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 ABSTRACT 

Inflammatory Bowel Diseases (IBDs) and Colorectal Cancers (CRC) are a 

complex collection of diseases with limited and invasive treatment options. Therefore, 

prevention is key but effective methods of doing so are elusive. While it is increasingly 

accepted that host genetics, the gut microbiota, and environmental exposures including 

diet can impact disease development and progression, exact mechanisms are still being 

investigated and results are sometimes conflicting. Host nuclear receptor (NR) 

activation, including that of the estrogen receptors (ER) and the aryl hydrocarbon 

receptor (AhR), has been linked to both exacerbation and prevention of these diseases.  

One ER ligand present in the diet, bisphenol-A (BPA), has been shown to exert 

estrogenic activity, but the mechanisms by which it may exacerbate IBDs are unclear. 

Therefore, the ability of BPA to exacerbate colitis and alter microbial derived 

metabolites (MDMs) was investigated in mice. BPA not only worsened disease activity, 

but exposure also slowed recovery, increased inflammation, and reduced levels of 

several metabolites associated with decreased inflammation. Furthermore, this activity 

was attributed to the ability of BPA to reduce cell number similarly to 17β-Estradiol in 

vitro.  

Diets high in saturated fat (HFD) have been linked to increased risk for IBDs and 

CRC, and AhR activation by colonic metabolites has been associated with preventing 

both diseases. However, the interaction of HFD and AhR in intestinal epithelial cells 

(IECs) has yet to be established. Therefore, a chemically-induced CRC mouse model 

lacking AhR in IECs (AhrΔIEC) and fed a HFD was employed to investigate this 
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interaction, and though colon mass incidence was not increased compared to low fat diet 

(LFD) fed control animals, colon mass multiplicity as well as β-catenin intensity and 

nuclear localization all increased.  

To investigate the impact of the dysbiotic feces observed in AhrΔIEC mice, a fecal 

transplant model was used. Wild-type mice were treated with antibiotics, then dosed 

with AhrΔIEC donor feces depleted in Akkermansia muciniphila. A. muciniphila was then 

gavaged in an attempt to rescue decreased gut barrier integrity associated with AhrΔIEC 

donors and fecal transplant recipients. While A. muciniphila was not significantly 

increased in any group that received it compared to respective vehicle controls, antibiotic 

treated animals without fecal transplant had a significant increase in the relative 

abundance of A. muciniphila that corresponded with improved gut barrier integrity and 

an increase in MDMs that act as AhR ligands.  

These results demonstrate the complex interactions and varied effects of 

environmental exposures through diet, the gut microbiome and MDMs, and host NR 

activation in the colon on the development and progression of IBDs and CRC. Findings 

such as these will allow the advancement of therapeutics in the prevention of these 

diseases.  
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CHAPTER I 

INTRODUCTION AND LITERATURE REVIEW 

Colon Overview 

Anatomy and Physiology of the Large Intestine 

The colon, also known as the large intestine, is the last main organ of the 

digestive tract. The colon is responsible for absorbing water, electrolytes, and 

vitamins from previously undigested food material.1 The colon also propels all 

ultimately indigestible food material, forming and excreting wastes through the 

rectum as feces.1 Finally, the colon is a reservoir for commensal microbes that 

symbiotically aid their hosts by harvesting energy from indigestible food 

material, producing vitamins and other compounds vital to host health, developing 

and maintaining the host immune system, and protecting against pathogenic infection.2 

In order to conduct these functions, the colon is composed of 4 layers from the 

central lumen outward: the mucosa, submucosa, muscular layer, and serosa.1 The 

muscular layer is composed of two layers of smooth muscle that aid motility: the inner, 

circular layer and the outer, longitudinal layer covered by serosa.1 The mucosa is 

primarily composed of simple columnar epithelial cells that line invaginations 

called crypts anchored to the submucosa.1 Stem cells at the base of each crypt give rise 

to all daughter cell types present in each crypt, including enterocytes, goblet cells, 

enteroendocrine cells, Paneth cells, and microfold cells.3 The epithelial cells of colonic 

crypts are lined with two mucus layers, the outer, loose layer containing bacteria and the 

inner, dense, sterile layer, both of which are produced by goblet cells in the crypts.3 Mucin 2 (MUC2) is a gel-

1 



forming mucin protein that primarily makes up these mucus layers and prevents 

microbes and their products from easily accessing colonocytes.4 Transmembrane 

mucin proteins including Mucin 1 (MUC1) form a glycocalyx on epithelial cells, 

preventing pathogenic infection of these cells.4  Along with these mucus layers, the 

junctional complexes between epithelial cells prevent arbitrary movement of 

hydrophilic compounds and microbes from the lumen of the colon into the lamina 

propria and ultimately the body.3 These tight junction protein complexes consist 

of several proteins including transmembrane claudins, occludins, and 

intracellular zonula-occludens proteins.4 If components of these structures are 

lacking or imbalanced, luminal contents including bacteria, their products, and other 

inflammatory molecules can enter the submucosa, increasing inflammation in the 

gut.4 These complex structures aid in maintaining gut barrier integrity in an effort 

to preserve homeostasis and prevent negative health consequences. 

Pathologies of the Large Intestine 

Inflammatory Bowel Diseases  

Inflammatory bowel diseases (IBDs) are a collection of gastrointestinal disorders 

marked by dysregulation of gut immune responses resulting in chronic inflammation, 

thought to develop due to an interaction between genetic, environmental, and microbial 

factors.5 The two most common types of IBDs, Crohn’s disease (CD) and Ulcerative 

Colitis (UC) differ in their pathophysiology, patterns of incidence, and risk factors.6,7 UC 

occurs in the large intestine, with inflammatory lesions often beginning at the rectum 

and extending continuously towards the proximal colon.1,8 In contrast, CD can occur at 
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any location in the gastrointestinal tract, potentially in skip lesions, but most commonly 

impacts the regions surrounding the ileocecal junction.1,8 Historically, IBDs were 

considered diseases of the Western world, but globally, the incidence of IBDs increases 

as countries become more industrialized.9   

In light of this fact, a growing body of data suggests environmental exposures, 

including diet, estrogen-containing medication usage, altered gut microbiome, and toxins 

or pollutants, significantly influence IBD development and relapse.6,7,10,11 Biological sex 

also impacts risk for developing IBDs. Women are at increased risk for developing 

autoimmune diseases of any type, however epidemiological evidence for a link between 

endogenous estrogens or estrogenic compounds and IBDs is conflicting and complex.11–

14  For example, fluctuations in IBD symptoms are reported during female patients’ 

menstrual cycles, oral contraceptive pills have been shown to increase risk of both UC 

and CD, and hormone replacement therapy is associated with an increased risk for 

developing UC but not CD.12,13,15 

Colorectal Cancer  

Colorectal cancers (CRC), another collection of gastrointestinal diseases, are a 

group of malignancies affecting the colon and rectum. CRC is the third most common 

cancer in the United States, and is the leading cause of cancer death.16 In recent years, 

CRC incidence and mortality have decreased in those over 65, but these rates are 

increasing among those younger than fifty, a concerning trend as routine screenings are 

not recommended for this group.16 About 20%-30% of CRC cases have a familial basis 

while the remaining incidence is believed to be due to sporadic carcinogenesis.17 Patients 
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with IBDs have an increased relative risk of developing CRC, referred to as colitis-

associated cancer (CAC), of greater than 2, as inflammation is a well-established cancer 

promoter.18,19 Though differences exist in the pathophysiology of different types of 

CRC, both non-inflammatory CRC and CAC follow a similar multi-step tumorigenesis 

progression, share common genetic and signaling pathways, and associate with gut 

microbiota dysregulation.19 As CRC progresses from adenoma to carcinoma, successive 

mutations contribute to the malignancy of the cells, including the loss of function of 

tumor suppressor genes and the gain of function of oncogenes or genes that promote 

malignant transformation.20 Mutations in several such genes are frequently associated 

with CRC, including adenomatous polyposis coli (APC), tumor protein 53 (TP53), and 

Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (KRAS), which are implicated in 

85%, 35-55%, and 35-45% of CRCs, respectively.20 Dysregulation of signaling 

pathways associated with these mutated genes, including the Wnt pathway, the 

RAS/MAPK pathway, and others contribute to the progression of CRC. 

Therefore, risk factors that are associated with the initiation of these mutations 

and promotion of cell growth are implicated in colorectal carcinogenesis and 

progression. Due to the challenges associated with detection, treatment, and survival of 

CRC, prevention is an important method for reducing CRC burden. Environmental risk 

factors, particularly modifiable dietary and lifestyle factors, are implicated in 50-60% of 

CRC cases in the United States.21 Obesity, lack of physical activity, decreased intake of 

dietary fiber, and increased intake of red and processed meat are all associated with an 

increased risk of CRC.21 Though a dysbiotic gut microbiome is well associated with 



5 

CRC, it is still unknown whether dysbiosis is a cause or consequence of CRC.21 

However, the ability of the gut microbiome to interact with environmental factors to 

impact host physiology is becoming increasingly well established, including their ability 

to produce unique metabolites that can impact signaling in host receptors, including 

nuclear receptors.21,22  

Nuclear Receptors Overview 

Nuclear Receptor Structure and Signaling 

Nuclear receptors (NR) are a superfamily of similarly structured ligand-activated 

transcription factors that regulate diverse cellular functions.23 NRs typically translocate 

into the nucleus upon ligand binding to regulate gene expression, but non-canonical, 

rapid cytoplasmic signaling functions of these receptors have been the focus of increased 

research in recent years.24 Classical NRs are genetically similar, share a common 

molecular structure and signaling pathways, and include steroid receptors such as 

estrogen receptors (ERs).24 Though the aryl hydrocarbon receptor (AhR) has not 

historically been considered a classical nuclear receptor based on its molecular structure, 

it shares many features with classical NRs, including heterodimerization upon activation, 

translocation to the nucleus, and ligand-activated transcriptional activity.25 The signaling 

pathways of both ER and AhR have been associated with alterations in gut physiology 

that impact risk of IBD and CRC development. 
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Estrogen Receptor 

Estrogens and their Discovery 

The three main endogenous forms of estrogens in females are estrone (E1), 

estradiol (E2 or 17β-estradiol), and estriol (E3).
26 Each is produced from androgens via 

the enzyme aromatase, and the primary estrogen at various life cycle stages in females 

varies.26 E2 is the predominant and most potent form during reproductive years, while E1 

is the main form produced postmenopausally, and E3 is produced in large quantities by 

the placenta during pregnancy.26   

Though the existence of steroid sex hormones was hypothesized for centuries, E1 

was first isolated from the urine of pregnant women in the 1920s.27  E2 and E3 were 

purified in subsequent decades.27 Estrogenic compounds for pharmaceutical use quickly 

became available, instigating hormone replacement therapy to treat hot flashes, 

dysmenorrhea, and eventually osteoporosis.27 Radio-labeled estradiol was used by 

Elwood Jensen and his students to discover the first estrogen receptor (ER), ultimately 

named estrogen receptor α (ERα), in 1958.26 A second subtype of the receptor, named 

estrogen receptor ß (ERß), was discovered by Jan-Ake Gustafsson’s group in 1996.28 

Since the discovery of naturally-occurring, endogenous estrogens and their 

receptors, many compounds that exhibit estrogenic activity have been discovered. These 

include synthetic, dietary, and environmental compounds that have been shown to have 

diverse structures and various health effects dependent upon the target tissue and ER 

subtype.29  
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Estrogen Receptor Subtypes 

ERs are nuclear hormone receptors that exist in two subtypes, ERα and ERß.30 

Upon ligand-binding, ERs dimerize, translocate to the nucleus, and bind to estrogen-

response elements in the DNA to regulate transcription.31 Other mechanisms of ER 

signaling have been discovered, including ligand-independent activation, membrane-

initiated actions, and regulation of mitochondrial function.26 Additionally, more recently, 

a membrane bound receptor capable of binding estrogenic compounds has been 

discovered and named G protein-coupled estrogen receptor-1 (GPER-1).27 

Though encoded by two different genes, ERα and ERß are structurally similar.30 

However, tissue distribution differences exist between subtypes, with ERα or ERβ 

predominating in specific tissues.30  ER signaling can be pro- or anti-inflammatory 

depending on dose, target tissue, ER subtype ratio, and timing of exposure relative to 

disease course.32 Furthermore, in cell lines, E2 can stimulate proliferation via ERα while 

inhibiting proliferation via ERß.33 This indicates that the predominant isoform of ER 

present in a given tissue will dictate the outcome of E2 signaling in that tissue.33 

Role in Colon Physiology and Pathologies 

ERß is the main form of ER expressed in the colon.31 ERß signaling is associated 

with anti-inflammatory effects in the colon, and ERß knockout mice develop worsened 

colitis compared to wild-type controls.34 Intestinal barrier integrity is compromised in 

colitis, resulting in increased bacterial adhesion and invasion.35 ERβ signaling, which is 

associated with decreased colonic permeability, appears to be protective against colitis.36 

Estrogenic compounds play a role in both innate and adaptive immune responses, 
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partially explaining the gender differences observed in autoimmune diseases, including 

IBDs.37 In addition, CRC progression has been associated with a shift from high to low 

ERβ:ERα ratio.34,38 Furthermore, worsened CRC tumor grade and stage, poor tumor 

differentiation, and decreased patient survival were all associated with a greater 

reduction of ERβ.31  Furthermore, women are at decreased risk of developing CRC 

compared to men, and hormone replacement therapy reduces CRC risk in 

postmenopausal women.37 These data indicate that ERβ signaling is important for 

normal gut physiology and protection against IBD and CRC. 

Aryl Hydrocarbon Receptor  

Discovery, Signaling, and Role in Colon Physiology  

AhR is a ligand-activated transcription factor of the Per-Arnt-Sim (PAS) superfamily.39 

Without ligand, AhR is found in a complex that sequesters it in the cytoplasm.39 Upon 

ligand-binding, the AhR complex translocates to the nucleus, where AhR dissociates 

from the complex and heterodimerizes with the aryl hydrocarbon receptor nuclear 

translocator (ARNT).25,39 This complex can then bind dioxin response elements of DNA 

and result in transcription of AhR target genes.25,39 The best known of these genes are 

the cytochrome p450 enzymes including CYP1A1, CYP1A2, CYP1B1, which function 

as xenobiotic metabolism enzymes.25,39  

AhR was discovered in the 1970s and was originally thought to primarily be 

involved in the biotransformation and toxic effects of environmental toxins, including 

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) and polycyclic aromatic hydrocarbons 

(PAHs).40 However, more recently, additional roles for AhR signaling have been 
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discovered, including regulation of the immune system, proteasomal degradation, and 

chemoprevention.39,41,42 The environmental toxin TCDD and its effects on AhR 

signaling have been widely studied as it is one of the most potent agonists of AhR.25 

Though AhR has long been considered an orphan receptor with no high-affinity 

endogenous ligands, recent studies have identified dietary bioactive substances such as 

flavonoids, carotenoids, and tryptophan metabolites including indoles that can bind AhR 

and result in transcription of AhR responsive genes.25,41,42 These dietary and microbially-

derived ligands are considered less toxic and result in relatively short-term activation of 

AhR signaling and appear to elicit beneficial physiological effects.41 

However, these effects are tissue, ligand, and allele form specific. Several 

different alleles of murine AhR exist, including the Ahrb1 and Ahrd allele variants, the 

latter of which has a lower ligand binding affinity than the former.43 This finding 

highlights the importance of using the appropriate animal model to study human health 

and disease, as humans possess an allelic variant that more closely resembles the Ahrd 

allele rather than the Ahrb1 allele that naturally occurs in C57BL/6 mice that are 

frequently used for translational studies.44 Therefore, a “humanized” strain of C57BL/6 

mice that possess the Ahrd allele should be used in such experiments, including those 

investigating pathologies of the colon.44 

Role in Colon Pathologies 

Mounting evidence suggests that appropriate AhR activation alleviates IBD 

symptoms and reduces CRC development. For example, AhR activation has been shown 

to reduce inflammation associated with IBDs. With pretreatment of TCDD, symptoms of 
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dextran sulfate sodium (DSS)-induced colitis were reduced.45 TCDD treatment reduced 

symptoms and inflammatory markers associated with 2,4,6-trinitrobenzene sulfonic acid 

(TNBS) in wild-type (WT) but not AhR null animals.46 This reduction in inflammation 

unsurprisingly translates to a reduction in CAC. In one study, AhR activation by the 

dietary ligand indole-3-carbinol (I3C) reduced colon tumorigenesis in a CAC model.47 

Furthermore, AhR appears to be protective against CRC in other models of 

carcinogenesis. Activation of AhR by dietary ligands including indole-3-acetic acid 

(IAA) and I3C resulted in decreased cecal and small intestine tumors in ApcMin/+ animals 

but not in ApcMin/+ mice also lacking AhR.48 While supplemented dietary molecules 

appear to directly activate AhR to reduce CRC, recent studies that examine the impacts 

of the gut microbiome in producing AhR ligands that reduce colon carcinogenesis are 

also promising. In a recent study, dietary tryptophan supplementation improved DSS-

induced colitis in mice, and this beneficial effect was dependent upon AhR.49 This 

implies that dietary compounds and metabolites positively impact AhR signaling to 

reduce CRC and IBD.  

Gut Microbiome Overview 

Major Bacterial Phyla and General Ecology 

The mammalian GI tract retains a complex ecosystem of microbes that includes 

organisms of the Archaea, Bacteria, and Eukarya domains.50 There are trillions of 

microbes in the human body, with hundreds to thousands of bacterial species in the 

human intestine alone.50 The dominant bacterial phyla that inhabit the lower GI tract 

include Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria, and 
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Verrucomicrobia.50 Bacterial diversity and load generally increases along the length of 

the GI tract, as pH increases and antimicrobial compounds and oxygen decrease.50 This 

highlights an example of symbiotic evolution between bacteria and host, as an increased 

prevalence of these bacteria in more proximal regions of the digestive tract could lead to 

competition between the host and microbes for nutrients.50 However, as the colon is the 

most highly bacterially populated region of the GI tract, the anatomy and physiology of 

this system allows microbes access to indigestible material that can be harnessed for fuel 

by the bacteria and ultimately result in the production of by-products that benefit the 

host.  

Role in Gut Physiology  

In a eubiotic environment, these gut bacteria are largely non-pathogenic, aiding 

the host in nutrient and xenobiotic metabolism, preventing colonization of pathogenic 

organisms, and maintaining a functioning immune system and gut barrier integrity.51  

The Metabolome and Host Responses 

The gut microbiota is considered a living organ of its own, evolved to maintain a 

symbiotic relationship with the host under appropriate conditions. The microbiome 

harvests nutrients from the host’s dietary components, shed host cells, and other 

microbes.51 Metabolism of a wide variety of substrates results in an extensive array of 

metabolites that can be garnered by the host as energetic, nutritive, or other bioactive 

compounds that can have a variety of impacts. These metabolites can include short chain 

fatty acids (SCFAs), metabolites derived from aromatic amino acids (MDAs), and 

vitamins or xenobiotics, drugs, and even carcinogens.21,51  
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Short Chain Fatty Acids 

Gut bacteria mainly use dietary carbohydrates in the form of fibers that are 

indigestible by the host for fuel.51 Fermentation of these complex carbohydrates results 

in the production of saturated fatty acids with fewer than six carbon atoms called short 

chain fatty acids (SCFAs), including the straight-chain SCFAs acetic acid, butyric acid, 

propionic acid, and valeric acid.52,53 These straight-chain SCFAs represent 90-95% of 

SCFAs produced in the colon. Additional branched-chain SCFAs including isobutyric 

acid and isovaleric acid are also produced from the metabolism of branched-chain amino 

acids such as valine, leucine, and isoleucine, but these compounds typically contribute 

approximately 5% of total SCFAs in the GI system.52,53 SCFAs can modulate host 

metabolism, both in the colon, where butyrate is used as the main energy source of 

colonocytes, and more globally, where butyrate, propionate, and acetate all appear 

protective against diet-induced obesity and result in reduced food intake and butyrate 

also reduces insulin resistance.52 In the colon, SCFAs decrease the pH of the lumen, 

inhibiting pathogenic growth and resulting in an increase in the absorption of some 

nutrients.52 Furthermore, SCFAs can stimulate mucin production and expression of 

various tight junction proteins, resulting in improved gut barrier integrity.52 SCFAs have 

also been shown to have immunomodulatory effects, resulting in the differentiation, 

function, and epigenetic regulation of T-regulatory cells.51,52 These mechanisms have 

implications for colon pathologies, as reductions in fecal butyrate concentrations are 

correlated to both IBDs and CRC.52 In addition to mechanisms involved in gut barrier 

integrity and immunomodulation in the colon, SCFAs can induce apoptosis, inhibit 
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tumor cell progression, and inhibit histone deacetylation, all beneficial mechanisms in 

preventing CRC.51,52 In fact, the chemopreventive properties of a diet high in fiber and 

low in saturated fat and red meat have been linked to increased butyrate production, as 

SCFAs are derived from host dietary compounds.21,52 

Microbial Metabolites Derived from Aromatic Amino Acids  

Another source of substrates for microbes that contributes to the gut metabolome 

are aromatic amino acids, including phenylalanine, tryptophan, and tyrosine. Though 

these are essential amino acids for humans, microbes can synthesize them through the 

shikimate pathway and their byproducts include important bioactive compounds such as 

kynurenines, indoles, and serotonin.54 Kynurenic acid (KA), a tryptophan degradation 

product, can antagonize excitatory amino acid receptors, preventing overstimulation of 

neurons by neurotransmitters.54 However, both KA abundance and depletion have been 

implicated in neurological conditions.55 Furthermore, a high kynurenine to tryptophan 

ratio has been implicated in irritable bowel syndrome, inflammatory conditions, and 

some cancers.56 Indole and its metabolites, produced from tryptophan by enteric 

bacteria, have been demonstrated as AhR ligands that have been implicated in improving 

host gut barrier integrity and immunomodulation.55,57 Furthermore, 95% of serotonin 

production from tryptophan occurs in the GI tract of mammals, and changes in serotonin 

signaling in the gut have been implicated in IBDs, irritable bowel syndrome, 

constipation and diarrhea.56,58 Tryptamine, which is also a tryptophan byproduct, 

regulates the excitatory versus inhibitory balance of serotonin.56 Clearly, the modulation 
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of tryptophan and its metabolites in the gut by both the host and microbes is important in 

prevention of a variety of GI and other host diseases. 

Other Metabolites  

The microbiome is also involved in the production of other important 

metabolites, including vitamins and polyphenols essential to host health, xenobiotics, 

drugs, and even carcinogens. Vitamin K and some types of vitamin B are synthesized by 

the host’s microbiome.51,59 Additionally, bacteria can metabolize polyphenols, making 

them more bioavailable and bioactive than the parent compounds, and this metabolism 

can vary from host to host based on the composition of their microbiome.60 For example, 

some humans can produce equol, an estrogenic compound derived from isoflavones, 

while others cannot.60 

In the case of xenobiotics, drugs, and carcinogens, the host and microbes may 

have competing interests in their metabolism of these compounds. While the goal of 

metabolism of these compounds in humans is often excretion via the addition of polar 

functional groups and conjugation to more polar compounds via Phase I and Phase II 

enzymes, respectively, gut microbes modify these compounds in different ways through 

their normal metabolic activities, resulting in altered toxicities, lifetimes, and 

pharmacokinetic properties in the host.61 In a relevant example, azoxymethane (AOM), a 

procarcinogen, used to initiate CRC in rats and mice is metabolized to 

methylazoxymethanol (MAM), the active carcinogen, via cytochrome p450 2E1 and 

then MAM-glucuronide (MAM-G) via uridine diphosphate-glucuronosyltransferase 

(UGTs) in the host liver for excretion.62 However, gut bacteria reactivate MAM-G to 
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MAM via removal of the glucuronide via microbial β–glucuronidase in the colon where 

MAM can form DNA adducts and initiate CRC.62,63 Other carcinogens including 

polycyclic aromatic hydrocarbons are also hypothesized to be metabolized via similar 

pathways.62 Therefore, the composition and functional capacity, of the gut microbiome 

as well as the means to modulate them, is vitally important to understand the role of 

these organisms in the development of disease in the host. 

Competition Against Pathogens and Immunomodulation  

Resistance to pathogens may be mediated by nutrient limitations, the production 

of antimicrobial compounds, and adherence of commensals to the mucosa to prevent 

pathogens from accessing colonocytes.50 Additionally, the host immune system has co-

evolved with gut microbes to allow tolerance of beneficial species while discouraging 

colonization by pathogens.51 Several hypotheses exist for the mechanism by which 

commensal species and the host communicate to allow persistence of beneficial bacteria 

while preventing the overgrowth of harmful bacteria. For example, the production of 

polysaccharide A (PSA) by commensal bacteria signals for anti-inflammatory cytokine 

production by the host, and the binding of immunoglobulin A secreted by the host 

(sIGA) to gut bacteria aids in reducing inflammatory signaling.50 A fine balance of these 

processes allows for tolerance of beneficial bacteria and exclusion of pathogens. 

Furthermore, Akkermansia muciniphila, a bacteria that resides in the mucus layer near 

host epithelial cells, directly interacts with the host immune system to induce the 

production of antigen-specific immunoglobulin G1 (IgG1) antibodies during 
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homeostasis, indicating additional methods by which the gut microbiome modulates the 

host immune system to allow commensal colonization while excluding pathogens.64  

Gut Barrier Integrity  

Increasing evidence demonstrates that the gut microbiota is important for 

maintaining gut barrier homeostasis. Several bacterial species are linked with increased 

tight junction protein expression, including Bifidobacterium infantis, Bifidobacterium 

bifidum, Lactobacilllus rhamnosus, and Faecalibacterium prausnitzii.65 SCFA-

producing bacteria have also been associated with increased mucin production and 

goblet cell differentiation, including Bacteroides thetaiotaomicron, Faecalibacterium 

prausnitzii, and Akkermansia muciniphila.65 In fact, A. muciniphila has been shown to 

induce anti-inflammatory host responses and bolster gut barrier integrity. In contrast, 

other mucin degrading bacteria such as Ruminococcus gnavus and Ruminococcus 

torques are implicated in loss of the mucin layer of IBD patients, allowing bacteria 

access to the epithelial surface to exacerbate inflammation.65 Careful modulation of the 

gut bacteria clearly has a role in preventing diseases of the large intestine, including 

IBDs and CRC, therefore understanding how the microbiome can be altered has an 

important role in the prevention of these diseases.  

Modulation of Gut Microbiome by Host Environment  

Many factors can influence the composition of the gut microbiome, potentially 

resulting in the unbalance referred to as dysbiosis that can impact not only gut health but 

also overall host health.51 These factors include host age, diet, antibiotic use, and 

genetics.51,66 More recently, methods to modulate the microbiome in an attempt to 
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prevent or treat dysbiosis have gained interest, including the use of probiotics, prebiotics, 

and fecal microbiota transplant.51,66 

Increasing evidence suggests that the gut microbiome is mainly modulated by 

host environment. In one study, significant similarity was shown between unrelated 

hosts that cohabitate.67 In one analysis of a twin study that examined the heritability of 

the gut microbiome, overall heritability is between 1.9 and 8.1%.67 Diet patterns can 

directly alter the gut metabolome by altering the compounds available for metabolism as 

well as indirectly by causing shifts in the gut microbiome that participate in that 

metabolism.68 Bioactive compounds introduced via the diet are capable of modulating 

gut physiology by acting as ligands for receptors.69 Ligand-dependent activation of these 

receptors results in signaling that alters gene expression to modulate IBD and CRC risk. 

In addition to directly acting as ligands, many dietary compounds are metabolized by the 

gut microbiota to produce bioactive compounds that can additionally act as ligands.68 

These ligands can be relevant in many host physiological processes including immune 

responses.70 Understanding how diet modulates the gut microbiome and therefore the 

metabolome is important for immune modulation and prevention of gastrointestinal 

diseases including IBD and CRC.  

Role in Colon Pathologies 

Alterations in the Gut Microbiome 

The major bacterial phyla of the GI tract contain species of bacteria that are 

generally considered both beneficial and harmful for health, and their ratios appear to be 

vitally important in some disease states. For example, historically, the pathogenic 



18 

bacterial species Helicobacter pylori has been directly implicated in gastric cancer, and 

gut microbiome diversity is often decreased in human CRC patients.21,71  More recently, 

the concept of dysbiosis or an imbalance in the gut microbiota or its functions has been 

associated with a variety of host diseases, including IBDs and CRC.72 Specific species or 

strains of bacteria can disrupt the microbiome and promote inflammation or 

carcinogenesis, increasing the risk of IBD and CRC development.21 For example, 

pathogenic infection with microbes such as Salmonella enterica can induce 

inflammation and activate β-catenin signaling and Citrobacter rodentium drives 

colonocyte proliferation and reduces barrier function.21 However, pathogenic bacterial 

species are not the only microbes implicated in IBD and CRC risk. Fusobacterium 

nucleatum, long considered a commensal oral microbe, is enriched in CRC patients, 

activates oncogenic Wnt signaling, and alters the function of immune cells.73 

Fusobacterium spp. are also increased in UC patients compared to healthy controls, and 

its ability to invade the mucosa worsens IBD severity.74 The impacts of these bacteria 

can even extend beyond cancer initiation or promotion. F. nucleatum has also been 

shown to lead to the resistance of CRC cells to the chemotherapeutic drug oxaliplatin in 

preclinical models.73  

Alterations in the Gut Metabolome 

The functional properties of the gut microbiome can also be linked to these 

pathologies. For example, several genera involved in SCFA production including 

Bifidobacterium, Lactobacillus, Rosburia, Lachnospira, and others are present in lower 

relative abundances in CRC patients.21,51,52 In another example, bacteria can also 
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modulate the flux of tryptophan metabolism through the enzyme indoleamine 2,3-

dioxygenase 1 (IDO1).56 Bifidobacterium infantis can decrease the kynurenine-to-

tryptophan ratio by reducing IDO1 activity, resulting in decreased risk of irritable bowel 

syndrome and inflammatory diseases.56 Additionally, red meat, which has been linked to 

increased risk of CRC, is particularly high in choline and carnitine that can be converted 

to trimethylamine N-oxide (TMAO) which has been linked to CRC development.21 

Correspondingly, several species associated with higher TMAO production are enriched 

in CRC patients, including Klebsiella oxytoca and Escherichia coli.21 Similarly, 

hydrogen sulfide (H2S), produced from red and processed meat, has been linked to both 

IBD and CRC, and sulfur-reducing species of the genera Fusobacterium and Bilophila 

have been found to be enriched in these patients.21 

Future Directions and Implications 

As the important role of the gut microbiota in colon health and disease 

development is increasingly elucidated, several methods have been proposed to mediate 

the microbiome to prevent IBD and CRC development. Everything from probiotic 

supplements, selective antibiotics, fecal microbiota transplant, and vaccines have been 

proposed to reduce the risk of the development of these colon pathologies, prevent their 

progression, and decrease the toxicity associated with their treatments.73  

Despite all that is known of the gut microbiome, most of the bacterial species 

discovered in the GI tract are uncultivated and therefore unidentified microorganisms.75 

Despite the discovery of mechanisms that may directly connect the gut microbiome to 

IBD and CRC risk, there is still limited evidence for the appropriate balance of bacterial 
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species for optimal gut health.21  Furthermore, the dysbiosis associated with IBDs and 

CRC could be either a cause or consequence of these disease states.21 Additionally, the 

collection of bacteria that may lead to disease in one individual may not negatively 

impact another host.72 These insights highlight the importance of further investigation of 

this ecosystem that is vital to human health. 

Overall Objective 

The main objective of this dissertation is to determine the effects of exogenous, 

endogenous, or microbially-derived ligands on nuclear receptor signaling in colonic 

epithelial cells and how this signaling impacts inflammation and carcinogenesis in the 

colon.  
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CHAPTER II  

BISPHENOL-A ALTERS MICROBIOTA METABOLITES DERIVED FROM 

AROMATIC AMINO ACIDS AND WORSENS DISEASE ACTIVITY DURING 

COLITIS* 

Introduction 

Inflammatory Bowel Disease (IBD) is a complex collection of gastrointestinal 

disorders. IBD incidence is on the rise, a concerning trend, as treatment is lifelong and 

often requires surgery, and colitis associated inflammation is a risk factor for developing 

colon cancer.6,7,10 Increased prevalence of these diseases has been observed in North 

American and European nations for decades, but as developing nations become more 

industrialized, IBD prevalence increases in these countries.6,10 A growing body of data 

suggests environmental exposures significantly influence IBD development and 

relapse.6,7,10 The two most common IBDs, Crohn’s Disease (CD) and Ulcerative Colitis 

(UC), differ in their pathophysiology, patterns of incidence, and environmental risk 

factors, complicating the elucidation of the role of the environment in IBD.6 Proposed 

environmental risk factors for IBD include diet, smoking, infections and pharmaceutical 

usage, altered gut microbiome, estrogen-containing medication usage, and toxins or 

pollutants.6,10,11  

* Reprinted with permission from “Bisphenol-A alters microbiota metabolites derived from aromatic

amino acids and worsens disease activity during colitis.” By DeLuca, J.A., Allred, K.F., Menon, R.,

Riordan, R., Weeks, B.R., Jayaraman, A., & Allred, C.D., 2018. Experimental Biology and Medicine,
243(10), 864-875, Copyright 2018 by Sage Publishing.
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Both endogenous estrogens as well as pharmaceutical estrogens in oral 

contraceptive pills and hormone replacement therapy are potential risk factors for IBD 

development and relapse.6,10,11 Therefore, it is plausible that environmental exposure to 

xenoestrogens (XEs) could increase the risk of IBD. One such XE, bisphenol A (BPA) is 

used in the production of polymers including those that compose polycarbonate plastics, 

epoxy resins, and thermal paper.76 A major source of human exposure to BPA is in the 

diet, particularly through canned foods.76,77 Epoxy resins line metal food and beverage 

containers, and polycarbonate plastics are also used in a variety of food related 

containers.77 Worldwide, over 3.8 million tons of BPA are produced annually, and 

because BPA is used in a wide variety of consumer and industrial applications, it is 

pervasive in the environment and human tissues.77,78 For example, in the United States, 

BPA was detected in the urine of 92.6% of tested individuals over the age of 6.79 One 

review found BPA levels in human serum between 0.2 and 20 ng/mL, and these levels 

are above those BPA concentrations known to cause adverse effects in vitro.78 Exposure 

to the compound has been linked with obesity, reproductive issues, metabolic disorders, 

hormone dependent tumors, and other health effects.78,80 The Environmental Protection 

Agency has established guidelines for acceptable levels of BPA exposure in humans.81 

The No Observed Adverse Effect Level (NOAEL) is 5 mg/kg-bw/day, the Lowest 

Observed Adverse Effect Level (LOAEL) is 50 mg/kg-bw/day, and the reference dose is 

50 µg/kg-bw/day.81 This reference dose is an estimate of the daily exposure level that is 

unlikely to cause deleterious effects in humans over the course of the lifespan. However, 
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several studies have shown negative effects of this or lower doses, and a lower reference 

dose of 16 µg/kg-bw/day has been proposed.82–84  

BPA is considered an endocrine disruptor capable of binding estrogen receptor α 

and β (ERα and ERβ, respectively), as well as G-protein coupled receptor 30 (GPR30), 

and other non-classical estrogen-related receptors, which may provide a mechanistic 

explanation for these adverse effects.85 More specifically, BPA mimics 17β-estradiol 

(E2) when binding to ERα, but acts as an antagonist when binding ERβ.85 This is 

particularly relevant in the colon, where ERβ is the primary ER and is considered to 

mediate the protective effects of estrogen in inflammation-associated and sporadic colon 

cancer.38,86 It is has been previously shown that BPA is linked to changes in gut barrier 

function, inflammation, and altered gut microbiome.82,87,88 Previous studies have linked 

changes in gut microbiome and the levels of metabolites present in the feces with 

colonic inflammation and IBD development.89 Reduced levels of tryptophan (Trp) and 

several microbiota metabolites derived from aromatic amino acids (MDAs) including 

serotonin have been associated with IBD and with increased severity of symptoms in 

human patients and animal models.90 Therefore, compounds that alter the gut 

microbiome and, as a result, the metabolome of the colon, could impact IBD 

development and symptom severity.  

The purpose of this study was to determine the effects of BPA exposure on 

colonic inflammation and the intestinal metabolome both in the absence of and during 

dextran sulfate sodium (DSS)-induced colitis. Previous studies have shown that BPA 

does not alter disease severity or is mildly protective against 2,4,6-trinitrobenzene 
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sulfonic acid (TNBS)-induced colitis.82,91 However, previous studies in our laboratory 

and others have demonstrated differential effects of E2 signaling on varying models of 

colitis, particularly a worsening of disease severity during DSS-induced colitis.92–94 In 

the work presented here, we hypothesized that BPA exacerbates DSS-induced colitis and 

reduces Trp and MDAs in the colon. Furthermore, we hypothesized that BPA would act 

similarly to E2 in vitro in non-transformed mouse colonocytes.  

Materials and Methods 

Animal Model 

Wild type C57BL/6 mice were obtained from Charles River Laboratories. The 

mice were housed at the Laboratory Animal Resources and Research facility at Texas 

A&M University. All procedures were performed under a protocol approved by the 

Institutional Animal Care and Use Committee at Texas A&M University. 10-week-old 

female C57BL/6 mice were randomly divided into four groups that received either no 

treatment (n=12), BPA alone (n=10), DSS alone (n=12), or BPA and DSS (n=12). The 

experimental timeline is shown in Figure II.1. Animals were allowed to acclimatize for 

one week prior to the start of the study. To limit the effects of variations in endogenous 

estrogen production, animals were ovariectomized as described previously.86 Mice were 

transferred to a pelleted, purified, phytoestrogen-free diet (Baker Amino Acid Diet 

5CC7, Test Diet) at the time of surgery and allowed food and reverse osmosis and 

UVUF treated water (Nanopure Diamond, Barnstead) ad libitum. Diet composition is 

provided in Figure A.1 of Appendix A. Mice were housed in polyethylene cages and 

provided drinking water in polyethylene bottles.  
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Figure II.1 Experimental Design. 

Beginning one week after ovariectomy, animals were gavaged with 50 µg/kg-

bw/day BPA (Sigma Aldrich) dissolved in corn oil or vehicle control for fifteen days at 

the same time each morning. BPA was first dissolved in ethanol for a final ethanol 

concentration in treatment and controls groups of 0.01%. BPA was dissolved in corn oil 

at a concentration of 6.25 µg/mL. This concentration allowed gavage of 1.25 µg BPA 

per 200 µL corn oil for a 25 g mouse such that the maximum gavage volume of 1% body 

weight was not exceeded. The same calculations were used to dose vehicle controls with 

corn oil. Treatments were prepared fresh daily.  

Induction of Colitis 

1.5% DSS (MP Biomedicals; 36-50 kDa) was provided ad libitum in drinking 

water from days five through ten of BPA treatment. DSS was replaced every 48 hours. 

Animals in control groups received normal drinking water. Body weight, fecal 

consistency score, and macroscopic fecal blood scores were obtained daily on all 

animals. Disease activity index (DAI), providing an average measure of body weight 

loss, fecal consistency score, and macroscopic rectal bleeding scores were adapted from 

150-7 5 10

BPA in Corn Oil 50 µg/kg/dayOVX and Pellet Implantation

Purified, phytoestrogen-free diet 

and Nanopure drinking water

1.5% DSS
Termination

-8 -1 3 8 13 
Fecal 

Collection
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previous work.95,96 Briefly, body weight loss percentage from start of study was scored 

as 0: weight gain or 0-1% loss, 1: 1-5% loss, 2: 5-10% loss, 3: 10-15% loss, 4: >15% 

loss compared to study day -1. Fecal consistency was scored as 0: normal stool, 1: soft 

but formed pellet, 2: very soft pellet, 3: diarrhea (no pellet), or 4: dysenteric diarrhea 

(blood in diarrhea). Rectal bleeding was scored as 0: no bleeding, 2: presence of visible 

blood in stool (red/dark pellet), 4: gross macroscopic bleeding (blood around anus). 

Body weight as well as fecal consistency, rectal bleeding, and disease activity scores are 

only reported through day 12. After this point, the loss of animals influenced these data 

points such that they were not interpretable.   

Fecal and Tissue Collection 

Animals were singly housed for up to two hours, and feces were collected prior 

to BPA treatment (day -1), and on days 3, 8, and 13 of BPA treatment, and at 

termination. For targeted metabolomics, day 8 samples were chosen because this time 

point would best allow for determining the effects of BPA on the gut metabolome during 

DSS-induced inflammation. Fecal pellets were flash frozen and stored at -80°C until 

analysis.  

Animals were terminated on study day 15, five days following cessation of DSS. 

Final treatments of BPA or vehicle control were gavaged two hours before termination. 

Blood was collected via cardiac puncture, and plasma was stored at -20°C. Colons were 

resected, flushed with PBS, and opened longitudinally. Half of each colon was Swiss 

rolled, fixed in 4% paraformaldehyde (JT Baker) for 4 hours, and then sectioned for 

pathological analysis. 4 µm, non-serial sections from fixed colons were H&E stained and 
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scored for severity of acute colonic inflammation and injury by a blinded, board-certified 

pathologist (B. Weeks). Degree of inflammation was scored as 0: no unexpected 

inflammation, 1: minimal to very mild inflammation, 2: mild to moderate inflammation, 

or 3: moderate to severe inflammation. Degree of tissue injury was scored as 0: no 

unexpected injury, 1: minimal to very mild injury, 2: mild to moderate injury, or 3: 

moderate to severe injury. Nodularity or aggregation of inflammation was scored as 0: 

diffuse inflammation, 1: minimal to very mild nodular inflammation 2: moderately 

nodular inflammation, or 3: very nodular inflammation.  

Cytokine Analysis 

Cytokine analysis was performed as described previously.92 The other 

longitudinal half of the colons were snap frozen in liquid nitrogen at termination and 

stored at -80°C until analysis. Briefly, the middle third of these sections of colon were 

homogenized in 333 µL Tissue Protein Extraction Reagent (Thermo Scientific). 

Homogenate was centrifuged at 10,000 g for 5 minutes before 100µL aliquots of 

supernatant were stored at -20°C until analysis. Following protein concentration 

measurement using the DC Protein Assay (Bio-Rad), all samples were diluted to 2 

mg/mL. The Milliplex Map Mouse Cytokine/Chemokine Magnetic Bead Panel 

Immunology Multiplex Assay (Millipore, MCYTMAG-70K-PX32) was used per the 

manufacturer’s instructions with provided internal quality controls. The plate was 

analyzed on a BioPlex 200 (Bio-Rad). 
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Quantification of Metabolites from Aromatic Amino Acids 

Fecal samples for targeted metabolomics were processed and run at Integrated 

Metabolomics Analysis Core at Texas A&M University. Nine metabolites derived from 

aromatic amino acids were quantified from fecal samples.97 Fecal samples were 

homogenized in methanol/chloroform and metabolites were extracted as previously 

described with minor modifications.98 Briefly, metabolites were sequentially extracted 

twice using 1 ml of cold methanol and 0.5 ml of chloroform using a homogenizer (Omni 

International). The polar phase was separated and concentrated using a vacufuge 

(Eppendorf, Hauppauge, NY). The concentrated pellet was re-suspended in 

methanol/water (1:1 v/v) and metabolites of interest were quantified using a 

Synergi Fusion-RP 4µ 80Å 150 x 2.0 mm column (Phenomenex) on a triple Quadrupole 

Mass Spectrometer (TSQ Quantiva™) coupled to liquid chromatography (Agilent). The 

solvents used were Water + 0.1% Formic Acid and Methanol, 0.1% Formic Acid. Pure 

standards were run for 10 known concentrations (ranging from 0.009 µg/ml to 10 µg/ml) 

for each metabolite and metabolite concentrations in the samples were determined from 

the integration of the standard curves.  

Assessment of BPA in Non-Transformed Mouse Colonocytes 

To assess the estrogenic activity of BPA in non-transformed mouse colonocyte 

cells, Young Adult Mouse Colonocyte (YAMC) bleo/neo cells, provided by Dr. Hartmut 

Land (University of Rochester Medical Center), were grown at the permissive condition 

of 33°C in RPMI 1640 media (Sigma Aldrich) with 10% fetal bovine serum (FBS, 

Hyclone), 1% gentamycin (GIBCO), and 0.1% insulin, transferrin, and selenious acid 
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(ITS, BD Biosciences) as well as 0.5 μL Interferon- γ (IFN-γ) per 10 mL media on rat 

collagen-coated cell-culture dishes. For experiments, cells were transferred to media 

containing charcoal dextran–stripped FBS to remove estrogenic compounds 48 h before 

plating. FBS was charcoal dextran-stripped as previously described.99 Cells were seeded 

at a concentration of 7.5 x 104 cells/well in rat collagen-coated 6-well plates (Grenier 

Bio-One) at the non-permissive temperature of 39°C without IFN-γ. Twenty-four h after 

plating, cells were treated with vehicle (0.1% DMSO), 1 nM E2, and 1mM-1 nM BPA at 

10-fold dose increments. This experiment was repeated with the same conditions, using

vehicle (0.2% DMSO), 1 nM E2, and 10 nM BPA with and without 1 μM ICI 182, 780 

(ICI, Tocris Bioscience). Three wells per treatment per experiment were used, and three 

replicate experiments were conducted. Seventy-two hours after treatment, cells were 

trypsinized and cell number was quantified. Dose response experiments were quantified 

using a Cellometer Auto 1000 (Nexcelom Bioscience) according to the manufacturer’s 

protocol. Twenty μL of 1mL total media containing trypsizined cells was loaded into the 

cell counting chamber, and each sample was counted in triplicate. The ICI experiments 

were quantified using a Countess II Automated Cell Counter (Invitrogen) according to 

the manufacturer’s protocol. Ten μL of 0.5 mL total media containing trypsinized cells 

was combined with 10 μL Trypan blue before 10 μL of mixture was loaded into the cell 

counting chamber, and each sample was counted in triplicate.  

Apoptosis of YAMCs treated with BPA was then assessed. Cells were seeded 

with the same conditions as the cell number assay, but treatments consisted of vehicle 

(0.1% DMSO), 1 nM E2, 10 nM BPA, and 1 nM BPA. Cells were trypsinized and 
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washed twice with PBS. Caspase-3 activity was estimated by fluorescence using the 

manufacturer’s protocol for the EnzChek Caspase-3 Assay Kit #2, Z-DEVD-R110 

substrate (Molecular Probes). Fifty μL of 1X cell lysis buffer was used to lyse cells on 

ice for 30 mins before buffer was collected and centrifuged at 5000 rpm for 5 min. Fifty 

μL of supernatant of each sample was transferred to a 96-well, flat bottom, black plate 

(BD Bioscience). Fifty μL of 2X substrate was added to each well, and plates were 

incubated in the dark at room temperature for 30 min. A TECAN infinite M200 plate 

reader was used to measure florescence at wavelengths 496 (excitation)/520 (emission) 

at 3 separate 15 minute intervals.  

Statistical Analysis 

Data was analyzed using JMP 13.0.0 software. Outliers were removed, one-way 

ANOVA was used to determine significant (p < 0.05) differences between groups, and, 

once found significant, student’s t test was used to compare means between specific 

groups. To determine if survival times were significantly different (p < 0.05) between 

groups, the log-rank test was performed. Non-parametric, categorical inflammation, 

injury, and nodularity score data was transformed to achieve normality by assigning an 

average rank within each sub-group as previously reported.100 One-tailed student’s t test 

assuming unequal variances was then used to determine significance (p < 0.05). 

Metabolome data was normalized to per gram of the starting material and analyzed using 

KaleidaGraph. Outliers were removed following Grubb’s test and scatterplot analysis, 

then data was normalized and analyzed using a one-tailed t test.  
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Results 

Disease Activity 

In the presence of DSS, BPA co-treatment resulted in earlier and increased 

mortality compared to control animals (Figure II.2). Log-rank test indicated significant 

differences between survival among all groups (p < 0.001), and DSS and BPA co-

treatment resulted in significantly worsened mortality compared to DSS alone 

(p=0.0084). DSS alone did not result in significantly increased mortality compared to 

vehicle control (p=0.1483). DSS and BPA combination resulted in 67% mortality, with 

most deaths between 5 and 7 days after initiation of DSS. DSS alone resulted in 17% 

mortality, with most deaths occurring between 7 and 9 days after the start of DSS. No 

control or BPA alone treated animals died during the course of the study.  

Figure II.2 Survival Curve. Animals alive at start of day, expressed as percent of 

total group size at start of experiment. n=10 to 12 per group at the start of the study 

and declined over time as shown. Log-rank p < 0.0001. * indicates significant 

difference; p < 0.05.  
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Average group body weight did not differ significantly at start of study. By day 

eleven, six days after initiation of DSS treatment, DSS groups had significantly lower 

body weight than non-DSS groups, but BPA exposure did not significantly reduce body 

weight compared to controls in either DSS or non-DSS treated mice (Figure II.3A). As 

expected, DSS worsened fecal consistency scores beginning 24 hours after initial 

exposure. This difference was significant regardless of BPA exposure. After cessation of 

DSS, DSS alone animals showed improved fecal consistency scores, however, animals 

co-treated with BPA exhibited significantly worsened scores during the recovery period 

on days 10-12 (Figure II.3B). DSS worsened rectal bleeding scores within three days of 

DSS initiation. BPA exposure significantly worsened macroscopic rectal bleeding 

beginning four days after initial DSS exposure and throughout the remainder of the study 

(Figure II.3C).  
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    A. 

      B. 

Figure II.3 Measures of Disease Activity. Scoring system adapted from Murthy, et 

al. Dig Dis Sci 1993 and Singh, et al. Immunity 2014. n=10 to 12 per group at the 

start of the study; n declined over time as shown in the survival curve. Mean +/- 

SEM. Points without a common letter differ on the given day; p < 0.05. A. Average 

Body Weight. B. Average Fecal Score. Scoring System: 0 = Normal Stool, 1 = Soft 

but Formed Pellet, 2 = Very Soft Pellet, 3 = Diarrhea (No Pellet), 4 = Dysenteric 

Diarrhea (Blood in Diarrhea). C. Average Rectal Bleeding Score. Scoring System: 0 

= No visible blood, 2: presence of visible blood in stool (red/dark pellet), 4: gross 

macroscopic bleeding (blood around anus). D. Disease Activity Index. Average of 

body weight loss, fecal consistency, and rectal bleeding scores.   
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      C. 

      D. 

Figure II.3 Continued. 

DAI was significantly worsened in both DSS treated groups within 48 hours of 

initiation of DSS (Figure II.3D). Following cessation of DSS, the DSS group showed 

score improvement more quickly than the DSS and BPA group. By day 11 of the study, 

BPA exposure resulted in a significantly worse DAI when compared to the DSS 

controls. BPA treatment did not significantly alter DAI in groups not treated with DSS. 

DSS treatment shortened colon length regardless of BPA treatment, and DSS alone 

significantly increased colon weight/length (Figure II.4A-C).   
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  A.   B. 

C. 

Figure II.4 Colon Length and Weight. A. Colon length. B. Colon weight. C. Colon 

weight/length. Mean +/- SEM. Bars without a common letter differ; p < 0.05.   

Histological Scores 

Pathologist scoring of tissues from each group showed an increase in 

inflammation in the middle portion of the colon in BPA dosed animals regardless of 

DSS. This increase was not significant in BPA treated animals compared to controls 

(Figure II.5A). However, inflammation score was significantly increased in the middle 

colon region in mice exposed to BPA and DSS when compared to DSS treated controls 

(p=0.04; Figure II.5B). Injury was also scored in these tissues, and, as expected, DSS 

significantly increased both inflammation and injury scores. BPA did not significantly 

alter injury score in the presence or absence of DSS (data not shown). Nodularity was 

assessed in DSS treatment groups to assess pattern of inflammation. Nodularity score 

was also significantly increased in the middle colon region in BPA and DSS co-treated 
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animals compared to DSS controls (p=0.02; Figure II.5C). Representative images of 

increased inflammation in the middle portion of the colon, colon ulceration and erosion, 

as well as nodular and diffuse inflammation are shown in Figure II.5D-H.  

      A. 

      B. 

Figure II.5 Colon Inflammation and Nodularity. A. BPA and colonic inflammation 

in the absence of DSS. B. BPA and colonic inflammation in the presence of DSS. C. 

Nodularity in the presence of DSS. Mean +/- SEM. * indicates significant difference 

compared to control; p < 0.05. D. Representative image of increased inflammation 

in middle portion of colon. Inflamed portion of the middle colon is indicated by 

black arrows. E. Representative image of ulceration in the colon. Ulcer is indicated 

by the black arrow. F. Representative image of erosion of the colon. Erosion is 

indicated by the black arrow. G. Representative image of nodular inflammation. 

Nodular inflammation is indicated by the black arrow. H. Representative image of 

diffuse inflammation. Diffuse inflammation is indicated by the black arrows.  



37 

C. 

   D.  E. 

   F.  G. 

Figure II.5 Continued. 
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     H. 

Figure II.5 Continued. 

Cytokine Measurements 

Cytokine protein levels were determined using multiplex magnetic bead assays. 

Cytokine expression is often used to assess inflammation in DSS models.101,102 In the 

present study, cytokines were measured in the middle portion of the colon as significant 

differences in histological inflammation score were observed in this region. As expected, 

DSS treatment led to an increase in cytokines (e.g. TNF- α and IL-1β) that have been 

previously reported to be elevated in DSS treated mice compared to controls (data not 

shown).101–103 This supports the pathological analysis that DSS induced tissue 

inflammation in this portion of the colon. However, we chose to focus on cytokines that 

were changed between the DSS alone and DSS and BPA treated mice to explore how 

BPA may be exacerbating the effects of DSS. DSS and BPA co-treatment significantly 

increased expression of IL-1α, IL-12p(70), IL-13, and IL-31 compared to all other 

treatment groups (Figure II.6A-D). VEGF expression was significantly decreased by 

DSS and BPA treatment compared to control (Figure II.6E).  
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     A. 

     B. 

     C. 

Figure II.6 Concentration of Cytokines in Middle Portion of Colon. A. IL-1α. B. IL-

12p(70). C. IL-13. D. IL-31. E. VEGF. Mean +/- SEM. Bars without a common 

letter differ; p < 0.05.   
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     D. 

      E. 

Figure II.6 Continued. 

Targeted Metabolomics 

The concentration of 9 MDAs in fecal pellets collected on day 8 of BPA 

treatment was analyzed. 5-hydroxy indole 3-acetic acid (HIAA), serotonin, and Trp 

concentrations were significantly decreased in the presence of BPA compared to vehicle 

control without DSS treatment (p<0.05; Figure II.7A-I). HIAA concentration decreased 

66% (p=0.0004, Figure II.7B), serotonin concentration decreased 35% (p=0.003, Figure 

II.7F), and Trp concentration in feces decreased 52% (p=0.006; Figure II.7I), in BPA

treated animals compared to vehicle treated controls. No significant changes were found 

in other MDAs measured, including 3-indole acetic acid (Figure II.7A), anthranilic acid 
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(Figure II.7C), indole 3-acetamide (Figure II.7D), indole 3-carboxaldehyde (Figure 

II.7E), shikimic acid (Figure II.7G), and tryptamine (Figure II.7H).

A.         B. 

          C. D. 

Figure II.7 Concentration of Specific Metabolites in Feces on Day 8 in Control 

Compared to BPA Treated Animals in the Absence of DSS Treatment. A. 3-Indole 

Acetic Acid. B. 5-hydroxy Indole 3-Acetic Acid. C. Anthranilic Acid. D. Indole 3-

Acetamide. E. Indole 3-Carboxaldehyde. F. Serotonin. G. Shikimic Acid. H. 

Tryptamine. I. Tryptophan. Mean +/- SEM. * indicates significant difference 

compared to control; p < 0.05.   
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          E. F. 

          G. H. 

     I. 

Figure II.7 Continued. 
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A heat map shows the changes in the concentrations of the quantified metabolites 

with or without BPA treatment in the absence of DSS (Figure II.8).  

Figure II.8 Changes in Concentrations of Trp Metabolites with or without BPA 

Treatment in the Absence of DSS.   

Trp, tryptamine, HIAA, indole 3-carboxaldehyde, and shikimic acid significantly 

decreased in the presence of BPA and DSS co-treatment compared to DSS alone 

(p<0.05; Figure II.9A-I). Metabolite concentration were decreased in feces of DSS and 

BPA treated mice compared with DSS and vehicle control mice as follows: HIAA by 

77% (p=0.02, Figure II.9B), indole 3-carboxaldehyde by 87% (p=0.007, Figure II.9E), 

shikimic acid by 32% (p=0.03, Figure II.9G), tryptamine by 73% (p=0.003, Figure 

II.9H), and Trp by 26% (p=0.001, Figure II.9I). Other metabolites measured, including

3-indole acetic acid (Figure II.9A), anthranilic acid (Figure II.9C), indole-3-acetamide

(Figure II.9D), and serotonin (Figure II.9F), did not significantly change. 
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          A. B. 

          C. D. 

Figure II.9 Concentration of Specific Metabolites in Feces on Day 8 in Control 

Compared to BPA Treated Animals Co-Treated with DSS. A. 3-Indole Acetic Acid. 

B. 5-hydroxy Indole 3-Acetic Acid. C. Anthranilic Acid. D. Indole 3-Acetamide. E.

Indole 3-Carboxaldehyde. F. Serotonin. G. Shikimic Acid. H. Tryptamine. I.

Tryptophan. Mean +/- SEM. * indicates significant difference compared to DSS

alone; p < 0.05.
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          E. F. 

          G.  H. 

     I. 

Figure II.9 Continued. 
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A heat map shows changes in concentrations of the same metabolites with or 

without BPA treatment in the presence of DSS (Supplementary Figure II.10).  

Figure II.10 Changes in Concentrations of Trp Metabolites with or without BPA 

Treatment in the Presence of DSS.   

BPA treatment appears to alter MDAs in the feces more predictably during DSS 

treatment compared to the absence of DSS treatment, as evidenced by clustering on the 

heat map of BPA vs control treated animals in the DSS treated groups.  

Assessment of BPA in Young Adult Mouse Colonocytes 

The impact of BPA treatment was assessed in non-transformed YAMC cells. 

Percentage of cell number compared to vehicle treated control was quantified, and E2 

significantly reduced cell number to about 80% of control as previously reported (Figure 

II.11, ANOVA p<0.0001, n=9 wells/treatment). Ten μM and 10 nM BPA treatment also

significantly reduced cell number by a similar amount (Figure II.11, ANOVA p<0.0001, 

n=9 wells/treatment).  
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Figure II.11 Relative Young Adult Mouse Colonocyte Cell Number in BPA Treated 

Cells Compared to Vehicle Treated Cells. Data are expressed as percentage of cell 

numbers of the vehicle treated control group. ANOVA p<0.0001. Mean (n = 9) +/- 

SEM from triplicate experiments. Bars without a common letter differ; p < 0.05.  

Percentage of cell number compared to vehicle treated control was quantified, 

and E2 significantly reduced cell number to about 70% of control again, and this 

reduction was reversed by co-treatment with ICI (Figure II.12, ANOVA p=0.0419, n=9 

wells/treatment). Ten nM BPA treatment also significantly reduced cell number by a 

similar amount compared to control, and this reduction was similarly reversed by co-

treatment with ICI (Figure II.12, ANOVA p=0.0419, n=9 wells/treatment). 
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Figure II.12 Relative Young Adult Mouse Colonocyte Cell Number in BPA Treated 

Cells with and without ICI Compared to Vehicle Treated Cells. Data are expressed 

as percentage of cell numbers of the vehicle treated control group. ANOVA 

p=0.0419. Mean (n = 9) +/- SEM from triplicate experiments. Bars without a 

common letter differ; p < 0.05.  

To investigate one of the possible causes of change in cell number, apoptosis was 

measured in BPA treated YAMCs, but BPA treatment at neither 10 nM nor 1 nM did not 

significantly change apoptotic activity in YAMCs at any time point compared to control 

(Figure II.13, n=9 wells/treatment). In contrast, 1 nM E2 treatment increased apoptosis 

compared to vehicle and BPA treated cells, but this increase was not significant at any 

time point (Figure II.13, n=9 wells/treatment).  
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    A. 

    B. 

    C. 

Figure II.13 Apoptosis in Young Adult Mouse Colonocytes Treated with BPA. Data 

are expressed as fold change of cell numbers of the vehicle treated control group. 

Mean (n = 9) +/- SEM from triplicate experiments. Bars without a common letter 

differ; p < 0.05. 
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Discussion 

BPA exposure during DSS-induced colitis worsens measures of disease severity. 

Survival is one method by which degree of colitis can be assessed, and DSS and BPA 

co-treated animals showed decreased survival compared to DSS alone controls. In 

addition to survival, severity of experimental colitis is often assessed using a scoring 

system that accounts for body weight loss, fecal consistency, and rectal bleeding.95,104 

These measures were assessed daily in all mice, and, as expected, DSS treatment 

worsened all disease activity scores, regardless of BPA treatment. Recovery of the 

scores in animals following cessation of DSS is also used to measure the effects of 

treatments during experimental colitis. Interestingly, DSS and BPA co-treatment 

inhibited recovery of animals compared to DSS alone controls following cessation of 

DSS.  

Previous experiments have linked BPA and inflammation. This correlation is 

most well established between BPA and the low-grade chronic inflammation associated 

with obesity. For example, several human studies have shown a positive correlation 

between serum or urinary BPA levels and increased levels of inflammatory markers such 

as malondialdehyde, 8-hydroxydeoxyguanosine, C-reactive protein, interleukin-6 (IL-6), 

and tumor necrosis factor-α (TNFα) in serum.105,106 In vitro and in vivo experiments 

have also demonstrated that BPA exposure results in increases in inflammatory markers 

in serum (leptin and resistin) and white adipose tissue (IL-6, TNFα, interferon-γ (IFN-γ), 

and inducible nitric oxide synthase 2) as well as in adipose tissue or differentiated 

adipocytes (IL-6 and IFN-γ).107,108  
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Our results demonstrate that BPA exposure at 50 µg/kg/day can exacerbate acute 

colonic inflammation in the DSS model. This dose is the BPA reference dose set by the 

Environmental Protection Agency.81 While this dose is in the upper end of what is 

estimated for human exposures to BPA, it results in circulating BPA concentrations in 

C57BL/6 mice within the range of that observed in humans.109 The effects of BPA on 

gut physiology have been investigated in other models. Perinatal exposure to BPA has 

been shown to decrease gut permeability at relatively low oral doses and in an ERβ 

dependent manner, altering gut physiology similar to E2.
82 The same group found that 

BPA treatment protected against measures of TNBS induced colitis. These conflicting 

results are mirrored in similar experiments using E2; E2 treatment seems to protect 

against DNBS or TNBS induced colitis while exacerbating DSS induced colitis.92,93 

While the effects of estrogenic signaling in intestinal inflammation are clearly complex, 

these varying results are likely due to the mechanism by which colitis is induced in each 

model.93 For example, Roy and colleagues used 2,4-dinitrobenzene sulfonic acid 

(DNBS) for colitis induction while directly exposing animals to 50 µg of BPA/kg/day as 

in our model.91 Similarly to TNBS, this chemical acts as a haptenating agent to induce 

colitis via increased immune activation in the colon that more closely mimics the 

symptoms of CD.110 DSS chemically damages colonic epithelial cells, leading to 

inflammation that more closely resembles UC.110 The differing mechanisms of action of 

these chemicals likely explain the varied results of the Roy and colleagues study 

compared to the present study.  
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Intestinal epithelial cell damage, increased gut permeability, and the resultant 

migration of colonic bacteria and lipopolysaccharides (LPS) have been implicated in the 

mechanisms of DSS induced colitis.93,111 As noted by Verdú and colleagues (2002), E2 

has been shown to increase macrophage sensitivity to LPS, providing a possible 

mechanism by which other estrogenic compounds such as BPA could exacerbate DSS 

induced colitis.112,113 BPA exposure in utero has also been shown to alter innate immune 

responses without affecting adaptive immune responses, possibly explaining the 

different responses of animals treated with DSS or TNBS.109 E2 has been shown to 

sensitize immune cells, and coupled with damage caused by DSS, innate immune cells 

are likely exposed to increased levels of bacteria and their products in BPA and DSS co-

treated animals compared to vehicle controls, resulting in a worsening of systemic 

symptoms.114  

To further understand the effects of BPA on inflammation during acute colitis, 

inflammatory markers were measured. While there is limited information in the 

literature on cytokine expression following BPA and DSS exposure in vivo, BPA’s 

effects on cytokine expression has been examined in vitro. BPA significantly increased 

expression of TNF-α and IL-6 in THP-1 macrophages in vitro, and these changes were 

attenuated by treatment with an ERα and ERß antagonist, ICI 182,780.115 E2 has also 

been shown to induce pro-inflammatory cytokine expression in the DSS model. 0.5 mg 

E2/pellet and 5% DSS co-treated C57BL/6 mice showed a significant increase in TNF-α 

compared to DSS alone.93 In the present study, TNF-α was significantly increased during 

DSS treatment, regardless of BPA treatment (data not shown). Significant increases in 
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TNF-α in the DSS and BPA group compared to DSS alone may not have been observed 

as only the middle portion of the colon was analyzed. At least one report has shown that 

cytokine expression differs regionally in the colon following acute DSS colitis.101 

Several cytokines that were significantly altered by DSS and BPA treatment have been 

connected to inflammatory responses in the colon, including IL-31, IL-13, and VEGF. 

IL-31 treatment resulted in STAT, ERK, and Akt phosphorylation in HCT116 and 

SW480 colon cells in vitro.116 IL-13 has been shown to be increased in UC patients, and 

this cytokine induces apoptosis in epithelial cells and reduces the ability of epithelial 

cells to migrate into wounds during repair.117 Increased VEGF levels are commonly 

found in IBD patients and animal models of colitis, and this increase accompanies an 

increase in pro-inflammatory cytokines in inflamed tissue.118 However, one study 

showed that inhibition of VEGF prior to acute DSS colitis resulted in worsened 

inflammation on day 19 post-DSS, and the authors suggest that VEGF inhibition may 

impact recovery following an acute bout of colitis.119 Therefore, it is possible that the 

significant reduction in VEGF expression in DSS and BPA treatment has an impact on 

delayed recovery observed in the DAI scores of this group compared to mice treated 

with DSS alone. 

Another possible mechanism by which BPA could exacerbate intestinal 

inflammation could be microbial dysbiosis and a resultant shift in MDAs present in the 

intestinal lumen. Dietary exposure to BPA resulted in a decrease in gut microbial 

diversity, similarly to animals fed a high fat diet, as well as an increase in Proteobacteria 

which is associated with intestinal inflammation.88 Evidence exists that this association 
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may persist in later generations as gut microbial dysbiosis caused by BPA exposure has 

also been shown to persist in offspring unexposed to BPA.120 Our results indicate that 

BPA treatment can reduce Trp and MDAs in mouse feces compared to vehicle controls. 

We have previously used Trp and the metabolites measured to describe phenotypic 

changes in the intestinal microbiota.97 Trp is the precursor for serotonin synthesis, and 

HIAA is the metabolic product of serotonin. Our results suggest that BPA affects the 

metabolism of the essential amino acid Trp itself. This is important since many MDAs 

like indole are anti-inflammatory and are beneficial to the host, and exposure to BPA 

might downregulate the metabolism of Trp.121 Low levels of Trp and MDAs have been 

associated with increased autoimmune disease activity, including IBD.122,123 Human 

patients with confirmed IBD had decreased levels of Trp in serum compared to 

controls.122 Patients with active CD or UC also had reduced Trp serum levels compared 

to those whose disease was in remission.122 In a mouse model, increased levels of Trp 

result in increases in the lactobacilli population in the gut, causing increased indole-3-

aldehyde production which contributes to interleukin-22 production and anti-

inflammatory effects.123  

One specific metabolite, serotonin, is significantly reduced in BPA alone treated 

animals compared to vehicle controls. While serotonin is also decreased in DSS and 

BPA treated animals compared to DSS alone controls, this decrease is not significant. 

Human patients with UC have reduced levels of serotonin in gut mucosa, likely due to 

alterations in serotonin synthesis, signaling, and reuptake.90 Reduced serotonin reuptake 

has been suggested to exacerbate colonic inflammation and the symptoms of IBD 
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including diarrhea.90 Conversely, a study by Ghia and colleagues did not find that mice 

globally lacking tryptophan hydroxylase 1 had decreased levels of serotonin in the GI 

tract, but that these mice had decreased colitis severity.124 While this conflicts with our 

results, tryptophan hydroxylase 1 deficiency could result in increased levels of 

metabolites produced via other pathways including the kynurenine pathway by 

indoleamine 2,3-dioxygenase-1 (IDO-1) which is upregulated during colonic 

inflammation.122,125 For example, tryptophan depletion following host IDO-1 activation 

reduced microbial proliferation and increased production of the MDA indole-3-

alydehyde in IDO-1 knockout mice infected with Candida albicans.123 These 

mechanisms cannot be separated in the model used by Ghia and colleagues. In the 

present study, though concentrations of serotonin were similar between the control and 

DSS alone groups, a variety of reasons can be implicated, including the sample source 

(feces rather than mucosa), mouse strain, sex, age, and time of sample collection after 

initial DSS exposure.  

Additional MDAs were significantly reduced with BPA treatment. HIAA, a 

metabolite of serotonin, was also significantly depleted in BPA treated animals 

regardless of DSS treatment. Reduction in HIAA level could result from inhibition of the 

enzymes that converts serotonin to HIAA, monamino-oxidases, or serotonin uptake.126 

The reduction in HIAA without a similar reduction in serotonin in the BPA and DSS 

treated animals could indicate impairment of serotonin reuptake and metabolism.126 

Additional metabolites were found to have decreased concentrations in BPA treated 

mice compared to controls in the presence of DSS treatment. These metabolites include 
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tryptamine, indole-3-acetate, and shikimic acid. Tryptamine and indole-3-acetate have 

both been previously shown to reduce production of pro-inflammatory cytokines in LPS 

stimulated murine macrophages in vitro.127 Shikimic acid has been previously shown to 

reduce measures of disease activity in acetic acid induced colitis.128 Regardless of DSS 

treatment, BPA appears to significantly alter MDAs in ways that negatively impact gut 

physiology.  

Concentration differences in MDAs between DSS treated groups and controls 

could be the result of microbial dysbiosis caused by DSS treatment. Alterations in gut 

microbiome by DSS is well reported.114 However, Trp and several MDAs are decreased 

in BPA treated animals that were not exposed to DSS. This indicates that BPA is capable 

of altering Trp concentrations irrespective of microbiome changes resulting from DSS 

treatment. Though BPA treatment increased inflammation score in non-DSS treated 

animals, this increase was not significant. However, significant changes in measured 

metabolites show that BPA alters MDAs in the colon and may therefore affect intestinal 

epithelial cell physiology in uninflamed states as well.  

Finally, to assess the impact of BPA in non-transformed Young Adult Mouse 

Colonocytes (YAMCs), the effects of BPA doses ranging from 1 mM to 1nM on cell 

number relative to vehicle treated control were measured. Compared to vehicle treated 

controls, 1nM E2 significantly reduces cell number by about 20%, as previously 

reported.129 Similarly to E2, BPA also significantly reduces cell number compared to 

vehicle treated cells at 10 μM and 10 nM, a concentration found in human tissues.130 

Furthermore, this reduction in cell number was mediated through the binding of BPA to 
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ERs, as the reduction in YAMC number treated with 10 nM BPA was reversed with co-

treatment by ICI, an estrogen receptor antagonist.  

The measured reduction in cell number could be the result of increased apoptosis 

or decreased proliferation, either or both of which could explain the inhibition of 

recovery following DSS treatment in BPA treated mice compared to DSS treatment 

alone. Therefore, apoptosis was assessed, but no significant differences were observed at 

any time point between either 10 nM or 1 nM BPA treatment and vehicle control. BPA’s 

effects on YAMC proliferation should be separately assessed in future experiments.  

Additionally, the dose response assay revealed a non-monotonic dose response of 

YAMCs to BPA. This pattern has been previously reported for BPA and other 

compounds and implies that the effects of BPA would be most pronounced at relatively 

low or high doses.131 The implications of this finding indicate that previous estimates of 

safe doses of BPA may not be accurate, a hypothesis that is gaining traction and is 

echoed in recent analyses of BPA and its metabolites in human tissues.131,132 Additional 

research is needed to determine if “low” doses of BPA are truly safe for all segments of 

the population.  

Findings of this chapter are summarized in Figure II.14. In the present study, 

BPA treatment reduced fecal Trp content, along with that of MDAs including serotonin 

and its metabolite HIAA, indicating a mechanism by which BPA treatment worsens 

DSS-induced colitis disease activity and affects recovery after DSS treatment has been 

halted. The present study is the first to show that BPA treatment alone can alter MDAs 

in the colon in a way that has been linked with increased colonic inflammation and IBD. 
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Further studies are necessary to determine the mechanisms by which BPA lowers levels 

of Trp and MDAs in the colon.  

Figure II.14 Effects of Bisphenol-A on Colonic Inflammation, Colitis Recovery, and 

Microbial Metabolites Derived from Aromatic Amino Acids. AhR, Aryl 

Hydrocarbon Receptor; BPA, Bisphenol-A; DRE, Dioxin Response Element; ER, 

Estrogen Receptor; ERE, Estrogen Response Element; MDAs, Microbial 

Metabolites Derived from Aromatic Amino Acids.  
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CHAPTER III 

EFFECTS OF HIGH-FAT DIET AND INTESTINAL ARYL HYDROCARBON 

RECEPTOR DELETION ON COLON CARCINOGENESIS* 

Introduction 

Colorectal cancer (CRC) has been identified as the third most diagnosed type of 

cancer and the third leading cause of cancer-related death in the United States of 

America.133 Although various screening tests and treatments (chemotherapy, surgery, 

radiation, and various drugs targeting biological signaling molecules) are available, 

some are not effective for patients with advanced stages.134 CRC development is 

characterized by a long, multi-stage progression of mutations in which normal 

epithelium acquires and accumulates gene mutations that dysregulate the normal growth 

and function of intestinal epithelial cells (IECs) until the formation of adenocarcinomas 

and metastasis occurs. Hence, early identification of premalignant lesions is crucial for 

the diagnosis and the development of prevention strategies.135,136 

Epidemiological data suggest that while about 5% of cancer incidence has a 

genetic component, 95% is linked to the environment.137 Environmental elements 

include lifestyle factors such as tobacco and alcohol use, diet, physical activity, exposure 

to radiation, infections, or toxins.137 Researchers have suggested that the diet is linked to 

* Reprinted with permission from sections of “Effects of high-fat diet and intestinal aryl hydrocarbon

receptor deletion on colon carcinogenesis” by Garcia-Villatoro, E.L. , DeLuca, J.A.A. , Callaway,

E.S., Allred, K.F., Davidson, L.A., Hensel, M.E., Menon, R., Ivanov, I., Safe, S.H., Jayaraman, A.,

Chapkin, R.S., and Allred, C.D., 2020. The American Journal of Physiology Gastrointestinal and

Liver Physiology, 318(3), G451-G463, Copyright 2020 by The American Physiological Society.
Equally contributing co-first authors. Reprint permission has been granted by the co-first authors.
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approximately one third of cancer mortality in the US.138 Diets low in dietary fiber and 

high in saturated fat have been associated with a higher risk of developing CRC.137 

Specifically, an increased inflammatory response, loss of tumor suppression capacity, 

and increased stemness of progenitor cells have been suggested as mechanisms linking a 

diet high in fat (High Fat Diet, HFD) to increased tumorigenesis in the colon.139–142 

Moreover, chronic HFD consumption not only facilitates proliferation and survival of 

tumor cells but also promotes genetic instability leading to increased colon cancer 

incidence.143  

Dietary components and their metabolites are able to bind specific nuclear 

receptors in the host that can induce the expression of genes that maintain normal 

intestinal epithelial cell functions such as growth and apoptosis. Particularly, it has been 

shown that the aryl hydrocarbon receptor (AhR) is sensitive to environmental cues in the 

large intestine. AhR is a ligand-activated nuclear receptor of the Per-Arnt-Sim (PAS) 

superfamily that shares similarities with other nuclear receptors39 Upon ligand 

activation, cytosolic AhR translocates to the nucleus and binds to the AhR nuclear 

translocator (ARNT). There they interact with the dioxin response elements (DREs) on 

the promoter regions of genes targeted by AhR including drug-metabolizing enzymes 

such as cytochrome P450 (CYP) enzymes such as CYP1A1, CYP1A2, and CYP1B1, 

consequently activating their transcription.144,145 The AhR has been considered an 

orphan receptor with no high-affinity endogenous ligands; however, recent studies have 

identified dietary, microbial, and host-derived compounds that can bind AhR and elicit a 

variety of beneficial physiological effects.25,41,42 In the large intestine, these effects 
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include regulation of mucosal inflammation, tissue regeneration, regulation of the 

immune system, and proteasomal degradation.39,41,42,134,144–146 Specifically, AhR 

activation by exogenous ligands has been associated with increased E3 ubiquitin ligase 

activity that participates in the degradation of transcription factors that promote cell 

proliferation such as -catenin.48,147 

The role of AhR in cancer pathologies is complex and only beginning to be 

elucidated. AhR’s impact on cancer appears to be cell type and disease stage dependent. 

Overexpression of AhR has been associated with several gastrointestinal cancers at 

advanced stages. For example, AhR expression was increased in gastric cancer tissues 

and cell lines compared to premalignant lesions.148 Additionally, constitutively active 

AhR has been shown to induce stomach tumors in a mouse model.149  In the colon, 

immunohistochemical staining and immunoblot analysis have reported a significant 

increase of AhR expression and protein levels, respectively, in colon tumor tissue 

compared to their adjacent non-tumor tissue in clinical samples.145 Contrarily, increasing 

experimental evidence suggests that AhR activation may also be protective against 

colonic inflammation and carcinogenesis in both sporadic and colitis-associated models 

of CRC.46–48,150 Although it has been recently described that intestinal epithelial cell-

specific AhR deletion enhances inflammation-induced tumorigenesis,147 the effect of  

diet composition, particularly the fat content of the diet, on development of CRC in the 

context of AhR activity in colonocytes has yet to be elucidated. Furthermore, the stage 

of the CRC continuum at which AhR elicits its protective effects remains unknown. 

Hence, in the present study we investigated the effects of the loss of AhR activity in 
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intestinal epithelial cells (IEC) at different stages of colorectal cancer development in the 

context of both high- and low-fat diets. Taken together, our data support that AhR 

activity in IECs can be an essential player at early stages of CRC development, while 

further progression to colorectal cancer seems more dependent upon both saturated fat 

consumption during the peri-initiation period and loss of AhR activity in IECs.   

Materials and Methods 

Animal Model and Validation 

Constitutive, intestinal-epithelial cell specific AhR knockout C57BL/6 mice 

(AhRf/f x VillinCre, AhrIEC) and wildtype littermates (AhRf/f, WT) were employed as 

the animal model for this study as previously described by Biljes and Walisser.151,152 

This model expresses the lower affinity AhRd allele, similar to humans.153,154  For 

genotyping analysis, DNA was extracted from tails using DNeasy Blood and Tissue Kit 

(Qiagen; 69506). PCR was performed using the following primers: Cre recombinase (F: 

5’-CAA GCC TGG CTC GAC GGC C-3’, R: 5’-CGC GAA CAT CTT CAG GTT CT-

3’), AhRflox/flox (F: 5’-GGT ACA AGT GCA CAT GCC TGC-3’, R: 5’-CAG TGG GAA 

TAA GGC AAG AGT GA-3’). To assess successful deletion of AhR in the colonic 

crypts in the AhrIEC mice (n=4), protein levels of AhR were measured using isolated 

colonic crypts via Western blot using rabbit anti-mouse AhR (Enzo Life Sciences, Cat# 

BML-SA210, 1:2000 dilution).155  

Colon Mass Formation Study, Diets, and Tissue Collection 

Litters were weaned to 4% Teklad Rodent Diet (Envigo, 8604), henceforth 

referred to as chow, before being enrolled in the study. Diet composition is provided in 
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Figure A.4 of Appendix A. Starting at week six, mice received a low-fat diet (LFD) 

containing 10% kcal from fat as the control diet (Research Diets, D12450B), and a high-

fat diet (HFD), providing 60% kcal from fat as the experimental diet (Research Diets, 

D12492). Diet compositions are provided for LFD and HFD in Figures A.2 and A.3 of 

Appendix A, respectively. Following 3 weeks on the experimental diets, sporadic 

colorectal cancer was chemically-induced with AOM for six consecutive weeks. To 

account for differences in body composition, animals weighing less than 40 g received 

AOM injections of 10 mg/kg body weight, while those weighing 40 g or more received 

AOM at 7.5 mg/kg body weight. To assess the impact of HFD during the peri-initiation 

period, HFD groups were switched to LFD (HtLFD) thirteen weeks after the final AOM 

injection and were terminated 47 weeks after the last injection of AOM. All procedures 

were performed under a protocol approved by the Institutional Animal Care and Use 

Committee at Texas A&M University. Body weight was assessed weekly upon 

enrollment. Experimental design is provided in Figure III.1.  

Figure III.1 Experimental Design. 

Two hours prior to termination, select animals were intraperitoneally injected 

with 50 mg/kg body weight 5-Ethynyl-2’-deoxyuridine (EdU; A10044, Life 

Technologies), as a proliferation marker. Blood was collected via cardiac puncture. The 

colons were immediately resected, opened longitudinally, flushed with sterile PBS, and 

fecal pellets were collected. Macroscopically visible colon masses were mapped, 

Week      0    6    9  14  27 61

Experimental 
diet AOM Termination

Diet switch
HFDàLFD 

(HtLFD)
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measured with calipers, excised, and fixed in 4% PFA for 4 hours before being 

dehydrated through several washes of 50% and 70% ethanol. Tissues were stored at 4°C 

in 70% ethanol until they were processed, embedded, and sectioned for histological 

analyses.  

Histological Analysis of Colon Masses 

Colon masses were sectioned, H&E stained and diagnosed by a board-certified 

pathologist blinded to treatment groups. Masses and surrounding tissues were thoroughly 

assessed. All diagnoses including those resulting from epithelial, lymphoid, or stromal 

cell aberrations were considered for mass diagnosis. Pathological descriptions of colon 

mass diagnoses are provided in supplemental materials (Table III.1). Colon mass 

incidence was quantified as any occurrence of a given pathological diagnosis within one 

animal. Colon mass multiplicity was quantified as the number of times a given 

pathological diagnosis occurs within one animal. Colon mass surface area was calculated 

by multiplying the caliper measured length of the mass by the width using Microsoft 

Excel for Mac, version 16.16.10. Mean incidence, multiplicity, and surface area were 

then calculated per group using Microsoft Excel for Mac, version 16.16.10.  
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Table III.1 Examples of Descriptions of Colon Mass Diagnoses Provided by the 

Veterinary Pathologist. 

Immuno-histo-fluorescence Staining 

PFA-fixed/paraffin-embedded colon sections (5 µm) were deparaffinized, 

rehydrated and stained with antibodies using standard immunofluorescence (IF). 

Detection of proliferative activity was measured using the Click-iT EdU Alexa Fluor 

488 Imaging Kit (Invitrogen, C10637) as per manufacturer’s indications. -catenin was 

subsequently co-stained via immunohistochemistry as described previously.156 Briefly, 

mouse monoclonal -catenin antibody (610154, BD Transduction, San Jose, CA, USA; 

dilution 1:500) was used in conjunction with donkey, anti-mouse secondary antibody 
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conjugated to Alexa Fluor 647 (A-31571, Life Technologies; dilution 1:200). ProLong 

Gold AntiFade with DAPI (P36931, Life Technologies) was used to stain the nucleus. A 

negative control section was stained on each slide by excluding primary antibody. Slides 

were imaged at 40X magnification using an all-in-one fluorescent microscope (Keyence 

BZ-X700).  

Slide Scoring of Cell Proliferation & -Catenin Intensity and Localization  

Sections of masses diagnosed with IEC hyperproliferation were analyzed for 

proliferation as well as -catenin expression and nuclear localization were assessed. At 

least 5 fields of view from within each mass were captured for analysis. Quantification 

of proliferative cells, -catenin staining density, and -catenin nuclear localization were 

performed using Fiji ImageJ software, version 2.0.0-rc-69/1.52 (imagej.net). Up to 500 

nuclei per mass (100 per a minimum of 5 fields of view) were identified without the 

488-channel activated. Actively proliferating cells within those 500 were then quantified

with the 488-channel activated. The percentage of proliferating cells per mass was 

determined by dividing the number of proliferating cells by the 500 selected nuclei 

within the mass and multiplying by 100 using Microsoft Excel for Mac, version 

16.16.10. For -catenin analysis, up to 100 proliferating (EdU positive) cells per mass 

(20 per a minimum of 5 fields of view) were selected for measuring -catenin staining 

density (whole cell, C) and nuclear localization measurements (nuclei, N). -catenin 

nuclear localization measurements were performed as previously described.156 Briefly, 

nuclear to cytoplasmic -catenin ratio was quantified in 100 cells (C) and nuclei (N) per 
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colon mass from 5 fields of view per mass. Nuclear localization was calculated as N/(C-

N) using Microsoft Excel for Mac, version 16.16.10.   

Statistical Analysis 

All statistical analyses and figures were generated in GraphPad Prism version 

8.1.2 for macOS, Graph Pad Software (La Jolla CA, www.graphpad.com). Means were 

compared using parametric or non-parametric methods according to compliance of 

normality (Shapiro-Wilk test). Outliers based on ROUT (Q=1.0%) were excluded. 

Parametric methods included unpaired t test for comparing two means or one-way 

ANOVA followed by Tukey’s multiple comparisons test for comparing three or more 

means. Two-way ANOVA was used to test interaction effects between variables. Non-

parametric methods include the Mann-Whitney U (MW) test for comparing two means 

or the Kruskal-Wallis (KW) test followed by Dunn’s multiple comparisons test for 

comparing three or more means. One-tailed p-values are reported in all analyses due to 

directionality of the hypothesis. All values listed are group means and error bars are 

presented as SEM. Differences among groups were considered statistically significant 

when the p-value was ≤ 0.05. Within figures, * indicates p ≤ 0.05, ** indicates p ≤ 0.01, 

*** indicates p ≤ 0.001, and the absence of * indicates p-values >0.05. 

Results  

Animal Model and Validation 

Data supporting the AhR silencing phenotype in IECs (AhrIEC) are shown in 

Figure III.2. This data is consistent with silencing of genes in other genetic knockout 

mouse models.157,158 
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Figure III.2 Model Verification in the AhrΔIEC Mice. A: Schematic representation of 

Cre-lox intestinal-specific knockout (AhrΔIEC) and controls (AhRf/f) used in the 

study. B: AhR mRNA expression normalized to 18s rRNA. AhRf/f (f/f, WT) 

vs Ahrf/f x VillinCre (f/f Cre, AhrΔIEC) from isolated colonic crypts (n= 

6). C: Representative Western blot analysis of AhR protein expression. β-actin was 

used as a loading control. *p<0.05 vs. control (WT). Values are means ± SEM. * 

indicates p ≤ 0.05, ** indicates p ≤ 0.01, *** indicates p ≤ 0.001, and the absence of 

* indicates p-values >0.05.

Body Weight 

No significant differences were observed in body weight with respect to 

genotype or diet at any time point in the mass formation cohort (Figure III.3A-C). 
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A. 

       B.       C. 

Figure III.3 Effect of Diet and Genotype on Body Weight. A. Weekly body weight 

(grams) is not significantly different between groups (LFD-WT, LFD-AhrΔIEC, 

HtLFD-WT, HtLFD-AhrΔIEC) when compared within a given time point (ANOVA 

p≥0.05). B-C. At termination (week 61), no differences in body weight are observed 

between genotype (p=0.2156) or diet (p=0.3808). Values are means ± SEM. * 

indicates p ≤ 0.05, ** indicates p ≤ 0.01, *** indicates p ≤ 0.001, and the absence of 

* indicates p-values >0.05.

Colon Mass Incidence, Multiplicity, and Surface Area 

To assess the impact of AhrIEC on the stages of CRC development and the 

impact of HFD exposure solely during the peri-initiation period, HFD fed animals were 

switched to a LFD (HtLFD) thirteen weeks following the final AOM injection (Figure 

III.I). 47 weeks after the last AOM injection, macroscopic masses in the colon were

collected and then assessed by a board-certified veterinary pathologist blinded to 
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treatment groups. Since the focus of this study was the response of IECs to the loss of 

AhR and CRC development, analyses were confined to masses exhibiting a 

hyperproliferative phenotype (e.g., mucosal hyperplasia, mucosal dysplasia, polyp, 

adenoma, adenocarcinoma), while other diagnoses were excluded from these analyses 

(e.g., lymphoid hyperplasia, fibrosis, colitis, and edema) (described in Table III.1). 

AhrIEC animals did not differ with respect to colon mass incidence compared to controls 

(p=0.5000) (Figure III.4A), nor did HtLFD exhibit altered colon mass incidence 

compared to mice exclusively fed a LFD (p=0.2172) (Figure III.4B). While not 

statistically significant, the interaction of diet and genotype tended to increase colon 

mass incidence (statistical interaction, p=0.0709) (Figure III.4C). Loss of AhR in IECs 

did not impact colon mass multiplicity compared to WT mice (p=0.4624) (Figure 

III.4D), however, exposure to HFD during the peri-initiation period did significantly

increase colon mass multiplicity compared to LFD fed animals independent of genotype 

(p=0.0170) (Figure III.4E). Specifically, this observation is primarily the result of the 

more than two-fold increase in multiplicity in the HtLFD-AhrIEC animals compared to 

the LFD-AhrIEC mice (p=0.0172) (Figure III.4F). Although this suggests a biologically 

relevant interaction between diet and genotype, these variables cooperatively were not 

statistically significant (statistical interaction, p=0.0658). There was also a trend toward 

reduced colonic mass surface area in AhrIEC mice compared to control animals 

(p=0.0724) (Figure III.4G). HtLFD did not alter colonic mass surface area compared to 

the LFD control (p=0.5222) (Figure III.4H). While both LFD-AhrIEC and HtLFD-
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AhrIEC groups had a reduced colon mass surface area compared to their respective WT 

controls, this effect was not significant (ANOVA p=0.1974) (Figure III.4I). 

Colon Mass Incidence 

A. B. 

    C. 

Figure III.4 Effect of Diet and Genotype on Incidence (Percentage of Animals with 

Masses) of Colon Masses Diagnosed with Enhanced IEC Growth. A. Colon mass 

incidence compared by genotype; p=0.5000 (MW). B. Colon mass incidence 

compared by diet; p=0.2172 (MW). C. Colon mass incidence compared by genotype 

and diet; p=0.2123 (KW). No interaction between diet and genotype (p=0.0709). 

Effect of diet and genotype on multiplicity (number of masses per animal) of colon 

masses diagnosed with enhanced IEC growth. D. Colon mass multiplicity compared 

by genotype; p=0.4624 (MW). E. Colon mass multiplicity compared by diet; 

p=0.0170 (MW). F. Colon mass multiplicity compared by genotype and diet; 

p=0.0306 (KW). No interaction between diet and genotype (p=0.0658). Effect of diet 

and genotype on surface area of colon masses diagnosed with enhanced IEC 

growth. G. Colon mass surface area compared by genotype; p=0.0724 (MW). H. 

Colon mass surface area compared by diet; p=0.5222 (MW). I. Colon mass surface 

area compared by genotype and diet; p=0.1974 (KW). No interaction between diet 

and genotype (p=0.6271). Values are means ± SEM. * indicates p ≤ 0.05, ** 

indicates p ≤ 0.01, *** indicates p ≤ 0.001, and the absence of * indicates p-values 

>0.05.
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Colon Mass Multiplicity 

D. E. 

   F. 

Colon Mass Surface Area 

G. H. 

I. 

Figure III.4 Continued. 
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-Catenin Intensity and Nuclear Localization in Proliferating Cells in Colon Masses 

Although the effects of AhR on cellular proliferation and β-catenin signaling 

have been investigated in both mouse colonic organoids and a genetic model of 

CRC,48,147 the consequences of AhrIEC within colon masses from a sporadic model of 

CRC have yet to be elucidated. Therefore, the percentage of proliferative cells was 

quantified in hyperproliferative colon masses in an AOM-induced model of sporadic 

CRC to determine the impact of AhrIEC and HFD. Representative images of EdU 

positive proliferative cells are shown in Figure III.5.  

Figure III.5 Representative Images of Immunofluorescence Stained Proliferative 

Cells (EdU in Green) and Nuclei (DAPI in Blue) within Colon Masses of both WT 

and AhrΔIEC Mice. Objective 40x.  

Loss of AhR did not significantly impact the percentage of proliferative cells in 

colon masses compared to controls (p=0.0958) (Figure III.6A). Similarly, fat content of 

the diet did not alter the percentage of proliferative cells in colon masses (p=0.2689) 

(Figure III.6B). When considering diet and genotype together, AhRIEC and exposure to 

HFD independently tended to increase proliferation in colon masses compared to WT 

(Figure III.6C). However, a significant reduction in proliferative cells was observed in 

HtLFD-AhRIEC colon masses compared to HtLFD-WT masses (p=0.0473) (Figure 
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III.6C). Interestingly, a statistically significant interaction effect between diet and

genotype on proliferation within colon masses (p=0.0229) was observed. 

A. B. 

     C. 

Figure III.6 Effect of Diet and Genotype on Cell Proliferation within Colon Masses 

Diagnosed with Enhanced IEC Growth. Proliferation in 500 cells per colon mass 

was quantified from 5 fields of view per mass. A: Proliferation within colon masses 

compared by genotype; p=0.0958 (MW). B: Proliferation within colon masses 

compared by diet; p=0.2689 (MW). C: Proliferation within colon masses compared 

by genotype and diet; p=0.0351 (KW). An interaction was observed between diet 

and genotype (p=0.0229). 

To remove any potential bias of differences in β-catenin expression in 

proliferating versus quiescent cells, β-catenin staining intensity and nuclear localization 

were only quantified in proliferating cells (EdU+). Representative images of β-catenin 

staining alone, overlaid with DAPI, and with regions of interest (ROIs) are shown in 

Figure III.7.  
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Figure III.7 Representative Images of Immunofluorescence Stained 𝛽-Catenin (in 

Red) and Nuclei (DAPI in Blue) within Colon Masses of both LFD and HtLFD Fed 

WT and AhrΔIEC Mice. Magnified images (yellow box) contain representative 

regions of interest (ROIs) outlined in yellow that were used to calculate 𝛽-catenin 

intensity and nuclear localization. Objective 40x (Scale bar=100 µm). 

Expression of β-catenin in actively proliferating cells in colon masses was 

significantly increased with the loss of AhR in IECs (p=0.0005) (Figure III.8A), and 

when comparing HtLFD fed mice compared to those consistently fed LFD (p < 0.0001) 

(Figure III.8B). Loss of AhR in IECs significantly increased the expression of β-catenin 

in LFD fed animals (p=0.0001), while this expression was not altered in AhrIEC cells in

HtLFD fed animals (p > 0.9999) compared to WT cells (Figure III.8C). Furthermore, an 

interaction effect between diet and genotype was observed with respect to β-catenin 
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intensity (p=0.0003). Nuclear localization of β-catenin was quantified as the percentage 

of β-catenin stain localized to the DAPI stained nucleus versus stain in the total cell. 

Nuclear localization of the transcription factor β-catenin was significantly increased in 

actively proliferating cells in colon masses lacking AhR compared to those with active 

AhR (p=0.0174) (Figure III.8D). HtLFD also increased nuclear localization of β-catenin 

compared to LFD control (p=0.0207) (Figure III.8E). HtLFD-AhrIEC cells exhibited a 

significantly increased nuclear localization of β-catenin compared to LFD-WT cells 

(p=0.0171) (Figure III.8F). However, no interaction effect between diet and genotype on 

nuclear localization of β-catenin was observed (p=0.5862).  
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β-Catenin Intensity 

A. B. 

C. 

Figure III.8 Effect of Diet and Genotype on β-Catenin Intensity within Actively 

Proliferating Cells in Colon Masses. Fluorescent intensity was quantified in 100 

cells per colon mass from 5 fields of view per mass. D: β-Catenin intensity within 

colon masses compared by genotype; p=0.0005 (MW). E: β-Catenin intensity within 

colon masses compared by diet; p<0.0001 (MW). F: β-Catenin intensity within 

colon masses compared by genotype and diet; p<0.0001 (KW). An interaction was 

observed between diet and genotype (p=0.0003). Effect of diet and genotype on β-

Catenin nuclear localization within actively proliferating cells in colon masses. 

Fluorescent intensity was quantified in 100 cells (C) and nuclei (N) per colon mass 

from 5 fields of view per mass. Nuclear localization was calculated as N/(C-N). G: 

β-Catenin nuclear localization within colon masses compared by genotype; 

p=0.0174 (MW). H: β-Catenin nuclear localization within colon masses compared 

by diet; p=0.0207 (MW). I: β-Catenin nuclear localization within colon masses 

compared by genotype and diet; p=0.02501 (KW). No interaction was observed 

between diet and genotype (p=0.5862). Values are means ± SEM. * indicates p ≤ 

0.05, ** indicates p ≤ 0.01, *** indicates p ≤ 0.001, and the absence of * indicates p-

values >0.05.  
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β-Catenin Nuclear Localization 

D. E. 

F. 

Figure III.8 Continued. 

Discussion 

AhR plays a significant role not only in regulating detoxification pathways, but 

also in a myriad of cellular processes, such as cell cycle, immune surveillance, epithelial 

barrier function, cell proliferation and tumorigenesis.47,144,159 Moreover, activation of 

AhR by a varied group of endogenous and dietary ligands has been described to exert 

beneficial effects in the colon.144 In recent years, an inverse association between 

expression of AhR and colon carcinogenesis has been reported using AhR-deficient mice 

(AhR null), which exhibited an increased rate of spontaneous colon-cecal tumors and 

increased colitis-associated colon tumor formation.46–48,150 Since the use of a global AhR 

null model limits the ability to understand the significance of its expression within 

specific cell types, we utilized the IEC-specific, AhR knockout mouse model (AhrIEC) 
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in order to further investigate the role of AhR in IEC-related biology. Although it has 

been recently described that intestinal epithelial cell-specific AhR deletion enhances 

inflammation-induced tumorigenesis,147 no information is yet available identifying how 

consumption of saturated fat can affect the different stages of sporadic CRC formation in 

the context of AhR activity in colonocytes. Given that colon tumor development is a 

multistage process, it is important to determine the specific stages in which AhR may 

provide its beneficial effects. To that end, this is the first study that has explored the 

contribution of AhR activity in IEC at different stages of the sporadic CRC formation 

continuum in the presence of HFD.  

Previous studies have shown that exposure to HFD before and/or during AOM-

induced CRC initiation is sufficient to significantly increase colon masses including 

polyps and tumors in WT animals regardless of body weight loss or maintenance 

following a dietary switch.160,161 Therefore, we chose to investigate the effects of HFD 

feeding before, during, and for thirteen weeks following AOM exposure on colon 

carcinogenesis in the context of AhR activity in IECs. Loss of AhR in IECs was not 

sufficient to increase the incidence of colon masses, representing mucosal hyperplasia, 

mucosal dysplasia, polyp, adenoma, and adenocarcinoma. While this finding appears to 

conflict with previous studies that observed a marked increase in tumors in AhrIEC 

compared to WT mice,147 colon mass multiplicity was significantly increased in our 

AhrIEC model when animals were exposed to HFD. In our model, HFD exposure during 

this peri-initiation period did not significantly increase colon mass incidence but was 

sufficient to increase colon mass multiplicity in AhrIEC animals. Notably, HtLFD-
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AhrIEC animals had a nearly two-fold increase in colon mass multiplicity compared to 

LFD-AhrIEC mice. Considering the similarity of the averages of colon mass multiplicity 

between the HtLFD-WT and LFD-WT groups, these results imply a biologically 

relevant interaction effect between diet and genotype on mass multiplicity (p=0.0658). 

This suggests that an increase in colon mass multiplicity in AhrIEC mice is dependent 

upon fat content of the diet, even if exposure to HFD is transient. In addition, similar to 

previous reports,162 AhrIEC mice tended to have smaller colon masses as measured by 

reduced surface area. Colon tumor size has been negatively associated with survival in 

human patients, possibly due to a variety of factors, including the biology of the tumor 

itself or the microenvironment.163 As such, this difference in colon mass size between 

AhrIEC and WT animals could be relevant, but future experiments are necessary to test 

the mechanisms by which loss of AhR results in smaller colon masses.  

The Wnt--catenin pathway is often mutated in CRC, and increased expression 

and nuclear translocation of -catenin can result in increased colonocyte proliferation 

through the expression of c-Myc and Cyclin D1.164,165 Hyperproliferative colon mass 

sections were co-stained for the proliferation marker EdU and -catenin to assess the 

impact of the loss of AhR in IECs on -catenin expression and nuclear localization in 

actively proliferating cells. In the colon mass formation cohort, proliferation was not 

significantly increased by AhrIEC or HFD possibly because quantification was 

performed in hyperproliferative colon masses. In fact, proliferation was significantly 

reduced in HtLFD-AhRIEC compared to HFD-WT colon masses, yet the mechanism for 
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this disparity remains unclear. Although cellular proliferation was not significantly 

increased by AhrIEC or HFD within colon masses, -catenin intensity and nuclear 

localization were increased by both AhrIEC and HFD. Furthermore, the effect of 

genotype on -catenin expression was significantly dependent on the diet. As increased 

stabilization and nuclear localization of β-catenin is known to be associated with 

metastasis in a variety of cancers and models,166–169 these results potentially indicate a 

mechanism by which AhrIEC colon masses could exhibit increased metastatic potential, 

despite similar rates of incidence and proliferation compared to WT masses.  

Since an increase of colonic polyps, ACFs, and tumors after chemically-induced 

CRC have been reported in HFD-induced obesity studies,170,171 an increased 

inflammatory response has been implicated as a driving mechanism of this 

phenotype.140,172 However, it is interesting to note that the consumption of a diet high in 

saturated fats did not affect body weight throughout this study. While resistance to body 

weight gain despite high fat feeding has been previously reported,173 it has recently been 

shown that increased intestinal inflammation and loss of tumor suppression capacity are 

able to promote colon carcinogenesis in the presence of high fat diet without an increase 

in weight gain.139–141,174,175 These results are consistent with our findings that HFD did 

significantly increase the multiplicity of colon masses or -catenin intensity and nuclear 

localization within colonic masses. Overall, we have obtained comprehensive results 

demonstrating that the content of saturated fat in the diet, even if fed only during the 

peri-initiation period, as well as AhR activity in IECs, is implicated in an increase in the 

multiplicity of colon masses. Additionally, HFD diet has been reported to not only 



82 

promote a pro-carcinogenic gene signature but also to induce functional changes in the 

intestinal microbiota that could further exacerbate colon carcinogenesis via a reduction 

in AhR ligand availability.176,177  

Findings of this chapter are summarized in Figure III.9. Although loss of AhR 

activity in IECs did not significantly increase colon mass incidence or cell proliferation 

within masses, nuclear -catenin levels were elevated. These effects were further 

promoted in animals fed a HFD during the peri-initiation period. Though the cessation of 

HFD feeding in this study may have stunted the development of colon tumors in AhrIEC 

animals, these data support recommendations that a diet high in saturated fat should be 

avoided to reduce the risk of CRC. Finally, it is likely that AhR activity in cells other 

that IECs or the effects of an altered gut microbiome could potentially have contributed 

to the prevention of colon mass formation in this model. Hence, future studies should 

focus on investigating the contribution of the gut microbial profile observed in LFD-fed 

AhrIEC mice. 
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Figure III.9 Impacts of the Loss of the Aryl Hydrocarbon Receptor and High Fat 

Diet during the Peri-Initiation Period on Colorectal Carcinogenesis. AhR f/f, Aryl 

Hydrocarbon Receptor Flox/Flox; AOM, Azoxymethane; VillinCre, Villin 1 

Promoter Directing Expression of Cre Recombinase.  
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CHAPTER IV 

FECAL TRANSPLANT FROM ANIMALS LACKING INTESTINAL EPITHELIAL 

CELL ARYL HYDROCARBON RECEPTOR RESULTS IN WORSENED GUT 

BARRIER INTEGRITY 

Introduction 

The gut microbiome plays an important role in gut inflammation and colorectal 

cancer (CRC) development. Alterations in the gut microbial community or dysbiosis 

have been well documented in humans and animals with altered gut homeostasis, 

inflammation, and CRC.178,179 Additionally, germ-free rodents develop fewer 

chemically-induced colorectal tumors than conventional animals.179 Despite this 

evidence that the gut microbiome impacts CRC, it is still unclear whether microbial 

dysbiosis is a cause or consequence of CRC.179 In an attempt to clarify the mechanisms 

that link the gut microbiome and host gut health, germ-free, antibiotic-treated, or 

transplantation models have been increasingly employed.180–182 As the gut metabolome 

is affected by both the host and certain gut microbes, an antibiotic-treated, fecal 

transplantation model would be useful to determine the contribution of certain microbial 

profiles to the gut metabolome and host inflammation and therefore CRC development. 

One such study used transplantation of fecal samples from human CRC patients to germ-

free and antibiotic treated mice injected with the colon-specific carcinogen, 

azoxymethane (AOM).182  The fecal transplants from CRC patients increased colonocyte 

proliferation, expression of inflammatory cytokines and oncogenic genes, and immune 

cell infiltration.182  
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Furthermore, fecal transplants from animals deficient in genes considered 

protective to gut health have also been shown to be sufficient to cause detrimental 

changes in gene expression that result in increased susceptibility to colitis.183 Similarly, 

germ-free animals transplanted with feces from Aryl Hydrocarbon Receptor global 

knock-out (AHRKO) animals develop increased inflammatory gene expression.184 These 

experiments demonstrate the ability of gut microbial dysbiosis associated with host 

genetic changes to promote inflammation. However, the ability of the gut microbiome in 

feces from mice lacking AhR in intestinal epithelial cells (AhrIEC) to promote such gut 

inflammation has not been demonstrated. Our collaborative group has previously shown 

that AhrIEC animals have an increase in premalignant colon lesions called aberrant crypt 

foci (ACF).185 As discovered by Menon, R., et al., in addition to other changes in the gut 

microbiome, this increase in ACF was particularly observed in low-fat diet (LFD) fed 

AhrIEC females that also exhibited a marked decrease in the genus Akkermansia (Figure 

IV.1A).186 The only currently identified and culturable species of this genus to inhabit

mammalian gastrointestinal tracts, Akkermansia muciniphila, is abundant and typically 

found in healthy human and mouse gastrointestinal tracts.187,188 While a decrease in A. 

muciniphila is associated with negative health outcomes, including Inflammatory Bowel 

Diseases (IBDs),188 results from studies investigating the levels of A. muciniphila in 

animals and humans with CRC is conflicting. In APC mutant mice, the early presence of 

A. muciniphila was associated with a decrease in mean tumor number.189 However, in a

small study, A. muciniphila was 4 times higher in the stool of CRC patients compared to 

controls.190  Due to these conflicting results, the effects of A. muciniphila on gut barrier 
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integrity and inflammation should be further assessed. Additionally, our collaborative 

group led by Dr. Rani Menon has shown that beneficial microbial metabolites, including 

short chain fatty acids (SCFA) such as butyric acid and propionic acid (Figures IV.1B-

F), as well as those derived from aromatic amino acids such as tryptophan metabolites 

(Figures IV.1G-J), were reduced in LFD fed AhrIEC mice compared to wild type LFD fed 

controls.186 A. muciniphila has been previously shown to favorably influence gut barrier 

integrity and inflammation via increased SCFA and mucin production, goblet cell 

number, and anti-inflammatory Interleukin-22 (IL-22) production.191–193 Furthermore, A. 

muciniphila may activate the AhR by production of microbial metabolites derived from 

aromatic amino acids (MDAs) as well as potentially providing tryptophan as a substrate 

for other microbes through production of tryptophan from chorismate through the 

shikimate pathway according to the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) database.194  
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         A.      B. 

  C.  D. 

Figure IV.1 Relevant Supporting Data of Akkermansia, Short Chain Fatty Acids, 

and Putatively Identified Microbial Metabolites Derived from Aromatic Amino 

Acids from Unpublished Manuscript by Menon, R., et al. A. Relative Abundance of 

Akkermansia. B. Concentration of Butyric Acid in feces. C. Concentration of in 

Propionic Acid feces. D. Concentration of Isobutyric Acid in feces. E. 

Concentration of Isovaleric Acid in feces. F. Concentration of Valeric Acid in feces. 

G. Peak Intensity of 1H-Indole-3-acetamine. H. Peak Intensity of 5-

Hydroxyindoleacetic acid. I. Peak Intensity of 3-Methyldioxyindole. J. Peak

Intensity of 1H-Indole-3-carboxyaldehyde. * indicates statistical significance at p <

0.05 using the Wilcoxon rank-sum test. Mean +/- SEM. KFH, Aryl Hydrocarbon

Receptor Intestinal Epithelial Cell Specific Knock Out High Fat Diet Female; KFL,

Aryl Hydrocarbon Receptor Intestinal Epithelial Cell Specific Knock Out Low Fat

Diet Female; WFH, Wild Type High Fat Diet Female; WFL, Wild Type Low Fat

Diet Female.
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    E.     F. 

      G.      H.     I. 

 J. 

Figure IV.1 Continued. 

The effects of the gut microbiota from AhrIEC female mice fed a LFD on host gut 

barrier integrity and inflammation has not yet been examined in a fecal transplantation 

model in wild-type, conventionally raised female animals fed the same diet. This study 

aims to determine the impact of antibiotic reduction and fecal transplant of the dysbiotic 

gut microbiome from AhrIEC mice depleted in A. muciniphila into wild-type, 

conventionally raised mice on host gut barrier integrity, inflammation, and the colonic 
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metabolome. Additionally, we hypothesized that negative gut barrier and inflammation 

changes associated with fecal transplant from AhrIEC mice could be rescued with 

subsequent administration of A. muciniphila.  

Materials and Methods 

Animal Model and Experimental Timeline 

All mice were housed at the Laboratory Animal Resources and Research facility 

at Texas A&M University. All procedures were performed under a protocol approved by 

the Institutional Animal Care and Use Committee at Texas A&M University. Wild type, 

C57BL/6J female recipient mice were ordered from Jackson Labs Barrier AX8. Animals 

were age-matched to 8 weeks old +/- 3 days. Animals were sorted into polycarbonate 

micro isolator cages and allowed to acclimate for 6 days before being placed on low-fat 

diet (LFD) containing 10% kcal from fat (Research Diets, D12450B). Diet composition 

is provided in Figure A.2 of Appendix A. The experimental timeline is displayed in 

Figure IV.2.  
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Figure IV.2 Experimental Design. * indicates a full fecal collection in which a 

minimum of 10 fresh fecal pellets per animal were collected over 2 days for gut 

microbiome and metabolome analyses. ✓ indicates a smaller fecal collection in 

which a minimum of 2 fresh fecal pellets per animal were collected on a single day 

to measure gut microbiome depletion via qPCR. Respective treatments for each 

transplant are provided in Table IV.1.  

Antibiotic Treatment 

Following three weeks of LFD feeding, animals were switched to irradiated LFD 

(Research Diets, D12450Bi) and sterile cages with sterile bedding and nesting material. 

Diet composition is provided in Figure A.2 of Appendix A. Simultaneously, antibiotic 

cocktail was administered in red, sterile water bottles to deplete the intestinal microbiota. 

The antibiotic cocktail was prepared as previously described.195,196 Briefly, 2 g 

streptomycin (RPI, S62000), 0.5 g gentamycin (RPI, G38000), 0.125 g ciprofloxacin 

(Sigma, 17850), and 1 g bacitracin (Sigma, 11702) were added in order to sterile water 

in a sterile red bottle. Each antibiotic was allowed to dissolve completely before the 
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subsequent reagent was added, and the solution was protected from light and stirred for 

at least 3 hours before being administered fresh to mice. Fresh antibiotics were prepared 

and administered 3 days later, and, on day 6 of antibiotic treatment, a fresh fecal pellet 

was collected from individual animals placed in an empty sterile cage to assess intestinal 

microbiota depletion via quantitative PCR (qPCR) for total bacteria and Akkermansia. 

The sequences for each DNA oligo primer are as follows: Akkermansia (Forward: 

CAGCACGTGAAGGTGGGGAC, Reverse: CCTTGCGGTTGGCTTCAGAT). 

Akkermansia muciniphila and Fecal Transplant Preparation and Gavage 

After 7 total days of antibiotic treatment and confirmation of intestinal 

microbiota depletion, fresh sterile water was replaced for 24 hours before treatments 

were gavaged once per week for six weeks as outlined in Table IV.1.  

A. muciniphila gavage was adapted from Plovier, et al.197 Frozen glycerol stocks

of A. muciniphila (ATCC, BAA-835) were thawed and seeded under anaerobic 

conditions into fresh, sterile brain heart infusion broth (BHI) 5 days before each gavage 

so bacteria was in log phase growth at gavage. On the day of gavage, optical density was 

measured and cultures were diluted to provide 1.33x106 CFU/μL/kg body weight in 150 

μL gavage. Procedures were completed under strict anaerobic conditions until gavage.  

Fecal transplant was performed as described previously with minor 

modifications.182 Briefly, fresh fecal pellets were collected from individual donor mice 

placed in clean, sterile microisolator cages. Using sterile forceps, feces from the 

appropriate group of donors was pooled and transferred to sterile BHI in glass test tubes 

with butyl rubber stoppers. Once tightly stoppered, tubes were returned to an anaerobic 
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jar, a gas pack was added, and the sealed jar was returned to an anaerobic chamber. 

Inside the anaerobic chamber, feces were weighed and slurried in fresh anaerobic media 

at 1 g feces per 5 mL BHI.  

Vehicle gavage consisted of the same sterile BHI used to culture A. muciniphila 

and slurry fecal transplant. Butyl rubber stoppered tubes were returned to the anaerobic 

jar for transport to recipient animals where 150 μL of the appropriate mixture was 

gavaged to each recipient mouse as outlined in Table IV.1.  

Treatment 

Group Label 

Antibiotics 

(In Water) 

Transplant 1 

(Once Weekly 

Gavage, Weeks 1-3) 

Transplant 2 

(Once Weekly 

Gavage, Weeks 4-6) 

n 

-/-/- - Vehicle Vehicle 10 

ABX/-/- + Vehicle Vehicle 10 

-/Akk/Akk - A. muciniphila A. muciniphila 10 

ABX/Akk/Akk + A. muciniphila A. muciniphila 10 

ABX/Fec/Fec + Feces from AhrIEC Feces from AhrIEC 10 

ABX/Fec/Akk + Feces from AhrIEC A. muciniphila 10 

Table IV.1 Experimental Treatment Groups. -, vehicle; ABX, antibiotics; Akk, 

Akkermansia muciniphila; Fec, fecal transplant.   

Donor Mice 

Donor mice used for fecal transplant were female, constitutive, intestinal-

epithelial cell specific AhR knockout C57BL/6 mice (AhRf/f x VillinCre, AhrIEC). Two 

groups of donor mice were used to more closely age match them at the time of fecal 

transplant of each cohort of experimental animals. One group of donor mice (n=4) was 

used for the first cohort of 20 experimental animals, while a second group of donors 

(n=3) was used for the second and third cohorts of 40 experimental animals. Age-

matched AhrIEC females were weaned to 4% Teklad Rodent Diet (Envigo, 8604), 
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henceforth referred to as chow diet, at 3 weeks old. Diet composition for chow diet is 

provided in Figure A.4 of Appendix A. Animals were switched to LFD at approximately 

11 weeks of age +/- 2 days before being enrolled in the study. Each group of donors was 

on LFD for at least 3 weeks and depletion of Akkermansia was confirmed via qPCR 

before their feces was used for fecal transplant. The sequences for each DNA oligo 

primer are as follows: Total Bacteria (Forward: ACTACGTGCCAGCAGCC, Reverse: 

GGACTACCAGGGTATCTAATCC), Akkermansia (Forward: 

CAGCACGTGAAGGTGGGGAC, Reverse: CCTTGCGGTTGGCTTCAGAT).  

Fecal and Tissue Collection 

For two days prior to termination, fresh fecal pellets were collected from each 

animal placed in a sterilized, individual cage for no more than two hours. Feces were 

collected using sterilized forceps and placed in sterilized cryotubes before being flash 

frozen. A minimum of five fecal pellets were collected per animal each day before all 

collected pellets were combined prior to analyses.  

Animals were terminated via ketamine/xylazine overdose, and blood was 

collected via cardiac puncture. The colon was immediately resected, and the most 

proximal and distal sections containing a fecal pellet were excised and cassetted 

immediately in ice cold Carnoy’s fixative (60% absolute ethanol, 10% glacial acetic 

acid, and 30% chloroform) with the fecal pellets intact to preserve the mucus layers as 

previously described with minor modifications.198,199 Briefly, following two hours of 

fixation, sections were washed twice for twenty minutes each with ice cold 100% 

ethanol before being stored in fresh, ice cold 100% ethanol. The remaining colon pieces 
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were then flushed with sterile PBS, fecal pellets were collected and flash frozen, and the 

most proximal 1 cm section was excised, opened longitudinally, and scraped with 

nuclease free tools before scraped tissue was stored in RNA Lysis Buffer (Zymo, 

R1060) at -80°C for later analyses. All remaining, flushed colon sections were opened 

longitudinally and stored for various later analyses, including flash frozen or fixed in 4% 

PFA for 4 hours before being dehydrated through several washes of 50% and 70% 

ethanol. Fixed colon sections were stored at 4°C in either 100% ethanol (Carnoy’s fixed) 

or 70% ethanol (PFA fixed) until they were processed, embedded, and sectioned for 

histological analyses.  

FITC-Dextran Gavage 

Mice were fasted overnight prior to Fluorescein Isothiocyanate (FITC)-Dextran 

gavage. Four hours before termination, mice were gavaged with 600 mg/kg body weight 

of 80 mg/mL FITC-Dextran (Sigma, FD4) in sterile PBS as previously described with 

minor modification.200,201 Briefly, FITC-Dextran was prepared the night before, and 

stored protected from light at 4°C until gavaged. Following cardiac puncture, blood was 

allowed to clot for 45 minutes at room temperature in the dark before being spun at 

1,500 g for 10 minutes at 4°C. Samples were stored in the dark on ice until 60 μL of 

serum could be diluted with an equal volume of PBS. 60 μL of diluted serum was added 

to a 96-well plate in duplicate before the plate was read on a fluorometer with excitation 

485 nm and emission 528 nm (20 nm band width). A single animal per termination did 

not receive FITC-Dextran to serve as a background control. A serial dilution of FITC-

Dextran was also used to calculate the standard curve.  
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Histological Preparation and Staining of Colon Tissue 

Carnoy’s fixed colon sections were consistently stored at 4°C for 120 hours 

before they were processed as previously described with minor modifications.198 Briefly, 

samples were immersed in 3 one hour changes of xylene, then immersed in 2 changes of 

molten paraffin wax for 1.5 hours each. Following processing, sections were embedded 

in paraffin and cut to 5 μm thickness. Sections were stained with Alcian Blue and 

Nuclear Fast Red (Abcam, ab150662) according to manufacturer’s protocol. Images 

were captured via an Aperio CS2 slide scanner at 40x.  

Slide Scoring of Mucus Layer Thickness and Goblet Cell Percentage 

Thickness of the inner mucus layer was assessed in Carnoy’s fixed, distal colon 

sections that contained an intact fecal pellet. In 3 sections each of Alcian Blue, Nuclear 

Fast Red stained distal colon with intact luminal contents, 20 measurements were taken 

perpendicular to the colonic epithelium at random locations of at least 100 μm of intact 

inner mucus layer. Measurements were performed using Aperio ImageScope software 

v.12.3.3.5048.

Goblet cells were quantified in the same Alcian Blue, Nuclear Fast Red stained 

tissues. Total numbers of epithelial cells and goblet cells in 10 well-oriented crypts per 

each of the 3 tissue sections in distal colon. The percentage of goblet cells was then 

calculated as the total number of Alcian Blue positive cells per 100 Nuclear Fast Red 

stained nuclei. Cell counts were performed using ImageJ 2.0.0-rc-69/1.52p; Java 

1.8.0_172 [64-bit].  
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Gene Expression Analyses from Colon Mucosal Scrapings 

RNA was isolated from colon mucosal scrapings stored at -80°C in RNA Lysis 

Buffer using the Quick-RNA MiniPrep Kit (Zymo, R1055) according to the 

manufacturer’s instructions, including DNase treatment. Isolated RNA samples were 

cleaned and concentrated as necessary using the RNA Clean & Concentrator kit (Zymo, 

R1017). Following Nanodrop quantification, and confirmation of purity using 260/280 

and 260/230 ratios above 2 and 1.8 respectively, cDNA was then synthesized using 500 

ng of total RNA via the Transcriptor First Strand cDNA Synthesis kit (Roche, 

04897030001) according to the manufacturer’s protocol. cDNA was stored at -20°C until 

real time quantitative PCR (RT-qPCR) was conducted.  

RT-qPCR for Claudin-2 (Cldn-2), Interleukin-6 (Il-6), Interleukin-22 (Il-22), 

Lipocalin-2 (Lcn2), Mucin 2 (Muc-2), Occludin (Ocln), and Tight Junction Protein 1 

(Tjp1) or Zonula Occludens-1 (Zo-1) was conducted using LightCycler 480 Sybr Green I 

Master (Roche, 04887352001) and DNA oligo primers (Sigma) , while RT-qPCR for 

Interleukin-22 (Il-22) and Mucin 1 (Muc-1) was conducted using (Roche, 04707494001) 

and Taqman probes (ThermoFisher). Each PCR was conducted in triplicate with 20 μL 

reaction volume. The sequences for each DNA oligo primer are as follows: Cldn-2 

(Forward: GAA AGG ACG GCT CCG TTT TCT A, Reverse: ACA GTG TCT CTG 

GCA AGC TG), Il-6 (Forward: CTG CAA GAG ACT TCC ATC CAG TT, Reverse: 

AAG TAG GGA AGG CCG TGG TT), Il-22 (Forward: ACA TCG TCA ACC GCA 

CCT TT, Reverse: CAG CCT TCT GAC ATT CTT CTG GAT), Lcn2 (Forward: AAG 

GCA GCT TTA CGA TGT ACA GC, Reverse: CTT GCA CAT TGT AGC TGT GTA 
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CC), Muc-2 (Forward: CTG ACC AAG AGC GAA CAC AA, Reverse: CAT GAC TGG 

AAG CAA CTG GA), Ocln (Forward: TTT TGT GGG ATA AGG AAC ACA, Reverse: 

ATA GTC AGA TGG GGG TGG AG), Tjp-1/Zo-1 (Forward: GAT CCC TGT AAG 

TCA CCC AGA, Reverse: CTC CCT GCT TGC ACT CCT ATC), and 18S rRNA 

(Forward: TCA AGA ACG AAA GTC GGA GGT T, Reverse: GGA CAT CTA AGG 

GCA TCA CAG). Predeveloped Taqman assays were used for the following genes: 

Muc-1 (ThermoFisher, Mm00449604_m1), and 18S rRNA (ThermoFisher, 

Mm03928990_g1). Sybr Green I/HRM Dye (Ex. 465-Em.510) RT-qPCR program was 

performed on a LightCycler 480II (Roche) for all RT-qPCR using Sybr Green assays. 

Mono Color Hydrolysis Probe/UPL Probe for FAM dyes (Ex. 465-Em.510) rt-PCR 

program was performed on a LightCycler 480II (Roche) for all RT-qPCR using Taqman 

assays. Expression levels of all genes were normalized to the appropriate 18S rRNA 

control, and the delta Ct (ddCt) method was used to calculate fold change in relation to 

the relevant control group.  

Preparation of Feces for Metabolomic and Microbiome Analyses 

Fecal pellets were maintained at -80°C until processing. All fecal pellets were 

collected for two days prior to termination and were combined and lyophilized in a 

Labconco FreeZone 4.5 Liter Benchtop Freeze Dry System for 12 hours before being 

homogenized using a 5 mm 440C stainless steel bead (GBSS 196-2500-10, OPS 

Diagnostics) and a Precellys 24 tissue homogenizer (Bertin) at 5000 rpm for 20 seconds 

twice. Powdered feces were then weighed out as appropriate for each assay as follows: 
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25 mg for SCFA measurements, 20-25 mg for untargeted metabolites measurements, and 

3-5 mg powdered feces for 16S rRNA analysis.

Measurement of Short Chain Fatty Acids in Feces 

Concentrations of 6 SCFAs (acetic, butyric, isobutyric, isovaleric, propionic, and 

valeric acids) were quantified using Gas Chromatography-Mass Spectrometry (GC-MS) 

as previously described with minor modifications.202 The 25 mg of powdered feces used 

for SCFA measurements was placed on ice for 10 min before 600 μL of cold 30 mM 

hydrochloric acid with 0.25 mM d7 Butyric acid was added as an internal standard. A 

bead was added, and the sample was vortexed briefly before being immediately returned 

to ice. The sample was homogenized using a bead beater for 30 seconds. After ensuring 

complete homogenization, samples were centrifuged at 13,000 x g for 10 min at 4°C. 300 

μL of supernatant was transferred to a fresh, pre-cooled 1.5 mL Eppendorf tube, and 300 

μL of cold GC grade ethyl acetate was added (Millipore). After vortexing for 10 

seconds, samples were placed on ice to incubate for 5 min before being centrifuged 

again at 13,000 x g for 1 min at 4°C. The upper layer was then transferred to an 

autosampler vial with insert and capped immediately.  

GC-MS was then conducted at the Integrated Metabolomics Analysis Core 

(IMAC) at Texas A&M University using a triple quadruple TSQ 8000 EVO Gas 

Chromatography – Mass Spectrometer (Thermo Scientific); a 30 m x 0.25 mm x 0.25 

μm ZB-Wax plus column (Phenomenex) was used to perform chromatographic 

separation. Full scan mode was used to acquire the MS data and retention times in the 

m/z range of 40 to 500 for individual SCFAs. Target compounds were quantified in the 
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Selected Ion Monitoring (SIM) mode using the product ions. Injector temperature was 

maintained at 230°C, while the MS transfer line and ion source were both maintained at 

240°C. Helium carrier gas flow was 1 mL/min. 1 μL of extracted sample was injected 

with a split ratio of 20:1, and samples were kept on the autosampler at room temperature 

before injection. Ionization was conducted in the electron impact (EI) mode at 70 eV. 

TraceFinder v 3.3 software (Thermo Scientific) was used to acquire and analyze 

samples. Pure standards were used to generate standard curves of 0 μM to 3000 μM for 

each SCFA. The weight of powdered, dry feces used for extraction and internal standard 

d7 Butyric acid of each sample was used to normalize the concentration of each SCFA.  

Untargeted Metabolite Detection in Feces 

Untargeted metabolomics was carried out using liquid chromatography-mass 

spectrometry (LC-MS) at the Integrated Metabolomics Analysis Core (IMAC) at Texas 

A&M University as previously described with minor modifications.97,98,203,204 

Metabolites were extracted from 20-25 mg of powdered feces by adding it to pre-cooled 

tubes, adding 400 μL ice-cold methanol and 200 μL of ice-cold chloroform, and shaking 

the parafilm sealed tube on the tissue homogenizer (Precellys 24, Bertin) at 5500 rpm for 

20 seconds. After removing parafilm, samples were centrifuged at 1000 x g for 10 min at 

4°C. Supernatant was transferred to a fresh tube, and the sample was homogenized and 

centrifuged again before supernatants were combined in fresh tube. 600 μL of ice-cold, 

sterile Milli Q water was added to the combined supernatants before samples were 

vortexed for 30 seconds, then centrifuged at 3000 x g for 5 min at 4°C. The upper phase 

was transferred to a Spin-X 0.22 μm filter (Costar, 8619) in a 2 mL tube. The filter and 
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tube containing the upper phase was centrifuged at 3000 x g for 1 min at 4°C. After 

transferring the filtrate to a 15 mL conical tube, 500 μL of ice-cold, sterile Milli Q water 

was added to each sample and mixed. Samples were lyophilized before storage at -80°C. 

Before samples were run, they were resuspended in 100 μL of 50% Omnisolv LCMS 

grade Methanol (VWR, EM-MX0486-1) and 50% Omnisolv LCMS grade water (VWR, 

EM-WX0004-1). 

A Q-Exactive Plus orbitrap mass spectrometer (Thermo Scientific) coupled to an 

UltiMate 3000 binary pump UPLC (Thermo Scientific) was used to perform untargeted 

liquid chromatography high-resolution accurate mass spectrometry (LC-HRAM). Source 

and capillary temperatures were maintained at 350°F, and the spray voltage was set to 

3.5 kV (Pos). Samples were maintained at 4°C before injection, and a 10 μL injection 

volume was used. Full MS spectra were obtained, followed by data-dependent MS-MS 

(ddMS2) spectra at 35,000 resolution (200 m/z). A scan range of 50-750 m/z and a 

stepped normalized collision energy corresponding to 5, 11, 17 eV was used. A Synergi 

Fusion 4 μm, 150 mm x 2 mm reverse phase column (Phenomenex) at 30°C using a 

solvent gradient method was used to achieve chromatographic separation. Solvent A was 

water with 0.1% formic acid, while Solvent B was methanol with 0.1% formic acid. The 

gradient method used was 0-5 min (10% B to 40% B), 5-7 min (40% B to 95% B), 7-9 

min (95% B), 9-9.1 min (95% B to 10% B), 9.1-13 min (10% B), and the flow rate was 

0.4 mL min-1. Sample acquisition was performed using Xcalibur software (Thermo 

Scientific). 
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Raw LC-MS data files were processed by Compound Discoverer v 3.0 software 

(Thermo Fisher Scientific). The processing workflow provided with the application 

Untargeted Metabolomics with Statistics Detect Unknowns with ID Using Online 

Databases and mzLogic was used for spectra alignment, compound detection, grouping, 

compound identification, and pathway analysis. Raw data was normalized to the amount 

of fecal material used for extraction of each sample. Initial analysis focused on putative 

AhR ligands derived from aromatic amino acids. After reviewing the chromatograms, 

mass spectrum, and mzCloud match for each compound in the list of putative AhR 

ligands, five compounds were annotated with any reasonable confidence. 

16S rRNA Analysis of Fecal Microbiome 

DNA was isolated from 3-5 mg powdered feces using DNeasy PowerSoil kit 

(Qiagen) and then quantified on a Nanodrop. Samples were then sent on dry ice to the 

Microbial Analysis, Resources, and Services (MARS) core facility at the University of 

Connecticut for bacterial 16S rRNA sequencing of the V4 region on the MiSeq platform 

(Illumina) as previously described.205 Data was analyzed using Mothur and Phyloseq. 

Briefly, chimeras in the raw sequences were removed using the uchime program in 

Mothur then aligned and classified using the SILVA database. Alpha diversity analysis 

was conducted in MicrobiomeAnalyst (www.microbiomeanalyst.ca). Beta diversity 

analysis and taxonomic composition analysis was conducted using Phyloseq. 

Statistical Analysis 

All statistical analyses and figures were generated in GraphPad Prism version 

8.1.2 for macOS, Graph Pad Software (La Jolla CA, www.graphpad.com). Where 
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appropriate, means were compared using parametric or non-parametric methods 

according to compliance of normality (Shapiro-Wilk test). Where appropriate, outliers 

based on ROUT (Q=1.0%) were excluded. Parametric methods included unpaired t test 

for comparing two means or one-way ANOVA followed by Tukey’s multiple 

comparisons test for comparing three or more means. Non-parametric methods include 

the Mann-Whitney U (MW) test for comparing two means or the Kruskal-Wallis (KW) 

test followed by Dunn’s multiple comparisons test for comparing three or more means. 

Two-tailed p-values are reported in all analyses, unless otherwise noted due to 

directionality of the hypothesis. All values listed are group means and error bars are 

presented as SEM. Differences among groups were considered statistically significant 

when the p-value was ≤ 0.05. Within figures, * indicates p ≤ 0.05, ** indicates p ≤ 0.01, 

*** indicates p ≤ 0.001, **** indicates p≤ 0.0001, and the absence of * indicates p-

values >0.05 or bars without a common letter differ significantly. 
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Results 

Body Weight 

Average body weight of any experimental groups was not significantly different 

on any given week of the experiment but did increase as was expected over time (Figure 

IV.3; ANOVA p=0.8065, n=10 animals/group). Neither antibiotic treatment, fecal

transplant, nor A. muciniphila gavage significantly impacted body weight. 

Figure IV.3 Average Weekly Body Weight. Weekly body weight of experimental 

mice (ANOVA p=0.8065). n=10 animals/group. Mean +/- SEM. -, vehicle; ABX, 

antibiotics; Akk, Akkermansia muciniphila; Fec, fecal transplant.   

Depletion of Akkermansia muciniphila in Feces of Donor Mice 

qPCR was used to confirm depletion of A. muciniphila in AhrIEC female mice on 

LFD for at least 3 weeks before fecal transplant was performed. Donors were 

significantly depleted in A. muciniphila compared to wild type controls fed a chow diet 

(Figure IV.4, MW p=0.0008, n=2, 7 animals/group, genes run in triplicate).  
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Figure IV.4 Depletion of Akkermansia muciniphila in Feces of Donor Animals on 

LFD for at Least Three Weeks (ANOVA p<0.0001, n=2, 7 animals, genes run in 

triplicate). Values are means ± SEM. Bars without a common letter differ 

significantly. ABX, antibiotics; LFD, low fat diet; WT, wild type.   

Intestinal Microbiota Depletion and Akkermansia muciniphila Colonization 

qPCR was also used to confirm depletion of total bacteria and A. muciniphila in 

the feces of experimental animals after receiving antibiotics in the water for 6 days 

compared to animals that received sterile water vehicle for 6 days. Total bacteria was 

depleted in animals receiving antibiotics compared to animals that did not receive 

antibiotics and were on either chow or LFD (Figure IV.5A, ANOVA p<0.0001, n=3, 20, 

40, 3 animals/group, genes run in duplicate). Specifically, A. muciniphila was also 

depleted in animals receiving antibiotics compared to animals that received antibiotic-

free vehicle on either chow or LFD (Figure IV.5B, ANOVA p<0.0001, n=3, 20, 40 

animals/group, genes run in duplicate).  
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A. B. 

Figure IV.5 Depletion of Bacteria in Feces of Experimental Animals on ABX for 6 

Days. A. Total bacterial depletion in feces following ABX treatment for 6 days (KW 

p<0.0001, n=3, 20, 40 animals, genes run in duplicate). B. Akkermansia muciniphila 

depletion in feces following ABX treatment for 6 days (ANOVA p<0.0001, n=3, 20, 

40 animals, genes run in duplicate). Values are means ± SEM. Bars without a 

common letter differ significantly. ABX, antibiotics; LFD, low fat diet; WT, wild 

type.   

16S rRNA Analysis of the Intestinal Microbiota 

At the termination of the study, 16S rRNA analysis was used to characterize the 

intestinal bacterial profiles of the feces of the experimental groups as well as the donor 

mice. To assess the diversity within a group, two different alpha diversity indices were 

calculated: Shannon (Figure IV.6A, ANOVA p<0.0001, n=7-10 animals/group) and 

Fisher (Figure IV.6B, ANOVA p<0.0001, n=7-10 animals/group). In both indices, 

antibiotic treatment followed by vehicle transplant or A. muciniphila gavage 

significantly reduced alpha diversity compared to all other groups, including those that 

did not receive antibiotics, those that received fecal transplant with or without A. 

muciniphila gavage, and those mice that served as donors. According to the Fisher 
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diversity index, fecal transplant alone also significantly increased alpha diversity 

compared to the group that did not receive antibiotics but did receive A. muciniphila 

gavage, while all other groups were not different (Figure IV.6B).  

Beta diversity, a measure of the variation in the microbiome between 

experimental groups, was assessed using Bray-Curtis dissimilarity in Principle 

Coordinates Analysis (Figure IV.6C). The vehicle group clustered similarly to the group 

that did not receive antibiotics, but did receive A. muciniphila gavage. The groups that 

received fecal transplant clustered with the donor mice, regardless of A. muciniphila 

treatment. Animals that received antibiotics alone also clustered similarly to the group 

that only received A. muciniphila after antibiotic treatment.  

The relative abundance of major phyla was compared across groups (Figure 

IV.6D). Verrucomicrobia was depleted in groups that received fecal transplant and

donors, regardless of A. muciniphila treatment. While Verrucomicrobia is present in both 

groups that did not receive antibiotics, regardless of A. muciniphila gavage, the relative 

abundance of Verrucomicrobia was markedly increased in both the group that received 

antibiotics alone and the group that received A. muciniphila following antibiotic 

treatment. This increase corresponded to a decrease in the phyla Firmicutes and 

Bacteroidetes compared to all other treatment groups and donors.  

Finally, the relative abundance of the genus Akkermansia was compared across 

groups (Figure IV.6E). Akkermansia was present at expected levels of an average of 

between 2 and 5% relative abundance187,206,207 in both groups that did not receive 

antibiotics, irrespective of A. muciniphila gavage. Akkermansia was significantly 
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increased in both groups that received antibiotics, regardless of A. muciniphila gavage, 

compared to the groups that did not receive antibiotics. Additionally, Akkermansia was 

significantly depleted in the fecal transplant and donor groups with or without A. 

muciniphila treatment compared to the group that received vehicle alone. 

A.     B. 

Figure IV.6 16S rRNA Analysis of the Intestinal Microbiota. A. Alpha diversity 

represented by Shannon Index for each group (ANOVA p<0.0001). B. Alpha 

diversity represented by Fisher’s Alpha for each group (ANOVA p<0.0001). C. 

Beta diversity represented by Bray-Curtis dissimilarity-based non-metrical 

multidimensional scaling analysis. D. Relative abundances of major gastrointestinal 

bacterial phyla for each group. n=7-10 animals/group. E. Relative abundance of 

Akkermansia genus for each group. n=7-10 animals/group. Values are means +/- 

SEM. Bars without a common letter differ significantly. -, vehicle; ABX, 

antibiotics; Akk, Akkermansia muciniphila; Fec, fecal transplant.   
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       C. 

D. 

Figure IV.6 Continued. 
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E. 

Figure IV.6 Continued. 

Gut Permeability 

To assess gut permeability, FITC-Dextran was gavaged 4 hours prior to 

termination. Compared to antibiotic treated controls, animals that received fecal 

transplant had significantly higher FITC-Dextran concentration in the serum and 

therefore gut permeability, regardless of A. muciniphila treatment (Figure IV.7A, 

ANOVA p=0.0016, n=5, 6, or 7 animals/group). Though antibiotic treatment reduced 

FITC-Dextran concentration compared to vehicle treated controls, this was not 

significant (Figure IV.7A). Overall, fecal transplant significantly increased FITC-

Dextran concentration compared to animals that did not receive fecal transplant (Figure 

IV.7B). Donors also had significantly increased FITC-Dextran concentration and

therefore worsened gut permeability compared to animals that did not receive fecal 

transplant (Figure IV.7B, KW p<0.0001, n=25, 13, 9 animals). Data is presented from 

first and third cohorts only due to error in second cohort’s fluorescence data.  
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       A.      B. 

Figure IV.7 Fluorescein Isothiocyanate (FITC)-Dextran Concentration in Serum. 

A. Average serum FITC-Dextran concentration of experimental groups (ANOVA

p=0.0016). n=5, 6, or 7 animals per group from first and third cohorts only. B.

Average serum FITC-Dextran concentration of animals with or without fecal

transplant and donor animals (KW p<0.0001). n=25, 13, 9 animals. Values are

means ± SEM. * indicates p ≤ 0.05, ** indicates p ≤ 0.01, *** indicates p ≤ 0.001,

**** indicates p≤ 0.0001, and the absence of * indicates p-values >0.05. -, vehicle;

ABX, antibiotics; Akk, Akkermansia muciniphila; Fec, fecal transplant. No Fec

consists of groups -/-/-, -/Akk/Akk, ABX/-/-, and ABX/Akk/Akk, while Fec consists

of ABX/Fec/Fec and ABX/Fec/Akk groups.

Mucus Layer Thickness 

The thickness of the intact mucus layer was assessed in Carnoy’s fixed, Alcian 

Blue/Nuclear Fast Red stained distal colon sections at a 90 degree angle to the mucosa 

(Figure IV.8A). Compared to vehicle controls, A. muciniphila treatment alone 

significantly increased mucus layer thickness (Figure IV.8B). Conversely, antibiotic 

treatment with or without A. muciniphila gavage significantly decreased mucus layer 

thickness (Figure IV.8B). Interestingly, fecal transplant significantly increased mucus 

layer thickness compared to vehicle or antibiotic treated controls, regardless of A. 
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muciniphila treatment (Figure IV.8B). Upon closer examination, A. muciniphila gavage 

after fecal transplant did significantly increase mucus layer thickness compared to fecal 

transplant alone (Figure IV.8C, MW=0.0272, one-tailed, n=585, 480 measurements from 

8-10 animals/group).

A.    B.     C. 

Figure IV.8 Average Mucus Layer Thickness in Distal Colon. A. Representative 

image of Carnoy’s fixed, Alcian Blue/Nuclear Fast Red stained distal colon section 

with feces intact for mucus thickness measurements. Scale bar = 50 μm. B. Average 

mucus layer thickness of experimental groups (KW p<0.0001). n=480-598 

measurements from 8-10 animals/group. Bars without a common letter differ 

significantly. C. Average mucus layer thickness of animals receiving fecal 

transplant with or without Akkermansia muciniphila treatment (MW p=0.0272, 

one-tailed). n=585, 480 measurements from 8-10 animals/group. Values are means 

± SEM. * indicates p ≤ 0.05, ** indicates p ≤ 0.01, *** indicates p ≤ 0.001, **** 

indicates p≤ 0.0001, and the absence of * indicates p-values >0.05. -, vehicle; ABX, 

antibiotics; Akk, Akkermansia muciniphila; Fec, fecal transplant.   

Percentage of Goblet Cells 

The percentage of goblet cells per 100 nuclei was assessed in intact crypts in 

Carnoy’s fixed, Alcian Blue/Nuclear Fast Red stained distal colon sections in 30 crypts 

per animal with 10 animals per group for a total of 300 crypts measured per group 
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(Figure IV.9A). Antibiotic treatment significantly decreased goblet cell percentage 

compared to animals treated with vehicle water regardless of A. muciniphila treatment 

(Figure IV.9B, KW p=0.0014, n=300 crypts measured per group). However, neither A. 

muciniphila treatment following antibiotics nor fecal transplant with or without A. 

muciniphila gavage significantly impacted goblet cell percentage compared to vehicle 

controls (Figure IV.9B).  

A.           B. 

Figure IV.9 Percentage of Goblet Cells in Distal Colon. A. Representative image of 

Carnoy’s fixed, Alcian Blue/Nuclear Fast Red stained distal colon section with feces 

intact. Goblet cells are indicated by black arrows. B. Percentage of goblet cells per 

100 nuclei of experimental groups (KW p=0.0014). n=300 crypts measured/group. 

Values are means ± SEM. * indicates p ≤ 0.05, ** indicates p ≤ 0.01, *** indicates p 

≤ 0.001, **** indicates p≤ 0.0001, and the absence of * indicates p-values >0.05. -, 

vehicle; ABX, antibiotics; Akk, Akkermansia muciniphila; Fec, fecal transplant.   

Gene Expression 

In order to assess the impact of antibiotics, A. muciniphila, and fecal transplant 

on tight junctions, relative gene expression of Claudin-2 (Cldn2), Occludin (Ocln), and 

Tight Junction Protein-1 or Zonula Occludens-1 (ZO-1) was quantified using rt-PCR. 
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When comparing all 6 experimental groups, Cldn2 was significantly increased in groups 

that received fecal transplant, regardless of A. muciniphila treatment, as well as the 

group that receive A. muciniphila treatment following antibiotics compared to vehicle 

treated controls with or without A. muciniphila gavage (Figure IV.10A, ANOVA 

p=0.0002, n=7-10 animals/group). Relative Ocln expression is significantly increased in 

the group that only received A. muciniphila without antibiotic treatment compared to all 

other groups, except a trend toward increase compared to the fecal transplant alone 

group at p=0.0554 (Figure IV.10B, ANOVA p=0.0044, n=9-10 animals/group). ZO-1 

expression is increased in the group that received A. muciniphila following fecal 

transplant compared to groups that did not receive antibiotics regardless of A. 

muciniphila gavage and the group that received antibiotics alone (Figure IV.10C, 

ANOVA p=0.0003, n=8-10 animals/group). As a trend toward increase was observed in 

the group that received A. muciniphila after fecal transplant compared to fecal transplant 

alone, this difference was investigated in a post host analysis using student’s t-test. This 

increase was significant at p=0.0500 (Figure IV.10M, n=10 animals/group).  

As interesting microbial changes were observed with each individual treatment, 

relative expression of tight junction protein genes were compared between any animals 

treated with either antibiotics, A. muciniphila, or fecal transplant and animals that did not 

receive those respective treatments. Cldn-2 expression was significantly increased in 

antibiotic treated animals (Figure IV.10D, t-test p=0.0003, n=14, 39 animals) and fecal 

transplant treated animals (Figure IV.10F, t-test p<0.0001, n=40, 20 animals), but not in 

A. muciniphila treated animals (Figure IV.10E, t-test p=0.8301, n=30, 29 animals)
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compared to their respective vehicle treated controls. Conversely, a significant decrease 

in Ocln expression was measured in antibiotic treated animals (Figure IV.10G, t-test 

p=0.0044, n=20, 40 animals), a trend toward decrease occurred in animals that received 

fecal transplant (Figure IV.10I, t-test p=0.0592, n=20, 40 animals), and no significant 

difference was found in A. muciniphila gavaged animals (Figure IV.10H, t-test 

p=0.4275, n=20, 40 animals) compared to vehicle treated control animals. ZO-1 

expression was significantly increased in all animals receiving each of the treatments 

compared to all animals receiving their respective controls: antibiotics (Figure IV.10J, t-

test p=0.0006, n=14, 40 animals), A. muciniphila (Figure IV.10K, t-test p=0.0042, n=27, 

30 animals), and fecal transplant (Figure IV.10L, t-test p=0.0090, n=0.0090).  
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A.      B.       C. 

Figure IV.10 Relative Gene Expression of Cldn2, Ocln, and Zo-1 in Colonic 

Mucosal Scrapings. Fold changes were calculated using the ddCT method. A. 

Relative Cldn2 gene expression in experimental groups (ANOVA p=0.0002, n=7-10 

animals/group). B. Relative Ocln gene expression in experimental groups (ANOVA 

p=0.0044, n= 9-10 animals/group). C. Relative ZO-1 gene expression in 

experimental groups (ANOVA p=0.0003, n=8-10 animals/group). D. Relative Cldn2 

gene expression in antibiotic treated animals (t-test p=0.0003, n= 14, 39 animals). E. 

Relative Cldn2 gene expression in A. muciniphila treated animals (t-test p=0.8301, 

n= 30, 29 animals). F. Relative Cldn2 gene expression in fecal transplant treated 

animals (t-test p<0.0001, n= 40, 20 animals). G. Relative Ocln gene expression in 

antibiotic treated animals (t-test p=0.0044, n= 20, 40 animals). H. Relative Ocln 

gene expression in A. muciniphila treated animals (t-test p=0.4275, n= 20, 40 

animals). I. Relative Ocln gene expression in fecal transplant treated animals (t-test 

p=0.0592, n= 20, 40 animals). J. Relative ZO-1 gene expression in antibiotic treated 

animals (t-test p=0.0006, n= 14, 40 animals). K. Relative ZO-1 gene expression in A. 

muciniphila treated animals (t-test p=0.0042, n= 27, 30 animals). L. Relative ZO-1 

gene expression in fecal transplant treated animals (t-test p=0.0090, n= 40, 20 

animals). M. Relative ZO-1 gene expression in the ABX/Fec/Akk group vs. the 

ABX/Fec/Fec group (t-test p= 0.0500, n= 10, 10 animals). Genes run in triplicate. 

Values are means ± SEM. Bars without a common letter differ significantly. * 

indicates p ≤ 0.05, ** indicates p ≤ 0.01, *** indicates p ≤ 0.001, **** indicates p≤ 

0.0001, and the absence of * indicates p-values >0.05. -, vehicle; ABX, antibiotics; 

Akk, Akkermansia muciniphila; Fec, fecal transplant; MS, mucosal scraping. No 

ABX consists of groups -/-/- and -/Akk/Akk, while ABX consists of ABX/-/-, 

ABX/Akk/Akk, ABX/Fec/Fec, and ABX/Fec/Akk Groups. No Akk consists of 

groups -/-/-, ABX/-/-, and ABX/Fec/Fec, while Akk consists of -/Akk/Akk, 

ABX/Akk/Akk, and ABX/Fec/Akk groups. No Fec consists of groups -/-/-, -

/Akk/Akk, ABX/-/-, and ABX/Akk/Akk, while Fec consists of ABX/Fec/Fec and 

ABX/Fec/Akk groups. 
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D.    E.    F. 

G.      H.     I. 

Figure IV.10 Continued. 
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J.    K.   L. 

  M. 

Figure IV.10 Continued. 

The inflammatory profile of colon mucosal scrapings was also tested using rt-

PCR to determine relative gene expression of Interleukin-6 (Il-6), Interleukin-22 (Il-22), 

and Lipocalin 2 (Lcn2). Relative gene expression of Il-22 was significantly increased 

(p<0.05) or tended to increase (0.05<p<0.1) in the group that received A. muciniphila 

gavage alone, compared to all other treatment groups (Figure IV.11B, ANOVA 

p=0.0140, n=5-10 animals/group), however no significant differences were observed 
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between any other treatment groups. No differences were observed between 

experimental groups in either Il-6 (Figure IV.11A, ANOVA p=0.1463, n=7-10 

animals/group) or Lcn2 (Figure IV.11C, ANOVA p=0.2386, n=9-10 animals/group). As 

interesting microbial changes were observed with each individual treatment, relative 

expression of tight junction protein genes were compared between any animals treated 

with either antibiotics, A. muciniphila, or fecal transplant and animals that did not 

receive those respective treatments. Similarly, when comparing animals that received 

individual treatments to their respective vehicle controls, no differences were observed 

in Il-6 in antibiotic treated animals (Figure IV.11D, MW p=0.2870, n=13, 33 animals), 

A. muciniphila treated animals (Figure IV.11E, MW p=0.1206, n=22, 23 animals), or

fecal transplant recipients (Figure IV.11F, MW p=0.2306, n=28, 17 animals). A lack of 

statistical difference was also observed in some of the same comparisons of Il-22: 

antibiotic treated animals (Figure IV.11G, t-test p=0.2971, n=20, 40 animals) or fecal 

transplant treated animals (Figure IV.11I, t-test p=0.3714, n=40, 20 animals) compared 

to their respective vehicle controls. However, relative Il-22 expression was significantly 

increased in A. muciniphila gavaged animals compared to animals that received vehicle 

gavage (Figure IV.11H, t-test p=0.0135, n=30, 30 animals). Also, as a trend toward 

increase was observed in the group that received A. muciniphila after fecal transplant 

compared to fecal transplant alone, this difference was investigated in a post host 

analysis using student’s t-test. This increase was significant at p=0.0439 (Figure IV.11J, 

n=8, 7 animals). Furthermore, Lcn2 relative gene expression was significantly increased 

in animals that received antibiotics compared to animals that did not (Figure IV.11K, t-
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test p=0.0095, n=15, 34 animals). Conversely, Lcn2 expression was significantly 

decreased in animals that received A. muciniphila gavage compared to those that did not 

(Figure IV.11L, t-test p=0.0464, n=29, 27 animals). A trend toward increase was 

observed in Lcn2 expression in fecal transplant recipients compared to animals that did 

not receive transplant (Figure IV.11M, t-test p=0.0913, n=30, 16 animals).  
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A. B.    C. 

Figure IV.11 Relative Gene Expression of Il-6, Il-22, and Lcn2 in Colonic Mucosal 

Scrapings. Fold changes were calculated using the ddCT method. A. Relative Il-6 

gene expression in experimental groups (ANOVA p=0.1463, n=7-10 animals/group). 

B. Relative Il-22 gene expression in experimental groups (ANOVA p=0.0.140, n=5-

10 animals/group). C. Relative Lcn2 gene expression in experimental groups

(ANOVA p=0.2386, n=9-10 animals/group). D. Relative Il-6 gene expression in

antibiotic treated animals (MW p=0.2870, n=13, 33 animals). E. Relative Il-6 gene

expression in A. muciniphila treated animals (MW p=0.1206, n=22, 23 animals). F.

Relative Il-6 gene expression in fecal transplant treated animals (MW p=0.2306,

n=28, 17 animals). G. Relative Il-22 gene expression in antibiotic treated animals (t-

test p=0.2971, n=20, 40 animals). H. Relative Il-22 gene expression in A. muciniphila

treated animals (t-test p=0.0135, n=30, 30 animals). I. Relative Il-22 gene expression

in fecal transplant treated animals (t-test p=0.3714, n=40, 20 animals). J. Relative

Il-22 gene expression in the ABX/Fec/Akk group vs. the ABX/Fec/Fec group (t-test

p= 0.0439, n=8, 7 animals). K. Relative Lcn2 gene expression in antibiotic treated

animals (t-test p=0.0095, n=15, 34 animals). L. Relative Lcn2 gene expression in A.

muciniphila treated animals (t-test p=0.0464, n=29, 27 animals). M. Relative Lcn2

gene expression in fecal transplant treated animals (t-test p=0.0913, n=30, 16

animals). Genes run in triplicate. Values are means ± SEM. Bars without a

common letter differ significantly. * indicates p ≤ 0.05, ** indicates p ≤ 0.01, ***

indicates p ≤ 0.001, **** indicates p≤ 0.0001, and the absence of * indicates p-

values >0.05. -, vehicle; ABX, antibiotics; Akk, Akkermansia muciniphila; Fec, fecal

transplant; MS, mucosal scraping. No ABX consists of groups -/-/- and -/Akk/Akk,

while ABX consists of ABX/-/-, ABX/Akk/Akk, ABX/Fec/Fec, and ABX/Fec/Akk

Groups. No Akk consists of groups -/-/-, ABX/-/-, and ABX/Fec/Fec, while Akk

consists of -/Akk/Akk, ABX/Akk/Akk, and ABX/Fec/Akk groups. No Fec consists of

groups -/-/-, -/Akk/Akk, ABX/-/-, and ABX/Akk/Akk, while Fec consists of

ABX/Fec/Fec and ABX/Fec/Akk groups.
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D.      E.       F. 

G.     H.      I. 

Figure IV.11 Continued. 
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   J. 

K. L. M. 

Figure IV.11 Continued. 

Finally, to assess another aspect of gut barrier integrity, mucin production, rt-

PCR was used to quantify the relative gene expression of Mucin-1 (Muc1), Mucin-2 

(Muc2), and the ratio of Muc1/Muc2. No significant differences were found between the 

relative expressions of Muc1 (Figure IV.12A, ANOVA p=0.4148, n=9-10 

animals/group) or Muc2 (Figure IV.12B, ANOVA p=0.3042, n=6-7 animals/group) 
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when comparing all 6 experimental groups. However, several trends were observed 

when comparing the Muc1/Muc2 relative gene expression ratio (Figure IV.12C, 

ANOVA p=0.0506, n=7-10 animals/group); animals that received A. muciniphila after 

antibiotic treatment displayed an increased trend in Muc1/Muc2 ratio compared to those 

that received A. muciniphila alone (Tukey’s p=0.0500) or fecal transplant without A. 

muciniphila (Tukey’s p=0.0663).  

As interesting microbial changes were observed with each individual treatment, 

relative expression of tight junction protein genes were compared between any animals 

treated with either antibiotics, A. muciniphila, or fecal transplant and animals that did not 

receive those respective treatments. When comparing all animals that received each 

individual treatment compared to all animals that received their respective controls, no 

significant differences in Muc1 relative gene expression were quantified with antibiotic 

treatment (Figure IV.12D, MW p=0.6689, n=20, 40 animals), A. muciniphila treatment 

(Figure IV.12E, Mw p=0.3615, n=29, 28 animals), or fecal transplant (Figure IV.12F, 

MW p=0.6444, n=38, 19 animals) compared to their own vehicle treated control 

animals. Antibiotic treatment significantly reduced Muc2 expression compared to 

vehicle treated mice (Figure IV.12G, t-test p=0.0253, n=20, 40 animals/group), while 

neither A. muciniphila (Figure IV.12H, t-test p=0.1569, n=27, 29 animals) or fecal 

transplant (Figure IV.12I, t-test p=0.1378, n=40, 20 animals) significantly impacted 

relative Muc2 gene expression compared to their respective controls. Investigation of the 

Muc1/Muc2 relative gene expression ratio within all animals that received each 

treatment compared to all animals that did not revealed no significant difference in 



124 

antibiotic treated animals (Figure IV.12J, MW p=0.3119, n=11, 21 animals), a 

significant decrease in A. muciniphila treated colons (Figure IV.12K, MW p=0.0326, 

n=28, 17 animals), and a significant increase in fecal transplant recipients (Figure 

IV.12L, MW p<0.0001, n=17, 18 animals).
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A. B. C. 

Figure IV.12 Relative Gene Expression of Muc-1, Muc-2, and the Muc-1/Muc-2 

ratio in Colonic Mucosal Scrapings. Fold changes were calculated using the ddCT 

method. A. Relative Muc-1 gene expression in experimental groups (ANOVA 

p=0.4148, n=9-10 animals/group). B. Relative Muc-2 gene expression in 

experimental groups (ANOVA p=0.3042, n=6-7 animals/group). C. The relative 

Muc-1/Muc-2 gene expression ratio in experimental groups (ANOVA p=0.0506, 

n=7-10 animals/group). D. Relative Muc-1 gene expression in antibiotic treated 

animals (MW p=0.6689, n=20, 40 animals). E. Relative Muc-1 gene expression in A. 

muciniphila treated animals (MW p=0.3615, n=29, 28 animals). F. Relative Muc-1 

gene expression in fecal transplant treated animals (MW p=0.6444, n=38, 19 

animals). G. Relative Muc-2 gene expression in antibiotic treated animals (t-test 

p=0.0253, n=20, 40 animals). H. Relative Muc-2 gene expression in A. muciniphila 

treated animals (t-test p=0.1569, n=27, 29 animals). I. Relative Muc-2 gene 

expression in fecal transplant treated animals (t-test p=0.1378, n=40, 20 animals). J. 

The relative Muc-1/Muc-2 gene expression ratio in antibiotic treated animals (MW 

p=0.3119, n=11, 21 animals). K. The relative Muc-1/Muc-2 gene expression ratio in 

A. muciniphila treated animals (MW p=0.0326, n=28, 17 animals). L. The relative

Muc-1/Muc-2 gene expression ratio in fecal transplant treated animals (MW

p<0.0001, n=17, 18 animals). Genes run in triplicate. Values are means ± SEM.

Bars without a common letter differ significantly. * indicates p ≤ 0.05, ** indicates

p ≤ 0.01, *** indicates p ≤ 0.001, **** indicates p≤ 0.0001, and the absence of *

indicates p-values >0.05. -, vehicle; ABX, antibiotics; Akk, Akkermansia

muciniphila; Fec, fecal transplant; MS, mucosal scraping. No ABX consists of

groups -/-/- and -/Akk/Akk, while ABX consists of ABX/-/-, ABX/Akk/Akk,

ABX/Fec/Fec, and ABX/Fec/Akk Groups. No Akk consists of groups -/-/-, ABX/-/-,

and ABX/Fec/Fec, while Akk consists of -/Akk/Akk, ABX/Akk/Akk, and

ABX/Fec/Akk groups. No Fec consists of groups -/-/-, -/Akk/Akk, ABX/-/-, and

ABX/Akk/Akk, while Fec consists of ABX/Fec/Fec and ABX/Fec/Akk groups.
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D.     E.     F. 

G.   H.        I. 

Figure IV.12 Continued. 
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J.    K.     L. 

Figure IV.12 Continued. 

Short Chain Fatty Acids 

Concentrations of six SCFAs (acetic, butyric, isobutyric, isovaleric, propionic, 

and valeric acids) were quantified in feces using GC-MS. The averages of the sums of 

these concentrations are compared in Figure IV.12A. Antibiotic treatment with or 

without A. muciniphila treatment significantly reduced total SCFA concentration 

compared to A. muciniphila treatment alone or fecal transplant regardless of A. 

muciniphila gavage, but this reduction was not significant compared to vehicle treated 

control animals (Figure IV.13A, KW p<0.0001, n=8-10 animals/group). Acetic acid was 

significantly increased in animals that received fecal transplant alone compared to those 

that received vehicle alone, antibiotics alone, or antibiotics followed by A. muciniphila 

(Figure IV.13B, ANOVA p=0.0005, n=8-10 animals/group). Butyric acid was 

significantly reduced in the group that received only antibiotics compared to all other 

groups except for the group treated with antibiotics followed by A. muciniphila (Figure 
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IV.13C, ANOVA p<0.0001, n=8-10 animals/group). Significant differences were not

noted between any groups in the concentrations of isobutyric (ANOVA p=0.4940, n=8-

10 animals/group) or isovaleric (ANOVA p=0.9176, n=8-10 animals/group) acids 

(Figure IV.13D and E). Both propionic (Figure IV.13F, ANOVA p<0.0001, n=8-10 

animals/group) and valeric (Figure IV.13G, ANOVA p<0.0001, n=8-10 animals/group) 

acids were significantly reduced in animals that received antibiotics with or without A. 

muciniphila compared to any group that did not receive antibiotics or fecal transplant, 

regardless of A. muciniphila treatment.  

As a trend toward the increase of the concentration of several SCFAs was 

observed in the group treated with A. muciniphila following fecal transplant compared to 

the group that received fecal transplant alone, these concentrations were investigated in 

post hoc analyses. However, none of these increases were significant, including in an 

average of the sum of all SCFAs (data not shown, t-tests p=0.3458-0.8989, n=7-10 

animals/group).  
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A. B. C. 

D. E. F. 

Figure IV.13 Concentrations of Short Chain Fatty Acids (SCFA) Termination in 

Micromoles per Gram of Feces. A. Average concentrations of total SCFA (KW 

p<0.0001). B. Average concentrations of acetic acid (ANOVA p=0.0005). C. 

Average concentrations of butyric acid (ANOVA p<0.0001). D. Average 

concentrations of isobutyric acid (ANOVA p=0.4940). E. Average concentrations of 

isovaleric acid (ANOVA p=0.9176). F. Average concentrations of propionic acid 

(ANOVA p<0.0001). G. Average concentrations of valeric acid (ANOVA p<0.0001). 

Each concentration was normalized to fecal sample weight and the d7-butyric acid 

spiked internal standard. n=8-10 animals/group. Means +/- SEM. Bars without a 

common letter differ significantly. -, vehicle; ABX, antibiotics; Akk, Akkermansia 

muciniphila; Fec, fecal transplant.   
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G. 

Figure IV.13 Continued. 

 Putative AhR Ligands Identified from Untargeted Metabolites Analysis 

The metabolomic profile of feces collected for two days prior to termination was 

analyzed using LC-MS. Initial analysis focused on putative AhR ligands derived from 

aromatic amino acids, and 5 such metabolites were identified with reasonable certainty, 

including D-(+)-Tryptophan, 4-indolecarbaldehyde, 5-aminovaleric acid, indole-3-acetic 

acid, and indole-3-lactic acid. Both D-(+)-Tryptophan and 4-indolecarbaldehyde were 

significantly increased in animals treated with antibiotics alone and those that received 

fecal transplant followed by A. muciniphila compared to mice that only received vehicle 

(Figure IV.14A-B, ANOVA p=0.0020 and 0.0045, n=8-10 animals/group). 5-

aminovaleric acid was increased in animals that receive antibiotics alone compared to 

vehicle treated controls and animals that received fecal transplant alone, however p-

values for these comparisons are 0.0592 and 0.055, respectively (Figure IV.14C, 

ANOVA p=0.0117, n=7-10 animals/group). Similarly, indole-3-acetic acid was 

increased in antibiotic treated animals compared to vehicle treated controls, but the p-
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value for this comparison was 0.058 in post hoc analysis and ANOVA p=0.0692 (Figure 

IV.14D, n=8-10 animals/group). No significant differences were observed between any

groups in the relative intensities of indole-3-lactic acid (Figure IV.14E, ANOVA 

p=0.2160, n=9-10 animals/group).  

     A.       B.               C. 

  D. E. 

Figure IV.14 Relative Peak Intensities of Putative AhR Ligands in Feces at 

Termination. A. Relative intensities of D-(+)-Tryptophan (ANOVA p=0.0020). B. 

Relative intensities of 4-Indolecarbaldehyde (ANOVA p=0.0045). C. Relative 

intensities of 5-Aminovaleric acid (ANOVA p=0.0117). D. Relative intensities of 

Indole-3-acetic acid (ANOVA p=0.0692). E. Relative intensities of Indole-3-lactic 

acid (ANOVA p=0.2160). n=7-10 animals/group. Means +/- SEM. Bars without a 

common letter differ significantly. -, vehicle; ABX, antibiotics; Akk, Akkermansia 

muciniphila; Fec, fecal transplant.   
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As a trend toward the increase of the concentration of several metabolites was 

observed in the group treated with A. muciniphila following fecal transplant compared to 

the group that received fecal transplant alone, these concentrations were investigated in 

post hoc analyses. A trend toward increase of D-(+)-Tryptophan (Figure IV.15A, one-

tailed t-test p=0.0664, n=10 animals/group) and indole-3-acetic acid (Figure IV.15D, 

one-tailed t-test p=0.0907, n=10 animals/group) was found in fecal transplanted animals 

that received A. muciniphila compared to those that did not. This increase was 

statistically significant in two of the 5 metabolites, 4-indolecarbaldehyde (Figure 

IV.15B, one-tailed t-test p=0.0327) and indole-3-lactic acid (Figure IV.15E, one-tailed t-

test p=0.0487, n=9-10 animals/group), but not in 5-aminovaleric acid (Figure IV.15C, 

one-tailed t-test p=0.2200, n=8-9 animals/group).  

A.        B.           C.     D.        E.  

Figure IV.15 Relative Peak Intensities of Putative AhR Ligands in Feces at 

Termination in Fecal Transplant Groups with and without Akkermansia 

muciniphila. A. Relative intensities of D-(+)-Tryptophan (one-tailed t-test 

p=0.0664). B. Relative intensities of 4-Indolecarbaldehyde (one-tailed t-test 

p=0.0327). C. Relative intensities of 5-Aminovaleric acid (one-tailed t-test 

p=0.2200). D. Relative intensities of Indole-3-acetic acid (one-tailed t-test p=0.0907). 

E. Relative intensities of Indole-3-lactic acid (one-tailed t-test p=0.0487). n=8-10

animals/group. Means +/- SEM. Bars without a common letter differ significantly. *

indicates p ≤ 0.05, ** indicates p ≤ 0.01, *** indicates p ≤ 0.001, **** indicates p≤

0.0001, and the absence of * indicates p-values >0.05. -, vehicle; ABX, antibiotics;

Akk, Akkermansia muciniphila; Fec, fecal transplant.
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Discussion 

The purpose of this research was to investigate the ability of A. muciniphila to 

rescue gut permeability, negative metabolite profiles, and pro-inflammatory changes 

associated with the dysbiotic gut microbial profile of AhrIEC mice depleted in A. 

muciniphila. This hypothesis was tested by first depleting the gut microbiome overall 

and Akkermansia specifically in wild type animals as confirmed by qPCR analysis. Total 

bacterial depletion was similar to the results published in the studies from the Jobin 

group from which the antibiotic treatment protocols were adapted.195,196 Feces depleted 

in A. muciniphila from AhrIEC females were then transplanted into these controls once 

per week for three weeks before A. muciniphila gavage was subsequently administered 

once per week for three weeks. 

Effects of an Increased Relative Abundance of Akkermansia following Antibiotic 

Treatment 

Though antibiotic treatment alone reduced alpha diversity as expected,208 the 

relative abundance of the phylum Verrucomicrobia was markedly increased at 

termination in animals that received antibiotics alone or A. muciniphila gavage following 

antibiotic treatment compared to animals that did not receive antibiotics or those that 

received fecal transplant. This unexpected result could be explained by a depletion in 

Akkermansia following antibiotic treatment, rather than a complete purge, as evidenced 

by qPCR analysis of this genus in the feces of mice on the sixth day of antibiotic 

treatment. Though A. muciniphila is generally associated with an improvement in gut 

microbial diversity,209 reports exist of a bloom in Akkermansia spp. following antibiotic 
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exposure.188 Due to the semi-quantitative nature of 16S rRNA sequencing data, it is 

possible that this marked increase in relative abundance is due to a decrease of other 

bacterial species rather than a bloom of Akkermansia. Therefore, a more thorough 

examination of the gut microbiome should be conducted in this study to confirm the 

microbial profiles posited by the 16S rRNA data. This could include investigating 

additional time points to determine when Akkermansia bloom occurs following 

antibiotic cessation, deeper sequencing techniques such as shotgun sequencing, or 

specific confirmation of A. muciniphila abundance data using more specific primers in 

qPCR.  

Despite this unexpected result, this marked increase in the relative abundance of 

Akkermansia following antibiotic treatment, regardless of A. muciniphila gavage, 

allowed us to investigate the effects of an increase of Akkermansia in this model. Both of 

these treatment groups displayed improved gut barrier integrity compared to the fecal 

transplant groups, as measured by the concentration of FITC-labeled Dextran in the 

serum at termination. In concordance with this improvement in gut barrier integrity, an 

increase in ZO-1 expression was observed in animals that received antibiotic treatment 

compared to those that did not receive antibiotics. Additionally, there was an increase of 

several putative AhR ligand MDAs in the group that received antibiotics alone compared 

to the vehicle alone group, including D-(+)-Tryptophan, 4-Indolecarbaldehyde, 5-

Aminovaleric acid (p=0.0592), and Indole-3-Acetic acid (p=0.0580). This increase in 

putative AhR ligand MDAs and the corresponding increase in ZO-1 expression could 

potentially be due to the increased relative abundance of the genus Akkermansia in the 
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antibiotic treated groups, regardless of A. muciniphila gavage. As AhR activation has 

been linked with the preservation of ZO-1 expression via NOTCH-1 signaling in IECs 

following intestinal damage,210 and dietary tryptophan supplementation has been shown 

to increase ZO-1 expression in pig intestines,211 a potential mechanism for improved gut 

barrier integrity in antibiotic treated groups could be due to the associated bloom of 

Akkermansia, increased MDAs in feces, and increased ZO-1 expression compared to 

animals that did not receive antibiotics.  

Interestingly, the concentrations of SCFAs butyric acid, propionic acid, and 

valeric acids and the total SCFA concentration were significantly reduced in antibiotic 

treated animals compared to either vehicle treated controls or fecal transplant recipients. 

Despite the increase in the relative abundance of Akkermansia in these groups, this is 

likely due to the decrease in alpha diversity in these groups. This is supported by the 

restoration of such diversity in fecal transplant recipients. It is possible that decreased 

Muc2 and increased Cldn2 expression in any antibiotic treated animals compared to 

animals that did not receive antibiotics could be due to the depletion of SCFAs as these 

compounds are known to regulate gut barrier integrity through mucin production and 

tight junction protein expression, irrespective of A. muciniphila gavage.212,213 

Furthermore, this decrease in SCFA could explain the observed decrease in mucus layer 

thickness that was observed in the antibiotic treated groups regardless of A. muciniphila 

gavage. Additionally, this decrease may be exacerbated by the increased relative 

abundance of Akkermansia, which is associated with the excessive and potentially 

harmful degradation of mucus under certain conditions.214 The effects of increased 
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relative abundance of Akkermansia following antibiotic treatment is summarized in 

Figure IV.16A.  

Effects Fecal Transplant 

In another major finding, fecal transplant was successful, with both fecal 

transplanted groups, regardless of A. muciniphila gavage, clustering near each other and 

the donor 16S rRNA profile in the Bray-Curtis dissimilarity-based analysis of beta 

diversity. As hypothesized, fecal transplant, regardless of A. muciniphila gavage, made 

the gut more permeable, increased Cldn-2 and decreased Ocln (p=0.0592) relative gene 

expression, and increased the Muc1/Muc2 gene expression ratio compared to animals 

that did not receive fecal transplant. Due to the lack of increase in relative abundance in 

the group that received A. muciniphila gavage following fecal transplant, these results 

could be expected. However, interestingly, fecal transplant restored alpha diversity 

comparable to vehicle treated control animals versus the significantly lower alpha 

diversity found with antibiotic treatment alone. This restoration of alpha diversity likely 

resulted in the restoration of total SCFA concentration, as well as the specific 

concentrations of butyric, propionic, and valeric acids, which were restored to 

concentrations similar to that of the vehicle treated controls versus the significant 

reduction of these SCFAs in the antibiotic treated groups. It is unclear which microbes 

could be contributing to these changes, and additional deep sequencing and/or analysis 

of the genus level 16S rRNA microbiome data should be investigated to reconcile these 

findings. For example, many other species of gut bacteria are associated with SCFA 

production, including Lactobacillus and Enterococcus strains, Roseburia spp., and 
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Faecalibacterium prausnitzii.215,216 The effects of fecal transplant from AhrΔIEC mice into 

wild type animals are summarized in Figure IV.16B. 

Effects of Akkermansia muciniphila Gavage following Fecal Transplant 

Unexpectedly, gavage of A. muciniphila did not increase the relative abundance 

of the genus Akkermansia in any group relative to their respective control group. This 

resistance to colonization has been previously reported in both humans and mice with 

several probiotic strains, including A. muciniphila.217,218 While is has been suggested that 

this resistance is predicated on the indigenous microbiome,218 the mechanisms for this 

remain unknown, possibly due to competition with other bacteria for physical space or 

nutrients, quantity or timing of dose, or some other mechanism. However, the lack of 

increase in the relative abundance of Akkermansia was particularly unusual as several 

expected, beneficial effects associated with A. muciniphila were observed in the fecal 

transplant group that received A. muciniphila gavage compared to the group that 

received fecal transplant alone, including increased mucus layer thickness, increased 

relative ZO-1 and Il-22 expression, and increased AhR ligands produced from aromatic 

amino acids, including D-(+)-Tryptophan (one-tailed p=0.0664), 4-Indolecarbaldehyde, 

Indole-3-acetic acid (one-tailed p=0.0907), and Indole-3-Lactic acid. The increase in 

AhR ligands may at least partially explain the significant increases in Il-22 expression 

and mucus layer thickness in this same comparison as metabolites derived from aromatic 

amino acids have been previously shown to activate AhR in ILC3s, resulting in 

increased IL-22 production by these cells, activation of STAT3 in IECs, and increased 

mucin production by IECs.219–222  
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One plausible explanation for the observed beneficial effects of A. muciniphila 

gavage without persistent colonization could be due to products of this species rather 

than colonization itself. Evidence suggests that the beneficial effects of A. muciniphila 

are not only associated with colonization by the bacteria itself, but by administration of 

the pasteurized bacteria, a membrane protein (Amuc_1100), or extracellular vesicles 

derived from the bacteria.197,217,223 These findings support the hypothesis that 

administration of A. muciniphila without persistent colonization and therefore no 

increase in relative abundance could still have beneficial effects for the host. This is a 

promising finding as the culture and delivery of the strictly anaerobic A. muciniphila for 

therapeutic purposes is challenging. Conversely, an increase in gut permeability as 

measured by FITC-labeled Dextran in the serum of fecal transplant recipients and 

AhrIEC donors was measured compared to vehicle treated wild type controls, but this 

increase was not rescued by A. muciniphila gavage. This was unexpected as A. 

muciniphila administration has been demonstrated to improve gut barrier integrity in 

Western diet and colitis-induced models of loss of gut barrier integrity.224,225 However, 

three weeks of gavage or the lack of increase in relative abundance may not have been 

sufficient to improve permeability in our fecal transplant model that is likely less 

inflammatory compared to Western diet feeding or DSS-induced colitis. The effects of 

A. muciniphila gavage following fecal transplant is summarized in Figure IV.16C.

Additional Findings 

Despite these unexpected findings in the relative abundances of Akkermansia in 

our model, interesting effects of antibiotic treatment, transplant of feces depleted of 
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Akkermansia, or A. muciniphila gavage were still observed. To further investigate if A. 

muciniphila gavage impacted any aspects of barrier integrity or inflammation, mucus 

layer thickness and mucin expression as well as expression of inflammatory genes and 

production of anti-inflammatory metabolites were measured. Mucus layer thickness was 

increased in fecal transplant recipients compared to all other groups regardless of A. 

muciniphila gavage. The mechanisms for this are unclear, but could be investigated by 

more closely examining additional changes in the gut microbial profile of fecal 

transplant groups compared to groups that did not receive antibiotics, as microbial 

species other than A. muciniphila are implicated in the stimulation of mucin production 

including Bacteroides thetaiotaomicron and Faecalibacterium prausnitzii,.65 The ability 

of A. muciniphila administration to stimulate mucin production has been reported in the 

literature,188,226,227 and, as expected, A. muciniphila gavage did increase inner mucus 

layer thickness in mice that did not receive antibiotics and in fecal transplant recipients 

compared to their respective control groups. A. muciniphila has also been shown to 

increase goblet cells in the intestines.226,227 Though antibiotic treatment alone slightly 

reduced the percentage of goblet cells compared to groups that did not receive 

antibiotics, no other significant differences were observed. One plausible explanation is 

that mice were not gavaged with A. muciniphila for long enough to observe changes in 

cell differentiation and/or distribution in our model.  

As the mucus layer is a major regulator of intestinal barrier integrity, the 

expression of two primary intestinal mucins was also probed in an effort to better 

understand changes in gut permeability. Few significant changes were observed in either 
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Muc1 or Muc2 expression, though overall, antibiotic treatment did significantly decrease 

Muc2 expression compared to any animal that did not receive antibiotics. As Muc2 

deficient mice have dysbiotic gut microbiomes compared to controls,228 it is unclear if 

this relative reduction in Muc2 expression is a cause or consequence of the altered 

microbial profiles in animals that received antibiotics. It has been previously reported 

that Muc1 expression is increased in CRC samples from humans, and that a high 

Muc1/Muc2 ratio indicated poor prognosis in those CRC patients.229 When comparing 

the Muc1/Muc2 expression ratio in the present study, fecal transplant significantly 

increased this ratio compared to vehicle treated controls, and A. muciniphila treatment 

did significantly reduce this ratio compared to animals that did not receive A. 

muciniphila. Furthermore, in support of the premise that A. muciniphila administration 

may not be beneficial in all contexts such as cases of lower alpha diversity, A. 

muciniphila gavage after antibiotic treatment tended to increase the relative Muc1/Muc2 

expression ratio compared to A. muciniphila gavage without antibiotic treatment or fecal 

transplant alone.  

In an attempt to better characterize the differences observed in gut permeability, 

tight junction protein gene expression was measured as these complexes are another 

major factor in intestinal barrier integrity. Tight junctions are complex structures that 

include occludin, zonula-occludens, and claudin proteins.4 As anticipated due to 

previously published studies,223 A. muciniphila gavage in animals that did not receive 

antibiotics did increase Ocln expression compared to vehicle alone controls, suggesting 

that in some contexts, A. muciniphila can induce beneficial tight junction changes. 
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Furthermore, A. muciniphila gavage following fecal transplant did increase ZO-1 

expression, indicating that A. muciniphila may benefit some aspects of gut barrier 

integrity even in dysbiosis. While expression of Ocln, ZO-1, and most Cldns typically 

increases as gut barrier integrity increases, claudin-2 is specifically implicated in leaky 

gut and increases in IBD.230 Relative Cldn2 expression was increased in fecal transplant 

recipients, and A. muciniphila treatment after fecal transplant did not decrease this 

expression compared to fecal transplant alone. A. muciniphila gavage did not decrease 

Cldn2 expression in animals not treated with antibiotics compared to their relative 

control group. This suggests that A. muciniphila gavage may not improve Cldn2 

expression. Interestingly, A. muciniphila gavage following antibiotic treatment 

significantly increased Cldn2 expression compared to groups that did not receive 

antibiotics and had a trend toward increase in those that received antibiotics alone. This 

suggests that the overall microbial profile, in this case lower microbial diversity, can 

impact how A. muciniphila treatment effects tight junction protein expression in the host, 

which could have implications for CRC patients that have both decreased microbial 

diversity and an increase in relative abundance of Akkermansia.190  

We also hypothesized that A. muciniphila would reduce inflammation in the 

colon and induce IL-22 expression through the increased production of AhR ligands.219–

222 Even though it appears that gavaging Akkermansia did not result in colonization of 

the microbe, doing so in the absence of antibiotic treatment resulted in a significant 

increase in the relative gene expression of anti-inflammatory Il-22 compared to vehicle 

treated control animals, or those that received antibiotics or fecal transplant alone. 
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Furthermore, increased Il-22 expression was most prevalent in the group that received A. 

muciniphila gavage alone, even resulting in a trend toward increase compared to the 

groups that were gavaged with A. muciniphila following antibiotic treatment (p=0.0997). 

Furthermore, A. muciniphila gavage following fecal transplant significantly increased Il-

22 expression compared to fecal transplant alone. These results suggest that A. 

muciniphila gavage is more proficient at stimulating Il-22 production in a gut 

microenvironment with a higher alpha diversity compared to one with fewer relative 

species of bacteria compared to the antibiotic treated groups. Conversely, no significant 

differences were observed in pro-inflammatory IL-6 expression in our model. IL-6 

expression was relatively low, possibly due to the lack of strong inflammatory pressures 

on the large intestine 6 weeks after antibiotic treatment. Conversely, lipocalin-2, a more 

global measure of gut inflammation that is highly expressed in IBD231 was significantly 

increased by antibiotic treatment and significantly reduced by A. muciniphila gavage 

compared to their respective vehicle treated animals. This may indicate that increased 

anti-inflammatory Il-22 expression correlated with A. muciniphila gavage modulates 

host inflammation as measured by the significant reduction of a more global indicator 

such as lipocalin-2, compared to animals that received vehicle gavage.  

Though A. muciniphila has been associated with reduced body weight in animal 

and human studies,188 no significant difference in average body weight was observed 

between treatment groups at any time point in our study. While this could be due to the 

lack of persistent colonization of Akkermansia in our mice, this difference may also be 

diet related. The studies reported in the literature included obese human subjects or 
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animals on some combination of a high fat/high sucrose diet.188,209 It is possible that the 

beneficial effects of A. muciniphila on body weight are more pronounced in cases where 

energy is in excess compared to normal weight, low fat diet fed animals as in our study. 

As body weight did not change significantly throughout the course of this study, findings 

can be viewed independently of body weight.  

Conclusions 

Findings of this chapter are summarized in Figure IV.16. This study is the first to 

show that transplant of dysbiotic feces from animals lacking AhR in IECs into wild type 

animals is sufficient to induce negative changes in gut barrier integrity due to decreased 

Ocln expression, increased Cldn2 expression, and an increased Muc1/Muc2 expression 

ratio, despite a restoration of SCFA and mucus layer thickness. Furthermore, A. 

muciniphila gavage did rescue some changes caused by this fecal transplant without 

persistent colonization, including increased mucus layer thickness, Il-22 and ZO-1 

expression, and putative AhR ligand MDAs compared to fecal transplant alone. Finally, 

the blooming of Akkermansia in antibiotic treated groups correlated with increased 

barrier function, possibly due to an increase in putative AhR ligand MDAs and ZO-1 

expression. However, these changes may not be entirely beneficial as a decrease in 

SCFA concentration and increased relative abundance of Akkermansia likely contributed 

to a decrease in mucus layer thickness. Clearly, A. muciniphila plays a complex role in 

gut health and appears to be context dependent. However, the mechanisms by which 

AhrIEC female mice fed a low fat diet consistently lose A. muciniphila are unclear and 

beyond the scope of this study. Future experiments should investigate potential 
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mechanisms for this shift as well as the rescue of negative gut permeability, 

metabolome, and inflammatory changes associated with the loss of AhR in IECs by 

other probiotic species.  

A. 

Figure IV.16 Effects of Antibiotic Treatment, Fecal Transplant from AhrIEC, and 

Akkermansia muciniphila in Wild-Type Mice on Gut Barrier Integrity, the 

Metabolome, and Colonic Inflammation. A. Effects of antibiotic treatment 

regardless of A. muciniphila gavage compared to other treatment groups. B. 

Overall effects of fecal transplant from AhrIEC compared to other treatment 

groups. C. Effects of A. muciniphila gavage following fecal transplant from AhrIEC 

compared to fecal transplant alone. AAA, Aromatic Amino Acids; AhR, Aryl 

Hydrocarbon Receptor; AhrΔIEC, Aryl Hydrocarbon Receptor Intestinal Epithelial 

Cell Specific Knock-Out; IEC, Intestinal Epithelial Cell; IL-22, Interleukin-22; 

ILC3, Innate Lymphoid Cells Type 3; MDA, Microbial Metabolites Derived from 

Aromatic Amino Acids; SCFA, Short Chain Fatty Acids.  
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B. 

C. 

Figure IV.16 Continued. 
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CHAPTER V 

CONCLUSIONS 

The Duality of Nuclear Receptors in Colon Health 

Context, Ligand, and Timing Dependent 

It is widely accepted that the outcomes of nuclear receptor signaling are highly 

dependent upon several factors, including cell and tissue type, ligand activity, timing of 

activation, and environmental context. This is true for ERs, including ERβ that is 

generally considered beneficial in the prevention of cancer, but recent evidence suggests 

that idea is too simplistic.232 Additionally, AhR activation has been implicated in tumor 

promotion and appears to be highly ligand and tissue dependent.233  

The Role of the Gut Microbiome 

The gut microbiome and host nuclear receptor signaling clearly interact to impact 

each other through various metabolites produced by each.234 Though there has been an 

explosion of research regarding the human microbiome in recent years, many questions 

remain unanswered. Therefore, work such as that presented in this dissertation is vital to 

understanding the role of the gut microbiome and its metabolites in the context of host 

nuclear receptor signaling to drive the development of methods to prevent, slow, and 

treat intestinal diseases including IBDs and CRC. 

Significance 

Novel Findings 

Several novel and important findings are presented in this dissertation. Chapter 2 

includes results that are the first to show that BPA can negatively impact amino acid 
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metabolism by the gut microbiota in a way that has been associated with IBD. 

Additionally, this is the first evidence that the inhibition of recovery following DSS-

induced colitis could be mediated through ERs as ICI blocks the reduction of non-

transformed mouse colonocytes when co-treated with BPA versus BPA treatment alone. 

In the case of AhR, Chapter 3 demonstrates for the first time that the content of saturated 

fat in the diet, even if fed only during the peri-initiation period, as well as lack of AhR activity in 

IECs, are implicated in an increase in the multiplicity of and nuclear β-catenin in colon masses. 

Finally, Chapter 4 includes evidence that a dysbiotic fecal transplant from a genetically 

modified animal, in this case AhrIEC, can exacerbate gut permeability and inflammation 

in the colon, and that the administration of a specific bacterial species, Akkermansia 

muciniphila, can improve some measures of gut permeability and inflammation 

following fecal transplant. Additionally, the bloom of the genus Akkermansia in 

antibiotic treated groups that did not receive fecal transplant, though unexpected, does 

support the hypothesized ability of Akkermansia muciniphila to improve gut barrier 

integrity, degrade mucin, and produce putative AhR ligands derived from aromatic 

amino acids.  

Relevance 

IBD incidence is highest in industrialized nations and is increasing in developing 

countries, suggesting that as the world becomes more industrialized, alterations in 

environmental exposures influence the development of IBD.235 Increasing IBD incidence 

is a concerning trend as treatment is lifelong and often requires surgery and because 

colitis is a risk factor for developing CRC.6,7,10 Worldwide, CRC is the third leading 
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cancer diagnosis and the fourth leading cause of cancer mortality.18 Though CRC 

incidence and mortality rates are declining overall in the USA, these same rates are 

increasing in those 20 to 49 years of age, a concerning trend as routine screening is not 

recommended for this age group.16,236,237 Prevention is an important method for 

addressing this trend, and understanding the mechanisms of IBD and CRC development 

are vital to preventing these conditions.  

 As the mechanisms are discovered by which NRs including ERs and AhR 

modulate physiology to impact disease development, these receptors become 

increasingly interesting as targets for drug treatment of those diseases. In fact, several 

drugs have already been designed that target ERs and are primarily used to treat breast 

cancers, including tamoxifen and other antiestrogens.238 However, both ER subtypes, 

ERα and ERß are currently being investigated as novel preventative or therapeutic 

targets in other cancers, including CRC.239–241 Additionally, several new classes of AhR 

modulators have been developed that could provide therapeutic benefits for AhR related 

diseases.242 Studies such as those described here help to elucidate the role of specific 

NRs in modulating host physiology, the gut microbiome and metabolome, and therefore 

preventing IBDs and CRC, furthering the ability to target them at various stages of 

disease development.  

Furthermore, the human microbiome has been linked with many diseases, such as 

obesity, IBD, infectious diseases, and cancers.243 Though particular alterations of the gut 

microbiome has been implicated in IBDs and CRC, such as an increase in pathogens or 

decreased microbial diversity, the effects of specific species remain to be fully 
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determined.243 The manipulation of the gut microbiome through diet, antibiotics, or 

transplantation provides a method to improve the gut metabolome to prevent 

gastrointestinal diseases.243 The elucidation of the mechanisms by which the gut 

microbiome, metabolome, and host physiology interact is vital to determining 

recommendations to beneficially alter the microbiome to improve health outcomes. 

Future Directions 

The impact of host nuclear receptor signaling including ERs and AhR on host gut 

health is clear. Therefore, future research should investigate host colon ER signaling and 

gut microbial changes associated with low dose exposures to BPA as well as methods to 

mediate these impacts, as BPA exposure is ubiquitous and unlikely to disappear. AhR’s 

role in intestinal epithelial cells should continue to be probed in the context of a diet high 

in saturated fat for a longer duration. Furthermore, additional research is needed to 

elucidate how the loss of AhR in IECs results in a dysbiotic gut microbial profile and 

how such dysbioses can be rescued through the administration of single probiotic strains 

or combinations of probiotics and/or prebiotics.  
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APPENDIX A 

COMPOSITIONS OF EXPERIMENTAL DIETS 

Figure A.V.1 Composition of Baker Amino Acid Diet used in in vivo Experiment 

Presented in Chapter II.  
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Figure A.V.2 Composition of Low Fat Diet (LFD) and Irradiated LFD used in in 

vivo Experiment Presented in Chapter III and Chapter IV, Respectively.  



185 

Figure A.V.3 Composition of High Fat Diet (HFD) used in in vivo Experiment 

Presented in Chapter III.  
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Figure A.V.4 Composition of Chow Diet used in in vivo Experiments. 
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APPENDIX B 

PROTOCOLS 

BPA Gavage 

Dose: 50 ug/kg body weight/day of BPA in corn oil  

Limit gavage amount to no more than 10 mL/kg body weight/day  

Dissolve BPA in EtOH and add to corn oil fresh before EACH gavage! 

Example:  

25 g mouse = 0.025 kg mouse 
50 𝑢𝑔 𝐵𝑃𝐴

1 𝑘𝑔 𝑚𝑜𝑢𝑠𝑒
=  

𝑥 𝑢𝑔 𝐵𝑃𝐴

0.025 𝑘𝑔 𝑚𝑜𝑢𝑠𝑒

X = 1.25 ug BPA for 25 g mouse 

Max corn oil: 
10 𝑚𝐿 𝑐𝑜𝑟𝑛 𝑜𝑖𝑙

1 𝑘𝑔 𝑚𝑜𝑢𝑠𝑒
=  

𝑥 𝑚𝐿 𝑐𝑜𝑟𝑛 𝑜𝑖𝑙

0.025 𝑘𝑔 𝑚𝑜𝑢𝑠𝑒

X = 0.25 mL corn oil 

Maximum of 0.25 mL corn oil can be gavaged in 25 g mouse.  

Therefore, calculated the BPA dose for 25 g mouse in only 0.20 mL of corn oil. 

BPA concentration in corn oil: 
1.25 𝑢𝑔 𝐵𝑃𝐴

0.200 𝑚𝐿 𝑐𝑜𝑟𝑛 𝑜𝑖𝑙
=  

𝑥 𝑢𝑔 𝐵𝑃𝐴

1 𝑚𝐿 𝑐𝑜𝑟𝑛 𝑜𝑖𝑙

X = 6.25 ug BPA/1 mL corn oil 

For reasonably measurable volumes: 
0.00625 𝑚𝑔 𝐵𝑃𝐴

1 𝑚𝐿 𝑐𝑜𝑟𝑛 𝑜𝑖𝑙
=  

1 𝑚𝑔 𝐵𝑃𝐴

𝑥 𝑚𝐿 𝑐𝑜𝑟𝑛 𝑜𝑖𝑙

X = 1 mg BPA/160 mL corn oil 

BPA must first be dissolved in ethanol. Dissolve 1 mg BPA in 16 uL of 100% ethanol. 

Vortex at room temperature to mix.  
16 𝑢𝐿 𝐸𝑡𝑂𝐻 𝑤𝑖𝑡ℎ 𝐵𝑃𝐴

160 𝑚𝐿 𝑐𝑜𝑟𝑛 𝑜𝑖𝑙
=  

𝑥 𝑢𝐿 𝐸𝑡𝑂𝐻 𝑤𝑖𝑡ℎ 𝐵𝑃𝐴

10 𝑚𝐿 𝑐𝑜𝑟𝑛 𝑜𝑖𝑙

X = 1 uL EtOH with BPA in 10 mL corn oil  

Add 1 uL EtOH with BPA to 10 mL corn oil and vortex again. Make fresh before each 

gavage.  

Final concentration of EtOH in corn oil = 0.01% 

Vehicle gavage: 0.01% EtOH in corn oil  
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Fecal Collection 

Materials:  

Animal List (for labeling and notes) 

1 clean, empty microisolator cage/animal (ordered from clean cage in LARR several 

days in advance)  

Label tape  

Marker  

1 labeled cryovial/animal  

Thermos with LN2 

1.) Order individual clean cages from clean cage staff several days in advance. Need one 

tiny mouse cage and microisolator lid for each animal. Be sure to specify nothing 

else needed in cage (empty – no bedding, nestlet, grid, food, or water) and all cages 

should be on a rack that fits all of them (not stacked).   

2.) Label cryotubes several days in advance with animal number, date collected, initials, 

animal group or cohort, and fecal collection number. Be sure labels are clear as 

others will likely complete analysis of samples.   

3.) The afternoon before fecal collection, label cages with lab tape with animal number 

and home cage number. Place all numbers from a single home cage on one fecal 

collection cage. Skip the corresponding number of cages for the rest of the mice in 

that home cage. Continue until all cages labeled.   

4.) The morning of fecal collection (early), remove animals from home cage one at a 

time and place in corresponding empty fecal collection cages. Use a new pair of 

gloves for each home cage.   

5.) After all animals are placed in fecal collection cages, identify each animal and move 

label tape to appropriate fecal collection cage.  

6.) Allow animals time to defecate, and then begin to collect feces in appropriately 

labeled cryotube. Collect at least 5 pellets. Use one pair of gloves per cage – pay 

attention to cage number on label tape.   

***AVOID TOUCHING FECES WITH HANDS AS MUCH AS POSSIBLE. USE 

TUBE OR LID TO SCOOP FECES UP.*** 

7.) If animals haven’t given enough pellets, gently scruff animals and rub their 

abdomens. If animals still haven’t defecated, animals can be gently wrapped in paper 

towels to keep them active.   

***DO NOT WRAP TIGHTLY IN PAPER TOWELS.*** 

8.) Record any abnormalities noted in feces, animals, etc. on animal list. This includes 

number of pellets collected for each animal if less than 5.   

9.) Once five pellets collected in tube, tightly close and place tube in container 

containing liquid nitrogen.   

10.) After feces collected, place animal back in home cage, remove label tape from 

dirty cage and return all cages to dirty cage on rack. Animals should be returned to 

home cage as soon as possible; avoid keeping animals in fecal collection cages for 

more than a couple of hours.  
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Note: You can collect feces from all animals from one home cage wearing the same 

pair of gloves, then return all animals to that single home cage before replacing 

gloves and moving on to next cage.   

11.) Store cryovials at -80 until ready to analyze.  

Cytokine Multiplex Analysis 

Adapted from Ji-Hye Yoo, Dr. Clinton Allred’s Lab 

Millipore MCYTOMAG-70K-9 

Thermo T-PER® TissueProtein Extraction Reagent Cat. 78510 

Bio-Rad DC Protein Assay Reagents Package Kit Cat. 5000116 

1. Snap frozen colon tissues

2. Homogenize tissues ON ICE in 1 mL Tissue Protein Extraction Reagent (for ½ of

whole colon).

3. Centrifuge at 10,000g for 5 min

4. Aliquot 100 µl supernatant and store in -80°C

5. Total protein content was assessed using the DC Protein Assay (Bio-Rad); follow kit

protocol

6. All samples (on ice) were diluted with TPER to 4 or 8 mg/ml. (Can use 2 mg/mL)

7. Prepare all necessary reagents from Milliplex Kit.

8. Add 400 µl wash buffer/well and Shake for 10 min

9. Vortex Beads for 1 min and transfer beads to an e-tube. NOTE: Be sure to vortex

all beads well before adding!

- Each bead is 50X. Dilute in assay buffer. Follow kit protocol.

- Eg) 17 µl each bead/ 850 µl assay buffer-> 9 types of beads, mix 17 µl each beads and

697 µl assay buffer

10. 25 µl diluted sample was added per well of a 96-well plate.

11. Add 25 µl of the magnetic beads mixture provided in the kit.

12. The plate was sealed, covered by Foil and agitated on a plate shaker overnight at 4°C.

13. 96-well plate was placed on a hand-held magnet and the contents of the wells

removed.

14. Wash twice

a) Hold the plate on a hand-hold magnet for 1 min

b) Remove the contents

c) Add 200 µl of Wash buffer/well

d) Shake the plate for 30 sec

e) Repeat the steps

15. Remove wash buffer and Add 25 µl of detection antibodies to each well

16. Incubate at room temperature for 1 hr with agitation.

17. NO WASH Add 25 µl of Streptavidin-Phycoerythrin

18. Incubated at room temperature for 30 min with agitation.

19. Wash twice.

20. Add 150 µl Luminex Sheath Fluid to resuspend the magnetic beads

21. Shake the plate for 5 min
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22. Run on a Luminex 200.

Charcoal-Dextran Stripped Fetal Bovine Serum 

For 1 Liter FBS 

1. Set serum bottle in 4 2-3 days prior to treatment

2. Autoclave centrifuge bottles day before needed. These bottles should only be

used for charcoal use afterwards

3. Have one water bath set at 37C

4. Set another water bath for between 56-59C with water level high enough to

meet serum level

5. On day of treatment warm serum bottle in 37 bath and store protected from

light. Keep lights off in culture room and hood (lights in main lab are ok).

6. Centrifuge a 50 ml portion of Charcoal-Dextran  (CD) @ 1,925 rpm for 5 min

7. Using aseptic technique, decant saline and discard. Add 25 ml serum to CD and

mix carefully with pipet until homogenous. It is easiest to mix some then pipet it

into the serum bottle and pipet out another 25 ml and so on.

8. Once all the CD is in the serum bottle cap the bottle tightly and parafilm seal the

cap. Mix well by shaking and place bottle in 56-59C bath. Set a timer for 6

minutes and one for 45 min.

Total incubation time is 45 min, assuming 15 minutes for the serum to reach

56C plus 30 min for incubation at 56C. The temperature must remain at or

above 56C for at least 30 minutes.

9. After 6 minutes mix serum well by inverting the bottle and swirling several

times.

Place serum back in bath and continue to mix every 6 minutes until the 45 min is

up.

10. Using aseptic technique mix and transfer to centrifuge bottles (2-6 bottles)

adjusting so the volume will be equal in each pair of bottles. Cap bottles and

centrifuge at 4C for 30 min at 3,600 rpm. (If you want to CD strip the serum 2

times go back to step 7 at this time and repeat from there).

11. Decant serum gently, avoid transferring CD lines, and transfer to a second set of

centrifuge bottles. (Alternatively, transfer serum to an autoclaved bottle and rinse

centrifuge bottles with water and ethanol, shake out excess ethanol).  Transfer

serum to bottles in equal amounts and centrifuge at 4C for 30 min at 4,400 rpm.

12. Label 50 ml tubes with CDFBS and the date.

13. Combine all serum into an autoclaved bottle and then filter through a 0.22m

filter using a vacuum filter.

14. Aliquot into 50 ml tubes.

15. Store at -20C.  Serum is stable for up to 2 years at -20C.

16. To disinfect centrifuge bottles used for CD rinse any remaining CD out and then

soak in ethanol overnight and wash as normal.
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 ß-Catenin and EdU Co-Stain 

Adapted from Eunjoo Kim of Dr. Robert Chapkin’s Lab 

Antibody and reagents: 

Mouse monoclonal ß-Catenin antibody (BD Transduction, 610154, dilution 1:500)  

Donkey anti-Mouse Alexa Fluor 647 (Life Technologies, A-31571, dilution 1:200)  

Click-It Plus EdU Alexa Fluor 488 Imagine Kit (Invitrogen, C10637)  

ProLong Gold AntiFade + DAPI (Life Tech, P36931) 

Solutions (All filtered):  

Day 1:  

10mM sodium citrate (Sigma, S4641) 

Ethanol (KOPEC, V1001) 100%, 95%, 70%, and Xylene (Fisher, X2P-1GAL) 

dH2O (Gibco, 15230-170) (Nanopure fine, but filter it)  

TBST buffer (1x TBS with 0.1% Tween-20 (Sigma, P9416))  

10X TBS: 24.2 g Tris base (C4H11NO3) (JT Baker, 4109-01) + 80 g sodium chloride 

(NaCl) (Sigma, S3014)/1 L dH2O. Adjust pH to 7.6, store at 4 degrees.  

Donkey serum (Millipore, S30-100mL)  

0.05 M Tris-HCl buffer  

6.057 g Tris-HCl (JT Baker 4103-04)/1 L dH2O. Adjust pH to 7.6, store at 4 degrees.  

2% BSA in Tris-HCl buffer  

2g BSA (Sigma, A7030) + 100 mL 0.05 Tris-HCl buffer (pH 7.6) 

1x PBS  

3% Bovine Serum Albumin (BSA) in PBS, IgG Free (Sigma, A7030)  

1.2 g BSA/38.8 mL PBS 1x, shake/vortex well 

0.5% Triton X-100 (Sigma, 9002-93) in PBS  

225 uL Triton X-100/45 mL PBS 1x  

Other Materials:  

Slide Holders  

PAP Pen  

Metal Pot  

Dark moisture chamber  

Coverslip  

Nail Polish 

1st day 

Procedure: 

___ Prepare 1.2 L of 10 mM sodium citrate, pH 6.0 (3.52 g sodium citrate trisodium 

(C6H5Na3O7·2H20) in 850 ml H2O, adjust pH to 6.0 and then take final volume of 1.2 L). 

Preheat on hot plate by bringing to a boil at the level 10 on Thermolyne heat plate and 

once boiling, switch to level 5.9. **We want to make sure the solution is NOT bubbling 

at all once the tissues go in**  

Deparaffinization/Rehydration 

___ ___ ___ Xylene 3X 5 min 

___ Circle with PAP pen if needed **Make a thick circle and dry out completely** 

(Notes from LD: Since you need to apply PAP pen to a dry slide, you need to do this 
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immediately after the xylene step, once the slide is dry. Once the tissue has been 

rehydrated in water, you don’t want to let it dry out or you could produce staining 

artifacts.)  

NOTE: Do not allow slides to dry at any time during this procedure. 

___ ___ ___ 100% ethanol 3X 4 min 

___ ___ ___ 95% ethanol 3X 4 min 

___ ___ 70% ethanol 2 x 4 min 

___ ___ ___ dH2O 3X 3 min  

Antigen Unmasking:  

___ 20 min in sub-boiling citrate in metal pot.  

___ Cool metal pot for 20 min in tub of tap water. 

ß-Catenin labeling 

___ ___ dH20 2x 5 min 

___ ___ Wash slides in TBST 2X 5 min 

___ Blocking sol’n 40 min at RT: 5% donkey serum in TBST (47.5 mL TBST with 2.5 

mL donkey serum in coplin jar; filter in #1 Whatman paper)  

___ Prepare primary antibody: Anti ß-catenin (50 µL each) 

1:500 in 2% BSA in 0.05 M Tris-HCl buffer (pH 7.6)  

Per 3 sections: 3 mg BSA and 150 µL Tris-HCL  

Per 3 sections: 0.3 µL ß-catenin AB + 149.7 µL 2% BSA in 0.05 M Tris-

HCl=150 µL  

___ ___ Wash slides in 0.05 M Tris-HCl Buffer (pH 7.6) 2X5 min 

___ Tap serum off  

___ Put slides in the immune stain moisture chamber and add primary antibody  

___ Incubate overnight at 4oC in a humidified chamber  

Note: The solution beads up (on some steps) into a little ball. You have to really drag it 

with a pipet tip to cover the tissue. And you need to look very closely to make sure the 

outer edge is covered with solution to avoid artifact during imaging. 

2nd day 

___ ___ ___ Wash in 0.05 M Tris-HCl buffer (pH7.6) 3X5 min  

___ Prepare 2° antibody (LT donkey anti-mouse IgG – Alexa Fluor 647) 

Leave out 

1º Ab and 

Alexa 
Flour 

Negative

Negative control: leave 

out 1O Antibody (ß-
catenin) and Alex Flour 

(EdU) 
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       1:200 in 2% BSA in 0.05 M Tris-HCl buffer (pH 7.6) for 1 hr at RT. 

       Per 3 sections, 0.75 µl 2° Ab + 149.25 µl 2% BSA in 0.05 M Tris-HCl = 150 µl 

___ ___ ___ Wash slides in 0.05 M Tris-HCl buffer (pH 7.6) 3X5 min  

___ ___ ___ Wash slides in dH2O 3X5 min  

Edu assay for proliferating cells 

___ 3% BSA in PBS, wash (dip 3-4 times) 

___ 0.5% Triton X-100 in PBS, 20 min  

___ Prep Click-It Reaction Cocktail, Table. Add reagents in order. Store in the dark and 

use within 15 minutes. (Note: don’t use until indicated below!) 

Per 10 

sections 

Per __ 

sections 

10X Rxn buffer (D) 44  µl 

Water 396 µl 

CuSO4 (E) 10 µl 

Alexa Fluor (B) (leave out) 1.2 µl 

10X Rxn buffer additive (F) 5 µl 

Water 45 µl 

Total 500µl 

For negative control, omit Alexa. 

___ 3% BSA in PBS, wash (dip 3-4 times) 

___ Add 50 µl Click-It reaction cocktail to each sample, incubate 30 min RT, in the 

DARK box 

___ Tap off slide, 3% BSA in PBS wash (dip 2-3 times) 

___  PBS, 1 x 30sec 

Coverslip with ProLong AntiFade + DAPI. 

___ Coverslip using ProLong Gold Antifade. Tap off most liquid, apply a drop of 

Prolong below each section and coverslip. Let cure at RT in the dark overnight. Seal 

with nail polish for longer lasting imaging. Image using Cy5 (647) and FITC (488) 

filters. (Not Texas Red or TRITC) 

Antibiotic Cocktail 

Provided by Dr. Christian Jobin’s Lab, University of Florida 

For 1L solution (1X)  

Streptomycin - 2g/L  

Bacitracin - 1g/L  

Gentamycin 0.5g/L  

Ciprofloxacin 0.125g/L  

** Note: Antibiotics are light sensitive.  

First dissolved Streptomycin completely, followed by gentamycin. The strep and 

gentamycin dissolved completely. Then added the cipro- which turned the solution 

cloudy and lastly added the bacitracin (which has a slight yellowish tint) turned the 
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solution yellow tint (did not fully dissolved). Tiny particles will float around. Stir for at 

least 3-4 hours, or overnight with concentrated solution, wrapped in aluminum foil to 

protect from light.  

If having 4 cages or less, make 1X solution in ACS provided water. Making more 

concentrated solutions will decrease the solubility, but is still effective. If doing so, make 

sure to completely mix/shake bottle to ensure that when diluting the appropriate amount 

of antibiotics will be administered.  

Prepared a 2.5X solution (2L) and diluted to final concentration of 1X with ACS 

provided water (from water bottles).  

Exposed mice to antibiotic water in Red water bottles (provided by ACS) to protect 

antibiotics from light. After 3-4 days fresh antibiotic water needs to be added. After day 

7, regular water is added for 24 hours recovery, the following day, mice were gavaged 

with bacteria of interest.  

Fecal Transplant 

Required Materials: 

 Donor Mice for feces

 Sterile, empty fecal collection cages: 1/donor mouse

 Autoclaved forceps

 Anaerobic Jar

 Anaerobic BHI media

 Aliquoted in sterile test tube with butyl rubber stopper to collect feces.

 Additional volume required to prepare fecal slurry in anaerobic chamber.

 Gas Pack

 Anaerobic Chamber with scale, sterile inoculating loops, sterile test tubes with

butyl rubber stoppers and caps, etc. to prepare slurry.

 Syringes

 Gavage needles

 Mice receiving transplant

Aliquot Anaerobic BHI Media:  

Aliquot enough anaerobic BHI media into sterile test tube with butyl rubber stopper in 

anaerobic chamber to sufficiently cover desired number of fecal pellets. Example: About 

5 fecal pellets should be sufficiently covered in 1 mL of anaerobic BHI.  

Fecal Collection:  

Bring aliquoted BHI to animal facility in anaerobic jar.  

Place donor mice into individual, sterile, empty cages and allow them to defecate.  

As soon as the required number of pellets have been left in cage, collect feces from 

donors into anaerobic BHI or media (based on vehicle or other groups used). Use 

autoclaved forceps to collect feces. Avoid collecting fecal pellets that are exposed to 

urine. 

Quickly place collected pellets into tube containing anaerobic BHI.  
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Quickly return capped tube to anaerobic jar, and quickly add gas pack to minimize 

oxygen exposure.  

**LIMIT OPENING OF JAR AND TUBE AND CLOSE BOTH TIGHTLY AS SOON 

AS FECAL PELLETS ARE IN ANAEROBIC BHI. If BHI turned pink, it has been 

exposed to oxygen. Try again, performing collection more quickly.**  

Slurry Feces:  

Return anaerobic jar with tube containing feces to anaerobic chamber. Inside anaerobic 

chamber, weigh appropriate amount of feces and add to the appropriate volume of 

anaerobic BHI in a new, sterile test tube with butyl rubber stopper. Slurry with sterile 

inoculating loop until feces is well mixed in BHI.  

# Animals Receiving 

Transplant 

Weight of Feces Volume Anaerobic BHI 

6 0.2 g 1 mL 

Place tube of slurried feces back in anaerobic jar, and return to animal facility.  

Gavage Fecal Slurry:  

Gavage 150 uL of slurried feces per animal receiving fecal transplant. **Fecal slurry 

will be thick and difficult to gavage. Allow tube to settle before drawing up gavage dose 

from top of liquid to avoid clogging gavage needle.** 

Vehicle Gavage:  

Aliquot required volume of anaerobic BHI for vehicle gavage group. Gavage 150 uL 

anaerobic BHI per animal.  

Carnoy Fixation of Colon Tissue 

60 mL Ethanol, absolute (VWR 64-17-5)  

10 mL Acetic acid, glacial (VWR 64-19-7) 

30 mL Chloroform (EMD Millipore 67-66-3) 

**All mixing, fixation, transferring, etc. must be done in the chemical fume hood, and 

all waste must be disposed as hazardous waste.** 

Make fresh.  

Fix 1 cm proximal or distal colon pieces (in cassettes) with intact feces 2 h on ice 

Carefully pour off Carnoy’s, discard into waste bottle in hood 

Add 100% EtOH. Immediately change to fresh 100% EtOH and allow to sit for 20min 

Fresh 100% EtOH, allow to sit for 20 min 

Store cassettes immersed in fresh 100% ethanol at 4oC. Take to histology for further 

processing 

FITC-Dextran Gavage and Gut Permeability Assessment 

Provided by Yang-Yi Fan, Dr. Robert Chapkin’s Lab 

Materials: 

FITC-dextran (Sigma, #FD4) 

Prepare 80 mg/ml FITC-dextran in sterile 1x PBS. (Can be prepared ahead of time, 

store at 4°C, prevent from light) (1g in 12. 5 mL) 
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Procedure: 

Fast mice overnight3,4 prior to gavage FITC-dextran (keep water). (Use 1 extra mouse 

without FITC-dextran as background control) 

Gavage FITC-dextran to each mouse (600 mg/kg, BW). (eg: 7.5 µL of 80 mg/mL stock 

/g BW) A gap of 10~15 minutes (depends on how fast the sample collection at 

termination) between each mouse is recommended for FITC-dextran oral gavage.  

After 4 hours, collect the blood using a 1 ml syringe with 25 G needle by cardiac 

puncture, then kill the mice by cervical dislocation. At least 300~400 ul of blood are 

needed in order to get enough serum for the next step. 

Let the blood clot for 30-45 min at RT. Spin at 12,000 g for 4 min at RT.  

Transfer the serum to a new pre-labelled tube. Aliquot to 2 tubes (120 µL and the 

remaining). Keep at 4°C.  

Once all samples are collected, dilute the 120 µL samples tubes with equal volume of 

PBS. (Store the other set of tubes at -80°C for other assay) 

Add 100 ul of diluted serum to a 96-well microplate in duplicate. 

Determine the serum concentration of FITC in a Fluorometer with an excitation 485 nm 

and emission 528 nm (20 nm band width) using as standard serially diluted FITC-

dextran* (0, 125, 250, 500, 1000, 2000, 4000, 8000 ng/ml). Serum from mice not 

administrated with FITC-dextran is used to determine the background.  

*FITC-dextran serial dilution from the stock [80 mg/mL]:

100x dilute stock in PBS => [800,000 ng/mL] S0

100x dilute S0 in PBS => [8,000 ng/mL] S1

2 fold serial dilute from S1 to S7 => [4000, 2000, 1000, 500, 250, 125 ng/mL]

Reference:

PMID: 27912750 (1), 28234358 (2), 28587416 (3), 24684847 (4).

Alcian Blue-Nuclear Fast Red Stain 

Adapted from Abcam ab245876 Alcian Blue PAS Stain Kit & Amy Ferrell 

Reagents:  

Xylene  

100%, 95%, 70% Ethanol  

dH20  

50 mL 3% Acetic Acid (from Abcam kit ab245876) 

50 mL Alcian Blue pH 2.5 (from Abcam kit ab245876) 

50 mL Nuclear Fast Red Stain  

5 g Aluminum Sulfate (Sigma, 368458) 

0.1 g Nuclear Fast Red (Sigma, N8002) 

100 mL dH20  

*Dissolve aluminum sulfate in water. Add NFR and slowly heat to boil and cool. Filter

before use.

Permount
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Procedure: 

NOTE: Filter all reagents before use. Do not allow slides to dry at any time during this 

procedure. 

Deparaffinization/Rehydration: 

___ ___ ___ Xylene 3 X 5 min 

___ ___ ___ 100% ethanol 3 X 4 min 

___ ___ ___ 95% ethanol 3 X 4 min 

___ ___ 70% ethanol 2 X 4 min 

___ ___ ___ dH2O 3 X 3 min  

Stain:  

___ Acetic Acid Solution (3%) 2 min  

___ Tap off excess Acetic Acid Solution (3%) 

___ Alcian Blue (pH 2.5) 30 min 

___ Rinse in running dH2O 2 min 

___ ___ dH2O 2 X 2 min  

___ Nuclear Fast Red Stain 10 min  

___ Rinse in running dH2O 2 min 

___ ___ dH2O 2 X 2 min  

Dehydration/Clearing:  
___ ___ 70% ethanol 2 X 4 min 

___ ___ ___ 95% ethanol 3 X 4 min 

___ ___ ___ 100% ethanol 3 X 4 min 

___ ___  Xylene 2 X 2 min 

Mounting: 

___ Coverslip using Permount. Tap off most liquid, dry slide with Kim wipe, apply a 

drop of Permount below each section and coverslip. Let cure at RT overnight. Seal with 

nail polish the next morning for longer lasting imaging.    




