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The human cathelicidin antimicrobial peptide (CAMP) is a broad spectrum 

microbicidal agent and modulator of both the innate and adaptive immune 

system.  It is induced by 1,25-dihydroxyvitamin D (1,25(OH)2D3) through 

activation of the vitamin D receptor (VDR) and primary bile salts through 

activation of the xenobiotic nuclear receptor farnesoid X receptor (FXR).  Both 

receptors are expressed by enterohepatic and gastrointestinal (GI) tissues and 

play important roles in GI immunity and homeostasis. It has been 

demonstrated by us and others that plant polyphenol xanthohumol (XN) acts 

as an FXR ligand, but its regulation of CAMP gene expression has not been 



 

 

determined. We hypothesize that plant polyphenols obtained in the diet act as 

ligands for FXR and regulate expression of the CAMP gene in the GI tract 

thereby promoting gastrointestinal health through improved barrier defense 

against infection and inflammation. In this study, we demonstrate that XN 

induces BSEP (bile acid export pump) and human CAMP promoter activity via 

FXR. This activation appears to require some combination of the vitamin D 

response element (VDRE) site in the CAMP promoter and a potential FXR 

response element (FXRE) located in the third exon of the gene. In addition, 

XN and its metabolite 8-prenylnaringenin (8-PN) induced the mRNA 

expression of several FXR target genes including: BSEP, SHP (small 

heterodimer partner), IBABP (ileal bile acid binding protein), CAMP and FXR 

in biliary carcinoma cell lines. Combinations of 1,25(OH)2D3 and either XN or 

8-PN cooperatively induced endogenous CAMP gene expression in cells.  We 

conclude that the plant polyphenol XN and its metabolite 8-PN act as FXR 

ligands and regulate expression of the human CAMP gene alone or in 

combination with 1,25(OH)2D3.  

A second distinct project used immunohistochesmitry (IHC), Western blot and 

quantitative real-time polymerase chain reaction (qRT-PCR) to characterize a 

transgenic mouse that carries the human CAMP gene. In the transgenic mice 

fed a normal diet, the human CAMP gene is expressed in immune and 

epithelial barrier cells and treatment of tissues with 1,25(OH)2D3, including 

those from the GI tract, induced expression of the human, but not the mouse 

gene. This study advances our understanding of human CAMP gene 



 

 

regulation by FXR and also helps establish the mouse as a reliable model 

system that can be used in future studies to determine the importance of 

CAMP gene expression in human health. 
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Thesis Overview 
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Introduction 

Vitamin D deficiency is a common problem worldwide. The importance of 

sufficient Vitamin D levels has increased with our understanding of its role in 

multiple sclerosis, rheumatoid arthritis, diabetes, cardiovascular disease and 

microbial infections (1). There are two forms of vitamin D that humans can 

utilize: vitamin D2 (ergocalciferol) and vitamin D3 (cholecalciferol) (2). Vitamin 

D2 is synthesized primarily in fungi by a UVB mediated reaction that cleaves 

the B ring of ergosterol to generate pre-vitamin D2 that undergoes a 

subsequent thermal isomerization to vitamin D2 (1). Mushrooms that are 

exposed to the sunlight or UVB light contain high levels of vitamin D2 (3, 4). 

Both vitamin D2 and D3 are hydroxylated by the cytochrome P450 enzyme 

CYP27A1 in the liver to become 25-hydroxyvitamin D which circulates in the 

blood and is used as a marker for determining serum vitamin D levels. The 

inactive 25-hydroxyvitamin D (25(OH)D) is hydroxylated at the C1 position by 

mitochondrial 1 -hydroxylase enzyme (CYP27B1) becoming the active 1,25-

dihydroxyvitamin D (1,25(OH)2 D) via both renal and extra-renal pathways (5, 

6) . 

One main mechanism by which vitamin D is thought to protect against 

microbial infections is via the promotion of the expression of human 

cathelicidin antimicrobial peptide (CAMP) gene. 
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CAMP is a broad spectrum antimicrobial agent and modulator of both the 

innate and the adaptive immune system (1). It is a single copy gene in humans 

and located on chromosome 3 (3p21.3) (7). Within the cathelicidin gene 

promoter is an Alu-short interspersed element (SINE), primate-specific retro-

transposable element, and the gene itself has four exons and three introns 

(Figure 1.1) (8). The vitamin D response element (VDRE) is located in the Alu-

SINE and therefore, the regulation of CAMP gene expression by vitamin D is 

found only in humans and non-human primates (9). The 18 kDa pro-protein 

product of this gene is called hCAP (human cationic antimicrobial protein) 18 

(10). The bactericidal peptide is derived by extracellular proteolysis of the 

variable C-terminal end from hCAP18 (11). It is released from the conserved 

N-terminal “cathelin” domain by elastase (12), stratum corneum tryptic enzyme 

(SCTE) (13) or proteinase 3 (14). In humans, the mature peptide, called LL-37, 

is 37 amino acids long  of which the first two are leucine residues (Figure 1.1) 

(15). Throughout this thesis, cathelicidin or CAMP refers to the gene or mRNA, 

hCAP18 refers to the unprocessed 18 kDa pro-protein and LL-37 refers to the 

mature peptide.  

LL-37 is a positively charged molecule with many arginine and lysine amino 

acid residues and forms an α-helical structure in solutions that mimic human 

plasma (16, 17). The LL37 peptide kills bacteria  (1, 18, 19) and binds to and 

neutralizes LPS (20).  This prevents LPS activation of TLR-4 (21) and 

subsequent NF- B signaling and inflammatory cytokine release from host cells 
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(22), thereby protecting animals from LPS-induced sepsis (23, 24). LL-37 also 

acts as a chemoattractant for eosinophils and neutrophils via formyl-peptide 

receptors, suggesting it may play an important role in asthma and chronic 

obstructive pulmonary disease (COPD) (25).  

The cathelicidin gene is expressed in squamous epithelia of the respiratory 

and digestive tract, including the mouth, tongue and intestines.  In the immune 

system it is expressed in myeloid and lymphoid cells of the bone marrow and 

spleen (1). LL-37 and hCAP18 are secreted into sweat, saliva, wound fluid, 

breast milk and seminal plasma (26-29) and is critical for barrier defense 

against infection.  Mice and humans lacking CAMP gene expression are more 

susceptible to bacterial infections (1, 18, 19). In humans, neutrophils produce 

and store hCAP18  in secondary (specific) granules. During infection, hCAP18 

is released and subsequently cleaved by proteinase 3 to produce the active 

LL-37 (14). LL-37 is not detected in the plasma or saliva from patients with 

morbus Kostmann disease (a severe congenital neutropenia) and these 

patients suffer from severe periodontal disease (30).  

In the following sections of this chapter, I will provide a brief summary of the 

focus of each of the remaining thesis chapters.  
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Overview of Chapter 2: Regulation of antimicrobial peptide gene expression by 

nutrients and byproducts of microbial metabolism  

Antimicrobial peptides (AMPs) play multiple important roles in the human 

immune response (1). Cathelicidins, defensins and other AMPs are an 

evolutionarily conserved component of the innate immune system indicating 

they play a very important role in combating infection (31). AMPs have two or 

more positively charged residues such as lysine, arginine or histidine making 

them cationic and able to bind to the negatively charged  membranes of both 

gram-negative and gram-positive bacteria, mycobacteria, fungi, enveloped 

viruses and cancer cells (16 2006, 32, 33). Binding of AMPs to pathogens 

initiates the host’s innate immune response and eventual kills the pathogen by 

disruption of cell membranes. Two major classes of AMPs are cathelicidin (19, 

34) and defensins (35). The focus of this review is the human cathelicidin, and 

the - and -defensins. In addition to their well-characterized antimicrobial 

activities, AMPs modulate the responses of both innate and adaptive immune 

cells by acting as chemokines themselves or inducing the production of other 

chemokines and cytokines (1). Vitamin D, other nutritional compounds and 

microbial byproducts regulate the expression of AMPs (8, 36), suggesting that 

diet and/or consumption of nutritional supplements may be used to improve 

immune function.  In Chapter 2, we review the regulation of the cathelicidin 

antimicrobial peptide gene and the defensin gene family by various nutritional 
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compounds and/or microbial byproducts and discuss their potential importance 

to human health.  

 

Overview of Chapter 3: Regulation of the human cathelicidin antimicrobial 

peptide gene by the xenobiotic receptor FXR and its dietary ligands 

Because of cathelicidin’s importance to immune defense, there is much 

interest in understanding the transcriptional regulation of its expression.  

Armed with this knowledge, it may be possible to regulate endogenous CAMP 

expression to boost immune function.  Regulation of human CAMP gene 

expression by vitamin D is via vitamin D receptor (VDR), a member of the 

nuclear receptor super family. The heterodimer formed by VDR and retinoic X 

receptor (RXR) binds to the VDRE in the human CAMP promoter and induces 

its expression in the presence of the active ligand 1,25(OH)2D (8). Many other 

nuclear receptors, including the FXR, form heterodimers with RXR (Table 1.1).  

FXR was named for its weak activation by supra-physiological concentrations 

of farnesol, an intermediate in the mevalonate biosynthetic pathway (37). FXR 

plays important roles in various physiological and pathological processes, 

such as bile acid homeostasis (38, 39), lipid, carbohydrate and energy 

metabolism (40-44) and cancer (45). The FXR protein is approximately 69 kDa 

and consists of an N-terminal DNA-binding domain (DBD) linked to a 20 kDa 

ligand binding domain (LBD) (46, 47). FXR expression is highest in the liver 
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and intestines (48). FXR-deficient mice have increased levels of bacteria in the 

ileum, a compromised epithelial barrier (49) and are more susceptible to 

gastrointestinal injury (50), furthermore, aged FXR-/- mice develop 

spontaneous hepatocarcinogenesis (51). In humans, FXR expression is down-

regulated in patients with hepatocellular carcinoma (HCC) (51). Taken 

together, these findings indicate that FXR is critical in maintaining liver and 

gastrointestinal health. 

FXR is activated by its natural ligand, the primary bile acid chenodeoxycholic 

acid (CDCA), and induces expression of the human CAMP gene (52).  The 

VDRE in the Alu-SINE of the human CAMP gene has been suggested to 

mediate FXR induction of the gene (52), however, the data presented is not 

compelling. FXR was shown to  bind to a VDRE consensus sequence and 

activate a VDRE-consensus-sequence-driven promoter in a human biliary 

carcinoma cell line (52). However, in these studies, the natural VDRE 

sequence located in the human CAMP promoter was not tested and a 

requirement for the VDRE in the CAMP promoter was not demonstrated. In 

Chapter 3, studies we reported were designed to elucidate the mechanism 

involved in the induction of the human CAMP gene by dietary compounds that 

are ligands of FXR.   

Numerous plant polyphenols are FXR ligands including xanthohumol (XN) 

(53). XN is a dietary prenylated chalconoid from hops (Humulus lupulus L.). It 
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inhibits the production of pro-inflammatory cytokines, nitric oxide (54) and IL-

1  (55), IL-12 and reduces the severity of oxazolone induced chronic allergic 

contact dermatitis (56). 8-prenylnaringenin (8-PN), a metabolite of XN, is a 

phytoestrogen (57). 8-PN is generated either by the cytochrome P450 enzyme 

Cyp1A2 which catalyzes the O-demethylation of XN isomer isoxanthohumol 

(IX) in the liver (58) or by the metabolism of intestinal microbiota in the human 

gut (59). Deuterium-hydrogen exchange studies showed that XN, IX and 8-PN 

are all capable of interacting with the ligand binding domain of FXR suggesting 

they may also be natural ligands in vivo (Yang, et al., manuscript in 

preparation). The results reported in Chapter 3 show that XN is an FXR ligand 

and provide the first evidence that XN and its metabolite 8-PN regulate CAMP 

gene expression.  

 

Overview of Chapter 4: Characterization of human CAMP gene transgenic 

mice 

As noted earlier, the regulation of the CAMP gene by vitamin D is unique to 

humans and non-human primates (9). The determination of how vitamin D-

mediated regulation of human CAMP gene expression participates in host 

defense would be facilitated by an appropriate and powerful animal model. For 

this purpose, therefore, Dr. Gombart and collaborators generated a strain of 

transgenic mice by inserting a 6.2 kb genomic fragment containing the human 
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CAMP gene into the mouse genome (unpublished data). Two founder lines 

were generated and we describe the initial characterization of expression of 

human CAMP in this “humanized” mouse in Chapter 4.  

 

Overview of Chapter 5: General conclusions and outlook 

In the Chapter 5, I will summarize the study and address the significance of 

this thesis in detail. In general, the research presented in this thesis is 

significant because it demonstrates that FXR is a bona-fide regulator of the 

CAMP gene and provides a mechanistic explanation of how dietary 

compounds regulate the CAMP gene and perhaps modulate barrier defenses 

against microbes. The characterization of transgenic mice shows this 

“humanized” transgenic mouse model is successful and will allow future 

studies to demonstrate that dietary compounds can modulate the expression 

of the CAMP gene via FXR in vivo leading to a deeper understanding of how 

dietary compounds and factors produced by gut microbes may modulate 

antimicrobial defenses in the gut lumen. Characterization of additional 

pathways that regulate the CAMP gene will provide the foundation for 

developing novel therapeutic treatments for gastrointestinal diseases. 
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Figure 1.1 
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Figure 1.1. Structure of human cathelicidin gene and the processing of 
hCAP18. The promoter of the human cathelicidin gene contains an Alu-SINE 
and the gene has four exons and three introns. The propeptide is activated by 
cleavage at the C-terminal by proteinase 3, elastase or SCTE to generate the 
mature, active peptide-LL-37. 
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Table 1.1. Nuclear receptors that heterodimerize with RXR and their 
primary ligands. 

 

 

Nuclear Receptor Primary Ligand 

T3R Thyroidhormones 

RAR All-trans RA 

VDR 1,25(OH)2D 

FXR Bile Acids 

PPARα Fatty Acids 

PPARγ 15d-PGJ2 

EcR Ecdysone 

CAR Androstane 

LXR Oxysterol 

PXR/SXR Xenobiotics 
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Abstract 

Background 

Antimicrobial peptides (AMPs) are synthesized and secreted by immune and 

epithelial cells that are constantly exposed to environmental microbes.  AMPs 

are essential for barrier defense and deficiencies lead to increased 

susceptibility to infection.  In addition to their ability to disrupt the integrity of 

bacterial, viral and fungal membranes, AMPs bind lipopolysaccharides, act as 

chemoattractants for immune cells and bind to cellular receptors and modulate 

the expression of cytokines and chemokines.  These additional biological 

activities may explain the role of AMPs in inflammatory diseases and cancer.  

Modulating the endogenous expression of AMPs offers potential therapeutic 

treatments for infection and disease. 

 

Methods 

The present review examines published data from both in vitro and in vivo 

studies reporting effects of nutrients and byproducts of microbial metabolism 

on the expression of antimicrobial peptide genes in order to highlight an 

emerging appreciation for the role of dietary compounds in modulating the 

innate immune response. 
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Results  

Vitamins A and D, dietary histone deacetylases and byproducts of intestinal 

microbial metabolism (butyrate and secondary bile acids) have been found to 

regulate the expression of AMPs in humans.  Vitamin D deficiency correlates 

with increased susceptibility to infection and supplementation studies indicate 

an improvement in defense against infection.  Animal and human clinical 

studies with butyrate indicate that increasing expression of AMPs in the colon 

protects against infection. 

 

Conclusion  

These findings suggest that diet and/or consumption of nutritional 

supplements may be used to improve and/or modulate immune function. In 

addition, byproducts of gut microbe metabolism could be important for 

communicating with intestinal epithelial and immune cells, thus affecting the 

expression of AMPs.  This interaction may help establish a mucosal barrier to 

prevent invasion of the intestinal epithelium by either mutualistic or pathogenic 

microorganisms. 

 

Introduction 

Cathelicidins, defensins and other antimicrobial peptides (AMPs) are an 

evolutionarily conserved component of the innate immune system and play an 
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important role in combating infection (18, 35, 60, 61). AMPs have two or more 

positively charged residues in acidic environments and can bind to the 

negatively charged membranes of both gram (-) and gram (+) bacteria, 

mycobacteria, fungi and enveloped viruses which in turn kills the pathogens by 

disrupting their cell membranes (32, 62) . 

The human cathelicidin antimicrobial peptide (CAMP) gene encodes a 

preproprotein with an ~30 amino acid long N-terminal signal sequence, a 94 

amino acid cathelin domain and a 37 amino acid C-terminal cationic AMP 

domain (LL-37) (62). The CAMP gene is primarily expressed in myeloid bone 

marrow cells and the pro-protein, hCAP18, is packaged in neutrophil specific 

granules (63).  CAMP is also expressed by epithelial cells in tissues exposed 

to environmental microbes and the protein is secreted in semen, saliva and 

sweat providing barrier protection to mammals (27-29).  Mice and humans 

lacking CAMP are susceptible to bacterial infections in numerous tissues (1, 

18, 19).  High circulating levels of hCAP18 are found in human plasma (64).  

The hCAP18/LL37 peptide binds to and neutralizes LPS (20), thus preventing 

its interaction with the LPS-binding protein and subsequent activation of TLR-4 

(21), NF- B signaling and cytokine release from host cells (22).  LL-37 

protects against LPS-induced sepsis in animals (23, 24) and kidney dialysis 

patients with low serum levels of hCAP18 are twice as likely to die from 

infectious disease or sepsis than patients with higher levels (65).  Therefore, 
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circulating hCAP18 or LL-37 may protect against both bacterial infection and 

sepsis.   

Like cathelicidin, defensins are expressed by immune cells and epithelial cells 

of tissues that are exposed to the environment (35).  Defensins have six highly 

conserved cysteines that form disulfide bonds (61).  Human defensins are 

classified into two families: - and -defensins (66).  All defensins are 

expressed as a biologically inactive preproproteins and activated by cleavage 

of  a prosequence (66).  To date, six -defensins have been identified with 

HNP-1-4 packaged in human neutrophil primary granules and HD-5 and -6 

expressed by Paneth cells in the small intestine (35); HD-5 is also expressed 

by epithelial cells of the female genitourinary tract (67).  The -defensins have 

antimicrobial activity against a range of bacteria, viruses and fungi (66).  

-defensins are the most widely distributed of the antimicrobial peptides. They 

are typically 38-42 amino acids long (68) and expressed in monocytes, 

macrophages and dendritic cells (DCs) (69) as well as epithelial cells in the 

respiratory and urogenital tracts, skin and tonsil (66, 70).  Human -defensin 1 

(HBD-1) is constitutively expressed in many tissues while HBD-2, -3 and -4 

expression is induced by inflammatory stimuli, such as bacterial infection, 

LPS, IL-1 , TNF-  or phorbol-myristate-acetate (PMA) (35, 61, 66, 68, 71).  

β-defensins have shown activity against both gram (-) and gram (+) bacteria, 

fungi, viruses and parasites (72-74). 
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In this chapter, we review the regulation of the CAMP gene and the defensin 

gene family by various nutritional compounds and/or microbial byproducts of 

metabolism and discuss the potential importance of this regulation for human 

innate immune function. 

 

Nutritional regulation of AMP expression  

Vitamin D  

CAMP: There are two forms of vitamin D that humans can utilize: vitamin D2 

(ergocalciferol) from fungi and vitamin D3 (cholecalciferol) from animal sources 

and synthesized in the skin (2). Expression of the human CAMP gene is 

induced by 1,25(OH)2 D3 and its analogs in various cell lines and primary cells 

(75-77). Vitamin D induction of CAMP is solely a human and non-human 

primate phenomenon (8, 9) due to a vitamin D response element (VDRE) 

located within a primate-specific retro-transposable element (Alu-SINE) found 

in the upstream promoter region of the CAMP gene (9). 

In subsequent studies, it was demonstrated in vitro that toll like receptor (TLR) 

activation induced CAMP expression via a vitamin D-dependent pathway in 

macrophages (78).  In the proposed model, sufficient levels of circulating 

25(OH)D3, the precursor to 1,25(OH)2D3, are required for induction of CAMP 

gene expression and production of adequate LL-37 peptide levels to 
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effectively combat infection (Fig. 1A) (78). Cathelicidin expression is also 

increased in keratinocytes via a similar pathway after skin wounding (79).  

Interestingly, the vitamin D-mediated induction of CAMP potentially boosts 

antimicrobial activity against pathogens through direct killing by LL-37 and 

enhancing phagosome maturation (80).  In THP-1 and human primary 

monocytes, 1,25(OH)2D3 triggers the formation of autophagosomes and 

autophagolysosomes via a hCAP18/LL-37-mediated pathway (80).  

Defensins: The HBD-2 gene (DEFB4) was induced by 1,25(OH)2D3 through a 

VDRE in the promoter, but the induction was not as robust as that observed 

for the CAMP gene (75).  Also, the induction of the HBD-2 gene in 

macrophages requires TLR activation and the convergence of the IL-1β and 

vitamin D pathways (Figure 2.1B) (81).  In vitro studies demonstrated that 

activation of intracellular pattern recognition receptor nucleotide-binding 

oligomerization domain protein 2 (NOD2) by its ligand muramyl dipeptide 

(MDP), a lysosomal breakdown product of peptidoglycan from both gram-

negative and gram-positive bacteria, induced the expression of the HBD-2 

gene (82).  More recently, 1,25(OH)2D3 was shown to strongly induce the 

expression of  NOD2/CARD15/IBD1 in primary human monocytic and 

epithelial cells (83).  In the absence of 1,25(OH)2D3, the activation of NOD2 by 

MDP activates NF-κB and there is a modest induction of the HBD-2 gene; 

however, pre-treatment with 1,25(OH)2D3 followed by MDP leads to a robust, 
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synergistic induction of the HBD-2 gene (Fig. 1B) (83). Activation of the 

vitamin D pathway alone is not sufficient to induce robust expression of HBD-2 

and additional signaling pathways are required (81, 83). Treatment of normal 

human keratinocytes with 1,25(OH)2D3 increased HBD-3 mRNA levels in a 

dose-dependent manner (84).  Interestingly, treatment of lesional psoriatic 

plaques with the vitamin D analog calcipotriol increased IκB-α protein levels 

inhibiting the NF-κB signaling pathway and blocked IL-17A-induced expression 

of HBD-2 in the plaques (85).  Down-regulation of HBD-3 was also observed in 

the lesional psoriatic plaques after treatment with calcipotriol (85).   

 

Primary and secondary bile acids 

Bile acids play an important role in digestion and absorption of dietary fat and 

nutrients by the digestive system.  They bind to and activate many nuclear 

receptors and thus modulate metabolism.  In humans, the  two major primary 

bile acids are cholic acid (CA) and chenodeoxycholic acid (CDCA) (86).  

CDCA binds to farnesoid X receptor (FXR) (87) and up-regulates cathelicidin 

expression (Figure 2.1C) (52).  This regulation may contribute to sterility of the 

bile duct.  

Lithocholic acid (LCA), a toxic secondary bile acid, is a byproduct of CDCA 

metabolism by bacteria in the colon.  It is a low affinity ligand for FXR, 

pregnane X receptor (PXR) as well as the VDR (88-90).  LCA binds to the 
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VDR and significantly increases both human CAMP transcript and protein 

levels in human primary keratinocytes (NHEK) in a time-and dose-dependent 

manner (91).  In the human colonic epithelial cell line HT-29, LCA and butyrate 

act synergistically to induce human CAMP gene expression (92).  The LCA 

derivatives LCA acetate and LCA propionate induced expression of human 

CAMP more efficiently than LCA itself and were less toxic in tissue culture 

cells and mice, suggesting they are more potent VDR agonists and might be 

safer potential therapeutic agents than LCA (93). Unlike LCA, the secondary 

bile acid ursodeoxycholic acid (UDCA) is not a ligand for the VDR, but rather 

increases the levels of VDR in the nucleus that, in turn, increases CAMP 

expression (Figure 2.1C) (52).   

  

Butyrate 

CAMP: Butyrate is a short chain fatty acid produced in the colon by 

fermentation of dietary fiber by anaerobic bacteria.  It is found in many foods, 

such as butter and cheeses and is a histone deacetylase inhibitor (HDACi) 

(94). Shigella infections down-regulate LL37 and β-defensin-1 levels in the 

colon of adult patients (95) and rabbit CAP18 levels in colon surface 

epithelium are reduced during Shigella infection; however CAP18 can be 

restored after oral administration of sodium butyrate (96).   
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Because of its unpleasant smell, butyrate is rarely used in clinical trials and 

instead 4-phenylbutyrate (PBA), an odorless and palatable derivative of 

butyrate is used clinically. In several human cell lines PBA up-regulates CAMP 

gene expression more potently than butyrate (97).  It was recently shown that 

PBA also counteracts the down-regulation of cathelicidin in both the colon and 

lung by Shigella in rabbits (98). Furthermore, butyrate and its derivatives up-

regulate transcription of cathelicidin in human colon epithelial cells (99) and 

synergistically induces human CAMP mRNA levels with 1,25(OH)2D3 in lung 

epithelial  and myeloid cells (77, 97). A chemical analogue of PBA, -

methylhydrocinnamate (ST7), can also dramatically up-regulate human CAMP 

mRNA transcription (97). These studies support a potential role for sodium 

butyrate and its derivatives in the treatment of human infections. 

Defensins: There are few publications reporting the regulation of defensins by 

butyrate; however, it has been shown to induce HBD-2 mRNA expression in 

colonocytes (100) and pretreatment of gingival epithelial cells with sodium 

butyrate significantly induced HBD-2 expression in response to bacterial 

challenge (101). 

 

Sulforaphane 

Defensins: Sulforaphane (SFN) is a dietary HDACi found in cruciferous 

vegetables (e.g. broccoli and broccoli sprouts) that reactivates epigenetically-
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silenced genes (102).  Recently, it was demonstrated that SFN induces HBD-2 

mRNA and protein expression in the Caco-2 human colon cancer cell line in a 

time- and dose-dependent manner (100).  Inhibition of VDR by an antagonist 

significantly blocked the SFN-induced HBD-2 mRNA expression in these cells, 

and SFN treatment increased the expression of VDR in both Caco-2 and HT-

29 cell lines, indicating that induction of HBD-2 by SFN was mediated by the 

vitamin D pathway (100).  Whether these observations were due to epigenetic 

changes was not examined.  The MAPK/ERK and NF-κB signaling pathways 

were also involved (100).  It has not been determined if cathelicidin expression 

is regulated by SFN. 

 

Retinoic acid  

Retinoic acid (RA) is a metabolite of vitamin A which is important in several 

aspects of immune function (103).  The retinoic acid receptor (RAR) forms a 

heterodimer with the retinoid X receptor (RXR) and interacts with specific 

retinoic acid response elements (RAREs) in the promoters of target genes 

(104).  All-trans RA was shown to induce both porcine cathelicidin, PR-39 

expression (105) and hCAP18 promoter activity (106).  In contrast, induction of 

HBD-2, -3 and -4  by Ca2+, TNF- , IL-1 , INF-γ, PMA or P. aeruginosa in 

human keratinocytes is inhibited by RA (107).  The promoter regions of all the 

inducible human -defensin genes have several possible AP-1 binding sites 
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(107) and RA may suppress expression of these genes by antagonizing AP-1 

(c-Jun/c-Fos)-mediated gene expression pathways (108).  Therefore, RA may 

impair the innate immune response in human skin, thus increasing 

susceptibility to infections during RA therapeutic treatment (107). On the other 

hand, α-defensin HNP-1 was induced by both all-trans RA and 9-cis-RA in a 

dose-dependent manner, suggesting that retinoic acid may be important for 

myeloid cell expression of HNP-1 (109).   

 

Human Health 

Increasing endogenous cathelicidin and defensin expression may be 

particularly useful in the treatment of infections.  Clinical studies have shown 

that asthma patients have reduced hCAP18 levels (110).  High levels of 

circulating hCAP18 in hemodialysis patients at the beginning of their treatment 

was indicative of a significant decrease in 1-year mortality and there was a 

modest correlation with 1,25(OH)2D3 levels, but not with 25(OH)D levels (65).  

In sepsis patients, lower 25(OH)D, vitamin D binding protein (DBP) and 

cathelicidin levels were associated with severe illness and a positive 

correlation between 25(OH)D and cathelicidin levels was seen in all subjects 

(111).  Additional studies are needed to substantiate these latest findings and 

determine if supplementation of vitamin D-deficient individuals with vitamin D 

or therapy with active analogs of 1,25(OH)2D3 would boost plasma levels of 

cathelicidin and thus increase protection against infection and sepsis.   
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Supplementation may increase cathelicidin and defensin expression in tissues 

and immune cells, thus enhancing barrier function. Atopic dermatitis patients 

suffer from frequent skin infections; therefore, induction of CAMP expression 

in the skin may increase protection from infection (112).  Patients 

supplemented with 4,000 IU/d of oral vitamin D for 21 days showed increased 

cathelicidin expression in skin lesions and a mild increase in unaffected skin, 

but a decrease in skin infection was not determined (112).  Ex vivo infection of 

urinary bladder biopsies from post-menopausal women after vitamin D 

supplementation resulted in an increased induction of the CAMP gene and 

protein expression when compared to biopsies taken prior to supplementation 

(113).  The studies to date would argue that it is important for individuals to 

have sufficient serum levels of 25(OH)D to allow for the production of  

adequate levels of cathelicidin during infection.                                                                    

Epidemiological studies link vitamin D deficiency and increased rates of 

respiratory infections and there is interest in using vitamin D supplementation 

to reduce influenza infections and treat tuberculosis (114).  In a small 

randomized trial of school age children, the vitamin D-supplemented group 

showed a nearly two-fold reduction in influenza A rates than the placebo group 

(115).  In another study with participants from different racial groups  it was 

shown that the maintenance of serum 25-hydroxyvitamin D levels at 38 ng/ml 

or higher was correlated with a two-fold reduction in the incidence of acute 

viral respiratory tract infections (116).  In a double-blind randomized control 
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trial of tuberculosis patients starting treatment, vitamin D supplementation did 

not significantly affect the time that patient sputum cultures converted from 

positive to negative for M. tuberculosis growth in the study population as a 

whole; however, a significantly shortened time of conversion was observed in 

a sub-group of participants with the tt genotype of the TaqI vitamin D receptor 

polymorphism (117).  The latter study demonstrates the importance that 

genetic differences among individuals may play in the outcomes of trials 

involving supplementation. 

In contrast to the positive findings above, a number of negative studies with 

vitamin D have been reported.  A randomized controlled trial of vitamin D3 

supplementation showed that there was no obvious difference in the incidence 

and duration of severity of upper respiratory tract infections (URIs) between 

vitamin D (2000 IU/day) and placebo groups although 25(OH)D level 

increased significantly after 12 weeks in the vitamin D group compared to the 

placebo group (118).  Another study found that there was no difference in 

serum 25(OH)D levels between groups of patients aged 1-25 months admitted 

to hospital with uncomplicated acute lower respiratory tract infection (ALRI) 

and healthy, similarly aged patients without a history of hospitalization for 

ALRI.  This study suggested that vitamin D status was not a risk factor in 

hospitalization for ALRI (119).  In a randomized, double-blind, placebo-

controlled trial in TB clinics, the intervention and placebo groups were given 

100,000 IU of cholecalciferol or vegetable oil at inclusion and again at five and 
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eight months after the start of treatment, but no significant difference was 

observed between the groups on mortality in patients with TB (120).  

Very recently, a randomized, double-blind, placebo controlled clinical trial to 

determine the efficacy of sodium butyrate as an adjunct therapy with 

antibiotics in the treatment of shigellosis in patients was performed.  Reduced 

rectal luminal content of inflammatory cells and pro-inflammatory cytokines, 

increased expression of LL-37 in the rectal epithelia and improved rectal 

histopathology as compared to the placebo group was evident (121).  

Nevertheless, efficacy of sodium butyrate treatment in clinical recovery was 

not observed as in studies with rabbits (96, 121).  Important differences 

between the animal and human studies included oral delivery in rabbits versus 

delivery by enema in the humans and the lack of antibiotics in rabbits (121). It 

remains to be determined if oral delivery of butyrate compounds would be 

more efficacious as the treatment would not be eliminated as quickly as it is 

with an enema due to repeated bouts of diarrhea (121).   

 

Conclusions 

Accumulating evidence demonstrates that nutrients and microbial byproducts 

derived from the metabolism of dietary factors may play a critical role in 

modulating the innate immune response via regulation of AMP gene 

expression.  The byproducts of gut microbe metabolism are potentially 
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important for increasing AMP expression by epithelial cells of the luminal lining 

of the digestive tract, thus establishing a mucosal barrier preventing contact of 

microbes and pathogens with the intestinal epithelium (1, 92).  Increasing the 

consumption of dietary fiber, thus increasing short chain fatty acid production, 

and/or food containing dietary HDAC inhibitors could increase the expression 

of AMPs in the digestive tract.  This in turn would increase barrier protection in 

the gut lumen and reduce the rate or severity of intestinal infections.  This is 

nicely demonstrated in the studies using a rabbit model of shigellosis (96, 98) 

and has shown some promise in a human trial (121). 

The potential for VDR and FXR to bind to the VDRE in the human CAMP gene 

offers an abundance of new compounds that can be synthesized or obtained 

from the diet to produce potent ligands for these steroid hormone receptors 

and used to enhance AMP expression. For example, the therapeutic use of 

active vitamin D is hampered by the toxic side-effects of hypercalcemia (1) 

and although synthetic analogs reduce these side-effects they still exist.  On 

the other hand, analogs of LCA have been shown to lack this side-effect, but 

activate VDR-target genes like CAMP (93). 

The VDR may act as a receptor for additional nutritional ligands including 

curcumin and polyunsaturated fats including α-linolenic acid, docosahexaenoic 

acid, eicosapentaenoic acid and arachidonic acid (122); however, we recently 

demonstrated that in tissue culture only curcumin modestly induced CAMP 

gene expression through a yet uncharacterized VDR-independent mechanism 
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(Guo, 2012).  Identification of additional nutritional compounds and their 

synthetic analogs would provide further options for increasing AMP gene 

expression for therapeutic uses. 

 

AMPs are critical to the barrier defense provided by the innate immune system 

and deficits in AMP production can increase susceptibility to infections. As 

discussed, numerous nutritional compounds and microbial byproducts from 

metabolism of dietary factors have been shown to regulate the expression of 

AMPs. The possibility of improving the innate immune response or boosting 

barrier defenses toward infection by increasing the consumption of food items 

rich in these nutrients is an exciting prospect, but well-designed clinical and 

animal model studies need to be performed to demonstrate that compounds 

obtained from the diet can improve immune function by increasing AMP levels. 
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Figure 2.1 
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Figure 2.1.  Regulation of AMP gene expression through the VDR or FXR 

pathways.  (A) Vitamin D-pathway dependent TLR activation of CAMP gene 

expression. TLR-signaling activates NF-κB binding and induces VDR and 

CYP27B1 expression, the enzyme that catalyzes the conversion of 25(OH)D 

to 1,25(OH)2D. The expression of the vitamin D receptor (VDR) is increased. 

In the presence of locally high levels of 1,25(OH)2D, ligand-bound VDR:RXR 

heterodimers translocate into the nucleus and bind to the VDRE in the 

promoter of the human CAMP gene inducing its expression. (B) Vitamin D-

mediated regulation of the human DEFB4 gene.  (1) Direct induction: TLR 

stimulation activates the vitamin D-pathway as described in Figure 2.1A.  Also 

it up-regulates expression of IL-1β and IL-1R1 and down-regulates expression 

of IL-1R antagonist (IL-1RA).  IL-1R1 activates the NF-κB transcription factor 

which binds to the promoter proximal NF-κB binding site in the DEFB4 gene 

and induces HBD-2 expression together with the VDR:RXR heterodimer that 

binds to the VDRE in the promoter of DEFB4 gene. Indirect induction:  In the 

presence of 1,25(OH)2D3 the VDR:RXR heterodimer that binds the VDRE in 

the NOD2 gene promoter and induces expression of the NOD2 protein.  

Activation of NOD2 by its agonist muramyl dipeptide stimulates the NF-κB 

transcription factor that binds to the promoter proximal NF-κB binding site in 

the DEFB4 gene to induce its expression. (C) Regulation of human CAMP 

gene expression by vitamin D and bile salts in biliary cells.  1) 1,25(OH)2D3 

activates the VDR:RXR heterodimer that then binds to the VDRE in the CAMP 

gene promoter;  2) UDCA activates the ERK1/2 signaling pathway that, in turn, 

induces VDR protein expression and induction of CAMP gene expression in 

the presence of 1,25(OH)2D3 and 3) CDCA binds to the FXR:RXR heterodimer 

that binds to the VDRE in the CAMP gene promoter.   
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Abstract 

The human cathelicidin antimicrobial peptide (CAMP) is a broad spectrum 

microbicidal agent and modulator of both the innate and adaptive immune 

system.  It is induced by 1,25-dihydroxyvitamin D (1,25(OH)2D3) through 

activation of the vitamin D receptor (VDR) and primary bile salts through 

activation of the xenobiotic nuclear receptor farnesoid X receptor (FXR). Both 

receptors are expressed by enterohepatic and gastrointestinal (GI) tissues and 

play important roles in GI immunity and homeostasis. The plant polyphenol 

xanthohumol (XN) may act as an FXR ligand; therefore, we hypothesized that 

XN would regulate FXR target gene expression including the human CAMP 

gene.  XN increased BSEP (bile salt export pump) promoter-driven luciferase 

activity in transfected HEK293 cells and required FXR and the FXR-binding 

site. Also, XN induced the mRNA expression of FXR target genes BSEP, SHP 

(small heterodimer partner), IBABP (ileul bile acid binding protein) and FXR in 

biliary carcinoma cell lines. Furthermore, XN required FXR to activate a CAMP 

promoter-luciferase reporter construct and it induced endogenous CAMP gene 

expression in biliary carcinoma cells. Additionally, the XN metabolite 8-

prenylnaringenin (8-PN) induced endogenous expression of CAMP, SHP and 

FXR.  Combinations of 1,25(OH)2D3 and either XN or 8-PN synergistically 

induced endogenous CAMP gene expression in cells.  We conclude that the 

plant polyphenol XN and its metabolite 8-PN act as FXR ligands and regulate 

expression of the human CAMP gene alone or in combination with 
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1,25(OH)2D3. Future studies will elucidate the importance of this regulatory 

mechanism in contributing to GI tract barrier defense and health.  

 

Introduction 

The human cathelicidin antimicrobial peptide (CAMP) is a potent microbicidal 

agent that is active against a wide range of pathogens and plays an important 

role in both innate and adaptive immunity (1). The human CAMP gene 

encodes an 18 kDa preproprotein (hCAP18) comprised of an N-terminal signal 

peptide, a 94-amino acid-long cathelin domain and a 37 amino acid long AMP 

domain (LL-37) at its C-terminus that is activated upon cleavage from the 

cathelin domain by proteases (62). The CAMP gene is mainly expressed in 

myeloid bone marrow cells and the protein gets packaged into neutrophil-

specific granules (63).  Also, the hCAP18 protein is expressed by epithelial 

cells and organs that are exposed to environmental microbes, such as the 

respiratory, digestive and reproductive tracts. It is secreted into semen, saliva 

and sweat (27-29).  

Two nuclear receptor family members, the vitamin D receptor (VDR) and the 

farnesoid X receptor (FXR) induce expression of the human CAMP gene (8, 

52, 109). 1,25-dihydroxyvitamin D (1,25(OH)2D3) and its synthetic analogs act 

as high affinity ligands, while the secondary bile acid lithocholic acid and it 

analogs act as low affinity ligands for the VDR to induce CAMP gene 
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expression (8, 93). Primary bile acid-chenodeoxycholic acid (CDCA), the 

natural ligand for FXR (123), induced CAMP gene expression in human biliary 

carcinoma cells (52). Although the VDR binding site (VDRE) was implicated, 

experimental evidence demonstrating it functioned as the binding site for FXR-

mediated activation of the gene was not provided.   

In addition to bile acids, several plant polyphenols have been identified as 

FXR ligands (53, 124-128). Xanthohumol (XN) is a dietary prenylated 

chalconoid isolated from hops (Humulus lupulus) and was suggested to be an 

FXR ligand based on its ability to activate a bile salt export pump (BSEP)-

firefly luciferase reporter construct  and its ability to affect lipid and glucose 

metabolism in vivo (53).  A requirement for FXR or the FXR-binding site in the 

BSEP promoter was not demonstrated. Therefore, it remains to be determined 

if XN actually mediates its effects through the FXR.   

Numerous biological activities are attributed to XN, including effects on the 

immune system. It inhibits the production of pro-inflammatory cytokines, nitric 

oxide, IL-1  and hepatic inflammation and fibrosis (54, 55, 129-131). XN 

treatment also inhibits IL-12 production and reduces the degree of oxazolone 

induced chronic allergic contact dermatitis (56). These findings suggest a 

potential use for XN in preventing or treating inflammatory diseases of the 

gastrointestinal tract. The goal of this research was to (1) identify the 

molecular mechanism by which XN mediates its effects on gene expression by 
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demonstrating that it is a bona-fide ligand for FXR, (2) demonstrate that it 

activates binding of FXR to the FXRE in the BSEP promoter and induces other 

endogenous FXR target genes in cell culture, and (3) demonstrate that the 

human CAMP gene is an FXR target gene that is induced by XN. Using a 

combination of promoter-luciferase constructs and induction of endogenous 

target gene expression, we provide strong evidence that XN and its metabolite 

8-prenylnaringenin (8-PN) are bona fide agonists for FXR. Furthermore, both 

compounds cooperatively induce CAMP gene expression with 1,25(OH)2D3 

suggesting a synergy between the two compounds. Our findings demonstrate 

that XN and 8-PN act on FXR as selective bile acid modulators that are 

capable of regulating an important antimicrobial barrier defense molecule. 

 

Materials and Methods 

Reagents 

GW4064 and Z-guggulsterone were purchased from Tocris Bioscience 

(Bristol, UK). CDCA was purchased from Sigma-Aldrich (St. Louis, MO). XN 

was isolated from female inflorescences of hops (H. lupulus) (132). 8-PN was 

synthesized by prenylation of naringenin (133). The BSEP promoter-reporter 

construct p-1445/Luc (wild type BSEP-Luc), p-1445/Luc (mutant BSEP-Luc) 

with either a wild type CMX-FXR  or empty expression vector for human FXR 

was kindly provided by Dr. M. Ananthanarayanan (Yale University School of 
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Medicine, New Haven, CT)(134). To generate the human CAMP-luciferase 

reporter construct, the firefly luciferase gene was amplified using primers that 

incorporated SanD1 restriction enzyme sites on each end of the resulting PCR 

product.  The cloned luciferase insert was sequenced to verify its integrity.  A 

6.2 kb EcoRI-KpnI genomic fragment encompassing the human CAMP gene 

was isolated from a lambda FIX II phage library and subcloned into pGEM-3Z.  

The luciferase insert was ligated into a unique SanD1 site in exon 2 of the 

human CAMP gene to generate an in-frame fusion of hCAP18 with luciferase 

(CAMP6.2-Luc, Figure 3.1). Serial deletions from the 5’-end (Figure 3.1) were 

generated using an Erase-a-Base system as instructed by the manufacturer 

(Promega Corporation, Madison, WI USA). The VDRE and FXRE site directed 

mutations (Figure 3.1) were generated using a QuikChange II system as 

directed by the manufacturer (Agilent Technologies, Santa Clara, CA USA). 

Antibodies 

The three antibodies used were purchased: mouse monoclonal anti-FXR (D-3; 

cat. # sc-25309; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, U.S.A.); 

mouse monoclonal anti-GAPDH (cat.# 10R-G 109a, Fitzgerald Industries 

International, Acton, MA 01720 USA); goat anti-mouse HRP conjugated (cat.# 

1858413; Thermo Scientific Inc. Rockford, IL USA 61101); rabbit polyclonal 

anti-hCAP18 (3.6mg/ml, a gift from Dr. N. Borregaard, University of 

Copenhagen, Denmark). 
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Cell Culture 

The human biliary carcinoma cell lines Mz-ChA-1, KMBC and HuCCT-1 were 

generously provided by Dr. G. J. Gores (Mayo Clinic, Rochester, MN).  

HEK293 cells were kindly provided by Dr. B. Frei (Oregon State University, 

Corvallis, OR). Cells were treated with compounds as described in the figure 

legends.  All cell lines were maintained in Dulbecco's modified Eagle's medium 

(DMEM; Mediatech Inc. Manassas, VA) supplemented with 10% (v/v) heat-

inactivated fetal bovine serum (FBS) and 1% Pen/Strep (Life Technologies 

Corporation, Carlsbad, CA). Cell cultures were incubated at 37°C in a 

humidified 5% CO2 incubator.  

 

Western Blot 

Protein lysates were prepared using RIPA buffer (50mM Tris-HCl PH8.0, 1% 

NP-40, 0.5% DOC, 150mM NaCl, 0.1% SDS) from HEK293 cells transfected 

with either the CMV-FXR or empty expression vector. Protein concentrations 

were determined using a modified Bradford reagent (Bio-Rad Life Science, 

Hercules, CA). Proteins were electrophoresed through a 10% SDS-

polyacrylamide gel.  For each sample, 100 μg of protein was loaded per lane. 

After electrophoresis, proteins were transferred to a polyvinylidene difluoride 

(PVDF) membrane. The PVDF membrane was then blocked in 5% non-fat dry 

milk for 30 min and incubated overnight at 4oC with primary mouse anti-FXR 
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antibody (diluted 1:400) in PBS+Tween-20. GAPDH was used as a loading 

control, visualized with a mouse anti-GAPDH antibody (diluted 1:10,000) in 

PBS+Tween-20 containing 5% non-fat dry milk. The goat anti-mouse HRP 

secondary antibody was diluted 1:10,000 in PBS-Tween 20 with 5% non-fat 

milk and the blot was incubated at room temperature for 2h. Signal was 

detected using Thermo SuperSignal West Femto Chemiluminescent Substrate 

(Thermo Fisher Scientific Inc., Rockford, IL USA).  

 

HEK293 cell transfection and luciferase reporter assay 

Initially, the induction of the wild type CAMP6.2-Luc reporter construct by XN 

was not observed following standard transfection conditions with Dulbecco's 

modified Eagle's medium (DMEM; Mediatech Inc. Manassas, VA) 

supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) and 

1% Pen/Strep (Life Technologies Corporation, Carlsbad, CA). As this may 

have been due to potential FXR ligands present in the serum, transfection 

conditions were optimized in serum-free medium to eliminate any possible 

FXR ligands that could increase the baseline luciferase activity of the wild type 

hCAMP6.2-luc reporter construct. Different reduced or serum-free conditions 

were tested and the final optimized conditions involved seeding HEK293 cells 

in 12-well plates at a density of 6 x 105 cells/well in Opti-MEM I reduced serum 

media (Life Technologies Corporation, Grand Island, NY 14072, USA) and 
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culturing overnight before transfection. Cells were transfected using 

Lipofectamine 2000 transfection reagent according to the manufacturer's 

instructions (Life Technologies Corporation, Grand Island, NY 14072, USA). 

Briefly, transfection mixtures for each well contained 2 μl Lipofectamine 2000, 

0.59 μg of p-1445/Luc (wild type), p-1445/Luc (mutant) reporter constructs or 

wild type CAMP6.2-Luc (WT), mutant VDRE-CAMP6.2-Luc (VDREmt), mutant 

FXRE-CAMP6.2-Luc (FXREmt), p-1057 CAMP6.2-Luc (2-136), p-

151 CAMP6.2-Luc (2-139), 0.3 μg of CMX-FXR or empty expression vector, 

0.1 μg phTKRenilla and 0.01 μg EGFP to monitor transfection efficiency. Cells 

were cultured in transfection media at 37oC for 18 h. The transfection medium 

was replaced with fresh Opti-MEM I medium and 24 h post-transfection cells 

were treated with compounds as described in the figure legends and 

incubated at 37oC for an additional 18 h. Cells were harvested in passive lysis 

buffer and dual-luciferase assays were performed as instructed by the 

manufacturer (Promega Corporation, Fitchburg, WI 53711, USA).  

 

RNA isolation and quantitative real time polymerase chain reaction (qRT-PCR) 

Total RNA was extracted from the cultured cells using TRIZOL Reagent 

according to the manufacturer’s instructions (Life Technologies Corporation, 

Grand Island, NY 14072, USA). cDNAs were synthesized using iScript 

Reverse Transcription Supermix (Bio-Rad Life Science, Hercules, CA 94547, 
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USA). qRT- PCR reactions were performed using Ssofast Evagreen Supermix 

or Ssofast Probe Supermix as instructed by the manufacturer (Bio-Rad Life 

Science, Hercules, CA 94547, USA). Sequences for primers and probes for 

the genes analyzed by qRT-PCR are shown in Table 1. 

 

Data Analysis   

All samples for luciferase assays were measured in duplicate or triplicate.  All 

cDNA samples were measured in triplicate. The results were represented as 

the mean value +/- the standard deviation (S.D.). Statistically significant 

differences were determined using a Dunnett’s ANOVA (Statgraphics 

Centurion software; Statpoint Technologies, Inc., Warrenton, Virginia). 

 

Results 

 

XN induces FXR target gene BSEP promoter activity 

To determine if XN functions as an FXR ligand in cell culture, we transfected 

HEK293 cells, which do not express endogenous FXR (Figure 3.2 A), with a 

BSEP luciferase-reporter construct containing either a wild type or non-

functional mutant FXRE together with a wild type FXR or empty expression 

vector (Figure 3.2B). The transfected cells were treated with known natural 

FXR ligands CDCA and guggelsterone, and synthetic ligand GW4064, as 
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positive controls (135). The wild type FXRE-containing BSEP promoter 

construct was not activated by the various ligands in the absence of 

transfected FXR (Figure 3.2 B, wild type BSEP-Luc). Expression of FXR 

significantly increased BSEP promoter activity in the absence of ligand, 

suggesting that the overexpressed FXR undergoes some binding to the FXRE 

even in the absence of an added exogenous ligand. Nevertheless, the addition 

of ligand significantly increased BSEP promoter activity above this baseline 

level, about two-fold for CDCA and guggelsterone and about six-fold with 

GW4064 compared with untreated cells (Figure 3.2 B, wild type BSEP-

Luc+FXR). XN induced BSEP promoter activity to a similar level as observed 

for CDCA and guggelsterone in the presence of FXR, but not in its absence 

(Figure 3.2 B, wild type BSEP-Luc). Mutation of the FXRE abrogated BSEP 

promoter activity both in the presence or absence of FXR upon treatment with 

the different ligands and XN, although expression of FXR slightly increased 

mutant BSEP promoter activity in a ligand independent manner (Figure 3.2 B, 

mutant BSEP-Luc and mutant BSEP-Luc+FXR), but this slight induction was 

not statistically significant when compared to the transfections lacking FXR 

(Figure 3.2 B, mutant BSEP-Luc-FXR; p>0.05). Taken together, these data 

demonstrate that in the presence of FXR and a functional FXRE, XN activates 

the BSEP promoter to levels comparable with known ligands. These data are 

consistent with XN functioning as a ligand for FXR. 
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XN induces endogenous expression of FXR target genes in biliary carcinoma 

cell lines. 

To further demonstrate that XN acts as a ligand for FXR, we determined the 

expression of four known FXR target genes SHP, BSEP, IBABP and FXR in 

the biliary carcinoma cell lines Mz-ChA-1, KMBC and HuCCT-1 after treatment 

with either vehicle, CDCA, or XN (136-138).  Expression of each mRNA was 

determined by qRT-PCR. 

Statistically significant induction of the FXR, BSEP, SHP, and IBABP mRNAs 

by XN was observed in most cell lines (Figure 3.3 A-C) with the exceptions 

being BSEP and IBABP in KMBC cells (Figure 3.3 B). Somewhat similar 

results were observed for CDCA (Figure 3.3 A-C), but there were many more 

exceptions. These were BSEP in Mz-ChA-1 cells (Figure 3.3 A), IBABP in 

KMBC cells (Figure 3.3 B) and FXR, BSEP and SHP in HuCCT-1 cells (Figure 

3.3 C). Interestingly, these results show that XN consistantly induced 

expression of the target genes to similar or even higher levels than CDCA. 

These data further demonstrate that XN is capable of inducing FXR-target 

gene expression as well as currently known agonists indicating that it functions 

as a strong ligand for FXR. 
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XN and its metabolite 8-PN induce human CAMP gene mRNA level 

expression 

The human CAMP gene was shown to be induced by CDCA through FXR 

(52). To determine if XN treatment could also induce expression of the human 

CAMP gene, we treated three biliary cell lines: Mz-ChA-1, HuCCT-1 and 

KMCH-1 with 10 μM XN. The qRT-PCR results showed that XN significantly 

induced expression of CAMP more effectively than CDCA in all the cell lines 

tested (Figure 3.4).  

Human intestinal microbiota metabolize XN into 8-PN, a potent phytoestrogen 

(59) and is known to activate both estrogen receptor α and β (139, 140). 8-PN 

also can interact with the ligand binding domain of FXR (Yang, et al., 

manuscript in preparation). Because the expression of VDR is induced by 17β-

estradiol (E2) in colon and breast cancer cells (141), we hypothesized that 8-

PN may induce human CAMP expression either through increased VDR 

expression via the activation of estrogen receptor or through FXR activation or 

both. To test this hypothesis, we treated Mz-ChA-1 cells with 100 µM 8-PN 

alone or in combination with either 1 nM or 10 nM 1,25(OH)2D3, respectively. 

The qRT-PCR results showed that 8-PN weakly induces human CAMP 

expression alone (4-fold), but not quite reaching statistical significance in this 

experiment. However, it shows a cooperative enhanced response when 
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combined with either 1 nM (18-fold) or 10nM 1,25(OH)2D3 (40 fold)  (Figure 3.5 

A).  

In separate studies, neither 8-PN nor estradiol induced VDR expression in 

these cells (data not shown) suggesting that the cooperative induction was not 

due to signaling through the estrogen receptor. Furthermore, estradiol 

treatment did not induce CAMP either when added alone or in combination 

with 1,25(OH)2D3 (Figure 3.6).  

Similar to 8-PN, XN alone was a weak inducer of CAMP expression, but 

showed strong cooperativity in CAMP induction when added with 1,25(OH)2D3 

(Figure 3.5 A). In further studies, both XN, 8-PN similarly induced expression 

of the FXR target genes FXR and SHP, but in these cases no cooperative 

induction with 1,25(OH)2D3 was observed (Figure 3.5 B and C). Based on 

these findings, we conclude that rather than mediating its effects through 

estrogen receptor, 8-PN acts very much like XN, as an FXR agonist.   

XN induction of human CAMP driven luciferase activity requires FXR 

To determine if XN induced human CAMP gene expression through FXR, we 

co-transfected HEK293 cells with the wild type CAMP6.2-Luc (Figure 3.1) 

construct with or without an FXR expression vector. Without FXR, XN 

treatment failed to induce luciferase activity; however, co-transfection with 

FXR and treatment with XN at either 1 μM or 10 μM concentrations 

significantly induced luciferase activity (Figure 3.7 A). It was further tested if 
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guggulsterone, a potential antagonist of FXR (125) could block the activation 

of the wild type 6.2CAMP-Luc construct by XN. Incubating transfected 

HEK293 cells with 10 μM guggulsterone indeed abrogated induction of CAMP 

promoter-driven luciferase activity by 10 μM XN, further supporting the 

hypothesis that XN induces human CAMP expression through FXR (Figure 3.7 

B).  

XN-mediated induction of human CAMP expression may require both the 

VDRE in the Alu-SINE and an FXRE in the third exon 

The VDRE localized in the Alu-SINE was implicated in the induction of the 

human CAMP gene by FXR, but definitive experimental data were not 

provided (52). We have identified two other possible FXR binding sites 

including one in the 5’-promoter region and an IR1-type site in exon 3 of the 

human CAMP gene (Figure 3.1). To determine if these sites were involved in 

mediating CAMP gene expression through FXR, we generated site-directed 

mutations in the CAMP6.2-Luc construct (mutant VDRE-CAMP6.2-Luc and 

mutant FXRE-CAMP6.2-Luc) and two 5’-serial deletions p-1057 CAMP6.2-

Luc (2-136), p-151 CAMP6.2-Luc (2-139) (Figure 3.1). In HEK293 cells, the 

wild type CAMP6.2-Luc was activated about 5-fold by XN and each of the 

mutant constructs were activated about 2.5-fold by XN (Figure 3.8). These 

results showed that although XN can still significantly up-regulate luciferase 

activity of the mutant and deletion constructs, the level of induction is 
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significantly lower than that is seen with the wild type CAMP6.2-Luc construct 

(Figure 3.8). This suggests that FXR mediated induction of the CAMP gene 

involves both the VDRE in the Alu-SINE and the IR1-type FXRE identified in 

the third exon of the CAMP gene. Further experiments with constructs 

combining the VDRE and the FXRE mutations need to be performed to 

determine if both sites are required for full activation of the CAMP promoter. 

 

Discussion 

FXR is expressed mainly in the liver and intestines where it functions to 

maintain the homeostasis of bile salt, fat and glucose (40, 49, 142, 143). FXR 

is also involved in liver (144) and intestinal (145) immunity, metabolism (40-

44), cell apoptosis (146), proliferation (147) and differentiation (148). Fxr-/- 

mice display a proinflammatory and profibrotic phenotype in the colon under 

naive conditions (145) with enhanced expression of inflammatory genes and 

proteins of the extracellular matrix in the colon (145). Also, macrophages from 

fxr-/- mice express more IL-1β, IFN-γ, and TNF-α compared with 

macrophages from wild-type mice either under basal conditions or in response 

to LPS stimulation (145). Fxr-/- mice are highly susceptibility to drug induced 

colon inflammation (145), hepatitis (144) and gastric injury (50) and lack the 

protection provided by FXR ligands (50, 144, 145). FXR induces the 

expression of several genes related to gut mucosal defense in a mouse 
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model, therefore, it plays an important role in preventing bacterial overgrowth 

and promoting gut health (49). 

Natural dietary products have been used in treating various human diseases 

throughout history. Our study aimed to gain insight into the binding of plant-

derived compounds XN and its metabolite 8-PN to FXR and activation of 

downstream target genes.  Studies using hydrogen/deuterium exchange mass 

spectrometry showed that XN and 8-PN interact with the FXR-ligand binding 

domain (Yang et al., manuscript in preparation) and one previous publication 

suggested that XN is an FXR ligand because it induced BSEP luciferase 

reporter activity (53); however, the study didn’t prove that induction of BSEP 

expression required FXR or its binding to the FXRE in the promoter. Our data 

showed that XN only induced BSEP luciferase activity with FXR and a 

functional FXRE. In addition, we showed that XN induced expression of 

endogenous FXR target genes FXR, SHP, IBABP and BSEP in biliary 

epithelial carcinoma cell lines. In fact, XN induced several endogenous FXR 

target genes even more effectively than the natural ligand CDCA. Taken 

together, these results conclusively demonstrated that XN is a bona-fide ligand 

for FXR.  

The primary bile salt CDCA induces expression of the human CAMP gene via 

FXR (52). Consistent with these findings, XN also induced endogenous CAMP 

gene expression in biliary carcinoma cell lines. In the original study, CDCA 
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was shown to increase the binding of FXR to a VDRE consensus sequence 

and to activate a VDRE-consensus-sequence-driven promoter in the human 

biliary carcinoma cell line Mz-ChA-1 (52); however, the actual VDRE 

sequence located in the human CAMP promoter was not tested and a 

requirement for the VDRE in the CAMP promoter was not demonstrated. 

Using a CAMP6.2-Luc reporter construct, we demonstrated that induction by 

XN is FXR-dependent and it could be blocked by FXR antagonist 

guggulsterone. Furthermore, mutation or deletion of the VDRE in the Alu-SINE 

in the CAMP promoter significantly reduced activation of the promoter by XN 

and FXR, but didn’t completely abrogate it. Similar levels of induction were 

observed when the potential FXRE site in exon 3 was mutated or deleted.  

This observation indicated that XN induction of human CAMP expression 

requires both the VDRE in the Alu-SINE and FXRE in exon3. Future work will 

focus on determining if both sites are required for induction of the CAMP gene 

by FXR using a double binding site mutant luciferase construct and ChIP-

sequencing experiments.   

Human intestinal microbiota metabolize XN into 8-PN a potent phytoestrogen 

(59). Although the concentration of 8-PN in beer is considered too low to affect 

human health, its precursor isoxanthohumol (IX) is the prevailing 

prenylflavonoid in beer and is about 10–30 times more abundant than 8-PN 

(133). Therefore, metabolism of IX into 8-PN in the human intestine could 

increase intestinal 8-PN concentrations around 10-fold (59), which means the 
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uptake of active doses after a small amount of beer consumption could fall 

within the range of biological activities (149). 8-PN has been shown to interact 

with the FXR ligand binding domain by hydrogen/deuterium exchange mass 

spectrometry (Yang, et al., manuscript in preparation). Like XN, it strongly 

induced CAMP, FXR and SHP expression suggesting that it acts as a bona-

fide ligand for FXR. Interestingly, cooperative induction of CAMP gene 

expression was observed when either XN or 8-PN were combined with 

1,25(OH)2D3. This was not observed for the FXR or SHP genes which are not 

known targets of the VDR. One possible explanation for the cooperative 

induction is that the activation of ER by 8-PN might increase VDR expression 

through an ERK1/2 signaling pathway (141). Our data does not support this 

mechanism as 8-PN did not induce VDR expression. Our results are 

consistent with the binding of both the VDR and FXR to the CAMP promoter to 

increase transcription. 

The mouse and human cathelicidins are expressed primarily at the surface 

and upper crypts in differentiated cells of the normal colon and ileum (distal 

small intestine) with little expression observed within the deeper crypts and 

some expression observed in the proximal small intestine and duodenal 

Brunner’s glands (150-152). Human cathelicidin is induced by short chain fatty 

acids (SCFA) like butyrate, isobutyrate and proprionate (152). Consistent with 

its expression in the colon, mice deficient in CAMP suffer from greater 

colonization of the colon surface, epithelial cell damage and systemic 
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dissemination of infection when challenged with Citrobacter rodentium (153). 

In contrast, treatment of rabbits with oral butyrate increased CAMP in the 

surface epithelium of the colon and reduced clinical illness, inflammation and 

bacterial load in the stool during Shigella infection (96).  In humans, butyrate 

treatment via enema induced CAMP expression in rectal epithelial and 

improved rectal histopathology (121).  In experimental colitis induced by 

dextran sulfate sodium (DSS), intrarectal administration of murine cathelicidin 

ameliorated the severity of disease (154). Furthermore, cathelicidin expression 

in the colon was reduced in TLR9-deficient mice with DSS-induced colitis and 

CAMP-deficient mice developed a more severe form of colitis (155). Our data 

suggests that the consumption of diets rich in plant polyphenols could result in 

high local concentrations of FXR ligands that would increase expression of 

CAMP by epithelial barrier cells in the GI tract. As tea catechins, grape seed 

procyanidin extract and soy-derived phytosterols have also been identified as 

FXR ligands (126-128), it will be interesting to determine if these compounds 

similarly regulate CAMP gene expression.  
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Table 3.1. Oligonucleotides used for qRT-PCR 

 

Gene Primers Detection 

BSEP F: 5'- GGGCCATTGTACGAGATCCTAA-3' 

R: 5'-TGCACCGTCTTTTCACTTTCTG-3' 

EvaGreen 

SHP F: 5'-GGTGCAGTGGCTTCAATGC-3' 

R: 5'-GGTTGAAGAGGATGGTCCCTTT-3' 

EvaGreen 

IBABP F: 5'-TCAGAGATCGTGGGTGACAA-3'  

R: 5'-TCACGCGCTCATAGGTCA-3' 

EvaGreen 

FXR F: 5'-CTACCAGGATTTCAGACTTTGGAC-3' 

R: 5-'GAACATAGCTTCAACCGCAGAC-3' 

EvaGreen 

β-actin F: 5'-GTACATGGCTGGGGTGTT-3' 

R: 5'-TTCTACAATGAGCTGCGTGT-3' 

5’-FAM-AGGTCTCAAACATGA 

TCTGGGTCATCTT[BHQ]-3’ 
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Figure 3.1 
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Figure 3.1 Structure of hCAMP6.2 luciferase reporter construct and its 
various deletion/mutation constructs. Luciferase gene was inserted into the 
2nd exon of the human CAMP gene by in-frame insertion. Both WT and mutant 

VDRE/FXRE were shown. The deletion constructs p-1057 CAMP6.2-Luc (2-

136) and p-151 CAMP6.2-Luc (2-139) has 1057 bp and 151bp of the 
promoter left respectively. 
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Figure3.2    
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Figure 3.2. XN induces FXR target gene BSEP luciferase activity in 
HEK293 cells. A) HEK293 cells do not expression endougenous FXR (NC). 
FXR expression was observed after the transfection of CMX-FXR into HEK293 
cells. Primary antibodies used were: mouse anti-FXR (1:400), mouse anti-
GAPDH (1:10000). Exposure time: 25min for FXR, 10 seconds for GAPDH. B) 
Transfected HEK293 cells were incubated at 37oC overnight with 100% EtOH, 
10μM CDCA, 1μM XN, 1μM GW4064, 10μM guggulsterone respectively. The 
data shown represents the means of two sets of independent duplicated 
experiments with duplicated readings. Statistical significance was determined 
by ANOVA. * P<0.05 for all the treatment compared to the control group.  
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Figure 3.3 
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Figure 3.3. Induction of FXR target genes by XN and CDCA in cells.  The 

biliary carcinoma cell lines Mz-ChA-1 (A), KMBC (B) and  HuCCT-1 (C) were 

treated with either vehicle (100% EtOH), 10 μM XN or 100 μM CDCA for 18 

hours. Expression of the FXR, BSEP, SHP and IBABP genes was determined 

by qRT-PCR. (A) Mz-ChA-1: Data represent means from five individual 

experiments for the FXR, BSEP and SHP genes and three individual 

experiments for the IBABP gene. B) KMBC: Data represent means from five 

individual experiments for SHP, four individual experiments for FXR and three 

individual experiments for both BSEP and IBABP. C) HuCCT-1: Data 

represent means from two individual experiments for FXR, BSEP and SHP. 

Data are normalized to the expression of beta-actin and shown in fold-change 

as compared to the control. Statistical significance was determined by 

ANOVA.  *P<0.05 for XN or CDCA treated vs the control, ** P<0.05 for XN 

treated vs CDCA treated. 
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Figure 3.4 
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Figure 3.4. Human CAMP mRNA level expression in biliary epithelial cell 
lines. Biliary epithelial cell line Mz-ChA-1, HuCCT-1 and KMCH-1 cells were 
incubated with 10μM XN or 100μM CDCA for 18 hours. qRT-PCR for human 
CAMP gene expression was performed. The data was normalized to the 
expression of beta-actin. Data represent means from 5 individual experiments 
with triplicate readings for Mz-ChA-1 cells; 2 individual experiments with 
triplicate readings for HuCCT-1 cells and KMCH-1 cells. Statistical significance 
was determined by ANOVA.  * P<0.05 for XN or CDCA treated vs control by 
ANOVA. **P<0.05 for XN treated vs CDCA treated.
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Figure 3.5 
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Figure 3.5. Effect of 8-PN, XN on inducing human CAMP mRNA 
expression with 1,25(OH)2D3 in the Mz-ChA-1 cell line. (A) 8-PN, XN induce 
human CAMP expression alone and cooperatively induce CAMP expression 
when combined with either 1nM or 10nM 1,25(OH)2D3. Mz-ChA-1 cells were 
incubated with 100 μM 8-PN, 10 μM XN with or without 1 nm or 10 nM 
1,25(OH)2D3. The data was normalized to the expression of beta-actin and 
shown represents means of three sets of independent experiments with 
triplicate readings. Statistical significance was determined by ANOVA. * 
P<0.05 for all the treatment compared to the no treatment control group. ** 
P<0.05 for the combination group compared to the single treated group.  
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Figure 3.6 
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Figure 3.6. Effect of estradiol on inducing human CAMP mRNA 
expression with 1,25(OH)2D3 in the Mz-ChA-1 cell line. Mz-ChA-1 cells 
were incubated with 10 nM estradiol, 1nm or 10nM 1,25(OH)2D3 or the 
combination of 10nM estradiol with either 1nm or 10nM 1,25(OH)2D3 . The 
data was normalized to the expression of beta-actin and shown represents 
means of two sets of independent experiments with triplicate readings. 
Statistical significance was determined by ANOVA.  *P<0.05 for all the treated 
groups compared to the no treatment control group. 
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Figure 3.7 
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Figure 3.7. XN induces human CAMP promoter-luciferase activity 
through FXR in HEK293 cells.  A) Transfected HEK293 cells were incubated 
at 37oC overnight with 100% EtOH, 10 μM CDCA, 10 μM XN or 1 μM XN, 
respectively. B) Transfected HEK293 cells were incubated at 37oC overnight 
with 100% EtOH, 10 μM XN, 10 μM guggulsterone or a combination of 10μM 
guggulsterone with 10μM XN, respectively. The data shown represents means 
of two independent transfections measured in duplicate. Statistical significance 
was determined by ANOVA. * P<0.05 for all the treatment compared to the 
control group. 
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Figure 3.8 
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Figure 3.8. XN-mediated induction of human CAMP promoter-luciferase 
activity may require both VDRE and FXRE. HEK293 cells were co-
transfected with an FXR expression vector and WT or various 5’-deletions or 
site directed mutants of the human CAMP luciferase reporter constructs. 
Transfected HEK293 cells were incubated at 37oC overnight with 100% EtOH 
or 10μM XN, respectively. The data shown represents means of four 
transfections measured in triplicate. Statistical significance was determined by 
ANOVA. * P<0.05 for comparing each XN treated group to each untreated 
group. ** P<0.05 for comparing XN treated group of VDREmt, FXREmt, 2-136, 
2-139 compared to XN treated wild type CAMP6.2-Luc. 
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Introduction 

The active form of vitamin D, 1,25-dihydroxyvitamin D (1,25(OH)2D3) and its 

analogs induce human cathelicidin antimicrobial peptide (CAMP) gene 

expression in numerous cells types through a vitamin D response element 

(VDRE) that is located in an Alu-short interspersed element (SINE) in the 

promoter region. Because the Alu-SINE is primate specific, it does not exist in 

the promoter of cathelicidin genes from other mammals, such as mouse, rat or 

dog (8). Only the human and non-human primate genes are regulated by 

vitamin D (1, 8).  

Antimicrobial peptides (AMPs) play important roles in both innate and adaptive 

immunity; however, direct administration of AMPs is limited in clinical 

application due to the side effects of administering large doses of peptides, 

failure of delivery to the expected sites, or low physiological concentrations. 

Regulating endogenous human CAMP gene expression in a cell-and tissue-

specific manner may be more effective, but requires comprehensive 

knowledge about how its expression is controlled in various cell types and 

tissues under different conditions. To accomplish this and determine how 

human CAMP participates in host defense at both the molecular and cellular 

level and ultimately design in vitro and in vivo experimental models to study 

human diseases, we generated a strain of transgenic mice by inserting a 

6.2Kb genomic fragment containing the human CAMP gene (Figure 4.1) into 
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the mouse genome. Two founder lines were obtained and are referred to as 

Tg6 and Tg16. In this chapter, we present data from our characterization in the 

transgenic mice of human CAMP gene expression at the mRNA and protein 

levels.  

 

Materials and Methods 

Animals 

All the mice used in this research were bred and maintained in Macrolon 

cages in temperature (23±1 oC), humidity (50–60%), and lighting (6:00 am to 

6:00 pm) controlled rooms under specific pathogen free conditions. The hybrid 

transgenic mice were backcrossed onto the C57Bl6/J parental strain.  

Backcrossing means to breed a hybrid animal with an animal that is 

genetically similar to the parent and then breed the resulting offspring with the 

parental strain again. The repeated backcrossing of each generation will 

create an animal that genetically identical to the parent (in this case C57Bl6/J).  

The mice used in this study are referred to by lineage number (i.e. Tg6 or 

Tg16). The number of times a mouse was backcrossed onto the C57Bl6J 

strain is indicated after the lineage number (e.g. Tg16-9X for nine 

backcrosses). The eventual goal was to reach nine backcrosses that would 

produce mice that were pure for the C57Bl6/J strain. Some studies were 
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performed using mice that were backcrossed fewer than nine times, but in all 

cases litter mate animals were used as controls. 

 

Vitamin D deficiency 

Six month-old Tg6-5X mice were divided into two groups, one group (n=3) was 

fed a control diet with 2,200 IU vitamin D per kilogram (kg) and the other group 

(n=5) was fed a vitamin D-deficient diet for 60 days. Mice were euthanized and 

organs were collected at the end of the period.  All experimental procedures 

described followed established guidelines for the care and handling of 

laboratory animals and were approved by the OSU IACUC.  

 

RNA isolation and quantitative real-time PCR (qRT-PCR) 

Fresh tissues were collected from both wild type (WT) and transgenic (TG) 

mice and placed in RNALater (Life Technologies Corporation) solution 

overnight to fix the tissue and preserve the RNA integrity. For ex vivo 

experiments, fresh tissues were incubated in Dulbecco's modified Eagle's 

medium (DMEM; Mediatech Inc. Manassas, VA) supplemented with 10% (v/v) 

heat-inactivated fetal bovine serum (FBS) and 1% Pen/Strep (Life 

Technologies Corporation, Carlsbad, CA) with 100 nM 1,25(OH)2D3 at 37°C in 

a humidified 5% CO2 incubator for 18-24 h. Total RNA was isolated from each 

tissue using TRIZOL Reagent (Life Technologies) by homogenization using 

nuclease free 1.6 mm stainless steel beads in a Bullet Blender (Next Advance, 



74 

 

Inc. Averill Park, NY 12018, USA ). Samples were processed at power setting 

8 until completely homogenized. qRT-PCR was performed as described 

previously (36). 

Antibodies 

The primary rabbit anti-hCAP18 antibody (3.6 mg/ml was a gift from Dr. N. 

Borregaard (University of Copenhagen, Denmark). The rabbit IgG used was 

from the VECTASTAIN ABC KIT (Vector Labrotaries, Inc., Burlingame, CA 

USA). The secondary goat anti-rabbit antibody-HRP Conjugate was 

purchased (Cat#170-6515, Bio-Rad Hercules, CA 94547). 

Immunohistochemistry (IHC) 

Mouse tissue samples were collected from both wild type and transgenic mice 

and fixed in 4% paraformaldehyde (PFA) solution for 40 minutes. The fixed 

tissues were washed with phosphate buffered saline (PBS) twice followed by 

incubation in PBS at 4oC for 30 min. Tissues were then incubated in fresh PBS 

at 4oC overnight. PBS was removed and replaced with 25% sucrose in PBS 

solution and tissues were incubated at 4oC overnight. Tissues were placed in 

fresh 25% sucrose in PBS the next day. Tissues were embedded in a 

cryomold with clear frozen section compound (VWR, Radnor, PA, USA). The 

tissue blocks were cut into 7 μm thick sections. Immunohistochemistry was 

performed using a VECTASTAIN ABC KIT according to the manufacturer's 

instructions (Vector Laboratories, Inc., Burlingame, CA USA). The primary 
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antibodies, rabbit anti-hCAP18 or rabbit IgG, were diluted 1:4000 before use. 

The secondary antibody (goat anti-rabbit-HRP) was diluted 1:10,000 before 

use. Bone was decalcified using 6% trichloroacetic acid (TCA) as described 

previously (156).  

Western Blot 

Mouse bone marrow, spleen, lung, duodenum, ileum, colon, tongue, salivary 

gland, gingival, skin, testes and kidney were collected from wild type, knock 

out, and transgenic mice. Protein was isolated from these tissues using RIPA 

buffer (50mM Tris-HCl PH8.0, 1% NP-40, 0.5% DOC, 150mM NaCl, 0.1% 

SDS) and protein concentrations were determined using a modified Bradford 

reagent (Bio-Rad Life Science, Hercules, CA). Protein electrophoresis was 

done using a 16% SDS-polyacrylamide gel. For each sample, 50 μg of protein 

was loaded per lane except the gingival tissue for which 40 μg was loaded due 

to the lower yield of total protein. After electrophoresis, proteins were 

transferred to a polyvinylidene difluoride (PVDF) membrane. The PVDF 

membrane was then blocked in 5% non-fat dry milk for 30 min and incubated 

overnight at 4oC with primary antibody (rabbit anti-hCAP18; 3.6 mg/ml) in 

PBS-Tween 20 containing 2.5% non-fat dry milk. A goat anti-rabbit secondary 

antibody was diluted 1:5000 in PBS-Tween 20 and the blot incubated 1.5 h at 

room temperature. Signal was detected by Thermo SuperSignal West Femto 
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Chemiluminescent Substrate (Thermo Fisher Scientific Inc., Rockford, IL 

USA). 

Results 

Overview- The transgenic mice have been observed up to the age of 9-12 

months, and have overall health and behavior patterns that are similar to those 

of wild type mice. We expected that the human CAMP transgene would be 

expressed in cells of the immune system and epithelial cells of the respiratory, 

digestive and urinary tracts and the reproductive system. Also, we predicted 

that the human CAMP transgene would be up-regulated by vitamin D in 

various organs of the transgenic mice. To determine expression of the human 

CAMP transgene in these mice, we used qRT-PCR to quantify mRNA levels 

and Western blot analysis and immunohistohemistical staining to identify the 

protein.  

The human CAMP gene is expressed in tissues from transgenic mice 

Quantitative PCR analysis of the genomic DNA revealed that the transgene in 

both lines was present at approximately 4-6 copies per haploid genome 

(Fantacone and Gombart, unpublished data). Human CAMP mRNA 

expression was detected by qRT-PCR in the tongue, salivary gland, lung, 

spleen, small intestine, colon, liver, kidney and brain of the transgenic, but not 

the wild type mice (Figure 4.2). It was especially high in the tongue, bone 

marrow, salivary gland, lung, spleen and intestines, all tissues that are 
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involved in barrier defense. Interestingly, the human CAMP transgene was 

expressed at higher levels in these tissues than was the mouse CAMP gene 

(also known as CRAMP). The exception was bone marrow where expression 

of mouse CRAMP gene and the human CAMP transgene were similar 

(Gombart and Saito, unpublished data). We do not have an explanation for 

this finding, but it may be the result of putting a human gene into a mouse 

background.  

hCAP18 proprotein is expressed in tissues from the transgenic mice 

To detect expression of hCAP18, the proprotein encoded by the human CAMP 

gene, in the different organs of transgenic mice, immunohistochemical (IHC) 

staining and Western blot analyses were performed. IHC staining detected 

hCAP18 expression in the tissues of the immune system (bone marrow and 

spleen), respiratory tract (trachea, bronchiole and lung), digestive tract 

(gingiva, tongue, salivary gland, small intestines and colon), endocrine system 

(kidney) and central nervous system (brain) and the skin (Figure 4.3). Details 

of the cells stain in each tissue are described in the figure legend.  

Western blot analysis confirmed IHC results with hCAP18 expression detected 

in bone marrow, spleen, salivary gland, lung, intestines, kidney, skin, tongue, 

gingival tissues, testis (male) (Figure 4.4) and ovary (female) (data not 

shown). A 14 kDa band that was detected in the salivary gland (female, data 
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not shown) and skin (Figure 4.4) may occur due to the processing of hCAP18 

to release LL37 plus a ~14 kDa N-terminal fragment.   

An unexpected result was that the GAPDH protein chosen as a loading control 

was not detected in bone marrow. To rule out the possibility of loading 

mistake, we incubated the blot with antibody against the mouse CRAMP 

protein and it was detected at similar levels in both wild type and transgenic 

mice but not the knockout mouse, providing positive evidence that equal 

amounts of protein were loaded in the wild type and transgenic lanes. The 

reason for not detecting GAPDH in the bone marrow is unclear, but its 

expression has been noted to varies greatly across different tissues, and it 

may be too low for detection in the bone marrow (157). We will repeat the 

Western blot analysis using an antibody against a different reference protein 

with more similar expression levels across tissues. Taken together, the above 

results indicate that the human CAMP gene is expressed in the expected 

organs and tissues of the transgenic mice.   

The human CAMP transgene is regulated by vitamin D 

To determine if the human CAMP transgene is regulated by vitamin D, we 

performed both ex vivo and in vivo experiments. For the ex vivo experiment, 

various mouse tissues from transgenic mice were treated for 18-24 hours with 

100 nM 1,25(OH)2D3. RNA was isolated and gene expression was determined 

by qRT-PCR. CAMP gene expression was significantly increased in the lung 



79 

 

and spleen by 1,25(OH)2D3 (Figure 4.5). In this experiment, a statistically 

significant increase was not observed in the salivary glands or kidney, but we 

have observed induction on other occasions. This may be due to variability in 

the diffusion of 1,25(OH)2D3 into the tissues during the ex vivo culture. It will 

be important to repeat these experiments three or more times with each tissue 

to more accurately determine the levels of CAMP gene induction. 

To determine if vitamin D deficiency had an impact on expression of the 

human CAMP gene in vivo, we maintained transgenic mice on either control or 

vitamin D-deficient diets for eight weeks. The mice on the deficient diet had an 

average serum 25(OH)D level that was about 7% of those on the control diet 

(2.0 +1.5 ng/ml [n=9] vs 28.3 +10.6 ng/ml [n=6]) indicating that they were 

vitamin D-deficient. Tissues were collected from three mice on control diet and 

5 mice on vitamin D deficient diet. RNA was isolated from the tissues and 

expression levels of CAMP mRNA were determined by qRT-PCR. Vitamin D 

deficiency dramatically reduced human CAMP gene expression in salivary 

glands of both male and female mice (Figure 4.6). In three other tissues tested 

(spleen, lung, colon), no statistically significant difference in expression was 

noted (data not shown). This result is very intriguing and will need to be 

verified with additional deficiency studies.  
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Discussion 

Only the cathelicidin gene of humans and non-human primates is regulated by 

vitamin D; therefore, a major problem in studying the regulation of human 

CAMP gene expression by vitamin D and its role in treating various human 

diseases is the lack of an animal model. To overcome this hurdle, we 

generated a novel transgenic mouse with the human CAMP gene inserted into 

its genome. This unique mouse model will allow us to elucidate the importance 

of the vitamin D-cathelicidin pathway in the innate immune response against 

infections, in inflammation, wound healing and dermatological conditions, and 

in cancer. Also, the mouse strain could be used to identify additional 

transcription factors that regulate human CAMP expression by crossing it with 

transcription factor knockout mice. 

In the transgenic mouse, the human CAMP gene was expressed at both 

mRNA and protein levels in the respiratory, digestive and reproductive tracts 

as well as immune system which are tissues that are most frequently in 

contact with environmental microbes or invading pathogens. In addition, the 

transgene was induced by vitamin D in some tissues both ex vivo and in vivo, 

and in vitamin D-deficient mice we observed significantly reduced CAMP 

expression in the salivary glands, but not other organs.  

Although not a part of the studies presented in this thesis, we have shown that 

the transgenic mice have increased resistance to Salmonella infection as 
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compared to both wild type and knockout mice (Lowry and Gombart, 

unpublished observations). In future studies, we will use this model to define 

the role of vitamin D status on the induction of human CAMP gene expression 

during infection.  The observed lack of expression in the salivary gland in 

vitamin D-deficient mice is interesting as patients with hypophosphatemic 

(vitamin D-resistant) rickets (VDR mutations) have increased rates of dental 

abscesses and caries (158, 159). In light of our data, it would be interesting to 

test the levels of hCAP18/LL-37 in the saliva of such patients, as low levels 

may predispose these patients to infection and cavity formation.  

The mouse model will allow in vivo studies to determine the effect of the 

dietary compounds XN and 8-PN identified in Chapter 2 on human CAMP 

expression. In vivo administration of these compounds to transgenic mice 

followed by measuring human CAMP expression in different organs will 

provide insight into the potential benefit of these dietary constituents. Induction 

of human CAMP through VDR, FXR or other nuclear receptors by these 

compounds may help improve resistance to gastrointestinal infections or 

reduce the development of colon cancer induced by chemical carcinogens. 

FXR deficiency in mice leads to increased cell proliferation, inflammation and 

tumorigenesis in the intestine (160). This suggests that FXR ligands may be 

used to treat or reduce the rate of gastrointestinal cancers. Furthermore, LL-37 

activates a GPCR-p53-Bax/Bak/Bcl-2 signaling pathway that triggers 

AIF/EndoG-mediated apoptosis in colon cancer cells (161) and is 
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hypothesized to reduce rates of colon cancer in humans where reduced 

expression of LL-37 was observed in tumors versus surrounding normal tissue 

(161). Mice lacking the CAMP gene are more susceptible to developing colon 

cancer (161). We hypothesize that FXR-mediated induction of LL-37 

expression may reduce the development of colon cancer by promoting 

apoptosis of transformed cells. A recent study showed that imatinib, also 

known as Gleevec (Novartis Corporation, East Hanover, NJ), which is used to 

treat chronic myeloid leukemia, is an FXR modulator (162). It would be 

interesting to use our animal model to study induction of CAMP with this drug 

as well as natural FXR modulators and their potential to treat or prevent the 

development of colon cancer or increase resistance to gastrointestinal 

infection.  

In conclusion, the human cathelicidin gene is successfully expressed in many 

organs and tissues in the human CAMP transgenic mice. This unique murine 

model may lead to new ways for promoting human health by providing a 

powerful tool for studying the regulation of human CAMP gene expression by 

many dietary compounds and the importance of such induced CAMP 

expression in the prevention of inflammatory diseases, autoimmune diseases 

or cancer. 
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Figure 4.1 
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Figure 4.1. The structure of the 6.2 kB human CAMP gene construct 
which was inserted into the mouse genome. 
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Figure 4.2 
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Figure 4.2. Human CAMP gene mRNA expression levels in select wild 
type and transgenic mouse organs. Total RNA was extracted from both wild 
type (w) and transgenic (t) mice and analyzed by qRT-PCR. The human 
CAMP gene was expressed in all the organs tested from transgenic mice as 
shown. No human CAMP was detected in wild type mice. The expression 
levels are reported as the ratio of the number of CAMP mRNA transcripts 
compared with the number of 18S rRNA transcripts (i.e. copies of 
CAMP/copies of 18S). 
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Figure 4.3 
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Figure 4.3. IHC detection of hCAP18 expression in various tissues of the 
transgenic mice. Novared staining (red color) was used in this experiment 
except for the trachea which used 3,3’-Diaminobenzidine (DAB; brown color). 
The expression of the hCAP18 protein was not detected in any tissues from 
the wild type (WT) mice. The expression of hCAP18 was detected in 
transgenic (TG) mice in all tissues tested: tongue (keratin and epithelial layer); 
salivary gland (connective tissue); duodenum, jejunum and colon (connective 
tissue and smooth muscle layer); kidney (connective tissue of both the renal 
medulla and renal pelvis); brain (choroid plexus); gingiva (epithelia and 
connective tissue surrounding the tooth); skin (connective tissue of dermis); 
trachea (deep into the cartilage); bronchiole (connective tissue); lung (epithelia 
to air duct); bone (bone matrix and bone marrow); spleen (red pulp).  
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Figure 4.4 
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Figure 4.4. Western blot detecting hCAP18 expression in various organs 
of transgenic mice. Results are shown for wild type (w), knockout (k) and 
transgenic (t) mice. Expression of the hCAP18 protein was detected in tissues 
from the immune system (spleen and bone marrow), digestive tract (colon, 
tongue and gingiva), respiratory tract (lung), endocrine system (kidney and 
testis) and skin.  GAPDH was used as a control for protein loading. The 
mouse protein (mCRAMP) was detected in the bone marrow and spleen as a 
control. The film exposure times are listed below the respective panels. The 
double band observed in the skin may indicate that hCAP18 is processed to 
release the peptide LL-37 and result in the detection of the 14 kDa N-terminal 
domain (*). 
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Figure 4.5 
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Figure 4.5. 1,25(OH)2D3 induces CAMP transgene expression ex vivo. 
Tissues were isolated from transgenic mice, incubated with 100% EtOH 
(vehicle, (D3-) or 100 nM 1,25(OH)2D3 (D3+). Human CAMP transgene 
expression was measured by qRT-PCR. A copy number standard was used to 
determine the number of CAMP and 18S rRNA transcripts per sample and the 
ratio is reported (i.e. copies of CAMP/copies of 18S). Statistical significance 
was determined by ANOVA. * P<0.05 for 1,25(OH)2D3 treated vs control in 
each tissue. 
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Figure 4.6 
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Figure 4.6. Vitamin D deficiency decreases the expression of the human 
CAMP gene in the salivary glands of transgenic mice. Salivary glands from 
transgenic mice which were fed control (C) and vitamin D-deficient (D) diet for 
eight weeks were collected, RNA was isolated and human CAMP expression 
measured by qRT-PCR. Within each tissue sample, CAMP levels were 
normalized to 18S rRNA levels, and the differences between samples are 
expressed as fold-change compared with the CAMP level from the first male 
on the deficient diet (i.e. the level in that male is set as one fold).



General conclusions and outlook 

 

Chapter 5 
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Purpose of this study 

The active form of vitamin D, 1,25-dihydroxyvitamin D (1,25(OH)2D3), binds to 

and activates the vitamin D receptor (VDR), leading to its translocation from 

the cytosol into the nucleus where it forms a heterodimer with RXR and binds 

to the vitamin D recognition element (VDRE) in the promoter of the human 

CAMP gene to induce  transcription (8).  

Like the VDR, the farnesoid X receptor (FXR) is a member of the nuclear 

hormone receptor super family (37) and acts as a physiological bile acid 

receptor to regulate bile acid homeostasis (87, 163). It was shown to induce 

human CAMP expression in the presence of its ligand chenodeoxycholic acid 

(CDCA) (52); however, the exact mechanism of induction was not 

characterized fully. The vitamin D receptor binding site in the Alu-SINE of the 

CAMP gene was implicated as the binding site for FXR, but was not 

determined experimentally (52). 

A number of potential non-bile acid ligands for FXR include plant polyphenols.  

Xanthohumol (XN) from hops (Humulus lupulus L.) was reported to be an FXR 

ligand (53). This was based on activation of a BSEP promoter reporter-

luciferase gene by XN in HEP-G2 liver cells. It was not demonstrated that this 

activation required FXR or the FXR binding site in the BSEP promoter (53). 

Nevertheless, the potential for XN to act as an FXR ligand, led us to 

hypothesize that a dietary component could induce CAMP gene expression 
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through activation of FXR binding to the VDRE in the Alu-SINE. To test our 

hypothesis, we needed to 1) demonstrate that the VDRE was required for 

induction of the CAMP gene in the presence of bile acid ligands of FXR and 2) 

demonstrate that XN was a bona fide ligand of FXR.  Accomplishment of these 

aims would show that plant derived plant polyphenols are capable of 

regulating human CAMP gene expression and provide an important biological 

understanding of the interactions between our diet and gut immunity. This 

knowledge would establish a foundation for developing natural therapies for 

protecting against gastrointestinal diseases. 

As previously described in this thesis, a VDRE is located in an Alu-SINE in the 

promoter region of CAMP gene. Because the Alu-SINE is primate specific it 

does not exist in the promoter of cathelicidin genes from other mammals (8), 

therefore, only the human and non-human primate genes are regulated by 

vitamin D (1, 8). To perform in vivo studies addressing the biological 

importance  of vitamin D or other dietary compounds like XN or 8-PN on 

human CAMP gene expression, we needed to generate and  characterize a 

transgenic mouse model expressing the human CAMP gene. 
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Conclusions from this study 

To summarize this thesis project, human cathelicidin gene expression can be 

regulated by various dietary compounds through activation of nuclear 

receptors and other transcription factors as described in Chapter 2. The work 

presented in Chapter 3, provides strong evidence that XN and its metabolite 8-

PN act as ligands for FXR and induce several known target genes. In addition, 

we demonstrated that both compounds induce CAMP gene expression 

through FXR. This induction by FXR appears to involve both the vitamin D 

response element (VDRE) located in the Alu-SINE and a farnesoid X response 

element (FXRE) located in the beginning of the third exon of the human CAMP 

gene. The requirement for both elements remains to be determined by testing 

a VDRE/FXRE double mutation in the CAMP-promoter luciferase reporter 

construct and performing chromatin immunoprecipitation (ChIP) to identify the 

exact FXR binding sequence(s) in the human CAMP gene. Interestingly, both 

XN and 8-PN cooperatively induced CAMP gene expression when combined 

with 1,25(OH)2D3, suggesting there might be a synergy between them. We 

predict that this cooperative induction is due to both active VDR:RXR and 

FXR:RXR complexes binding to their respective sites in the CAMP promoter 

and working together to induce CAMP gene expression (Figure 5.1).  

From our work presented in Chapter 4, characterizing the human CAMP 

transgenic mouse model, we determined that the human CAMP transgene is 
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expressed strongly at both the mRNA and protein levels in the immune 

system, respiratory tract, digestive tract, reproductive system and central 

nervous system as expected. This unique transgenic mouse model will provide 

a powerful tool to study the in vivo importance of vitamin D-mediated 

regulation of the CAMP gene in the immune response to infection.  Also, the 

regulation of CAMP by dietary compounds like XN can be studied in vivo. By 

oral administration or injection of dietary compounds into the transgenic mice, 

we can study the bioavailability of these compounds as well as their effects on 

human CAMP gene expression in the various organs under different 

physiological concentrations. This mouse model can also be used in 

gastrointestinal infection or carcinogenesis models to investigate the roles that 

dietary compounds play in preventing or treating these diseases. 

 

Significance of this study 

The work in this thesis project influences the immediate field of vitamin D, 

xanthohumol and immunity, but also provides insights into the fields of diet 

and optimal health, gastrointestinal microbiota, innate and adaptive immunity, 

prevention and treatment of infectious disease, cancer or autoimmune 

diseases, and even epidemiology. We will discuss the significance of this 

study for some of these fields. 
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Dietary compounds and byproducts of microbial metabolism. Our findings 

emphasize the potential importance of dietary components in modulating 

barrier defense in the gastrointestinal tract. In addition, byproducts from the 

metabolism by dietary components of gut microbiota could be important for 

communicating with intestinal epithelial and immune cells, thus affecting the 

expression of AMPs. For example, butyrate is a short chain fatty acid 

produced in the colon by fermentation of dietary fiber by anaerobic bacteria 

and is also a compound directly present in many foods, such as butter and 

cheeses (94). Oral administration of sodium butyrate restored the expression 

of rabbit CAP18 in colon epithelium after Shigella infection (96). Also, 

lithocholic acid (LCA), a bacterial metabolite produced from primary bile acids, 

induces CYP3A, a cytochrome P450 enzyme that detoxifies LCA in the liver 

and intestine and induces CAMP gene expression (88).  

Finally, we showed in Chapter 3, that 8-PN, a microbial metabolite of 

xanthohumol, induces CAMP gene expression.  This communication between 

host cells and the gut microbiota is likely very important in establishing a 

mucosal barrier preventing contact of microbes and pathogens with the 

intestinal epithelium (1, 92). In addition, accumulating evidence suggests a 

strong interaction between functional food components and the balance and/or 

composition of gut microbiota (164, 165).  
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Interestingly, probiotics which are nonpathogenic microorganisms that can 

restore balance to the gut microflora and benefit the host by promoting the 

recovery of damaged gut mucosa and prevent microbial translocation of the 

barrier (166, 167). Treating with Lactobacillus plantarum increased the 

expression of VDR and cathelicidin genes in cultured intestinal epithelial cells 

(168). These findings suggest that beneficial bacteria may also be important 

for up-regulation of the cathelicidin gene. Our transgenic mouse model 

provides an ideal tool to test this hypothesis in vivo. 

Gut microbiota and homeostasis. The human gut harbors about 1014 bacteria 

consisting of 500-1000 different species (169). This microbiota plays important 

roles in many aspects of human health, including metabolism, chronic 

intestinal inflammation, obesity and immunity (170-173). The gut microbiota is 

a double-edged sword. On one hand it protects the host from colonization 

and/or invasion by pathogens and on the other, in the absence of host 

structural and immune barrier integrity, these beneficial intestinal bacteria 

have the potential to invade the host and cause various diseases [1]. 

Maintaining gut homeostasis depends on an intact epithelial barrier defense 

which can be affected by diet, gut microbiota and the host immune system [1].  

Antimicrobial peptides (AMPs) directly kill bacteria. The two dominant bacterial 

phyla in the intestinal tract of mice and humans are the gram positive 

Firmicutes and the gram negative Bacteriodetes which together comprise up 
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to 80% of the total bacteria in the gut (174). Lack of Paneth cell defensins 

(deficiency) or expression of a human-specific Paneth cell defensin (α-

defensin 5, DEFA5) (surplus) in mice caused significant defensin-dependent 

changes in the composition of the microbiota, but not in total numbers of 

bacteria in the small intestine (174). However, the impact of human AMPs on 

the gut microbiota is still largely unknown. Human CAMP is expressed in the 

epithelia of the digestive tract which is exposed to environmental microbes 

including the gut microbiota (1). Mice and humans lacking of CAMP 

expression are more susceptible to bacterial infections in various organs, 

including colon infection (18, 30, 153, 175-182). However, little is known about 

how CAMP expression will affect the composition of the gut microbiota. Our 

unique humanized transgenic mouse model provides a powerful tool to 

determine if vitamin D or other dietary compounds such as XN or 8-PN affect 

the composition of the gut microbiota through the regulation of cathelicidin 

expression. 

Potential FXR ligands and target genes. As a nuclear receptor, activation of 

FXR by its ligands regulates the expression of many target genes, including 

BSEP, SHP, IBABP, human CAMP and FXR itself. Our data imply that the 

consumption of diets rich in plant polyphenols could result in high local 

concentrations of FXR ligands that would increase expression of CAMP by 

epithelial barrier cells in the GI tract. Many dietary compounds such as tea 



103 

 

catechins, grape seed procyanidin extract and soy-derived phytosterols have 

also been identified as FXR ligands (126-128). Ponasterone A and 20-

hydroxyecdysone are both insect molting hormones also produced by plants 

(Macrophyll Podocarpus and Cyanotis Vaga respectively) to disrupt the 

development and reproduction of insects (183, 184). Since both are ligands for 

ecdysone receptor (EcR) which is an insect analogue to FXR, it is also 

possible that they may induce human CAMP gene expression through FXR 

and ultimately improve barrier function. This hypothesis may explain the role of 

these plants in traditional Chinese medicine for treating lung infections. The 

studies presented in this thesis are the first to investigate the role that these 

dietary compounds play in regulating human CAMP gene expression and our 

findings support further investigation of other plant polyphenols as FXR 

ligands to determine if they regulate CAMP gene expression like XN or 8-PN.  

FXR is a selective bile acid sensor meaning that its ligands may act in a gene 

selective manner in vivo.  For example, a ligand may act as an agonist 

(activator) for one gene, an antagonist (inhibitor) on a second gene and 

neutral (no effect) on a third gene.  In our study, XN induced the CAMP gene 

to a higher level than CDCA in the Mz-ChA-1 and HuCCT-1 cell lines. 

Guggulsterone, an FXR antagonist, doesn’t induce CAMP expression, but 

blocked the induction of human CAMP expression by XN. On the other hand, it 

induced BSEP gene expression in HEK293 cells. Because of these complex 
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regulatory patterns among genes and cell types, determining how these FXR 

ligands regulate the expression of FXR target genes based on the 

transcriptional and translational context will ultimately provide more knowledge 

that may be useful in reducing or treating gastrointestinal infections and 

cancer.  

Gastrointestinal health and colon cancer. Cathelicidin is synthesized and 

stored in the epithelial layer of the gastrointestinal tract and skin. In addition to 

its antimicrobial activities, cathelicidin has anti-inflammatory and anti-cancer 

activities in the GI tract. Colon cancer is one of the most common GI tract 

cancers and is diagnosed in more than 130,000 people each year in the U.S. 

alone. Therefore, research that aims to investigate the molecular pathogenesis 

and possible treatments is necessary. Although genetics is one of the risk 

factors contributing to colon cancer, greater than 75-95% of colon cancer 

occurs in people with little or no genetic risk (185, 186). Other major risk 

factors for colon cancer include: aging, gender, high intake of fat, alcohol, red 

meat, obesity, smoking and a lack of physical exercise (185, 186). CAMP 

mRNA expression was not detected by qRT-PCR in freshly isolated cells from 

colon cancer tissue (187). In addition, colon cancer, hepatocellular and gastric 

cancer cell lines express very low levels of CAMP (187). The lack of CAMP 

expression may contribute to the development of these cancers, because LL-

37 activates a GPCR-p53-Bax/Bak/Bcl-2 signaling pathway that triggers 
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AIF/EndoG-mediated apoptosis in colon cancer cells (188) which is 

hypothesized to reduce rates of colon cancer in humans. Reduced expression 

of LL-37 was observed in tumors versus surrounding normal tissue and mice 

lacking the CAMP gene were more susceptible to developing colon cancer 

(188). A smaller synthetic peptide FK-17 (derived from amino acid residues 

17-32 of LL-37) showed anti-cancer activity by inducing caspases-independent 

apoptosis and autophagy through the common p53-Bcl-2/Bax cascade in 

colon cancer cells (189). Taken together these observations and the findings 

from our own study suggest that dietary regulation of CAMP could be 

important in reducing the incidence of gastrointestinal cancers.  

Our findings provide strong evidence that XN and its metabolite 8-PN are bona 

fide agonists for FXR and induce human CAMP gene expression. Both inhibit 

the growth of colon cancer cell lines by reducing proliferation and inducing 

apoptosis (190-192). It remains to be determined if CAMP induction 

contributes to the increased apoptosis.  Although the XN and 8-PN 

concentrations that we used in our in vitro experiments were high (100 μM), 

this high concentration can be achieved in epithelial cells of the GI tract from 

diet or dietary supplements. In addition, although the concentration of 8-PN in 

beer is considered too low to affect human health, its precursor 

isoxanthohumol is the prevailing prenylflavonoid in beer and is about 10–30 

times more abundant than 8-PN, which means the uptake of active doses after 
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a small amount of beer consumption could fall within the range of biological 

activities (133). Vitamin D is important in reducing rates of colon cancer (193). 

In light of the cooperative induction of CAMP by vitamin D and XN or 8-PN 

observed Chapter 3, it is tempting to speculate that the combination of these 

nuclear receptor ligands could be important in prevention of colon cancer. 

Future studies will focus on determining if induction of CAMP by these 

compounds prevents cancer cell growth. 

In summary, in this thesis we identified XN and 8-PN as novel FXR ligands 

that regulate the expression of FXR target genes including human CAMP and  

genes involved in maintaining bile acid homeostasis. The latter reduce the 

generation of toxic secondary bile acids that are involved in causing 

gastrointestinal cancer, and the induction of CAMP gene expression may 

induce the apoptosis of colon cancer cells that result from such insults. Thus, 

the combination may work to reduce rates of colon cancer.  In addition, 

ingesting foods rich in plant polyphenols that act as ligands for FXR may be 

critical for increasing the expression of CAMP that, in turn, may impact the 

composition of the gut microbiota. Furthermore, even though dietary 

compounds from daily food consumption do not achieve physiological 

concentrations that are high enough to have any biological activity alone, we 

showed that XN and 8-PN both can cooperatively induce CAMP gene 

expression with 1,25(OH)2D3. This suggests that two or more dietary 
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compounds may work together to induce gene expression even at low 

physiological concentrations. The consumption of a diet rich in these 

compounds and maintaining adequate vitamin D levels may reduce the rate 

and severity of intestinal infections, reduce the risk of cancer development, 

and maintain a healthy gut microbiota. In the long run, this will improve 

immune system function and gastrointestinal tract health (Figure 5.1).



108 

 

Figure 5.1 

 

 



109 

 

Figure 5.1. Summary of the regulation of human CAMP gene expression 
by various dietary compounds and potential role in the gastrointestinal 
tract immunity and health. 1,25(OH)2D3 binds to the VDR which 
heterodimerizes with RXR and interact with the VDRE located in the Alu-SINE 
sequence in the promoter region of human CAMP gene and induces CAMP 
expression. Other dietary compounds, such as XN from beer hops and its 
metabolite 8-PN activate FXR which binds to a yet unidentified FXRE in the 
CAMP gene promoter and induces CAMP gene expression. Induction of 
human CAMP transgene expression in mice may the enhance barrier function 
immune system and increase protection in the GI tract against bacterial 
infections or enhance GI tract health.   
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