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Abstract: Angiogenesis is a process whereby new blood vessels are born from preexistent ones,
which has a role in transporting oxygen and nutrients. On the other hand, inhibiting this process is
a strategy used to treat some diseases, including cancers, diabetic retinopathy, and rheumatoid
arthritis. This study investigates the effect of a new nutraceutical (Terasen®) on angiogenesis.
Terasen® is made from a standardized extract of Euterpe oleraceae (Agai), Myrciaria dubia (Camu-
Camuy), and purified oil of Bixa orellana (Annatto) and Astrocaryum aculeatum (Tucuma). The in vivo
angiogenesis model used was the chorioallantoic membrane (CAM) from chicken embryos. The
embryos were divided into seven groups: a vehicle control treated with ethanol solution (ETH), a
naive control treated only with saline solution (SOR), a positive control treated with dexamethasone
(DEX), and four groups treated with Terasen® at different concentrations (0.5, 1, 2, and 3 mg/ml).
The parameters assessed were the vessels” area, length, and amount. The results show a statistically
significant and concentration-dependent inhibition of angiogenesis caused by Terasen®. Our results
suggest the nutraceutical has a high antiangiogenesis potential, possibly due to its bioactive
compounds, including anthocyanins, quercetin, and tocotrienols.

Keywords: angiogenesis; nutraceuticals; chorioallantoic membrane; anthocyanins; tocotrienols

1. Introduction

Angiogenesis is defined as the formation of new blood vessels from the preexistent ones [1], it is
a continuous process that begins during embryo development and lasts throughout the entire
organism’s life [2]. Angiogenesis is crucial to cells” growth, differentiation, and tissue formation since
blood vessels are necessary to distribute oxygen and nutrients to cells [3]. It is critical during
development and other conditions, including wound healing [2]. In addition, inducing the growth of
arteries in patients with severe limb ischemia using growth factors can prevent limb amputations [1].

Under typical healthy conditions, stimulating and inhibitory factors of angiogenesis are in
balance. Nevertheless, this balance is impaired under certain pathological conditions, and the
stimulating factors induce angiogenesis, favoring some pathologies that rely on it [4]. Hence,
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inhibiting angiogenesis can have a beneficial role against such diseases, including cancers, macular
degeneration, diabetic retinopathy, rheumatoid arthritis, and psoriasis [5].

A popular model to evaluate angiogenesis in vivo uses the chicken embryos’ chorioallantoic
membrane (CAM) [1]. The CAM is a highly vascularized extra-embryonic membrane responsible for
the embryo’s respiration [6]. It is formed from the fourth day after incubation through the fusion of
the external mesodermal allantoid layer with the mesodermal layer of the chorion. From the 8th to
the 10th day, there is a fast vascular network growth with capillary differentiation and complete
development of the CAM central area. During this period, it is possible to analyze and quantify the
CAM'’s angiogenesis through the vessel network density, which helps test potential pro- or anti-
angiogenic drugs [1,7].

Terasen® is a nutraceutical made from encapsulated granules from standardized extracts of the
association of standardized extracts of Euterpe oleracea, Myrciaria dubia, and purified oil of Bixa orellana
and Astrocaryum aculeatum. Some important phytochemical markers from this product are
anthocyanins, quercetin, ellagic acid, gallic acid, carotenoids, geranylgeraniol, and tocotrienols.
These compounds have been extensively studied for their biological activities, including anti-
angiogenic potential [8-13]. Hence, this study aimed to evaluate the potential anti-angiogenic activity
of Terasen® using the CAM model.

2. Materials and Methods

2.1. Product Obtention and Scanning Electron Microscopy (SEM) Analysis

The nutraceutical granules from Terasen® were kindly provided by Ages Bioactive Compounds
(Sao Paulo, SP, Brazil), lot URU201101. The products” granules were analyzed through SEM through
photomicrographs using a Hitachi T3030 Plus Tabletop equipment (15 kV).

2.2. Phytochemical Analysis

2.2.1. Anthocyanins

The total monomeric anthocyanins were quantified through the differential pH method and
expressed in cyanidin-3-O-glucoside (C30G) equivalents using a technique based on the AOAC
method [9]. First, a buffer solution (pH 1.0, KCl 0.025 M, Sigma, USA) was added to a 10 mL
volumetric flask with 50 mg of the test product. Another 10 mL volumetric flask was filled with
another buffer solution (pH 4.5, sodium acetate 0.4 M, Sigma, USA). Both flasks were gently stirred
and left to rest for 15 minutes. Next, the solutions were filtered using filter paper (Whatman n° 1),
and the absorbance of the samples was registered using a UV-Vis spectrophotometer (Shimadzu,
Japan) at 520 and 700 nm. The total anthocyanin content (TAC) was calculated as cyanidin-3-O-
glucoside equivalents (mg/mL) using the following equation 1:

TAC (%p/p) =

/4
X MM x DF x —x 100 (1)
e xl m

Where:

A = (A 520nm -A700nm) pH1.0 - (A520nm - A700nm) pH 4.5;
€ = cyanidin-3-O-glucoside extinction coefficient;

MM = cyanidin-3-O-glucoside molecular mass;

DF = dilution factor;

V = solution volume;

m = mass of the extract.

2.2.2. Total Flavonoids

The total flavonoids were quantified as quercetin equivalents using a calibration curve with
concentrations within an interval from 5 pg/ml to 50 pg/ml based on a method published before
[14]. First, Terasen® was solubilized in methanol at 4 mg/ml. Next, 1 mL of aluminum chloride (Sigma
Aldrich, Germany) at 5% (m/v) in methanol was added to the standard and sample solutions, stirred
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using a vortex for 30 seconds, and left to rest for 30 minutes away from heat and light. After 30
minutes, the samples were assessed using a UV-Vis spectrophotometer at 420 nm with a glass cuvette
with a 1 cm optical path.

2.2.3. Geranylgeraniol

Geranylgeraniol was quantified using a calibration curve between 0.1 and 2 mg/ml. The sample
solution was prepared using 10 mg/ml of Terasen® in hexane. For the quantification, was used GC-
MS with Shimadzu equipment (GC2010, Kyoto, Japan) with an autoinjector (AOC 5000), mass
detector (MS2010, 70 eV), and fused silica column (DB-5MS, 30 m x 0.025 mm x 0.25 m).

The running parameters were set as follows: 120 °C of initial temperature with 3 °C of heating
per minute until 280 °C; from this moment, the temperature was kept constant for 3 minutes, totaling
56.3 of analysis. The injection temperature was at 270 °C with 80.8 kPa and a 10.0 split ratio. The ion
source and interface temperature were set at 260 °C.

2.2.4. A-tocotrienol

To quantify d-tocotrienol from Terasen® was used a calibration curve between 0.2 and 1 mg/ml.
Terasen® was used at 10 mg/ml in hexane for the analysis. This analysis was performed through GC-
MS using the same equipment described for geranylgeraniol.

The parameters were set as follows: 180 °C of initial temperature for five minutes, followed by
3 °C of heating per minute until 300 °C; from this moment, the temperature was kept constant for 15
minutes totalizing 40 of analysis. The injection temperature was 210 °C with 80.1 kPa and a 5.0 split
ratio. The ion source and interface temperature were set at 250 °C.

2.3. In Vivo Anti-Angiogenic CAM Assay

The eggs used in this experiment were from standard chicken (Gallus gallus), bought from Agro
Cam (Macapa, Amapa, Brazil). The procedure used followed the method described by (West et al.,
2001).

First, the eggs were washed under ambient temperature with sodium hypochlorite at 2% (v/v)
and incubated horizontally to ensure embryo growth away from the CAM. The incubation occurred
at 37 - 37.5 °C with 60 — 70% humidity, and the first day of incubation was defined as day zero (Figure
1).

On the third day of incubation, a small hole was made at the pointy side of the eggs using a 5
mL syringe, and 2 mL of albumin was removed. The eggs were put back into the incubator
horizontally with the hole facing upwards.

On the fourth day was used a cutting machine with a rotary clamp drill and cutting blade
(Dremel 3000, Bosch, Ciudad de Mexico, Mexico) to make rectangular-shaped cuts (3 x 2.5 cm) at the
eggs’ side. The cut eggshell was gently removed with a clamp, exposing the CAM, and the open hole
was covered with micropore tape (Sanfarma, Sao Paulo, Brazil). After this procedure, the eggs were
returned to the incubator horizontally, with the rectangular role facing upwards.

On the eighth day of incubation, the eggs received their treatment according to their group; there
were seven groups with five eggs each: a naive control group treated only with saline solution 0.9%
(SOR, Farmax Lab S.A., lot 0873, Divinépolis, Minas Gerais, Brazil), a vehicle control group treated
with 90% ethanol (ETH, Santa Cruz), a positive control group treated with dexamethasone 4 mg/ml
(DEX, Teuto Lab, lot 94570172, Anapolis, Goids, Brazil), and four groups treated with Terasen®
(solubilized in 90% ethanol) at different concentrations — 0.5 mg/ml (TERA 0.5), 1 mg/ml (TERA 1), 2
mg/ml (TERA 2), and 3 mg/ml (TERA 3). Before the treatment, the eggs’ CAM were photographed to
record the vessels before treatments with high-quality pictures (4,000 x 3,000 px), using a camera
coupled to a stereomicroscope (Estereotereo Luxeo 4D, Labomed, CA, EUA).

Finally, on the tenth day, the CAM was examined and photographed again to evaluate the effect
of the treatments. All the process is summarized in Figure 1.
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Figure 1. Schematics showing the process to evaluate the embryos” CAM.

The blood vessels from the pictures were analyzed using Image] (v1.53u, Massachusetts EUA)
with the Angiogenesis Analyzer plugin. The parameters evaluated were the number of blood vessels,
area, and the average vessels’ length.

2.4. Statistical Analysis

All results were expressed as a mean + SEM, and the groups were compared through One-way
ANOVA followed by Tukey posthoc test in case of statistical difference (p < 0.05). All analyses were
performed using GraphPad Prism v5.03.

3. Results

3.1. Granules Analysis

The SEM pictures of Terasen® are shown in Figure 2. It is observed that the formulation has
irregular-shaped particles of aggregated granules. Such particles are formed due to the production
method that propitiates the formation of lecithin clusters containing Chronic® [16] inside, adsorbed
in other excipients.

Figure 2. Scanning Electron Microscopy (SEM) analysis from Terasen® granules.

3.2. Phytochemical Analysis

The concentration of total monomeric anthocyanins in Terasen® was 0.43417 + 0.1525 mg/g
C30G equivalents (0.04341 + 0.0152 %). The quantification was performed through the differential
pH method of AOAC (2006); hence there was no calibration curve.

The calibration curve of the quercetin-equivalent total flavonoids is shown in Figure 3A. The
line equation was calculated as y =39.808x-0.007629 with R? = 0.991. It was calculated 2.4501 + 0.7341
mg/g of total flavonoids in the sample (2.4501 + 0.0734%).

The calibration curve of geranylgeraniol is shown in Figure 3B, where y = 21358054x - 3023127,
with R2=0.997. It was calculated 39,64 + 7,658 mg/g of the compound in Terasen® (3,9640 + 0,0765%).
Its chromatogram is shown in Figure 4A (top), where geranylgeranyl appears at 39.85 min.
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Figure 3C also shows the calibration curve of d-tocotrienol, where y= 55507x — 9080, with R? =

0.9958. The compound was found
chromatogram from this compound

in Terasen® at 45.508 + 5.341 mg/g (4.5508 + 0.0534%). The
is shown in Figure 4B (down); the peak is observed at 28.4 min.
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Figure 3. Phytochemical analysis of Terasen®. A: Calibration curves of total flavonoids; B: Calibration

curves of geranylgeraniol; C: Calibration curves of d-tocotrienol.
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Figure 4. Phytochemical analysis of Terasen® A: GC chromatogram of geranylgeraniol. B: GC
chromatogram of d-tocotrienol.

3.3. Effect of Terasen® on Angiogenesis

In Figure 4 are observed pictures of the blood vessel network according to the treatments. In
Figure 5 is shown the quantification of the vascular area, vessel length, and vessel number.
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Figure 5. CAM’s blood vessels network before and after treatments with saline solution 0.9% (CON),
90% ethanol (ETH), dexamethasone 4 mg/ml (DEX), and Terasen® (solubilized in 90% ethanol) at
different concentrations — 0.5 mg/ml (TERA 0.5), 1 mg/ml (TERA 1), 2 mg/ml (TERA 2), and 3 mg/ml
(TERA 3).

4. Discussion

The initiation of new blood vessel formation occurs through angiogenic stimulation, which can
be triggered by factors such as oxygen reduction (hypoxia), decreased blood flow (ischemia), or the
release of signaling molecules and growth factors. This process sets off a complex cascade of cellular
and molecular events that culminate in the generation of new vessels, fulfilling the increased oxygen
and nutrient demands in tissues requiring enhanced vascularization [17]. Angiogenesis activation
promotes the activation of matrix metalloproteinases (MMPs), responsible for the degradation and
reorganization of the extracellular matrix during new blood vessel formation [18,19].

Subsequently, proliferation and migration occur, with new branches formed by tip cells. Tip
cells are proliferative endothelial cells that respond to the angiogenic factor VEGF, triggering
filopodia production that guides the formation of new blood vessels toward the VEGF gradient [18].
Furthermore, VEGF plays a pivotal role in the differentiation of tip and stalk cells [20]. Stimulation
by VEGF-VEGFR?2 in tip cells leads to the expression of the DLL4 protein, which binds to Notch
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receptors in stalk cells [20]. Activation mediated by DLL4-Notch results in downregulating VEGFR-
2 expression, whereas inhibition of the DI1l4-Notch signaling pathway leads to an upregulation of
VEGEFR-2 [21]. Thus, blockade of the DI14-Notch pathway and positive regulation of VEGFR-2 in the
VEGEF signaling pathway can promote angiogenesis.

Tip cells lead the process of new blood vessel formation, accompanied by stalk cells, working
together to facilitate lumen formation and the development of the tubular structure. Fibroblasts are
recruited to the site as a new sprout emerges and differentiate into smooth muscle cells, lining the
vessel wall [17,18]. Following this stage, anastomosis occurs, which involves the connection of the
new vessels with pre-existing ones [18]. A simplified diagram is shown in Figure 6.
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Figure 6. Effects of the treatments with saline solution 0.9% (CON), 90% ethanol (ETH),
dexamethasone 4 mg/ml (DEX), and Terasen® (solubilized in 90% ethanol) at different concentrations
- 0.5 mg/ml (TERA 0.5), 1 mg/ml (TERA 1), 2 mg/ml (TERA 2), and 3 mg/ml (TERA 3) on angiogenic
parameters assessed: Vascular area, vessel length variation, and vessel number variation (from top to
bottom). *: p <0.05 vs naive control (ANOVA followed by Tukey posthoc test).
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Figure 7. Schematics of the angiogenic process. A: tip cells and stalk cells interaction. B: Formation of
the new vessel. 1. Angiogenic stimulus. 2. The activation of matrix metalloproteinases (MMPs) leads
to the degradation of the extracellular matrix. 3. Formation of tip cells. 4. Proliferation and migration.
5. Lumen formation. 6. Maturation and blood flow.

Despite the unquestionable significance of angiogenesis, it is involved in several pathological
conditions. Therefore, the inhibition of angiogenesis has become a focus in treating various diseases.
In this context, we have developed a nutraceutical derived from herbal products as a potential
strategy to inhibit angiogenesis and aid in treating these conditions. Following the formulation
development, the initial stage involved the characterization of its morphology.

SEM analysis allows for characterizing the formulation’s structure, surface morphology, drug
adsorption homogeneity in the excipient, and droplet scattering [22,23]. The SEM analysis of Terasen®
reveals the presence of agglomerated particles with irregular surfaces and pores. The rotation speed
employed during the formulation process plays a role in determining the formulation’s droplet size
distribution and mechanical stability [24]. In this study, the granules were formed by adding
sunflower lecithin at 3,600 rpm. According to Liu et al. [24], high rotation speeds (> 170 rpm) can
result in the formation of irregularly shaped granules, promote impact with liquid droplets during
pulverization, and increase the yield of larger granules. The uneven granular surface also enhances
the penetration of the dissolution medium [25].

The added lecithin in the formulation serves as an adjuvant and is composed of a mixture of
phosphatidic acids and phospholipids. Following international regulations, lecithin should exhibit
insolubility of > 60% in acetone and < 0.3% in hexane [26,27]. The increasing interest in lecithin as an
ingredient stems from its unique chemical properties, offering pharmaceutical, cosmetic, and
nutraceutical value [28]. The chemical structure of its compounds, particularly phospholipids, can
influence its molecular geometry and functional properties, such as self-assembly and emulsification.
Lecithin can form lamellar structures with single or double layers depending on the proportion of
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phosphatidylcholine and phosphatidylinositol. This property can enhance the stability and hydration
of agglomerated structures [26,28,29].

After conducting a morphological analysis of the formulation, we proceeded to evaluate the
concentration of its main bioactive compounds, including total monomeric anthocyanins, total
quercetin-equivalent flavonoids, geranylgeraniol, and d-tocotrienol. These compounds were selected
as they represent the major bioactive constituents present in the ingredients of Terasen®, the name of
the nutraceutical composed of standardized extracts of E. oleracea, M. dubia, and purified oil of B.
orellana and A. aculeatum.

The anthocyanins present in Terasen® originate from the dry extract of E. oleracea. [30] quantified
the total monomeric anthocyanins in eight samples of E. oleracea extract and reported an average
concentration of 3.6 mg/g of C3OG equivalents, with values ranging from 1 to 7.3 mg/g. In our study,
the results obtained were lower, which is expected since other ingredients were added to the
nutraceutical formulation, not solely the E. oleracea extract. The primary anthocyanins found in E.
oleracea include Cyanidin-3-O-rutinoside, Cyanidin-3-O-glucoside, Pelargonidin-3-O-rutinoside, and
Peonidin 3-O-rutinoside [31].

Most of the total flavonoids in Terasen® are derived from the dry extracts of E. oleracea and M.
dubia. [30] analyzed the quercetin-equivalent flavonoid content in eight samples of E. oleracea extract
and reported an average concentration of 2.1 mg/g, with values ranging from 1.3 to 3 mg/g. According
to Kang et al. [32], the main flavonoids found in agai are dihydrokaempferol, isovitexin, and velutin.
As for M. dubia, Fidelis et al. [33] reported quercetin concentrations of 0.007 mg/g in the aqueous
extract and 0.0085 mg/g in the hydroethanolic extract, as well as rutin concentrations of 0.035 mg/g
in the aqueous extract and 0.14 mg/g in the hydroethanolic extract. Given that our product contains
2.4 mg/g of quercetin-equivalent flavonoids, the concentration in the extracts is expected to be high.
Additionally, M. dubia is known for its high content of ascorbic acid, polyphenols, flavonols, and
carotenoids. Interestingly, Souza et al. [34] also detected anthocyanins in ripe and semi-ripe M. dubia
fruits.

The oil derived from B. orellana, which is included in the formulation of Terasen®, contains d-
tocotrienol and geranylgeraniol as its main compounds. Previous studies have reported the presence
of d-tocotrienol in the seeds of B. orellana [35-37] and geranylgeraniol [37,38].

Following the phytochemical analysis, we conducted the chicken CAM (chorioallantoic
membrane) test to evaluate the effect of the product on angiogenesis. This test is widely recognized
as a robust technique for studying the process of angiogenesis [39]. The product was tested at
different concentrations, with dexamethasone used as a positive control. Additionally, a vehicle
control group was included to assess the impact of the vehicle used in the formulation of Terasen®,
and a naive control group was treated with saline solution alone.

The results obtained from the study demonstrated that Terasen® exhibited remarkable anti-
angiogenic activity. This was evident from the significant and concentration-dependent reduction in
the vascular area, quantity, and length.

The anti-angiogenic activity of Terasen® can be attributed to its composition. For example,
anthocyanins have been shown to suppress angiogenesis through various mechanisms, including
inhibiting H202and reducing VEGF receptor expression in endothelial cells [13]. Other studies have
also supported the anti-angiogenic activity of anthocyanins, including those from black carrot
(Daucus carota) extract [12] and crowberry (Empetrum nigrum) [40].

The impact of gallic acid on the suppression of new blood vessel growth in tumors can be linked
to its effects on the communication between CXCR4/SDF-1 molecules. This communication plays a
crucial role in the formation of blood vessels, and gallic acid increases VEGF expression to inhibit this
process [41].

Liang et al. [42] showed the impact of gallic acid on osteosarcoma cells and mouse tumor models.
The findings demonstrated that gallic acid effectively suppressed cell proliferation, triggered
apoptosis, and curbed tumor growth in a manner that was dependent on the dosage. Additionally,
the acid was observed to impede the expression of proliferation and angiogenesis markers in tumor
tissue.
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Ellagic acid has been investigated for its impact on VEGF and PDGF (platelet-derived growth
factor) receptor signaling and endothelial and smooth muscle cell migration. The results revealed
that ellagic acid inhibited the phosphorylation of VEGFR-2 and PDGFR receptors, blocking
subsequent signaling [43].

Fikry et al. [44] conducted a comparative analysis of the efficacy of caffeic acid and ellagic acid
versus celecoxib for treating rheumatoid arthritis. The findings revealed that both acids effectively
mitigated the severity of arthritis by reducing edema, inflammation, cartilage and bone destruction,
and pannus formation. Additionally, they successfully decreased pro-inflammatory molecules and
factors related to angiogenesis, including VEGEF.

In a study conducted by Metibemu et al. [45], the effects of carotenoid phytochemicals derived
from Spondias mombin on the breast carcinoma model in Wistar rats were evaluated. The study
focused on the impact of these phytochemicals on angiogenesis and the expression of related genes.
The results indicated that treatment with carotenoids led to a significant reduction in the expression
of pro-angiogenic genes, including VEGF, VEGFR, EGFR, HIF-1, and MMP-2. Additionally, the
carotenoids were found to inhibit the VEGFR-2 kinase domain, suggesting their potential as an anti-
angiogenic and anti-proliferative agent.

Quercetin, one of the flavonoids in M. dubia, is associated with reduced blood vessel formation
by inhibiting endothelial cell growth, which is thought to involve the inhibition of VEGFR2 [46].
Studies using the CAM model have shown that quercetin can inhibit angiogenic activity and VEGF
transcription induced by cancerous cells [47]. Additionally, quercetin conjugated with titanium
dioxide nanotubes has significantly decreased blood vessel formation in the CAM model [48]. In mice
bearing B16F10 tumors, treatment with this preparation led to decreased levels of phosphorylated
STATS3, which is involved in the induction of angiogenesis.

Tocotrienols have also been reported to inhibit angiogenesis. y-tocotrienol inhibited
angiogenesis in the CAM induced by hepatocellular carcinoma by suppressing VEGF [49].
Furthermore, d-tocotrienol has decreased angiogenesis in mouse dorsal air sacs and the CAM assay
[50]. Although the role of geranylgeraniol in angiogenesis has not been extensively explored, it
possesses health-promoting properties such as anti-inflammatory and lipid-lowering effects, thereby
increasing the overall nutraceutical value of the product [16,51].

Overall, the observed anti-angiogenic activity of Terasen® can be attributed to the combined
effects of its bioactive compounds, including anthocyanins, quercetin, tocotrienols, and
geranylgeraniol, which exert inhibitory effects on various angiogenesis-related processes and
signaling pathways.
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5. Conclusions

In this study, we investigated the potential anti-angiogenic properties of a newly developed
nutraceutical comprising the dry extracts of E. oleracea and M. dubia, as well as the purified oil of B.
orellana and A. aculeatum. The morphological analysis revealed that the nutraceutical is composed of
granules. To further characterize the nutraceutical, a phytochemical analysis was conducted to
quantify the major compounds present in the formulation. The analysis revealed significant amounts
of anthocyanins, flavonoids, d-tocotrienol, and geranylgeraniol. The results demonstrated a
significant and concentration-dependent decrease in angiogenesis in the CAM model.
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