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and Pancreatic Cancer:
A Complex Interaction with Therapeutic Potential
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Abstract

Significance: Pancreatic tumors express high level of nitric oxide synthases (NOSs) in particular inducible
(iNOS/NOS2) and endothelial (eNOS/NOS3) forms. However, the role of nitric oxide (NO

�
) in the development

and progression of pancreatic cancer is not clearly defined. Delineating the NO
�
-induced signaling in pancreatic

cancer and its potential contribution in disease aggressiveness may provide therapeutic targets to improve
survival in this lethal malignancy.
Recent Advances: An increased expression of NOS2/iNOS in tumors is associated with poorer survival in early
stage resected patients with pancreatic ductal adenocarcinoma (PDAC). Furthermore, genetic deletion of NOS2
enhanced survival in mice with autochthonous PDAC. Additionally, targeting NOS3/eNOS reduced the
abundance of precursor lesions in mice, which trended toward improved survival.
Critical Issues: The extremely poor prognosis in pancreatic cancer is due to the late diagnosis and lack of
effective therapy in advanced disease. One of the most critical issues is to decipher the underlying mechanism
of disease aggressiveness and therapeutic resistance for identifying potential therapeutic target and effective
treatment. Given the evidence of a strong association between inflammation and pancreatic cancer and clinical
evidence, which suggests an association between NOS2 and disease aggressiveness, it is critical to define the
role of NO

�
signaling in this lethal malignancy.

Future Directions: Recent preclinical and clinical evidences indicate a potential therapeutic significance of
targeting NO

�
signaling in pancreatic cancer. With the emergence of new preclinical models, including the

patient-derived organoids, further preclinical evaluation using clinically tested NOS inhibitors is needed for
designing future clinical investigation. Antioxid. Redox Signal. 26, 1000–1008.
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adenocarcinoma (PDAC)

Introduction

Pancreatic cancer is one of the most lethal malignan-
cies and is ranked as fourth leading cause of death due to

cancer with an estimated 53,070 new pancreatic cancer cases
and 41, 780 deaths due to this malignancy in 2016 alone (68).
A mere 8% of the patients with advanced stage of the disease
survive more than 5 years after diagnosis. Alarmingly, a
consistent rise in incidence and death in pancreatic cancer is
estimated to make it the second leading cause of cancer-
related deaths by 2030 (61). The lack of a reliable biomarker
and asymptomatic nature of the early stages of the disease
prevent early detection and therefore a majority of the pan-
creatic cancer patients are diagnosed at an advanced stage

and are refractory to the available treatments. A small num-
ber of patients, detected at an early stage, undergo surgical
resection with some curable potential; however, a large
percentage of resected patients show recurrence within
2 years.

Among different forms of pancreatic cancer, the most
common is pancreatic ductal adenocarcinoma (PDAC) and is
commonly referred as pancreatic cancer. Several risk factors,
including smoking, alcohol use, inflammation, family his-
tory, diabetes, obesity, and race, have been associated with
pancreatic cancer (4, 10, 14, 17, 20–22, 26, 40, 45, 78). In-
vestigations of tumor biology have identified several genetic
alterations, with the activating mutations in KRAS and in-
activation of the CDKN2A gene (loss of p16 protein) as the
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most common, occurring in more than 90% of PDACs. In
addition, TP53 alterations in about 50–75% and the loss of
DPC4 (deleted in pancreatic cancer) are recorded in about
50% of all PDAC cases (33, 34). Furthermore, PDAC is
characterized by a highly reactive, dense, and poorly vascu-
larized stroma, called desmoplasia. Molecular analysis of
desmoplastic stroma revealed its highly complex architecture
comprising fibroblasts, pancreatic stellate cells, endothelial
cells, and immune and inflammatory cells intermingled with
a dense extracellular matrix containing collagen, laminin,
and fibronectin [reviewed in ref. (27)]. The role of desmo-
plastic stroma in PDAC is highly complex and in addition to
providing growth advantage and maintenance of tumor
cells, it is implicated in restricting the access to chemo-
therapeutic drugs (56, 59). In contrast, however, recent
studies have shown that stroma, in fact, act as a barrier
restraining the pancreatic cancer growth and metastasis ra-
ther than supporting it (58, 63). Therefore, further studies
are needed to delineate the role of desmoplastic stroma in
pancreatic cancer that would allow its reprogramming in
tumors with a distinct molecular makeup to achieve precise
therapeutic intervention.

Epidemiological and molecular evidence corroborate a
role of inflammation in pancreatic tumorigenesis and thera-
peutic resistance in pancreatic cancer (21, 89). One such
evidence is the observation that the risk of developing pan-
creatic cancer increases severalfold in patients with heredi-
tary and sporadic pancreatitis (43, 86). An increasing level of
inflammation is accompanied with the progression of pre-
cancerous lesions to advanced disease in pancreatic cancer
(11, 15). A strong inflammatory microenvironment generates
an enhanced level of protumorigenic cytokines, chemokines,
and reactive species and leads to the activation of oncogenic
signaling pathways contributing to tumorigenesis (23, 30,
65, 76). Additionally, tumor cells also produce many of the
inflammatory mediators, including nitric oxide (NO

�
) and

macrophage migration inhibitory factor (MIF). An increased
MIF in tumors is associated with poorer survival in patients
with PDAC (88). Nevertheless, a clear understanding of the
role of inflammatory mediators in the development, pro-
gression, and therapeutic resistance of pancreatic cancer is
still lacking. An in-depth knowledge of the contribution of
inflammatory mediators in pancreatic cancer progression
may identify unique therapeutic vulnerability for the man-
agement of this lethal malignancy.

One of the inflammatory mediators that is implicated in the
development and progression of many cancer types, includ-
ing that of pancreas, is NO

�
(72, 73) [reviewed in refs. (30,

84)]. NO
�

is a free radical and is involved in a number
of critical physiological processes, including vasodilation,
neurotransmission, immune regulation, inflammation, and
host defense (5, 8, 12, 13, 19, 28, 35, 46, 49, 50). NO

�
is

produced by a family of nitric oxide synthase (NOS) en-
zymes, which includes neuronal NOS (NOS1/nNOS), in-
ducible NOS (NOS2/iNOS), and endothelial NOS (NOS3/
eNOS). Whereas, NOS1 and NOS3 are the constitutive iso-
forms and produce a small amount of NO

�
at picomolar to

nanomolar range, NOS2 is an inducible isoform and can
produce a higher and sustained level of NO

�
in micromolar

range in response to inflammatory stimuli. Therefore, NOS2
is primarily responsible for an enhanced level of NO

�
pro-

duction (72). The role of NO
�

in tumorigenesis is highly

complex and both pro- and antineoplastic functions have
been reported, which largely depends on the amount of NO

�
,

cell types, cellular microenvironment, its interaction with
other reactive species, and the presence of metals, and has
been extensively reviewed elsewhere (30, 73, 75). For ex-
ample, genetic deletion of NOS2 in p53-deficient mice can
either suppress or enhance lymphomagenesis depending on
the inflammatory microenvironment (29, 31). Furthermore,
NOS2 deficiency decreased lung tumor growth and onco-
genic KRAS-mediated inflammatory response and increased
survival in a genetic mouse model of lung cancer with con-
ditional activation of mutant KRAS (54). This short review
is focused on the evidence of a role of NO in the develop-
ment and progression of pancreatic cancer and the potential
of NO

�
-mediated signaling to be targeted or modulated for

therapeutic intervention.

NO
�

and Pancreatic Cancer: A Survey of Evidence

It is important to first discuss the relevance of a role of NO
�

in the pathogenesis of pancreatic cancer based on clinical
observations. There have been several studies showing the
high expression of NOS2 and NOS3 in tumors from patients
with pancreatic cancer. In one of the earliest studies, exam-
ination of 12 PDACs showed a higher expression of NOS2
and nitrotyrosine, which is formed due to the interaction of
NO

�
with superoxide anion and formation of a reactive ni-

trogen species, peroxynitrite, compared with normal pan-
creas (77). Furthermore, immunohistochemical analysis of
tumors from 72 PDAC cases found the presence of NOS2 in
about 66% of these cases (37). Similarly other studies have
also reported the presence of NOS2 either at the mRNA or
protein level in a significant number of PDACs analyzed in
respective studies (16, 36, 51). Interestingly, in one of these
studies (51), 60% of the tumors showed NOS2 mRNA ex-
pression, but they failed to show any NOS2 protein expres-
sion. Most recently, about 71% of the tumors from PDAC
patients were found to express a high level of nitrotyrosine
compared with its undetectable level in adjacent normal
pancreatic ducts (52). Recently, in a largest study so far
(N = 107) to examine the role of NO

�
in human pancreatic

cancer, a higher NOS2 gene expression was associated with
poorer survival in early stage resected patients with PDAC
(82). Furthermore, the study also showed that in a genetically
engineered autochthonous mouse model of pancreatic can-
cer, which faithfully mirrors the development and progres-
sion of human PDAC, genetic ablation of NOS2 significantly
enhanced survival and reduced tumor severity. These find-
ings showed that NOS2 is a candidate predictor of prognosis
in PDAC patients and provided proof of principle that NOS2
may be targeted for improving disease outcome in this lethal
malignancy. In an earlier study, however, the presence or
absence of NOS2 expression, as determined by immunohis-
tochemistry, did not associate with overall survival (37). In
addition to NOS2, the presence of NOS3 or eNOS has also
been reported in PDAC and is implicated in neovascular-
ization (51). Moreover, an increased expression of activated
eNOS was found in PDAC compared with nontumor control
(42). Consistent with these findings, eNOS positivity was
noted in about half of the PDACs (38). Additionally, genetic
ablation and pharmacological inhibition of eNOS reduced
tumorigenicity in a genetically engineered mutant KRAS
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mouse model of PDAC (38). Endothelial nitric oxide syn-
thase traffic inducer (NOSTRIN) translocates and sequesters
eNOS in a vesicular structure, which inhibits NO

�
production

(53, 92). Recently, we have shown that a lower expression
level of NOSTRIN in tumors is associated with worst sur-
vival in early stage resected patients with PDAC (83).
NOSTRIN reduced the activation of eNOS and NO

�
pro-

duction, inhibited migration and invasion, and enhanced
sensitivity of human pancreatic cancer cell lines to chemo-
therapeutic drugs (83). These findings suggested a potential
regulatory role of NO

�
-mediated signaling in the develop-

ment and/or progression of pancreatic cancer (Figs. 1–3).

Biological Significance of NO in Pancreatic Cancer

NO
�

regulates a number of signaling pathways and critical
cellular functions, for example, apoptosis, cell cycle arrest,
and senescence, and may have both pro- and antitumorigenic

functions, which are found to be largely context dependent.
A concentration-dependent mapping of the biological re-
sponse of NO

�
showed that a distinct level of NO

�
results in

the post-translation modification and activation/stabilization
of a specific protein implicated in cancer (74). For example,
a lower concentration of NO

�
ranging from 10 to 30 nM leads

to the phosphorylation of ERK, whereas 400 nM level of NO
�

is required for phosphorylation and stabilization of p53. An
extensive mechanistic and functional investigation using
pancreatic cancer cell lines expressing various levels of
NOS2 and mouse xenograft model showed that NOS2 and
NO

�
production are vastly heterogeneous and that the phys-

iological level of NO
�

inhibits tumor growth and metastasis
(67, 79–81, 85). However, depletion of interferon-c abro-
gated the NO

�
-mediated antitumor effect and resulted in ag-

gressive tumor growth and metastasis of the highly metastatic
pancreatic cancer cell line, Panc02-H7 (80). Therefore,
interferon-c expression was found to be essential for NOS2/

FIG. 1. Schematic representation of a brief history suggesting a role of NO
�

in the development and progression of
pancreatic cancer. NO

�
, nitric oxide. To see this illustration in color, the reader is referred to the web version of this article

at www.liebertpub.com/ars

FIG. 2. Protumorigenic role of NOS2 and NOS3 based on the studies involving genetically engineered mouse model
of pancreatic cancer with pancreas-specific mutation in the Kras and P53 genes. eNOS/NOS3, endothelial nitric oxide
synthase; iNOS/NOS2, inducible nitric oxide synthase. To see this illustration in color, the reader is referred to the web
version of this article at www.liebertpub.com/ars
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NO
�
-mediated antitumor effects in this model. The anti-

tumorigenic effect of NO
�

in these studies is attributed to
NO

�
-mediated apoptosis (39, 87). In contrast, however, NO

�

has been found to be responsible for enhanced invasion of
pancreatic cancer cells following exposure to carbon ion ra-
diation (18). This NO

�
-mediated increase in invasiveness of

pancreatic cancer cells involved the activation of PI3K-AKT
and RhoA pathways. Furthermore, primary tumor cells
isolated from NOS2-deficient mouse model of pancreatic
cancer, LSL-KrasG12D/+/LSL-Trp53R172H/Pdx-1-Cre (KPC mice),
showed reduced proliferation index and invasive ability
compared with the primary tumor cells from KPC mice with
wild-type NOS2 (82). Mechanistic study revealed that NO

�

enhances phosphorylation/inactivation of forkhead box
transcription factor O (FOXO3) through the ERK signaling
pathway. In a recent study, the interaction of NO

�
with

superoxide and formation of peroxynitrite with subsequent
increase in nitration, as determined by 3-nitrotyrosine im-
munostaining, was found to enhance disease aggressiveness
and poor survival in PDAC patients (52). The increase in
superoxide and its interaction with NO

�
in PDAC resulted due

to the loss of extracellular superoxide dismutase (SOD3).
Furthermore, treatment of NOS inhibitor also inhibited pan-
creatic tumor growth in xenograft models. An increased
expression of NOS2 was found in a chemical carcinogen-
induced animal model of pancreatic cancer (71). The treatment
with NOS2 inhibitor in this model reduced the multiplicity of

precancerous lesions and incidence of PDAC, supporting a
role of NO

�
in growth and progression of PDAC.

Several in vivo studies have examined the effect of NO-
donating nonsteroidal anti-inflammatory drug (NSAID) on
pancreatic carcinogenesis. Treatment of NO

�
-donating As-

pirin (NO-ASA) drastically reduced the multiplicity and in-
cidence of chemically induced pancreatic cancer in hamsters
(57). Similarly, treatment of a genetically engineered mouse
model of pancreatic cancer with NO-ASA resulted in reduced
number of PanIN3 lesion incidence of PDAC (62). Me-
chanistic investigation showed a decrease in NOS2 expres-
sion in NO-ASA-treated mice in addition to proliferating cell
nuclear antigen, cyclooxygenase-2, cyclin D1, and Bcl2 and
increase in p21, p38, and p53 (62). However, the role of NO

�

in these studies is not clear.
One of the characteristics of pancreatic cancer is its re-

sistance to chemotherapeutic drugs, resulting in poor disease
outcome. A number of factors have been attributed to the
refractory nature of PDAC to therapy with major emphasis on
massive desmoplastic hypovascular stroma and enhanced
interstitial pressure, resulting in constriction of vessels (56,
59, 60). In the context of tumor–stromal interaction and re-
sistance to chemotherapy, coculturing of chemosensitive
pancreatic cancer cells with fibroblasts rendered them less
sensitive to etoposide-induced killing. This chemoresistance
was mediated by NO

�
, released by fibroblasts, and subsequent

NO
�
-mediated upregulation of interleukin (IL)-1b in cancer

cells, which could be abolished by the treatment with NOS2
inhibitor (47). Further mechanistic investigation revealed
that a cellular adhesion molecule, L1 cell adhesion molecule,
upregulated NO

�
secretion, and IL-1b and NO

�
resulted in the

inhibition of caspase activity and apoptosis (48, 66). These
findings are consistent with a highly complex role of NO

�
in

pancreatic cancer, as has been earlier described, for its con-
tribution to tumorigenesis in general.

NO
�

and MicroRNA in Pancreatic Cancer

Altered expression of microRNAs (miRNAs) is implicated
in the development, progression, and aggressiveness of
pancreatic cancer. Earlier studies, examining miRNA ex-
pression, have reported their differential expression in pan-
creatic cancer compared with nontumorous pancreas (1, 6,
41, 64). A lower expression of miR-200 family is associated
with pancreatic cancer aggressiveness, and re-expression
of miR-200c leads to reduced tumor cell aggressiveness
(70). Likewise, miR-146a suppressed the invasive ability of
pancreatic cancer cells (41). In contrast, a reduced miR-21
expression level is associated with better outcome following
adjuvant treatment in resectable pancreatic cancer patients
(32). Examining 95 miRNAs, which are functionally related
to cancer biology, cell development, and apoptosis, in pan-
creatic cancer tissue and cell lines showed different profiling
patterns among individual cases and cell lines, suggesting
individual molecular makeup in pancreatic cancer (91).
miRNA analysis in fine needle aspirates from PDAC patients
showed a unique signature compared with control subjects
(2). Aligned with these findings, several miRNAs are iden-
tified as potential target for therapy in pancreatic cancer.
Modulation of miR-200 and miR-21 expression enhanced
gemcitabine sensitivity of pancreatic cancer cells (1). Re-
cently, a system biology approach to identify and exploit

FIG. 3. NOSTRIN is a predictor of prognosis in early
stage resected patients with PDAC. Patients with a higher
NOSTRIN expression in tumors survive longer compared
with patients with a lower expression of NOSTRIN. NOS-
TRIN inhibits NOS3 (eNOS) and reduces NO production.
NOSTRIN, endothelial nitric oxide synthase traffic inducer;
PDAC, pancreatic ductal adenocarcinoma. To see this il-
lustration in color, the reader is referred to the web version
of this article at www.liebertpub.com/ars
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epigenetic regulation of miRNA has been described as a
potential therapeutic strategy in pancreatic cancer (3). Sev-
eral cancer-related miRNAs are regulated by inflammatory
and immune mediators (28, 65). Altered expression of on-
cogenic miRNA-21 has been associated with increased
NOS2 level in chronic inflammatory cancer-prone diseases
(69). Moreover, NOS2-deficient tumors in a mutant KRAS
lung cancer mouse model showed a lower expression of miR-
21 compared with tumors from NOS2 wild-type mice (55).
Consistent with this finding, pancreatic tumors from NOS2-
deficient KPC mice showed a decrease in mir-21expression
compared with tumors in KPC mice with the intact NOS2
gene (82). However, the mechanism of a potential regulation
of mir-21 by NO

�
is not clear. Examination of miRNA ex-

pression profile following Corynebacterium parvum-induced
inflammation in mice revealed NO

�
-dependent modulation of

miR-29b/c (44). Interestingly, a paradoxical role of NO
�

is
described in the regulation of miR-155. An exogenous NO

�

exposure at higher level increased miR-155 expression,

whereas the endogenous basal level of NO
�
inhibits it (90). In

addition to the NO
�
-mediated regulation of miRNAs, there

are several miRNAs that are recently described as the regu-
lator of NOS2 [reviewed in ref. (24)]. miR-939 and miR-26a
bind to the 3¢UTR on the NOS2 gene and block its translation
(25). Despite convincing evidence of an interaction between
NO

�
and miRNA, and their individual contribution in pan-

creatic cancer, the interactive role of NO
�

and miRNA in
pancreatic cancer warrants further investigation.

NO
�

and Pancreatic Cancer Therapy

Accumulating evidence of a biological role of NO
�
-

mediated signaling in pancreatic cancer progression and thera-
peutic resistance underscores its therapeutic potential to be
explored in preclinical and clinical trials. As discussed in this
review, some preclinical studies using NOS inhibitors in
chemically induced or genetically engineered animal models of
pancreatic cancer are highly encouraging. Similarly, several

FIG. 4. The principal source of a high and sustained level of NO
�

is the NOS2. However, NO
�

produced by NOS2 and
NOS3 is implicated in pancreatic cancer progression. NO

�
signaling is reported to have both pro- and antitumorigenic

functions. Further mechanistic, functional, preclinical, and clinical studies are warranted to guide the potential therapeutic
benefits of NO

�
-based or NO

�
-targeted treatment strategies. To see this illustration in color, the reader is referred to the web

version of this article at www.liebertpub.com/ars
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studies have used NO
�
-donating NSAIDs in vitro and in vivo,

describing its tumor inhibitory effects on the growth and pro-
gression of pancreatic cancer. However, the role of NO

�
in these

studies is not clearly understood. Interestingly, the use of NOS
inhibitor, N-nitro-l-arginine, either alone or in combination
with the VEGF-R2 inhibitor suppressed tumor vascularization
and growth of orthotopic tumors (9). However, the highly hy-
povascular nature of human PDAC and the fact that an increase
in drug delivery following the enhanced vascularization results
in increase in survival observed in an autochthonous mouse
model of pancreatic cancer argue against the benefit of targeting
NO

�
-induced tumor vascularization. Moreover, the recent un-

derstanding of the complexity of tumor–stromal interaction in
pancreatic cancer (58, 63) warrants further investigation into the
possibility of NO

�
-mediated stromal reprogramming that can be

altered to achieve therapeutic advantage. To further assess the
potential therapeutic significance of NOS inhibitors, patient-
derived tumor xenografts and recently developed human PDAC
organoid model (7) could be highly useful.

Summary

Although both pro- and antitumorigenic functions of NO
�

have been described (Fig. 4), the evidence of a role of NO
�

-mediated signaling in the development and progression of
pancreatic cancer is becoming a bit more convincing. Asso-
ciation of a higher expression of NOS2 with poorer survival
in a large cohort of patients with multiple validations in in-
dependent cohorts suggests a role of NO

�
in pancreatic cancer

progression and disease aggressiveness. Furthermore, NOS2
ablation and increased survival of mice with lethal PDAC
provide proof of principal that targeting NOS2 may have
potential therapeutic significance in this lethal malignancy.
Additionally, genetic ablation and pharmacological inhibi-
tion of eNOS/NOS3 reduced pancreatic lesions and showed a
trend of increasing survival in a mutant Kras mouse model.
However, future preclinical and clinical trials using NOS2/
NOS3 inhibitors are warranted to further assess its thera-
peutic potential in patients with PDAC.
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eNOS/NOS3¼ endothelial nitric oxide synthase
IL¼ interleukin

iNOS/NOS2¼ inducible nitric oxide synthase
KPC¼ LSL-KrasG12D=+/LSL-Trp53R172H/Pdx-1-Cre
MIF¼migration inhibitory factor

miRNA¼microRNA
nNOS/NOS1¼ neuronal nitric oxide synthase

NO¼ nitric oxide
NO-ASA¼ nitric oxide donating aspirin

NOS¼ nitric oxide synthase
NOSTRIN¼ endothelial nitric oxide synthase traffic

inducer
NSAID¼ nonsteroidal anti-inflammatory drug
PDAC¼ pancreatic ductal adenocarcinoma
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