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Squids are one of the most important commercial marine resources having high human consumption and market
value. An Indian squid, Loligo duvauceli is a valuable species among them. They contain ink sacs which are discarded
before using them for consumption. This study for the first time reports its potent ability to inhibit angiogenesis in
vitro and in vivo. The melanin-free extract (MFI) of squid ink was assessed for antiproliferative effect on cancer
and human umbilical vein endothelial (HUVEC) cell lines. Its antiangiogenic activity was investigated in HUVEC-
based tube formation and chick chorioallantoic membrane (CAM) assays. The MFI displayed a prominent reduction
in the mean vascular density of the CAM membrane, the viability of HUVEC cells, and its tube formation on the
Matrigel base. Influence on the expression of angiogenesis effector genes HIF 1 o, vascular endothelial growth factor
(VEGF), vascular endothelial growth factor receptors (VEGFR), and COX 2 in HUVEC cell line denoted prominent
downregulation of HIF 1 a, VEGF, and VEGFR gene expression. Overall, the results indicated a remarkable potential
of L. duvauceli ink to serve as a negative mediator of angiogenesis with probable selective HIF 1o induced molecular
mechanism for exerting its effect. This waste product of sea food processing industry thus presented itself as a

promising natural candidate for arresting angiogenesis.

INTRODUCTION

Angiogenesis is a natural process of growing blood
vessels from preexisting vasculature by the interaction of
endothelial cells with cytokines, cellular matrix, and proteolytic
enzymes. It occurs throughout the life of an individual to
maintain the active state of tissues. It is intricately regulated
by a balance of positive and negative factors, ensuring precise
control over the formation of blood capillaries in healthy tissues
[1]. Certain pathogenic conditions such as ischemic heart
disease, peripheral arterial disease, ophthalmic conditions, and
rheumatoid arthritis trigger abnormalities in the angiogenesis
process [2].

Angiogenesis is also responsible for promoting the
growth of solid tumors in the body. The growing mass of
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cells in a neoplasm creates a hypoxic microenvironment that
leads to the release of proangiogenic factors namely; hypoxia-
inducible factor 1 a (HIF 1 a), cyclooxygenase 2 (COX2),
vascular endothelial growth factor (VEGF), and vascular
endothelial growth factor receptors (VEGFRs). They promote
the proliferation of endothelial cells and the formation of vascular
networks ensuring the supply of blood to growing tumors [3].
It is closely associated with growth, metastasis, recurrence,
and overall cancer prognosis. Anti-angiogenesis is therefore a
desirable strategy used for targeting tumor suppression. Various
drugs targeting the pathways of tumor angiogenesis have been
developed. To date over 19 monoclonal antibodies and VEGF/
VEGFR tyrosine kinase inhibitors are available for the treatment
of metastatic colorectal and various other cancers [4]. However,
less stability, resistance, and high cost pose limitations to their
clinical efficacy. Moreover, the toxic side effects elicited by
these drugs also restrict their applications. An increasing number
of studies are being undertaken for the development of novel
compounds to increase the effectiveness of anti-angiogenic
therapies and overcome side effects [5]. Natural products
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offer an advantage in targeting specific angiogenesis pathways
and enhancing the efficacy of VEGF/ VEGFR inhibitors for
improvement in the outcome of cancer [6].

The marine environment is a focus of many novel
natural products. Marine plants, animals, and microbes produce
compounds that have pharmaceutical potential [7]. Many of
these plants and animals live in densely populated habitats.
They synthesize evolved chemical compounds that help to
protect themselves and defend against predators. These naturally
occurring chemical compounds have been identified to inhibit cell
division which is a primary target for many anticancer drugs. The
drugs Ara-C and Ara-A used in the treatment of acute myelocytic
leukemia and herpes infection, respectively, are derived from the
nucleosides of shallow water marine sponge [8].

The cephalopods represent an advanced and diverse
group of marine animals. An Indian squid, Loligo duvauceli is
a valuable cephalopod species characterized by a short life span
and high culinary value. It is prevalent in the Indian Ocean, Red
Sea, Arabian, Chinese, and Philippines seas, occurring at depths
between 30 and 170 meters [9]. It contains ink glands that
release ink as a defense to escape from predators. These ink sacs
are discarded during their processing for consumption. The ink
is a dark, cloudy liquid containing amino acids, carbohydrates,
phenols, flavonoids, alkaloids, and saponins in addition to
tannins and glycosides. It also shows the presence of proteins,
minerals, taurin, hydroxyproline, dopamine, and enzymes [10].
Nisha [11] and Gajendra et. al. [12] have reported prominent
antioxidant properties of squid ink which can be used for the
retardation of lipid peroxidation and enhancement of food
shelf-life [11,12]. Girija et al. [13] have fractionated the black
ink and demonstrated antibacterial activity against pathogens
and antifungal effect against Candida albicans [13]. Zhong et
al. [14] investigated the effects of squid ink on the protection
of the hematopoietic system against chemotherapeutic injury.
Hermelin et al. [15] and Senan et al. [16] determined the
anticarcinogenic activity of L. duvauceli ink on the HepG2
cancer cell line.

The presence of natural bioactive compounds
namely; polyphenols, alkaloids, saponins, flavonoids, sulfated
polysaccharides, and the pharmacological effects of squid ink
are suggestive of its high medicinal value. Its potential for
inhibiting angiogenesis has however not been investigated. In the
present study, the angiogenesis inhibitory effect of L. duvauceli
ink was assessed using a human umbilical cord endothelial cell
line in vitro and, on a chick chorioallantoic membrane (CAM)
model in vivo. Its effect on the expression of key angiogenic
effectors HIF 1 o, VEGF, VEGFR 2, and COX 2 genes was
investigated for assessment of the likely mechanism of action
used in the inhibition of neovascularization. The study aimed to
explore the pharmaceutical potential of this cephalopod ink as a
natural angiogenesis inhibitor.

MATERIAL AND METHODS

Collection of L. duvauceli squid and isolation of ink

The use of L. duvauceli squid for The study protocol
was approved by the Bharati Vidyapeeth Deemed to be
University’s Institutional Animal Ethics Committee, Pune and

the experiments were performed following CPCSEA guidelines.
(Approval Number BVDUMC/1887/2018/002/016 and Date:
22.11.2018) The L. duvauceli squid was procured from the coastal
regions of the state (Colaba, Maharashtra) and authenticated by
Central Marine Fisheries Research Institute, Mumbai. Freshly
obtained Squid were dissected and Ink glands were removed by
cutting it from the siphon. The ink was collected in a sterile 15
ml centrifuge tube using the milking method. It was diluted with
PBS in a ratio of 1:4. Diluted ink was centrifuged at 10,000 rpm
for 20 minutes to separate the melanin pigment. The supernatant
was collected and stored at —20°C. It was referred to as melanin-
free ink (MFI) and diluted with sterile PBS to achieve 50%, 25%,
12.5%, 6.25%, 3.125%, and 1.56% concentrations for use in
subsequent assays.

Cell culture

The cancer cell lines SiHa (Squamous cell carcinoma;
Cervix) and MCF-7 (Adenocarcinoma, Breast; Mammary
gland) were procured from the Animal Cell Repository at the
National Centre for Cell Science, Pune, India. The Human
Umbilical Cord Vein Endothelial Cell line (Normal, Umbilical
vein; Vascular endothelium) (HUVEC) was procured from
ATCC Cell Bio, Hi-Media Laboratories, India. The two cancer
cell lines were maintained in DMEM (Hi-Media Laboratories)
supplemented with 10% fetal bovine serum (FBS) (Invitrogen),
2mM L-glutamine, 50 Units/ml penicillin, and 50 pg/ml
streptomycin (Hi-Media Laboratories). The HUVEC were
grown in endothelial cell growth medium (Basal Medium, Hi
Media) supplemented with 150 pg/ml of crude endothelial cell
growth factor (ECGF), 5 U/ml of heparin, 100 IU/ml penicillin,
100 pg/ml streptomycin, and 20% FBS. The cell lines were
grown at 37°C in a humidified 5% CO, atmosphere.

Cytotoxicity assay (MTT)

Cytotoxic effect of wvarious concentrations of
MFI on two selected cancer and HUVEC cell lines were
determined using colorimetric microculture assay with MTT
(3-(4,5-dimethylthiazo-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium)  dye  (Sigma-Aldrich).
Cells were seeded at a density of 1 x 10*cells/well in 96
well microplates and allowed to adhere for 24 hours at 37°C
in a CO, incubator. The cells were then treated with various
concentrations (1.56%—-100%) of MFI for 48 hours. 10ul of
MTT (5 mg/ml, Sigma-Aldrich) solution was added to each well
and the plates were incubated for 4 hours in the dark in a CO,
incubator. The medium was then aspirated and the formazan
crystals formed were solubilized by adding 100 pl of DMSO
followed by 25 pl of glycine buffer per well. The optical density
was measured at 570 nm (Bio-Rad, PR 4,100 plate reader). The
experiment was performed in triplicate.

HUVEC cell tube formation assay

Tube formation assay was performed as described
previously [17]. Briefly, 150 pl of growth factor reduced matrigel
(BD bioscience) was layered in each well of 24 well plates. The
plates were incubated at 37°C for 30 minutes to facilitate the
polymerization. 5 x 10* HUVEC cells were seeded in each well
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and treated with four selected concentrations of (12.5%, 25%,
50%, and 100%) of MFI diluted in endothelial growth media
in triplicates. The plates were incubated overnight at 37°C in a
CO, incubator. After 18 hours of incubation, the medium was
removed and cells were fixed using methanol and stained with
Giemsa. The plates were observed on a Zeiss light microscope
for the formation of tubes and photographed.

Chick chorio-allantoic membrane (CAM) assay

The Fertilized white leghorn chicken eggs were obtained
from a certified farm (Venkateshwara Hatcheries Pvt. Ltd. Pune-
India) and incubated at 37°C having 60%—65% humidity in a
position with tapering end below. After 3 days of incubation, 2
ml of albumin from the top end of each egg was aspirated with
the help of a 20 G syringe needle. This is required to detach the
developing CAM from the upper part of the shell. On the seventh
day of incubation, a window of around 1.5-2 cm was opened on
the blunt end. A sterile gel foam (Abcam) piece 3 mm x 3 mmx 1
mm) was positioned carefully on the CAM surface and 30 ul of the
test sample (6.25, 12.5, 25, 50, and 100 % of MFI) was placed on
it. In the control group, an equivalent quantity of sterile PBS was
loaded on the gel foam. The positive control group received 2.5, 5,
and 10 ng of vascular endothelial growth factor (VEGF, Himedia).
Various concentrations of anti-angiogenic Itraconazole drug were
used as a standard anti-angiogenic drug. The eggs were returned to
the incubator and incubated undisturbed till the 12th day.

On the 12th day, the eggshell was removed and the
CAM was separated for fixing in 10% formalin. The formalin-
fixed CAM was analyzed by histopathology involving sectioning
and hematoxylin & eosin (H&E) staining. The procedure
described by Mathur ef al. [18] was used for counting mean
microvessel density. Blood vessels at the boundary between the
sponge and surrounding CAM mesenchyme were counted in
5 consecutive fields of sections using the 40X objective of the
microscope (Carl Zeiss Ltd., Germany). The number of blood
vessels/unit area (mean microvessel density, MVD) for each
group was defined using an objective having the least count of
0.01 mm (Carl Zeiss Ltd.) [18]. The experiment was conducted
in triplicate, with each concentration tested in duplicate for
increased reliability of the results.

Quantitative real-time PCR

1 x 10°cells of the HUVEC cell line were plated in
each well of 24 well plates and incubated for 24 hours. The
cells were then treated with 6.25%, 12.5%, 25%, and 50%
MEFTI concentrations in duplicate and incubated for 48 hours.
Total RNA was extracted from endothelial cells using Pure
Link RNA Mini Kit by Ambion, Life Technologies (Thermo
Fisher Scientific India Pvt. Ltd.) following the manufacturer’s
instructions. The concentration of RNA was measured using
a Nanodrop Biophotometer (Biophotometer Plus, Eppendorf,
Germany). 2 pg of each RNA sample was reverse transcribed
with the Super Script VILO ¢DNA Synthesis Kit (Invitrogen)
according to the manufacturer’s protocol (25°C for 10 minutes,
42°C for 60 minutes, and termination at 85°C, 5 minutes).
RT-qPCR was set up using the SYBR Green PCR Master Mix
(Thermo Fisher Scientific), on the 7,500 Real-time PCR system
(Thermo Fisher Scientific), along with cDNA and commercial
primers (Sigma). The primers (Table 1) were designed for
human VEGF, COX 2, HIF -0 and VEGFR2. GAPDH was used
as an internal reference control. Each reaction was performed
in duplicate. A negative control without a cDNA template
was run simultaneously with every assay. Standard reactions
(20 pl) consisted of 10 ul SYBR Green master mix (Applied
Biosystems by Thermo Fisher Scientific), 1ul forward primer
(10 uM), 1ul reverse primer (10 uM), 2 pl cDNA template (10
ng), and 6 pl of nuclease-free water. The quantitative real-time
PCR was carried out using conditions given in Table 1. The
results of gene expression were normalized to reference gene
expression and the fold change was determined in comparison
with untreated cell control. The quantification of relative mRNA
expression was calculated using the 22 method [19]. Graphs
were plotted based on log 2-fold change.

Statistical analysis

The statistical significance was calculated by ANOVA
with Graph Pad Prism 6 software. The experiments were
performed at three different times. The results were expressed
as mean + standard deviation (S.D.) and *, **, and *** indicated
significance < 0.1, < 0.01, <0.001, respectively.

Table 1. Primer sequences and operation conditions of real time qPCR.

Gene Primer sequence RT qPCR conditions
VEGF F 5’-TCAGATTATGCGGATCAAACC -3’ 1 cycle at 95°C for 15 seconds and 60°C for 1 minute, 40 cycles of
R 5 -TGCATTCACATTTGTTGTGCTGTAG-3 |- secondsat 95°C for 10 minutes
COX2 F 5’- TTGCCCGACTCCCTTGGGTGT -3’ 1 cycle of 10 minutes at 95°C, 40 cycles of 15 seconds at 94°C, 30
R 5 CTCCTGCCCCACAGCAAACCG-3’ seconds at 56°C, 30 seconds at 76°C
HIF1-a F 5’-CATAATGTGAGTTCGCATCT-3’ 1 cycle at 95°C for 10 minutes, 45 cycles of 15 seconds at 95°C
R 5'- ATATCCAAATCACCAGCATC-3’ and I minutes at 58°C
VEGFR2 F 5" CCAGCAAAAGCAGGGAGTCTGT3’ 1 cycle at 95°C for 10 minutes, 40 cycles of 10 seconds at 95°C
R S TGTCTGTGTCATCGGAGTGATATCCy  ndat60°C for I minute
GAPDH F 5 ATCTTCCAGGAGCGAGATCCC 3’ 1 cycle at 45°C for 10 minutes, 1 cycle at 95°C for 15 minutes, 40

R 5’ CGTTCGGCTCAGGGATGACCT 3’

cycles at 95°C for 5 seconds and 60°C for 30 seconds

Table 1. Presents the primer sequences and real time qPCR conditions for VEGF, VEGFR2, HIF 1 a, COX2, and GAPDH genes.
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RESULT AND DISCUSSION

Angiogenesis is a primary step involved in the growth
of cancer tumors. At the early stage of neoplasm, a slight
increase in tumor volume creates hypoxic conditions causing
the release of proangiogenic factors. It promotes the formation
of disorganized and immature vascular networks that nurture
the subsequent growth of tumors. Treatment strategies focusing
on endothelial cells and angiogenic promoters play a crucial role
in addressing various types of solid tumors. The marine-derived
products serve as a valuable reservoir of unique bioactive
compounds, offering high efficacy and minimal toxicity. They
are increasingly being explored for the development of novel
therapeutic drugs.

The squid ink, a dark liquid ejected by cuttlefish to
threaten predators has been demonstrated to be rich in functional
bioactive compounds. The current investigation centered on
examining its anti-angiogenic properties through viability,
chick CAM, and HUVEC-based tube formation assays. The
impact on the expression of key angiogenic mediator genes,
namely VEGF, VEGFR, COX-2, and HIF1-a, was assessed
using quantitative real-time PCR.

Preparation of squid ink extract

The ink from freshly collected L. duvauceli squid was
collected by milking of the ink sacs. About 4 ml of ink was
collected from a single squid and 3 squids were used to collect
the milk. The ink was diluted 1:4 with PBS and centrifuged at
10,000 rpm for 20 minutes. to precipitate the melanin pigment.
10 ml of supernatant was stored at —20°C to serve as a melanin-
free extract (MFI).

Cytotoxic effect of MFI on cancer cell lines

The antiproliferative effect ofMFI on MCF7 (human
breast adenocarcinoma) and SiHa (human cervical squamous
cell carcinoma) cell lines was evaluated through an MTT assay.
InFig 1 Aand B, the influence of various concentrations (1.56%—
100%) of MFI extract on the percent cell viability of MCF-7
and SiHa cell lines is depicted. A dose-dependent decrease in
the viability of cancer cells was observed, with IC, values of
34% + 2.2% for MCF7 and 38% + 3.2% for SiHa cell lines.
Notably, the 25% and 50% concentrations of MFI exhibited
significant cytotoxic effects on cancer cells, surpassing the
efficacy demonstrated by the ink of cuttlefish Sepia officinalis
on the MCF7 cell line [20]. These findings align with the results
reported by Hermelin ef al. [15] and Moovendhan et al. [21]
in studies of Loligo duveuceli squid ink involving HepG2
and A549 lung cancer cell lines, respectively [15,21]. The
present study for the first time reported the influence of MFI
on breast and cervical cancer cell lines, signalling its potential
as a therapeutic agent against cancer. The findings highlight
the need for additional investigations and validation to further
elucidate its efficacy in cancer treatment.

Effect of MFI and standard drug Itraconazole on the viability
of HUVEC cell line

The inhibitory effect of MFI on endothelial cells was
assessed using an MTT assay. It exhibited a dose-dependent

inhibitory effect on the HUVEC cell line, with an IC, value of
13% + 1.5% (Fig. 2A). The substantial cytotoxic effect could
be observed from a concentration of 12.5% onwards. This
effect was comparable with that demonstrated by the standard
drug Itraconazole (Fig. 2B), with an IC,  value of 26 + 4.2
pg/ml on the HUVEC cell line. Although direct comparison
of the two values was not feasible due to differences in units
(percent values for MFI and pg/ml for Itraconazole), the IC50
values suggest a significant potential of MFI to inhibit HUVEC
cells, comparable to the effect exhibited by the standard drug.
The results also indicate a higher ability of MFI to inhibit the
HUVEC cell line than the cancer cell lines used in the present
study.

Effect of MFI on differentiation of HUVEC cells using tube
formation assay

HUVEC cells demonstrate a remarkable ability to
generate capillary-like structures when cultured on Matrigel-
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Figure 1A and B. Show the cytotoxic effect of various concentrations (1.56%—
100%) of MFI extract on SiHa and MCEF-7 cell lines. The percent viability
values at various concentrations of extract were calculated by comparing them
with the control group. *, ** and *** stars indicate significance <0.1, <0.01,
and <0.001, respectively.
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Effect of MFI on HUVEC viability
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Figure 2 A and B. Effect of various MFI and Itraconazole concentrations on HUVEC cell line. The percent viability values at various concentrations of extracts were
calculated by comparing with the control group. Significant (30% + 4.03%, 37% =+ 3.2%, 49% = 2.4%, and 56% =+ 2.7%) reduction in viability of HUVEC cells was
demonstrated by 12.5%, 25%, 50%, and 100% of MFI, respectively, and 22% + 2.5%, 60% + 1.1%, 76% + 1.9%, and 82% + 2.9% reduction in viability of HUVEC
cells was demonstrated by 125, 250, 500, and 1000 pg/ml of Itraconazole. *, **, and *** indicate significance <0.1, <0.01 and <0.001, respectively.

coated surfaces [22]. Microscopic images presented in Figure
3 A—F were captured after an 18-hour incubation of Matrigel-
layered HUVEC cells treated with MFI. The image of an
untreated control well illustrates the complete formation of
a tube network by the endothelial cells within 18 hours (Fig.
3A). Positive control VEGF (VEGF)-treated cells showed
a pronounced formation of a tube network within the same
incubation period (Fig. 3B). However, the formation of the
tube network was altered in MFI-treated wells. Short and
discontinuous branches of the tubes were observed at 12.5 %
and 25 % concentrations (Fig. 3 C and D), while complete
inhibition of tube formation was noted at 50 % and 100 % MFI
concentrations respectively (Fig. 3 E and F). The standard drug
Itraconazole (Fig. 4 A-D) exhibited total inhibition of tube
formation from concentrations of 125 pg/ml onward.

A positive marker, VEGF used in this study resulted
in prominent tube network formation whereas, significant
dose-dependent inhibition of tube formation was noted in
MFI-treated wells with a complete absence of tube formation
at 50% and 100 % concentrations. The findings indicate a
significant potential of MFI to impede the differentiation of
endothelial cells. A similar inhibition has earlier been displayed
by marine organisms lanthella basta, Pseudoceratina Arabica,
Rhabdastrella globostellata, and Agelas nakamurai during the
elucidation of their antiangiogenic properties. These marine
organisms are of considerable interest as prospective candidates
for anticancer therapy [23,24].

Anti-angiogenic effect of MFI using CAM assay

The CAM serves as a highly sensitive in vivo model
for the investigation of anti-angiogenic properties, with mean
vascular density (MVD) acting as a marker for evaluating the
extent of angiogenesis. The impact of MFI on the reduction of
MVD was examined in the CAM model. In this study, various
concentrations of MFI ranging from 6.25% to 100% were

Control VEGF (10ng)

12.5% 25% 50% 100%

Figure 3 A to F: A shows normal tube formation in control wells. B shows the image
of VEGF treated well depicting an increase in tube formation. C, D, E, and F show
the effects of various concentrations of MFI on the inhibition of tube formation.
Complete absence of tube formation is seen in 50 % and 100 % concentration.

125pg/ml 250pg/ml 500pg/ml 1000pg/ml

itraconazole
.

Figure 4 A-D. Shows inhibition of tube formation from 125 pg/ml to 1,000 pg/
ml concentration of standard drug Itraconazole.

administered in duplicate on the CAM layer of seventh-day
embryonated eggs. The evaluation of its effect on the reduction
of blood vessels was observed on the twelfth day. The CAM
tissues, fixed in formalin were analyzed by histopathology,
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A Control

B VEGF 2.5ng C VEGF 5ng D VEGF 10ng

Figure 5. Photograph showing histopathology images of CAM, (A) control
group treated with phosphate buffer saline and (B, C, and D) treated with 2.5,
5, and 10ng concentrations of VEGF, respectively.

and the number of blood vessels per unit area (MVD) was
assessed. The normal control group (Fig. 5 A) displayed typical
angiogenesis with a normal branching pattern in blood vessel
formation. Figure 5A-D illustrates the effects of different
concentrations (2.5, 5, and 10 ng) of VEGF, demonstrating
an increase in MVD to 145% + 4.32% and 175% =+ 3.2%,
respectively. This effect is characterized by the growth of
numerous smaller vessels, indicated by arrows, signifying the
pro-angiogenic influence of VEGF.

Figures 6 and 7 depict the outcomes of the standard
drug itraconazole and the test drug MFI, respectively. In the
case of 62.5 and 125 pg/ml Itraconazole-treated CAM (Fig. 6 B
and C), there is a noticeable reduction in microvessel formation.
However, concentrations of 250, 500, and 1,000 pug/ml resulted
in necrotic CAM tissue with an absence of blood vessels (Fig. 6
D-F). The decrease in MVD ranged from 17% = 3.2 % to 96%
+ 1.2 % at the highest concentrations.

An equally prominent antiangiogenic effect was
demonstrated by MFI in the CAM assay. Treatments with 6.25
%, 12.5 %, and 25 % of MFI resulted in the presence of few
small blood vessels, indicating a decrease in MVD by 30% +
3.73 %, 38% =+ 1.5 %, and 63% =+ 2.05 %, respectively (Fig. 7
B-D). In contrast, CAM treated with 50 % and 100 % of MFI
displayed necrotic tissue and the absence of blood vessels (Fig
7 E and F), indicating a dose-dependent anti-angiogenic effect.
The mean vessel density (MVD) of the VEGF, Itraconazole,
and MFI-treated CAM groups is summarized in Fig 8 and
Table 2. MFI demonstrated effectiveness in inducing a
significant decrease in MVD at a concentration of 6.25%,
with a remarkably prominent 94% =+ 3.1% decrease in MVD
observed at higher concentrations. This effect was comparable
to the antiangiogenic drug itraconazole. These results highlight
the significant antiangiogenic potential of MFI, aligning with
findings reported by Subramanian et al. [25] and Luay ef al.
[26] for marine algae, specifically Bifurcaria bifurcate and
Dictyota dichotoma, as well as for the Horn snail Telescopium
telescopium, using the CAM assay [25,26].

Effect of MFI on the expression of angiogenesis effector genes

The study investigated the influence of MFI on key
angiogenesis effector genes in the HUVEC cell line using
quantitative real-time PCR. The genes assessed included HIF
la, VEGF, VEGFR2, and COX-2, known to be associated with
tumor angiogenesis [27]. The fold change in the expression
level of target genes is presented in Fig 9. The results revealed a
substantial downregulation in the expression of VEGF, VEGFR2,
and HIF 1a genes, starting from a 6.25% concentration of MFIL. A

Itraconazole

Itraconazole

D Itra 250 pg/ml E Itra 500 pg/ml F Itra 1,000 pg/ml

Figure 6 A-F. Denotes histopathology images of CAM, (A) after treatment
with phosphate buffer saline (control) and different concentrations (62.5, 125,
250, 500, and 1,000png/ml) of standard drug itraconazole. B and C show a
decrease in micro vessel formation whereas D, E, and F show necrotic tissues
after treatment with itraconazole.

A Control B MFI 6.25% C MFI12.5%

Fig 7 D MFI 25%

Fig 7 E MFI 50% Fig 7 F MFI 100%

Figure 7 A-F. denotes histopathology images of CAM; (A) after treatment with
phosphate buffer saline (control) and (B, C, and D) with different concentrations
of MFI treatment. B, C, and D show decrease in micro vessel formation, while
E and F show necrotic tissues and no micro vessel formation.

significant inhibition, with 1.3, 1.7, and 3.6-fold downregulation
of VEGF, and 2.8, 3.1, and 4.3-fold downregulation of VEGFR2
were observed at 6.25, 12.5, 25 and 50 % MFI concentrations
respectively. Additionally, the HIF 1a gene exhibited a 2.1, 3.6,
and 2.8-fold downregulation. A similar effect on the COX 2 gene
expression was however not observed. These findings suggest the
MEFT to be a potent inhibitor of the critical angiogenic regulatory
HIF1-0, VEGF, and VEGFR2 genes.

An increasing number of studies have shown that
the restricted oxygen supply to the tumor tissues significantly
contributes to the proliferation and metastasis of cancer.
It activates hypoxia—inducible factor (HIFla) which is a
heterodimeric protein comprising of HIF 1 . and HIF 1 f subunits.
The presence of oxygen promotes the binding of HIFla to a
Von Hipper-Lindau tumor suppressor leading to its proteasomal
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Figure 8 A—C. Graphically represents the effect of MFI, Itraconazole, and VEGF on mean vessel density (MVD) of chick CAM. Significant 30% + 3.73%,
38% £ 1.5%, 63% =+ 2.05%, 83% = 2.5%, and 95% = 2.5% reduction is shown by 6.25%, 12.5%, 25%, 50%, and 100% of MFI and 17% + 3.2%, 37% +
2.2%, 84% + 3.3%, 94% + 3.1%, and 96% + 1.2% by 62.5, 125, 250,500, and 1,000 pg/ml of Itraconazole respectively. Significant increase (45% + 3.2%
and 72% + 2.2%) in MVD is observed in VEGF treated CAM layer. *, **, and *** indicate significance <0.1, <0.01, and <0.001, respectively.

Table 2. Comparison of the impact of MFI and itraconazole on mean vessel density.

Mean vessel density (MVD) % decrease

62.5 125 250 500 1,000
concentration 6.25% 12.5% 25% 50% 100%
pg/ml pg/ml pg/ml pg/ml pg/ml
o MFI 30+3.73 38+1.5 63 +2.05 83+2.5 95+2.5
E)
E Itraconazole - - - - - 17+£3.2 37+£2.2 84+3.3 94+£3.1 96+1.2

Table 2. Comparison of the impact of MFI and Itraconazole concentrations on the reduction of Mean Vessel Density in CAM assay. Values represent the percent

decrease in mean number of vessels in each group.

degradation. In the hypoxic conditions caused by an increase in
tumor size, HIFla binds to the HIF1P subunit and inactivates
enzyme proline hydroxylase to prevent normal HIF 1 o protein
degradation. It translocates to the nucleus and promotes efficient
transcription of proangiogenic VEGF, erythropoietin, GLUT-1,
TGF B, PDGF f, and plasminogen activator genes. It results in
neo-vascularization, cell proliferation, survival, and metastasis of
cancer. Therefore, upregulation of HIF 1 a is strongly associated
with poor prognosis in patients with different solid tumors
[28]. The pharmacological targeting of HIF1 o is considered
as a promising cancer therapeutic strategy in recent years.
Moreover, HIF 1o inhibition in neuroblastoma tumors has shown
a correlation with an increase in sensitivity to antiangiogenic
drugs in mice [29]. The MFI in the present study has displayed
a remarkable potential to inhibit HIF-1a, a master regulator of
tumor angiogenesis, and hence presents itself as a novel natural
inhibitor of angiogenesis having potential for further exploration.

VEGF and its receptor VEGFR are the major
transcriptional targets of HIF-1 a.. Expression of VEGF activates
the pathway leading to tumor angiogenesis. The VEGF ligands
bind to three types of endothelial receptor tyrosine kinases
namely, VEGFR 1, VEGFR 2, and VEGFR 3 with different
affinities. Activation of the VEGF-receptor pathway is mediated
by its binding to VEGFR 2 which promotes endothelial cell
growth and migration [30]. The tumor angiogenesis process

results in the formation of unusual vessels that are disorganized,
irregular, leaky, and hemorrhagic. This causes suboptimal blood
flow resulting in hypoxia which in turn again triggers HIF and
VEGF pathways. Hu et al. [31] reported an increase in the
effectiveness of anti-VEGF antibody bevacizumab when used
in combination with chemotherapy in patients with metastatic
colorectal cancer and thus validated VEGF pathway inhibitors
as an important treatment modality in cancer therapy [31]. The
present study has shown MFI to be a potent inhibitor of VEGF
and VEGFR2 highlighting its important role in the exploration
of drugs for targeting this pathway.

In the present study, the test drug MFI displayed no
effect on COX-2 gene expression. Cyclooxygenase-2 (COX-
2) is another factor upregulated under hypoxic conditions. It is
overexpressed in some malignancies and associated with the
release of VEGF in HIF 1 o independent manner mediating
angiogenesis. Elevated COX-2 expression correlated with a
decreased overall survival [32]. Our present results suggest
that MFI is a selective inhibitor of the HIF 1o mediated VEGF
angiogenesis process and may not have an influence on HIF
20 which is another protein of hypoxic stress response. HIF 1
a and HIF 2 o regulate a set of overlapping and distinct target
genes in both physiologic and pathologic conditions [33]. The
COX2 expression is activated by HIF 2 o and is not affected
by cephalopod ink tested in this study suggesting its selectivity
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Figure 9. Bar graph showing the effect of MFI on VEGF and VEGFR2, HIF1-a, and COX 2 gene expression evaluated by real-time qPCR. 1., 1.7, 3.6,
and 1.16-fold downregulation of VEGF; 2.8, 3.1, 4.3, and 3.7-fold of VEGFR2; 2.1, 3.6, and 2.8 fold of HIF 1-0; and 0.16, 0.17, 0.19, 0.2 fold increase in
expression of COX2 gene at the treatment concentrations of 6.25 %, 12.5 %, 25 %, and 50 % of MFI, respectively.

for HIF 1 a. This natural product is thus of further interest to
investigate the mechanism for inhibition of angiogenesis and
specific targeting of HIF 1 o mediated pathways.

Overall, the outcomes from in vitro HUVEC tube
formation assay, in vivo chick CAM assay, and the evaluation
of proangiogenic gene expression collectively highlighted a
substantial antiangiogenic activity associated with the MFI
derived from L. duvauceli squid ink.

SUMMARY

To summarize, the present study has evaluated L.
duvauceli squid ink for effect on the angiogenesis process using
in vitro HUVEC-based viability and tube formation assays as
well as in vivo CAM assay. Its potential to arrest the expression
of angiogenesis promoter genes HIF 1o, COX2, VEGF, and
VEGFR was also measured. A definitive inhibition of tube
formation with a complete absence of tubes at 50 % and 100
% MFI concentrations was noted. Up to 95% decline in MVD
was observed in the CAM assay which was very similar to the
effect shown by standard drug Itraconazole. Furthermore, a
very significant downregulation of proangiogenic factors HIF-1
o, VEGF, and VEGFR was displayed by this natural compound.
Its neutrality to another hypoxia-induced proangiogenic factor
COX 2 is indicative of the utilization of selective molecular
mechanism for exerting an antiangiogenic effect. The study
pointed out a very significant pharmaceutical role of this
seafood processing industry waste product.

CONCLUSION

The present study aimed to investigate the Loligo
duveucelisquid ink (MFI) forits ability to influence angiogenesis.
While it had a moderate impact on the viability of cancer MCF
7 and SiHa cell lines, it displayed a prominent ability to inhibit
angiogenesis in HUVEC cell-based tube formation assay, CAM
assay, and gene expression studies. The study pointed out the
profound potential of MFI to inhibit angiogenesis which could
be explored for the presence of bioactive compounds, the
mechanism of angiogenesis inhibition, and the development of
novel drugs.
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