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Introduction 
Pancreatic ductal adenocarcinoma, PDAC, is the fourth leading cause of cancer deaths in the United States, (Puckett and Garfield, 2022). Due to the cancer's aggressive nature and lack of early-onset symptoms, patients are often diagnosed at late stages when the cancer has metastasized. Consequently, pancreatic cancer patients face a poor prognosis, with a 5-year survival rate of 5% to 15%, (Puckett and Garfield, 2022). Perfluoroalkyl and polyfluoroalkyl substances, PFAs, are man-made chemicals that have become pervasive environmental contaminants. Perfluorooctanoic acid (PFOA), is a legacy PFAS that has been found in 98% of the US population and has been shown to have adverse effects on the pancreas in animal and human studies (Hocevar et al, 2020). Previous research demonstrated that chronic PFOA exposure in rodents promotes pancreatic cancer through an undefined mechanism, (Kamendulis et al., 2022). PFOA is known to modulate serum lipid homeostasis, bile acid content and obesity in animals and humans, which are risk factors for pancreatic cancer. In addition to their digestive properties, bile acids are important metabolic regulatory molecules that bind to and stimulate receptors including the nuclear receptor FXR and the transmembrane proteins S1PR2 and TGR-5 (Feng and Chen, 2016). Therefore, PFOA may disrupt bile acid-mediated regulation of metabolic processes, promoting pancreatic carcinogenesis. This project aims to examine to what extent PFOA modulates the expression of FXR, TGR-5, and S1PR2 in a cell model of early- and late-stage pancreatic cancer. 

Background and significance 
The pancreas and pancreatic cancer
Located beneath the liver and behind the stomach, the pancreas serves both an exocrine and endocrine function. The majority of the pancreas features exocrine tissue composed of acinar cells. These cells are responsible for secreting digestive enzymes such as trypsin and amylase. The remaining endocrine tissue, the Islets of Langerhans, regulate blood sugar via insulin and glucagon. Clinically, over 90% of pancreatic cancers are considered pancreatic ductal adenocarcinomas, or PDAC (Wang et al., 2021). Most PDACs originate from a precancerous lesion referred to as a pancreatic intraepithelial neoplasia, PanIN. PanINs gradually accumulate somatic mutations in the KRAS, TP53, CDKN2A, and SMAD4 oncogenes (Wood et al., 2022). During pancreatic inflammation, acinar cells undergo acinar-to-ductal metaplasia to dedifferentiate into duct-like cells that form PanINs, (Storz, 2017). Chronic pancreatitis, diabetes, alcohol, smoking, obesity, and chemical exposures are established risk factors for pancreatic cancer (Wang et al., 2021). These etiologies promote inflammation in the pancreas, increasing the likelihood of pancreatic neoplasia.
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Figure 1: Schematic of PDAC development. Pancreatic ductal adenocarcinoma features a transition of normal, acinar-like cells into cancerous ductal cells. This occurs through a series of oncogenic mutations. Cancer development can be monitored by pancreatic intraepithelial neoplasia, or PanINs, which are well-defined precursors to invasive ductal adenocarcinoma. K-RAS is the most common activating mutation in pancreatic cancer; this triggers RAS signaling and subsequent cell transformation, proliferation, and metastasis. As cells accumulate and pass down genetic mutations, the tissue undergoes uncontrolled cell growth, invasion, and eventually metastasis. (Iacobuzio-Donahue et al., 2012. Clin Cancer Research).

Bile acids
Bile acids are amphipathic molecules characterized by a lipophilic, hydroxylated body and a side chain ending with a carboxylic acid. Primary bile acids are synthesized in the liver via cytochrome-P450 oxidation of cholesterol, either via the “classical” or “alternative” pathway, (Figure 2). The classical pathway predominates in bile acid synthesis, producing cholic acid (CA) and deoxycholic acid (CDCA) via the enzymatic actions of CYP7A1, CYP8B1, and CYP27A1. Contrastingly, the alternative pathway synthesizes CDCA in a series of hydroxylation reactions mediated by CYP27A1 and CYP7B1. Both CA and CDCA undergo conjugation with glycine (glyco-) or taurine (tauro-) to protect the body against injury from these otherwise free acids. Following synthesis, these molecules are stored in the gallbladder. Upon ingestion of lipids, bile acids are secreted through the bile duct via the bile salt export pump (BSEP) and released into the proximal duodenum. In the ileum, bile acids act as emulsifiers to promote absorption of fat-soluble substances. Primary bile acids undergo biotransformation into secondary bile acids in the intestinal lumen, namely lithocholic acid, LCA, and deoxycholic acid, DCA, (Šarenac and Mikov, 2018). Approximately 95% of bile acids are reabsorbed into enterocytes by the apical sodium-dependent BA transporter (ASBT). These compounds are then secreted into enterohepatic circulation, traveling through the portal vein for recycling in the liver. The sodium/taurocholate co-transporting polypeptide (NTCP) is responsible for nearly 80% of BA reuptake into hepatocytes, while organic-anion transport proteins uptake unconjugated BAs (Jia et al., 2017). The remaining bile acids are either fecally excreted or remain in circulation to exert signaling mechanisms via binding to BA-specific receptors. The liver must continually synthesize primary bile acids to maintain a physiologically constant pool, necessitating a tightly regulated metabolic cycle. Furthermore, the potent nature of these detergents requires strict cellular control to prevent toxicity and cell death (Ticho et al., 2019). 
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Figure 2: Schematic of bile acid metabolism. Cholesterol serves as a precursor molecule for the synthesis of all bile acids. Primary bile acids are synthesized in the liver via the classical (CYP7A1-mediated) or alternative (CYP27A1-mediated) pathway. Before their secretion into the bile canaliculi, bile acids are conjugated by either taurine or glycine. These molecules undergo biotransformation in the intestines into secondary bile acids. Following ileal reabsorption, approximately ~95% of bile acids are recycled into enterohepatic circulation. (Collins et al., 2022). 
Bile Acid Receptors
FXR (NR1H4)
The farnesoid X receptor, FXR, is a nuclear receptor regulating lipid, cholesterol, and glucose metabolism. While expression of FXR is notable in the liver and intestine, it is also expressed in other tissues including the pancreas (Kemper, 2010). Upon agonist binding, FXR forms a heterodimer with the retinoid X-receptor (RXR) to target the promoters of its response genes. The receptor is best understood as the master regulator of bile acid homeostasis. FXR triggers induction of small heterodimer partner nuclear receptor, SHP. This downstream effector represses CYP7A1 expression, the rate-limiting enzyme responsible for classical BA synthesis (Gupta et al., 2022). Thus, activation of FXR and SHP act as a negative feedback mechanism for BA production. Unconjugated BA – particularly CDCA – are major ligands for FXR. This allows BA to regulate their own synthesis, thereby limiting intracellular accumulation. In addition to BA formation, FXR controls the recycling of BAs through regulation genes involved in their transport, secretion, absorption, and detoxification. 
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Figure 3: Schematic of Farnesoid X Receptor signaling and bile acid homeostasis. FXR is responsible for the negative feedback control of bile acid synthesis. Bile acids act as ligands to FXR, most notably CDCA. Activated FXR stimulates SHP, which inhibits classical bile acid synthesis by blocking expression of CYP7A1 and CYP8B1. FXR is also implicated in the transport of bile acids, which are exported out of hepatocytes via BSEP and taken up in enterocytes via ASBT. (Taylor et al., 2022. Drug Metabolism and Disposition)

FXR and metabolism 
FXR is implicated in glucose, lipid, and lipoprotein metabolism. Dysregulation of FXR signaling has been associated with metabolic diseases – including obesity, diabetes, and non-alcoholic liver disease. Activation of hepatic FXR increases gluconeogenesis and glycogen synthesis. FXR deficient mice exhibit glucose intolerance and insulin insensitivity, whereas overexpression of FXR in obese and diabetic mice lowers serum glucose and improved insulin sensitivity, (Chiang and Ferrell, 2022). FXR promotes GLP-1 intestinal secretion, stimulating insulin secretion and increasing insulin sensitivity in the pancreas. Further, FXR has been demonstrated to regulate lipogenesis, increase lipoprotein synthesis, and decrease plasma triglycerides (Feng and Chen, 2016). 

Autophagy, Inflammation, and FXR
Autophagy is crucial for energy homeostasis. This intracellular recycling is activated under stress or energy depletion to provide cells with sufficient energy. Given their high rate of enzyme synthesis, pancreatic acinar cells must regularly undergo autophagy (Zhou et al., 2017). Autophagy is crucial for pancreatic injury repair to eliminate injured cellular components. Inhibition of autophagy has been implicated in the pathogenesis of pancreatic disorders, including pancreatitis. In PDAC, blocking autophagy may lead to oxidative stress, reactive oxygen species-mediated DNA damage and metabolic dysregulation (Li et al., 2021). During hepatic inflammation, both BSEP and NTCP are inhibited, preventing the flow of bile. This decrease in BA transport results in increased BA storage and sustained inflammation (Jia et al., 2017). Given that blocking BA flow can cause hepatic inflammation, it can be inferred that inhibition of these BA transporters in acinar cells induces the same effect. 
Literature suggests that FXR plays a protective role in acute inflammation. FXR has been linked to barrier protection and alleviation of inflammation in acute hepatitis, inflammatory bowel disease, and cholestasis-associated sepsis (Zheng et al., 2022). Notably, FXR is increased in pancreatic acinar cells from patients with pancreatitis. In a 2022 study, Zheng et al. linked FXR’s therapeutic effect to the activation of the oxidative stress induced growth inhibitor 1 (Osgin1). Administration of GW4064, an FXR agonist, alleviated murine pancreatitis, while deletion of FXR in pancreatic organoids led to severe inflammation, as well as inhibition of autophagy (Zheng et al., 2022). Researchers discovered that the FXR-OSGIN1 axis stimulated autophagy in the exocrine pancreas, protecting against inflammatory damage.

TGR-5 (GPBAR1)
The G-coupled protein receptor TGR-5, Takeda G-protein receptor 5, also known as GPBAR1, induces cAMP production and activation of protein kinase A, triggering downstream signaling pathways. However, the mechanism by which TGR-5 regulates the synthesis of bile acids is unknown. The receptor exhibits strong binding affinity towards secondary bile acids, particularly LCA and DCA, which act as agonists. TGR-5 interacts with several cell signaling pathways, including nuclear factor kB (NF-kB), AKT, and extracellular signal regulated kinase (ERK) pathways. These pathways are associated with cell survival, proliferation, inflammation, and differentiation. Consequently, TGR-5 is implicated as a target in several diseases. BA-mediated activation of TGR-5 can regulate glucose metabolism. Once activated, TGR-5 induces release of GLP-1 and GLP-2 and subsequent insulin secretion. As such, the receptor is implicated in glucose regulation and may potentially lower insulin resistance and decrease inflammation (Feng and Chen, 2016). It is believed that TGR-5 modulates immune responses to protect against inflammation. In macrophages, TGR-5 activation prevents the overproduction of cytokines and subsequent damage. A 2020 study on nonalcoholic steatohepatitis (NASH) found that TGR-5 activation stimulates NLRP3 inflammasome activity, inhibiting pro-inflammatory macrophage polarization (Shi et al., 2020). Further, heavy bile acid feeding in mice without TGR-5 led to macrophage infiltration and cellular necrosis, (Reich et al., 2015). TGR-5 is expressed in cancerous and non-cancerous acinar cells; higher expression is seen in cancer patients with more severe clinical status and poor prognosis (Zhao et al., 2018). Therefore, BA-mediated activation of TGR-5 may catalyze the development of pancreatitis and pancreatic cancer. 
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Figure 4: Representation of Takeda G-Protein Coupled Receptor 5 mechanism of Action TGR-5 is embedded within the membrane as a G-protein coupled receptor. The receptor binds bile acids – notably LCA and DCA – initiating an intracellular second-messenger system via cAMP induction. (Pols et al., 2013. Journal of Hepatology). 

S1PR2  
The sphingosine-1-phosphate receptor 2, S1PR2, is a G-protein coupled receptor that is part of the S1PR family. These receptors bind to the bioactive lipid metabolites, sphingosine-1-phosphates (S1P), which regulate cell growth, apoptosis, and proliferation (Chen et al., 2022). Activation of S1PR2 induces cholangiocarcinoma through activation of signaling pathways, including ERK and AKT. S1P in pancreatic cancer has been shown to promote cancer cell growth and invasion by activating pancreatic stellate cells (Sarkar et al., 2022). Taurocholic acid, TCA, a primary bile acid, acts as a ligand to S1PR2 (Yang et al., 2021). Consequently, BA-induced activation of S1PR2 is implicated in cell proliferation and survival. In a 2021 study, activation of S1PR2 by TCA triggered the ERK pathway in pancreatic cancer cells. This pathway decreased expression of the pro-apoptosis protein BAX, while increasing expression of the pro-survival protein BL2 (Yang et al., 2021). These data suggest that S1PR2 antagonism may be a therapeutic strategy to trigger apoptosis in malignant pancreatic cells. Furthermore, hepatic S1PR2 expression activates insulin signaling and CYP7A1, highlighting the receptor’s additional role in glucose and lipid metabolism (Chiang, 2015). 
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Figure 5: Schematic of S1P Receptors and Signaling Activation via Sphingosine 1-phosphates. S1Ps are synthesized from ceramide via ceramidase and subsequent phosphorylation by sphingosine kinases 1 and 2. S1P receptors are membranous G-protein coupled receptors that, when activated by S1Ps, trigger second messenger signaling. Binding of S1Ps to S1PR2 is linked to activation of numerous signaling pathways, including ERK, Akt, Rho, and PLC. Effects displayed under each receptor are implicated in the cardiovascular system. (Cannavo et al., 2017. Fron. Pharmcol.) 

Bile acids and pancreatic cancer
Abnormal bile acid metabolism has been associated with metabolic disorders, hepatic injury, inflammation, and colorectal cancer. Increased serum bile acid concentrations are associated with alcohol intake, obesity, and smoking – all risk factors for pancreatic cancer. Consequently, it is plausible that BA are involved in pancreatic cancer carcinogenesis. Alcohol intake increases the synthesis of CYP7A1 and interrupts enterohepatic circulation of bile acids, inducing cholestasis. Furthermore, chronic alcohol consumption increases bile acid efflux transporters in the liver, increasing serum bile acid levels (Manley and Ding, 2015). Although additional research is needed on the association between smoking and bile acid reflux into the pancreas, it is known that nicotine consumption stimulates gastric secretion, leading to an increase in bile acid production. Moreover, DCA is elevated in type two diabetes (Feng and Chen, 2016). Thus, it is necessary to further explore the relationship between BA metabolism, lifestyle factors, and pancreatic cancer.
Bile acids may reach acinar cells through cell to cell contact or bile duct epithelial cells; such contact is detrimental to cell survival. In gallstone disease, for example, bile duct obstruction causes biliary-pancreatic reflux – leading to acinar cell death and tissue inflammation (Zheng et al., 2022). Retrograde BA alone has been demonstrated to trigger pancreatitis in animal models (Zhou et al., 2017). Exposure of pancreatic acini to BAs has been reported to induce oxidative stress, cell injury, and inflammatory responses (Feng and Chen, 2016). Consequently, these acinar cells may undergo apoptosis and necrosis. Inflammation from BA-reflux can dedifferentiate acinar cells into progenitor duct-like cells, from which pancreatic cancer arises (Zhao et al., 2018). Whether through direct contact or reflux, BA can induce acinar inflammation and cell death, thereby contributing to pancreatic inflammation and cancer development.

PFOA
PFAS are man-made fluorinated chemicals that have become pervasive contaminants in humans and the environment. Since the 1950s, thousands of different PFAS have been produced for use in industrial and consumer products, including production of surface repellent coatings, fire-fighting foams, and fluoropolymer synthesis. Due to their widespread usage, humans can be exposed to PFAS through water, food, and air. Recent reports have identified several of these chemicals as contaminants in public drinking water supplies across the US and worldwide. Legacy PFAS are environmentally persistent, bioaccumulate, and exhibit toxicities in multiple organ systems, raising concerns about population health. Perfluorooctanoic acid (PFOA) is a legacy PFAS that has been found in 98% of the US population and has been shown to have adverse effects on the pancreas in animal and human studies (Hocevar et al, 2020). The remarkable stability of PFOA can be attributed to its numerous carbon-fluorine bonds; consequently, PFOA does not readily degrade. The chemical is readily absorbed in the human gastrointestinal tract. PFOA is not metabolized and is eliminated from the body primarily by renal excretion (Haug et al., 2023). Notably, PFOA’s estimated half-life in humans is about 3 years, (Steenland et al., 2010). PFOAs widespread use in consumer products – including clothing, fast food packaging, and cookware – has furthered human exposure. In exposed rodents, PFOA induced testicular, liver, and pancreatic acinar tumors (Fenton et al., 2020). Previous research by Kamendulis et al., (2022) in KRasG12D mice demonstrated that chronic PFOA exposure promoted pancreatic cancer evidenced by an increase in PanIN lesion number and area , and induced oxidative stress in pancreatic tissue. 
PDAC presents a significant challenge due to its aggressive nature and late-stage diagnosis, necessitating research on prevention and the identification of tumor promoters. Emerging evidence suggests a potential link between abnormal bile acid metabolism and lifestyle factors –alcohol intake, obesity, smoking, and chemical exposure – in pancreatic carcinogenesis. Literature has established that exposure to PFOA dysregulates bile acid metabolism and accelerates the development of pancreatic malignancies. However, the mechanism in which the chemical acts to promote cancer in the pancreas has yet to be determined. The present study investigates the link between PFOA and bile acid dysregulation in the context of pancreatic cancer. If PFOA modulates BA synthesis, it may induce improper signaling and lead to overproduction of BA or biliary reflux, damaging acini cells. By modulating circulating BA levels and disrupting the regulation of these metabolic processes, this study suggests that PFOA impacts early-stage pancreatic cancer development. 

Methods:
Cell Culture 
The human pancreatic cancer cell line, Panc-1, used in this study has been genetically modified to express the pancreas associated transcription factor 1a (PTF1a) gene using a tet-responsive promoter, (Figure 6). When the PTF1a gene is expressed, Panc-1 cells are reprogrammed to express genes of a differentiated acinar phenotype, representative of an early stage in pancreatic cancer, (Venis et al., 2021). In this project, PTF1a expression is induced by doxycycline (DOX). Experiments are carried out with both a DOX group representing early stage, and a no DOX group representing late-stage pancreatic cancer. Panc-1 PTF1a cells were maintained in DMEM containing 10% FBS and antibiotics. In DOX treated cells, 1 μg/ml Doxycycline hyclate was added 24 hours prior to treatment with PFOA or other agents. In initial experiments, cells (± DOX) were treated with either DMSO (Control), 1, 10, 20, or 50 μg/ml PFOA, or 2 μM GW4064 (FXR agonist), 2 μM GW4064 + 50 μg/ml PFOA, 10μM DY268 (FXR antagonist), or 10μM DY268 + 50 μg/ml PFOA, for 24 hours. In subsequent experiments, cells (± DOX) were treated with either DMSO (Control), 50 μg/ml PFOA, 25μM CDCA (endogenous BA agonist), 20μM DY268 (FXR antagonist), 10μM SBI-115 (TGR-5 antagonist) or 10μM JTE-013 (S1PR2 antagonist) and the combination of PFOA or CDCA with the antagonists for 24 hours. 
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Figure 6: Cellular characteristics of Panc-1 Tet-PTF1a Cell Line. The above figure illustrates the reprogramming strategy of pancreatic cancer cells to acinar-like cells using PTF1a. Upon exposure to doxycycline, PDAC cells engineered with a tet-responsive promoter express the transcription factor PTF1A. This dedifferentiates tumorigenic ductal cells into non-invasive, acinar-like cells. Cells without doxycycline treatment represent a late-stage, invasive cancer, whereas DOX-treated cells model early-stage pancreatic cancer. (Venis et al., 2019)

Quantitative RT-PCR Analysis:
Total RNA was isolated from cells using Quick-RNA miniprep kit (Zymo Research). 2.5μg of total RNA was reverse-transcribed (RT) with Superscript II reverse transcriptase (Invitrogen) using random hexamers (Roche) for priming. Real-time PCR was performed using KAPA SYBR FAST universal kit (Roche) and gene-specific primers on a QuantStudio 3 System (Applied Biosystems). Primer pairs for specific genes were designed using the Primer Express program (Applied Biosystems), with cyclophilin amplification used as the endogenous control. Samples were measured in triplicate and analyzed by the threshold cycle (Ct) comparative method. The 2-DDCt value was calculated, where DCt = Cttarget-Ctcyclophilin, and DDCt = DCtsample-DCtreference. Relative quantitation for each gene is shown, where control levels were set to 1.0. Established FXR response genes and bile acid synthetic and transporter genes were profiled.

Intracellular Total Bile Acid Quantification:
Panc-1 PTF1a cells were treated with DMSO (control), 10 μg/ml PFOA, 20 μg/ml PFOA, 50 μg/ml PFOA, or 2μM GW4064 (FXR agonist) for either 24 or 72 hours. In DOX treated cells, 1 μg/ml Doxycycline hyclate was added 24 hours prior to experimental treatment. 4 μL of Panc-1 PTF1a cell lysates were used to quantify total bile acid concentration using the Total Bile Acid Kit (Diazyme) according to the manufacturer’s instructions. 




Statistical Analysis:
The data were analyzed by one-way ANOVA followed by a Dunnett’s two-tailed test for comparison against controls when the overall model indicated a statistically significant effect. For all studies, groups were considered significantly different when P < 0.05.

Results:
PFOA Modulates Total Intracellular Bile Acid Concentration in Pancreatic Cancer Cells 
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Figure 7: Total Intracellular Bile Acid Concentration of Panc-1 Ptf1a Cells Treated with Various PFOA Dosages and GW4064; With and Without Doxycycline Treatment. N=2. (Left to Right: 24-hour treatment, 72-hour treatment) *p<0.05 compared to respective DMSO control (± DOX), #p<0.05 compared to DMSO -DOX.
Panc-1 PTF1a cell lysates treated with PFOA were evaluated for changes in total intracellular bile acid pools. In the presence and absence of DOX, cells treated with 10 μg/ml PFOA and 20 μg/ml PFOA for 24-hours had increased intracellular bile acid concentration, relative to their respective DMSO control, (Fig7, a). In the 72-hour treatment, intracellular bile acid concentration decreased in no-DOX (late-stage) cells treated with varying concentrations of PFOA relative to DMSO control, (Fig7, b). DOX (early-stage) cells exposed to 10 μg/ml PFOA for 72-hours had an increase in intracellular bile acid concentrations, whereas 20 μg/ml PFOA and 50 μg/ml PFOA exposure decreased bile acid concentration in these cells. FXR agonist GW4064 induced a similar bile acid concentration in the 24-hour treatment regardless of DOX. However, late-stage cells exposed to GW4064 at the 72-hour time point exhibited slightly increased intracellular bile acid concentrations. 

PFOA Elicits Dose-Responsive Effects on FXR Response Genes in Early- and Late-Stage Pancreatic Cancer 
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Figure 12: qPCR Profiling of Bile Acid Receptors in Panc-1 PTF1a Cells Treated with Varying PFOA Dosages and GW4064; With (left) and Without (right) Treatment of Doxycycline. Horizontal bars represent mean ± SD (n=3). *p<0.05; **p<0.01; ***p<0.001 compared to respective DMSO control (± DOX), #p<0.05; ##p<0.01; ###p<0.001 compared to DMSO 
DOX.
To evaluate whether PFOA modulates the expression of bile acid receptors and FXR’s downstream effector, SHP, early-stage cells were exposed to varied concentrations of PFOA (μg/ml). Administration of synthetic FXR agonist GW4064 allowed for a standard of comparison for FXR induction. PFOA administration at a concentration of 50 μg/ml as well as GW4064 treatment, led to increased expression of NR0B2 (SHP), S1PR2, and TGR-5 in DOX cells, (Fig16a-d). Fascinatingly, 50 μg/ml PFOA led to greater expression of these genes as compared to GW4064. This pattern of increased expression was also seen in cells treated with 10 μg/ml and 20 μg/ml PFOA, whereas 1 μg/ml PFOA slightly decreased SHP expression. Despite an increase in SHP expression upon PFOA exposure, PFOA decreased FXR expression in the presence of DOX, (Fig16b). However, it is important to note that GW4064 also demonstrated a decrease in FXR expression relative to control – despite its role as an FXR agonist. This may be attributed to a feedback mechanism, as FXR is a negative feedback regulator of BA synthesis. Given that only a 24-hour time course was evaluated, GW4064 may have induced FXR expression at an earlier timepoint. Further, a pre- or post-transcriptional modification to FXR, regardless of SHP activation, may have occured. In the absence of DOX, however, 50 μg/ml PFOA failed to induce NR0B2, S1PR2, TGR-5, and FXR, (Fig16e-h). While 50 μg/ml PFOA led to greater gene expression as compared to GW4064 in early-stage cells, this effect was not seen in late-stage cells. Interestingly, baseline expression (DMSO) of FXR was markedly increased in late-stage cells as compared to early-stage cells, (Fig16f). Furthermore, an increase in PFOA concentration appeared to decrease TGR-5, S1PR2, and FXR expression in late-stage cells, (Fig16f-h). 
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Figure 13: qPCR Profiling of Bile Acid Efflux Pumps in Panc-1 PTF1a Cells Treated with Varying PFOA Dosages and GW4064; With (left) and Without (right) Treatment of Doxycycline. Horizontal bars represent ± SD (n=3). *p<0.05; **p<0.01; ***p<0.001 normalized to DMSO ± DOX respective to experimental groups. #p<0.05; ##p<0.01; ###p<0.001 normalized to DMSO -DOX. The response scales for each gene differs, highlighting differences in expression between early and late-stage cancer. 
Bile acid export pumps, particularly BSEP, are established response genes of FXR. These membranous transporters are responsible for bile acid secretion into the bile canalicular membrane, (Ding et al., 2015). Thus, several efflux transporters were profiled following PFOA and GW4064 treatment in Panc-PTF1A cells with DOX. Increasing concentrations of PFOA above 10 μg/ml PFOA decreased expression of SLC51B in these cells, (Fig13c). Apart from 20 μg/ml PFOA, all concentrations of PFOA decreased BSEP expression relative to control, (Fig13a). Contrastingly, PFOA induced BSEP expression in late-stage (no-DOX) cells, (Fig13d). While 50 μg/ml PFOA greatly induced ABCA8 in DOX-treated cells, the opposite effect was observed in no-DOX cells, (Fig13b, e). Slight increases in SLC51B mRNA were observed in no-DOX treated cells upon 1-20 μg/ml PFOA administration, (Fig13f). This is in opposition to the behavior of cells with DOX, as PFOA suppressed SLC51B, (Fig13c). It is also important to note that the expression of SLC51B is markedly increased in early stage (DOX) cells. Regarding each individual efflux pump, PFOA appears to have inverse effects in early- vs. late-stage pancreatic cancer.  
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Figure 14: qPCR Profiling of Bile Acid Uptake Transporters in Panc-1 PTF1a Cells Treated with Varying PFOA Dosages and GW4064; With (left) and Without (right) Treatment of Doxycycline. Horizontal bars represent ± SD (n=3). *p<0.05; **p<0.01; ***p<0.001 normalized to DMSO ± DOX respective to experimental groups. #p<0.05; ##p<0.01; ###p<0.001 normalized to DMSO -DOX.  The response scales for each gene differs, highlighting differences in expression between early and late-stage cancer.
Reabsorption of bile acids is necessary for their recycling through enterohepatic circulation. ASBT mediates uptake in the ileum, whereas NTCP, SLCO2B1, and SLCO1B3 allow BA influx into hepatocytes. To observe whether PFOA modulates BA trafficking, BA intake transporters were profiled from Panc-1 PTF1A cells treated with various concentrations of PFOA. In the presence of DOX, expression of SLCO2B1 and SLCO1B3 generally increased in accordance with increasing concentrations of PFOA, (Fig14 c, d). PFOA concentration dictated the expression of ASBT and NTCP in DOX-treated cells; while 1 and 50 μg/ml PFOA decreased expression, 10 and 20 μg/ml PFOA increased expression, (Fig14 a, b). Contrastingly, PFOA exposure in late-stage (no-DOX) cells increased ASBT and NTCP mRNA regardless of dosage (apart from 1 μg/ml PFOA), (Fig14 e, f). In late-stage cells, PFOA slightly increased expression of SLCO2B1 and SLCO1B3 – aside from 50 μg/ml PFOA, (Fig14 g, h). It is important to highlight that baseline expression of these transporters differs greatly between early and late-stage pancreatic cancer. Early-stage (DOX) cells have markedly increased expression of these BA intake genes, as opposed to late-stage cells (no-DOX). This is especially relevant to SLCO2B1, whose expression is 15-fold higher in DOX-treated cells, (Fig14, c). High expression of BA intake transporters in early-stage cancer may indicate an abnormal influx in intracellular BA, contributing to the development of pancreatic cancer. 
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Figure 15: qPCR Profiling of Classical Bile Acid Synthesis Enzymes in Panc-1 PTF1a Cells Treated with Varying PFOA Dosages and GW4064; With (left) and Without (right) Treatment of Doxycycline. Horizontal bars represent ± SD (n=3). *p<0.05; **p<0.01; ***p<0.001 normalized to DMSO ± DOX respective to experimental groups. #p<0.05; ##p<0.01; ###p<0.001 normalized to DMSO -DOX.  The response scales for each gene differs, highlighting differences in expression between early and late-stage cancer.
FXR serves as a negative feedback regulator of bile acid synthesis; literature has established that BA-induced activation of FXR decreases CYP7A1 expression and thus inhibits BA production. Whether PFOA acts on FXR can be observed through its effects on bile acid synthesis enzymes. Therefore, the enzymes responsible for primary bile acid production were profiled following PFOA treatment of Panc-1 PTF1A cells. CYP7A1, CYP8B1, and HSD3B7 expression was significantly increased upon exposure to 50 μg/ml PFOA in DOX-treated cells, (Fig15, a-c). All concentrations of PFOA induced HSD3B7 and CYP8B1 in these cells, whereas increasing concentrations of PFOA had differential effects on CYP7A1 expression, (Fig15, a-c). The opposite effect was observed in no-DOX cells: 50 μg/ml PFOA significantly suppressed CYP7A1, CYP8B1, and HSD3B7 expression, (Fig15, d-f). This suggests that the effects of PFOA on classical bile acid synthesis are dependent on the stage and progression of pancreatic cancer. 
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Figure 16: qPCR Profiling of Alternative Bile Acid Synthesis Enzymes in Panc-1 PTF1a Cells Treated with Varying PFOA Dosages and GW4064; With (left) and Without (right) Treatment of Doxycycline. Horizontal bars represent ± SD (n=3). *p<0.05; **p<0.01; ***p<0.001 normalized to DMSO ± DOX respective to experimental groups. #p<0.05; ##p<0.01; ###p<0.001 normalized to DMSO -DOX.  The response scales for each gene differs, highlighting differences in expression between early and late-stage cancer.
In addition to the classical BA synthetic enzymes, FXR indirectly regulates genes involved in the alternative BA synthetic pathway, CYP27A1 and CYP7B1 (Xhiang et al., 2023). Panc-1 PTF1A cells cultured with DOX exhibited a significant increase in CYP27A1 and CYP7B1 expression upon exposure to 50 μg/ml PFOA, (Fig16, a-b). This induction surpasses that of GW4064. However, in late-stage cells, administration of 50 μg/ml PFOA significantly represses mRNA of both CYP27A1 and CYP7B1 relative to control, (Fig 8, c, d). This PFOA-mediated suppression is greater than that of GW4064, which also decreases mRNA of both enzymes in no-DOX cells. As with the expression of classical BA synthesis enzymes, PFOA’s behavior towards the enzymes of alternative BA formation shifts between early- and late-stage pancreatic cancer. While 50 μg/ml PFOA consistently induces expression of BA synthesis enzymes in DOX-treated cells, it represses these same genes in the absence of DOX, (Fig 8). 
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Figure 17: Comparison of FXR Response Gene Expression Trends Between PFOA and GW4064 in Panc-1 PTF1a Cells Treated with Varying PFOA Dosages and GW4064 With and Without Doxycycline

GW4064 – a non-steroidal isoxazole analog – has high affinity and selectivity for FXR, (Xiang et al., 2023). In early-stage cancer, both PFOA and GW4064 induced expression of classical and alternative bile acid enzymes, as well as upregulating TGR-5 and S1PR2 expression. These relationships are reversed in late-stage cancer, as both PFOA and GW4064 suppress BA-synthesis and nuclear receptor genes. Regarding BA-transport, PFOA and GW4064 upregulated BA-uptake transporters ASBT, SLCO2B1, SLCO1B3 in early-stage cancer. The behavior of PFOA to that of GW4064 reveals similar trends in FXR gene expression, particularly in early-stage cancer. 

Administration of PFOA Modulates the Behavior of GW4064 and DY268 on FXR Response Genes


Figure 18: qPCR Profiling of FXR Response Genes in Panc-1 PTF1a Cells Treated with PFOA, GW4064 or DY268; With and Without Treatment of Doxycycline. Horizontal bars represent ± SD (n=3). *p<0.05; **p<0.01; ***p<0.001 normalized to DMSO ± DOX respective to experimental groups.
To determine whether PFOA acts through FXR, we examined the effects on gene expression in combination treatment with the FXR agonist GW4064 or the FXR antagonist DY268. In the absence of DOX, (late-stage), PFOA induced OSGIN1, NR0B2 (SHP), NR1H4 (FXR), CYP7A1, and CYP27A1 mRNA expression, while in the presence of DOX, (early-stage) only OSGIN1 and NR0B2 were induced, (Fig18). Treatment with GW4064 or DY268 increased or decreased expression of FXR responsive genes as expected. Administration of DY268 significantly decreased expression of NR1H4, NR0B2, CYP7A1, CYP27A1, and SLC51B in both the presence and absence of DOX, (Fig18 a-e). Slight decreases in OSGIN expression were observed upon DY268 exposure relative to control, (Fig18 f). Co-exposure of PFOA with GW4064 or DY268 resulted in mixed mRNA expression patterns in that both synergism and antagonism of individual FXR response genes was observed. The ability of DY268 to block NR1H4 was slightly decreased upon PFOA administration in both early- and late-stage; DY268 and PFOA treatment increased NR1H4 expression compared to DY268 alone, (Fig18, a). Co-administration of both GW4064 and PFOA increased NR1H4, CYP7A1, and OSGIN1 expression relative to GW4064 alone, (Fig18 a, b, f). Notably, PFOA co-administration with GW4064 greatly augmented SLC51B expression in the presence of DOX compared to control and GW4064 alone, (Fig18, c). Ultimately, exposure of PFOA in both early- and late-stage pancreatic cancer results in quantifiable changes in FXR response gene expression. 

PFOA Impacts Agonism and Antagonism of FXR, TGR-5, and S1PR2 on FXR Response Genes
Previously, SBI-115 (10 μM) has been demonstrated to antagonize TGR-5 in Panc-1 cells. Such antagonism suppressed proliferation and induced apoptosis of these cells, diminishing their carcinogenic potential, (Lei et al., 2022). To evaluate whether the effects of PFOA can be blocked with antagonism of TGR-5, Panc-1 PTF1A cells were treated with 10 μM SBI-115 with co-treatments of 50 μg/ml PFOA or 25 μM CDCA. CDCA binds to FXR, acting as a physiologically relevant agonist. During acute pancreatitis, S1PR2 mediates inflammatory signaling in acinar cells. Antagonism of S1PR2 via JTE-013 has been shown to inhibit growth and migration of cells in a human pancreatic cancer line (Panc02-luc), (Sarkar et al., 2022). Therefore, Panc-1 PTF1a cells were treated with JTE-013 and co-exposure 50 μg/ml PFOA or 25 μM CDCA. Further, these cells were treated with 20μM DY268 (FXR antagonist) and either CDCA or PFOA to compare PFOA’s behavior with TGR-5 and S1PR2 antagonists.
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Figure 19: qPCR Profiling of Bile Acid Receptors in Panc-1 PTF1a Cells Treated with BA Receptor Antagonists, PFOA, and CDCA; With (left) and Without (right) Treatment of Doxycycline. Horizontal bars represent ± SD (n=3). *p<0.05; **p<0.01; ***p<0.001 normalized to DMSO ± DOX respective to experimental groups. 
In DOX-treated cells, PFOA induced NR0B2 (SHP), GPBAR1 (TGR-5), and S1PR2 expression compared to DMSO control, (Fig19, a-d). Each treatment with CDCA decreased expression of NR0B2 and NR1H4 (FXR) regardless of concurrent treatment, (Fig19 a, b). Notably, dual treatment of CDCA and JTE-013 decreased expression of NR0B2, NR1H4, GPBAR1, and S1PR2, (Fig19, a-d). Co-treatment of PFOA and SBI-115 lowered NR0B2 expression, while inducing NR1H4, GPBAR1, and S1PR2 compared to SBI-115 alone, (Fig19, a-d). Co-exposure of PFOA and JTE-013 induced NR1H4 and S1PR2, but decreased Gpbar1 mRNA; the chemical made negligible changes on NR0B2 expression, (Fig19, a-d). In early-stage pancreatic cancer, PFOA appears to differentially modulate the antagonism of both S1PR2 and JTE-013. PFOA increased expression of NR0B2, NR1H4, GPBAR1, and S1PR2 in late-stage (no-DOX) cancer, relative to control (DMSO), (Fig19, e-h). Co-administration of PFOA and SBI-115 repressed NR0B2, NR1H4, GPBAR1, and S1PR2 compared to SBI-115 alone, (Fig19, e-h). PFOA and JTE-013 together decreased S1PR2 expression, but increased that of GPBAR1 and NR1H4; the chemical made negligible changes on NR0B2 expression, (Fig19, e-h). Thus, PFOA augmented the ability of SBI-115 to repress GPBAR1 and JTE-013 to repress S1PR2 expression in late-stage pancreatic cancer. 
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Figure 20: qPCR Profiling of Bile Acid Efflux Pumps in Panc-1 PTF1a Cells Treated with BA Receptor Antagonists, PFOA, and CDCA; With (left) and Without (right) Treatment of Doxycycline. Horizontal bars represent ± SD (n=3). *p<0.05; **p<0.01; ***p<0.001 normalized to DMSO ± DOX respective to experimental groups.  
In each co-treatment and alone, PFOA induced BSEP expression in DOX-treated cells, (Fig20, a). CDCA, however, decreased BSEP and ABCA8 expression in each treatment group, (Fig20 a-b). PFOA alone decreased mRNA of SLC51B, (Fig20, c). Addition of PFOA to DY268, SBI-115, and JTE-013 further suppressed SLC51B, as compared to each antagonist alone, (Fig20, c). In late-stage cancer, PFOA elicited a similar effect, (Fig20, d-f). These results suggest that PFOA may accentuate the antagonist-mediated suppression of BA efflux pumps. 
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Figure 21: qPCR Profiling of Bile Acid Uptake Transporters in Panc-1 PTF1a Cells Treated with BA Receptor Antagonists, PFOA, and CDCA; With (left) and Without (right) Treatment of Doxycycline. Horizontal bars represent ± SD (n=3). *p<0.05; **p<0.01; ***p<0.001 normalized to DMSO ± DOX respective to experimental groups.  
Co-administration of PFOA and receptor antagonists decreased expression of SLCO2B1 in early-stage cells, (Fig21, a). A similar effect was observed with ASBT, as co-exposure of CDCA and receptor antagonists greatly repressed ASBT, (Fig21, c). When CDCA was administered with receptor antagonists in no-DOX cells, ASBT expression was decreased, (Fig21, f). This suggests that CDCA blocks ASBT in early- and late-stage cancer. In late-stage (no-DOX) cells, PFOA alone induced SLCO2B1, SLCO1B3, and ASBT, (Fig21, d-f). Similarly, SBI-115 and JTE-013 alone induced SLCO2B1 and ASBT; JTE-013 induced SLCO1B3, (Fig21 d-f). However, the addition of PFOA to SBI-115 and JTE-013 treatment decreased expression of SLCO1B3 and ASBT, (Fig21 e-f). This suggests that PFOA modulates how these antagonists regulate BA uptake in late-stage cancer. 
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Figure 22: qPCR Profiling of Classical Bile Acid Synthesis Enzymes in Panc-1 PTF1a Cells Treated with BA Receptor Antagonists, PFOA, and CDCA; With (left) and Without (right) Treatment of Doxycycline. Horizontal bars represent ± SD (n=3). *p<0.05; **p<0.01; ***p<0.001 normalized to DMSO ± DOX respective to experimental groups.  
Administration of PFOA to both DOX and no-DOX cells induced the expression of CYP7A1, CYP8B1, and HSD3B7, (Fig22 a-c). Similarly, CDCA induced CYP8B1 and HSD3B7 in DOX and no-DOX cells; while CDCA repressed CYP7A1 expression in DOX cells, the BA increased CYP7A1 mRNA in no-DOX cells, (Fig22). These results suggest that PFOA induces expression of the classical synthetic BA enzymes in both early- and late-stage pancreatic cancer. In this way, PFOA acts in a similar fashion to CDCA – an FXR receptor agonist. In early-stage cells, expression of CYP7A1 was decreased upon co-treatment of PFOA or CDCA with receptor antagonists relative to DMSO control. However, when PFOA was added to antagonist treatments, CYP7A1 and CYP8B1 were induced. While these antagonists traditionally block CYP7A1 expression, their co-treatment with PFOA diminishes their ability to suppress the enzyme. PFOA may block the ability of these antagonists to regulate classical BA formation in early-stage pancreatic cancer. 
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Figure 23: qPCR Profiling of Alternative Bile Acid Synthesis Enzymes in Panc-1 PTF1a Cells Treated with BA Receptor Antagonists, PFOA, and CDCA; With (left) and Without (right) Treatment of Doxycycline. Horizontal bars represent ± SD (n=3). *p<0.05; **p<0.01; ***p<0.001 normalized to DMSO ± DOX respective to experimental groups.
PFOA exposure in both DOX and no-DOX cells induced CYP27A1 and CYP7B1, (Fig23). Each antagonist suppressed CYP27A1 in early-stage cancer; however, the addition of PFOA reversed this suppression, (Fig23, a). Similarly, PFOA increased the baseline antagonist expression of CYP7B1 in these cells, (Fig23, b). CDCA acted in the opposite fashion, furthering SBI-115 and JTE-013 mediated repression of CYP27A1 and CYP7B1, (Fig23, a-b). While DY268 and SBI-115 reduced CYP27A1 in early-stage cancer, these antagonists increased CYP27A1 expression in late-stage cancer, (Fig23, a-c). Fascinatingly, PFOA blocked the induction of CYP27A1 by DY268 and SBI-115 in late-stage cells, (Fig23, c). In both early- and late-stage cancer, the addition of PFOA reversed the effects of select receptor antagonists.

Discussion:
Bile acids are necessary for nutrient absorption within the small intestine, facilitating the digestion of lipids and fat-soluble vitamins. Recent literature, however, suggests that bile acids play a physiological role greater than just lipid solubilization. These molecules exert a direct influence on gene expression by activating metabolic receptors. As such, bile acids should be considered bioactive compounds that can modulate lipid and glucose metabolism. Dysregulation of bile acid homeostasis has been implicated in metabolic disorders, inflammation, hepatic disease, and the development of gastrointestinal cancers, (Feng et al., 2016). Studies of BA-induced hepatic injury have shown that hydrophobic BA (e.g., LCA and CDCA) are cytotoxic and may induce mitochondrial and membranous damage at increased concentrations, (Jia et al., 2017). Abnormal serum bile acids are associated with numerous risk factors of pancreatic cancer, such as obesity, smoking, and alcohol misuse. Said risk factors can trigger an overproduction of bile acids, which may accelerate pancreatitis and its development into pancreatic neoplasms. In fact, chronic pancreatitis in humans has been linked to a 40-fold increase in the risk of pancreatic cancer, (Raimondi et al., 2009). Consequently, bile acids are implicated in pancreatic carcinogenesis. 
While PFOA is not directly genotoxic, it has been shown to induce oxidative stress and inflammation; both responses are implicated in carcinogenesis. In both animal and human models, PFOA is known to affect serum lipid homeostasis, bile acid content and obesity. National epidemiological studies link PFOA to an increase in plasma total cholesterol, low-density lipoprotein cholesterol, and lipoproteins. Further, in rodents, PFOA exposure increased serum bile acid, (Fragki, et al., 2021). Given its structural resemblance to lipids, PFOA is suspected to disrupt fatty acid metabolism, particularly through direct interaction with PPARα in the liver, (Rebholz, et al., 2016). By modulating circulating bile acid levels and disrupting the regulation of metabolic processes, PFOA may facilitate the development of pancreatic cancer. 
In the present study, the Panc-1 PTF1a cell line was utilized to profile FXR response genes after 24-hour treatment with PFOA at varying concentrations. The Panc-1 PTF1a cell line is a human pancreatic cancer cell line which has been genetically modified to allow for expression of PTF1Aa in the presence of doxycycline. These ductal adenocarcinoma cells are reprogrammed to revert to a differentiated acinar state upon induction of the PTF1A gene. Expression of PTF1A in Panc-1 cells induces notably phenotypic changes, including expression of genes involved in pancreatic exocrine development and function. Furthermore, cancer and invasion-related pathways found in traditional Panc-1 cells are downregulated by PTF1a expression, (Venis et al., 2021). This novel model allows for comparison behavior in acinar-like (early-stage) and ductal-like (late-stage) pancreatic cancer upon exposure to PFOA. 

The established dogma of bile acid synthesis restricts bile acid production to the liver. However, a 2021 study on ABCA8-mediated bile acid efflux found detectable levels of bile acids both in pancreatic tissue and human cell lines from both pancreatic duct and cancerous cells. Yang et al., (2021) conclude that there is a possibility for “classical” bile acid production in pancreatic tissue. The present study quantified total bile acid concentration in Panc1 PTF1a cell lysates,  indicating that the Panc-1 PTF1A cell line produces measurable levels of bile acids in vitro. Regardless of concentration, all PFOA-exposed cells saw shifts intracellular bile acid concentrations, indicating a dose-responsive effect on bile acid concentration in cancerous pancreatic cells.
High levels of intracellular BA result in an increase in their binding to FXR. Therefore, PFOA-mediated increases or decreases in intracellular bile acids may explain differential expression of FXR. PFOA (50 μg/ml) decreased total intracellular bile acid concentration in both early and late-stage cancer after 24 hours. This concentration in a 24-hour treatment was shown to decrease NR0B2 (SHP), NR1H4 (FXR), GPBAR1, and S1PR2 expression in no-DOX (late-stage PDAC) treated cells. These results are consistent with decreased intracellular bile acid concentrations. While literature postulates that FXR and BA synthesis enzymes are inversely related, PFOA appears to suppress both in this late-stage cancer. PFOA has been reported to share BA transporters, notably NTCP, ASBT, and OATPs, (Fragki et al., 2021). Consequently, PFOA may compete with BA for the same transporter and interfere with the negative feedback control of FXR. In this treatment, PFOA appeared to induce uptake transporters ASBT and NTCP; the chemical may act on both to enter the cell. Interestingly, PFOA downregulates OATP uptake transporters, SLCO2B1 and SLCO1B3, in late-stage cancer. Inverse effects are observed within early-stage cancer: PFOA (50 μg/ml) induces BA receptors and BA synthesis enzymes. Transport differs within early-stage cancer, as the chemical upregulates SLCO2B1 and SLCO1B3, while suppressing ASBT and NTCP. Therefore, PFOA may enter the cell differently depending on the stage of cancer. PFOA modulates the expression of efflux pumps between cancer stages: PFOA suppresses BSEP but upregulates ABCA8 in early-stage cancer, while inducing BSEP and inhibiting ABCA8 in late-stage cancer. These differences in transport can explain inverse expression patterns of FXR response genes between early- and late-stage cancer. These results are consistent with literature, as PFOA has been demonstrated to modify enterohepatic cycling of bile acids and has been detected in excreted bile, (Fragki et al., 2021). By acting on BA transporters, PFOA is recycled alongside bile acids, increasing its duration in the body while interrupting BA-mediated signaling. 
In a separate treatment with FXR agonist GW4064 and antagonist DY268, 50 μg/ml PFOA treatment led to inverse relationships in FXR expression between early- and late-stage pancreatic cancer. This suggests that PFOA’s behavior towards FXR may shift as pancreatic cancer progresses. When PFOA was added to GW4064 in early-stage cells, it induced CYP7A1, CYP27A1, FXR, SLC51B, and OSGIN1 compared to GW4064 alone.  Addition of PFOA to DY268 induced OSGIN1 and CYP7A1 relative to DY268 in DOX cells. PFOA appears to induce genes repressed by GW4064 and DY268, reversing their intended roles in bile acid regulation. Once activated, FXR binds the promoter of NR0B2 (SHP). NR0B2 was induced in both early- and late-stage cancer upon PFOA (50 μg/ml) treatment, indicating active mobilization of FXR. OSGIN1 is positively correlated with nuclear FXR expression and is markedly increased in pancreatitis tissue, (Zheng et al., 2022). It is believed that this gene mediates the protective effects of FXR. OSGIN1 is transcriptionally activated by direct binding of FXR to its promoter in pancreatic exocrine cells. This study identified an increase in OSGIN1 expression in both early- and late-stage cancer upon PFOA exposure. Upregulation may be a potential cellular response to PFOA, as the chemical has been found to induce oxidative stress in pancreatic cancer, (Kamendulis et al., 2020). 
Because PFOA mimics fatty acids, it may enter cells and bind to their nuclear receptors. In a 2023 transactivation study, it was determined that PFOA did not directly agonize FXR as a ligand in HepaRG cells. While PFOA directly activated PPARα, it did not bind to FXR or other nuclear receptors, (Murase et al., 2023). Further, a 2020 luciferase reporter gene assay determined that PFOA inhibited CYP7A1 promoter activity and decreased BA concentration in HepaRG cells, (Behr et al., 2020). These studies suggest that PFOA may not act on FXR in a classical manner, but rather through additional pathways. As a nuclear receptor, FXR translates extracellular signaling into genomic responses at the level of transcription. This requires the recruitment of transcriptional cofactors to regulate target genes. Notably, cofactors can induce post-transcriptional modifications. Acetylation of FXR decreases its expression, impairs the FXR/RXR heterodimer, and modulates the receptor’s trans-activation ability; consequently, these factors dysregulate FXR signaling and BA metabolism. Further, DNA methylation of the FXR promoter increases K-ras signaling, (Zhou et al., 2022). The present study demonstrates that PFOA modulates bile acid metabolism at a transcriptional level. Thus, PFOA may act as a cofactor to induce such a post-transcriptional modification and modulate gene expression. Furthermore, the chemical may interrupt the FXR/RXR heterodimer or the binding of FXR response elements to downstream promoters, dysregulating FXR and its response genes. The behavioral similarity between PFOA and GW4064 in BA gene regulation, especially in early-stage cancer, suggests that PFOA may act as an FXR agonist – in an indirect manner. Furthermore, PFOA mimicked the behaviors of the natural FXR agonist CDCA. However, GW4064, PFOA, and CDCA did not appear to increase mRNA of FXR relative to control. While FXR expression was downregulated, its response genes were continually modulated. It is important to note that expression does not correlate with translation and activity. BA-synthesis genes, such as CYP7A1, CYP8B1, CYP27A1, and CYP7B1, do not have FXR response elements in their genes; FXR regulates them indirectly, (Fragki et al., 2021). Therefore, their expression is controlled by transcriptional activity and is regulated by multiple pathways aside from FXR. 
Aforementioned, FXR does not regulate bile acids independently; it is suspected to act in conjunction with the membranous receptors TGR-5 and S1PR2. TGR-5 is expressed on rodent acinar cells and mediates bile acid-induced pancreatitis. TGR-5 deficiency in mice reduced hyperamylasemia, edema and inflammation, all characteristics of pancreatitis. Of note, this TGR-5 knockout conferred protection against bile-acid induced pancreatitis, (Perides, 2010). Further, antagonism of TGR-5 by SBI-115 treatment revealed altered metabolic profiles of Panc-1 cells, (Lei et al., 2022). Therefore, blocking TGR-5 may decrease carcinogenic properties of pancreatic cancer. S1PR2 may interact with TGR5 in regulating bile acid homeostasis. The GPCR is activated by taurocholic acid, a conjugated primary bile acid. Notably, TCA-mediated agonism of S1PR2 stimulated pancreatic cancer progression in a rodent model, (Sarkar et al., 2022). It is suspected that knockdown of both TGR5 and S1PR2 may confer protective effects in pancreatic cancer. In late-stage cancer, PFOA augmented the ability of SBI-115 to repress Gpbar1, whereas in early-stage cancer, PFOA reversed SBI-115 antagonism of Gpbar1. Similarly, addition of PFOA to JTE-013 further repressed S1PR2 expression in late-stage cancer, but induced S1PR2 in early-stage cancer. Co-treatment of these antagonists with PFOA led to increased FXR expression in early-stage cancer compared to their treatment independently. These data suggest that PFOA acts as an agonist to bile acid receptors in acinar-like cancer cells. Classical and alternative bile acid synthesis were suppressed in early-stage cancer by SBI-115 and JTE-013, of which PFOA reversed. Considered together, PFOA may reverse the effects of TGR-5 and S1PR2 receptor antagonism in early-stage cells, promoting bile-acid mediated carcinogenesis. 
The present study demonstrates that PFOA alters bile acid synthesis and transport at a transcriptional level. The observed alterations in gene expression by PFOA mimic those of the FXR agonist GW4064, suggesting that PFOA may indirectly agonize FXR. PFOA also appears to activate TGR5 and S1PR2, inducing their expression and reversing the effects of their synthetic antagonists. These effects are especially relevant in DOX-treated cells, representing the early development of pancreatic cancer. PFOA may alter bile flow through competition with BA for transport, disrupting bile acid synthesis and signaling. Dysregulation may lead to BA-reflux, inhibition of autophagy, oxidative stress, and inflammation in the pancreas, driving cancer development. 
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