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1. Introduction

Pancreatic cancer is among the most malignant and aggressive forms of neoplastic diseases, with pancreatic

adenocarcinoma (PDAC) accounting for 90% of all pancreatic tumors . Although the 5-year survival rate has increased

from 5% to 9% over the past decade, this still represents a dismal prognostic outcome . The best chance of survival is

for patients to be diagnosed at an early stage of PDAC, thus making them eligible for surgery; however, this represents

only 20–30% of patients. Therefore, for many patients, surgery is not an option and current chemotherapy regimens, such

as FOLFIRINOX and gemcitabine plus nab-paclitaxel, have limited effectiveness. As a result, there is a need to develop

novel therapies, including immunotherapies and stroma-targeted methods . Pancreatic tumors are dense, fibrotic

masses that impede adequate drug delivery. The main histological hallmark of pancreatic cancer is the heterogeneous

tumor microenvironment that dynamically evolves during neoplastic development due to an accumulation of mutations,

which transforms normal mucosal cells to precursor lesions and finally to invasive malignancies . Understanding the

molecular pathways involved in the carcinogenesis, progression, metastasis, and tumor microenvironment growth are

crucial for developing effective new therapies . A particular feature of PDAC that has been identified, which significantly

contributes to the dense tumor stroma and invasive potential, is the presence of epithelial–mesenchymal transition (EMT)

. Due to the abnormal pathological process of EMT, cancer cells obtain a mesenchymal phenotype and express specific

extracellular matrix components, which substantially contributes to their migratory capacity. Moreover, various

experiments elucidated that EMT gives rise to a specific pluripotent stem cell subpopulation, called cancer stem cells

(CSCs), which have self-renewal properties and the ability to promote tumorigenicity . As is explained further below,

EMT also participates in specific cellular pathways related to the inhibition of autophagy and cell apoptosis, potentially

causing epigenetic changes and a reduced expression of nucleoside transporters, thereby reducing the uptake of

chemotherapeutic drugs. All of the above-mentioned factors affect drug transmission efficacy and greatly impact

chemoresistance in PDAC. Consequently, research has increasingly focused on the necessity of a therapy addressing the

dense stromal environment of the tumor, of which EMT is a contributing factor. Accumulating evidence revealed the

potential of the anti-diabetic drug metformin to reverse EMT through diverse signaling pathways, thereby re-establishing

chemosensitivity . Metformin, through its ability to prevent the overexpression of EMT markers, such as ZEB, TWIST

and SLUG (SNAIL2), is able to suppress the dynamic invasiveness and CSC formation in response to the neoplastic

microenvironment. Furthermore, metformin inhibits EMT and PDAC metastatic potential through the downregulation of the

mTOR pathway; hence, metformin’s ability to inhibit the EMT trans-differentiation process may represent a promising

therapeutic strategy to clinically overcome chemotherapy refractoriness in CSC-enriched invasive pancreatic carcinomas

.
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2. Epithelial–Mesenchymal Transition

2.1. Epithelial–Mesenchymal Transition and Cancer Stem Cells

Epithelial cells in solid tumors are observed to undergo EMT, an abnormal pathological process in which cancer cells

acquire a mesenchymal phenotype in response to signals they attain from the malignant microenvironment, particularly

from reactive stromal cells . Likewise, cells obtain migratory capacity, resistance to apoptosis and expression of

extracellular matrix components . These changes generate CSCs, a subset of undifferentiated neoplastic cells that can

initiate heterogeneous cancers while triggering tumorigenesis. According to the “Seed and Soil” hypothesis, first proposed

by Stephen Paget in 1889, cancer-initiating cells are endowed with higher tumor-forming potential and have the capacity

to “reproduce” neoplasms when cells seed distant organs to develop metastases . In PDAC, cancer initiating cells have

been specified as those expressing CD44, CD24 and ESA, forming tumors at a higher frequency, compared to cells that

do not express this phenotype . In recent studies, it was demonstrated that more than 65% of PDAC patient-derived

organoids had characteristics of CSC, characterized as CD44+ CD24+ . The EMT phenomenon has been directly

related to cancer stem cell features, since CSCs also express an EMT phenotype in various types of cancer, including

PDAC. In an analysis of breast cancer, it was observed that the upregulation of EMT transcriptional factors, such as

TWIST or SNAI, made the cells more mesenchymal and elevated the expression of CD44 and CD24 . It was also

proposed that the EMT regulator ZEB1 enforces isoforms of CD44, while CD44s activates the expression of ZEB1. As a

result, a self-sustaining expression of ZEB1 and CD44 is achieved, thereby linking EMT with the stem cell properties in

PDAC . Therefore, it can be considered that EMT contributes to pancreatic cancer stem cells’ migratory capacity by

maintaining their ability to multiply and participate in the production of progenies in metastasis. Apart from CD44+ CD24+

ESA+ populations of pancreatic cancer stem cells, c-Met (mesenchymal–epithelial transition factor) has also been

identified as a potential prognostic factor for PDAC . c-Met is a receptor tyrosine kinase found on the surface of

epithelial cells. In normal circumstances, c-Met and its ligand HGF/SF (hepatocyte growth factor/scatter factor) moderate

tissue regeneration, wound healing and the formation of nerves and muscles . The abnormal activation of c-Met can

promote the development and progression of multiple cancers . For instance, a recent analysis compared the median

survival for PDAC patients, revealing 21.65 months of viability for negative c-Met patients and only 9.45 months for

positive ones . In this regard, high c-Met expression is closely associated with poor prognosis in PDAC patients.

Several other processes that occur during EMT include activation of transcription factors, such as the key regulators,

SNAI1, SNAI2, ZEB, and TWIST factors . These EMT regulators have been shown to repress the expression of E-

cadherin, a key epithelial marker. The downregulation of E-cadherin impedes cellular adhesion and imparts cellular

motility, which is correlated with reduced chemotherapeutic drug sensitivity . Concurrently, the activation of snail

proteins upregulates the expression of mesenchymal proteins, such as vimentin . Vimentin is usually found as the main

intermediate filament protein of normal mesenchymal tissue. Vimentin functions to maintain cellular integrity and provides

resistance against stress factors, and its expression has been detected in epithelial malignancies, such as gastrointestinal

tumors. During EMT, pancreatic cells change expression from keratin- to vimentin-type intermediate filaments and

become resistant to programed cell death  (Figure 1).
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Figure 1. A schematic overview of EMT-related changes in the cell morphology. In the course of EMT, cells lose their

normal tight, adherent and gap junctions, retaining only minimal cellular connections. Correspondingly, the adhesion belt

made of actin filaments is changed to loose actin stress fibers. Therefore, the activation of the EMT generates profound

modulations in cell physiology, especially affecting cell–cell junctions, cytoskeletal arrangement, cell–cell interactions, and

the composition of the extracellular matrix (ECM), as well as completely changing cell polarity . MET—mesenchymal-

to-epithelial transition, EMT—epithelial-to-mesenchymal transition.

2.2. Chemoresistance and EMT Impact on Oncotherapy

Taking into consideration all of the above-mentioned mechanisms, it is now widely accepted that the EMT-associated

modifications of gene expression and CSC populations both have crucial roles in making cells resistant to current clinical

therapies . Dynamic and proliferative CSC populations with high cellular plasticity, including a unique self-renewal

capacity, which is critical for metastasis and chemoresistance, subsequently makes them resistant to conventional

chemotherapy; hence, CSCs are a crucial target when considering novel treatments . Moreover, traditional

chemotherapy targets proliferating cells, while CSCs have been widely described as being slow-cycling and quiescent,

which is a prominent mechanism for resistance to the conventional therapies . Hence, CSC-targeted chemotherapeutic

regimens have the potential to suppress tumor progression, inhibit their metastasis-forming ability and ultimately

overcome therapeutic resistance, including relapses, which are frequently observed in response to current treatment

methods . Studies with gemcitabine, 5-FU (5-fluorouracil) and cisplatin have shown that EMT-type cells are resistant to

chemotherapy, while non-EMT-type cells are susceptible to these chemotherapeutic drugs. Altogether, EMT plays an

important role in the regulation of treatment resistance in PDAC, suggesting that targeting EMT could not only reduce and

suppress the population of CSCs that have been implicated in tumor metastasis, but also contribute to an increased

sensitivity to chemotherapy .

Collectively, EMT is involved in mediating NF-kB and AKT activity, elements that are known to be major regulators of

autophagy processes, with both leading to cell apoptosis . EMT influences neoplastic cells to gain a CSC phenotype

and enhances their neoplastic replicative capacity, as well as increasing chemotherapeutic resistance . Other factors

determining EMT-initiated chemoresistance include epigenetic changes, which reduce the expression of the hENT1

nucleoside transporters needed for gemcitabine uptake. CSCs showing an EMT phenotype are prone to express ATP-

binding cassette (ABC) transporters . The overexpression of ABC family efflux transporters also increases the efflux of

therapeutic agents from cells, e.g., the MDR1 and MRP1 ABC efflux transporters initiate a resistance to nucleoside

analogues, such as gemcitabine . EMT also initiates the activation of inert fibroblasts in the tumor microenvironment by

modifying epithelial cells to active myofibroblasts. Fibro-inflammatory stroma (the desmoplastic stroma) is made of dense
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ECM deposited mostly by cancer-associated fibroblasts . A dense stroma surrounds the tumor and increases the

tumor interstitial fluid pressure, leading to poor tumor elasticity and the decreased perfusion and efficacy of administered

therapy .

Furthermore, EMT activates specific mechanisms that help cancer cells avoid the effect of cytotoxic T cells. These include

increased expression of PD-L1, which binds to inhibitory immune-checkpoint receptors, expressed by T cells, thereby

diminishing their function. The activity of T cells is also inhibited by the elevated secretion of thrombospondin-1, which

normally stimulates the maturation of T cells in the tumor microenvironment. The inhibition of thrombospondin-1

consequently disrupts the activity and development of T cells .

EMT therefore plays a critical role in inducing stem cell features, which have been linked to enhanced invasiveness and

aggressiveness, ensuring that cell dissemination from the primary tumor location to the metastasis site occurs even

before pancreatic cancer lesions are detected . This phenomenon helps to explain the parallel low survival rate of

PDAC patients with increased EMT, whereby they have an impaired capacity to respond to current chemotherapeutic

methods  (Figure 2).

Figure 2. Consequences of EMT in carcinomas: the graphic presents how the tumor-initiating ability, invasiveness and

degree of chemoresistance change during EMT activation. The tumor-initiating ability is affected by the degree of EMT

activation; immense EMT activation has a deleterious effect on the tumor-initiating ability . Drug resistance is also

related to EMT and reaches its maximum at an intermediate level of EMT activation . The migration of cancer cells

requires the strong activation of the EMT program . EMT—epithelial-to-mesenchymal transition.

3. Metformin and PDAC

Metformin is the most widely used oral anti-hyperglycemic agent in the treatment of type 2 diabetes, where it acts to lower

glucose through enhancing the activity of insulin . However, a number of epidemiological studies identified an

association of improved survival outcomes among PDAC patients being treated with metformin in combination therapy

(compared to those receiving a monotherapy) . With a random model approach, there are important differences in

the overall survival (HR = 0.85, 95% CI: 0.77–0.94, p = 0.002) between PDAC patients who were treated with metformin

and underwent pancreatectomy and those who underwent pancreatectomy without metformin treatment . A novel

retrospective study of diabetic patients with pancreatic cancer also found that the mean overall survival time was 15.2

months for the metformin-treated group and 11.1 months for the control group. These results were only statistically

significant in patients with non-metastatic lesions . Thus, the correlation between metformin usage and its role in

beneficial outcomes on PDAC treatment is now a focus of ongoing research to identify effective novel therapeutic

strategies for PDAC.

Metformin has been identified as having the potential to modulate multiple molecular pathways crucial to malignant cell

progression and metabolism by inhibiting features of aggressive tumors, such as desmoplasia and EMT reactions. The

desmoplastic reaction, resulting from the proliferation of activated pancreatic stellate cells (PSCs) and the increased

deposition of extracellular matrix components, is a significant pathological characteristic of pancreatic neoplasms, while

EMT is responsible for invasion-metastasis cascades in pancreatic cancer cells . As TGF-β1 is a potent inducer of
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EMT, accumulating evidence suggests that an inhibition of TGF-β1 production in PDAC cells by metformin-induced AMPK

activation inhibits malignant pancreatic cell growth .

The novel advances elucidating the molecular mechanisms that are relevant for metformin usage in PDAC treatment

demonstrated that it can induce the apoptosis by augmenting the activity caspases, such as caspase-3 and -8. Caspase-

8, as a highly promising putative target, leads to the activation of caspase-3, -6, and -7, which directly induce the cell-

death pathway . Furthermore, metformin inhibits neoplastic angiogenesis via suppressing the HIF-1α-induced

expression of angiogenesis-associated factors (AAFs) and downregulating the expression of the vascular endothelial

growth factor (VEGF) . By the same token, metformin demonstrates a great promise in improving current cancer

therapies, as it inhibits the matrix metalloproteinases ((MMP)-2 and (MMP)-9) and suppresses the migration of

tumorigenic endothelial cells. One of the most important factors in the metastasis of PDAC cells is matrix

metalloproteinase MMPs, which destroys the extracellular matrix and allows malignant pancreatic cells to form

metastasis. These anticancer properties appear to synergize with already existing chemotherapeutics, which allow us to

postulate that metformin might play a role in PDAC prevention and therapeutic treatment, whereas it counteracts

malignant cell development and growth on specific levels .
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