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PREFACE

Cancer is a complex group of diseases characterized by uncontrolled cell growth and the ability
to invade surrounding tissues and metastasize to distant organs. It remains a leading cause of
mortality worldwide, necessitating innovative therapeutic approaches. Unlike conventional
therapies, which often cause significant side effects, natural products tend to exhibit lower
toxicity and greater selectivity toward cancer cells. Their potential for discovery of novel
mechanisms of action makes them a valuable resource for developing safer and more effective

anticancer drugs.

The introductory chapter 1 provides a comprehensive introduction to natural products and
their pivotal role in drug development, emphasizing their importance as a source of bioactive
compounds. The chapter explores the pharmacological potential of Aphanamixis polystachya,
a plant renowned for its diverse secondary metabolites with therapeutic applications. A detailed
overview of cervical cancer is presented, highlighting its global prevalence and the limitations
of existing treatments. The role of natural products in addressing these challenges is thoroughly
discussed, showcasing their potential to offer safer and more effective alternatives. This
foundation sets the stage for the subsequent exploration of phytomolecules with anticancer

properties.

Chapter 2 explores the extraction, isolation, and characterization of bioactive phytomolecules
from Aphanamixis polystachya, focusing on compounds with anticancer potential. Niloticin,
one such compound, is evaluated for its apoptotic effects on HeLa cervical cancer cells. It
exhibits selective toxicity, sparing non-cancerous cells. In-depth molecular studies reveal
niloticin’s interactions with apoptotic proteins, triggering both intrinsic and extrinsic apoptosis
pathways. Additionally, its anti-metastatic properties are highlighted, showing inhibition of
cancer cell proliferation and invasion. Through in silico docking, molecular dynamics
simulations, and in vitro assays, niloticin demonstrates significant promise as a targeted

anticancer therapy.

Chapter 3 shifts the focus to prieurianin, the second potent compound selected for in-depth
evaluation, with an emphasis on its apoptotic efficacy in the SiHa cervical cancer cell line.
With an IC50 value of 3.9 uM, prieurianin demonstrates strong anticancer activity, triggering

programmed cell death. The chapter outlines various assays, including live/dead,

Xviii



APOPercentage, and Annexin V assays, to assess the compound’s apoptotic effects.
Additionally, prieurianin’s ability to activate the caspase cascade and induce cell cycle arrest
is explored, highlighting its potential in halting cancer cell proliferation. Molecular analysis of
apoptosis markers shows prieurianin’s ability to engage both intrinsic and extrinsic apoptotic
pathways. The chapter concludes with an exploration of prieurianin’s anti-metastatic potential,
demonstrated through scratch wound and colony formation assays, and its ability to

downregulate the Ki-67 proliferation marker.

Chapter 4 focuses on the comparative evaluation of prieurianin and niloticin’s anti-metastatic
and anti-angiogenic properties in 4T1 triple-negative breast cancer cells and EaHy 926
endothelial cells. The chapter explores the apoptotic potential of both compounds in aggressive
breast cancer cells using various assays, confirming their ability to induce apoptosis. It further
investigates their anti-metastatic effects through colony formation, scratch wound, and
invasion assays, demonstrating significant inhibition of cancer cell migration and invasion.
Protein expression analysis reveals the downregulation of key metastatic markers, highlighting
their potential to target metastatic pathways. By employing a range of assays and techniques,
including molecular docking, this chapter underscores the therapeutic promise of prieurianin
and niloticin as multi-target anticancer agents, with potential clinical applications in cancer

treatment.

Xix



Chapter 1

Chapter 1

An Overview of Plant-derived Compounds in Anti-cancer Potential:

current perspectives of Aphanamixis polystachya

Abstract

Natural products have long been a source of medicinal compounds, playing a critical role in
drug discovery and development. Their bioactive compounds offer valuable pharmacological
properties for treating a range of diseases, including cancer. One such natural product is
Apamanamixis polystachya, a plant known for its medicinal properties. Research into its
pharmacology has shown promising effects against various diseases, including cervical
cancer. This conclusion discusses the importance of natural products in drug development, the
role of Apamanamixis polystachya in pharmacology, and its potential application in the
treatment of cervical cancer, highlighting the broader significance of natural products in

cancer therapies.

1.1 Introduction to Natural Products in Drug Discovery

Natural products have long served as a cornerstone in drug discovery, offering unparalleled
chemical diversity and biological relevance. These compounds, derived from plants,
microorganisms, and marine organisms, have provided the foundation for many life-saving
drugs across a variety of therapeutic areas. Their complex and diverse structures, often rich in
stereochemical and functional diversity, make natural products uniquely suited for interaction
with biological targets. Despite shifts in the focus of pharmaceutical research and development,
the role of natural products in addressing global health challenges, including cancer, infectious
diseases, and metabolic disorders, remains irreplaceable (1). This introduction delves into the
historical significance, ongoing challenges, technological advancements, and future potential
of natural product-based drug discovery, reflecting the wealth of information already

discovered.

1.1.1 Historical Significance of Natural Products
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For centuries, natural products have played a significant role in the treatment of diseases. The
discovery of penicillin in the early 20th century revolutionized modern medicine, marking the
beginning of the antibiotic era and saving countless lives. Similarly, the identification of taxol
from the Pacific yew tree (Taxus brevifolia) introduced a powerful chemotherapeutic agent
that transformed cancer treatment (2). Another notable example is artemisinin, a compound
derived from Artemisia annua, which remains a cornerstone in the fight against malaria. These
breakthroughs underscore the transformative potential of natural products. Traditional
medicine systems, such as Ayurveda and Traditional Chinese Medicine (TCM), have long
relied on natural products for therapeutic purposes. Plants like Catharanthus roseus, the source
of the anticancer agents vinblastine and vincristine, have been used for centuries in traditional
remedies before their active compounds were isolated and validated through modern science.
The sustained importance of natural products is reflected in their prevalence among FDA-
approved drugs; over 50% of approved drugs can be traced back to natural sources or inspired
by their molecular frameworks. This enduring legacy highlights nature’s unmatched capacity
to inspire therapeutic innovation. Natural products also hold historical importance in
combating infectious diseases. For example, streptomycin, the first antibiotic effective against
tuberculosis, was derived from the bacterium Streptomyces griseus. Similarly, tetracycline,
erythromycin, and rifamycin were all derived from natural microbial sources (3). These
discoveries not only saved lives but also revolutionized the field of microbiology by
demonstrating the therapeutic potential of microorganisms.

1.1.2 Decline and Revival in Natural Product Research

The mid-20th century saw a surge in natural product-based drug discovery, driven by the
success of antibiotics and other bioactive compounds. However, the subsequent rise of
combinatorial chemistry and high-throughput screening led to a decline in natural product
research. Pharmaceutical companies shifted focus toward synthetic libraries, attracted by the
perceived simplicity of generating and optimizing synthetic molecules. Challenges in
accessing, isolating, and characterizing natural compounds further contributed to this decline,
alongside concerns about intellectual property rights and sustainable sourcing. Despite these

challenges, the limitations of synthetic libraries became increasingly apparent. Synthetic
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compounds often lack the structural complexity and bioactivity inherent to natural products,

leading to a renewed interest in nature’s chemical diversity (4).

The renewed interest in natural products is further fueled by the global health crisis posed by
antibiotic resistance. The alarming rise of multidrug-resistant bacteria has highlighted the
urgent need for new antimicrobial agents. Natural products, with their rich chemical diversity
and unique mechanisms of action, offer a promising solution to this challenge. For instance,
daptomycin, a lipopeptide antibiotic derived from Streptomyces roseosporus, has proven
effective against multidrug-resistant Gram-positive bacteria, exemplifying the therapeutic

potential of natural compounds.

1.1.3 The Role of Technology in Advancing Natural Product Research

Modern technologies have revolutionized the discovery and development of natural products,
addressing many of the historical barriers to their utilization. High-throughput screening (HTS)
methods now enable the rapid evaluation of complex natural product libraries, significantly
accelerating the identification of bioactive compounds. Automated and miniaturized systems
further enhance the efficiency of these processes, making them compatible with the demands
of modern drug discovery pipelines. Advances in genomics and metagenomics have opened
new frontiers in natural product research. By sequencing the genomes of microorganisms and
other natural sources, researchers can identify biosynthetic gene clusters responsible for
producing bioactive compounds. This approach has been particularly fruitful in uncovering
novel metabolites from previously unculturable microbes. Metagenomic techniques allow
scientists to explore the genetic material of entire microbial communities, revealing an

untapped reservoir of chemical diversity.

In addition to genomics, transcriptomics, and proteomics play critical roles in identifying and
characterizing natural products. These technologies enable researchers to study the expression
of genes and proteins involved in natural product biosynthesis, providing insights into their
regulation and optimization. Analytical technologies have also played a crucial role in
advancing natural product research. Techniques such as nuclear magnetic resonance (NMR)

spectroscopy, mass spectrometry, and X-ray crystallography enable the rapid and precise
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characterization of complex natural compounds, even in minute quantities. These tools have
streamlined the process of structural elucidation, allowing researchers to decode the intricate
architectures of natural products with unprecedented accuracy. Moreover, advancements in
imaging technologies, such as cryo-electron microscopy, are providing new ways to visualize

the interactions between natural products and their biological targets (5).
1.1.4 Therapeutic Potential of Natural Products

Natural products have made indelible contributions to a wide range of therapeutic areas,
cementing their status as indispensable resources in drug discovery. In oncology, compounds
such as taxanes (e.g., paclitaxel), camptothecins, and anthracyclines have become cornerstones
of cancer treatment, demonstrating potent efficacy against a variety of malignancies. These

agents exemplify the unique ability of natural products to target complex biological pathways.

S%/NM, 207,11 V- 142,7.5. B, 346,184
"

$%,65,32.

/
//
N, 71,38 - .
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SINM, 217, 115 ™% v vaccine, 2003
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S, 463,24.6./
aB =N =NB «ND =S S/NM =S§* =S*NM aV

Figure 1.1. Drugs Approved in Between 1981-2019 by FDA, J. Nat. Prod. 2020, 83, 770—803

The field of infectious diseases have also benefited immensely from natural products.
Antibiotics such as penicillins, cephalosporins, and macrolides have transformed the treatment
of bacterial infections, saving millions of lives worldwide. In recent years, the emergence of
antibiotic resistance has reignited interest in exploring new natural sources, particularly marine

and microbial environments, for novel antimicrobial agents.

Marine natural products have emerged as a particularly rich source of bioactive compounds.

For example, trabectedin, derived from the sea squirt Ecteinascidia turbinata, has shown
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remarkable efficacy as an anticancer agent. Similarly, ziconotide, a peptide isolated from the
venom of cone snails, has been approved for the treatment of severe chronic pain, highlighting
the therapeutic potential of marine-derived natural products. Cardiovascular medicine has been
revolutionized by the discovery of statins, which are derived from fungal metabolites. These
lipid-lowering agents have significantly reduced cardiovascular morbidity and mortality,
underscoring the clinical impact of natural products. Similarly, immunosuppressants such as
cyclosporine, tacrolimus, and rapamycin, all derived from natural sources, have enabled
groundbreaking advances in organ transplantation and autoimmune disease management.
Natural products are also being explored for their potential in emerging therapeutic areas, such
as neurodegenerative diseases and metabolic disorders. For instance, resveratrol, a polyphenol
found in grapes, has shown promise in preclinical studies for its neuroprotective and anti-
inflammatory effects. Similarly, berberine, an alkaloid derived from various plants, is being

investigated for its potential to treat type 2 diabetes and hyperlipidemia (1).

1.1.5 Challenges and Emerging Opportunities of Natural Product Research

While the potential of natural products is immense, their development is not without
challenges. One major issue is the sustainable sourcing of bioactive compounds.
Overharvesting of medicinal plants and marine organisms poses a significant threat to
biodiversity, necessitating the implementation of sustainable cultivation and collection
practices. Synthetic biology and combinatorial biosynthesis offer promising solutions to these
challenges, enabling the production of natural products in laboratory settings while reducing

environmental impact.

Intellectual property rights and benefit-sharing agreements present additional hurdles. The
equitable sharing of benefits derived from natural resources, particularly those sourced from
indigenous communities, is essential to ensure ethical research practices. Frameworks such as
the Nagoya Protocol provide guidelines for addressing these issues, but their implementation

remains inconsistent across different regions.

Regulatory challenges also complicate the development of natural products. The complexity

of their structures often necessitates rigorous characterization and standardization, which can
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delay the approval process. However, advances in analytical techniques and quality control
methods are helping to streamline these efforts, paving the way for more efficient regulatory

pathways (6).

The future of natural product research lies in the integration of traditional knowledge with
cutting-edge scientific approaches. Omics technologies, including genomics, proteomics, and
metabolomics, are providing new insights into the mechanisms of action and synergistic effects
of natural compounds. Systems biology approaches, which emphasize the holistic
understanding of biological networks, are further enhancing our ability to elucidate the

multifaceted effects of natural products.

Collaborative efforts between academia, industry, and government agencies are essential to
overcoming resource and knowledge gaps. By fostering interdisciplinary partnerships,
researchers can leverage the strengths of different fields to accelerate the discovery and
development of natural products. Emerging fields such as organ-on-chip models, quantum
computing, and precision medicine are expected to play a pivotal role in advancing natural

product-based therapeutics (7).

Marine ecosystems represent a particularly promising frontier for natural product discovery.
With their unique biodiversity and chemical environments, marine organisms have already
yielded groundbreaking compounds. For example, salinosporamide A, derived from marine
actinomycetes, has demonstrated significant anticancer properties. Similarly, eribulin
mesylate, a synthetic analog of the natural product halichondrin B, derived from marine
sponges, has shown efficacy in treating metastatic breast cancer. These examples underscore
the untapped potential of marine ecosystems as reservoirs of novel bioactive compounds (1).
Recent advances in synthetic biology have further enhanced the ability to harness natural
products from marine sources. By engineering biosynthetic pathways in microbial hosts,
researchers can replicate the complex structures of marine-derived compounds in a sustainable
and scalable manner. This approach not only addresses challenges related to sourcing but also

facilitates the generation of novel analogs with improved pharmacological properties.



Chapter 1

Plant-derived natural products continue to play a vital role in drug discovery. The field of
oncology has particularly benefited from plant-based compounds. Vinblastine and vincristine,
alkaloids derived from the Madagascar periwinkle, remain essential chemotherapeutic agents.
Podophyllotoxin, extracted from the rhizomes of Podophyllum species, serves as the precursor
for etoposide and teniposide, two drugs widely used in cancer treatment. Similarly,
camptothecin, a natural product isolated from the Chinese tree Camptotheca acuminata, has
inspired the development of topotecan and irinotecan, which are crucial in treating various

malignancies.s

The exploration of ethnomedicinal plants has provided valuable insights into the therapeutic
potential of natural products. Indigenous knowledge systems have guided the identification of
bioactive compounds, leading to the development of modern drugs. For example, aspirin was
developed from salicin, a compound found in willow bark that was historically used in
traditional medicine to treat pain and fever. Similarly, quinine, derived from the bark of the
cinchona tree, was a cornerstone in malaria treatment for centuries. These examples highlight
the importance of preserving and integrating traditional knowledge into contemporary drug

discovery efforts (8).

1.1.6 Expanding Therapeutic Horizons and Future Directions and Innovations

Beyond their established roles in treating infectious diseases and cancer, natural products are
being increasingly investigated for their potential to address emerging health challenges. The
rise of neurodegenerative disorders, such as Alzheimer’s and Parkinson’s diseases, has spurred
interest in natural compounds with neuroprotective properties. For instance, galantamine, an
alkaloid derived from the bulbs of Galanthus species (snowdrops), is used to manage cognitive
symptoms in Alzheimer’s disease. Similarly, curcumin, a polyphenol found in turmeric, is
being studied for its anti-inflammatory and antioxidant effects in neurodegenerative

conditions.

Metabolic disorders, including diabetes and obesity, represent another area where natural
products show promise. Berberine, an alkaloid extracted from various plants, has demonstrated

hypoglycemic effects in clinical studies, making it a potential candidate for managing type 2
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diabetes. Similarly, compounds such as mangiferin, found in mango leaves, and resveratrol,
present in grapes, are being explored for their roles in modulating metabolic pathways and

reducing the risk of cardiovascular diseases.

The immunomodulatory properties of natural products have also garnered significant attention.
With the advent of immunotherapy, natural compounds that enhance or regulate immune
responses are being actively investigated. For example, polysaccharides derived from
medicinal mushrooms, such as Ganoderma lucidum (reishi) and Lentinula edodes (shiitake),
have shown potential as adjuvants in cancer immunotherapy. These compounds stimulate the

activity of natural killer cells and enhance the body’s immune surveillance mechanisms (9).

The future of natural product research is poised to be shaped by interdisciplinary collaborations
and technological advancements. The integration of omics technologies—genomics,
proteomics, metabolomics, and transcriptomics—is enabling a deeper understanding of the
biosynthetic pathways and mechanisms of action of natural products. These insights are

facilitating the rational design and optimization of natural product-based therapeutics.

Advances in artificial intelligence (Al) and machine learning are revolutionizing the discovery
process by predicting the bioactivity of natural compounds and identifying potential drug
targets. These tools are accelerating the screening of vast natural product libraries and
uncovering novel structure-activity relationships. Furthermore, quantum computing holds
promise in simulating complex molecular interactions, paving the way for precision drug

design.

The emergence of precision medicine is aligning with the potential of natural products to offer
personalized therapeutic solutions. By integrating genetic, epigenetic, and environmental data,
researchers can identify patient-specific natural product interventions. For example, studies on
the gut microbiome have revealed that microbial metabolites, many of which are natural
products, play a crucial role in modulating host health. Leveraging these insights, microbiome-
based therapies are being developed to address conditions ranging from inflammatory bowel
disease to mental health disorders (10).

1.2 Applications of Natural products in Cancer Research

8



Chapter 1

Natural products have long been a cornerstone in cancer research, offering a diverse array of
bioactive compounds that have led to significant therapeutic advancements. Their multifaceted
mechanisms of action make them invaluable in addressing complex challenges in oncology,
including epigenetic modulation, targeting cancer stem cells (CSCs), overcoming drug

resistance, immunomodulation, and the discovery of novel anticancer agents.

e Epigenetic Modulation

Epigenetic alterations, such as DNA methylation and histone modification, play a pivotal role
in cancer development and progression. Natural compounds have demonstrated the ability to
modulate these epigenetic mechanisms, thereby influencing gene expression and tumor
behavior. For instance, certain natural products can interfere with the cellular epigenetic
machinery, affecting gene expression and DNA repair mechanisms. Additionally, some natural

compounds have been shown to modulate antitumor immunity through epigenetic changes,

enhancing the body's immune response against cancer cells (11).

Epigenetic
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Figure 1.2. Applications of natural products in cancer research
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CSCs are a subpopulation of tumor cells with self-renewal capabilities, contributing to tumor
recurrence and resistance to conventional therapies. Natural products have shown promise in
targeting CSCs by inducing differentiation, sensitizing them to chemotherapy, or directly
triggering apoptosis. For example, certain natural compounds have been found to induce cell
death in CSCs, cause CSCs to differentiate, or sensitize CSCs to conventional chemotherapy
treatments. This approach holds the potential to prevent metastasis and improve long-term

treatment outcomes (12).
e Overcoming Drug Resistance

Drug resistance remains a significant hurdle in effective cancer treatment. Natural products
offer alternative mechanisms to circumvent resistance, either by modulating drug efflux
pumps, altering apoptotic pathways, or enhancing the efficacy of existing chemotherapeutic
agents. For instance, epigenetic drugs (epidrugs) are a group of promising target therapies for
cancer treatment acting as coadjuvants to reverse drug resistance in various cancers.
Additionally, natural compounds have been shown to enhance chemotherapy by generating
intracellular signals that lead to cancer cell death (13).

e Immunomodulation

The tumor microenvironment plays a crucial role in cancer progression, with immune cells
being key components. Natural products can modulate the immune system, enhancing
antitumor immunity or alleviating immunosuppression within the tumor microenvironment.
Research has highlighted the potential of natural products in regulating immune responses

against cancer, offering avenues for novel immunotherapeutic strategies (14).
e Discovery of Novel Anticancer Agents

The structural diversity of natural products provides a vast reservoir for the discovery of new
anticancer agents. Compounds such as honokiol have exhibited pro-apoptotic effects across
various cancer cell lines, including melanoma, sarcoma, myeloma, leukemia, bladder, lung,
prostate, and colon cancers. Honokiol inhibits pathways like Akt and MAPK, regulates NF-xB
activation, and induces caspase-dependent apoptosis, showcasing its potential as a multifaceted

anticancer agent.
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One of the most compelling attributes of natural products is their ability to modulate multiple
oncogenic pathways simultaneously. Unlike synthetic drugs that typically target a single
molecular mechanism, natural products can interact with diverse biological targets, thereby
exerting a broad spectrum of anticancer effects. This multi-targeted approach is particularly
advantageous in combating drug-resistant cancers, which often exploit redundant signaling
pathways to evade therapeutic intervention. For example, curcumin, a polyphenol derived from
turmeric (Curcuma longa), has demonstrated the ability to inhibit the PI3K/AKT/mTOR, NF-
kB, and Wnt/B-catenin pathways, all of which are implicated in cancer progression and
metastasis. Additionally, curcumin modulates the expression of pro-apoptotic and anti-
apoptotic proteins, thereby promoting cell death in cancer cells while sparing normal tissues.
Such pleiotropic effects make natural products uniquely suited for addressing the complexity
of cancer biology.

The immunomodulatory properties of natural products further enhance their appeal as
anticancer agents. Cancer immunotherapy, which aims to harness the immune system to
combat tumors, has emerged as a groundbreaking approach in oncology. However, its efficacy
is often limited by the immunosuppressive tumor microenvironment (TME), which inhibits
immune cell activation and facilitates tumor escape. Natural products have shown promise in
overcoming this barrier by modulating the TME and enhancing immune responses. For
instance, polysaccharides extracted from medicinal mushrooms such as Ganoderma lucidum
have been found to stimulate dendritic cell maturation and promote T-cell activation, thereby
enhancing antitumor immunity. Similarly, saponins from Panax ginseng have demonstrated
the ability to inhibit the proliferation of myeloid-derived suppressor cells (MDSCs) and
regulatory T cells (Tregs), both of which contribute to immunosuppression in the TME. These
findings underscore the potential of natural products to serve as adjuncts to existing

immunotherapeutic strategies, such as immune checkpoint inhibitors and cancer vaccines (1).

The advent of nanotechnology has further expanded the therapeutic potential of natural
products. Nanoparticle-based delivery systems have been developed to address the limitations
associated with the poor solubility, stability, and bioavailability of many natural compounds.
These systems enable targeted delivery of natural products to tumor sites, thereby minimizing
systemic toxicity and enhancing therapeutic efficacy. For example, liposomal formulations of

11
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curcumin and paclitaxel have demonstrated improved pharmacokinetic profiles and increased
accumulation in tumor tissues, resulting in enhanced anticancer activity. Additionally, the use
of antibody-drug conjugates (ADCs) that incorporate natural product-derived cytotoxins has
emerged as a promising approach for achieving precision oncology. By coupling these
cytotoxins with tumor-specific antibodies, ADCs can deliver potent anticancer agents directly
to malignant cells while sparing normal tissues. Such innovations exemplify the synergy

between natural products and cutting-edge technologies in advancing cancer therapy.

Despite their immense potential, the development of natural products as anticancer agents is
not without challenges. The complex and often labor-intensive processes involved in their
isolation, structural characterization, and large-scale production pose significant barriers to
their clinical translation. Furthermore, the variability in natural sources and the lack of
standardized protocols for evaluating their efficacy complicate the drug development pipeline.
To address these challenges, interdisciplinary approaches that integrate advanced analytical
techniques, high-throughput screening, and computational modeling are being increasingly
employed. The use of omics technologies, such as genomics, proteomics, and metabolomics,
has also facilitated a deeper understanding of the molecular mechanisms underlying the
anticancer effects of natural products. These advancements have paved the way for the rational
design and optimization of natural product-based therapies, thereby accelerating their journey
from bench to bedside.

The integration of natural products into combinatorial treatment regimens represents another
promising avenue for enhancing cancer therapy. By leveraging their complementary
mechanisms of action, natural products can synergize with conventional chemotherapeutic
agents to overcome resistance and improve clinical outcomes. For instance, resveratrol, a
polyphenol found in grapes and berries, has been shown to sensitize cancer cells to doxorubicin
by modulating the expression of MDR-related genes and enhancing oxidative stress. Similarly,
berberine, an alkaloid derived from Berberis species, has been found to enhance the efficacy
of cisplatin and paclitaxel in various cancer models. Such combinatorial approaches not only
enhance therapeutic efficacy but also reduce the doses of chemotherapeutic agents required,
thereby mitigating their associated side effects. The advent of cancer immunotherapy marks a
transformative milestone in oncology, establishing it as a pivotal addition to traditional

12
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modalities such as surgery, radiotherapy, and chemotherapy. Distinguished by its ability to
harness and amplify the body's immune system to target malignancies, cancer immunotherapy
offers promising therapeutic efficacy with comparatively lower systemic side effects. Despite
these advancements, its application is predominantly effective in immunologically active
("hot™) tumors, such as metastatic melanoma and urothelial carcinoma, while facing substantial
limitations in treating poorly immunogenic (“cold™) tumors like triple-negative breast cancer
and colorectal cancer. The primary obstacle in expanding its efficacy lies in the tumor's
immunosuppressive microenvironment, which enables cancer cells to evade immune detection

and orchestrates mechanisms that resist immunotherapeutic interventions

The use of natural products in cancer therapy has emerged as a promising avenue to overcome
these challenges. Derived from diverse biological sources such as plants, microbes, and marine
organisms, natural products possess a broad spectrum of bioactive properties and have
historically contributed to a significant portion of anticancer drugs, including paclitaxel,
camptothecin, and vinblastine. These compounds exhibit multifaceted mechanisms of action,
influencing key oncogenic pathways and immune responses while maintaining a favorable
safety profile. Recent advancements in the understanding of tumor biology and immune
modulation have further underscored the potential of natural products as adjuvants in cancer

immunotherapy.

Despite these promising developments, the integration of natural products into mainstream
cancer immunotherapy faces challenges. These include the complex nature of their isolation,
structural characterization, and large-scale production. Furthermore, the inherent variability in
biological sources and the lack of standardized protocols for evaluating their efficacy pose
significant barriers to their clinical pOtranslation. Addressing these challenges requires a
multidisciplinary approach involving advanced analytical techniques, high-throughput
screening, and innovative pharmacological models. The recent resurgence of interest in natural
product research, driven by technological advancements and a deeper understanding of their

mechanistic roles, offers renewed optimism for their application in cancer therapy (15).

e Natural products in Anti-cancer potential

The utilization of natural products in medicine has a long and illustrious history, particularly

in the realm of cancer treatment. Natural products have played a pivotal role as sources of
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anticancer agents, either through direct application or as templates for the development of
synthetic derivatives. They have contributed significantly to the advancement of modern
oncology, addressing the limitations of traditional therapies such as surgery, radiation, and
chemotherapy. Despite the advent of sophisticated medical technologies, cancer remains one
of the leading causes of mortality worldwide, accounting for over 10 million deaths in 2020
alone. This alarming statistic underscores the need for innovative and effective treatment
options. Natural products, characterized by their structural diversity and biofunctional
properties, offer a promising alternative for combating this global health challenge.

Cancer is a complex and heterogeneous disease, comprising over 277 distinct types, each with
unique genetic and molecular profiles. Its pathogenesis involves multiple stages, including
initiation, promotion, and progression, during which normal cells acquire genetic mutations
that lead to uncontrolled growth and, in many cases, metastasis. Conventional treatments such
as chemotherapy and radiotherapy, although effective in targeting rapidly dividing cells, are
often accompanied by severe side effects, including myelosuppression, mucositis, and multi-
drug resistance (MDR). Furthermore, these treatments frequently lack specificity, leading to
damage to healthy tissues and organs. This has catalyzed a shift towards more targeted
therapies, including small molecule inhibitors and immunotherapeutics. However, even these
advanced approaches are not without limitations, as they too are susceptible to drug resistance
and off-target effects. Against this backdrop, the exploration of natural products as sources of

novel anticancer agents has gained renewed momentum (16,17).
1.3 Aphanamixis polystachya

Aphanamixis polystachya, a member of the Meliaceae family, is a well-known medicinal plant
distributed throughout tropical regions of Asia, including India, Malaysia, Indonesia, and
southern China (18,19,20). It has various vernacular names for different regions such as Pithraj,
Tiktaraj, Roina, Badhiraj (Bengali); Rohituka (English); Harin-hara, Harin khana (Hindi) and
Shan lian (Chinese) (21). Within the genus Aphanamixis, A. polystachya is the most prevalent
species in India. This plant is a tall, evergreen timber tree, reaching heights of 20-30 meters
with a girth of 1.5-1.8 meters. Its leaves are 30—60 cm long, arranged in either odd or even-
pinnate formations. The flowers, which are polygamo-dioecious, measure 0.6-0.7 cm in

diameter and typically feature five sepals. The fruits are characterized by their bitterness and
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have three valves that open to reveal numerous seeds surrounded by an orange or red aril (22).
Aphanamixis polystachya contains various bioactive compounds, including alkaloids,

flavonoids, terpenoids, and limonoids, which hold significant pharmacological importance

(23,24,25). The scientific classification of Aphanamixis polystachya is provided in Table 1.

Figure 1.3. A. polystachya tree, fruits and bark

Traditionally, various parts of the A. polystachya plant have been utilized to address a range of
health issues. The oil derived from its seeds is applied topically as a stimulating liniment for
rheumatism, as well as to treat blood disorders and as a healing agent for wounds. Additionally,
the seed oil is specifically favored for its efficacy in managing skin conditions (22). Notably,
the plant exhibits repellent and toxic properties against Tribolium castaneum, a common pest.
Furthermore, the dried seed powder, when consumed with water or milk, is ingested to alleviate
liver ailments and promote blood purification (26). The roots and flowers of A. polystachya,

often combined with coriander, are believed to aid in weight reduction (27).

Kingdom Plantae
Division Magnoliophyta
Class Magnoliatae
Subclass Rosidae

Order Sapindales
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Family Meliaceae
Genus Aphanamixis
Species Aphanamixis polystachya

Table 1.1: Scientific classification of Aphanamixis polystachya

Moreover, the bark is a strong astringent and is traditionally used to treat spleen and liver
diseases, as well as cardiac and hepatic disorders. Additionally, the hepatoprotective action of
the ethanol extract of its leaves has been demonstrated against carbon tetrachloride-induced
liver injury in rats. In Ayurveda, the traditional Indian medicinal system, Amoora rohituka is
revered for its therapeutic properties in managing various health issues such as blood disorders,
eye ailments, helminthiasis, ulcers, liver disorders, and splenomegaly (28). In specific regions
like the West and South districts of Tripura, India, ethnic communities utilize the bark and
leaves of A. polystachya to alleviate stomach pain and treat various skin-related conditions
(29). This widespread utilization of different parts of the plant underscores its importance in

traditional medicine across diverse cultures.
1.3.1 Phytochemistry of A. polystachya

The first phytochemical investigation of A. polystachya was carried out by Kundu et al. in
1967 resulting in the isolation of a tetranortriterpenes Aphanamixinin (30). Alessandra et al.
isolated two mexicanolide type and three polyoxyphragmalin type limonoids, along with two
known andirobin-type limonoids and three phenolic derivatives from the leaves and also
checked their interaction with chaperone protein Hsp90 (31). Recently Xiao et al. isolated a
rare C-24 appendage 5/6/5 fused-ring limonoid Aphananoid A. Other reported limonoids from
various parts of the plant are Aphanalide A-H, Aphanamolide A, Rohituka 1-14, kihadalactone
A, Amoorinin, and Aphanamixoid A-P. Aphanaperoxide E-H, novel diterpenes having rare
five-membered peroxide ring were isolated from the ethanolic extract of stem bark by Wu et.al
in 2013 (32-40). Xiapo et al. described the isolation of six new acyclic diterpenoids
Aphanamixins A-F and two known compounds nemoralisin and nemoralisin C. They evaluated
the absolute configurations of all stereogenic carbon centres by using auxiliary chiral a-
methoxy-a-(trifluoromethyl) phenylacetic acid (MTPA) derivatives and circular dichroism

(CD). Two nemoralisin diterpenoids Aphapolins A, containing a 4/5 fused ring system and
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Aphapolins B, possessing a benzofuran moiety were isolated from the stem and leaves of A.
polystachya. They also isolated a synthetic intermediate, in the total synthesis of
Aphadilactones A-D, as a natural product for the first time. In 2020 Zhen et al. reported two
novel heptanornemoralisin-type diterpenoids nornemoralisins A and B along with two known
compounds nemoralisin and nemoralisin A (41). Recently, Shang Xue et al. isolated three
acyclic diterpenes Aphanamoxene A-C and one norsesquediterpene Aphanamoxene D from
the ethanolic extract of seeds of A. polystachya (42). Only five sesquiterpenoids have been
reported from A. polystachya (43). Two novel guaiane-derived sesquiterpenoids, 6b,7b-
epoxyguai-4-en-3-one and 6b,7b-epoxy-4b,5-dihydroxyguaiane from the stem bark and 15-
hydroxy-a-cadinol, 1S,4S,5S,10R-4,10- guaianediol and 4(15)-eudesmene-15, 6a-diol from
the leaves and twigs (44,45). Harmon et al. in 1979 discovered a chromone alkaloid Rohitukine
(the first alkaloid from Meliaceae) from A. polystachya by acid-base workup of ethanol extract.
They also isolated a known flavonoid noreugenin from the alkaloidal extract (46). A new lignin
compound polystachyol, two lignin glycosides, lyoniside and nudiposide were isolated from
the methanolic extract of dried stem bark of A. polystachya by Sadhu et al. in 2006. From the
roots of A. polystachya Srivastava et al. isolated two flavone glycosides 8-methyl-7, 2, 4'-tri-
O-methyl flavanone-5-0-a-L-rhamnopyranosyl-(1—4)-4-D-glucopyranosyl-(1—6)-5-D
glucopyranoside and 8-C-methyl-5, 7, 3', 4'- tetrahydroxy-flavone-3-O-a-L-arabinopyranoside
(47). In 1985 Anjali et al. isolated another flavone glycoside 8-C-methyl-quercetin-3-0-5-D-
xylopyranoside, from the roots of A. polystachya (48).

// HO"Z OH // OH
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Figure 1.4. Reported compounds from A. polystachya

A. polystachya is known to possess a variety of pharmacological activities like anti-tumour,
anti- insecticidal, anti-microbial, anti-malarial, anti- inflammatory and antifeedant, etc. In the
year 1995, Rabi et al. studied the anticancer activity of ethyl acetate extract of the stem bark
of A. polystachya on mice inoculated with Dalton's lymphoma ascites cells (DLA) with an ICso
value of 9 ug/ml. Later in 2002, the same group also reported the cytotoxicity study of a
triterpene acid amoorarin and its methyl ester derivative on MCF-7 and HeLa cell lines. They
also reported that amoorarin induces apoptosis in human breast carcinoma cell MDA-468 via
the caspase activation pathway. In addition, this triterpene overcomes multidrug resistance in
human leukemia CEM and colon carcinoma SW620 cell lines. In 2013, Kong and coworkers
isolated 7 new prieurianin type limonoids and evaluated their insecticidal activity against four
pest species (S. avenae, P. xylostella, D. balteata, and C. elegans). From the result, they found
that molecules possessing o, B- unsaturated moiety showed good activity. Anti-bacterial and
anti-fungal properties of the methanolic extract of the stem bark of A. polystachya were carried
out by Chawdhary et al., by disc diffusion method and poisoned food technique respectively.

In 1997, MacKinnon et al., evaluated the ethanolic extract of the stem bark of A. polystachya
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for anti-malarial activity. In 2013 He et al., isolated new Aphanamixoid type compounds from
the leaves and checked their antifeedant activity. Among them Aphanamixoid A, having a new
carbon skeleton showed significant antifeedant activity against the larvae of two generalist
insects, Spodoptera exigua (0.052 umol/cm2), and Helicoverpa armigera (0.015 pmol/cm?2.
Lampronti and co-workers found that, a low concentration of ethanolic extract of stem bark is
effective in inhibited NF-kB/DNA interactions.

1.3.2 Pharmacological Relevance of A. polystachya
Anti-oxidant activity

Recent research has highlighted the detrimental effects of oxidative stress, which arises from
the damaging activities of free radicals within cells where antioxidants counteract this damage
(49). In vivo studies have revealed the remarkable antioxidant potential of polyphenolics found
in the ethanol extract of Aphanamixis polystachya leaf. When administered to mice models
intoxicated with CCls, this leaf extract significantly reduced and normalized levels of oxidative
stress markers such as thiobarbituric acid reactive substances (TBARS), nitric oxide (NO), and
advanced protein oxidation products (APOP) (P < 0.05). Moreover, this treatment notably
enhanced the activities of two natural antioxidant enzymes, catalase and superoxide dismutase
(SOD), in rats intoxicated with CCl4 (50). Further experiments on the A. polystachya fraction
(AP-110/82C) in rats, at doses of 50 and 100 mg/kg body weight, demonstrated a dose-
dependent improvement in oxidative stress. Hepatic glutathione and catalase levels increased,
while hepatic malondialdehyde levels decreased, indicating significant therapeutic potential
(51).

In vitro investigations on the antioxidant properties of ethanol acetate extracts from A.
polystachya fruit revealed robust free-radical scavenging activity against DPPH (2,2-
Diphenyl-1-picrylhydrazyl) and nitric oxide (NO) (52). Additionally, both carbon tetrachloride
and methanolic extracts from A. polystachya bark and leaf exhibited substantial DPPH (1,1-
diphenyl-2-picrylhydrazyl) free radical scavenging activity (53). Moreover, the study
determined ICso values for various antioxidant assays, suggesting the crude methanol extract
of A. rohituka as a rich source of natural antioxidants (54). Notably, A. polystachya bark extract
displayed nearly twice the efficacy of vitamin C in ABTS free radical scavenging activity and

ferric reducing antioxidant power (FRAP). The methanol and water, as well as aqueous
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methanol bark extracts, exhibited potent superoxide free radical scavenging activity,
approximately 16 times more efficient than vitamin C, as evidenced by their lower 1Cso values

of 7-8.3 ug/mL compared to vitamin C's ICso of 125 pg/mL.
Anti-inflammatory activity

The body’s immune system response can cause inflammation through the overproduction of
nitric oxide (NO) (55). However, extracts from various parts of the Aphanamixis polystachya
plant have exhibited significant anti-inflammatory properties by reducing NO production. In a
macrophage cell line, RAW264.7, nitric oxide (NO) generation induced by lipopolysaccharide
(LPS) was notably inhibited by aphamine and aphanamoxenes, which are acyclic diterpenes
and norsesquiterpenes found in the seed extracts of A. polystachya. The inhibition was
observed at concentrations of up to 50 uM, with IC50 values ranging from 6.71 to 17.6 pmol/L
(56,57). Additionally, Aphananoid A, a limonoid present in the leaf and twig extracts of A.
polystachya, also demonstrated a significant NO inhibitory effect in the RAW?264.7 cell line
(22). Furthermore, the acyclic diterpenes present in rohituka were found to decrease the levels
of inducible nitric oxide synthase (iNOS) protein, further emphasizing the potential anti-

inflammatory properties of A. polystachya extracts (58).

In a study evaluating the anti-inflammatory potential of various plant extracts, it was found
that hydroalcoholic extracts of Amoora rohituka stem bark resulted in a significant 53.3%
inhibition of carrageenan-induced rat paw edema at an oral dose of 100 mg/kg (59).
Additionally, triterpenoids and limonoids derived from rohituka root extracts exhibited high
anti-inflammatory activity in human neutrophils. Specifically, the production of superoxide
anion and secretion of elastase were inhibited by up to 86.65% and 78.36%, respectively, at a
concentration of 10 pg/mL in the presence of FMLP/CB. Furthermore, Aphanamixis
polystachya leaf extract was assessed in an anti-inflammatory study involving twenty-four rats
with acute paw edema. The results demonstrated decisive anti-inflammatory action, with
liposomal administration of the leaf extract increasing its potent anti-inflammatory efficacy
nearly twofold (60,61).

Antimalarial activity
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Plasmodium falciparum, the deadliest parasite responsible for malaria-induced anemia, poses
a significant global health threat (62,63). In combating this disease, research has explored
natural sources for potential antimalarial agents. One such source is Amoora rohituka, from
which an ethanolic wood extract displayed promising antimalarial activity with 1Cso values of
16.8 pug/mL in vitro (64). Additionally, rohitukine, a chromane alkaloid isolated from the
leaves and stems of Amoora rohituka, has been investigated for its potential as an antimalarial
agent. In an in silico study, rohitukine was assessed as a ligand targeting Plasmodium
falciparum enoyl-acyl carrier protein reductase (PfENR), a key enzyme involved in the
parasite's fatty acid biosynthesis pathway. The study revealed that rohitukine exhibited a
potential inhibitory effect against PFENR, as evidenced by a binding energy of -7.04 kcal/mol
(65). These findings suggest that rohitukine holds promise as a prospective antimalarial agent,

warranting further exploration in experimental settings.
Antiulcer activity

In the investigation of Amoora rohituka's potential as an antiulcer agent, both aqueous (AEAP)
and methanolic (MEAP) stem bark extracts were evaluated using various ulcer models in rats
at an oral dose of 200 mg/kg. The study encompassed indomethacin-induced ulcers, pylorus
ligation-induced ulcers, and stress ulcers induced by cold-water immersion. The results
revealed significant antiulcer efficacy for both extracts. MEAP and AEAP markedly reduced
the volume of free acidity, total acidity, and pH of gastric juice, indicative of their antiulcer
properties. Specifically, MEAP and AEAP exhibited substantial protection against pylorus
ligation-induced ulcers, reducing the ulcer index from 45.16 to 6.42 and 7.77, respectively,
with protection rates of 56.68% and 47.57%. Similarly, they demonstrated significant
protection against indomethacin-induced ulcers, with reductions in ulcer index from 16.43 to
7.12 and 8.2, respectively, and protection rates of 56.67% and 50.1%. Additionally, both
extracts provided protection against cold stress-induced ulcers, reducing the ulcer index from
13.7 t0 6.32 and 7.58, respectively, with protection rates of 53.9% and 44.7% (66).

Moreover, a compound isolated from Aphanamixis polystachya demonstrated noteworthy
protective effects against various types of induced gastric ulcers in mice. Specifically, it
provided significant protection against ethanol, cold restraint, and pyloric ligation-induced

gastric ulcers, with protection rates of 82.0%, 74.97%, and 50%, respectively. In ethanol-
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induced gastric ulcers in rats, rohitukine, a compound found in Amoora rohituka, exhibited
remarkable efficacy in preventing erosion formation and increasing prostaglandin E2 (PGE2)
levels, surpassing the reference medication sucralfate. Furthermore, the study demonstrated
that rohitukine could block gastric microsomal H+/K+ ATPase activity, indicating its potential

as an effective therapeutic agent for peptic ulcer disease.
Anthelmintic activity

Anthelmintic treatment primarily leads to flaccid paralysis in worms, rendering them immobile
(67). Aphanamixis polystachya's seed and bark extracts have demonstrated noteworthy
anthelmintic activity in a dose-dependent manner (68,69). Recent research highlights the
potency of the n-hexane seed extract, exhibiting a stronger anthelmintic activity with an LC50
value of 0.10 mg/ml compared to the standard albendazole, which had an LCso value of 0.15
mg/ml. Additionally, both chloroform and methanol extracts of seeds showed significant
anthelmintic activity, with an LCsg value of 0.156 mg/ml against Haemonchus contortus. In
studies targeting Pheritima posthuma earthworms, the methanolic extract of A. polystachya
bark demonstrated anthelmintic effects (70). The paralysis time for Pheritima posthuma was
notably reduced with increasing concentrations of the methanolic extract, with times ranging
from 35.66 to 25.66 minutes, and death times ranging from 52.33 to 38.33 minutes at
concentrations of 10, 20, 40, and 60 mg/ml, respectively. In comparison, the standard drug
albendazole induced paralysis and death at 56.20 and 77.40 minutes, respectively, at a
concentration of 10 mg/ml. These findings underscore the potential of A. polystachya extracts

as effective anthelmintic agents.
Anti-diabetic activity

Diabetes mellitus, a chronic condition characterized by elevated blood sugar levels
(hyperglycemia), is often associated with organ damage and various complications (71). One
such complication is dyslipidemia, marked by an increase in serum total cholesterol (TC),
triglycerides (TG), and low-density lipoproteins (LDL), alongside a decrease in high-density
lipoproteins (HDL) (72,73). In addressing these issues, research has explored the potential of
Aphanamixis polystachya leaves. A methanolic extract of these leaves, administered at doses
of 100 mg/kg and 200 mg/kg, demonstrated significant efficacy (P < 0.05) in reducing serum
glucose levels in streptozotocin (STZ)-induced diabetic rats. Moreover, this extract effectively
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modulated dyslipidemia by reducing TC, TG, and LDL levels, while increasing HDL levels in
diabetic rats at the same doses. The observed antidiabetic effects of A. polystachya may be
attributed to the presence of various bioactive compounds such as tannins, flavonoids,
saponins, and sterols in the methanolic leaf extract. These compounds are believed to facilitate
pancreatic B-cell regeneration and contribute to the reduction of blood sugar levels, thus
highlighting the potential therapeutic benefits of A. polystachya in managing diabetes and its
associated complications.

Laxative effect

Traditionally, Aphanamixis polystachya has been utilized as a remedy for constipation due to
its purported laxative properties (74). Recent investigations have delved into the efficacy of
various extracts from the stem bark of A. polystachya in this regard. At different dose levels
ranging from 250 to 400 mg/kg body weight, petroleum ether, dichloromethane, and methanol
extracts of A. polystachya stem bark have exhibited significant laxative effects in mice, as
evidenced by marked improvements in gastrointestinal motility (P < 0.01 and P < 0.001).
Furthermore, crude extracts of A. polystachya demonstrated a noteworthy enhancement in
gastrointestinal motility at a dose of 100 mg/kg (P < 0.05) (75). Despite these promising
findings, the precise mechanism underlying the laxative effect of A. polystachya extracts
remains elusive. Therefore, further research endeavors are imperative to elucidate and validate

A. polystachya's potential as a therapeutic laxative agent.
Antibacterial activity

Aphanamixis polystachya boasts a diverse array of bioactive compounds, including limonoids,
lignans, and phenolics, which endow it with substantial antibacterial properties (76). These
compounds operate through various mechanisms, such as inhibiting the signaling of auto-
inducer peptides (AIPs), and crucial quorum sensing (QS) mediators in Gram-positive bacteria
(77). Phenolics and limonoids, in particular, exhibit bactericidal effects and impede cell-cell
adhesion necessary for biofilm formation, a pivotal aspect of pathogenic bacteria's virulence
(78). In combating biofilm-related infections, leaf extracts from A. polystachya have shown
remarkable efficacy in preventing and disintegrating biofilms produced by Methicillin-
resistant Staphylococcus aureus (MRSA) strains, even at low concentrations. Moreover, A.

polystachya's antimicrobial prowess extends beyond biofilm disruption (79). Stem bark
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extracts of A. polystachya have been subjected to rigorous testing against 19 different bacteria
strains, showcasing significant antibacterial activity. The extracts exhibited substantial
inhibition zones against various pathogens, with diameters ranging from 7 to 30 mm,
depending on the bacterial strain and the extract used.

Furthermore, comparative studies have highlighted the varying efficacy of different parts of A.
polystachya. Bark extracts, particularly the methanolic variant, demonstrated superior
antibacterial activity against Escherichia coli, Pseudomonas sp., and Staphylococcus sp.
compared to leaf extracts. The disparity in effectiveness underscores the importance of
selecting the appropriate plant part for specific antimicrobial applications. In assessing the
minimum inhibitory concentrations (MICs), a critical metric for evaluating antimicrobial
efficacy, A. polystachya extracts exhibited potent activity against various bacterial strains.
Notably, the methanolic extracts from both leaves and bark demonstrated remarkably low MIC
values against E. coli, Pseudomonas sp., and Staphylococcus sp., underscoring their potent
antibacterial properties. Overall, these findings underscore the significant potential of
Aphanamixis polystachya as a valuable source of antimicrobial agents, paving the way for

further exploration and development of novel antibacterial therapeutics (80-86).
Anti-fungal activity

Fungi, omnipresent in diverse environments including indoors, outdoors, and even on our skin
and within our bodies, pose significant health risks by causing various diseases. Aphanamixis
polystachya, renowned for its rich repertoire of bioactive compounds, has emerged as a
promising source of antifungal agents. In particular, the fruits of A. polystachya harbor several
potent antifungal limonoids. Isolated compounds such as Chisocheton compound G,
Chisocheton compound E, and 6a-Acetoxyepoxyazadiradione VI have been scrutinized for
their efficacy against nine phytopathogenic fungi. Notably, compound 3 exhibited remarkable
antifungal activity, particularly against Sclerotium rolfsii, Fusarium oxysporum, and
Magnaporthe oryzae, showcasing its potential as an effective agent against various
phytopathogens. Further exploration into A. polystachya's fruit-derived limonoids uncovered
additional compounds like Aphapolynin and rohituka-15, demonstrating robust antifungal
activity against specific fungi strains such as Uromyces viciae-fabae and P. dissimile (87,88).

Additionally,  the  presence  of  amoorinin-3-O-a-L-rhamnopyranosyl-(1-6)-R-D-
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glucopyranoside in A. polystachya has shown inhibitory effects against Aspergillus niger and
Candida albicans, further expanding the spectrum of its antifungal arsenal. Moreover,
investigations into A. polystachya's bark extract have revealed moderate fungicidal properties
against several fungi strains, including Candida albicans and Aspergillus alliaceus. Similarly,
evaluations of A. polystachya's seed oil and alkaloid solution have unveiled varying degrees of
antifungal efficacy. The seed oil, for instance, exhibited notable effects against strains like D.
oryzae, while the alkaloid solution demonstrated potent inhibition against M. phaseolina
(89,90). Overall, the diverse array of antifungal compounds present in Aphanamixis
polystachya underscores its potential as a valuable source of novel antifungal agents,

warranting further exploration and development in the field of fungal disease management.
Thrombolytic effect

Thrombolysis, the process of dissolving blood clots using thrombolytic agents, is vital in
managing conditions like thrombosis. Aphanamixis polystachya, enriched with alkaloids,
flavonoids, tannins, and terpenoids, exhibits noteworthy thrombolytic properties. In particular,
studies have highlighted the potent thrombolytic effects of A. polystachya extracts. The
methanolic extract of A. polystachya demonstrated remarkable thrombolytic activity,
achieving a clot lysis of 23.49%, surpassing the control group's efficacy. Similarly, the n-
hexane extract exhibited moderate thrombolytic capabilities, with an 18.84% clot lysis rate.
Furthermore, investigations into A. polystachya seed extracts revealed their efficacy as
thrombolytic agents, particularly at a concentration of 10 mg/ml, where the methanolic extract
achieved a clot lysis of 23.49%. Additionally, A. polystachya fruit extracts displayed
significant thrombolytic activity at a concentration of 100 mg/ml, further underscoring the
plant's potential in thrombolytic therapy. Notably, the petroleum ether bark extract of A.
polystachya exhibited substantial thrombolytic activity across various concentrations, with clot
lysis rates of 19.01%, 13.81%, and 9.83% at 20, 10, and 5 mg/ml, respectively. These findings
were statistically significant compared to the negative control group (91,92). Overall, the
robust thrombolytic properties of Aphanamixis polystachya extracts highlight their potential as
effective agents in managing thrombotic disorders, warranting further exploration and

development in therapeutic applications.

Insecticidal activity
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Derived from the fruits of Aphanamixis polystachya, preurainin-type limonoids such as
Aphapolynin C-1, C-2, C-4, dregenana-1, and aphanalides (E-H) exhibit promising insecticidal
properties against various pest species, including S. avenae, P. xylostella, D. balteata, and C.
elegans. These compounds feature a, B-unsaturated lactone and 14,15-epoxy moieties,
contributing to their efficacy. Aphapolynin C-1 and Aphanalides H have demonstrated notable
inhibition of nicotine response, with ICso values of 3.13 ppm and 1.59 ppm, respectively.
Moreover, Aphanalides H exhibited inhibition of GABA response with an ICso value of 8.00
ppm. The seed extract of A. polystachya displays moderate inhibition against Sitophilus
zeamais, with a 27% inhibition rate. Additionally, it exhibits significant toxic effects on T.
castaneum, resulting in 42—-55% mortality within 72 hours at a dose of 100 pg/insect. Against
the pulse beetle Callosobruchus chinensis, the seed extract of A. polystachya demonstrates
substantial mortality rates, characterized by low LDsg values (10 pg/insect) and the shortest
LTso values (50hr/insect). Similarly, it exhibits high toxicity (37%) against rice weevils
(Sitophilus oryzae) at a dose of 100 pg/insect within 72 hours. Furthermore, the leaf, bark, and
seed powders hinder oviposition by weevils by 29.2%, 20.3%, and 29.6%, respectively, and
reduce egg survivorship. Seed extract of A. polystachya also displays significant toxic effects
on red flour beetles (Tribolium castaneum), causing mortality rates of 79.1% at a dose of 100

ug/insect, with the lowest LD50 values (32 pg/insect) among all insects studied (93,94).
Antifeedent activity

Aphanamixya polystachya extract yields limonoids such as Aphanamixoid C, Aphanamixoid
F, and Aphanamixoid G, characterized by a high olefinic bond spanning from C-2 to C-30,
rendering them effective antifeedants. Their ECso values are notably low: 0.017 pmol/cm2 for
Aphanamixoid C, 0.008 pmol/cm2 for Aphanamixoid F, and 0.012 pmol/cm2 for
Aphanamixoid G. In addition to these, Aphanamixoid A, found in leaf and twig extracts,
demonstrates antifeedant activity against the larvae of two generalist insects: beet armyworm
(Spodoptera exigua) and cotton bollworm (Helicoverpa armigera), with respective ECso
values of 0.052 umol/cm2 and 0.015 pmol/cm2. The seed extract of A. polystachya exhibits
moderate-feeding deterrent activity, inhibiting the feeding behavior of red flour beetles

(Tribolium castaneum) by 69.9%. Moreover, it demonstrates a moderate inhibition rate against
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Sitophilus zeamais (27%), as reported by Haque et al. (2000). Interestingly, it exerts a potent
effect (159.50) on feeding deterrence against rice weevils (Sitophilus oryzae) (95,96).

Hepatoprotective effect

Investigations have unveiled that liver fibrosis is primarily triggered by lipid peroxidation.
Under elevated oxygen partial pressure, trichloromethylperoxy radicals emerge, instigating
lipid peroxidation and reacting with aldehydes, notably monoaldehyde (MDA), detectable as
TBARS. A. polystachya leaf extract showcases a remarkable capacity to alleviate oxidative
stress, substantially reducing TBARS (p<0.005), NO (p<0.005), APOP (P<0.05), and the
inflammatory marker MPO (P<0.05). Additionally, it elevates the levels of endogenous
antioxidant enzymes such as catalase and SOD to nearly normal values (P<0.05). Catechin
hydrate, found in A. polystachya extract, demonstrates a remarkable capability to reverse liver
fibrosis. Moreover, A. polystachya leaf extract significantly reduces iron deposition, crucial as
iron accumulation in liver cirrhosis catalyzes free radical production. Furthermore, the extract
diminishes plasma levels of ASAT, ALAT, LDH, ALP, ACP, and bilirubin concentration
(P<0.05). Notably, the plasma enzyme levels and total bilirubin concentration are substantially
lowered, with ALP at 89.175, ALAT at 88.667, ACP at 81.264, ASAT at 75.432, LDH at
80.992, total bilirubin at 76.176, and total albumin at 71.524 (97-99).

CNS depressant

Inflammation plays a pivotal role in degenerative CNS disorders, such as Alzheimer’s disease,
often exacerbating disease progression and outcome, leading to cognitive impairment and,
ultimately, dementia. Studies conducted on mice with dementia have highlighted the
remarkable efficacy of A. polystachya liposomal formulation of leaf extract in ameliorating
locomotor activity and ambulatory behavior (P < 0.001). Demonstrating robust anti-
inflammatory activity (evaluated against acute edema, P < 0.001), the leaf extract also
significantly enhances spatial learning (p < 0.001). Beta-elemene, found in A. polystachya leaf
extract, boasts potent antioxidant and anti-inflammatory properties, effectively ameliorating
traumatic brain injury in rats by mitigating inflammation. Moreover, A. polystachya is rich in
ketone bodies, long recognized for their ability to enhance cognitive function in CNS
pathologies, including stroke. Furthermore, crude extract of A. polystachya has been shown to

extend the duration of thiopental sodium-induced sleeping time (p<0.001) (100-102).
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Analgesic activity

The synthesis of eicosanoids, including Prostaglandin-E and prostacyclin (PGI2), from
arachidonic acid via the cyclooxygenase pathway is a key contributor to the sensation of pain.
Through its ability to inhibit prostaglandin synthesis, the methanolic extract of A. polystachya
leaf and bark effectively reduces the number of writhing responses, indicative of its analgesic
properties. Notably, A. polystachya leaf extract demonstrates significant analgesic activity in
both the tail immersion test (p<0.001) and the hot plate method (p<0.05-0.001). Oral
administration of A. polystachya leaf extract results in remarkable inhibition (p<0.001) of the
writhing response. Moreover, A. polystachya bark extract exhibits dose-dependent analgesic
effects, with a 250 mg/kg body weight dose in mice demonstrating 40.69% writhing inhibition
(P<0.001), while a 500 mg/kg body weight dose leads to 62.07% writhing inhibition (P<0.001)
induced by acetic acid (103-104).

Repellent activity

Insect repellents serve as a barrier against insects and arthropods, preventing them from settling
on surfaces and biting or causing discomfort to individuals. These repellents offer an
alternative to insecticides and can be applied to the skin, clothing, or various surfaces. The
acetone seed extract of A. polystachya demonstrates remarkable repellency, particularly
against the red flour beetle (Tribolium castaneum), achieving 100% effectiveness. Even at
concentrations as low as 0.5% and 1.0%, the acetone seed extract exhibits significant
repellency, with rates of 88% and 93%, respectively. Moreover, the seed extract displays a
repellency effect of 44% against the pulse beetle (Callosobruchus chinensis). When evaluated
using the filter paper repellency method at doses ranging from 0 to 31 mg/cm2, A. polystachya
seed extract demonstrates fair repellency, reaching 67% effectiveness against rice weevils
(Sitophilus oryzae) (105).

Allelopathic effect

The allelopathic effect, where specific plant species accumulate allelochemicals in the soil,
significantly impacts the growth and germination of neighboring plants. A. polystachya
demonstrates notable allelopathic properties on various crops, including jute, mung bean,

mustard, radish, tomato, rice, and wheat. Both leaf and twig extracts of A. polystachya exhibit
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potent allelopathic activity. Leaf extract inhibits root growth by 90% in jute and significantly
affects the growth of mung bean, mustard, radish, tomato, rice, and wheat at varying
concentrations. Meanwhile, twig extract suppresses shoot growth in jute and significantly
impacts mustard, radish, tomato, rice, and wheat growth at different concentrations. For
instance, at 1:20 (w/v) concentration, leaf extract inhibits root growth by 90% in jute, while
twig extract at 1:2 (w/v) concentration suppresses shoot growth by 90% in the same crop.
Additionally, both extracts affect the growth of other crops like mustard, radish, tomato, rice,
and wheat, demonstrating varying levels of inhibition. Interestingly, Rohituka root extracts
show a positive effect on wheat shoot growth, increasing it by 45% at the same concentration.
These findings underscore the significant role of A. polystachya in influencing the growth

patterns of neighboring plant species through allelopathic interactions (106-108).
Anticancer activity

Aphanamixis polystachya exhibits remarkable potential as a natural anticancer agent due to its
selective cytotoxic effects against various cancer cell lines. In recent studies, the leaf extract
of A. polystachya in ethyl acetate has demonstrated anticancer activity against human breast
adenocarcinoma (MCF-7) and mouse undifferentiated carcinoma (EAC) cell lines, while
exhibiting relative safety for L929 cells. Significant anticancer effects, including cell toxicity
and apoptosis induction, were observed in MCF-7 cells with an 1Cso value of 9.81 pg/ml.
Additionally, A. polystachya leaf extract has shown cytotoxic activity against Huh-7 (human
hepatocellular carcinoma), DU-145 (human prostate cancer), and MCF-7 cell lines with 1Csg
values of 3 pg/ml, 3.5 pg/ml, and 13.4 ug/ml, respectively, in another study. Moreover, recent
identification of two novel cycloartane triterpenoids from the leaves and twigs of A.
polystachya, namely (24 R)-cycloartane-3,24,25,30-tetrol and (24 R)-24,25,30-trihydroxy-
9,19-cycloartane-3-one, has shown cytotoxic activity against various human cancer cell lines.
Furthermore, compounds isolated from the fruit and stem bark extract of A. polystachya,
including f-sitosterol, piscidinol A, and others, exhibited potent anticancer activity against
SKOV3 (ovarian cancer), MDA-MB-231 (breast cancer), and DU145 (prostate cancer) cell
lines. These compounds, such as polystanin and aphanamixin A, induced cell cycle arrest and

necrosis in DU145 cells in a concentration-dependent manner (109-114).

32



Chapter 1

Amooranin (AMR), a triterpene acid found in Amoora rohituka stem bark extract,
demonstrated cytotoxicity against various cancer cell lines, including MCF-7 and HeLa cells.
Additionally, AMR exhibited a chemo-sensitizing effect on doxorubicin hydrochloride (DOX)
cytotoxicity against multidrug-resistant leukemia and colon carcinoma cell lines by reversing
DOX resistance characteristics. Moreover, AMR was identified as a competitive inhibitor of
P-glycoprotein (P-gp) mediated DOX efflux, thus enhancing the cytotoxic effect of DOX. In
vivo and in vitro investigations further support the potential of AMR as a novel anticancer
drug, particularly for colon cancer. The ethyl acetate extract derived from stem barks has
displayed both in vitro (ICso: 9 pg/ml) and in vivo anticancer effects against Dalton’s
lymphoma ascites tumor. Further investigation into the anticancer potential led to the
identification of the methyl derivative of amooranin, known as Methyl-25 hydroxy-3-
oxoolean-12-en-28-oate (AMR-Me), which has shown significant efficacy as an anticancer
agent. To evaluate the in vivo anticancer efficacy of AMR-Me, mice were inoculated with
Dalton’s lymphoma ascites tumor cells. Administration of AMR-Me at doses of 1 and 3 mg/kg
resulted in enhanced survival rates of 121% and 133%, respectively. Additionally, in vitro
studies demonstrated that treatment with AMR-Me at concentrations ranging from 0.5 to 4 uM
suppressed the expression of the hTERT gene, induced apoptosis via the activation of the
caspase-3 cascade, and arrested the G2+M phase in human lymphoblastic leukemia CEM cells,
thereby inhibiting their proliferation. Moreover, AMR-Me was found to modulate intracellular
signaling pathways implicated in cancer progression. Specifically, it stimulated the p38
mitogen-activated protein kinase (MAPK) and c-Jun NH2-terminal kinase (JNK) pathways
while inhibiting the PI3K/Akt signaling pathway, leading to apoptosis of MCF-7 cells. These
findings underscore the potential of AMR-Me as a promising therapeutic agent for cancer

treatment.

Pancreatic carcinomas are notorious for their high frequency of mutations in the K-Ras gene,
with over 90% of cases exhibiting such mutations. In the realm of natural compounds, a novel
triterpenoid called aphanin, isolated from Amoora rohituka, has shown promising potential in
inhibiting K-Ras mutant activity. Acting on pancreatic cancer HPAF-1I (AKRASG12D) cell
lines, aphanin not only inhibits K-Ras mutant activity but also disrupts Akt signaling and c-
Myec, while activating STAT3 phosphorylation and the caspase cascade, ultimately leading to
apoptosis. Meanwhile, the bark extract of Aphanamixis polystachya, particularly in ethyl
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acetate form, has demonstrated remarkable abilities in mitigating radiation-induced
chromosomal damage in mice. Moreover, methanolic bark extracts from the same plant have
served as radio-sensitizing agents for mice bearing Ehrlich ascites carcinoma (EAC),
enhancing the radiation effect and inhibiting tumor growth. Interestingly, administering the
bark extract in split doses of 0.5 g/kg has proven more effective in increasing the survival rate
of mice compared to a single dose of 1 g/kg. However, it's noteworthy that the dichloromethane
extract exhibited superior anticancer activity compared to the ethyl acetate extract in EAC-
affected mice. Another noteworthy compound is the protolimonoid isolated from the root of
Amoora rohituka, which has shown promising anticancer activity against various cancer cell
lines, including HEp-2 (laryngeal carcinoma), Hep-G2 (hepatocellular carcinoma), A549 (lung
carcinoma), and MCF-7 (breast adenocarcinoma). Furthermore, rohitukine, a chromane
alkaloid originally isolated from the leaves and stems of Amoora rohituka, stands out as a
potent natural anticancer agent. It exhibits cytotoxicity against multiple human carcinoma cell
lines, particularly leukemia HL-60 and Molt-4, with concentrations of 10 umol/L and 12
umol/L causing 50% cell growth inhibition (115-118). These findings collectively highlight
the diverse potential of natural compounds in the fight against cancer.

1.4 Cervical cancer

Cervical cancer remains one of the most pressing gynecological health concerns worldwide,
ranking as the fourth most common malignancy in women. This condition is a significant
public health challenge, particularly in low- and middle-income countries (LMICs), where it
is also the fourth leading cause of cancer-related mortality. The prevalence of cervical cancer
is alarming, with approximately 18.1 million new cancer cases reported globally in 2018. The
burden is disproportionately higher in LMICs due to limited access to effective prevention,
screening, and treatment strategies. Early detection is crucial for successful management, yet
the lack of adequate screening programs in these regions often leads to delayed diagnosis and
poor outcomes. Sociocultural, economic, and systemic barriers further complicate the
implementation of widespread screening initiatives, highlighting the need for innovative and
scalable solutions to improve access to preventive care. A key driver of cervical cancer is
persistent infection with high-risk human papillomavirus (HPV) types, particularly HPV-16
and HPV-18. These oncogenic strains play a central role in the development of cervical cancer,
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with progression influenced by various biological and environmental factors. Dysregulation of
apoptotic pathways, such as the overexpression of Inhibitor of Apoptotic Proteins (IAPs) and
increased Vascular Endothelial Growth Factor (VEGF) levels, contributes significantly to
tumor growth and metastasis. Lifestyle factors, including smoking, exacerbate the risk by
impairing the immune response and promoting chronic inflammation. Additionally, immune
dysfunction, driven by genetic predispositions or external factors, allows cervical cancer to
evade immune surveillance. These insights into the disease’s pathogenesis have paved the way
for targeted therapies and immunotherapies aimed at restoring immune function and inhibiting
key molecular pathways. Despite advances in understanding cervical cancer’s underlying
mechanisms, current treatment options remain limited to surgery, radiation therapy, and
chemotherapy. While effective in some cases, these treatments are often associated with
significant side effects and limited efficacy in advanced stages. Consequently, there is an
urgent need for novel therapeutic strategies to improve outcomes while minimizing toxicity.
Emerging pipeline drugs and investigational therapies are reshaping the treatment landscape
by targeting specific molecular pathways. Clinical trials play a vital role in evaluating the
safety and efficacy of these new treatments, offering patients access to promising therapies not

yet widely available (119).

Research into dysregulated apoptotic pathways offers significant potential for advancing
cervical cancer treatment. Caspases, enzymes central to programmed cell death, are often
inhibited in cervical cancer, allowing cancer cells to survive and proliferate. Strategies to
restore caspase activity or inhibit anti-apoptotic proteins, such as IAPs, have shown promise
in preclinical studies. VEGF, a key regulator of angiogenesis, is another critical target.
Overexpression of VEGF promotes tumor growth and metastasis by encouraging the formation
of new blood vessels. Anti-angiogenic therapies, including VEGF inhibitors like bevacizumab,
have demonstrated efficacy in advanced cervical cancer, and research continues to explore

similar agents.

Immunotherapy represents a groundbreaking approach to treating cervical cancer by
harnessing the body’s immune system to combat the disease. Immune checkpoint inhibitors,
such as pembrolizumab, have shown promise in clinical trials. These agents block inhibitory

signals that prevent immune cells from attacking cancer cells. Combining immune checkpoint
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inhibitors with chemotherapy or radiotherapy is being explored to enhance their effectiveness.
Additionally, HPV vaccines, such as Gardasil and Cervarix, have proven effective in
preventing high-risk HPV infections. While vaccination programs have significantly reduced
HPV infection rates in high-income countries, challenges related to cost, infrastructure, and
awareness hinder their implementation in LMICs. Expanding vaccine access and integrating
them into national immunization programs could drastically reduce the global burden of
cervical cancer. Combination therapies are a promising avenue for improving outcomes. By
integrating targeted therapies, immunotherapies, and traditional treatments, these approaches
can enhance efficacy and reduce resistance. For example, combining VEGF inhibitors with
immune checkpoint inhibitors has shown potential in preclinical studies and is currently being
evaluated in clinical trials. Advances in genomics and bioinformatics have enabled the
identification of novel therapeutic targets, facilitating the development of precision medicine
approaches. However, challenges such as high costs, limited access to clinical trials, and
healthcare disparities must be addressed to ensure equitable access to these innovations.
Collaborative efforts among governments, healthcare organizations, and the pharmaceutical
industry are essential to overcoming these barriers (120).

1.4.1 Natural Products in Cervical Cancer Research

Cervical cancer is the fourth most common cancer among women globally, responsible for
significant morbidity and mortality. Advances in therapeutics and prevention, including
vaccines and screening programs, have contributed to reductions in incidence and mortality.
However, challenges persist, particularly for advanced and recurrent stages where survival
rates remain alarmingly low. Researchers are investigating novel therapeutic agents and
strategies, including apoptosis inducers, immune checkpoint inhibitors, and natural

compounds, which offer promising new avenues for treatment.

Natural products derived from plants and microorganisms have garnered attention for their
anticancer properties. These compounds offer several advantages, including low toxicity and

the ability to target multiple pathways.

Plant-Derived Compounds
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Curcumin, extracted from Curcuma longa, and thymoquinone from Nigella sativa have
demonstrated significant anticancer activity. Curcumin promotes apoptosis through reactive
oxygen species (ROS)-mediated mitochondrial pathways, while thymoquinone inhibits
migration and invasion of cervical cancer cells by modulating epithelial-to-mesenchymal
transition (EMT)-related pathways. Other notable plant-derived agents include tanshinone 1A
from Danshen, which induces apoptosis via a p53-dependent pathway; carnosic acid from
rosemary, which exerts antioxidant and anticancer effects by modulating mitochondrial
signaling; and protodioscin, a saponin from Dioscorea species, which triggers apoptosis
through ROS-mediated ER stress (121).

Microbial-Derived Compounds

Secondary metabolites from microorganisms exhibit potent anticancer properties. Gliotoxin, a
product of marine fungi, and rosoloactone from endophytic fungi induce apoptosis via intrinsic
pathways. These findings highlight the potential of microbial products as a rich source of novel

anticancer agents (122).

1.4.2 Pharmacological Mechanisms and Preclinical Advances

Drug Discovery and Development

The preclinical pipeline for cervical cancer therapy includes small molecules, biologics, and
synthetic derivatives targeting specific molecular pathways. Structural modifications of natural
products, such as curcumin analogs (MS17) and resveratrol derivatives (MPDB), enhance
bioavailability and anticancer efficacy. Novel small molecules, including biphenylurea
derivatives and quinazoline compounds, exhibit potent antitumor activity by inducing

apoptosis and disrupting cell cycle progression.

Mechanisms Under Investigation

Preclinical studies have identified several mechanisms of action for emerging drugs. For
example, nelfinavir induces ER stress, leading to apoptosis via the unfolded protein response.

Protodioscin targets mitochondrial pathways and promotes cancer cell death by disrupting
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mitochondrial membrane potential. Additionally, compounds that suppress E6 and E7
oncoproteins restore p53 function and enable apoptosis, addressing the primary drivers of

HPV-associated cervical cancers.

Combination Therapies in Preclinical Models

Combining therapeutic agents is a key strategy to overcome resistance and enhance efficacy.
Preclinical models show that combining cisplatin with VEGF inhibitors or PI3K/Akt inhibitors
results in synergistic effects. Similarly, immune checkpoint inhibitors combined with radiation

therapy amplify immune responses while directly damaging tumor cells.

Challenges and Future Directions

Despite promising advances, several challenges remain in developing and implementing novel

therapies for cervical cancer:

1. High Cost and Accessibility: Many new treatments are prohibitively expensive,
limiting their availability in low- and middle-income countries (LMICs), where the
burden of cervical cancer is highest.

2. Toxicity and Side Effects: Although targeted therapies often have fewer side effects
than conventional treatments, some novel agents still pose significant toxicity concerns.

3. Clinical Trial Participation: Enrollment in clinical trials remains low, particularly in
LMICs, due to lack of awareness, infrastructure, and accessibility.

4. Toxicity and Safety in Preclinical Studies: Many promising agents fail to advance
due to unacceptable toxicity profiles.

5. Drug Resistance: Tumors often develop resistance through compensatory activation

of alternative pathways, presenting a major hurdle in treatment efficacy.

1.5 Conclusion

Natural products have been integral to the development of modern pharmaceuticals, offering a
wealth of bioactive compounds with diverse pharmacological activities. Historically, many
drugs derived from plants, animals, and microorganisms have formed the foundation of

treatment for a wide array of diseases, including cancer, cardiovascular conditions, and
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infectious diseases. These naturally occurring compounds have been studied for their ability to
interact with biological targets, providing novel mechanisms of action. The discovery of
natural products continues to be crucial in the search for new therapies, especially when
synthetic options are limited or less effective. In drug development, natural products play a
crucial role as sources of lead compounds that can be further modified or synthesized for
therapeutic purposes. Their unique chemical structures often present opportunities for the
development of drugs with fewer side effects and more specific actions. Moreover, the
chemical diversity inherent in natural products provides an extensive pool of compounds to
explore for novel drug development, particularly in areas like cancer research, where existing
therapies may fail to address all aspects of disease progression. The pharmacology of
Apamanamixis polystachya, a plant indigenous to certain regions, has shown promising
potential in various studies. This plant is recognized for its diverse bioactive compounds,
including alkaloids, flavonoids, and terpenoids, which have demonstrated significant
pharmacological activities. Research indicates that these compounds may exert anti-
inflammatory, antioxidant, and anticancer effects, making Apamanamixis polystachya a
candidate for further exploration in drug development. The plant's role in oncology,
particularly in the treatment of cervical cancer, is being actively studied, with preliminary
results suggesting its efficacy in inhibiting the growth of cancer cells, enhancing apoptosis,
and possibly sensitizing tumor cells to other chemotherapeutic agents. Cervical cancer remains
a significant public health concern, being one of the most common types of cancer in women
worldwide. Despite advances in prevention and early detection through screening and
vaccination, treatment options for advanced stages of cervical cancer remain limited.
Traditional treatments such as surgery, radiation, and chemotherapy have been used, but they
are often associated with severe side effects and limited effectiveness in certain cases. This has
spurred interest in alternative and complementary therapies, with natural products emerging as
promising candidates. The role of natural products in cervical cancer therapy is particularly
noteworthy. Many natural compounds have been found to possess anticancer properties that
can selectively target tumor cells while minimizing damage to healthy tissues. These properties
are crucial in overcoming the challenges posed by conventional treatments, which often result
in debilitating side effects. Apamanamixis polystachya is one such natural product that holds

potential in cervical cancer treatment, with studies suggesting its ability to inhibit tumor

39



Chapter 1

growth, reduce metastasis, and improve the overall therapeutic outcome when used in
combination with other treatments. In conclusion, natural products continue to serve as an
invaluable resource in drug development, particularly in the realm of oncology. The
pharmacological potential of plants like Apamanamixis polystachya offers hope for the
development of new and more effective therapies for challenging diseases such as cervical
cancer. Future research and clinical trials are essential to unlock the full potential of these

natural compounds, paving the way for more targeted and less toxic cancer treatments.
1.6 Objectives of current investigation

The main focus of the current study is to explore the anti-cancer potential phytomolecules that
is isolated from Aphanamixis polystachya, a pharmacologically relevant species. The

objectives of the research work includes:

e Isolation and Cytotoxicity Evaluation: Isolate phytomolecules from Aphanamixis
polystachya and assess their cytotoxic effects on various cancer cells to identify
promising compounds for cancer treatment.

e Anticancer Potential of Niloticin in HeLa Cells: Investigate the anticancer efficacy of
niloticin in the HeLa cervical cancer cell line by analyzing cell viability and apoptosis.

e Anticancer Potential of Prieurianin in SiHa Cells: Evaluate prieurianin's potential
against SiHa cervical cancer cells, focusing on its growth-inhibitory and apoptotic
effects.

e Antimetastatic and Antiangiogenic Evaluation: Examine the ability of niloticin and
prieurianin to inhibit metastasis and angiogenesis in 4T1 triple-negative cancer cells
and Ea.hy 926 endothelial cells.

Through these objectives, the research aims to provides a deeper understanding of relevance
of niloticin and prieurianin for its anticancer activities, and giving a preliminary insights into

its anti-metastatic and anti-angiogenic activities through in vitro systems.
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Exploring the anti-cancer potential of phytomolecules isolated from
Aphanamixis polystachya and apoptotic evaluation of niloticin in cervical

cancer cells
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Abstract

Pharmacologically active small organic molecules derived from natural resources are
prominent drug candidates due to their inherent structural diversity. Herein, one such
bioactive molecule, niloticin was explored, which is a tirucallane-type triterpenoid isolated
from the stem barks of Aphanamixis polystachya (Wall.) Parker. After initial screening with
other isolated compounds from the same plant, niloticin demonstrated selective cytotoxicity
against cervical cancer cells (HeLa) with an ICso value of 11.64 uM. Whereas the
compound exhibited minimal cytotoxicity in normal epithelial cell line MCF-10A, with an
ICs0 value of 83.31 uM. Subsequently, in silico molecular docking studies of niloticin based
on key apoptotic proteins such as p53, Fas, FasL, and TNF p revealed striking binding
affinity, reflecting docking scores of —7.2, —7.1, —6.8, and —7.2. Thus, the binding stability

was evaluated through molecular dynamic simulation. In a downstream in vitro process,
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the apoptotic capability of niloticin was effectively validated through fluorimetric assays,
encompassing nuclear fragmentation. Additionally, an insightful approach involving
surface-enhanced Raman spectroscopy (SERS) re-establishes the occurrence of DNA
cleavage during cellular apoptosis. Furthermore, niloticin was observed to induce
apoptosis through both intrinsic and extrinsic pathways. This was evidenced by the
upregulation of upstream regulatory molecules such as CD40 and TNF, which facilitate
the activation of caspase 8. Concurrently, niloticin-induced p53 activation augmented the
expression of proapoptotic proteins Bax and Bcl-2 and downregulation of IAPs, leading to
the release of cytochrome C and subsequent activation of caspase 9. Therefore, the
reflection of mitochondrial-mediated apoptosis is in good agreement with molecular
docking studies. Furthermore, the anti-metastatic potential was evidenced by wound area
closure and Ki67 expression patterns. This pivotal in vitro assessment confirms the
possibility of niloticin being a potent anti-cancer drug candidate, and it is evidenced as the

first comprehensive anticancer assessment of niloticin in HeLa cells.
2.1 Introduction

Nature has long served as a cornerstone of therapeutic innovation, offering a vast array of
bioactive compounds that address a multitude of chronic diseases. Medicinal plants, in
particular, have been integral to healthcare resource worldwide, from traditional remedies
to modern medicine. Their efficacy, safety, and affordability make them indispensable,
even in the era of synthetic drugs. Natural products exhibit unique physicochemical
properties, such as high bioactivity, biocompatibility, and bioavailability, which sustain
their relevance in drug discovery (1,2). Despite advancements in medical interventions,
cancer remains a leading global cause of mortality, with current treatments like
chemotherapy, radiation, and surgery often causing collateral damage to healthy cells and
tissues. Moreover, the emergence of chemoresistance further complicates cancer
management, underscoring the need for novel, effective, and minimally invasive therapies
(3-5). Among the various cancers, cervical cancer ranks fourth in incidence and is a major
cause of death among women (6). Intensive research seeks to identify compounds that can
target cancer cells while minimizing side effects. Natural products are gaining attention for
their ability to modulate multiple signaling pathways, regulate cell growth and apoptosis,
and activate the immune system, ultimately leading to tumor suppression (7-10). Within
this domain, Aphanamixis polystachya (Wall.) Parker, commonly known as Amoora

rohituka, stands out due to its extensive medicinal properties (11). This plant, a member of
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the Meliaceae family, has been traditionally used to treat ailments such as liver and spleen
diseases, tumors, abdominal issues, rheumatoid arthritis, and jaundice (12,13).
Pharmacologically, it exhibits antibacterial, antifungal, insecticidal, CNS depressant,
analgesic, and clot-lysis activities (14,15). Additionally, its ethyl acetate fraction has shown
protective effects against gamma radiation-induced chromosomal abnormalities in bone
marrow cells, hinting at potential applications in radiation therapy for cancer (16).
Niloticin, a tirucallane-type triterpenoid derived from A. polystachya, has emerged as a
compound of interest due to its diverse biological activities. It inhibits osteoclastogenesis
by suppressing RANKL-induced activation of the AKT, MAPK, and NF-kB signaling
pathways and functions as an MD-2 antagonist with anti-inflammatory properties (17,18).
Niloticin also demonstrates antiplasmodial, anti-respiratory syncytial virus (RSV), and
insecticidal activities (19,20). It exhibits cytotoxic effects against various cancer cell lines,
including gastric, liver, breast, prostate, fibrosarcoma, and hepatoma cells (21-24).
However, its anticancer potential in cervical cancer, specifically HeLa cell proliferation,

has not been extensively studied, which formed the basis of the present investigation.

The study focused on isolating and characterizing bioactive compounds from the stem bark
of A. polystachya to explore their anticancer potential. Initial evaluations of acetone
extracts in HelLa cells revealed significant antiproliferative activity. Subsequent isolation
yielded five tirucallane-type triterpenoids, characteristic of the Meliaceae family, with
niloticin emerging as the most potent compound. Comprehensive anticancer profiling of
niloticin revealed its mechanisms of action against cervical cancer cells. In silico screening
demonstrated niloticin’s high binding affinity with key apoptotic pathway proteins, such as
p53, Fas receptor, Fas ligand, Bax, CDK2, BCL2, and TNF-f. Complementing these
findings, in vitro assays elucidated the compound's apoptotic mechanisms. DNA
fragmentation analysis by agarose gel electrophoresis, supported by surface-enhanced
Raman scattering (SERS), confirmed its apoptotic effects. Niloticin induced sub-GO cell
cycle arrest, corroborated by cell cycle assays and expression analysis of regulatory
proteins. Further, fluorometric assays highlighted niloticin’s dual-mode apoptosis
induction via both intrinsic and extrinsic pathways, validated by molecular docking and
protein expression studies. The study also assessed niloticin’s anti-metastatic potential
through wound healing assays and clonogenic inhibition tests. Immunofluorescence
analysis of Ki67 expression further substantiated its ability to suppress cancer cell

proliferation. Detailed evaluations of signaling proteins involved in apoptotic pathways
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confirmed niloticin’s mode of action, positioning it as a promising candidate for further
exploration in cervical cancer therapy. This investigation represents the first detailed study
of niloticin’s anticancer activity in cervical cancer using the HeLa cell line. By
demonstrating its ability to modulate key cellular pathways, induce apoptosis, and inhibit
metastasis, niloticin emerges as a compelling phytomolecule for potential clinical
applications (Scheme 2.1). These findings pave the way for further research into its
therapeutic utility, emphasizing its role as a natural product-based approach to cervical

cancer treatment.

A. polystachya
bark
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Scheme 2.1: Cell death induced by niloticin through intrinsic and extrinsic modes of apoptosis
2.2 Results and Discussion

2.2.1 Plant material collection and extraction of A. polystachya stembark
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The stem bark of Aphanamixis polystachya was collected in April 2017 from Parassala,
Kerala, India, geographically located at 8.3478° N latitude and 77.1410° E longitude. The
plant material was authenticated and deposited in the herbarium of the Department of
Botany, University of Kerala, Thiruvananthapuram, under the voucher number 2018-06-
05. Approximately 1.0 kg of the collected stem bark was air-dried to remove moisture and
subsequently ground into a fine powder using a mechanical grinder. The powdered material
was subjected to sequential solvent extraction using different solvents based on their
polarity. Initially, the powdered bark was extracted with hexane, a non-polar solvent, at
room temperature. This process involved soaking the material in 3 liters of hexane for three
consecutive days, with gentle stirring to ensure effective extraction. After the extraction
period, the mixture was filtered to separate the liquid extract from the plant residue. The
filtrate was then concentrated under reduced pressure using a rotary evaporator, resulting
in a concentrated hexane extract weighing approximately 5 grams. The remaining plant
residue was dried and subsequently subjected to extraction with acetone, a moderately polar
solvent. Similar to the hexane extraction, the residue was soaked in 3 liters of acetone for
three days at room temperature. The acetone extract was filtered and concentrated under
reduced pressure, yielding approximately 20 grams. The next step involved extracting the
residue with ethanol, a polar organic solvent. The process was carried out at room
temperature with the same solvent volume (3 liters) and duration (3days). This yielded
about 30 grams of ethanol extract after filtration and concentration. Finally, the remaining
residue underwent extraction using water, a highly polar solvent. Following the same
protocol, the water extract was obtained, yielding approximately 16 grams. Each extract -
hexane, acetone, ethanol, and water was analyzed to evaluate its cytotoxic properties in
preliminary studies. This sequential extraction method, using solvents of increasing
polarity, ensured the comprehensive recovery of a wide range of phytochemicals from the

stem bark of A. polystachya, facilitating further biological evaluation.

2.2.2 Isolation and characterization of compounds from A. polystachya

To explore the chemical constituents present in stembarks of A. polystachya, each extract
underwent detailed purification processes. Thin Layer Chromatography (TLC) was initially
employed to analyze the chemical profiles of the extracts and guide the subsequent
fractionation process. Based on these observations, the extracts were subjected to column

chromatography (CC) using silica gel with a particle size of 100-200 mesh as the stationary
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phase. For the hexane extract, column elution commenced with 100% hexane as the mobile
phase. Gradual increases in polarity were achieved by incrementally adding ethyl acetate.
For the acetone and ethanol extracts, the final stage of elution was carried out using a
mixture of 10% methanol in ethyl acetate to ensure the effective separation of polar
compounds. A total of 150 fractions, each approximately 200 mL in volume, were collected
across all three extracts during the column chromatography process. Based on similarities
observed in their TLC profiles, the fractions were pooled into distinct groups. The hexane
extract yielded three major fraction pools (FrA.1 to FrA.3), the acetone extract was divided
into 19 fraction pools, and the ethanol extract resulted in 12 fraction pools. To further purify
the chemical constituents, the pooled fractions underwent repeated column
chromatographic separation. A schematic representation summarizing the entire extraction,
fractionation, and isolation procedure is provided in Figure 2.1. This iterative process led
to the successful isolation of several bioactive compounds, which were subsequently
characterized for their structural and biological properties (Figure 2.2). This workflow
highlights the systematic approach undertaken to isolate and identify the key bioactive
molecules present in A. polystachya.

Aphanamixis polystachya stem bark (1.0 kg)

Extraction with hexane

l l

Hexane extract( 5 g) Residue
| ‘ Extraction with Acetone
5% EtOAc:Hex Acetone extract (30 g) Residue
1-3 | Extraction with Ethanol
Silica gel CC ( EtOAc-Hex)
¢ Ethanol extract (50 g) Residue
Compound 1 1-4 *
Smg 15% EtOAc:Hex 5.7 9-15 16-19
20% EtOAc:Hex 300, EtOAc:Hex 40% EtOAc:Hexane 8-12
Compound 2 | 50% EtOAc:Hex
7 mg ‘ ‘ Extraction with Water
Water extract (20 g)
Compound 4 Compound 6 Compound 8 Compound 9
15 mg 10 mg 18 mg 79 mg
Compound 3 Compound 5 Compound 7
29 mg 32 mg 21 mg

Figure 2.1: Schematic representation of extraction and isolation procedure
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2.2.3 Characterisation of isolated molecules

The hexane extract fractions on CC on silica gel (100-200 mesh) using EtOAc: Hexane
polarity as eluent afforded compounds 1 and 2. These two compounds were isolated as UV
active colorless liquid after CC separation of fraction pool 1-3 using 5% EtOAc: Hexane.
Compound 3 was isolated in 29 mg as a white crystalline solid after the CC of fraction pool
1-4 using 15% EtOAc: Hexane. While doing CC of fraction pool 5-7 with 20% EtOAc:
Hexane, compounds 4 and 5 were obtained as colorless crystals with 15 and 32 mg,
respectively. After repeated CC of fraction pool 5-7, compound 5 was obtained as a white
crystalline solid. Compound 5 possessed a molecular formula CsoHssNaOs, as obtained by
its HRMS data at m/z 479.3501 [M+Na]" (Calcd. for C3oHssNaOs, 479.3496). Fraction
pool 9-15 of acetone extract showed the presence of a UV inactive spot. The TLC turned
into a green colour on charring in Enhollm yellow solution. The fraction on CC separation
using 30% EtOAc-Hexane, resulted in the isolation of compounds 6 and 7 as white
crystalline solids. Compound 8 was also isolated as a crystalline solid from fraction pool
16-19 by eluting with 40% EtOAc-Hexane polarity. Next, we carried out the CC separation
of the ethanol extract. About 50 g of the ethanol extract was subjected to silica gel CC (100-
200 mesh) afforded compound 9 (79 mg) as an amorphous solid (Figure 2.3-2.20). All the
molecules were characterized by 1D NMR, 2D NMR, and HRMS, which were in accordance
with the reported data (25-28).
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Fig 2.2: Molecules isolated from Aphanamixis polystachya
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2.2.4. Screening of phytomolecules isolated from Aphanamixis polystachya

Preliminary cytotoxicity analysis was done for 6 molecules isolated from barks of
Aphanamixis polystachya by MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay. This assay works on the principle of conversion of MTT into formazan
crystals by living cells, whereas dead cells could not carry out this process. The assay was
done in MDA-MB-231 breast cancer and HeLa cervical cancer cell lines (Table 2.1).
Among the molecules, niloticin and prieurianin exhibited reasonable cytotoxicity in HeLa
cells at 11 uM and 13 uM for 24 and 48 hours of incubation for niloticin and 5 uM at 48
hours of incubation for prieurianin. With the screening results, niloticin and prieurianin

were selected for further in-depth exploration of its anticancer potential.

2.2.5. Evaluation of the anticancer potential of niloticin

To evaluate the anticancer potential of niloticin in different cancer cell types, we performed
an MTT assay on A549 (lung cancer), PANC-1 (pancreatic cancer), and MDA-MB-231

(breast cancer) cell lines, using the same concentrations applied to HeLa cells. The study
revealed that the minimal inhibitory concentration (IC,) of niloticin at 24 hours of

incubation was 30.6 uM for A549, 16.5 uM for PANC-1, and 23.9 uM for MDA-MB-231
(Figure 2.21).

Compounds MDA-MB-231 Hela
IC50 (uM) IC50 (uM)

24 hr 48 hr 24 hr 48 hr

Prieurianin >100 83.6 27.8 5
Piscidinol A >100 >100 >100 >100
Bourjotinolone B >100 >100 >100 >100
Niloticin 23.9 30.2 11.65 13.68
Hispidol B >100 >100 >100 >100
24-epi-piscidinol A >100 >100 51.85 44.27

Table 2.1: ICs values of molecules screened for its cytotoxic potential
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Fig 2.21: a) Comparative study of percentage inhibition of niloticin in different cancer cell lines b)
and their 1Cso values using MTT assay.

These results indicate that niloticin demonstrates the highest activity against cervical cancer
cells, specifically the HeLa cell line. Given the strong cytotoxic effect on HeLa cells,
evaluation of cytotoxicity in SiHa cells was done, and a model for cervical squamous cell
carcinoma, and found an ICso value of 16.23 puM. This further confirmed the anti-
proliferative efficacy of niloticin in cervical cancer. To assess its selectivity, niloticin was
also tested on MCF 10A, a non-tumorigenic epithelial cell line, where it exhibited a much
higher ICso value of approximately 83.31 uM. These findings underscore the selective
anticancer activity of niloticin, particularly against cervical cancer cells, and provide a

strong rationale for further investigation into its apoptotic effects in HeLa cells.
2.2.6 Computational screening of niloticin

In the investigation of niloticin’s pharmacokinetic properties, the compound displayed
highly favorable attributes, underscoring its potential as a therapeutic agent. Initial
assessments revealed that niloticin exhibited excellent human intestinal absorption, an
essential factor for efficient oral bioavailability. Additionally, it demonstrated favorable
lipophilicity, with an iLOGP value of 4.58, indicative of optimal membrane permeability.
A critical advantage of niloticin was its lack of pan-assay interference compounds (PAINS),
ensuring that its observed biological effects were not the result of nonspecific or artifactual
interactions. These findings laid the groundwork for a deeper exploration of its molecular
mechanisms and interactions with key apoptotic proteins involved in cervical cancer. To
elucidate niloticin’s potential mechanisms of action, molecular docking studies were
conducted to examine its interactions with pivotal proteins within the apoptotic pathways
of cervical cancer. Seven proteins were selected for this analysis based on their critical roles
in apoptosis and cancer progression: p53, Fas receptor, Fas ligand, Bax, CDK2, BCL2, and

TNF-B. These simulations consistently demonstrated robust binding affinities, as evidenced
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by docking scores ranging from —6.8 to —9.0 kcal/mol. Niloticin exhibited strong binding
to p53, a tumor suppressor protein central to apoptosis and cell cycle regulation, through
hydrogen bonds and hydrophobic interactions with residues such as ASN 263, GLY 262,
and GLU 258, resulting in a docking score of —7.2 kcal/mol. Similar binding affinities were
observed with the Fas receptor and Fas ligand, key mediators of the extrinsic apoptotic
pathway, involving interactions with residues like GLY 247, PHE 248, and ARG 144.
These interactions underscore niloticin’s potential to modulate death receptor-mediated
signaling. The pro-apoptotic protein Bax, which promotes mitochondrial membrane
permeabilization, displayed a docking score of —7.7 kcal/mol, suggesting a strong
interaction that could enhance apoptotic processes. Niloticin also showed a notable affinity
for CDKZ2, a cell cycle regulatory kinase, with a docking score of —7.2 kcal/mol, indicating
its capacity to induce cell cycle arrest and suppress tumor proliferation. The most
significant interaction was observed with BCL2, an anti-apoptotic protein that inhibits cell
death, where niloticin exhibited a docking score of —9.0 kcal/mol, suggesting its potential
to neutralize BCL2’s protective effects on cancer cells. Furthermore, niloticin demonstrated
a strong affinity for TNF-p, a cytokine involved in inflammation and apoptosis, with a
docking score of —7.2 kcal/mol, indicating its ability to modulate the tumor
microenvironment (Table 2.2). Moreover, niloticin demonstrated high affinity for proteins
like Bax (PDB ID: 6EB6), CDK2 (PDB ID: 2UZE), BCL2 (PDB ID: 600K), and TNF 8
(PDB ID: 1TNR), with docking scores of -7.7, -7.2, -9.0, and -7.2 kcal/mol, respectively
(29-34). The docking simulations provided detailed insights into niloticin’s binding
interactions, characterized by a combination of hydrogen bonds and hydrophobic contacts
with key residues in each protein. These findings suggest that niloticin can target multiple
regulatory and apoptotic pathways, potentially disrupting the survival mechanisms of
cervical cancer cells. This comprehensive molecular profiling highlights niloticin’s
potential as a therapeutic agent with the ability to modulate complex biological processes

underlying cancer progression.

Entry | PDB | Docking | Interacting Residues

ID Score
1 1TUP | -7.2 ASN 263, GLY 262, GLU 258, LUE 264, THR 256,
TYR103, ARG 267, ILE 254, THR 256, SER 99, PRO 98,
SER 95, MET 160, ARG 158
2 3EZQ | -7.1 GLN 244, GLY?247, PHE 248, LYS 251, ASN 252, GLU
289, ASP 292, THR 293, LYS 296, ASP 297, LYS 300,
ALA 301
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3 5L19 | -6.8 ARG 144, VAL 146, ALA 147, HIS 148, LEU 168, LEU
170, TYR 192, PHE 275, Leu 278, TYR 279, LEU 278

4 6EB6 | -7.7 ARG 89, PHE 92, PHE 93, ALA 96, ALA 97, PHE 100,
SER 101, ALA 139, ASP 142, PHE 143, GLU 146, ARG
147

5 2UZE | -7.2 PHE 152, GLY 153, VAL 154, PRO 155, VAL 156, GLU

172, CYS 177, TYR 179, SER 181, THR 182, Met 233,
GLY 229, TRP 227, PRO 228, ASP 270, PRO 271, ASN
272

6 600K | -9.0 PHE 104, SER 105, TYR 108, ASP 111, MET 115, VAL
133, LEU 137, ASN 143, GLY 145 ARG 146, ALA 149,
PHE 150, GLU 152, PHE 153, VAL 156

7 1TNR | -7.2 HIS 32, PHE 74, TYR 76, TYR 134, PRO 161, SER 162,
PHE 165, PHE 169, LEU 171

Table 2.2. Docking scores and interacting residues of selected proteins in apoptotic pathway with
niloticin

2.2.7 Molecular dynamics simulation of protein-niloticin complex

The investigation into niloticin's interactions with the selected apoptotic pathway proteins
was further advanced through comprehensive molecular dynamics simulations. These
simulations, conducted using the OPLS-2005 force field over a rigorous 100-nanosecond
time frame, provided in-depth insights into the stability and dynamics of the protein-
niloticin complexes. A key analytical tool in this phase was the root mean square deviation
(RMSD) plot, which offered a detailed understanding of the structural dynamics and
stability of both the individual proteins and their complexes with niloticin. The RMSD
analysis revealed that the protein-niloticin complexes maintained exceptional structural
integrity throughout the simulation period, with maximum deviations not exceeding 3.5 A
(Fig. 2.22h). This minimal fluctuation highlighted the robustness and stability of the
binding interactions. The consistency in RMSD values underscored the resilience of these
complexes, reflecting the sustained nature of the molecular bonds formed between niloticin
and the apoptotic proteins. These findings emphasize that niloticin's impact is not limited
to strong binding affinities but extends to significantly enhancing the structural stability of
its target proteins. This enduring interaction suggests a profound influence on the proteins'
functionality, reinforcing niloticin's potential role in inducing apoptosis in human cervical

cancer cells.
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Figure 2.22. 3-D interaction of niloticin with a) TNF 8 b) P53 ¢) Bax d) Fas receptor e) FasL f)
CDK2 g) BCL2 h) RMSD plot of niloticin with different proteins

2.2.8. Apoptotic evaluation of niloticin

The mechanisms of cell death triggered by niloticin in HelLa cells were thoroughly
investigated using multiple assays, which provided detailed insights into its apoptotic
potential. The initial assessment involved the use of acridine orange (AO) and ethidium
bromide (EB) dual staining to differentiate between viable and apoptotic cells. AO, a
membrane-permeable DNA-binding dye, stains viable cells green, as it can penetrate intact
cell membranes, whereas EB, a membrane-impermeant dye, stains the DNA of cells with

compromised membranes, emitting a reddish-orange fluorescence indicative of apoptosis.
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Fluorescence microscopy with a FITC filter was employed to visualize these staining
patterns. Niloticin at different concentrations (7 uM and 11 uM) were treated and the cells
displayed a reddish-orange fluorescence, in stark contrast to the untreated control cells,
which remained green, confirming apoptotic membrane disruption in niloticin-treated cells
(Fig. 2.23a). To further validate these findings and analyze membrane integrity changes
during apoptosis, the APOPercentage assay was utilized. This method relies on a dye that
selectively enters cells with compromised membranes, staining apoptotic cells pink, while
non-apoptotic cells remain unstained (35). Consistent with the fluorescence microscopy
results, niloticin-treated cells exhibited intense pink staining, with the color intensity
directly correlating with the concentration of niloticin. Control cells, lacking any treatment,
remained unstained, further reinforcing niloticin's capacity to disrupt membrane integrity
and induce apoptosis (Fig. 2.23b). Additionally, the externalization of phosphatidylserine,
a hallmark of early apoptosis, was examined using the annexin V apoptosis assay. Annexin
V specifically binds to phosphatidylserine exposed on the outer leaflet of the plasma
membrane during apoptosis, and when coupled with propidium iodide (PI), it enables the
differentiation of cells at various stages of apoptosis or necrosis. Flow cytometry analysis
quantified cells across different quadrants: Q3 (annexin V-negative/Pl-negative, viable
cells), Q4 (annexin V-positive/Pl-negative, early apoptotic cells), Q2 (annexin V-
positive/Pl-positive, late apoptotic), and Q1 (annexin V-negative/Pl-positive, necrotic
cells). The untreated control group showed 77.7% of cells in Q3, reflecting a predominance
of live cells. However, niloticin treatment at 7 uM and 11 pM significantly reduced the
viable cell population to 38.3% and 29.6%, respectively. Notably, the percentage of cells
in Q4, indicative of early apoptosis, increased substantially to 50.9% in the 7 uM treatment
group, emphasizing the activation of apoptotic pathways. Furthermore, the population of
annexin V-FITC and Pl-positive cells in Q2, representing late apoptotic stages, increased
from 14.5% in the control to 49.2% in niloticin-treated groups, demonstrating a pronounced
progression of apoptosis. In contrast, the necrotic population (Q1) remained minimal, with
only 0.7% and 4.5% of cells in the 7 uM and 11 uM treatment groups, respectively,
suggesting that necrosis was not a significant mode of cell death in this context.
Collectively, these findings, corroborated by fluorescence microscopy, the APOPercentage
assay, and flow cytometry data, highlight the potent apoptotic activity of niloticin in HeLa
cells. The data show that niloticin induces apoptosis in a concentration-dependent manner,

driving cells through early to late apoptotic stages while maintaining minimal necrotic cell
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death. This comprehensive analysis underscores niloticin's efficacy in targeting cervical

cancer cells through apoptosis, as illustrated in Fig. 2.23c.

11 uM

(d) Caspase 3 (e) Caspase 9 (f) Caspase 8
4= 4- 2-
*%k% - * %% - ek
£2 L £3 .- ¢ £ T
- 3 E 3 E
1) (=] o © *
g, 8 (o)) (&) o)) (3] -
e 2 gy E S 2- * § S 1
L = [T © el T °
o9 @ @
- 8 T a T a
5 % 14 oW 1= o ®
w o w o w Qo
0 T T T 0 1 1 1 0 1 1 1
AN AN
< D L& L&
0°° AT N c° o\ o N

Figure 2.23. Induction of apoptosis in HeLa cells by niloticin analysed in different concentrations
of 7 and 11 uM by a) Acidine orange ethidium bromide dual staining method. Green channel:
emission wavelength (Aex = 450-490 nm), excitation wavelength (Aex = 520 nm) b) APOP assay ¢)
Annexin V apoptosis assay by FACS c) Caspase expression analysis by flurometric method. Major
caspases such as caspase-3, caspase-9 and caspase-8 involved in apoptotic pathways were checked
and it is observed that all the 3 caspases show a fold increase in its fluorescence intensity with
respect to control. Results are represented as mean + SD, *p < 0.05, **p < 0.01, ***p < 0.001
compared to control.
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2.2.9. Investigation of caspase-mediated apoptosis

Programmed cell death, or apoptosis, is a tightly regulated process largely governed by the
activity of caspases, a specialized family of cysteine proteases. These enzymes are
synthesized as inactive precursors, known as zymogens, and are activated through a
cascade of proteolytic events during apoptosis (36). The activation of caspases serves as a
hallmark of apoptosis and provides insight into the underlying pathway through which cell
death is mediated. To elucidate the involvement of caspases in niloticin-induced apoptosis,
a fluorescence-based assay was employed. This method quantifies the activation of various
caspases by measuring fluorescence intensity, which correlates with the expression levels
of these proteases. Apoptosis can be initiated via two primary pathways: the extrinsic (death
receptor-mediated) pathway and the intrinsic (mitochondria-mediated) pathway. These
pathways are distinguished by the activation of specific initiator caspases. In this study, the
expression of caspase 3 was analyzed, a crucial executioner caspase that acts as a
convergence point for both apoptotic pathways, executing the final stages of cell death.
HeLa cells treated with niloticin at concentrations of 7 uM and 11 uM exhibited a
substantial threefold increase in caspase 3 activation compared to untreated control cells.
This marked elevation confirms that niloticin robustly induces apoptosis by engaging key
components of the apoptotic machinery (Fig. 2.23d). To further dissect the apoptotic
mechanisms triggered by niloticin, the activation of caspase 8 and caspase 9, which are key
initiators of the extrinsic and intrinsic apoptotic pathways, respectively was investigated.
The extrinsic pathway is typically activated by external signals binding to death receptors,
such as Fas or TNF receptors, leading to the activation of caspase 8. Conversely, the
intrinsic pathway is regulated by mitochondrial signals, culminating in the activation of
caspase 9. Remarkably, the findings revealed that niloticin treatment significantly
upregulated the expression of both caspase 8 and caspase 9, indicating that the compound
activates both apoptotic pathways simultaneously (Fig. 2.23e and f). This dual activation
underscores niloticin’s multifaceted approach to inducing apoptosis in HeLa cells,
enhancing its therapeutic potential against cervical cancer. The activation of both apoptotic
pathways by niloticin is consistent with the behaviour of certain natural compounds
belonging to the terpenoid family, as observed in the scientific literature. For instance,
nimbolide, a terpenoid extracted from neem, induces apoptosis through both pathways in
MCF-7 breast cancer cells. Similarly, hyperforin, a compound derived from Hypericum
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perforatum (St. John’s wort), triggers both apoptotic pathways in glioblastoma cells, while
carnosic acid, found in rosemary, exhibits a dual-pathway activation in PC-3 prostate
carcinoma cells. These examples demonstrate a shared mechanism among terpenoids in
leveraging both intrinsic and extrinsic apoptotic pathways to exert their anticancer effects
(37-39). The findings from this study establish that niloticin, akin to other terpenoids,
employs a dual-pathway strategy to drive apoptosis. By simultaneously activating caspase
8 and caspase 9, niloticin ensures comprehensive apoptotic signaling, culminating in the
activation of caspase 3 and the execution of cell death. This multifaceted mechanism not
only enhances its efficacy against cancer cells but also aligns with the emerging therapeutic
paradigm of targeting multiple apoptotic pathways to overcome resistance mechanisms
often observed in cancer treatment. Consequently, niloticin’s ability to orchestrate both
apoptotic pathways highlights its potential as a powerful agent in the fight against cervical

cancer, meriting further exploration in preclinical and clinical settings.

2.2.10. Evaluation of apoptosis by nuclear condensation and DNA fragmentation
using fluorometric and SERS analysis

A defining characteristic of apoptosis is the condensation of DNA, which serves as a
reliable marker to identify and analyze apoptotic events. In healthy cells, the nuclei
maintain a spherical structure with evenly distributed DNA, whereas apoptotic cells exhibit
condensed chromatin and fragmented DNA. This transformation can be visualized using
DNA-binding dyes. One such dye, Hoechst 33342, is widely employed for its ability to
permeate both live and apoptotic cells. It specifically binds to adenine-thymine-rich regions
in the DNA minor groove, making it highly effective in identifying changes in nuclear
morphology (40). Hoechst 33342 staining produces fluorescence detectable in both normal
and condensed DNA; however, the fluorescence intensity is notably higher in condensed
chromatin, which is a hallmark of apoptosis. In this experiment, HeLa cells were treated
with niloticin at concentrations of 7 uM and 11 uM and subsequently stained with Hoechst
33342 to assess nuclear changes indicative of apoptosis. Under fluorescent microscopy,
untreated control cells displayed intact nuclei with a uniform spherical appearance. In
contrast, niloticin-treated cells showed a pronounced increase in nuclear condensation, as
evidenced by the heightened fluorescence intensity of condensed DNA (Fig. 2.24a). This
observation demonstrates niloticin’s ability to induce chromatin condensation, validating

its apoptotic potential.
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Another critical feature of apoptosis is DNA fragmentation, characterized by
internucleosomal cleavage of chromosomal DNA (41). This fragmentation is mediated by
activated endonucleases, which cleave the DNA at regular intervals, producing fragments
that appear as a distinctive “laddering” pattern when visualized using agarose gel
electrophoresis. To investigate DNA fragmentation induced by niloticin, HeLa cells were
treated with 7 uM and 11 uM concentrations of the compound. DNA was isolated from
both control and treated cells and subjected to electrophoresis on a 0.8% agarose gel.
Following staining with ethidium bromide, fragmented DNA from niloticin-treated cells
exhibited a clear laddering pattern, which was absent in the control samples (Fig. 2.24b).

This result further corroborates the strong apoptotic effect of niloticin.

To complement the gel electrophoresis findings and gain deeper insights into DNA
fragmentation, surface-enhanced Raman spectroscopic (SERS) analysis was conducted.
This advanced technique provides a detailed molecular fingerprint of DNA, offering
precise insights into structural and compositional changes. Using a 633 nm laser on a
confocal Raman microscope and colloidal gold nanoparticles (40-45 nm) as the SERS
substrate, we analyzed DNA samples from both control and niloticin-treated HeLa cells.
The Raman spectra of the treated cells showed significant alterations compared to the
controls, particularly diminished peaks corresponding to the phosphodiester linkage (785
cm™!) and O—P-O stretching vibrations (1093 cm™). Additionally, peaks associated with
cytosine and guanine bases, as well as the DNA ring breathing mode (1178 cm™ and 1316
cm™!, respectively), were markedly reduced in intensity in the treated samples.
Interestingly, the spectra also revealed an enhanced peak in the 1420-1440 cm™ range,
indicative of CH-deformation, alongside a less intense peak associated with deoxyribose
vibrations (1460-1465 cm™). These spectral changes provide strong evidence of the
structural disruption and fragmentation of DNA in niloticin-treated cells, further
highlighting the compound’s apoptotic potential (Fig. 2.24c). The combination of Hoechst
staining, DNA laddering, and SERS analysis offers a comprehensive perspective on
niloticin-induced DNA damage (42). The results conclusively demonstrate that niloticin
triggers chromatin condensation and DNA fragmentation, key markers of apoptosis,
through mechanisms that significantly alter the structural integrity of DNA. This multi-
modal analysis underscores niloticin’s robust capability to induce apoptosis in cervical

cancer cells, emphasizing its potential as a promising therapeutic agent.
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Figure 2.24. Nucleic acid condensation in HeLa cells upon treatment with niloticin is proved by a)
Hoescht staining method where condensed DNA will give intense colouration comparing the
untreated. Blue channel: emission wavelength (Aex = 361-389 nm), excitation wavelength
(Aex = 430-490 nm) b) analysing DNA laddering pattern in both control and treated cells in which
exonucleases act on niloticin treated cells giving a laddering pattern analysed by agarose gel
electrophoresis ¢) SERS analysis of DNA laddering

2.2.11. Apoptotic assessment based on cell cycle regulation

Cancer is fundamentally driven by genomic mutations that disrupt the tightly regulated
mechanisms governing the cell cycle (43). These mutations often compromise the cellular
checkpoints that ensure orderly cell division, allowing uncontrolled proliferation and the
escape of cells from normal regulatory controls. One key strategy for effective cancer
therapy is to counteract this dysregulation by reestablishing cell cycle control or directing
aberrant cells toward apoptosis. To elucidate the impact of niloticin on the cell cycle in
HeLa cells, a cell cycle assay using flow cytometry was performed. This technique provides
a precise evaluation of the cell cycle phases and apoptotic events by measuring DNA

content in individual cells. In this study, the fluorescent nucleic acid dye propidium iodide
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(P1) was used. PI selectively stains DNA and can permeate cells undergoing apoptosis or
in late apoptotic stages, allowing for the differentiation of cell populations across various
phases of the cell cycle. The untreated control group revealed a majority of cells distributed
in the S and G2/M phases, indicative of ongoing cell proliferation. However, upon
treatment with niloticin, a significant shift was observed, with a substantial portion of cells
accumulating in the sub-GO phase - a hallmark of apoptotic cell death. The quantitative
analysis highlighted this shift clearly: in untreated cells, the sub-GO population was limited
to 7.6%, reflecting basal apoptosis levels. In contrast, treatment with niloticin at
concentrations of 7 uM and 11 uM caused a marked increase in sub-GO phase cells, rising
to 25.6% and 39.5%, respectively (Fig. 2.25a). Concurrently, the proportion of cells in the
GO0/G1, S, and G2/M phases decreased significantly, illustrating a blockage in cell cycle
progression and the induction of cell cycle arrest at the sub-GO0 phase by niloticin.

The molecular basis of this arrest was further investigated through the analysis of critical
cell cycle regulatory proteins using Western blotting. Cyclin-dependent kinase 2 (Cdk2), a
pivotal regulator of cell cycle transitions at both the G1/S and G2/M checkpoints, emerged
as a key target of niloticin (44). Cdk2 functions in concert with cyclins, particularly cyclin
A2 and cyclin B1. Cyclin A2 facilitates the activation of Cdk2 during the G1/S checkpoint,
enabling DNA replication, while cyclin B1 partners with Cdk2 to drive the cell into mitosis
by phosphorylating numerous target proteins essential for progression through the mitotic
phase. The data revealed that treatment with niloticin caused a pronounced downregulation
of these proteins. Cyclin A2 and cyclin B1 levels were significantly reduced, aligning with
the observed arrest in cell cycle progression (45-46). Moreover, the activity of Cdc25, a
phosphatase that dephosphorylates and activates Cdks to promote cell cycle advancement,
was similarly diminished following niloticin treatment. This reduction in Cdc25 activity
further corroborates the blockage of cell cycle transitions (Fig. 2.24b—f). The coordinated
downregulation of these regulatory proteins confirms the mechanism of niloticin-induced
cell cycle arrest. By targeting key proteins such as Cdk2, cyclin A2, cyclin B1, and Cdc25,
niloticin disrupts the regulatory networks necessary for the progression of the cell cycle,
halting the division of cancer cells and redirecting them toward apoptosis. This dual action
- impairing cell cycle progression while promoting cell death - underscores the therapeutic

potential of niloticin in combating cervical cancer.
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Figure 2.24. Cell cycle pattern change analysis and study of expression change in cell cycle
regulatory proteins upon induction by niloticin in HeLa cells by a) Western blot of Cdk-2, cyclin
A2, cyclin B1, cdc-25, some of the major proteins in cell cycle regulation. b) Graph representing
fold change in expression of Cdk-2 c) Cyclin A2 d) Cyclin B1 e) Cdc25 in comparison with B-actin
f) Cell cycle assay using Pl staining done by FACS which confirms the sub-GO phase arrest with
higher number of cell population. Results are represented as mean + SD, **p < 0.01, ***p < 0.001
compared to control.

2.2.12. Apoptotic induction through mitochondrial membrane potential

The maintenance of a stable mitochondrial membrane potential (A%¥'m) is a cornerstone of
cellular homeostasis and essential for normal physiological processes. Disruption of this
transmembrane potential can have catastrophic consequences for cellular viability, as
mitochondria play a central role in energy production, signaling, and regulation of apoptotic
pathways. Loss of mitochondrial membrane potential is a key event in the intrinsic
(mitochondrial-mediated) pathway of apoptosis, wherein permeabilized mitochondria
release pro-apoptotic factors and activate downstream caspases, culminating in
programmed cell death. The depolarization of the mitochondrial membrane disrupts
electron transport, leading to bioenergetic failure and triggering apoptotic cascades. To
investigate the impact of niloticin on mitochondrial membrane potential, the study
employed JC-1 dye, a well-established indicator for assessing A¥m. JC-1 is a lipophilic,
cationic dye capable of penetrating mitochondria, where it forms reversible J-aggregates in
cells with intact membrane potential. These aggregates emit red fluorescence, signifying
healthy mitochondria with stable AYm. However, in cells undergoing apoptosis, where the

transmembrane potential is compromised, the JC-1 dye fails to form aggregates due to
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decreased membrane negativity. Instead, the dye remains in its monomeric form, emitting
green fluorescence - a hallmark of mitochondrial depolarization. In this experiment, HeLa
cells were treated with niloticin for 24 hours to evaluate its impact on mitochondrial
stability. Following incubation, JC-1 dye was added to the cell cultures. In untreated control
cells with intact mitochondrial function, the dye predominantly formed J-aggregates,
resulting in robust red fluorescence. However, in cells treated with niloticin, a notable shift
was observed, with the dye primarily existing in its monomeric form, exhibiting green
fluorescence. This transition highlights a loss of mitochondrial membrane potential in
response to niloticin treatment (Fig. 2.25a). The data clearly demonstrate an increase in
green fluorescence intensity in niloticin-treated cells compared to controls. This shift serves
as direct evidence of mitochondrial dysfunction induced by the compound. The
depolarization of the mitochondrial membrane underscores the involvement of niloticin in
initiating the intrinsic apoptotic pathway. By disrupting A¥m, niloticin triggers a cascade
of mitochondrial events, including the release of cytochrome c and activation of caspases,
driving cells toward apoptosis. These findings provide compelling insights into the
mechanistic action of niloticin as a pro-apoptotic agent. The ability of niloticin to target
mitochondrial integrity not only confirms its role in promoting intrinsic apoptosis but also
highlights its therapeutic potential in selectively inducing cell death in cancer cells while
sparing normal cellular functions. The study underscores the importance of mitochondrial
dynamics in cancer therapy and establishes niloticin as a promising candidate for

mitochondrial-targeted therapeutic interventions.
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Figure 2.25. a) Analysis of change in mitochondrial membrane potential is done by JC-1 assay in
HelL a cells after inducing with Niloticin b) graph showing decrease in JC-1 aggregate to monomer
ratio with respect to control. Green channel: emission wavelength (Aex = 450-490 nm),
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excitation wavelength (Aex = 520 nm), red channel: emission wavelength (Aex = 510-560
nm), excitation wavelength (Aex = 590 nm). Results are represented as mean + SD, ***p < 0.001
is considered to be significant as compared to control. Scale bar corresponds to 50 pm.

2.2.13. Assessment of metastatic potential by niloticin

The clonogenic potential of cancer cells, which refers to their ability to survive, proliferate,
and form colonies, serves as a critical marker for their reproductive viability and
aggressiveness. In this study, the inhibitory effect of niloticin on the clonogenic capacity
of HeLa cells was assessed using a standard colony formation assay. This assay evaluates
the potential of individual cells to undergo unrestricted division and develop into colonies,
reflecting their long-term survival and resilience (47). The experiment was conducted by
treating HeLa cells with niloticin at concentrations of 3 uM and 6 uM. Following treatment,
the surviving colonies were stained and quantified using ImageJ software. The results
revealed a clear, dose-dependent suppression of colony formation in niloticin-treated cells.
In untreated control cells, the total number of colonies was recorded as 639. This number
significantly declined to 424 colonies in cells treated with 3 uM niloticin and further to 397
colonies at a 6 uM concentration (Fig. 2.26a). These findings highlight the potent inhibitory
effect of niloticin on the clonogenic potential of HeLa cells, suggesting its capability to
hinder their capacity for sustained growth and reproduction.

The ability of cancer cells to migrate and establish themselves at secondary sites, a
fundamental process in metastasis, was also examined in this study using a scratch wound
assay. This assay simulates a wound by creating an artificial gap in a confluent monolayer
of cells and monitors the cells' ability to migrate and close the wound over time. The assay
serves as a robust method to investigate the migratory behavior of cells, which is critical
for their metastatic potential. In the current experiment, HelLa cells were treated with
niloticin at concentrations of 3 uM and 6 uM, and their wound closure ability was observed
at 0-, 24-, and 48-hours post-treatment. The percentage of wound closure was gquantified
using ImageJ software. The data showed a significant reduction in the migratory capacity
of niloticin-treated cells compared to the untreated controls. In control cells, the wound
closure percentage was markedly higher, indicating robust migratory behavior. In contrast,
niloticin-treated cells displayed a noticeable delay in wound closure, with reduced
migration at both concentrations tested (Fig. 2.26¢ and d). These findings collectively
underscore the dual action of niloticin in targeting two critical aspects of cancer cell
behavior—colony formation and migration. By impairing the clonogenic potential,
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Figure 2.26. a) Inhibition of clonogenic potential of HeLa cells by niloticin treatment at 3 uM and
6 UM b) graph showing decrease in number of colonies with niloticin treatment compared to control
c) Inhibtion of migratory potential of HeLa cells by niloticin treatment d) graph representing wound
area percentage at different time points e) Analysis of Ki67 expression in HeLa cells at 3 uM and
6 uM niloticin treatment f) graph showing fluroscent intensity of Ki67 expression of niloticin
treated cells compared to control. Blue channel: emission wavelength (Aex = 361-389 nm),
excitation wavelength (Aex = 430-490 nm). Results are represented as mean + SD, **p < 0.01 as
compared to control.

niloticin restricts the ability of cancer cells to sustain their proliferative lineage.
Concurrently, its inhibition of cell migration diminishes the metastatic potential, which is

vital for cancer progression and dissemination to distant organs. This dual inhibition
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positions niloticin as a promising candidate for therapeutic interventions aimed at
suppressing both primary tumor growth and metastatic spread, crucial goals in the

management of aggressive cancers such as cervical carcinoma.

2.2.14. Assessment of proliferative activity by immunofluorescence assay of Ki67

Ki67, a well-known proliferation marker, is commonly used in cancer diagnostics to assess
the proliferative activity of tumor cells (48). Its expression is closely associated with cell
division, and its presence is typically elevated in actively proliferating cells, making it an
important indicator of tumor growth and aggressiveness. In this study, the anti-metastatic
potential of niloticin was investigated by evaluating its effect on Ki67 expression in HeLa
cells using an immunofluorescence assay. HelLa cells were treated with niloticin at two
different concentrations, and the expression of Ki67 was analysed after staining with DAPI,
which labels the nuclei of all cells. The treated cells were then examined under a
fluorescence microscope. The results revealed a noticeable downregulation of Ki67
expression in the niloticin-treated cells in a dose-dependent manner. As the concentration
of niloticin increased, the expression of Ki67 decreased significantly, indicating a reduction
in the proliferative activity of the treated cells. This suggests that niloticin effectively
suppresses cell division and proliferation, which is a key characteristic of its anti-metastatic
potential. In contrast, the control cells, which were not treated with niloticin, displayed a
high expression of Ki67, consistent with their active proliferative state. These cells showed
a significantly higher level of Ki67 staining, confirming their robust cell division and
growth (Fig. 2.26e). The observed decrease in Ki67 expression in niloticin-treated cells
correlates with the compound's ability to inhibit cell proliferation, a crucial aspect in
preventing the spread and metastasis of cancer cells. This downregulation of Ki67
expression further supports the notion that niloticin has a potent effect on curbing the
growth and metastatic potential of cancer cells, highlighting its potential as a therapeutic
agent for targeting tumor progression and metastasis. By suppressing the proliferative
capacity of HeLa cells, niloticin may effectively hinder the ability of the tumor to expand
and invade surrounding tissues, making it a promising candidate for further clinical

exploration.

2.2.15. Modulation of various protein expressions involved in apoptosis
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Understanding the underlying mechanisms of action of phytochemicals is crucial for
identifying molecular targets that could be leveraged to develop effective therapeutic
agents. Niloticin’s mechanism of action in HeLa cells likely involves the activation of
various apoptotic signaling pathways, as revealed by the analysis of key proteins involved
in apoptosis. To explore this, a human apoptotic array membrane, encompassing 43 critical
apoptotic proteins, was used to assess the expression of these markers (Fig. 2.27a—c). Heat
shock protein 60 (HSP60) plays a significant role in the induction of apoptosis by
accumulating in the cytosol, triggering signals that can lead to either cell death or survival.
In the context of apoptosis, HSP60 facilitates the maturation and activation of caspase-3
(49). Another pivotal protein, p53, is known for its pro-apoptotic functions, which are
activated in response to cellular stress. Upon activation, p53 exerts its influence on a range
of pro-apoptotic pathways. Niloticin treatment led to increased expression of p53, which is
known to regulate multiple apoptotic signals, including those that trigger cell cycle arrest
and DNA repair or direct cells toward apoptosis (50). Additionally, CD40, a member of the
TNF receptor family, also played a crucial role. Niloticin induced the binding of CDA40 to
its ligand, CD40L, which subsequently activated the enzymatic maturation of caspases 8
and 3, initiating the extrinsic apoptotic pathway (51). TNF, a potent pro-inflammatory
cytokine, can activate both cell survival and death mechanisms. Niloticin facilitated the
activation of TNF through the CD40/CD40L signaling axis, leading to apoptosis via the
TNF receptor. The extrinsic apoptotic pathway is further executed by the death receptor
TRAILR, which, upon activation, triggers caspase activation. The interplay between p53
activation and the upregulation of Fas receptor and FasL further enhances apoptosis by

activating caspase-8, a key initiator of the extrinsic pathway.

Niloticin also triggered the expression of pro-apoptotic proteins such as Bad and Bax,
which activate Bid, a Bcl-2 family protein. Bid in its truncated form, tBid, stimulates the
release of Smac, a mitochondrial protein that counteracts inhibitors of apoptosis proteins
(IAPs), thereby promoting apoptosis. The release of cytochrome ¢ from mitochondria into
the cytosol is another hallmark of apoptosis, activating Apaf-1 and initiating caspase-9
activation, a central component of the intrinsic apoptotic pathway (52). The expression of
cytochrome ¢ and caspase-9 further supports the involvement of the intrinsic pathway in
niloticin’s action. Moreover, the activation of p53 triggers caspase-8 and caspase-9, leading
to the proteolytic activation of caspase-3, the executioner caspase that ultimately drives the

cell toward its death phase. Additionally, p53 activates p21, a key regulator of the cell cycle,
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which interacts with cyclin—cdk complexes to induce cell cycle arrest in niloticin-treated
cells. This detailed expression analysis of apoptotic proteins provides strong evidence for
the involvement of both the extrinsic and intrinsic apoptotic pathways in the action of
niloticin, positioning it as a promising candidate for development as an effective anticancer
agent (Fig. 2.28).
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Figure 2.28. Proposed mechanism of action of Niloticin

2.3 Materials and Methods
2.3.1. General Experimental Procedures and Chemicals

The solvents used in all experiments were of the highest available grade and did not
undergo further purification. Column chromatography was carried out using silica gel
(100-200 mesh; Merck, Darmstadt, Germany). Thin-layer chromatography (TLC) was
performed on Merck 60 F254 silica gel plates, and phytomolecules were detected either
under UV light or after heating, following the application of a p-anisaldehyde—sulfuric acid
spray. Nuclear magnetic resonance (NMR) spectra were recorded using a Bruker Avance
500 MHz spectrometer, with CDCls and CDsOD as solvents. Chemical shifts are expressed

in & (ppm) relative to tetramethylsilane (TMS). High-resolution electrospray ionization
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mass spectrometry (HR-ESI-MS) data were obtained on a Thermo Scientific Exactive mass
spectrometer, operating at 60,000 revolutions per minute (RPM). The purity of the
tirucallane-type triterpenoids was determined using a Waters Arc analytical high-
performance liquid chromatography (HPLC) system.

2.3.2. Plant Material Collection

The stem barks of Aphanamixis polystachya were collected in April 2017 from Parassala,
Kerala, India (latitude 8.34780° N, longitude 77.1410° E). The plant specimen was
deposited at the Department of Botany, University of Kerala, Thiruvananthapuram, and
assigned voucher number 2018-06-05.

2.3.3. Isolation and Characterization of Compounds from A. polystachya

Approximately 1.0 kg of dried stem bark was mechanically powdered and extracted with
acetone at room temperature (3 L x 3 days). The extract was filtered and concentrated under
reduced pressure using a rotary evaporator, yielding approximately 20 g of the acetone
extract. The extract was then subjected to column chromatography using silica gel, eluted
with a gradient of petroleum ether/ethyl acetate (100:0 v/v to 0:100 v/v). A total of 22
fractions were collected. Fractions 5-7 were further purified by re-chromatography on
silica gel, eluting with a mixture of petroleum ether/ethyl acetate (9:1 to 4:1 v/v), yielding
compounds 1 (15 mg) and 2 (32 mg). Similarly, compounds 3 (10 mg) and 4 (21 mg) were
isolated from fractions 8—15 using a petroleum ether/ethyl acetate gradient (4:1 to 7:3 v/v).
Further purification of fractions 16-19 yielded compound 5 (18 mg) using a gradient of
petroleum ether/ethyl acetate (7:3 to 3:2 v/v). The structures of the compounds were
determined by 1D and 2D NMR, HR-ESI-MS, and comparison with literature data.

2.3.4. Cell Culture Methods

The following cell lines were used for biological assays: HeLa (human cervical cancer),
MDA-MB-231 (triple-negative human breast cancer), A549 (human non-small cell lung
cancer), and PANC-1 (human pancreatic cancer). These were obtained from the American
Type Culture Collection (ATCC, USA) and National Centre for Cell Science (India),
respectively. MCF-10A cells were purchased from Elabscience, USA. Cells were cultured
in Dulbecco's Modified Eagle Medium (DMEM, Sigma) supplemented with 10% fetal
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bovine serum (FBS, Himedia) and 1% antibiotic antimycotic solution (Himedia). The cells

were maintained at 37°C in a 5% CO: atmosphere.

2.3.5. Cell Proliferation Assay

Cells were seeded at a density of 8 x 102 per 100 pL of DMEM in 96-well plates for 24 and
48 hours. Niloticin was added at various concentrations (5, 10, 20, 50, and 100 uM) 24
hours after seeding. After incubation for 24 and 48 hours, 100 uL of MTT solution (0.5
mg/mL) was added to each well, followed by incubation for 2—4 hours at 37°C. The MTT
solution was removed, and the wells were washed with PBS. To dissolve the formazan
crystals, 100 pL of dimethyl sulfoxide (DMSO) was added to each well, and the absorbance

was measured at 570 nm using a Synergy H1 multimode plate reader (Biotek).

2.3.6. Molecular Simulations

The pharmacokinetic properties of niloticin were evaluated using the SwissADME online
tool, which provides insights into drug-likeness, human intestinal absorption, and
lipophilicity. Molecular docking studies were performed to explore the interactions
between niloticin and key proteins involved in the apoptotic pathway. AutoDock Vina was
used for docking simulations, utilizing crystal structures of p53 (1TUP), Fas receptor
(3EZQ), FasL (5L19), Bax (6EB6), CDK2 (2UZE), BCL2 (600K), and TNF-B (1TNR)
from the RCSB Protein Data Bank (PDB) (54). Docking scores were used to assess the
binding interactions, and the results were analyzed using UCSF Chimera version 1.16 (55).
Molecular dynamics simulations were conducted using Desmond, part of the Schrédinger
suite, for 100 ns to examine the stability and dynamic behavior of the protein—niloticin
complexes (56). The root means square deviation (RMSD) was calculated to evaluate the

structural stability.

2.3.7. Apoptotic Assays

The apoptotic potential of niloticin was assessed through several assays. Live/dead cell
staining was performed using the ethidium bromide-acridine orange dual-staining method,
followed by imaging using a Nikon TS100 inverted microscope. The annexin V apoptosis
assay was conducted using the FITC Annexin V apoptosis detection kit (BD Pharmingen),
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as per the manufacturer’s protocol, with cells stained with annexin V and propidium iodide,

and apoptosis quantified via flow cytometry.

2.3.8. Caspase Fluorometric Assay

Caspase activity, a hallmark of apoptosis, was evaluated using the fluorometric assay for
caspases 3, 8, and 9. HeLa cells were seeded at 3 x 10°¢ density on 6-well plates and treated
with niloticin at varying concentrations. Caspase activation was monitored according to the
manufacturer’s protocol (Abcam), with fluorescence intensity measured using a multimode
plate reader (Synergy H1, Biotek) at an excitation wavelength of 400 nm and emission at
505 nm.

2.3.9. Nucleic Acid Degradation and DNA Fragmentation Studies

DNA condensation was visualized using Hoechst 33258 staining. HeLa cells were seeded
at 7 x 108 per well in 96-well plates, treated with niloticin, and stained with Hoechst (1
pg/mL). DNA fragmentation was analyzed by agarose gel electrophoresis after DNA
isolation using the Geneaid genomic DNA mini kit (Geneaid, cat. no. GB100). DNA
concentration was measured using a Nanodrop spectrophotometer. DNA fragmentation
patterns were analyzed by Raman spectroscopy using gold nanoparticles (40—45 nm) as the
SERS substrate, with analysis performed on a WITec Raman microscope (WITec,

Germany).

2.3.10. Cell Cycle Analysis

Cell cycle arrest induced by niloticin was studied using flow cytometry with the BD Cycle
Test Plus DNA kit (BD Pharmingen, cat. no. 340242). Cells were stained with propidium
iodide, and the distribution across different cell cycle phases was analyzed. Protein
expression related to cell cycle regulation was assessed by Western blotting. Proteins were
extracted from HeLa cells and quantified using the Pierce BCA Assay Kit (Pierce, cat. no.
23225). SDS-PAGE and Western blotting were carried out to analyze the expression of
Cdk-2, cyclin A2, cyclin B1, Cdc-25, with B-actin used as a loading control.

2.3.11. Mitochondrial Membrane Potential Analysis
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Mitochondrial membrane potential changes were assessed by the JC-1 assay (Sigma-
Aldrich), which uses the JC-1 dye, which fluoresces green in healthy cells and red in cells

undergoing apoptosis. Imaging was done using the Nikon TS100 inverted microscope.

2.3.12. Anti-Metastatic Studies

Niloticin’s potential to inhibit metastasis was evaluated using clonogenic and scratch
wound assays. For clonogenic assays, cells (1 x 103 per well) were treated with niloticin at
3 and 6 uM, incubated for 9 days, and stained with 0.3% crystal violet. For the scratch
wound assay, cells were scratched after 24 hours of incubation, treated with niloticin, and
monitored for wound closure at 0, 24, and 48 hours. Wound closure was quantified using

ImageJ software.

2.3.13. Immunofluorescence Assay for Ki67 Expression

Ki67 expression was analyzed in niloticin-treated cells via immunofluorescence. Cells
were seeded at 7 x 103 per well in 96-well plates, treated with niloticin, and stained for
Ki67 after fixation and permeabilization. Secondary antibody staining and DAPI staining
were performed, followed by imaging using the Nikon TS100 inverted fluorescent

microscope.

2.3.14. Apoptotic Protein Expression

Expression of key apoptotic proteins was assessed by Western blot analysis. Proteins
including p53, Bax, Bcl-2, and cleaved caspase-3 were extracted from HelLa cells after
treatment with niloticin. The protein bands were detected using enhanced

chemiluminescence (ECL) and quantified with ImageJ.

2.3.15. Statistical Analysis

Data are presented as mean + standard deviation (SD) from three independent experiments.
Statistical significance was determined using one-way analysis of variance (ANOVA),
followed by post hoc Tukey’s test. A value of p < 0.05 was considered statistically
significant. Statistical analyses were performed using GraphPad Prism software version
8.0.
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2.4. Conclusion

In summary, a detailed anticancer profiling of the tirucallane-type triterpenoid, niloticin
evaluated which exhibited the highest anticancer properties among the other four isolated
triterpenoids from the stem barks of Aphanamixis polystachya against cervical cancer cells.
The primary cytotoxicity assessment of niloticin was carried out in various cancer cell lines.
The cervical cancer HeLa cells turned out to have an impressive ICsp value of 11 uM after
24 hours of treatment, which was adequate for apoptotic induction in HeLa cells. Molecular
docking studies with major protein targets (such as TNF, Fas, p53, and caspases) exhibit
reasonably high binding affinity with niloticin, as evidenced by docking scores ranging
from —6.8 to —9.0 kcal mol—1. The binding stability was further evaluated through
molecular dynamic simulation. To complement the in-silico studies, downstream in vitro
cell-based assays were employed including annexin V assay by flow cytometric analysis
for validating the apoptotic potential of niloticin. In a subsequent apoptotic evaluation,
DNA condensation was evident by Hoechst staining and DNA laddering supported the
apoptotic potential of niloticin in HeLa cells. The SERS fingerprint analysis in the treated
cells enabled the tracking of cellular DNA breakage as a complementary assessment, which
was fully complemented by the DNA laddering experiment. The cell cycle analysis
indicated the arrest at the sub-GO phase. The halt in cell cycle progression was determined
by the analysis of the proteins involved, which finally takes the cell into apoptosis. Another
interesting fact is the involvement of both extrinsic and intrinsic modes of apoptosis
induced by niloticin, analyzed by the substantial expression of caspase 3, 9, and 8. The
expression of major regulatory proteins involved in the apoptosis cascade is evident in the
protein dot-blot assay. Finally, the modulation in the signaling pathways involved in the
cancer was studied by analyzing the different proteins involved. The activation of p53 by
the induction of niloticin was the key step. p53 induced the binding of FasL to the Fas
receptor, resulting in the activation of the initiator caspase 8, a prominent factor of the
extrinsic pathway of apoptosis. The activation of p53 also upregulates the expression of
proapoptotic proteins Bad/Bax and further activates Bid, SMAC and HTRA, which results
in the export of cytochrome ¢ from the nucleus to cytosol. Cytochrome c then activates
Apaf-1, which is a requisite for the activation of caspase 9, the key factor in the intrinsic
pathway of apoptosis. Both the extrinsic and intrinsic modes finally conclude in the
catalytic activation of caspase-3, taking the cell to its demolition phase. Further evaluation

of niloticin in its ability to inhibit colony formation and wound healing property reflected
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its anti-metastatic potential. Niloticin exerting its effect in the downregulation of the
proliferative marker Ki67 by immunofluorescence assay further proves its capability as an
anti-metastatic potential agent. Therefore, it is envisaged that the naturally occurring
phytomolecule niloticin would become a successful blueprint to generate a potential
anticancer hit compound for pre-clinical studies against the efficacious management of

cervical cancer.
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Comprehensive apoptotic evaluation and mechanistic insights

of prieurianin in cervical cancer cells

Nuclear condensation Apoptotic assays
Prieurianin

~ SERS spectrum
1 ‘\J;o ':{,\o 674
[ >

waq Cell alone
1h

2h

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
4h 1
4h 1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

po
o ® & o ©

Raman Intensity (a.u.)

1 Prieurianin
400 600 800 1000 1200 1400 1600 1800 2000

Raman shift (cm'1)

Internalisation study using SERS

Abstract

Prieurianin, a limonoid isolated from the Meliaceae family, has been investigated for its
paramacological capabilities. This study explores the apoptotic and mechanistic insights
of prieurianin’s action in SiHa (cervical cancer) cells. The compound exhibited significant
cytotoxicity, with an 1Cso of 3.9 UM at 48 hours, selectively targeting cancer cells over
normal cells (ICsp = 43.58 uM). The study highlights the internalization of prieurianin in
the cells explored through SERS modality. The detailed apoptotic evaluation revealed that
prieurianin induces cell death via the mitochondrial-dependent intrinsic and extrinsic
pathways. Flow cytometry analysis using annexin V/PI staining demonstrated significant
early and late apoptosis, with minimal necrosis. Caspase activation assays showed a robust

increase in caspase 3, 8, and 9, confirming the dual activation of both apoptotic pathways.
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Moreover, Hoechst staining indicated chromatin condensation, a hallmark of apoptosis,
and cell cycle analysis revealed a marked accumulation of cells in the sub-GO phase,
signifying apoptosis induction. Mitochondrial membrane potential studies with JC-1 dye
further confirmed prieurianin’s impact on mitochondrial dysfunction, leading to the
release of pro-apoptotic factors. Additionally, prieurianin inhibited cancer cell clonogenic
potential and migration, impairing cell proliferation and metastatic potential. Protein
expression studies revealed prieurianin’s ability to upregulate pro-apoptotic proteins (Bax,
Bad), generate reactive oxygen species (ROS), and activate key apoptotic mediators such
as caspase 9 and caspase 3, while inducing cell cycle arrest through p21 expression. These
findings highlight prieurianin’s multifaceted anticancer effects and its potential as a
therapeutic agent for targeting cervical cancer. Further preclinical and clinical studies are
warranted to explore its full pharmacological profile and therapeutic efficacy.

3.1 Introduction

Limonoids are a group of highly oxygenated triterpenoids primarily found in plants
belonging to the Rutaceae and Meliaceae families (1). They are also referred to as
tetranotriterpenoids due to the oxidative loss of four carbon atoms from the triterpenoid
side chain, forming a unique a-substituted furyl ring. These compounds possess a
characteristic 4,4,8-trimethyl-17-furyl steroidal skeleton, which serves as a precursor to
structurally diverse limonoid derivatives. Limonoids are classified into subcategories based
on structural modifications, including ring-intact limonoids, ring-seco limonoids, degraded
limonoids, and highly oxidatively modified limonoids(2,3). Such diversity in their structure
contributes to their wide spectrum of biological activities, such as cytotoxic, antioxidant,
anti-inflammatory, neuroprotective, antiviral, antimicrobial, antimalarial, and antiprotozoal
properties (4,5). Among these biological effects, limonoids have garnered significant
attention for their anticancer potential. Their complex molecular frameworks, including
furan rings and rearranged triterpenoid backbones, enable multi-targeted therapeutic effects
in cancer treatment. Limonoids exert their anticancer activity by inducing apoptosis
through the intrinsic mitochondrial-dependent pathway. This involves the activation of
caspases (caspase-3, -7, and -9) and regulation of apoptotic proteins such as Bax (pro-
apoptotic) and Bcl-2 (anti-apoptotic). These changes disrupt the mitochondrial membrane
potential, triggering programmed cell death. Additionally, limonoids inhibit tumor
progression by suppressing critical signaling pathways such as NF-kB, PI3K/Akt, and
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MAPK, thereby reducing the expression of inflammatory cytokines, angiogenic factors,
and cell survival proteins. Limonoids also exhibit anti-angiogenic effects, which hinder the
formation of blood vessels essential for tumor growth and metastasis(6-8) . Compounds
like nimbolide and gedunin have shown significant efficacy against cancers including
breast, colon, prostate, liver, and leukemia cell lines. Their selective targeting of cancer
cells while sparing healthy tissues highlights their potential as safer alternatives to

conventional chemotherapies (9).

Prieurianin, a limonoid predominantly isolated from plants of the Meliaceae family, has
emerged as a bioactive compound of interest for its diverse biological and pharmacological
activities. Its structurally unique oxidized triterpenoid framework and furan-based rings
endow it with notable therapeutic potential. Prieurianin displays potent anti-inflammatory
activity by targeting the nuclear factor kappa B (NF-kB) signaling pathway, a master
regulator of inflammation. By downregulating the expression of inflammatory cytokines
like TNF-a, IL-1B, and IL-6, prieurianin effectively mitigates chronic inflammatory
diseases such as arthritis and colitis. Moreover, its antioxidant properties contribute to
reducing reactive oxygen species (ROS), protecting cellular components from oxidative
damage. This makes prieurianin relevant for managing oxidative stress-related conditions,
including neurodegenerative disorders like Alzheimer's and Parkinson's diseases, as well
as cardiovascular diseases and diabetes. Prieurianin also exhibits significant anti-parasitic
activity, particularly against Plasmodium species (malaria) and protozoan parasites
responsible for leishmaniasis and trypanosomiasis. By interfering with parasitic cell
metabolism and DNA replication, prieurianin has shown potential as a natural alternative
to existing antiparasitic therapies. Additionally, its antimicrobial properties have been
reported, with inhibitory effects against various bacterial and fungal strains, expanding its
potential for infectious disease management (10,11) . While prieurianin’s pharmacological
potential is well established in vitro, further in vivo studies, pharmacokinetic evaluations,
and clinical investigations are necessary to assess its safety, bioavailability, and therapeutic
efficacy in humans. Future research efforts should also focus on optimizing prieurianin-
based derivatives and formulations to enhance their pharmacological properties. Overall,
prieurianin represents a promising therapeutic candidate for treating cancer, inflammatory
diseases, oxidative stress disorders, and parasitic infections, making it a valuable molecule
in natural product-based drug discovery. Herein, the anticancer properties of prieurianin
has been investigated which was isolated from barks of A. polystachya. The study begins
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with the cytotoxicity evaluation of prieurianin in different cancer cells, where a good
activity was observed in SiHa cervical cancer cells with an ICso of 3.9 uM at 48 hours of
incubation. Internalization of prieurianin into SiHa cells was assessed using the surface-
enhanced Raman spectroscopy (SERS), where internalization was observed after 2 and 4
hours after prieurianin treatment. Then, apoptotic effects of prieurianin were studied using
live dead assay, APOPercentage assay, Annexin V assay using flow cytometric analysis.
Cell cycle analysis revealed the cell cycle arrest upon prieurianin treatment in SiHa cells,
leading to the apoptosis. Capase flurometric studies exposed the involvement of both
extrinsic and intrinsic modes of apoptosis. Further detailed protein expression studies were
done, proving prieurianin a efficient phytomolecule that could be developed into a
promising anticancer agent. To the best of our knowledge, this is the first detailed

evaluation of prieurainin in cancer cells.
3.2 Results and discussion
3.2.1 Evaluation of cytotoxicity of prieurianin

Preliminary cytotoxicity evaluation of prieurianin is conducted using MTT assay in various
cancer cell lines HeLa, SiHa (cervical cancer), MDA-MB-231 (breast cancer), and PANC-
1 (pancreatic cancer) cell lines (12). Comparing the ICso values exhibited by these cell lines,
prieurianin in SiHa, the cervical cancer cell line turned out to be the efficient one with an
ICso value of 3.9 UM at 48 hours of incubation time (Figure 3.1). In order the check the
effect of prieurianin in normal cells, the assay was also conducted in WI-38 lung cells,
where the 1Cso was found to be 43.58 uM at 48 hours of incubation. With these findings,
further experiments for analyzing anticancer potential of prieurianin proceeded in SiHa cell

line.
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Figure 3.1: a) Comparative study of percentage inhibition of prieurianin in different cancer cell
lines and b) their ICsp values using MTT assay.

3.2.2. Internalisation studies of prieurianin using surface-enhanced Raman

spectroscopy (SERS)

SERS analysis of prieurianin showed distinct Raman peaks with the gold nanoparticles.
The major peaks observed were the acetate ester vibrations (O-C=0 in-plane deformation)
at 674 cm™, aromatic ring vibrations at 990-1100 cm™, C-CH3 vibrations at 1335-1385
cmt, CH2 vibrations at 1405-1455 cm, and Aromatic/hetero ring vibration at 1550-1610
cm? as shown in figure 3.2a(13). Out of these, upon incubation with the cells, only the
acetate ester vibrations of the compound at 674 cm™ were found to not interfere with the
SERS peak of the cells alone. For this, the SERS peaks from the untreated cells were
collected and aligned with the compound-treated cells (Figure 3.2e). From the time-
dependent internalisation study, it was found that the prieurianin-specific peak was visible
from 1 h of the treatment itself which was more prominent in 2" hour and 4™ hour. SERS
spectra collected after 8 hours of incubation showed no observable peak at 674 cm™, most
probably due to its metabolic alterations within the cells. Figure 3.2c depicts the SERS
images corresponding to 674 cm™ position collected from the prieurianin treated (2 h) and
untreated cells. The images demonstrated the bright yellow regions, especially from the
cytoplasmic area of the compound-treated cells, where there is no such image was formed

with the untreated cells when it was mapped for the 674 cm™ Raman peak position.
3.2.3. Apoptotic evaluation of prieurianin in SiHa cells

After initial cytotoxicity assessment, to analyze effect in membrane disintegration imparted
by prieurianin as a result of cell death, various assays were employed. Initially, a live dead
assay using the acridine orange-ethidium bromide dual staining method was done.
Prieurianin was treated in different concentrations (2 uM and 4 uM) around the minimal
inhibitory concentration. The assay progresses in such a way of labeling control cells as
green and membrane compromised cells as orange-reddish color, which is based on the
principle that acridine orange has the potential of entering into cells with intact membrane,
which will be seen as green and ethidium bromide could surpass only cells with a disrupted
membrane which exhibits red coloration (14) . This assay proves the disintegration of the
cell membrane as a result of prieurianin treatment as observed in the results given (Figure

3.3a). To assess the effects of prieurianin on membrane integrity during apoptosis, the
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APOPercentage assay was employed. The results confirmed the observations from the live
dead assay. Cells treated with prieurianin displayed prominent pink staining, with the
intensity of the coloration increasing proportionally with the prieurianin concentration. In
contrast, untreated control cells remained unstained, providing additional evidence of

prieurianin’s ability to disrupt membrane integrity and induce apoptosis (Figure 3.3a).
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The annexin V apoptosis assay was also performed to evaluate phosphatidylserine
externalization, a key marker of early apoptosis. Annexin V binds specifically to
phosphatidylserine on the outer surface of the plasma membrane during apoptosis.

Combined with propidium iodide (Pl), this assay distinguishes between viable, apoptotic,
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and necrotic cells (15). Flow cytometry data were analyzed across four quadrants: Q3
(annexin V-negative/Pl-negative, viable cells), Q4 (annexin V-positive/Pl-negative, early
apoptotic cells), Q2 (annexin V-positive/Pl-positive, late apoptotic cells), and Q1 (annexin
V-negative/Pl-positive, necrotic cells).

Control

Figure 3.3. Induction of apoptosis in SiHa cells by prieurianin analysed in different concentrations
of 7 and 11 uM by a) Acidine orange ethidium bromide dual staining method. Green channel:
emission wavelength (Aex = 450-490 nm), excitation wavelength (Aex = 520 nm) b) APOP assay
The untreated control group had 90.5% of cells in Q3, representing mostly viable cells.
However, treatment with 2 uM and 4 uM prieurianin significantly decreased the viable cell
population to 25.8% and 10.6%, respectively. Moreover, the population of cells in Q2,
indicative of late apoptosis, rose from 5.8% in the control group to 57.6% 2 uM prieurianin
treatment and further to 75.5% in 4 uM concentration illustrating a strong progression
through apoptotic stages. Necrotic cells in Q1, however, remained a minor population, with
only 11.1% and 10.3% observed in the 2 uM and 4 pM treatment groups, respectively,
indicating that necrosis was not the primary mechanism of cell death in this context (Figure
3.4a). These results, supported by fluorescence microscopy, the APOPercentage assay, and
flow cytometry analysis, clearly demonstrate the pro-apoptotic effects of prieurianin in
SiHa cells. Prieurianin induces apoptosis in a concentration-dependent manner, driving

cells from early to late apoptotic stages while maintaining minimal necrotic cell death.

3.2.4. Caspase flurometric assays
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Caspase activation serves as a hallmark of apoptosis, providing critical insights into the
pathways driving cell death and apoptosis is a highly regulated process predominantly
controlled by caspases. To investigate the role of caspases in prieurianin-induced apoptosis,
a fluorescence-based assay was utilized to quantify the activation of specific caspases. The
pathways (extrinsic or intrinsic), through which apoptosis occurs are distinguished by the
involvement of distinct initiator caspases. In this study, the activation of caspase 3, a central
executioner caspase common to both pathways, was analyzed. Caspase 3 executes the final
stages of apoptosis, marking it as a key indicator of apoptotic progression. SiHa cells
treated with prieurianin at 2 uM and 4 uM showed a six to nine-fold increase in caspase 3
activation compared to untreated controls, demonstrating that prieurianin robustly initiates
apoptotic cell death (Fig. 3.4b).
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Figure 3.4: a) Annexin V apoptosis assay by FACS. Caspase expression analysis by flurometric
method. Major caspases such as b) caspase-3, b) caspase-9 and d) caspase-8 involved in apoptotic
pathways were checked and it is observed that all the 3 caspases show a fold increase in its
fluorescence intensity with respect to control. Results are represented as mean * SD, *p < 0.05, **p
< 0.01, ***p < 0.001 compared to control.

To further delineate the apoptotic mechanisms activated by prieurianin, the involvement of
caspase 8 and caspase 9, the initiator caspases for the extrinsic and intrinsic pathways,

respectively, was examined(16). Prieurianin treatment significantly elevated the activation
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levels of both caspase 8 and caspase 9 where caspase 9 showed around 5 to 7-fold increase
and caspase 8 around 2 fold increase indicating that it simultaneously triggers both
apoptotic pathways (Figure. 3.3c and d). The current study establishes that prieurianin, like
other terpenoids, employs a dual-pathway strategy to drive apoptosis. By concurrently
activating caspase 8 and caspase 9, prieurianin ensures robust apoptotic signaling,
culminating in caspase 3 activation and cell death. This multifaceted mechanism not only
amplifies its anticancer potential but also aligns with the emerging therapeutic paradigm of
targeting multiple apoptotic pathways to counteract resistance mechanisms often
encountered in cancer therapy. These findings underscore the promise of prieurianin as a
potent agent against cervical cancer, warranting further preclinical and clinical

investigations.

3.2.5 Hoescht staining for DNA condensation studies

DNA condensation is a hallmark of apoptosis and serves as a reliable indicator for
identifying and studying apoptotic processes. In healthy cells, nuclei exhibit a spherical
shape with uniformly distributed DNA, while apoptotic cells are characterized by
chromatin condensation and DNA fragmentation. These changes are effectively visualized
using DNA-binding dyes. Hoechst 33342, a DNA-binding dye, permeates both live and
apoptotic cells and binds specifically to adenine-thymine-rich regions in the DNA minor
groove. While Hoechst 33342 staining produces fluorescence in both normal and
condensed DNA, the fluorescence intensity is significantly higher in regions of chromatin
condensation, a signature of apoptosis (17). In this study, SiHa cells were treated with
prieurianin at concentrations of 2 uM and 4 uM and subsequently stained with Hoechst
33342 to evaluate nuclear changes associated with apoptosis. Fluorescence microscopy
revealed that untreated control cells displayed nuclei with an intact, spherical structure and
evenly distributed DNA. In contrast, cells exposed to prieurianin exhibited significant
chromatin condensation, as indicated by the increased fluorescence intensity of the
condensed DNA (figure 3.5a). These findings provide clear evidence that prieurianin

induces chromatin condensation, reinforcing its role in promoting apoptotic processes.

3.2.6. Cell cycle analysis by FACS

The mutations arise in cancer often impair critical cellular checkpoints, enabling

unregulated cell division and the escape of normal growth control mechanisms. A central
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approach ineffective cancer therapy addresses this dysregulation by either restoring cell

cycle regulation or triggering apoptosis in abnormal cells. To investigate the effects of

prieurianin on the cell cycle in SiHA cells, a flow cytometry-based cell cycle assay was

conducted. This method allows for precise analysis of cell cycle distribution and apoptotic

events by quantifying DNA content in individual cells. In this study, propidium iodide (PI),

a DNA-binding fluorescent dye, was utilized. PI specifically stains DNA and penetrates

cells in late apoptosis or apoptotic stages, enabling the identification of distinct cell cycle

phases and apoptotic populations. Analysis of the untreated control group showed the

majority of cells were in the S and G2/M phases, indicative of active cell proliferation. In

contrast, prieurianin-treated cells displayed a significant accumulation in the sub-GO0 phase,

a recognized marker of apoptotic cell death. Quantitative analysis revealed a stark contrast,

in control cells, only 12.9% were detected in the sub-GO phase, representing baseline

apoptosis levels. However, treatment with prieurianin at concentrations of 2 uM and 4 uM

resulted in a notable increase in sub-GO0 phase cells, rising to 19.5% and 24.6%, respectively

(Figure 3.5b). Concurrently, a reduction in the G1 phase population was observed,

indicating disrupted cell cycle progression and arrest at the sub-GO phase. These findings

demonstrate that prieurianin effectively induces apoptosis and halts cell cycle progression

in SiHa cells.
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3.2.7. Assessment of mitochondrial membrane depolarisation by JC1 assay

A loss of mitochondrial membrane potential is a critical step in the intrinsic (mitochondria-
mediated) apoptotic pathway, where mitochondrial permeabilization leads to the release of
pro-apoptotic factors and activation of downstream caspases, ultimately driving
programmed cell death (18,19). To assess the impact of prieurianin on mitochondrial
membrane potential, the study utilized JC-1 dye that accumulates in mitochondria based on
their membrane potential. In healthy mitochondria with an intact AYm, JC-1 aggregates,
producing red fluorescence. Conversely, in apoptotic cells with compromised A¥m, the
dye remains in its monomeric form, emitting green fluorescence, a characteristic marker of
mitochondrial depolarization. In this experiment, SiHa cells were treated with prieurianin
for 48 hours, followed by staining with JC-1 dye. In untreated control cells, where the
mitochondrial function was preserved, JC-1 predominantly formed red-fluorescent J-
aggregates, indicating stable A¥m. In contrast, prieurianin-treated cells exhibited a marked
increase in green fluorescence, reflecting a shift toward the monomeric form of the dye and
signaling mitochondrial depolarization (Fig. 3.6a). This change demonstrates the loss of
mitochondrial membrane potential in response to prieurianin treatment. The observed
increase in green fluorescence intensity in prieurianin-treated cells compared to controls
provides direct evidence of mitochondrial dysfunction. This disruption of A¥Ym indicates
that prieurianin actively engages the intrinsic apoptotic pathway. By compromising
mitochondrial integrity, prieurianin triggers a cascade of events, including cytochrome ¢
release and caspase activation, leading to cell death. These findings highlight the pro-
apoptotic mechanism of prieurianin and its ability to selectively target mitochondrial
stability in cancer cells.

113



Chapter 3

JC-1 Aggregate JC-1 Monomer

(a)

—_
o
~

JC-1 aggregate/monomer ratio
F-N
1

Figure 3.6: a) Analysis of change in mitochondrial membrane potential is done by JC-1 assay in
SiHa cells after inducing with prieurianin. Green channel: emission wavelength (Aex = 450-490 nm),
excitation wavelength (Aex = 520 nm), red channel: emission wavelength (Aex = 510-560 nm),
excitation wavelength (Aex = 590 nm). b) graph showing decrease in JC-1 aggregate to monomer
ratio with respect to control. Results are represented as mean + SD, ***p < 0.001 is considered to
be significant as compared to control.

By inducing intrinsic apoptosis, prieurianin demonstrates significant therapeutic potential,
as it effectively promotes cancer cell death while sparing normal cellular processes. This
study emphasizes the crucial role of mitochondrial dynamics in cancer therapy and

positions prieurianin as a promising candidate for mitochondrial-targeted treatments.
3.2.8 Anti-metastatic studies of prieurianin

The ability of cancer cells to survive, multiply, and form colonies, known as their
clonogenic potential, is a crucial indicator of their reproductive viability and aggressive
behavior. This study evaluated the impact of prieurianin on the clonogenic capacity of SiHa
cells using a standard colony formation assay. This assay measures the ability of single
cells to undergo division and develop into colonies, reflecting their long-term survival and
proliferation potential. SiHa cells were treated with prieurianin at concentrations of 0.5 pM
and 1 uM, and surviving colonies were stained and quantified using ImageJ software (20).
The results demonstrated a significant, dose-dependent reduction in colony formation.
Untreated control cells formed a total of around 900 colonies, while cells treated with 0.5

uM prieurianin produced around 800 colonies, and those treated with 1 uM formed only
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around 600 colonies (Fig. 3.7a-c). These findings emphasize the strong inhibitory effect of
prieurianin on the clonogenic capacity of SiHa cells, indicating its ability to suppress their

potential for sustained growth and reproduction.

In addition to clonogenicity, the study also examined the migratory behavior of SiHa cells,
which is a fundamental process in cancer metastasis. A scratch wound assay was employed
to simulate a wound by creating an artificial gap in a confluent monolayer of cells, allowing
the observation of cell migration and wound closure over time. This assay provides a robust
method for evaluating the migratory potential of cells, which is critical for their metastatic
capability. SiHa cells were treated with prieurianin at 0.5 uM and 1 uM, and wound closure
was monitored at 0, 24, and 48 hours post-treatment. The percentage of wound closure was
quantified using ImageJ software. The results revealed that prieurianin-treated cells
exhibited a significant reduction in migration compared to untreated controls. While control
cells showed a high percentage of wound closure, indicative of strong migratory behavior,
prieurianin-treated cells demonstrated a clear delay in wound closure at both tested
concentrations (Fig. 3.7d-f). These findings highlight the dual action of prieurianin in
targeting two essential characteristics of cancer cells - clonogenic potential and migration.
By impairing clonogenic capacity, prieurianin limits the ability of cancer cells to maintain
their proliferative lineage. Simultaneously, its suppression of cell migration diminishes the
metastatic potential, a critical factor in cancer progression and the spread to secondary sites.
This dual inhibitory effect positions prieurianin as a promising therapeutic candidate
capable of addressing both primary tumor growth and metastatic dissemination, making it

a valuable agent in the treatment of aggressive cancers such as cervical carcinoma.
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Figure 3.7: a) Inhibition of clonogenic potential of SiHa cells by prieurianin treatment at 0.5 pM
and 1 uM b) graph showing decrease in number of colonies with prieurianin treatment compared to
control c¢) Inhibtion of migratory potential of SiHa cells by prieurianin treatment d) graph
representing wound area percentage at different time points. Results are represented as mean + SD,
**p < 0.01 as compared to control.

3.2.9. Expression studies of proteins involved in apoptosis

For a deep understanding of the molecular pathway through which prieurianin exerts its
action, an analysis of major proteins involved in apoptosis was done using an apoptotic
array membrane which holds about 43 target proteins. Protein isolation was performed in
SiHa cells with prieurianin treated and control cells. As observed by the variation in

expression, prieurianin activates the death receptor (DR) where death receptors (including
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Figure 3.8: Apoptotic protein expression study in SiHa cells a) with and b) without treatment were
analyzed using antibody array kit. ¢) Comparison of expression change in major proteins in
prieurianin-treated cells with respect to control
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TRAILR) are type | transmembrane proteins whose intracytoplasmic death domain (DD)
is essential for signal transduction and apoptosis. Activation of death receptors tends to
activate NF-KB which results in the activation of MAPK/JNK pathway. FasL, binding to
the Fas forms a part of death receptor-mediated apoptosis where it activates the extrinsic
mode of apoptotic pathway (21). This happens by the activation of procaspase 8 to caspase
8, which is the central part of the extrinsic pathway. This finally leads to the activation of
executioner caspase 3 activation for apoptosis to occur. Simultaneously, prieurianin cause
the upregulation of pro-apoptotic protein expression like Bad/bax that leads to the ROS
generation (22,23). ROS generation causes the mitochondrial factors release including
cytochrome ¢ and conversion of bid to tbid. The formation of tBid results in the catalytic
activation initiator procaspase 9, the key molecule in intrinsic pathway, to active caspase
9. This activation of caspase 9 also finally converges to the activation of caspase 3,
altogether taking cell to its demolition phase (24). Prieurianin causes the over expression
of p21 that regulates the cell cycle by inhibition of cyclin cdk complex, resulting in cell

cycle arrest (Figure 3.8).
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Scheme 1: Proposed mechanism of action of prieurianin
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3.3 Materials and Methods
3.3.1. Cell Culture Procedures

The following human cancer cell lines were utilized in biological assays: HeLa and SiHa
(cervical cancer), MDA-MB-231 (triple-negative breast cancer), A549 (non-small cell lung
cancer), and PANC-1 (pancreatic cancer). These cell lines were sourced from the American
Type Culture Collection (ATCC, USA) and the National Centre for Cell Science (India).
Additionally, MCF-10A, a non-tumorigenic epithelial cell line, was obtained from
Elabscience, USA. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM,
Sigma), which was supplemented with 10% fetal bovine serum (FBS, Himedia) and 1%
antibiotic-antimycotic solution (Himedia) to ensure optimal growth conditions. All cells
were maintained at 37°C in a humidified incubator with 5% CO: to mimic physiological
conditions. Cells were regularly monitored for contamination and passaged when they
reached approximately 70-80% confluence to ensure consistent growth and experimental

reproducibility.
3.3.2. Cell Proliferation Assay

To assess the impact of prieurianin on cell proliferation, cells were seeded in 96-well plates
at a density of 8 x 10° cells per 100 pL of DMEM per well. The plates were incubated for
24 and 48 hours to allow cell attachment and initial proliferation. Prieurianin was added at
concentrations of 5, 10, 20, 50, and 100 uM 24 hours post-seeding. Following incubation
for 24 and 48 hours, 100 pL of MTT solution (0.5 mg/mL) was added to each well, and the
plates were incubated at 37°C for 2-4 hours. The MTT solution was then removed, and the
wells were washed with phosphate-buffered saline (PBS) to remove residual dye. To
solubilize the formazan crystals formed by viable cells, 100 uL of dimethyl sulfoxide
(DMSO) was added to each well, and the absorbance was measured at 570 nm using a
Synergy H1 multimode plate reader (Biotek). The results were analyzed to determine the
inhibitory effects of prieurianin on cell proliferation, and data were expressed as a

percentage of control values.

3.3.3. Internalization Study Using SERS
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Surface-enhanced Raman scattering (SERS) analysis was employed to study the
internalization of prieurianin in SiHa cells. Cells were seeded onto glass-bottom chamber
slides at a density of 25,000 cells per well and allowed to adhere for 24 hours. Cells were
then treated with prieurianin at a concentration of 1 mM. Gold nanoparticles (40 nm in size)
were used as the SERS substrate. SERS signals were collected using a 633 nm laser with a
power of 5 mW and an integration time of 5 seconds. To obtain the SERS spectrum of the
compound, 1 mM prieurianin in methanol was mixed with gold nanoparticles in a 2:8 ratio,
and spectra were collected. For cellular analysis, treated and untreated SiHa cells were
washed three times with PBS to remove excess compound, incubated with gold
nanoparticles for 10 minutes, and subjected to SERS spectral analysis and imaging using a
confocal Raman spectroscope (WITec, Germany) equipped with a 600 g/mm grating and a
Peltier-cooled charge-coupled device (CCD) detector unit. SERS imaging was performed
over a 100 x 100 um area with 100 x 100 points per line and an integration time of 0.02
seconds per point. Data processing and analysis were conducted using the WITec Project

5.2 Plus software, which included background noise reduction and cosmic ray removal.

3.3.4. Apoptotic Assays

The apoptotic effects of prieurianin were examined using multiple assays. Live/dead
staining was performed using the ethidium bromide-acridine orange dual-staining method.
SiHa cells were treated with prieurianin, stained with the dye mixture, and visualized under
a Nikon TS100 inverted microscope. Apoptotic and necrotic cells were distinguished based
on their staining patterns. The annexin V apoptosis assay was carried out using the FITC
Annexin V apoptosis detection kit (BD Pharmingen) according to the manufacturer’s
protocol. Cells were treated with prieurianin, stained with annexin V and propidium iodide,
and analyzed using a flow cytometer. The percentage of early and late apoptotic cells was

quantified to evaluate the pro-apoptotic potential of prieurianin.

3.3.5. Caspase Fluorometric Assay

The activation of caspases - key markers of apoptosis - was assessed using a fluorometric
assay for caspases 3, 8, and 9. SiHa cells were seeded in 6-well plates at a density of 3 x
10¢ cells per well and treated with varying concentrations of prieurianin. Caspase activation
was measured using a fluorometric kit (Abcam) following the manufacturer’s instructions.

Fluorescence intensity was recorded at an excitation wavelength of 400 nm and an emission
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wavelength of 505 nm using a Synergy H1 multimode plate reader. The results were
analyzed to determine the dose-dependent activation of caspases and the apoptotic potential

of prieurianin.
3.3.6. Nucleic Acid Degradation and DNA Fragmentation Studies

DNA condensation and fragmentation were evaluated using Hoechst 33258 staining. SiHa
cells were seeded in 96-well plates at a density of 7 x 10° cells per well, treated with
prieurianin, and stained with Hoechst dye at a concentration of 1 pg/mL. Fluorescent
microscopy was used to observe nuclear condensation and fragmentation, indicative of

apoptotic cell death.
3.3.7. Cell Cycle Analysis

The effect of prieurianin on the cell cycle was analyzed using flow cytometry. Cells were
treated with prieurianin and stained with propidium iodide using the BD Cycle Test Plus
DNA kit (BD Pharmingen, cat. no. 340242). The distribution of cells across different
phases of the cell cycle (G0/G1, S, and G2/M) was determined by flow cytometric analysis.
Additionally, Western blotting was performed to examine the expression of cell cycle-
regulatory proteins, including Cdk-2, cyclin A2, cyclin B1, and Cdc-25. Protein extracts
were prepared from SiHa cells, quantified using the Pierce BCA Assay Kit (Pierce, cat. no.
23225), and resolved by SDS-PAGE. Proteins were transferred onto membranes, probed
with specific antibodies, and detected using enhanced chemiluminescence (ECL). B-actin

was used as a loading control for normalization.
3.3.8. Mitochondrial Membrane Potential Analysis

Changes in mitochondrial membrane potential were analyzed using the JC-1 assay (Sigma-
Aldrich). SiHa cells were treated with prieurianin, stained with the JC-1 dye, and visualized
under a Nikon TS100 inverted microscope. Healthy cells exhibited red fluorescence due to
JC-1 aggregates, while apoptotic cells displayed green fluorescence due to the monomeric
form of JC-1. The fluorescence shift was used to assess mitochondrial membrane

depolarization as an indicator of early apoptosis.

3.3.9. Anti-Metastatic Studies
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The anti-metastatic potential of prieurianin was evaluated using clonogenic and scratch
wound assays. For clonogenic assays, cells were seeded at a density of 1 x 103 cells per
well, treated with prieurianin at concentrations of 0.5 and 1 uM, and incubated for 9 days.
Colonies were fixed with methanol, stained with 0.3% crystal violet, and counted manually.
In scratch wound assays, cells were seeded in 6-well plates, and a scratch was created using
a sterile pipette tip after 24 hours of incubation. Cells were treated with prieurianin, and
wound closure was monitored at 0, 24, and 48 hours. Images were captured, and the
percentage of wound closure was quantified using ImageJ software to assess the inhibitory

effects of prieurianin on cell migration.

3.3.10. Apoptotic Protein Expression

Western blot analysis was conducted to examine the expression levels of key apoptotic
proteins, including p53, Bax, Bcl-2, and cleaved caspase-3. SiHa cells treated with
prieurianin were lysed, and protein extracts were prepared for analysis. Proteins were
resolved by SDS-PAGE, transferred to membranes, and probed with specific primary and
secondary antibodies. Bands were visualized using enhanced chemiluminescence detection
using the ImagelJ software. The expression levels were normalized to the -actin loading
control to ensure consistency in protein quantification. This analysis provided insights into

the molecular mechanisms underlying the apoptotic effects of prieurianin.

3.3.11. Statistical Analysis

All experiments were conducted in triplicate, and data were expressed as mean + standard
deviation (SD). Statistical significance was determined using one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc test for multiple comparisons. A p-value of less
than 0.05 was considered statistically significant. GraphPad Prism software (version 8.0)

was used for data analysis and graphical representations.

3.3.12. Quality Control

To ensure the validity and reproducibility of the findings, all experimental procedures were
carried out under standardized laboratory conditions. Cell lines were authenticated using
short tandem repeat (STR) profiling, and contamination was regularly checked using
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mycoplasma testing Kits. Reagents and media were prepared fresh or stored according to

the manufacturer’s guidelines, and instruments were calibrated periodically.

3.4. Conclusion

The present study provides a comprehensive evaluation of the anticancer potential of
prieurianin, a limonoid, in cervical cancer cells (SiHa). This study elucidates prieurianin's
apoptotic mechanisms, its impact on cancer cell proliferation, and its ability to suppress
migration and metastasis, highlighting its role as a promising therapeutic agent against
cervical cancer. Cytotoxicity analysis using the MTT assay demonstrated that prieurianin
effectively inhibits the growth of cervical cancer cells (ICso = 3.9 uM), while showing
minimal toxicity towards normal WI-38 lung fibroblast cells. These findings indicate
prieurianin’s selective cytotoxicity, which is a critical criterion for its therapeutic
application. Subsequent apoptotic evaluation using dual staining (acridine orange-ethidium
bromide), APOPercentage, and annexin V/PI assays revealed concentration-dependent
apoptotic cell death. Flow cytometric analysis confirmed a significant reduction in viable
cell populations and progression to late apoptosis with prieurianin treatment, underscoring
its ability to induce programmed cell death effectively. Mechanistic insights into
prieurianin-induced apoptosis were obtained through caspase activation studies, where a
marked activation of executioner caspase-3 and initiator caspases (caspase-8 and caspase-
9) was observed. These results indicate the involvement of both extrinsic (death receptor-
mediated) and intrinsic (mitochondrial) apoptotic pathways. Mitochondrial membrane
depolarization studies (JC-1 assay) further validated prieurianin's role in triggering the
intrinsic pathway, as evidenced by a loss of mitochondrial membrane potential and
subsequent cytochrome c release. Additionally, prieurianin disrupted the cell cycle, as
observed through cell cycle analysis, where treated cells showed significant accumulation
in the sub-GO phase, indicating DNA fragmentation and apoptotic progression. Further
confirmation through Hoechst 33342 staining revealed chromatin condensation and nuclear
fragmentation, hallmark features of apoptosis. Expression studies of apoptotic proteins
using targeted arrays demonstrated prieurianin’s ability to upregulate pro-apoptotic proteins
(Bax, Bad) and activate death receptors (Fas, TNFR), while inhibiting anti-apoptotic
signals, leading to the activation of caspase cascades. Importantly, prieurianin also induced
p21 expression, which regulates cell cycle arrest by inhibiting cyclin-dependent kinase

activity. In addition to its pro-apoptotic effects, prieurianin demonstrated anti-metastatic
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properties by reducing clonogenic potential and suppressing cell migration, as confirmed
by the colony formation and wound healing assays. This dual action, targeting both cancer
cell survival and metastatic potential, underscores prieurianin's therapeutic versatility. In
conclusion, the current study highlights prieurianin as a potent anticancer agent capable of
inducing apoptosis through both intrinsic and extrinsic pathways, disrupting cell cycle
progression, and inhibiting cancer cell migration and clonogenicity. By targeting multiple
pathways simultaneously, prieurianin exhibits significant potential to overcome resistance
mechanisms often observed in cancer therapies. Future studies involving in vivo
evaluations, pharmacokinetics, and formulation development will be essential to establish
prieurianin’s clinical efficacy and therapeutic index. These findings contribute to the
growing body of evidence supporting limonoids as promising candidates in natural
product-based drug development for the treatment of cervical and other aggressive cancers.
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Investigation of anti-metastatic and anti-angiogenic potential of

niloticin and prieurianin
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Abstract

Metastasis and angiogenesis are critical processes in cancer progression, contributing
significantly to tumor proliferation and dissemination. This complementary study evaluates
the anti-metastatic and anti-angiogenic potential of two natural compounds, prieurianin
and niloticin, in 4T1 triple-negative breast cancer cells and Ea.hy926 endothelial cells.
Cytotoxicity analysis in 4T1 cells revealed ICso values of 13.1 uM and 5.9 uM for niloticin
and prieurianin, respectively. Various assays, including live-dead, trypan blue, and eosin
staining, confirmed the apoptotic effects of these compounds, with pronounced DNA
condensation observed via Hoechst staining. Anti-proliferative properties were
substantiated through Ki-67 immunofluorescence, with prieurianin exhibiting a three-
fourths reduction in Ki-67 expression and niloticin showed a 50% reduction. Colony

formation assays demonstrated significant inhibition of metastatic potential. In contrast,
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scratch wound, cell adhesion, migration, and invasion assays further corroborated the
anti-metastatic efficacy of both compounds where prieurianin exhibited superior inhibition.
Additionally, anti-angiogenic studies in Ea.hy926 endothelial cells highlighted significant
suppression of migratory and invasive behaviors, as demonstrated by wound healing and
transwell invasion and migration assays. Together, these results underscore the promising
dual anti-metastatic and anti-angiogenic effects of prieurianin and niloticin, paving the

way for their anti-cancer therapeutic potential.
4.1 Introduction

Metastasis, the process by which cancer cells spread from their primary site to distant
organs, represents the leading cause of cancer-related mortality. Approximately 90% of
cancer deaths are attributable to metastatic progression, underscoring its significant impact
on patient prognosis. Unlike primary tumors, metastatic lesions often exhibit distinct
biological properties, complicating treatment strategies and necessitating a deeper
understanding of the mechanisms underpinning this process. The metastatic cascade
involves several stages, including local invasion, intravasation into the bloodstream,
survival in circulation, extravasation, and colonization of distant tissues (1). Cancer cells
must overcome numerous biological barriers, often exploiting host factors such as the
immune system and extracellular matrix to facilitate their spread (2,3). Despite advances
in oncology, effective strategies to specifically target and prevent metastasis remain
limited, with most therapies primarily addressing tumor shrinkage rather than the
dissemination and establishment of metastatic colonies. The development of anti-metastatic
drugs is a challenging but crucial area of research. Traditional cancer treatments, including
chemotherapy and targeted therapies, are often evaluated based on their ability to reduce
primary tumor size rather than inhibit metastatic progression (4). This approach has
contributed to a paucity of therapies specifically designed to target metastasis. However,
recent efforts have begun to shift this paradigm by focusing on the unique biology of
metastatic cells and their microenvironments. For instance, drugs targeting pre-metastatic
niches, tumor dormancy, and immune evasion mechanisms are emerging as promising
strategies. Examples include agents that inhibit epithelial-to-mesenchymal transition
(EMT), disrupt tumor-stroma interactions or modulate the immune response to prevent
metastatic outgrowth. Despite these advances, the translation of preclinical findings into
effective clinical therapies remains a significant hurdle, with many candidates failing to

demonstrate efficacy in advanced clinical trials (5,6).
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Natural products have long served as a valuable source of therapeutic agents in oncology,
offering a diverse array of bioactive compounds with unique mechanisms of action. These
compounds, derived from plants, microorganisms, and marine organisms, have shown
potential in modulating key processes involved in metastasis (7). For example, certain
phytochemicals can inhibit EMT, reduce cancer cell invasiveness, or disrupt the formation
of pre-metastatic niches by altering the tumor microenvironment. Additionally, natural
products often exhibit multi-targeted effects, making them particularly suited to addressing
the complexity of metastatic disease. Compounds such as curcumin, resveratrol, and
betulinic acid have demonstrated anti-metastatic properties in preclinical models,
highlighting the potential of natural products as a complementary approach to conventional
therapies. Furthermore, the relative safety and availability of many natural compounds
make them attractive candidates for long-term use in preventing metastasis or managing
dormant cancer cells (8). In conclusion, metastasis remains a formidable challenge in
oncology, driving the need for innovative therapeutic strategies. Anti-metastatic drugs hold
immense promise but require a paradigm shift in drug development to focus on the unique
characteristics of metastatic disease. Natural products, with their diverse bioactivities and
historical success in drug discovery, represent a promising avenue for developing novel
anti-metastatic agents. By integrating insights from metastatic biology with the potential of
natural compounds, researchers can advance the fight against metastatic cancer and

improve outcomes for patients worldwide (9,10).
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Figure 4.1. Metastasis Cascade, Cell, ISSN: 0092-8674, Vol: 147, Issue: 2, Page: 275-292
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Angiogenesis, the process of forming new blood vessels from pre-existing vasculature, is
a critical physiological mechanism involved in embryogenesis, wound healing, and tissue
regeneration. However, its dysregulation plays a pivotal role in pathological conditions
such as cancer, where uncontrolled angiogenesis supports tumor growth, invasion, and
metastasis. The tumor microenvironment actively secretes pro-angiogenic factors,
including vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF),
which stimulate endothelial cell proliferation and migration (11). This neovascularization
ensures a sustained supply of oxygen and nutrients to rapidly dividing cancer cells, thereby
enabling their survival and progression. Despite its crucial role, tumor-associated
angiogenesis often results in abnormal, leaky, and poorly structured blood vessels,
contributing to hypoxia and therapeutic resistance. To counteract the detrimental effects of
pathological angiogenesis, anti-angiogenic therapies have emerged as a cornerstone in
cancer treatment. These therapies aim to inhibit the formation of new blood vessels or
normalize aberrant vasculature within tumors. Anti-angiogenic agents are broadly
categorized into two groups: direct inhibitors that target endothelial cells in growing
vasculature and indirect inhibitors that suppress pro-angiogenic signaling pathways.
Notable examples include monoclonal antibodies such as bevacizumab, which neutralizes
VEGF, and tyrosine kinase inhibitors (TKIs) like sunitinib and sorafenib which disrupt
intracellular signaling pathways critical for angiogenesis. Although these agents have
demonstrated efficacy in slowing tumor growth, they are often associated with limitations
such as transient responses, resistance mechanisms, and adverse side effects, including
hypertension and impaired wound healing. Consequently, there is an ongoing need for
innovative strategies that enhance the specificity and durability of anti-angiogenic therapies
(12).

Angiogenesis is a multi-step process critical for the formation of new blood vessels from
existing ones. It begins with hypoxia, a condition of low oxygen levels, which stabilizes
Hypoxia-Inducible Factor-1 (HIF-1). This stabilization leads to the upregulation of pro-
angiogenic factors such as Vascular Endothelial Growth Factor (VEGF), Epidermal
Growth Factor (EGF), Fibroblast Growth Factor (FGF), and Insulin-like Growth Factor 1
(IGF-1). Among these, VEGF plays a pivotal role by binding to VEGFR2 on endothelial
cells, initiating angiogenic signaling. The next step is proteolytic degradation, where
hypoxia-induced signaling upregulates matrix metalloproteinases (MMPSs) to degrade the

basement membrane surrounding the endothelial cells. This degradation allows the
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detachment of pericytes, the supportive cells of blood vessels, and facilitates the outward

migration of endothelial cells.
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Figure 4.2. The process of angiogenesis. Credits: Tocris Bioscience

In the third stage, specific endothelial cells differentiate into tip cells, which leads the
migration of the nascent vessel by extending filopodia toward the gradient of angiogenic
factors. Behind the tip cells, stalk cells proliferate and elongate to form the structural body
of the growing vessel, creating a tubular structure in the process. To regulate vessel size
and prevent excessive branching, VEGF induces the expression of Delta-like ligand 4
(DLL4) in tip cells, which activates Notchl receptors on adjacent stalk cells. This Notch
signaling downregulates VEGF responsiveness in stalk cells, ensuring controlled vessel
growth and proper size. The final stage is the maturation and stabilization of the newly
formed vessels. Platelet-derived growth Factor-B (PDGF-B) recruits pericytes, which
attach to the endothelial cells, providing structural support and reducing the vessels'
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sensitivity to VEGF. This stabilization is particularly important in pathological conditions
like tumor vascularization, where tumors exploit the new blood vessels for oxygen and
nutrient supply to sustain their growth. Through this intricate sequence of steps, spanning
hypoxia, basement membrane degradation, endothelial cell migration, tube formation, and
vessel stabilization, angiogenesis ensures proper vascular remodeling in both physiological
and pathological contexts. Its dual role in health and disease makes it a vital target for

therapeutic interventions, especially in cancer treatment.

Natural products offer a promising avenue for the development of novel anti-angiogenic
agents. Historically, compounds derived from natural sources have significantly
contributed to drug discovery, particularly in oncology (13). These bioactive molecules
exhibit diverse chemical structures and mechanisms of action, allowing them to target
multiple pathways involved in angiogenesis. For example, curcumin, a polyphenolic
compound derived from turmeric, has been shown to inhibit endothelial cell proliferation
and VEGF expression. Similarly, resveratrol, found in grapes and red wine, exhibits anti-
angiogenic activity by modulating hypoxia-inducible factor-1a (HIF-1a) and matrix
metalloproteinases (MMPs). Marine-derived compounds, such as halichondrin and its
derivatives, have also demonstrated the potential to disrupt angiogenic signaling. These
natural products not only provide a rich reservoir of chemical diversity but also exhibit
favorable safety profiles, making them attractive candidates for integration into existing
therapeutic regimens. In conclusion, angiogenesis is a double-edged sword in cancer
biology, essential for tumor survival yet offering a targetable vulnerability. Anti-angiogenic
drugs have revolutionized cancer therapy, but challenges such as resistance and side effects
necessitate the exploration of alternative approaches. Natural products, with their
multifaceted mechanisms and historical success in drug discovery, represent a promising
frontier in the quest for effective and sustainable anti-angiogenic therapies. By harnessing
the potential of these compounds and integrating them with advanced drug delivery

systems, researchers can pave the way for more targeted and less toxic cancer treatments.
4.2 Results and Discussion
4.2.1 Cytotoxicity analysis in 4T1 triple-negative breast cancer cells

In the previous chapters, anticancer mechanistic studies of niloticin and prieurianin were
already demonstrated in HeLa and SiHa cells. Here, studies of these molecules are extended

for their anti-metastatic potential in 4T1 murine model triple-negative breast cancer cells
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(14,15). Before going to detailed studies, initially, cytotoxicity analysis of niloticin and
prieurianin was done in 4T1 cells by MTT assay, where the 1Csg values are found out to be
13.1 pM and 5.9 pM, respectively, at 24 hours of incubation. This shows the effect of

niloticin and prieurainin in 4T1 cell proliferation (Figure 4.3).
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Figure 4.3. Comparative study of percentage inhibition of niloticin and prieurianin in 4T1 cells
4.2.2 Assays to reveal the cell death induced by niloticin and prieurianin

With the exploration of anti-metastatic potential of the molecule, the effect on cell death of
4T1 cells was also analyzed initially. First, a live-dead assay using acridine orange and
ethidium bromide was performed, for niloticin at 10 uM and 13 uM concentrations and
prieurianin at 3 uM and 5 pM. A variation in colouration from green to reddish orange was
observed for control to niloticin and prieurianin-treated cells at 24 hours of incubation
proving the membrane disruption. Further trypan blue staining was performed. Trypan blue
is a stain used to quantify live cells by labeling dead cells exclusively. Because live cells
have an intact cell membrane, trypan blue cannot penetrate the cell membrane of live cells
and enter the cytoplasm. In a dead cell, trypan blue passes through the porous cell
membrane and enters the cytoplasm. Under light microscopy analysis, only dead cells have
a blue color (16). Here trypan blue stain was added to control and 4T1 cells treated with
both compounds, where we could observe treated cells show a blue colouration and live
cells exhibited a clear cytoplasm. Similarly, eosin staining was also performed to back these
experiments (17). The cells were treated with the compounds and imaging was done. Here,

we could find the pink colouration in treated cells where control cells omit the intake of
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dye, which will be visible as colourless. With the help of these assays, it was confirmed

that the niloticin and prieurianin have an effect in inducing cell death in 4T1 cells.

The DNA condensation as a result of apoptosis was also analysed using Hoescht staining
(18), where Hoescht stain was added to niloticin and prieurianin-treated cells, and imaging
using light microscopy was done. Here we could find highly intensified regions of
condensed DNA regions, where apoptotic cells are more where control cells exhibit an even
pattern (Figure 4.4, 4.5).
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Figure 4.4. Cell death induced by niloticin (a) Live-dead dual staining. Green channel: emission
wavelength (Aex = 450-490 nm), excitation wavelength (Aex = 520 nm) (b) Trypan blue assay (c)
Eosin staining (d) Hoechst nuclear staining. Blue channel: emission wavelength (Aex = 361-389 nm),
excitation wavelength (Aex = 430-490 nm). The scale bar indicates 100 um.
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Figure 4.5. Cell death induced by prieurianin (a) Live-dead dual staining. Green channel: emission
wavelength (Aex = 450-490 nm), excitation wavelength (Aex = 520 nm) (b) Trypan blue assay (c)
Eosin staining (d) Hoechst nuclear staining. Blue channel: emission wavelength (Aex = 361-389 nm),
excitation wavelength (Aex = 430-490 nm). The scale bar indicates 100 um.

4.2.3 Immunofluorescence assay of K167 in 4T1 cells

Nuclear antigen Ki-67 is widely accepted as a cell proliferation marker in both research
and cancer diagnostic settings. Ki-67 protein has been widely used as a proliferation marker
for human tumor cells for decades (19) . In recent studies, multiple molecular functions of
this large protein have become better understood. Ki-67 has roles in both interphase and
mitotic cells, and its cellular distribution dramatically changes during cell cycle
progression. As Ki-67 is a major factor in actively dividing cells, it is important analyze

the expression to check its metastatic potential. Here, concentration was selected for the
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assay, where only 20% of cell death was observed. Niloticin was taken in 3 uM and 6 uM

concentrations and prieurianin in 0.5 uM and 1 uM and treatment was done in 4T1 cells.
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Figure 4.6. Analysis of Ki67 expression in 4T1 cells at 3 uM and 6 uM niloticin treatment f) graph
showing fluorescent intensity of Ki67 expression of niloticin treated cells compared to control. Blue
channel: emission wavelength (Aex = 361-389 nm), excitation wavelength (Aex = 430-490 nm).
Results are represented as mean + SD, **p < 0.01, ***p < 0.001 as compared to control.
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Figure 4.7. Analysis of Ki67 expression in 4T1 cells at 0.5 uM and 1 uM prieurianin treatment f)
graph showing fluroscent intensity of Ki67 expression of prieurianin treated cells compared to
control. Blue channel: emission wavelength (Aex = 361-389 nm), excitation wavelength (Aex = 430-
490 nm). Results are represented as mean = SD, **p < 0.01, ***p < 0.001 as compared to control.
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After 24 hours of incubation, anti-Ki-67 antibody was added, followed by FITC conjugated
secondary antibody. Visualization was done using DAPI staining using inverted light
microscopy. From the results obtained, it is observed that expression of Ki-67 is higher in
control, i.e. continuously dividing cells which tend to get decreased upon treatment of the
compounds. In the case of niloticin, from the quantitative analysis, it was observed that the
expression was reduced to half while prieurianin, after treatment, there was around a three-
fourth reduction in the expression of Ki-67. The data obtained suggests a significant
reduction in the proliferation potential of the 4T1 cells upon treatment with both the
molecules, indicating reduced metastatic potential even in the low concentrations (Figure
4.6, 4.7).

4.2.4 Colony forming assay

As a next step, the effect in inhibition of metastasis and the ability of colonization inhibition
has been studied using colony formation assay (20). 4T1 cells were seeded and niloticin (3
UM and 6 uM) and prieurianin (0.5 uM and 1 uM) is added, which were then incubated for
around 8-9 days. After this period, visualization was done after fixing the cells and crystal
violet staining under a light microscope. The images clearly explain the inhibition of colony
forming ability of 4T1 cells by niloticin and prieurianin. In the case of niloticin, there was
a reduction of cell number from around 1000 to 500 at 3 uM concentration that was further
reduced to 250 at 6 UM concentration while prieurianin, after 8 days of incubation, the
colony number has been reduced from 820 to 580 at 0.5 pM concentration and further to
370 at 1 pM concentration (Figure 4.8, 4.9).
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Figure 4.8. (a) Clonogenic assay of 4T1 assessed with the niloticin treatment. The scale bar
indicates 200 pum. (b) graph showing number of the colonies during the colony forming assay. ***p
< 0.001 compared to control.
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Figure 4.9. (a) Clonogenic assay of 4T1 assessed with the prieurianin treatment. The scale bar
indicates 200 pm. (b) graph showing number of the colonies during the colony forming assay.

Results are represented as mean £ SD, ***p < 0.001 compared to control.

4.2.5 Anti-metastatic potential evaluation of niloticin and prieurianin in 4T1 cells by

scratch wound assay

The metastatic potential of 4T1 cells and anti-metastatic action exerted by niloticin and
prieurianin were studied with the help of a wound healing assay. The analysis extends from
zero hour to 24 and 48 hours, where the percentage of cell movement with comparison to
zeroth hour is measured. Firstly, for niloticin the wound closure percentage for control has
been reduced to 80% at 24 hours and the wound is almost completely closed after 48 hours
(Figure 4.10). For prieurianin, in control cells after 24 hours, wound closure area has been
reduced to 75% after 24 hours and to 48% after 48 hours of incubation (Figure 4.11).

4.2.6 Cell adhesion, invasion and migration assay

In cancer development and progression, invasion, and metastasis occur when tumor cells
disseminate from the primary tumor spreading through the circulatory and lymptic systems,
invade across the basement membranes and endothelial walls and finally colonize distant
organs. Cell migration, invasion, and adhesion are pivotal steps in this process, hence its
study and understanding are crucial to fight against the disease. The ability of cells to

adhere, invade of extracellular matrix, and movement to other sites has been studied by
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various assays (21-23) . The assays include cell adhesion assay, which reflects the number
of cells that have been attached to matrigel, where matrigel-coated transwell cell culture

inserts coated with matrigel mimics the extracellular matrix (ECM) after treatment with
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Figure 4.10. (a) Wound healing assay in 4T1 cells for 24 h and 48 h of incubation with niloticin,
(b) and (c) % of wound area and wound closure changes with the treatment group at 24 and 48
hours (niloticin - 3 & 6 uM) compared with control
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Figure 4.11. (a) Wound healing assay in 4T1 cells for 24 h and 48 h of incubation with prieurianin,
(b) and (c) % of wound area and wound closure changes with the treatment group at 24 and 48
hours (prieurianin — 0.5 & 1 uM) compared with control
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niloticin and prieurianin. Niloticin in 3 uM and 6 pM concentrations and prieurianin in 0.5
MM and 1 UM was added to 4T1 cells. Then, the treated cells were trypsinized and added
to matrigel-coated transwell cell culture inserts. It was incubated for 8 hours and stained
with crystal violet, and imaging under light microscopy was done. The cells were counted
using ImageJ software where the number of cells attached is calculated. As observed, for
niloticin, the number of cells attached gets reduced from 780 to 400 and further to 380 at
different concentrations while prieurianin, numbers of cells that got adhered decreased
from around 640 to 350 and around 200 at different concentrations (Figure 4.12a, 4.13a).

Next, the ability of cells to migrate against the transwell membrane has been studied by
cell migration assay. Here, post-treated 4T1 cells were seeded to transwell cell culture
inserts, and incubated for 8 hours. After that, wells were stained with crystal violet, and
imaging was done. The results indicated a significant decrease in the number of cell that
migrated against transwell membrane after treatment with niloticin and prieurianin
compared with untreated ones. In the case of niloticin, the number of cells migrated through
transewell membrane decreased from 1200 to around 250 in final concentration and for
prieurianin, the cell number reduced from approximately 3000 to 1200 at final
concentration (Figure 4.12b, 4.13b).

The invasive nature of cancer cells is another critical feature to promote angiogenesis. Here,
the invasiveness of the cells was studied by cell invasion assay, making use of matrigel-
coated cell culture inserts. Here, cells were pretreated with niloticin and prieurianin at
different concentrations, which after 24 hours were seeded onto the wells and incubated for
7 to 8 hours. And the migration rate of treated and untreated cells was found out by staining
with crystal violet imaging and finally counted using ImageJ software. As the results
suggest, the number of cells attached comparing the control group was significantly
decreased in both the treatment groups of niloticin and prieurianin. In case of niloticin, we
could observe approximately 3 times decrease in the number of cells attached compared to
the control while in the case of prieurianin, 2 times decrease was found (Figure 4.12c,
4.13c).

The findings demonstrate that both niloticin and prieurianin effectively reduce the
adhesion, migration, and invasion of 4T1 cells in a dose-dependent manner. These results
highlight their potential as therapeutic agents in inhibiting metastatic processes, which are

critical for cancer progression. The significant reduction in cellular activities suggests that
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these compounds can disrupt the interactions between cancer cells and the extracellular
matrix, as well as their migratory and invasive capabilities. This underscores their promise
in developing novel anti-metastatic strategies, paving the way for further preclinical and

clinical investigations.
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200 um. Results are represented as mean + SD, **p < 0.01, ***p < 0.001 compared to control.
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Figure 4.13. a) cell adhesion assay and the number of adhered cells, migration assay of 4T1 cells
using cell culture inserts and invasion assay of the 4T1 cells using matrigel coated transwell inserts
for prieurianin, (b) graph showing number of adhered cells (c) graph showing number of invaded
cells (d) graph showing number of migrated cells through transwell membrane. The scale bar
indicates 200 um. Results are represented as mean + SD, **p < 0.01, ***p < 0.001 compared to
control.

Anti-angiogenic studies of niloticin and prieurianin in Ea.hy926 cells

Ea.hy926 is a human endothelial hybrid cell line. This human umbilical vein cell line,
EA.hy926, was established by fusing primary human umbilical vein cells with a
thioguanine-resistant clone of A549 by exposure to polyethylene glycol (PEG) (24). Here,
a basic anti-angiogenic potential analysis of niloticin and prieurianin was done in Ea.hy926

cells.
4.2.7 Scratch wound assay in Ea.hy926 cells

Initially, a wound healing assay was performed and the migratory potential of the cells
before and after treatment with the compounds were analyzed for 0 and 24 hours of
incubation. Niloticin was treated at a concentration of 4 uM and prieurianin at a
concentration of 0.8 uM. The results indicate that about 90% of wound area closure was
seen in control cells after 24 hours of incubation. In the case of niloticin, approximately
40% of the area was only reduced and for prieurianin, only about 10% of the wound area
was reduced after 24 hours of incubation (Figure 4.14). The results suggested the effect of

niloticin and prieurianin in the movement of Ea.hy926 cells.
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Figure 4.14. (a) Wound healing assay in Ea.hy926 cells for 24 of incubation with niloticin and
prieurianin and (b) graph representing the wound area closure for both molecules at 24h.

4.2.8 Cell migration and invasion assays in Ea.hy926 cells
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To assess the inhibition of the migratory potential of the molecules, cell migration assay
was performed using transwell cell culture inserts. The Ea.hy926 cells were treated with
niloticin (4 uM) and prieurianin (0.8 uM), and after 24 hours of incubation, the treated and
untreated cells were added to transwell cell culture inserts. After 8 hours of incubation, the
cell movement was visualized using crystal violet staining, and the results suggested that
around half of the cells got migrated after the treatment with both molecules. Subsequently
cell invasion assay was carried out, as the invasion of ECM by the cells is the crucial step
in angiogenesis. Here, the treated cells were added into the transwell cell culture inserts
coated with matrigel. After staining with crystal violet images were taken, and the invasive
potential of Ea.hy926 cells was checked in cells with and without treatment. The results
suggested that control group shows a better invasive nature while in treatment groups, the
number of cells migrated has been reduced to half (Figure 4.15).
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Figure 4.15. (a) Migration assay using cell culture inserts, with treatments with niloticin and
prieurianin. The scale bar indicates 200 um. (b) graph showing number of migrated cells compared
with control, (c) invasion assay and (c) fold change in the invaded cells in the treatment with
niloticin and prieurianin compared with control. The experiments were conducted in triplicates and
the graphical value represents average + SD, and *** indicates p value <0.001, considered as
significant when compared to the control.

4.3 Materials and methods
4.3.1 Cell culture methods

The murine triple negative breast cancer cell, 4T1 was obtained from ATCC and
maintained in RPMI, Sigma, and supplemented with 10% Fetal Bovine Serum (FBS,
Himedia) and 1% antibiotic antimycotic solution 100X (with 10,000 units Penicillin, 10
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mg Streptomycin and 25 pg Amphotericin B per mL in 0.9% normal saline-Himedia) and

maintained at 5% CO; at 37°C in the incubator.
4.3.2 Cytotoxicity assays

The 4T1 cells were seeded in 96 well plate for 24 h and after the incubation compounds
niloticin and prieurianin at different concentrations was added and incubated for 24 h. After
the desired incubation time, MTT dissolved in HBSS was added to each well for 2-4 h and
the formazan crystals were dissolved in 100 pL of DMSO by removing the MTT solution.
The absorbance was measured at 570 nm in a multimode plate reader.

4.3.3 Apoptotic assays

The cells were seeded in 96 well plate, after 24 h of incubation, niloticin at two different
concentrations (10 uM and 13 pM) and prieurianin (3 uM and 5 uM) were added. With 24
h incubation of the compound, live dead assay, trypan blue assay, eosin staining and
Hoechst nuclear staining were performed by adding the specified dyes. And the images
were taken in a fluorescent microscope. For live dead staining, acridine orange and

ethidium bromide were added.
4.3.4 Immunofluorescence Assay for Ki67 Expression

Ki67 expression was analyzed in niloticin-treated cells via immunofluorescence. Cells
were seeded at 7 x 103 per well in 96-well plates, treated with niloticin (3 uM and 6 pM)
and prieurianin (0.5 pM and 1 pM), and stained for Ki67 after fixation and
permeabilization. Secondary antibody staining and DAPI staining were performed,

followed by imaging using the Nikon TS100 inverted fluorescent microscope.
4.3.5 Colony formation assay

Cells were seeded at a density of 1x103 cells per well in a 6-well plate. After 24 hours of
incubation, compounds at two distinct concentrations, niloticin (3 UM and 6 uM) and
prieurianin (0.5 pM and 1 pM) were introduced, and the cells were permitted to develop
colonies over the subsequent 9 days. Following this incubation period, colonies were
visualized through staining with 0.3% crystal violet for 10 minutes, followed by washing
with PBS. Imaging was conducted using a Nikon-TS100 Inverted microscope, and the
captured images were processed. Colony quantification was performed using Image J

software. The survival fraction was computed utilizing the formula:
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Plating efficiency (PE) = No. of colonies counted x 100/ No. of cells seeded
Surviving fraction (SF) = PE of treated sample x 100/ PE of control
4.3.6 Wound healing assay

Cells were seeded in a 96-well plate at a seeding density of 10 x 10 cells per well. Wounds
were created in each well by carefully scratching with a 200 pL pipette tip. Various
concentrations of compounds were then applied, and images were captured at regular
intervals to monitor the wound healing progress. The treated group was subsequently
compared to the untreated control to assess the impact of the compounds on the observed

wound closure. The wound area was evaluated with the help of ImageJ software.
4.3.7 Adhesion, Migration and Invasion assays

In the cell adhesion assay, cells were initially seeded in a 6-well plate and allowed to
incubate for 24 hours. After this incubation period, compounds were introduced, niloticin
(3 UM and 6 pM) and prieurianin (0.5 uM and 1 pM). The following day, 48-well plates
were coated with 100 pL of diluted matrigel. Once gelled, trypsinized cells from both the
untreated and treated groups were added to the matrigel-coated wells and incubated for 4
hours. The cells were subsequently fixed using 70% methanol, stained with a 0.3% crystal
violet solution, and images were captured for analysis. The transwell migration and
invasion assays utilized cell culture inserts of 8.0 um pore size. These inserts created a
barrier between two distinct media compartments, where the lower portion contained either
conditioned medium or serum-containing medium, and the inside of the insert housed cells
in serum-free medium, separated by a porous membrane. In the invasion assay, the upper
side of the insert was coated with diluted matrigel. Cells were introduced into the serum-
free medium, and after 24 hours of incubation, they migrated through the pores towards the
serum-containing medium. Following the specified incubation period, the inserts were
fixed, stained, and subjected to image capture. Subsequent calculations were performed
using Image J software.

4.4 Conclusion

Metastasis and angiogenesis remain formidable challenges in cancer therapy, requiring
innovative approaches to mitigate their contributions to disease progression and mortality.
In this study, prieurianin and niloticin demonstrated remarkable potential as dual anti-

metastatic and anti-angiogenic agents in in vitro models of 4T1 triple-negative breast
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cancer and Ea.hy926 endothelial cells. Cytotoxicity studies confirmed their efficacy in
inhibiting cell proliferation, where prieurianin exhibited a more pronounced effect than
niloticin. Apoptosis was validated through live-dead, trypan blue, eosin staining, and
Hoechst staining assays, where the compounds induced significant DNA condensation and
membrane disruption. The inhibition of Ki-67 expression further validated the suppression
of cellular proliferation, with prieurianin achieving a substantial three-fourths reduction
compared to niloticin’s 50% reduction. The colony formation assays provided additional
evidence of the compounds' anti-metastatic properties, showing dose-dependent reductions
in colony numbers. Scratch wound assays demonstrated significant inhibition of cell
migration, with prieurianin exhibiting superior wound closure prevention over niloticin.
Cell adhesion, migration, and invasion assays further corroborated the compounds' ability
to impede the metastatic cascade, particularly in suppressing interactions with the
extracellular matrix. Invasion assays revealed a three-fold decrease in the invasive potential
of niloticin-treated cells and a two-fold reduction in prieurianin-treated cells, underscoring
their distinct inhibitory mechanisms. Anti-angiogenic evaluations in Ea.hy926 cells
provided crucial insights into the compounds' ability to target endothelial cells, with
prieurianin significantly reducing migratory and invasive capacities. The wound healing
assay showed an almost complete inhibition of wound closure in prieurianin-treated cells,
while niloticin also markedly restricted migration. Transwell migration and invasion assays
further supported these findings, with both compounds halving the invasive potential of
endothelial cells. In conclusion, prieurianin and niloticin exhibit complementary and potent
anti-metastatic and anti-angiogenic activities, positioning them as promising candidates for
therapeutic development. Their natural origin, multi-targeted mechanisms, and
demonstrated efficacy highlight their potential in addressing the complex challenges of
metastatic cancer. Further in vivo and clinical studies are warranted to validate these
findings and explore their integration into existing treatment regimens, aiming to improve

patient outcomes in metastatic cancer therapy.
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Cancer is a multifaceted group of diseases characterized by uncontrolled cell growth, tissue
invasion, and metastasis, and remains a leading cause of mortality worldwide. Current
treatments are often limited by significant side effects and resistance, necessitating safer and
more effective alternatives. Natural products, known for their structural diversity and
bioactivity, provide a promising source for novel anticancer agents. This work investigates the
therapeutic potential of bioactive compounds derived from Aphanamixis polystachya, a plant
with diverse secondary metabolites, with a focus on their application in cervical and breast
cancer treatment.

Chapter 1 introduces natural products as a cornerstone in drug discovery, emphasizing their
role in developing safer and targeted cancer therapies. The pharmacological properties of
Aphanamixis polystachya are explored, alongside an overview of cervical cancer, its global
burden, and the limitations of conventional treatments. The potential of natural products to
address these challenges is highlighted, forming the basis for the subsequent chapters.
Chapter 2 delves into the isolation and characterization of bioactive phytomolecules from
Aphanamixis polystachya, identifying niloticin as a key compound with anticancer potential.
Niloticin is evaluated for its apoptotic efficacy in HelLa cervical cancer cells, demonstrating
selective toxicity toward cancer cells while sparing non-cancerous cells. Molecular studies
reveal its ability to engage intrinsic and extrinsic apoptotic pathways through interactions with
key apoptotic proteins. Its anti-metastatic properties are further confirmed via in vitro assays,
positioning niloticin as a promising candidate for targeted anticancer therapy.

Chapter 3 shifts focus to prieurianin, another potent compound, which exhibits strong
apoptotic activity in SiHa cervical cancer cells with an 1C50 value of 3.9 uM. Various apoptosis
assays validate its ability to trigger programmed cell death and arrest cell cycle progression.
Prieurianin effectively engages both intrinsic and extrinsic apoptotic pathways and
demonstrates anti-metastatic potential through scratch wound and colony formation assays,
along with downregulation of the Ki-67 proliferation marker.

Chapter 4 presents a comparative evaluation of niloticin and prieurianin’s anti-metastatic and
anti-angiogenic effects in 4T1 triple-negative breast cancer cells and EaHy 926 endothelial
cells. Both compounds inhibit cancer cell migration and invasion, as evidenced by colony
formation and invasion assays, and downregulate key metastatic markers. Collectively, this
study highlights the potential of Aphanamixis polystachya-derived phytomolecules as effective
agents for targeted cancer therapy, paving the way for future research and development.
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Aphanamixis polystachya, comes under the family Meliaceae, is a valuable medicinal plant seen
abundantly in India. Traditionally, the barks of A. polystachya is used in treatment of tumor, liver
and spleen diseases. Limonoids are a major group of molecules present in this plant, which is
well explored for its wide range of biological activities such as antiviral, anticancer, antifungal
and antibacterial. The present study involves the exploration of anticancer potential of the
niloticin, a limonoid isolated from the barks of A. polystachya. Preliminary antiproliferative
studies were done in cervical cancer cell line HeLa by MTT assay, from which IC50 was found
out to be 11.65 £ 0.02 uM at 24 hours of incubation. Further apoptotic potential of the molecule
was studied by live dead assay, APOP assay, Hoescht staining, DNA fragmentation and annexin
V-FITC flow cytometric analysis. Expression studies of cell cycle proteins shows
downregulation of cdkl, cyclin A2, cyclin B1, proves the inhibition of proliferation of cancer
cells upon treatment with niloticin. Caspase flurometric studies revealed the intrinsic mode of
apoptosis in HelLa cells which is substantiated by the data from JC-1 mitochondrial membrane
potential assay, in which the lower red/ green ratio indicates depolymerised mitochondrial
membrane potential. The apoptotic potential of the molecule in Hela cells and its lesser toxicity
in normal cells, attributes to the features of the compound to be developed as a potent drug

against cervical cancer.
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Organic chemistry is an art executed science in which the isolation of bioactive
compounds or molecules from natural resources makes it one of the most interesting and finest
areas of modern chemistry. The key role played by plant-based systems in the healthcare of
different cultures has been extensively documented and according to World Health Organization
(WHO), approximately 65-80% of the world’s population relies mainly on plant-derived
traditional medicines for their primary health care. Medicinal plants have been used for centuries
as remedies for human diseases. Treatments with the use of various plants have historically
formed the basis of sophisticated traditional medicine, preceding the established scientific
literature by thousands of years. Apiaceae (also known as Umbelliferaceae) family is an
important natural resource that provides many useful products for food, spices, medicines, dyes,
perfume and aesthetics. They comprise well-known and economically important plants such as
angelica, anise, asafoetida, caraway, carrot, celery, chervil, coriander, cumin, dill, fennel,
hemlock, lovage, cow parsley, parsley, parsnip, sea holly, giant hogweed and silphium. Among
these, dill is widely used as a spice and also yields essential oil. The Ayurvedic uses of dill seeds
are carminative, stomachic and diuretic. In these aspects, we carried out a detailed phytochemical
investigation on dill seeds and 23 compounds were isolated. All the compounds were

characterised using different NMR and HR-MS techniques.

Keywords: Anethum graveolens, GCMS

155



Phytochemical investigations on Anethum graveolens L. (dill)
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Organic chemistry is an art executed science in which the isolation of bioactive
compounds or molecules from natural resources makes it one of the most interesting and finest
areas of modern chemistry. The key role played by plant-based systems in the healthcare of
different cultures has been extensively documented and according to World Health Organization
(WHO), approximately 65-80% of the world’s population relies mainly on plant-derived
traditional medicines for their primary health care. Medicinal plants have been used for centuries
as remedies for human diseases. Treatments with the use of various plants have historically
formed the basis of sophisticated traditional medicine, preceding the established scientific
literature by thousands of years. Apiaceae (also known as Umbelliferaceae) family is an
important natural resource that provides many useful products for food, spices, medicines, dyes,
perfume and aesthetics. They comprise well-known and economically important plants such as
angelica, anise, asafoetida, caraway, carrot, celery, chervil, coriander, cumin, dill, fennel,
hemlock, lovage, cow parsley, parsley, parsnip, sea holly, giant hogweed and silphium. Among
these, dill is widely used as a spice and also yields essential oil. The Ayurvedic uses of dill seeds
are carminative, stomachic and diuretic. In these aspects, we carried out a detailed phytochemical
investigation on dill seeds and 23 compounds were isolated. All the compounds were
characterised using different NMR and HR-MS techniques.
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Introduction

Throughout history, humans have leveraged the therapeutic
potential of nature, which provides a vast repository of
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Pharmacologically active small organic molecules derived from natural resources are prominent drug
candidates due to their inherent structural diversity. Herein, we explored one such bioactive molecule,
niloticin, which is a tirucallane-type triterpenoid isolated from the stem barks of Aphanamixis polystachya
(Wall) Parker. After initial screening with other isolated compounds from the same plant, niloticin
demonstrated selective cytotoxicity against cervical cancer cells (Hela) with an ICsq value of 11.64 uM.
Whereas the compound exhibited minimal cytotoxicity in normal epithelial cell line MCF-10A, with an ICsq
value of 83.31 uM. Subsequently, in silico molecular docking studies of niloticin based on key apoptotic
proteins such as p53, Fas, FasL, and TNF B revealed striking binding affinity, reflecting docking scores of
7.2, -7.1, -6.8, and —-7.2. Thus, the binding stability was evaluated through molecular dynamic simulation.
In a downstream process, the apoptotic capability of niloticin was effectively validated through in vitro
fluorimetric assays, encompassing nuclear fragmentation. Additionally, an insightful approach involving
surface-enhanced Raman spectroscopy (SERS) re-establishes the occurrence of DNA cleavage during
cellular apoptosis. Furthermore, niloticin was observed to induce apoptosis through both intrinsic and
extrinsic pathways. This was evidenced by the upregulation of upstream regulatory molecules such as
CD40 and TNF, which facilitate the activation of caspase 8. Concurrently, niloticin-induced p53 activation
augmented the expression of proapoptotic proteins Bax and Bcl-2 and downregulation of IAPs, leading to
the release of cytochrome C and subsequent activation of caspase 9. Therefore, the reflection of
mitochondrial-mediated apoptosis is in good agreement with molecular docking studies. Furthermore, the
anti-metastatic potential was evidenced by wound area closure and Ki67 expression patterns. This pivotal
in vitro assessment confirms the possibility of niloticin being a potent anti-cancer drug candidate, and to
the best of our knowledge, this is the first comprehensive anticancer assessment of niloticin in HelLa cells.

bioactive compounds. Nature is often esteemed as the
quintessential healer, with its components playing a critical
role in managing numerous chronic diseases. Medicinal
plants have been integral to healthcare from ancient
traditional medicine to contemporary medical systems owing
to their remarkable efficacy, safety, and cost-effectiveness.
The extracts and isolated compounds from medicinal plants
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are preferred treatments for a variety of ailments. The
relevance of natural product-based drug discovery persists as
some of these compounds are indispensable even in the era
of modern synthetic medicines due to their diverse
physicochemical properties, including high bioactivity,
biocompatibility, and bioavailability.”> Although many
modern therapeutic interventions have been practiced in
recent decades, cancer continues to be a leading cause of
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death worldwide. Intensive research aims to discover a cure
for this lethal affliction as existing treatments such as
chemotherapy, radiation, and surgery pose risks to healthy
cells and tissues. The escalating cancer incidence highlights
the pressing need for an effective and affordable treatment
with minimal side effects. In addition to the challenges
associated with the disease itself, the development of
chemoresistance has emerged as a major concern.>” Within
the spectrum of malignancies, cervical cancer holds the
fourth position in terms of incidence, emerging as the
predominant cause of mortality among women.’ In this
preview, natural products exert their actions by regulating
multiple signaling pathways involved in cell growth and
apoptosis, consequently impeding cancer cell progression and
possessing immune activation, which results in tumor cell
death.”® Currently, there is a growing interest in the search
for naturally occurring active molecules with high
immunomodulation for cancer treatment.”*’

Aphanamixis polystachya (Wall.) Parker, also known as
Amoora rohituka, a member of the Meliaceae family, is
distinguished for its extensive medicinal properties."" Owing
to its therapeutic potential, this plant has traditionally been
used to address various health issues, including spleen and
liver diseases, abdominal problems, tumors, eye disorders,
rheumatoid arthritis, ulcers, and jaundice.>™® It exhibits
pharmacological properties, such as antibacterial, antifungal,
and insecticidal activities."* Furthermore, it possesses CNS
depressant, analgesic, and clot lysis properties.’> The ethyl
acetate fraction of A. polystachya has demonstrated its ability
to safeguard bone marrow cells against chromosomal
abnormalities induced by gamma radiation in Swiss albino
mice. This finding suggests potential applications in
radiation therapy for cancer treatment.'® Niloticin, a
tirucallane-type triterpenoid isolated from A. polystachya, has
demonstrated significant biological activities. One of the
promising reported activities of niloticin is its ability to
inhibit osteoclastogenesis by suppression of the RANKL-
induced activation of the AKT, MAPK and NF-kB signaling
pathways.”” Niloticin functions as an antagonist of myeloid
differentiation factor-2 (MD-2) and possesses anti-
inflammatory activity.'® The literature also hints at the
insecticidal properties of niloticin, which is considered a
prominent feature of this compound. Additionally, anti-
plasmodial and anti-respiratory syncytial virus (RSV) activities
have been reported for niloticin.">*® The cytotoxicity of
niloticin is identified in several cancer cell lines, including
gastric (BGC-823, KE-97), liver (Huh-7), breast (MDA), prostate
(PC3, LNCaP), fibrosarcoma (HT-1080), and hepatoma
(Hep3B).>'>* However, comprehensive anti-cancer studies
specifically targeting cervical cancer cell proliferation have
not been reported, which constitutes a primary focus of the
current investigation.

Considering these facets, our objective is to meticulously
investigate the anticancer properties of the phytomolecule
niloticin against cervical cancer, which is prevalent in the
female reproductive system. In this process, the extraction
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and isolation of the desired phytomolecules have been
carried out from the stem bark of Aphanamixis polystachya.
The antiproliferative effect of the acetone extract was
evaluated in cervical cancer (HeLa) cells, which demonstrates
significant activity. Hence, we extended our studies with the
isolation of key phytomolecules from acetone extract. The
isolation yielded five distinct phytomolecules, falling into the
category of tirucallane-type triterpenoids, which are
characteristic of plants within the meliaceae family. The
anticancer potential of the isolated compounds was then
scrutinized in HeLa cells, resulting in niloticin being the
most potent among them. This eventually led us to focus on
the triterpenoid compound, niloticin, for an in-depth
anticancer profiling investigation. In silico screening of
niloticin with major protein targets of the apoptotic pathway
show reasonably good binding affinity with key proteins
involved in the signaling cascade, including p53, Fas
receptor, Fas L, Bax, CDK2, BCL2 and TNF f. Therefore, to
complement the in silico results, an in vitro downstream
assessment was carried out to elucidate the apoptotic
mechanisms by which niloticin operates, employing a variety
of cell-based assays and analyzed DNA fragmentation by
agarose gel electrophoresis, which was fully complemented
by surface-enhanced Raman scattering (SERS) as an
ultrasensitive spectroscopic modality. Furthermore, niloticin
exerts its anti-proliferative potential by sub-GO cell cycle
arrest, confirmed by cell cycle assay and expression analysis
of cell cycle regulatory proteins. To evaluate the apoptotic
pathway, the expression of caspases was analyzed by
fluorometric assays. Interestingly, it was observed that the
niloticin followed both extrinsic and intrinsic modes of
apoptosis, which is well supported by the molecular docking
and protein expression studies of the involved key factors.
Additionally, wound healing properties and the ability of
clonogenic inhibition were evaluated, aiming to establish the
anti-metastatic potential of niloticin backed by the expression
analysis of Ki67 by immunofluorescence study. Finally, the
pathway of the molecule's action was well confirmed by
examining the expression of signaling proteins, thus
solidifying niloticin's potential for further studies as a
promising hit compound against cervical cancer. To date,
this is the first detailed investigation of the anticancer
potential of niloticin in cervical cancer using the HeLa cell
line (Scheme 1).

Results and discussion

Extraction, isolation, and characterization of phyto entities
from Aphanamixis polystachya

The acetone extract of the bark of Aphanamixis polystachya
(Wall.) Parker was prepared by percolation, and its
antiproliferative potential was primarily checked in HeLa
(cervical cancer) cells using the MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-2H-tetrazolium bromide) assay (Fig. S1,
Table S17), with ICs, values of 39.96 and 17.18 pg mL ™" at 24
and 48 hours of incubation, respectively. This led to the

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Cell death induced by niloticin through intrinsic and extrinsic modes of apoptosis.

isolation and purification of phytomolecules from the
acetone extract. The acetone extract, subjected to repeated
column chromatographic separation, yielded five distinct
molecules: niloticin (15 mg), bourjotinolone B (32 mg),
piscidinol A (10 mg), 24-epi-piscidinol A (21 mg), and hispidol
B (18 mg) (Fig. 1a-e). All molecules belong to tirucallane
type-triterpenoid, and were characterized by 1D NMR, 2D
NMR and HRMS, which were in accordance with the reported
data (Fig. $3-S340%).2°72%

Preliminary cytotoxic screening of isolated phytomolecules

A preliminary cytotoxic analysis of tirucallane type-
triterpenoid against cervical cancer cells was conducted using
the MTT assay in HeLa cells at concentrations ranging from
5 to 100 pM, and the ICs, values are shown in Fig. 1g. Among
the phytomolecules, niloticin was found to be the most
potent with an ICs, value of 11.64 uM at an incubation
period of 24 hours. To check its anticancer potential in other
cancer cells, we specifically conducted the MTT assay of
niloticin on A549 (lung), PANC-1 (pancreatic), and MDA-MB-
231 (breast) cancer cell lines by keeping the same
concentrations of niloticin as in HeLa cells. The minimal
inhibitory concentration (ICs,) was determined, which turned
out to be 30.6 uM (A549), 16.5 uM (PANC-1) and 23.9 uM
(MDA-MB-231), respectively, at 24 hours of incubation. This
infers that niloticin is most active against cervical cancer
(HeLa cell line) (Fig. 1i). As a better cytotoxicity was observed

This journal is © The Royal Society of Chemistry 2024

in HeLa cells, we also evaluated the activity of niloticin in
SiHa (squamous cell carcinoma) with an ICs, value of 16.23
uM, which further proved the anti-proliferative potential of
niloticin in cervical cancer cells. Since niloticin exhibited a
pronounced inhibitory potential against the cervical cancer
cell line, we evaluated its potential in MCF 10A, a non-
tumorigenic epithelial cell line, and the observed ICs, was
approximately 83.31 puM. This finding of the selective anti-
cancer potential of niloticin urges us to conduct an in-depth
apoptotic assessment on HeLa cells.

Computational screening of niloticin

In the pursuit of understanding the pharmacokinetic
properties of niloticin, our initial evaluations revealed
promising characteristics. Niloticin exhibited high human
intestinal ~absorption, accompanied by a favorable
lipophilicity with an iLOGP value of 4.58. Furthermore, the
absence of PAINS (pan assay interference compounds) was
confirmed (Fig. S42}). To elucidate the intricate interactions
between niloticin and key signaling proteins within the
apoptotic pathway of cervical cancer, we conducted
comprehensive molecular docking simulations. Seven pivotal
proteins in the pathway were selected for this study: p53
(PDB ID: 1TUP), Fas receptor (PDB ID: 3EZQ), Fas L (PDB ID:
5L19), Bax (PDB ID: 6EB6), CDK2 (PDB ID: 2UZE), BCL2 (PDB
ID: 600K), and TNF f (PDB ID: 1TNR). Notably, docking
scores below -6.5 were observed, indicating robust
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Fig. 1 Structure of a) niloticin, b) bourjotinolone, c) piscidinol A, d) 24-epi-piscidinol, and e) hispidol A. f) Graph showing the percentage toxicity
of isolated molecules in Hela cells, g) and their corresponding ICsq values. h) Comparative study of the percentage inhibition of niloticin in

different cancer cell lines, i) and their ICsq values using the MTT assay.

interactions between niloticin and these proteins (Table S27)
(Fig. 2a-g).

Our analysis revealed the strong binding of niloticin with
each protein, as evidenced by docking scores ranging from
-6.8 to —-9.0 kcal mol™. For instance, with the tumor
suppressor protein p53 (PDB ID: 1TUP), niloticin formed
hydrogen bonds and hydrophobic interactions with residues
such as ASN 263, GLY 262, and GLU 258, resulting in a
docking score of 7.2 kcal mol™. Similarly, interactions with
the Fas receptor (PDB ID: 3EZQ) and Fas L (PDB ID: 5L19)
yielded scores of -7.1 and -6.8 kcal mol™, respectively,
involving crucial residues such as GLY 247, PHE 248, and
ARG 144. Moreover, niloticin demonstrated high affinity for
proteins like Bax (PDB ID: 6EB6), CDK2 (PDB ID: 2UZE),
BCL2 (PDB ID: 600K), and TNF B (PDB ID: 1TNR),>** with
docking scores of -7.7, -7.2, 9.0, and -7.2 kcal mol™,
respectively. These findings underscore the efficacy of
niloticin as a promising therapeutic agent in cervical cancer

RSC Med. Chem.

treatment, warranting further investigation into its
mechanistic pathways and clinical applications.

Molecular dynamics simulation of protein-niloticin complex

Subsequently, the exploration of niloticin's interactions with
the selected proteins delved even deeper through extensive
molecular  dynamics simulations. These simulations,
conducted using the OPLS-2005 force field, extended over a
meticulous time frame of 100 nanoseconds. The root mean
square deviation (RMSD) plot emerged as a crucial analytical
tool in this phase. This plot not only provided insights into the
structural dynamics, but also served as a robust indicator of
the stability exhibited by both the individual proteins and their
respective complexes with niloticin. Remarkably, the RMSD
analysis revealed that, throughout the simulation period, the
proteins and their complexes maintained structural integrity,
demonstrating a maximum RMSD value of 3.5 A (Fig. 2h).
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Fig. 2 3-D interaction of niloticin with a) TNF B, b) P53, c) Bax, d) Fas receptor, e) FasL, f) CDK2, and g) BCL2. h) RMSD plot of niloticin with

different proteins.

This meticulous assessment of structural fluctuations
underscores the resilience of the protein-niloticin complexes,
affirming the sustained stability of the binding interactions.
The limited deviation observed in the RMSD values
accentuates the consistency and endurance of the strong
molecular bonds between niloticin and the crucial proteins
in the apoptotic pathway. This substantiates the premise that
niloticin'’s impact extends beyond mere binding affinity,
indicating a profound and enduring influence on the
structural stability of the targeted proteins, further fortifying
its potential as a key player in inducing apoptosis in human
cervical cancer cells.

Apoptotic evaluation of niloticin

Various apoptotic assays were employed to assess the cell
death mechanisms triggered by niloticin in HeLa cells.
Firstly, we used acridine orange (AO) and ethidium bromide
(EB) DNA-binding dyes as a dual staining method, which

This journal is © The Royal Society of Chemistry 2024

differentially labeled viable and dead cells, and observed
the signals through fluorescence microscopy with a FITC
filter. Considering the ICs, of niloticin, the apoptotic
induction was conducted at two different concentrations (7
puM and 11 pM). The control cells, without niloticin
treatment, were stained green as AO can penetrate the
intact cell membrane of the viable cells, while the
membrane-impermeant dye EB cannot. In contrast,
niloticin-treated cells were stained reddish-orange because
EB only enters cells with compromised membranes, binds
to DNA, and exhibits a red fluorescence, indicating an early
or late apoptotic stage of the cell, as shown in Fig. 3a.
Furthermore, to confirm the changes in the cellular
membrane due to apoptosis induction, we employed a non-
fluorescent imaging method using the APOPercentage assay.
In this assay, the dye enters cells with impaired
membranes, staining them pink, while non-apoptotic cells
remain unstained.®® The current data align with the
findings of the apoptotic potential of niloticin on HeLa
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Fig. 3

Induction of apoptosis in HelLa cells by niloticin analysed in different concentrations of 7 and 11 uM by a) Acidine orange ethidium bromide

dual staining method, b) APOP assay, c) annexin V apoptosis assay by FACS, and c) caspase expression analysis by fluorometric method. Major
caspases, such as d) caspase-3, e) caspase-9 and f) caspase-8, involved in apoptotic pathways were checked and it was observed that all 3
caspases show a fold increase in its fluorescence intensity with respect to control. Results are represented as mean + SD, *p < 0.05, **p < 0.01,

***p < 0.001 compared to the control.

cells, ie., niloticin-treated cells were stained pink, with the
intensity of the color increasing at higher concentrations.
Meanwhile, control cells remained unstained, as observed
under the microscope (Fig. 3b). The exposure of
phosphatidylserine enhances the identification of apoptotic
cells, and annexin V exhibits specific binding to this
phospholipid, distinguishing apoptotic cells within a
cellular population. This property is leveraged to confirm
the apoptotic potential of niloticin in HeLa cells using the
annexin V apoptosis assay. The quantification of cells
labeled with annexin V-FITC and PI found in various
quadrants (Q1, Q2, Q3, Q4) in the data obtained serves as a
comprehensive indicator of cells at various phases. FITC

RSC Med. Chem.

and PI negative live cells are found in Q3, with a decrease
from 77.7% in control to 38.3% and 29.6% in 7 and 11 uM
niloticin treatment, respectively. The lowest cell population
in Q1 of the treated cells (0.7% and 4.5%) indicates that
the cells have undergone necrotic cell death. In Q4, 50.9%
of annexin V-labelled cells were found in the 7 uM
treatment group, indicating an early apoptotic stage and a
noteworthy increase in the percentage of annexin V-FITC
and PI-positive cells in Q3, rising from 14.5% in the control
group to 49.2% in the niloticin-treated cells, effectively
indicates that the cells are in the late apoptotic stage. This
shift is evident in the flow cytometry data, highlighting the
impact of niloticin on apoptosis, as shown in Fig. 3c.

This journal is © The Royal Society of Chemistry 2024
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Investigation of caspase-mediated apoptosis

Programmed cell death is largely orchestrated by the
involvement of caspases, a distinct family of cysteine
proteases. These caspases typically exist as inactive
zymogens, undergoing a cascade of catalytic activation during
apoptosis.’® To assess the activation profile of caspases, a
fluorescence-based assay was employed, where the intensity
of fluorescence indicates the expression of different caspases.
The apoptotic pathway may follow the extrinsic or intrinsic
pathway, and can be differentiated by examining the
expression of various initiator caspases. In this study, we
investigated the activation of caspase 3, an executioner
caspase crucial for both the extrinsic and intrinsic modes of
the apoptotic pathway. The cells were thus treated with
niloticin (7 and 11 uM). Compared to the control, we
observed a threefold increase in the expression of caspase 3,
confirming the induction of apoptosis (Fig. 3d). We also
examined the activation of the caspases associated with the
initiation of apoptosis induced by niloticin. For that, we
looked at the expression of caspase 8 and caspase 9, which
are significant factors of the extrinsic and intrinsic pathways.
Interestingly, the expression of both caspase 8 and caspase 9
was found to be increased, confirming that niloticin acts
through both extrinsic and intrinsic pathways of apoptosis
(Fig. 3e and f). From reviewing the literature, it is observed
that certain natural compounds falling within the terpenoids

(C)
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category (nimbolide in MCF-7 breast cancer cells, hyperforin
in glioblastoma, and carnosic acid in PC-3 prostate
carcinoma cells) exhibit similar patterns of execution for both
apoptotic pathways.*”~°

Evaluation of apoptosis by nuclear condensation and DNA
fragmentation using fluorometric and SERS analysis

A hallmark of apoptotic events is DNA condensation,
whereas the nuclei of unaffected cells retain a spherical
shape with evenly distributed DNA. This feature can be
utilized to illustrate the apoptotic potential of a compound
using DNA-binding dyes. In this context, Hoechst 33342
staining is employed, which permeates both live and
apoptotic cells, and selectively binds to adenine-thymine-
rich regions of DNA in the minor groove.** Fluorescence
can be observed in both normal and condensed DNA, but
with a higher intensity in the condensed DNA.
Fragmentation can also be effectively detected. In our
experiment, niloticin-treated (7 uM and 11 uM) HeLa cells
were stained with Hoescht 33342, and analyzed using
fluorescent light microscopy. The images revealed a higher
number of cells with condensed nucleic acids at varying
concentrations, confirming apoptosis, while the DNA in
healthy cells retains its spherical shape (Fig. 4a). During the
apoptotic process, the cytogenic damage is characterized by
DNA fragmentation. Endonucleases cleave the DNA into
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Fig. 4 Nucleic acid condensation in HelLa cells upon treatment with niloticin is proved by a) Hoescht staining method, where the condensed DNA
will give an intense coloration compared to the untreated DNA, b) analysing the DNA laddering pattern in both control and treated cells, in which
exonucleases act on niloticin-treated cells, giving a laddering pattern analysed by agarose gel electrophoresis, and c) SERS analysis of the DNA

laddering.
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internucleosomal fragments, which are indeed considered
specific markers of apoptosis.*" This fragmentation pattern
can be visualized through DNA laddering using agarose gel
electrophoresis. Niloticin in 7 and 11 pM doses were used
to treat HeLa cells. DNA isolation was performed for both
control and treated cells, which was further subjected to
agarose gel electrophoresis (0.8%). The fragmented DNA
was visualized as stained nucleic acids using ethidium
bromide (Fig. 4b). The results exhibit a distinct laddering
pattern in higher concentrations of niloticin-treated cells
compared to control cells, demonstrating the strong
apoptotic  potential of the molecule. For further
confirmation of the DNA fragmentation induced by niloticin
treatment, surface-enhanced Raman spectroscopic (SERS)
analysis of the DNA samples from the control cells and
treated cells was conducted using the 633 nm laser of a
confocal Raman  microscope and colloidal gold
nanoparticles (AuNPs: 40-45 nm) as the SERS substrate. The
enhanced Raman spectra derived from these samples
showed significant differences in the pattern, especially the
diminished peaks of the phosphodiester linkage and O-P-O
stretching vibrations (785 cm™ and 1093 cm™). Moreover,
the decreased intensity for the peaks of cytosine and
guanine and the DNA ring breathing mode (1178 c¢cm™,
1316 cm™, respectively) was also evident. As compared to
the control, an enhanced peak at 1420 to 1440 cm™*
showing CH-deformation and a less intense peak for the

—_—
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deoxyribose vibration (1460-65 cm™') was also noticed in
the DNA isolated from the treated cells (Fig. 4c).*?

Apoptotic assessment based on cell cycle regulation

Genomic level mutations associated with cancer interfere with
normal cell cycle mechanisms, compromising cell division
control and resulting in the uncontrolled progression of cells.*’
The effect of the drug should reestablish the cell cycle
checkpoint regulation that was mutated or direct it toward
apoptosis by halting the cell division. To unveil the mechanistic
action of niloticin in HeLa cells, the retardation in the
progression of the cell cycle is confirmed via cell cycle assay by
flow cytometric analysis. The assay uses propidium iodide, a
fluorescent nucleic acid dye that can enter the apoptotic cells
or those in the last stages of apoptosis. This stains the DNA
and gives the exact number of cell populations at different
phases of the cell cycle. In the experiment, most of the cells
were found in the S and G2 phases in the control. Conversely,
upon treatment, the maximum cell population was restricted
to the sub-GO phase. Initially, the sub-G0 population of cells
without treatment were 7.6%, which in fact increased to 25.6%
at 7 uM and further to 39.5% at 11 uM concentrations of
niloticin (Fig. 5a). The data confirm the cell cycle arrest at the
sub-GO phase during the advancement of the cell cycle as the
percentage of cells decreased in the G0/G1, S, and G2/M phases
by the effect of niloticin. Cdk-2 is a key cell cycle regulator,
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Fig. 5 Cell cycle pattern change analysis and study of the expression change in cell cycle regulatory proteins upon induction by niloticin in HelLa
cells by a) Western blot of Cdk-2, cyclin A2, cyclin B1, and cdc-25, some of the major proteins in cell cycle regulation. b) Graph representing the
fold change in the expression of Cdk-2, c) cyclin A2, d) cyclin B1, and e) Cdc25 in comparison with B-actin. f) Cell cycle assay using Pl staining
done by FACS, which confirms the sub-GO phase arrest with a higher cell population. Results are represented as mean + SD, **p < 0.01, ***p <

0.001 compared to the control.
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which has an important role in G1/S and G2/M transitions.**
Cyclin A2, essential in the activation of kinases, interacts with
Cdk-2 in the G1/S checkpoint. Cyclin B1 aids cells in entering a
mitotic phase, where cyclin Bl-cdk2 phosphorylates many
proteins for cell cycle progression.*>*® Cdc-25 promotes
dephosphorylation in cdks, which is important in the
progression of the cell cycle. Western blot analysis of the
mentioned cell cycle proteins shows a downregulation in their
expression on treatment with the compound, further affirming
the cell cycle arrest by niloticin (Fig. 5b-f).

Apoptotic induction through mitochondrial membrane
potential

Maintenance of a stable mitochondrial membrane potential
is imperative for normal cell functioning. Sustained
perturbation in the transmembrane potential eventually
causes severe effects on the viability of cells. The dysfunction
of the mitochondrial membrane appears to induce apoptosis,
where activated caspases specifically target permeabilized
mitochondria. This leads to the disturbance of electron
transport and the subsequent loss of the mitochondrial
transmembrane potential. JC-1 dye is a cationic dye that is
lipophilic in nature and can enter mitochondria. It forms
J-aggregates that are reversible complexes, exhibiting red
fluorescence in cells with a normal transmembrane potential.
On the other hand, due to less negativity in apoptotic cells,
the JC-1 dye enters at a lower concentration, where
aggregates cannot be formed. Thus, the JC-1 dye retains its
green fluorescence. Here, to disclose the effect of niloticin in
mitochondrial functioning, the cells are induced by the
compound for 24 hours. Afterwards, the JC-1 dye is added,
which forms aggregates in untreated ones. In contrast, it
remains as a monomer in cells where mitochondrial
depolarization occurred upon treatment with niloticin
(Fig. 6a). Therefore, the data clearly express the increase in
green fluorescence resulting from the action of the
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compound as mitochondrial dysfunction occurs, which
substantiates the involvement of the intrinsic (mitochondrial-
mediated) mode of apoptosis.

Inhibition of metastatic potential by niloticin

Firstly, the inhibition of clonogenic potential by niloticin in
HelLa cells was assessed. The study investigates the capacity of
an individual cell to develop into a colony, employing the cell
survival assay to assess the reproductive potential of cells for
unrestricted division and colony formation.*” The conventional
colony formation assay was conducted to evaluate the
suppressive effect of niloticin on the ability to form colonies.
Niloticin was introduced to HeLa cells at concentrations of 3
and 6 puM, and the quantification of colonies formed was
carried out using Image] software. The data demonstrated a
noticeable decline in the colony-forming capability of Hela cells
in a dose-dependent fashion from a total count of 639 in the
control cells to 424 in 3 uM and 397 at 6 uM niloticin induction
(Fig. 7a). The ability of the cancer cells to migrate and establish
themselves in distant organs, a pivotal step in the process of
metastasis, serves as the foundation for this phenomenon. This
is typically assessed by examining cell movement by scratch
wound assay. The assay operates on the principle that when a
wound is intentionally created in a layer of cells, these cells
naturally migrate to restore cell-to-cell contact. In the
experiment, niloticin was treated at the concentrations of 3 and
6 uM, and then examined for 0, 24, and 48 hours of incubation.
The percentage of wound closure is calculated using Image]J
software. The data clearly indicate that the percentage of
wound closure is significantly high in the control compared to
that in the niloticin-treated cells (Fig. 7c and d).

Immunofluorescence assay of Ki67

The expression of Ki67, a proliferation marker, may be
utilized in cancer diagnostics.”®> Here, we determined the
anti-metastatic potential of niloticin by evaluating the
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Fig. 6 a) Analysis of the change in the mitochondrial membrane potential is done by JC-1 assay in Hela cells after induction with Niloticin. b)
Graph showing the decrease in the JC-1 aggregate-to-monomer ratio with respect to the control. Results are represented as mean * SD, ***p <
0.001 is considered to be significant as compared to the control. Scale bar corresponds to 50 um.
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Fig. 7 a) Inhibition of the clonogenic potential of HelLa cells by niloticin treatment at 3 uM and 6 uM. b) Graph showing the decrease in the
number of colonies with niloticin treatment compared to the control. c) Inhibition of the migratory potential of HelLa cells by niloticin treatment.
d) Graph representing the wound area percentage at different time points. €) Analysis of Ki67 expression in HelLa cells at 3 uM and 6 puM niloticin
treatment. f) Graph showing the fluorescence intensity of Ki67 expression of niloticin-treated cells compared to the control. Results are

represented as mean * SD, **p < 0.01 as compared to the control.

expression of Ki67 in HeLa cells via immunofluorescence
assay. Niloticin was treated at two different concentrations,
and the DAPI staining was analyzed using a fluorescence
microscope. The images clearly showed the downregulated
expression of Ki67 in treated cells upon increasing
concentration. Meanwhile, a higher expression was observed
in the control cells.

Modulation of various protein expressions involved in
apoptosis

Elucidation of the underlying mechanism of action of
phytomolecule emphasizes the recognition of molecular

RSC Med. Chem.

targets that could be exploited for designing efficient
therapeutic entities. The mechanistic route of action of
niloticin may follow any of the cell death signaling pathways,
which is unraveled by identifying the upregulation and
downregulation of key proteins involved in apoptosis. Herein,
the expression of a broad range of proteins were analyzed
using a human apoptotic array membrane, which
encompasses 43 major target proteins (Fig. 8a-c). HSP60
accumulates in the cytosol to induce various signals,
conferring its action to either cell death or cell survival
mechanisms. In the case of apoptosis, it leads to the
maturation and activation of caspase 3.* The nuclear
transcription factor, p53 is proapoptotic in function. In
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Fig. 8 Apoptotic protein expression study in Hela cells a) with and b) without treatment were analyzed using an antibody array kit. c) Comparison
of the expression change in major proteins in niloticin-treated cells with respect to the control.

response to various stresses, it is induced to exert its
proapoptotic properties.’® CD40 is a TNFR family member.
Upon some signals, CD40 can exert a wide range of cellular
responses. Here, the induction of niloticin results in the
binding of CD40 to its ligand CD40L, which eventually results
in the enzymatic maturation of caspase 8 and caspase 3.
TNF, a pro-inflammatory cytokine, simultaneously activates
cell survival and cell death mechanisms, and is the most
potent inducer of apoptosis. By the action of niloticin, TNF is
activated by CD40/CD40L, which is the upstream regulatory
molecule.”® The binding of TNF to its TNFR induces
apoptosis. Specifically, the extrinsic mode of apoptosis is
executed by the death receptor TRAILR and the continued
signaling to the activation of caspases for the execution of
apoptosis. p53 activation enhances cell cycle arrest, either by
facilitating DNA repair or routing it to apoptosis. In the
present study, the induction of niloticin effectively increases
the expression of p53, which could be considered as the root
of a further signaling pathway, as they directly regulate a
broad range of target genes. Fas induces apoptosis by the
cross-linking of its own receptor, FasL. It is already known
that the upregulation of the Fas receptor in stimuli to any cell
death signal is p53-dependent. So, the p53 upregulation by
niloticin directly induces the binding of Fas to FasL,which
could be observed from the intensity of expression. Increased
expression of Fas/FasL enables catalytic activation of the
initiator caspase-8, which is the key factor in the extrinsic
mode of apoptosis. Likewise, activation of p53 also results in
Bad/Bax pro-apoptotic protein expression. This further
activates Bid, which is a Bcl-2 family member protein that
aids in apoptosis in its truncated form, tBid. This activates
Smac, a mitochondrial protein released during -cellular
apoptosis, counteracts inhibitory factors (IAPs), and promotes
apoptosis progression. It is already reported that the export
of smac to cytosol occurs in response to the induction of
cytotoxic drugs. Along with SMAC activation, HTRA (a
mitochondrial factor) gets released upon an apoptotic trigger
from mitochondria into the cytosol. HTRA then interacts with
IAPs, which enables the caspase to be free from its
inhibition.”> Cytochrome ¢ is usually located in the inter-
cristae spaces in mitochondria, which gets exported to

This journal is © The Royal Society of Chemistry 2024

cytosol when apoptotic signals permeabilize the
mitochondrial membrane. In the cytosol, cyt c¢ tends to
activate Apaf-1, a requisite for the proteolytic activation of
caspase-9, which is the critical initiator of caspase involved in
the intrinsic mode of apoptosis. This is well supported by the
expression analysis of cytochrome c and caspase 9. The direct
p53 activation of caspase-8 and mitochondrial-mediated
caspase 9 activation substantiates the concluded mode of
extrinsic and intrinsic pathways of niloticin action in HeLa
cells. This proteolytic maturation of caspase 8 and 9 finally
results in the activation of caspase-3, the executional caspase
that finally takes the cell to its demolition phase. p53 also
activates p21, a key protein involved in cell cycle regulation
that interacts with cyclin-cdk complexes and induces cell
cycle arrest in niloticin-treated cells. The expression analysis
of apoptotic proteins establishes a signaling pathway of
action, and provides strong evidence for niloticin to be
developed as a potent anticancer agent (Fig. 9).
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Fig. 9 Proposed mechanism of action of niloticin.
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Conclusion

In summary, we have evaluated a detailed anticancer
profiling of the tirucallane-type triterpenoid, niloticin, which
exhibited the highest anticancer properties among the other
four isolated triterpenoids from the stem barks of
Aphanamixis polystachya against cervical cancer cells. The
primary cytotoxicity assessment of niloticin was carried out
in various cancer cell lines. The cervical cancer HeLa cells
turned out to have an impressive ICs, value of 11 uM after 24
hours of treatment, which was adequate for apoptotic
induction in HeLa cells. Molecular docking studies with
major protein targets (such as TNF, Fas, p53, and caspases)
exhibit reasonably high binding affinity with niloticin, as
evidenced by docking scores ranging from -6.8 to —9.0 kcal
mol ™. The binding stability was further evaluated through
molecular dynamic simulation. To complement the in silico
studies, downstream in vitro cell-based assays were employed
including annexin V assay by flow cytometric analysis for
validating the apoptotic potential of niloticin. In a
subsequent apoptotic evaluation, DNA condensation was
evident by Hoechst staining and DNA laddering supported
the apoptotic potential of niloticin in HeLa cells. The SERS
fingerprint analysis in the treated cells enabled the tracking
of cellular DNA breakage as a complementary assessment,
which was fully complemented by the DNA laddering
experiment. The cell cycle analysis indicated the arrest at the
sub-GO phase. The halt in cell cycle progression was
determined by the analysis of the proteins involved, which
finally takes the cell into apoptosis. Another interesting fact
is the involvement of both extrinsic and intrinsic modes of
apoptosis induced by niloticin, analyzed by the substantial
expression of caspase 3, 9, and 8. The expression of major
regulatory proteins involved in the apoptosis cascade is
evident in the protein dot-blot assay. Finally, the modulation
in the signaling pathways involved in the cancer was studied
by analyzing the different proteins involved. The activation of
p53 by the induction of niloticin was the key step. p53
induced the binding of FasL to the Fas receptor, resulting in
the activation of the initiator caspase 8, a prominent factor of
the extrinsic pathway of apoptosis. The activation of p53 also
upregulates the expression of proapoptotic proteins Bad/Bax,
and further activates Bid, SMAC and HTRA, which results in
the export of cytochrome c from the nucleus to cytosol.
Cytochrome c then activates Apaf-1, which is a requisite for
the activation of caspase 9, the key factor in the intrinsic
pathway of apoptosis. Both the extrinsic and intrinsic modes
finally conclude in the catalytic activation of caspase-3, taking
the cell to its demolition phase. Further evaluation of
niloticin in its ability to inhibit colony formation and wound
healing property reflected its anti-metastatic potential.
Niloticin exerting its effect in the downregulation of the
proliferative marker Ki67 by immunofluorescence assay
further proves its capability as an anti-metastatic potential
agent. We envisaged that the naturally occurring niloticin
would become a successful blueprint to generate a potential
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anticancer hit compound for pre-clinical studies against the
efficacious management of cervical cancer.

Materials and methods
General experimental procedures and chemicals

All of the solvents were used without further purification,
and were of the highest available grade. Column
chromatography was performed with silica gel (100-200
mesh; Merck, Darmstadt, Germany). TLC was carried out on
Merck 60 F,s5, silica gel plates, detecting phytomolecules
under UV light or by heating after spraying samples with a
p-anisaldehyde-sulfuric acid mixture. NMR spectra were
obtained from a Bruker Avance 500 MHz instrument with
CDCIl; and CD3;0OD as the solvent, and chemical shifts were
expressed in J (ppm) relative to the TMS. The HR-ESI-MS
spectrum was recorded at 60 000 revolutions using a Thermo
Scientific Exactive mass spectrometer, and the purity of the
tirucallane-type triterpenoids was analyzed by a Waters Arc
analytical HPLC instrument.

Plant material collection. The stem barks of A. polystachya
were collected from Parassala, Kerala (8.34780° N and
77.1410° E), Kerala, India in April 2017. The plant material
was deposited at the Department of Botany, University of
Kerala, Thiruvananthapuram (voucher number 2018-06-05).

Isolation and characterization of compounds from A.
polystachya. About 1.0 kg of the dried stem bark was
powdered mechanically and subjected to extraction with
acetone at room temperature (3 L x 3 days). Following
filtration, the extract was concentrated under reduced
pressure using a rotary evaporator, resulting in an
approximate yield of 20 g for the acetone extract. The acetone
extract was subjected to silica gel column chromatographic
separation and eluted with a mixture of petroleum ether/ethyl
acetate from 100:0 v/v to 0:100 v/v. Twenty-two fractions (1-
22) were obtained. Fractions 5-7 were applied to a silica gel
column and eluted with a mixture of petroleum ether/ethyl
acetate from 9:1 v/v to 4:1 v/v, affording compounds 1 (15
mg) and 2 (32 mg). Compounds 3 (10 mg), and 4 (21 mg)
were isolated from fractions 8-15 through a silica gel column
with petroleum ether/ethyl acetate from 4:1 v/v to 7:3 v/v.
The purification of fractions 16-19 yielded compounds 5 (18
mg) via silica gel column with petroleum ether/ethyl acetate
from 7:3 v/v to 3:2 v/v. The structures of the phytochemicals
were analysed through 1D and 2D NMR, HR-ESI-MS analysis,
and comparison with the literature report. The purity of the
compounds was checked by a Waters Arc analytical HPLC
instrument, and the chromatograms are shown in the ESIf
(Fig. S9, S18 and S40).

Cell culture methods. HeLa (human cervical cancer) cell
line and the triple-negative human breast cancer cell line
MDA-MB-231 were purchased from American Type Culture
Collection (ATCC, USA). The A549 (human non-small cell
lung) cancer cell line and the human pancreatic cell line
PANC-1 were procured from National Centre for Cell Science
(NCCS, Pune). The MCF-10A, (normal breast epithelial) cell
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line was obtained from Elabscience, USA. The HeLa, A549,
PANC-1, and MDA-MB-231 cells were maintained in
Dulbecco's modified Eagle medium (DMEM, sigma) with a
supplement of 10% fetal bovine serum (FBS, himedia), 1%
antibiotic antimycotic solution (Himedia). MCF-10A cells
were grown in mammary epithelial cell growth medium
(MEGM, Lonza) with 5% horse serum, and all the cells were
maintained in 5% CO, at 37 °C culture conditions.

Cell proliferation assay. A seeding density of 8 x 10° cells
per 100 uL of DMEM media was added to 96-well plates for
24 and 48 hour proliferation studies. Niloticin at different
concentrations (5 pM, 10 pM, 20 uM, 50 uM, 100 uM) were
added to the plates after 24 hours of incubation. After 24 and
48 hours of incubation with the compound, 100 puL of MTT
(3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide)
at a concentration of 0.5 mg mL ™" in Hanks balanced salt
solution (HBSS) was added to each well after removing the
spent medium and washing with PBS, and then incubated at
37 °C for 2-4 hours under dark conditions. Then, the MTT
solution was removed, and the sample was again washed
with PBS. Finally, 100 uL of DMSO was added to each well for
dissolving the formazan crystals. The conversion of the
yellow-coloured MTT to a violet color was observed, and the
absorbance was measured using a multimode plate reader
(Synergy H1, Biotek) at 570 nm.

Molecular simulations. Initial pharmacokinetic
parameters of niloticin were assessed using the SwissADME
online tool.”* This tool provides valuable insights into the
drug-likeness, human intestinal absorption, and lipophilicity.
Molecular docking studies were conducted to elucidate the
binding interactions between niloticin and key proteins
involved in the apoptotic pathway. AutoDock Vina was
employed for the docking simulations, utilizing the crystal
structures of selected proteins from RCSB PDB - p53 (1TUP),
Fas receptor (3EZQ), FasL (5L19), Bax (6EB6), CDK2 (2UZE),
BCL2 (600K), and TNF B (1TNR). The docking score was used
to screen the interactions.>® Docking simulations were
visualized and analyzed using UCSF Chimera version 1.16.
This molecular visualization software facilitated a
comprehensive examination of the binding orientations and
interactions between niloticin and the target proteins. The
stability and dynamic behavior of the seven protein-niloticin
complexes were further investigated through molecular
dynamics simulations. Desmond, a component of the
Schrodinger suite, was employed for these simulations,
extending over 100 nanoseconds.”® The root mean square
deviation (RMSD) analysis was carried out to assess the
structural stability of the complexes.

Apoptotic assays. The apoptotic potential of the
compound was checked by live dead assay using the
ethidium bromide-acridine orange dual staining method and
APO percentage assay, which distinguishes live cells from
those that have undergone apoptosis. The imaging was
performed by the Nikon-TS100 inverted microscope. An
annexin V apoptosis assay was performed by using the FITC
annexin V apoptosis detection kit (BD Pharmingen),
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following the assay protocol mentioned. Here, the cells were
stained with annexin V and propidium iodide, and the
number of apoptotic cells can be determined via flow
cytometric analysis.

Caspase fluorometric assay. The activation of caspases,
being a major feature of apoptosis, is studied using the
caspase fluorometric assay for caspase 3, 9 and 8. A cell
density of 3 x 10°® was seeded on 6-well plates, and apoptosis
induction was done by treatment of HeLa cells with niloticin
at different concentrations. The assay was carried out
following the exact protocol given in the fluorometric assay
kit (Abcam). The fluorescence intensity was measured using a
multimode plate reader (Synergy H1, Biotek) at an excitation
wavelength of 400 nm and emission at 505 nm. This was
followed for all three caspases.

Nucleic acid degradation and DNA fragmentation studies.
DNA condensation was analysed using Hoescht staining. A
cell density of 7 x 10° was seeded on 96-well plate. After 24
hours of treatment with the compound, Hoescht stain (1 pg
mL™) in PBS was added and imaging was performed under a
DAPI filter of the Nikon-TS100 inverted microscope. Cells
that had undergone apoptosis followed a laddering pattern
while running in agarose gel. DNA isolation was done in
HeLa cells after treatment with the compound for different
concentrations using the Geneaid genomic DNA mini kit
(Geneaid, cat. no. GB100), following the given protocol. The
concentration of isolated DNA was analysed using the
nanodrop method, and it was further normalised. The DNA
was run in 0.8% agarose at 80 V and imaging was done using
Chemidoc (Biorad). The DNA fragmentation pattern was then
confirmed by Raman analysis. Gold nanoparticles of size 40—
45 nm were used as SERS substrate that was mixed with the
DNA sample in a 8:2 ratio. After 10 minutes of incubation,
the SERS spectrum was analysed using the WITec Raman
microscope (WITec, Inc., Germany) with 600 g mm™" grating
and Peltier CCD detector unit. Nanoparticle-mixed samples
were excited with a 633 nm laser having 5 mW power.
Spectral analysis was performed with a resolution of 3 cm™
and 3 spectral accumulations with 5 s integration time.

Cell cycle analysis. The cell cycle arrest by the niloticin
induction effect was studied using a cell cycle assay via flow
cytometric analysis with the BD cycle test plus DNA kit (BD
Pharmingen, cat. no. 340242). It uses propidium iodide
staining, which can enter apoptotic cells and stain DNA,
giving the cell population at different cell cycle phases via
flow cytometric analysis. The expression of proteins involved
in cell cycle regulation was studied using western blotting
with the standard procedure. The protein isolation from
HeLa cells in both treated and non-treated cells was done,
and protein quantification was performed using the BCA
assay kit (Pierce BCA Assay Kit cat no. 23225). The
normalised SDS-PAGE was performed for the separation of
proteins in the sample, followed by the transfer to the PVDF
membrane. Blocking with 5% skim milk was performed, and
membranes were incubated with respective primary
antibodies (Cell Signaling Technology, USA) for 18 hours at 4
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°C. After the secondary antibody (HRP conjugated)
incubation, chemiluminescence was detected with (Takara
Western BloT Hyper HRP Substrate) for Cdk-2, cyclin A2,
cyclin B1 and Cdc-25, along with beta actin as the loading
control using the Chemidoc imaging system (Biorad).

Mitochondrial membrane potential analysis. The
alteration in the mitochondrial membrane potential was
analysed by JC-1 assay using JC-1 (5,5,6,6"-tetrachloro-1,1,3,3"-
tetraethylbenzimi-dazoylcarbocyanine iodide) dye (Sigma
Aldrich), which is a cationic dye normally exhibiting green
fluorescence. In cells that have undergone apoptosis, this dye
will aggregate and gives a red fluorescence, which can be
observed via imaging using Nikon-TS100 inverted microscope
with an FITC filter.

Anti-metastatic studies. The antimetastatic potential of
niloticin was checked using the clonogenic assay, where a
cell density of 1 x 10> cells was seeded into 6-well plate. Once
the cells attained morphology, the niloticin was treated in 3
uM and 6 uM concentrations and incubated for another 9
days at 37 °C, allowing the cells to grow into colonies. After
that, the cells were fixed with 70% methanol, followed by
0.3% crystal violet staining for visualization. Subsequently,
the cells were washed with PBS. Imaging was done using the
Nikon-TS100 inverted microscope and further processing was
done using Image] software. For the scratch wound assay,
cells were seeded into 96-well plates. After 24 hours, when a
monolayer of cells was formed, a vertical scratch was made
using a 200 pL tip and washed with PBS. The compound was
added in two different concentrations, and non-treated cells
were taken as control. Cells were then monitored for its
movement to heal the wound, and images were taken after a
period of 0, 24 and 48 hours incubation using the Nikon-
TS100 inverted microscope. The area of wound closure was
analysed using Image] software.

Immunofluorescence assay of Ki67. The anti-metastatic
potential of niloticin was further studied by analysis of the
expression of Ki67 via immunofluorescence assay. A cell
density of 7 x 10° was seeded to a 96-well plate, and niloticin
was treated at two different concentrations. After 24 hours of
incubation, cells were washed with PBS and fixed by 4%
paraformaldehyde for 15-30 min at 37 °C. After that, the cells
were treated with 0.1% Triton-X for 10 min. Cells were again
washed with PBS and blocking was performed using 5% BSA
in PBST for 1 hour. Again, washing with PBST was performed
3 times with 5 minutes interval. Then, the primary antibody
for Ki67 was added and incubated overnight. After that, the
secondary antibody was added, followed by DAPI staining,
and images were visualized and captured using the Nikon-
TS100 inverted fluorescent microscope.

Apoptotic protein expression. The expression of proteins
that play a central role in apoptosis was determined by
the human apoptotic antibody array membrane (Abcam).
The experiment was conducted, strictly following the
manufacturer's protocol. HeLa cells were seeded and
treated with niloticin, followed by protein isolation, as
outlined in the given protocol. A final volume of 1.2 ml
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of sample was used for analysis, as per the instruction.
Imaging was done with the help of chemidoc (Biorad).
Further analysis and densitometric data were obtained
with the help of Image] software.

Abbreviations

TNF Tumor necrosis factor

SERS Surface-enhanced Raman spectroscopy

CD40 Cluster of differentiation 40

IAPs Inhibitor of apoptosis proteins

Bax Bcl-2-associated X protein

Cdk2 Cyclin-dependent kinase 2

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide)

FITC Fluorescein isothiocyanate

FACS Fluorescence-activated cell sorting

Cdc25 Cell division cycle 25

JC-1 5,5,6,6"-Tetrachloro-1,1',3,3"-tetraethylbenzimi-

dazoylcarbocyanine iodide

HSP60 Heat shock protein 60

TRAILR  TNF-related apoptosis-inducing ligand receptor

Bcl-2 B cell lymphoma-2

Bax Bcl-2-associated X protein

Bid Bcl-2 interacting domain

Smac Second mitochondria-derived activator of caspase

Apaf-1 Apoptotic protease activating factor-1

FBS Fetal bovine serum

NMR Nuclear magnetic resonance

HRMS High-resolution electrospray ionization mass
spectrometry

PBS Phosphate buffer saline

DMSO Dimethyl sulfoxide

PI Propidium iodide
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