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The rate of breast cancer is rapidly increasing and discovering medications with

therapeutic effects play a significant role in women’s health. Drugs derived from

marine sponges have recently received FDA approval for the treatment of

malignant tumors, including metastatic breast cancer. Spirastrella pachyspira

(marine sponge) is mainly obtained from the western coastal region of India,

and its anticancer potential has not been explored. Hence, the present study

aimed to evaluate the anticancer potential of Spirastrella pachyspira extracts

and its bioactive molecule sphingosine. The extracts were prepared using

hexane, chloroform, ethyl acetate, and ethanol. The cytotoxic potential of

the extracts were determined by an in-vitro MTT assay using SK-BR-3 cancer

cell line. Subsequently, acute toxicity investigation was conducted in Swiss
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2022.950880/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.950880/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.950880/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.950880/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.950880/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.950880/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.950880&domain=pdf&date_stamp=2022-09-15
mailto:chitra.k@sriramachandra.edu.in
mailto:lingshing.wong@newinti.edu.my
mailto:mahendransekar@unikl.edu.my
https://doi.org/10.3389/fmars.2022.950880
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.950880
https://www.frontiersin.org/journals/marine-science


Morais et al. 10.3389/fmars.2022.950880

Frontiers in Marine Science
albino mice. Then, the anticancer effects of the extract was investigated in a

xenograft model of SK-BR-3 caused breast cancer. DAPI staining was used to

assess the extract’s ability to induce apoptosis. In addition, in-silico study was

conducted on sphingosine with extracellular site of HER2. The ethyl acetate

extract of Spirastrella pachyspira (IC50: 0.04 µg/ml) showed comparable

anticancer effects with standard doxorubicin (IC50: 0.054 µg/ml). The LD50 of

the extracts in acute toxicity testing was fund to be 2000 mg/kg b.wt. The

survival index of mice in ethanol extract was 83.33%, whereas that of standard

doxirubicin was 100%, indicating that ethyl acetate extract Spirastrella

pachyspira has good antiproliferative/cytotoxic properties. The results were

well comparable with standard doxorubicin. Further, the docking studies of

sphingosine against HER2 demonstrated that the bioactive molecule engage

with the extracellular region of HER2 and block the protein as also shown by

standard trastuzumab. The findings of this research suggest that Spirastrella

pachyspira and sphingosine may be potential candidate for the treatments of

breast cancer, particularly for HER2 positive cells. Overall, the present results

demonstrate that sphingosine looks like a promising molecule for the

development of new drugs for the treatment of cancer. However, in order to

carefully define the sphingosine risk-benefit ratio, future research should focus

on evaluating in-vivo and clinical anticancer studies. This will involve balancing

both their broad-spectrum effectiveness and their toxicity.
KEYWORDS

breast cancer, Spirastrella pachyspira, SK-BR-3 cell lines, molecular docking, HER2,
anticancer, sphingosine
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Introduction
Breast cancer is the most common type of cancer worldwide

and one of the leading causes of deaths in women (Yap et al.,

2021). Breast cancer can be divided into various biological

subgroups based on immunohistochemistry and gene

expression analysis. Using a gene expression profile-based

classification system, tumors are primarily divided into five

major molecular subtypes: 1) the estrogen receptor (ER)-

positive, HER2-negative, progesterone receptor (PR)-positive

(luminal A); 2) the estrogen receptor (ER)-positive, HER2-

negative, PR-negative (luminal B); 3) the human epidermal

growth factor receptor 2 (HER2)-enriched with ER-negative,

HER2-positive, PR-negative; 4) normal-like breast cancer or 5)

the basal-like or triple-negative or TNBCs presented with ER-

negative, PR-negative and HER2-negative which considered the

most aggressive than others (Schnitt, 2010; Eliyatkın et al., 2015).

There is also genetic profiling on the other molecular subtypes,

such as luminal B-like breast cancer (ER-positive, HER2-

positive, PR-negative or PR-positive) and luminal C however it

is less well defined (Jaaskelainen et al., 2020). Clinical oncology

and the scientific community have shown considerable interest

in breast cancer subtypes that overexpress HER2, which has led

to the investigation of first-generation anti-HER2 agents such as

trastuzumab (Eiger et al., 2021). Trastuzumab, an approved

drug, is a monoclonal antibody that binds to the HER2

receptor directly to treat this kind of breast cancer. Despite

trastuzumab’s efficacy, the fundamental problem with the

therapy continues to be the occurrence of both innate and

acquired resistance. Therefore, it’s essential to research

alternate second-line therapies. When HER ligands bind to the

extracellular region of the receptor, the HER family is homo- or

heterodimerized, and downstream signaling pathways like the

PI3K/Akt pathway and the mitogen-activated protein kinase

(MAPK) pathway, which is linked to cell proliferation, are

activated (associated with cell survival). Deregulation of these

pathways as a result of abnormal expression or activation of

HER-family members can result in cancer’s hallmarks of

increased proliferation, decreased apoptosis, angiogenesis, and

invasiveness. As a result, members of the HER family have

gained popularity as therapeutic targets (Roskoski, 2014; Stanley

et al., 2017). In addition to cell lines such as SUM190PT,

HCC202, SUM225CWN, and UACC893, SK-BR3 cell lines are

widely recognized as ER-negative HER2 breast cancer models as

well (Dai et al., 2017).

Nature has revealed its source of novel anticancer drugs over

the past twenty-five years with an increasing number of new

compounds sourced from the marine environment. The

chemical and biological diversities of the marine environment

are immeasurable, and form an extraordinary resource for the

discovery of new anticancer drugs. Despite the technological

challenges in characterizing and scaling up production of
Frontiers in Marine Science 03
bioactive compounds several anticancer compounds have

entered preclinical and/clinical trials (Kalimuthu and Se Kwon,

2013). To date, marine organisms specifically sponges, sponge

microbe symbiotic association, gorgonian, actinomycetes and

soft coral have been explored for potential anticancer agents.

Among them, marine sponges, Phylum porifera are the most

primitive of the multicellullar organisms comprising

approximately 15,000 sponge species. Marine sponges are

considered to be the simplest and oldest living multicellular

organisms existing for more than 600 million years. Sponges are

primarily filter feeders since most rely on the water that

constantly circulates through their porous bodies from which

they filter out microorganisms and organic particles as their food

source. Moreover, they produce a plethora of secondary

metabolites to repel and deter predators and to compete for

space with other sessile marine organisms (Essack et al., 2011).

Secondary metabolites found in marine sponges have intriguing

chemopreventive and chemotherapeutic effects on tumors. The

anticancer drug vidarabine was initially isolated in the 1950s by

Bergmann and Feeney from a peculiar nucleoside found in the

sponge Tethya crypta (Sagar et al., 2010). Numerous nucleosides,

sterols, alkaloids, peroxides, terpenes, fatty acids, derivatives of

amino acids, and cyclic peptides have been identified as active

substances thus far, and at least around 50 of them have the

potential to be chemopreventive and/or anticancer agents. In

this regard, marine sponge-derived bioactive metabolites

continue to be one of the most promising sources of new drug

leads as investigated in this study.

Spirastrella pachyspira, a marine sponge belonging to the

family Spirastrellidae and genus Spirastrella is widely distributed

in red sea and Indian Ocean and usually grows on the corals at 4

to 8 feet deep. When alive, the color is violet usually, though pink

is noted in some parts and the interior is pale yellow in color.

The modified spirasters form a sort of plate by the interlocking

of their spines and this plate is distinctly seen in boiled out

preparations. The tylostyles, deeply buried in the tissue emerges

in groups from the upper part of the plates. These spicules are

plumosely arranged. In some places, the tylostyles emerging

from the adjacent brushes converge and usually such an

arrangement is noted in surface ridges (Kumar and Shah,

2014). It was reported that it has broad spectrum

antimicrobial properties (Mohan Kumar and selvi, 2012;

Kumar and Jogan, 2014). Various bioactive compounds such

as spongistatins 4 and 5 (Pettit et al., 1993), lyso-Platelet

activating factors (Alam et al., 2001), sphingosine sulfates

(Alam et al., 2002), spirastrelloide A (Williams et al., 2003),

chlorine and bromine of helinane (Martin et al., 2005),

mollenyne A (Morinaka and Molinski, 2011), collagen and

lysophosphatidyl glycerol (Jang et al., 2012) were isolated from

various sponges of the genus Spirastrella. However, Spirastrella
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pachyspira has not been investigated to identify its bioactive

compounds and to evaluate any other biological properties apart

from antimicrobial according to the literature and our

knowledge. In contrast, numerous other Spirastrella species

have had their bioactive compounds identified and their

potential anticancer properties investigated (Pettit et al., 1993;

Alam et al., 2001; Alam et al., 2002; Williams et al., 2003; Martin

et al., 2005; Morinaka and Molinski, 2011; Jang et al., 2012;

Mohan Kumar and selvi, 2012; Kumar and Jogan, 2014).

Additionally, according to one of our earlier laboratory

findings, sphingosine is a major bioactive compound of

Spirastrella pachyspira, and sphingosine sulfates are isolated

previously from Spirastrella abata (Jang et al., 2012).

Sphingosine sulfate demonstrated a significant anticancer

activity that was even more potent than standard cisplatin and

doxorubicin against human solid tumor cell lines (Alam et al.,

2002; Jang et al., 2012). So, in addition to its antimicrobial

properties, we anticipated that Spirastrella pachyspira and its

bioactive compound sphingosine would also have potential

anticancer activity against HER2-positive cancer cells

(Figure 1). Therefore, the objective of the current study was to

investigate in-vitro and in-vivo anticancer activity of Spirastrella

pachyspira and to conduct in-silico molecular docking approach

on sphingosine.
Materials and methods

Collection, authentication and extraction
of Spirastrella pachyspira

Spirastrella pachyspira (marine sponge) was collected from

the coastal around Mandapam in the Palk Bay zone,
Frontiers in Marine Science 04
Ramanathapuram, Tamilnadu, INDIA, which were then

cleaned to remove contaminants and kept at 4°C until further

use. The sponge was then authenticated by the registered

scientist (Dr. G. Sivaleela, Scientist-B, Zoological survey of

India, Chennai, INDIA) and the voucher specimen

(registration number S-261) was deposited in Marine Biology

Regional Centre/Zoological Survey of India, INDIA. Prior to

experimentation, the sponges were thawed at room temperature

and were cut into small pieces before being soaked in solvent of

increasing polarities like n-hexane, chloroform, ethyl acetate and

methanol. For each solvent, the successive extraction was carried

out using the cold-maceration method for 72 hours and then

filtered. Each extract was then concentrated using a rotary

evaporator under reduced pressure and a controlled

temperature. Until further use, the dried extracts were stored

at 4°C.
Cytotoxicity of Spirastrella
pachyspira extracts against
SK-BR3 cells by MTT assay

SK-BR-3 cells were obtained from the National Centre for

Cell Science (NCCS), Pune, INDIA. The cells were maintained in

Dulbecco ’s Modified Eagle Medium (DMEM) and

supplemented with 10% Fetal Bovine Serum (FBS), with

penicillin (100 units/ml) and streptomycin (100 mg/ml). The

cells were cultured in 75 cm2 culture flask and were incubated at

humidified atmosphere with 5% carbon dioxide (CO2) at 37°C.

Cell respiration as an indicator of cell viability and proliferation

was determined using a mitochondrial dependent reduction of

3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide

(MTT) to formazan. SK-BR-3 cells were seeded in 96-well plates
FIGURE 1

Schematic representation of the impact of anticancer effect of Spirastrella pachyspira against HER2-positive cancer cells along with its
antimicrobial effect.
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at a density of 8,000 cells/200 ml/well. Cells were treated with

different concentrations of all the four extracts of Spirastrella

pachyspira (ranging between 1X100 and 1X107 ng) after 48 hours

following plating. They were incubated at 37°C for 48 hours. At

the 44th hour following drug exposure, the cells were incubated

at 37°C with 0.5 mg/ml MTT for four hours. At the end of the

experiment, the medium was removed and the insoluble

formazan product was dissolved in 200 ml of dimethyl

sulfoxide (DMSO) and kept it for 15 minutes in dark. The

intensity of purple blue developed was measured at 570 and 630

nm using a UV-Visible spectrophotometer. Finally, the

percentage growth inhibitory rate of the extracts was

calculated using the following formula (Mosmann, 1983)

%  Growth inhibitory rate

= Control OD –Test OD½ �=Control ODð Þ X 100
DAPI (4′,6-diamidino-2-phenylindole)
staining

SK-BR-3 cells were seeded in 6 well plates at a density of

1X105cells/well and were allowed to grow for a period of 24

hours. The ethyl acetate extract was administered at two different

concentrations (10 and 30 μg/ml) as follows.
Fron
Group 1 [SK-BR-3 cells + Vehicle]

Group 2 [SK-BR-3 cells + Ethyl acetate extract of

Spirastrella pachyspira (10 μg/ml)]

Group 3 [SK-BR-3 cells + Ethyl acetate extract of

Spirastrella pachyspiras (30 μg/ml)]
At the end of incubation, cell morphology was monitored

under an inverted light microscope. The cells were fixed with 4%

paraformaldehyde for 20 minutes, washed with phosphate

buffered saline (PBS) and incubated in DAPI (1 μg/ml) for 10

minutes. After washing with PBS, the cells were observed using

fluorescent microscope with a peak excitation wavelength of 340

nm (Chang et al., 2006).
Acute oral toxicity study of
Spirastrella pachyspira

Acute oral toxicity study was performed according to the

OECD test guideline 423: Acute toxic class method (OECD,

2002). Briefly, young healthy adult female swiss albino mice

(n = 6) weighing between 18-22 g b.wt. were divided into two

groups of three animals in each group. The animals were

individually housed in a well-ventilated polypropylene cage. A

12-hours light/12-hours dark artificial photoperiod was

maintained. Room temperature 22°C (± 3°C) and relative
tiers in Marine Science 05
humidity 40-65% were maintained in the room. The animals

had free access to pelleted feed (M/s. Provimi Animal Nutrition

Pvt Ltd, Bengaluru, INDIA) and reverse osmosis (Rios, USA)

purified water ad libitum. The animals were acclimatized for seven

days to the laboratory conditions. Guidelines of “guide for the care

and use of laboratory animals” (Institute of Laboratory Animal

Resources, National Academic Press 1996; NIH publication

number #85-23, revised 1996) were strictly followed throughout

the study. Institutional animal ethics committee (IAEC), Sri

Ramachandra University, Chennai, INDIA, approved the study

(IAEC/XLIII/SRU/422/15). The experiment was conducted in a

stepwise manner (Steps I & II). The extract was administered once

orally via gastric intubation at 2000 mg/kg b.wt.
Group I (Step-I): Ethyl acetate extract of Spirastrella

pachyspira (2000 mg/kg b.wt.)

Group II (Step-II): Ethyl acetate extract of Spirastrella

pachyspira (2000 mg/kg b.wt.)
The lethality and abnormal clinical signs were observed on

the dosing day at 30 minutes, 1st hour, 2nd hour and 4th hour and

thereafter (for 13 days). The body weight was recorded before

dosing and thereafter once in a week until the completion of the

experiment. Gross pathological changes were also observed at

the end of experiment.
Anticancer potential of Spirastrella
pachyspira against SK-BR-3
cells-induced mammary tumor
in athymic nude mice

Female athymic mice (18-22 g b.wt.) obtained from Vivo-

Biotech, INDIA was used for the study. The same process

outlined in section 4.4 was used for animal maintenance.

Following acclimatization, the animals were divided into four

groups of six animals each.
Group I: SK-BR-3-induced + Vehicle

Group II: SK-BR-3-induced + Doxorubicin (1 mg/kg b.wt.,

i.p.)

Group III: SK-BR-3-induced + Ethyl acetate extract of

Spirastrella pachyspira (100 mg/kg b.wt., p.o)

Group IV: SK-BR-3-induced + Ethyl acetate extract of

Spirastrella pachyspira (200 mg/kg b.wt., p.o)
SK-BR-3 cells 5 X 106 were mixed with matrigel in the ratio

1:1 before subcutaneous injection into both sides of the animals’

ventral flank region using a 26-gauge needle. Subsequently, the

growth of the xenograft was observed for a period of 14 days.

Once the tumor reaches 100 mm3 (day 0), the ethyl acetate

extract and the reference drug doxorubicin (1 mg/kg body
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weight) were administered to the respective groups for 15 days

while the tumor volume was measured once in every three days.

The tumor size was measured with calipers and the growth rates

were recorded and calculated using the following equation:

Tumor volume (V; mm3) =L*B*W where L = tumor length,

B = tumor breadth, W = tumor width. The survival rate was also

recorded. At the end of the experiment, the animals were

sacrificed by cervical dislocation. The tumor tissue was

collected, fixed in buffered formaldehyde and was cut into

sections for further histopathological study (Holiday and

Speirs, 2011).
In silico molecular docking studies of
bioactive molecule sphingosine from
Spirastrella pachyspira with HER2 protein

Sphingosine, a bioactive molecule from the sponge, was

retrieved from the pubchem database and was prepared using

the ligprep tool. Based on the penalty scores, the best prepared

ligand was picked. The RCSB repository was used to obtain the

HER2 protein (1N8Z), and the missing chains, atoms, as well as

hydrogen were added. The protein was then optimized and

minimized for docking (Cho et al., 2003). The receptor grid was

mapped and evaluated using the SIE predictor tool. Molecular

docking was performed with a standard precision against the

active site of the HER2 protein, with a maximum of 20 poses

per ligand.
Statistical analysis

All data obtained from the experiments were expressed as

mean ± SEM. Statistical analysis was performed by a one-way

ANOVA, followed by Tukey’s test using GraphPad Prism 5.0. A

p-value of <0.05 was considered as statistically significant.
Results

Cytotoxic potential of Spirastrella
pachyspira extracts against SK-BR3 cells

Spirastrella pachyspira extracts were evaluated for their in-

vitro cytotoxic activity against SK-BR-3 cell line (a HER2

positive cancer cell) in 48 hours assay where the cells were

exposed to different concentrations of all four extracts. The

extracts were investigated in quadruplicate at each concentration

and the cumulative variation were maintained at less than 20%

between the data points. Finally, it was inferred from the graph

that the appearance of cytotoxic changes following exposure to

the extract was in a concentration-dependent manner. It is

important to note that at higher concentrations, there was a
Frontiers in Marine Science 06
significant reduction in cell density. The American National

Cancer Institute guidelines (NCI) set the limit of activity for

crude extracts at 50% inhibition (IC50) of proliferation of less

than 30 mg/ml following a 24 hours exposure (Ren et al., 2014).

The IC50 values were below the stated point for all four extracts,

with the lowest (0.04 μg/ml) seen in the ethyl acetate extract

followed by 1.29 μg/ml (methanolic extract), 1.88 μg/ml

(chloroform extract) and 2.51 μg/ml (hexane extract)

(Figure 2). In fact, the ethyl acetate extract exhibited well

comparable cytotoxicity as that of standard doxorubicin (0.054

μg/ml). In the present study, the cytotoxic effect of Spirastrella

pachyspira extracts were in a concentration-dependent manner.

The IC50 of the four extracts was in the range of 0.04-2.50 μg/ml

with the ethyl acetate extract exhibiting an IC50 value of 0.04 μg/

ml. Therefore, the ethyl acetate extract of Spirastrella pachyspira

was selected for further investigations in this research.
DAPI staining

Apoptosis is a common mode of action of chemotherapeutic

agents including in products derived from natural sources. The

apoptosis inducing potential of ethyl acetate extract of

Spirastrella pachyspira was determined using a DAPI staining.

After treatment with the extract, the increase in the apoptotic

cells including the characteristics of apoptotic cells and evident

as seen in the DNA fragmentations which form important

hallmarks of apoptosis. On the other hand, the control group

showed no increase of apoptotic cells with no evidence of DNA

fragments. This phenomenon is indicative of ethyl acetate

extract specifically inducing apoptosis of cancer cells (Figure 3).
Acute oral toxicity study of ethyl acetate
extract of Spirastrella pachyspira

The tabulated results indicates that there were no treatment

related deaths, abnormal clinical signs or remarkable body

weight changes (Tables 1, 2) observed. There was also no gross

pathological changes seen in all animals. Based on the above

results, the LD50 of the investigated drug was higher than 2000

mg/kg b.wt. indicating that the test drug is in the “category-5 or

unclassified” in accordance to the globally harmonized system of

classification of chemicals.
Anticancer potential of ethyl acetate
extract of Spirastrella pachyspira against
SK-BR-3 cells-induced mammary tumor
in athymic nude mice

The survival index of the animals was 66.67% indicating that

the decrease in the survival index seen is contributed by the tumor
frontiersin.org
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burden of the mice. In comparison, the index was 83.33% in

treated mice when compared to the standard doxorubicin (100%)

which revealed a decrease in the tumor burden of the treated mice

(Table 3). To date, literature review indicated that the in-vivo

antitumorigenic study of ethyl acetate extract of Spirastrella

pachyspira has not been previously reported. In the present

study the ethyl acetate extract suppressed HER2 positive tumor.

At baseline, all four groups of athymic mice had a tumor volume

in the range of 100-110 mm3. The representative images on the

final day of treatment indicated the presence of a visible tumor in

the control mice (tumor volume of 90.88 mm3). In comparison,
Frontiers in Marine Science 07
visually the tumor had almost disappeared in doxorubicin-treated

mice with a negligent tumor volume of 14.66 mm3. In the case of

ethyl acetate-treated mice the tumor volumes were also lower

(29.16 mm3 for 100 mg/kg b.w. and 22.30 mm3 for 200 mg/kg

b.w.). On the 15th day of treatment, measurement of tumor

volume at both doses of Spirastrella pachyspira ethyl acetate

extract showed a significant reduction in tumor volume with a

p<0.01 when compared to the control (Table 4 and Figure 4).

Overall, the tumor reduction substantiated the antiproliferative/

cytotoxic property of ethyl acetate extract of Spirastrella

pachyspira with an IC50 value of 0.04 μg/ml.
FIGURE 3

Apoptotic morphological evaluation of SK-BR-3 cells by DAPI staining (inverted fluorescence microscopy, 200x). (A) Control group, Healthy SK-BR-3
cancerous cells without blue fluorescence, (B) Treatment with ethyl acetate extract of Spirastrella pachyspira (10 mg/ml) and (C) Treatment with ethyl
acetate extract of Spirastrella pachyspira (30 mg/ml), showed condensed and fragmented apoptotic bodies with blue fluorescence and nuclear or
chromatin condensation.
FIGURE 2

Concentration versus % growth inhibitory rate of the extracts in SK-BR3 cells.
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Histopathology

Hematoxylin & Eosin (H & E) staining shows that tumors

from untreated mice have fibrous stromal proliferation and

infi ltrating tumor cells that are crowded, enlarged,

pleomorphic and with hyperchromatic nuclei (Figure 5). In

doxorubicin-treated mice, the tumors have almost disappeared.

Since the change in tumor size was very obvious, only the skin of

the athymic mice was used for the H & E staining. The H & E

staining of doxorubicin-treated mice indicated that the skin had

normal epidermis, dermis, hair follicle, sebaceous gland, adipose

tissues, connective tissues and muscles. However, the H & E

staining of the mice treated with the ethyl acetate extract (100

mg/kg) revealed tumor cell nested in a circumscribed and

nodular pattern within the breast stroma. The H & E staining

of mice treated with a higher concentration of the ethyl acetate

extract (200 mg/kg) indicated negligible tumor size and revealed

skin with normal epidermis, dermis, hair follicle, sebaceous

gland, adipose tissues, connective tissues and muscles

indicating the potential anticancer activity of the extract.
Interaction of sphingosine with
extracellular region of HER2 protein

Sphingosine, a bioactive molecule, was selected to dock with

the HER2 extracellular area. Since the binding site is only found
Frontiers in Marine Science 08
in domain IV, the search was limited to the particular said

domain. A binding site prediction tool was used to predict the

binding site followed by evaluation of the maximum number of

sites. The ligands were docked against the extracellular area with

typical accuracy. Subsequently, the docked postures were

examined. It was discovered that sphingosine interacted with

ASP570, PRO571, and CYS601, i.e. the domain IV’s second and

third loops with a docking score of -2.036 Kcal/mol. Additionally,

Several orientations were also discovered to interact with the

residues ASP560, GLU558 and PRO571. Since the second and

third loops were demonstrated to generate conformational

changes for inhibition, comparable sphingosine interactions

were investigated. The binding position of sphingosine was

compared to that of the standard drug trastuzumab used in the

treatment of HER2 inhibition (Figure 6).
Discussion

The leading cause of cancer death among women worldwide

is advanced breast cancer. Recent advances in genomics-

proteomics and drug delivery allow for a better understanding

of the molecular pharmacology of cancer and have challenged

researchers to design target-based treatments (Kumar and Adki,

2018; He et al., 2020). Nevertheless, the presence of the human

epidermal growth factor receptor 2 (HER2) plays a role in

detecting breast cancer tumors (Mitri et al., 2012). Elevated
TABLE 2 Gross pathological observation of individual animals.

Group Treatment Animal
ID

Organs Observations

I Step I (2000 mg/kg b.wt.) 1 Skin, eyes, brain, lungs, heart, thymus, liver, kidney, adrenals, spleen, skeletal muscles and
sex glands

No abnormality
detected

2 No abnormality
detected

3 No abnormality
detected

II Step II (2000 mg/kg b.wt.) 4 No abnormality
detected

5 No abnormality
detected

6 No abnormality
detected
TABLE 1 Body weight of the experimental animals.

Group Treatment Body weight (g)

Day 0 Day 7 Day 14

I Step I (2000 mg/kg b.wt.) 18.59 ± 0.37 21.15 ± 0.97 24.11 ± 0.58

II Step II (2000 mg/kg b.wt.) 19.22 ± 0.46 22.53 ± 0.54 24.30 ± 0.97
fro
Values are expressed in mean ± SEM; n=3.
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HER2 receptor is a key factor in HER2-positive breast cancer cell

proliferation, viability, and invasion. The MAPK and PI3K/AKT

pathways are two of the main signaling pathways that HER2

activates. HER2 has thus become a key focus for the therapy of

breast cancer (Ren et al., 2014). HER2 is found abundantly in the

plasma membrane of SKB-R3 cells, a well-known breast cancer

cell line that overexpresses HER2 and is used in numerous in-

vitro studies. Cancer cure and therapy is remain challenging

despite huge investment made in research for novel discovery of

anticancer drugs. The oncological field has looked at a variety of

sources, including plants, animals, and minerals, in an effort to

find new molecular medicines. Secondary metabolites found in

abundance in marine sponges have intriguing chemopreventive

and chemotherapeutic effects on tumors (Calcabrini et al., 2017).

There are few marine-derived drugs being used to treat

cancer including cytarabine (Cytosar-U®) and trabectedin

(Yodelis®), and more than 20 are undergoing phase II–III

clinical trials (Jimenez et al., 2018). The present study with

ethyl acetate extract of Spirastrella pachyspira affirmed the

anticancer activity on SKB-R3 breast cancer cell line. The

toxicity of ethyl acetate extract of Spirastrella pachyspira was

found active against SKBR3, with cell viability decreasing with

increasing drug concentration. These findings were consistent

with those of other marine sponges reported in previous

investigations (Malhão et al., 2019; Elissawy et al., 2021).

Since the permeability of the DAPI stain in the live cell is

very limited, the control cells exhibit very little fluorescence,
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whereas in the apoptotic cells, the cell membrane was damaged

allowing the DAPI stain to penetrate the cell easily to exhibit a

bright fluorescence (Li et al., 2003; Ansil et al., 2014; Elissawy

et al., 2021). The ethyl acetate extract of Spirastrella pachyspira

treated cells showed apoptotic changes in a concentration-

dependent manner like DNA fragmentation or nucleus/

chromatin condensation. The DAPI assay of ethyl acetate

extract of Spirastrella pachyspira is a confirmation of its

apoptotic potential. The results are well comparable with

previous studies carried out on natural products (Kapuscinski,

1995; Wang et al., 2018).

The findings from acute toxicity studies indicated that the

LD50 value was greater than 2000 mg/kg falls in category -5 or

“unclassified” in accordance to the Globally Harmonized System

of Classification of Chemicals (Pratt, 2002). Further, the survival

index (83.33%) and tumor volume on the 15th day in a xenograft

model in athymic mice is a clear indication that the ethyl acetate

extract of Spirastrella pachyspira has been potential candidate as

an anticancer agent. The findings above were very comparable to

existing literature (Meyer et al., 2015; Puchalapalli et al., 2016;

Ruiz-Torres et al., 2017)

Additionally, in our earlier laboratory research, we have

isolated and characterized sphingosine, a key bioactive

compound of the ethyl acetate extract of Spirastrella

pachyspira. According to earlier studies, sponge-derived

phytosphingosine sulfates exhibited a range of biological

properties. In particular, they showed significant cytotoxicity
TABLE 4 The effect of ethyl acetate extract of Spirastrella pachyspira on tumor volume of athymic mice bearing s.c. SK-BR-3 tumor.

Group Treatment Tumor volume (mm3)

Day -7 Day 0 Day 3 Day 6 Day 9 Day 12 Day 15

I SK-BR3-induced + Vehicle 90.61 ±
11.15

107.77 ±
10.00

94.05 ± 2.55 100.64 ±
11.95

109.81 ±
13.21

88.45 ±
6.02

90.88 ± 8.39

II SK-BR3-induced + Doxorubicin
(1 mg/kg b.wt., i.p.)

82.02 ±
11.64

104.51 ±
9.79

49.92 ±
5.83**

40.87 ±
7.17**

36.37 ±
3.69**

27.13 ±
3.16**

14.66 ±
1.88**

III SK-BR3-induced + Ethyl acetate extract of Spirastrella
pachyspira
(100 mg/kg b.wt., p.o.)

87.34 ±
14.04

101.27 ±
4.73

59.76 ±
1.63**

51.74 ±
10.31**

38.56 ±
5.56**

40.11 ±
5.81**

29.16 ±
3.65**

IV SK-BR3-induced +Ethyl acetate extract of Spirastrella
pachyspira
(200 mg/kg b.wt., p.o.)

75.78 ±
14.26

109.38 ±
8.73

59.09 ±
5.26**

44.77 ±
5.58**

32.39 ±
1.72**

26.59 ±
1.78**

22.30 ±
1.76**
fro
Values were expressed as mean ± SEM (n = 6); **p < 0.01 vs group I.
TABLE 3 The effect of ethyl acetate extract of Spirastrella pachyspira on the survival index of athymic mice bearing s.c. SK-BR-3 tumor.

Group Treatment Number of animals Survival index (%)

Day 0 Day 15

I Control + Vehicle 6 4 66.67

II Doxorubicin (1 mg/kg b.wt., i.p.) 6 6 100.00

III Ethyl acetate extract of Spirastrella pachyspira (100 mg/kg b.wt., p.o.) 6 5 83.33

IV Ethyl acetate extract of Spirastrella pachyspira (200 mg/kg b.wt., p.o.) 6 5 83.33
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against a number of cancer cell lines that was on broadly well

comparable with standard doxorubicin and cisplatin (Alam

et al., 2002; Jang et al., 2012). In the current study, we

postulated that inhibiting HER2 positive breast cancers may be

achieved by targeting the HER2 protein using sphingosine. As

approach is based on the pharmacophore properties provided by

the known inhibitors, 3D-QSAR pharmacophore-based drug

discovery has grown in popularity for identifying potential

novel lead candidates. One monoclonal antibody, trastuzumab,

is used as first-line therapy for HER2-overexpressed breast

cancer. However, trastuzumab administration has some side

effects and may result in cancer resistance (Ratnasari et al.,

2018). Sphingosine demonstrated a potent HER2 inhibitory

activity based on docking energies, and the results are highly

comparable to standard trastuzumab and the existing study

findings (Satyanarayanajois et al., 2009; Arannilewa et al.,

2018). Nonetheless, several potential therapeutic ideas derived

from sponges have stagnated in clinical trials due to instability,

toxicity, less potency or pharmacokinetics issues (Ramanjooloo

et al., 2021; Varijakzhan et al., 2021). In addition to the

significant effect of this bioactive compound, further research

into exploiting it into nanocarriers has been envisioned and

initiated (Ramanjooloo et al., 2021). Nanoencapsulation or

conjugation of bioactive substances in carriers such as

liposomes may increase a number of properties, including

targeted delivery to the active site, solubility, stability, and

protection against degradation, hence boosting bioavailability.

Examples based on prior research include the utilization of

sponge Haliclona sp. spicules (SHS) and liposomes on a skin

model (Zhang et al., 2019; Liang et al., 2020), water-insoluble

chemicals, avarol generated from the marine sponge Dysidea

avara (Nakarada et al., 2020), and others with notable results.
Frontiers in Marine Science 10
The capacity of various diseases to attack different parts of body

locations can increase the likelihood that specific treatments will

be developed in the near future (Anjum et al., 2016). Overall,

sphingosine appears as a potential candidates for further in-vitro

and in-vivo studies for the evaluation of anticancer activity.
Conclusions

As far as we are aware, this is the first investigation into the

anticancer properties of Spirastrella pachyspira and its main

active molecule, sphingosine, in response to breast cancer. The

results of the current study proved that ethyl acetate extract of

Spirastrella pachyspira showed potential cytotoxic effect against

the SK-BR3 breast cancer cell line. Our findings also showed that

ethyl acetate extract of Spirastrella pachyspira had anti-cancer

properties on SK-BR3 cells that are overexpressing the HER2

gene. The major molecule sphingosine has demonstrated

through molecular docking that it may be a promising drug-

like candidate for the treatment of breast cancer. In terms of

binding energy, sphingosine demonstrated high affinity for

HER2 in comparison to the standard drug Trastuzumab,

indicating that this molecule may have comparable or even

greater therapeutic efficacy to Trastuzumab. Overall, we believe

that Spirastrella pachyspira (marine sponge) can be essentially

studied further for the development of potent anti-breast cancer

medicines, and to prove its activity is mainly due to the presence

of sphingosine. More detailed studies are needed to establish the

proper role of Spirastrella pachyspira and its major bioactive

molecule sphingosine for their therapeutic application and aid in

the ongoing battle against breast cancer.
FIGURE 4

The effect of ethyl acetate extract of Spirastrella pachyspira on tumor volume of athymic mice bearing s.c. SK-BR-3 tumor.
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FIGURE 5

Representative images of the control, ethyl acetate extract, doxorubicin-treated tumor and its histopathology findings in athymic mice.
(A) Control mice with vehicle, (B) Control mice tumor (H & E, 400 X), (C) Doxorubicin-treated (1 mg/kg), (D) Doxorubicin-treated skin (H & E,
400X), (E) Ethyl acetate extract-treated (100 mg/kg b.wt.), (F) Ethyl acetate extract of Spirastrella pachyspira-treated (100 mg/kg b.wt.) (H & E,
400 X), (G) Ethyl acetate extract of Spirastrella pachyspira-treated (200 mg/kg b.wt.), (H) Ethyl acetate extract of Spirastrella pachyspira-treated
(200 mg/kg b.wt.) (H & E, 400 X).
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FIGURE 6

Binding site similarity of sphingosine and trastuzumab (A) interaction of sphingosine with extracellular site of HER2 (B) Binding pattern of
sphingosine with extracellular pocket of HER2 (C) binding pattern of trastuzumab with extracellular pocket of HER2.
FIGURE 7

Future applications of liposomes functionalized with heptapeptide-loaded Spirastrella pachyspira extracts against breast cancer cells. The
heptapeptide LTVSPWY has a high affinity for human mammary adenocarcinoma SK-BR3 cells; thus, it can be used to deliver bioactive
compounds from Spirastrella pachyspira’s extract to cells for internalization, which may result in significant apoptosis when the effects are
combined together.
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Future perspectives

Recent scientific advances in the use of liposomes against

breast cancer have established the feasibility of a variety of

targeting strategies, including peptide-based strategies. As for

future perspectives, we believe that the use of small molecules

such as peptides will enable a greater penetration of bioactive

moieties into the cell. In addition, the use of liposomes to

enhance drug delivery to the targeted site while increasing

bioavailability is also important. These strategies may address

issues associated with natural products, such as toxicity and

rapid clearance from the systemic circulation, while also

advancing the clinical relevance of these drug delivery systems

and improving their anticancer potentials (Figure 7).
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