclitaxel therapy for metastatic breast cancer with analysis of
efficacy by her2 immunophenotype and gene amplification. J. Clin. Oncol. 2001, 19, 2587–2595. [CrossRef]
[PubMed]

78. Jung, Y.D.; Mansfield, P.F.; Akagi, M.; Takeda, A.; Liu, W.; Bucana, C.D.; Hicklin, D.J.; Ellis, L.M. Effects of
combination anti-vascular endothelial growth factor receptor and anti-epidermal growth factor receptor
therapies on the growth of gastric cancer in a nude mouse model. Eur. J. Cancer 2002, 38, 1133–1140.
[CrossRef]

79. Singh, R.; Kim, W.J.; Kim, P.H.; Hong, H.J. Combined blockade of her2 and vegf exerts greater growth
inhibition of her2-overexpressing gastric cancer xenografts than individual blockade. Exp. Mol. Med. 2013,
45, e52. [CrossRef] [PubMed]

80. Yeo, E.J.; Chun, Y.S.; Cho, Y.S.; Kim, J.; Lee, J.C.; Kim, M.S.; Park, J.W. Yc-1: A potential anticancer drug
targeting hypoxia-inducible factor 1. J. Natl. Cancer Inst. 2003, 95, 516–525. [CrossRef] [PubMed]

81. Stoeltzing, O.; McCarty, M.F.; Wey, J.S.; Fan, F.; Liu, W.; Belcheva, A.; Bucana, C.D.; Semenza, G.L.; Ellis, L.M.
Role of hypoxia-inducible factor 1alpha in gastric cancer cell growth, angiogenesis, and vessel maturation.
J. Natl. Cancer Inst. 2004, 96, 946–956. [CrossRef] [PubMed]

82. Semenza, G.L. Targeting hif-1 for cancer therapy. Nat. Rev. Cancer 2003, 3, 721–732. [CrossRef] [PubMed]
83. Obst, B.; Wagner, S.; Sewing, K.F.; Beil, W. Helicobacter pylori causes DNA damage in gastric epithelial cells.

Carcinogenesis 2000, 21, 1111–1115. [CrossRef] [PubMed]
84. Park, J.H.; Kim, T.Y.; Jong, H.S.; Kim, T.Y.; Chun, Y.S.; Park, J.W.; Lee, C.T.; Jung, H.C.; Kim, N.K.; Bang, Y.J.

Gastric epithelial reactive oxygen species prevent normoxic degradation of hypoxia-inducible factor-1alpha
in gastric cancer cells. Clin. Cancer Res. 2003, 9, 433–440. [PubMed]

http://dx.doi.org/10.1172/JCI119642
http://www.ncbi.nlm.nih.gov/pubmed/9276747
http://dx.doi.org/10.3349/ymj.2013.54.2.374
http://www.ncbi.nlm.nih.gov/pubmed/23364970
http://dx.doi.org/10.1371/journal.pone.0132746
http://dx.doi.org/10.1371/journal.pone.0012038
http://www.ncbi.nlm.nih.gov/pubmed/20706634
http://www.ncbi.nlm.nih.gov/pubmed/17953712
http://dx.doi.org/10.1038/scientificamerican0794-58
http://www.ncbi.nlm.nih.gov/pubmed/8066425
http://dx.doi.org/10.3892/or.2012.1966
http://www.ncbi.nlm.nih.gov/pubmed/22895814
http://dx.doi.org/10.1016/j.jss.2008.08.017
http://www.ncbi.nlm.nih.gov/pubmed/19329124
http://dx.doi.org/10.1007/s00595-009-4154-y
http://www.ncbi.nlm.nih.gov/pubmed/20740349
http://dx.doi.org/10.1007/s13277-015-4372-4
http://www.ncbi.nlm.nih.gov/pubmed/26566627
http://dx.doi.org/10.1172/JCI34944
http://www.ncbi.nlm.nih.gov/pubmed/18431520
http://dx.doi.org/10.1200/JCO.2001.19.10.2587
http://www.ncbi.nlm.nih.gov/pubmed/11352950
http://dx.doi.org/10.1016/S0959-8049(02)00013-8
http://dx.doi.org/10.1038/emm.2013.111
http://www.ncbi.nlm.nih.gov/pubmed/24176949
http://dx.doi.org/10.1093/jnci/95.7.516
http://www.ncbi.nlm.nih.gov/pubmed/12671019
http://dx.doi.org/10.1093/jnci/djh168
http://www.ncbi.nlm.nih.gov/pubmed/15199114
http://dx.doi.org/10.1038/nrc1187
http://www.ncbi.nlm.nih.gov/pubmed/13130303
http://dx.doi.org/10.1093/carcin/21.6.1111
http://www.ncbi.nlm.nih.gov/pubmed/10836997
http://www.ncbi.nlm.nih.gov/pubmed/12538497


Int. J. Mol. Sci. 2018, 19, 43 15 of 17

85. Karayiannakis, A.J.; Syrigos, K.N.; Polychronidis, A.; Zbar, A.; Kouraklis, G.; Simopoulos, C.; Karatzas, G.
Circulating vegf levels in the serum of gastric cancer patients: Correlation with pathological variables,
patient survival, and tumor surgery. Ann. Surg. 2002, 236, 37–42. [CrossRef] [PubMed]

86. Kakeji, Y.; Koga, T.; Sumiyoshi, Y.; Shibahara, K.; Oda, S.; Maehara, Y.; Sugimachi, K. Clinical significance of
vascular endothelial growth factor expression in gastric cancer. J. Exp. Clin. Cancer Res. 2002, 21, 125–129.
[PubMed]

87. Wang, T.B.; Wang, J.; Wei, X.Q.; Wei, B.; Dong, W.G. Serum vascular endothelial growth factor-c combined
with multi-detector ct in the preoperative diagnosis of lymph node metastasis of gastric cancer. Asia-Pac. J.
Clin. Oncol. 2012, 8, 180–186. [CrossRef] [PubMed]

88. Blank, S.; Deck, C.; Dreikhausen, L.; Weichert, W.; Giese, N.; Falk, C.; Schmidt, T.; Ott, K. Angiogenic and
growth factors in gastric cancer. J. Surg. Res. 2015, 194, 420–429. [CrossRef] [PubMed]

89. Dreikhausen, L.; Blank, S.; Sisic, L.; Heger, U.; Weichert, W.; Jager, D.; Bruckner, T.; Giese, N.; Grenacher, L.;
Falk, C.; et al. Association of angiogenic factors with prognosis in esophageal cancer. BMC Cancer 2015, 15,
121. [CrossRef] [PubMed]

90. Blank, S.; Nienhuser, H.; Dreikhausen, L.; Sisic, L.; Heger, U.; Ott, K.; Schmidt, T. Inflammatory cytokines are
associated with response and prognosis in patients with esophageal cancer. Oncotarget 2017, 8, 47518–47532.
[CrossRef] [PubMed]

91. Kahlert, C.; Pecqueux, M.; Halama, N.; Dienemann, H.; Muley, T.; Pfannschmidt, J.; Lasitschka, F.;
Klupp, F.; Schmidt, T.; Rahbari, N.; et al. Tumour-site-dependent expression profile of angiogenic factors
in tumour-associated stroma of primary colorectal cancer and metastases. Br. J. Cancer 2014, 110, 441–449.
[CrossRef] [PubMed]

92. Kahlert, C.; Fiala, M.; Musso, G.; Halama, N.; Keim, S.; Mazzone, M.; Lasitschka, F.; Pecqueux, M.; Klupp, F.;
Schmidt, T.; et al. Prognostic impact of a compartment-specific angiogenic marker profile in patients with
pancreatic cancer. Oncotarget 2014, 5, 12978–12989. [CrossRef] [PubMed]

93. Hacker, U.T.; Escalona-Espinosa, L.; Consalvo, N.; Goede, V.; Schiffmann, L.; Scherer, S.J.; Hedge, P.;
Van Cutsem, E.; Coutelle, O.; Buning, H. Evaluation of angiopoietin-2 as a biomarker in gastric cancer:
Results from the randomised phase iii avagast trial. Br. J. Cancer 2016, 114, 855–862. [CrossRef] [PubMed]

94. Van Cutsem, E.; de Haas, S.; Kang, Y.K.; Ohtsu, A.; Tebbutt, N.C.; Ming Xu, J.; Peng Yong, W.; Langer, B.;
Delmar, P.; Scherer, S.J.; et al. Bevacizumab in combination with chemotherapy as first-line therapy in
advanced gastric cancer: A biomarker evaluation from the avagast randomized phase iii trial. J. Clin. Oncol.
2012, 30, 2119–2127. [CrossRef] [PubMed]

95. Oh, S.Y.; Kwon, H.C.; Kim, S.H.; Jang, J.S.; Kim, M.C.; Kim, K.H.; Han, J.Y.; Kim, C.O.; Kim, S.J.; Jeong, J.S.;
et al. Clinicopathologic significance of hif-1alpha, p53, and vegf expression and preoperative serum vegf
level in gastric cancer. BMC Cancer 2008, 8, 123. [CrossRef] [PubMed]

96. Kikuchi, S.; Obata, Y.; Yagyu, K.; Lin, Y.; Nakajima, T.; Kobayashi, O.; Kikuichi, M.; Ushijima, R.;
Kurosawa, M.; Ueda, J. Reduced serum vascular endothelial growth factor receptor-2 (svegfr-2) and svegfr-1
levels in gastric cancer patients. Cancer Sci. 2011, 102, 866–869. [CrossRef] [PubMed]

97. Sheng, S.L.; Bao, S.H.; Huang, G.; Wang, L.M. Development of time-resolved immunofluorometric assays for
vascular endothelial growth factor and application on plasma of patients with gastric tumours. Clin. Exp.
Immunol. 2008, 151, 459–466. [CrossRef] [PubMed]

98. Ding, S.; Lin, S.; Dong, X.; Yang, X.; Qu, H.; Huang, S.; Liu, W.; Zhou, L.; Liu, D. Potential prognostic value
of circulating levels of vascular endothelial growth factor-a in patients with gastric cancer. In Vivo 2005, 19,
793–795. [PubMed]

99. Vidal, O.; Metges, J.P.; Elizalde, I.; Valentini, M.; Volant, A.; Molina, R.; Castells, A.; Pera, M. High
preoperative serum vascular endothelial growth factor levels predict poor clinical outcome after curative
resection of gastric cancer. Br. J. Surg. 2009, 96, 1443–1451. [CrossRef] [PubMed]

100. Park, D.J.; Seo, A.N.; Yoon, C.; Ku, G.Y.; Coit, D.G.; Strong, V.E.; Suh, Y.S.; Lee, H.S.; Yang, H.K.; Kim, H.H.;
et al. Serum vegf-a and tumor vessel vegfr-2 levels predict survival in caucasian but not asian patients
undergoing resection for gastric adenocarcinoma. Ann. Surg. Oncol. 2015, 22 (Suppl. 3), S1508–S1515.
[CrossRef] [PubMed]

101. Villarejo-Campos, P.; Padilla-Valverde, D.; Martin, R.M.; Menendez-Sanchez, P.; Cubo-Cintas, T.;
Bondia-Navarro, J.A.; Fernandez, J.M. Serum vegf and vegf-c values before surgery and after postoperative
treatment in gastric cancer. Clin. Transl. Oncol. 2013, 15, 265–270. [CrossRef] [PubMed]

http://dx.doi.org/10.1097/00000658-200207000-00007
http://www.ncbi.nlm.nih.gov/pubmed/12131083
http://www.ncbi.nlm.nih.gov/pubmed/12071518
http://dx.doi.org/10.1111/j.1743-7563.2011.01490.x
http://www.ncbi.nlm.nih.gov/pubmed/22524577
http://dx.doi.org/10.1016/j.jss.2014.11.028
http://www.ncbi.nlm.nih.gov/pubmed/25577146
http://dx.doi.org/10.1186/s12885-015-1120-5
http://www.ncbi.nlm.nih.gov/pubmed/25885021
http://dx.doi.org/10.18632/oncotarget.17671
http://www.ncbi.nlm.nih.gov/pubmed/28537901
http://dx.doi.org/10.1038/bjc.2013.745
http://www.ncbi.nlm.nih.gov/pubmed/24292449
http://dx.doi.org/10.18632/oncotarget.2651
http://www.ncbi.nlm.nih.gov/pubmed/25483099
http://dx.doi.org/10.1038/bjc.2016.30
http://www.ncbi.nlm.nih.gov/pubmed/27031850
http://dx.doi.org/10.1200/JCO.2011.39.9824
http://www.ncbi.nlm.nih.gov/pubmed/22565005
http://dx.doi.org/10.1186/1471-2407-8-123
http://www.ncbi.nlm.nih.gov/pubmed/18452596
http://dx.doi.org/10.1111/j.1349-7006.2011.01860.x
http://www.ncbi.nlm.nih.gov/pubmed/21219538
http://dx.doi.org/10.1111/j.1365-2249.2007.03548.x
http://www.ncbi.nlm.nih.gov/pubmed/18234057
http://www.ncbi.nlm.nih.gov/pubmed/15999551
http://dx.doi.org/10.1002/bjs.6780
http://www.ncbi.nlm.nih.gov/pubmed/19918848
http://dx.doi.org/10.1245/s10434-015-4790-y
http://www.ncbi.nlm.nih.gov/pubmed/26259755
http://dx.doi.org/10.1007/s12094-012-0908-x
http://www.ncbi.nlm.nih.gov/pubmed/22855190


Int. J. Mol. Sci. 2018, 19, 43 16 of 17

102. Engin, H.; Ustundag, Y.; Ozel Tekin, I.; Gokmen, A. Plasma concentrations of ang-1, ang-2 and tie-2 in gastric
cancer. Eur. Cytokine Netw. 2012, 23, 21–24. [PubMed]

103. Jo, M.J.; Lee, J.H.; Nam, B.H.; Kook, M.C.; Ryu, K.W.; Choi, I.J.; Kim, Y.W.; Bae, J.M. Preoperative serum
angiopoietin-2 levels correlate with lymph node status in patients with early gastric cancer. Ann. Surg. Oncol.
2009, 16, 2052–2057. [CrossRef] [PubMed]

104. Chen, C.N.; Hsieh, F.J.; Cheng, Y.M.; Cheng, W.F.; Su, Y.N.; Chang, K.J.; Lee, P.H. The significance of placenta
growth factor in angiogenesis and clinical outcome of human gastric cancer. Cancer Lett. 2004, 213, 73–82.
[CrossRef] [PubMed]

105. Aktas, S.H.; Akbulut Yazici, H.O.; Zengin, N.; Akgun, H.N.; Ustuner, Z.; Icli, F. A new angiogenesis
prognostic index with vegfa, plgf, and angiopoietin1 predicts survival in patients with advanced gastric
cancer. Turk. J. Med. Sci. 2017, 47, 399–406. [CrossRef] [PubMed]

106. Osterlund, P.; Soveri, L.M.; Isoniemi, H.; Poussa, T.; Alanko, T.; Bono, P. Hypertension and overall survival
in metastatic colorectal cancer patients treated with bevacizumab-containing chemotherapy. Br. J. Cancer
2011, 104, 599–604. [CrossRef] [PubMed]

107. Tahover, E.; Uziely, B.; Salah, A.; Temper, M.; Peretz, T.; Hubert, A. Hypertension as a predictive biomarker
in bevacizumab treatment for colorectal cancer patients. Med. Oncol. 2013, 30, 327. [CrossRef] [PubMed]

108. Khoja, L.; Kumaran, G.; Zee, Y.K.; Murukesh, N.; Swindell, R.; Saunders, M.P.; Clamp, A.R.; Valle, J.W.;
Wilson, G.; Jayson, G.C.; et al. Evaluation of hypertension and proteinuria as markers of efficacy in
antiangiogenic therapy for metastatic colorectal cancer. J. Clin. Gastroenterol. 2014, 48, 430–434. [CrossRef]
[PubMed]

109. Syrigos, K.N.; Karapanagiotou, E.; Boura, P.; Manegold, C.; Harrington, K. Bevacizumab-induced
hypertension: Pathogenesis and management. BioDrugs 2011, 25, 159–169. [CrossRef] [PubMed]

110. Robinson, E.S.; Khankin, E.V.; Karumanchi, S.A.; Humphreys, B.D. Hypertension induced by vascular
endothelial growth factor signaling pathway inhibition: Mechanisms and potential use as a biomarker.
Semin. Nephrol. 2010, 30, 591–601. [CrossRef] [PubMed]

111. Hegde, P.S.; Jubb, A.M.; Chen, D.; Li, N.F.; Meng, Y.G.; Bernaards, C.; Elliott, R.; Scherer, S.J.; Chen, D.S.
Predictive impact of circulating vascular endothelial growth factor in four phase iii trials evaluating
bevacizumab. Clin. Cancer Res. 2013, 19, 929–937. [CrossRef] [PubMed]

112. Chen, L.T.; Oh, D.Y.; Ryu, M.H.; Yeh, K.H.; Yeo, W.; Carlesi, R.; Cheng, R.; Kim, J.; Orlando, M.;
Kang, Y.K. Anti-angiogenic therapy in patients with advanced gastric and gastroesophageal junction cancer:
A systematic review. Cancer Res. Treat. 2017, 49, 851–868. [CrossRef] [PubMed]

113. Wilke, H.; Muro, K.; Van Cutsem, E.; Oh, S.C.; Bodoky, G.; Shimada, Y.; Hironaka, S.; Sugimoto, N.;
Lipatov, O.; Kim, T.Y.; et al. Ramucirumab plus paclitaxel versus placebo plus paclitaxel in patients
with previously treated advanced gastric or gastro-oesophageal junction adenocarcinoma (rainbow):
A double-blind, randomised phase 3 trial. Lancet Oncol. 2014, 15, 1224–1235. [CrossRef]

114. Ohtsu, A.; Shah, M.A.; Van Cutsem, E.; Rha, S.Y.; Sawaki, A.; Park, S.R.; Lim, H.Y.; Yamada, Y.; Wu, J.;
Langer, B.; et al. Bevacizumab in combination with chemotherapy as first-line therapy in advanced gastric
cancer: A randomized, double-blind, placebo-controlled phase iii study. J. Clin. Oncol. 2011, 29, 3968–3976.
[CrossRef] [PubMed]

115. Shen, L.; Li, J.; Xu, J.; Pan, H.; Dai, G.; Qin, S.; Wang, L.; Wang, J.; Yang, Z.; Shu, Y.; et al. Bevacizumab
plus capecitabine and cisplatin in chinese patients with inoperable locally advanced or metastatic gastric or
gastroesophageal junction cancer: Randomized, double-blind, phase iii study (avatar study). Gastric Cancer
2015, 18, 168–176. [CrossRef] [PubMed]

116. Li, J.; Qin, S.; Xu, J.; Xiong, J.; Wu, C.; Bai, Y.; Liu, W.; Tong, J.; Liu, Y.; Xu, R.; et al. Randomized, double-blind,
placebo-controlled phase iii trial of apatinib in patients with chemotherapy-refractory advanced or metastatic
adenocarcinoma of the stomach or gastroesophageal junction. J. Clin. Oncol. 2016, 34, 1448–1454. [CrossRef]
[PubMed]

117. Cunningham, D.; Stenning, S.P.; Smyth, E.C.; Okines, A.F.; Allum, W.H.; Rowley, S.; Stevenson, L.;
Grabsch, H.I.; Alderson, D.; Crosby, T.; et al. Peri-operative chemotherapy with or without bevacizumab in
operable oesophagogastric adenocarcinoma (uk medical research council st03): Primary analysis results of a
multicentre, open-label, randomised phase 2–3 trial. Lancet Oncol. 2017, 18, 357–370. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/22449617
http://dx.doi.org/10.1245/s10434-009-0474-9
http://www.ncbi.nlm.nih.gov/pubmed/19408052
http://dx.doi.org/10.1016/j.canlet.2004.05.020
http://www.ncbi.nlm.nih.gov/pubmed/15312686
http://dx.doi.org/10.3906/sag-1509-80
http://www.ncbi.nlm.nih.gov/pubmed/28425270
http://dx.doi.org/10.1038/bjc.2011.2
http://www.ncbi.nlm.nih.gov/pubmed/21304526
http://dx.doi.org/10.1007/s12032-012-0327-4
http://www.ncbi.nlm.nih.gov/pubmed/23254964
http://dx.doi.org/10.1097/MCG.0b013e3182a8804c
http://www.ncbi.nlm.nih.gov/pubmed/24153157
http://dx.doi.org/10.2165/11590180-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/21627340
http://dx.doi.org/10.1016/j.semnephrol.2010.09.007
http://www.ncbi.nlm.nih.gov/pubmed/21146124
http://dx.doi.org/10.1158/1078-0432.CCR-12-2535
http://www.ncbi.nlm.nih.gov/pubmed/23169435
http://dx.doi.org/10.4143/crt.2016.176
http://www.ncbi.nlm.nih.gov/pubmed/28052652
http://dx.doi.org/10.1016/S1470-2045(14)70420-6
http://dx.doi.org/10.1200/JCO.2011.36.2236
http://www.ncbi.nlm.nih.gov/pubmed/21844504
http://dx.doi.org/10.1007/s10120-014-0351-5
http://www.ncbi.nlm.nih.gov/pubmed/24557418
http://dx.doi.org/10.1200/JCO.2015.63.5995
http://www.ncbi.nlm.nih.gov/pubmed/26884585
http://dx.doi.org/10.1016/S1470-2045(17)30043-8


Int. J. Mol. Sci. 2018, 19, 43 17 of 17

118. Ma, J.; Yao, S.; Li, X.S.; Kang, H.R.; Yao, F.F.; Du, N. Neoadjuvant therapy of dof regimen plus bevacizumab
can increase surgical resection ratein locally advanced gastric cancer: A randomized, controlled study.
Medicine 2015, 94, e1489. [CrossRef] [PubMed]

119. Pavlakis, N.; Sjoquist, K.M.; Martin, A.J.; Tsobanis, E.; Yip, S.; Kang, Y.K.; Bang, Y.J.; Alcindor, T.;
O’Callaghan, C.J.; Burnell, M.J.; et al. Regorafenib for the treatment of advanced gastric cancer (integrate):
A multinational placebo-controlled phase ii trial. J. Clin. Oncol. 2016, 34, 2728–2735. [CrossRef] [PubMed]

120. Shah, M.A.; Wainberg, Z.A.; Catenacci, D.V.; Hochster, H.S.; Ford, J.; Kunz, P.; Lee, F.C.; Kallender, H.;
Cecchi, F.; Rabe, D.C.; et al. Phase ii study evaluating 2 dosing schedules of oral foretinib (gsk1363089),
cmet/vegfr2 inhibitor, in patients with metastatic gastric cancer. PLoS ONE 2013, 8, e54014. [CrossRef]
[PubMed]

121. Shan, F.; Miao, R.; Xue, K.; Li, Z.; Li, Z.; Bu, Z.; Wu, A.; Zhang, L.; Wu, X.; Zong, X.; et al. Controlling
angiogenesis in gastric cancer: A systematic review of anti-angiogenic trials. Cancer Lett. 2016, 380, 598–607.
[CrossRef] [PubMed]

122. Presta, M.; Dell’Era, P.; Mitola, S.; Moroni, E.; Ronca, R.; Rusnati, M. Fibroblast growth factor/fibroblast
growth factor receptor system in angiogenesis. Cytokine Growth Factor Rev. 2005, 16, 159–178. [CrossRef]
[PubMed]

123. Folberg, R.; Hendrix, M.J.; Maniotis, A.J. Vasculogenic mimicry and tumor angiogenesis. Am. J. Pathol. 2000,
156, 361–381. [CrossRef]

124. Van Beijnum, J.R.; Nowak-Sliwinska, P.; Huijbers, E.J.; Thijssen, V.L.; Griffioen, A.W. The great escape; the
hallmarks of resistance to antiangiogenic therapy. Pharmacol. Rev. 2015, 67, 441–461. [CrossRef] [PubMed]

125. Loges, S.; Schmidt, T.; Carmeliet, P. Mechanisms of resistance to anti-angiogenic therapy and development
of third-generation anti-angiogenic drug candidates. Genes Cancer 2010, 1, 12–25. [CrossRef] [PubMed]

126. Ebos, J.M.; Lee, C.R.; Cruz-Munoz, W.; Bjarnason, G.A.; Christensen, J.G.; Kerbel, R.S. Accelerated metastasis
after short-term treatment with a potent inhibitor of tumor angiogenesis. Cancer Cell 2009, 15, 232–239.
[CrossRef] [PubMed]

127. Paez-Ribes, M.; Allen, E.; Hudock, J.; Takeda, T.; Okuyama, H.; Vinals, F.; Inoue, M.; Bergers, G.; Hanahan, D.;
Casanovas, O. Antiangiogenic therapy elicits malignant progression of tumors to increased local invasion
and distant metastasis. Cancer Cell 2009, 15, 220–231. [CrossRef] [PubMed]

128. Chung, A.S.; Kowanetz, M.; Wu, X.; Zhuang, G.; Ngu, H.; Finkle, D.; Komuves, L.; Peale, F.; Ferrara, N.
Differential drug class-specific metastatic effects following treatment with a panel of angiogenesis inhibitors.
J. Pathol. 2012, 227, 404–416. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1097/MD.0000000000001489
http://www.ncbi.nlm.nih.gov/pubmed/26496252
http://dx.doi.org/10.1200/JCO.2015.65.1901
http://www.ncbi.nlm.nih.gov/pubmed/27325864
http://dx.doi.org/10.1371/journal.pone.0054014
http://www.ncbi.nlm.nih.gov/pubmed/23516391
http://dx.doi.org/10.1016/j.canlet.2015.12.023
http://www.ncbi.nlm.nih.gov/pubmed/26724681
http://dx.doi.org/10.1016/j.cytogfr.2005.01.004
http://www.ncbi.nlm.nih.gov/pubmed/15863032
http://dx.doi.org/10.1016/S0002-9440(10)64739-6
http://dx.doi.org/10.1124/pr.114.010215
http://www.ncbi.nlm.nih.gov/pubmed/25769965
http://dx.doi.org/10.1177/1947601909356574
http://www.ncbi.nlm.nih.gov/pubmed/21779425
http://dx.doi.org/10.1016/j.ccr.2009.01.021
http://www.ncbi.nlm.nih.gov/pubmed/19249681
http://dx.doi.org/10.1016/j.ccr.2009.01.027
http://www.ncbi.nlm.nih.gov/pubmed/19249680
http://dx.doi.org/10.1002/path.4052
http://www.ncbi.nlm.nih.gov/pubmed/22611017
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Angiogenic Signaling and Pathways 
	Inhibition of Angiogenesis in Preclinical Models 
	Experimental In Vitro Data 
	Experimental In Vivo Data 

	Translational Data and Angiogenic Factors as Biomarkers 
	Clinical Trials 
	Challenges 
	References

