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Abstract

Farnesoid X receptor (FXR), a member of the nuclear receptor superfamily that controls bile 

acid (BA) homeostasis, has also been proposed as a tumor suppressor for breast and liver 

cancer. However, its role in pancreatic ductal adenocarcinoma (PDAC) tumorigenesis remains 

controversial. We recently found that FXR attenuates acinar cell autophagy in chronic pancreatitis 

resulting in reduced autophagy and promotion of pancreatic carcinogenesis. Feeding Kras-p48-

Cre (KC) mice with the BA chenodeoxycholic acid (CDCA), an FXR agonist, attenuated 

pancreatic intraepithelial neoplasia (PanIN) progression, reduced cell proliferation, neoplastic 

cells and autophagic activity, and increased acinar cells, elevated pro-inflammatory cytokines 

and chemokines, with a compensatory increase in the anti-inflammatory response. Surprisingly, 

FXR-deficient KC mice did not show any response to CDCA, suggesting that CDCA attenuates 

PanIN progression and decelerate tumorigenesis in KC mice through activating pancreatic FXR. 

FXR is activated in pancreatic cancer cell lines in response to CDCA in vitro. FXR levels were 

highly increased in adjuvant and neoadjuvant PDAC tissue compared to healthy pancreatic tissue, 
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indicating that FXR is expressed and potentially activated in human PDAC. These results suggest 

that BA exposure activates inflammation and suppresses autophagy in KC mice, resulting in 

reduced PanIN lesion progression. These data suggest that activation of pancreatic FXR has a 

protective role by reducing the growth of pre-cancerous PDAC lesions in response to CDCA and 

possibly other FXR agonists.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is currently the fourth leading cause of cancer-

related deaths for both sexes and is expected to become the second most common cause 

of cancer-related mortality in developed countries within the next decade [1]. The five-year 

survival for pancreatic cancer patients remains as low as 11% in the USA. While surgical 

techniques and systemic chemotherapy have been improved, the overall five-year survival 

rate has remained virtually unchanged over recent decades [1–4]. New targets for early 

diagnosis or prevention of tumorigenesis progression are needed to improve survival.

Facing genetic pressure or environmental stress, one very early alteration in pancreatic 

cells is acinar-to-ductal metaplasia (ADM). This reprogramming progresses to pancreatic 

intraepithelial neoplasia (PanIN), the most common pancreatic precursor lesion. PanIN 

lesions are thought to be derived from ADM and can further develop into invasive tumor 

cells [5–8]. ADM and PanIN can be detected in chronic pancreatitis and the area adjacent 

to PDAC [9, 10]. Genetic mutation or tissue microenvironment pressure can cause acinar 

cell injury, potentially facilitating cellular ADM [11]. The precursor lesions progress from 

PanIN-1 (hyperplasia) to PanIN-2 (atypia), to PanIN-3 (carcinoma in situ) [12, 13]. A 

unique mutation in pancreatic Kras was sufficient to initiate PanIN lesions in a genetically 

engineered mouse model (GEMM) [14].

In recent years, bile acids (BAs) and the farnesoid X receptor (FXR) have become a major 

focus for modulating tumorigenesis [15, 16]. FXR appears to impair the tumor development 

in breast cancer (BC), hepatocellular carcinoma (HCC), and colorectal carcinoma (CRC), 

acting as a potential tumor suppressor [15, 17–20]. Its role in PDAC has also gained 

attention since FXR is highly expressed in pancreatic cancer tissue, correlating with nodal 

metastasis and poor prognosis [20]. A recent study found elevated serum BA/cholic acid 

derivates in PDAC patients with or without obstructive jaundice, suggesting that BAs 

promote carcinogenesis in PDAC patients [21]. While multiple studies indicate that FXR 

promotes PDAC cancer cell proliferation and progression, one study found an association 

with low-grade tumors and better survival [22]. While HCC and CRC experimental studies 

using FXR-deficient mice showed a tumor suppressor function for FXR, the precise role of 

FXR and BAs in pancreatic tumorigenesis remains unclear [16, 23]. Some studies reported 

the anti-tumorigenic effects of BAs, others reported pro-tumorigenic properties [24–26]. 

FXR was recently found to be highly increased in human and murine pancreatitis tissue and 

deletion of pancreatic FXR appeared to protect against caerulein-induced pancreatitis [27]. 

Since BAs may reflux into the pancreas duct and could contribute to common etiologies for 

biliary pancreatitis, their underlying mechanisms in pancreatic pathogenesis requires further 

study [28, 29].
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FXR can also suppress the pancreatic autophagy by reducing the expression of autophagy-

related protein-7 (Atg7) and lysosomal-associated membrane protein 2 (Lamp-2), thereby 

reducing autophagy activity in response to BA [30–33]. Our previous study showed 

increased FXR expression in human chronic pancreatitis tissue along with increased BA 

levels [34]. FXR can regulate autophagy signaling in both hepatocytes and mouse liver by 

suppressing the transcription of autophagy genes, and inhibiting the autophagic degradation 

progress [32]. We previously showed that both glycochenodeoxycholic acid (GCDC) and 

taurocholic acid (TCA) can activate nuclear FXR thereby suppressing autophagy function 

in AR42J cells in vitro [34]. As endogenous FXR agonists with different affinities and 

activation efficiencies for FXR, the order of potency for BAs is chenodeoxycholic acid 

(CDCA) > lithocholic acid (LCA) = deoxycholic acid (DCA) > cholic acid (CA) [35].

In this study, we show that CDCA feeding in mice suppresses autophagy signaling in 

the presence of FXR, activates the pancreatic inflammatory responses, and suppresses the 

production of PanIN lesions and the progression into invasive metaplasia in PDAC. FXR is 

also highly activated in chemo-naive and neoadjuvant human PDAC patients without any 

correlation between their FXR profile and survival.

Materials and methods

Cell Culture

AR42J, CAPAN-1 and PANC-1 cells were purchased from ATCC and cultured under 

conditions recommended by the ATCC in F-12, DMEM or IMDM Medium with 10 – 20% 

FBS, 50 μg/ml streptomycin, 50 U/ml penicillin G and 2.5 mg/ml plasmocin. The cell lines 

were grown in 75 cm2 flasks and the medium was renewed every 3 to 4 days, the cells 

were sub-cultured when approximately 90% confluent. AR42J cells were also cultured in 

Matrigel and fixed with 4% paraformaldehyde (PFA) for 2 hours at room temperature in a 

fume hood. Using HistoGel to embed Matrigel to form a sandwich and then transferred into 

the tissue blocks to make formalin-fixed paraffin-embedded (FFPE) tissue samples for single 

layer cell immunofluorescence staining. CAPAN-1 and PANC-1 were also fixed with 4% 

PFA and processed as described for AR42J cells.

Antibodies and reagents

Antibodies were selected according to proven functionality for use with formalin-fixed 

paraffin-embedded (FFPE) tissue sections and western blots by as revealed in previously 

published studies or antibody test as described previously [10, 34, 36, 37]. All antibodies 

used in this investigation are listed in the Supplemental Materials (Table 1–4).

Human subjects

This study was approved by the Ethics Committee of Heidelberg University (Ethics 

Committee Approval No. S-199/2017 and S-708/2019), cording to the Helsinki Declaration. 

The tissue samples are from the tissue bank of the Department of Surgery in Heidelberg 

University. All of the patients had been informed and signed formal consents for use of 

their tissues for scientific research. In total, 36 tissue samples from patients characterized 

previously were used, which included 18 tissue samples from patients after neo-adjuvant 
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therapy, 9 adjuvant chemo-naïve tissue samples from resectable PDAC patients undergoing 

surgery, and 9 normal pancreata from healthy organ donors without appropriate recipients 

found for transplantation [37].

Animals

LSL-KrasG12D mice: Exon1 of Kras was flanked by loxp-stop-loxp and exon1 containing 

G12D, were kindly provided by David Tuveson [14]. FxrF/F mice, in which the last Fxr 
exon of was flanked by two loxP sites, were described previously [38]. In p48-cre mice, 

part of p48 locus was replaced by the Cre recombinase gene [39]. LSL-KrasG12D mice were 

crossed with p48-cre mice to generate p48-Cre; LSL-KrasG12D mice (KC mice). FxrF/F mice 

were crossed with p48-cre mice to generate Fxr-Cre mice (FC mice). KC mice were crossed 

with Fxr∆pan mice to generate Fxr-Cre; p48-Cre; LSL-KrasG12D mice (KFC mice). The mice 

were bred under standard conditions in a pathogen-free facility. All mouse strains were 

established and maintained with a C57LB/6J background. All animal studies were approved 

(study # G-24/17) by the Institutional Animal Care and Use Committee of Heidelberg 

University in accordance with the Federal Presiding Board guidelines for Animal Care, 

Karlsruhe, Germany.

Experiment design

Twenty-three-week-old male mice were administrated 0.1% (w/w) CDCA solved in PBS 

in the drinking water for 8 weeks, the vehicle control groups were given the same 

concentration of PBS in drinking water. KC mice exposed to CDCA are referred to as 

KC-CDCA mice, while KC-PBS designate normal feeding mice in which PBS was added 

to the drinking water. The same rule was applied for KFC mice to categorize KFC-PBS 

and KFC-CDCA. Mice were killed at age 30-weeks and the whole pancreas tissue was 

resected as described previously [10, 40, 41]. The pancreas was washed in cold PBS for a 

few seconds, then weighed. The tissue was cut into two pieces; one piece was immersed in 

liquid nitrogen and kept at −80°C and another piece was soaked in 4% phosphate-buffered 

formaldehyde solution.

Cell viability assay

Cell viability was measured by the MTT assay. Two-hundred μl of medium containing 

5×103 AR42J, CAPAN-1 or PANC1 cells were plated in 96-well plates, 6 wells per group. 

After growing for 24 h, the cells were treated with different concentration of CDCA with 

each group having the same concentration of DMSO (vehicle). Twenty-four h later, 10 μl 

MTT solution (5 mg/ml) were added into each well and after incubating for 4 hours, the 

medium was discarded and 100 μl DMSO added to dissolve the MTT formazan crystals. 

After the MTT formazan crystals were completely dissolved, the 96-well plate was placed 

in a microplate spectrophotometer and absorbance of 570 nm and 690 nm measured. The 

viability was assessed by the formula: (Treatment OD - blank OD) / (Control OD – blank 

OD) x 100%.
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Genotyping

DNA extraction was performed according to the protocol supplied with the Fast 

Tissue-to-PCR Kit using mouse tails. Two μl DNA extract was added to a 20 μl 

PCR reaction system containing Dream Taq PCR Master Mix primers and nuclease-

free water (Thermo Fisher Scientific, Waltham, MA, USA). DNA amplification 

was conducted in a real-time quantitative PCR machine (LifeTouch and Eppendorf 

PCR cycler), followed by separation on a 2% agarose gel containing DNA Stain 

G (SERVA, Heidelberg, Germany) under standard DNA electrophoresis conditions 

and UV illuminator visibility. The primers used in the PCR reaction are listed: 

Kras forward primer: 5’-CCTTTACAAGCGCACGCAGACTGTAGA-3’, reverse primer: 

5’-AGC-TAGCCACCATGGCTTGAGTAAGTCTGCA -3’; p48-cre forward primer: 5’-

ACC-GTCAGTACGTGAGATATCTT-3’, reverse primer: 5’-ACCTGAAGATGTTCGCGA-

TTATCT-3’; Fxr forward primer: 5’-ACAAGAGCCCTGTAAAGAGTTTTC-3’, Fxr reverse 

primer: 5’-GTGAGGAAGATGACAAAATTGCTAC-3’.

Histopathological evaluation

Hematoxylin & eosin (H&E) staining was performed on fixed mouse tissues. Tissue sections 

with H&E staining were examined by a pathologist who was blinded to the exact identity 

of each sample. Histopathological evaluation including normal acinar cells, islets, ADM, 

PanIN-1, PanIN-2, PanIN-3 and stroma were performed. Annotations for different parts 

were draw by manual comprehensively. With the Tissue Gnostics imaging and StataQuest 

systems, a specific area of each part was analyzed based on the exact area data from the 

whole tissue, which is a more precise comparison to selected microscope field of view.

Normal acinar cells are enzyme secreting units, so called acini. Acinar cells are pyramidal-

shaped and polarized in which endoplasmic reticulum occupy the basal pole and zymogen 

granules occupy the apical pole. ADM cells are derived from acinar cells with loss 

of cytoplasmic proteins, and thus a ductal cells morphology is shown with cytoplasm 

contraction. PanIN-1 consist of flat epithelium composed of tall columnar mucin and round 

and oval nuclei, located on the base side. PanIN-2,3 is an atypical form with papillary mucin 

cells, nuclear enlargement with crowing. Pseudostratification was found along with loss of 

polarity in cytoplasm [12]. Representative images are shown in Suppl. Figure 2.

Real-time PCR

Frozen whole mouse pancreatic tissues were extracted using TRIzol-Reagent (Life 

Technologies, Invitrogen) and processed, as described previously [10, 34]. The primer 

sequences for mouse have been previously reported and were additionally checked using 

NCBI primer blast [42]. FXR Primer sequences in real-time PCR analysis Forward: 

CTTGATGTGCTACAAAAGCTGTG; Reverse: ACTCTCCAA-GACATCAGCATCTC, 

against GAPDH Primer sequences Forward: TGACCTCAA-CTACATGGTCTACA; 

Reverse: CTTCCCATTCTCGGCCTTG.

Immunofluorescence (IF)

IF was conducted using FFPE pancreatic tissue sections and performed as described in 

detail previously [10, 34, 36, 37] IF images were acquired from the integral tissue sections 
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automatically with a fluorescence microscope (Observer. Z1, Zeiss) under the control of 

the TissueFAXS software (TissueGnostics, Vienna, Austria). Appropriate exposure time and 

sensitivity threshold were set to different channels (DAPI, Cy3.5 [570 nm] and Cy5 [650 

nm], Chroma Technology, USA) to detect different target proteins. The TissueFAXS system 

can also be used to acquire the H&E staining. The images were analyzed by the StrataQuest 

software (TissueGnostics), which can detect the location, intensity of target fluorescence 

signals, and quantitation of the total cell numbers from DAPI positive cells or target-protein 

positive cells carried out. To achieve optimal cell detection, nuclei size and cellular mask 

size were adjusted for different targets.

For the evaluation of positive cells, FACS-like scattergrams were created, in which all 

cells were plotted based on their IF mean intensity versus the DAPI mean intensity. An 

appropriate cutoff was applied to categorize specific IF-positive signals in cells, according to 

cell size and the intensity of target-protein in negative controls, with the real-time back 

gating function of the software. Expression levels of the specific target proteins were 

demonstrated by the percentage of target protein-positive cell numbers and total DAPI 

positive cell-numbers within the entire tissue, which can be adopted from the upper-right 

quadrant in a FACS-like scattergrams approach, as described before [10, 34, 36, 37]. For 

MPO positive cells, we determined the number of MPO-positive cells within the total 

DAPI-positive cell numbers in the entire tissue (cell number per mm2) [10, 37]. Similarly, 

the colocalization of different proteins with acinar cell marker α-amylase or duct-like cell 

and neoplastic cell marker CK19 were analyzed with StrataQuest software [40]. CK19 is 

a useful marker for staining ductal-like cells and is also detects cells of early neoplastic 

transformation and was used to discriminate between the normal and neoplastic cells [43].

Western blotting (WB)

Mouse pancreas tissues were homogenized in ice-cold lysis buffer (50 mM HEPES, 5 

mM CHAPS, 5 mM DTT), with the addition of proteinase inhibitors (aprotinin, leupeptin, 

pepstatin, PMSF) and a trypsin inhibitor before use. The proteins were collected and 

the concentrations were measured with the BCA Protein Assay Kit according to the 

manufacturer’s instructions. Mini-Protean® 3 Cell System and SDS-polyacrylamide gels 

were used to perform electrophoresis. The transfer procedure was performed in ice-cooled 

transfer buffer by the Mini Trans-Blot Cell System. The membranes were scanned with the 

ODYSSEY® CLx (LI-COR) imaging systems, and the digital images were captured. ImageJ 

software was adopted for quantification of the target-protein.

Statistical Analysis

The software GraphPad Prism 6 was applied for the statistical analysis. All quantitative 

data were presented as mean ± SEM (Standard Error of the Mean). Analysis of variance 

(ANOVA) was applied for statistical analysis for multiple groups analysis, followed by 

Student’s t-Test for two groups analysis. The outlier identification was performed for the 

data enrolled. Results with p value ≤ 0.05 were considered to be statistically significant. The 

significance score was shown as: *< 0.05; **< 0.01; ***< 0.001; ****< 0.0001.
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Results

Generation of Kras-p48Cre and Kras-Fxr-p48Cre mice

To investigate FXŔs role in pancreatic carcinogenesis, we crossed Kras-p48Cre (KC) mice 

with pancreas-deficient-Fxr-floxed mice resulting in Kras-Fxr-p48Cre (KFC) mice in which 

Fxr is disrupted in the pancreas. PCR genotyping of Kras, pancreas associated transcription 

factor 1a (Ptf1a, p48)-Cre, and Fxr was performed on genomic DNA extracted from mouse 

ears. The KrasG12D mutation is represented by a 550 bp fragment, and p48-Cre by a 350 bp 

fragment. Wild-type Fxr had a 378 bp fragment, while the FxrF/F allele was represented by 

a 458 bp fragment. Two fragments (378 and 458 bp) were present in heterozygous Fxr+/− 

mice (Suppl. Fig. 1A). Since FXR is absent in the pancreas but expressed in the liver, the 

Cre system is sufficient to deplete pancreatic FXR [44]. Mouse pancreata were harvested, 

processed in formalin-fixed and paraffin-embedded (FFPE) tissue and hematoxylin and 

eosin (H&E) stained, as described previously [34, 36]. In FxrF/F and FxrΔpan mice, the 

pancreas appeared normal with normal acini, islets, ductal structures, and blood vessels. 

Pancreas-specific FXR deficiency did not alter any phenotype in the pancreas (Suppl. Fig. 

1B). This result is consistent with a recent study suggesting that pancreatic Fxr disruption 

did not directly induce alterations in pancreatic histology and exocrine function under 

normal conditions [27]. KC mice showed ADM and PanIN progression over time. At 

30 weeks, the KC mice had residual acinar cells, ADM, PanINs, and massive stroma in 

their pancreas [45]. At 45 weeks of age, fewer acinar cells remained, and a higher PanIN 

proportion was observed. Morphology as revealed by H&E staining, was similar in KC and 

KFC mice (Suppl. Fig. 1C). While KC and KFC mice showed the well-described pancreatic 

cells neoplasia of ADM and PanIN-like morphology, pancreatic FXR deficiency caused no 

notable morphological changes.

Physiological properties were unaffected after BA exposure

Twenty-three-week-old KC or KFC mice were given 0.01 % (w/w) CDCA in the drinking 

water for eight weeks (Fig. 1A). The control group’s drinking water contained the same 

concentration of phosphate-buffered saline (PBS). The body weight of a healthy 32-week-

old mice was 36.7 ± 3.7 g (mean ± standard error of the mean [SEM]). The pancreata were 

enlarged in the KC and KFC mice, however, they remained normal in Kras-Fxr WT and 

FxrΔpan mice (Fig. 1B). At 30 weeks, the body weights did not differ between the KC-PBS 

and KFC-PBS, KC-CDCA, and KFC-CDCA groups (five mice per group) (Fig. 1C). In 

addition, the pancreas weights did not differ significantly among the four treatment groups 

(Fig. 1D). Moreover, the ratios of pancreas weight/body weight were higher in the KC than 

in the KFC mice with or without CDCA. CDCA feeding decreased the pancreas to body 

weight, ratio indicating that FXR deficiency may attenuate BA tolerance (Fig. 1E). This 

result suggests that FXR levels are elevated in pancreatic pre-tumorigenic cells and do not 

strongly influence the pancreatic physiological response to CDCA.

BA feeding inhibits pancreatic precursor lesion progression in KC mice.

Spontaneously pancreatic ADM and PanIN were found in KC mice as early as eight weeks 

of age, and the precursor lesions continue to progress over time. In high-grade lesions, 

fewer normal acinar cells remained, and more ADMs and PanIN lesions were observed 
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(Suppl. Fig. 2A–B). H&E imaging with the TissueFAXS system, and pathological analysis 

was performed using the StrataQuest software (Suppl. Fig. 2C–D). Each lesiońs area in the 

integral tissue was annotated and its proportion was calculated with the Tissue Gnostics 

imaging and StataQuest systems. KC mice fed with CDCA had significantly more acinar 

cells (p = 0.0168) and fewer PanIN-1 lesions (p = 0.0357) than KC mice fed PBS but 

had similar PanIN-2 and PanIN-3 lesions (p = 0.1404) (Suppl. Fig. 2E). Surprisingly, 

ADM development did not differ. Fewer PanIN precursor lesions and more acini cells were 

detectable after CDCA feeding with intact FXR receptor.

BA feeding improves pancreatic neoplasia and fibrogenesis in KC mice with intact FXR.

Quantitative immunofluorescence (IF) analyses for α-amylase (intact acini) and keratin-19 

(KRT19/CK19; pan-neoplastic cells) cells were consistent. In KRAS-FXR floxed WT mice, 

α-amylase was present and levels were not changed by CDCA feeding. In the normal 

pancreas of KrasFXR floxed mice, CK19 was only detectable in 3% of mostly ductal 

cells and few neoplastic cells within the entire pancreatic tissue but decreased to 1% after 

by exposure to CDCA with intact FXR (Suppl. Fig. 3A–B). However, KC-CDCA mice 

had significantly more α-amylase-positive acinar cells than KC-PBS mice (p = 0.047). 

FXR-deficient mice tended to have more α-amylase-positive acinar cells, but the difference 

did not reach statistical significance (Fig. 2A–B). In contrast, KC mice exposed to CDCA 

had significantly fewer CK19-positive neoplastic cells than KC mice fed PBS (p = 0.0317) 

(Fig. 2C–D). Interestingly, CK19-positive cell numbers in KFC mice did not significantly 

differ between CDCA or PBS exposure. This result suggests the presence of lower ductal 

epithelial cell transformation in KC mice after exposure to CDCA.

The proliferation marker Ki67 was also reduced in KC mice after CDCA feeding, suggesting 

reduced epithelial cell proliferation (Fig. 2E). We found no alteration in pancreatic-FXR-

deficient KFC mice after CDCA feeding suggesting that CDCA reduces pancreatic PDAC 

desmoplasia with intact FXR, while FXR loss does not alter pancreatic neoplasia. Fxr 
mRNA levels were measured in wild-type and Kras-p48-Cre mice with or without CDCA 

feeding. While Fxr mRNA was elevated in KC mice with or without CDCA administration, 

it was non-significantly increased after CDCA feeding (Suppl. Fig. 3C).

Pancreatic stellate cells (PSCs) are known to be involved in stroma formation and neoplasia. 

PSC proliferation was detected by measurement α-smooth-muscle actin (ACTA2) levels. 

IF staining and quantitative analysis showed that KC mice administrated CDCA had fewer 

ACTA2-positive cells than control mice (p = 0.0314). No difference in ACTA2 was found 

in pancreatic FXR-deficient KFC mice after CDCA exposure, suggesting that intact FXR 

attenuates pancreatic neoplastic lesions and improves pancreatic desmoplasia in response to 

BAs (Fig. 2F–G).

BA feeding inhibits autophagy in KC mice.

Autophagy is a critical cellular degradative pathway for maintaining pancreatic cellular 

homeostasis. However, whether impaired autophagy is a cause or consequence of pancreatic 

damage remains unclear. Impaired autophagy signaling promoted chronic pancreatitis 

development and increased ADM formation in a mouse model [10, 46, 47]. In the Kras-
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derived PanIN murine model (KC mice), as a self-digestion metabolic pathway, a high 

autophagy level can promote tumor growth [48]. FXR was shown to be a potent autophagy 

suppressor [32, 34]. To investigate whether autophagy was altered by CDCA feeding, total 

pancreas protein extract was used for LAMP2, autophagy-related 5 (ATG5), and light-chain 

3 (LC3) immunoblotted analysis with GAPDH as a loading control (Fig. 3A). Additionally, 

we performed immunoblot analysis against SQSTM1 (p62) (Fig. 3B). The gray-scale values 

of fragments for four mice per group were calculated using the ImageJ software. The 

normalized values for LAMP2 (p = 0.0121), LC3 (p = 0.0165), ATG5 (p = 0.0057) were all 

reduced while the expression of the autophagy substrate p62 (p = 0.0222) was increased in 

KC mice exposed to CDCA (Fig. 3C–F). No autophagy alterations were found in KFC mice 

with or without CDCA feeding. Consistent with a recent report, FXR activation by CDCA 

reduced pancreatic autophagy signaling in KC mice [27].

Pro-inflammatory cytokines and chemokines are elevated by BA feeding in KC mice.

The inflammatory response in the pancreas may have both pro-tumorigenesis and anti-

tumorigenesis properties. The activated inflammatory response in acinar cells is protective 

against endogenous pressure or stimuli [36]. Pro-inflammatory cytokines and chemokines, 

including tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and monocyte 

chemoattractant protein 1 (MCP-1) were examined in pancreatic tissue by IF staining, 

Quantitative analysis of cytokines and chemokines in acinar cells was based on their 

colocalization with α-amylase.

TNF-α (p = 0.0019) and IL-6 (p = 0.0386) levels were significantly higher in the α-amylase-

positive acinar and neoplastic cells of KC mice given CDCA with pre-cancerous precursor 

lesions. In contrast, they were unchanged in KFC mice (Fig. 4A–D). Precursor lesions and 

stroma occupy most pancreatic tissue of KC mice at the age of 30 weeks (Suppl. Fig. 1C), 

and pancreatic cancer showed little immunogenic response. We predict that most α-amylase-

negative cells are somehow neoplastic cells. Interestingly, those α-amylase-negative and 

presumably neoplastic cells are more capable of responding to TNF-α and IL-6 in response 

to CDCA.

Similarly, MCP-1 (p = 0.0493) and myeloperoxidase (MPO; p = 0.0422) levels were higher 

in KC mice fed CDCA and KFC mice with or without CDCA. Pro-inflammatory signals 

also tended to increase in FXR-deficient mice but did not differ with or without CDCA. 

MCP1 levels did not differ in neoplastic cells with a similar α-amylase level (Fig. 4E–

H). These results indicate that CDCA increased pro-inflammatory cytokines, chemokines, 

and MPO levels in KC mice, reducing their overall neoplastic activity, suggesting that an 

increased inflammatory response may promote FXR’s cytoprotective effect in response to 

CDCA.

The anti-inflammatory response was activated in KC mice by BA administration

Transforming growth factor-beta (TGF-β), an important regulator of the anti-inflammatory 

response and fibrosis, was investigated by IF [49]. TGF-β levels were increased in acinar 

cells of KC mice (p= 0.0309) but decreased in KFC mice in response to CDCA feeding (Fig. 
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5A–B). α-Amylase-negative and presumably neoplastic cells appeared to produce higher 

TGF-β levels with and without CDCA.

Another anti-inflammatory cytokine interleukin 10 (IL-10) was examined to elucidate the 

anti-inflammatory response. CDCA increased IL-10 levels compared to normal control 

in KC mice (p = 0.0232) (Fig. 5C–D). Interestingly, α-amylase-negative and presumably 

neoplastic cells produced 6- to 8-fold higher IL-10 levels, which were slightly higher after 

CDCA exposure. IL-10 tended to have non-significantly higher levels in response to CDCA. 

These results on TGF-β and IL-10 levels suggest that the anti-inflammatory response was 

activated by CDCA in KC but not KFC mice.

BA exposure activates FXR signaling in pancreatic tumor cells

We previously showed that FXR expression was induced in AR42J acinar-like cells by 

exposure to TCA and GCDC [34]. Among all BAs, CDCA was the most potent FXR 

ligand, with relatively low cytotoxicity. However, CDCA was cytotoxic to AR42J cells with 

a half-maximal inhibitory concentration (IC50) of 255 μM; MTT-assay-based cell viability 

was unchanged at higher concentrations. Similar MMT assay results were obtained with 

the CAPAN-1 and PANC-1 pancreatic cancer cell lines (Fig. 6A). Since AR42J cells tend 

to grow in clusters, they were cultured and treated with CDCA in Matrigel and made 

into 4 μm-thick FFPE slides to examine the cell layer (Fig. 6B). IF quantitation showed 

significantly increased nuclear FXR levels after treatment with 200 μM CDCA (Fig. 6C). 

We further confirmed that 200 μM CDCA increased nuclear FXR levels in human PANC-1 

and CAPAN-1 pancreatic cancer cell lines as revealed by IF (Fig. 6D–E and Suppl. Fig. 4). 

These data suggest that CDCA exposure increases nuclear FXR levels in pancreatic cancer 

cells.

FXR is highly elevated in chemo-naïve adjuvant and neoadjuvant human PDAC tissue

FXR is highly expressed in chronic pancreatitis and metastatic PDAC [34, 50]. FXR was 

co-stained with CK19 in neoadjuvant and adjuvant chemo-naïve PDAC patients and donated 

healthy pancreatic tissues by IF (Fig. 7A). FXR levels in neoplastic cells were 16-fold higher 

in chemo-naïve adjuvant (p = 0.0060) and 82-fold higher in neoadjuvant (p < 0.0001) PDAC 

tissues compared to healthy tissue. FXR levels were also five-fold higher in neoadjuvant (p 
= 0.0008) compared to chemo-naïve adjuvant tissues (Fig. 7B). These results suggest that 

chemo-naïve adjuvant and neoadjuvant PDAC patients have significantly higher FXR levels 

than healthy individuals, which are even higher in patients exposed to chemotherapy.

Discussion

This study provides evidence for the first time that in KC mice CDCA activates FXR in 

the pancreas and reduces pancreatic carcinogenesis. Therefore, activation of FXR showed 

tumor-suppressive properties. Consistent with our findings, FXR is highly increased in 

human and murine pancreatitis tissue, and loss of pancreatic FXR protects against caerulein-

induced pancreatitis [27]. While some studies have found FXR to be associated with 

poor prognosis, others revealed a better survival rate is positively correlated with higher 

FXR expression [22, 50, 51]. In the present study, FXR levels were five-fold higher in 
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tissues from neoadjuvant patients than from chemo-naïve adjuvant PDAC patients. This 

finding indicates that cytotoxic anti-cancer therapy increased FXR expression, which is 

correlated with regulation of the detoxifying enzyme cytochrome P450 family 3 subfamily 

A members (CYP3As) [30]. FXR levels were 82-fold higher in neoadjuvant and 16-fold 

higher in chemo-naive adjuvant tissues compared to healthy donor tissues, indicating 

that neoplastic conditions are sufficient to activate FXR expression. FXR also regulates 

CYP3A4, potentially explaining the higher FXR levels found in neoadjuvant PDAC patients 

[30].

Mice lacking FXR spontaneously developed liver cancer indicating that FXR suppresses 

tumorigenesis in HCC likely due to increased cholestasis [15, 52]. Other studies also found 

that FXR impaired tumor-promoting functions in breast cancer, HCC, and CRC, acting as a 

tumor suppressor in agreement with our results [15, 17–20, 23].

FXR is the main regulator of BA functional effects in humans. Chronic pancreatitis is a 

risk factor for PDAC development, and previous studies revealed that FXR is increased 

in chronic pancreatitis [34]. The present study showed that nuclear FXR levels are highly 

elevated in chemo-naïve tissues of PDAC patients and even more so after neoadjuvant 

therapy. However, our cohort did not include PDAC patients with metastases. Further 

clinical studies and basic investigations are needed to fully elucidate the association between 

FXR and PDAC carcinogenesis. Notably, FXR levels were elevated in KC mice fed a PBS 

solution without CDCA, indicating that the development of PDAC precursor lesion ADMs 

and PanINs is sufficient to activate FXR expression under neoplastic conditions.

Increased serum BA levels had tumorigenic potential in breast and gastrointestinal cancer.

[15] However, BAs’ roles in PDAC remain controversial, with promoting and suppressing 

PDAC properties having been reported [15, 21]. The different responses of cancer cells 

to BAs appear to depend on their individual FXR expression profiles [15]. PanIN lesions 

are the most common and best-characterized pancreatic precursor metaplasia in PDAC 

tissue. Several mouse models have been established to recapitulate the spectrum from PanIN 

lesions to PDAC tumorigenesis [53]. Here, as a PanIN precursor model, KC mice developed 

early ADMs as a precursor metaplasia for PanIN that were detectable by H&E staining at 

four weeks old, with PanIN lesions becoming visible at eight weeks old. Consistent with 

previous studies, the KC mice generated for this study showed severe neoplastic ductal 

structures at 30 weeks old. PanIN-1 lesions replaced around 60% of the pancreas. Compared 

to normal feeding, KC mice fed BAs had less metaplasia, with more acinar cells and fewer 

ductal cells, and decreased neoplastic cell proliferation, suggesting a suppressive effect on 

PanIN progression for BAs. In our experimental mouse model, disruption of pancreatic 

FXR alone did not influence pancreatic histology or exocrine function, which was recently 

confirmed [27].

The inhibition of PanIN progression in KC mice after BA/CDCA feeding might be 

associated with the attenuation or enhancement of Kras-driven molecular changes in 

autophagy signaling, fibrogenesis, and inflammation responses, all of which are involved 

in PanIN progression. Kras-driven mouse tumors show increased basal autophagy and 

inhibition of autophagy suppresses tumor cell proliferation and inhibits tumorigenesis 
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progression [54, 55]. The present study revealed that LAMP2, ATG5, LC3 and p62 levels 

indicate that CDCA feeding inhibited autophagy activity in KC mice as indicated by 

measurement of LAMP2, ATG5, LC3 and p62 protein levels, suggesting that decreased 

autophagy signaling may contribute to inhibiting PanIN-1 development and thus progression 

of the whole PanIN lesion spectrum. CDCA is one of the most potent FXR agonists and it is 

likely that FXR activation in the pancreas mediates these effects [23]. Along with autophagy 

signaling, tumor growth is interconnected with the balance of cell growth and cell death. 

We observed less proliferation (Ki67) and fewer neoplastic cells (CK19) in accordance 

with more α-Amylase positive acinar cells in the KrasCre mouse pancreas after exposure 

to CDCA compared to control KrasCre mice, suggesting that exposure of mice with intact 

FXR receptor to bile acid FXR-activators reduce tumorigenesis. Cell death by apoptosis 

and necroptosis really did not show any difference after CDCA feeding, we predominantly 

determine less cell proliferation and no strong induction of apoptosis (Suppl. Fig. 5A/B). We 

conclude that CDCA feeding with intact FXR show rather sign of reduced tumor cell growth 

and reduced tumorigenesis.

Acinar cells can produce cytokines and chemokines in response to an insult and could 

regulate immune cell infiltration. The pro-inflammatory response in acinar cells can play 

a protective role in eliminating damaged cells and initiating tissue repair to restore 

homeostasis [36, 56, 57]. The early-phase inflammatory mediator TNFα and late-phase 

inflammatory mediator IL-6 levels were elevated in KC mice in response to CDCA. 

Consistent with the TNF-α and IL-6 data, MCP-1 and MPO were increased after BA 

exposure, indicating greater monocyte infiltration. No alterations were detected in KFC 

mice, suggesting that inflammation activation by CDCA is FXR-dependent. Importantly, 

KC mice with 30% CK19-positive neoplastic cells and fibrotic tissue could still produce 

cytokines in response to CDCA. While PDAC tissues showed low immunogenic responses 

with few infiltrated immune cells, neoplastic cells might still be able to produce 

inflammatory responses.

CDCA feeding upregulated the anti-inflammatory mediators TGF-β and IL-10, which both 

increase anti-inflammatory processes. This effect was suggested as a beneficial response 

to KRAS-driven pancreatic cell metaplasia [58]. Inflammation in the pancreas is enhanced 

by high RAS activity due to the KrasG12D mutant, which maintains and promotes PanIN 

progression. However, the anti-inflammatory response is equally high [59]. This enhanced 

anti-inflammatory response, mediated by CDCA activation of FXR, might explain the acinar 

cell-protected phenotype caused by the reprogramming of acinar-ductal cells and, thus, 

inhibited ductal cell transformation.

In summary, this study showed that CDCA administration to KC mice increased the 

acinar cell tissue proportion and slowed PanIN progression by suppressing autophagy and 

fibrogenesis and activating the inflammatory response. This protective effect was not present 

in mice in the absence of FXR in the pancreas. Pancreatic neoplasia PDAC precursor lesions 

and established PDAC are sufficient to activate pancreatic FXR expression. Therefore, FXR 

could be a potential novel therapeutic target against pancreatic cancer.
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Abbreviation

ADM acinar-to-ductal metaplasia

Atg5 autophagy-related protein-5

BA bile acid

BC breast cancer

C57LB/6J background wild-type mouse

CA cholic acid

CDCA chenodeoxycholic acid

CK19/Krt19 Cytokeratin/Kreatin 19

CRC colorectal carcinoma

Cy5 Cyanine 5 monosuccinimidyl ester

DAPI 4’,6-Diamidino-2-phenylindol)

DCA deoxycholic acid

DMSO Dimethylsulfoxid

FACS fluorescence activated cell sorting

FC Fxr-Cre mice

FFPE formalin-fixed paraffin-embedded
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FXR Farnesoid X receptor

Fxr∆pan FXR is depleted in the pancreas

FxrF/F Floxed Genotype

GCDC glycochenodeoxycholic acid

GEMM genetically engineered mouse

H&E Hematoxylin & eosin

HCC hepatocellular carcinoma

IF Immunofluorescence

IL-6 interleukin-6

KC Kras-p48Cre

Lamp-2 lysosomal-associated mem-brane protein 2

LC3 light-chain 3

LCA lithocholic acid

LSL loxp-stop-loxp

MCP-1 monocyte chemoattractant protein 1

MPO Myeloperoxidase

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazoliumbromid

NCBI National Center for Biotechno-logy Information

PanIN pancreatic intraepithelial neo-plasia

PBS Phosphate Buffered Saline

PCR polymerase chain reaction

PDAC pancreatic ductal adeno-carcinoma

PSC Pancreatic stellate cells

aSMA α-smooth-muscle actin

TCA taurocholic acid

TGFß Transforming growth factor-beta

TNFα tumor necrosis factor-alpha
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Highlights

• Bile acids have been correlated with poor survival in metastatic PDAC 

patients.

• Bile acids activate pancreatic FXR in vitro and in vivo.

• FXR is highly activated in chemo-naïve and neoadjuvant human PDAC tissue.

• FXR activation by BAs reduce pancreatic precancerous lesions in the KC 

mouse model.

• Loss of FXR eliminates the reduction of pancreatic precancerous lesions by 

BAs

• FXR is a potential tumor suppressor in PDAC.
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Figure 1. General physiological properties of KC and KFC mice.
(A) Protocol for breeding and CDCA feeding in KC and KFC mice. (B) Representative 

pancreas images for KC, KFC, FxrWT, and FxrΔpan mice. (C) Body weights of 30-week-old 

KC and KFC mice with normal and CDCA feeding; plotted data are means ± SEM across 

five mice per group. (D) Pancreas weights of 30-week-old KC and KFC mice with normal 

and CDCA feeding; plotted data are means ± SEM across five mice per group. (E) Pancreas 

weight to body weight ratios of 30-week-old KC and KFC mice with normal and CDCA 

feeding; plotted data are means ± SEM across five mice per group.
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Figure 2. Functional properties of KC and KFC tissues.
(A) Representative IF images (20× objective; scale bar = 200 μm) of pancreatic 

tissue stained for α-amylase (red) and 4′,6-diamidino-2-phenylindole (DAPI; blue) and 

fluorescence-activated cell sorting (FACS)-like scattergrams of DAPI and α-amylase 

quantities in the images. (B) α-amylase expression level determined by FACS-like IF 

quantitation; expression (in %) was plotted as means ± SEM for each group (n = 5). (C) 
Representative IF images (20× objective; scale bar = 200 μm) of pancreatic tissues stained 

for CK19 (red), Ki67 (green), and DAPI (blue) and FACS-like scattergrams of DAPI, CK19, 

and Ki67 quantities in the images, and their expression (in %). (D) CK19-positive cell 

proportions as determined by FACS-like IF quantitation plotted as means ± SEM for each 

group (n = 5). (E) Ki67-positive cell proportions in CK19 cells, determined by FACS-like 

IF quantitation via colocalization analysis, and % expression plotted as means ± SEM for 

each group (n = 5). (F) Representative IF images (20× objective; scale bar = 200 μm) 
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of pancreatic tissues stained for CK19 and αSMA and FACS-like scattergrams of CK19 

and αSMA quantities in the images. (G) αSMA-positive cell proportions determined by 

FACS-like IF quantitation plotted as means ± SEM for each group (n = 5). *, p < 0.05; **, p 

< 0.01.
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Figure 3. Reduced pancreatic autophagy activity after exposure of mice with intact FXR to 
CDCA.
(A) Representative immunoblot images of LAMP2, ATG5, LC3, and glyceraldehyde 

3-phosphate dehydrogenase (GAPDH; loading control). (B) Representative immunoblot 

images of SQSTM1 (p62) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 

loading control). The protein bands with molecular masses are indicated. Normalized to 

(C) LAMP2, (D) LC3, (E) ATG5 and (F) p62 values plotted as means ± SEM across four 

animals per group. *, p < 0.05; **, p < 0.01.
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Figure 4. Enhanced pro-inflammatory response in KC mice after BA feeding.
(A) Representative IF colocalization images (20× objective; scale bar = 100 μm) stained 

for α-amylase (red), TNFα (green), and DAPI (blue) and FACS-like scattergrams. (B) 
IF and FACS-like TNFα quantitation in acinar and neoplastic cells from KC and KFC 

mice pancreata and its % expression plotted as means ± SEM (n = 4–5 per group). (C) 
Representative IF colocalization images (20× objective; scale bar = 100 μm) stained for 

α-amylase (red), IL-6 (green), and DAPI (blue) and FACS-like scattergrams. (D) IF and 

FACS-like IL-6 quantitation in acinar and neoplastic cells from KC and KFC mice and 

its % expression plotted as means ± SEM (n = 4–5 per group). (E) Representative IF 

colocalization images (20× objective; scale bar = 100 μm) stained for α-amylase (red), 

MCP-1 (green), and DAPI (blue) and FACS-like scattergrams. (F) IF and FACS-like 

MCP-1 quantitation in acinar and neoplastic cells from KC and KFC mice pancreata and 

its % expression plotted as means ± SEM (n = 4–5 per group). (G) Representative IF 
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colocalization images (20× objective; scale bar = 100 μm) stained for CK19 (red), MPO 

(green), and DAPI (blue) and FACS-like scattergrams. (H) IF and FACS-like quantitation of 

MPO-positive cells per mm2 for KC and KFC mice and % expression plotted as means ± 

SEM (n = 4–5 per group). *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 5. Enhanced anti-inflammatory response in KC mice after BA feeding.
(A) Representative IF colocalization images (20× objective; scale bar = 100 μm) stained 

for α-amylase (red), TGFβ (green), and DAPI (blue) and FACS-like scattergrams. (B) 
IF and FACS-like TGFβ quantitation in acinar and neoplastic cells from KC and KFC 

mice pancreata and its % expression plotted as means ± SEM (n = 4–5 per group). 

(C) Representative IF colocalization images (20× objective; scale bar = 100 μm) stained 

for α-amylase (red), IL6 (green), and DAPI (blue) and FACS-like scattergrams. (D) IF 

and FACS-like IL10 quantitation in acinar and neoplastic cells from KC and KFC mice 

pancreata and its % expression plotted as means ± SEM (n = 4–5 per group). *, p < 0.05.
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Figure 6. Nuclear FXR activation by BAs in vitro.
(A) MTT assay showing CDCA cytotoxicity in the AR42J (IC50 = 254.7 μM), Capan-1 

(IC50 = 349.7 μM), and Panc-1 (IC50 = 374.1 μM) pancreatic tumor cell lines. (B) 
Representative IF images (20× objective; scale bar = 50 μm) stained for FXR (green) 

and DAPI (blue) and FACS-like scattergrams. (C) Nuclear FXR expression in AR42J 

cells determined by FACS-like IF quantitation, plotted as means ± SEM (repeated thrice). 

(D) Nuclear FXR expression in PANC-1 cells determined by FACS-like IF quantitation, 

plotted as means ± SEM (repeated thrice). (E) Nuclear FXR expression in CAPAN-1 cells 

determined by FACS-like IF quantitation, plotted as means ± SEM (repeated triplicates). *, p 

< 0.05; **, p < 0.01.
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Figure 7. Pancreatic BA receptor FXR expression is highly activated in pancreatic cancer 
patients.
(A) Representative IF colocalization images (20× objective; scale bar = 20 μm) stained 

for FXR (red), CK19 (green), and DAPI (blue) and FACS-like scattergrams. (B) IF and 

FACS-like quantitation of nuclear FXR in CK19 cells in pancreatic tissue from healthy 

donors (n = 9), chemo-naïve adjuvant patients (n = 9), and neoadjuvant patients (n = 18); 

nuclear FXR and CK19 co-expression (in %) is plotted as means ± SEM. **, p < 0.01; ***, 

p < 0.001; ****, p < 0.0001.
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