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Abstract 

Background Angiogenesis is an important hallmark of Glioblastoma (GBM) marked by elevated vascular endothelial 
growth factor-A (VEGF-A) and its receptor 2 (VEGFR-2). As previously reported nimbolide (NBL), trans-chalcone (TC) 
and piperine (PPR) possess promising antiangiogenic activity in several cancers however, their comparative efficacy 
and mechanism of antiangiogenic activity in GBM against VEGFR-2 has not been elucidated.

Methods 2D and 3D spheroids cultures of U87 (Uppsala 87 Malignant Glioma) were used for evaluation of non-
cytotxoic dose for anti-angiogenic activity. The antiangiogenic effect was investigated by the GBM U87 cell line bear-
ing chick CAM model. Excised U87 xenografts were histologically examined for blood vascular density by histochem-
istry. Reverse transcriptase polymerase chain reaction (RT-PCR) was used to detect the presence of avian and human 
VEGF-A and VEGFR-2 mRNA transcripts.

Results Using 2D and 3D spheroid models, the non-cytotoxic dose of NBL, TC and PPR was ≤ 11 µM. We found NBL, 
TC and PPR inhibit U87-induced neoangiogenesis in a dose-dependent manner in the CAM stand-alone model 
as well as in CAM U87 xenograft model. The results also indicate that these natural compounds inhibit the expression 
of notable angiogenic factors, VEGF-A and VEGFR-2. A positive correlation was found between blood vascular density 
and VEGF-A as well as VEGFR-2 transcripts.

Conclusion Taken together, NBL, TC and PPR can suppress U87-induced neoangiogenesis via a reduction in VEGF-A 
and its receptor VEGFR-2 transcript expression at noncytotoxic concentrations. These phytochemicals showed their 
utility as adjuvants to GBM therapy, with Piperine demonstrating superior effectiveness among them all.
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Introduction
Glioblastoma multiforme (GBM) is the most com-
mon aggressive malignant form of brain cancer [1–3]. 
It accounts for 30% of all central nervous system (CNS) 
tumors, 45% of malignant and 80% of the primary malig-
nant CNS tumors [4]. Though brain and CNS cancers 
form only about 1.6–2% of annual cancer incidence [5], 
they are severely notorious, life-threatening and form a 
significant source of cancer-related mortality and mor-
bidity worldwide [6]. Despite intensive treatment, the 
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survival period ranges only about 12–15  months [7]. 
GBM with no complete cure to date, is considered one of 
the deadliest human cancers [8] pose with several chal-
lenges. Amongst the several bottlenecks in the treatment 
of GBM, the presence of the blood–brain barrier (BBB) 
and neoangiogenesis are the major challenges in the 
treatment of GBM limiting the effective delivery of drugs 
for efficacy and complete cure.

GBM as a rapidly dividing solid tumor is coupled with 
marked angiogenesis that governs GBM wholeness 
[9–11]. This elevated angiogenic process in GBM and 
several other diseases is the outcome of increased expres-
sion of pro-angiogenic factors, viz., vascular endothe-
lial growth factor (VEGF), basic fibroblast growth factor 
(bFGF), platelet-derived growth factor (PDGF), tumor 
necrosis factor (TNF), interleukin 8 (IL-8), transforming 
growth factor alpha (TGFα), and hepatocyte growth fac-
tor (HGF), over that of antiangiogenic factors, viz., angio-
statin, endostatin, thrombospondin. Amongst the several 
pro-angiogenic signalling/regulatory pathways, the VEGF/
VEGFR-2 axis is the absolute regulator of the angiogenesis 
process. The GBM tumor cells in principle release VEGF 
that directs resident endothelial cells (EC) via its receptor 
2 (VEGFR 2) to form new blood vessels [12–14]. Inhibi-
tion of VEGFR-2 to block VEGF-A-regulated angiogenesis 
reduced tumor growth in GBM [15, 16]. Targeting of angi-
ogenesis via inhibition of VEGFR-2 [17] coupled with the 
killing of GBM cells is an effective way of controlling GBM 
progression.

There are well-standardized antiangiogenic agents for 
clinical application, viz., vandetanib, sunitinib, sorafenib, 
everolimus, lenvatinib, pazopanib, regorafenib, cabozan-
tinib, axitinib, bevacizumab, ramucirumab, ziv-afliber-
cept, and others [18]. However, their clinical usage with 
GBM has met with several undesirable health conse-
quences [19–21]. Therefore, the requisite for antian-
giogenic agents for GBM is still in contention. Amid 
reportedly potential antiangiogenic compounds, the 
agents of plant source with well-characterised struc-
tures and properties noted in chemical databases such 
as PubChem are considered promising leads that can be 
carried from bench to bedside translation. There are sev-
eral phytochemicals reported to be antiangiogenic with 
no noted dreadful health ramifications. However, their 
ability to cross BBB in conjunction with antiangiogenic 
activity has not been well defined. In our unpublished 
in silico study, the phytochemicals, nimbolide (NBL), 
trans-chalcone (TC), and piperine (PPR), were predicted 
to have good binding affinity with VEGFR-2 tyrosine 
kinase domain (VEGFR-2 TKD) at the ATP binding site 
compared to ATP, and capable of crossing BBB using in 
silico tools (Supplementary Figures SF1-SF4). These phy-
tochemicals, viz., NBL, TC, and PPR have been reported 

with several therapeutic usages including renoprotective, 
anti-cancer, anti-inflammatory, hepatoprotective, anti-
diabetic, and antioxidant, but the study on their antian-
giogenic property is restricted.

In the present study, we investigated the antiangiogenic 
properties of NBL, TC, and PPR for their application in 
GBM using an in vivo CAM model. CAM is one of the 
finest angiogenic models considering their innate highly 
angiogenic properties and the similarity in the network of 
angiogenic growth factors and receptors between devel-
opmental stages and cancer [22, 23]. Interestingly, the 
antiangiogenic effect of these phytochemicals has never 
been evaluated for GBM nor in the well-established chick 
CAM angiogenesis model. For the first time, using the 
CAM model, we have shown the antiangiogenic proper-
ties of NBL, TC, and PPR, for therapeutic application in 
the GBM tumour microenvironment.

Materials and methodology
Biological specimens and animal ethics approval
The human glioblastoma U87(MG) cell line was pur-
chased from the National Centre for Cell Science 
(NCCS), Pune, India. Pathogen-free fertilized white Leg-
horn (Gallus gallus) eggs were procured from Venky’s 
(India) Limited, Haryana Division, India. Research on 
Chick CAM was conducted following Basel Declaration 
consensus principles and implementation of the 3Rs for 
the welfare of the participating embryos. The study was 
approved by the Institutional Animal Ethics Commit-
tee (IAEC approval ID DU/KR/IAEC/2017/06) of Daulat 
Ram College, University of Delhi, Delhi, India. The chick 
embryos were euthanized by decapitation following the 
American Veterinary Medical Association (AVMA) 
guidelines for Euthanasia of Animals.

U87 cell culture and preparation of phytochemical stock 
solution
Human glioblastoma U87MG (an epithelial-like glioblas-
toma cell line established from patient having astrocy-
toma-glioblastoma) was cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM) added with 1% Non-Essential 
Amino Acid, 1  mM sodium pyruvate, 10% (v/v) fetal 
bovine serum, 2% Pen strep Glutamine, inside humidi-
fied  CO2 incubator (Galaxy 170S) at standard condi-
tions of 37  °C and 5%  CO2. The solubility of the test 
phytochemicals (NBL, TC, PPR) and the reference drug 
AXI in aqueous solution is very poor. Therefore, these 
compounds were solubilized in DMSO to make a stock 
solution of 200  mM. The working stock of 100  µM was 
made in culture media. The toxicity of the solvent was 
pretested on cells and tissues used in various assays that 
were implemented in the present study. The final DMSO 



Page 3 of 21Senrung et al. BMC Cancer         (2023) 23:1173  

concentration was not allowed to exceed beyond the 
non-toxic range.

Cell viability determination by MTT assay
U87 at a cell density of 5 ×  103 cells/well were seeded in 
triplicates in 96-well flat-bottomed culture plates. After 
overnight incubation, each well was replaced with fresh 
media containing different concentrations of test com-
pounds and only culture media as control. After 72 h, the 
cell cytotoxicity dose was determined by MTT assay. For 
this, the cells were washed with 1 × PBS, and 100  µl of 
MTT reagent (50 µl of culture media and 50 µl of MTT 
reagent; MTT Stock = 5 mg/mL) was added to each well. 
The plates were incubated for 2–3 h in the  CO2 incubator 
followed by the addition of 100 µl of the solubilizing solu-
tion (DMSO) in each well. The plate was then incubated 
at room temperature in the dark for 15 min or more till 
the dissolution of formazan crystal (the plate was shaken 
in between to help dissolve the crystals faster). The 
absorbance was recorded at 570  nm on the Microplate 
Reader.

U87 3D spheroid generation
U87 3D spheroids were generated by 2 techniques: Hang-
ing Drop (HD) and Liquid Overlay Technique (LOT) fol-
lowing the protocol described earlier [24]. For HD, 20 µl 
(250 cells/µl) of cell suspension was placed sufficiently 
apart onto the lid of the cell culture dish 100 × 20 mm on 
the inner surface. The lid with drops of cells was inverted 
and placed over the bottom chamber of the dish, contain-
ing 1 × PBS. Cells were visualized on the  5th day under a 
microscope (10 ×). Similarly, for LOT, 5000 cells/20 µl of 
culture media were placed into each well of the 96-well 
ultra-low attachment (ULA) plate. The cultures were 
incubated inside a humidified  CO2 incubator at stand-
ard conditions of 5%  CO2 and 37 °C. The spheroids were 
examined on the  5th day under the microscope (10 ×).

Cell viability determination for U87MG by 3D spheroid 
generation as a measure of spheroid volume estimation
For this, U87 cells were incubated for 3D spheroid for-
mation by both HD and LOT methods in different work-
ing concentrations of drugs that were prepared in culture 
media. The HD method was adopted from the proto-
col described earlier [25], and LOT was performed fol-
lowing the protocol modified from another study [26]. 
The spheroid cultures were supplemented with 10  µl 
of fresh media on day 2 (the first day of incubation was 
considered as day 0) and harvested after 4  days (or day 
5) and the size/volume was determined using the stand-
ard practice formula: volume  (mm3) = 4/3π ×  r3, where, 
r = L/2 or (L + W)/2, L = major anteroposterior diam-
eter, W = diameter from left to right [27]. The study was 

performed in triplicates for each drug concentration in 
three independent experiments.

Validation of U87‑3D‑spheroid cell viability with PI & DAPI 
staining
On day 5 (96  h) post U87 3D spheroid incubation with 
test compounds for spheroid formation, a set of sphe-
roids (from each drug concentration) was stained with 
propidium iodide (PI) while another set was stained 
with 4’,6-diamidino-2-phenylindole (DAPI). For this 5 µl 
of PI (10 mg/ml PBS) and DAPI solution (5 µg/ml PBS) 
were added to each spheroid culture (HD & LOT). The 
mixture was incubated in the dark at room temperature 
for about 20–25  min. Positive spheroids were observed 
under the microscope and images were taken.

Chick CAM angiogenesis assay
CAM angiogenesis assay was performed as described 
by Ribatti  et al. [28] with modifications using a poly-
styrene boat [29]. Briefly, gelatin sponges (GS) of about 
6.6  mm × 6.6  mm × 3.5  mm (L x B x thickness), pre-
soaked in different concentrations of test compounds 
(~ 60  µl) were implanted onto the CAM on CAM on 
embryonic development day 9 (EDD9), Hamburger-
Hamilton stage 34 (HH stage 34). After 48 h, the images 
of the experimental CAM were taken and vasculariza-
tion density was analysed for the quantitative determina-
tion of the antiangiogenic effect of the phytochemicals 
through the number of nodes, meshes and total length at 
the experimental site with ImageJ version 1.52a [30].

Chick CAM U87‑xenograft angiogenesis assay
For this study, following the method used by Chen 
et  al. [31] with minor modifications in the windowing 
method [32], 30  µl of U87 cell suspension containing 
1.5 million cells supplemented with different concen-
trations of test compounds were loaded onto GS (L x 
B, 6.6  mm × 6.6  mm; thickness, 3.5  mm) and placed on 
chick CAM of EDD9. Parallelly, a set of chick CAMs was 
normally grown/incubated with no alterations which 
was taken as negative control, while another set was 
implanted with U87 cells without treatment for positive 
control. On EDD12 (HH stage 38), the U87 xenografts 
were photographed and analysed for blood vascular den-
sity on CAM around the tumor cell implantation site 
using ImageJ version 1.52a for the quantitative determi-
nation of the antiangiogenic effect of the phytochemicals 
through the number of nodes, meshes and total length 
formed. The xenografts were further excised, weighted, 
and blood vascular density within the tumor xenograft 
was analysed.
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Determination of blood vascular density within the tumor 
xenografts
U87 xenografts from each treatment concentration fixed 
in 10% formalin were processed for haematoxylin and 
eosin (H&E) staining following the protocol modified 
from the earlier described study [33]. Briefly, the xeno-
grafts were dehydrated by passing through a series of 
graded alcohols, embedded in low-melting-point paraffin 
and sectioned at a thickness of 5 µm. Tissue sections were 
then stained with H&E and evaluated for blood vessels. 
Blood vessels were manually recorded for each tumor 
section using Nikon Eclipse Ts2R (Nikon, USA). Analy-
sis was carried out on three randomly selected fields of 
high blood density at a magnification of × 20. The blood 
vessels were further indicated and validated by Tomato 
lectin Dylight 594 (TL-DL594) histochemistry and 
immunohistochemistry (IHC) for desmin. TL-DL594 his-
tochemistry was performed as described by Villacampa 
et  al. [34] with few modifications. Briefly, the sections 
after deparaffinization were incubated with endogenous 
peroxidase blocking solution (EPBS) at room tempera-
ture (RT) for 10 min and then washed with tris-buffered 
saline (TBS) with triton X-100 (TBST), incubated with 
TL-DL594 diluted in TBST (1:1000) for 2 h at RT, washed 
and analysed by fluorescence microscopy. For desmin 
IHC the tissue sections after deparaffinization and anti-
gen retrieval were incubated for 1 h at RT with primary 
antibody (Mouse IgG1/K), washed with TBS buffer and 
then incubated with Horseradish Peroxidase for 30  min 
at RT, washed and stained with 3,3′-Diaminobenzidine 
(DAB) for 5 min. Lastly, counterstaining was performed 
with hematoxylin and observed with light microscopy.

Determination of gene transcript level changes by Reverse 
Transcriptase‑PCR (RT‑PCR)
RNA from control and treated CAM tissues and CAM 
U87 xenografts were isolated using TRIzol RNA isolation 
reagent as described earlier [35, 36]. Quantification of 
isolated RNA was performed by Nanodrop One (Thermo 
Scientific, USA). Complementary DNA (cDNA) was pre-
pared from 10 µg of RNA sample in a 20 µl reaction using 
a High-Capacity verso cDNA synthesis kit (Thermo Sci-
entific, USA). For amplification of the VEGFR-2 gene, 
polymerase chain reaction (PCR) was performed on 
Biometra Tadvanced (Germany) in a 25 µl reaction sys-
tem. The PCR program consisted of a holding stage of 
5 min at 95ºC, 40 cycles of denaturation at 95ºC for 10 s, 
annealing at 60ºC for 15 s, followed by polymerization at 
72ºC for 10 s and final extension at 65ºC for 1 min. The 
primer sequence with annealing temperature is given in 
Supplementary Table  1. GAPDH was used as internal 
control and all the quantifications were normalized to the 
level of GAPDH transcripts.

Statistical analysis
Curve fitting and statistical analysis were done using 
Microsoft Excel (2010) and the GraphPad Prism-5 soft-
ware, San Diego, CA. All the data are represented as 
mean ± standard deviation of the mean. The dose–
response curve was measured by Student’s t-test. For 
comparison of the mean between two groups, a two-
tailed unpaired t-test was performed and for mean across 
multiple groups (> 2), one-way ANOVA followed by post-
hoc Tukey’s multiple comparison analysis was performed. 
P value < 0.05 was considered significant and levels of sta-
tistical significance *p < 0.05, **p < 0.01, ***p < 0.001, are 
represented and indicated with respective graphs.

Results
Determination of U87 cell viability by MTT
In the first phase of the in  vitro study, the optimum 
non-cytotoxic concentration of NBL, TC, PPR, and the 
reference antiangiogenic agent, axitinib (AXI) was deter-
mined by U87 cell viability assay. The direct influence of 
AXI, NBL, TC and PPR was measured at concentrations 
ranging from 0.02–100 µM using the cellular methylthi-
azoltetrazolium (MTT)-cleavage activity of U87. Cells 
showed a dose-dependent growth inhibition response 
against all the agents used, however, the inhibition kinetic 
differed for each agent (Fig. 1). Half-maximum inhibitory 
concentrations (IC50) recorded at 72 h were 4.797, 4.062, 
24.15 and 47.62 µM for AXI, NBL, TC and PPR, respec-
tively. As we planned to use AXI as a positive control as 
an angiogenic inhibitor, we aimed to find a concentra-
tion of AXI and other phytochemicals where they exert 
a minimal direct effect on cell viability and identified a 
concentration where the growth inhibitory effect is mini-
mal. AXI treated U87 cells exhibited > 50% (Mean ± SD, 
57.95 ± 10.54) cell viability at 1 µM whereas it was > 80% 
at ≤ 0.4  µM. NBL treated U87 cells exhibited > 50% 
(Mean ± SD, 52.12 ± 6.54) cell viability at 4 µM and > 80% 
at ≤ 1 µM. TC and PPR treated cells exhibited ≥ 80% cell 
viability at concentrations ≤ 11 µM. Taken together, keep-
ing < 20% growth inhibition as cut-off, TC and PPR exhib-
ited moderate cytotoxic effects on U87 cells at below 
11 µM concentration in 2D cultures. Vehicle (DMSO) did 
not show any cytotoxic effect up to 0.05% (Fig. 1E). There 
was a moderate decline in cell viability up to 0.4% DMSO, 
however, it was not statistically significant.

U87 cell viability determination by 3D spheroid generation
Further we checked the effect of AXI, NBL, TC and PPR 
on the growth and viability of U87 cells in 3D spheroids. 
The spheroids were generated in the presence of differ-
ent concentrations of AXI (standard antiangiogenic ref-
erence drug) and other lead compounds both by HD 
and LOT methods. The cells were incubated for 4  days 
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(96  h) and terminated on day 5 as the cells around this 
time form definite spheroids in control/normal culture. 
Morphometric evaluation of cytotoxic effect including a 
reduction in spheroid size, disruption of spheroid integ-
rity, segregation of spheroidal cells into smaller aggre-
gates, loosely dispersed or scattered cells, were observed 
only at concentrations greater than IC50 (in 2D culture) 
of test compounds on U87 cells. AXI at test concen-
trations ≥ 4  µM showed a significant (p-value < 0.05) 

reduction in spheroid volume compared to control and 
exhibited small dispersed aggregates of cells at 100  µM 
(Fig.  2). Vehicle control DMSO at 0.003% and 0.0125% 
concentrations corresponding to 1 and 11 µM test phyto-
chemical concentrations did not show any significant dif-
ference in 3D spheroid volume and morphology (Fig. 2E).

NBL exhibited a reduction in spheroid volume at 
4  µM only in LOT and dysregulated spheroidal integ-
rity as well as loosened cells at concentrations > 4  µM 

Fig. 1 Cytotoxicity dose of AXI, NBL, TC and PPR determined for U87 cells by MTT assay. A AXI; B NBL; C TC; D PPR. E DMSO. DMSO-Dimethyl 
sulfoxide; AXI-Axitinib; NBL-Nimbolide; TC-Trans-Chalcone; PPR-Piperine, p-value < 0.05 was considered significant
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(Fig. 3). In the case of TC and PPR cytotoxic effects on 
spheroid integrity/morphology appeared at 33 µM and 
prominent only at 100 µM (Figs. 4 and 5). Irrespective 
of the spheroid volume size, spheroid integrity was 
retained in all the treatments at concentrations ≤ 11 µM 
inferring a good degree of cell viability at these con-
centrations. Apart from NBL, all the other three com-
pounds, AXI, TC and PPR, retained spheroid integrity 
up to 33 µM. Further, the cell viability in 3D spheroids 
was validated by dead cell staining of PI (red fluores-
cence) and DAPI (blue fluorescence).

Antiangiogenic activity of NBL, TC and PPR on chick CAM
To validate NBL, TC and PPR as potential lead antian-
giogenic compounds in  vivo, a chick CAM angiogen-
esis assay was performed. For the assay, a dose of 1 and 
10  µM of each test compound were evaluated at 48  h 
post-treatment on EDD11. AXI was used as a positive 
control. Both qualitatively and quantitatively, CAM 
exhibited antiangiogenic characteristics in response to 
different doses of AXI, NBL, TC and PPR concentra-
tions (Fig.  6A-B). All treated chick embryos survived 
till the termination of the assay (at 48 h, EDD11) except 
for those treated with 10 µM AXI. The chick embryos 
treated with 10 µM AXI died within 12 h of drug treat-
ment with reduced vasculature around the drug appli-
cation site. Interestingly, embryos treated with 10  µM 
AXI on EDD10 survive beyond 12–15 h. We hypothe-
size, the stability of the vascular network. Qualitatively 
CAM exhibited vessel disorganization and tortuosity, 
in response to AXI, NBL, TC and PPR at both dos-
ages (Fig.  6C-E). Quantitatively using ImageJ, a sig-
nificant decrease in the above parameters representing 
reduced blood vascularity, namely the nodes, meshes 
and total length in CAM vasculature was observed at 
both treated doses in comparison to the negative con-
trol (PBS). These changes were comparable to AXI. 
All the test compounds exhibited a significant inhibi-
tory effect on CAM vasculature compared to negative 
control (1 × PBS). DMSO at 0.003% and 0.0125%, cor-
responding to test phytochemical concentrations 1 and 
10 µM, did not show any change in the nodes, meshes, 

and length of blood vessels in comparison to the con-
trol (1 × PBS) (Fig. 6F).

Effect of NBL, TC and PPR on VEGF‑A and VEGFR‑2 
transcript in chick CAM
Amongst proangiogenic factors, VEGF-A and its recep-
tor VEGFR-2 are the most notable factors. To evaluate 
the impact of test compounds against these notable pro-
angiogenic factors, the gene transcript expression level in 
chick CAM tissue treated with 1 µM and 10 µM concen-
trations of NBL, TC, PPR and AXI as standard reference 
was evaluated using chick RT-PCR primers. A signifi-
cant decrease in relative gene expression of VEGF-A and 
VEGFR-2 was observed in the treated tissues in compari-
son to that of the control and with the most pronounced 
effect at 10 µM treatment (Fig. 7).

Antiangiogenic activity of NBL, TC and PPR on CAM U87 
xenografts
Having observed the test compounds to effectively inhibit 
blood vessel density at 1 and 10 µM, as well as reduced 
VEGF-A and VEGFR-2 gene transcript expression in 
CAM, the effect was further evaluated in CAM U87 
xenograft models for GBM-induced angiogenesis. The 
tumor cells supplemented with the test compounds were 
implanted onto the CAM on EDD9. Seventy-two hours 
post tumor cell implantation, on EDD13 the xenografts 
were excised, weighted, and quantitatively evaluated for 
CAM vasculature at the tumor site by ImageJ. No signifi-
cant difference in tumor weight was observed between 
the control and treatments except for NBL at 10 µM. The 
xenografts treated with 10  µM NBL exhibited the most 
pronounced reduction in tumor weight. Quantitative 
evaluation of blood vascular density on CAM at the site 
of U87 cell implantation or U87 xenografts with ImageJ 
showed a significant reduction in the nodes, meshes and 
total length in CAM vasculature in comparison to con-
trol (Fig. 8).

Blood vascular density determination in CAM U87 
xenograft
The xenografts of treated as well as non-treated U87 
cells were evaluated for blood vessel density within 
the tumor xenografts demarcated with histochemistry. 

(See figure on next page.)
Fig. 2 Effect of AXI on U87 cell viability determined by 3D spheroid generation. A‑B Representative images of spheroids from different 
concentrations of AXI shown in brightfield (upper row), red fluorescence with PI (middle row), blue fluorescence with DAPI (low row) generated 
by HD and LOT; C‑D Graphical representation of the spheroid volumes obtained from cells supplemented with variable doses of AXI where spheroid 
integrity has been retained. E Effect of vehicle control (DMSO) on U87 cell viability of 3D spheroids. *, ** = significant with p-value < 0.05 & < 0.001 
respectively. Abbreviations: DMSO-Dimethyl sulfoxide; HD-Hanging drop Method; LOT-Liquid overlay technique; PI-Propidium iodide; DAPI-4’,6-dia
midino-2-phenylindole. Scale bar-100 µm
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Fig. 2 (See legend on previous page.)
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The H&E staining reveals the blood vessels to be more 
concentrated around the CAM-xenograft interface 
(Fig.  9A-B). The blood vessels were identified by the 
presence of a defined boundary and a lumen with or 
without blood cells. An increase in blood vessel density 
was observed in tumor xenografts with no treatment 
compared to negative control representing tumor-
induced angiogenesis. The histological sections of 
CAM with either AXI, NBL, TC or PPR treated xeno-
grafts indicate a significant decrease in blood vessel 
density compared to control U87 bearing CAM, in a 
dose-dependent manner. TC showed a strong inhibi-
tory response at 1 µM, however, at 10 µM all the agents 
showed comparable inhibition ranging from 60–70% 
w.r.t density recorded in control U87 xenografts. The 
blood vessels identified with H&E staining corre-
sponded with those indicated by TL histochemistry 
(red fluorescence) and desmin IHC represented by the 
presence of a brownish reaction product (Fig. 9C).

Effect of NBL, TC and PPR on VEGF‑A and VEGFR‑2 
transcript in CAM U87 xenograft
CAM U87 xenografts are composed of chick and human 
tissue therefore dissection of human versus chick con-
tribution in xenograft angiogenesis and the influence 
of AXI, NBL, TC and PPR on respected VEGF-A and 
VEGFR-2 gene transcript expression were evaluated for 
both chicks and human origin using specific primers 
(Fig. 10). In RT-PCR performed using specific primers for 
chick VEGF-A and VEGFR-2 on RNA derived from chick 
CAM only, distinct bands of VEGF-A and VEGFR-2 were 
observed. Incidentally, RT-PCR with these primers on 
U87 RNA showed the same cross-reactivity of the chick 
VEGF-A primers with human U87 transcripts but no 
cross-reactivity was observed between chick VEGFR-2 
and human transcripts. Similarly, human VEGF-A and 
VEGFR-2 primers specifically amplified corresponding 
human transcripts, however, only a minor cross-reactiv-
ity of human VEGFR-2 primers was detected for chick 

Fig. 3 Effect of NBL on U87 cell viability determined by 3D spheroid generation. A‑B Representative images of spheroids from different 
concentrations of NBL are shown in brightfield (upper row), red fluorescence with PI (middle row), blue fluorescence with DAPI (low row) 
generated by HD and LOT; C‑D Graphical representation of the spheroid volumes obtained from cells supplemented with variable doses of NBL 
where spheroid integrity has been retained. * = significant with p-value < 0.05. Abbreviations: HD-Hanging drop Method; LOT-Liquid overlay 
technique; PI-Propidium iodide; DAPI-4’,6-diamidino-2-phenylindole. Scale bar-100 µm
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transcripts. In CAM U87 xenograft (positive control), 
distinct amplification bands were observed for both chick 
and human VEGF-A and VEGFR-2 transcripts, how-
ever, CAM U87 xenografts treated with different drugs 
at indicated concentrations (1 & 10 µM) displayed vari-
able degrees of inhibition as compared to the control in a 
dose-dependent manner. AXI which was a positive refer-
ence drug effectively blocked chick and human VEGF-A 
and VEGFR-2 at both the concentrations tested (1 and 
10  µM) dose-dependent manner. A similar pattern of 
effective blockage of both chick VEGF-A and VEGFR-2 
transcript was observed with NBL, TC and PPR. 
Amongst the test compounds, TC exhibited the least 
effect on VEGF-A transcript inhibition. Whereas NBL 
at 1 µM showed the least inhibitory effect on VEGFR-2 
transcript compared to AXI, TC and PPR. Human VEGF-
A and VEGFR-2 transcript analysis showed effective inhi-
bition of human VEGF-A and VEGFR-2 transcripts at the 
test concentrations by all the test compounds, AXI, NBL, 

TC and PPR compared to negative control. Notably, PPR 
showed a strong dose-dependent effect on human and 
chick VEGF transcript and was equally effective in pre-
venting the chick VEGFR-2 transcript expression. Simi-
larly, TC was antiangiogenic with a more pronounced 
effect on human VEGF transcripts and chick VEGFR-2 
expression.

Discussion
The phytochemicals NBL, TC, PPR have reported anti-
angiogenic activity in several cancer or other disease 
conditions, however, no study has reported the antian-
giogenic property of these phytochemicals against key 
angiogenic factors VEGFA/VEGFR-2 axis in GBM nor 
in GBM xenograft CAM model. So, for the first time we 
have carried out a comparative analysis of anti-angio-
genic activity of these phytochemicals in a single model 
system to find the most potent lead. We evaluated the 
antiangiogenic properties of NBL, TC and PPR in an 

Fig. 4 Effect of TC on U87 cell viability determined by 3D spheroid generation. A‑B Representative images of spheroids from different 
concentrations of TC shown in brightfield (upper row), red fluorescence with PI (middle row), blue fluorescence with DAPI (low row) generated 
by HD and LOT; C‑D Graphical representation of the spheroid volumes obtained from cells supplemented with variable doses of TC where spheroid 
integrity has been retained. * = significant with p-value < 0.05. Abbreviations: HD-Hanging drop Method; LOT-Liquid overlay technique; PI-Propidium 
iodide; DAPI-4’,6-diamidino-2-phenylindole Scale bar-100 µm
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in  vivo chick CAM angiogenesis model with AXI as 
the reference drug. Using in vitro 2D and 3D U87 GBM 
models, the non-cytotoxic dose of test compounds 
was determined to be < 11  µM for in  vivo CAM study. 
The phytochemicals showed a significant decrease 
in blood vascular density on CAM angiogenesis as 
well as histological sections of CAM U87 xenograft. 

Significant decrease in VEGF-A and VEGFR-2 tran-
script level expression in NBL, TC, and PPR treated 
CAM as a stand-alone as well as CAM U87 xenografts. 
Our study indicates that NBL, TC, and PPR have the 
potential to inhibit angiogenesis in the GBM micro-
environment through VEGFR-2 in ECs thus preventing 
neo-angiogenesis.

Fig. 5 Effect of PPR on U87 cell viability determined by 3D spheroid generation. A‑B Representative images of spheroids from different 
concentrations of PPR are shown in brightfield (upper row), red fluorescence with PI (middle row), blue fluorescence with DAPI (low row) 
generated by HD and LOT; C‑D Graphical representation of the spheroid volumes obtained from cells supplemented with variable doses of PPR 
where spheroid integrity has been retained. * = significant with p-value < 0.05. Abbreviations: HD-Hanging drop Method; LOT-Liquid overlay 
technique; PI-Propidium iodide; DAPI-4’,6-diamidino-2-phenylindole. Scale bar-100 µm

(See figure on next page.)
Fig. 6 Antiangiogenic effect of AXI, NBL, TC and PPR on Chick CAM Neoangiogenesis. A Photographic representation of the antiangiogenic 
effect of AXI, NBL, TC and PPR at 10 µM (upper row) and 1 µM (lower row) and control (1 × PBS); B‑E Quantitative analysis of antiangiogenic 
properties of AXI, NBL, TC and PPR at doses 10 and 1 µM in comparison to control (1 × PBS). F Effect of vehicle alone (DMSO) at corresponding 
concentration in test phytochemicals on chick CAM Neoangiogenesis. Treatment was given on EDD9 and incubated for 48 h (EDD11). Images 
captured through Nikon DSLR were analysed for the macro-vesicular organisation by quantifying nodes, meshes and the total length of blood 
vessels around the site of drug administration using ImageJ version 1.52a. Statistically, the antiangiogenic analysis for AXI, NBL, TC and PPR indicates 
a significant decrease in the nodes, meshes and length of blood vessels in the treated in dose-dependent manner compared to control, however, 
the antiangiogenic analysis for DMSO at both concentrations did not show any significant difference from control. Drastic effects would be 
observed if microvasculatures were visualised and captured. **, *** = significant with p-value < 0.001 & < 0.0001 respectively. CAM-Chorioallantoic 
membrane, EDD-Embryonic Development Day, DMSO-Dimethyl sulfoxide
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Fig. 6 (See legend on previous page.)
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To avoid confounding evaluation of the anti-cancer 
property as antiangiogenic property, the effect of NBL, 
TC, and PPR was evaluated on U87 cells in different cul-
ture conditions namely 2D monolayer and 3D spheroids. 
The number of healthy or viable U87 cells correspond-
ing to the susceptibility of U87 cells to different concen-
trations of AXI, NBL, TC and PPR were determined by 
MTT colorimetric assay. MTT assay is one of the most 
versatile cell viability assays that rely on the conversion 
of substrate MTT [3-(4,5-dimethylthiazol-2- yl)-2,5-di-
phenyltetrazolium bromide] to the chromogenic prod-
uct by the action of mitochondrial reductase in live cells 
[37]. Mitochondrial activity directly corresponds to the 
number of viable cells in culture. This is a routine assay 
in pharmacology and toxicology. All the drugs tested 
showed strong dose-dependent loss of cell viability at 
concentrations ≥ IC50 compared to the control, how-
ever, they also provided probable working range to avoid 
drug-induced toxicities. Nevertheless, drug sensitivities 
drastically change with methods of cell culture and drugs 

tend to become ineffective when cells move from 2 to 3D 
spheroid cultures [38]. The latter remains to be a clearer 
recapitulation of the in  vivo situation and behaviour of 
the tumor tissue.

In continuation to U87 viability evaluated in a 2D cul-
ture system, the viability of U87 as a 3D in  vivo GBM 
model on CAM was evaluated by the generation of U87 
3D spheroids incubated in culture media supplemented 
with different concentrations of AXI, NBL, TC and PPR 
using HD and LOT methods. Firstly, the ability of U87 
cells to spontaneously form 3D spheroids was evaluated. 
U87 cells consistently formed definite spheroids within 
48–96  h post incubation as seen in earlier reports [39] 
when provided with an optimal environment for aggre-
gation such as HD [40] and LOT using 96-well ultra-
low attachment (ULA) plate [41] methods of spheroid 
generation. The majority of the cell lines do not form 
spheroids in normal 2D monoculture, however, in the 
case of U87 cell lines, spheroids were observed rou-
tinely even in monolayer culture at a high density which 

Fig. 6 continued
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corroborated with other studies [42]. It appears to be an 
inherent property of U87. 3D tumor spheroids are one 
of the most characterized in vitro cancer model systems 
having a close resemblance to the patho-physiological 
tissue organization and complexity bearing cell–cell or 

cell–matrix interactions [43, 44]. It has several applica-
tions in biomedical research with cell viability assessment 
being one aspect which could be easily evaluated through 
bright-field microscopy [45]. The effect of efficient 
and effective drug delivery of niosomal formulations 

Fig. 7 Gene transcript expression level for treated and control Chick CAM. A Gel images showing transcript expression of VEGF-A and VEGFR-2 
in chick CAM (Full gel images included in Supplementary Information File); B Densitometric evaluation of VEGF-A & VEGFR-2 gene level expression 
in CAM relative expression with respect to GAPDH transcript expression. **, *** = significant with p-value < 0.001 & < 0.0001 respectively
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containing curcumin and doxorubicin on U87 3D sphe-
roids exhibited reduced spheroid size/diameter, distorted 
spheroidal shape, and lack of tight compact aggregation 
[26]. Similar morphological alterations of reduced sphe-
roid size/volume, loss of spheroid integrity, or loosely 
dispersed cells were observed in U87 3D spheroids 
treated with higher test compound concentration but the 
absence of such features in spheroids treated with lower 
drug concentration i.e., < 11 µM indicate reduced or lack 
of cytotoxic effect on U87 cells at these concentrations.

The morphometric alterations in response to drug 
treatment or cell death were further validated by dead 
cell stains, PI and DAPI [46, 47]. PI intercalates between 
double-stranded DNA base pairs, excited between 400–
600  nm and emits light between 600–700  nm wave-
lengths [48]. DAPI on entering the cell membrane binds 
with DNA and forms a DAPI-DNA complex exhibiting 
blue fluorescence (wavelength of excitation and emission 
of the complex = 360  nm and 460  nm, respectively) [49, 
50]. The U87 cell viability in 3D spheroids determined 
by altered morphological appearance strongly corrobo-
rated with fluorescence emission increasing in higher 
treatment concentrations. However, there was no such 
signature at a low dose less than 11  µM. Using U87 3D 
spheroids, NBL, TC and PPR showed no recorded loss 
of U87 cell viability or spheroid morphology at concen-
trations ≤ 11  µM. Therefore, these observations con-
firmed that any change in tumor characteristics in CAM 
xenografts due to antiangiogenic drugs could be directly 
attributed to their antiangiogenic property.

The Chick CAM model is a widely used in vivo angio-
genic model, densely vascularized, easy to manipulate 
and macroscopic. Using CAM models, the antiangio-
genic effect of test compounds can be conveniently deter-
mined by a decrease in blood vascular density, branch 
points, length, CAM area and vascular disorganization 
at the experimental site on CAM [51–54]. In the present 
study, NBL, TC, PPR (at 1 & 10 µM) and AXI (at 1 µM) 
showed these characteristic features representing the 
antiangiogenic effect of these agents. Similar results have 
been shown with Usena antarctica [55] and chebulinic 
acid [53] on the CAM.

VEGFR-2 is the main receptor for VEGF-A, the prin-
ciple pro-angiogenic factor. The activation of VEGFR-2 

on VEGF-A binding promotes vital angiogenesis pro-
cesses such as EC proliferation, migration, and survival. 
During both physiological and pathological angiogenesis, 
the level of VEGFR-2 is generally high [56]. Suppressed 
VEGFR-2 results in early embryonic death and deformi-
ties of endothelial and hematopoietic cells [57]. Our 
study on CAM as a stand-alone angiogenesis model with 
test compounds AXI, NBL, TC, and PPR for their antian-
giogenic activity showed a decrease in both VEGF-A and 
VEGFR-2 transcript levels indicating downregulation of 
angiogenic processes. Having found the test compounds 
AXI, NBL, TC, and PPR to show effective antiangio-
genic activity such as suppressed vascular density as well 
as reduced VEGF-A and VEGFR-2 transcript level, the 
study was further taken to the next stage for evaluation 
using CAM U87 xenografts.

Tumor bearing chick CAM models serve as a suit-
able cost-effective alternative to tumor bearing higher 
murine models for the evaluation of novel antiangio-
genic compounds against tumor-induced angiogenesis. 
Phytochemicals such as berbamine [58] and tetrandrine 
[59] were reported to inhibit angiogenesis through chick 
CAM bearing glioblastoma U87 cells which exhibited 
reduced neovascularization, capillaries, vascular or CAM 
area. Several other phytochemicals such as myricetin 
[60], galangin [60], theasaponin E1 [61], and theafla-
vin-3, 3’-digallate [62] have also been reported to pos-
sess antiangiogenic activity and suppressed blood vessel 
density in CAM bearing serous ovarian adenocarcinoma 
OVCAR-3 cell line. These studies strongly support our 
findings of suppressed blood vascular density in the U87 
bearing chick CAM model when supplemented with 
NBL, TC and PPR.

Evaluation of vascular density in tumor xenografts has 
been commonly used for the determination of angiogen-
esis [63, 64] or the evaluation of the antiangiogenic activ-
ity of novel compounds [65]. Blood vessels could be easily 
identified by their morphology from histological sections 
using H&E staining [66]. Our study showed an increased 
vascular network in the CAM bearing control U87 cells 
compared to the negative control (CAM only), while, 
treated U87 CAM xenografts showed decreased vascular 
network in a dose-dependent manner compared to the 
positive control (U87 bearing CAM without treatment). 

Fig. 8 Antiangiogenic effect of AXI, NBL, TC and PPR on chick CAM U87 xenografts generated (EDD9-EDD12). A‑B In situ images of chick 
CAM implanted with U87 cells at a density of 1.5 ×  106 densities supplemented with different concentrations of treatments and only media 
for control; C Outputs of ImageJ analysis for blood vessel density corresponding in situ (horizontally) image (column B); D U87 xenograft 
volume obtained from different treatments compared with control; E–G Number of nodes, meshes and total blood vessel length. Statistically 
significant decreases in parameters representing blood vessel density were observed in the treated compared to the control. *, **, *** = significant 
with p-value < 0.05, < 0.001 & < 0.0001 respectively

(See figure on next page.)
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Fig. 8 (See legend on previous page.)
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Fig. 8 continued
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The antiangiogenic activity of heterobimetallic Ruthe-
nium complexes has been evaluated by morphological 
features in CAM using H&E staining [67]. The variability 
and identification of blood vessels in H&E-stained U87 
CAM xenograft sections were validated by TL [68] and 
desmin [69]. TL is an effective blood vessel marker with 
a strong affinity to polylactosamine oligosaccharides pre-
sent on ECs as well as epithelial cell surfaces. Desmin is 
an intermediate filament protein localised in EC, smooth 
and skeletal muscles as well as a marker for pericytes 
associated with blood vessels throughout angiogenesis 
[70]. Further, to ascertain the role of notable angiogenic 
factors, VEGF-A and VEGFR-2 in the suppression of 
angiogenic activity in CAM U87 xenograft by the test 

compounds, their gene transcript level expression was 
determined.

VEGFR-2 plays a critical role in vascular system devel-
opment/angiogenesis. It is often upregulated in solid 
tumors whose growth is dependent on nutrients obtained 
through blood supply [71, 72]. Our study showed 
decreased gene transcript expression of VEGFR-2 and 
VEGF-A in CAM U87 xenografts treated with AXI, NBL, 
TC and PPR. The consistent exhibition of suppressed 
expression of VEGF-A and VEGFR-2 in CAM as a stand-
alone angiogenic model as well as in CAM U87 xenograft 
in response to test compounds (AXI, NBL, TC and PPR) 
affirms the antiangiogenic activity of NBL, TC and PPR. 
Additionally, AXI is an FDA-approved antiangiogenic 

Fig. 9 Blood vascular density determination in CAM U87 xenograft. A Photographs of H&E staining showing demarcation of CAM and xenograft 
tissues across all treatments; B Graphical representation of blood vessel density across all treatments; C Blood vessel showing different 
histomorphology staining: H&E stained (upper row), labelled with antibodies against desmin (middle row), labelled with lectin (lower row). **, 
*** = significant with p-value < 0.001 & < 0.0001 respectively. Abbreviations: V-vessel; TL-DL594-Tomato lectin DyLight 594
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compound with the property to inhibit VEGFR-2 activity 
[73] thus strengthening our observations of the antian-
giogenic activity of these phytochemicals. Several studies 
have reported decreased VEGF-A/VEGFR-2 expression 
in tumor xenografts in response to antiangiogenic agents. 
Human melanoma A375 cell bearing immunodeficient 
mice exhibited reduced VEGF-A/VEGFR-2 expression 
in response to the antiangiogenic activity of rapamycin 
[74]. A similar response of decreased VEGF-A/VEGFR-2 

expression has been shown in U87 GBM cell bearing 
chick CAM to berbamine [58].

Taken altogether, these findings suggest that NBL, TC 
and PPR could be used as novel inhibitors of the VEGF/
VEGFR axis in the treatment of GBM. Amongst these 
phytochemicals, PPR was found to be most effective 
inhibitor of human VEGF-A and chick VEGFR-2, the key 
angiogenic stimulators in CAM U87 xenograft angiogen-
esis in our study.

Fig. 10 Assessment of angiogenesis related transcripts in CAM U87 xenografts. A Gel images showing transcript expression of VEGF-A and VEGFR-2 
in chick CAM U87 xenograft (Full gel images included in Supplementary Information File); B & C Densitometric evaluation of chick and human 
VEGF-A & VEGFR-2 gene level expression in CAM U87 xenografts normalized to GAPDH transcript expression. **, *** = significant with p-value < 0.001 
& < 0.0001 respectively
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