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Despite the leaps and bounds in achieving success in the management and treatment of breast cancers through surgery,
chemotherapy, and radiotherapy, breast cancer remains the most frequently occurring cancer in women and the most
common cause of cancer-related deaths among women. Systemic therapeutic approaches, such as chemotherapy,
although beneficial in treating and curing breast cancer subjects with localized breast tumors, tend to fail in metastatic
cases of the disease due to (a) an acquired resistance to the chemotherapeutic drug and (b) the development of intrinsic
resistance to therapy. The existence of cancer stem cells (CSCs) plays a crucial role in both acquired and intrinsic
chemoresistance. CSCs are less abundant than terminally differentiated cancer cells and confer chemoresistance through
a unique altered metabolism and capability to evade the immune response system. Furthermore, CSCs possess active
DNA repair systems, transporters that support multidrug resistance (MDR), advanced detoxification processes, and the
ability to self-renew and differentiate into tumor progenitor cells, thereby supporting cancer invasion, metastasis, and
recurrence/relapse. Hence, current research is focusing on targeting CSCs to overcome resistance and improve the
efficacy of the treatment and management of breast cancer. Studies revealed that metformin (1, 1-dimethylbiguanide), a
widely used anti-hyperglycemic agent, sensitizes tumor response to various chemotherapeutic drugs. Metformin
selectively targets CSCs and improves the hypoxic microenvironment, suppresses the tumor metastasis and
inflammation, as well as regulates the metabolic programming, induces apoptosis, and reverses epithelial-mesenchymal
transition and MDR. Here, we discuss cancer (breast cancer) and chemoresistance, the molecular mechanisms of
chemoresistance in breast cancers, and metformin as a chemo-sensitizing/re-sensitizing agent, with a particular focus on
breast CSCs as a critical contributing factor to acquired and intrinsic chemoresistance. The review outlines the prospects
and directions for a better understanding and re-purposing of metformin as an anti-cancer/chemo-sensitizing drug in the
treatment of breast cancer. It intends to provide a rationale for the use of metformin as a combinatory therapy in a clinical
setting.

Keywords: cancer ; cancer stem cells ; chemoresistance ; multidrug resistance

| 1. Introduction - Cancer and Chemotherapy

Cancer remains the second leading cause of death worldwide, accounting for nearly 10 million deaths (one in six deaths
is cancer-related) in 2018 alone and continues to impose an ever-growing physical, emotional, and financial burden on
individuals, families, communities, and healthcare systems [1]. Nevertheless, the survival rates of several types of cancers
have significantly improved due to early detection, better treatment options, and high-quality post-treatment care 1.

The foundation for ‘scientific oncology’ was laid by Dr. Giovanni Morgagni of Padua, as early as the 18th century, when
the post-mortem pathologic findings from autopsies that he performed were used to relate the cause of death to the
clinical course of the patient’s illness 2. During the same period (the 1760s), almost a century before the development of
anesthesia (1846), Dr. John Hunter's (a Scottish surgeon) observation, “If the tumor had not invaded nearby tissue and
was moveable, there is no impropriety in removing it,” paved the way for the surgical removal of solid tumors EEl Over
the decades and centuries, cancer treatment has drastically improved to include advanced strategies such as
immunotherapy, hormone therapy, gene therapy, and stem-cell therapy in addition to precision medicine that is tailored by
oncologists for patients on a case-by-case basis. However, surgical removal of the solid tumor, chemotherapy, and
radiation therapy (either one, but most of the time in combinations) remains the mainstay standard in the treatment of
cancer.

The depletion of the lymph nodes, bone marrow aplasia, and neutropenia observed in the autopsies performed on
individuals exposed to sulfur mustard gas during first world war spurred years of research with sulfur mustard agents as a
possible cure for lymphoma &l However, it was in the 1940s when pharmacologists Dr. Louis S. Goodman and Dr. Alfred
Gilman (Yale School of Medicine, CT, USA) with the help of Dr. Gustaf Lindskog, a thoracic surgeon, injected cytotoxic
‘nitrogen mustard’ (a modified, less toxic/potent version of the mustard sulfur gas in which the sulfur was replaced by
nitrogen) into a patient suffering from non-Hodgkin’s lymphoma. Later, they realized that the patient's tumor mass



significantly reduced for a few weeks after the treatment, thus thrusting into the limelight the possibility and the realization
that cancer could be treated using certain chemicals/pharmacological agents &, Later in 1948, Dr. Sidney Farber (a
pediatric pathologist from Harvard Medical School, MA, USA, regarded as the father of modern chemotherapy) identified
that folate analogs (aminopterin and amethopterin) antagonistic to folic acid, inhibited folate requiring enzymes and
caused a remission of acute lymphoblastic leukemia (ALL) in children M= Since then, either by a clear biological insight
or by a pure stroke of luck, several synthetic and naturally occurring agents were identified, studied, and used in clinics for
their cytotoxic and chemotherapeutic effects in the treatment of several cancers.

| 2. Chemoresistance

The patient responses to the chemotherapeutic drugs are often hugely variable in the clinical scenario. While some
cancer subjects respond positively to drug treatment and are effectively cured of the disease, other patients show a
‘resistance’ to the drug treatment, leading to a decreased drug response and recurrence/relapse of the disease, thus
contributing to over 90% of the mortality among patients with malignant tumors €. In some instances, cancer cells
possess an inherent capacity (intrinsic/innate resistance) to survive clinically relevant dosages of the drug, resulting in
inadequate initial patient response to the administered treatment . Cases of ‘acquired’ resistance in which the patient
shows an initial positive response to the therapeutic intervention (chemotherapy, molecular-targeted anti-cancer drugs,
and cancer immunotherapy) and then gradually becomes unresponsive to the treatment as a result of acquired genetic,
epigenetic, and protein alterations, leading to cancer relapse is a significant hurdle in a clinical setting [, In neoplasms,
one or more complex mechanisms of tumor evolution and heterogeneity, metabolic adaptations, acquired secondary
genetic and epigenetic alterations, signaling pathway feedback loops and bypass mechanisms, tumor-induced
modifications of the microenvironment, and the presence of cancer stem cells (CSCs), contribute to drug resistance
depending on the class of drugs and treatment strategies being employed I8 Although our knowledge of many of the
individual drug-resistance mechanisms has expanded significantly, a comprehensive understanding and means of
addressing multifactorial drug-resistance mechanisms have yet to be achieved.

Among women, breast cancer remains the most prevalent type of cancer and the second leading cause of death due to
cancers worldwide . Breast cancers are highly heterogenous (inter-tumor and intra-tumor) in nature, and the
identification of their molecular subtypes holds the key for clinicians toward the decision making with regard to the choice
of the treatment strategy and prediction of the treatment outcome and prognosis 121314 |n terms of the absence or
presence of one or more of the estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor
receptor 2 (HER2) and the Ki-67 status, breast cancers are classified into triple-negative breast cancers (ER™, PR™,
HER27), luminal A (ER*, PR*, HER2", Ki-67'°%), luminal B (ER*, PR, HER2", Ki-67"9") and HER2" (ER~, PR,
HER2highfoverexpressed) g htynes (131, While the breast cancer subtypes positive for one or more of the receptors (ER, PR,
or HER2) are treated by hormonal intervention, the triple-negative breast cancers (TNBC) will not benefit from the
hormone-based therapy and treatment. Using chemotherapeutic agents remains the mainstay standard for the treatment
for TNBCs with very few other targeted options to control and irradicate the growth of the TNBC tumors 123l The
complexity among TNBCS further deepens since based on gene expression analysis and gene ontologies, TNBCs are
further classified into basal-like 1 (BL1), basal-like 2 (BL2), mesenchymal (M), mesenchymal stem-like (MSL),
immunomodulatory (IM), and luminal androgen receptor (LAR) subtypes 23151 |n g majority of cases of breast cancer
(stages |, I, and Ill) where the primary solid tumor is localized, the therapeutic intervention requires surgical elimination of
the tumor and radiation therapy, while advanced metastatic (stage V) breast cancers are treated using systemic drug
interventions 187 Fyrthermore, neoadjuvant/adjuvant therapy using drugs is usually administered before or after
surgical removal of the tumor, respectively L8IL7],

While modern-day diagnostics and awareness programs have increased the chances for the early detection of the
disease, it is still more likely that the disease comes to light only during its later stages, since the early stages remain
asymptomatic, and often, in addition to the cultural stigma that limits potential patients from seeking medical care and
advice, most of them have limited access to medical care or screening programs and pose a financial burden in the
absence of health insurance coverage 18120 |n some instances, the efficacy of the therapeutic intervention is
compromised when the patients undergoing therapy are unable to absorb the drug adequately or at times rapidly
metabolize and excrete the drug, leading to less than adequate levels of the drug in the body that are required for its anti-
tumor effect 24, Additionally, especially in the elderly, the occurrence of debilitating side effects and reduced tolerance to
the drug may require a reduction in the dosage to sub-optimal levels, further reducing the effect of the drug on the tumor
(21 n turn, this would require that multiple low-dose therapeutic interventions be performed to achieve maximum efficacy
in the treatment, which is when the tumor cells develop resistance to the treatment. However, the most gripping concern is



the fear of relapse/recurrence of the disease in patients (most of them leading ultimately to death) that adversely impact
the mental health, quality of life, and adherence to post-treatment surveillance among cancer survivors who had otherwise
positively responded to the various therapeutic interventions and had shown significant recovery from the disease [22123],

A study that analyzed the 10-year breast cancer recurrence rates among 8062 women from the Netherlands reported that
women with the HER2* type of tumor had the highest rates of local recurrences (7.5%) and distant metastases (25.6%),
while the luminal A subtype showed the least chance of local recurrence (3.7%) and distant metastases (9.5%) 24, TNBC
tumors, on the other hand, were characterized by high rates of regional recurrences (5.2%), while the luminal A tumors
showed the lowest rates (1.7%) of regional recurrences 24, TNBC tumors had the worst 10-year overall survival (OS)
rates, while HER2* tumors had the lowest 10-year recurrence-free survival (RFS) 24, Several other studies have shown
similar patterns of OS and RFS, among other populations 2328, More than 50% of the disease relapse/recurrence in
hormone receptor-positive breast cancers occurs nearly 6+ years (recurrence rate is twice as high when compared to
hormone receptor-negative tumors) after initial diagnosis and following 5 years of adjuvant endocrine therapy, posing a
significant clinical challenge 4. ER* tumors have shown late recurrences, while ER-negative tumors tend to recur during
the first 5 years [28. TNBCs, on the other hand, show a high risk for distant recurrences when compared to hormone
receptor-positive tumors 28, The cancer treatment administered after initial diagnosis also significantly influences the risk
of recurrence among breast cancer patients [28. In tamoxifen-treated breast cancer patients (5-year treatment), more than
50% of all recurrence occurred between 6 and 15 years after initial diagnosis Z4. The relapse/recurrence of the disease
could be mainly attributed to dormant cancer cells (undetected sub-clinical residual disease), which gain the capacity of
active re-growth locally or at distant metastatic sites and the existence of ‘innate/intrinsic’ or ‘acquired’ resistance to
therapeutic interventions in these cancers, where the neoplastic cells survive the primary treatment(s), resulting in the
enrichment and growth of drug-resistant variant population, leading to cancer progression and relapse of the disease 24,

| 3. Mechanisms of Chemoresistance in Breast Cancers

Cancer, once considered as a pathological condition stemming from the dysregulation of proliferation and apoptosis
caused by gene mutations, has gained importance as a metabolic, inflammatory, and lifestyle disease, which can also be
caused by infectious agents (bacteria and viruses) [2RBARBLEABS The hoom in knowledge regarding the multifaceted
aspects of the etiology of cancer has also revealed potential targets that can be therapeutically modified using new/re-
purposed anti-cancer agents and/or radiation therapy to treat the disease efficiently. However, one of the most significant
challenges faced by oncologists worldwide is the emergence of resistance to therapy, metastasis, and relapse of the
disease [l The ‘intrinsic/innate’ resistance and, more importantly, the ‘acquired’ resistance to chemo- and
radiotherapeutic interventions is a major contributor to tumor relapse/recurrence and an increase in the mortality among
cancer patients 341,

As mentioned earlier, at times, the positive effect of the therapeutic intervention is largely compromised when the
adequate therapeutic concentration is not achieved by the patient due to reduced absorption of the drug or when the drug
is metabolized and eliminated from the body 2. Intolerance and severe side effects to therapeutic drugs also may require
the administration of a reduced dosage of the drug, thus decreasing the response to the drug and overall efficacy of the
treatment 21, However, in a majority of the cases, the tumor/cancer cells themselves are genetically/epigenetically
equipped to fight off/resist the cytotoxic effects of the therapeutic interventions through various resistance mechanisms
that are unique, owing to the ‘intra-tumor’ and ‘inter-tumor’ heterogeneity and variability [21[33136137I[38I391[40]  Fyrthermore,

random variations in the expression of oncogenes and tumor suppressor genes in response to exposure to anti-cancer
therapeutic interventions result in the enrichment of therapy-resistant variant cells in the tumor and the development of
‘acquired’ resistance to therapeutic intervention 28B4l |n cancers, including breast cancers, the factors that influence
therapeutic resistance mainly include (see Figure 1; in published article): (1) the presence of breast cancer stem cells
(BCSCs), (2) epithelial-mesenchymal transition, (3) tumor heterogeneity and microenvironment, (4) active DNA damage
repair mechanisms, (5) altered/adaptive/aberrant metabolism, (6) variations in drug uptake and active drug efflux systems,
(7) activation of oncogenic, pro-survival, and anti-apoptotic signaling pathways, and (8) active drug detoxification and
target alteration systems 21341 various authoritative reviews explained these aspects in detail. As these reviews are
widely available online and the topic is beyond the scope of this article, this review will not focus on these aspects BZI38]
(39][40][41][42[43][44][45][46] However, similar mechanisms, in the perspective of BCSCs, which confer resistance to breast

cancer against therapeutic intervention, are explained in section 4 (role of BCSCs in chemoresistance in breast cancers)
below.
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Figure 1. Mechanisms of chemoresistance in breast cancers: In breast cancers, the factors that influence therapeutic
resistance mainly include (illustrated clockwise); (1) the presence and influence of breast cancer stem cells (BCSCs) that
can initiate and re-populate tumors, (2) epithelial-mesenchymal transition (EMT), (3) tumor heterogeneity and
microenvironment (characterized by hypoxia, inflammation, autophagy, and presence of cancer-associated fibroblasts,
immune cells such as tumor-associated macrophages, and tumor endothelial cells), (4) active DNA damage repair
mechanisms, (5) altered/adaptive/aberrant metabolism (characterized by the Warburg effect, altered amino
acid/protein/lipid and nucleotide metabolism, utilization of glutamine, and isoforms of metabolic enzymes that support
cancer initiation, progression, and resistance to therapy), (6) variations in drug uptake and active drug efflux systems (ATP
binding cassette; ABC/multidrug transporters), (7) activation of oncogenic, pro-survival and anti-apoptotic signaling
pathways (the phosphatidylinositol-3-kinase; PI3K/protein kinase B; Akt/ mammalian target of rapamycin; mTOR, mitogen
activated protein kinase; MAPK, nuclear factor-kappa B; NF-kB, Wnt/b-catenin, janus kinase; JAK/signal transducer and
activator of transcription 3; STAT3 and hypoxia inducible factor 1; HIF1 pathways), and (8) active drug detoxification and
target alteration systems.

The occurrence of intrinsic and acquired therapeutic resistance remains a major hurdle faced by the clinician during the
course of the treatment of cancer. From a cancer patient’s point of view, apart from the debilitating side-effects that one
suffers during the course of the treatment, there is nothing more depressing than the fear of relapse/recurrence of the
disease due to the ineffectiveness of the treatment. Therefore, counteracting therapeutic resistance remains a key
challenge that determines the efficacy of cancer treatment and the overall outcome and impact of the disease in the lives
of affected individuals.

In our article we have detailed how breast cancer stem cells (BCSCs) contribute to drug/therapeutic resistance in breast
cancers and discussed how targeting the various aspects of BCSC conferred drug/therapeutic resistance could in turn
sensitize breast cancers to therapeutic intervention and prevent relapse/recurrence of the disease. Furthermore, the
current data available on the anti-neoplastic effects of metformin (the most widely prescribed anti-diabetic drug; see
Figure 5 in our published article; also given below) makes it an interesting candidate for drug re-purposing for the
treatment of cancers. In this regard, we have examined and discussed the available data (in vitro, in vivo and clinical data)
on how targeting BCSCs using metformin can counteract BCSC-related therapeutic resistance, which when followed by
conventional anti-cancer therapy could prove to be more efficient in the treatment of breast cancers. However, the
possibility of the development of an ‘acquired’ resistance to metformin cannot be ignored and must be subjected to
detailed studies. While majority of the available data on the efficacy of metformin in targeting BCSCs is linked to in vitro



and in vivo experiments the major setback is the lack of translational clinical trials and data that addresses the challenges
faced in an actual clinical setting. More clinical studies are warranted to address the efficacy metformin in targeting
BCSCs and to test the efficacy of targeted drug delivery systems for an improved therapeutic outcome. Additionally, the
inter-tumor and intra-tumor heterogeneity and plasticity in cancers, including breast cancers, calls for specific focus on the
various aspects of predictive, preventive and personalized medicine (PPPM/3PM) for a better treatment outcome on a
case-by-case basis.

Figure 5. Efficacy of a combinatory metformin and breast cancer stem cell (BCSC) targeted therapy over conventional
cancer cell-targeted therapy: A conventional anti-cancer therapy targeting terminally differentiated cancer cells (A) should
efficiently inhibit cell proliferation and induce the apoptotic cell death of the cancer cells. However, the less abundant
CSCs effectively evade therapeutic intervention. Then, the CSC through a process of self-renewal and generation of
tumor progenitor cells and mutations mainly causes a relapse/recurrence of more aggressive, invasive, and metastatic
forms of the neoplasm. Using metformin in combination with a cancer stem cell-targeted therapy (B) will effectively target
and kill the CSCs, which then can be followed up with a combinatory treatment using metformin and the conventional anti-
cancer therapy to cause tumor regression, effectively cure cancer, and avoid cancer relapse/recurrence.
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