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Figure 12 
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Figure 13: ET-1 induces p42/44 MAPK and AKT phosphorylation in 10-03 

fibroblasts. Cells were cultured in complete DMEM medium for 24 hr, serum starved for 

24 hr and treated with 100nm of ET-1 or pre-treated with BQ123 (100 μM), BQ788 (20 

μM) and Bosentan (25 μM) 45 mins prior to addition of ET-1. Whole cells protein extracts 

were collected at different time points and equal amounts of protein were subjected to 

immunoblotting analysis with anti-ERK, anti-phospho-ERK (A), anti-AKT and anti-

phospho-AKT (B) antibodies. β-actin as used as a loading control 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



218 
 

Figure 13 
 
 
A 
 
 

 
 
 
 
B 
 
 

 



219 
 

Figure 14: Proposed Model. Pancreatic cancer cells expressing the endothelin A 

receptor (ETAR) and endothelin B receptor (ETBR) also secret high levels of endothelin-1 

(ET-1). The ET-1 released from the tumor cells act on the nearby pancreatic stellate 

cells and cancer associated fibroblasts in a paracrine manner expressing endothelin 

receptors and activate the downstream signaling which in turn induces the expression of 

pro-fibrotic gene signatures through ERK/AKT dependent manner. However, in presence 

of dual receptor Bosentan the binding of ligand to the receptor is inhibited resulting in the 

decrease expression of pro-fibrotic genes in an ERK/AKT dependent fashion.  
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Figure 15: ET axis antagonism inhibits infiltration of tumor-associated 

macrophages. A. Dual specificity ET axis antagonist b  osentan reduces the number of 

tumor associated macrophages in KPC mice. Macrophages were visualized by 

immunostaining for F4/80 staining. Representative IHC images under low power (top) 

and high power (bottom- boxed area represented). The number of F4/80 positive cells 

per high power field (HPF) was counted in both control and Bosentan treated KPC 

tumors. 26 HPFs in Bosentan treated mice (n=6) and 19 HPFs in control mice (n=4) 

were counted. B. Immunofluorescence expression of CD206 was evaluated in KPC mice 

sections following Bosentan treatment. The number of CD206 positive cells per high 

power field (HPF) was counted in both control and Bosentan treated KPC tumors. 

Reduced infiltration of CD206 positive macrophages is observed in the stromal 

compartment in treated mice compared to control with significant p value. 
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Figure 16: Bosentan treatment increases the CD3 T cell infiltration in KPC tumors: 

Immunohistochemical analysis of CD3 was evaluated in KPC mice sections following 

Bosentan treatment. Increase in the recruitment of CD3 positive T cells is observed in 

the stromal compartment and tumor associated lymph node in treated mice compared to 

control. 
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Figure 17: Bosentan treatment increases the CD8 T cell infiltration in KPC tumors: 

Immunofluorescence analysis showing the distribution of CD4 (A) and CD8 (C) positive 

T cells in the microenvironment using mouse spleen as a positive control. Compared to 

control, Bosentan administration in KPC mice increases CD8 T cell infiltration (D) with 

significant p value whereas no difference in CD4 T cell is seen (B) (Scale bar 20 μm).  
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Figure 17 
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Figure 18: ET axis antagonism inhibits tumor induced migration of human 

monocytes and murine macrophages. A. Expression of ET receptors in human 

macrophage-like U937 cells. Colo357 and T3M4 PC cells were used as controls for 

ETAR and ETBR. U937 cells predominantly express ETBR and this expression does not 

appear to be impacted by the differentiation status of the macrophages following 

treatments. Actin was used as a loading control. ET-axis antagonists inhibit tumor cell-

induced migration of human (B) and murine macrophage-line (C). Human (U937) and 

Mouse (RAW264.7) macrophage-like cells were either cultured alone or co-cultured with 

human PC cell line Panc 1 or KPC mouse tumor derived cell line (UN- KPC-961) with or 

without selective or dual receptor specific antagonists of ET axis. The tumor induced 

migration was inhibited by selective ETAR (BQ123), ETBR (BQ788) and dual ETAR/ETBR 

(Bosentan) antagonists in U937 and RAW264.7 cells. (* p<0.05, ** p<0.005, 

***p<0.0005) 
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Figure 19: ETAR antagonism increases tumor perfusion and decreases hypoxia in 

xenografts tumors. BQ123 improves perfusion and reduces hypoxia in xenograft PC 

tumors. A. Perfusion mapping of BQ123 administered tumor. Mice bearing T3M4 

(tumor1) and Colo 357 (tumor 2) xenografts were administered with BQ123 (2 mg/kg). 

Perfusion mapping was done by flow sensitive alternating inversion recovery (FAIR) with 

a rapid acquisition by refocused echo (RARE) readout (RARE factor = 16). Perfusion 

was measured prior to administration of BQ123 (0 min) to establish baseline and 

subsequently imaged for 120 min post-administration to monitor the change in perfusion. 

Left panel shows the anatomic MRI scan to indicate the position of tumors and the 

regions of interest (ROI) in the tumors and muscle used for perfusion analysis. The right 

two panels show perfusion maps before and 120 min after injection of BQ123. Perfusion 

maps were windowed between 0 to 500 ml/(100g tissue * min). In the lower right two 

panels the ROI marker is removed to allow appreciation of the increased perfusion in 

regions of interest. It is notable that the phantoms at the top of the image (left) are 

completely absent in the perfusion maps, indicating proper balance of magnetization 

transfer effects. B. Kinetics of changes in perfusion in response to ETAR antagonist 

BQ123 in xenograft PC tumors. Blood flow values were determined from the serial 

perfusion maps obtained by FAIR MRI. At zero time point, it can be appreciated that the 

tumors were considerably less perfused than the muscle tissue. Changes in perfusion in 

response to BQ123 were more pronounced in tumors than in the muscle. C. BQ123 

treatment reduces hypoxia in T3M4 tumors. Tumor bearing animals were treated with 

saline (left) or BQ123 (right). 90 min after treatment animals were injected with 

pimonidazole HCl (Hypoxyprobe), which forms stable adducts with proteins in hypoxic 

cells. Animals were euthanized 45 mins thereafter; tumors were harvested and 

processed for immunohistochemistry for detecting Hypoxyprobe adducts (brown 

staining). 
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1. Synopsis 

Endothelin-1 (ET-1) and its receptors, endothelin A (ETAR) and endothelin B 

(ETBR) are overexpressed and deregulated in pancreatic cancer and pancreatitis. Here, 

we report that the expression of endothelin converting enzyme-1 (ECE-1), ET-1, ETAR 

and ETBR is predominantly associated with acinar and islet cells of the pancreas and 

progressive increase in ductal cells and stromal compartment is seen in the KC model 

(Pdx-1 Cre; KrasG12D) of pancreatic cancer with increasing age. Upon cerulein 

challenge, ETAR and ETBR expression is seen in amylase and CK19 double positive 

ducts during pancreatic acinar to ductal metaplasia (ADM) in mouse pancreas harboring 

KrasG12D mutation. In normal mice with wild type Kras, upon cerulein insult after an 

initial increase in expression of ET-1 and ETAR and decrease expression of ETBR, 

recovery in pancreatic parenchyma was observed. However, the kinetics of ET-1, ETAR 

and ETBR alterations was distinct in in presence of KrasG12D mutation. Also, 

expression of ECE-1 ET-1, ETAR and ETBR in spontaneous KrasG12D model subjected 

to cigarette smoke also suggests increase expression in the pre-cancerous lesions 

compared to sham control animals with WT kras. In addition to expression in early 

pancreatic cancer lesions (smoking) and metaplastic ducts (cerulein), ETAR and ETBR 

expression in also seen in infiltrating F4/80 positive macrophages and α-SMA positive 

fibroblasts and high colocalization was seen in presence of oncogenic Kras. In 

conclusion, presence of mutant KrasG12D in pancreas results the sustained activation 

of ET axis components with increasing dysplasia in early lesions and stromal region of 

pancreatic tissues following cerulein and smoke mediated inflammatory insult suggests a 

possible role in tumor initiation and progression.  

 

  



239 
 

2. Background and Rationale 

 Cellular plasticity is critical for tissue repair and regeneration. Cellular 

reprogramming in the exocrine pancreas under benign conditions involves a reversible 

trans-differentiation sequence of acinar cells to ductal- phenotype during repair and 

resolution of inflammation [1]. The presence of constitutively active K-ras mutations 

however, disrupt this sequence and initiate ductal reprogramming leading to the 

development of pre-neoplastic lesions termed as pancreatic intraepithelial neoplasia 

(PanIN), which are the precursor lesions the malignant pancreatic ductal 

adenocarcinoma (PC). These PanIN lesions undergo a series of histological and 

morphological changes during the course of cancer progression. The first genetically 

engineered mouse model generated by knock-in of mutant K-ras allele (G12D) exhibits 

acinar to ductal metaplasia (ADM) and develop a complete spectrum of PanIN lesions 

leading to PC. This process is characterized by the loss of acinar cell compartment 

(markers like amylase) and gain of the ductal phenotype, characterized by CK19 

expression [2]. [3] utilizing transgenic mice overexpressing TGF-α provide earliest 

evidence of ADM. These animals develop fibrosis and dysplastic lesions accompanied 

by loss of zymogen granules and acquisition of ductal features [4], implying that 

maintenance of acinar cell organization is critical to prevent trans-differentiation into 

ductal architecture [5]. Activation of the mutant Kras in the cells of the acinar lineage 

under the control of elastase or Mist1 promoter lead to spontaneous low-grade lesion 

formation in the mouse pancreas. However, high-grade PanIN formation is observed 

following chronic inflammation [6]. Epidemiological studies also suggest that patients 

with chronic pancreatitis exhibit an elevated risk of developing PC. In chronic 

pancreatitis (CP) patients as well, constitutive activation of K-ras gene is associated with 

malignant transformation of the pancreas [7]. Furthermore, cerulean-induced chronic 
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pancreatitis in the mice expressing oncogenic Kras (KrasG12V) results in the 

development of aggressive PC along with increased infiltration of inflammatory cells [8]. 

Similarly, repeated episodes of cerulein mediated insult in the presence of K-ras 

mutation result in high-grade lesions, atrophy of pancreatic parenchyma, development of 

metaplastic cells, and enhanced inflammatory response [9]. Carriere et al demonstrated 

that episodes of cerulein induced pancreatitis favors rapid cancer progression and 

initiate cascade of events in mice expressing mutated Kras in the nestin cell lineage [10] 

[11]. Interestingly, in acute pancreatitis model, mutant Kras favors reprogramming and 

metaplastic conversion of acinar cells into pre-cancerous lesions in a beta catenin 

dependent manner [1].      

Components of endothelin axis, which include endothelin-1 (ET-1), endothelin-2 

(ET-2), endothelin-3 (ET-3), endothelin converting enzymes (ECEs) along with high 

affinity G-protein couple receptors, endothelin A receptor (ETAR) and endothelin B 

receptor (ETBR), are deregulated in inflammation and cancer. Accumulating evidence 

suggest that ET-1 plays a significant role in the in pathophysiology of pancreatic 

inflammation. In patients with severe acute pancreatitis, an elevated level of ET-1 is 

correlated with disease severity and inflammation [12]. In addition, significantly elevated 

circulating levels of ET-1 in the plasma and its strong expression in the pancreas of the 

patients of chronic pancreatitis with a history of smoking was observed [13]. In 

experimental pancreatitis model, the role of ET-1 and its antagonists has been well 

studied. A remarkable increase in the serum ET-1 level and damage to pancreatic 

parenchyma is observed upon cerulein or sodium taurocholate induced pancreatic 

inflammation [14-16]. However, a synergistic effect is observed and a remarkable 

change in the pancreas morphology is seen in presence ET-1 plus cerulein compared to 

cerulein alone [17]. Administration of ET-1 favors acinar cell necrosis, edema, increase 

in serum amylase and elastase levels and inflammatory response indicating the role of 
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ET-1 in disease aggravation. Studies demonstrating the ability of several pancreatic 

cancer cell lines to produce high levels of ET-1 suggested the possible role in ET-axis in 

PC. [18, 19]. .A recent study has demonstrated the overexpression of ET-1 and ETBR in 

human PC tissues [20] while we have observed the upregulation of ET-1, ETAR and 

ETBR in tumor cells and various components of tumor microenvironment.   

Given the functional involvement of ET-1 in pancreatic inflammation, expression 

of ET-axis components in PC, the role of K-ras associated inflammation in driving 

pancreatic neoplastic transformation, and ability of ET-axis to exert pleotropic effects to 

promote tumorigenesis, it is possible that ET-axis plays a key role inflammation-driven 

pancreatic tumorigenesis in the presence of K-ras oncogene. However, the expression 

of ET axis proteins in pre-malignant lesions in acute and chronic pancreatic inflammation 

associated with oncogenic Kras remains explored. We therefore examined the 

expression pattern of ET-axis components in the murine models of chronic and acute 

inflammation in the presence and absence of oncogenic K-ras. The findings from the 

current study, demonstrated that cerulein induced inflammatory insult, a model of acute 

inflammation, initially up-regulates the expression of ET-1 and ETAR, which was 

subsequently restored to basal levels in normal mice. However, in the KC mice the 

expression increases with progressive neoplasia. Smoke exposure, a model of chronic 

inflammation in KC mice results in increase expression of ET axis in the pre-cancerous 

lesions and also in pancreatic stroma indicating that mutated Kras results in sustained 

activation of ET axis in the pancreatic tissues, suggesting its possible role in pancreatic 

inflammation, repair and development of cancer.  
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3. Results 

A. Expression of ECE-1, ET-1, ETAR and ETBR in murine pancreas in the presence 

of activated K-ras.  

We first analyzed the expression of ET-axis components in the presence of 

activated KrasG12D mutation at the transcript level in comparison to their levels in the 

pancreas of age matched controls (Figure 1A). The levels of ECE-1, ET-1, ETAR and 

ETBR transcripts were comparable in the pancreas of 20 week old WT and KrasG12D 

mice. However, there was a progressive increase in the expression of ET axis 

components in the pancreas of 30, 40 and 50 weeks old KrasG12D mice as compared 

to that of WT animals. We next profiled their expression using immunohistochemistry on 

the pancreatic tissues harvested from 20-50 week old mice. In the control pancreas from 

50-week-old WT mice, a robust expression of ECE-1, ET-1, ETAR and ETBR was seen in 

the islets and a relatively weak reactivity was detected in the acinar compartment 

(Figure 1B). Importantly, the pancreatic ducts in the WT animals exhibited undetectable 

expression of ET-1, ETAR and ETBR. In the presence of oncogenic K-ras, the expression 

ECE-1, ET-1, ETAR and ETBR progressively increased in the ductal cells from pre-

neoplastic lesions at 30 week of age to dysplastic lesions observed at 50 week of age 

(Figure 1B). Interestingly, the expression was particularly localized to the ductal 

structures exhibiting transition from acinar to ductal phenotype, a characteristic observed 

during ADM. Further analysis revealed that the expression was not only restricted to the 

ductal lesions but was present in the surrounding stromal compartment. 

 

B. Expression of ET axis during Cerulein induced pancreatic injury. 

Cerulein is a cholecystokinin analogue that aggravates secretion of pancreatic 

enzymes, promotes inflammation, and induces ADM. The injury to pancreatic 
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parenchyma in the presence of oncogene results in in the development of s pre-

neoplastic lesions and transformation of acinar cells to the ductal phenotype [23]. To 

analyze the changes in the ET-axis components in response to acute pancreatic 

inflammation in the presence and absence of oncogenic K-ras, we examined pancreatic 

tissues from 6 week old KC and WT mice treated with cerulein. On day 0 after treatment, 

both the WT and KC mice show acinar specific expression for ETAR and ETBR, as 

evident by their co-localization with amylase (Figure 2A & 2B). On day 2-post cerulein 

treatment, in KC mice metaplastic ducts undergoing ADM observed, characterized by 

simultaneous expression of both amylase and CK19, and elevated ETAR and ETBR 

expression. The expression of ET receptors were more pronounced in CK19 positive 

ducts with increased dysplasia at day 7 and day 21-post cerulein administration. In 

contrast, the WT mice showed recovery of pancreatic parenchyma and restoration of 

pancreatic architecture (Figure 3). Further, comparison of the WT and KC mice at the 

transcript levels after cerulein treatment showed difference in the kinetics and magnitude 

of ET axis upregulation. While ET-1 and ETAR expression between WT and KC mice 

were unaltered and comparable on day 2, there was significant increase in both ET-1 

and ETAR levels in Kras mutant animals at day 7 and day 21-post cerulein administration 

(Figure 4A & 4B). In contrast, the levels of ETBR showed increase at day 2 and day 7-

post cerulein injection and decreased at day 21 (Figure 4C). Inflammatory insult in WT 

animals increased the expression of ET-1, ETAR at day 2 while the levels of ETBR 

decreased gradually. However, during recovery phase the expression restored to basal 

level at day 7 and 21 (Figure 5A). In KC mice harboring KrasG12D mutation in the 

pancreas, after initial increase during inflammation the levels of ETBR returned to normal 

whereas the ETAR levels remained high with increasing dysplasia (Figure 5B). 

Quantitative qRT- PCR showed no difference in the levels of ET-2 and ET-3 in KrasG12D 

mice compared to WT mice after cerulein treatment (Figure 6A &6B). 
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C. Expression of ET axis during Smoke induced pancreatic injury. 

The effect of cigarette smoke induced alterations in the ET axis in presence of K-

ras mutation showed on statistically significant difference in ECE-1 transcript levels in 

WT and K-ras animals however, there was slight increase in ECE-1 transcript levels. 

(Figure 7A). Interestingly, qRT-PCR analysis revealed 7 fold increase in the ET-1 

transcript levels in the K-ras mutant mice compared to sham control (p=0.04) (Figure 

7B). Additionally, the ET-3 mRNA levels in the WT and K-ras mice showed no significant 

difference with and without exposure to cigarette smoke (Figure 8). Comparison of the 

ETAR and ETBR mRNA levels in KrasG12D mice reveals significantly increase in both 

ET receptors (Figure 7C & Figure 7D). Smoke-induced inflammation in the mutant K-

ras mice showed increase of 4.5 fold and 5 fold in ETAR (p=0.03) and ETBR (p=0.01) 

mRNA levels respectively compared to sham controls. Further, histological analysis of 

the mice pancreas also showed increase in the expression of the ET axis components in 

response to smoke mediated inflammatory insult. Similar to our previous observation in 

spontaneous KC model, in the unfloxed mice pancreas with and without exposure to 

cigarette smoke, the expression of ECE-1, ET-1 and both ET receptors is associated 

with acinar compartment of the pancreas and prominent staining in islet cells is seen 

(Figure 7E & Figure 7F). Interestingly, smoke exposure in the K-ras mice resulted in the 

increase in ECE-1 expression in the pancreatic duct while no difference was observed in 

the expression of ET-1, ETAR and ETBR in pancreatic ductal cells. In addition, 

comparison of the sham control mice reveals significant expression of ECE-1, ET-1 and 

the receptors in the pre-cancerous lesions and acinar compartment of the pancreas. 

Further analysis of the mice pancreas also demonstrated expression of ET axis proteins 

in the stromal region, and infiltrating immune cells. As compared to sham control, smoke 
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exposure in K-ras mice pancreas showed significant expression of ECE-1, ET-1, ETAR 

and ETBR in the pre-neoplastic lesions. Importantly, the increased expression in the 

early pre-cancerous lesions is accompanied by enhanced expression ET axis in the 

pancreatic stroma and immune cells. The co-expression of epithelial marker CK19 and 

ET-1, ETAR and ETBR in the pancreatic ductal cells further validated our findings (Figure 

9).   

 

D. Increase infiltration of F4/80 positive macrophages is associated with ETAR and 

ETBR expression in Cerulein and Smoke induced pancreatitis. 

One of the key events that determines the onset of inflammation and severity of 

acute pancreatitis is the activation of macrophages [24] [25]. Similar to acute 

pancreatitis, increased infiltration of macrophages is reported in inflamed sites in both 

human and mouse chronic pancreatitis and are considered as master regulators of 

inflammation and disease progression [26]. Previous studies has reported increased 

accumulation of F4/80 positive macrophages in response to smoking in spontaneous KC 

mice model [27] [22] . In response to cerulein induced inflammation the median number 

of F4/80 positive macrophage population was not significantly different at day 2 of 

treatment, however a substantial increase was seen at day 7 (average number of cells/ 

field =13) and day 21 (average number of cells/ field =17) of cerulein treatment in mutant 

K-ras mice as compared to WT (Figure 10A). Immunohistochemical analysis in both KC 

mice model and smoking induced inflammation demonstrated increased expression of 

both ETAR and ETBR in ductal cells as well as stromal compartment, particularly on the 

infiltrating immune cells. We further confirmed our findings using immunofluorescence 

analysis in both cerulein and smoking model of pancreatitis. Validating our earlier 

findings, in at day 0 both ETAR and ETBR show expression in the acinar region and 

pancreas show fewer number of macrophages (Figure 11A & Figure 11C). At day 2-
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post cerulein in the KC mutant mice the infiltrating F4/80 positive macrophages were 

found to be co-localized with ETAR, although the co-expression was not statistically 

significant. On the other hand, as demonstrated, the expression of both ETAR and F4/80 

appeared in the double positive macrophages and significant co-localization was seen at 

day 7 and day 21 of treatment in the KC mice. Quantitative analysis of the F4/80 positive 

macrophages with ETAR showed significant increase in the overlapping fractions at day 

7 (p=0.0035) and day 21 (p=0.0029) of treatment (Figure 11B). Unlike ETAR, analysis of 

the mice pancreas for the dual expression of ETBR and F4/80 in the macrophages 

suggests higher degree of co-association at day 2 of treatment in mutant mice compared 

to control with significant p value (p=0.0001). The greater degree of co-localization is 

also witnessed in pancreas at day 7 (p=0.0005) and day 21 (p=0.0008) post cerulein 

trauma in presence of oncogenic Kras (Figure 11D). We also extended our studies in 

the smoking induced pancreatitis using three-color immunofluorescence. In WT animals 

with and without exposure to cigarette smoke the expression of both ET receptors is 

seen in pancreatic acini and no significant association was observed (Figure 12A). In 

sham control mice the increase infiltration of F4/80 positive macrophages in the 

pancreatic stroma is accompanied by co-expression of both ETAR and ETBR with the 

F4/80 macrophages with significant p value (p=0.003 for ETAR and p=0.005 for ETBR) as 

compared to unfloxed mice subjected to smoke exposure. Smoke exposed animals in 

presence of Kras oncogene driven progression of PC demonstrate high co-expression of 

both ETBR and F4/80 in double positive macrophages. Quantitative analysis using 

ImageJ further indicates that the F4/80 positive fractions overlapping with ETBR show 

significant p value (p=0.05) as observed by Mander’s correlation coefficient (Figure 

12C). Unlike ETBR, the increase infiltration of macrophages in the mice pancreas reveal 

limited co-expression  with ETAR and the overlapping fractions did not show statistical 

significance (p=0.06) (Figure 12B). 
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E. Increase accumulation of α-SMA fibroblasts in Cerulein and Smoke induced 

pancreatitis is associated with associated ETAR and ETBR. 

Accumulating evidence indicate that activation of pancreatic stellate cells (PSCs) 

is pivotal in development of pancreatitis and pancreatic cancer by excessive deposition 

of extracellular matrix proteins [28] [29]. Studies have demonstrated that smoking leads 

to activation of PSCs and express myofibroblasts marker α-SMA in KrasG12D 

genetically engineered mouse model of PC [22]. Histological examination of the mice 

tissues from KrasG12D progression model and smoke exposed KrasG12D animals 

reveals enhanced expression of the ET axis components, particularly ET receptors in the 

pancreatic stroma. We further corroborated our findings using dual confocal microscopy 

utilizing the well-established myofibroblasts marker α-SMA in both acute and chronic 

models of pancreatitis. The degree of PSCs activation following cerulein administration 

was analyzed in both normal and KC mutant mice. In KrasG12D mice significant 

increase in the number of myo-fibroblasts is seen at day 2 post cerulein induced 

inflammatory insult (p=0.04), reflecting increased activation of PSCs (Figure 10B). 

Additionally, in KC mice harboring KrasG12D mutation in the pancreas substantial 

increase in the number of α-SMA positive myofibroblasts is seen at day 7 (average 

number of cells/field= 27) and day 21 (average number of cells/field= 32) with significant 

p value (p=0.02 for both ETAR and ETBR) compared to mice with WT Kras. Further, dual 

color immunofluorescence analysis reveals limited colocalization of both ETAR and ETBR 

with α-SMA positive myofibroblasts as demonstrated by no overlapping of the two 

fractions in the pancreas stroma at day 0 and day 2 of cerulein-mediated insult in normal 

and mutant mice (Figure 13A & 13C). Compared to wild type, in KC mice the increase 

activation of PSCs is followed by enhanced expression of ETAR in the fibroblasts 

fractions at day 7-post cerulein administration with significant p value (p=0.001). Similar 
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to day 7-post trauma, the fraction of α-SMA fibroblasts shows high degree of co-

expression with ETAR in KC mutant mice as compared to WT mice with significant p 

value (p=0.003)  (Figure 13B).  Similar to ETAR, co-association with activated PSCs 

after day 2 treated KC mice reveal limited colocalization with ETBR compared to control 

mice (Figure 13C). Similar to ETAR, co-association with activated PSCs after day 2 

treated KC mice reveal limited colocalization with ETBR compared to control mice 

(Figure 7c). In addition to ductal expression in the pancreas at day 7 and day 21 post 

cerulein treatment in KC mice, the fibroblasts surrounding the duct cells also show 

positivity for ETBR expression and demonstrate extensive colocalization at day 7 

(p=0.0006) and day 21 (p=0.0002) post cerulein trauma (Figure 13D). The activation 

status of PSCs in smoke treated unfloxed and floxed KC mice and its possible 

association with ET receptor expression was evaluated using immunofluorescence in 

tissues. Analysis of the unfloxed and floxed mice tissues shows prominent expression of 

both ETAR and ETBR in the pancreatic islet cells and acinar compartment with and 

without smoke exposure (Figure 14A & 14C). In sham control KC mice, in addition to 

the prominent expression in the early cancerous lesions, activated PSCs displays high 

colocalization with ETAR (p=0.0001) compared to smoked unfloxed mice. Importantly, 

quantitative analysis of the smoke exposed KC mice show increase co-expression in the 

α-SMA and ETAR double positive fibroblasts (p=0.04) (Figure 14B). Analysis of the 

histological features in the sham control mice compared to smoked unfloxed mice 

illustrate prominent increase and association of ETBR with the stromal fibroblasts 

(p=0.0002). Contrary to ETAR, α-SMA positive fibroblasts exhibit minimal and non-

significant overlap with ETBR compared to sham control (Figure 14D).  
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Discussion 

Acinar to ductal metaplasia is the earliest recognizable morphological event in 

the pancreas in response to inflammation or oncogene activation and is regarded as a 

key event during the development of PC. It is characterized by the trans-differentiation of 

amylase-expressing acinar cell into CK19 positive ductal phenotype. The trigger for such 

intense morphological and histological change in the pancreas can either be due to 

accumulation of genetic changes or an inflammatory insult leading to increasing degree 

of atypia and ultimately to cancer. It has been firmly established that formation of 

precursor lesions (PanINs) precedes the formation of Kras driven PC initiation in 

experimental mouse model [8] [9]. These precursor lesions are derived from acinar cells 

of the pancreas undergoing a trans-differentiation from acinar to ductal phenotype, an 

event usually induced by pancreatitis [6] [30]. Further support for this view comes from 

various mechanistic studies implicating various transcription factors and signaling 

pathways in driving this switch from acinar to ductal phenotype [5] [31] [32] [33].  

Endothelin axis plays significant role in tissue repair and inflammation of various 

tissues and has been implicated in the pathophysiology of pancreatic inflammation. 

Previous studies have shown aberrant expression of ET axis components in surgically 

resected pancreatic cancer patients and its association with tumorigenesis [20]. ET-1, 

most predominant and well-characterized ligand of the family is detected abundantly in 

pancreatic cancer cell lines as compared to the other two isoforms, ET-2 and ET-3 [18] 

[19]. In addition to its pathophysiological role in pancreas evidence also suggests its 

crucial role in normal pancreas physiology and also pancreatitis. Studies have 

demonstrated the presence of ETAR and ETBR in the rat pancreas and their differential 

binding affinities towards the three endothelin ligands [34]. The present study revealed 

the expression of ET axis components, ECE-1, ET-1, ETAR and ETBR in pancreatic 

acinar cells and islet cells and their minimal or low levels in the pancreatic ducts of WT 
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mice. In murine progression model of pancreatic cancer, a progressive increase in the 

expression was observed in the trans-differentiated or neoplastic ductal cells. The acinar 

specific expression of the ET axis in the normal pancreas implies a possible role of this 

axis in maintenance of acinar cell differentiated state. Metaplasia is regarded as the 

conversion or transformation of one cell type into another by an abnormal stimulus and 

are associated with early phase of tumor development. In the context of acinar to ductal 

metaplasia, metaplastic ducts are transitional structures and are characterized by 

presence of both acinar cell markers such as amylase and duct cell marker CK19. Our 

analysis reveals elevated expression of both ETAR and ETBR in amylase and CK19 

double positive metaplastic ducts in the KrasG12D mutant mice pancreas following 

cerulean-induced injury. 

Pancreatitis is an established risk factor for pancreatic cancer and is 

characterized by acinar cell necrosis, infiltration of inflammatory cell populations, stromal 

fibrosis and release of insoluble and soluble mediators [35] [36]. Previous study from our 

lab has revealed that ceruelin induced inflammatory damage to the pancreas is followed 

by decrease in the amylase expression in the mutant KrasG12D mice compared to 

control [21]. We observed that post cerulein induced inflammation metaplastic ducts can 

be seen in the mice pancreas and appearance of both ETAR and ETBR can be 

witnessed. In the KrasG12D mutant mice at day 7 and 21 post trauma, cerulein induced 

acinar to ductal metaplasia in pancreas display greater dysplasia and higher co-

localization with CK19 positive ducts and progressed more rapidly to tumor 

development. In contrast, in normal mice with WT kras a recovery in the pancreatic 

parenchyma is observed after day 2-cerulein treatments, suggesting that oncogenic Kras 

results in enhanced and sustained activation of ET axis following inflammatory insults. In 

mice with WT Kras, cerulein treatment resulted in a notable increase in the expression of 

ET-1 and ETAR mRNA levels at day 2, while the levels of ETBR increased marginally; 
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however a recovery to basal level was observed for all three molecules by day 7. In 

contrast, significant increase in ET-1, ETAR and ETBR transcripts was observed following 

cerulein treatment and these levels continued to remain high even at 21 days post-

trauma in KC mice. The expression of ET receptors in the normal mice is constrained in 

the pancreatic acini suggests its possible role in maintain the differentiating state of the 

acinar cells. Our data indicate that in mice harboring KrasG12D mutation in the pancreas 

the persistent activation of the ET axis components following cerulein treatment favors 

reprogramming of acinar cells into ductal morphology and favors neoplastic 

transformation. Therefore, we may speculate that the elevated levels of ET-1 in 

presence of KrasG12D oncogene favors acinar to ductal metaplasia changes to promote 

formation of pre-neoplastic lesions.   

In the context of acute pancreatitis, the role of ET-1 has been widely studied and 

is known to promote disease aggravation. In experimental rat model of pancreatitis, ET-1 

was identified as one of the candidate gene associated with pancreatic inflammation 

[37]. Additionally, in both sodium taurocholate and cerulein induced pancreatitis, 

exogenous administration of ET-1 damages the pancreatic parenchyma, promote acinar 

cell necrosis and increases amylase and elastase levels [38] [17]. ET-1 is considered to 

be significant risk factor for acute pancreatitis and elevated levels correlates with 

disease severity [12]. Similar to acute pancreatitis, elevated levels of ET-1 and 

significant correlation was observed in smoking individuals with chronic pancreatitis 

when compared to normal pancreatic tissues and non-smoking chronic pancreatitis 

patients [13]. In addition, studies also demonstrate a significant increase in the plasma 

ET-1 levels under the influence of tobacco smoking suggesting direct effect on 

endothelium facilitating the peptide release [39] [40]. Cigarette smoke is an established 

risk factor for PC and smoke induced inflammation accelerates the cancer progression in 

presence of constitutively active Kras mutation. Our recent study revealed that smoking 
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accelerates tumor progression by aggravating lesion formation in the pancreas and 

influences tumor microenvironment of the pancreas by activating pancreatic stellate cells 

and increase accumulation of macrophages [22]. We observed that cigarette smoke up 

regulates the transcript levels of ET-1, ETAR and ETBR in KrasG12D mice after smoke 

exposure as compared to mice with WT Kras. Interestingly mouse genotype determined 

the response to smoke induced inflammation. Further observation also suggests the 

acinar specific expression of ET axis components in WT mice with and without exposure 

to smoke further signifying its possible role in maintenance of differentiated state of 

acinar cells. Our results further indicate that in presence of KrasG12D oncogene smoke 

exposure significantly increase the expression in the pancreatic ductal cells. 

In vivo observations suggest that the pancreatic inflammation elicits macrophage 

infiltration and secreted cytokines are considered as potent inducers of pancreatitis 

initiated acinar cell transformation to ductal progenitor phenotype [41]. These infiltrated 

macrophages are considered as drivers of ADM formation and in presence of oncogenic 

signaling favors tumor development [42]. A recent study demonstrated that acinar cells 

harboring mutant Kras up regulates ICAM-1 expression, which serves as chemo 

attractant for macrophages to drive tumor initiation [43] [44]. Several observations have 

also shown to modulate the migration of monocytes and macrophages in complex tumor 

microenvironment in endothelin dependent manner. Very recent study demonstrated that 

ET-1 through its interaction with receptors induced polarization of human macrophages 

[45] and favors cross talk between breast cancer cells and endothelial cells in an integrin 

dependent manner [46]. Also, in bladder cancer, ET-1/ETAR interaction favors stromal 

cross talk and enhances metastatic colonization in the lung by increase migration and 

infiltration of tumor cells and tumor associated macrophages respectively [47]. In 

addition to promote tumor- stromal interactions, endothelin(s) also serves as potent 

chemoattractant for monocytes and macrophages. ET-1 has been shown to stimulate 
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chemotaxis of blood monocytes [48] and induced chemo-kinetic migration of peritoneal 

macrophages in an ETAR dependent manner [49]. In addition to ET-1, ET-2/ETBR 

signaling promotes chemotaxis and modulates the distribution of macrophages in tumor 

via MAPK pathway [50]. Therefore we may speculate that the elevated levels of ET-1 in 

pancreatitis associated inflammation in presence of KrasG12D oncogene drives acinar to 

ductal conversion in pancreas by increase infiltration of macrophages in an ET-1 

dependent manner. We found that in response to inflammation (cerulein or smoking) the 

recruitment of activated macrophages in the pancreas stroma is dependent on mouse 

genotype and degree of inflammation. Also, the expression on the ET receptors on the 

infiltrating macrophage population is dependent on the mouse genome. In KC mice upon 

cerulein inflammation, significant co-localization of ETBR and not ETAR can be observed 

with F4/80 positive macrophages. However, F4/80 macrophages show high degree of 

co-localization with both the ET receptors at day 7 and day 21-post trauma. Our careful 

observation in the smoke treated mice tissues in presence of mutant KrasG12D also 

indicate higher fractions of F4/80 positive macrophages overlapping with ET receptors. 

Smoke treated mice carrying the KrasG12D oncogene show higher co-localization of 

F4/80 positive macrophages with ETAR and ETBR in the stromal compartment. It 

appears that the elevation in the ET-1 levels in inflammation associated pancreatitis 

serves as a potential chemo attractant for infiltrating macrophages expressing the 

receptors and favors neoplastic transformation by allowing acinar cells to be 

reprogrammed into ductal phenotype. However, to fully understand and delineate the 

molecular mechanisms of ET- axis mediated acinar cell reprogramming by recruiting 

macrophages in mutant KrasG12D mice, further studies involving macrophage targeted 

conditional knock-out of ETAR and ETBR need to be undertaken.  

In addition to active infiltration of immune cell populations in response to 

pancreatic injury, activation of PSCs is recognized as central event in development of 
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pancreatitis and PC. These PSCs are activated by a variety of soluble and insoluble 

mediators such as cytokines, growth factors, oxidative stress, ethanol and its 

metabolites and pancreatitis. Once activated, they trans-differentiate into myo-fibroblasts 

like cells and the phenotypic transformation results in fibrosis and extensive deposition 

of extracellular matrix proteins [51]. The pro-fibrotic role of ET-1 in various pathologies is 

well documented and is regulated at transcriptional levels by interaction with various 

transcription factors such as Smad, TGF-β and activator protein-1 (AP-1) [52] [53]. ET-1 

induces a pro-fibrogenic response in lung fibroblasts by increase expression of α-SMA 

and CTGF by JNK-AP1 and TGF-β pathway [54] [55]. Accumulating evidence imply that 

activated PSCs play a pivotal role in development of pancreatic fibrosis and 

inflammation. Activated PSCs express ET-1, ETAR and ETBR and are ET-1 responsive 

suggesting an autocrine and paracrine loop to stimulate contraction and migration of 

PSCs by inducing phosphorylation of ERK and MLC but not AKT [56]. Further, studies 

by Stumpe and co-workers indicate that ET-1/ETAR interactions increase cytosolic 

calcium concentrations and possibly act as an autocrine and paracrine factor for 

activated PSCs [57]. In addition to stimulate myofibroblasts differentiation, ET-1 has also 

been shown to promote inflammatory reaction in the pancreas by release of pro-

inflammatory mediators such as IL-6 and IL-1β [58]. Moreover, Fitzner et al 

demonstrated that the pro-fibrogenic effect of ET axis is attenuated by dual ETAR and 

ETBR antagonist Bosentan in experimental chronic pancreatitis model [59]. Our results 

suggest that acute and chronic inflammation induced by cerulein and smoking 

respectively accelerates the desmoplastic reaction in the KrasG12D mice and the 

concomitant expression of endothelin receptors on activated PSCs can possibly promote 

stromal cross talk by autocrine and paracrine interactions and aid in tumor progression. 

Our current study revealed that endothelin receptors are expressed in metaplastic ducts 

signifying its possible role in trans-differentiation. In addition, increase accumulation of 



255 
 

fibrotic stroma in mutant Kras mice after post cerulein administration suggests in addition 

to metaplastic ducts, the expression of ET receptors is also observed in 

microenvironment of the pancreas. Importantly, significant co-localization of α-SMA 

positive fibroblasts is observed with both ETAR and ETBR dependent on mouse genome 

and degree of inflammation. Our real time PCR analysis infers significant increase in the 

ET-1 transcript levels in pre-cancerous lesions in the KrasG12D mice further strengthen 

the involvement of possible interaction with the activated stellate cells. In addition to 

acute inflammation model, in smoke induced chronic pancreatitis elevated levels of α-

SMA in presence of oncogenic signaling is followed by prominent expression of ETBR 

and limited co-association of ETAR. Quantitative analysis further indicates that fractions 

of α-SMA fibroblasts exhibit significant overlapping fractions with ETBR positive 

fibroblasts. We speculate that persistent increase and activation of ETAR and ETBR with 

increasing dysplasia in the activated myo-fibroblasts in presence oncogenic Kras 

signaling plays an essential role in maintenance of PSC activation through ET-1 

autocrine loops. However, the molecular mechanisms underlying this phenomenon are 

not completely understood and warrant further investigation.   

To summarize, our study profiles the expression of endothelin axis during acute 

and chronic inflammation associated pancreatic tumor progression in presence of 

mutated KrasG12D. Under physiological conditions, the expression of ET axis 

components is restricted to pancreatic acinar and islet cell compartments (Figure 15). 

However, during inflammation or injury the acinar expression is abrogated and elevated 

expression is seen in early pre-cancerous lesions and neoplastic cells. The sustained 

upregulation of ET-axis components in the presence of oncogenic K-ras and 

overexpression in advanced lesions, suggest that signaling along ET-axis possibly 

contributes to reprogramming of acinar cells into metaplastic ductal cells and drives their 

transformation into neoplastic lesions. The increased expression in pre-neoplstic lesions 
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is followed by excessive accumulation of ECM proteins and inflammation in the 

pancreas, indicating further involvement of ET axis in influencing microenvironmental 

factors during the initiation and progression of pancreatic cancer. 
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Figure 1: Expression pattern of ECE-1, ET-1, ETAR and ETBR in Pdx1-Cre; KrasG12D 

(KC) murine pancreatic cancer model. A. RT-PCR analysis showing age wise 

expression of ECE-1 ET-1, ETAR and ETBR on pancreas of control and KC mutant mice. 

The expression for all four molecules can be observed at all weeks analyzed and the 

levels maintained throughout. In contrast, a robust expression in the expression is seen 

in 20, 30,40 and 50 wk KC mice compared to littermates controls. Actin was used as 

loading control. B. Immunohistochemistry analysis of ET-1, ETAR and ETBR after 

staining with respective antibodies (1b). Normal pancreas (unfloxed mice) isolated from 

50 week old mice shows predominant  expression for ECE-1, ET-1 and receptors in the 

islet cells (black arrow heads) while low immunoreactivity is seen in the pancreatic acini 

(zoom). In the control mice (unfloxed) pancreas the low expression of ECE-1 can be 

seen in the pancreatic duct (inset) whereas no expression was detected for ET-1 and 

receptors. In the early PanIN lesions of pancreas of Pdx1-Cre;KrasG12D  mice starting 

from 30 weeks of age, the elevated expression can be seen and progressive increased 

expression is observed both in the tumor cells and the stromal compartment (inset) with 

the mutant Kras expression.  
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Figure 2: ETAR and ETBR expression during pancreatic injury in normal and KC 

mice. Three color Immunofluorescence images of ETAR (A) and ETBR (B) expression 

(purple) of with acinar cell marker amylase (red) and ductal  cell marker CK19 (green) in 

cerulein and saline treated mice at days 2, 7 and 21 post cerulein injection. Expression 

of both ETAR and ETBR is seen in the pancreatic acini in normal and KC mutant mice 

under control conditions. At day 2 post trauma, ETAR and ETBR expression appears in 

amylase and CK19 double positive metaplastic ducts in KC mice under cerulein treated 

metaplastic conversion. In control mice, normal pancreatic architecture is restored and 

the acinar cells displaying increases expression of amylase and colocalization with ETAR 

and ETBR. In the KC mice at day 7 and 21 post inflammatory insult, the pancreas show 

dysplastic changes and appearance of metaplastic ducts and gradual increase 

expression of both ET receptors can be seen in the CK19 positive ducts.  
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Figure 3: Histological analysis of ETAR and ETBR expression in normal mice with 

and without cerulein treatment. Immunohistochemical analysis of ETAR and ETBR in 

the mice pancreas after cerulein treatment. Analysis reveal low expression of both 

receptors in the pancreatic acini whereas a predominant expression in the islet cells is 

seen (black arrowheads) at all day 0, 2, 7 and 21 of treatment. Interestingly, no 

expression in the normal pancreatic duct was seen (inset) and recovery in the pancreatic 

parenchyma is observed at day 7 and day 21 of treatment 
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Figure 4: ET-1, ETAR and ETBR expression during pancreatic injury in normal and 

KC mice. Real time PCR analysis of ET-1 mRNA levels between normal and KC mice 

under control and cerulein treated conditions showed significant increase in the ET-1 

mRNA levels in the KrasG12D  mutant mice at day 7 and day 21 after cerulein 

administration (A). Comparison of the of ETAR transcript levels showed elevated 

expression in the Kras mutant mice at day 7 and day 21 of treatment with significant p 

value (B). A predominant and significant increase in the ETBR mRNA was seen at day 7 

of treatment with a marginal increase being observed at day 21-post trauma (C).  

* p<0.05, ** p<0.005, ns=not significant. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



265 
 

 
Figure 4 
 

 
 

A 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

B 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

C 
 
 
 
 
 
 
 
 
 
  



266 
 

Figure 5: ET-1, ETAR and ETBR expression during pancreatic injury in normal and 

KC mice. Real time PCR analysis of ET-1, ETAR and ETBR expression alterations in the 

normal (A) and KC (B) mice under control and cerulein treated conditions at various time 

points. In the normal mice, increase expression of ET-1 and ETAR and decrease 

expression of ETBR was seen due to cerulein induced inflammatory insult at day 2 and 

recovery for all three molecules being observed for all three molecules by day 21. In KC 

mice, harboring Kras mutation in the pancreas ETAR mRNA levels gradually increased 

with progressive acinar to ducal phenotype switch following cerulein treatment. ETBR 

mRNA levels on the other hand, increases due to metaplastic changes in the mice 

pancreas at day 7 but falls backs to basal levels subsequently.  

* p<0.05, ** p<0.005, ns= not significant  
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Figure 6: Expression of ET-2 and ET-3 in normal and KC mice with or without 

cerulein treatment. Real time PCR analysis show no significant difference in the 

expression of ET-2 (A) and ET-3 (B) in KC mice compared to control over the treatment 

period. * p<0.05, ** p<0.005, ns=not significant. 
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Figure 7: Expression of ET-1, ETAR and ETBR in spontaneous KC mice model 

subjected to cigarette smoke. Quantitative real time PCR analysis show no significant 

difference in the expression of ECE-1 in the RNA isolated from the pancreas of sham 

and smoke exposed mice (A). Comparison of ET-1(B), ETAR (C) and ETBR (D) transcript 

levels show significant difference in mRNA levels in Kras mutant mice exposed to 

cigarette smoke as compared to sham controls. E. Immunohistochemical analysis of the 

unfloxed animals with and without exposure to cigarette smoke induced inflammatory 

insult show difference in the expression of ET axis components and low immunostaining 

in acinar cells and predominant staining in islet cells is observed (inset). Smoke 

exposure to unfloxed mice reveal increase expression of ECE-1 in normal pancreatic 

duct while the expression of other markers remain unchanged (inset). The expression of 

ECE-1, ET-1 and receptors can be seen in pre-cancerous lesions in the Sham floxed 

animals and stromal region. In presence of oncogenic Kras overexpression of ECE-1, 

ET-1 and receptors can be observed in both tumor lesions and stromal compartment. 

The box plot represents the quantitative expression of ECE-1 (F), ET-1 (G), ETAR (H) 

and ETBR (I). 
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Figure 8. Expression of ET-3 in unfloxed and floxed KC mice with and without 

cigarette smoke exposure. Real time PCR analysis show no significant difference in 

the expression of ET-3 in the RNA isolated from the pancreas of sham and smoke 

exposed mice. * p<0.05, ** p<0.005, ns=not significant. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



274 
 

Figure 8 
 

 
 
 
 
 
 
 

 
 

 
 
 

 
 
 
 
 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



275 
 

Figure 9: Expression of ET-1, ETAR and ETBR in spontaneous KC mice model with 

and without cigarette smoke exposure. Dual immunofluorescence analysis showing 

the expression of ET-1, ETAR and ETBR in sham controls and smoke exposed floxed 

mice. Smoking in the Kras mutant mice accelerated the PanIN formation and increase 

expression in the CK19 positive ducts. 
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Figure 10: Increase accumulation of F4/80 positive macrophages and α-SMA 

fibroblasts following cerulein treatment. Bar diagram representation 

Immunofluorescence analysis of the pancreas of saline and cerulein treated mice show 

significant increase in the F4/80 cells after cerulein induced injury  at day 7 and day 21 

treatment (average count of F4/80-positive cells in five independent fields/tissue 

section). Quantitative analysis of the α-SMA fibroblasts indicate significant increase 

starting at day 2 of treatment compared to control (average count of α-SMA positive cells 

in five independent fields/tissue section). * p<0.05, ** p<0.005, ns=not significant. 
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Figure 11: Increase infiltration of F4/80 positive macrophages is associated with 

both ETAR and ETBR expression in cerulein induced inflammation: Dual color 

immunofluorescence images of the ETAR and ETBR expression (red) with macrophage 

marker F4/80 (green) in cerulein and saline treated mice at days 2, 7 and  21 post 

cerulein administration. A. In the control and KC mutant mice under control conditions, 

expression of ETAR is restricted to acinar compartment and no overlap is seen with 

F4/80 positive macrophages. At day 2 post cerulein treatment in KC mice, limited 

localization of ETAR is seen (inset) with F4/80 while no difference is seen in normal 

mice. In KC mice at day 7 and 21 post inflammatory insult, significant overlap of ETAR is 

observed with the infiltrating F4/80 populations in the stromal region (inset), while 

minimal or no overlap is seen in control mice. B. The degree of overlap between F4/80 

positive macrophages and ETAR  was measured using ImageJ using Manders overlap 

coefficients. C. Similar to ETAR, acinar specific expression of ETBR shows no 

colocalization with F4/80 in normal and KC mice under control conditions. Brief episode 

of cerulein treatment at day 2 in KC mice shows substantial colocalization with F4/80 

populations (inset) with significant p value compared to control mice. In KC mice at day 7 

and 21 of cerulein treatment, the ETBR expression in the metaplastic ducts is 

accompanied by significant overlap with F4/80 positive macrophages in the stroma, 

while limited colocalization is seen in the normal mice. D. The degree of overlap 

between F4/80 positive macrophages and ETBR  was measured using ImageJ using 

Manders overlap coefficients * p<0.05, ** p<0.005, ns= not significant (Scale bar = 

20µm; zoom scale bar =10µm). 
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Figure 12: Increase infiltration of F4/80 positive macrophages is associated with 

ETBR expression in smoke induced inflammation. Three color immunofluorescence 

images of the ETAR (purple), ETBR (red) and F4/80 (green) expression in the 

spontaneous KC model with and without exposure to cigarette smoke. A. In the unfloxed 

mice with and without exposure to cigarette smoke exposure expression of both ET 

receptors is seen in acinar region of pancreas . The pancreas  displays fewer infiltration 

of  F4/80 macrophages and exhibits minimal overlap with both ETAR  and  ETBR (zoom). 

Smoke exposed KC mutant mice exhibits significant colocalization of both ETBR and 

F4/80 (zoom) as compared to sham control. C. The degree of overlap between ETAR 

and F4/80 (zoom) in smoke exposed animals reveals no significant fractions of F4/80 

overlapping fractions with ETAR (B) as measured using ImageJ with Manders overlap 

coefficient * p<0.05, ** p<0.005, ns= not significant (Scale bar = 20µm; zoom scale bar 

=10µm). 
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Figure 13: Increase expression of α-SMA positive fibroblasts is associated with 

both ETAR and ETBR expression in cerulein induced inflammation. Dual color 

immunofluorescence images of the ETAR and ETBR expression (red) with α-SMA 

(myofibroblast marker) (green) in cerulein and saline treated mice at days 2, 7 and  21 

post cerulein administration. A. In the control and KC mutant mice under control 

conditions, expression of α- SMA is detected in the mice pancreas and shows limited 

colocalization with ETAR. At day 2 post cerulein treatment in KC mice, increase 

expression of α- SMA  is seen in the KC mutant mice as compared to control, however 

limited colocalization with ETAR is detected in mice pancreas (zoom).  In KC mice with 

constitutive active Kras mutation, higher expression of α-SMA in the pancreas is 

associated with significant overlap with ETAR in the mice pancreas at day 7 and 21 

cerulein insult with significant p value. B. The degree of overlap between α-SMA positive 

fibroblasts and ETAR was measured using ImageJ using Manders overlap coefficients. 

C. Parallel to ETAR, expression of α-SMA fibroblasts reveals limited co-association with 

ETBR in the control and KC mutant mice under control conditions. At day 2 post 

injection, under cerulein induced metaplastic conversion, the increase number of α-SMA 

fibroblasts is marginally associated with ETBR expression. With increase in dysplasia at 

days 7 and 21 of treatment increase activation of stellate cells and higher expression of 

α-SMA fibroblasts in pancreas is shows extensive colocalization with ETBR with 

significant p value. D. The degree of overlap between α-SMA positive fibroblasts and 

ETBR  was measured using ImageJ using Manders overlap coefficients. * p<0.05, ** 

p<0.005, ns= not significant (Scale bar = 20µm; zoom scale bar =10µm). 
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Figure 14: Increase expression of α-SMA positive fibroblasts is associated with 

ETAR epression in smoke induced inflammation. Dual color immunofluorescence 

images of the ETAR and ETBR staining (red) with α-SMA (myofibroblast marker) staining 

(green) in smoke exposed and sham control floxed mice. A. Immunofluorescence  

images of the ETAR and α-SMA colocalization in the pancreas of sham and smoke 

exposed unfloxed mice reveals no significant difference in the fractions of α-SMA 

myofibroblasts overlapping with ETAR. In kras mutant mice exposed to cigarette smoke 

higher expression of α-SMA in the pancreas of smoke-exposed animals is accompanied 

by significant colocalization was observed (zoom). B. The degree of overlap between α-

SMA myofibroblasts and ETAR was measured using ImageJ using Manders overlap 

coefficients. C. Dual confocal microscopy analysis of ETBR and α-SMA overlap in the 

pancreas of sham and smoke exposed unfloxed mice displays no significant overlap 

between two fractions. Contrary to ETAR, smoke exposure in KC mutant mice shows no 

significant co-association between the two populations in the pancreas stromal region as 

compared to control (zoom). D. The degree of overlap between α-SMA myofibroblasts  

and ETAR  was measured using ImageJ using Manders overlap coefficients * p<0.05, ** 

p<0.005, ns= not significant (Scale bar = 20µm; zoom scale bar =10µm). 
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Figure 15: Proposed Model. In summary, in the normal pancreas, expression of both 

endothelin receptors (ETAR and ETBR) is restricted to pancreatic acinar and islet cells. In 

presence of mutated Kras (G12D), inflammatory insult (cerulein or smoking) results in 

transdifferentiation of acinar phenotype into ductal phenotype and favors metaplastic 

conversion accompanied by downregulation acinar cell marker genes (Amylase) with 

simultaneous upregulation of ductal markers (CK19). In the Kras mutant mice, the 

expression of the endothelin axis components is seen in early pre-neoplastic lesions and 

in tumor microenvironment of PC and increase gradually with increase in neoplasia. The 

sustained activation of the ET axis in presence of oncogenic Kras both in the tumor cells 

and in stromal compartment of PC, suggest its possible role in tumor initiation and 

progression.  
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1. Summary 

          Over the past several years various studies have attempted to understand the role 

of endothelin axis in solid cancers and melanomas[1]. In the context of pancreatic 

cancer a recent study has shown the overexpression of ET-1ligand and endothelin B 

receptor (ETBR) but not endothelin A receptor (ETAR) [2]. However, a number of 

questions remain unanswered. For instance, what is the expression of overall ET axis as 

such in the in PC and in early pancreatic lesions? Also, what is the expression status of 

the axis in the context of complex TME of PC? What is the pathobiological significance 

of the ET axis proteins? Importantly, what is the impact of targeting the axis in PC 

microenvironment? 

The overarching goal of the studies presented in this thesis was to examine the 

pleotropic actions of the ET axis in pancreatic tumor microenvironment. Briefly, we 

examined the following aspects of ET axis expression and function: 1) Expression in 

tumor cells and stromal compartment, 2) Pathobiological significance of ET  axis 

upregulation in PC  3) Impact of ET-axis antagonists in the murine model of 

autochthonous tumorigenesis  4) Involvement of ET-axis in K-ras oncogene associated 

chronic and acute pancreatic inflammation  

Overall, our major findings were: 1) Compared to normal pancreas, components 

of ET axis, ECE-1, ET-1, ETAR and ETBR are overexpressed in primary tumor and 

metastatic sites. 2) ETAR and ETBR are expressed in immune cells and tumor blood 

vessels. The expression of ETBR on blood vessels is associated with poor prognosis of 

PC patients 3) It was observed that overexpression of the ET receptors is associated 

with pro-fibrotic gene signatures, suggesting that signaling along the ET promotes 

fibrosis in PC 4) Pharmacological inhibition of the axis using dual ETAR and ETBR 

antagonist Bosentan reduces the pro-fibrotic genes in autochthonous mice model. These 

results suggest that targeting this axis can possibly modulate the complex TME of PC. 5) 



299 
 

In stellate cells and cancer-associated fibroblasts, exogenous administration of ET-1 

induces expression of stromal associated genes in an ERK/AKT dependent manner. We 

are generating mouse model to determine the effect of ET-1 loss on pancreatic cancer 

progression. The mice will be analyzed further to determine the loss of ET-1 in Kras/p53 

driven PC in mice. Below, I summarize the findings of each project and implications 

thereof. 

A. Expression of endothelin converting enzyme (ECE-1), endothelin-1 (ET-1), 

endothelin A receptor (ETAR) and endothelin B receptor (ETBR) in PC and its 

microenvironment  

The rationale for this study was based on earlier scattered evidence about the 

expression pattern of ET axis in PC, including a very recent study, which reported the 

ET-1 and ETBR expression in PC patients [2] . First, we examined the expression of 

ECE-1, ET-1 and both ET receptors in PC cell lines and PC tissues. We observed that 

ET-1 expression is seen in majority of cell lines tested, however both ETAR and ETBR 

showed an inverse association, either of one expressing at a time with few exceptions. 

Immunohistochemical analysis in PC tissues isolated from Whipple resected patients 

(RAP) and tissue microarray from rapid autopsy program suggests overexpression both 

in the primary tumor as well metastatic sites. The incidence of ECE-1, ET-1, ETAR and 

ETBR was 88%, 86%, 75% and 68% cases respectively in the primary tumors. Our 

tissue analysis also revealed expression of the ET-1 and its receptors in the stromal 

region of the tissues studied. The expression was predominantly seen in the infiltrating 

immune cells and the blood vessels. Further scoring of the slides by a pathologist 

implied elevated expression of ETAR and ETBR on tumor vessels in 60.5% and 31.5% 

cases respectively. In the immune cells, ET- 1 expression was seen in31.5% of cases 

while the incidence of ETAR and ETBR expression was 34.1% and 39.4% ,respectively. 

Very importantly, survival analysis from surgically resected primary tumors suggested 
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that elevated expression of ETBR on blood vessels and not tumor cells was associated 

with poor prognosis in these patients. The median survival of the patients with elevated 

expression for ETBR was 14.7 months as compared to 10.3 months with low ETBR 

positivity, indicating that looking at the expression in the tumor microenvironment is also 

essential to delineate the pathological significance of the axis. Due to limitation in the 

sample size of the Whipple and RAP cases we screened the TCGA database and 

expression of ET-1 and receptors was correlated with tumor grade and stage. To further 

demonstrate the pathobiological implication of axis we did bioinformatics study to look 

for the genes that correlated with ET axis overexpression. Interestingly, significant 

correlations of the fibrotic associated genes, predominantly collagen isoforms, FAP, 

PDGRFβ, SPARC were seen. In addition, regulatory pathways involved in fibrosis, tumor 

growth and metastasis were also upregulated, suggesting that overexpression of ET axis 

correlates with the extracellular matrix associated gene signatures.   

One of our long-term quests with this study was to develop approaches to 

selectively modulate the TME to improve the therapeutic efficacy of the 

chemotherapeutic regimens. So to explore the potential of targeting this ET axis we also 

analyzed the expression in KPC model of PC.  

Our RT-PCR and immunohistochemical result indicated progressive increase in 

the expression of ET axis components in advanced lesions at 25 weeks of age. Similar 

to human PC tissues, the expression of axis components is also seen in tumor stroma. 

The expression in various compartments of TME was confirmed using dual 

immunofluorescence studies using markers for stellate cells (α-SMA), blood vessels 

(CD31) and tumor associated macrophages (CD68 and F4/80). These observations 

indicate that mouse pancreas recapitulates the expression pattern in human PC.  

Taken all together, the study for the first time established the prognostic potential 

of ET axis in PC. The expression on TME compartments and correlation with pro-fibrotic 
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genes further establishes the potential of axis as a “druggable” target that can be 

exploited in PC therapy.   

B. Targeting endothelin axis in pancreatic cancer using selective and dual 

receptor inhibitors under in vivo (KPC, K-rasG12D; Trp53R172H/+; Pdx-1-Cre) and in 

vitro (pancreatic stellate cells and cancer associated fibroblasts) system 

Our aforementioned expression and bioinformatics analysis data suggested that 

ET receptors are expressed in TME and exhibit significant correlation with the pro-

fibrotic gene signatures. Due to the expression in of ET receptors on various cell types in 

TME, the ET axis possibly exerts pleotropic effects to modulate the pathophysiological 

hallmarks of PC such as fibrosis and hypo-vascularity [3]. Given the attraction of this 

pathway as a “druggable” target and the availability of both selective and dual inhibitors 

for ET receptors, an overarching goal was to unravel the pathobiological significance of 

ET-axis PC in the context of TME and define the manner in which the ET axis 

antagonism can be exploited in PC therapy.  

Having established an apparent correlation between fibrotic gens and ET axis we 

investigated the consequences of targeting ET axis in vivo with Bosentan, a dual ET 

receptor antagonist. Bosentan is a FDA approved drug and is firmly established in the 

clinics for the treatment of pulmonary arterial hypertension (PAH) and chronic heart 

diseases [4, 5]. We utilized the 20-week KPC animal (widely used model for PC) where 

the tumor is fully formed and abundant stroma outnumbers the cancer cells. Bosentan 

given as a monotherapy increases apoptosis and decreases desmoplasia in KPC tumors 

evident by IHC analysis against cleaved caspase-3 and Masson’s trichrome staining 

respectively. Further using mouse fibrosis array, we observed Bosentan treatment 

induced significant reduction in the profibrogenic gene signatures which were 

concordant with the genes found to associated with ET-axis upregulation in TCGA 

database analysis. This led us to conclude that ET axis promotes desmoplasia in PC 
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and ET axis antagonist’s exhibit anti-fibrotic effects. In addition to pro-fibrotic genes, dual 

ET axis antagonism also resulted in marginal increase in in anti-fibrotic genes such as 

IL-10, Bmp 7 and IFN-γ. The next step was to identify the specific population(s) of 

cancer-associated fibroblasts that are affected by ET axis antagonism. 

Immunofluorescence analysis confirmed that Bosentan treatment reduces the FSP1 and 

α-SMA positive fibroblasts but not FAP positive fibroblasts.  

The next step was to validate ET axis mediated fibrogenic effects in vitro. It was 

observed that treatment of murine pancreatic stellate cells (ImPSC.c2) and human 

cancer associated fibroblasts (10-03)  with ET-1, resulted in increased expression of pro-

fibrotic genes (α-SMA, Collagen I, CTGF, Fibronectin) in time dependent manner. To 

identify the ET receptor exerting this effect,  we used selective inhibitor for ETAR 

(BQ123) and ETBR (BQ788). ET-1 mediated induction of matrix associated genes was 

attenuated by BQ788 whereas minimal effects were observed with BQ123. A synergistic 

effect was seen using dual ETAR and ETBR inhibition using Bosentan. In contrast, in 

human CAFs, both BQ123 and BQ788 abrogated ET-1 induced expression. One 

speculation could be the distribution of ETAR on murine stellate cells. The ImPSC.c2 

expresses high level of ETBR and low level of ETAR, while 10-03 CAFs expresses both.  

We next investigate the molecular mechanism(s) underneath the ET-1 stimulated 

fibrosis. Immunoblotting analysis confirmed that ET-1 treatment provokes a rapid 

phosphorylation of the p-ERK and p-AKT in both ImPSC.c2 and 10-03 CAFs. This is in 

line with the literature, which suggests that in rat PSCs and lung fibroblasts ET-1 

stimulate phosphorylation of ERK/MEK pathway [6] [7]. In conclusion, our in vivo and in 

vitro findings demonstrates that ET-1 release from tumor cells act on acts on stellate 

cells and CAFs and through and ERK/AKT dependent manner induces pro-fibrotic 

phenotype and promotes extensive desmoplastic reaction in PC. The second part of the 

study dealt with the functional effects of ET inhibitors on these cells. It was observed that 
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both BQ788 and Bosentan displayed anti-proliferative effects on the growth of ImPSC.c2 

and 10-03 CAFs, with minimal effects were observed with BQ123. Further, flow 

cytometry studies indicate that both BQ788 and Bosentan stimulate apoptosis and G1/S 

arrest in ImPSC.c2 cells. Additionally, we observed that ET-1 promotes migration of 

ImPSC.c2 cells which was inhibited by selective and dual ET antagonists.  

Given the significance of infiltration of immune cells in PC progression [8] [9], we 

examined the consequence to ET axis inhibition on the infiltration of immune cells. 

Tissue immunohistochemistry and immunofluorescence analysis showed reduction in 

F4/80 positive macrophages and increase in the recruitment of cytotoxic T cells in the 

KPC mice stroma upon Bosentan treatment. In addition, our in vitro studies also 

demonstrated that the migration of RAW264.7 macrophages and U937 monocytic cells 

in response to murine and human pancreatic cancer cell lines respectively, was 

abrogated by Bosentan and ETBR antagonist. . 

In addition to fibrosis or desmoplasia, tumor hypovascularity and heterogenous 

tumor blood flow is also one of the hallmarks of PC. Due to increased production of ET-1 

and overexpression of ETAR, the vasomodulatory activity of ET axis is believed to 

contribute to tumor blood flow heterogeneity by selectively modulating the tone of 

vessels. Thus, ETAR antagonists, in addition to their direct anti-tumor effects also exhibit 

an adjuvant effect that enhances tumor perfusion and increases drug uptake [10]. We 

studied the effect of selective ETAR antagonist BQ123 on subcutaneous xenograft 

tumors derived from human pancreatic cancer cell lines. The change in perfusion was 

studied by MRI using flow sensitive alternating inversion recovery (FAIR). Baseline 

perfusion was higher in muscles as compared to tumors, however, the chnages in 

perfusion in response to BQ123 were more pronounced in tumors than in the muscle 

where only marginal increase in perfusion was observed. We also found that enhanced 

perfusion induced by BQ123 reduces tumor hypoxia in xenograft tumors.  
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Overall, these results demonstrate for the first time, the unequivoal role of ET 

axis in establishing desmoplastic, poorly perfused and possibly immunosuppresive 

micrenvironement in PC. These studies also suggest that it is possible to selectively 

modulate the determinants of therapy resistance (tumor stroma and vasculature) that 

contribute to poor drug delivery by targeting ET axis. suggests. 

C. Irreversible and sustained upregulation of endothelin axis during K-ras-

oncogene associated pancreatic inflammation and cancer. 

Inflammation is believed to promote tumorigenesis and chronic pancreatitis and 

smoking (causes chronic pancreatic inflammation) are well recognized risk factors for 

PC. Given the potential involvement of ET-1 ligand in promoting pancreatic inflammation 

[11] and the fact that several studies indicating elevated ET-1 levels during acute and 

chronic pancreatitis [12-14], we examined the role of ET axis in the pancreatic 

inflammations (acute and chronic) in presence and absence of oncogenic Kras and in 

pre-neoplastic lesions. No study thus far has examined the expression of ET axis 

proteins in acute and chronic pancreatic inflammation in the presence of K ras 

oncogene. Thus the goal of this part of the study the role of ET axis in inflammation 

associated pancreatic cancer initiation and progression in presence of mutated KrasG12D. 

As a part of this project we have utilized murine models of acute (cerulean-

induced) and chronic (smoking-induced) pancreatic inflammation described previously 

by our lab [15] [16]. We first analyzed the expression of ET axis components in the KC 

model (Pdx-1 Cre; KrasG12D) of the PC. Similar to our observations in KPC model, 

there was a progressive increase in the expression of ET axis components with the 

advancement of preneoplastic lesions. Further, careful analysis of the tissues revealed 

that the expression was not only restricted to be lesions but can also be detected in the 

surrounding stromal compartment and inflammatory cells. In cerulein induced pancreatic 

injury in KrasG12D mutant mice, metaplastic ducts can be seen suggesting acinar-to-
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ductal transdifferentiation. Both ETAR and ETBR were found to be expressed in such 

metaplastic ducts that stained positively for amylase (acinar marker) and CK19 (ductal 

marker); however, no change in normal mice was observed. At day 7 and day 21-post-

cerulein administration, expression of both ET receptors was more pronounced in CK19 

positive ducts with increase in dysplasia accompanied by loss in amylase staining. In 

addition, real time PCR analysis of ET-1 and ETAR mRNA levels in KC mice showed 

significant increase in transcript levels at day 7 and day 21-post trauma. In contrast, 

ETBR mRNA levels showed increase at day 2 and day 7-post cerulein injection; 

however; at day 21 a fall in expression was seen.  In contrast to KC mice, the wild-type 

mice exhibited restoration of the pancreatic acinar architecture and pancreatic 

parenchyma and recovery of transcripts of ET-axis components to basal level at day 7 

and 21.  

Cigarette smoke induced alterations in the ET axis in the pancreas of KC mice 

harboring KrasG12D mutation. There was significant increase in the transcripts of ET-1, 

ETAR and ETBR compared to sham control. Similar to our observations in spontaneous 

KC model, in the mice pancreas with and without exposure to cigarette smoke, the 

expression of ECE-1, ET-1 and both ET receptors was associated with acinar 

compartment of the pancreas and prominent staining in islet cells was noticable for all 

four molecules. In sham control mice prominent expression of ECE-1, ligand ET-1 and 

the receptors was observed in the pre-cancerous lesions and acinar region of the 

pancreas.            

In addition to expression in early pancreatic cancer lesions (smoking) and metaplastic 

ducts (cerulein), ETAR and ETBR expression was also seen in infiltrating F4/80 positive 

macrophages and α-SMA positive fibroblasts. Tissue immunofluorescence analysis 

demonstrated that both ETAR and ETBR are expressed in F4/80 positive macrophages in 

KC mutant mice in response to smoke and cerulein induced injury. Quantitative analysis 
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