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1. Introduction 

1.1. Epidemiology of Cancer 

Cancer has emerged as a significant and noteworthy contributor to mortality across many 

countries, demonstrating mortality rates comparable to those attributed to stroke and coronary 

heart disease. This ongoing trend is exemplified in the latest update emanating from the 

International Agency for Research on Cancer (IARC) database. According to this update, the year 

2020 witnessed the global landscape being marked by the emergence of 19.3 million new instances 

of cancer, tragically resulting in nearly 10 million deaths that could be directly attributed to cancer-

related causes. These figures underscore the undeniable gravity of the situation, prompting a 

collective call to action[1].  

Moreover, insights derived from the IARC database offer projections that spotlight the potential 

trajectory of the cancer burden on a global scale. These projections indicate an impending 

escalation, with the worldwide incidence of cancer anticipated to rise to a staggering 28.4 million 

cases by 2040. This projection underscores a notable 47% increase from the preceding numerical 

value. This serves as a reminder of the magnitude of the challenge ahead and underscores the 

imperative to prioritize and mobilize resources for effective prevention, early detection, and 

comprehensive treatment strategies. Examining the specific facets of this complex issue, it 

becomes evident that lung cancer is the leading cause of cancer-related deaths, accounting for a 

significant 18% of mortality attributed to tumors. Lung cancer is closely followed by colorectal 

cancer (responsible for 9.4% of such deaths), liver cancer (attributed to 8.3%), stomach cancer 

(contributing to 7.7%), and female breast cancer (playing a role in 6.9% of these fatalities). These 

sobering statistics underscore the diverse cancer types that demand comprehensive research, 

improved diagnostic tools, and innovative treatment modalities[1,2]. 

Shifting the focus to the demographic distribution of these challenging realities, it is noteworthy 

that breast cancer emerges as the most frequently diagnosed malignancy among female patients, 

accounting for an alarming 24.5% of new cases. This fact highlights the urgent need for enhanced 

awareness campaigns, accessible screening programs, and dedicated research efforts to improve 

breast cancer prevention and early intervention measures[1]. 

Taking a holistic view, a significant 38.9% of newly diagnosed cancers in females are attributed 

to gynecological malignancies. This highlights the intricate and multifaceted nature of cancer, 

which necessitates a comprehensive and multi-pronged approach to tackle its challenges. The 

confluence of these statistics underscores the need for continued collaboration among researchers, 
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medical professionals, policymakers, and communities to collectively address the escalating 

cancer burden and strive toward improved outcomes for patients worldwide [1].  

The distribution of the 2.26 million female breast cancer cases identified in 2020 reveals a notable 

disparity across geographical regions, emphasizing an unequal landscape. This is particularly 

evident when assessing the age-standardized incidence rates, which exhibit a discernible range. 

Europe is the region with the highest incidence rate, at 69.7 cases per 100,000 individuals. In 

contrast, South-East Asia records the lowest incidence rate at 28.3 cases per 100,000 individuals. 

These figures underscore the influence of regional factors and dynamics on the prevalence and 

manifestation of female breast cancer. 

A noteworthy and statistically significant trend emerges when delving into the relationship 

between the mortality-to-incidence ratio (MIR) and the human development index (HDI). This 

correlation elucidates an intriguing pattern: a discernible inverse relationship between these two 

variables. The MIR, which serves as an indicator of the prognosis and outcomes for patients with 

breast cancer, exhibits a tendency to be higher in regions with a lower HDI. This statistical 

association accentuates the challenging reality faced by patients residing in less developed areas 

of the world, where access to advanced healthcare resources, early detection initiatives, and 

comprehensive treatment options might be comparatively limited. 

This interplay between MIR and HDI underscores the complexity of the global health landscape 

and highlights the multifaceted nature of factors that impact cancer-related outcomes. While 

medical advancements and improved healthcare infrastructure have led to more favorable 

prognoses in more developed regions, the data reflect the urgent need to address healthcare 

disparities on a global scale. By acknowledging and actively managing the connections between 

healthcare access, socio-economic development, and cancer outcomes, we can strive for a more 

equitable distribution of resources and interventions, ultimately working towards better outcomes 

for all individuals affected by breast cancer, regardless of their geographical location [2].  

All these epidemiological results suggest that the prevention and treatment of female breast cancer 

are not yet solved despite the impressive therapeutic progress of the latest decades.  

1.2. Awareness and Contemporary Insights into Breast Cancer 

Breast cancer is the prevalent form of cancer, the foremost cause of cancer-related fatalities among 

females globally. In 2008, around 1.38 million fresh instances of breast cancer were identified, 

wherein nearly half of all breast cancer patients and approximately 60% of associated mortalities 

emanated from developing nations. The spectrum of breast cancer survival rates diverges 



 3 

significantly globally, ranging from a projected 5-year survival rate of 80% in developed regions 

to below 40% for their developing counterparts[3]. 

Nations in the developing phase encounter limitations in terms of resources and infrastructure, 

which pose significant obstacles to the overarching goal of enhancing breast cancer outcomes 

through the prompt identification, diagnosis, and effective management of the disease[4]. 

In well-developed countries such as the United States, it is estimated that approximately 232,340 

females will receive diagnoses of breast cancer, leading to the unfortunate loss of 39,620 lives 

among females due to this condition in the year 2013[5]. 

The substantial reduction in breast cancer-related mortality in the United States between 1975 and 

2000 is attributed to continuous advancements in screening mammography and treatment 

approaches[6]. 

As per the World Health Organization (WHO), the fundamental approach to improving breast 

cancer outcomes and survival remains rooted in early detection. Various contemporary 

medications are prescribed for the treatment of breast cancer. Medical intervention for breast 

cancer involving antiestrogens like raloxifene or tamoxifen can potentially prevent the onset of 

breast cancer in individuals at an elevated risk of its development. Additionally, a preventive 

measure involving surgery on both breasts is considered for those at an escalated risk of female 

cancer occurrence. For patients diagnosed with breast tumors, a range of management strategies 

is employed, encompassing targeted therapy, hormonal therapy, radiation therapy, surgical 

procedures, and chemotherapy. In cases where distant metastasis is present, interventions are 

typically directed toward enhancing the quality of life and overall survival rate[7]. 

In 2012, a total of 1.67 million fresh instances of breast cancer were diagnosed, constituting a 

noteworthy 25% of all cancer diagnoses among women. This global distribution revealed that 

883,000 cases emerged within less developed countries, while 794,000 cases were reported in 

more developed countries. Based on available data, the incidence of breast cancer stands at 145.2 

women per 100,000 in Belgium and 66.3 women per 100,000 in Poland. 

Further statistics indicate that the United States witnesses an incidence of one out of every eight 

women being affected by breast cancer. In the Asian context, the prevalence is notably lower, with 

one woman out of 35 facing a breast cancer diagnosis. In Iran, the figures point to an incidence 

rate of 10 cases per 100,000 individuals, with an annual report of approximately 7,000 new 

cases[8–10]. 
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1.3. Types of Breast Cancer 

1.3.1. Non‐Invasive Breast Cancer 

This form of cancer remains localized within the lobules or ducts where it originates and has not 

spread to distant areas. An illustrative instance of this non-invasive breast cancer is ductal 

carcinoma in situ, which materializes when atypical cells emerge within the milk ducts yet do not 

invade the adjacent tissues or extend beyond. The term "in situ" signifies "in place." Although the 

atypical cells remain confined within the lobules or ducts and do not invade surrounding tissues, 

they possess the potential to evolve into invasive breast cancer.  

Lobular carcinoma in situ is recognized more as an indicative risk factor than a precursor to 

subsequent invasive cancer growth. Consequently, additional surgical intervention is unnecessary 

once the diagnosis is made, with sequential follow-up recommended. Regarding the management 

of ductal carcinoma in situ, it is noteworthy that preserving the breast is currently considered the 

optimal approach for treating breast cancer, the ailment being addressed. The limitations 

associated with management recommendations grounded in retrospective data are acknowledged, 

underscoring clinical studies need to establish the most effective beneficial treatment strategies 

for non-invasive breast cancer[11–13]. 

1.3.2. Lobular Carcinoma in situ (LCIS)  

This variant of breast cancer originates within the breast lobules. Importantly, this type of breast 

cancer remains confined within the lobules and does not extend beyond them into the surrounding 

breast tissue. Commonly referred to as non-invasive breast cancer, lobular carcinoma in situ is a 

distinctive diagnostic classification[14,15]. 

1.3.3. Ductal Carcinoma in situ 

Ductal carcinoma in situ represents the most prevalent form of non-invasive breast cancer, 

primarily confined within the breast ducts. An illustrative instance of this type is ductal 

comedocarcinoma[16]. 

1.3.4. Invasive Breast Cancer 

This phenomenon occurs when abnormal cells originating within the lobules or milk ducts extend 

into the immediate vicinity of breast tissue. The cancerous cells possess the capacity to disseminate 

from the breast to various body regions through the immune system or systemic circulation. This 

migration may occur early in the tumor's development when it is small or later when it has grown 

significantly. Invasive breast cancer ranks among the most prevalent forms of cancer in females. 
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Notably, the affluent populations of Australia and Europe exhibit regions with heightened 

susceptibility, wherein approximately 6% of females encounter invasive breast cancer before age 

75. The incidence of breast cancer demonstrates a rapid increase with advancing age. When 

invasive breast cancer spreads to other organs, it assumes the classification of metastatic breast 

cancer. The brain, bones, lungs, and liver are among the most common organs to which these cells 

metastasize. Once again, these cells undergo irregular proliferation, creating new cancer 

formations. Although the newly arising cells are situated in different body parts, the condition is 

still classified as breast cancer[17–21]. 

1.3.5. Infiltrating Lobular Carcinoma 

Infiltrating lobular carcinoma is equivalently identified as invasive lobular carcinoma. This 

variant, known as ILC, originates in the breast's milk-producing glands (lobules), often displaying 

a tendency to extend to distant regions within the body[22]. 

1.3.6. Infiltrating Ductal Carcinoma 

Infiltrating ductal carcinoma is alternatively referred to as invasive ductal carcinoma. This form 

of carcinoma, denoted as IDC, originates within the breast's milk ducts and progresses to infiltrate 

the duct walls, subsequently invading the surrounding adipose tissues of the breast. Furthermore, 

the potential for extension exists in other anatomical regions of the body[23]. 

1.3.7. Medullary Carcinoma 

Medullary carcinoma is invasive breast cancer characterized by forming a distinct boundary 

between normal and medullary tissue[24]. 

1.3.8. Mucinous Carcinoma 

Colloid carcinoma, also known as mucinous carcinoma, is an infrequent form of breast cancer 

originating from mucus-producing cancer cells. Women afflicted with mucinous carcinoma 

typically experience a more favorable prognosis compared to those diagnosed with other, more 

prevalent forms of invasive carcinoma[25]. 

1.3.9. Tubular Carcinoma 

Tubular carcinomas represent a distinct subtype of invasive breast carcinoma. Women diagnosed 

with tubular carcinoma typically exhibit a more favorable prognosis compared to those with other, 

more common forms of invasive carcinoma[26]. 
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1.3.10. Inflammatory Breast Cancer 

Inflammatory breast cancer is characterized by the pronounced swelling of the breasts, often 

accompanied by redness and warmth. Additionally, the skin over the breast might exhibit dimples 

or extensive ridges. These manifestations result from cancer cells obstructing lymph vessels or 

channels within the skin. Despite its rarity, inflammatory breast cancer displays an exceptional 

aggressiveness in its growth. Managing this condition necessitates a meticulous orchestration of 

multidisciplinary approaches, encompassing radiation therapy, surgery, chemotherapy, and 

imaging. 

Since its application in this context, the introduction of neoadjuvant chemotherapy has 

significantly contributed to the enhancement of overall survival. Notably, neoadjuvant 

chemotherapy has played a pivotal role in augmenting general survival and rendering locoregional 

treatments, such as radiation and surgery, more effective. This convergence of treatment strategies 

has yielded sustained improvements in managing this ailment[27,28]. 

1.3.11. Paget’s Disease of The Breast  

It represents an infrequent subtype of breast cancer that often exhibits visible alterations affecting 

the nipple of the breast. Characterized by symptoms such as reddish and itchy rashes involving 

the nipple, this condition can sometimes extend to the surrounding normal skin. While sharing 

similarities with skin conditions like eczema and psoriasis, a distinguishing feature is that Paget's 

disease usually affects just one breast and typically initiates from the nipple rather than the areola. 

In contrast, other skin conditions tend to affect both breasts and may commence from the areola. 

Paget's disease of the breast accounts for approximately 1-3% of all breast cancers and can affect 

both men and women. Despite ongoing investigations, the precise underlying mechanisms behind 

its pathogenesis remain unclear. Various theories have been proposed in support of its 

development. Warning signs encompass nipple bleeding, discharge oozing, nipple flattening or 

inversion, and the presence of breast lumps. A diagnostic method known as punch biopsy is 

employed for confirmation. 

The prognosis is generally favorable when Paget's disease remains confined within the nipple or 

breast ducts[29,30]. 

1.3.12. Phyllodes Tumor 

Phyllodes tumors exhibit the potential to manifest as either benign or malignant growths. 

Emerging within the breast's connective tissues, phyllodes tumors can be managed through 

surgical excision. Notably, phyllodes tumors are sporadic, with fewer than 10 female fatalities 

[31–33]. 
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1.3.13. Triple-Negative Breast Cancer 

Breast cancer is presently comprehensively acknowledged as a heterogeneous condition, 

encompassing distinct subtypes delineated by their diverse pathological attributes, prognoses, and 

responsiveness to treatment. One such subtype is triple-negative breast cancer, characterized by 

the absence of expression of progesterone receptor, human epidermal growth factor receptor 2, 

and estrogen receptor. This variant exhibits a notably aggressive nature, predominantly observed 

among premenopausal women. Among white females, this subtype accounts for 10–15% of cases, 

constituting a significantly elevated occurrence rate[31,32]. 

Our study mainly concentrated on this kind of breast cancer because we tested our selected 

compounds, 16AABE and 16BABE, specifically against triple-negative cancer cells. 

1.4. Pathogenesis of Breast Cancer 

The breast, a complex tubulo-alveolar organ enveloped by an asymmetrical connective tissue 

matrix, undergoes dynamic changes throughout a woman's life. These alterations, evident during 

menstrual cycles and pregnancy, suggest the presence of precursor cells in mature tissue capable 

of generating new duct-lobular units. The breast's typical histology comprises a stratified 

epithelium framed by a basement membrane and interwoven with blood vessels, lymphatics, and 

stromal cells. Immunohistochemical staining can discern myoepithelial and epithelial cells within 

the stratified epithelium. The cellular heterogeneity seen in breast carcinoma likely stems from the 

neoplastic transformations of these cell types or stem cells with differentiation potential. In breast 

cancer, neoplastic cells defy the regulated growth typical of normal tissues, characterized by 

prolonged proliferation independent of external cues. Distinct from normal cells, they override 

growth suppressor genes [33–38] 

Breast cancer, a malignant disease originating in breast cells, results from genetic and 

environmental interplay. DNA damage, genetic mutations like BRCA1, BRCA2, and 

environmental estrogen exposure are among the contributors. While normal protective pathways 

prevent cell death, mutations impairing these mechanisms promote cancer formation. 

Dysfunctional growth factor signaling and interaction between epithelial and stromal cells can 

also fuel malignancy. Overexpressed leptin in breast adipose tissue promotes cell proliferation and 

cancer growth. Cancer cells, sustained by the enzyme telomerase, replicate without chromosomal 

shortening and induce angiogenesis for nutrient supply. They breach tissue boundaries, spreading 

through blood and lymphatic vessels to form secondary tumors[39–45]. 
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1.5. Causative Factors 

Breast, being sensitive to estrogen, can experience enlargement and tenderness due to birth control 

pills or estrogen replacement. Combined with a high-fat, low-fiber Western diet, this effect could 

potentially trigger breast cancer. Incidence is higher in women above 50, and epidemiological 

studies suggest that having more children may reduce risk. Breast cancer accounts for 10.04% of 

all cancers, mainly affecting women aged 40 to 50. Environmental factors like early childbirth 

before the age of 20 may decrease risk. The risk of breast cancer increases with age and may be 

amplified by certain genetic factors. Family history, particularly among close relatives, increases 

risk, as does a positive history of ovarian, endometrial, or colon cancer. Genetic mutations, such 

as the BRCA1 gene, play a role, but environmental factors also contribute, including obesity, 

deficiency of vitamin D, and exposure to certain pollutants. Hormone replacement therapy, 

obesity, and consumption of alcohol can enhance breast cancer risk[46–51]. 

1.6. Mortality of Breast Cancer 

Breast cancer ranks as the fifth most common cause of cancer-related deaths. The mortality and 

age-standardized prevalence of breast cancer are notably higher in the United States compared to 

global statistics.The worldwide death toll from breast cancer was estimated at 519,000 by a study 

in 2004[52]. 

In the United States, approximately 1,208,000 cancer cases are reported annually, resulting in 

about 538,000 deaths from the disease, constituting nearly one-fifth of all annual deaths across 

various causes[53]. 

1.7. Treatment of Breast Cancer 

1.7.1. Role of Estrogen and Progesterone Receptors in Treatment 

The estrogen receptor assay has become a standard practice in managing complex breast cancer. 

Tumors lacking the estrogen receptor tend to respond less to endocrine treatment, while positive 

estrogen receptor status shows 50–60% response rates. Recent studies indicate that the estrogen 

receptor status of the primary tumor is a better predictor of endocrine dependence in metastatic 

cancers at the time of clinical progression. Furthermore, the absence of estrogen receptor in the 

primary tumor is a significant independent predictive factor for higher relapse rates and shorter 

survival. 

Quantitative estrogen receptor assessment and progesterone receptor evaluation are methods to 

enhance the accuracy of selecting patients for hormonal therapy. Cancers with high quantitative 

estrogen receptor levels or positive progesterone receptor status exhibit the most favorable 
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response. Initial research suggests that progesterone receptors might better indicate hormone 

dependence than quantitative estrogen receptor levels[54]. 

1.7.2. Hormonal Therapy  

Anti-estrogen therapy is pivotal in treating breast cancer, particularly in cases where hormones 

influence the tumor and possess hormone receptors like estrogen receptors. The most common 

category of drugs employed for breast cancer treatment is anti-estrogen therapy, which includes 

agents such as tamoxifen, raloxifene, and toremifene. Tamoxifen, for instance, works by inhibiting 

the entry of estrogen into breast cancer cells, effectively curbing their growth. It's suitable for 

females of various age groups, with a particular preference for those with estrogen receptor-

positive breast carcinoma. Tamoxifen acts as a selective estrogen receptor modulator (SERM), 

exhibiting anti-estrogen properties in breast tissues while mimicking estrogen in other body areas 

like the uterus. Though the toxic effects of anti-estrogen therapy are relatively minimal compared 

to other cytotoxic drugs, some patients may discontinue treatment due to side effects such as hot 

flushes, gastrointestinal issues, or vaginitis. Conversely, fulvestrant is a complete estrogen 

antagonist with notable anti-neoplastic action in breast tissues. Notably, raloxifene and tamoxifen 

are both SERMs that selectively inhibit or stimulate estrogen-like activity in different tissues, 

affecting estrogen receptors. Tamoxifen's efficacy in reducing breast cancer risk has been 

established through extensive research, showing a 38% decrease in overall breast cancer 

occurrence among high-risk individuals when administered over 5 years[55–60].  

However, various adverse effects have been associated with tamoxifen use, including venous 

thrombosis, cataracts, endometrial cancer, and menstrual disorders. Another drug, raloxifene, has 

also demonstrated a capacity to reduce breast cancer risk, although it may have certain side effects. 

Clinical studies have found raloxifene comparable to tamoxifen in lowering the risk of invasive 

breast cancer, with fewer incidences of cataracts and thromboembolism. Over the years, the FDA's 

approval of these drugs for breast cancer prevention has reinforced their significance in managing 

this disease[61,62]. 

1.7.3. Chemotherapy 

Chemotherapy refers to the process of using specific medications to eliminate cancer cells. 

Depending on the patient's condition, it can be employed both before and after surgery. According 

to the American Cancer Society, chemotherapy medications include docetaxel, paclitaxel, 

platinum agents (cisplatin, carboplatin), vinorelbine, capecitabine, liposomal doxorubicin, 

cyclophosphamide, carboplatin, and more[63]. However, chemotherapy is associated with various 

side effects. Treating metastatic or secondary breast cancer is challenging but can be managed and 
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controlled for several years. Chemotherapy may be prescribed to control the progression of 

metastatic breast cancer, slow its growth, and alleviate certain symptoms. Other treatment options 

can also be employed with or before chemotherapy[64]. 

Epirubicin and doxorubicin are among the most frequently utilized medications in breast cancer 

treatment. Evidence suggests that anthracyclines, a class of drugs that includes these two, may be 

more effective in treating breast cancer than other types of chemotherapy medications[65]. 

1.8. Cancer and Steroids: Unveiling the Therapeutic Potential 

Steroids encompass a group of endogenous compounds that exhibit multifaceted roles as potential 

agents for combating cancer. Within hormone-dependent tumors, including those found in breast, 

uterine, ovarian, prostate, and endometrial contexts, an elevated expression of steroid receptors 

has been implicated in the augmentation of cellular proliferation. Various strategies have been 

formulated to mitigate the growth-stimulating hormonal response of these cancerous cells, as 

discussed earlier in this study. 

The realization of a substantial improvement in the global burden of cancer hinges on developing 

and deploying innovative therapeutic approaches, including the introduction of novel 

pharmaceutical compounds. Exploring the potential of compounds characterized by steroidal 

structures as effective agents against cancer has a rich history. This exploration of the anticancer 

properties of steroidal compounds has unfolded over many years. In recent decades, this endeavor 

has yielded noteworthy results, integrating several fresh steroid-based drugs into clinical practice. 

Among these breakthroughs, compounds like cyproterone, finasteride, exemestane, and 

fulvestrant have emerged as notable additions to cancer treatment options. The integration of these 

compounds has significantly reshaped the landscape of clinical oncology. Notably, exemestane, 

which operates as an aromatase inhibitor, has found application in treating postmenopausal breast 

cancer. Its distinctive mechanism of action has made it an asset in combating this specific type of 

cancer, offering renewed hope to patients in this demographic. 

Another way of progress has been utilizing 5α-reductase inhibitors, exemplified by dutasteride, 

within clinical contexts. These inhibitors are pivotal in alleviating androgen-dependent cancers, 

representing a therapeutic possibility that has shown promise in addressing specific cancer types. 

This development signifies a stride forward in personalized treatment approaches, as it targets the 

unique characteristics of certain cancers driven by androgenic processes. 

In addition, a broad spectrum of steroidal molecules has been either derived from natural 

reservoirs or meticulously formulated and synthesized. These compounds have garnered attention 

due to their reported efficacy against cancer cells, achieved through mechanisms distinct from 
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hormonal pathways. Notably, steroidal compounds possessing cytotoxic attributes influence 

various molecular targets. These targets encompass vital cellular components such as microtubules 

and topoisomerases. Through intricate interactions with these molecular entities, the cytotoxic 

steroids intricately disrupt cellular processes, often precipitating the cell cycle's arrest and 

ultimately prompting the complex cascade of programmed cell death called apoptosis. This 

multifaceted action on various cellular fronts underscores the potential of these steroidal entities 

as promising candidates for novel therapeutic interventions in the realm of cancer research[66]. 

Integrating these compounds into clinical practice exemplifies the ongoing commitment to 

advancing cancer treatment methodologies. By embracing the potential of these novel agents with 

steroidal scaffolds, the medical community continues to explore and uncover new avenues for 

combating various cancer types. These advancements stand as a testament to the relentless pursuit 

of effective therapeutic solutions that can profoundly impact patient’s lives, ultimately 

contributing to the collective goal of reducing the global burden of cancer[67]. 

A pragmatic approach to developing innovative drug candidates entails strategically manipulating 

naturally occurring molecules through chemical modifications. This deliberate alteration results 

in the creation of semi-synthetic analogs that exhibit a range of distinct biological activities. This 

strategy capitalizes on the intricate understanding of the molecular structures and mechanisms 

inherent to endogenous compounds, using this knowledge as a foundation to craft novel 

compounds with enhanced or modified properties. 

By building upon the existing scaffold of naturally occurring molecules, researchers can 

implement precise chemical modifications to achieve desired outcomes. This may encompass 

tailoring the compound’s pharmacokinetic profiles, optimizing their interactions with biological 

targets, or introducing new functionalities that broaden their potential therapeutic applications. 

The resulting semi-synthetic analogs can encompass diverse biological activities, ranging from 

improved efficacy to reduced side effects[68]. 

Early incorporation of steroid-based compounds into anticancer strategies can be traced back to 

the utilization of diverse botanical extracts. Emerging evidence highlights the significance of 

steroid-like triterpenes, such as betulinic acid and oleanolic acid, and their derivatives in this 

context. These compounds exhibit compelling attributes, including potent proapoptotic effects 

(initiating programmed cell death) and antimigratory properties, across a range of human cancer 

cell lines. 

Identifying these natural compounds as potential anticancer agents emphasizes the value of 

exploring nature's repertoire in drug discovery. Betulinic acid, oleanolic acid, and related 

derivatives offer promise as foundational components for future anticancer therapies, with their 
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demonstrated ability to induce cell death and inhibit cell migration, addressing crucial aspects of 

cancer treatment and metastasis prevention. This journey from traditional botanical knowledge to 

contemporary drug development highlights the fusion of traditional wisdom and modern scientific 

exploration in pursuing innovative cancer treatments[69–75].  

Recent research has focused on exploring modifications to estrane-based compounds within rings 

A or D. Notably, the investigation of 16-triazolyl estranes has revealed their potential as promising 

agents with anticancer properties[76,77].  

Studies have demonstrated that numerous core-modified estradiol analogs exhibit considerable 

antiproliferative activity against human cancer cell lines derived from gynecological 

malignancies[78]. The careful consideration of various factors, including the position, specific 

characteristics, size, and polarity of newly incorporated substituents within the molecule, has been 

observed to wield significant influence over the anticancer properties of the designed derivatives. 

This meticulous approach to molecular design underscores the intricacies of tailoring compounds 

for optimal therapeutic effects. Indeed, the tailored modifications play a pivotal role in dictating 

the compound’s interactions with cellular components and signaling pathways, ultimately shaping 

their ability to combat cancerous growth. 

Intriguingly, certain core-modified estrones have showcased a distinct antiproliferative 

mechanism that directly engages with the tubule-microtubule system, a crucial component in cell 

division and replication processes. This interaction leads to discernible consequences as the rates 

of tubulin polymerization become disrupted. This disruption, in turn, interferes with the intricate 

balance required for proper cellular division, culminating in hindered cancer cell proliferation. 

This intricate dance between molecular design and cellular behavior underscores the potential of 

tailored core-modified estrones as agents that disrupt fundamental cellular processes, offering a 

promising avenue for targeted anticancer interventions[77,79].  

We recently reported certain 16,17-functionalized 3-methoxy or 3-benzyloxy estrone derivatives 

as potent antiproliferative compounds[80]. The arrangement of substitutions on ring D and the 

type of protective group attached to C-3-O have been shown to impact the compound’s ability to 

inhibit cell growth significantly. The intricate interplay of these factors has a pronounced effect 

on the compound’s potential to impede cellular proliferation. Compounds featuring 3-benzyl 

ethers as protective groups have demonstrated notably more vigorous inhibitory activity, 

underlining their heightened potency in exerting anticancer effects[80]. The substituent’s nature 

and orientation affected the antitumoral behavior .  
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Based on our promising results concerning the antiproliferative activities of 16,17-functionalized 

estrone or estradiol 3-ethers, the objective of this study is to assess the anticancer properties of 

four 16-azidomethyl-17-hydroxy derivatives (SI‒SIV) (Figure 1), their triazolyl analogs (TI–

TXIII) (Figure 2 and 3) and the 17-keto counterparts of 16-azidomethyl compounds (16AABE 

and 16BABE) (Figure 1). 

The present study aimed to assess the antiproliferative and antimetastatic properties of these novel 

substituted steroidal compounds. 

 

 

 

 

 
Figure 1. Structures of the tested starting compounds (SI–SIV) and the newly synthesized 16β-azidomethyl-3-O-benzyl 

estrone (16BABE) and 16α-azidomethyl-3-O-benzyl estrone (16AABE). 
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2. Aims of The Study 

The primary aim of this study was to explore the potential antiproliferative and antimetastatic 

characteristics of these promising compounds. This investigation was conducted through in vitro 

experiments on cell lines associated with breast and gynecological tumors. Additionally, the study 

aimed to uncover the underlying mechanism that drives these compound’s actions, providing 

insights into their mode of operation. 

 

The performed experiments aimed to achieve the following objectives: 

 

• The experiments are designed to elucidate the antiproliferative properties of the tested compounds 

on breast and gynecological cancer cell lines. Furthermore, the IC50 values of these compounds are 

being ascertained utilizing the established MTT assay protocol. 

• The study encompasses the estimation of tumor selectivity indices across all examined cell lines, 

with a comparative reference to a non-cancerous cell line (NIH/3T3). 

• In this study, the objective of performing the PI staining cell cycle by flow cytometry was to 

investigate the distribution of cells within different phases of the cell cycle. This method allows 

for a comprehensive understanding of cellular progression, aiding in assessing potential alterations 

induced by the experimental conditions and providing valuable insights into the mechanistic 

underpinnings of the observed effects. 

• Conducting the tubulin polymerization assay serves as a method to evaluate the influence of the 

tested compounds on tubulin dynamics. This assay offers valuable insights into the potential 

implications for cell growth and migration, which are pivotal for comprehending their therapeutic 

prospects, particularly within cancer research. 

• This investigation aims to assess the tested compound’s inhibitory impacts on the initial stages of 

metastasis development, including migration and invasion. This objective will be achieved through 

the implementation of wound-healing and Boyden chamber assays, which collectively offer 

insights into the compound’s potential to hinder these critical processes. 

• Measuring the estrogenic activity of the test compounds using a transfected cell line provides 

valuable insights into the hormonal properties of the tested molecules.  
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3. Materials and Methods 

3.1. Cell Culture and Chemicals 

The utilized cell lines (HeLa, MDA-MB-231, MCF-7, A2780, and NIH/3T3) were obtained from 

ECACC (European Collection of Cell Cultures, Salisbury, UK). In contrast, SiHa and T47D-

KBluc cells were obtained from ATCC (American Tissue Culture Collection, Manassas, VA, 

USA). All cell lines were cultured in Eagle's Minimum Essential Medium (EMEM) at 37 °C in a 

humidified atmosphere with 5% carbon dioxide. The medium was supplemented with 10% fetal 

bovine serum (FBS), 1% non-essential amino acid solution, and 1% penicillin, streptomycin, and 

amphotericin B mixture. All cell culture mediums and supplements were obtained from Lonza 

Group Ltd. (Basel, Switzerland). Chemicals for the described in vitro experiments were purchased 

from Merck Ltd. (Budapest, Hungary) unless stated otherwise. 

3.2. Determination of Antiproliferative Activity (MTT Assay) 

The antiproliferative effects of the presented compounds were evaluated on a panel of human 

gynecological cancer cell lines. MCF-7 and MDA-MB-231 cell lines were derived from breast 

cancers, while HeLa and SiHa cell lines originated from cervical cancers with different 

pathological backgrounds, while A2780 cells are from ovarian cancer. Non-cancerous human 

fibroblast cells (NIH/3T3) were used exclusively to assess the selectivity of the two azidomethyl 

compounds.  

Cancer cells were seeded in a 96-well microplate for the proliferation assay at 5000 cells/well 

density. After 24 hours of incubation, 200 μL of new medium containing the tested compounds at 

10 or 30 µM concentrations was added. 

Following incubation for 72 hours at 37 °C in a humidified atmosphere containing 5% CO2, cell 

viability was assessed by adding 20 μL of a 5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) solution. The yellow MTT solution was converted to violet 

crystals by mitochondrial reductases in viable cells after a 4-hour incubation. Subsequently, the 

medium was removed, and the formazan crystals were dissolved in 100 μL of DMSO with shaking 

at 37 °C for 60 minutes. 

The absorbance of the reduced MTT solution was measured at 545 nm using a microplate reader, 

with untreated cells serving as the negative control [31]. In the case of active compounds (i.e., 

higher than 50% cell growth inhibition at 10 or 30 μM), the assay was repeated with a series of 

dilutions, and sigmoidal dose-response curves were fitted to the obtained data. The IC50 values, 

representing the concentration at which cell proliferation was reduced by 50% compared to the 
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untreated control, were calculated using GraphPad Prism 5 (GraphPad Software, San Diego, CA, 

USA). Each in vitro experiment was conducted on two microplates with a minimum of five 

parallel wells. Stock solutions of the tested substances (10 mM) were prepared in DMSO, with the 

highest DMSO concentration in the medium not exceeding 0.3%, which did not significantly affect 

cell proliferation. Cisplatin was used as the reference agent. 

3.3. Propidium Iodide-Based Cell Cycle Analysis 

Cell cycle analysis was conducted to investigate the mechanism of action of azidomethyl 

compounds in human breast cancer cell lines. Specifically, MDA-MB-231 cells were seeded in 

24-well plates at a density of 80,000 cells per well. The cells were treated with six concentrations 

of 16AABE (0.5, 1 and 2 μM) and 16BABE (2, 4 and 8 μM) for 24 hours. 

After treatment, the cells were washed with phosphate-buffered saline (PBS) and harvested using 

trypsin. The harvested cells were combined with the supernatants and PBS from the washing 

process. Subsequently, centrifugation at 1,700 rpm for 5 minutes at room temperature was 

performed, followed by resuspending the cell pellets in a DNA staining solution. The DNA 

staining solution consisted of 10 μg/mL propidium iodide (PI), 0.1% Triton-X, 10 μg/mL RNase 

A, and 0.1% sodium citrate dissolved in PBS. The resuspended cells were then incubated in the 

dark at room temperature for 30 minutes. 

At least 20,000 events per sample were analyzed using a FACSCalibur flow cytometer to assess 

the DNA content. The data obtained were analyzed using ModFit LT 3.3.11 software (Verity 

Software House, Topsham, ME, USA). Untreated cells were the control, and a hypodiploid 

(subG1) phase indicated the apoptotic cell population[81]. 

3.4. Tubulin Polymerization Assay 

Following the manufacturer's instructions, a tubulin polymerization assay kit (Cytoskeleton Inc., 

Denver, CO, USA) was employed to assess the cell-independent direct effects of 16AABE and 

16BABE on tubulin polymerization in vitro. Initially, 10 μL of a 500 μM solution of the desired 

compound was added to a UV-transparent microplate prewarmed to 37°C. Positive control 

samples containing 10 μL of 10 μM paclitaxel and untreated controls with general tubulin buffer 

(80 mM PIPES pH 6.9, 2 mM MgCl2, 0.5 mM EGTA) were also prepared. Next, 100 μL of a 3.0 

mg/mL tubulin solution dissolved in polymerization buffer (80 mM PIPES pH 6.9, 2 mM MgCl2, 

0.5 mM EGTA, 1 mM GTP, 10.2% glycerol) was added to each sample well in separate wells of 

a 96-well plate. The plate was immediately placed in an ultraviolet spectrophotometer 

(SPECTROstarNano, BMG Labtech, Ortenberg, Germany) prewarmed to 37°C. A 60-minute 
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kinetic reaction was initiated, during which the absorbance was measured at 340 nm every minute 

to evaluate the effects of the tested compounds. The tubulin polymerization curve was constructed 

by plotting the optical density against time. The maximum reaction rate (Vmax; Δabsorbance/min) 

was calculated based on the highest difference in absorbance observed over three consecutive time 

points on the kinetic curve. 

3.5. Migration Assay 

As previously described, MCF-7 cell suspension was prepared in a supplemented EMEM. The 

cells were then seeded onto 12-well plates using specialized silicone inserts (Ibidi GmbH, 

Grafelfing, Germany) at a concentration of 25,000 cells per well. The silicone inserts were gently 

removed after overnight incubation, and the cells were washed with PBS. Subsequently, the cells 

were subjected to a wound healing assay by treating them with low concentrations of compounds 

(1.5 and 3 μM) prepared in EMEM medium with reduced serum content (2% FBS). 

The antimigratory effect of the compounds was assessed by measuring the size of the cell-free 

areas. Images of the cell monolayer were captured at 0, 24, and 48 hours using the QCapture Pro 

software. Based on the captured images, the size of the cell-free areas was determined using the 

ImageJ software (National Institutes of Health, Bethesda, MD, USA). 

3.6. Invasion Assay 

To assess the impact of our compounds on the invasion capacity of malignant MDA-MB-231 cells, 

we employed Boyden chambers equipped with a reconstituted membrane that mimics the 

basement membrane. The treated cells were carefully pipetted onto the hydrated membranes in 

the upper chamber. In the lower chamber, EMEM supplemented with 10% FBS served as a 

chemoattractant. After a 24-hour incubation period, the supernatants were removed, and non-

invading cells on the upper side of the membrane were gently wiped away using a cotton swab. 

The membrane was then rinsed twice with PBS and fixed with ice-cold 96% ethanol. 

Subsequently, invading cells were stained with a 1% crystal violet dye solution for 30 minutes in 

the dark at room temperature. Multiple images (at least three per insert) were captured using a 

Nikon Eclipse TS100 microscope. Finally, the invading cells were quantified and compared to 

untreated control samples. 
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3.7. Determination of Estrogenic Activity 

T47D human breast adenocarcinoma cells expressing endogenous estrogen receptor (ERα) 

modified with an estrogen-responsive luciferase (Luc) reporter gene (T47D-KBluc) were used to 

assess the estrogenic activity of 16AABE and 16BABE[82]. Cells were maintained in phenol red-

free MEM with 2 mM L-glutamine, 1 g/L glucose, 10% FBS and penicillin-streptomycin 

antibiotics. Before testing the compound’s effect, cells were maintained in the same medium above 

but supplemented with 10% charcoal dextran-treated FBS for at least six days. Cells were seeded 

at a density of 50,000 per well in 200 µl of the medium above in a 96-well white flat bottom plate 

(Greiner Bio-One, Mosonmagyaróvár, Hungary) and allowed to attach for 72 h. Then the indicated 

concentrations of the test compounds and the reference agent 17β-estradiol were added (less than 

0.1% DMSO in the final concentration). Plates were incubated at 37°C in a humidified 5% CO2 

incubator before measuring luciferase activity. After 24 h incubation, the dosing media was 

removed entirely, and 30 μl of One-Glo firefly luciferase reagent (Promega, Madison, WI, USA) 

per well was added to the plate and then incubated for 3 minutes at room temperature according 

to the manufacturer protocol and the luminescence signal was quantified (FLUOstar Optima, 

BMG Labtech, Ortenberg, Germany). 

3.8. Statistical Analysis 

The statistical analysis of the obtained results was conducted using the GraphPad Prism 5 software 

(GraphPad, San Diego, CA, USA). One-way analysis of variance (ANOVA) was employed, 

followed by the Dunnett posttest, to assess the significance of the observed differences. Data are 

expressed as mean values ± standard error of the mean (SEM).  
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4. Results 

4.1. Antiproliferative Assay 

4.1.1. Antiproliferative Activity of Triazolyl Compounds 

In a preceding endeavor within our ongoing research trajectory, an earlier investigation focused 

on compounds closely resembling the present subject of interest. This earlier study meticulously 

centered on a diverse collection of hydroxyl analogs, similar to the compounds 16AABE and 

16BABE that currently form the core of our inquiry. This prior exploration was designed to reveal 

latent antiproliferative efficacy inherent within these hydroxyl analogs. 

 

 

 
Figure 2. Structures of the steroidal 17-hydroxyl analogs (TI – TV) of investigated compounds. 
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Figure 3. Structures of the steroidal 17-hydroxyl analogs (TVI - TXIII) of investigated compounds. 

 

 



 21 

Looking back at this previous attempt the investigative scope encompassed an array of cancer cell 

lines, strategically selected to extract the nuanced effects of the hydroxyl compounds on cellular 

proliferation dynamics. The outcomes derived from this preliminary investigation revealed a 

promising view of antiproliferative attributes embedded within these hydroxyl analogs. Their 

inherent capacity to impede the progression of cellular proliferation emerged as a noteworthy 

thematic thread, thus offering a potential avenue for targeted therapeutic intervention. Anchored 

upon these initial findings, our current inquiry expands the previous research, aiming to illuminate 

the broader pharmacological foundations intrinsic to the compounds 16AABE and 16BABE. This 

collective effort seeks to distill a comprehensive comprehension of the potential implications 

encapsulated within these compounds, enhancing our overall insight into their therapeutic 

viability. 

Regarding the arrangement of substituents at positions C-16 and C-17, the 16β,17β-derivatives 

showcased remarkable inhibitory prowess over cellular growth in our studies. Notably, two 

derivatives carrying analogous cycloalkyl groups at position C-4' exhibited significant and 

selective antiproliferative effects specifically against the triple-negative breast cancer cell line 

MDA-MB-231, with IC50 values falling within the lower micromolar spectrum.  

The following data (Table 2), encapsulates the observed effects on cellular proliferation, offering 

a quantitative snapshot of the potency wielded by the hydroxyl bearing group of the analog 

compounds across diverse cancer cell lines. 
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Table 1. Antiproliferative activity of steroidal 17-hydroxyl analogs (TVI – TIX) of the investigated compounds. 

*Growth Inhibition, % ± SEM [calculated IC50] 
Compound Conc. (µM) HeLa SiHa MCF-7 MDA-MB-231 

TVI      

a 10 < 20 21.28± 1.88 < 20 < 20 

 30 < 20 28.71± 2.20 46.42± 1.47 < 20 

b 10 < 20 < 20 < 20 < 20 

 30 39.86± 0.38 < 20 57.42± 1.77 29.88 ± 1.57 

c 10 < 20 < 20 < 20 < 20 

 30 40.22± 1.02 < 20 70.84± 1.55 37.96 ± 1.55 

d 10 < 20 < 20 < 20 < 20 

 30 44.16± 0.48 < 20 54.93± 1.78 38.28 ± 1.84 

e 10 < 20 23.91± 1.61 34.23± 3.10 < 20 

 30 37.18± 1.65 54.72± 0.48 76.26± 0.72 35.93 ± 2.13 

f 10 < 20 28.06± 1.99 29.45± 1.67 < 20 

 30 41.03± 0.77 57.69± 1.12 70.23± 1.35 34.81 ± 2.88 

TVII         

a 10 < 20 25.55± 1.01 < 20 < 20 

 30 < 20 34.78± 2.47 57.43± 1.91 < 20 

b 10 < 20 < 20 < 20 < 20 

 30 < 20 26.57± 2.26 67.59± 1.65 < 20 

c 10 < 20 < 20 < 20 < 20 

 30 < 20 29.90± 2.59 69.68± 0.77 < 20 

d 10 < 20 < 20 < 20 < 20 

 30 < 20 29.96± 1.79 70.75± 1.05 14.54 ± 1.32 

e 10 < 20 < 20 < 20 < 20 

 30 < 20 38.69± 2.09 63.12± 2.14 < 20 

f 10 < 20 < 20 22.02± 1.61 < 20 

 30 < 20 37.79± 1.04 50.94± 1.55 < 20 

TVIII         

a 10 < 20 < 20 < 20 < 20 

 30 31.14± 1.28 < 20 28.72± 0.93 25.08 ± 3.15 

b 10 < 20 < 20 < 20 < 20 

 30 58.25± 2.03 < 20 48.01± 1.31 < 20 

c 10 < 20 30.97± 2.69 < 20 < 20 

 30 < 20 33.89± 2.35 < 20 < 20 

d 10 < 20 < 20 < 20 < 20 

 30 26.90± 2.15 < 20 63.27± 0.82 < 20 

e 10 < 20 < 20 < 20 < 20 

 30 < 20 37.53± 3.00 33.94± 0.75 28.19 ± 0.96 

f 10 < 20 29.13± 1.59 < 20 < 20 

 30 26.61± 0.57 43.85± 3.32 38.45± 1.93 43.80 ± 3.16 

TIX         

a 10 < 20 < 20 < 20 < 20 

 30 89.01± 0.47 < 20 78.65± 0.78 46.21 ± 1.54 

b 10 < 20 < 20 < 20 < 20 

 30 34.18± 0.81 < 20 31.07± 2.36 < 20 

c 10 < 20 < 20 < 20 < 20 

 30 49.11± 0.55 < 20 43.22± 1.52 < 20 

d 10 < 20 < 20 < 20 < 20 

 30 42.13± 1.66 < 20 55.41± 0.76 < 20 

e 10 < 20 < 20 < 20 < 20 

 30 83.66± 0.34 42.06± 2.50 70.11± 1.06 50.27 ± 2.00 

f 10 < 20 < 20 22.34± 2.06 < 20 

 30 84.77± 1.18 29.80± 1.66 68.27± 1.19 47.74 ± 1.21 

cisplatin 10 42.61± 2.33 86.84± 0.50 53.03± 2.29 20.84 ± 0.81 

 30 99.93± 0.26 90.18± 1.78 86.90± 1.24 74.47 ± 1.20 

  [12.43] [7.84] [5.78] [19.13] 
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Table 2. Antiproliferative activity of steroidal 17-hydroxyl  analogs (TX – TXIII) of the investigated compounds.  
*Growth Inhibition, % ± SEM [calculated IC50] 

Compound Conc. (µM) HeLa SiHa MCF-7 MDA-MB-231 NIH-3T3 
TX 

      

a 10 44.94 ± 1.04 21.17 ± 2.05 41.71 ± 0.64 47.32 ± 1.15 44.91 ± 1.36 
 30 52.45 ± 2.39 66.23 ± 0.86 64.32 ± 0.56 71.49 ± 0.75 91.28 ± 0.50 

b 10 51.49 ± 3.62 49.36 ± 1.69 44.58 ± 1.50 93.00 ± 0.26 44.81 ± 1.50 
 30 62.58 ± 2.21 73.94 ± 2.04 50.52 ± 3.26 93.71 ± 0.09 59.09 ± 0.73 
     [3.33]  

c 10 54.70 ± 1.88 49.58 ± 2.11 44.04 ± 3.32 77.13 ± 1.07  

 30 53.66 ± 2.56 61.83 ± 2.77 59.33 ± 2.99 88.81 ± 0.55  

     [5.91]  

d 10 64.14 ± 0.86 70.88 ± 1.03 73.41 ± 1.22 95.04 ± 0.16 95.60 ± 0.25 
 30 90.12 ± 0.99 94.14 ± 0.29 80.16 ± 3.40 95.60 ± 0.06 98.22 ± 0.04 
  [2.28] [4.05] [3.91] [3.65] [3.34] 

e 10 < 20 < 20 41.63 ± 2.83 21.96 ± 0.73  

 30 92.12 ± 0.25 89.25 ± 0.68 97.00 ± 0.11 95.22 ± 0.91  

f 10 45.08 ± 0.72 41.26 ± 1.25 55.41 ± 1.26 55.57 ± 1.50  

 30 39.39 ± 0.49 52.60 ± 1.31 62.52 ± 0.67 88.92 ± 0.99  

TXI       

a 10 37.98 ± 2.68 < 20 72.42 ± 2.19 46.43 ± 2.05 85.50 ± 1.22 
 30 96.56 ± 0.11 96.71 ± 0.17 98.72 ± 0.09 97.96 ± 0.17 97.63 ± 0.12 
    [6.11]  [5.97] 

b 10 38.55 ± 1.32 < 20 31.80 ± 1.35 17.13 ± 2.36  

 30 43.97 ± 2.23 < 20 84.44 ± 0.71 37.72 ± 2.28  

c 10 36.30 ± 1.45 < 20 24.95 ± 2.15 < 20  

 30 35.53 ± 1.24 < 20 74.73 ± 1.00 < 20  

d 10 < 20 < 20 47.25 ± 1.78 45.55 ± 2.63  

 30 22.15 ± 1.29 < 20 57.30 ± 0.77 59.79 ± 1.22  

e 10 < 20 < 20 68.51 ± 0.71 89.24 ± 0.70 31.41 ± 2.21 
 30 96.98 ± 0.33 96.91 ± 0.14 99.12 ± 0.07 97.73 ± 0.23 99.01 ± 0.05 
    [6.53] [5.69] [11.75] 

f 10 21.62 ± 3.46 < 20 29.14 ± 2.06 40.46 ± 2.98 10.00 ± 1.01 
 30 30.79 ± 2.92 27.28 ± 1.90 43.28 ± 1.53 76.93 ± 1.60 23.40 ± 0.60 

TXII       

a 10 24.26 ± 2.63 34.00 ± 1.43 58.38 ± 3.20 56.24 ± 0.98 25.56 ± 2.21 
 30 85.22 ± 1.32 82.68 ± 1.25 97.21 ± 0.10 84.18 ± 0.44 99.24 ± 0.07 

b 10 37.10 ± 1.77 39.59 ± 1.17 51.92 ± 1.00 56.44 ± 0.98  

 30 52.08 ± 2.08 69.54 ± 1.24 65.12 ± 1.91 71.81 ± 0.96  

c 10 38.89 ± 2.60 64.05 ± 1.24 49.68 ± 1.66 72.37 ± 1.27 13.99 ± 1.79 
 30 55.93 ± 2.39 83.34 ± 1.31 61.26 ± 1.72 85.81 ± 1.04 29.56 ± 1.17 
   [9.29]  [6.74]  

d 10 34.23 ± 1.39 30.04 ± 2.07 47.03 ± 1.25 55.77 ± 1.03  

 30 47.74 ± 0.78 39.96 ± 2.34 42.43 ± 1.69 57.71 ± 1.00  

e 10 < 20 21.53 ± 1.81 35.74 ± 1.33 < 20  

 30 99.06 ± 0.09 96.91 ± 0.06 98.50 ± 0.93 99.01 ± 0.52  

f 10 < 20 24.65 ± 1.46 25.50 ± 2.93 24.79 ± 2.20  

 30 98.72 ± 0.13 96.04 ± 0.25 98.41 ± 0.15 98.79 ± 0.16  

TXIII       

a 10 35.48 ± 1.91 46.07 ± 1.13 52.88 ± 0.82 25.61 ± 2.84  

 30 63.44 ± 1.79 69.86 ± 0.55 73.39 ± 0.74 52.16 ± 2.52  

b 10 39.75 ± 2.45 < 20 43.51 ± 1.85 
42.28 ± 1.44 

44.86 ± 0.93  

 30 47.34 ± 1.62 < 20  43.73 ± 2.25  

c 10 56.71 ± 0.57 39.93 ± 3.14 48.56 ± 0.48 30.30 ± 1.64  

 30 58.21 ± 0.73 31.15 ± 2.86 49.93 ± 1.33 31.60 ± 3.08  

d 10 74.18 ± 1.15 76.88 ± 0.49 75.97 ± 0.89 86.12 ± 0.33 70.18 ± 1.15 
 30 91.17 ± 0.33 87.39 ± 0.86 88.99 ± 0.25 90.72 ± 1.00 91.12 ± 1.64 
  [2.30] [4.14] [3.87] [3.89] [3.71] 

e 10 27.42 ± 2.16 < 20 52.86 ± 1.30 29.58 ± 1.69  

 30 92.94 ± 0.17 91.91 ± 0.23 96.38 ± 0.07 94.09 ± 0.43  

f 10 30.97 ± 1.02 39.85 ± 1.24 50.60 ± 0.65 31.89 ± 2.92  

 30 91.88 ± 0.26 90.94 ± 0.18 95.12 ± 0.10 92.56 ± 0.34  

cisplatin 10 42.61 ± 2.33 86.84 ± 0.50 53.03 ± 2.29 20.84 ± 0.81 94.20 ± 0.39 
 30 99.93 ± 0.26 90.18 ± 1.78 86.90 ± 1.24 74.47 ± 1.20 96.44 ± 0.17 
  [12.43] [7.84] [5.78] [19.13] [3.23] 
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Table 3. Anti proliferative activity of four starting molecules 16a-azidomethyl and 16β-azidomethyl bearing 17a-hydroxyl and 
17β -hydroxyl.  
*Growth Inhibition, % ± SEM.  
The inhibition values less than 20 percent are not given numerically. 

Compound Concentration HeLa SiHa MCF-7 MDA-MB-231 

SI 
10 33.97 ± 0.33 <20* 38.82 ± 0.81 34.07 ± 0.27 

30 93.10 ± 0.21 89.93 ± 0.20 92.64 ± 0.22 92.92 ± 0.09 

SII 
10 29.15 ± 1.06 <20 20.22 ± 2.19 45.06 ± 1.69 

30 55.54 ± 2.06 43.16 ± 2.58 51.86 ± 1.85 64.22 ± 1.39 

SIII 
10 24.96 ± 2.26 <20 27.33 ± 1.28 33.50 ± 2.92 

30 93.35 ± 0.32 86.46 ± 0.36 92.55 ± 0.18 89.05 ± 0.90 

SIV 
10 26.63 ± 1.78 <20 <20 25.14 ± 2.83 

30 52.89 ± 0.49 31.91 ± 0.69 52.42 ± 2.50 57.32 ± 0.98 

 

4.1.2. Antiproliferative Activity of Azidomethyl Compounds 

The antiproliferative capacity of the prepared compounds was determined by employing the MTT 

assay against a panel of human adherent cancer cell lines isolated from breast (MCF-7 and MDA-

MB-231) or cervical (HeLa and SiHa) tumors. All compounds were tested at two concentrations 

(10 and 30 μM). When more than 50% was obtained at 10 μM, the assays were repeated with a 

broader concentration range (0.1–30 μM), and IC50 values were calculated. Starting molecules SI–

SIV exerted negligible action at 10 μM, but substantial cell growth inhibitions were observed at 

the higher concentration. On the other hand, the 17-keto analogs (16AABE and 16BABE) elicited 

higher than 90% inhibition even at the lower concentration, and their calculated IC50 values were 

lower than those of reference agent cisplatin. The MTT assays were performed against non-

cancerous fibroblast cell line NIH/3T3 to obtain preliminary data concerning the cancer selectivity 

of the antiproliferative properties of 16AABE and 16BABE. The fibroblast cells proved less 

sensitive, and calculated IC50 values were above 10 μM. The ratios of IC50 values obtained against 

cancer cells and fibroblasts are between 0.2 and 0.5, indicating a substantial cancer selectivity of 

the two compounds (Table 5). 
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Figure 4. Antiproliferative properties of the investigated molecules. Inhibition values lower than 20% are considered negligible 

and not given numerically. n.d.: not determined. *Cisplatin data were obtained from our previous study. 

Table 4. Growth Inhibition, % ± SEM and IC50 values of 16AABE and 16BABE  [µM] 

*Cisplatin data were obtained from our previous study. 

Compound  Concentration 16 AABE 16 BABE Cisplatin* 

HeLa 
Inhibition % 

10 µM 93.40±0.13 93.22±0.92 42.61 ± 2.33 
30 µM 94.33±0.32 93.96±0.23 99.93 ± 0.26 

Calculated IC50 (µM)  [4.60] [5.01] [12.43] 

SiHa Inhibition % 10 µM 90.73±0.53 90.10±0.66 86.84 ± 0.50 
30 µM 91.08±0.55 91.48±0.55 90.18 ± 1.78 

Calculated IC50 (µM)  [3.85] [4.10] [7.84] 

MCF-7 
Inhibition % 10 µM 92.94±0.37 91.73±0.71 53.03 ± 2.29 

Calculated IC50 (µM) 
30 µM 93.79±0.40 93.85±0.22 86.90 ± 1.24 

 [3.15] [3.13] [5.78] 

MDA-MB-231 
Inhibition % 10 µM 93.65±0.24 93.35±0.17 20.84 ± 0.81 

Calculated IC50 (µM) 
30 µM 95.03±0.23 95.11±0.31 74.47 ± 1.20 

 [8.13] [4.72] [19.13] 
 Inhibition % 10 µM <20 <20 94.20 ± 0.39 
NIH 3T3 

Calculated IC50 (µM) 
30 µM 94.79 98.29 96.44 ± 0.17 

  [18.93] [13.59] [3.23] 
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Table 5. Tumor selectivity indices of 16AABE and 16BABE expressed as the ratio of IC50 values obtained against cancer cells 

and fibroblasts. 

Cancer cell line 
IC!"	of	cancer	cell	line
IC!"	of	NIH/3T3

 

16AABE 16BABE 

HeLa 0.369 0.243 

SiHa 0.302 0.203 

MCF-7 0.230 0.166 

MDA-MB-231 0.347 0.429 

 

4.2. Propidium Iodide-Based Cell Cycle Analysis 

16AABE and 16BABE were subjected to propidium iodide-based cell cycle analysis by flow 

cytometry to better understand their mechanism of action. MDA-MB-231 cells were treated with 

various concentrations for 24 hours, and the DNA content of the cells was determined. 16AABE 

resulted in a moderate but significant increase in the hypodiploid (subG1) population at 1 μM 

(Figures 5 and 6). At 2 μM, which is approximately the IC50 value, a more profound cell cycle 

disturbance was observed with a pronounced increase of subG1 and G2/M populations at the 

expense of G1 and S phases. 16BABE, conversely, caused a minor but significant accumulation 

of subG1 cells at 8 μM, a concentration roughly its IC50, indicating the proapoptotic activity of the 

compound (Figure 5). 

Figure 5. Effects of 16AABE (upper panel) and 16BABE (lower panel) on cell cycle distribution of MDA-MB-231 cells treated with the 

indicated concentrations for 24 hours. * and *** indicate significant differences at p<0.05 and p<0.001, respectively. Data are from 

three independent experiments performed in triplicate. 
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Figure 6. Representative histograms of MDA-MB-231 cells treated with 16AABE. Histograms were generated via ModFit LT 3.3.11 

software. 

4.3. Tubulin Polymerization Assay 

The impact of 16AABE and 16BABE on microtubule polymerization was assessed using a cell-

free system with a photometric kinetic determination. The concentrations of the test compounds 

were selected based on their IC50 values, as the kit's manufacturer recommended. Both compounds 

exhibited a stimulating effect on tubulin polymerization compared to the control samples. Notably, 

the calculated maximum tubulin polymerization (Vmax) rates were significantly higher than those 

observed in the control condition (Figure 7). It is worth mentioning that the Vmax values of the 

tested compounds were higher than that of the reference agent paclitaxel (PAC, 10 µM), indicating 

their profound activity on the polymerization of tubulin. 

 

 
Figure 7. Direct effects of 16AABE and 16BABE (500 μM for both) on tubulin polymerization. Left panel: recorded kinetic 

curves; paclitaxel (10 μM PAC) was included as a reference agent. Right panel: calculated maximum values for the rate of 

tubulin polymerization. * Indicate significance at p<0.05 compared to untreated tubulin – results from two independent 

experiments performed in duplicate. 
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4.4. Wound Healing Assay 

To investigate the antimigratory activity of our compounds, we conducted a wound-healing assay 

using the MCF-7 breast cancer cell line. The assay involved incubating the cells in a minimal 

serum-containing (2%) medium for 24 or 48 hours after creating a wound by removing silicone 

inserts. Microscope image analysis was employed to measure the reduction in cell-free areas, 

which served as an indicator of wound closure. Our findings demonstrated a significant decrease 

in the migratory capacity of cancer cells (Figures 8 and 9). Notably, both compounds exhibited 

remarkable antimigratory effects at subantiproliferative concentrations (1.5 μM), with 16BABE 

demonstrating more pronounced action after 24 hours of incubation. 

 
Figure 8. Effects of 16AABE on the migration of MCF-7 cells. Upper panels: representative images taken at 24 or 48 h post-

treatment with 16 16AABE. Lower panels: calculated wound closure values determined after 24 or 48 h post-treatment. ** and 

*** indicate significance at p<0.01 and p<0.001, respectively. Findings are based on the results of 4 independent experiments, all 

performed in triplicate. 
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Figure 9. Effects of 16BABE on the migration of MCF-7 cells. Upper panels: representative images taken at 24 or 48 h post-

treatment with 16 16BABE. Lower panels: calculated wound closure values determined after 24 or 48 h post-treatment. *** 

indicates significance at p<0.001. Findings are based on the results of 4 independent experiments, all performed in triplicate. 

 

4.5. Boyden Chamber Assay 

In addition to its impact on cell migration, the invasive capacity of cancer cells plays a pivotal role 

in their metastatic behavior, making it a crucial factor in assessing their antimetastatic potential. 

Boyden chambers with Matrigel Matrix-coated membranes (pore diameter: 8.0 μm) were 

employed to evaluate invasiveness, as they permit the passage of invasive cells while impeding 

the migration of non-invading cells. Remarkably, the tested compounds effectively hindered the 

invasion of MDA-MB-231 cells, even at low concentrations of 0.5 or 1 μM (Figures 10 and 11). 

Moreover, both compounds exhibited a significant decrease in invading cells after 48 hours of 

treatment, underscoring their remarkable anti-invasive potential. 
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Figure 10. Effects of 16AABE on the invasion capacity of MBA-MD-231 cells. Upper panels: representative images taken at 24 or 

48 h post-treatment with 16AABE. Lower panels: 16AABE significantly reduced invasion of MDA-MB-231 cells at 24-hour and 

48-hour treatments. Findings are based on the results of at least 4 independent experiments performed in duplicate. *** and **** 

indicate significance at p<0.001 and p<0.0001, respectively. 

 
Figure 11. Effects of 16BABE on the invasion capacity of MBA-MD-231 cells. Upper panels: representative images taken at 24 or 

48 h post-treatment with 16BABE. Lower panels: 16BABE significantly reduced invasion of MDA-MB-231 cells at 24-hour and 

48-hour treatments. Findings are based on the results of at least 4 independent experiments performed in duplicate. *** and **** 

indicate significance at p<0.001 and p<0.0001, respectively. 
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4.6. Estrogenic Activities of The Tested Compounds 

Since 16AABE and 16BABE are structurally closely related to natural estrogen 17β-estradiol, 

their hormonal activities are considered crucial elements of their pharmacological profile. A T47D 

breast cancer cell line transfected with an estrogen-responsive luciferase reporter gene was utilized 

to clarify the estrogenic activity of the tested compounds (Figure 12). Treatment with both 

compounds resulted in estrogenic activity at concentrations several orders of magnitude higher 

than reference agents 17β-estradiol. The calculated concentrations eliciting 50% of maximum 

estrogenic stimulation were approximately 5.5 and 178 nM, respectively. These results indicate 

that these estrone analogs possess considerable hormonal activity at their antiproliferative or 

antimetastatic concentrations.  

 

 
Figure 12. Estrogenic effects of 16AABE and 16BABE expressed as the intensity of the estrogen-responsive luciferase in transfected 

T47D breast cancer cell line. Findings are based on the results of 3 independent experiments performed in triplicate. 
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5. Discussion 

Breast cancer holds a preeminent position as the most frequently diagnosed malignancy among 

women worldwide. Its emergence is characterized by a multifaceted etiology, wherein a 

convergence of genetic and environmental factors contributes to its intricate pathogenesis. This 

complex interplay underscores the multifactorial nature of the disease's origin, highlighting the 

necessity for a comprehensive understanding of its underlying mechanisms. 

Amidst this complexity, various factors such as age, family history, hormones, marital status, and 

lifestyle choices intertwine to shape breast cancer's development. This amalgamation adds layers 

of complexity to understanding its emergence. An essential framework for comprehending breast 

cancer's heterogeneity lies in the classification system based on pivotal molecular markers. 

Specifically, the presence or absence of estrogen and progestin receptors, alongside the HER2 

status, delineates major subtypes of the disease. These subtypes encompass hormone receptor-

positive, HER2-positive, and triple-negative breast cancer (TNBC). Among these, TNBC, 

accounting for approximately 15-20% of cases, stands out with its distinct characteristics. Notably, 

TNBC's heightened prevalence in younger patients, particularly those below 40, paints a complex 

picture of age-related variations in breast cancer presentations[83–85]. 

This intricate framework illuminates the multi-faceted nature of breast cancer, spotlighting the 

need for a holistic approach that encompasses its clinical manifestations and its genetic, molecular, 

and environmental underpinnings. This multifactorial perspective is pivotal in driving 

advancements in diagnosis, treatment, and the overall management of breast cancer across its 

diverse array of presentations[83,84].  

TNBC distinguishes itself through its aggressive behavior relative to other subtypes, contributing 

to a notably poorer prognosis for affected individuals. This heightened aggressiveness stems from 

the absence of specific molecular targets, necessitating a distinct therapeutic approach. 

Unfortunately, the absence of these targeted avenues constrains pharmacological interventions for 

TNBC, thereby limiting treatment options to conventional cytotoxic agents. As a result, addressing 

the unique challenges posed by TNBC remains a critical priority in improving patient 

outcomes[85]. 

Despite the widely recognized role of estrogens, including the natural hormone 17β-estradiol, in 

promoting cell growth, a noteworthy discovery has emerged: certain estrane-based molecules 

exhibit remarkable potential as potent candidates for anticancer drugs. This intriguing finding 

challenges conventional assumptions and underscores the complexity of molecular interactions, 

paving the way for novel therapeutic strategies in the fight against cancer[78]. 
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The category of 16-substituted triazolyl estranes stands out as a distinct class of compounds 

characterized by a distinctive structural framework that combines an estrane scaffold with a 

triazole ring. The construction and synthesis of these compounds involve the strategic application 

of click chemistry, complemented by meticulous structure-activity relationship studies aimed at 

refining their pharmacological attributes. Based on a study by Molnár J. et al., a diverse and 

innovative collection of compounds characterized by a steroidal framework featuring the 

pharmacophore triazole ring at distinct positions on ring D has been subjected to rigorous testing 

for their potential antiproliferative properties. Among these compounds, those bearing a 17α-

triazolyl group exhibited relatively limited activity, while their counterparts with 15- and 16-

triazolyl substitutions demonstrated considerable and noteworthy effects, warranting 

comprehensive further exploration [76] 

Remarkably, certain compound members displayed in vitro potencies rivaling cisplatin, a widely 

employed reference compound in clinical contexts. Encouraged by these outcomes, the most 

potent analogs were subjected to an in-depth investigation in order to elucidate the precise 

mechanisms underpinning their effects. 

The activation of the intrinsic pathway of apoptosis was substantiated by identifying pertinent 

biochemical markers and observing corresponding morphological changes within the affected 

cells. Additionally, the impediment of the cell cycle progression at the G2–M transition point was 

confirmed, further contributing to understanding the compound’s mode of action. 

This comprehensive study sheds light on the promising potential of these innovative steroidal 

derivatives, serving as a foundation for potential therapeutic applications in the realm of 

proliferative disorders and necessitating continued and nuanced research efforts to fully unravel 

their intricate pharmacological mechanisms and clinical utility[76,77]. 

Based on another study conducted in 2013, the existing methods for synthesizing steroidal 

compounds derived from sex hormones, which exhibit notable inhibitory effects on the growth of 

various cancer cell lines, have been examined. The outcomes obtained thus far underscore that 

incorporating either basic substituents or heterocyclic elements can substantially alter the original 

compound’s biological activities. Consequently, both a design approach grounded in the structure 

of the compounds and a more exploratory pursuit for efficacious variations appear to warrant 

careful consideration in the pursuit of pioneering steroidal agents with anticancer properties. As 

the novel compounds explored in this study served as the foundational compounds for our 

research, the pronounced antiproliferative effects exhibited by these substances prompted the 

continuation of our investigation. Considering this study's findings, we decided to proceed with 
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our own research, focusing on compounds sharing a similar structural framework but featuring 

distinct modifications[86]. 

In our comprehensive pursuit of antiproliferative activity, we extended our investigation to 

encompass two estrone congeners, specifically 16AABE and 16BABE. Intriguingly, we observed 

that compounds featuring a 17-keto function displayed heightened activity compared to the 

reference agent cisplatin. The calculated ratios of IC50 values obtained against cancer cells 

compared to NIH/3T3 fibroblasts consistently yielded values below 1 (ranging between 0.166 and 

0.429), signifying a dependable cancer-selective behavior. In contrast, their 17-hydroxy analogs 

exhibited only modest effects. Notably, our scrutiny of the stereochemical aspect, specifically 

focusing on the configuration of the 16-azidomethyl group, revealed that this factor does not wield 

a critical influence on the compound’s activity. 

Building upon these impactful findings, we embarked on a more detailed exploration of the 

anticancer attributes of the two estrone derivatives. Employing a fundamental approach, cell cycle 

analysis, we sought to uncover insights into the mechanisms underlying their intervention in cell 

proliferation. Remarkably, both selected compounds, 16AABE and 16BABE, demonstrated the 

capability to disrupt the cell cycle of MDA-MB-231 TNBC cells. Remarkably, following a 24-

hour treatment with 16AABE, we observed a concentration-dependent elevation in the 

hypodiploid (subG1) population. This action was detectable even at concentrations below the IC50 

(1 and 2 μM), underscoring the compound’s proapoptotic potential[81].  

Furthermore, a marked accumulation of cells in the G2/M phase was noted, resulting in a 

discernible reduction in the G1 and S populations. Conversely, 16BABE exhibited an evident 

alteration in cell cycle distribution solely at its IC50 concentration (8 μM), manifesting as a 

measured increase in the subG1 population coupled with a decline in the G1 population. 

Considering the cell cycle perturbations engendered by the investigated compounds, it appeared 

prudent to undertake an exploration of tubulin polymerization. Microtubules, dynamic 

filamentous proteins integral to the cytoskeleton, hold a pivotal status as significant targets for 

interventions in cancer therapy. This investigation holds the potential to uncover the intricate 

mechanisms by which the tested compounds exert their effects, shedding light on their precise 

mode of action and therapeutic implications[87].  

Both compounds showcased a notable elevation in tubulin polymerization rate at a concentration 

of 500 μM, implying their capacity to promote microtubule assembly and stability. Notably, these 

effects stood on par with or exceeded those observed with the positive control paclitaxel. This 

underscores the pivotal role of direct interaction with tubulin as a crucial facet of the compound’s 

pharmacological characteristics. 
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In line with epidemiological insights, it's intriguing that roughly 90% of human cancer-related 

fatalities are attributed to the intricate phenomenon of metastases. This statistic underscores the 

imperative of addressing the challenges posed by metastatic dissemination, given its significant 

impact on cancer prognosis and overall patient outcomes[88]. This intricate cascade of events 

encompasses multiple stages, encompassing local migration and invasion of tumor cells into 

adjacent tissues, subsequent penetration into the vascular system, survival and evasion within the 

circulatory system, and eventually proliferation within distant organs. These orchestrated 

processes collectively culminate in establishing metastatic colonies, underscoring the complexity 

of metastasis as a multistep phenomenon[89]. Epidemiological data emphasizes the notable 

occurrence of the invasive variant of cervical cancer, positioning it as the fourth most prevalent 

cancer among women globally. This ranking follows breast, colon, and lung cancers, further 

underlining their substantial impact. The process of metastasis in cervical carcinomas can manifest 

through two primary routes: the hematogenous and lymphatic pathways. Notably, patients with 

hematogenous metastases generally exhibit lower survival rates compared to those with lymphatic 

metastases. This intricate understanding of metastatic routes and their distinct implications adds 

depth to our comprehension of cervical cancer's progression and underscores the diverse 

challenges associated with its management[90–93].  

These epidemiological findings illustrate the importance of antimetastatic compounds as emerging 

drug candidates.  

Both 16AABE and 16BABE have demonstrated significant inhibitory effects on the migration of 

MDA-MB-231 cells. Their impact is evident in both time- and concentration-dependent manners, 

as evidenced by the wound healing assay. Notably, this effect is observed at a concentration as low 

as 1.5 μM, a value considerably below any of the identified IC50 values associated with cell growth 

inhibition. This intriguing observation suggests that the compound’s ability to impede cell 

migration might represent a distinct pharmacological attribute rather than being a simple 

consequence of their impact on cell growth. 

As we delve further into comprehending the anti-invasive properties of these estrone analogs, the 

Boyden chamber assay emerges as a valuable tool for evaluation. In this context, a 24-hour 

treatment with both compounds yielded a highly significant reduction in breast cancer cell 

invasion, notable at concentrations of 0.5 μM and 1 μM. Furthermore, this anti-invasive action 

gained even more pronounced significance after a 48-hour incubation period. While a 

comprehensive mechanistic explanation of these elicited antimetastatic effects may lie beyond the 

scope of the present study, it is worth noting that a previous exploration of a group of 3-O-

sulfamoyl-13α-estrone derivatives demonstrated a pharmacological profile with striking 
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similarities to the compounds under our current investigation. This congruence in outcomes adds 

an interesting layer of consistency to our findings, encouraging further exploration and potential 

avenues for future research. To gain insight into the binding characteristics of the three 13α-

estrones, molecular docking studies have been conducted to understand their interactions with β-

tubulin[94]. Intriguingly, the observed binding affinities exhibited a correlation with their positive 

impact on tubulin polymerization. This intriguing linkage suggests that β-tubulin could potentially 

serve as the site of action for 16AABE and 16BABE, shedding light on their mechanism of action. 

Given that the functions of microtubules extend beyond their role in constructing the mitotic 

spindle, a compound capable of disrupting tubulin dynamics might potentially exert additional 

effects beyond the anticipated antimitotic properties. The dynamic nature of tubulin is intricately 

intertwined with the mobility of cancer cells. Thus, pharmacological interventions that influence 

the polymerization of the peptide might have the potential to impact the metastatic potential of 

cancer cells. This effect could manifest independently of the direct cytotoxicity of the agent, 

offering a novel perspective on the multifaceted roles that tubulin disruptors might play in the 

complex landscape of cancer progression[95].  

The utilization of the estrane skeleton provided a logic for exploring the estrogenic activity of the 

tested analogs. Our findings reveal that both 16AABE and 16BABE demonstrated considerable 

hormonal activity at nanomolar concentrations, a range that aligns with their antiproliferative and 

antimetastatic effects. However, it's important to note that a drug exhibiting estrogenic hormonal 

effects could potentially stimulate the proliferation of cancer cells, which might be detrimental in 

many gynecological cancers. 

Nevertheless, a theoretical scenario exists wherein a subset of hormone-independent 

malignancies, such as triple-negative breast cancer, might remain unaffected by the hormonal 

agonist action. This would imply that the hormonal aspect does not impede the utility of such 

agents in these specific cancer types. Consequently, the estrone analogs we have presented here 

hold promise as innovative drug candidates for cancerous disorders that are not influenced by 

hormonal effects, offering a potentially magnificent way of treatment for these hormone-neutral 

malignancies. This intriguing prospect underscores the need for nuanced approaches considering 

the complex interplay between hormonal actions and cancer progression. 
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6. Summary 

In conclusion, our findings provide compelling experimental evidence supporting the relevance 

of 16-azidomethyl-estrone analogs as drug candidates with anticancer properties. The observed 

tumor-selective antiproliferative and antimetastatic effects, combined with their ability to induce 

cell cycle disturbances and exhibit tumor selectivity, highlight the promising prospects of these 

compounds as innovative anticancer agents. Furthermore, their potent antimigratory and anti-

invasive properties are exerted below their growth-inhibitory concentrations. The tested 

compounds substantially increased the polymerization of tubulin, which may be the basis of their 

actions. Since 16AABE and 16BABE possess estrogenic activity, their further development seems 

rational for treating hormone-independent malignancies. 
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7. Glossary of Acronyms and Abbreviations 

ANOVA Analysis of variance 
ATCC American Type Culture Collection 
BRCA1 Breast cancer type 1 susceptibility protein gene 
BRCA2 Breast cancer type 2 susceptibility protein gene 
CO2 Carbon dioxide 
DMSO Dimethyl sulfoxide 
DNA Deoxyribonucleic acid 
EGTA Ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid 
FBS Fetal bovine serum 
FDA Food and drug administration 
G1 First growth phase in cell cycle 
G2/M Second growth phase in cell cycle with double DNA content / mitotic phase 
GLOBOCAN Global Cancer Observatory 
HER2 Human epidermal growth factor receptor 2 
IC50 Half maximal inhibitory concentration 
IDC Infiltrating ductal carcinoma 
ILC Infiltrating lobular carcinoma 
MEM Minimum Essential Medium 
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
OEt Ethoxy 
PBS Phosphate buffer solution 
Ph Phenyl 
PI Propidium Iodide 
PIPES Piperazine-N,N′-bis(2-ethanesulfonic acid) 
S Phase of DNA replication 
SEM Standard error of mean 
Sub-G1 Hypodiploid cell fraction 
t-Bu Tert-butyl 
TNBC Triple negative breast cancer 
WHO World Health Organization 
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