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Abstract The formation of blood capillaries to sustain devel-
opment and growth of new tissues is referred to as angiogen-
esis. Angiogenesis is pivotal in both carcinogenesis and me-
tastasis since capillaries are the sole source of supplying nu-
trients and oxygen to the proliferating tumor cells; therefore,
this dependency of tumor growth on angiogenesis challenges
researchers to halt tumor growth by targeting angiogenesis
with the help of either synthetic or natural inhibitors. Many
synthetic inhibitors of angiogenesis have not only come into
force but also resulted in some severe adverse effects. Natural
compounds may effectively fit into this condition and possibly
decrease the time of treatment. In the recent past, literature is
replete with evidences advocating the usefulness of natural
compounds that target multiple biochemical pathways. The
additional advantage of natural compounds is that their active
principles interact with one another and work synergistically
to give more meaningful and reliable effects than individual
principle. Hence, if we are somehow able to combine more
than two natural compounds, then it may be possible to en-
hance their potential by many folds, which shall prove to be
very effective in combating tumor angiogenesis. This review
shall discuss the concept of angiogenesis, molecular path-
ways, and angiogenic inhibitors and their specific targets
and potential of natural compounds to greatly enhance the
current knowledge of angiogenesis-inhibiting factors.
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Introduction

Angiogenesis is a composite phenomenon that refers to the
building of new blood vessels that supply oxygen and nutri-
ents to the developing tissues. Angiogenesis is an essential
biological process in wound healing, in sustaining pregnancy,
and in menstruation [1, 2]. Angiogenesis is responsible for the
onset of serious medical conditions like atherosclerosis, arthri-
tis, and psoriasis [3]. The biological processes such as cell
proliferation, differentiation, and cell-to-cell communication
are well coordinated during angiogenesis. Angiogenesis is a
hallmark of growth of tumors as it plays a crucial role of
supplying the oxygen and nutrient required for the develop-
ment and progression of tumor [4]. Cancer cells without oxy-
gen and nutrient supply are not able to grow beyond a size of
2 mm, but they grow beyond 2 mm in an environment where
angiogenesis is possible. However, angiogenesis is possible
only in situations where there are sustainable regulations of
signaling molecules acting as both activators and inhibitors.
There is a need of downregulation of inhibitor molecules and
upregulation of signaling activators in order to sustain angio-
genesis. Hypoxia and stress are the two major driving forces
responsible for the remodeling of tissues through the tightly
regulated process of angiogenesis [4, 5]. The high prolifera-
tive rate of vascular cells is a key component of angiogenesis
which otherwise divides in approximately once in 1000 days.
In tumors, diabetic retinopathy, inflammatory, and other
infections, angiogenesis can be activated abnormally [5–7].
Since angiogenesis is pivotal in tumor expansion, it can be
extrapolated as a promising therapeutic target in cancer
treatment. Literature is replete with studies advocating
antiangiogenic potential of various synthetic compounds
[8–12]. Angiogenesis involves complex signaling pathways,
and the inhibition of one pathway by synthetic drugs (specific
for specific pathway) may be compensated by another
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pathway; so, various synthetic drugs fail to provide effective
results. On the other hand, natural products that contain more
than one organic principle may possibly have different targets
in multiple angiogenic pathways and therefore could prove a
better and effective candidate for reducing growth and metas-
tasis of cancer [13, 14]. The inhibitory effects of natural com-
pounds by interacting with multiple biochemical pathways
may affect angiogenesis effectively. Consideration of the syn-
ergistic role of natural compounds might be useful in deciding
which combination of different natural compounds can be
used to design a better therapeutic strategy to combat angio-
genesis [15, 16]. This review would be helpful in providing
insight into the mechanisms of angiogenesis in tumor and both
the role of common antiangiogenic drugs and the
antiangiogenic potential of some natural compounds.

Angiogenesis: a hallmark of cancer

Tumors are formed from a normal population of cells that
become immortal after losing control over their growth. The
cell population without proper regulation and high prolifera-
tion rate is also prone to have highmutation rate, leading to the
development of other phenotypes [17, 18]. This tendency of
gaining different phenotypes further helps to attain more fa-
vorable characteristics for growth and proliferation of cells.
Tumors exploit this tendency of gaining new phenotypes to
initiate angiogenesis in order to sustain the demand of nutri-
ents and oxygen supply. This suggests that angiogenesis has
an important role to play for the growth and metastasis of
tumor [19]. Without angiogenesis, tumors can grow up to a
certain level (1 to 2 mm in diameter) but beyond that, they
must be supplied with oxygen and other nutrients by means of
angiogenesis [20]. Hypoxia, endogenous angiogenesis pro-
moters, and inhibitors play a crucial role in conversion of
dormant lesion to vascularized tumor [21, 22]. There are four
main steps involved in tumor angiogenesis, which include
secretion of angiogenic factors, dissolution of basement mem-
brane around a mature capillary, and proliferation and migra-
tion of endothelial cells toward angiogenic stimulus thereby

leading to the formation of new capillaries (Fig. 1). The en-
hancement of signaling activators pushes the endothelial cells
to proliferate and migrate [21]. On the other hand, augmenta-
tion of negative regulators keeps the endothelial cells in qui-
escent state [23]. Therefore, homeostasis between promoting
and inhibiting endogenous signaling molecules controls the
angiogenesis. In many medical conditions, the process of an-
giogenesis is tightly regulated and is allowed to fulfill the
requirement of tissue repair. But, in certain angiogenesis-
dependent diseases, disruption in regulatory mechanism leads
to the promotion of diseases [5, 24]. The positive regulators of
angiogenesis include the basic fibroblast growth factor (FGF)
and vascular endothelial growth factor (VEGF) as primary
angiogenic factors as they play a major role in angiogenesis.
The other factors such as platelet-activating factor (PAF);
platelet-derived growth factor (PDGF); epidermal growth fac-
tor (EGF), interleukin-1, interleukin-6, and interleukin-8; and
transforming growth factor-alpha and beta (TGF α and β) do
play a complementary role [18, 25]. The various molecular
mechanisms for angiogenesis are described in Fig. 2. Diseases
with insufficient angiogenesis like cutaneous ulcer and ische-
mic and myocardial brain disease can be treated with thera-
peutic angiogenesis [19, 27]. On the other hand, diseases with
excessive angiogenesis like tumor can be treated with angio-
genic therapy where angiogenic inhibitors are used to sup-
press the hyperactivity of angiogenic factors [5, 28].

Angiogenic factors (Table 1)

Biochemical species for the onset and progression of angio-
genesis are called angiogenic factors. Majority of these are
growth factors like vascular endothelial growth factor
(VEGF) and basic fibroblast growth factor (bFGF) [29, 30].
The other angiogenic factors that play a complementary role
like stimulation of angiogenesis are kinin, PDGF [31–33], and
tumor growth factors α and β (TGF-α and TGF-β) [31].
VEGF and bFGF are crucial for cancer angiogenesis, inflam-
mation, and wound healing [41]. The expression of VEGF is
induced by hypoxia and other factors like EGF, TGF-α and

Fig. 1 Stages of angiogenesis.
Step 1, secretion of angiogenic
factor. Step 2; disruption of
basement membrane. Step 3,
proliferation and migration of
endothelial cells toward
angiogenic stimuli. Step 4 (early),
sprout formation. Step 4 (late),
union of sprout from opposite
side and formation of new
capillary
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TGF-β, FGF, and PDGF [42]. PDGF is the key biomolecule
for the maturation of new vessels. FGF is essential for cell
proliferation, migration, and differentiation [43]. TGF-β has
a dual role to play, as low level enhances the angiogenesis
through angiogenic factors whereas high levels of TGF-β in-
hibit the growth and proliferation of cells [43]. Macrophages
and mast cells are associated with the secretion of tumor ne-
crosis factor (TNF) [36], which further activates macrophages
to release angiogenic factors. IL-6 is a well-known

proangiogenic cytokine which plays an important role in an-
giogenesis. The exact mechanism of IL-6 is not fully under-
stood as some studies advocate VEGF induction through
IL-6 [44, 45] whereas Shao and Seng have suggested that
prostaglandin E2 (PGE2) is stimulated by IL-6 through
cyclooxygenase-2 (COX-2). This suggests that IL-6/PGE2/
VEGF may play an important role in initiating tumor angio-
genesis [46]. Further, it has also been documented that cyto-
kine and various growth factors behave as second messenger
molecules like reactive oxygen species (ROS) and hydrogen
peroxide (H2O2) and cause their induction that leads to stim-
ulation of VEGF. Another factor, angiopoietin too, has an
interesting role in tumor angiogenesis as its members
angiopoietin-1 (AP-1) and angiopoietin-2 (AP-2) [37] are an-
tagonists to each other. Angiopoietin-1 is responsible for de-
clining endothelial cell permeability and enhances vascular
stability. On the other hand, angiopoietin-2 is associated with
augmentation of sprouting of capillaries [47]. Enzyme COX-2
is another crucial mediator of angiogenesis and carcinogenesis
as high expression of COX-2 is observed in a variety of can-
cers [38, 48–51]. Similarly, 12-lipoxygenase (12-LOX) is
overexpressed in various carcinomas and significantly en-
hances angiogenesis [52–54]. Mechanistically, 12-LOX leads
to secretion of eicosanoid generation which promotes carcino-
genesis and metastasis [39].

NF-κB, one of the key regulators of inflammation, has a
critical role in tumor angiogenesis as it is affected in different
diseases including cancer [55–58]. NF-κB activation occurs
through the upregulation of antiapoptotic genes to increase the
chances of cell survival to withstand stress during inflamma-
tory response [59]. Moreover, NF-κB also contributes to

Fig. 2 Schematic representation
of molecular pathways
responsible for cell proliferation,
migration, and vascular
permeability leading to initiation
of angiogenesis (source modified
and edited from book) [26]

Table 1 Angiogenic factors

Angiogenic factors Reference

Vascular endothelial growth factor (VEGF) [29]

Basic fibroblast growth factor (bFGF) [30]

Platelet-derived growth factor (PDGF) [31]

Interleukin (IL-6, IL-8) [32, 33]

Collagenase [34]

Transforming growth factor alpha (TGF-α) [31]

Transforming growth factor beta (TGF-β) [31]

Epidermal growth factor (EGF) [35]

Tumor necrosis factor alpha (TNF-α) [36]

Angiopoietin (APN-1and-2) [37]

Cycloxygenase (COX) [38]

Lypoxygenase (LOX) [39]

Granulocyte-colony stimulating factor (G-CSF) [40]

Hepatocyte growth factor (HGF) [37]

Insulin-like growth factor (IGF-1 and IGF-2) [37]

Nuclear factor-kappa B (NF-κB) [40]

Tumor Biol. (2016) 37:14341–14354 14343



metastasis by regulating epithelial mesenchymal transition
[60]. It inhibits the migration of endothelial cells by upregu-
lation of metalloproteinase-1 (TIMP-1) which degrades the
different components of extracellular matrix (ECM) [61].
Further increase in the VEGF expression through hypoxia-
inducible factor (HIF) leads to promotion of angiogenesis. It
has also been reported that NF-κB activation through TNF-α
enhances the expression of PAI-1 and inhibits tPA expression
[62], thereby suggesting that NF-κB activation could impair
angiogenesis through decrease in ECM degradation [3]. The
pathways and targets for the various angiogenic factors are
described in Fig. 2.

Antiangiogenic drugs: targets and complications

Preclinical and clinical trials have demonstrated antiangiogenic
action of chemotherapeutic agents which retard cancerous
growth and metastasis [63]. The VEGF/VEGFR pathway is
regarded as a key step to regulate angiogenesis in tumor either
by inhibiting the expression of VEGF and its receptors or by
downregulating signaling pathways [64]. Angiogenesis is
stimulated by expressing the response of the VEGF family
and signal transduction from VEGF to VEGFR2 which results
in the activation of the tyrosine kinase activity that causes the
dimerization of various receptors thereby triggering various
specific signaling molecules [65]. The higher sensitivity of
VEGF signaling in tumors than in normal tissue in response

to inhibitory action of angiogenic inhibitors challenges
us to extend our knowledge for antiangiogenic therapy.
Extensive research in this area and the outcome are highly
encouraging as numerous chemotherapeutic agents have been
identified with potential antiangiogenic activity. One such
antiangiogenic agent is bevacizumab (Avastin®; Genentech,
Inc., South San Francisco, CA), the first FDA-approved drug
that contains monoclonal IgG1 antibody against VEGF and is
effective in controlling metastatic growth of colorectal, lung,
and breast cancers when given in conjunction with other che-
motherapeutic agents [11, 66–68]. Bevacizumab has been
shown to inhibit angiogenesis via binding to VEGF-A, there-
by blocking the VEGFa-VEFRs pathway [69]. Beside, drugs
like sunitinib and sorafenib exert protective effects by
inhibiting receptor tyrosine kinase (RTK) and Raf kinase
[70, 71] and thereby affecting the signaling cascade of
VEGF, PDGFR, MAPK, and Raf/MEK/ERK [72] (Fig. 3).
Tipifarnib and lonafarnib have been shown to inhibit MAPK
signaling [73, 74]. The other significant contributor of angio-
genesis is the PI3K/AKT/m-TOR pathway, which is inhibited
by temsirolimus and everolimus [75] (Fig. 3). Evidences from
a number of clinical trials suggest the importance of angio-
genic therapy in the treatment of cancer and that shall prove to
be more promising when combined with other drugs [5, 28].
This can be evident from the studies where a combination
therapy of bevacizumab with intravenous 5-fluorouracil (5-
FU) showed positive results in colon and rectum tumors
[11, 76]. Moreover, the treatment of cancer with tyrosine

Fig. 3 Possible mechanistic
targets for natural plant products
inhibiting the process of
angiogenesis
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inhibitors like sunitinib and sorafenib gives promising results
in renal carcinoma and gastrointestinal cancer [8, 12].

The normal activities of growth factors and their receptors
are essential for normal physiology, but their activities get
disturbed due to reaction of angiogenic inhibitors that block
transduction of their signaling [77]. Inhibition or change in
expressions of growth factors and their receptors by angiogen-
ic inhibitors is associated with complications like disruption in
vascular integrity, bleeding, and gastrointestinal perforation
[78, 79]. When angiogenic inhibitors are used in combination
with other drugs, as in the case of colorectal patients, serious
bleeding problem may occur [80, 81]. Similarly, when
bevacizumab is given along with carboplatin and paclitaxel
in lung cancer patients, it may cause death due to pulmonary
hemorrhage [82].

Since synthetic drugs mainly block the receptors of
growth factors and are often associated with side effects, it
is worthwhile to find agents that might block the synthesis of
angiogenic factors rather than targeting their receptors [9].
Moreover, a combination of more than two compounds
could prove to be more effective as it may improve the
chances of inhibiting more than one pathway during angio-
genesis. In this scenario, the plant products may prove to be
useful, as many natural compounds have been identified that
block the overproduction of angiogenic growth factors and
their activities. Boswellic acid, curcumin, and resveratrol are
some of the natural compounds that inhibit the action of
angiogenic factors [83, 84]. Moreover, such compounds also
improve vascular permeability and inflammation. The real
advantage of natural plant products is that they show syner-
gistic action which enhances the efficacy of these products to
many folds. Presently, efforts are being made to formulate
the combination of more than two natural compounds so that
their cumulative effect is greater as compared to their indi-
vidual effects.

Natural compounds as angiogenic inhibitors

Tumor vasculature is poorly developed and immature and
hence can be targeted with antiangiogenic compounds.
Natural compounds position themselves in the front row as
they are safe and effective in low doses for a longer duration
than are synthetic compounds which work well in single high
dose [13, 14]. To explore and validate the potential of natural
compounds against tumor angiogenesis, a number of clinical
trials have documented positive results and provide ample
hope in targeting tumor angiogenesis. Therefore, high doses
of cytotoxic drug followed by side effects [85] inculcate inter-
est in natural compounds as they have the potential of acting
synergistically to block angiogenesis by targeting more than
one pathway simultaneously without any side effects. This led
to the discovery of many compounds (Table 2) having natural

origin with great potential to inhibit angiogenesis both in vitro
and in vivo experiments, and some of them some are
discussed below.

EGCG (Camellia sinensis) (Table 2)

Tea, the most consumed beverage worldwide derived from
Camellia sinensis, contains polyphenols which are associated
with inhibition of tumor growth in different experimental
models [116]. Studies have demonstrated that green tea extract
inhibits tumor angiogenesis [86] by suppressing the VEGF
production and expression of VEGF receptor [87–89, 117].
The most promising active component [87] of green tea and
white tea is epigallocatechin-3-gallate (EGCG) [118]. EGCG
is reported to inhibit signal transduction pathways that sup-
press the growth, proliferation, angiogenesis, and metastasis
of tumors [116]. EGCG has been reported to suppress angio-
genesis in breast cancer in female mice [90], gastric cancer in
nude mice, and proliferation of cancer cell lines [119, 120].
Furthermore, EGCG also inhibits tumor xenograft growth in
rodents [121]. This inhibitory action of EGCG is associated
with the diminution in VEGF expression by inhibiting HIF-
1α, NFκB activation, and expression of IL-6. Moreover,
EGCG has also been reported to inhibit phosphorylation in
protein kinase C (PKC). Studies have also advocated the in-
hibitory action of EGCG on EGFR signaling pathways [35,
92, 94]. EGCG has potential to inhibit precisely EGFR phos-
phorylation [93] and prevent binding of EGF to EGFR [94].
EGCG has been observed to block the phosphorylation of
hepatocyte growth factor receptor (HGFR) in MDA-MB-
2321 cells which prevent the binding of HGF to HGFR
[122]. This suggests that EGCG affects multiple targets,
which include receptors, growth factors, kinases, and en-
zymes, in tumor angiogenesis. So, it is undoubtedly clear from
various studies that EGCG appears to be the most promising
candidate for developing antiangiogenic therapy as it affects
more than one target during angiogenesis. On the basis of
evidences acquired from laboratory studies, EGCG has been
evaluated in cancer patients so as to ascertain its protective/
therapeutic efficacy with a safe dose. In chronic lymphocytic
leukemia (CLL), EGCG given to patients at a dose level of
2 g/day is well tolerated for up to 6 months and has been
shown to decrease the count of absolute lymphocytes [123,
124]. Similarly, Zhao et al. have seen the adjunctive role of
EGCG with cisplatin and etoposide in the treatment of non-
small cell lung carcinoma (NSCLC) patients [125]. They rec-
ommended a safe dose of 440 μM/L as a starting dose for a
phase II trial [125]. Zhao et al. further demonstrated that
EGCG solution (40–660μM/L) in conjunction with radiother-
apy reduced the radiation dermatitis in breast cancer patients
[126]. The outcome of phase III clinical trials will reveal the
true efficacy of EGCG in various cancer patients.
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Curcumin (Curcuma longa) (Table 2)

Curcumin, a yellow pigment derived from Curcuma longa,
has a long history of proven herbal medication in a variety
of medical conditions. The health benefits of curcumin are
due to its anticoagulant, antiparasitic, antioxidant, antiarthrit-
ic, and analgesic properties [15, 16, 127, 128]. Curcumin has
also been shown to inhibit the enzyme activity of hyaluron-
idase and β-amyloids and is advocated for the treatment of

Alzheimer’s, asthma, and HIV [129]. Moreover, dietary in-
take of curcumin has been reported to be associated with
prevention of stomach, duodenum, and colon cancer in mice
as well as progression of cancer in tongue, mammary glands,
and sebaceous glands in rats [130, 131]. This antitumor ac-
tivity of curcumin is considered to be associated with inhi-
bition of angiogenesis [132]. Various in vitro and in vivo
studies advocate the antiangiogenic effects of curcumin [9,
95, 96, 133]. Studies have also demonstrated antiangiogenic

Table 2 Active component of various plant products and their antiangiogenic targets

Compound Cancer model/cell line Event/mechanism Reference

EGCG Vascular Kaposi’s sarcoma tumor Inhibit angiogenesis in Matrigel sponge [86]

EGCG HUVECs Inhibit VEGF binding to its receptor [87]

EGCG HT29 cells Inhibit VEGF expression [88]

EGCG BAECs VEGF and VEGFR-2 inhibition [89]

EGCG Mice model Inhibit HIF-1α, NF-κB, and VEGF expression [90]

EGCG Mice model Inhibit VEGF protein and mRNA expression [91]

EGCG KYSE 150 and A431 cell Decreased EGFR protein expression [35]

EGCG HUVECs Prevent binding of VEGF to VEGF receptor, IL-8 suppression,
and prevent NF-κB binding to DNA

[92]

EGCG SW480 cells Internalization of EGFRs into endosomes [26]

EGCG A431 cells Inhibit PTK [93]

EGCG HT 29 colon cancer cells Inhibit binding of EGF to EGFR [94]

Curcumin Bovine capillary endothelial cells Inhibit bFGF expression [95]

Curcuminoid Mice model Inhibit FGF-2 angiogenic signaling pathway [96]

Curcumin HIMECs Inhibit COX-2 expression and PGE 2 production [97]

Curcumin Cell line and rodent model block VEGFA [98]

Curcumin HepG2 cell lines Blocked HIF-1α and VEGF expression [99]

Curcumin Cell line studies Inhibit VEGF, angiopoietin-1 and angiopoietin-2, and
KDR gene expression

[100]

Curcumin Mice model Inhibit VEGF and VEGFR-2 expression [101]

Curcumin HT-1080 and BAECs Downregulate MMP-9 and VEGF expression [102]

Curcumin CL 1–5 cells Inhibit MMP-14 and MMP-2 activity [103]

Curcumin C3H10T1/2 Inhibit V-Src kinase activity [104]

Curcumin analog GO-YO78 HUVECs Induce actin disorganization [105]

Curcumin HUVACs Downregulate VEGF and adhesion molecule ICAM-1 [106]

Curcumin Rat model Inhibit VEGF expression and disrupt PDGF-betaR/ERK and
mTOR pathways

[107]

Resveratrol A2780/CP70 and OVCAR-3 Inhibit HIF-1α and VEGF expression [108]

Resveratrol HepG2 cell lines Inhibit VEGF gene expression [109]

Resveratrol analog HS-1793 PC-3 human prostate cancer cells Inhibit HIF-1α and VEGF expression [110]

Resveratrol Collon 26 cells Inhibit VEGF and MMP-9 expression [111]

Resveratrol HUVACs Inhibit PI3 kinase (PI3K/AKT and MEK/ERK pathways) [112]

Artesunate Mice model Decrease VEGF and KDR/flk-1 expression [103]

Artemisinin T67 cell lines Inhibit NF-κB activation [113]

Artesunate Chromic myeloid lukemia K 562
cell lines

Downregulate VEGF expression [91]

Quercetin-tamoxifen Tumor xenograft model Modulate VEGF121, VEGF165, and mRNA expression [40]

Silybin-phosphatidylcholine
complex

Tumor xenograft model Inhibit VEGF [114]

Baicalein and baicalin HUVACs Decrease bFGF expression and MMP2 activity [115]
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effects of curcumin through MAPK and COX-2 inhibition in
human endothelial cells [97]. Moreover, curcumin is shown
to decrease VEGF production in tumor cells by downregu-
lating the HIF-1α [98, 99] and angiopoietin-1 and
angiopoietin-2 in human umbilical vein endothelial cells
(HUVECs) [100, 101]. Close interaction of curcumin with
VEGF and nitric oxide in tumor leads to blockage of CD13
enzyme activity which otherwise is often higher in tumor-
promoting angiogenesis [100]. The reduction of CD13 en-
zyme activity in tumor by curcumin results in reduction of
angiogenesis and metastatic growth of tumor cells [102].
Another way to inhibit angiogenesis is by suppressing the
release of angiogenic factors in to ECM. Curcumin has been
reported to downregulate the expression of the matrix
metalloproteinase-9 (MMP-9) and MMP-2 [103] and also
block the EGFR and VEGF tyrosine kinase signaling path-
ways [104]. Recent studies have also demonstrated inhibito-
ry effects of curcumin analog (GO-Y078) through actin dis-
organization [105]. Huang et al. have revealed the
antiangiogenic potential of three curcumin pigments by
downregulating the expression of VEGF and adhesion mol-
ecules [106]. Curcumin has also been shown to inhibit an-
giogenesis by peroxisome proliferator-activated receptor-γ
(PPAR-γ) activation-dependent mechanism in hepatic fibro-
sis which could be another strategy to inhibit angiogenesis
[107]. Studies with human patients suffering from various
cancers have been conducted to evaluate the safety and effi-
cacy of curcumin alone and in combination with other ther-
apies. Curcumin alone (2 g/day) and in combination with
FOLFOX chemotherapy reduced the spheroid number and
number of cells with high aldehyde dehydrogenase activity
in cancer stem cells (colorectal liver metastases) [134]. In
another clinical trial, treatment of colorectal neoplasia, with
4 g of curcumin, decreased the ACF number [135]. Besides,
8 g of curcumin is found to be well tolerated and effective in
the chemoprevention of cancer [136–138]. In pancreatic can-
cer, 8 g of curcumin per day downregulates the expressions
of NFκB, COX-2, and various activators of transcription
factor III in peripheral blood mononuclear cells (PBMCs)
[137]. In patients with monoclonal gammopathy, there was
a 12–30 % decrease in paraprotein while taking 4 g/day of
curcumin [138]. One hundred eighty milligrams per day of
curcuminoids, when given to patients with solid tumor un-
dergoing chemotherapy, suppressed the systemic inflamma-
tion via decreasing the expressions of IL-6 and IL-8 and
TNF-α and hs-CRP [139]. In breast cancer, 2 g/thrice a
day of curcumin reduced the severity of radiation dermatitis
[140]. Recently, a clinical trial (CUFOX trial) has been reg-
istered by the European drug regulatory authority to see the
dose escalation of curcumin daily for colorectal cancer pa-
tients undergoing chemotherapy (oxaliplatin) [141]. In con-
clusion, it is evident from laboratory studies that curcumin
inhibits angiogenesis by various mechanisms and clinical

trials with cancer patients confer safety and efficacy of
curcumin (4–8 g/day) alone and in combination with
chemotherapy.

Resveratrol (Vaccinium spp.) (Table 2)

Resveratrol, a phytoalexin obtained from a variety of plants
such as peanut (Vaccinium spp.), pine (Pinus spp.), and euca-
lyptus, especially red wine, is an important constituent of di-
etary intake [142, 143]. The important health benefits of res-
veratrol have been shown in cancer, diabetes, coronary heart
diseases, and neurodegeneration [144–146]. These health ben-
efits are attributed to the anti-inflammatory and redox-
balancing properties of resveratrol [147]. Studies have dem-
onstrated that resveratrol is quite effective in delaying the
onset of molecular events leading to chemically induced car-
cinogenesis [148, 149]. The anticancer effects of resveratrol
are due to its potential to act on cell proliferation, angiogene-
sis, protection against genotoxicity, promoting apoptosis, and
autophagy [149]. In humans, antiangiogenesis potential has
been shown to be due to downregulation of angiogenic factors
by inhibiting VEGF expression through HIF-1α [108].
In vitro studies in HepG2 cells also suggested inhibition of
VEGF expression due to resveratrol [109, 110].Moreover, res-
veratrol has also been shown to inhibit VEGF and EGF
receptor-mediated MAPK activation and hence blocks the
growth of new vessels in animals [150]. Kimura et al. reported
the inhibition in the growth of colon cancer cell xenograft in
mice by suppressing VEGF and MMP-9 [111]. Srivastava
et al. demonstrated antiangiogenic effects of resveratrol by
inhibiting the PI3/AKT and Ras/MEK/ERK pathways [112].
Besides, various studies have also been carried out to see the
synergistic effects of different principle components (resvera-
trol with curcumin or with EGCG) of varying plant products
[15]. In mice model, curcumin in conjunction with resveratrol
has been shown to inhibit the VEGF expression and its type 2
receptor [101]. Antiangiogenic effects of resveratrol/curcumin
involve multitargeting of key steps as inhibition of growth
factor, growth factor receptor, and signaling pathways contrib-
uting to angiogenesis.

Clinical trials of patients with hepatic metastases showed
an increase of caspase-3 activity in 39 % of malignant hepatic
tissue following 5 g/day treatment of resveratrol for 14 days
[151]. In colorectal cell lines, resveratrol was able to inhibit
the Wnt/β-catenin pathway by downregulating the MALAT-
1, MMP-7, and c-myc expression [152]. In another study, 39
women with high-risk breast cancer were randomized to re-
ceive daily dose of 5 or 50 mg of trans-resveratrol treatment,
and the results indicated a decrease in methylation of tumor
suppressor gene (RASSF-1α) with an increase in serum con-
centration of resveratrol [153]. However, more laboratory
studies as well as clinical studies are required to investigate
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the angiogenesis inhibition pathways in order to prove the
potential of resveratrol in cancer.

Artemisinin ( Artemisia annua) (Table 2)

Artemisinin is a potential drug used in malaria control and is
derived from Artemisia annua (A. anna) plant [154]. Studies
have revealed the cytotoxic potential of artemisinin through
apoptosis induction in cancer cells [155]. In human umbilical
vein endothelial model, the artesunate (derivative of
artemisinin) is reported to have a dose-dependent inhibition
of angiogenesis [103]. Further studies have advocated that
artemisinin has a greater potential to inhibit angiogenesis rath-
er than induct cytotoxicity [85]. HO-891 cells in nude mice,
and then treated with artemisinin, revealed low expression of
VEGF and VEGF receptor in endothelial cells. Moreover, it
also inhibits the NF-κB which plays a significant role in the
development and progression of cancer [113]. Themodulation
of gene expression of angiogenic factor could be the possible
molecular mechanism, studies have reported the downregula-
tion of VEGF, FGF [91], HIF-α, MMP-9, and MMP-11 [156]
In addition, the upregulation of angiogenic inhibitor has also
been documented [156]. One of the phase I trials in human
patients evaluated the ototoxicity of artesunate (ARTICM33/
2) as add-on therapy for 4 weeks with varying doses (100,
150, or 200 mg), and the trial was found to be safe and effec-
tive [157]. One hundred twenty-one patients with NSCLC
were randomized to receive artesunate along with chemother-
apy (vinorelbine and cisplatin), and it was observed that the
artesunate-treated group had delayed the time of progression
and also increased the short-time survival rate [158]. A pilot
study with a dose of 100 mg of artenimol-R for 7 days follow-
ed by 200 mg/day of artenimol-R for another 21 days in treat-
ment of advance cervical cancer was found to be safe and has
resolved clinical symptom by decreasing the expression of
EGFR, antiKi-67, and CD31 and increasing the expression
of CD71 cells [159], hence proving its role in cancer
treatment.

Boswellic acid (Boswellia serrata)

Boswellic acid (BA) is an emerging Indian frankincense ob-
tained from the plant Boswellia serrata (B. serrata). It has the
potential to cure inflammatory diseases which include bron-
chial asthma, osteoarthritis, chronic colitis, ulcerative colitis,
and Crohn’s disease. The plant extract B. serrata has mainly
four constituents which include pentacyclic triterpene acids:
3-acetyl-11-keto-beta-boswellic acid, 11-keto-beta-boswellic
acid, beta-boswellic acid, and 3 acetyl-beta-boswellic acid
[160]. Acetyl-11-keto-beta-boswellic acid (AKBA) is the
main constituent which directly interacts with IκB kinases
and inhibits nuclear factor-κB-regulated gene expression
[161, 162]. AKBA has also been shown to inhibit non-

competitively 5-LOX which induces angiogenesis by enhanc-
ing VEGF expression. AKBA has been shown to inhibit tu-
mor growth and angiogenesis by targeting VEGFR2 activa-
tion and mTOR signaling pathways [163]. AKBA has been
shown to suppress the constitutive activation of STAT3 in
human MM cells by IL-6 which upregulates the VEGF ex-
pression. Furthermore, AKBA also downregulates the STAT3
pathway by inhibiting the phosphorylation of both Jak2 and
Src, which are constituents of the STAT3 pathway. AKBA-
induced inhibition is followed by the suppression of gene
products such as cyclin D1, Bcl-2, Bcl-xL, Mcl-1, and
VEGF which are involved in proliferation, survival, and an-
giogenesis. These effects correlate with the inhibition of pro-
liferation and apoptosis in MM cells. Unswerving with these
facts, overexpression of STAT3 significantly decreases the
AKBA-induced apoptosis [164]. AKBA treatment in a sponge
implant model has also been shown to inhibit proinflammato-
ry cytokine TNF-α and profibrogenic cytokine TGF-β in the
implants at different doses that indicate reduction in inflam-
mation [160]. In the retina, AKBA induces the Src homology
region 2 domain-containing phosphatase 1 expression and de-
creases phosphorylation of transcription factor signal trans-
ducer and also induces the activator of transcription 3
(STAT3) as well as VEGF expression and VEGF receptor
(VEGFR)-2 phosphorylation. AKBA also affects the SHP-1/
STAT3/VEGF axis which leads to inhibition of VEGFR-2
phosphorylation [165]. Antiangiogenic effects of AKBA in
different models provide the scientific basis for future explo-
ration of AKBA as a potential therapeutic factor to reduce the
impact of angiogenesis in tumor. Patients with primary or
secondary malignant cerebral edema undergoing radiotherapy
were administered with BS4 200 mg/day or placebo group
shown to significantly reduce the cerebral edema detected by
magnetic resonance imaging (MRI) [166]. In another random-
ized double-blind trial, efficacy, tolerability, and safety of base
cream containing 0.5 % BA for the treatment of photoaging
was found to be well tolerated without adverse effects [167].
Clinical evaluation has been conducted with Boswellia-based
cream for radiotherapy-induced skin damage in mammary
carcinoma and was found to be effective for breast cancer
patients who undergo radiation therapy [168]. Further, the true
potential of boswellic acids as an emerging natural compound
needs to be investigated by conducting laboratory experiments
and clinical trials.

Promising natural plant products

There are several other plant products that inhibit angiogene-
sis in tumors and among them is Ginkgo biloba (G. biloba).
Although much literature is not available to advocate the
antiangiogenic potential of G. biloba, some isolated studies
have shown in skin inflammation that G. biloba leaf extract
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inhibits the VEGF and CXCL8/IL-8 release in normal human
keratinocytes [169]. In contrast to this study on Wistar rats
with subarachnoid hemorrhage, G. biloba extract was shown
to increase the expression of VEGF [170]. The possible mech-
anisms for G. biloba extract involve the activation of protein
tyrosine phosphatase which leads to inhibition of the Raf-
MEK-ERK pathways [171]. Other than EGCG, flavonoids
of fruits like silibinin, quercetin, baicalin, and baicalein are
useful in tumor inhibition. Silibinin induced HIF-α and
VEGF downregulation by the PI3K/mTOR pathways [171].
In basal cell carcinoma, silibinin blocks the mitogenic signal-
ing by inhibiting EGFR, ERK, Akt, and STAT3 phosphoryla-
tion [172, 173]. Another study on a xenograft model also
advocates the suppression of COX-2, VEGF, and MMP-9
expression by silibinin [174]. Viscum album extracts and its
formulations induce apoptosis and have also been shown to
downregulate VEGF, have cytotoxic and immunomodulatory
effects, and inhibit metastasis in cell line studies [175, 176].
Baicalin and baicalein are two major flavonoids derived from
Scutellaria baicalensis (Chinese skullcap herb) and have been
used traditionally in China and Japan [115], and they have
been found to inhibit angiogenesis in chick chorioallantoic
membrane assay in a dose-dependent manner. Moreover, in
HUVECs, these two flavonoids show dual effects: antiprolif-
erative at low dose and apoptotic at high doses [115]. In hu-
man prostate cancer cells, they have also been shown to exert
growth inhibitory effects by reducing VEGF and bFGF activ-
ity [177].

Conclusion and future prospective

Angiogenesis plays an essential role in the growth and metas-
tasis of cancer cells, and angiogenic therapy can halt this
growth. Synthetic drugs specific for only one target may not
be functionally sufficient to retard the process of angiogenesis
and even result in the manifestation of side effects that are
detrimental to human health. The active principles of natural
plants exhibit synergistic activity while interacting with vari-
ous molecular targets of multiple pathways that include
mTOR, P13K/AKT, MEK/ERK, and MAPK. There are two
major challenges to exploit the full potential of these natural
compound principles. The first one involves identification of
natural compounds that interact synergistically to give an ef-
fective outcome, and the second is to unravel effective dose by
combining more than two active principles to target more than
one biochemical pathway simultaneously. Clinical studies
have ascertained that these natural compounds are safe and
effective to use alone and in combination with chemotherapy.
Hence, future studies are warranted to ascertain meaningful
outcome when more than two natural compounds are syner-
gistically taken into consideration to target multiple pathways
of angiogenesis so as to develop effective angiogenic therapy.
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