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Abstract
Pancreatic cancer has very poor prognosis and has a very low five-year survival rate of the order of 5%. This is so because 
of the lack of major clinical symptoms and reliable detection markers. Recently, it has been realized that hypoxia is one of 
the major contributors to tumor growth, malignancy, invasion, propagation, metastasis, and resistance to therapy in several 
solid tumors including the pancreatic cancer. Understandably, it has gained even more importance in pancreatic cancer and 
is considered as the primary target for its therapy in the recent times since it has been identified as the major determinant 
of cancer malignancy. This importance is due to the reason that hypoxia triggers several reactions in the process of tumor 
progression and metastasis. The main signaling mechanism is through the Hypoxia-Inducible Factors (HIFs) that are 
mostly activated by the oncogenes and the tumor suppressor genes. This review is an attempt to present a comprehensive 
picture of the disease and the role of hypoxia in its progression. The review will discuss the various mechanisms of action of 
hypoxia through the stroma and the microenvironment in the invasion and metastasis of pancreatic cancer. It will also very 
briefly summarize the means of therapy of pancreatic cancer by targeting the hypoxia.
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Introduction
Pancreatic cancer, especially the Pancreatic Ductal 

Adenocarcinoma (PDA) is the fourth commonest cause 
amongst cancer for deaths in the Western world [1]. PDA 
can invade peritoneum, portal vein, regional nerves, region-
al lymph nodes and distant organs like liver and lungs [2]. 
Prognosis remains underdeveloped even after the advances 
made so far in the therapy because it has been established 
as a complex genetically unstable disease involving various 
factors [3]. PDA has two types of cell compartments in its 
morphology - the mature and differentiated cell compart-
ment that has normal cells and the cancer stem cell com-
partment that is the primary reason for the resistance to 
the radiation and chemotherapy and the metastasis of the 
disease [4]. It also has dense desmoplastic stroma made of 

collagen I and activated fibroblasts [5]. PDA is described to 
be caused by successive accumulation of the genetic mu-
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tation [6]. These sequential events result in lesions termed 
as Pancreatic Intraepithelial Neoplasia (Pan IN) which 
develop into the invasive cancer [7] and can be traced as 
minimally dysplastic epithelium (through Pan IN1A and 
B) to more severe dysplasia (through PanIN2 and 3), and 
in turn to invasive carcinoma that occurs in response to 
each successive accumulation of mutations that include 
the activation of the KRAS2 oncogene, inactivation of the 
tumor suppressor gene CDKN2A/INK4A, and finally, in-
activation of the tumor suppressor genes TP53 and DPC4/
SMAD4 as described by Hidalgo [8] from the study of Feld-
mann, et al. [9]. This progession of the lesions is depicted in 
the Figure 1. There have also been speculations that these 
steps may be simultaneously [11] occurring as opposed to 

sequentially [12]. Apart from the genetic influence on the 
progression of this disease, hypoxia has been identified as 
having the ability to affect the invasion and metastasis of 
the pancreatic cancer by activation of both the autonomous 
and non-autonomous signaling pathways of the cancerous 
and stromal cells. It has been identified as a reliable marker 
and a possible target in the pancreatic cancer therapy. The 
following sections discuss in detail the reason for the grow-
ing importance of hypoxia in PDA, its role in the PDA in-
vasion and metastasis.

Hypoxia in PDA
Hypoxia is the lack of oxygen in the tumor environ-

ment including the cell activity, cell microenvironment, 
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Figure 1: Progression of pancreatic tumor: Pancreatic tumor develops different stages of Pancreatic Intraepithelial Neoplastic 
lesions (PanINs 1-3 lesions) to PDAC. These histopathological changes are accompanied by infiltrating immune cells and 
related molecules, such as TAM (tumor associated macrophage), MDSC (myeloid derived suppressor cells), macrophages 
(MQ) and cytokines (IL-2), check points molecules (CTLA-4), neo-vascular factors VEGFR (vascular endothelial growth factor 
receptor) and hypoxia inducing factor-1α (HIF-1α) [10].
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Figure 2: Hypoxia levels in the tumor [14].
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i.e., less vascularization of the cancer tissue [20,21]. It is 
believed that, under such severe hypoxic conditions and 
hypovascular perfusion, the desmoplastic reactions [22] 
and the activation of the metabolic switch were the rea-
sons of sustenance of the cancer cells in PDA. Further, 
the hypoxia has been found to trigger the glycolysis and 
the subsequent release of the lactate in the cancer cells 
that are useful in their proliferation, and in the metab-
olism of glutamine to glucose that helps in cell survival 
in hypoxia [23]. Hypoxia also triggers the migration of 
the cancer cells from low oxygen areas towards the blood 
vessels containing high oxygen content. This results in 
invasion and metastasis [24].

Specific Mechanisms of Hypoxia in PDA
These are mechanisms of hypoxia in inducing inva-

sion and metastasis that have been better understood 
over other mechanisms so far and can be briefly de-
scribed as follows:

Via EMT
Epithelial-to-mesenchymal Transition (EMT) is the 

phenomenon that converts the cancerous epithelial cells 
to mesenchymal cells that are migratory and invasive in 
nature, a process primarily driven by a network of tran-
scription factors [25]. Hypoxia is one of the different 
mechanisms that activate EMT. The role of several genes 
and markers is believed to be involved in the mecha-
nisms activated by hypoxia which include mutant Ras, 
p53, Ink4a/Arf, PanIN2 lesions, Twist, Hedgehog fac-
tors, nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NFκB), etc., as indicated by the mesenchy-
mal markers of PDA (N-cadherin) [26]. However, there 
is a need for further and extensive studies in this area.

Via extracellular matrix remodeling
The extracellular matrices which could be possible 

barriers for metastasis include epithelial basement mem-
brane, the interstitial collagen, and the endothelial base-
ment membranes (lymphatic and/or hematoid). The epi-
thelial membrane is especially important and is described 
as a sheet-like structure formed by a highly cross-linked 
mixture of laminin, type-IV collagen, nidogen, and pro-
teoglycans [27,28]. The above-mentioned barriers can 

and the hypoxia related factors that have been discussed 
subsequently. It has a significant role to play in the PDA 
microenvironment and the extent of hypoxia depends 
on tumor size, perfusion patterns, and stromal reaction. 
It has an active involvement cancer progression, metas-
tasis, and resistance to therapy of the PDA. The impor-
tance of hypoxia in PDA was discovered after a study 
that showed that there was a striking difference in the 
oxygenation of normal cells and the adjacent cancerous 
tissues in humans [13]. The extent of hypoxia and its gra-
dient in the tumor cells and the normal cells beginning 
from the source of oxygen (blood capillaries) to the cen-
ter of the tumor is depicted in Figure 2.

Hypoxia-Inducible Factors
Hypoxia-Inducible Factors (HIFs) are the oxygen ho-

meostasis regulators [15]. These are transcriptional reg-
ulators. Each HIF constitutes HIF-1β subunit which is 
constitutively expressed and HIF-α subunit which is ox-
ygen-regulated. HIF-α has three isoforms-HIF-1α, HIF-
2α, and HIF-3α. HIF-1α and HIF-2α are involved in the 
regulation of hypoxia in the cells by activating the genes 
responsible for glycolysis, erythropoiesis, angiogenesis, 
and pH homeostasis in the cells via different mecha-
nisms each. They also have interactions with Notch, p53, 
and myc regulating genes that are responsible for cell 
proliferation and consequently for the increase in ox-
ygen demand via various signaling pathways involving 
the increased quantity of the growth factors for the cells, 
activated oncogenes, and deactivated tumor suppres-
sor genes. These regulators have been detected in high 
quantities in the PDA environment [16] and have a di-
rect influence on the tumor size, inappropriate prognosis 
sometimes observed in identifying the disease, progres-
sion of cancer, lymph node metastasis, higher chances of 
hepatic metastasis [17], and their lack leads to increased 
incidences of PanIN lesions [18].

General Mechanisms of Hypoxia in PDA
Hypoxia is developed when there is insufficient blood 

supply and a high demand for oxygen as a consequence 
of fast cell growth rate. Typically, hypoxia should trig-
ger angiogenesis by a phenomenon called ‘angiogenic 
switch’ [19]. But in the PDA, an opposite effect is seen, 
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Figure 3: The mechanisms that hypoxia triggers in the process of tumor invasion and metastasis.
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There are five different classes of these drugs developed 
which have been classified based on their core moieties. 
These include drugs containing the nitro groups, qui-
nones, aromatic and aliphatic N-oxides, and transition 
metals [32]. Tirapazamine is the first drug discovered for 
PDA that is activated by hypoxia. It is a Class I prodrug 
containing the N-oxides. Class II drugs include the nitro 
compounds and the drug that is being studied under this 
class is the TH-302. Both these classes are promising pro-
drugs for PDA that is activated via hypoxia. While Class 
I is activated by relatively mild hypoxia, Class II is acti-
vated by relatively extreme hypoxic conditions. Majority 
of these drugs are under clinical trials. There are studies 
to test the efficacy of combination therapy too. However, 
more innovative studies are required in this area, espe-
cially in the direction of hypoxia-activated prodrugs in 
combination with other major chemotherapeutics.

Conclusion
Hypoxia is a strong determinant of PDA. It is a com-

plex system of interdependent mechanisms, most of 
which are yet to be fully understood. The main factors 
involved in invasion and metastasis activated by hypox-
ia include the desmoplastic characteristics, stromal cell 
modifications, invadopodia, metabolic pathways, EMT, 
and hypovascularity. Targeting the hypoxia for PDA 
therapy is, hence, a challenging task, but if achieved by 
thorough investigation, can be rewarding. The research 
in this area is still in the rudimentary status mainly due 
to the lack of complete knowledge of the role of hypox-
ia in PDA invasion and metastasis. Thus, further inten-
sive research in this aspect is the need of the hour, given 
that PDA is rapidly becoming one of the major cause of 
deaths by cancer in the world. For example, Ras, a fam-
ily of related proteins whose mutation is considered as 
crucial factors for developing tumor hypoxia, and tumor 
stromal aggression. Many inhibitors have been devel-
oped to target Ras protein kinase domain, and no inhib-
itors have been translated to the clinic trials. But a re-
cent approach with KR as siRNA encapsulated polymer 
nanoparticles has shown improved safety profile and 
promising therapeutic efficacy in phase I/IIa clinical tri-
al. Thus, there is hope towards targeting tumor hypoxia 
in PDA and research in this area is still in the rudimen-
tary stage mainly due to the lack of complete knowledge 
of the role of hypoxia in PDA invasion and metastasis. 
There is, therefore, an urgent need for further intensive 
research in tumor hypoxia for controlling metastases 
and drug resistance in PDA, given that PDA is rapidly 
becoming one of the major cause of deaths by cancer in 
the world.
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be crossed by proteolytic, non-proteolytic mechanisms, 
physical force or displacement of cells that create lacunae 
between them for the cells to pass [28]. The actual mech-
anisms are yet to be understood. Yet another mechanism 
that involves crossing barriers is the formation of inva-
dopodia that are made of several proteins like cortactin, 
Tks5, N-WASP, and MT1-MMP. These are subcellular 
protrusions possessing cytoskeletal proteins that have 
signaling activity and membrane-anchored metallopro-
teases for the focal pericellular proteolysis of extracellular 
matrix [29]. It has been studied that hypoxia induces all 
of these extracellular matrices remodeling and the con-
sequent invasion by cancer cells, though further studies 
are required are required to establish this fact. The mech-
anisms are presumed to be involving HIF-1α dependent 
activation of the Notch signaling pathway (contact de-
pendent signaling), Epidermal Growth Factor (EGF), 
heparin-binding EGF-like growth factor (paracrine sig-
naling) [30]. Apart from these mechanisms, there are 
several other pathways that are now being pursued for 
understanding the role of hypoxia like urokinase-type 
plasminogen activator receptors, HIF-1α-mediated acti-
vation of the actin-bundling protein fascin, role of reac-
tive oxygen species like Nicotinamide Adenine Dinucle-
otide Phosphate (NADPH) oxidases, etc.

Via stroma
Hypoxia is seen extensively in stromal cells of PDA 

[31]. Various mechanisms include HIF-1α expression, 
increased motility, and elevated alpha-smooth muscle 
actin expression as described earlier, and further include 
type-I collagen, periostin, and fibronectin that promote 
desmoplastic reactions, expression of the Sonic Hedge-
hog ligand, Patched-1 receptor in fibroblasts, invadopo-
dia generation, etc. Hypoxia is also responsible for hypo-
vascularity by stalling angiogenesis in PDA.

Via miscellaneous mechanisms
Though not fully understood, hypoxia is believed to 

effect the metastatic cascade beginning from the “intra-
vasation in blood and lymphatic vessels, survival in the 
circulation, margination, extravasation, formation of the 
pre-metastatic niche, angiogenesis in the secondary tu-
mor and dormancy” as noted by Yuen & Diaz [13]. There 
have to be further studies conducted that should be con-
ducted to fully establish these mechanisms.

Therapy for PDA by Targeting Hypoxia
Due to the complex nature of the role of hypoxia in 

PDA invasion and metastasis, the poorly understood 
mechanisms that lead up to this, and the highly inter-
connected cross-talk amongst these mechanisms, the 
therapy for PDA is highly challenging. The most recently 
studied therapeutics is the hypoxia-activated pro drugs. 
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