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ABSTRACT - Chronic pancreatitis (CP) is an irreversible disease process defined by 

acinar cell necrosis, inflammation and fibrosis. With disease progression, patients develop 

pancreatic insufficiency secondary to the destruction of functional pancreatic tissue and its 

replacement with scarring. Patients with CP have a poor quality of life, and their treatment 

options are limited to supportive care and symptom palliation. There are currently no drugs 

on the market directly targeting the pathogenesis of CP. The objective of this research is to 

develop a pharmacologic agent for the treatment of recurrent acute pancreatitis (RAP), 

thereby limiting progression to CP. Apigenin is a natural compound with known anti-

inflammatory, anti-proliferative, and pro-apoptotic properties. In a mouse model of RAP, 

the natural compound, apigenin, protected the pancreas from histologic damage while 

minimizing fibrosis. It was hypothesized that apigenin minimized the sequelae of RAP by 

inhibiting the inflammatory and fibrotic response to recurrent injury. Parathyroid hormone 

related protein (PTHrP) is a pro-inflammatory and pro-fibrotic mediator of acute and CP. 

The first aim was to identify PTHrP-related mechanisms by which apigenin limits 

inflammation in acinar cells. Apigenin reduced activation of the MAPK/ERK and NF-κB 
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pathways, leading to suppression of PTHrP P3 promoter activity and IL-6 transcription. 

The second aim was to determine how apigenin limits pancreatic stellate cell (PSC)-

mediated fibrosis. Apigenin inhibited PSC proliferation, induced PSC death, reduced PSC 

transcription of extracellular matrix proteins collagen and fibronectin, proliferative 

cofactor PCNA, and cytokines TGF-β, IL-6, and IL-8. The last aim was to develop 

apigenin-like compounds with more favorable drug-like properties. Analogs with 

improved aqueous solubility were tested in vitro and in vivo for increased potency. Analog 

HJC 05-61 was more potent than apigenin at limiting PSC viability and inducing PSC 

apoptosis. In a proof-of-concept RAP mouse study, apigenin derivatives were as effective 

as apigenin in preserving pancreatic architecture and limiting fibrosis. Thus, apigenin and 

analogs protect the pancreas during RAP by limiting the pro-inflammatory and pro-fibrotic 

response to pancreatic injury. This is in part mediated through down-regulation of PTHrP 

and PSC activity, both of which participate in autocrine and paracrine signaling that 

perpetuates pancreatitis. 
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1.1 Introduction 

 Chronic pancreatitis (CP) is a progressive disease characterized by irreversible 

histologic damage and pancreatic insufficiency. CP is the result of recurrent acute 

pancreatitis (RAP), where the physiologic response to acinar cell injury becomes 

pathologic. Repeated pancreatic injury induces glandular atrophy, chronic inflammation, 

and pancreatic stellate cell (PSC)-mediated scarring. Current treatment options for CP are 

limited to supportive care and symptom palliation rather than targeting disease 

pathogenesis. The overall objective of this dissertation was to develop a novel therapeutic 

that reduces the severity of RAP, thereby preventing or delaying progression to CP.  

The natural flavanoid, apigenin, was identified as a promising lead compound. 

When tested in a preclinical mouse model of RAP, we found that apigenin therapy induced 

a protective phenotype, preserving pancreatic architecture while limiting histologic 

damage. Therefore, we hypothesized that apigenin decreased the sequelae of recurrent 

acute pancreatitis (RAP) by inhibiting inflammatory signaling and fibrotic activity of 

PSCs. Apigenin’s anti-inflammatory activity was, in part, mediated through inhibition of 

parathyroid hormone related protein (PTHrP), mitogen activated protein kinase (MAPK) 

and nuclear factor-kappa B (NF-κB) pathway activation. Apigenin’s anti-fibrotic activity 

was, in part, mediated through growth inhibition, apoptosis induction, and suppression of 

PTHrP-mediated PSC response to pancreatic injury. Lastly, apigenin analogs were 

developed with more favorable drug-like properties and screened in vitro for improved 

anti-proliferative and pro-apoptotic activity in PSCs. In a proof-of-concept study, analogs 

were found to be as effective as apigenin in limiting the fibrotic response to RAP. This 

dissertation provides mechanistic and preclinical evidence supporting further optimization, 

preclinical and clinical testing of apigenin-like compounds in RAP to facilitate their 

transition from bench to bedside.  

Within the first chapter of this dissertation, a scholarly review of the literature is 

provided. Normal pancreatic anatomy and physiology are reviewed. Focus is placed on the 

exocrine pancreas with a description of normal acinar cell biology and molecular signaling. 

The disease of CP is defined and its pathogenic mechanisms are analyzed through a 
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historical review of multiple theories, leading up to the current concept of RAP. 

Pancreatitis-induced changes in acinar cell and PSC physiology are reviewed. Both in vitro 

and in vivo experimental models of pancreatitis are discussed. My central objective and 

aims are presented and followed by a discussion on selection of apigenin as my lead 

compound for analog development.   

1.2 Pancreatic Anatomy and Physiology 

 The pancreas is a critical part of both energy metabolism and digestion. This 

abdominal organ is divided into the following regions: head and uncinate process, neck, 

body, and tail. The pancreas is a retroperitoneal gland spanning from the first part of the 

small intestines (duodenum) to the spleen. Digestive juices are primarily drained through 

the main pancreatic duct of Wirsung, which joins the common hepatic duct carrying biliary 

drainage from the gallbladder and liver. The common bile duct ends at the sphincter of 

Oddi, which controls excretion through the ampulla of Vater into the duodenum. The 

accessory pancreatic duct of Santorini provides alternative drainage directly into the small 

intestines (1, 2). 

The endocrine pancreas accounts for 2% of the pancreatic mass (2). The islets of 

Langerhans are comprised of the following major cell types, each of which is listed with 

the hormone it produces: beta (insulin), alpha (glucagon), delta (somatostatin), delta-2 

(vasoactive intestinal peptide, VIP), and F cells (pancreatic polypeptide) (3). The hormones 

are secreted directly into the bloodstream, altering the metabolism and storage of 

carbohydrates, lipids, and protein. The exocrine pancreas is comprised of centroacinar, 

ductal, and acinar cells (Figure 1). The centroacinar and ductal cells secrete water, 

bicarbonate, and other electrolytes, responding to hormones like secretin, cholecystokinin 

(CCK), and the neurotransmitter acetylcholine (ACh). Acinar cells synthesize, store, and 

secrete digestive enzymes into the pancreatic juices, which assist with the digestion of food 

in the small intestines. The exocrine pancreas will be a primary focus of this dissertation.  
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1.2.1 Acinar Cell Biology  

Acinar cells are the predominate cell of the pancreatic parenchyma. Digestive 

enzymes produced by the pancreas include amylase, lipase, trypsin, chymotrypsin, 

elastase, carboxypeptidases, ribonuclease, and deoxyribonuclease. Most of these secretory 

proteins are synthesized 

and processed in the 

endoplasmic reticulum 

as zymogens, requiring 

proteolytic cleavage to 

become activated. 

Amylase and lipase are 

exceptions to the 

proenzyme rule as they 

are secreted in their 

active form.  

Within the Golgi 

apparatus, the newly 

synthesized digestive 

enzymes are modified 

and packaged into 

zymogen granules 

(ZGs). The ZGs are then 

transported to the apical 

surface of the acinar cell 

and their contents are 

excreted by exocytosis 

into the lumen of the 

acinus. The digestive proenzymes are transported through a system of ducts that lead to the 

small intestines (Figure 1). Enterokinases within the duodenum initially cleave an 8 amino 

acid N-terminal peptide from trypsinogen, leading to its proteolytic activation. Trypsin is 

 

 
FIGURE 1. Diagram of pancreatic structure.  
The functional structure of the exocrine pancreas is the acinus, 
which is composed of a grape-like cluster of acinar cells 
surrounding a lumen. Acini secrete digestive enzymes along the 
apical membrane. The centroacinar and ductal cells secrete water 
and electrolytes, providing a basic solution for the pancreatic juices. 
Secretions travel through a system of intercalated and intralobular 
ducts, which lead to the main pancreatic duct. Reproduced with 
permission from: Logsdon CD, Ji B. The role of protein synthesis 
and digestive enzymes in acinar cell injury. Nat Rev Gastroenterol 
Hepatol. 2013;10(6):362-370. 
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the primary enzyme responsible for catalyzing the activation of other proenzymes and 

additional trypsinogen activation (4).  

Multiple fail-safe mechanisms exist to prevent premature intrapancreatic activation 

of trypsinogen. Digestive enzymes are synthesized as inactive proenzymes and kept 

isolated in membrane-bound organelles. The spatial and temporal intracellular trafficking 

of ZGs to the apical membrane of acini is a highly regulated process involving calcium 

(Ca2+) oscillations, the maintenance of optimal pH and cytoskeletal structure (5). 

Trypsinogen and trypsin inhibitors such as pancreatic secretory trypsin inhibitor (PSTI), 

mesotrypsin, and enzyme Y are synthesized by acini as part of a negative feedback 

mechanism (6). Trypsin also possesses a cleavage site (Arg 117) for hydrolytic auto-

inactivation (6). Thus, various fail-safe mechanisms exist to provide protection against 

pancreatic autodigestion. 

1.2.2 Acinar Cell Molecular Signaling 

Acini respond to hormonal and neural input through the expression of basolateral 

cell-surface receptors for secretagogues like ACh, CCK, secretin, and VIP. I will be 

focusing on CCK stimulation. The use of cerulein (CR), a CCK analog, is a well-

characterized model to study secretagogue-induced pancreatitis (7). CCK binds to the CCK 

receptor (CCKR), which is a seven transmembrane G-protein coupled receptor that 

activates several intracellular signaling cascades (Figure 2) (8). Phospholipase C (PLC) 

catalyzes the formation of the secondary messenger 1,4,5-triphosphate (IP3), which 

diffuses to the apical endoplasmic reticulum membrane and opens IP3-sensitive calcium 

channels (9). The influx of cytosolic calcium stimulates the following: opening of 

ryanodine receptors, which increases the release of calcium stores; mitochondrial ATP 

synthesis, which is needed to fuel cell membrane ATPase calcium pumps; reuptake of 

calcium by the endoplasmic reticulum; and ZG exocytosis at the acinar cell’s apical pole 

(9, 10). Activated adenylyl cyclase catalyzes the formation of cyclic AMP (cAMP), which 

has been shown to increase ZG sensitivity to calcium, inducing granule-to-granule fusion 

and luminal exocytosis (11).  
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CCK has been shown to activate several other intracellular signaling pathways, but 

their relationship to the acinar cell secretory function has yet to be established. The mitogen 

activated protein kinases (MAPKs) is divided into three major families: extracellular 

signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 MAPK (Figure 

2). The MAPK pathways are involved in the regulation of cellular synthetic activity (12), 

proliferation, differentiation, survival, apoptosis, inflammation and generation of a stress 

response (8). A protective negative feedback loop has been identified, where 

intrapancreatic trypsin activates protease activated receptor-2 (PAR-2), which leads to the 

down-regulation of the MAPK pathway, through the activation MAP kinase phosphatases 

(13).   

Both diacylglycerol (DAG) and calcium activate protein kinase c (PKC), which in 

turn stimulates NF-κB uncoupling from and degradation of its inhibitor (IκB) (Figure 2). 

Activated NF-κB then translocates to the nucleus, where it stimulates the transcription of 

genes related to inflammation and cell survival (8). Through the use of pharmacologic 

protease inhibitors (14), adenoviral-induced NF-κB over-expression (15), and genetically 

modified mice lacking trypsinogen (16), NF-κB pathway activation can occur 

independently of trypsinogen activation. 

Lastly, the phosphatidylinositol 3-kinase (PI3K) pathway leads to activation of 

protein kinase B (AKT) and mammalian target of rapamycin (mTOR) (Figure 2), which 

regulate cell proliferation, metabolism, survival, and regulation of an immune response 

(17). Inhibition of the PI3K by wortmannin has been shown to decrease colocalization of 

ZGs and lysosomes, which contain proteases like cathepsin B that can activate trypsinogen 

prematurely (18). Cross-talk does exist between the signaling pathways, such as a 

relationship between PKC and Ras/Raf in the MAPK pathway (19). Overall, additional 

research is needed to determine the relationship between stimuli-induced activation of the 

MAPK, PI3K, and NF-κB pathways and acinar cell secretory response.   
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FIGURE 2. Cholecystokinin receptor (CCKR) activation of intra-acinar signaling 
pathways.  
Binding of CCK to the CCK1R G protein-coupled receptor induces a conformational change 
and dissociation of secondary messenger G-proteins Gs and Gq. Gs activates adenylyl cyclase 
(AC) and downstream c-Jun N-terminal kinase (JNK) and p38 mitogen activated protein 
kinase (MAPK). Gq activates phospholipase C (PLC) and the phosphatidylinositol 3-kinase 
(PI3K) pathways. PI3K activates protein kinase B (Akt) and mammalian target of rapamycin 
(mTOR). PLC cleaves phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) into 1,2-
diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3). IP3 diffuses to the endoplasmic 
reticulum (ER) and binds to open calcium (Ca2+) channels. DAG activates protein kinase C 
(PKC), which activates the MAPK/extracellular signal-regulated kinase (ERK) and nuclear 
factor-kappa B (NF-κB) pathways. The Ras GTPase activates a series of kinases: Raf, MEK, 
and ERK1/2. PKC signals ubiquitination (Ub) of the inhibitor of NF-κB (IκB). ERK, Akt, and 
NF-κB diffuse to the nucleus where they regulate the phosphorylation (P) and binding of 
transcription factors, inducing target gene expression. Digestives enzymes are synthesized in 
the ER, packaged into zymogen granules (ZGs) within the Golgi apparatus, and transported to 
the apical surface for exocytosis. 
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1.3 Chronic Pancreatitis (CP) 

CP is a progressive disease characterized by pancreatic atrophy, chronic 

inflammation, and stromal fibrosis. With repeated pancreatic injury, functional exocrine 

and endocrine tissue is damaged and replaced with scarring. Pancreatic insufficiency is 

manifested as impaired digestion, nutritional deficiencies, diarrhea, anorexia, and diabetes 

mellitus (20). Patients report a poor quality of life burdened by chronic abdominal pain and 

disease complications such as pseudocyst formation, biliary or duodenal obstruction, 

infection, organ failure, and an increased risk of pancreatic cancer (21).  

CP has no cure, and treatment options are confined to supportive care and symptom 

palliation. Initial medical management includes analgesics, enzyme replacement, 

nutritional supplementation, glucose control, and lifestyle changes (22). With disease 

progression and failure of conservative therapies, invasive procedures are incorporated into 

the treatment plan (23). Endoscopic procedures may include nerve blocks/neurolysis, 

sphincterotomy, stricture dilatation, ductal stenting, stone retrieval, or lithotripsy (22, 24). 

Surgical intervention aims to improve symptomology through decompression, denervation, 

resection, bypass, and/or total pancreatectomy with islet cell transplantation (25). Current 

treatment options are directed at the symptomatology of CP rather than targeting disease 

pathogenesis.  

CP has a reported incidence of 4.4 to 11.9 per 100,000 and prevalence of 36. 9 to 

41.8 per 100,000 individuals (26). The estimated annual cost of pancreatitis in the United 

States is $3.7 billion due to multiple long-term hospital admissions, frequent physician 

visits, and supportive care (27). Disease morbidity is associated with impaired functional 

status, an increased rate of unemployment and early retirement (28). The various etiologic 

risk factors of CP can be categorized using systems such as the TIGAR-O (24) and 

MANNHEIM (29) classifications (Table 1). Within industrialized nations, alcohol abuse 

has been identified as a common factor in 44-65% cases of CP (26); however, CP develops 

in only 10-15% of alcoholics (30). Heavy alcohol consumption is thought to act as disease 

modifier, and the development of CP most likely involves an interplay of environmental 

factors and biologic predisposition (31).  
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Even though there is overlap between the causative factors of acute pancreatitis 

(AP) and CP, there are distinct differences between the two inflammatory conditions. 

Gallstone disease is the top etiology of AP (41%), which is followed closely by alcoholic-

induced AP (31.7%) (30). AP is more prevalent than CP, ranking as the top diagnosis 

recorded in gastrointestinal-related hospital admissions within the United States (32). AP 

generally involves increased serum amylase and lipase levels; the resolution of an acute 

attack is associated with complete clinical recovery and restoration of normal pancreatic 

histology (23). This differs from CP, where recurrent pancreatic injury induces disease 

progression over years, resulting in irreversible histologic damage, fibrosis, and the 

development of exocrine and endocrine insufficiency. 

1.4 Pathogenic Mechanisms of CP  

Historically speaking, multiple mechanistic theories have been proposed to explain 

the pathogenesis of CP. Early theories focused on specific etiologies or risk factors for 

pancreatitis, and scientific evidence was often limited to clinical observation of disease 

progression and the histologic analysis of pancreatic tissue post-mortem. A major 

conceptual downfall of the early theories was evaluating the pathogenic mechanisms in 

 

TABLE 1. Nomenclature classifying the etiologies of CP. Reproduced with permission (26). 
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isolation, as mutually exclusive phenomena. Furthermore, in vitro and in vivo experimental 

design and resulting interpretation established correlation rather than causation.  

Advances in scientific methods, incorporation of preclinical animal models of 

pancreatitis with reproducible results, and the characterization of genetic mutations 

involved in hereditary pancreatitis have provided the strongest evidence in support of the 

RAP model. Irrespective of the etiology of pancreatitis, injury is initiated within the acinar 

cell. This induces a sequence of pancreatic autodigestion, generation of immune response, 

and stimulation of a reparative ‘wound-healing’ response. The pancreas is able to recover 

from a bout of pancreatitis; however, recurrent pancreatic injury interferes with physiologic 

repair and recovery, shifting homeostasis toward a pro-inflammatory, pro-fibrotic state. 

Thus, current clinical, experimental, and genetic evidence support the idea that pancreatitis 

is a continuum of disease where progression occurs with repeated pancreatic injury.  

1.4.1 Toxic Metabolic Hypothesis  

Bordalo et al are credited with the development of the toxic metabolic hypothesis 

after studying surgical biopsies in chronic alcoholics with pancreatitis and normal lipid 

profiles. Fatty degeneration of acini was observed by electron microscopy, which was 

considered a consequence of cellular toxicity induced by ethanol and its metabolites (33). 

Acinar cells can metabolize ethanol by oxidative and non-oxidative pathways, producing 

acetaldehyde and fatty acid ethyl esters (FAEEs), respectively (34). Moreover, chronic 

alcohol use has been shown to inhibit alcohol dehydrogenase, favoring the formation of 

FAEEs; this shift in ethanol metabolism is accompanied by a reduction in acinar cell 

proliferation and viability as well as an induction of apoptosis and necrosis (35). Rats 

infused with FAEEs generated acute pancreatic toxicity as evidenced by edema, ectopic 

trypsinogen activation, vacuolization and steatosis of acini (36). Yet, epidemiologic and 

animal studies fail to show that alcohol toxicity alone consistently induces CP. Only 10-

15% of alcoholics develop symptomatic CP (30). Therefore, excessive ethanol 

consumption is now thought to act a sensitizer to pancreatic injury. The toxicity of ethanol 

and its metabolites serve as a ‘second hit’ of recurrent pancreatic injury, facilitating disease 

progression to the irreversible damage of CP (23, 26).  
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1.4.2 Oxidative Stress Theory  

Free radicals (FRs) are generated from physiologic redox reactions involved in 

cytochrome P450 metabolism, the regulation of calcium channels, and mitochondrial 

function (37). FRs can induce pathologic injury through lipid peroxidation, nucleic acid 

modification, protein oxidation, increasing cytosolic calcium levels, and propagation of a 

local and systemic inflammatory response (38). Oxidative stress (OS) develops when there 

is an imbalance between pro-oxidant conditions and antioxidant activity. Braganza et al 

advocated the OS theory after finding increased FR oxidation products in the biliary and 

duodenal secretions of patients with CP (39, 40). Chronic ethanol feeding in rats produced 

increased pancreatic levels of malonaldehyde, which is an end-product of lipid 

peroxidation, but failed to induce histologic damage characteristic of pancreatitis (41). This 

reinforces the overlap of theories, where ethanol metabolism generates reactive oxygen 

species (ROS) that induce cellular injury by damaging phospholipid membranes. 

OS is further compounded by the exhaustion of antioxidant pools and their limited 

replacement due to malabsorption and malnutrition. Compared to control patients and 

patients who had recovered from a bout of AP, significant antioxidant deficiencies were 

identified in patients with CP (42). The evidence presented above supports the role of OS 

as mediator of pancreatitis. OS is a pathologic response to injury rather than a cause thereof, 

and this is, in part, reflected in the failure of clinical trials, such as the ANTICPATE study 

(43), in establishing a benefit of antioxidant therapies in pancreatitis (44, 45). 
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1.4.3 Intraductal Obstruction Theory  

At the 1963 Marseille meeting on pancreatitis, experts noted differences in the risk 

factors and epidemiologic presentation of AP and CP, thus considering AP and CP as two 

distinct entities (31). Sahel and Sarles reported a hypersecretion of proteins without 

changes in the volume of pancreatic juices attained from alcoholics with CP. These 

conditions were favorable for the precipitation of proteins and obstruction of 

intrapancreatic ducts (46). This obstruction theory was supported by the pathogenesis of 

chronic calcifying pancreatitis. Concentrated proteins precipitate as plugs or pancreatic 

calculi that obstruct small ducts; this initiates a cascade of damage to ductal epithelium, 

stasis of pancreatic enzymes, intraductal hypertension, periductal inflammation, fibrosis, 

ductal stricturing and dilation with retention cyst formation (rather than pseudocysts) (47). 

A proposed mechanism of calcium lithiasis was down-regulation of pancreatic 

stone protein (PSP, aka lithostathine), which was thought to function as a calcium stabilizer 

(48, 49); however, PSP was later identified as the product of regeneration protein 

degradation by trypsin, which polymerizes into the insoluble pancreatic thread protein 

(PTP) (50, 51). The intraductal obstruction theory describes a phenomena of lithogenesis 

that occurs late in disease progression and is not present in all forms of CP (52). However, 

elements of this theory are incorporated into the RAP model, as the degradation of 

intrapancreatic trypsin leads to the formation of PTP, which can polymerize and build to a 

point of ductal obstruction with recurrent pancreatic injury.  

1.4.4 Necrosis Fibrosis Theory  

Kloppel and Maillet developed the necrosis fibrosis theory after studying the 

histopathology of alcoholic CP in humans (53). They thought CP resulted from relapsing 

AP, which induced interstitial periductal necrosis followed by perilobular fibrosis, 

interlobular duct obstruction, and intralobular fibrosis (52, 53). Thus, injury started at the 

level of the ducts, and the fibrotic healing response was pathologic, producing ductal 

strictures, obstruction, digestive enzyme stasis, and acinar cell atrophy. A large, 30-year 

prospective study of alcoholic pancreatitis found that progression to CP was related to the 
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incidence and severity of AP (54). Morphological changes were followed in a subset of 

these patients. Necrosis, mild fibrosis, pseudocyst formation, and a lack of calculi were 

noted in the early stages of alcoholic CP, whereas progressive fibrosis and pancreatic 

insufficiency occurred late in the evolution of CP (55). Morphologic analysis of 

pancreatectomy and autopsy specimens revealed that pseudocysts were common in CP and 

reflected the same autodigestive necrosis seen in AP. Serial sectioning of pancreatic tissue 

allowed better characterization of cystic cavities. This enabled differentiation between 

pseudocysts and epithelial-lined ductal dilations, dismissing the retention cyst aspect of the 

ductal theory while providing evidence for the evolution of AP to CP (56).  

Critics of this theory argue that severe acute biliary pancreatitis can induce 

significant pancreatic necrosis that resolves without histologic evidence of fibrosis or 

progression to CP (52). Also, the necrosis fibrosis theory considers acinar cell injury as a 

consequence of fibrosis and does not account for the direct toxicity of ethanol and its 

metabolites on acinar cells and PSCs. The RAP model includes elements of necrosis, 

fibrosis, and repeated injury in the pathogenesis of pancreatitis, but injury is initiated at the 

level of the acini rather than the ducts. Acinar cell injury generates an inflammatory 

response and activates PSC-mediated fibrosis.  

1.4.5 Sentinel Acute Pancreatitis Event (SAPE) Theory  

The Sentinel Acute Pancreatitis Event (SAPE) model provides a framework for the 

progression of acute to recurrent pancreatitis and finally to CP. The first episode of AP is 

referred to as the sentinel event since it “foresees the potential development of CP” (57). 

Acinar cell injury activates a sequence of events that initiates inflammatory response 

through cytokine generation, activation of resident macrophages and mast cells, and 

recruitment of lymphocytes and monocytes (Figure 3). Premature intrapancreatic zymogen 

activation leads to parenchymal autodigestion, further amplifying the inflammatory 

response. As part of physiologic wound-healing mechanisms, PSCs respond by secreting 

extracellular matrix (ECM) proteins such as collagen and fibronectin (FN) (58). The 

pancreas is able to recover from an isolated bout of AP. Recurrent acinar cell injury 

interferes with physiologic repair mechanisms and recovery, shifting pancreatic 
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homeostasis toward a pro-inflammatory, pro-

fibrotic state (31, 59). RAP results in the 

progressive acinar cell atrophy, inflammation, 

and stromal fibrosis. The SAPE theory does not 

focus on the cause of pancreatic injury but rather 

than the idea of the sentinel event of AP priming 

the pancreas for response to repeated injury and 

progression to irreversible damage. 

 

1.4.6 Recurrent Acute Pancreatitis (RAP) 

 In a case-series of twenty-nine patients with 

chronic relapsing pancreatitis, Comfort et al first 

proposed the idea that CP is the result RAP (60). 

The authors noted how the patients mutually 

shared a disease course of “recurring, acute 

exacerbations, separated by short or long periods 

of relative clinical quiescence” (60). The 

recurrent nature of AP was also an element of the 

necrosis fibrosis theory, where progressive 

damage was due to repeated episodes of AP.  

The concept of RAP is further supported 

by the genetic pathogenesis and clinical course 

of hereditary pancreatitis (HP). Using human genome sequencing, familial linkage 

analysis, and mutational screening, Whitcomb identified a gain-of-function point mutation 

in the cationic trypsinogen gene [protease serine, 1 (PRSS1)] (6). Molecular modeling and 

x-ray crystallography revealed that the arginine to histidine substitution (R117H) modified 

the Arg117 cleavage site on trypsin, rendering it resistant to inactivation by proteases and 

autolysis (6). A second cationic trypsinogen mutation (N21I) was discovered in an 

 

FIGURE 3. Sentinel Acute 
Pancreatitis Event (SAPE) Theory. 
Reproduced with permission (31). 
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unrelated family with HP who lacked the R117H mutation, rendering members predisposed 

to RAP (5).  

The serine protease inhibitor, Kazal type 1 (SPINK1) mutation has been identified 

in cases of idiopathic, familial, tropical pancreatitis that lacked the PRSS1 mutation (57). 

It involves a loss-of-function missense mutation (N34S) in the pancreatic secretory trypsin 

inhibitor (PSTI), eliminating a fail-safe mechanism to autodigestion by physically blocking 

trypsinogen’s active site (61). Mutations in both the PSTI and cystic fibrosis 

transmembrane regulator (CFTR) genes compound the risk for idiopathic CP by 500-fold 

due to decreased trypsin inhibition and mucoid pancreatic secretions impairing ductal flow 

(62).  

These genetic disorders share a common theme of mutated trypsin activity, a 

predisposition to repeated bouts of AP in early childhood (before exposure to risk factors 

like alcohol and nicotine), and progression of the majority of cases to CP by early adulthood 

(63). The development of a transgenic mouse model for the SPINK1 mutation has enabled 

verification of acinar cell initiated pancreatic injury rather than ductal injury as described 

in the necrosis fibrosis theory (64). 

1.5 Acinar Cell Injury in Pancreatitis 

Hyperstimulation of the acini with secretagogue, toxic ethanol metabolites, 

oxidative stress, and bile salts have been shown to induce a sustained pathologic increase 

in intra-acinar calcium (65). Physiologic calcium oscillations generally originate from the 

apical secretory pole and spread to the remainder of the cell; however, this spatial polarity 

of calcium signaling is disrupted in pancreatitis (66), contributing to intrapancreatic 

trypsinogen activation (67).  

Elevated intracellular calcium, ROS, and toxic metabolites induce mitochondrial 

injury that disrupts cellular bioenergetics and alters acinar cell fate. Depolarization of the 

mitochondrial membrane affects the respiratory chain, leading to a depletion of cellular 

adenosine triphosphate (ATP) (68). The calcium ATPase pumps within the endoplasmic 

reticulum and plasma membrane lack the fuel to function, which exacerbates the acinar cell 
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calcium overload. Increased mitochondrial permeability opens membrane pores, which 

facilitate the release of ROS and cytochrome c, triggering necrotic and pro-apoptotic 

pathways (69). Thus, mitochondrial damage contributes to the acinar cell atrophy seen in 

CP. 

Acini are already subjected to endoplasmic reticulum stress because of their 

significantly high rate of protein synthesis. A protective unfolded protein response (UPR) 

is generated early on by cells to reestablish homeostasis by decreasing protein load and 

activating chaperone GRP78-mediated repair of misfolded proteins. Studies utilizing the 

L-arginine and CCK mouse models of pancreatitis (Section 1.7) have helped identify how 

severe endoplasmic reticulum stress and a chronic UPR activation leads to programmed 

cell death via transcriptional activation of C/EBP homologous protein (CHOP) and the 

caspase cascade (70, 71). Immunohistochemistry (IHC) of human tissues indicates diffuse 

acinar cell overexpression of GRP78 and endoplasmic reticulum stress in CP (72). 

Pathologic endoplasmic reticulum stress and UPR play a role in acinar cell death. 

During experimental models of secretogogue-induced pancreatitis, there is a shift 

from apical to basolateral degranulation of digestive enzymes into the interstitium (73). 

Alterations in both calcium signaling and acinar cell ultrastructure contribute to the 

disruption of polarized vesicular transport towards the luminal membrane. In vitro 

stimulation of primary acini with high doses of CR, a CCK analog, resulted in a loss of the 

apical microfilament web and intermediate filament bands (74). Other investigators have 

coupled electron microscopy with immunolocalization and immunoblotting to analyze the 

pancreata of rats subjected to CR-induced pancreatitis, observing the progressive 

disassembly and degradation of cytoskeletal structure while providing a mechanism behind 

the dysregulated trafficking and exocytosis of ZGs.  

Saluja and colleagues utilized differential cell fractionation and immunolabeling to 

determine that the pathologic mechanism behind acinar cell vacuolation is the 

colocalization of lysosomes with ZGs (75). Autophagic flux has been found to be impaired 

in pancreatitis, favoring an imbalance between cathepsin B (which activates trypsinogen) 

and cathepsin L (which degrades trypsinogen and trypsin) (76). Once trypsin is prematurely 



17 
 

activated, it is able to activate other digestive proenzymes within the ZGs and amplify the 

degree of pancreatic damage. Lipase, which is synthesized in its active form, exacerbates 

the fatty acinar necrosis. 

Necrotic acini release intracellular components such as nucleic acids, ATP, 

mitochondria, and heat-shock proteins into the extracellular space and are collectively 

referred to as danger-associated molecular patterns (DAMPs). Immune cells and acinic 

express toll-like receptors (TLRs) that recognize DAMPs, triggering the induction of 

NLRP3 (NACHT, LRR, and PYD domains-containing protein 3) inflammasome and its 

effectors, caspase 1 and 11, IL-1β, IL-18, and cytokine high-mobility protein B1 (HMB1) 

(77). Local tissue damage incites acinar cell up-regulation of the MAPK signaling 

pathways and transcription factors NF-κB, activating factor-1 (AP-1), and STAT along 

with a down-regulation of phosphatases (78). This leads to acinar cell synthesis and 

secretion of the following: cytokines TNF-α, TGF-β , IL-1β, IL-6, and IL-10; chemokines 

monocyte chemoattract protein-1 (MCP-1), mob-1, cytokine-induced neutrophil 

chemoattractant (CINC), regulated on activation normal T cell expressed and secreted 

(RANTES), and platelet activating factor (PAF); intracellular adhesion molecule (ICAM-

1) (78, 79); and parathyroid hormone-related protein (PTHrP) (80, 81). Thus, inflammation 

amplifies the autocrine, acinar cell, and paracrine, PSC, response to pancreatic injury. 

1.6 Pancreatic Stellate Cell (PSC) Activity in Pancreatitis 

PSCs account for 4% of the pancreatic cells (82) and reside within the stromal 

compartment of the pancreas. They have a peri-acinar (basolateral), peri-ductal, peri-

lobular, and peri-vascular distribution (82, 83). PSCs normally maintain a quiescent 

phenotype, which is identified by a stellate morphology, cytoplasmic lipid droplets rich in 

vitamin A, and positive immunostaining for intermediate filament proteins vimentin, glial 

fibrillary acidic protein (GFAP), desmin, and nestin (82). The non-activated PSCs display 

limited proliferation, migration, and ECM synthetic activity (82). PSCs harbor the capacity 

to remodel the ECM through the synthesis and secretion of matrix metalloproteinases 

(MMPs) -2, -9, and -13 and their tissue inhibitors of metalloproteinases (TIMPs) -1 and 2 
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(84). Hence, PSCs are responsible for the secretion, degradation, and remodeling of the 

ECM to maintain normal pancreatic architecture. 

In response to pancreatic injury and inflammation, PSCs undergo a myofibroblastic 

transformation that is accompanied by several morphologic and physiologic changes. 

Activated PSCs assume a spindle shape. Activation of PSCs is associated with the loss of 

the vitamin-A droplets and gain in alpha smooth muscle actin (α-SMA) expression (82). 

Some investigators consider increases in desmin and nestin IHC staining indicative of PSC 

activation, but there has been variability in expression of these markers reported within the 

literature. Activated PSCs exhibit increased proliferation and migration to areas of injury. 

Their enlarged nuclei and prominent rough endoplasmic reticulum reflect their active 

synthesis of ECM components FN, collagen types I and III, procollagen type II, and 

laminin - all of which are highly expressed in CP (85). ECM turnover is altered by an 

imbalance in the MMP/TIMP ratio (84). Thus, PSC activation favors the disorganized, 

heterogenous accumulation of ECM. 

The theories of CP pathogenesis also apply to the activation of PSCs. Like acinar 

cells, PSCs possess inducible alcohol dehydrogenase and can metabolize ethanol. Apte et 

al have shown that PSCs exposed to ethanol and acetaldehyde become activated with 

increased α-SMA expression and collagen synthesis (86). Similarly, incubation of PSCs 

with pro-oxidant compound FeSO4/ascorbic acid resulted in the generation of 

malondialdehyde, a product of lipid peroxidation, and OS-induced activation of the PSCs, 

which were prevented by treatment with the antioxidant Vitamin E (86). PSCs express 

NADPH oxidase, which can generate ROS; diphenyleneiodonium inhibition of NADPH 

oxidase activity significantly reduced fibrosis in experimental models of spontaneous CP, 

using Wistar Bonn/Kobori (WBN/Kob) rats, and in dibutyltin dichloride (DBTC)-induced 

CP. In conjunction with the intraductal obstruction theory and increased tissue pressures 

noted in CP (87), Watanabe and colleagues placed flasks of primary PSCs in a pressure-

loading apparatus and subjected them to increased mechanical stress through the infusion 

of compressed helium. They found that increased pressure induced PSC proliferation, α-

SMA expression, MAPK pathway (p44/42 and p38) activation, and TGF-β1 and collagen 

secretion (88). 
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In accordance with the necrosis fibrosis theory, PSCs express receptors enabling 

their response to autocrine and paracrine inflammatory signaling from injured acini, 

platelets, endothelial, and immune cells. PSCs also contribute to the inflammatory response 

in pancreatitis by producing multiple signaling mediators: growth factors [TGF-β, TNF-α 

basic fibroblast growth factor (bFGF), connective tissue growth factor (CTGF), platelet 

derived growth factor (PDGF), vascular endothelial growth factor (VEGF), and 

angiopoietin]; pro-inflammatory cytokines [IL-1β, IL-6, IL-8, IL-23, IL-24, IL-32, and IL-

33]; anti-inflammatory cytokines [IL-10]; chemokines [RANTES, MCP-1, and 

intracellular adhesion molecule-1 (ICAM-1)]; and vasoconstrictor endothelin-1 (89, 90). 

PSCs have been shown to express toll-like receptors (TLRs), which can activate the innate 

immune response (91). Lastly, activated PSCs exhibit phagocytic activity, expressing 

CD36 and phosphatidylserine receptors that are involved in the engulfment of apoptotic 

polymorphonuclear neutrophils and necrotic acini (92). Thus, PSCs respond to and 

perpetuate the inflammatory component of pancreatitis. 

The RAP model captures how recurrent pancreatic injury leads to repeated PSC 

activation, shifting from physiologic ECM turnover to pathologic fibrosis. Various 

molecular signaling pathways have been shown to be activated in PSCs, including the 

MAPK/ERK, PI3K/AKT, JNK/p38 MAPK, janus activated kinase/signal induced 

activation of transcription (JAK/STAT), transcription factor NF-κB, and AP-1 (93). The 

top stimulatory signals for PSCs include pro-fibrotic TGF-β and PDGF, which induces 

PSC mitogenesis and chemotaxis (93). Since multiple signaling pathways are shared 

between acinar and PSCs, such redundancy can be targeted in therapeutic drug 

development. 
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1.7 Experimental Models of Pancreatitis  

The isolation and culture of primary acini is an ideal but impractical approach to 

repeated experimentation. Primary cells undergo senescence, failing to grow indefinitely 

in culture. The only commercially available cell line for the study of acinar cell function is 

AR42Js. The acinar cell line was initially established from a transplantable exocrine tumor 

generated by azaserine treatment of Wistar/Lewis rats (94); however, the immortalized cell 

line maintains a differentiated exocrine phenotype in culture.  

Treating AR42J acinar cells with CR is a well-established in vitro model of 

pancreatitis. CR is a decapeptide and CCK analog originally derived from the Australian 

tree frog Litorea caerulea. CR induces aberrant digestive enzyme secretion and histologic 

damage characteristic of pancreatitis (73). Both acinar cells and PSCs (95, 96) express the 

CCK G-protein-coupled receptor. High doses of CR hyper-stimulate the CCK receptor and 

activate multiple intracellular processes observed in human disease, which include the 

following (7): calcium mobilization, cytoskeleton disruption (19), dysregulated discharge 

of ZGs along the basolateral membrane (97), MAPK/ERK and PI3K/AKT cascade 

activation, ROS generation, apoptosis induction, regulation of transcription factors like 

NF-κB, synthesis of PTHrP (80, 81) and cytokines like interleukins IL-6, IL-8 and TGF-β. 

In conclusion, the in vitro study of pancreatic cells in isolation or as co-cultures enables 

mechanistic insight into pancreatitis. 

CR-induced pancreatitis is the most widely utilized in vivo model due to its 

reliability, reproducibility, and extensive characterization. Lampel and Kern first described 

how acute infusion of CR in rats caused pancreatic edema with immune cell infiltration, 

acinar cell vacuolization, disturbance in the secretory pathway with premature basolateral 

discharge of ZGs, and hyperamylasemia (73). The secretagogue-induced model has been 

modified over the years to include repeated intraperitoneal (IP) administration of 

supraoptimal doses of CR in mice over time. The dose, frequency, and duration of CR 

administration can be changed to alter the severity of pancreatitis studied. Evidence of 

repeated pancreatic injury induced include the intrapancreatic activation of proteases (98), 

acinar atrophy, formation of pseudotubular complexes, fibrogenesis with colocalization of 
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procollagen α1 messenger ribonucleic acid (mRNA) and activated PSCs, and the 

development of interstitial infiltrate (99, 100). The CR model alone is insufficient at 

inducing endocrine insufficiency, and the incorporation of an additional trigger, like LPS, 

is needed to reproduce pancreatogenic diabetes (101). RAP induction by serial CR 

injections will be employed in the experiments described in Chapters 3 and 4. 

Intraperitoneal injections of the essential amino acid, L-arginine, was first 

developed as a rodent model of severe necrotizing pancreatitis (102). L-arginine produces 

histologic damage of CP, including selective acinar cell necrosis, in a dose-dependent 

manner (103), a severe inflammatory response, and increased mortality. The pathogenic 

mechanism of this model is not as well-characterized as the CR model. It is thought to 

involve “inhibition of protein synthesis, excessive nitric oxide production, or increased 

lipid peroxidation” (104). Furthermore, the L-arginine model has questionable disease 

relevance. 

The stimulus utilized by in vivo models of CP can be used to categorize them. 

Mechanical obstruction can be simulated through the ductal ligation model or the 

intraductal injection of occlusive foreign materials like acrylate. Since the mouse pancreas 

consists of three lobes, each of which has its own duct, selective ligation of pancreatic 

outflow allows inclusion of an internal control lobe. Watanabe performed splenic lobe 

ductal ligation in mice and documented the progressive pathologic changes seen in the 

mice over sixteen weeks (wk). Ductal obstruction resulted in acute inflammation and 

edema followed by progressive fatty degeneration and death of acini, ductal cell 

proliferation, and the deposition of connective tissue (105).  

Lieber and DeCarli first proposed an alcohol feeding model (106) that was later 

applied to the study of alcoholic pancreatitis. Sixty percent of rats chronically fed ethanol 

for 20 to 30 months developed pancreatic lesions consistent with CP (107). The 

inconsistent induction of CP is a common critique of the ethanol feeding model, along with 

confounding systemic effects on organs such as the liver and kidneys (101). Genetic 

research into hereditary pancreatitis has facilitated the development of transgenic and 

knockout mouse models with PRSS1, SPINK1, and CFTR mutations. Lastly, modalities 
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can be combined to produce more severe pancreatic injury and examples include the use 

of serial CR injections with additional administration of toxic agents like 

lipopolysaccharides (LPS), cyclosporin A, DBTC, or ethanol (101). The different models 

enable the preclinical evaluation of different etiologies in CP. 

1.8 Objective and Aims 

CP is a progressive disease defined by glandular atrophy, chronic inflammation and 

fibrosis. Patients with CP have a poor quality of life, and their treatment options are limited 

to supportive care and symptom palliation. There are currently no drugs targeting the 

pathogenesis of CP. Irrespective of the etiology of pancreatitis, acinar cell injury initiates 

an autodigestive cascade of events that stimulates an inflammatory and fibrotic response; 

this process becomes pathologic with repeated pancreatic injury. My central hypothesis is 

that the development of a novel therapeutic that reduces the severity of RAP will 

prevent or delay progression to CP. Theoretically speaking, an ideal therapeutic for RAP 

would limit inflammatory signaling, reduce PSC-mediated fibrosis, and promote 

pancreatic regeneration. Therefore, the specific aims of my dissertation will include:  

(1) To determine the effects of apigenin treatment on pancreatic injury and 

inflammation (Chapter 2);  

(2) To determine the effects of apigenin in limiting PSC function (Chapter 3);  

(3) To optimize apigenin’s chemical structure and properties for potential 

therapeutic use in RAP (Chapter 4).  

The in vitro and in vivo studies presented in this dissertation provide novel information 

regarding apigenin’s mechanism(s) of action in preventing recurrent pancreatitis and bring 

us closer to the clinical testing of apigenin analogs in humans at risk for CP. 
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1.9 Apigenin (4',5,7-Trihydroxyflavone) 

Since there is no cure for CP, a potential target for pharmaceutical development is 

at the early stages of RAP, thereby preventing progression to irreversible pancreatic 

damage. The literature was reviewed, searching for a small molecule that would limit the 

pathologic inflammatory and fibrotic response to recurrent pancreatic injury while 

preserving pancreatic function. Apigenin was identified as a promising lead compound due 

to its anti-inflammatory, anti-oxidant, anti-proliferative, and pro-apoptotic properties 

reported in the literature (108). Apigenin suppressed NF-κB, ROS, IL-6, IL-8, and ICAM-

1 in gastric adenocarcinoma cells (109). Apigenin has been shown to induce cell death 

through cell cycle arrest and the activation of intrinsic and extrinsic apoptotic pathways 

(108). To my knowledge, there is only one study to date that tested apigenin in a bilio-

pancreatic model of AP in rats. Lampropoulos and colleagues found that a one-time, 5 mg 

oral dose of apigenin minimized the histologic severity of pancreatitis and 

myeloperoxidase activity (MPO), which is a measure of neutrophil immune response (110).  

Apigenin is a plant-derived polyphenolic flavanoid (Figure 4) with low intrinsic 

toxicity. Dietary sources of apigenin include citrus fruits, green-leafy vegetables like 

celery, herbs like parsley, peppermint, and thyme, 

grains, and beverages. Chamomile tea contains the 

highest dietary concentration of apigenin. The 

clinical application of apigenin is limited by its 

poor drug-like properties of limited 

bioavailability, hydrophobicity, and metabolic 

instability (111). Data regarding the synthesis and 

development of apigenin analogs will be discussed 

in Chapter 4.  

  

 

FIGURE 4: Chemical structure of 
apigenin. 
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2.1 Introduction 

2.1.1 Parathyroid Hormone Related Protein (PTHrP) and Pancreatitis 

PTHrP has been identified as a pro-inflammatory and pro-fibrogenic mediator of 

AP and CP (80, 81). Pancreatic acini, islets of Langerhans, and PSCs express the protein’s 

G protein-coupled receptor (PTH1R) (80, 112, 113). Immunohistochemical staining of 

pancreatic tissue from animal models of acute and CP as well as patients with CP have 

demonstrated diffuse acinar cell and PSC up-regulation of PTHrP expression (80, 81). This 

phenomena has also been reproduced in vitro using primary cell isolates and established 

cell lines AR42J and immortalized rat pancreatic stellate clone 3 (irPSCc3) (114). PTHrP 

treatment of acinar cells has up-regulated mRNA levels of inflammatory mediators IL-6 

and ICAM-1 (80). CR and ethanol treatment of primary PSCs and irPSCc3 induced 

increases in mRNA levels of α-SMA, which is a measure of stellate cell activation, and 

secretory ECM components procollagen I and FN (80). 

Falzon et al generated an acinar-specific inducible PTHrP knockout, which 

provided protection from chronic pancreatic injury induced by both the CR model of RAP 

and the ductal ligation model in mice (81). The PTHrP knockout mice showed a decrease 

in all of the following parameters induced by chronic pancreatic injury: histologic damage 

(edema, vacuolization, and necrotic debris), amylase levels, positive α-SMA staining of 

PSCs localized to areas of fibrosis, periacinar and periductal collagen deposition, IL-6 

expression, and NF-κB activity (81). Thus, we hypothesized that apigenin’s anti-

inflammatory effects may be, in part, mediated through PTHrP inhibition. This chapter will 

focus on the acinar cell, which is initially injured in the RAP model, generating the 

inflammatory and fibrotic response. 

2.2 Materials and Methods 

2.2.1 Materials 

Apigenin (95% purity) and methylcellulose (MC) were purchased from Sigma-

Aldrich (St. Louis, MO). The CR peptide was from Bachem (Torrance, CA). PTHrP (1-

36) was obtained from PolyPeptide Laboratories (San Diego, CA). TGF-β and TNF-α were 
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from R&D Systems (Minneapolis, MN). MAPK kinase inhibitor PD98059 was purchased 

from Life Technologies (Carlsbad, CA), and the PI3K inhibitor LY294002 was from 

Selleck Chemicals (Houston, TX). Tamoxifen was from Cayman Chemical (Ann Arbor, 

MI). The anesthetic isoflurane was purchased from Piramal Healthcare (Bethlehem, PA). 

The PTHrPflox/flox; Cre+ mice were attained from breeding colonies in Dr. Falzon’s lab, and 

control mice consisted of the same strain background (81). The C57/129P2 mice were bred 

in our lab.  

Cell culture reagents were purchased from the following companies: phosphate-

buffered saline (PBS), DMEM, and RPMI 1640 (Cellgro, Manassas, VA); trypsin-EDTA 

0.25% (Gibco, Grand Island, NY); fetal bovine serum (FBS) (Lonza, Walkersville, MD); 

dimethyl sulfoxide (DMSO), bovine serum albumin (BSA), and soybean trypsin inhibitor 

(STI) (Sigma-Aldrich); and collagenase type IV (Life Technologies). The Plasmocin test 

kit, treatment, and prophylactic were purchased from InvivoGen (San Diego, CA). Cell 

culture vessels and cryogenic vials were bought from Nunc (Life Technologies). The cell 

strainer (100 μM) was purchased from Thermo Fisher Scientific, Inc. (Kalamazoo, MI). 

The RNAqueous kit was purchased from Ambion (Austin TX). The cDNA 

synthesis kit, SYBR green Supermix, and 7500 RT-PCR System were obtained from 

Applied Biosystems (Foster City, CA). Reagents and supplies for the luciferase assay were 

purchased from the following: cuvette (Gene Pulser Cuvette, Bio-Rad, Hercules, CA), 

Dual-Luciferase Reporter Assay System (Promega, Madison, WI); and Synergy 2 

luminometer (BioTek, Winooski, VT). 

The protease inhibitor was purchased from Roche (New York, NY) and 

phosphatase inhibitor from Pierce (Rockford, IL). All of the dry and liquid chemicals 

utilized to make the Western blot (WB) buffers were purchased from Sigma-Aldrich unless 

otherwise noted. The following reagents were from Thermo Fisher Scientific, Inc.: Tris-

buffered saline (TBS), Tween-20, methanol, and guanidine hydrochloride. For the 

Bradford assay, the Coomassie blue was purchased from Bio-Rad, and the DU-640 

spectrophotometer was from Beckman Coulter (Indianapolis, IN). The pre-cast gels, XCell 

SureLock mini-gel electrophoresis and transfer systems were obtained from Life 
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Technologies. The polyvinylidene fluoride (PVDF, 0.45 µm) were from Millipore 

Corporation (Bedford, MA). The HyBlot film, enhanced chemiluminescence (ECL) 

SuperSignal West Pico and Femto substrates were obtained from Life Technologies. A 

Kodak X-Omat 2000A Processor (Rochester, NY) was used. 

Name Specificity Dilution Details Manufacturer 

Phospho-p44/42 

MAPK (p-ERK) 

Dually phosphorylated 

Thr202 and Tyr 204 of 

Erk1 or Th4185 and Tyr 

187 of Erk2, and singly 

phosphorylated at Thr202 

1:1000 

(WB), 1:200 

(IHC) 

Rabbit, 

monoclonal 

Cell Signaling 

#4376 

p44/42 MAPK 

(total ERK) 

Total p44/42 MAPK 

kinase (Erk1/Erk2) 

1:1000 (WB) Rabbit, 

polyclonal 

Cell Signaling 

#9102 

Phospho-Akt Akt only when 

phosphorylated at 

threonine 308 

1:1000 (WB) Rabbit, 

monoclonal 

Cell Signaling 

#4056 

Akt Total Akt 1, Akt2, and 

Akt 3 

1:1000 (WB) Rabbit, 

polyclonal 

Cell Signaling 

#9272 

NF-κB p65 Amino acids 1-286 of NF-

κB p65 of human origin 

1:100 (ICC) Rabbit, 

polyclonal 

Santa Cruz  

sc-7151 

Bovine anti-

rabbit IgG-HRP 

Rabbit IgG 1:5000 (WB) Bovine Santa Cruz  

sc-2370 

Biotinylated goat 

anti-rabbit 

Rabbit IgG 1:200 (IHC) Goat Vector Lab 

BA-1000 

Goat Anti-rabbit 

IgG-Alexa Fluor 

488 

Rabbit IgG 1:200 (ICC) Rabbit, 

polyclonal 

Life Tech.    

A-11034 

TABLE 2. Antibodies used in acinar cell experiments. 

In the IHC protocol, the ethanol, xylene, Tween 20, and hydrogen peroxide were 

from Thermo Fisher Scientific, Inc. The avidin/biotin blocking kit was purchased from 

Invitrogen (#004303, Life Technologies). The horseradish peroxidase streptavidin (SA-

5704) was purchased from Vector Laboratories, Inc. (Burlingame, CA). The antibody 
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diluent (#S3022), diaminobenzidine (DAB, #K3468), and Vectashield mounting medium 

with DAPI were from DAKO (Santa Clara, CA). The Permount mounting media and Harris 

Hematoxylin were from Thermo Fisher Scientific, Inc. In regards to ICC, reagents were 

purchased as follows: VECTASHIELD mounting media with DAPI (Vector Lab), collagen 

and paraformaldehyde (Sigma). Information regarding the antibodies utilized is included 

in Table 2. Antibodies were purchased from Cell Signaling (Danvers, MA), Santa Cruz 

Biotechnology (Dallas, TX), Vector Laboratories, and Life Technologies. 

2.2.2 Methods 

2.2.2.1 Standard Cell Culture Methods 

Acinar Cell Line - The AR42J acinar cell line was purchased from the American 

Type Culture Collection (ATCC CRL-1492, Manassas, VA) and was initially established 

from a transplantable exocrine tumor generated by azaserine treatment of Wistar/Lewis 

rats (94). The immortalized cell line maintains a differentiated exocrine phenotype in 

culture and is the only commercially available cell line for the study of acinar cell function 

in vitro. AR42J cells are a widely used, well-characterized model for the study of exocrine 

function in vitro. AR42J cells were grown in RPMI with 10% FBS. Cell cultures were 

maintained at 37˚C in a humidified 95% O2/5% CO2 atmosphere.  

Thawing Cells – The cryogenic vial of cells was removed from the liquid nitrogen 

tank and immediately placed in a 37˚C waterbath. The cells were quickly thawed by 

swirling the vial within the warm bath until a small piece of ice remained. The cell solution 

was transferred to a cell culture vessel, and the volume of freeze media was diluted 1:10 

with the appropriate growth media. The cell culture vessel was returned to the incubator 

for 24 hours (hr) and left undisturbed to facilitate cell attachment. The next day, the cell 

culture media was aspirated and replaced with fresh growth media. Cells were grown for a 

minimum of 5 days prior to use in experiments, allowing time for growth and adjustment 

from the stress of the freeze-thaw cycle. 



29 
 

Subculturing – Once cell cultures reached 70-80% confluence, they were 

passaged. The media was aspirated and the cells were washed once with 1X PBS. Refer to 

Table 3 for volumes of subculturing reagents. The cells were coated with a thin layer of 

trypsin and allowed to incubate 

for 2-3 minutes (min) within 

the 37˚C incubator. Cells were 

checked for detachment by 

gently tapping the side of the 

flask. If the cells remained 

attached, the cells were 

incubated with trypsin for an 

additional time. Once the cells detached, trypsin was neutralized by adding FBS, and the 

harvested cell solution was mixed by trituration. Acinar cells were split at a 1:3 ratio, and 

the flask was filled with the appropriate volume of growth media (RPMI + 10% FBS). 

Periodically, cells were tested for mycoplasma infection using the PlasmoTest kit. Positive 

cultures were treated with Plasmocin Treatment, 25 µg/ml for 2 wk, following the 

manufacturer’s protocol. Cell lines were re-tested and used only after a negative screening 

result. Plasmocin Prophylactic, 5 µg/ml, was added regularly to the growth media of cells 

previously infected with mycoplasma.  

Freezing Cells – Harvested cell solutions were centrifuged for 5 min at 1000 rpm 

and 25˚C. The supernatant was discarded and the cell pellet resuspended in freeze media 

(FBS + 10% DMSO) so that there was a density of 1 million cells/1 mL freeze 

media/cryogenic vial. The vial of cells was placed in a freezing apparatus containing a 

chamber of isopropanol and set in a -80˚C freezer. After 24 hr, the frozen cells were 

transferred to the liquid nitrogen tanks and stored in the gaseous or liquid-phase for long-

term cryopreservation.  

  

Flask Size 

(cm2) 

PBS 

(mL) 

Trypsin 

(mL) 

FBS 

(mL) 

Media 

(mL) 

T25 0.5 0.5 0.125 8 

T75 1 1 0.25 20 

T175 2 2 0.5 30 

TABLE 3. Volumes of cell culture reagents used 
when passaging cells.   
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2.2.2.2 Generation of PTHrP Knockout Mice 

All animal protocols were approved by the UTMB Institutional Animal Care and 

Use Committee (IACUC), which is fully accredited by the Association for the Assessment 

and Accreditation of Laboratory Animal Care International. The generation of 

PTHrPflox/flox; Cre+ (homozygous) mice has been described in detail by Bhatia et al (81). 

These transgenic mice contain a tamoxifen-inducible Cre-lox recombination system driven 

by the rat elastase 1 pancreatic promoter. Thus, there were two levels of specificity within 

this system. PTHrP knockout was induced in 6-8-wk-old male and female mice by injecting 

them with tamoxifen: 20 mg/ml, 100 μl/mouse, IP, once daily for 5 days (115). The control 

mice were of the same strain background and were injected with the vehicle (corn oil) 

following an identical schedule. One wk after completion of the injections, the mice were 

anesthetized with isoflurane and sacrificed per protocol. 

2.2.2.3 Isolation of Primary Acinar Cells 

The method for primary acinar cell isolation was derived from published protocols 

(80, 81). The pancreata from 4-5 mice were harvested and placed in an isolation buffer 

[PBS with Ca2+ and Mg2+, 0.1% BSA, and 10 μg/ml STI]. The tissue was finely minced in 

isolation buffer and then digested with collagenase type IV, 1 mg/ml, using continuous 

brisk trituration for 15 min at 37˚C. Collagenase digestion was stopped through a 1:2 

dilution with cold isolation buffer. The cells were washed three times with cold isolation 

buffer. The cells were filtered through a 100 μm mesh, re-suspended in 10 mL of DMEM 

with 10% FBS and 0.025% STI, and seeded into a six-well plate. The cells were allowed 

to attach for 24 hr before initiating treatment.  

2.2.2.4 RNA Isolation and Reverse Transcription-Polymerase Chain Reaction (RT-

PCR)  

The RNAqueous kit was utilized for total RNA extraction, and the manufacturer’s 

protocol was followed. The RT-PCR methods employed have been previously described 

by Bhatia et al (80, 81). Spectrophotometry was used to quantify RNA concentrations, and 

formaldehyde agarose gel electrophoresis was used to evaluate the quality of RNA 
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isolation. The Applied Biosystems cDNA synthesis kit and manufacturer’s protocol were 

used to reverse transcribe 2.0 µg of RNA into complementary DNA (cDNA). The Applied 

Biosystems 7500 RT-PCR System was used to run the first-strand cDNA with the primers 

listed in Table 4 and SYBR green Supermix. The threshold cycle (CT) value for each gene 

was normalized to that of β-actin, and relative expression levels were calculated using the 

following formulas: n-fold change = 2^ (-ΔΔCT) where ΔΔCT =      ΔCT (target sample) ΔCT — 

(control). 

Primer Species Forward Primer Reverse Primer 

IL-6 Mouse TGGAGTCACAGAAGGAGTGGCTAAG TCTGACCACAGTGAGGAATGTCCAC 

Actin Mouse TCACCCACACTGTGCCCATCTACGA GGATGCCACAGGATTCCATACCCA 

TABLE 4. SYBR-green primers used in acinar cell RT-PCR.  
 

2.2.2.5 Luciferase Reporter Assay 

AR42J cells were harvested using the subculturing methods described in Section 

2.2.2.1. The cells were centrifuged for 5 min at 1000 rpm and 25˚C. The supernatant was 

discarded; the pellet was resuspended in 0.5 mL of RPMI and transferred to a cuvette. A 

PTHrP-P3 plasmid, which contained 140 bp upstream of the P3 TATA box, was cloned 

into the pGL-2 vector and obtained from Dr. Z. Bouizar (116). AR42J cells were 

transfected with the P3 plasmid or empty vector (control), and co-transfected with a Renilla 

luciferase construct using electroporation (0.4-cm electrode gap, 250 V, 1,500 µF 

capacitance, and for 2 pulse lengths of 11 ms) (81). The cuvette was placed on ice for 10 

min before seeding into a multi-well plate containing RPMI with 10% FBS. The cells were 

allowed to attach for 24 hr before initiating treatment. 

After the completion of experimental treatments, cell lysates were prepared using 

the passive lysis buffer provided in the Dual-Luciferase Reporter Assay System, while 

following the manufacturer’s protocol. Luciferase substrate was added to the cell lysate 

and activity was quantitated, in triplicate, using a luminometer. Readings for the empty 

vector were subtracted from their corresponding luciferase values. The firefly luciferase 
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activity (experimental reporter) was normalized to Renilla luciferase activity (control 

reporter). 

2.2.2.6 Immunoblotting  

Protein isolation - Cell culture plates were placed on ice and the media aspirated. 

The cells were gently washed once with cold PBS. At the time of use, ½ tablet of EDTA-

free protease inhibitor and phosphatase inhibitor were added to 5 mL of lysis buffer [20 

mM tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton-X-100, 

2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4]. For a six-well 

plate, 200 µL of lysis buffer was added to each well for a 10 min incubation on ice, agitating 

the plate every 2 min. The wells were then scrapped and contents transferred to a pre-

chilled Eppendorf tube. The samples were centrifuged for 10 min at 13,000 rpm and 4˚C. 

The supernatant containing the cytoplasmic extract was saved.   

Bradford assay and protein normalization – At the time of protein isolation, 

protein concentrations were determined using the colormetric Bradford Assay (117). A 

standard curve was first generated using BSA at concentrations of 1-20 µg/mL. For each 

protein sample, 2-5 µL of sample was added to 800 µL of Milli-Q (MQ) ultrapure water in 

a 12 x 75 mm glass test tube. While vortexing, 200 µL of 5X Coomassie blue dye was 

added to the tube. The binding of Coomassie blue to protein results in a shift of the 

absorption maximum, from 465 nm to 595 nm, that is directly proportional to protein 

concentration. Absorbance was measured at 595 nm using a spectrophotometer. The 

protein concentrations were calculated from the standard curve. Samples were diluted to 

equal concentrations (ideally 2.5 µg/uL) using lysis buffer and 6X modified Laemmli 

sample buffer (375 mM Tris•HCl pH 6.8, 10% SDS, 30% glycerol, 0.06% bromophenol 

blue, and the reducing agent, 0.6 M dithiothreitol). All samples were flash frozen in liquid 

nitrogen and stored at -80˚C. 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) – 

Protein samples denatured for 5 min at 90˚C. Equal amounts of protein (30-50 µg) were 

loaded onto the 10-12% pre-cast, 1.5 mm, Tris-Glycine polyacrylamide mini-gels. The 
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running buffer consisted of 25 mM tris base (pH 8.3), 92 mM glycine, 0.1% SDS, and the 

reducing agent 5 mM sodium bisulfite. Electrophoresis was used to separate protein 

samples by size and charge, and the gel was run for 2 hr at a constant voltage of 125 V.  

The PVDF membrane was wet with 100% methanol for 1 min followed by 

incubation in ultrapure MQ water for 5 min. The membrane was then kept in transfer buffer 

until use. The transfer buffer consisted of 12 mM tris base (pH 8.3), 96 mM glycine, and 

10% methanol. The blotting process transferred proteins from the gel to the membrane and 

was run at 25 V for 3 hr on ice. 

The apparatus was unpacked and the membrane was blocked for 1 hr, on the shaker, 

at 25˚C. The blocking buffer consisted of 5% BSA and TBS-T (0.1% Tween-20). The 

primary antibody (Ab) was prepared in blocking buffer using a 1:1000 dilution. The 

membrane was incubated with primary Ab overnight on a shaker at 4˚C. The membrane 

was washed with wash buffer (TBS with 0.2% Tween-20) for 15 min, three times. The 

appropriate species of horseradish peroxidase (HRP)-conjugated secondary Ab (Santa 

Cruz Biotechnology, Inc., Dallas, TX) was prepared in blocking buffer using a 1:5000 

dilution, and the membrane was incubated in it on a shaker for 1 hr at 25˚C. 

The membrane was washed with wash buffer for 15 min, three times. The 

membrane was developed using chemiluminescence SuperSignal substrates and 

autoradiography. If the membrane was to be re-probed, it was incubated in stripping buffer 

(6M GnHCl, 0.2% Triton-X, 20 mM Tris-HCl, pH 7.5, and 0.1 β-mercaptoethanol) for 5 

min, on a shaker, twice (118). This was followed by 5 min washes, four times, in TBS-N 

(0.14 M NaCl, 10 mM Tris HCl, pH 7.5, 0.05% NP-40). The stripped membrane was then 

re-blocked, as described above, before proceeding with a new primary Ab incubation.  

2.2.2.7 RAP Mouse Model 

 Under an IACUC approved protocol (IRB #0212089A), RAP was induced in mice 

using serial CR injections (111, 119). This widely used, reproducible model has been 

shown to induce the progressive histologic damage of CP, including acinar cell injury, 

fibrosis, and inflammation (120). Male and female, 6-8-wk-old mice of C57BL/6 or 
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C57/129P2 background were randomized into study groups, each with 5-6 mice. The 

average weight of the mice was used to calculate and prepare concentrated (10X) stock 

solutions of CR and apigenin, which were frozen in -20˚C. Daily aliquots were thawed on 

ice and diluted to 1X on the day of use.  

 Starting the first week of the experiment, RAP was induced by 5 consecutive 

hourly IP injections of CR (50 µg/kg mouse weight), given 3 days (d)/wk (on 

Monday/Wednesday/Friday), for the duration of 4 wk (Figure 5). Control mice received 

the vehicle (PBS) following the same schedule. After inducing RAP for one week, apigenin 

treatment was initiated and continued while inducing RAP. Apigenin (50 µg/mouse, ≈ 2.5 

mg/kg) was administered by oral gavage, 6 d/wk, for the remaining 3 wk. Control mice 

received the vehicle (0.5% MC + 0.025% Tween20 in MQ water) according to the same 

schedule as apigenin. Thus, all mice were subjected to serial IP injections and repeated 

gavage of the active agent or its corresponding vehicle. At the end of 4 wk, the mice were 

sacrificed, the pancreata harvested and processed. 

2.2.2.8 Immunohistochemistry (IHC) 

Fresh pancreatic tissue was fixed in 10% formalin for 72 hr at 4˚C and then paraffin-

embedded by the UTMB Histopathology Core. Briefly, the tissue blocks were cut and 

sections (5 µm) were baked onto slides overnight at 60˚C. The slides were deparaffinized 

and incubated in antigen retrieval solution (10 mM sodium citrate, pH 6.0) for 20 min at 

98˚C, and allowed to cool to 25˚C. Endogenous peroxidases were quenched by incubating 

sections with 3% H2O2 for 10 min followed by a wash in MQ water. An avidin/biotin 

blocking kit was used to block non-specific binding in sections for 15 min. The sections 
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were incubated with primary Ab in Ab diluent for 1 hr. The sections were washed in TBS-

T and incubated with biotinylated goat anti-rabbit IgG in Ab diluent for 15 min. The 

sections were washed in TBS-T and incubated with horseradish peroxidase streptavidin for 

30 min. After washing the sections with TBS-T, brown color development was achieved 

by applying DAB to the slides for 5 min followed by a rinse with MQ water. The sections 

were counterstained blue with Harris Hematoxylin and rinsed with MQ water. The sections 

were dehydrated through a graded ethanol series and cleared in xylene (3 times, 5 min 

each). The coverslips were applied with Permount.  

2.2.2.9 Immunocytochemistry (ICC)  

Coverslips (12 mm diameter, 0.19 mm thickness) were placed in a 6-well plate, 

coated with collagen (15 µg/mL PBS) and allowed to set for 1 hr at 25˚C. AR42J cells were 

seeded onto the coverslip (5E4/0.5 mL RPMI) to attach undisturbed for 2.5 hr at 25˚C. The 

wells were then flooded in RPMI with 10% FBS, and the plate was returned to the 

incubator. The next day, ICC was initiated by washing the coverslips with ice-cold PBS 

twice. Cells were fixed with 4% paraformaldehyde for 15 min at 25˚C followed by washes 

in cold PBS (5 min, trice). Cells were permeabilized with 0.3% Triton X-100 for 10 min at 

25˚C. Nonspecific binding was blocked by incubating cells in a 1% BSA/PBS for 20 min. 

The cells were incubated with primary Ab diluted in the blocking solution for 1 hr. After 

washing the cells in PBS, they were incubated with fluorescent secondary Ab for 30 min 

followed by the PBS washes. Additional washes in MQ water were completed to remove 

the salts from the PBS. The coverslips were attached to slides using Vectashield mounting 

medium with DAPI. The slides were stored in 4˚C, shielded from light. 

2.2.2.10 Image Analysis  

Images were captured using an Olympus BX51 microscope coupled to a DP71 

Olympus digital camera and PictureFrame program Version 2.3 (Optronics, Goleta, CA). 

The same acquisition exposure-time conditions were used to capture images from the 

different treatment groups.  
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Immunohistochemical tissue staining was evaluated with the validated 

ImmunoRatio program, which is available as a free-ware web-based application (121) or 

as an Image Processing and Analysis in Java (ImageJ 1.46r, NIH) plug-in. The 400x images 

were uploaded to the online application, and the percentage of positively stained nuclei 

was calculated. The ImmunoRatio software utilized a color deconvolution algorithm, 

separating DAB from hematoxylin stain, and adaptive thresholding for nuclear area 

segmentation (122). 

Immunocytochemical nuclear fluorescence was quantified using and a protocol 

adapted from methods published in the literature (123, 124). Images of cells were captured 

using bright field (BF), DAPI, and FITC filters. The DAPI image was opened in ImageJ 

and automatic brightness/contrast adjustment was performed. A region of interest (ROI) 

was drawn around the DAPI-stained nucleus and saved as an overlay. The FITC image was 

opened and the overlay was applied. An additional circle was drawn outside the cell, where 

there was no fluorescence, to represent background signal. ImageJ calculated the area, 

integrated density, and mean gray value for each ROI. The corrected total cell fluorescence 

(CTCF) was calculated using the formula CTCF = integrated density – (area of selected 

cell x mean fluorescence of background readings). An average of 25 representative nuclei 

was analyzed per treatment group. The nuclear fluorescence was graphed as the mean 

CTCF with error bars representing the standard error of the mean (SEM).  

X-ray film was scanned into a computer and the densitometric quantification of 

Western blots was completed in ImageJ. The file was first converted to an 8-bit image. A 

rectangular ROI was drawn around the band within the first lane. The same ROI was 

duplicated and applied to the remaining lanes. Band density was plotted as histograms; a 

straight line was drawn across the base of each peak, eliminating background noise. The 

Wand tool was used to click inside each peak, highlighting the enclosed area to be 

measured. The peaks were labelled, and the densitometry data was imported into Excel 

(Microsoft, Redmond, WA). The relative density (to the positive control) and adjusted 

density (to the loading control) were calculated and graphed. 
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2.2.2.11 Statistical Analysis 

 Graphs were generated in GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, 

CA), and the results were graphed as the mean value with error bars representing the SEM. 

Statistical analysis was completed with SPSS, Version 20 (IBM, Armonk, NY). Quantile-

to-quantile (Q-Q) plots were generated to determine whether data was normally distributed. 

Parametric data was evaluated using one-way or two-way ANOVA and post hoc Mann-

Whitney U tests. Nonparametric data was evaluated using Kruskal-Wallis test and post hoc 

Tukey-Kramer multiple comparisons tests. Statistical significance was set as p < 0.05. 

2.3 Results 

2.3.1 Apigenin decreased IL-6 levels via a PTHrP-dependent mechanism.  

 A genetic approach was utilized to evaluate PTHrP functionality relative to 

apigenin’s anti-inflammatory activity. The pro-inflammatory cytokine IL-6 was chosen as 

the assay endpoint since it has been shown to correlate with pancreatitis severity in CR-

induced animal models and humans with CP (125). A tamoxifen-inducible Cre-lox 

recombination system was employed to induce an acinar cell-specific PTHrP knockout 

mouse. Mice of the same background were treated with the vehicle of tamoxifen (corn oil), 

which did not activate cre recombinase. Thus, the wild-type control mice retained their 

PTHrP gene. Pancreata were harvested from each group (N = 4-5 mice), and the acini were 

isolated by collagenase digestion. The primary acini were treated ex vivo with vehicle 

(DMSO), cerulein (10-7 M), and/or apigenin (50 µM) for 4 hr. Total RNA was isolated 

from the cells and RT-PCR performed to determine IL-6 levels.  

CR significantly stimulated IL-6 mRNA levels in WT mice with functional PTHrP, 

and this pro-inflammatory response was inhibited by apigenin (p < 0.001) (Figure 6). 

Compared to the vehicle, apigenin treatment reduced basal IL-6 levels. This was in contrast 

to the results produced from the PTHrP knockout mice. CR failed to stimulate IL-6 mRNA 

levels, and apigenin treatment had no effect on the cytokine level either. This suggested 

that apigenin was acting through a PTHrP-dependent mechanism. 
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2.3.2 Apigenin down-regulated PTHrP promoter activity. 

Human PTHrP is synthesized from a single gene containing nine exons. Three 

isoforms of the protein can be generated by the expression of three distinct promoters and 

alternative splicing mechanisms; however, the P3 promoter has been found to be the most 

widely used sequence in both normal and tumor tissue (126). There is 90% homology 

between the human P3 promoter and the single PTHrP TATA promoter observed in rats 

and mice (127).  

Apigenin’s effect on PTHrP P3 promoter activity was assessed using a luciferase 

reporter assay. AR42J acinar cells were co-transfected with a PTHrP P3 promoter construct 

and a dual-luciferase reporter gene. The cells were treated with vehicle, apigenin, TGF-β, 

MAPK kinase inhibitor PD98059, and PI3K inhibitor LY294002. TGF-β was chosen as 

the stimulant since it is a crucial growth factor in the regenerative response of RAP, 

secreted by both acinar cells and activated PSCs. Furthermore, the P3 promoter has an EBS 

 

FIGURE 6. Apigenin decreased IL-6 mRNA levels via PTHrP-dependent mechanisms.   
Primary acini were isolated from PTHrP WT and PTHrP KO mice and treated ex vivo with vehicle 
(DMSO), CR (10-7 M), and/or apigenin (50 µM) for 4 hr. IL-6 levels were measured by RT-PCR. 
The data graphed was a combination of 3 independent assays. Two-way ANOVA determined a p 
< 0.001. One-way ANOVA with Tukey’s test revealed p < 0.05 (*), p < 0.001 (***), and non-
significant comparisons (NS). 
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1 site that binds Ets-1 and Smad 3, which are components of the classical TGF-β signaling 

pathway (126).  

In comparison to the vehicle, apigenin did not significantly change PTHrP promoter 

activity (Figure 7). TGF-β stimulated P3 transcriptional activity, which was significantly 

inhibited by apigenin (p < 0.01). This inhibitor response was also seen by treatment with 

the MAPK kinase inhibitor PD98059. The PI3K/AKT pathway inhibitor LY294002 did 

not reflect any changes in reporter activity.  

2.3.3 Apigenin did not significantly change pERK protein expression.  

 CR is a known activator of the MAPK pathway. Apigenin has been reported to be 

an inhibitor of the ERK pathway in breast, prostate, thyroid, colon, and pancreatic cancer 

cell lines (108, 128, 129). Therefore, the effect of apigenin on MAPK pathway activation 

was evaluated in AR42J cells. The acinar cells were pre-treated with vehicle, apigenin, or 

the inhibitors PD98059 and LY294002 followed by stimulation with CR for 5 min. Cells 

 

FIGURE 7. Apigenin limited TGF-β stimulation of PTHrP P3 promoter activity.   
AR42J cells were pre-treated with inhibitors PD98059 (PD, 10 µM) and LY294002 (LY, 25 µM) 
for 30 min. Cells were treated with vehicle (DMSO), apigenin (50 µM), and/or TGF-β (1 ng/mL) 
for 4 hr. Promoter activity was measured with the Dual-Luciferase Reporter Assay System. IL-6 
levels were measured by RT-PCR. The data graphed was a combination of 3 independent assays. 
One-way ANOVA determined a p < 0.001, and Tukey’s test revealed p < 0.05 (*), p < 0.01 (**), 
p < 0.001 (***), and non-significant comparisons (NS).  
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without any treatment represented the negative control, and the positive control 

incorporated the treatment of cells with 10% FCS for 1 hr. In-well cell lysis was performed 

and cytoplasmic protein isolated. SDS-PAGE and immunoblotting for pERK and total 

ERK was completed. Densitometric analysis of the bands was done in ImageJ. Results 

were normalized to total ERK levels.  

A representative blot was provided in Figure 8A. The negative control, vehicle and 

apigenin had minimal pERK expression. CR significantly increased pERK band intensity 

(at 42/44 kDa). Apigenin treatment appeared to down-regulate pERK expression in the 

blot; however, this was not a statistically significant difference when the results from 4 

independent assays were combined (Figure 8B). The same trend was seen with PD98059 

treatment but was not a statistically significant change. LY294002 appeared to slightly 

reduce pERK levels in the representative blot, but when combined with the assay replicates, 

had no effect on pERK expression at 5 min.  

 

 

FIGURE 8. Apigenin nor inhibitors PD98059 or LY294002 significantly reduced CR-
induced pERK expression.   
AR42J cells were pre-treated with vehicle (DMSO) or apigenin (50 µM) for 1 hr. Inhibitors 
PD98059 (PD, 10 µM) and LY294002 (LY, 25 µM) pre-treatment was for 30 min. Cells were 
stimulated with CR (0.1 µM) for 5 min. Immunoblotting for pERK and total ERK was completed. 
A representative blot was provided in A). The data graphed in (B) was a combination of 4 
independent assays. Kruskal-Wallis determined a p < 0.01, and Mann-Whitney tests revealed p < 
0.05 (*) and non-significant comparisons (NS).  
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2.3.4 Apigenin reduced pERK nuclear localization in vivo.  

 For the next experiment, I decided to look at pERK in a mouse model of CP. 

Recurrent pancreatitis was induced by serial supraoptimal doses of CR, which has been 

shown to recapitulate the biochemical, morphologic, and pathophysiologic features of 

human disease (99, 101). Through hyperstimulation of the CCK receptor, pancreatic injury 

is generated by a deranged secretory response. Pancreatic enzymes become prematurely 

activated, leading to parenchymal autodigestion that incites inflammation and fibrosis. 

Repeated bouts of pancreatitis shifts homeostasis from a physiologic to pathologic response 

to injury with progression toward the irreversible damage of CP. 

The mice were subjected to RAP for 1 wk prior to the initiation of apigenin therapy, 

simulating a clinically relevant scenario. Apigenin was administered at a dose of 2.5 mg/kg, 

given daily, by oral gavage, 6 d/wk. The repeated induction of pancreatitis was continued 

with apigenin therapy for an additional 3 wk. At termination of the study, the mice were 

sacrificed and pancreata were harvested, fixed, paraffin-embedded, and sectioned. DAB-

immunohistochemical staining for pERK was completed with counter-staining using 

hematoxylin. Ten, non-overlapping 400x images were taken of each slide. Representative 

images per treatment group were included in Figure 9A, C, E, and G. The ImmunoRatio 

program was used for image analysis, providing an automated means of quantifying the 

percentage of acinar cell nuclei staining positive for pERK. ImmunoRatio output included 

a pseudo-colored image, identifying the detection of acinar nuclei (purple) and DAB-

stained nuclei (orange) (Figure 9B, D, F, and H). The program also provided a labeling 

index, which represented the percentage of positively stained nuclei (Figure 9I).  

Activation of the MAPK pathway involves a phosphorylation cascade of sequential 

serine/threonine kinases, which transduces signaling from the cell surface receptor-ligand 

interactions to cytoplasmic and nuclear targets. The down-stream effector, pERK, can 

translocate to the nucleus and phosphorylate additional transcription factors required for 

the expression of genes involved in cell growth, differentiation, apoptosis, and 

inflammation. In regard to this experiment, basal pERK expression appeared to be mostly 
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cytoplasmic within the vehicle and apigenin groups. CR-induced RAP-induced pancreatic 

MAPK pathway activation and significant translocation of pERK to the nucleus. Daily oral 

apigenin therapy not only reduced pERK nuclear translocation (p < 0.001) but helped 

preserve pancreatic architecture. The histologic changes observed in the RAP experiment 

will be discussed in more depth within the next chapter.  

 

 

FIGURE 9. Apigenin reduced nuclear 
pERK positivity. 

Mice were subjected to 4 wk of CR-
induced RAP. After 1 wk of pancreatitis, 
apigenin therapy was initiated (2.5 mg/kg, 
oral gavage, once daily, 6 d/wk) and 
continued the duration of the experiment. 
Pancreata were harvested and processed; 
2-3 pancreata/group were stained for 
pERK by DAB-IHC and counterstaining 
with hematoxylin was completed. 
Representative 400x microscopic images 
of each group were taken: (A) vehicles 
(PBS IP, 0.5% MC + 0.025% Tween20 by 
oral gavage); (C) apigenin (+PBS); (E) 
CR (+ apigenin’s vehicle); and (G) CR + 
apigenin. Image analysis was performed 
with ImmunoRatio, and data output 
consisted of the pseudo-colored images 
where the purple color represented nuclei 
recognized and brown was DAB-stained 
nuclei (B, D, F, H). The percent area of 
positively stained nuclei was graphed in 
(I). One-way ANOVA determined a p < 
0.001, and Tukey’s tests revealed p<0.001 
(***) and non-significant comparisons 
(NS). 
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2.3.5 Apigenin reduced NF-κB pathway activation.  

 Apigenin’s effect on NF-κB was also evaluated since it has been identified as a pro-

inflammatory pathway activated in CP independent of intra-acinar trypsinogen activation 

(130). In quiescent cells, cytoplasmic NF-κB (p65/p50 subunits) is inactivated by its 

complex with the inhibitor of NF-κB (IκB). Growth factors like TNF-α activate IκB kinase 

(IKK), which induces phosphorylated ubiquitination of IκB, releasing NF-κB from the 

inhibitory complex. Free p65/p60 translocates to the nucleus, where the transcription 

factors interact with gene targets (131). Thus, nuclear localization of NF-κB serves as a 

conjugate for pathway activation. 

ICC and image analysis were employed to assess NF-κB localization. AR42J cells 

were pre-treated with apigenin followed by stimulation with TNF-α. Immunostaining was 

performed with a p65 primary Ab and Alexa fluor 488 fluorescent secondary Ab. A series 

of 400x microscope images were taken using different filters. A BF image served as a 

reference to cell size and shape. The mounting medium contained DAPI, which 

 

FIGURE 10. Apigenin reduced NF-κB nuclear localization.  
AR42J cells were pre-treated with vehicle (DMSO) or apigenin (50 µM) for 1 hr followed by 
stimulation with TNF-α (10 ng/mL) for 30 min. Fluorescent ICC was performed, and 400x were 
taken using BF, DAPI, and FITC filters (A). A minimum of 25 nuclei were analyzed per group, 
and the assay was independently replicated twice. The area of nuclear p65 staining was quantified 
and graphed in (B). Kruskal-Wallis determined a p < 0.001, and Mann-Whitney tests revealed p 
< 0.01 (**), p < 0.001 (***), and non-significant comparisons (NS).    
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preferentially stained nuclei; this image was used to generate an outline of the ROI. The 

ROI overlay was applied to the FITC image, and density of nuclear fluorescent signal was 

quantified in ImageJ. The overlay image was created by pseudo-coloring the DAPI image 

red and the FITC image green so that the appearance of yellow indicated overlap of the 

stains and was interpreted as nuclear p65 expression (Figure 10A). Automated image 

analysis verified apigenin limited TNF-α induced nuclear translocation of NF-κB (p < 0.01) 

(Figure 10B). 

2.4 Discussion 

 PTHrP has been identified as a pro-inflammatory mediator in both AP and CP (80, 

81). The generation of the PTHrPflox/flox; Cre+ (homozygous) mice enabled evaluation of 

the relationship between PTHrP function and apigenin’s known anti-inflammatory activity. 

Hyperstimulation of acini with the CCK analog, CR, disrupts normal secretory function, 

leading to cellular injury, necrosis, and activation of an immune response through the 

synthesis and secretion of cytokines like IL-6. The acini isolated from PTHrP WT mice 

responded to CR by increasing mRNA levels, and apigenin inhibited generation of this 

response. Also, apigenin reduced IL-6 mRNA levels significantly below that of the vehicle. 

Thus, apigenin may be resetting a ‘threshold’ required to activate intracellular signaling 

pathways that result in generation of inflammatory mediators.  

Knockout of PTHrP abolished acinar cell response to CR, and apigenin treatment 

did not change IL-6 mRNA levels. Therefore, it can be deduced that apigenin exerts it anti-

inflammatory, in part, by down-regulating IL-6 transcription. Measurement of mRNA 

levels not only reflects transcriptional activity but post-translational modifications. It is 

possible that apigenin may be altering the regulation of IL-6 transcript stability and 

turnover. A future experiment should include the performance of a time-course study 

involving a RNA polymerase inhibitor like 5,6-dichlorobenzimidazole riboside. By 

measuring the mRNA levels at each time point, with and without apigenin treatment, the 

decay rates could be determined.  
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I have attempted several PTHrP rescue experiments with inconsistent results. Since 

the transgenic mice have a genetic deletion of the peptide rather than receptor knockout, 

primary acinar cells should respond to exogenous PTHrP by increasing IL-6 transcript. I 

have found that acini isolated from WT mice respond to PTHrP (10-7 M for 15 min) by 

increasing IL-6 levels; however, this pro-inflammatory response is by orders of magnitude 

weaker than CR (data not shown). Acini from PTHrP knockout mice failed to rescue with 

PTHrP at one dose (10-7M) and one time point (15 min) tested. A PTHrP time-course and 

dose-titration studies are needed to determine whether the lack of an effect of exogenous 

PTHrP is due to experimental design or altered biology of the acini isolated from the 

knockout animals. 

The luciferase reporter gene assay was used to assess the effects of apigenin on 

PTHrP P3 promoter activity. Apigenin suppressed TGF-β stimulation of P3 activity. The 

MAPK kinase inhibitor PD98059 reduced P3 activity as well. The combination of these 

results provided an indirect link between the ERK pathway and apigenin’s transcriptional 

regulation of PTHrP. Decreased promoter activation leads to reduced transcription, 

translation, and production of the protein.  

Future studies should include assays that directly assess the binding of transcription 

factors to the promoter. Regulation of promoter activity has been shown to be mediated by 

the binding and cooperation of multiple transcription factors (Ets-1, Sp1, and Smads) and 

co-activators like CREB-binding protein (CBP)/p300 (126). Ets-1 is activated by both 

TGF-β and MAPK (126), providing a potential mechanistic target for apigenin. Future 

studies could employ a chromatin immunoprecipitation assay using an Ets-1 antibody, 

followed by RT-PCR using primers for the PTHrP promoter sequence, to evaluate whether 

apigenin treatment inhibits Ets binding to the endogenous PTHrP promoter in acinar cells. 

Pathway inhibitors like PD98059, LY294002, SB203580 (for p38 inhibition), and 

SP600125 (for JNK inhibition) could also be incorporated, providing additional 

information regarding preferential MAPK pathway use in PTHrP transcriptional 

regulation. 
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MAPK/ERK pathway inhibition by apigenin was investigated further in vitro using 

SDS-PAGE immunoblotting. These studies showed that pre-treatment of AR42J cells with 

50 µM of apigenin was insufficient to significantly inhibit pERK activation by CR. We 

observed significant variability between the independent assay replicates, hence the large 

error bars on the graph (Figure 8). This variability may be due, in part, to technical 

problems since CR activates pERK rapidly (2.5-5 min) in acinar cells. 

Using a mouse model of RAP, assessment of MAPK pathway activation revealed 

that apigenin significantly reduced pERK nuclear localization. The MAPK pathway is a 

critical link between extracellular stimuli, such as CR or CCK, intracellular response, and 

regulation of cell proliferation, differentiation, and apoptosis. Signal transduction is 

transferred through the sequential phosphorylation of a kinase cascade, classically leading 

to pERK translocation from the cytoplasm to the nucleus, where it can phosphorylate 

transcription factors (132). In quiescent cells, ERK is largely anchored in the cytoplasm; 

upon activation, pERK transiently enters the nucleus and returns to the cytoplasm due to 

an inherent nuclear export sequence at its N-terminus (133, 134). Thus, the positive pERK 

nuclear staining correlated with MAPK activation by RAP, and apigenin inhibition of this 

response correlated with a reduction in pancreatic injury.  

 The use of ERK inhibitors has further solidified the importance of the MAPK 

pathway activity in the perpetuation of pancreatitis. Rats pre-treated with MEK inhibitors 

PD98059 or U0126 for 30 min prior to CR-induced AP, and consequently redosed with 

hourly CR injections, exhibited less severe pancreatitis as measured by lower pancreatic 

wet weight, limited severity of pancreatitis-related morphology, and reduced serum 

amylase (135). Wet weight is an indirect measurement of pancreatic edema. In addition, 

rats were treated with vinblastine to generate neutropenia, and U0126 pretreatment reduced 

pancreatic wet weight and ERK expression in protein homogenate (135), providing 

evidence for intra-pancreatic MAPK/ERK pathway stimulation.  

 Apigenin’s effect on NF-κB pathway activation was investigated using ICC 

staining and quantification of nuclear localization. Apigenin was found to reduce NF-κB 

translocation. This finding is relevant since the immunostaining of pancreatic tissue from 
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CP patients has shown significant nuclear p65 positivity of acini (130). Wu et al’s findings 

support the concept that apigenin resets a threshold for activation of intracellular pathways 

involved in the generation of an inflammatory response; apigenin was found to reduce both 

basal and TNF-α-stimulated NF-κB DNA binding, transcriptional activity, IκB 

phosphorylation, and nuclear p65/p50 nuclear translocation in pancreatic cancer cell line 

AsPc-1 (136). Thus, apigenin is most likely acting through multiple mechanisms to limit 

pancreatic injury in RAP, and thereby progression to CP. 
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CHAPTER 3: 

APIGENIN’S REGULATION OF PSC ACTIVITY 
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3.1 Introduction 

3.1.1 Fate of Activated PSCs  

 According to the SAPE hypothesis, the sentinel event of AP injures acinar cells. 

This induces a pro-inflammatory and pro-fibrotic response mediated, in part, by the 

myofibroblastic transformation of PSCs. The physiologic wound-healing response 

becomes pathologic when repeated stress sustains the activation of PSCs, perpetuating their 

activation, proliferation, synthetic activity, and fibrotic response to pancreatic injury. PSC 

activation has been well-characterized, but controversy exists as to what is the fate of 

activated PSCs. Options include reversion to a quiescent state, senescence, and/or 

apoptosis (93).  

PSC inactivation has been demonstrated in vitro; PSCs treated with retinol and its 

metabolites reduced cellular proliferation, α-SMA expression, collagen 1/FN/laminin 

expression, and activation of MAPK pathways involving ERK, p38, and JNK (137). 

Pancreatic cryostat sections from rats with dibutyltin dichloride-induced CP exhibited 

increased colocalization of senescence-associated β-galactosidase, α-SMA, fibrosis, and 

CD4 and CD8 inflammatory infiltrate (138). 

Vonlaufen et al have provided stronger in vivo evidence supporting the importance 

of PSC apoptosis in pancreatitis resolution. Rats were subjected to 10 wk of alcohol feeding 

followed by an LPS challenge, and recovery was monitored with and without the 

continuation of alcohol. IHC for caspase 3 and dUTP nick-end labeling (TUNEL) staining 

were used to assess PSC apoptosis in pancreatic sections. The withdrawal of ethanol for 3 

or 7 d resulted in a significant increase in PSC apoptosis accompanied by reduced collagen 

and hydroxyproline deposition; whereas continued alcohol feeding prevented PSC 

apoptosis (139). 

Additional research is needed to identify mechanisms of PSC inactivation as this is 

a potential target for therapeutic drug development in RAP. Within the oncologic literature, 

apigenin has been reported to possess anti-proliferative and pro-apoptotic properties (108); 

therefore, we hypothesized that the preservation of pancreatic architecture seen in our 
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animal model of RAP was mediated, in part, through growth inhibition, apoptosis 

induction, and suppression of PTHrP-mediated PSC response to pancreatic injury. 

3.2 Materials and Methods 

3.2.1 Materials 

The majority of the materials have been listed in Section 2.2.1. Any additional 

reagents have been included in this section. The C57BL/6 mice were purchased from 

Harlan Laboratories (Houston, TX) and The Jackson Laboratory (Bar Harbor, ME).  

The following IHC reagents were purchased from the companies indicated: rabbit 

serum (Sigma-Aldrich), hematoxylin 7211 (Thermo Fischer Scientific, Inc.), 

VECTASTAIN Elite ABC kit and VectaMount (Vector Laboratories). Information 

regarding the antibodies utilized was included in Table 5. 

Name Specificity Dilution Details Manufacturer 

Fibronectin C-terminus of 

fibronectin of 

human origin (C-

20) 

1:600 (IHC) Goat, 

polyclonal 

Santa Cruz  sc-

6952 

Biotinylated 

rabbit anti-goat 

Goat IgG 1:400 (IHC) Rabbit Vector Lab BA-

5000 

TABLE 5. Antibodies used in PSC experiments. 

The following cell culture reagents were purchased from Invitrogen: streptomycin, 

penicillin, gentamicin, and amphotericin B (Life Technologies). The insulin-transferrin-

selenium-ethanolamine was from Gibco, and the 1% non-essential amino acid was from 

Sigma-Aldrich. The lentiviral vector for Simian virus 40 (SV40) large T antigen (plasmid 

#12245) and human telomerase (#12246) were obtained from Addgene (Cambridge MA).  

The cell proliferation assays were conducted with the following: Z1 Particle 

Counter (Beckman Coulter, Hialeah, FL), alamarBlue reagent (DAL1025, Thermo Fisher 

Scientific, Inc.), and SpectraMax M2 Microplate Reader (Molecular Device, Sunnyvale, 

CA). The Cell Death Detection ELISAPLUS assay, Version 11.0, was purchased from Roche 
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Applied Science (Indianapolis, NY), and absorbance output was read with an ELx808 

Automated Microplate Reader (Bio-TEK Instruments, Inc., Winooski, VT).   

To assess the efficiency of RNA isolation, a NanoDrop spectrophotometer 

(Nanodrop Technologies, Wilmington, DE) and RNA Nano chip with Agilent 2100 

Bioanalyzer (Agilent Technologies, Santa Clara, CA) were utilized. The TaqMan Reverse 

Transcription Reagents Kit (Life Technologies), Faststart Universal SYBR green Master 

Mix (Roche), and ABI Prism 7500 Sequence Detection System (Life Technologies) were 

used to complete qPCR. 

3.2.2 Methods 

3.2.2.1 RAP Mouse Model 

The RAP model has been previously described in Section 2.2.2.7. The mouse strains 

C57/129P2 and C57BL/6 were utilized for the RAP experiments repeated in triplicate. 

3.2.2.2 Immunohistochemistry (IHC) 

A protocol for tissue fixation and automated IHC was discussed in Section 2.2.2.8. 

A method of manual immunohistochemical staining for FN has been previously published 

(111). Any differences between the two methods have been included below.  

The sections were deparaffinized with xylene, rehydrated using an ethanol gradient, 

and washed in MQ water for 3 min, trice. Heat-mediated antigen retrieval was performed 

by incubating the sections with the same citrate buffer for 30 min at 97˚C. The slides were 

allowed to cool to 25˚C and then washed in MQ water for 5 min, twice. Endogenous 

peroxidase activity was quenched by incubating sections with 3% H2O2 for 20 min at room 

temperature (RT). To block nonspecific binding, the sections were incubated with a 

solution of 5% rabbit serum, 1% BSA, and PBS for 3 hr at RT. The sections were incubated 

with primary Ab in Ab diluent overnight in a humidity chamber at 4˚C.  

Two 5-min washes with PBS-0.1% Tween 20 (PBS-T) were followed by two 

washes with PBS. The sections were incubated with secondary Ab for 30 min in a humidity 
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chamber at RT. The slides were washed with PBS-T and PBS as before. The 

VECTASTAIN Elite ABC kit and DAB were utilized for color development. The slides 

were washed with MQ water for 3 min twice followed by counter-staining with 

hematoxylin 7211. The sections were dehydrated using an ascending graded series of 

ethanol followed by xylene. VectaMount was used to attach the coverslips to the slide.  

3.2.2.3 Image Analysis 

The BX51 microscope coupled to a DP71 Olympus digital camera was used to 

capture 10 non-overlapping 400x images of each pancreas. ImageJ software and Ruifrok’s 

color deconvolution plug-in (140) were used to isolate the brown staining from the 

compound image of DAB and hematoxylin stained pancreata. The ROI was set as the entire 

400x image. The images were analyzed using a sequence of commands: background 

substraction; automated brightness/color adjustment; color deconvolution using the ‘H 

DAB’ vector with selection of the brown channel; minimal thresholding, and automated 

measurement of the percent area of isolated brown staining within the ROI (119).  

3.2.2.4 Primary Human PSC Isolation and Culture  

The method for establishing primary PSC cultures has been published (119). Under 

an Institutional Review Board-approved protocol, discarded pancreatic tissue (500 mm3) 

from patients with CP was attained fresh from the operating room at UTMB. The tissue 

was transported in tumor media, which consisted of the following: DMEM supplemented 

with streptomycin 200 µg/ml, penicillin 200 U/mL, gentamicin 50 µg/mL, amphotericin B 

0.25 µg/mL, 1% insulin-transferrin-selenium-ethanolamine, 1% non-essential amino acids, 

and 10% FBS. The tissue was finely minced and explanted onto a collagen-coated (15 

µg/mL) flask which had been prepared at least 30 min prior to use. The flask was filled 

with enough tumor media to cover the tissue, preventing desiccation. Cell culture 

conditions were maintained at 37˚C and a 5% CO2 humidified atmosphere. The tumor 

media was replaced every 3-5 days for a month.  

The human PSCs were isolated using a standard outgrowth method as described by 

Apte (82) and Bachem (83), whom both have shown that PSCs grown on plastic auto-
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activate. PSC culture purity was confirmed by immunostaining for α-SMA, vimentin, and 

GFAP. The primary PSCs were immortalized for repeat experimentation. This was 

achieved by transducing the cells with lentivirus containing SV40 Large T antigen and 

human telomerase (141). The transformed PSCs were selected by growing them in DMEM 

supplemented with 10% FBS and ampicillin (100 µg/mL).  

3.2.2.5 Cell Proliferation Assays 

 Cell proliferation was evaluated over time through cell counting (119). Human 

PSCs were seeded in quadruplicate in a 12-well plate (1.5x105 cells/well) containing 

DMEM with 10% FBS. The next day, the media was aspirated and changed to DMEM 

with 1% FBS. Apigenin (30 µM) or vehicle (DMSO) treatment was initiated for 24, 48, 

and 72 hr. For each time point, the cells were recovered using trypsin and quantified with 

a Coulter counter. 

 Cell viability was assessed using the colorimetric alamarBlue assay (119). Human 

PSCs were plated in sextuplicate in a 96-well plate (3x103 cells/well) containing DMEM 

with 10% FBS. The next day, the media was aspirated and changed to DMEM with 1% 

FBS. The PSCs were treated with escalating doses of apigenin (0-50 µM) for 48 hr. The 

cells were incubated with alamarBlue reagent (10% of the well volume) for 4 hr at 37˚C, 

shielded from light. Viable cells were able to maintain a reducing environment and convert 

the cell-permeable active ingredient, resazurin, to a highly fluorescent product, resorufin. 

Fluorescent intensity is directly proportional to cell number and was measured at excitation 

and emission wavelengths of 544/590 nm by a microplate reader. To account for 

background fluorescence, the average reading from wells containing media (no cells) was 

subtracted from the assay output. Apigenin did not interfere with the assay as it has been 

shown to be weakly fluorescent in aqueous solutions (142). The data was used to generate 

a dose-response curve by plotting fluorescence versus [apigenin]. 

3.2.2.6 Cell Death Assay 

 Methods used to evaluate cell death have been previously published (119). Human 

PSCs were plated in triplicate in 96-well plate (8x103 cells/well) containing DMEM with 
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10% FBS. The media was changed to DMEM with 1% FBS the next day. The PSCs were 

treated with apigenin over time (50 µM for 1-6 hr) and at different concentrations (0-50 

µM for 14-16 hr) by performing serial dilutions. In-well cell lysis and an enzyme-linked 

immunosorbent assay (ELISA) were completed using Ab-directed at mononucleosomes 

and oligonucleosomes specific to the process of apoptosis rather than necrosis. A negative 

control consisted of untreated cells, and the ELISA kit incorporated a DNA-histone 

positive control. Background was quantified by measuring the absorbance of Incubation 

Buffer rather than a sample, and this average reading was subtracted from the assay output. 

Absorbance was measured at a wavelength of 405 nm using a microplate reader. Apigenin 

did not interfere with the assay’s output as its two intrinsic absorbance bands (Band I 300-

390 nm, Band II 250-280 nm) lie outside of the spectra utilized (142). The data was used 

to generate a dose-response by plotting absorbance versus log [apigenin]. 

3.2.2.7 Real Time PCR (qPCR) 

 RNA isolation was once again performed with the RNAqueous kit, and qPCR was 

completed by the UTMB Molecular Genomics Core. RNA quantity and quality was 

assessed with a NanoDrop spectrophotometer and Nanochip with Agilent 2100 

Bioanalyzer. The TaqMan cDNA synthesis kit was used to reverse transcribe 1.0 µg of 

RNA into cDNA while using the following reaction conditions: 25˚C for 10 min, 48˚C for 

30 min, and 95˚C for 5 min. Real-time PCR (qPCR) was performed with the ABI Prism 

7500 Sequence Detection System, primers listed in Table 6, SYBR green master mix, and 

the following conditions: 50˚C for 2 min, 95˚C for 10 min, followed by 40 cycles at 95˚C 

for 15 sec and 60˚C for 1 min. Results were reported relative to the housekeeping gene 

18S. The threshold cycle and n-fold change formulas were calculated as described in 

Section 2.2.2.4. 

3.2.2.8 Statistical Analysis  

The apigenin concentrations were converted to a logarithmic scale and entered into 

GraphPad with their associated fluorescence/absorbance assay results. Then, nonlinear 

regression was utilized to create a best-fit curve for the dose-response data. This enabled 
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determination of half maximal inhibitory concentration (IC50) and half maximal effective 

concentration (EC50). Additional methods for statistical analysis have been described in 

previous chapters. 

 
3.3 Results 

3.3.1 Apigenin reduced pancreatic injury and fibrosis in vivo. 

Apigenin was tested using the well-established animal model of secretagogue-induced 

RAP. Stromal fibrosis was evaluated by performing DAB-immunohistochemical staining 

for FN, a fibrillar component of the ECM matrix. Hematoxylin counterstaining was 

performed to provide contrast and define the parenchymal architecture. The blue dye 

preferentially bound to basophilic structures such as DNA in the nucleus and RNA in the 

ribosomes and RER, both of which are predominant in the acinar cell.   

Each study group consisted of 5-6 mice, and this experiment was repeated 

independently a total of 3 times. Four weeks of CR-induced RAP produced significant 

histologic evidence of pancreatic injury (Figure 11A). An overall loss in acini was 

observed, and those remaining appeared atrophic and disorganized. Intralobular ducts were 

decreased in number with distorted epithelial lining and periductal fibrosis. The islets were 

relatively spared (not shown), which is a common finding in early CP. Increased cellularity 

was noted, reflecting lymphoplasmacytic infiltration. The diffuse periacinar, perilobular, 

and periductal fibrosis was identified by the brown immunohistochemical staining for FN. 

In contrast, the normal pancreatic architecture was observed in the vehicle control group 

Primer Species Forward Primer Reverse Primer 

Collagen type 

1α1 

Human GGCAGCCTTCCTGATTTCTG CTTGGCAAAACTGCACCTTCA 

Fibronectin Human ATGGTGTCAGATACCAGTGCTA

CTG 

TCGACAGGACCACTTGAGCTT 

TGF-β1 Human GCACGTGGAGCTGTACCAGAA CTGAGGTATCGCCAGGAATTG 

PCNA Human GGGCGTGAACCTCACCAGTA TCATTGCCGGCGCATT 

IL-6 Human ATGAACTCCTTCTCCACAAGCG CCCCAGGGAGAAGGCAAC 

IL-8 Human GGCAGCCTTCCTGATTTCTG CTTGGCAAAACTGCACCTTCA 

TABLE 6. SYBR-green primers used in PSC qPCR. 
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(Figure 11B). The parenchyma was composed of plump, homogenous acini without signs 

of inflammation or fibrosis. 

Apigenin therapy appeared to protect the pancreas from recurrent injury induced 

by CR (Figure 11C). The acinar units appeared to be preserved with minimal atrophy. Less 

cellularity, interstitial edema, and stromal fibrosis was noted. Mice treated with apigenin 

alone (Figure 11D) exhibited pancreatic histology comparable to the vehicle controls. Ten 

non-overlapping representative images of each pancreatic section were taken, and the 

percent area of brown (FN) staining was quantified using ImageJ and a color deconvolution 

plug-in. As seen in Figure 11E, Apigenin treatment significantly reduced pancreatic 

fibrosis during RAP by 58% (p < 0.001). 

 

 

FIGURE 11. Apigenin preserved pancreatic architecture and limited fibrosis during RAP in 
vivo.  
Mouse pancreatic tissue was stained for FN by DAB-IHC and counter-stained with hematoxylin. 
Representative sections from each study group were provided, with images taken at 400x (A-D). 
The vehicle for CR was PBS, and the vehicle for apigenin was 0.5% MC + 0.025% Tween 20 in 
MQ water. Treatment groups consisted of: A) CR (+ apigenin’s vehicle); B) both vehicles; C) CR 
+ apigenin (2.5 mg/kg); and D) apigenin (+ CR’s vehicle). The percent area of brown FN staining 
was quantified in ImageJ and graphed as mean ± SEM in E). The animal experiment was repeated 
in triplicate, and a significant p-value < 0.001 was indicated as ***. Reproduced with permission 
(119). 
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3.3.2 Apigenin inhibited PSC proliferation and viability over time and with increased 

doses. 

Activated PSCs are responsible for the dysregulated deposition and remodeling of 

ECM components in CP (93). Therefore, the effect of apigenin on PSC proliferation and 

viability was evaluated in vitro. For the proliferation assay, PSCs were treated with 

apigenin (30 µM) or vehicle (DMSO) for 24-78 hr. At each time point, the cells were rinsed 

with PBS, trypsinized, and the cell number was determined by an automated Coulter 

counter. PSCs treated with the vehicle displayed log phase cell growth; however, PSC 

proliferation was inhibited by apigenin over the 78-hr time period (Figure 12A). 

 Cell viability was assessed with the colormetric alamarBlue assay, and data output 

was used to generate a dose-response curve (Figure 12B). PSCs were treated with 

increasing doses of apigenin (0-50 µM) for a 48-hr time period, and PSC viability was 

inhibited in a dose-dependent manner. Using nonlinear transformation, a best-fit curve was 

generated in SPSS, allowing determination of the concentration at which apigenin results 

in 50% inhibition of PSC viability. By combining the results from 10 independent 

alamarBlue assays, the IC50 of apigenin was determined to be 18.6 ± 1.6 µM (mean ± SEM) 

(111, 119). 

 

FIGURE 12. PSC proliferation and viability were inhibited by apigenin in a time- and dose-
dependent manner. 
A) PSCs were treated with apigenin (30 µM, ■ ) or vehicle (DMSO,▲) for 24, 48, and 72 hr. At 
each time point, PSCs were washed with PBS, trypsinized, and counted. Each condition was 
performed in quadruplicate. B) PSCs were treated with escalating doses of apigenin for 48 hr. B) 
PSC viability was measured using the alamarBlue assay, from which the dose-response curve was 
generated representing a single assay. Apigenin’s IC50 (18.6 ± 1.6 µM) was determined from a total 
of 10 independent assays.  Reproduced with permission (111, 119). 
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3.3.3. Apigenin induced PSC apoptosis over time and with increased doses.  

Perpetual activation of PSCs produces the desmoplastic reaction to pancreatic 

injury. The PSCs express a high mitotic index accompanied by decreased cell death (93). 

The effect of apigenin on PSC apoptosis was evaluated in vitro. Programmed cell death 

was quantified using an ELISA directed at nucleosomes, which are generated from 

endonuclease-dependent DNA fragmentation. For the first experiment, PSCs were treated 

with apigenin (50 µM) for various time points (Figure 13A). Compared to basal levels, 

apigenin induced significant PSC apoptosis at 3.5, 5, and 6 hr (p < 0.05). 

 Next, PSCs were treated with increasing doses of apigenin (0-50 µM) for 48 hr, 

and the ELISA was completed. Absorbance was directly proportional to apoptosis and 

reflected a dose-response to apigenin (Figure 13B). SPSS was used to perform nonlinear 

regression and generation of a best-fit curve. Apigenin’s EC50 (24.5 ± 2.5 µM) was derived 

from 7 independent assays, and it represented the concentration at which half the maximal 

amount of apoptosis was induced (111, 119). 

 

 

 

FIGURE 13. PSC apoptosis was induced by apigenin in a time- and dose-dependent manner.   
A) PSCs were treated with apigenin (50 µM) for 1-6 hr. Apoptosis was measured using the Cell 
Death Detection ELISAPLUS assay. B) PSCs were treated with apigenin escalating doses of 
apigenin for 14-16 hr. Apoptosis was evaluated as in A), from which a dose-response curve was 
generated representing a single assay. Apigenin’s EC50 (24.5 ± 2.5 µM) was determined from a 
total of 7 independent assays. Reproduced with permission (111, 119). 
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3.3.4. Apigenin limited PTHrP-mediated induction of PSC ECM synthesis, 

proliferation, and inflammation. 

PTHrP has been shown to be a pro-fibrogenic and pro-inflammatory mediator of 

pancreatitis (80, 81). The effect of apigenin on PSC transcriptional response to PTHrP was 

evaluated in vitro. Human PSCs were pre-treated with vehicle (DMSO) or apigenin (50 

µM) for 1 hr followed by stimulation with PTHrP (10-7M) for 12 hr. RNA was isolated 

and qPCR performed to measure the mRNA levels of ECM proteins collagen type 1α1 and 

FN, cell proliferation marker PCNA, TGF-β1, and pro-inflammatory cytokines IL-6 and 

IL-8 (Figure 14 A-F, respectively). Apigenin reduced basal mRNA levels of all endpoints 

except FN. Furthermore, apigenin significantly reduced PSC transcriptional response to 

PTHrP (p < 0.001). Compared to the vehicle, PTHrP minimally stimulated IL-8, and thus 

 

FIGURE 14. PSC reduced PTHrP-induced fibrogenesis, proliferation, and inflammation. 
PSCs were pre-treated with vehicle (DMSO) or apigenin (50 µM) for 1 hr and then stimulated with 
PTHrP (10-7 M) for 12 hr. Total RNA isolation and qPCR were performed to determine the mRNA 
levels of collagen type 1α1 (A), FN (B), proliferating cell nuclear antigen (C), TGF-β1 (D), IL-6 
(E), and IL-8 (F). Fold-change was reported relative to the vehicle. The graphs represented the 
combined results of 2 independent assays. P-values were indicated as * (p < 0.05), *** (p < 0.0001), 
and NS (p > 0.05, non-significant). Reproduced with permission (119). 
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apigenin’s effect is most likely independent of PTHrP (119). The graphs represented the 

combined results from 2 independent assays.  

3.4 Discussion 

Testing of apigenin in a mouse model of CR-induced RAP revealed that it was a 

promising lead compound for therapeutic drug development. Oral apigenin treatment (of 

2.5 mg/kg) was initiated 1 wk after the induction of RAP and continued for the duration of 

4 wk. This preclinical study design modeled the potential clinical application of apigenin 

in pancreatitis patients who are at risk for progression to CP. After 4 wk of RAP, apigenin 

therapy had appeared to protect the pancreas from recurrent injury. Pancreatic architecture 

was preserved with limited evidence of histologic damage by pancreatitis. Apigenin 

reduced acinar atrophy, inflammatory infiltrate, and stromal fibrosis. DAB-

immunohistochemical staining for FN confirmed a significant reduction in stromal fibrosis, 

which reflected the pathologic activity of activated PSCs.  

To my knowledge, a single study exists in the literature evaluating the use apigenin 

in the setting of pancreatitis. Lampropoulos et al utilized a biliopancreatic ductal ligation 

rodent model of AP to assess the effect of single, 5 mg oral dose of apigenin (110). The 

authors reported how apigenin “seemed to protect the pancreatic tissue”, significantly 

limiting inflammatory infiltrate and MPO activity, which is a redox-related lysosomal 

enzyme highly expressed by neutrophils (110). There is evidence within the literature of 

other classes of flavonoids reducing the severity of pancreatitis. Pretreatment with the 

flavonol quercetin (at single oral doses of 25, 50, 100 mg/kg) attenuated CR-induced AP 

by significantly modulating the following parameters: serum amylase/lipase, pancreatic 

edema (measured by wet weight), inflammation (measured by MPO activity, 

immunostaining for TNF-α, and serum levels of TNF-α, IL-1β, IL-6, and IL-10), lipid 

peroxidation, and histologic damage involving edema, inflammatory infiltration, acinar 

vacuolization and necrosis (143).  

Another study induced AP in rats using ethanol feeding and jugular vein infusion 

of CCK (50 ng/kg body weight/1 hr). Black tea extract, which contains apigenin, protected 
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the pancreas through the following mechanisms: reduction in autodigestive injury as 

evidenced by lower serum amylase/lipase levels, lipid peroxidation, and histologic severity 

scores; anti-inflammatory activity, reducing pro-inflammatory cytokines TNF-α and IL-6; 

and antioxidant activity, which was assessed by cytotoxic nitric oxide production, 

superoxide dismutase/catalase enzymatic function, and glutathione levels (144). Also of 

pertinence, the black tea extract reduced the degree of DNA fragmentation in pancreatic 

homogenate, reinforcing the reduction in acinar cell necrosis observed histologically (144). 

Thus, the chemical structure of flavonoids provides a strong basis for analog development.  

Apigenin’s known anti-proliferative and pro-apoptotic effects were beneficial to 

the control of PSC activity, thereby limiting the fibrotic response seen in the CR-induced 

RAP model. Apigenin significantly inhibited PSC proliferation and viability in a time- and 

dose-dependent fashion. Transformation of PSCs from a quiescent to activated state 

involves a physiologic increase in mitotic index (93, 145). The treatment of PSCs in vitro 

with green tea polyphenol epigallocatechin-3-gallate resulted in suppressed ethanol-

mediated induction of α-SMA expression, collagen production, TGF-β excretion, and 

mitogenic p38 MAPK pathway activation measured by Western blot (146). 

Within the oncologic literature, apigenin has been shown to exert its anti-

proliferative activity by inducing reversible G2/M and G0/G1 cell-cycle arrest through the 

down-regulation of cyclin-dependent kinases and induction of p53 protein stability (108). 

Similarly, apigenin induced PSC apoptosis in a time- and dose-dependent fashion. 

Molecular mechanisms by which apigenin shifts activated cells toward programmed cell 

death include increasing the Bax/Bcl-2 ratio, which results in a release of cytochrome c, 

Apaf-1 induction, caspase-3 activation, and poly-ADP ribose polymerase (PARP)-

cleavage (108). 

In my in vitro PSC RT-PCR experiments, apigenin inhibited PTHrP-mediated 

increases in ECM production (collagen type 1α, FN), proliferation (PCNA), and generation 

of pro-inflammatory growth factor TGF-β and cytokines IL-6 and IL-8. Apigenin also reset 

the threshold for transcription of all endpoints except FN, which most likely was not 

captured in the 12-hr time frame. This provided indirect evidence of the importance of 
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PTHrP in autocrine and paracrine signaling. As described in the RAP model, the 

progression of pancreatitis involves the critical interaction between acinar cell injury and 

PSC response to it. By inhibition of PSC proliferation and induction of apoptosis, apigenin 

minimizes the pro-inflammatory, pro-fibrotic response to acinar cell injury, which is in part 

mediated through reduced responsiveness to PTHrP. 
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CHAPTER 4: 

DEVELOPMENT AND TESTING OF APIGENIN ANALOGS 
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4.1 Introduction 

 Apigenin is a plant-derived compound ubiquitously found in many fruits, 

vegetables and beverages. The average American diet includes a daily flavanoid intake of 

189.7 mg/d, of which 0.8% (≈ 1.5 mg/d) is derived from flavones like apigenin (147). As 

a class, flavones’ clinical application as therapeutics agents is limited by their poor aqueous 

solubility, low oral bioavailability and metabolic stability. Apigenin lacks sugar moieties 

(aglycone), and its hydrophobicity permits its passive diffusion across intestinal 

membranes; greatest absorption has been noted in the duodenum (148). Flavonoids then 

bind to albumin within the portal circulation and are transported to the liver. Undergoing 

extensive Phase II hepatic metabolism, metabolites are generated through conjugation 

reactions with glucuronic acid and sulfate (149), which are primarily excreted in the urine 

(150). Early drug development involves modification of a lead compound’s molecular 

structure to optimize its functionality. With regards to apigenin, rings A and C have been 

identified as potential targets for chemical modification (Figure 15) (151-153). Studies 

have shown that polymethoxylated flavones/derivatives with nonpolar groups attached to 

the A ring exhibited an enhanced antiproliferative effect on human cancer cell lines (154) 

and improved metabolic stability (155). 

4.2 Materials and Methods 

4.2.1 Materials 

 The majority of the materials have already been listed in Section 3.2.1. The 

C57BL/6 mice were purchased from Harlan Laboratories and The Jackson Laboratory. 

Apigenin analogs were synthesized and provided through collaboration with medicinal 

chemist, Dr. Jia Zhou. The chemistry-related materials for analog synthesis were described 

in detail elsewhere (111). 
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4.2.2 Methods 

4.2.2.1 Generation of apigenin analogs 

Apigenin analogs were designed and synthesized with the goal of improving upon 

the lead compound’s unfavorable physiochemical properties. This was achieved by 

generating a “focused library of O-alkyl-amino-tethered apigenin derivatives at the 4'-O 

position of the ring” (111). Apigenin’s chemical structure (4',5,7-trihydroflavone) was first 

modified by adding nonpolar alkyl groups at the 5' and 7' position of ring A (Figure 15). 

Through a series of additional synthetic reactions, the 4' position of ring C was altered to 

include an epoxide group (HJC 05-61) or terminal amino moiety (HJC 05-100) for 

improvement in aqueous solubility. The synthetic routes utilized to produce the two 

analogs have been described in detail by Chen et al, and all derivatives were refined to a 

purity >95% as determined by high performance liquid chromatography (HPLC) (111). 

 For each analog, traditional medicinal chemistry metrics were calculated to predict 

the compounds’ drug-likeness, providing an estimate of property optimization beyond that 

of the lead structure. The calculated logarithm of the partition coefficient (cLogP) is a 

measure of lipophilicity, which is an important property drug absorption, distribution, 

metabolism and excretion. The topological polar surface area (tPSA) is the surface sum of 

 

FIGURE 15. Chemical structures of apigenin and analogs tested in vitro and in vivo. 

Compound Lipophilicity (cLogP) Polarity (tPSA) 
Apigenin 2.33 90.9 
HJC 05-61 2.50 70.4 
HJC 05-100 3.03 81.4 
TABLE 7. Prediction of molecular properties.  
cLogP: http://146.107.217.178/lab/alogps/start.html. 
tPSA: http://www.molinspiration.com/cgi-bin/properties. Reproduced with permission 
(111). 
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all of the polar atoms within the molecule. Both analogs had increased lipophilicity and 

reduced polarity (Table 7), which were compliant with Lipinski’s ‘Rule of 5’ favorable 

drug-like properties. HPLC was also performed on selected derivatives to evaluate aqueous 

solubility. HJC 05-100 (in the form of hydrochloride salt) exhibited significantly improved 

solubility (84.1 mg/mL) compared to apigenin (2.16 µg/mL) (111).  

4.2.2.2 Previously Described In Vitro Methods 

 The immortalized human PSC line that was previously established by our 

laboratory (Section 3.2.2.4) was utilized to test the biologic potency of the analogs in vitro. 

The alamarBlue assay was performed as before (Section 3.2.2.5) and used to complete 

preliminary screening of the multiple analogs synthesized. Two promising apigenin 

analogs, designated HJC 05-61 and HJC 05-100, were selected for additional testing, and 

their dose-response were characterized using the cell viability and apoptosis assays 

(Section 3.2.2.6) (111).  

4.2.2.3 RAP Mouse Model and Image Analysis 

 Apigenin and the analogs HJC 05-100 and HJC 05-61 were tested in vivo using the 

preclinical mouse model of RAP, which has been outlined in Section 3.2.2.1. Briefly, RAP 

was induced by serial CR injections as before. After the first week of RAP, treatment with 

apigenin and the 2 analogs was initiated at a much lower dose of 10 µg/mouse (≈ 0.5 mg/kg) 

and continued for the remaining 3 wk of the experiment (Figure 16). At termination, the 

mice were sacrificed, pancreata harvested, processed and stained for FN using the 

immunohistochemical methods described in Section 3.2.2.2. Five representative, non-
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overlapping 400x images of each pancreas were taken with the Olympus BX51 microscope 

coupled to a DP71 Olympus digital camera. The images were analyzed using the ImageJ 

color deconvolution program (140), and the percent area of FN staining was determined 

(111). 

4.2.2.4 Statistical Analysis  

 Using the cell viability and apoptosis assay data, best-fit curves were generated 

through logarithmic transformation and nonlinear regression. This allowed determination 

of the analogs’ IC50 and EC50 relative to that of apigenin. The IHC data was analyzed with 

two-way ANOVA and post hoc Tukey-Kramer multiple comparisons test. Statistical 

significance was set at p < 0.05, and the data was graphed as the mean value ± SEM. 

4.3 Results 
 
4.3.1 Apigenin analogs were screened using the alamarBlue assay. 

Drs. Zhou and Chen synthesized more than 30 apigenin analogs that needed to be 

screened for increased potency relative to apigenin. The alamarBlue cell viability test was 

used to accomplish this task, and selected concentrations of 5, 10, and 20 µM were 

analyzed. Viable cells maintained a reducing environment and were able to convert the 

permeable, non-fluorescent dye to a red, highly fluorescent product. Fluorescence intensity 

was then measured, which was directly proportional to the number of viable PSCs. As an 

 

FIGURE 17. Screening of apigenin analogs with the alamarBlue cell viability assay. 
PSCs were treated with apigenin or analogs over a range of doses (0-20 µM) for 48 hr. The different 
apigenin analogs were designated by HJC 05-#. PSC viability was assessed was measured using the 
alamarBlue assay.  
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example, the results from one screening assay were provided in Figure 17. The analogs 

tested inhibited PSC viability at lower concentrations than apigenin. Analog HJC 05-61 

appeared to be the most potent in the screen, reducing viability drastically by 10 µM. 

4.3.2 Apigenin analogs HJC 05-61 and HJC 05-100 were more potent at reducing PSC 

viability. 

 The alamarBlue assay was employed again to fully characterize the dose-response 

of apigenin analogs HJC 05-61 and HJC 05-100. PSCs were treated with increasing doses 

of apigenin/analog (0-50 µM) for 48 hr. Both analogs inhibited PSC viability at lower 

concentrations than apigenin (Figure 18A). Best-fit curves were determined by graphing 

fluorescent output versus the log of compound concentrations and performing nonlinear 

regression (Figure 18B). The analogs’ increased potency in reducing PSC viability was 

reflected in their lower IC50 values when compared to apigenin: HJC 05-100 (8.0 ± 1.8 

µM) and HJC 05-61 (2.5 ± 0.6 µM) versus apigenin (18.6 ± 1.6 µM) (111, 119).  

 

 

FIGURE 18. Analogs HJC 05-61 and HJC 05-100 were more potent than apigenin at 
inhibiting PSC viability.   
A) PSCs were treated with escalating doses of apigenin, analog HJC 05-100, and analog HJC 05-
61 for 24 hr. PSC viability was measured using the alamarBlue assay, from which the dose-
response curves were generated. The graph represented a single assay. B) Transformation of the 
compound concentrations to a logarithmic scale and nonlinear regression enabled generation of a 
best-fit curve. The IC50 of apigenin, HJC 05-100, and HJC 05-61 were 18.6 ± 1.6 µM, 8.0 ± 1.8 
µM, and 2.5 ± 0.6 µM, respectively. The IC50 were reported as the mean ± SEM and derived from 
at least 3 independent assays. Reproduced with permission (111). 



69 
 

4.3.3 Analog HJC 05-61 was more potent at inducing PSC apoptosis.  

 The Cell Death ELISAPLUS was utilized to quantify the degree or programmed cell 

death. This was proportional to the assay’s endpoint of absorbance (Figure 19A). HJC 05-

61 was more potent than apigenin, inducing PSC apoptosis at much lower concentrations. 

HJC 05-100 induced minimal cell death at low concentrations, and between 25-35 µM, a 

steep dose-response was observed followed by significant cell death at higher 

concentrations. SPSS was employed to generate a best-fit curve for the data in Figure 19B, 

and the EC50 values were determined from 2 independent assays: HJC 05-100 (9.6 ± 1.8 

µM), apigenin (24.5 ± 2.5 µM) and HJC 05-100 (35.2 ± 5.5 µM) (111, 119).  

4.3.4 Apigenin and analogs reduced fibrosis in a preclinical mouse model of RAP. 

 The next step involved testing the analogs in vivo using the CR-induced RAP 

model. For this experiment, each group consisted of 5-6 mice. The control groups consisted 

of IP injections of PBS, which was the vehicle for CR. Pancreatitis was induced 1 wk prior 

to initiation of treatment with apigenin, HJC 05-100, HJC 05-61 or vehicle (0.5% MC + 

0.025% Tween20 in MQ water). This experiment differed from previous RAP studies in 

that 1/5 the dose (10 µg ≈ 0.5 mg/kg) of apigenin and analogs was administered by oral 

gavage, once daily, 5 d/wk. The fibrotic response to pancreatic injury was evaluated 

 
FIGURE 19. Analog HJC 05-61 was more potent than apigenin at inducing PSC apoptosis. 
A) PSCs were treated with increasing doses of apigenin, analog HJC 05-100, and analog HJC 05-
61 for 14 hr. PSC apoptosis was measured using the Cell Death ELISAPLUS assay, and the graph 
depicted the results of a single assay. B) Logarithmic transformation of the compound 
concentrations and nonlinear regression enabled generation of best-fit curves. The EC50 of apigenin 
(24.5 ± 2.5 µM), HJC 05-100 (35.2 ± 5.5 µM), and HJC 05-61 (9.6 ± 1.8 µM) were determined 
from 2 independent assays. Reproduced with permission (111).   
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through immunohistochemical staining for FN. Normal pancreatic architecture was noted 

in all of the PBS controls (images not shown). Secretagogue induced pancreatitis produced 

heterogenous, atrophic acini, periacinar and perilobular fibrosis and edema (Figure 20A). 

Both apigenin and the analogs decreased the degree of fibrosis while helping preserve acini 

at the low dose of 0.5 mg/kg (Figure 20B-D). At the low dose of 0.5 mg/kg, apigenin-like 

structures were as effective as the apigenin in reducing the percent area of FN staining (p 

< 0.001) (Figure 20E) (111).  

4.4 Discussion 

The in vitro and in vivo results presented in this dissertation provide several 

mechanisms and disease targets of apigenin that support its preclinical development as a 

pharmacologic agent in the treatment of RAP, thereby limiting the progression to CP. 

However, as a lead compound, apigenin’s favorable biological activity is diminished by its 

unsatisfactory ‘druggability’ profile. Its low oral bioavailability and poor metabolic 

stability are reinforced by the fact that apigenin is ubiquitous in our diets yet fails to reach 

potent therapeutic levels. Thus, drug design was aimed at optimizing these shortcomings 

to facilitate the transition of apigenin-like compounds from bench to bedside.   

Collaboration with a medicinal chemist enabled the generation of analogs based on 

apigenin’s chemical structure with improved druglikeness. The compounds’ aqueous 

solubility were augmented through the reduction of the compound’s polar surface area and 

increase in its lipophilicity, achieved by reducing the number of hydrogen-bond donors and 

acceptors. Improvement in potency required functional biologic testing. This was 

accomplished by using the in vitro alamarBlue assay to screen for improved inhibition of 

PSC viability at lower doses than that of apigenin. Selected anti-proliferative and pro-

apoptotic effects of apigenin derivatives on PSC activity was characterized by 

determination of their IC50 and EC50. From the dose-response curves, HJC 05-61 was 

consistently more potent than apigenin at regulating PSC activity. HJC 05-100 exhibited 
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FIGURE 20. Apigenin and analogs reduced stromal fibrosis during RAP in vivo.  
Mouse pancreatic tissue was stained for FN by DAB-IHC and counter-stained with 
hematoxylin. Representative sections from the RAP groups were imaged at 400x with 
automated brightness/contrast adjustment in ImageJ (A-D). The vehicle for CR was PBS, and 
the vehicle for apigenin/analogs was 0.5% MC + 0.025% Tween20. Control groups displayed 
normal pancreatic architecture (not shown). Apigenin and the analogs were given at the low 
dose of 0.5 mg/kg. RAP was induced in the following groups A) CR (+ vehicle); B) CR + 
apigenin; C) CR + HJC 05-100; and D) CR + HJC 05-61. The percent area of brown FN 
staining was quantified in ImageJ and graphed as mean ± SEM in E). A p-value < 0.001 was 
indicated as ***. There was no significant difference between apigenin and the analogs. 
Reproduced with permission (111).  
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more potent anti-proliferative activity but induced PSC apoptosis over a narrow therapeutic 

window of 25-35 µM. Chemical modification of attaching an amino group to the 4' C ring 

of apigenin’s structure most likely altered the mechanism by which apoptosis was 

activated. 

A proof-of-concept study was completed, testing apigenin and analogs HJC 05-100 

and HJC 05-61 in the CR-induced RAP rodent model. The compounds were administered 

at a lower dose (0.5 mg/kg) compared to what was tested in the previous RAP experiments 

(2.5 mg/kg). Although this study design did not facilitate determination of the analogs’ 

potency in vivo, it did demonstrate that the analogs were as effective as apigenin in 

protecting the pancreas from recurrent injury. FN staining was significantly reduced by the 

apigenin-like compounds accompanied by histologic preservation of acinar units and 

pancreatic architecture. Thus, optimization of apigenin’s chemical structure and drug-like 

properties was executed. 
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CHAPTER 5: 

CONCLUSIONS AND FUTURE DIRECTIONS 
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5.1 Conclusions 

Apigenin and apigenin-like compounds have been developed as pharmacologic 

agents for the treatment of RAP. Apigenin treatment induces a protective pancreatic 

phenotype by inhibiting pro-inflammatory and pro-fibrotic mediators involved in the 

physiologic response to repeated pancreatic injury. The current working model by which 

apigenin inhibits (-) signaling pathways and molecular targets is provided in Figure 21.  

Experimental activation of acinar cell secretory pathways was induced by multiple 

stimuli including TNF-α, TGF-β, and CR, a CCK analog. Binding of ligand to its 

appropriate receptor activated the NF-κB, SMAD, and the MAPK/ERK signaling 

pathways, respectively. A point of convergence of these pathways involves transcriptional 

regulation of the P3 promoter for PTHrP. Apigenin was shown to inhibit TNF-α induced 

p65 nuclear translocation, reduce TGF-β stimulation of P3 promoter activity, and limit CR-

induced pERK nuclear localization, which was indicative of decreased MAPK pathway 

activation. Given the limited time and dose evaluated, the Western blot data did not support 

apigenin’s regulation of ERK phosphorylation, but this result is viewed with skepticism 

 

Figure 21. Schematic of apigenin’s mechanisms of action in acini and PSCs. 
The (-) icon indicates down-regulation by apigenin.  
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due to the large variation in results between experimental replicates. Apigenin treatment of 

primary acini isolated from wild-type and PTHrP knockout mice illustrated how the 

decrease in IL-6 mRNA levels occurred via a PTHrP-dependent mechanism.   

Rather than limiting my drug development investigation to a single cell type, a 

holistic approach was taken to evaluate and identify mechanisms involved in the 

preservation of pancreatic architecture and limitation of pathogenic response to RAP. Even 

though acinar cell injury leads to the secretion of pro-inflammatory and pro-fibrotic 

mediators like PTHrP and IL-6, it is the perpetual activation of dysregulated PSC activity 

that amplifies and contributes to pathologic disease progression from RAP to CP. Apigenin 

significantly reduced stromal fibrosis in our CR-induced mouse model of RAP. In vitro 

studies revealed that this related to the inhibition of PSC viability and induction of PSC 

apoptosis in a time- and dose-dependent manner. This was, in part, due to apigenin 

inhibiting a PTHrP-mediated transcriptional response in PSCs. Apigenin reduced mRNA 

levels of ECM proteins collagen type 1α1 and FN, PCNA, and cytokines TGF-β1, IL-6, 

and IL-8. Furthermore, apigenin appeared to reset the basal threshold for transcriptional 

response to PTHrP, significantly lowering basal mRNA levels of all of the aforementioned 

endpoints except FN, whose late phase expression was most likely not captured at the 12-

hr time point. Reduced transcription translates into a reduced production of pro-

inflammatory and pro-fibrotic mediators that stimulate acini and PSCs in autocrine and 

paracrine fashion.  

Apigenin analogs with improved aqueous solubility and lipophilicity were 

designed, synthesized, and screened for increased biologic potency. HJC 05-100 and HJC 

05-61 were characterized by the generation of dose-response curves. HJC 05-61 was found 

to be more potent than apigenin in vitro, inhibiting PSC viability and inducing apoptosis at 

lower doses than apigenin. HJC 05-100 induced significant apoptosis over a narrow index 

of concentrations, and this was interpreted as structural modification resulting in 

differences in apoptotic pathway activation. At the low dose of 0.5 mg/kg, apigenin and 

the analogs effectively reduced pancreatic fibrosis during RAP, demonstrating a proof-of 

concept. Additional in vivo studies are needed to determine the potency of each analog. 
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5.2 Future Directions 

Immediate drug discovery efforts should be directed at the optimization of apigenin 

analogs’ absorption, distribution, metabolism, elimination, and toxicity (ADME/Tox) 

profiles. For example, intestinal absorption can be estimated using the cell-based Caco-2 

permeability model, where the chemical compound diffuses (by concentration gradient) 

from the apical chamber, through a confluent layer of Caco-2 cells attached to a 

semipermeable membrane, and into the basolateral chamber (156). Apigenin has been 

shown to undergo extensive Phase II metabolism, thereby limiting its metabolic stability 

and bioavailability. Therefore, drug design and biologic testing of analogs using liver 

microsomes and hepatocytes should continue concurrently. In vivo pharmacokinetic 

studies will need to be completed in both rodent and non-rodent animals to account for 

inter-species variation (157). Successful testing will lead to the linear progression of 

pharmacodynamic studies, mechanism-based disease modeling, and Phase I clinical trials. 

Patients at risk for RAP and progression to CP will most likely benefit from 

apigenin analog therapy. Clinicians are aware that this is difficult to predict, but cues from 

epidemiological studies, the etiology of pancreatitis, characteristics of disease 

pathogenesis, and lifestyle factors can aide in clinical decision making. For example, a 

patient likely to have recurrence of pancreatitis would be an African American male with 

a past medical history of hereditary pancreatitis, family history of pancreatitis, and a social 

history positive for drinking 2-4 beers daily, smoking, and a diet consisting of meat and 

potatoes. A retrospective study with a median follow-up of 4.6 years found that patients 

with a severe sentinel event of AP, smokers, and alcoholics had a significant risk for 

recurrent pancreatitis and progression to CP (158). 

In conclusion, the preclinical testing of apigenin and analogs has shown promise as 

pharmacologic agents in the treatment of RAP. Additional mechanistic knowledge gained 

from the study of PTHrP-mediated inflammation and fibrosis in acinar and PSCs will 

provide more targets for drug design and analog optimization. 
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SUMMARY OF DISSERTATION: 

Chronic pancreatitis (CP) is an irreversible disease process defined by acinar cell 

necrosis, inflammation and fibrosis. With disease progression, patients develop pancreatic 

insufficiency secondary to the destruction of functional pancreatic tissue and its 

replacement with scarring. Patients with CP have a poor quality of life, and their treatment 

options are limited to supportive care and symptom palliation. There are currently no drugs 

on the market directly targeting the pathogenesis of CP. The objective of this research is to 

develop a pharmacologic agent for the treatment of recurrent acute pancreatitis (RAP), 

thereby limiting progression to CP. Apigenin is a natural compound with known anti-

inflammatory, anti-proliferative, and pro-apoptotic properties. In a mouse model of RAP, 

the natural compound, apigenin, protected the pancreas from histologic damage while 

minimizing fibrosis. It was hypothesized that apigenin minimized the sequelae of RAP by 

inhibiting the inflammatory and fibrotic response to recurrent injury. Parathyroid hormone 

related protein (PTHrP) is a pro-inflammatory and pro-fibrotic mediator of acute and CP. 

The first aim was to identify PTHrP-related mechanisms by which apigenin limits 

inflammation in acinar cells. Apigenin reduced activation of the MAPK/ERK and NF-κB 

pathways, leading to suppression of PTHrP P3 promoter activity and IL-6 transcription. 

The second aim was to determine how apigenin limits pancreatic stellate cell (PSC)-

mediated fibrosis. Apigenin inhibited PSC proliferation, induced PSC death, reduced PSC 

transcription of extracellular matrix proteins collagen and fibronectin, proliferative 

cofactor PCNA, and cytokines TGF-β, IL-6, and IL-8. The last aim was to develop 

apigenin-like compounds with more favorable drug-like properties. Analogs with 

improved aqueous solubility were tested in vitro and in vivo for increased potency. Analog 

HJC 05-61 was more potent than apigenin at limiting PSC viability and inducing PSC 

apoptosis. In a proof-of-concept RAP mouse study, apigenin derivatives were as effective 

as apigenin in preserving pancreatic architecture and limiting fibrosis. Thus apigenin and 

analogs protect the pancreas during RAP by limiting the pro-inflammatory and pro-fibrotic 
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response to pancreatic injury. This is in part mediated through down-regulation of PTHrP 

and PSC activity, both of which participate in autocrine and paracrine signaling that 

perpetuates pancreatitis.    
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