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ABSTRACT

Consumption of a Western Diet Enhanced Colitis-Associated Colorectal Cancer and
Dysbiosis of the Fecal Microbiome in Mice Notwithstanding Dietary Intervention
or Fecal Microbiome Transfer
by
Daphne M. Rodriguez, Doctor of Philosophy

Utah State University, 2023

Major Professor: Dr. Abby D. Benninghoff
Department: Animal, Dairy, and Veterinary Sciences

Consumption of the total Western diet (TWD) in mice has been shown to increase gut
inflammation, promote colon tumorigenesis and alter the fecal microbiome composition
compared to mice fed a healthy diet, AIN93G (AIN). However, it is unclear whether the gut
microbiome contributes directly to colitis-associated colorectal cancer (CAC) in this model. The
overarching goal of this dissertation was to better understand the influence of gut microbiome on
CAC development by modulating the microbiome via dietary intervention or fecal microbiota
transfer (FMT). In the first project, the objective was to study if dietary supplementation with
black raspberries, rich in anti-inflammatory anthocyanins, would ameliorate Western-diet
enhanced gut inflammation and colon tumorigenesis. In a pilot study and follow-up experiment,
we employed a mouse model of CAC to determine the effects of dietary supplementation with
whole, freeze-dried black raspberry (BRB) powder in male C57BL/6J mice fed either the
standard AIN diet or the TWD. Supplementation with BRB reduced tumor multiplicity and
increased colon length, irrespective of the basal diet; however, BRB consumption did not
significantly affect colitis symptoms or reduce colon inflammation or mucosal injury based on

histopathological findings. Alternatively, BRB intake increased alpha diversity, altered beta



v
diversity and changed the relative abundance of various bacteria families, including some taxa
with purported health benefits. The objective of the second study was to determine whether
dynamic FMT from host mice fed either AIN or TWD basal diets would alter colitis symptoms or
colitis-associated CRC in recipient mice, which were fed either AIN or TWD directly using a 2x2
factorial experiment design. Briefly, FMT from mice fed either basal diet with differing colitis or
tumor outcomes did not shift colitis symptoms or colon tumorigenesis in recipient mice,
regardless of the basal diet they consumed. These observations suggest that the gut microbiome
may not contribute directly to the development of disease in this animal model. Overall, results
from these two experiments using different intervention approaches to shift the gut microbiome
suggest that the basal diet is the primary driving factor of gut inflammation and promotion of
tumorigenesis in this mouse model of CAC.

(237 pages)



PUBLIC ABSTRACT

Consumption of a Western Diet Enhanced Colitis-Associated Colorectal Cancer and
Dysbiosis of the Fecal Microbiome in Mice Notwithstanding Dietary Intervention

or Fecal Microbiome Transfer

Daphne M. Rodriguez

Major Professor: Dr. Abby D. Benninghoff
Department: Animal, Dairy, and Veterinary Sciences

In a rodent model of inflammation-associated colorectal cancer, consumption of a
Western-style diet increases gut inflammation and enhances risk of developing colon tumors. The
goal of this dissertation was to understand the contribution of bacteria within the large intestine
on colon inflammation and colon tumorigenesis. Two pre-clinical animal studies were performed
using two different intervention strategies to shift the microbiome, and potentially gut
inflammation and tumor development: 1) an experiment using dietary supplementation with black
raspberries, a functional food enriched in bioactive anthocyanins with purported anti-
inflammatory activity, and 2) an experiment using fecal microbiota transfer from mice fed a
healthy diet with low symptoms of colitis or mice fed a Western diet with severe symptoms of
colitis to recipient mice fed either the healthy or Western diet directly. Dietary supplementation
with black raspberries did reduce colon tumor number, irrespective of the basal diet, and caused
significant shifts in the composition of the gut microbiome. Fecal microbiota transfer from mice
with severe colitis did not exacerbate colitis in recipient mice fed a healthy diet, nor did transfer
from mice with low symptoms protect mice fed a Western diet. However, for both experiments,
we determined that the basal diet fed to the recipient mice was the driving factor affecting the gut

inflammation and colon tumorigenesis.
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CHAPTER 1

REVIEW OF THE LITERATURE

1.1 Colorectal Cancer Statistics and Major Risk Factors

After lung cancer and either prostate or breast cancers, colorectal cancer (CRC) is the
third leading cause of cancer-related death in the United States [1], with an estimated 52,580
deaths and 106,180 new cases in 2022 [2]. Recently, the National Cancer Institute reported an
increase in CRC in young adults 20 to 39 years of age [3]; this increase coincided with a decline
in incidence among older age groups, thus lowering the median age of CRC diagnosis to 66 years
[4]. CRC disproportionally affects men worldwide, as men are diagnosed with CRC at a rate 44%
higher than women, and the mortality rate is 25% higher in men compared to women [5].
Approximately 30% of CRC patients report having a family history of the disease or colon
adenomatous polyps in one or more first-degree relatives, resulting in future generations
experiencing a 4- to 6-fold higher risk of developing the disease [6]. The presence of other
chronic diseases doubles the risk of developing CRC [7], such as obesity, characterized by
individuals being excessively overweight, or ulcerative colitis (UC), a type of inflammatory
bowel disease (IBD) restricted to the colon mucosa [8]. Various lifestyle factors also increase
CRC risk, including lack of exercise, tobacco use, excessive alcohol consumption and poor diet
[9]. A meta-analysis reviewed 116 articles and determined a positive correlation between
developing colorectal cancer and excess alcohol consumption, family history of colon polyps,
presence of inflammatory bowel disease or obesity, smoking and consumption of red meat [10].
A combination of these factors can further increase CRC risk as a global epidemiological review
reported up to 50% higher CRC risk when an individual combines a sedentary routine with a high
body mass index (BMI) [11]. Additionally, patients diagnosed with IBD have a 2.93-fold greater

risk of developing CRC compared to healthy controls, suggesting the importance of gut
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inflammation in the etiology of CRC [10]. Several factors were correlated with a decrease in CRC
risk including whole food consumption, physical activity and aspirin use.

The 5-year survival rate for CRC patients is 90%, contingent on early detection of disease
and mass localization. As the disease advances, the probability of survival decreases to 70%,
depending on the regionality of the mass; survival rates fall to 15% for patients with metastatic
disease [12]. Furthermore, CRC survival rates are disproportionately lower in individuals from
low socioeconomic and poorly educated communities [9]. Patients with CRC normally require
surgery and chemotherapy as treatment for all stages of the disease and endure the second-highest
expenditure in clinical oncology [13]. In addition, cancer survivors lose an average of $1,000
annually due to reduced work productivity originating from an increase in disease-related sick
days and employment disabilities [14]. Detection of CRC in younger age groups, poor survival
rates for those diagnosed with advanced disease, the high financial burden and a variety of
modifiable behaviors support research efforts focused on developing preventative strategies to
combat colorectal cancer.

Colorectal cancer occurs in the large intestine with approximately 60% developing in the
colon and 38% in the rectum [15]. As the largest section of the intestine, the colon tissues
facilitate water and electrolyte absorption and the secretion of mucus to maintain the protective
mucus layer. Microorganisms, especially bacteria, inhabit this mucus layer and are essential for
the degradation of undigested dietary material. The colon intestinal wall is composed of four
layers including the serosa, muscularis, submucosa and mucosa; the mucosa is in direct contact
with the colon lumen and its components [16]. The mucosa layer is divided into inner and outer
layers. The outer mucosal layer creates an environment ideal for microorganism attachment and
survival which in turn provides generous amounts of vitamins and other micronutrients, regularly
absorbed by the host. On the other hand, the inner layer is highly dense and provides a protective

barrier between host cells and foreign microorganisms [17]. Disruption of the colonic



microenvironment can trigger a low-grade inflammatory response similar to the chronic low-
grade inflammation described in other tissues of patients with other non-communicable diseases
including type 2 diabetes, cardiovascular disease, depression, autoimmune diseases,
neurodegenerative disease, osteoporosis, immunosenescence and cancer [18].

CRC takes years to progress due to all the oncogenic modifications the colonocytes must
sustain to reach a balance with the microenvironment necessary for survival, giving rise to
various windows of opportunity to develop preventative therapeutics [19]. Preventative therapies
for CRC may target carcinogenesis at different stages of the cell cycle to prevent the initiation of
cell proliferation and block the progression of cell growth or before the development of
metastasis. A general example is the consumption of non-steroidal anti-inflammatory drugs
(NSAIDs) to reduce inflammation in the colon of humans and animal models [20].

The risk of developing CRC during a lifetime in the general population is as low as 5%;
however, up to 30% of all CRC patients have a family history of polyps or cancer [21].
Furthermore, only about 5 to 10% of colorectal cancer burden is inherited in an autosomal
dominant nature [22]. Subtypes of hereditable CRC include familial adenomatous polyposis
(FAP) and MY H-associated polyposis (MAP) characterized in 1% of CRC patients and lynch
syndrome characterized in 3% of CRC patients [23]. Approximately 88-94% of CRC develops
spontaneously via chromosome instability (CIN), which affects 65% of CRC cases, or
microsatellite instability (MSI) pathways, affecting 15% of CRC cases and described in patients

with Lynch syndrome [24].

1.2 Molecular Aspects of Colorectal Cancer
1.2.1 Cancer-Critical Gene Pathways

In 1990, Fearon and Vogelstein [25] proposed the multi-hit model of carcinogenesis,
which requires multiple mutations for the disease to progress from an initial mutating event to the

development of neoplasia and ultimately cancer. The multi-hit model describes how new



mutations (“hits”) can confer new capabilities on the neoplastic cells. Tumor development
requires that neoplastic cells acquire the capacity for prolonged survival, evasion of growth
suppressors and immune responses, constant proliferation, induction of angiogenesis and
replicative immortality. Ultimately, as the disease progresses, neoplastic cells become cancerous
and acquire the ability to invade surrounding tissues, ultimately establishing metastases at distant
locations within the body [26]. Cancerous cells have the ability to constantly multiply by
producing growth factor ligands that stimulate cell proliferation via autocrine or paracrine
signaling [27]. Tumor cells have a higher expression of growth factor protein receptors, which
also stimulates sustained cell proliferation [28]. Mutations in genes responsible for activating the
negative feedback loop, such as the Ras GTPase, which regulates active Ras signaling, lead to
uncontrolled cell proliferation [26]. Another cancer-critical pathway involves PTEN, which
functions as a tumor suppressor gene by controlling PI3K signaling pathways; loss-of-function
mutations in PTEN can lead to inappropriate activation of PI3K signaling and aberrant cell
growth and survival [26]. Transcription factor protein pS3, considered the guardian of the
genome, regulates cell proliferation by activating senescence, arresting cell growth or initiating
apoptosis through intrinsic (mitochondrial pathway) or extrinsic mechanisms (death receptor-
induced apoptotic pathways) [29]. In CRC, TP53 is mutated in 43% of tumors, normally observed
as missense mutations, resulting in loss-of-function of p53 which promotes cancer cell
proliferation [30]. DNA damage, growth factors, hypoxia, oncogene activation, nutrient
deprivation and oxidative stress are some of the stress signals that normally stimulate cell cycle
arrest by activating the apoptotic functions of p53 [31].

Neoplastic cells must send molecular signals that avoid apoptosis (e.g., P53) or that
promote cell proliferation (e.g., TGF) [26]. Tumor cells avoid apoptosis through various
pathways including loss-of-function mutations in proteins, such as P53, or an increase in the

expression of antiapoptotic proteins, such as BCL-2 and BCL-X;.. Additionally, reduced



expression of proapoptotic proteins including BAX, CIMA and PUMA, enhances the secretion of
survival proteins such as IGF1/2 [26]. Likewise, tumor cells must escape replicative senescence
by the preservation of telomeres, known as regions of repetitive nucleotide sequences that
normally protect chromosome ends. In a healthy cell, telomeres shorten with every cell
replication until their complete loss signals for cessation of cell divisions. Cancer cell survival
often requires upregulation of telomerase activity, which elongates short telomeres and permits
constant cell growth [32]. Finally, as tumor cells grow and multiply, cells require higher
quantities of available nutrients and oxygen which triggers the formation of new blood vessels.
Activation of matrix metalloproteinase genes involved in the inflammatory response and
remodeling of the extracellular matrix (e.g., MMPY) are implicated in angiogenesis regulation
including vasculogenesis and lymphangiogenesis. MMP9 activation promotes endothelial cell
migration and can be induced by angiogenic factors such as vascular endothelial growth factors
(VEGF), also releasing VEGF during carcinogenesis [33,34]. As the tumor microenvironment
stabilizes for cell replication and invasion, the tumor cells must also evade identification by the
immune system. Furthermore, the interaction between tumor-promoting cells and the immune

system can be influenced by the gut microbiome population, as discussed below.

1.2.2 Wnt/f-Catenin Pathway

In 2012, a comprehensive characterization of CRC found that up to 80% of tumor tissues
expressed mutations in the adenomatous polyposis coli (4PC) gene, while 93% had altered Wnt
signaling pathways [35]. Mutations in the APC gene are responsible for the FAP phenotype and
maintain an essential role in sporadic cancer development in connection to the Wnt pathway.
While APC proteins participate in various cellular functions including cell adhesion and
migration, signal transduction, assembly of the mitotic spindle and chromosome segregation, the
main cancerogenic role seems to come from its capacity to regulate -catenin levels [36]. Wnt

signals normally regulate the activation of genes critical for cell proliferation and cell cycle, such



as MYC and CCND1 [37]. Two Wnt pathways exist, the B-catenin independent non-canonical
pathway responsible for cell movement during morphogenesis [38] and the canonical B-catenin
dependent pathway, notably studied for its complexity. B-catenin is regularly destroyed by a
protein complex via phosphorylation and ubiquitination resulting in proteasome degradation [39].
Activation of the Wnt signaling pathway prevents the complex from forming, which grants 3-

catenin access to translocate to the nucleus, further activating and silencing target genes [39].

1.2.3 Chromosome Instability Pathway

The majority of CRC cases are characterized by chromosomal instability (CIN), a type of
genome instability in which whole chromosomes or portions of chromosomes are either lost or
duplicated. Colon tumors that initiate via the CIN pathway are regularly characterized by base
deletions or insertion or the loss of chromosomal heterozygosity [40]. Karyotypic irregularities
coupled with mutations initiate tumorigenesis by activating oncogenes (i.e., KRAS and BRAF),
and silencing tumor suppressor genes (i.e., APC and TP53) [41]. As CRC advances, mutational
inactivation of the APC gene is generally followed by an accumulation of mutated genes
including KRAS, PI3K, SMAD2, SMAD4, and TP53 [42]. CIN tumors develop in this stepwise
manner, as the cell takes multiple hits [41]. A tumor that develops through the CIN pathway
typically acquires mutations in the APC gene early on in disease development [41]. The APC
gene is responsible for regulating cell growth [36]. Next, mutations in the oncogene KRAS lead to
aberrant cell proliferation [41]. Finally, the inactivation of the tumor suppressor gene 7P53 is
observed in the advanced stages of CIN tumors [41]. Moreover, the 7P53 gene is commonly
mutated in various cancer types and has been correlated with early-onset CRC [43]. The loss of
function of tumor suppressor genes requires a bi-allelic loss. Common genes normally mutated in
spontaneous cancer include 7P53, APC, and DCC/SMAD [44]. Various molecular mechanisms

controlling mutation, activation or deactivation of critical pathways involved in cancer



development are being studied giving way to therapeutic opportunities for preventing CRC

Initiation.

1.2.4 Microsatellite Instability

Microsatellites are short, repetitive segments of DNA scattered through non-coding
regions of the genome. Microsatellite instability is caused by mutations in DNA mismatch repair
(MMR) genes, such as MLHI, MSH2, MSH6, and PMS?2 [45]. Normally, MMR proteins function
to repair errors that occur during normal DNA replication. However, mutations in the MMR
pathways can lead to the replication of improperly matched DNA and the accumulation of
sequence errors that result in further genetic irregularities [46]. Tumors that develop via the MSI
pathway express higher mutations in the BRAF gene and fewer abnormalities in APC and TP53
genes, which are typically mutated in tumors arising from chromosome instability pathways [47].
Most MSI tumors have mutations in the 7TGFBR2 gene that cause structural changes in the
receptor, thus preventing the binding of its ligand [48]. Appropriate binding of TGF to its
receptor induces cell death by apoptosis; however, the mutation-induced aberrant structure of this
receptor can lead to upregulation of cell proliferation [49]. Tumors originating via MSI are
reported in relatively fewer patients, although these tumors develop more rapidly than the
alternative CIN pathway. Excess MSI in colon tumors is associated with a hypermutable
environment and shorter progression time, with the disease developing in a few years as
compared to a few decades in patients without MSI [24]. Cases of CRC characterized by MSI
typically have a favorable prognosis due to highly successful immune checkpoint co-inhibitory
drugs targeting the programmed cell-death receptor 1. These drugs outcompete the natural tumor
ligand that suppresses T-cell activity leading to reactivation of T-cell effects promoting antitumor

immune response [19].



1.2.5 CpG Island Methylator Phenotype

Another distant molecular subtype of CRC is the CpG island methylator phenotype
(CIMP). CpG islands are clusters of cytosine and guanine linked by a phosphate located in
promoter regions of genes. Hypermethylation by DNA methyltransferase (DNMT) causes
epigenetic silencing of these CpG-rich regions [50]. Hypermethylation of CpG islands inactivates
tumor suppressor genes, such as MLH1, leading to CRC development. Silencing of CpG island in
combination with mutations of oncogenes BRAF and KRAS results in abnormal mass formation

[47].

1.2.6 Molecular Subtypes of Colorectal Cancer

In 2015, the College of American Pathologists declared four consensus molecular
subtypes (CMS) of CRC with differing features, as follows: 1) CMSI1 present in 14% of all
cancer described as MSI immune pathway, demonstrates hypermutation, deficient MMR,
microsatellite instability and strong immune activation; 2) CMS2, present in 37% of cancers, is
characterized as the canonical pathway revealing high chromosomal instability, and WNT and
MY signaling activation; 3) CMS3, present in 13% of cancer, is considered the metabolic
pathway that exhibits KRAS mutations and metabolic dysregulation; and 4) CMS4, present in
23% of cases, known as the mesenchymal pathway, presents with CpG hypermethylation, TGF[3

activation, angiogenesis and stromal invasion [44].

1.3 Immune System, Inflammation and Cancer

1.3.1 Colitis-Associated Colorectal Cancer

Approximately 20% of all cancers can be linked to pre-cancerous inflammation [51], and
CRC is no exception as chronic inflammation of the colon is a major contributing factor to the
development of this disease. An estimated 3 million people suffer from IBD in the U.S., including

patients diagnosed with UC and Crohn’s disease, resulting in an overall healthcare cost of more



than $1.7 billion [52]. IBD patients with prolonged colitis, pan-colitis or severe intestinal
inflammation are at high risk for developing CRC [53,54].

The progression of both spontaneous CRC and colitis-associated CRC (CAC) occurs in a
dysplasia-adenoma-carcinoma sequence [55] requiring multiple (epi)mutations and chromosomal
instability as outlined above. However, in colitis-associated disease, these mutations generally
occur at a faster pace, more frequently and in an apparently different sequence with respect to
spontaneous CRC. Importantly, inflamed colon mucosa tissues exhibit abnormalities in cancer-
critical pathways before these tissues show signs of dysplasia or cancer, with elevated oxidative
stress a likely major contributing factor. For example, reactive oxygen (ROS) and nitrogen
species (RNS) can lead to aberrant signaling of P53, DNA mismatch repair proteins, and
methylation pathways [56]. Importantly, in CAC, mutations to 7P53 often precede the loss of
APC function, which normally occurs later in the progression of the disease [53].
Proinflammatory pathways involved in the pathogenesis of colitis-associated tumor initiation
include COX2/PGE2, NFxB, IL6/STAT3, and IL23/Th17 signaling pathways providing
inflammatory mediation and influence over the tumor microenvironment [57]. The tumor
microenvironment is composed of tumor stem cells, extracellular matrix, fibroblasts,
lymphocytes, tumor-infiltrating macrophages, and local microbiota which maintain constant
communication with each other [58]. The diverse cells within this microenvironment
communicate through an autocrine or paracrine manner via chemokine and cytokine production
providing structure and control of tumor growth [51]. Thus, the acceleration of cancer
progression in colitis-associated cancer is likely a consequence of high levels of inflammation
and the consequent increase in cell proliferation rate that is pervasive in the colon mucosa.

Endogenous ROS, a subset of free radicals, are primarily produced from the
mitochondrial respiratory chain and organelles, such as the endoplasmic reticulum, peroxisomes,

and the nucleus, via electron leakage for biological defense against pathogenic agents [59].
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Reactive oxygen species, including superoxide (O»-), hydroxyl radical (OH"), peroxyl (ROO"),
alkoxyl (RO"), and hydroperoxyl (HOQO"), potentially damage protein structures, lipids, and DNA
through oxidative reactions [60]. Oxidative stress, or overproduction of reactive species,
contributes to the development of IBD and subsequent tumor formation via damage to the
mucosal layer of the colon increasing membrane permeability, granting pathogenic and

opportunistic bacteria access to epithelial cells, and enhancing immune response [61,62].

1.3.2 Immune Signaling Pathways and Cancer

The immune system of mammals consists of a network of cells responsible for the
prevention, elimination and removal of pathogenic bacteria, toxins, viruses and damaged tissue,
among others. The immune system can be divided into two components: 1) innate immunity, a
defense mechanism consisting of physical barriers and non-specific front-line immune cells and
other molecules that attack invaders within hours, and 2) adaptive immunity, a specific and long-
term recognition defense mechanism [63]. Various front-line immune cells reside throughout the
body including neutrophils, basophils, eosinophils, natural killer cells (NKs), mast cells and
sentinel cells. Sentinel cells, such as monocytes, macrophages and dendritic cells (DCs), function
to recognize pathogens and damage tissue initiating an immune response. Sentinel cells can be
found in various tissues mainly in places of high infection risk, such as the mucosa of the lungs
and gut. Macrophages, dendritic cells and mast cells express pattern recognition receptors
(PRRs). Four subtypes of PRRs have been identified including membrane-bound toll-like
receptors (TLRs), C-type lectin receptors, cytosolic NOD-like receptors (NLRs) and retinoic
acid-inducible gene-like receptors (RLRs) [64]. These receptors recognize molecular patterns
such as bacterial antigens known as pathogen-associated molecular patterns (PAMPs) and
endogenous danger signals molecules released by host cells recognized as damage-associated

molecular patterns (DAMPs) [65].
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Of particular interest, TLRs are expressed in innate immune cells, including DCs and
macrophages. TLRs are transmembrane receptors localized on the cell surface that recognize
bacteria-derived lipopolysaccharides (LPS), as in the case of TLR4. Most toll-like receptors share
the same immunological pathway which activates transcription factors such as NFxB, AP1 and
interferon beta (IFNP) [66]. Activation of TLR2, TLR4 or TLR6 leads to recruitment of the
toll/IL-1 receptor (TIR) domain-containing adaptor protein MyD8S to the intracellular domain of
the receptor, triggering an intracellular signaling pathway which leads to NFxB activation and
induction of gene expression for a variety of inflammatory cytokines [67]. Activation of the
NFxB signaling pathway first requires inactivation and degradation of its inhibitor IxB kinase
(IKK), which then allows for translocation of active NF«xB to the nucleus where this transcription
factor induces transcription of 7NF, IL6 and /L1, among others [68]. TNFa binds to the TNF
receptor and induces the production of free radicals and proangiogenic chemokines [69,70].
NFxB activated IL6 recruits and phosphorylates Jak2 which mediates STAT3 and then proceeds
to enhance apoptotic expression of BCL2 and BCLXy, which stimulate cell survival and
proliferation [71]. IL6 also activates RAS/ERK and PI3K/AKT pathways leading to increased
cell proliferation and survival [71]. Moreover, TGFp signals reduce IL6 secretion and inhibit
tumor development. Contrarily, the suppression of TGF[3 signals promotes L6 secretion which
activates STAT3 encouraging tumor growth [72]. CRC patients have high levels of serum IL6
[73] and express mutations in TGF[ receptor 11 (TGF(2) [74]. Normally, the activation of TGF[32
receptors promotes the phosphorylation of SMAD2/3 which then binds with cytosolic SMADA4.
The SMAD complex then translocates to the nucleus and is involved in cell growth regulation
and development [75]. Furthermore, IL6 activates peroxisome proliferator-activated receptor
gamma (PPARGJ) through the PI3K/Akt signaling pathway, which is a downstream target of the
COX2/ PGE; pathway that contributes to inflammation via a self-amplifying loop [57]. High

levels of IL6 expression in macrophages, DCs and T-cells are observed in the murine model of
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CAC during tumor formation [76]. Furthermore, interleukin 1 (IL1) family cytokines bind to IL1
receptors, which also harbor TIR intracellular domains and similarly activate the
MyDS88/IRAK/NFxB pathway leading to cell survival and proliferation [77,78].

The immune system responds to cancer cells similar to viral infections. Three ways the
immune system interacts with tumor cells include: 1) elimination of the tumor cells; 2) greater
elimination of highly immunogenic tumor cells while low immunogenic tumor cells survive; or 3)
tumor cells are completely unaffected by the immune system [79]. The immune response depends
on whether the tumor antigens are recognized as self or non-self peptides. Sentinel cells recognize
tumor antigens either through a foreign, mutated peptide, reactivation of embryonic cells which
are not normally expressed in adult cells or overexpression of a self-peptide. Examples of this
include the overexpression of large transmembrane mucin glycoprotein 1 (MUC1) in
adenocarcinomas compared to healthy tissue [80]; or through neoantigens that originate from
mutations in regulatory oncogenes and tumor suppressor genes (KRAS, BRAF, TP53, PIK3CA)
[81]. Otherwise, cells can express MICA/B proteins which function as stress ligands for NKs and
gamma-delta T cells (y3-T cells) [82]. During immunosurveillance, neoantigens and DAMPs
amplify the innate immune response, recruiting effector cells via cytokine secretion, including
IL1 and TNFa [83]. Macrophages and DCs engulf tumor cells through phagocytosis. While NKs
secrete interferon-gamma (IFNy), a pluripotent antitumor cytokine [84], which creates a positive
feedback loop that recruits more NKs and activates macrophages. Macrophages can be activated
into two functional states. M1 macrophages are classically activated macrophages by IFNy and
TNFa, which produce proinflammatory and immunostimulatory cytokines such as IL12 and IL23.
M1 macrophages find and destroy phagocytosed tumor cells and stimulate T-cell type 1 response.
Contrarily, M2 macrophages are activated by cytokines IL4 and IL10 and are considered tumor-
associated macrophages (TAMs) [85]. After macrophages and DCs phagocytize tumor cells and

process tumor antigens, they activate T and B lymphocytes by presenting these antigens via major
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histocompatibility complex I or II (MHC-I/II). These antigen-presenting cells (APCs), which are
mainly DCs that contain higher quantities of MHC-peptide complex and costimulatory
compounds, travel to secondary lymphoid organs such as the lymph nodes, spleen and mucosal-
associated lymphoid tissue (MALT). In lymphoid organs, naive T-cells are activated into effector
cells. CD4 T-cells are activated by exogenous antigen presentation via MHC-II and function as
helper T-cells that recognize pathogens and trigger cytokine production. Whereas, endogenous
antigens are presented to naive CD8 T-cells via MHC-I, which differentiates into cytotoxic T-
cells that can directly kill infected cells [86]. Additionally, when B cells encounter antigens, they
can differentiate into memory cells or plasma cells that secrete immunoglobin A in the colon
mucosa [87].

Tumor cells need to not only evade immunosurveillance but also undergo immunoediting
for prolonged survival [88]. Immunoediting is characterized as tumor cells maintaining low
immunogenicity in the tumor microenvironment. Further, cells that survive this equilibrium phase
evolve to the escape phase in which tumor cells can proliferate without immune recognition [89].
Tumor-infiltrating macrophages can reprogram the tumor microenvironment into an
immunosuppressive state promoting cell proliferation, invasion and metastasis. In addition, colon
infiltration of TAMs activates the expression of cyclooxygenase-2 (COX-2), which in turn
generates prostaglandins (mostly prostaglandin E2) from arachidonic acid [90]. Prostaglandins
modulate several different cell signaling pathways via activation of specific membrane-bound G-
protein coupled receptors (EP1, EP2, EP3 or EP4), ultimately leading to modulation of multiple
cancer critical pathways (e.g., mitogen-activated protein kinase pathways, -catenin signaling,
AKT pathways, etc.) [91-94]. For example, prostaglandin E2 (PGE,) mediates COX2 in the
development of IBD and CRC by acting through cell surface receptors, primarily EP1 and EP3
[95]. Then PGE2 induces expression of CXC motif ligand 1 (CXCL1), a proangiogenic

chemokine that promotes microvascular tube formation and tumor growth [96]. COX2
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contributes to cell survival by inducing antiapoptotic protein production such as BCL2 and
elevated levels of MMPs, which increases malignant cell migration [97]. The high proliferative
state of cancer cells requires high nutrient intake, which deprives nearby healthy cells of access to
these essential components to support their own metabolism and growth, allowing tumor cells to
outcompete. In addition, cancer cells accumulate a high waste load and decrease locally available
oxygen. Locally high hypoxia lowers acidity, which forces infiltrating immune cells to endure
metabolic changes and promote tolerant phenotypes [98].

Although in most cases the specific cause of colitis is unknown, viral, parasitic and
bacterial infections can influence colitis symptoms. Rutter, et al. [99] made the critical
observation that recovery from colitis in IBD patients restored their CRC risk level to that of the
general population. Thus, intervention strategies to reduce colonic inflammation could markedly
reduce the risk of progression to CRC. Due to the enhanced inflammatory response associated
with IBD and CRC, anti-inflammatory therapeutics provided insight into possible prevention
strategies against these non-communicable diseases. Examples of nonsteroidal anti-inflammatory
drugs used as therapeutics for IBD and CRC, inhibit COX2. Upregulation of COX2 enhances
growth factors and secretion of proinflammatory cytokines [100]. In IBD patients, COX2
overexpression is observed during active inflammation and inflammatory-associated dysplasia in
the colon [101]. Additionally, the expression of COX2 was elevated in up to 85% of CRC
patients [97]. Finally, as reviewed by Gupta and Dubois, there is substantial evidence from
murine models of intestinal neoplasia that use of a COX2-selective inhibitor or deletion of the

COX2 gene suppresses colorectal cancer cell growth [97].

1.4 The Gut Microbiome
1.4.1 The Gut Microbiome and Gut Homeostasis
The intestinal tract is unique in that its structure consists largely of a continuous tube

within the body that encounters the external environment, thus making these tissues vulnerable to
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pathogens and toxins. The intestinal barrier system consists of several components, including a
physical barrier (mucosal layer) that harbors protective proteins, such as antibacterial peptides
and immunoglobin A (IgA). Further, intercellular tight junctions regulate the absorption of
dietary components via intra- and extracellular signals [102]. Particles can cross the epithelium
via passive permeability, transcellular transport, or extracellular transport through tight junction
regions between epithelial cells [103]. Tight junctions consist of transmembrane proteins
including claudin, occludin, tricellulin and junctional adhesion molecule-A [103]. Goblet cells in
the epithelial layer secrete mucus to form a thick protective layer known as the mucus layer. This
mucus layer provides a surface for immunoglobins and peptides to attach, which functions to
prevent bacterial contact and cellular translocation. In a healthy patient, maintaining a strong
epithelial barrier is essential to maintain gut homeostasis and protect from pathobionts in the gut
lumen. Impairment of the intestinal barrier can result in leaked toxins and microbial fermentation
byproducts from the colon lumen into the body. Weakening of the intestinal barrier leads to
irregular barrier function, intestinal inflammation and high gut permeability. Chronic gut
leakiness is linked to gut inflammatory diseases [104].

The microbiome is a vast collection of microorganisms that live in association with the
human body, including bacteria, viruses, fungi and protists that reside on various surfaces, such as
the skin, mouth, nose, lung, gastrointestinal tract and genital tract [105]. The microbiome of the
gastrointestinal tract is the most populated and diverse microbial niche associated with the human
body. The gut microbiome includes more than a trillion microorganisms with over three million
accumulated genes among them, 150-fold more than the human genome [106]. The human gut
microbiome is composed of more than 50 phyla with Firmicutes, Bacteroidetes, Actinobacteria
and Proteobacteria as the most dominant, composing 90% of the total microbial population [107].

The National Center for Biotechnology Information recently renamed these phyla as Bacillota,



16
Bacteroidota, Actinomycetota and Pseudomonadota, respectively, to improve systemic taxonomic
nomenclature [108].

Gut microorganisms maintain communication with the host via bacteria-derived
metabolites or through immunologic and endocrine signals. In a state of homeostasis, the
microbiome-host relationship is mutually beneficial, as microorganisms are provided with
undigested nutrients and the host is provided with fiber derived-short chain fatty acids (SCFAs),
anti-inflammatory lipids and microbially derived vitamins, such as K and B [109,110]. SCFAs
influence numerous cellular processes, such as histone acetylation, histone acetyltransferase,
epigenetic mechanisms and hormone release, while also providing energy for colonocytes
[111,112]. Moreover, the gut microbiome maintains bidirectional communication with the host
through the vagus nerve, called the brain-gut axis, which influences the host's mood and other
nervous system disorders [113]. The continuous interaction between the gut microbiome and host
epithelial cells is tightly regulated by a combination of secreted antimicrobial peptides such as
regenerating family member 3 gamma (Reg3y), and mucosal IgA harbored in the inner mucosa
layer [114]. The goblet cells in colon epithelial secrete MUC2 which creates a protective inner
barrier impenetrable to bacteria [115]. The presence of microbes is necessary for the mucus layer
to achieve mature structure and function. The mucosa layer is essential in host-microbiota
interaction and the host’s innate immune system [115].

Mammals have minimal to no interaction with microorganisms before birth. In utero, the
fetus is isolated within the mother’s womb from most environmental microbes and will
experience its first major exposure at birth. This exposure helps to kickstart the newborn’s
immune, metabolic, hormonal and nervous systems [116,117]. Newborns birthed through the
vaginal canal harbor large numbers of Lactobacillus spp. and Bifidobacterium spp., both
considered to be probiotics, which are bacteria that promote health and gut homeostasis [118].

Conversely, neonates born through cesarean section are first colonized with microbial populations
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predominated by species belonging to the Staphylococcus genus, a skin-related microbial family.
Cesarean births are associated with a higher risk of immune-related disorders later in life [119]. A
newborn’s microbiome fluctuates during the first three years of life, ultimately reaching an
equilibrium that remains relatively constant unless affected by external factors [120]. During the
first months of life, breast milk positively influences infant development and health. Breast milk
is composed of an ideal balance of immunoglobins, hormones and oligosaccharides [121]. Human
milk oligosaccharides modulate the immune system due to anti-adhesive properties and influence
the gut flora by stimulating levels of Bifidobacterium species, known to promote a healthy gut
microbiome [121]. The diversity of the colon microbiome can be influenced by other external
factors as the infant develops, such as living in rural versus urban settings, the presence of

disease, the use of antibiotics and the child’s diet [118].

1.4.2 Dysbiosis of the Gut Microbiome

Patients suffering from diseases characterized by chronic inflammation, such as obesity,
metabolic syndrome, CRC or IBD, present with a less diverse microbiome compared to healthy
individuals [122]. A disruption to healthy microbial communities leads to dysbiosis, an imbalance
in microbial populations that is associated with persistent inflammation, pathobiont invasion and
systemic disease [123,124]. Cross-sectional studies found that obese individuals had a higher
Firmicute-to-Bacteroidetes ratio compared to lean individuals [125]. However, a meta-analysis
found that studies correlating obesity with microbial communities had weak associations due to
confounding factors such as sample size and interpersonal variations [126]. Individuals with type
1 diabetes have a high abundance of Bacteroidetes, whereas type 2 diabetics have more
Proteobacteria and Firmicutes resulting in high quantities of SCFA production and increased
energy harvest [107]. The intestinal microbiome of patients with IBD or CRC differs from
healthy individuals in a variety of ways, including reduced gut microbial load, decreased

diversity, increased pro-inflammatory taxa, and alterations in the relative abundance of certain
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taxa [127-129]. A decrease in general microbial diversity and an increase in abundance of
specific taxa such as Enterobacteriaceae, Bacilli, Erysipelotrichaceae and Streptococcaceae, all
belonging to the Firmicutes phylum, is reported in the gut microbiome of IBD and CRC patients
[130]. Aside from general microbial profile shifts, overpopulation or depletion of certain taxa has
also been closely associated with non-communicable diseases [122]. Furthermore, the
microbiome of healthy tissues is different than tumor tissue at different developmental stages of
CRC giving light to the interaction between the gut microbiome and disease progression [131].

Repeated insult, whether by consumption of a nutritionally deficient diet or long-term
antibiotic exposure, can degrade the mucosal layer by decreasing MUC?2 production, secretion
and viscosity creating an unfavorable environment for existing taxa [132]. The reduction of
beneficial bacteria species grants pathogenic and opportunistic bacteria a chance to overpopulate.
Overpopulation of proinflammatory bacteria enhances the inflammatory response which causes
further loss of epithelial function and consequent high cell turnover [124]. In the colon, gut
microbiome composition directly influences the activation of certain transcription factors that
promote uncontrolled cell proliferation, facilitate evasion of apoptosis and induce inflammatory
cell infiltration. Jointly these factors promote a chronic inflammatory microenvironment that is
ideal for tumor development [133]. An association was found among host cells, host immune
system and gut microbiome (and metabolites), all of which have a dynamic role in tumor
microenvironment modulation [58].

Bacteria species drive colitis and other hallmarks of cancer by activating various pro-
inflammatory cytokine production and metabolic pathways. Secretion of pro-inflammatory
cytokines IL6, IL17 and IL22 are involved in the activation of NFkB and STAT3 which increases
cell proliferation, and anti-apoptosis proteins BCL2 and BCLX, essential for cell survival [134].
Ablation of bacteria-sensing TLR 2, 4, and 9 and their signaling adaptor MyD88 reduced

inflammatory cytokine production; this finding supports the hypothesis that bacteria are drivers of
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tumor-promoting inflammation when the bacterial surface barrier is compromised [135]. In
addition, changes in the environment increase the abundance of some bacteria that overproduce
genotoxins (e.g., colibactin from Escherichia Coli) or detrimental metabolites (i.e., secondary bile
acids or hydrogen sulfides broken down from diet) that lead to DNA damage in epithelial cells
and activation of Wnt/[3-catenin oncogenic signals [136].

Due to the high connection between CAC and IBD, it has been argued that pro-
inflammatory bacteria may be linked to colon tumorigenesis [137]. Martin et al. observed high
proportions of Proteobacteria and a low abundance of Bacteroidetes, coupled with increased
Enterobacteriaceae abundance in IBD and CRC patients compared to healthy individuals [138].
Furthermore, mucosa-associated adhesive-invasive E. Coli strains can invade the mucosa and
create cancer-driving ROS [139]. Additionally, Enterococcus faecalis, part of the Firmicutes
phylum observed in high levels in CRC patients, promotes colon inflammation via expression of
TGFp in intestinal epithelial cells leading to activation of SMAD signaling pathways [140,141].
In vitro, E. faecalis has been observed to generate extracellular superoxide and hydrogen
peroxide. ROS species induce DNA damage and increase mutations rate by upregulation of
COX2 [142]. In a cross-sectional study that characterized bacteria adherent to adenomas
compared to healthy tissue, researchers found a greater abundance of Dorea spp. and
Faecalibacterium spp. species and decreased Bacteroides spp. and Coprococcus spp. abundance
which increased the firmicute to Bacteroidetes ratio [143]. Associated with later stages of CRC,
enterotoxigenic Bacteroides fragilis (ETBF) produces toxins that cleave to E-cadherin proteins
and induce IL17 production [144,145]. Finally, Fusobacterium seems to be a key factor in the
colon tumor microenvironment as various strains are associated with primary tumors and
metastasis of colorectal cancer [146]. A 10-15% increase in Fusobacterium nucleatum has been
observed in various stages of colorectal cancer development [147]. High quantities of this taxa

are associated with high recurrence risk and decreased survival rates [147]. A connection between
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F. nucleatum and abnormal molecular features, including mutation in the BRAF gene and other
key mutations suggests that this taxon contributes to CRC development [148]. F. nucleatum
selectively binds to E-cadherin and then activates B-catenin signals within the colonic epithelium
which upregulate the expression of oncogenic and pro-inflammatory genes in mice and humans
[149]. F. nucleatum is associated with IL17A and TNFa production, both of which have
proinflammatory properties [150].

The knowledge gap lies in whether microbial shifts are a cause or consequence of
inflammatory disease development. In other words, is the tumor microenvironment providing a
hospitable environment for certain bacteria to colonize and thrive or is gut dysbiosis promoting
inflammation and early neoplasia? A variety of therapeutic strategies have been studied to alter
the composition and, hence, the function of the gut microbiome. These strategies include
prebiotics (substances that promote the growth of certain bacteria), probiotics (bacteria that
support gut health), postbiotics (nutrients and antimicrobial peptides that slow the growth of
harmful bacteria), antibiotics (drugs that kill certain bacteria) and fecal microbiota transfer.
Interventions with Lactobacillus and Bifidobacterium species have been shown to reduce levels
of pro-inflammatory cytokines, increase bacterial diversity and reduce CRC-associated taxa
[151,152]. Additionally, alterations of the gut microbiome happen concurrently with
inflammation onset revealing a great capacity for the gut to recover homeostasis in a longitudinal
IBD mice model [153]. Sharpton et al., observed similar significant changes in the taxonomical
and functional structure of the gut microbiome during IBD development in an established mouse
model correlating with immune activation [154]. These studies, as well as numerous others,
suggest that strategies to manipulate the gut microbiome may lead to favorable outcomes,

however, further evaluation of potential risks is needed.
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1.5 Animal Models for Gut Inflammation, Cancer, and the Microbiome
1.5.1 Models of Gut Inflammation

Laboratory rodents are the most common animal models for experimental research due to
physiological and genetic similarities to humans, accessibility and minimal husbandry
requirements. Different models are developed to mimic disease progression. IBD rodent model
types include chemical induction, cell transfer, spontaneous, congenital and genetically
engineered models. Genetically engineered mice can overexpress or lack certain genes critical in
inflammatory signaling; for example, IL10” mice and STAT3"" are knock-out models used to
study IBD susceptibility genes [155]. IL10 is a regulatory cytokine that, when knocked out, mice
spontaneously develop colitis at three months of age. Nucleotide-binding oligomerization domain
containing 2 (NOD?2) was the first susceptibility gene for Crohn’s disease discovered in 2001.
Mice deficient in NOD2 receptors were found to be in gut dysbiosis and experienced severe
colitis [156]. More recently, a large-scale genetic study employed data from 75,000 individuals
with onset IBD and identified 163 loci susceptible to IBD, of which 23 were unique to UC [157].
In addition to knockout models, chemical models are common in IBD research, such as the
administration of dextran sodium sulfate (DSS). DSS is a polymer of sulfated polysaccharides
that induces acute intestinal injury characterized by shortening of colon length, inflammation,
tissue loss, ulcerations and bloody stool. Administration of DSS in drinking water is documented
at various concentrations, from 1% to 5% (v/v), with varying time intervals of administration
[158]. C3H/HeJ mice have previously been observed to be more susceptible to DSS treatment
compared to other strains, such as the C57BL/6, while males tend to be more vulnerable
compared to females [155,159]. In contrast to most of the IBD models, chemically induced
models allow for an opportunity to follow the recovery process, including regulatory immune cell

development necessary for healing. While this chemical model of colitis is convenient and
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recapitulates many features of ulcerative colitis in humans, the variable protocols employed in

pre-clinical experiments in rodents may complicate comparisons across studies.

1.5.2 Models of Colorectal Cancer

Rodent models for CRC include spontaneous, chemically induced, syngeneic and
xenograft models (reviewed in [160]). The use of a chemically induced model of intestinal cancer
in rodents was first reported by Lorenz and Stewart in 1940 [161]; in this work, researchers used
chemical carcinogens dibenzanthracene or methylcholanthrene resulting in the development of
adenocarcinomas in the small intestine. Various chemical models of CRC have been developed
since, including use of 3,2-dimethyl-4-aminobiphenyl (DMAB); alkylnitrosamines such as N-
methyl-N-nitrosourea (MNU) and N-methyl-N-nitrosoguanidine (MNNG); 1,2-
dimethylhydrazine (DMH), azoxymethane (AOM), and 2-amino-1-methyl-6-phenylimidazo-4,5-
b-pyridine (PhIP), all of which must be metabolized to their respective bioactive forms [162].
AOM is a potent inducer of carcinomas in the large intestine of various strains of rats, such as the
F344 strain, and mice, such as the C57BL/6 and SWR/J strains [163,164]. Although DMH has
been frequently used in the past, its bioactive metabolite AOM has better chemical stability and is
highly effective at inducing colon carcinogenesis [165]. AOM is an indirect carcinogenic
compound that requires bioactivation by cytochrome P450 2E1 in the liver via N-oxidation,
which generates the mutagenic form, methylazoxymethanol (MAM) [166]. Of note, the response
of mice to AOM-induced CRC emulates the development of non-familial CRC in humans,
including the molecular pathogenesis [167] and the preponderance of polyps that form in the
distal colon, similar to tumors that form on the descending human colon [168]. In 2003, Tanaka et
al. described a new model of inflammation-associated CRC, in which male Crj: CD-1 mice were
injected intraperitoneally with AOM (10 mg/kg of body weight) and received 2% (w/v) DSS in
their water for seven days; these mice developed colonic dysplasia that progressed to the

development of colon adenocarcinomas at an incidence rate of 100% [169]. AOM is generally
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used coupled with DSS to represent the long-standing inflammation that is associated with the
increase of colorectal cancer development [162]. Chronic mucosal inflammation results in genetic
mutations, an increase in cell proliferation, a change in crypt cell metabolism, and alterations in
the bacterial flora [169]. One noted limitation of the AOM/DSS CAC model is the limited ability
to study disease metastasis, as colon tumors become so large that bowel obstructions requiring

humane euthanasia before advanced disease can develop are common.

1.5.3 Models to Explore the Gut Microbiome

Researchers have developed multiple pre-clinical murine models in which the
composition of the gut microbiome is manipulated to determine subsequent effects on gut health
parameters. First among these is the gnotobiotic (GB) mouse model, for which the composition of
the microbiome is known. Generally, GB mice are developed from a germ-free animal, either
conceived via in vitro fertilization of a germ-free dam or birthed via a cesarian section and then
maintained in a pathogen-free environment. Then, the desired microbe(s) can be introduced to
colonize the germ-free mouse and establish a gnotobiotic model [170]. However, the absence of
microbiota has been associated with aberrant immune system development [171]. Turnbaugh et
al., colonized germ-free mice with microbiota obtained from obese or lean human donors; the
microbiome of recipient mice had a higher Firmicutes-to-Bacteroidetes ratio, increased capacity
for harvesting energy, and higher total body fat compared to their counterparts that received
microbiota from lean donors. However, it should be noted that the authors followed their
recipients for only two weeks after inoculation, and it is not known whether these effects were
transient or long-term [172]. Previously, we reported that inoculation of antibiotic-treated mice
with fecal microbiota from lean or obese human donors did not drive long-term phenotype or
microbiome profiles of recipient mice [173]; rather, this study determined that the basal diet
provided to the recipients — either a standard AIN93G diet, the total Western diet, or a 60% fat

diet — was the driving factor affecting body weight gain, body composition, and fecal microbiome



24

profiles. Lastly, colonization of germ-free mice using fecal microbiota from mice with CAC
significantly increased colon tumorigenesis compared to mice colonized with conventional
healthy bacteria; furthermore, a reduction in tumors was observed when these mice were
administered antibiotics [137].

A possible therapeutic approach for colitis and associated colorectal cancer involves the
exchange of fecal material from a healthy individual to individuals with gut dysbiosis, termed
fecal microbiota transfer (FMT). Experimentally, the FMT method can be applied to determine
whether the host traits (e.g., inflammation, cancer development, dysbiosis, etc.) can be conferred
to the recipient. In other words, one can attempt to determine whether the microbiota are a cause
of disease or a consequence or symptom of disease. The use of FMT dates back to the fourth
century in China, at which time a so-called “yellow soup” prepared with human fecal material
was used in patients with poisoning or severe diarrhea [174]. Borody et al. described the first
successful application of FMT in 1989, in which FMT was performed on a male with
unmanageable ulcerative colitis; the patient experienced full and lasting beneficial effects of the
donor’s healthy microbiome [175]. FMT has emerged as one of the only successful therapies for
Clostridium difficile infections and has been recently studied to be used as IBD and CRC
therapeutics [176,177]. Although FMT has been widely studied in preclinical settings, clinical
trials are necessary for the accurate interpretation of results [178]. A few clinical trials are
currently active to understand the effect of FMT in combination with chemotherapy against
various cancers including metastatic colorectal cancer. In addition, other clinical trials have
focused on FMT as a treatment for UC.

The use of germ-free mice for FMT has been known to be the most reliable method as
this model lacks any resident microbe competition for gut colonization; however, they are
expensive and difficult to maintain, resulting in alternative methods developed to investigate the

effect of the microbiome in mouse disease models. Thus, researchers have employed some
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alternate methods to deplete, at least partially, the resident gut microbiome of rodents. Wrzosek et
al. determined that cleansing the gut with polyethylene glycol four times reduces the bacterial
population by 90% in C57BL/6J mice [179]; after this treatment, they determined that weekly
FMT was necessary to achieve a stable microbiota community. In addition to bowel cleansings
and the use of germ-free mice, the use of antibiotics has been shown to be efficient in preparing
the gut for FMT [180]. Hintze et al. depleted the microbiome of C57BL/6J mice using a broad-
scope cocktail of antibiotics followed by administration of FMT with material obtained from
either obese or lean human donors to recipient mice, which acquired about 68 to 75% of the
human microbiome [181]. The success rate for establishing the donor microbiome in a recipient
via FMT is higher if the microbial load of the recipient is low [182]. The most common method
of administering FMT in the murine model includes oral gastric gavage. However, stress-induced
death and accidental injuries to the trachea, esophagus and stomach can occur [173,183,184].
Other methods include co-housing mice to facilitate the acquisition of gut microbes via
coprophagy and mice that are colonized via vertical transmission [170].

Limitations to consider for rodent pre-clinical studies investigating the role of the gut
microbiome in health and disease include obvious anatomical and physiologic differences that
influence the gut environment, and thus the array of microbes that can inhabit the mouse gut as
compared to humans [173]. A universal protocol for FMT has not yet been established, although
various methods have been explored with germ-free mice being the most reliable and FMT
protocols incorporating an antibiotic regimen as the most common method for microbial

manipulation [185].

1.6 Consumption of a Western Diet and Risk of Colitis-Associated Colorectal Cancer
The link between diet and inflammatory disease was initially observed in epidemiological
studies. Accounting for various environmental and lifestyle factors, dietary pattern was connected

to a high incidence of inflammatory disease in Westernized countries compared to developing
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countries [186]. Malnutrition is reported in various immunodeficiency and inflammatory diseases
and is prevalent in developed countries, where individuals commonly consume meals
characterized as calorie-dense, high palatability and low nutritional profiles [187]. Children who
consumed a greater intake of processed foods high in refined sugar, dietary fats and animal
protein had elevated prevalence of IBD [188]. Furthermore, low dietary quality scores were
associated with high levels of pro-inflammatory proteins such as IL6, which suggests a poor diet
promotes subclinical chronic inflammation [189,190]. High consumption of red meat, sugars and
fried food is typical in a Western diet which promotes pro-inflammatory reactions [187,191]. In a
cross-sectional study, researchers found a positive correlation between the consumption of a
Western dietary pattern and high levels of pro-inflammatory proteins C-reactive protein (CRP)
and IL6 in the blood [192]. High consumption of n-6 poly-unsaturated fatty acids (PUFA)
obtained from oils and meat-based products promote cytokine production and elevated
inflammatory response [193]. Vitamin deficiencies are commonly found in IBD patients, whether
by consequence or as a risk factor of the disease is yet to be determined [194]. Due to the lack of
vegetables and fruits intake and high ultra-processed food consumption in the Western-style diet,
essential vitamins and minerals are deficient which can adversely affect the regulation of the
inflammation response [195]. Finally, a Western diet contains high amounts of processed and pre-
packaged foods which are associated with a high risk of cardiovascular disease and colorectal
cancer development [196-198].

The differences between dietary patterns can be observed when comparing CRC between
countries. CRC development is higher in African American than native Americans due to
mucosal proliferation rates caused by higher consumption of animal products [199]. Western
dietary patterns are associated with an increased risk of developing CRC or colon adenomas [200-
202] and is inversely associated with quality of life [203,204]. In a meta-analysis of 40 studies,

researchers observed an increased risk of CRC when coupled with a Western-style diet [205].
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Furthermore, a Western diet pattern led to tumor development in the distal colon and had a strong
association with KRAS and BRAF wildtype but with little to no CIMP or microsatellite
instability phenotypes [206].

Additionally, high consumption of sugars, animal protein, trans and saturated fats are
associated with shifts in the gut microbiome towards compositions dominated by Bacteroides
[207]. Dietary elements, such as sweeteners, highly consumed in Western diets modulate the
microbiome by decreasing Bifidobacterium spp. and Lactobacillus levels [208]. However, high
dietary fiber intake, particularly from fruit and vegetables reduced IBD risk [209,210]. The
Mediterranean, indigenous African, traditional East-Asian and plant-based diets have reduced
immune parameters including IL6 and CRP levels [211]. A prudent diet such as the
Mediterranean diet is characterized by intakes of plant-based foods, legumes, whole grains,
vegetables, fruit, nuts and fish [212]. Rural populations characterized by low industrialization
environments consume diets high in fiber which results in a microbiome dominated by the
Prevotella genus, also observed in a vegetarian diet [207]. Age and sex-matched fresh fecal
samples of African natives had a Prevotella-dominated gut microbiome while African Americans
had a gut microbiome dominated by Bacteroides. Additionally, fecal samples of native Africans
had significantly higher total bacteria and major butyrate-producing taxa which result in higher
quantities of SCFAs in feces [213]. Oppositely, African Americans harbor a microbiome that
favors secondary bile production [199].

We see similar a phenomenon in animal models. A high fat/high sugar Western-style diet
impairs the epithelial barrier and enhances inflammatory response in mice colitis models
[214,215]. In addition, diets enriched in simple sugars aggravated colitis and reduce mucosa
thickness in rodent models [216-218]. Aside from the high components of simple sugars in the
Western diet, these sugary foods also contain high levels of colorants, emulsifiers and additives

which drive colitis levels in mouse models [219-221]. Interestingly, in an IBD rodent model, a
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high-fat/high sucrose diet-induced colitis and gut dysbiosis in healthy mice. However, these
microbiome and inflammatory alterations were improved when mice were given normal chow
[215]. After a day of shifting from a low-fat, plant polysaccharide diet to a high fat/ high sucrose
diet, changes were detected in the microbiota profile, metabolic pathways and microbial gene
expression of germ-free mice transplanted with fresh adult fecal microbial communities [222].
However, initial microbial communities shifts were rapidly changed when the diet was altered
[222]. In 2009, mice colonized with microbiota from one healthy adult were fed either a high-fat,
high-sugar western-style diet or a low-fat, plant polysaccharide (LF/PP) rich diet, after 12 weeks
cecal microbiota was collected for further FMT to the second generation of mice also fed the
western or LF/PP diet. The microbiota of mice fed the LF/PP diet had subtle distinctions between
fecal sample storage methods and source of FMT with clear distinctions of microbial
communities due to the basal diet given to recipient mice [222]. A distinct microbiome and
different Bacteroidetes to Firmicute ratio were observed in mice fed a low-fat purified diet
compared to a low-fat chow diet [223]. In a FMT study done by our group using fecal material
from lean or obese human donors, we found a higher influence of diet on gut microbiome profiles
compared to the FMT source [173].

Research on the impact of different dietary patterns on disease has been of interest for
years, however, the focus has been on manipulation of macronutrients in the diet, such as
carbohydrate and fat components. However, a critical overlook of micronutrient presence in a diet
results in incomplete findings on how diet affects health. Newark et al. explored this knowledge
gap by creating a ‘stress diet’ from AIN76G that was depleted in some micronutrients, such as
methyl donors, vitamin D and calcium; consumption of this stress diet enhanced tumor formation
in mice [224]. Previous diets used to represent the Western-dietary pattern typically alter only the
macronutrients, such as fat or carbohydrate content; use of these model diets has led to limited

information on the interaction of gut epithelium and other important dietary factors, including
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micronutrients and other dietary bioactives. With that limitation in mind, Hintze and colleagues
formulated the total Western diet (TWD) for rodents which emulates a typical American dietary
pattern using an energy density approach to determine the macro-and-micronutrient on a per-
calorie basis, based on the 50™ percentile of the NHANES survey [225]. In repeated studies, mice
develop enhanced colitis symptoms and colon tumorigenesis when fed a TWD compared to the
AINO93G diet in a colitis-associated colorectal cancer model using either C57BL/6J mice or the
APC™™"* mice [226]. Consumption of the Western nutrient profile activates pro-inflammatory and
aberrant immune response pathways in mice colon mucosa [226], without triggering systemic
inflammation response characteristic of metabolic phenotypes [227]. Prior work in our laboratory
used a mouse model of diet-induced obesity with FMT from either lean or obese human donors to
recipient C57BL/6J male mice fed a standard optimum diet for rodents, a high-fat diet, or the
TWD; we found that the basal diet fed to the recipient mice was the driving factor for the
phenotype of those recipient mice and the composition of the gut microbiome as opposed to the
phenotype of the human FMT donor [173].

Limitations of many preclinical studies lie in the limited selection of ingredients found in
purified mouse diets. These purified diets lack the complex bioactive and diverse fiber sources
present in whole foods humans regularly eat. To address this limitation, studies should employ a

diet that emulates the complex food matric and dietary fiber profile of human diets.

1.7 Dietary Polyphenols and Anthocyanins

Polyphenols are plant-derived compounds composed of at least one aromatic ring and one
or more hydroxyl groups [228]. Dietary polyphenols can be subdivided into five subclasses based
on their structure: flavonoids, phenolic acids, lignans, stilbenes and others [229]. The most
common two are flavonoids and phenolic acids, composed of 60% and 30% of all-natural
polyphenols, respectively. Flavonoids can be subdivided into six further subgroups including

flavanols, flavanones, flavones, isoflavones, flavonols and anthocyanins [230]. Anthocyanins are
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naturally occurring in the outer layer of flowers, fruits and vegetables that have red, blue, purple,
and black coloring, and have structures composed of two aromatic rings connected by a pyran
ring [231]. Factors that influence the color of the anthocyanins include acidity, light intensity and
temperature of the environment; for example, anthocyanins appear redder in color in acidic
conditions, whereas in basic conditions these compounds appear purple-blue [232]. Examples of
vegetables, fruits and flowers with high levels of naturally occurring anthocyanins include
berries, purple corn, eggplant, and lavender, among others [233]. Anthocyanins can be identified
as anthocyanin glycoside compounds or their sugar-free anthocyanidin aglycone structures.
Anthocyanidin aglycones include 3-hydroxyanthocyanidins, 3-deoxyanthocyanidins, and O-
methylated anthocyanidins with the most common types being pelargonidin, cyanidin,
delphinidin, peonidin, petunidin and malvidin [232]. Delphinidin and cyanidin proved to be
cytotoxic toward tumor cells in the Caco-2 and metastatic LoVo and LoVo/ADR cell lines, via
cellular accumulation of ROS [234]. Cyanidin and delphinidin both thrive in acid conditions and
are highly water soluble [231]. Cyanidin, delphinidin and pelargonidin are the most common
anthocyanidins found in plants distributed at 50%, 12% and 12%, respectively in various fruits
and vegetables [232]. However, anthocyanidins are unstable and rarely found in nature due to the
presence of flavylium ions [235]. Anthocyanins are modifiable via hydroxylation, methylation,
acylation and glycosylation, chemical modifications that also contribute to the color and stability
of the compound [236]. Anthocyanins refer to the glycosylated form of anthocyanidins, normally
facilitated by glycosyl transferase in the cytoplasm which binds a common sugar such as glucose
or rutin to anthocyanidins [231]. The antioxidant properties of anthocyanins are attributed to their
chemical structures, as the hydroxyl motifs are capable of scavenging free radicals. Conversely,
the substitution of those hydroxyl groups in the B-ring reduces their antioxidant capacity [231].
Anthocyanins are usually unstable in gastric acid which results in only 1% of anthocyanins

reaching the colon for further bacterial digestion. Most polyphenols that reach the colon are



31
further metabolized by local microbiota into smaller, more bioavailable compounds. For example,
cyanidin-3-O-glucoside is primarily metabolized into protocatechuic acid (PCA), a metabolite
reported to have antioxidant, antidiabetic, anti-proliferative and pro-apoptotic capabilities [237].
Berries contain the greatest quantity of anthocyanins, more specifically dark-colored berries like
chokeberries, elderberries, and black raspberries. These three berries contain the highest amount
of total anthocyanin per serving [238].

Black raspberry (Rubus occidentalis) contains high quantities of anthocyanins and other
important micronutrients (vitamins A, E and C, calcium and folic acid), dietary fibers and
phytochemicals (ellagic acid, ferulic acid, ellagitannins and other flavonoids) [238].
Anthocyanins are the most abundant polyphenol in black raspberries (BRB), which have an
average total anthocyanin weight of 845 mg per serving, dominated by cyanidin-3-O-glucoside
and cyanidin-3-O-rutinoside [232]. The average American consumes approximately 12.5 mg a
day of anthocyanins per day [238]. Research in anthocyanins has revealed anti-inflammatory and
anti-cancer properties in animal models. In a murine model of UC, mice were provided 5 or 10%
(w/v) BRB-supplemented AIN76 basal diets as colitis was induced by administering 3% DSS via
drinking water [239]. BRB exposure modulated inflammatory pathways which result in a
dampened inflammatory state by suppression of TNFa and IL-1[ expression in the colon.
Additionally, the downregulation of IxkBa further inhibits NFkB activity and decreases COX2
action [239]. In an AOM-induced aberrant crypt foci model using Fisher 344 rats, researchers
observed reduced colon tumor multiplicity and burden in mice that consumed a diet
supplemented with BRB ranging from 2.5 — 10% (w/w) [240]. In an esophageal cancer model,
F344 rats administered N-nitroso methylbenzylamine and fed an AIN76G diet supplemented with
5% whole freeze-dried black raspberries, reported evidence of cell proliferation inhibition,
decrease in an inflammatory response, reduced angiogenesis and apoptosis induction [241]. In

models of colitis, APC1838"" and Muc2”" mice fed a western-style diet supplemented by 10%
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(w/w) BRB for 12 weeks had suppressed colon tumorigenesis [242]. Feeding black raspberries to
APC™™" mice suppressed colon tumor formation by hypomethylating regions involved in
immune regulation, inflammation response and ROS production [243]. Furthermore, BRB
supplemented in an AIN76 diet, fed to APC™™"* mice, suppressed colonic adenoma development
and changed mucosa, liver and fecal metabolites production [244]. However, the question
remains if BRB supplements reduce inflammation and tumorigenesis in mice consuming a TWD.
Moreover, past studies do not account for the longitudinal effects of BRB supplementation on
colitis, tumor progression and microbiome composition.

Black raspberry-supplemented diets used in murine models of inflammatory disease and
colorectal cancer are reported to decrease adenomas and polyp growth, reduce ulcerations in
colon mucosa and regulate cytokine expression including IL6 and IL10 [239,244-247]. Indeed,
black raspberries are rich in anthocyanins but also contain a high abundance of other bioactive
such as ellagic acid known to have anti-inflammatory and anticancer properties. Ellagic acid
supplementation to a normal rodent diet suppresses acute and chronic colitis by regulating 1L6,
TNFa and IFNy and other stress modulators such as COX2 and iNOS [248]. Anthocyanins and
other bioactive compounds found in whole foods have the potential to modulate inflammation
response and modify the gut microbiome.

Diets supplemented with BRB shift microbiome profiles by promotion of Akkermansia
muciniphila, Bifidobacterium spp., and Lactobacillus spp. abundance while inhibiting pathogenic
strains like Helicobacter pylori [249,250]. BRB consumption results in Firmicute and
Bacteroidetes ratio and abundance alterations. Additionally, SCFAs found in berries are not
digested in the small intestine and reach the colon where local microbiota ferments complex
compounds into SCFAs, mainly butyrate, acetate and propionate [251]. Anthocyanin-rich berries
increased short-chain fatty acids production, namely butyric acid, in the colon and serum of rats

and cyanidin-3-glucoside in their urine [252]. In vitro, butyrate arrested new cell growth and
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hyperproliferation in colon cells, displaying anticancer properties [253]. Additionally, PCA exerts
chemoprotective effects towards colorectal cancer by modulating inflammatory and metabolic
pathways in the APC™"" mouse model administered AIN76A diet supplemented with 5% BRB or
500 ppm of PCA [254]. High quantities of phenolic acid, specifically PCA, were detected in the

GI tract of pigs following the consumption of freeze-dried BRB powder [255].

1.8. Project Objectives and Hypotheses

Although there is evidence pointing to the health benefits of BRB consumption for
suppression of colitis and colon tumor development, it is not known whether BRB intake in the
context of a Western diet would affect gut inflammation and CAC or whether BRB would alter
the composition of the microbiome. Furthermore, multiple studies have pointed to gut dysbiosis
as a common feature of colitis and/or colon tumorigenesis in humans and animal models,
although it is not clear whether changes in the gut microbiome population associated with
different nutritional patterns are drivers of this disease process. The overarching goal of studies
reported here is to better understand how the gut microbiome contributes to CRC. In order to
study this relationship, these two different approaches were taken one leveraging diet intervention
and the other leveraging FMT modulation, in mice models of CAC fed a Western-style diet.

Thus, the objectives of the projects were first to determine the effects of dietary
intervention with whole freeze-dried BRB on the dynamic composition of the gut microbiome,
inflammation status and colon tumorigenesis in mice fed a Western diet. Based on prior evidence
for the protective effects of BRB reported in the literature, we hypothesized a dietary
supplementation with BRB would improve recovery from colon injury and prevent progression to
CAC, and this effect would be more pronounced in mice consuming a Western diet. We also
hypothesized that consumption of BRB would result in changes to the gut microbiota
composition, shifting the population in favor of commensal species that promote gut homeostasis.

Secondly, to better understand the involvement of the microbiome in the development and/or
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exacerbation of colitis and colon tumorigenesis, we designed an FMT experiment using fecal
material collected from the first study in which donor mice fed either AIN93G or TWD and
subjected to our standard protocol for mouse CAC [256]. This experiment design incorporated the
standard AIN93G or the total Western diet for the donor animals as well as for the recipient mice.
We hypothesized that FMT from donor mice fed TWD that experienced severe colitis and high
tumor burden would exacerbate symptoms of colitis and increase tumorigenesis in recipient mice
fed AIN93G. Conversely, we hypothesized that FMT from donor mice fed AIN93G with mild
colitis and low tumor burden would alleviate colitis symptoms and reduce tumorigenesis in

recipient mice fed TWD.
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CHAPTER 2
DIETARY SUPPLEMENTATION WITH BLACK RASPBERRIES ALTERED THE GUT
MICROBIOME COMPOSITION IN A MOUSE MODEL OF COLITIS-ASSOCIATED
COLORECTAL CANCER, ALTHOUGH WITH DIFFERING EFFECTS FOR

A HEALTHY VERSUS A WESTERN BASAL DIET'

Abstract

Black raspberries (BRB) are rich in anthocyanins with purported anti-inflammatory
properties. However, it is not known whether dietary supplementation would ameliorate Western-
diet enhanced gut inflammation and colon tumorigenesis. We employed a mouse model of colitis-
associated colorectal cancer (CAC) to determine the effects of dietary supplementation with 5 to
10% (w/w) whole, freeze-dried BRB in male C57BL/6J mice fed either a standard healthy diet
(AIN93G) or the total Western diet (TWD). In a pilot study, BRB suppressed colitis and colon
tumorigenesis while also shifting the composition of the fecal microbiome in favor of taxa with
purported health benefits, including Bifidobacterium pseudolongum. In a follow-up experiment
using a 2 x 2 factorial design with AIN and TWD basal diets with and without 10% (w/w) BRB,
supplementation with BRB reduced tumor multiplicity and increased colon length, irrespective of
the basal diet, but it did not apparently affect colitis symptoms, colon inflammation or mucosal

injury based on histopathological findings. However, BRB intake increased alpha diversity,
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altered beta diversity and changed the relative abundance of Erysipelotrichaceae,
Bifidobacteriaceae, Streptococcaceae, Rikenellaceae, Ruminococcaceae and Akkermansiaceae,
among others, of the fecal microbiome. Notably, changes in microbiome profiles were
inconsistent with respect to the basal diet consumed. Overall, these studies provide equivocal
evidence for in vivo anti-inflammatory effects of BRB on colitis and colon tumorigenesis; yet,
BRB supplementation led to dynamic changes in the fecal microbiome composition over the
course of disease development.

2.1. Introduction

Inflammatory bowel disease (IBD) encompasses a group of disorders characterized by
chronic intestinal inflammation, including ulcerative colitis (UC) and Crohn’s disease (CD). IBD
is an idiopathic disorder, with causative factors linked to heredity, genetics and environmental
risk factors. While the risk factors for both conditions are similar [1,2], UC is characterized by
inflammation limited to the colon, whereas CD may involve any part of the digestive tract. As of
2015, an estimated 3.1 million adults in the United States had been diagnosed with IBD,
according to the Centers for Disease Control and Prevention [3], and recent reports indicate that
global prevalence of IBD has increased markedly in the past thirty years [4].

Patients diagnosed with IBD have a two to six times higher risk of developing colorectal
cancer (CRC) compared to healthy individuals [5], and they tend to be affected at a younger age
than those who develop sporadic CRC [6]. The National Cancer Institute estimated 149,500 new
cases of colorectal cancer in 2021, placing this disease as the fourth most diagnosed cancer in the
United States [7]. Colorectal cancer is estimated to be the third leading cause of cancer death in
the United States, with approximately 52,980 deaths reported in 2021. The risk of developing
colitis-associated colorectal cancer (CAC) begins to increase eight to ten years after the onset of
inflammation and increases with prolonged intestinal inflammation [6]. Other factors contributing

to the risk of developing CRC include African American decent, male sex, metabolic status,
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excessive consumption of red or processed meat, alcohol and/or tobacco habits and chronic
inflammation associated with IBD, among others [8]. However, IBD and CRC risk can be
reduced with changes in lifestyle, such as regular physical activity, consumption of a prudent diet
and intake of non-steroid anti-inflammatory drugs in elderly populations [6].

Diet is a major risk factor affecting the pathogenesis of IBD and CRC. The typical
American diet is energy dense and nutrient poor, characterized by high proportions of red meat,
animal fat and sugar coupled with low fiber intake [9]. Chronic deficiencies of essential
micronutrients typified by the Western dietary pattern can lead to chronic disease by disrupting
metabolic and other biological pathways [10]. To better understand the contribution of a Western
dietary pattern to the development of colon inflammation and CAC, our group previously
developed a novel basal diet that emulates typical American nutrient intakes, including macro-
and micronutrient profiles, on an energy-density basis for rodents [11]. In repeated studies using
this total Western diet (TWD), we have shown that chronic consumption of this Western nutrition
profile in mice markedly exacerbates colitis and promotes development of colorectal tumors,
likely through activation of pro-inflammatory and aberrant immune response pathways in the
colon mucosa [12], although without triggering systemic inflammation or metabolic syndrome
[13].

Anthocyanins are water-soluble compounds that impart blue, red and purple colors to
certain fruits and vegetables, such as cranberries, blueberries, blackberries, strawberries, black
currant, bilberry and purple corn [14]. Anthocyanins are characterized as either the anthocyanin
glycosides (e.g., cyanidin-3-glucoside) or the sugar-free anthocyanidin aglycone. Because
anthocyanins are poorly absorbed in the gastrointestinal tract, a large fraction of these bioactive
chemicals reach the colon and are available for microbial metabolism to generate the more
bioavailable metabolite protocatechuic acid, which has reported antioxidant, anti-diabetic, anti-

proliferative and pro-apoptotic capabilities [ 15]. Moreover, researchers have reported two
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anthocyanidins, delphinidin and cyanidin, exhibiting cytotoxicity toward metastasizing colorectal
cancer cells via oxidative stress [16].

The black raspberry (Rubus occidentalis) is a good source of vitamins A, C, E, calcium,
folic acid and fiber, as well as an abundant source of bioactive phytochemicals, including
anthocyanins, ellagic acid, ferulic acid, ellagitannins and other bioflavonoids [17]. Anthocyanins
comprise the most abundant polyphenol class in black raspberries (BRB), with an estimated total
concentration of 669 mg anthocyanin per 100 g berries [18]. The average American is estimated
to consume 12.5 mg of anthocyanins a day [18]. Black raspberries (BRB) contain phytochemicals
regularly metabolized by host microbes, generating secondary metabolites that exhibit
antioxidant, antiproliferation and pro-apoptotic properties [19,20]. Cyanidin-3-O-glucoside is the
most abundant anthocyanin present in fruits and veggies [21]. In one report, the consumption of a
diet enriched with 5% BRB (w/w) resulted in reduced cell proliferation, inflammation and
angiogenesis and increased apoptosis in a rat model of esophageal cancer [22]. BRB consumption
has been shown to modulate inflammatory pathways in the colon by reducing expression of TNF
and IL-1B, as well as other key mediators of inflammation, such as NFkB and COX-2 [23]. In
addition, BRB promotes the production of short-chain fatty acids (SCFAs) via microbe
fermentation, as seen in rats [24]. Various studies have also observed a shift in the gut microbiota
composition due to BRB consumption promoting beneficial gut bacteria growth, such as
Akkermansia muciniphila, Bifidobacterium spp. and Lactobacillus spp., while inhibiting
pathogenic strains, such as Helicobacter pylori [25,26].

When considering the role of diet in modulating gut inflammation and development of
intestinal cancer, one cannot ignore the potential involvement of the gut microbiome, that is, the
collection of thousands of diverse organisms within the intestinal tract that help maintain gut
homeostasis [27]. However, dysbiosis can occur when certain taxa become aberrantly abundant,

or pathogenic bacteria are present. Importantly, the gut microbiome modulates physiological
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functions related to cancer development, including inflammation, cell proliferation, apoptosis and
angiogenesis. In the pathogenesis of IBD, a shift in the microbiota population, triggered by a
combination of genetic and environmental factors, leads to dysregulation of the immune system,
disruption of the epithelial barrier, increased production of pro-inflammatory and pro-tumorigenic
cytokines, metabolic activation of various mutagens, loss of protective bacteria species and
accumulation of opportunistic pathobionts (reviewed in Refs [reviewed in 28,29]). The gut
microbiomes of IBD patients are distinct from healthy controls, with consistent reduced gut
microbial biomass, decreased diversity and richness of the microbial community and/or altered
relative abundance of members of the dominant phyla, Firmicutes (synonym Bacillota) and
Bacteroidetes (synonym Bacteroidota) [30-33]. In a longitudinal study assessing the structure and
function of the mouse microbiome during active colitis and during a subsequent period of
recovery, Schwab et al. [34] determined that changes in the microbiome caused by exposure to
the colonic irritant dextran sodium sulfate (DSS) were temporary, with functional recovery of the
metagenome occurring shortly after cessation of DSS exposure and the taxonomic composition
returning within 25 days. These findings illustrate the remarkable ability of the gut microbiome to
recover host-microbiota homeostasis after gut injury in this chemically induced animal model of
UC.

Although there is evidence pointing to health benefits of BRB consumption for
suppression of colitis and colon tumor development, it is not known whether BRB intake in the
context of a Western diet would affect gut inflammation and CAC or whether BRB would alter
the composition of the microbiome. Thus, the objective of this study was to determine the effects
of dietary intervention with whole freeze-dried black raspberries on the dynamic composition of
the gut microbiome, inflammation status and colon tumorigenesis in mice fed a Western diet.
Based on prior evidence for protective effects of BRB reported in the literature, we hypothesized

a dietary supplementation with BRB would improve recovery from colon injury and prevent
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progression to CAC, and this effect would be more pronounced in mice consuming a Western
diet. We also hypothesized that consumption of BRB would result in changes to the gut
microbiota composition, shifting the population in favor of commensal species that promote gut

homeostasis.

2.2. Materials and Methods
2.2.1. Chemicals and Reagents

Azoxymethane (AOM) was purchased from Sigma-Aldrich (St. Louis, MO, USA; CAS
No. 25843-45-2). Dextran sodium sulfate (DSS; reagent grade at mol. wt. ~40 kDa) was obtained
from Thermo Fisher Scientific (Waltham, MA, USA). All other chemicals were obtained from

general laboratory suppliers at reagent grade. Other reagents and kits are described below.

2.2.2. Animals and Experimental Diets

The Utah State University Institutional Animal Care and use Committee approved all
procedures for the handling and treatment of mice used for this study (protocol 2818). Mice were
housed in a specific pathogen-free vivarium in the Laboratory Animal Research Center (LARC)
at Utah State University, an AAALAC-approved facility. To be consistent with previous work on
the role of the TWD in CAC [12,13,35,36], male C57BL/6J mice were obtained from Jackson
Laboratories (Bar Harbor, ME) at five weeks of age. Mice were group-housed in sterile
microisolator cages with Bed-0’Cobs® % bedding (Andersons, Cincinnati, OH, USA) supplied
with HEPA-filtered microisolator cages in an IVC Air Handling Solutions ventilated housing
system (Tecniplast, Buguggiate, Italy). Mice were maintained in a 12:12 h dark:light cycle, with
50% humidity and in a specific pathogen-free vivarium with temperature ranging from 18 to 23
°C. Following one week of quarantine, mice were randomized and allocated to one of four

experimental groups, as outlined below. Ear notching was performed to allow for repeated
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individual mouse weight measurements weekly. Mice were provided with autoclaved drinking
water ad libitum throughout the study.

Experimental diets were formulated by Envigo (Hackensack, NJ; formerly Harlan-
Teklad), as outlined in Table 2.S1, obtained from the vendor as one lot and maintained at 4 °C for
the duration of the study. The two basal diets included AIN93G (AIN, cat. no. TD.160421),
formulated to promote rodent health with energy density of 3.8 kcal/g, or the total Western diet
(TWD, cat. no. TD.160422, formulation previously published [11]) with energy density of 4.4
kcal/g, designed to emulate typical U.S. intakes of macro- and micronutrients on an energy
density basis. Fresh food was provided twice a week, and food consumption was monitored at
each change (including accounting for spillage into the cage).

Black raspberry (Rubus occidentalis, Munger variety) powder (BRB) was obtained from
Berri Health (Corvallis, OR). This powder consists of 6.94% (w/w) total phenolics with 3.72%
(w/w) total anthocyanins with cyanidin-3-rutinoside as the dominant form and small quantities of
cyanidin-3-glucoside, cyanidin-3-xyloside and cyanidin-3-arabinoside (via Certificate of Analysis
and personal communication, J. Stephen Dunfield, President, Berri Products LL.C). Other
phenolics and flavonoids include caffeic acid, ellagic acid and quercetin. AIN and TWD basal
diets were supplemented with 5 or 10% (w/w) BRB, with adjustments made to equalize total
carbohydrates with respect to the appropriate basal diet. Given an estimated daily food intake of
3.5 g per day per mouse (equating to 13.3 or 15.1 kcal/day for AIN and TWD diets, respectively),
this concentration of BRB will deliver approximately 7 to 13 mg anthocyanins per mouse per day,
for 5 and 10% supplementation levels, respectively. These concentrations correspond to energy
densities of 489 and 978 pg/kcal for the AIN basal diet or 432 and 864 ng/kcal for the TWD
basal diet for the high and low BRB concentration, respectively. The black raspberry Munger
variety was estimated to provide 394 mg total anthocyanins per 100 g serving, or 190 ng/kcal for

one serving per day with a total caloric intake of 2070 kcal/day (U.S. average). Thus, the 5% and
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10% BRB supplementation for the mouse diets would approximate two or five servings,

respectively, of whole BRB fruit per day on an energy density basis.

2.2.3. Experiment Designs
2.2.3.1. Pilot Study (Experiment A)

A pilot study was performed to explore the potential benefit of dietary supplementation
with black raspberries in mice fed the TWD. Experimental groups included 1) AIN93G basal diet
alone as negative control (AIN), 2) TWD basal diet alone as positive control for promotion of
colitis and CAC (TWD), 3) TWD supplemented with 5% (w/w) BRB (TWD+5% BRB) and 4)
TWD supplemented with 10% (w/w) BRB (TWD+10% BRB). At five weeks of age, mice were
assigned to these diet groups using a random block design to equalize group body weight at the
start of the experiment (n = 32 per diet group) (Figure 2.S1a). Mice were provided either the AIN
diet (group 1) or the TWD diet (groups 2—4) for seven days, at which time the BRB-
supplemented diets were introduced (groups 3—4). On day 21, all mice were dosed i.p. with 10
mg/kg AOM prepared in sterile PBS and provided 1% (w/v) DSS, a colonic irritant, in their
drinking water for 10 days, followed by plain drinking water for the remainder of the study. On
experiment days 33 and 45, mice were temporarily placed in new cages blinded to treatment, and
then, the disease activity index (DAI) was determined, as previously described [12]. On day 105,
body composition was determined for all mice using an MRI scan (EchoMRI-700; EchoMRI,
Houston, TX, USA). On day 112, mice were euthanized by CO; asphyxiation and necropsied.
Colons were isolated (n = 23 to 26 per group), flushed with PBS, cut open longitudinally and
stored at 4 °C in 70% (v/v) ethanol until further assessment of colon tumors, as described
previously [12]. A randomly selected subset of colon tissues (n = 6 per group) was preserved in

10% phosphate-buffered formalin for histopathological classification of cancer stage.
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2.2.3.2. BRB Supplementation with Standard and Western Basal Diets (Experiment B)

To determine the effect of BRB supplementation on colitis and CAC in mice fed either a
standard diet or a Western diet, a 2 x 2 factorial study design was used with basal diet and BRB
supplementation as the two main factors with the following experimental groups: (1) AIN control
(AIN/CON), (2) AIN + 10% BRB (AIN/BRB), (3) TWD control (TWD/CON) and (4)
TWD+10% BRB (TWD/BRB). At five weeks of age, mice were assigned to these diet groups
using a random block design to equalize group body weight at the start of the experiment (n = 32
per diet group) (Figure 2.S1b). Mice were provided either the AIN diet (groups 1,3) or the TWD
diet (groups 2,4) for seven days, at which time BRB-supplemented diets were introduced (groups
3—-4). On day 21, all mice were dosed intraperitoneally with 10 mg/kg AOM prepared in sterile
PBS and provided 1% (w/v) DSS in their drinking water for 10 days, followed by plain drinking
water for the remainder of the study. On experiment days 33 and 45, mice were temporarily
placed in new cages blinded to treatment, and then, the DAI was determined, as previously
described [12]. Additionally, on days 33 and 45, a randomly selected subset of mice (r =9 to 12
per group) was euthanized by CO» asphyxiation, necropsied and their colon tissues preserved in
10% phosphate-buffered formalin for histopathological assessment of epithelial inflammation and
mucosal injury by a board-certified veterinary pathologist at the Utah Veterinary Diagnostic
Laboratory, as previously described [12]. On day 113, body composition was determined for all
mice using an MRI scan (EchoMRI-700). On day 115, the remaining mice were euthanized by
CO; asphyxiation and necropsied, as described above. Colons were isolated (n = 23 to 26 per
group), flushed with PBS, cut open longitudinally and stored at 4 °C in 70% (v/v) ethanol until
further assessment of colon tumors, as described previously [12]. A randomly selected subset of
colon tissues (n = 6 per group) was preserved in 10% phosphate-buffered formalin for

histopathological verification of cancer stage.
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2.2.4. Microbiota Profiling by 16S rRNA Sequencing
2.2.4.1. Microbiome Sequencing (Experiment A)

For experiment A, fresh fecal samples were collected by cage on day 21 (pre-DSS), day
33 (colitis), day 45 (recovery) and day 112 (terminal) and stored at —80 °C until analysis.
Obtaining fecal samples on a per cage basis avoided the potential confounding effects of
coprophagia among co-housed mice for microbiome analyses. The complete methods for sample
preparation, sequencing and data processing are described by Rodriguez et al. [36]. Briefly, the
QIAamp DNA Stool Mini Kit (Qiagen, Frederick, MD, USA) was used to isolate DNA from
mouse fecal pellets according to the manufacturer’s protocol, with the added step of mechanical
disruption with zirconia/silica beads (Thermo Fisher) for 5 min. DNA concentration and sample
purity were determined by UV spectrophotometry (NanoDrop 2000, Thermo Fisher). All DNA
samples were then diluted to 20 ng/mL in tris-EDTA buffer (TE, pH 8.0). Fecal DNA was then
amplified using the Roche High Fidelity ANTP Pack according to the manufacturer’s protocol
(Millipore Sigma, St. Louis, MO, USA). Samples were assigned a barcoded primer and a
universal primer; the barcoded primers were directed against the V3 region of the 16s rRNA [36].
PCR amplification, product purification and product pooling prior to sequencing were performed
as previously described [36]. Samples were sequenced using an lon Personal Genome Machine
(PGM) sequencer with a 318 Chip kit and an lon PGM Hi-Q View OT?2 kit for library preparation
(Thermo Fisher) by the USU Center for Integrated BioSystems Genomics Core Laboratory.
Sequences were processed using QIIME [37], with mapping of sequences to the GreenGenes
OTU database (gg_13 8 otus), as previously described [36]. File 2.S1 provides the resulting

count data at the species level.

2.2.4.2. Microbiome Sequencing (Experiment B)
For experiment B, fresh fecal samples were collected by cage on day 21 (pre-DSS), day

33 (colitis), day 45 (recovery) and day 115 (terminal) and stored at —80 °C until analysis. Because
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experiment B was performed at a later date than the pilot study, during which time the sequencing
instrumentation within the Genomics Core Laboratory had been upgraded, different materials,
methods, instrumentation and data processing steps were used for microbiome sequencing of
samples. The DNeasy PowerSoil kit (Qiagen) was used for DNA isolation per the supplier’s
protocol. DNA concentrations and sample purity were determined using a UV spectrophotometer
(NanoDrop 2000). All DNA samples were then diluted to 20 ng/mL in tris-EDTA buffer (TE, pH
8.0). Isolated fecal DNA was amplified using the Platinum HS PCR kit (Thermo Fisher). Forward
and reverse primers, 16S-515F and 16S-806R, targeting the V4 region of the 16S rRNA [38]
were obtained from Integrated DNA Technologies (Coralville, IA). PCR amplification was
performed using the following protocol: 3 min at 94 °C; 35 cycles of 94 °C for 45 s, 50 °C for 60
s, 72 °C for 90 s; final annealing at 72 °C for 10 min; and hold at 4 °C. Next, each sample was
assigned a set of barcoding primers, and a second round of PCR amplification was performed
using the following protocol: 15 s at 94 °C; 10 cycles at 94 °C for 15 s, 72 °C for 60 s, 72 °C for
90 s; final annealing at 72 °C for 3 min; and hold at 4 °C. Electrophoresis was performed with the
amplicons to confirm a product size of 254 bp.

Lastly, the final PCR products were purified using Agencourt AMPure beads (Beckman
Coulter, Indianapolis, IN, USA) according to the manufacturer’s instructions. Briefly, PCR
products were diluted in the AMPure bead solution, incubated at room temperature for 5 min and
then captured using a 96-well magnet for 2 min. The supernatant was removed, and then, the PCR
products were rinsed twice with 70% (v/v) ethanol. DNA was eluted from the beads using TE
buffer, and DNA concentrations were reconfirmed by fluorescence spectroscopy (Fluorometer
9300-002, Turner BioSystems, Sunnyvale, CA, USA) using the Quant-IT Picogreen dsDNA
Assay (Thermo Fisher). Samples were diluted to 1 ng/uL, pooled and stored at —20 °C until
sequencing at the Genomics Core Laboratory. Sequencing was performed using he MiSeq reagent

kit v2 for a paired end 500 cycle (2 x 250 bp) (Illumina, San Diego, CA, USA).
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Microbiota sequences were processed using QIIME 2 [39] and DADA?2 [40]. The
DADAZ2 R package implements the full amplicon workflow (filtering, dereplication, chimera
identification, merging paired end reads) and generates an amplicon sequence variant (ASV) table
and representative sequences. To assign taxonomy, the Qiime feature-classifier classify-sklearn
command was used with a classifier pre-trained for the V4 region, silva-138-99-515-806-nb-
classifier.qza, and the most recent release of the Silva database (138 SSU) [41]. File 2.S2

provides the resulting count data at the species level.

2.2.5. Microbiome Sequencing Data Analysis

For all microbiome analyses, the cage was considered the biological unit, which avoided
the potential confounding effects of coprophagia of mice that shared housing. For experiment A,
the taxonomy and alpha and beta diversity analyses were performed using
core diversity analyses.py script, as previously described [36]. For experiment B, sequence data
were analyzed using Microbiome Analyst Marker Data Profiling module [42], with minimum
count of four, a low count filter of 20% prevalence and low variance filter of 10% based on the
inter-quantile range. The sequencing libraries were rarefied to the minimum library size with total
sum scaling. For experiment A, sequencing data were analyzed for an effect of experimental diet
within each time point. For experiment B, data were similarly analyzed for effect of treatment
within a time point as well as longitudinally across time points within a treatment. Measures of a-
diversity included the number of OTUs or ASVs (total number sequenced), Chaol richness
(number of species represented) and Shannon index (weighted abundance of species present).
Beta diversity was determined using unweighted (qualitative measure, which is sensitive to low
abundance features) and weighted (accounts for abundance of species) unifrac distance and was
represented as principal coordinate plots (PCoA) of the first two coordinates. A permanova p
value <0.01 for B-diversity was considered statistically significant. Taxonomic relative abundance

data were analyzed using metagenomeSeq with a zero-inflated Gaussian fit, and false discovery
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rate-adjusted p-value <0.05 was considered statistically significant. ClustVis was used to perform
unsupervised hierarchical cluster analyses using relative abundance data family taxonomic level
[43]. Heat trees were constructed to show the relationships among differentially abundant taxa for
selected pairwise comparisons. Heat tree analysis leverages the hierarchical structure of
taxonomic classifications to quantitatively (using the median abundance) and statistically (using
the non-parametric Wilcoxon rank sum test) depict taxonomic differences between microbial
communities.

For experiment B only, heat trees were generated for pairwise comparisons by
experimental diet or time point. The heat tree analysis leverages the hierarchical structure of
taxonomic classifications to quantitatively (using median abundance) and statistically (non-
parametric Wilcoxon rank sum test) depict taxonomic differences between microbial
communities. Additionally, Tax4Fun was employed for functional potential prediction based on
minimum 16S rRNA sequence similarity [44]. The resulting gene abundance tables were
processed using the Microbiome Analyst Shotgun Data Profiling module with a minimum count
of four, a low count filter of 20% and a low variance filter at 10% based on inter-quartile range.
Data were total sum scaled and then analyzed by metagenomeSeq (zero-inflated Gaussian
distribution with FDR p < 0.05) to identify differentially abundant KEGG orthology terms. The
list of significant terms was then subject to pathway association analysis using the globaltest
algorithm to identify significantly enriched functional pathways (p < 0.05). Additionally, to
compare the shift in microbiome composition longitudinally in response to BRB intervention,
both the taxonomy and functional gene sets were analyzed by non-metric multi-dimensional
scaling (NDMS) using the Bray—Curtis dissimilarity method and visualized as principal

coordinate plots with the first two coordinates.
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2.2.6. Fecal Short-Chain Fatty Acid Analysis
Six acid standards (acetic, propionic, butyric, isobutyric, isovaleric and valeric acids)
were prepared, and fecal materials from experiment B were processed for short-chain fatty acid
analysis by gas chromatography using a Shimadzu GC2010 equipped with a ZB-FFAP column
(30 m x 0.52 mm ID x 1.0 uM film thickness; Phenomenex, Torrance, CA, USA) and a flame

ionization detector, as previously described [45].

2.2.7. Other Data Analyses

Statistical analyses for tumor incidence were performed using Fisher’s exact test,
followed by a Bonferroni adjustment to correct for multiple testing (Prism v. 8, GraphPad
Software, San Diego, CA). Other data were analyzed using a generalized linear mixed model
(GLMM) with cage as a nested, random factor using the restricted maximum likelihood (REML)
estimation and the Tukey HSD post hoc test for multiple comparisons (JMP v.16.2.0, SAS
Institute, Cary, NC, USA). For experiment A, the main effect of treatment was determined within
each time point. For experiment B, the main effects of basal diet, BRB supplementation and
diet*BRB interaction were determined within each time point. Suspected outliers were verified
using the robust outlier test (ROUT) with a conservative Q value of 1% (Prism), meaning that
there is a <1% chance of excluding a data point as an outlier in error. Data that did not meet the
equal variance assumption were logio or square root transformed. For data that were not normally
distributed or for which a transformation did not equalize variance, a non-parametric Steel—
Dwass test was employed (JMP) to assess the main effects of diet and BRB intervention (no
interaction test possible). However, if the results of the non-parametric Steel-Dwass tests were
not different from the original GLMM analyses with respect to significant outcomes, the original
GLMM test results are reported (with interactions for Experiment B) because the mixed model
accounts for potential cage effects. A significant effect of the test variable was inferred when the

adjusted p value was <0.05. Food and energy intakes were assessed on a per cage basis.
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2.3. Results
2.3.1. Pilot Study with BRB Supplementation (Experiment A)
2.3.1.1. Food and Energy Intakes, Body Weight, Lean and Fat Mass, Glucose Tolerance
(Experiment A)

In the pilot study, mice fed the TWD basal diet consumed fewer grams of food compared
to those mice provided the AIN diet, although their energy intakes were not different (Figure
2.S2a,b), as has been observed previously [12]. The energy intake was significantly greater for
mice provided TWD supplemented with either 5% or 10% BRB, corresponding to a significant
concentration-dependent increase in final body weight (Figure 2.S2c) attributed to a significant
increase in fat mass (Figure 2.S2e). However, the increase in body weight and altered body
composition were not associated with impaired glucose metabolism, as glucose tolerance was not

affected by BRB supplementation (Figure 2.S2f).

2.3.1.2. Symptoms of Colitis and Colon Tumor Outcomes (Experiment A)

Symptoms of colitis were assessed on experiment days 33 and 45 at the colitis and
recovery time points, respectively (Figure 2.S1a). As expected, consumption of the TWD
increased the DAI score during active colitis as compared to mice fed the AIN diet, and this
response persisted to the recovery time point twelve days later (Figure 2.1a,b). Addition of BRB
to the diet reduced TWD-enhanced colitis symptoms in a concentration-dependent manner, most
notably by the recovery time point, at which time the symptoms of colitis in mice fed TWD with
either 5% or 10% BRB were not different from mice fed the AIN diet.

At the end of the study, colon tumor incidence was not significantly different among the
experimental groups (Figure 2.1c). However, as anticipated, mice fed TWD had more colon
tumors, larger tumors and a significantly higher tumor burden than their AIN-fed counterparts

(Figure 2.1d—f). Remarkably, supplementation of the TWD with 5% or 10% BRB suppressed
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colon tumorigenesis, leading to fewer and smaller tumors and an overall reduced tumor burden,

similar to mice provided the basal AIN diet (Figure 2.1d—f).

2.3.1.3. Microbiome Assessment (Experiment A)

A total of 9.9 x 10° amplicons were sequenced. After filtering for length, quality, and
abundance and inspection for chimeras, 7.2 x 10° sequences were assigned to OTUs using the
pick open ref otus command (GreenGenes database gg 13 8 otus) for an average of 62,073
sequences per sample assigned to 1415 OTUs. The sequencing depth for diversity analyses was
set to ~5500 sequences (Figure 2.S3).

Dietary supplementation with 5% or 10% black raspberry shifted the composition of the
gut microbiome, primarily during the active colitis phase in this disease model (Figures 2.S4 and
2.S5, File 2.S3). At the phylum taxonomic level, the relative abundance of Actinobacteria was
lower in mice fed the TWD basal diet at 13.6% compared to those fed the AIN basal diet at 20%
during active colitis, although this difference was not statistically different. BRB supplementation
significantly elevated the abundance of Actinobacteria in the fecal microbiome from 13.6% in
TWD-fed mice to 21 to 23% in TWD-fed mice supplemented with 5% or 10% BRB. This change
in Actinobacteria during colitis was largely attributed to shifts in the population of
Bifidobacterium pseudolongum (p = 0.0041 and 0.0028 for 5 and 10% BRB diets, respectively) in
the Bifidobacteriaceae family (Figure 2.S5b). However, also within the Actinobacteria phylum,
the abundance of the family Coriobacteriaceae was suppressed with BRB supplementation during
both active colitis (p = 0.0587 and 0.0048 for 5 and 10% BRB, respectively) and at the terminal
time point (BRB treatments combined, p = 0.0419). Within the Bacteroidetes phylum (recently
renamed Bacteroidota), a substantial decrease in Bacteroidaceae was observed, from 2.4% of the
fecal microbiome in mice provided TWD only to just 0.23 to 0.32% in mice fed TWD + 5% or
10% BRB, respectively (p = 1.68 x 1077 and 6.14 x 1073, respectively; Figure 2.S5b). Within the

Firmicutes phylum (recently renamed Bacillota), the relative abundance of Erysipelotrichaceae
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was elevated during colitis in mice provided TWD+5%BRB compared to those fed TWD only (p
=3.25 x 107%), whereas the Ruminococcaceae family was less abundant in mice fed either TWD
+ 5% or 10% BRB compared to TWD only (p = 0.0052 or =0.0023, respectively). Through
recovery and to the terminal time point, most of the BRB-induced changes in the microbiome
population had resolved with few persistent shifts (e.g., Ruminococcaceae) with a few additional
taxa responsive to the TWD + 5% BRB treatment compared to TWD only (e.g.,
Dehalobacteriaceae, Lachnospiraceae, Peptostreptococcaceae and Rikenellaceae) (File 2.S3). The
ratio of Firmicutes:Bacteroidetes was variable across treatment groups and time points, with the
only apparent significant difference noted during colitis when comparing the TWD versus the
TWD + 5% BRB diet group (p = 0.0079) (Figure 2.S5¢).

Alpha diversity was determined as the number of observed OTUs, the Chaol index
(count of species) and the Shannon index (accounts for proportional abundance) (Figure 2.S6).
No significant differences in alpha diversity for observed OTUs or Chaol index were noted
among treatment groups at any of the study time points. However, at the pre-DSS time point, the
Shannon alpha diversity was elevated in mice fed TWD+5% BRB compared to the AIN control
(Figure 2.S6¢). During active colitis, Shannon alpha diversity was significantly reduced in mice
provided TWD + 5% or 10% BRB compared to TWD only. Yet, by the terminal time point, alpha
diversity was elevated in mice fed TWD+5% BRB compared to TWD only but not the higher
10% concentration (Figure 2.56¢). When considering the differences in taxa represented in the
fecal microbiome populations, more substantial distinctions were observed particularly for
unweighted unifrac beta diversity, a measurement that favors the contribution of rare taxa (Figure
2.2). Following three weeks of exposure to the experimental diets, a clear separation of treatment
groups by BRB supplementation was evident for unweighted unifrac distances (permanova p =
0.009). These measurably distinct microbiomes for those mice exposed or not exposed to BRB

were evident during active colitis (permanova p = 0.015), recovery from gut injury (p = 0.005)
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and colon tumorigenesis at the terminal time point (permanova p = 0.002) (Figure 2.2a).

Alternatively weighted unifrac distances, which account for the relative abundance of taxa, were

not remarkably different (p > 0.01) (Figure 2.2b).

2.3.2. BRB Supplementation with Standard and Western Basal Diets (Experiment B)
2.3.2.1. Food and Energy Intake, Body Weight and Composition, Organ and Cecum Weight
(Experiment B)

In control groups, the total food intake for mice fed AIN or TWD basal diets was
consistent, leading to a higher overall total energy intake in mice fed the TWD due to that diet’s
higher energy density (Figures 2.3a,b and 2.S7). A significant interaction with the BRB diet was
evident (p = 0.0002), with food intake at a significantly higher rate for mice fed TWD/BRB
compared to their TWD/CON counterparts (p < 0.0001), leading to an increased energy intake of
33% compared to AIN/BRB-fed mice (p < 0.0001) and AIN/CON (p < 0.0001). Although a trend
of increased body weight of mice fed the TWD/BRB diet compared to all other groups was
evident throughout most of the study period, particularly following the AOM+DSS exposure
period days 21-31 (Figure 2.3c¢), the final body weights were not significantly different among
the experimental groups by day 115 at the study end (Figure 2.3d). Body composition determined
by EchoMRI indicated that lean mass was lower and fat mass was higher, on average, in mice fed
TWD/BRB compared to both the AIN/CON and AIN/BRB groups but not compared to mice fed
the TWD/CON diet (Figure 2.3e,f).

Liver weight relative to body weight at the terminal time point was not significantly
affected by basal diet or treatment (Figure 2.S8a), whereas kidney weights were slightly increased
in mice fed TWD compared to those provided the AIN diet (main effect p = 0.0163) (Figure
2.S8b). Relative spleen weights were higher in mice fed the TWD compared to those provided
AIN (diet main effect p = 0.0005) (Figure 2.S8c), reflecting the higher cancer burden for those

animals, as has been noted previously [12]. Interestingly, a strong effect of BRB supplementation
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was observed for cecum content weight, with the average relative cecum content mass for BRB-

exposed mice about 52% greater than the control groups (main effect of treatment p = 0.0010)

(Figure 2.S8d).

2.3.2.2. Symptoms of Colitis and Histopathology Scoring (Experiment B)

Compared to mice fed the AIN basal diet, consumption of the TWD markedly enhanced
the symptoms of colitis as measured by the DAI score during active colitis on day 33 (diet main
effect p <0.0001) and continuing through recovery from gut injury at day 45 (diet main effect p <
0.0001) (Figure 2.4a). However, in Experiment B, there was no apparent effect of BRB
supplementation on colitis symptoms at either time point (BRB main effect p = 0.334 and 0.6178
for colitis and recovery time points, respectively) (Figure 2.4a). This observation differs from that
of the pilot study (Experiment A), in which supplementation of the TWD diet with 10% BRB
significantly reduced the DAI at colitis and recovery time points compared to TWD alone (Figure
2.1a,b).

In a pattern such as that for the DAI score, significant main effects of diet on the colon
histopathology inflammation score and mucosa injury scores were noted with higher scores
observed in mice fed TWD compared to those provided the AIN diet, but no significant effects of

BRB were noted in mice fed either basal diet (Figure 2.4b,c).

2.3.2.3. Colon Length and Tumorigenesis (Experiment B)

Colon tumor incidence in mice fed the AIN basal diet was lower in mice supplemented
with BRB (52%) compared to their control counterparts (70%), although this difference was not
statistically significant (Figure 2.5a). Similarly, tumor incidence for TWD/CON mice (88%) was
no different from the TWD/BRB group (95%). However, incidence in mice provided TWD with
BRB was significantly greater than AIN mice also provided BRB (p = 0.0004), pointing to an

effect of basal diet (Figure 2.5a).
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In mice necropsied on experiment day 115, colons excised from mice fed the TWD were
shorter in length by 6.2% at 72.8 mm compared to those fed the AIN diet at 77.6 mm (diet main
effect p = 0.0003); BRB supplementation significantly increased colon length by 3%, irrespective
of basal diet (main effect p = 0.0423) (Figure 2.5b). As was observed repeatedly in this CAC
mouse model, consumption of the TWD enhanced colon tumorigenesis, leading to a 4-fold
increase in tumor multiplicity, a 15-fold increase in average tumor volume and a 13-fold increase
in tumor burden (diet main effect p < 0.0001 for all three endpoints) (Figure 2.5¢c—¢). A
significant main effect of BRB treatment on colon tumor multiplicity was observed, with a 46%
decline in mice fed BRB compared to controls, regardless of basal diet (p = 0.0045). Although
tumor multiplicity in the AIN/BRB group was not significantly lower than in their AIN/CON
counterparts, a trend of reduced multiplicity was apparent for mice in the TWD/BRB group
compared to TWD/CON mice (p = 0.0539) (Figure 2.5c). However, BRB did not effectively

reduce colon tumor size or tumor burden (Figure 2.5d,e).

2.3.2.4. Dynamics of the Fecal Microbiome in Response to BRB with Differing Basal Diets
(Experiment B)

A total of 11.8 x 10° amplicons were sequenced. After filtering for length, quality, and
abundance and inspection for chimeras, 7.5 x 10° sequences were assigned to ASVs (Silva
database 138 SSU) using the pick open ref otus command for an average of 67,443 sequences
per sample assigned to 1415 ASVs. The sequencing depth for diversity analyses was set to 28,909
sequences (Figure 2.S9).

Given the multi-level experimental model incorporating multiple time points, two basal
diets and two treatment conditions, our analyses of the fecal microbiome profiles proceeded in a
stepwise fashion. First, we considered the overall dynamics of the microbiome in the context of
this animal model of inflammation-associated colorectal cancer. Briefly, drastic changes in the

composition of the gut microbiome were observed over the course of disease development, from
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a healthy gut prior to AOM+DSS treatment, during active colitis and progressing through
recovery to tumorigenesis, notwithstanding the basal diet or BRB supplement provided (Figures
2.6,2.7,2.8,2.510 and 2.S11). For example, a decrease in the relative abundance of
Akkermansiaceae, specifically 4. muciniphila, was observed in mice experiencing active colitis,
with further loss through recovery to the terminal time point (Figure 2.S10a). The population of
Enterobacteriaceae increased during active colitis; then, they were substantially reduced
compared to both the colitis and pre-DSS time points with the lowest relative abundance evident
at recovery and terminal time points. Bacteroidaceae and Clostridiaceae populations were
similarly lower at recovery and terminal time points (Figure 2.S10a). Bifidobacteriaceae
(Bifidobacterium spp.) were overall very slightly less abundant during colitis (p = 0.0258), yet
7% more abundant during the recovery phase before returning to baseline by the terminal time
point. Alternatively, bacteria belonging to the Erysipelotrichaceae family were relatively more
abundant from the colitis time point onward to the study end. Finally, populations of
Lachnospiraceae, Muribaculaceae, Rikenellaceae and Ruminococcaceae were reduced in mice
experiencing active colitis, yet appeared to recover shortly thereafter to pre-DSS abundance
levels (Figure 2.S10a). Considered collectively, these changes in the microbiome population
indicate an overall increase in the shift in the Firmicutes-to-Bacteroidetes ratio favoring
firmicutes during active colitis and through recovery with a partial recovery back to the pre-DSS
baseline in this mouse model of CAC (Figure 2.S10b).

The remainder of the analyses focused on effects of the basal diet and/or BRB
supplement within each experimental time point. The pre-DSS time point revealed the impacts of
basal diet on the gut microbiome prior to chemically triggered gut inflammation or carcinogen
exposure. Relatively few significant effects of the AIN or TWD basal diets on the microbiome
composition were noted (Figure 2.8a, File 2.54). Of note, the population of Erysipelotrichaceae

was 15% lower in TWD/CON-fed mice compared to AIN/CON (p = 0.0237), and that of
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Clostridiaceae was 15% more abundant in TWD/CON compared to AIN/CON (p = 0.0014).
During active colitis, the relative abundances of Akkermansiaceae and Lactobacillaceae were
470% greater or 73% lower, respectively, in mice fed the TWD/CON diet compared to AIN
controls (p = 0.0286 or 0.0048, respectively).

Consumption of BRB had profound effects on the fecal microbiome composition
throughout the study, with apparent shifts in bacteria populations dependent on the basal diet at
some time points (Figures 2.8 and 2.9, File 2.S4). Prior to induction of gut inflammation, BRB
intake significantly reduced the population of Erysipelotrichaceae (primarily Dubosiella
newyorkensis, Erysipelatoclostridum spp. and Turicibacter spp.) from 39% to just 15% of the
fecal microbiome (p = 0.0004) in mice fed the AIN basal diet, whereas no change was apparent in
mice provided the TWD diet (Figure 2.9b). This pattern was persistent through colitis and
recovery time points, with significant reductions in Erysipelotrichaceae in mice fed the AIN diet,
whereas the apparent lower abundance in TWD-fed mice was not statistically significant. BRB
markedly reduced the relative abundance of Streptococcaceae (primarily Lactococcus spp.) in
mice provided either the AIN or TWD diet at the pre-DSS time point (p = 0.0045 and 0.0006,
respectively) (Figure 2.9b). However, BRB was effective at lowering Streptococcaceae only in
TWD-fed mice during active colitis, perhaps because the relative abundance of this taxa was
notably lower in AIN-fed mice at this time point. No further effect of BRB on this population was
evident during recovery or at the terminal time point.

BRB supplementation appeared to increase the population of Bifidobacteriaceae
(Bifidobacterium spp.), as a significant main effect of BRB supplementation, irrespective of diet,
was observed prior to DSS treatment and through active colitis and in mice fed the TWD diet at
the terminal time point (Figure 2.9¢). Similarly, the population of Rikenellaceae (Alistipes
uncultured bacterium) increased from just 0.43% of the microbiome in CON mice to 1.9% in

BRB-supplemented mice consuming the AIN diet and from 0.38% in CON to 3.0% in BRB-
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supplemented mice provided the TWD diet at the pre-DSS time point (p<0.001) (Figure 2.9d).
Although less pronounced, this increase in Rikenellaceae was evident for AIN-fed mice during
active colitis and through recovery, although not statistically significant by the terminal time
point. In mice fed TWD, the effect of BRB was less pronounced during colitis and recovery but
as significant at the terminal time point, with an increase from 0.26% in CON compared to 1.2%
in BRB-supplemented mice (p = 0.0008). Prior to onset of colitis, Lachnospiraceae relative
abundance was significantly greater in mice provided BRB on the AIN basal diet (10.3%)
compared to controls (3.3%), although not in mice provided the TWD basal diet (Figure 2.9¢).
This pattern was consistent during active colitis, although by recovery from gut injury, BRB
supplementation effectively increased the relative abundance of Lachnospiraceae for mice fed
either the AIN or TWD basal diets. By the end of the study, an apparent greater abundance of this
taxa persisted, although it was variable among the cages within the BRB supplemented groups
and was not statistically significant for either basal diet.

BRB supplementation was also effective at shifting the relative abundance of
Ruminococcaceae (including Ruminoclostridium spp., Oscillibacter and Instestimonas)
throughout the complete study, with an increase from 2.1% to 5.6% of the microbiome in CON
compared to BRB-fed mice prior to DSS treatment (p = 0.0006), a dampened response during
colitis (from 0.2% for CON to 1.4% for BRB; p < 0.0001), followed by robust increases through
recovery (0.8% for CON and 3.6% for BRB; p < 0.0001) and the terminal time points (1.3% in
CON increased to 4.3% for BRB; p = 0.0482) (Figure 2.9f). Although a similar trend of elevated
population of Ruminococcaceae in TWD-fed mice was also apparent, this response did not reach
statistical significance until the terminal time point (p = 0.0089). Lastly, of the selected taxa for
discussion, Akkermansiaceae relative abundance was higher in mice fed the AIN diet with BRB
supplementation during active colitis (increase from 1.2% of bacteria population to 5.1% with

BRB; p <0.0001) and through recovery (2.0% in CON increased to 5.6% in BRB-fed mice; p =
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0.0023) (Figure 2.9g). BRB supplementation did not appear to affect Akkermansiaceae
abundance in mice fed TWD at any study time point.

At the phylum level, these shifts in the microbiome over the course of disease
development led to substantial alterations in the ratio of Firmicutes to Bacteroidetes (F:B), with
significant main effect of BRB supplementation (p = 0.0001) but with a trend of effect of basal
diet (p = 0.084) (Figure 2.10). The F:B ratio was overall lower prior to DSS treatment, with a
significant decrease from 3.5 in CON mice to 1.7 for BRB-supplemented mice fed the AIN diet
(»p =0.0021). Similarly, for mice provided TWD, the ratio decreased from 6.4 to 4.2 with addition
of BRB (p = 0.0013). During colitis, the comparisons between BRB-supplemented and CON
diets were not statistically significant for either AIN or TWD basal diets, although an overall
main effect of BRB was evident (p = 0.0025). During recovery from DSS-induced gut injury,
BRB was effective at reducing the F:B ratio from 20.7 to 6.1 in mice provided the AIN basal diet
(»p = 0.0007) but not in those provided TWD (p = 0.3382). By the end of the study, however, this
pattern was reversed, with BRB effectively decreasing the F:B ratio from 21.6 to 8.5 in mice fed

the TWD (p = 0.0115) but not the AIN diet (p = 0.8144).

2.3.2.5. Alpha and Beta Diversity of Fecal Microbiome (Experiment B)

Alpha diversity was determined using three measures: observed ASVs, Chaol index and
Shannon index. First considering the microbiome composition over the course of disease
development, irrespective of basal diet or BRB supplementation, a-diversity was substantially
reduced in mice experiencing colitis compared to pre-DSS baseline with prolonged loss of taxa
through recovery (p < 0.0001 for all a-diversity measures; Figure 2.11, Table 2.S2). By the end of
the study, a-diversity measures were more similar to the pre-DSS baseline (p > 0.05 for observed
ASVs and Chaol index), although when considered as a weighted measure by the Shannon index,

the overall a-diversity was still significantly reduced (p = 0.0008; Table 2.S2).
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The main model analyses revealed profound effects of BRB treatment on a-diversity
throughout the study, with mostly consistent effects in mice provided either the AIN or TWD
basal diets for observed ASVs and the Chaol index (Figure 2.11a,b; Table 2.S3). One notable
exception was noted during active colitis, when BRB supplementation appeared less effective in
improving a-diversity in mice fed TWD. Furthermore, this pattern of reduced BRB efficacy in
mice fed the TWD basal diet was further apparent for the Shannon index at the pre-DSS baseline,
during colitis and through recovery (Figure 2.11c).

Beta diversity was determined using both weighted and unweighted unifrac distances to
explore the microbiome community profiles based on relative abundance and rare taxa,
respectively. As anticipated, for unweighted unifrac distance p-diversity (Figure 2.S12a), clear
separations of microbiome samples were evident at each experimental time point with the most
distinct profiles apparent in mice experiencing active colitis through the recovery period 14 days
later (permanova p < 0.001 for each diet/supplement group). Interestingly, when considering the
composition of the microbiome weighted for abundance, the pre-DSS baseline microbiome
appeared most distinct (Figure 2.S12b) and still notably different from microbiomes at the
terminal time point, suggesting that recovery from gut injury led to long-term changes in fecal
microbiome profiles (permanova p < 0.001 for each diet/supplement group).

Dietary supplementation with BRB caused marked shifts in the composition of the fecal
microbiome, as assessed using either weighted or unweighted unifrac distance measures (Figure
2.12), whereas basal diet appeared to have only modest or no apparent effects on bacteria profiles
at any of the disease stages in this experiment. Following two weeks of experimental treatments
at the pre-DSS baseline, BRB appeared to shift the microbiome composition, such that the
profiles were clearly distinct compared to their CON counterparts. This pattern was mostly
consistent at the colitis time point (permanova p < 0.001), although more overlap among

experimental groups was apparent for weighted unifrac B-diversity. By the recovery time point,
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the fecal microbiomes of TWD/BRB mice appeared less distinct from those provided the CON
diet for either weighted or unweighted p-diversity, although AIN/BRB microbiomes were still
distant. At the study end, unweighted p-diversity revealed persistent distinct microbiomes for
mice supplemented with BRB fed either diet, whereas the weighted measure suggested only a
strong segregation of microbiomes from AIN/BRB mice (Figure 2.12), suggesting that the long-
term effects of BRB supplementation may be more profound for rarer taxa, which more heavily

influenced the unweighted unifrac analysis.

2.3.2.6. Functional Metagenomics and Longitudinal Analyses (Experiment B)

Functional potential prediction revealed significant differences in the representation of
KEGG orthology terms when comparing mice supplemented with BRB and the controls fed
either the AIN or TWD basal diets (Figures 2.13a and 2.S13). At the pre-DSS baseline, the
KEGG metabolism level 1 terms of glycan biosynthesis and metabolism, biosynthesis of other
secondary metabolites and metabolism of other amino acids were significantly enriched in BRB-
supplemented mice compared to CON counterparts for both basal diets. This pattern was
consistent during active colitis, with one additional category, carbohydrate metabolism, slightly
but significantly enriched in AIN/BRB mice only. During recovery, this effect of BRB was
apparent only for AIN-fed mice, with the exception at this time point of carbohydrate metabolism
being very slightly enriched for TWD-fed mice. By the study end, no significant enrichments in
level 1 KEGG terms were noted.

The lists of significant terms identified via metagenomeSeq analyses were subject to
pathway association analysis to identify enriched level 2 pathways for BRB supplementation,
irrespective of basal diet, at each time point (Figure 2.13b). Addition of BRB to the mouse diet
appeared to strongly shift the functional capacity of the gut microbiome in favor of carbon
metabolism, pyruvate metabolism, butanoate metabolism and propanoate metabolism, along with

several other pathways. Of note, only during active colitis, a very strong enrichment in taxa
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associated with lipopolysaccharide biosynthesis was noted, as well as shifts favoring carbon
fixation pathways in prokaryotes, pyruvate metabolism and fatty acid biosynthesis. Like the
colitis time point, relatively few enriched functional pathways were identified for BRB-
supplemented gut microbiomes during recovery from gut injury, with amino sugar and nucleotide
sugar metabolism uniquely enriched along with pyruvate metabolism and carbon metabolism, as
in prior stages. By the end of the experiment, functional analyses revealed a unique pathway set
for BRB-supplemented mice, including purine metabolism, selenocompound metabolism,
nicotinate and nicotinamide metabolism.

To explore longitudinal trends in microbiome taxonomic and functional diversity, Bray—
Curtis B-diversity was analyzed using non-metric multi-dimensional scaling (NMDS) with the
complete experimental data set across all time points. In this visualization, BRB supplementation
appears to be the primary experimental factor driving taxonomic diversity, with time point as a
probable secondary factor (Figure 2.14a). Alternatively, these distinctions are less clear when
considering the microbiome functional capacity (Figure 2.14b). The longitudinal variation of
samples along the first NMDS dimension shows how microbiome populations diverge with
respect to taxonomy proximal to onset of colitis (circa day 33) with continued divergence
persisting through recovery (circa day 45) and then largely resolving by the end of the experiment
(Figures 2.S14 and 2.14c¢,d). Of note, a clear divergence in both taxonomic and functional
variation is evident during active colitis for mice fed TWD as compared to the AIN diet without
BRB supplementation (Figure 2.S14); yet, this divergence largely resolves through recovery and
on to the tumorigenesis phase in this disease model. Furthermore, a strong taxonomic divergence
was associated with response to BRB supplementation, although this appears more pronounced
for mice fed the AIN diet compared to those provided TWD (Figure 2.14c). Longitudinal analysis

of the gut microbiome functional capacity revealed similar divergence in microbiomes proximal



82
to colitis when fed either CON or BRB-supplemented diets, although resolution appears to be

more rapid around the recovery time point (Figure 2.14d).

2.3.2.7. Fecal Short-Chain Fatty Acid Content (Experiment B)

Mice provided BRB in the context of the TWD basal diet produced significantly higher
amounts of acetic (75% 1, p < 0.0001), propionic (93% 1, p <0.0001), isobutyric (42% 1, p =
0.0389), butyric (240% 1, p < 0.0001) and valeric (52% 1, p = 0.0382) acids compared to their
AIN-fed counterparts during the initial phase of the study prior to DSS treatment (Figure 2.15,
Tables 2.55-2.S7). Notably, this observation correlates closely with the higher total food and
energy intakes in mice provided the TWD/BRB diet in the first three weeks of the experiment
(Figure 2.S7). During active colitis, the overall production of acetic, butyric, propionic and
valeric acids was significantly elevated (Table 2.S5), although BRB supplementation did not
significantly alter these specific SCFAs for mice fed either basal diet (Figure 2.15). Rather,
isobutryic and isovaleric acids were significantly reduced by 67% (p = 0.0005) and 57% (p =
0.0060), respectively, in mice provided the TWD/BRB experimental diet compared to
TWD/CON, while isovaleric acid was significantly elevated by 76% (p = 0.0457) in mice
provided the AIN/BRB diet compared to AIN/CON. As the animals recovered from gut injury,
BRB supplementation significantly reduced acetic acid (46% |, p = 0.0047) and isobutyric acid
(47% |, p=0.0032) in fecal samples from AIN-fed mice, whereas BRB elevated propionic (50%
1, p =0.0467), isobutryic (82% 1, p = 0.0043) and isovaleric (79% 1, p = 0.0040) acids in mice
provided the TWD basal diet. By the study end, overall SCFA in fecal samples returned to the
pre-DSS baseline (Table 2.S5). In the long term, compared to control mice, BRB supplementation
increased butyric acid fecal concentration by about 2-fold (p = 0.0021) and valeric acid by 55%

(» = 0.0209) in mice provided the TWD but not in their AIN-fed counterparts.
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2.4. Discussion

Consumption of a rodent diet that emulates the typical American pattern with respect to
macro- and micronutrient profiles has been repeatedly shown to enhance symptoms of colitis,
inflammatory cell infiltration, mucosal injury and tumor development in murine models of colitis-
associated colorectal cancer [12,35]. Herein, we report the findings from the first investigation to
explore the purported benefit of dietary supplementation with BRB for gut health and modulation
of the gut microbiome in a mouse model of Western-diet enhanced colitis and colitis-associated
colorectal cancer. The results of a pilot study suggested that BRB supplementation ameliorated
colitis symptoms and reduced colon tumorigenesis in mice provided the TWD. Moreover,
assessment of the fecal microbiome suggested that BRB consumption led to shifts in the gut
microbiome in favor of health-promoting species. However, in a more extensive follow-up study,
the suppressive effects of BRB supplementation on colitis and CAC were mixed, with no
apparent effects on colitis symptoms, colon inflammation or mucosa injury, yet an apparent
improvement in colon length and reduced tumor multiplicity by the end of the experiment,
irrespective of the basal diet provided. As observed in the pilot study, in the second experiment,
BRB supplementation had profound effects on the composition of the fecal microbiome evident
even before the onset of colitis, as evidenced by increased alpha diversity and distinct
microbiome profiles throughout the study period, during colitis, recovery, and finally,
tumorigenesis. Of interest, when considering changes in abundance of individual taxa, we
observed more frequent significant changes in their relative abundance values in mice provided
the AIN basal diet as compared to those fed TWD.

An unexpected finding in both experiments was the apparent increased energy intake for
mice provided the TWD supplemented with BRB. In prior investigations employing the TWD,
we observed that mice fed TWD typically consume less food, such that their overall energy intake

is consistent with that of mice provided the AIN diet [12,13,35,46]. However, TWD/CON food
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intake for experiment B of this study was statistically greater compared to their AIN/CON
counterparts, leading to elevated energy intake. In both experiments of this investigation, addition
of BRB to the TWD basal diet led to further increased intake of food, higher energy intake and,
consequently, increased body weight and fat mass. However, these effects were not apparent for
mice provided the AIN basal diet, pointing to an interaction between the TWD nutritional
profile—with its higher energy density and unbalanced micronutrient composition—and dietary
supplementation with BRB. Importantly, CON and BRB-supplemented diets were matched for
total sugar and fat content. Thus, it is reasonable to surmise that the addition of BRB increased
the palatability of the rodent diet, presumably due to the differing sugar profile of black
raspberries (fructose and glucose) compared to the semi-purified diets containing only sucrose.
Future studies should explore the potential adverse effects of the TWD on the gut-brain axis and
neuroendocrine control of hunger and satiety—effects, which may explain why hyperphagia was
notably pronounced in mice provided with the more palatable BRB diet.

As previously observed in multiple studies, mice consuming TWD experienced more
severe colitis symptoms, increased inflammation and mucosal damage in the colon epithelium
and elevated tumor development compared to mice consuming the standard AIN [12,35], a
pattern that persisted in the current studies. Given the link between consumption of this Western
diet by rodents and evident promotion of colitis and CAC, it is important to identify the
functional foods abundant in bioactive chemicals with potent anti-inflammatory, antioxidant
and/or anti-cancer properties. Herein, we report that BRB supplementation consistently reduced
tumor multiplicity in a mouse model of Western-diet enhanced CAC. However, the findings for
symptoms of colitis and colon inflammation were equivocal. Several previous studies have
explored the effects of black-raspberry-supplemented diets in both murine cancer and
inflammatory disease models, although not in the context of a Western dietary pattern. Apc*™*

mice fed AIN76A supplemented with 5% whole freeze-dried BRB powder had a decrease in
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polyp burden and size in the small intestine and colon compared to control diet [47]. Dong et al.
compared different doses of protocatechuic acid (PCA) and 5% BRB supplemented in a AIN76A

diet administered to Apc*™*

mice, resulting in a greater effect of 5% BRB on polyp number and
size, tumor incidence and shift of pro-inflammatory bacterial species to anti-inflammatory
promoting taxa [48]. Using a similar experimental model of CAC in C57BL6/J mice, Chen et al.
observed decreased colon tumor incidence and multiplicity for mice provided chow supplemented
with 5 or 10% BRB [25]. When added to the AIN76 diet, black raspberries, their anthocyanin
bioactives and a microbial metabolite of anthocyanins have also been shown to be effective at
suppressing chemical carcinogenesis in a rat model of esophageal cancer [15,22].

In addition to its apparent anti-cancer properties, evidence also points to the anti-
inflammatory effects of dietary supplementation with BRB in animal studies. Using a DSS-
induced model of UC, Montrose et al. reported that addition of BRB to the AIN76 basal diet
suppressed key pro-inflammatory cytokines, including tumor necrosis factor-alpha (TNFa) and
interleukin 1-beta (IL1f), thus inhibiting cyclooxygenase 2 (COX2) [23]. Wister rats fed a high-
fat diet supplemented with 2.5% or 5% BRB freeze-dried powder for 8 weeks had decreased
levels of IL13, IL6 and COX2 [49]. Multiple studies using the /L 10 knockout mouse model for
UC showed that supplementing the AIN76A diet with 5% BRB led to decreased inflammatory
cell infiltration in colon tissues, which the authors concluded was due to the BRB supplement
correcting dysregulated TLR4 in colonocytes, decreasing prostaglandin E2 and inhibiting
aberrant epigenetic pathways by decreasing S-catenin translocation levels [50,51]. Additionally,
BRB decreased NF-kB p65 expression, which reduced aberrant DNA methylation of tumor
suppression genes in the Wnt pathway in a C57BL/6J mouse model of UC using the AIN76A diet
supplemented with 5% BRB powder [52]. Collectively, this evidence suggests that
supplementation with BRB in mice consuming a standard diet decreased inflammatory cytokines,

ameliorated TLR4 dysregulation and reduced methylation of tumor suppression genes.
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A key finding of this investigation was that consumption of BRB markedly altered the
composition of the fecal microbiome in a dynamic way over the course of disease development
and, ultimately, tumorigenesis. Anthocyanin-rich BRB promoted growth of more diverse
microbial communities in the colon, which were notably distinct from time-matched controls, as
evidenced by elevated a-diversities and highly divergent B-diversities (experiment B).
Comparable to these findings, Gu et al. reported that dietary supplementation of AIN93G with
10% freeze-dried BRB powder diet in healthy male mice increased richness of the mucosal and
luminal microbiomes of the colon while also promoting growth of distinct microbiota populations
[17]. In a UC model of C57BL/6J mice provided 1% DSS in water for two weeks, the AIN76A
diet supplemented with 10% BRB powder had an attenuating effect on microbial richness
compared to control diet and higher diversity than mice fed only the control diet [53].
Collectively, BRB supplementation promotes anti-inflammatory and anti-cancer properties while
also enriching the gut microbiome.

Shifts in relative abundance in major phylum favoring Firmicutes compared to
Bacteroidetes (F:B) has been previously linked to chronic inflammatory disease, including
obesity and inflammatory bowel disease (IBD) [54,55]. As noted for the more extensive
experiment B, the F:B ratio was consistently reduced in BRB-supplemented diets prior to onset of
colitis, during active colitis, through recovery and colon tumorigenesis. Driving this decrease in
the F:B ratio was a lower relative abundance of Erysipelotrichaceae and Streptococcaceae in
BRB-fed mice compared to CON diet. Of note, members of these bacteria families have been
previously found in high abundance in patients diagnosed with UC or Crohn’s disease [56,57].
Schaubeck et al. observed a significant increase in Erysipelotrichaceae in mice that developed
tumor necrosis factor (TNF)-driven CD-like transmural inflammation [58]. In this investigation
using a mouse model of colitis and CAC, the abundance of Erysipelotrichaceae was higher in

mice (experiment B) during active colitis and remained elevated through recovery and colon
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tumor development. Alternatively, an increased abundance in this bacteria family was associated
with a 12% lower risk of IBD and 14% reduced risk of UC in humans [59]. Insulin-resistant mice
fed a high-fat, high-sugar diet supplemented with cyanidin-3-glucoside (C3G) extract, commonly
found in blueberries, reduced Erysipelotrichaceae and Streptococcaceae relative abundance [60],
a finding similar to this study in which BRB supplementation reduced both Erysipelotrichaceae
and Streptococcaceae prior to DSS-induced gut injury and during active colitis, with different
outcomes depending on the basal diet provided.

Bacteria belonging to the Bifidobacteriaceae family (Bifidobacterium pseudolongum in
experiment A and unidentified species in experiment B) were enriched with BRB
supplementation in this investigation, most notably during active colitis in both experiments.
Bifidobacteriaceae dominate the gut microbiome of infants but decrease in abundance by the time
a child reaches three years of age [61]. Species belonging to the Bifidobacteriaceae family
suppress the immune response, increase acetate production and improve intestinal barrier function
in infants and provide protective effects in CD patients [62]. In a recent study that explored colon
mucosa and tumor-associated microbiomes by comparing age-matched wild-type F344 rats and
Apc-mutated Pirc rats, Vitali et al. reported that the colon tumor tissue-associated microbiome
was enriched for Bifidobacteriaceae, suggesting a relationship between bacteria in this family and
the tumor environment [63]. Previous studies exploring the effects of dietary supplementation
with BRB in animal models of IBD or CAC did not report changes in abundance of
Bifidobacteriaceae taxa, contrary to our findings [17,53].

In the current study, BRB supplementation increased the relative abundance of
Lachnospiraceae, Ruminococcaceae and Rikenellaceae prior to, during and after carcinogen
exposure. Members of the Lachnospiraceae family are butyrate-producing and degrades cellulose
and hemicellulose derivatives of plant fibers, leading to increased bioavailability for host

absorption and contributing to intestinal homeostasis [64]. In a study of 42 CRC patients and 89
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matched controls, Sinha and colleagues determined a significant association of CRC diagnosis
with reduced abundance of Lachnospiraceae in feces [65]. In addition, the relative abundance of
Lachnospiraceae decreased with increasing severity of bowel inflammation in a study of Chinese
patients with UC [66]. Multiple studies have shown that dietary supplementation with
anthocyanin-rich foods alters Lachnospiraceae abundance in the gut with purported health
benefits. For example, addition of an anthocyanin-rich extract from bilberries to the diet
promoted the growth of Lachnospiraceae in aged rats [67]. Additionally, Chen et al. reported that
treatment with the anthocyanin cyanidin-3-O-glucoside ameliorated chemically induced gut
dysbiosis, including increased abundance of Lachnospiraceac NK4A136_group, and protected
against intestinal mucosa damage [68].

In this investigation, we observed different responses to BRB intervention for taxa in the
Ruminococcaceae family, with apparent reduced abundance during active colitis in the pilot
experiment and clearly elevated abundance in the more extensive study, most notably in mice fed
the AIN diet prior to gut injury, during active colitis, through recovery and, for both basal diets,
on to tumor development. Ruminococcaceae are butyrate-producing bacteria necessary for
intestinal barrier functions, and a decrease in the relative abundance of Ruminococcaceae has
been shown to promote secondary bile deficiencies and intestinal inflammation [69-71].
Interestingly, others have also reported mixed outcomes for Ruminococcaceae abundance
following intervention with anthocyanin-rich foods. For example, Pan et al. reported that healthy
F344 rats fed the AIN76G diet with 5% BRB had increased Ruminococcaceae in feces [24].
Alternatively, dietary supplementation with 5% BRB or protocatechuic acid, a microbial-derived
metabolite of black raspberries, apparently decreased the relative abundance of fecal
Ruminococcus gnavus in the APC”"™* mouse model of small intestinal cancer [48]. Furthermore,
in C57BL/6J mice fed a high-fat basal diet, blueberry and cranberry anthocyanin extracts were

shown to reduce the relative abundance of Ruminococcaceae in the fecal microbiome as
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compared to high-fat control mice [72]. Finally, Kennedy and colleagues reported that the relative
abundance of Rikenellaceae is reduced in CD patients compared to healthy controls [73].
Anthocyanin extract from blueberries and cranberries added to a high-fat diet reduced the
abundance of Rikenellaceae in C57BL/6J mice [72], while blue honeysuckle berries, containing
mainly cyanidin 3-glucoside, added to a high-fat diet led to increased abundance of Rikenellaceae
in the fecal microbiome of male mice [74].

Within the Verrucomicrobiaceae family, 4. muciniphila is one of the most widely studied
bacterium due to its apparent critical role in sustaining gut homeostasis via promotion of mucin
secretion and maintenance of the mucosal layer. Thus, application of A. muciniphila as a pro-
biotic or identification of diets that promote its abundance are of high interest to leverage its
potential for sustaining gut health and supporting the intestinal immune response [75]. However,
the relationship between A. muciniphila and intestinal inflammatory diseases is unclear (reviewed
in Ref [reviewed in 76]), as multiple studies have reported equivocal findings in humans [77-81]
and in animal models [82-84]. In this investigation, we observed a marked decrease in the
abundance of Verrucomicrobiaceae (Akkermansia unclassified species) following DSS-induced
injury to the gut epithelium, although less so during colitis for TWD-fed mice, suggesting that the
highly inflamed and damaged tissue environment was not supportive for this bacterium.
Furthermore, we reported that Akkermansiaceae was elevated in mice fed the AIN diet
supplemented with BRB during active colitis and through recovery compared to controls,
although not in TWD-fed mice (experiment B). Polyphenols derived from Concord grapes have
been shown to increase Akkermansiaceae abundance, resulting in enhanced intestinal barrier
function and suppression of inflammatory cells in mice fed a high-fat diet [85]. Additionally,
multiple studies have shown that addition of either blueberry or cranberry powder or extract to a
high-fat, high-sugar diet increased the abundance of 4. muciniphila after 6 to 11 weeks [72,86].

In this study, we identified the key microbial taxa associated with gut inflammation as possible
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biomarkers of disease. While this study included a dynamic assessment of the microbiome, it
remains unclear whether changes in the abundance of bacteria, such as 4. muciniphila, are indeed
causative of altered colitis status or are a consequence of changes in gut inflammation status.

In a prior longitudinal study of the gut microbiome in a well-established mouse model of
IBD, Sharpton et al. suggested that the taxonomic structure and functional capabilities of the gut
microbiome shifted through disease development, and these changes correlated with immune
activation [87]. In the current study, we observed transient, diet-dependent divergence of
microbial taxonomic and functional diversity, most evident in the healthy mice before DSS-
induced gut injury and during active colitis, which then resolved—especially with respect to
functional diversity—during recovery from gut injury. This divergence was apparent for mice
consuming both basal diets, although clearly more pronounced in mice fed the AIN. Prior to gut
insult, our metagenomic analysis of BRB-fed mice compared to controls revealed differences in
KEGG level 1 terms, including increased glycan biosynthesis and metabolism, biosynthesis of
other secondary metabolites and metabolism of other amino acids. Moreover, enriched KEGG
level 2 terms in mice provided BRB included pyruvate, butanoate and propanoate metabolism
pathways, notably prior to gut injury. During active colitis and recovery of gut injury,
lipopolysaccharide biosynthesis, carbon fixation and fatty acid metabolism pathways were
enriched, likely a consequence of DSS-induced inflammation and disease progression.

Black raspberry polyphenols, such as phenolic acids, flavanols and anthocyanins [17], are
broken down to secondary metabolites, such as SCFAs. For example, the black raspberry freeze-
dried powder in this study had a 3.72% w/w of anthocyanin with cyanidin-3-O-glucoside being
the dominant structure. The sugar moiety is removed from the cyanidin via B-glucosidase, which
enhances glycan metabolism into butyrate [88]. Glucose is actively converted to pyruvate
promoting the citric acid cycle, consequently stimulating metabolism of other amino acids.

Further, cyanidin is hydrolyzed and cleaved into two important secondary metabolites,
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protocatechuic acid and pholoroglucinaldehyde [89]. Given the apparent shift in functional
diversity of the gut microbiome in mice fed BRB-supplemented diets, we also determined the
concentrations of SCFAs in fecal samples. Interestingly, the apparent change in the functional
diversity of the gut microbiome associated with BRB supplementation, as indicated by enriched
KEGG level 2 terms for pyruvate, butanoate and propanoate metabolism, was associated with
shifts in fecal SCFA levels, specifically acetic, propionic and butyric acids prior to gut injury,
especially in mice fed the TWD. However, it should also be noted that mice fed the TWD-+BRB
diet had higher overall energy intake compared to the other experimental groups, which could
explain the higher concentration of SCFAs in the feces of these mice. Tu et al. reported that
C57BL/6J mice fed the AIN76A diet with 10% BRB had similar increases in butyrate as
compared to controls [90]. Butyrate is the least abundant SCFA and is the main energy source for
colonocytes. Further, butyrate modulates the immune responses, intestinal barrier function,
inhibits histone acetylation and has been shown to have anti-cancer properties (reviewed in Ref
[reviewed in 91]).

This study has some limitations that should be considered. First among these are the
apparent contradictory findings between the pilot study (experiment A) and the more extensive
second study (experiment B), most notably for colitis disease activity index, the histopathology
assessment of inflammation and mucosal injury, and tumor burden, although BRB
supplementation similarly reduced tumor multiplicity in both studies. Additionally, different
results were apparent for the relative abundance of specific microbiome taxa. With respect to
microbiome analyses, the two key considerations are (1) the different sequencing technologies,
with the methods for experiment B being more robust and achieving much improved sequencing
depth to capture more rare taxa; and (2) fewer cages employed in the pilot study limited the
statistical power. Given the different sequencing platforms and databases used for mapping

sequences to bacteria, comparisons across the two experiments for specific bacteria taxa should
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be made with caution. Additionally, fecal microbiome profiling determined the relative
abundance of various taxa present rather than their absolute abundance; it is possible that
apparent changes in the relative abundance of one species may not be due to changes in its actual
population size but rather due to the growth or loss of other species in the community. The
experimental model of CAC was the same for both studies, yielding the anticipated phenotype
outcomes for colitis, histopathology and tumorigenesis for mice fed either the AIN or TWD, as
has been observed in several prior studies by our group. Additionally, the diet formulations were
consistent across the two experiments, as we used the same source of BRB freeze-dried powder
with a consistent anthocyanin profile; thus, the experimental diets were not likely the driving
factor in apparent differences in inflammatory response. At this point, we cannot posit a clear
explanation for the apparent differences in inflammatory response evident in these experiments.
However, we note that repeated pre-clinical experiments with dietary interventions for cancer
prevention are rarely provided in the literature, and these mixed results give further weight to the
need to consider the reproducibility of pre-clinical studies before advancing such work to clinical
settings. Furthermore, the concentration of BRB in the mouse diets employed in this study would
deliver a dose of anthocyanins (estimated 448 mg/kg per day with estimated human equivalent
dose of 7.6 mg/kg based on surface area allometric scaling) approximately 5-fold greater than
could reasonably be achieved in humans consuming black raspberries as part of a regular diet
(approximately 460 mg anthocyanins in 100 g serving of fresh black raspberries, for a dose of 7.6
mg/kg). Moreover, these berries are a seasonal specialty crop and not widely available in local
groceries. However, concentrated anthocyanin-rich extracts and freeze-dried fruit powders (as

used in this study) are commercially available all year round.

2.5. Conclusions
In conclusion, dietary supplementation with freeze-dried black raspberry powder

appeared to suppress colon tumorigenesis, as evidenced by reduced colon tumor multiplicity in
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multiple experiments, although the effects on colitis symptoms, colonic inflammation and
mucosal damage were inconsistent. Moreover, addition of BRB to the mouse diet shifted the fecal
microbiome composition in favor of health-promoting taxa, increased alpha diversity and
promoted growth of distinct microbiome populations compared to mice fed the control diets.
Importantly, a significant interaction between basal diet and BRB supplement was evident for
many experimental parameters, such as body weight and fat mass gain, alpha diversity and
relative abundance of several bacteria families, pointing to the importance of the underlying
nutritional status of the target population for intervention with functional foods. The key issues
still left to be addressed in future investigations include the potential benefit of other anthocyanin-
rich foods with differing anthocyanin profiles in this animal model of Western-diet enhanced
CAC, the impact of varying anthocyanin-rich food intake patterns to emulate typical human diet
(e.g., varied food items, varied intake schedule) and the duration of microbiome response to
intervention with anthocyanin-rich foods. These investigations would better inform nutritionists
working with IBD patients in real-world diet intervention scenarios to promote gut homeostasis,

suppress inflammation and potentially reduce the risk of CAC.
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Figure 2.1. Dietary supplementation with 5 to 10% BRB suppressed symptoms of colitis and
colon tumorigenesis in mice fed TWD (experiment A). (a,b) Disease activity index (DAI) score
during active colitis on day 33 (a) and recovery from gut injury on day 45 (b). (c¢) Incidence of
colon tumors shown as the percent of mice with tumors. (d) Colon tumor multiplicity (number of
tumors per mm colon length). (e) Average tumor volume. (f) Tumor burden (total volume). For
(a,b) and (d-f), data are shown as individual values with mean + SE. Different letters indicate
that treatment groups are significantly different (»p < 0.05), as determined by statistical methods
outlined in the Materials and Methods section.
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Figure 2.2. Beta diversity of mouse microbiomes at each experimental time point (experiment
A). Principal coordinate plots depicting fecal microbiome beta diversity using (a) unweighted or
(b) weighted unifrac distances are shown with the two components. The variation attributed to
PC1 and PC2 along with the permanova p-values are provided for each plot.
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Figure 2.3. Food and energy intakes, body weight and body composition (experiment B). (a,b)
Estimated total daily food and energy intake per mouse. See Figure 2.S7 for longitudinal food and
energy intake data. (¢) Body weight gain over the study period. (d) Final body weight at study
end on day 115. (e,f) Lean and fat mass as percentage of body weight. Data are shown as the
individual measurements (except (¢)) with the mean = SE (a,b,d—f). Inset tables show the
statistical model main effects for diet, treatment and their interaction or “npar test” if a non-

parametric test was required, and different letters indicate that experimental groups are
significantly different (p < 0.05), as determined by statistical methods outlined in Materials and

Methods.
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Figure 2.4. Disease activity index and colon histopathology (experiment B). Scores for the
disease activity index (DAI) (a), histopathology inflammation score (b) and histopathology
mucosal injury score (¢) are shown for active colitis on day 33 and recovery from gut injury on
day 45. Data are shown as individual values with mean + SE. Inset tables provide the statistical
model main effects for diet, treatment and their interaction or “npar test” if a non-parametric test
was required, and different letters indicate that experimental groups are significantly different (p
< 0.05), as determined by statistical methods outlined in the Materials and Methods section.
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Figure 2.5. Effect of BRB supplementation on colon length and colon tumorigenesis in mice fed
AIN or TWD basal diets (experiment B). (a) Incidence of colon tumors shown as the percent of
mice with tumors at the terminal time point. P-values from pairwise Fisher exact tests (selected a
priori) are shown. (b) Colon length. (¢) Colon tumor multiplicity (number of tumors per mm
colon length). (d) Average tumor volume. (e) Tumor burden (total volume). For (b—e), data are
shown as individual values with mean + SE. Inset tables show the statistical model main effects
for diet, treatment and their interaction or “npar test” if a non-parametric test was required, and
different letters indicate that experimental groups are significantly different (p < 0.05), as
determined by statistical methods outlined in the Materials and Methods section.
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Figure 2.6. Taxonomic classification of mouse fecal bacteria (experiment B). Data shown are the
relative normalized abundance of bacteria annotated to phylum (a) or family (b) taxonomic levels
for the top 15 most abundant taxa for each experimental group for each experimental time point.
New phylum level taxonomic designations are indicated in parentheses (a).
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Figure 2.7. Relative abundance of fecal microbiome at the family taxonomic level with summary
of results of metagenomeSeq statistical analyses (experiment B). (a) Unsupervised hierarchical
cluster analysis shows the logio relative abundance with clustering by taxa using the Euclidean
distance with average linkage. (b) Summary plot shows the logio FDR-adjusted p-values obtained
from metagenomeSeq analyses of fecal microbiome profiles. All tests were determined a priori,
and complete results are provided in File 2.54. (i) Analyses for main effects of time point and
pairwise comparisons across time points, irrespective of basal diet or BRB supplementation. (ii)
Analyses for diet main effects, irrespective of BRB supplementation, at each time point. (iii)
Analyses for BRB supplementation main effects, irrespective of basal diet, at each time point. (iv)
Selected pairwise tests for basal diet and BRB supplement combinations within each study time
point. A significant effect was inferred for FDR-adjusted p-values <0.05 (increasing blue on the
color scale).
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Figure 2.8. Fecal microbiome community structures depicted as heat trees showing the relative
abundance ratios for selected comparisons of basal diet and BRB supplement at each
experimental time point (experiment B). (a) Comparisons of TWD versus AIN basal diet with or
without BRB supplementation (green-to-yellow color bar, with yellow indicating greater
abundance in TWD-fed mice; top legend). (b) Comparisons of BRB versus CON supplement for
AIN or TWD basal diets (blue-to-red color bar, with red indicating greater abundance in BRB-
supplemented mice; bottom legend). (¢) Phylogenetic structure of fecal microbiome bacteria
community.
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Figure 2.9. Relative abundance of select bacteria families of interest for each experimental time
point (experiment B). (a) Erysipelotrichaceae, (b) Streptococcaceae, (¢) Bifidobacteriaceae, (d)
Lachnospiraceae, (e) Rikenellaceae, (f) Ruminococcaceae and (g) Akkermansiaceae. Data are
shown as individual values that represent each cage (as the biological unit) with mean + SE. For
simplified visualization, this plot shows only the statistical results as FDR-corrected p-values for
comparisons between CON and BRB-supplemented diets as indicated: *, p < 0.05; **, p <0.01;
and *** p <0.001, as outlined in Materials and Methods. Complete results of all metagenome-
Seq statistical analyses, including pairwise comparisons by basal diet and across time points, are
provided in File 2.54.



113

N it i FEull model main effects
Pre-DSS Colitis Recove Terminal Time poit (TP) < 0.0001

4 BRB main effect BRB main effect BRB main effect BRB main effect Diet p =0.0884
p <0.0001 p=0.0025 ab p=0.0001 p=0.0070 Supp p <0.0001
a 6 Diet*Supp p=0.9587

b a a Diet*TP p <0.0001
ab Supp*TP p=0.7399
a é b Om g ' a ' Diet*Supp*TP p =0.2216
© CON

a
SETRIE ij 1!
' | ' Hl BRB

AIN  TWD AIN TWD AIN TWD AIN  TWD

Supplement

Firmicutes:Bacteroidetes
(log ratio)
N

Figure 2.10. Ratio of Firmicutes to Bacteroidetes for each experimental time point (experiment
B). Ratios were determined using normalized count data for each phylum. Data are shown as
individual values representing each cage (as the biological unit) with mean + SE. The table shows
the statistical model main effects, including all experimental factors, and different letters indicate
that experimental groups are significantly different (p < 0.05), as determined by statistical
methods outlined in the Materials and Methods section.
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Figure 2.11. Alpha diversity of mouse fecal microbiomes for each experimental time point
(experiment B). Alpha diversity measures include (a) observed ASVs, (b) the Chaol index and
(c) the Shannon index. Data are shown as individual values representing each cage (as the
biological unit) with mean + SE. Inset tables show the statistical model main effects, including all
experimental factors, for each a-diversity measure. For simplified visualization, this plot shows
only the statistical results for comparisons between CON and BRB-supplemented diets, as
indicated: *, p <0.05; **, p <0.01; *** p <0.001; and **** p <0.0001, as outlined in Materials
and Methods. Complete results of these statistical analyses, including comparisons within and
across time points, are provided in Tables 3.52-3.S4.
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Figure 2.13. Metagenome predicted functions classified using KEGG metabolism orthology with

tax4fun (experiment B). (a) Differences in mean proportions for BRB-supplemented and CON

treatments for mice fed either AIN or TWD basal diets. Values are the differences between
proportions with 95% confidence intervals. *, p < 0.05; **, p <0.01; and ***, p <0.001, as
determined by Fisher’s exact test followed by Benjamini-Hochberg method to adjust for multiple
comparisons for the full data set. Proportions for each diet and supplement combination at each

time point are provided in Figure 2.513b. (b) Pathway enrichment of significant KEGG level 2
terms associated with the fecal microbiome of BRB-fed mice (AIN- and TWD-fed combined).

Values shown are the term count (number of terms associated with the metabolism pathway), the
enrichment factor (number of significant terms/total terms in pathway) and the FDR-corrected p-

value.
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Figure 2.14. Longitudinal analysis of fecal microbiome taxonomy and functional capacity
(experiment B). (a,b) NMDS ordination plots of the taxonomic (a) and functional (b) B-diversity
for fecal microbiomes of mice fed either CON or BRB-supplemented diet with either AIN or
TWD basal diets for all experimental time points. Functional beta diversity was measured as the
Bray—Curtis dissimilarity based on KEGG term abundances, while taxonomic beta-diversity
values represent the Bray—Curtis dissimilarity based on ASV abundances. (¢,d) Longitudinal
variation shown as the first dimension plotted over experimental day for taxonomic (¢) and
functional (d) diversity. Loess-smoothed trajectories of microbiomes from each experimental
group are plotted; gray shading represents the 95% confidence interval. P, pre-DSS; C, colitis; R,
recovery; and T, terminal time points.
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Figure 2.15. Short-chain fatty acid concentrations in fecal samples from mice fed CON or BRB-
supplemented diets at each experimental time point (experiment B). Data are shown as individual

values that represent each cage (as the biological unit) with mean + SE. For simplified
visualization, this plot shows only the statistical results as FDR-corrected p-values for

comparisons between CON and BRB-supplemented diets, as indicated: *, p < 0.05; **, p <0.01;
**% p<0.001; and **** p <0.0001, as outlined in Materials and Methods. Complete results of
all statistical analyses, including pairwise comparisons by basal diet and across time points, are

provided in Tables 3.S5-3.S7.



CHAPTER 3
BASAL DIET FED TO RECIPIENT MICE WAS THE DRIVING FACTOR FOR COLITIS
AND COLON TUMORIGNESIS, DESPITE FECAL MICROBIOTA

TRANFER FROM MICE WITH SEVERE OR MILD DISEASE?

Abstract

Consumption of the total Western diet (TWD) in mice has been shown to increase gut
inflammation, promote colon tumorigenesis, and alter fecal microbiome composition when
compared to mice fed a healthy diet, i.e., AIN93G (AIN). However, it is unclear whether the gut
microbiome contributes directly to colitis-associated CRC in this model. The objective of this
study was to determine whether dynamic fecal microbiota transfer (FMT) from donor mice fed
either the AIN basal diet or the TWD would alter colitis symptoms or colitis-associated CRC in
recipient mice, which were fed either the AIN diet or the TWD, using a 2 x 2 factorial experiment
design. Time-matched FMT from the donor mice fed the TWD did not significantly enhance
symptoms of colitis, colon epithelial inflammation, mucosal injury, or colon tumor burden in the
recipient mice fed the AIN diet. Conversely, FMT from the AIN-fed donors did not impart a
protective effect on the recipient mice fed the TWD. Likewise, the composition of fecal
microbiomes of the recipient mice was also affected to a much greater extent by the diet they
consumed than by the source of FMT. In summary, FMT from the donor mice fed either basal

diet with differing colitis or tumor outcomes did not shift colitis symptoms or colon

2 This chapter has been previously published in: Rodriguez, D.M.; Hintze, K.J.; Rompato, G.;
Stewart, E.C.; Barton, A.H.; Mortensen-Curtis, E.; Green, P.A.; Van Wettere, A.J.; Thomas, A.].;
Benninghoff, A.D. Basal diet fed to recipient mice was the driving factor for colitis and colon
tumorigenesis, despite fecal microbiota transfer from mice with severe or mild disease. Nutrients
2023, 15, doi:10.3390/nu15061338. Author Contributions: Conceptualization, D.M.R., K.J.H. and
A.D.B.; methodology, D.M.R., K.J.H., GR,, E.CS., AH.B., EM.-C.,, P.A.G., AJV.W, AJ.T.
and A.D.B.; data curation, D.M.R. and A.D.B.; writing—original draft preparation, D.M.R. and
A.D.B.; writing—reviewing and editing, D.M.R., K.J.H. and A.D.B.; visualization, D.M.R. and
A.D.B.; project administration, A.D.B.; funding acquisition, A.D.B.
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tumorigenesis in the recipient mice, regardless of the basal diet they consumed. These
observations suggest that the gut microbiome may not contribute directly to the development of

disease in this animal model.

3.1. Introduction

The microbiome is a vast collection of microorganisms that live in association with the
human body, including bacteria, viruses, fungi, and protists that reside on various surfaces, such
as the skin, mouth, nose, lung, gastrointestinal tract, and genital tract [1]. The colon microbiome,
which is composed of microbes that cohabit with each other and with local host cells, has an
essential role in the host digestive system [2]. Gut homeostasis represents a state of equilibrium
between the microbiome and host cells, resulting in a symbiotic or commensal association [3].
Microorganisms profit from a favorable environment and steady nutrient availability, and, in turn,
these microorganisms support the host via microbial degradation of indigestible dietary
components, stimulation of immune functions, production of certain vitamins, and other essential
functions [4]. Understanding the dynamic relationship between the intestinal microbiome and gut
health has prompted the development of murine and other animal models to further characterize
microbiota profiles and their functionality.

Human and rodent gut microbiomes are largely similar and comprised of four dominant
phyla: Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria. The National Center for
Biotechnology Information in the U.S. recently renamed these phyla as Bacillota, Bacteroidota,
Actinomycetota, and Pseudomonadota, respectively, to improve systemic taxonomic
nomenclature [5], although both designations are used synonymously nowadays. Modifiable
lifestyle factors, such as the consumption of antibiotics, alcohol, or tobacco; the prevalence of
chronic inflammatory disease; and diet can potentially change the gut microbiome [6]. The
Western diet is characterized by high consumption of red meat, animal fat, and sugar, along with

low fiber intake, and is considered a risk factor for many chronic diseases, such as inflammatory
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bowel disease (IBD) and colorectal cancer (CRC) [7]. The Western dietary pattern results in
chronic deficiency of essential micronutrients, leading to a disruption of metabolic and biological
pathways [8]. To investigate the interaction between the Western dietary pattern and the
development of inflammation-associated colorectal cancer, we previously developed the total
Western diet (TWD) for rodents based on the typical nutrient intake of Americans on an energy
density basis [7]. In repeated studies, we had shown that chronic consumption of the TWD
enhanced symptoms of colitis; increased inflammation and injury to colon mucosa; altered
inflammation and immune signaling in mucosal tissues; and promoted colon tumorigenesis in a
murine model of colitis-associated colorectal cancer (CAC) [9].

The involvement of the gut microbiome—considered either as a whole community of
bacteria or in part with a focus on specific pathobionts—in the development of chronic intestinal
inflammation and/or the development of colorectal cancer has been a subject of intense
investigation in recent years. Importantly, individuals suffering from chronic colitis are at a two-
to three-fold greater risk of developing CAC compared to healthy population [10]. IBD patients
typically have a lower microbial load, reduced diversity in their gut microbiome, an elevated
abundance of pro-inflammatory taxa, and greater quantities of bacteria belonging to the
Erysipelotrichaceae and Streptococcaceae families (both within the Firmicutes phylum) [11].
Certain bacterial species have been shown to have pro-inflammatory properties by invading
epithelial cells and inducing cytokine production, creating an ideal microenvironment for tumor
development. Yu et al. reported that Fusobacterium nucleatum was abundant in the colorectal
cancer tissues of CRC patients and suggested that it modulates innate immune signaling and
promotes resistance to chemotherapy [12]. Furthermore, F. nucleatum selectively binds to E-
cadherin, thereby increasing membrane permeability and activating the -catenin signaling
pathway, which upregulates the expression of oncogenic and pro-inflammatory genes in humans

and mice [13]. Similarly, enterotoxigenic Bacteroides fragilis, a Gram-negative bacterium,
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triggers pathways leading to cleavage of E-cadherin, activation of the Wnt/B-catenin pathway and
subsequent induction of the production of interleukin-17A and tumor necrosis factor; all of these
collectively contribute to a pro-inflammatory tumor microenvironment [ 14]. Bonnet et al.
reported that Escherichia coli, a Gram-negative bacterium belonging to the Enterobacteriaceae
family, was more abundant in the tumor tissues obtained from CRC patients when compared to
normal adjacent tissues, as well as when compared to the normal mucosa of control patients; of
note, E. coli colonization was more pronounced in patients with advanced disease [15]. Mucosa-
associated adhesive-invasive E. coli strains invade the mucosa, triggering the production of
cancer-driving reactive oxygen species [15]. Enterococcus faecalis, a Gram-positive bacterium
belonging to the Enterococcaceae family, promotes colon inflammation by generating
extracellular superoxide and hydrogen peroxide, which leads to elevated DNA damage, increased
expression of tumor growth factor-beta (TGFp), activation of the SMAD signaling pathways, and
upregulation of cyclooxygenase-2 [16]. Finally, Peptostreptococcus anaerobius (Clostridiaceae
family), a Gram-positive oral bacterium generally found in mucosal tissue, was detected in high
abundance in the stool samples and colon mucosa obtained from CRC patients; P.

anaerobius was also shown to promote colon tumorigenesis in mice, enhance proliferation of
human colon normal and cancer cell lines in vitro, and alter oncogenic pathways including
cholesterol biosynthesis and TLR signaling, among others [17].

The mounting evidence pointing to an association, and perhaps a causal role, of gut
bacteria in the pathogenesis of chronic inflammation and/or colon tumorigenesis has led to the
development of multiple pre-clinical murine models in which the composition of the gut
microbiome is manipulated to determine subsequent effects on gut health parameters. First among
these is the gnotobiotic mouse, for which the composition of the microbiome is known.
Generally, gnotobiotic (GB) mice are developed from a germ-free animal, either conceived via in

vitro fertilization of a germ-free dam or birthed via cesarian section and then maintained in a
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pathogen-free environment. Then, the desired microbe(s) can be introduced via various means
(e.g., co-housing, shared bedding, and inoculation) to colonize the germ-free mouse and establish
a gnotobiotic model [18]. While the use of GB murine models is critical to understanding key
microbial interactions within the gut, these models do have limitations in that they may lack
important commensal resident bacteria that are essential for establishing gut homeostasis.
Furthermore, laboratory mice bred in germ-free conditions develop anatomical, physiological,
and immunological abnormalities [19]. In addition, GB colonies are expensive and difficult to
maintain, and few facilities are available to sustain a germ-free environment. These limitations
have led to the development of alternative models, including the use of antibiotics and antifungal
drugs to deplete the resident microbiome of recipient mice prior to the transfer of fecal material
from a donor animal in a process called fecal microbiota transfer (FMT) [20]. Hintze et al.
depleted the gut microbiome of commonly used C57BL/6] mice with broad-scope antibiotics
using this approach, followed by four weekly transfers of fecal material from two human donors;
the authors found that the recipient mice’s microbiomes reflected approximately 68 to 75% of the
human microbiome sequence mass [20]. We employed a similar antibiotic approach in a human-
to-mouse FMT experiment in which fecal material from either obese or lean human donors was
transferred to mice fed either a healthy diet, a high-fat diet, or a complete Western diet [21].
Interestingly, we found that the diet fed to the recipient mice was the driving force in shaping the
gut microbiome of the recipient mice as opposed to the source of the donated microbiota. The
recipient mice that received FMT from obese human donors and were fed a standard diet did not
acquire an overweight phenotype, nor did FMT from lean donors protect the mice that were fed a
high-fat diet from gaining excess weight [21]. These findings point to the critical need to consider
the diet fed to recipient mice when performing FMT experiments to determine if gut bacteria

from donors may confer host traits to recipients.
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While multiple studies have pointed to gut dysbiosis as a common feature of colitis
and/or colon tumorigenesis in humans and animal models, it is not clear whether changes in the
gut microbiome composition associated with different nutritional patterns are the drivers of this
disease process, leading to the progression from initial inflammation to neoplasia and then
advanced tumorigenesis. Therefore, to better understand the involvement of the microbiome in
the development and/or exacerbation of colitis and colon tumorigenesis, we designed an FMT
experiment using fecal material collected from a prior study, in which donor mice were fed either
the AIN93G diet or the TWD and subjected to our standard protocol for mouse CAC [22]. This
experimental design incorporated the standard AIN93G diet or the total Western diet for the
donor animals as well as for the recipient mice in a 2 x 2 factorial design. We hypothesized that
FMT from the donor mice that were fed the TWD and experienced severe colitis and high tumor
burden would exacerbate symptoms of colitis and increase tumorigenesis in the recipient mice
that were fed the AIN93G diet. Conversely, we hypothesized that FMT from the donor mice that
were fed the AIN93G diet and had mild colitis and low tumor burden would alleviate colitis

symptoms and reduce tumorigenesis in the recipient mice that were fed the TWD.

3.2. Materials and Methods
3.2.1. Chemicals and Reagents

Azoxymethane (AOM) was purchased from Sigma-Aldrich (St. Louis, MO, USA; CAS No.
25843-45-2). Dextran sodium sulfate (DSS; reagent grade at mol. wt. ~40 kDa) was obtained
from Thermo Fisher Scientific (Waltham, MA, USA). All other chemicals were obtained from

general laboratory suppliers at reagent grade. Other reagents and kits are described below.

3.2.2. Experimental Animals
The Utah State University Institutional Animal Care and Use Committee approved all

procedures for the handling and treatment of mice used for this study (protocol no. 11562). The
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husbandry procedures and facilities for housing the mice were exactly the same as described in a

previous study [22].

3.2.3. Collection of Fecal Material from Donor Mice

The principal research question of this study is whether the fecal microbiome associated
with a Western diet enhances colitis symptoms, colon tumorigenesis, and microbiome
modulation, when it is transferred into recipient mice fed either a healthy diet (AIN93G) or the
total Western diet (TWD). Fecal material was collected weekly in a previous study [22] from
mice that were fed either the AIN basal diet or the TWD in a longitudinal study employing the
AOM + DSS model of chemical carcinogenesis (Figure 3.S1a) and was used for FMT to
recipients, as outlined below. The fecal samples were collected and stored in a —80 °C freezer. To
prepare the material for FMT, these fecal samples were pooled by basal diet and experimental
week (Figure 3.S1a) and diluted to 1 g/mL in sterile saline one week prior to their use for FMT,
and stored at —20 °C. On the day of transfer, the samples were thawed on ice and then used for

oral gavage, as described below.

3.2.4. Experimental Diets for Recipient Mice

The experimental diets were formulated by Envigo (Hackensack, NJ, USA; formerly Harlan
Teklad) as outlined in Table 3.S1; they were obtained from the vendor as one lot and maintained
at 4 °C for the duration of the study. The two basal diets were the AIN93G diet (AIN, cat. No.
TD.94045), formulated to promote rodent health with an energy density of 3.8 kcal/g, and the
total Western diet (TWD, cat. No. TD.180497), the formulation of which was previously
published [7], with an energy density of 4.4 kcal/g, and which was designed to emulate typical
macro- and micronutrient intakes on an energy density basis. The diets were administered, and

food intake was monitored as previously described [22].
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3.2.5. Microbiota Depletion and Fecal Microbiota Transfer from Mouse Donors

The depletion of the recipient mice’s resident microbiome was achieved using a previously
described protocol [20]. Twelve hours after the last antibiotic treatment, each mouse was dosed
by oral gavage with the fecal matter diluted in sterile saline (1 g/mL) from its assigned FMT
source group, which included either AIN-fed or TWD-fed donor mice. FMT continued weekly in

a time-matched fashion (Figure 3.S1b) until the end of the study.

3.2.6. Experimental Design

A 2 x 2 factorial design was employed with the basal diet fed to the FMT recipients
(referred to henceforth as “basal diet”) and the basal diet fed to the FMT donors (henceforth,
“FMT source”) as the two main experimental factors, resulting in the following experimental
groups (basal diet/FMT source): (1) fed AIN/fmt AIN, (2) fed AIN/fmt TWD, (3) fed TWD/fmt
AIN, and (4) fed TWD/fmt TWD (Figure 3.S1b). The mice were assigned to one of these
experimental groups at 5 weeks of age using a random block design to standardize body weights
among the experimental groups. The recipient mice were provided one of the two basal diets,
AIN93G (group 1-2) or TWD (group 3—4), for 3 days before starting the antibiotic regimen.

The protocol for inducing colitis and colon tumorigenesis had been described in a previous
study [22] and was followed in this experiment with only slight modifications. On day 14, the
mice were dosed i.p. with 10 mg/kg of AOM prepared in sterile PBS and provided 1% (w/v) DSS
via drinking water for 10 days, followed by plain drinking water for the remainder of the
experiment. On days 26 and 38, the mice were temporarily placed in new cages blinded to
treatment, and the DAI score was determined as described in a previous study [9]. Additionally,
on days 26 and 38, a randomly selected subset of mice from each group (n =7 to 11 per group)
was euthanized by CO; asphyxiation and necropsied, as outlined in a previous study [9]. The
histopathological assessment of epithelial inflammation and mucosal injury was performed by a

board-certified veterinary pathologist at the Utah Veterinary Diagnostic Laboratory using a
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scoring system as previously described [9]. On day 105, body composition was determined for all
mice using an MRI scan (EchoMRI-700). On day 115, the remaining mice (n =22 to 27 per
group) were euthanized by CO,asphyxiation and necropsied, as described in a previous study [9].
A randomly selected subset of colon tissues (n = 13 to 17 per group) was preserved for

histopathological verification of cancer stage.

3.2.7. Microbiota Profiling by 16S rRNA Sequencing

Sequencing of fecal microbiome was performed using the MiSeq reagent kit v2 for a paired-
end 500 cycle (2 x 250 bp) (Illumina, San Diego, CA, USA), as previously described [22]. Fresh
fecal samples were collected by cage on day 14 (pre-DSS), day 26 (colitis), day 38 (recovery),
and day 115 (terminal), and stored at —80 °C until analysis. The methods for DNA isolation,
amplification, purification, quantitation, and sequencing were as previously outlined [22]. The
microbiota sequences were processed using QIIME 2 [23] and DADA?2 [24]. Briefly, the DADA2
R package with a full amplicon workflow, including filtering, dereplication, chimera
identification, and merging paired-end reads, generated an amplicon sequence variant (ASV)
table and representative sequences. To assign taxonomy, the Qiime feature-classifier classify
sklearn command was used with a pre-trained classifier for the v4 region, silva-138-99-515-806-
nb-classifier.qza, and the most recent release of the SILVA database [25]. Supplementary File

3.S1 provides the resulting count data collapsed to the family level.

3.2.8. Microbiome Sequencing Data Analysis

The sequence data were analyzed using the Microbiome Analyst Marker Data Profiling
module [26] as previously described [22]. The data were analyzed for the main effects of basal
diet and FMT source, as well as for selected a priori pair-wise comparisons as follows: (1) fed
TWD/fmt AIN vs. fed AIN/fmt AIN (effect of basal diets in mice given fmt from AIN-fed

donors); (2) fed TWD/fmt TWD vs. fed AIN/fmt TWD (effect of basal diets in mice given fmt
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from TWD-fed donors); (3) fed AIN/fmt TWD vs. fed AIN/fmt AIN (effect of fmt from different
donors on mice fed the AIN basal diet); and (4) fed TWD/fmt TWD vs. fed TWD/fmt AIN (eftect
of fmt from different donors on mice fed the TWD). Alpha diversity (number ASVs, Chaol
richness, and Shannon index) and beta diversity (unweighted and weighted unifrac distances)
were assessed as described in a previous study [22]. A permanova p-value < 0.01 for B-diversity
was considered statistically significant. The taxonomic relative abundance data were analyzed
using the metagenomeSeq with a zero-inflated Gaussian fit, and a false discovery rate-adjusted p-
value < 0.05 was considered statistically significant. Clustvis was used to perform unsupervised,
bidirectional hierarchical cluster analyses using the relative abundance data at the family
taxonomical level [27]. Heat trees representing the hierarchical structure of the taxonomic
classifications were generated for the pairwise comparisons listed above (for the non-parametric

Wilcoxon rank-sum test, a p-value < 0.05 was considered significant).

3.2.9. Statistical Analysis

Statistical analyses for tumor incidence were performed using the Fisher’s exact test,
followed by a Bonferroni adjustment to correct for multiple testing (Prism v. 8, GraphPad
Software, San Diego, CA, USA). Other data were analyzed using a generalized linear mixed
model (GLMM) with cage as a nested, random factor and using the restricted maximum
likelihood (REML) estimation and Tukey’s HSD post hoc test for multiple comparisons (JMP
v.16.2.0, SAS Institute, Cary, NC, USA). The main effects of basal diet and FMT source, and
their interaction, were determined for each time point. Suspected outliers were verified using the
robust outlier test (ROUT) with a conservative Q value of 1% (Prism), meaning that there is a
<1% chance of excluding a data point as an outlier in error. Data that did not meet the equal
variance assumption were logio or square root transformed. For data that were not normally
distributed or for which a transformation did not equalize variance, a nonparametric Steel-Dwass

test was employed (JMP) to assess the main effects of diet and FMT source (no interaction test



129

possible). However, if the results of the nonparametric Steel-Dwass tests were not different from
the original GLMM analyses with respect to significant outcomes, the original GLMM test results
were reported because the mixed model accounts for potential cage effects. A significant effect of

the test variable was inferred when the adjusted p-value was <0.05.

3.3. Results
3.3.1. Food and Energy Intakes, Body Weight and Composition, and Organ Weights

Total food intake for the study period was not significantly different among the diet or
FMT source groups, whereas energy intake was significantly higher (9.6% overall) in the
recipient mice fed the TWD compared to those fed the AIN diet (diet main effect, p = 0.0002),
reflecting the higher energy density of the TWD (Figure 3.1a,b). This increased energy intake led
to a small but significant increase in final body weight of 3.3% in the recipient mice fed the TWD
(diet main effect, p = 0.0394) (Figure 3.1c,d). However, the basal diet fed to the recipient mice
did not significantly alter either lean or fat mass composition (Figure 3.1e,f), although liver,
spleen, and kidney weights were all higher in the TWD-fed recipients (Figure 3.S2). Of note,
FMT from the TWD-fed donor mice, when compared to the AIN-fed donors, did not significantly
affect food intake, energy intake, body weight gain, lean or fat mass composition, relative liver
weight, relative kidney weight, or cecum content (Figure 3.1 and Figure 3.S2). However, relative
spleen weight in the TWD-fed recipients that received FMT from the TWD-fed donors was
significantly reduced compared to their counterparts that received FMT from the AIN-fed donors
(Figure 3.S2b). The relative mass of cecum contents was not affected by diet or FMT donor

source (Figure 3.S2d).

3.3.2. Symptoms of Colitis and Histopathological Scoring
Compared to the recipient mice fed the AIN diet, consumption of the TWD increased

symptoms of colitis, as measured by the DAI score, by 1.8-fold during active colitis on day 26,
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although this elevation during active disease did not persist through the recovery phase in this
study (Figure 3.2a). However, FMT from the AIN- or TWD-fed donor mice did not alter colitis
symptoms at either time point. The histopathological assessment of colon inflammation and
mucosal injury indicated a strong promoting effect of the TWD on the recipient mice during
active colitis (diet main effect, p < 0.0001 and =0.0109, respectively), with the prolonged
elevation of colon inflammation in the TWD-fed mice persisting through recovery (diet main
effect, p <0.0001) and to the terminal time point at day 112 (diet main effect, p < 0.0001) (Figure
3.2b,c). However, the mucosal injury had largely resolved by the recovery time point, with no
further apparent effect of the TWD. For colitis symptoms and mucosal injury, FMT from the
donor mice fed either the AIN diet or the TWD did not have any apparent significant effects
(Figure 3.2). However, a significant main effect of FMT from the donor mice fed the TWD was
noted for inflammation scores at the recovery time point (p = 0.0392), suggesting that the
microbiota transferred from previously TWD-fed mice exacerbated colon inflammation well into

recovery due to DSS-induced gut injury (Figure 3.2b).

3.3.3. Colon Length and Tumorigenesis

The basal diet fed to the recipient mice significantly altered the incidence of colon
tumors. Specifically, for mice that received FMT from the AIN-fed donors, tumor incidence in
the TWD-fed recipients was 100% compared to only 56% for their AIN-fed counterparts (p =
0.0004); similarly, for mice that received FMT from the TWD-fed donors, tumor incidence was
100% versus 65% for the AIN-fed recipients (p = 0.0152) (Figure 3.3a). Alternatively, within
each basal diet group, FMT from either the AIN- or TWD-fed donors did not alter tumor
incidence.

In the mice that were necropsied at the study end point, the average colon length of the
recipient mice was affected by both experimental factors, namely the basal diet fed to the

recipient and the FMT donor source (Figure 3.3b). First, when considering only the effect of basal
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diet, colon length was 7.0% shorter in the TWD-fed recipients compared to their AIN-fed
counterparts (diet main effect, p = 0.0005). Next, considering the effect of the FMT source, the
colons of the mice that received FMT from the TWD-fed donors were 6.4% longer on average
(FMT source main effect, p = 0.0020). However, no interaction between basal diet and FMT
source was noted, indicating that the effect of FMT was consistent regardless of the basal diet fed
to the recipient mice.

As expected, the recipient mice fed the TWD experienced a 5-fold increase in tumor
multiplicity, a 5-fold increase in tumor volume, and an 11-fold increase in tumor burden (diet
main effect, p < 0.0001), irrespective of FMT donor (Figure 3.3c—¢). FMT from the AIN- or
TWD-fed donors did not significantly alter tumor multiplicity or tumor burden, and FMT from
the TWD-fed donors appeared to reduce average tumor volume (FMT source main effect, p =
0.0133); however, this effect was not dependent on the basal diet as there was no interaction

between FMT source and basal diet (p = 0.6581) (Figure 3.3d).

3.3.4. Fecal Microbiome Response to FMT Source and Basal Diet

After fecal bacterial DNA isolation, a total of 12.3 x 10° amplicons were sequenced and
filtered for length, quality, and chimeras, leaving 8.3 x 10° total sequences for an average of
38,713 sequence reads per sample assigned to 3101 ASVs. The sequencing depth was set to
~4444 sequences for diversity analyses (Figure 3.S3).

This experimental design included multiple factors to explore the dynamics of the mouse
gut microbiome after antibiotic depletion of resident microbiota, followed by FMT from the
donor mice and then the standard AOM + DSS regimen to induce colitis and colon tumorigenesis
in the mice fed either the standard AIN diet or the TWD. Thus, the statistical analyses were
performed in a stepwise manner, considering first the overall effect of the study time point, and
then the effects of basal diet and FMT source within each time point. First, the taxonomic

composition of the fecal microbiome was greatly affected by the chemical induction of colitis, as
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indicated by an overall increase in the relative abundances of Erysipelotrichaceae
(primarily Dubosiella newyorkensis and Turicibacter spp.) from 41% to 57% (p = 0.0001) and
Bifidobacteriaceae (Bifidobacterium spp.) from 3.4% to 16.9% (p < 0.0001) in the fecal
microbiome, regardless of the basal diet or FMT source, whereas the relative abundances of other
taxa decreased, such as Akkermansiaceae (4dkkermansia muciniphila) from 13.4% to 5.6% (p =
0.0067), Streptococcaceae (Lactococcus spp.) from 11.8% to 6.6% (p = 0.0216), Lachnospiraceae
(primarily Lachnoclostridium, A2, Marvinbryantia, and other unclassified genera) from 4.4% to
1.4% (p < 0.0001), and Bacteroidaceae (Bacteroides spp.) from 9.6 to 1.2% (p < 0.0001) (Figure
3.4 and Figure 3.5, Supplementary Figures 3.S4 and 3.S5 and File 3.S2). These shifts in relative
abundance persisted for the most part through the recovery phase, although the abundance of
Lachnospiraceae increased from 1.2% at the colitis time point to 4.5% at recovery (p < 0.0001),
showing a level similar to the pre-DSS abundance of 3.8% (Figure 3.S5). However, the fecal
microbiome at the terminal time point was distinct with a notable marked increase in
Eubacteriaceae, comprising 26% of the microbiome on average (p < 0.0001 for all time points),
irrespective of the basal diet or FMT source. This increase in Eubacteriaceae corresponded to a
proportional decrease of 20% for Erysipelotrichaceae (p < 0.0001) and of 10.5% for
Bifidobacteriaceae (p < 0.0001) at the terminal time point compared to recovery, so that their
relative abundance was more similar to that prior to DSS-induced gut injury. Additionally, of
note, the relative abundance of Sutterellaceae (Parasutterella uncultured organism) was different
over the course of disease development, with the relative abundance of this taxon being
significantly different at the pre-DSS (0.82% of the population), colitis (0.37%), and recovery
(0.42%) time points when compared to the terminal time point (1.15%) (p< 0.0001 for all
comparisons to the terminal time point) (Figure 3.S5).

The taxonomic composition of the fecal microbiome of the recipient mice reflected their

basal diet to a much greater extent than the FMT donor source at each experimental stage,
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although most profoundly at the terminal time point (Figure 3.4, Figure 3.5 and Figure 3.S4). It
should be noted that the microbiome profiles shown for the donor mice are from the most
proximal weekly collection before the indicated study time point for the recipients (i.e., collection
2 for the pre-DSS time point, collection 3 for the colitis time point, collection 5 for the recovery
time point, and collection 5 for the terminal time point) (Figure 3.S1). The statistical analyses of
microbiome taxonomic abundance via either metagenomeSeq (Figure 3.5b and Supplementary
File 3.S2) or nonparametric heat tree analyses (Figure 3.6) showed that many more significant
differences were detected when comparing the experimental groups according to the basal diet as
opposed to comparing them according to the FMT source. For example, at the pre-DSS time
point, the relative abundance of Erysipelotrichaceae (D. newyorkensis) in the mice fed the TWD
diet was significantly greater compared to the AIN-fed mice that received FMT from AIN-fed
donors (p = 0.0002) or TWD-fed donors (p = 0.0153) (Figure 3.6a and Figure 3.7a). An overall
greater abundance of this bacterial family was also noted during active colitis (diet main
effect, p = 0.0430), although not at later time point. However, there was no apparent effect of the
FMT source on the abundance of Erysipelotrichaceae (Figure 3.6a and Figure 3.7a). While
changes in the relative abundance of Bifidobacteriaceae were apparent when considering
microbiome composition over time, as noted above, our analyses for the other two experimental
factors — basal diet and FMT source — did not reveal any significant effects on this bacterial
family (Figure 3.7b).

Significant effects of the basal diet were also apparent for Streptococcaceae (primarily
the genus Lactococcus) throughout the study, with the relative abundance of this family being
significantly higher in the mice fed the AIN diet compared to the mice fed the TWD before the
induction of colitis, regardless of the FMT source (p < 0.01) (Figure 3.6a and Figure 3.7c). By the
colitis time point, this trend was altered for those mice that received FMT from TWD-fed donors,

with the relative abundance of Streptococcaceae higher in the AIN-fed mice compared to their
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TWD-fed counterparts (p = 0.0272). By the recovery and terminal time points, however, the
relative abundance of this family was again similar to the original pre-DSS values, with higher
percentages for mice fed the AIN basal diet than for those fed the TWD (diet main effects, p =
0.0014 and <0.0001 for recovery and terminal time points, respectively). Again, no significant
effects of the FMT source were noted for Streptococcaceae at any point during the study. A
similar result was evident for 4. muciniphila of the Akkermansiaceae family, as no effect of FMT
source was apparent. However, the relative abundance of this species increased during active
colitis and at the terminal time point for the mice fed the TWD compared to those fed the AIN
diet, regardless of the FMT source (Figure 3.6a and Figure 3.7d).

The relative abundance of bacteria belonging to the Lachnospiraceae family was higher
in the recipient mice fed the AIN diet compared to those provided the TWD, regardless of the
FMT donor source, before the induction of colitis at the pre-DSS time point (Figure 3.6a
and Figure 3.8a). This trend appeared disrupted during active colitis and recovery, with no effect
of basal diet observed, but it appeared to be restored at the terminal time point, especially for
mice that received FMT from the AIN-fed donor group (p = 0.0008). The relative abundance of
Lachnospiraceae was not significantly impacted by the FMT source. The relative abundance of
Lactobacillaceae also appeared to be reduced in the TWD-fed recipients compared to their AIN-
fed counterparts, irrespective of the FMT source, with significant main effects of diet noted prior
to the DSS treatment, during active colitis, and at the study end point (Figure 3.8b). However, as
with most other taxa, the FMT source did not alter the relative abundance of this bacterial family
either.

FMT from AIN- or TWD-fed donor mice did not alter the relative abundance of most of
the taxa identified in this microbiome sequencing study, with a couple of exceptions. Before the
onset of colitis, Clostridia_UCG-014 abundance was significantly reduced in the mice that

received FMT from the TWD-fed donors (FMT main effect, p <4.25 x 10®), most notably for
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mice that were fed the AIN basal diet (p = 0.0002) (Figure 3.8c). However, this pattern did not
persist throughout the study; instead, significant main effects of basal diet were apparent,
regardless of FMT source, with Clostridia UCG-014 being more abundant in the mice fed the
TWD during recovery (diet main effect, p = 0.0002) and then less abundant by the terminal time
point (p = 0.0089). Similarly, the relative abundance of another relatively rare bacterial family,
Eubacteriaceae, was higher in mice receiving FMT from the AIN-fed donors, showing a higher
abundance at 0.085% of the fecal microbiome compared to their counterparts that received FMT
from the TWD-fed donors at 0.056% (FMT main effect, p = 0.0292), as observed prior to the
DSS treatment (Figure 3.8d). Conversely, FMT from the TWD-fed donors significantly increased
the relative abundance of Sutterellaceae compared to the AIN-fed donors (FMT main effect, p =
0.0292), an effect that was most evident in mice provided the TWD (p = 0.0153) (Figure 3.8e).
However, these apparent effects of FMT source on the abundance of Eubacteriaceae and
Sutterellaceae in the fecal microbiome were transient and did not persist through the colitis,
recovery, or terminal time points.

Prior to gut insult, the mice fed the TWD as a basal diet had a significantly higher
Firmicute-to-Bacteroidetes ratio (F:B) compared to the mice fed the AIN diet, but only for those
recipients that received FMT from the AIN-fed donors (Figure 3.9). The F:B ratio was higher for
all groups during the active colitis and recovery time points compared to pre-DSS, although there
were no differences in this ratio among the experimental groups. By the end of the study,
significant main effects of both diet (p = 0.0067) and FMT source (p = 0.0440) were observed,
with one significant pairwise comparison among the experimental groups for the recipient mice
fed the AIN diet with FMT from the AIN-fed donors compared to the recipient mice fed the

TWD with FMT from the TWD-fed donors (Figure 3.9).
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3.3.5. Alpha and Beta Diversity of Fecal Microbiome

The richness and evenness of microbial communities were determined using three indices
of alpha diversity measures: observed ASVs (count of sequence variants), Chaol index (species
richness), and Shannon index (community evenness). In a pattern similar to past studies, prior to
carcinogen exposure, the alpha diversity was higher in the AIN-fed mice compared to the TWD-
fed mice, notwithstanding the FMT source (diet main effect, p < 0.05 for all alpha diversity
measures) (Figure 3.10). Compared to the initial alpha diversity measurements, observed ASVs,
Chaol, and Shannon indices were markedly lower during the active colitis and recovery phases of
this disease model (time point main effect, p < 0.0001 for all comparisons) (Table 3.S2). During
active colitis, the recipient mice fed the TWD had a higher Shannon index compared to their
counterparts fed the AIN basal diet overall (diet main effect, p = 0.0067), but this effect was most
pronounced when compared to the recipients that were fed the AIN diet and received FMT from
the TWD-fed donors (Figure 3.10c). This pattern was reversed during recovery, as the recipient
mice fed the AIN diet had a greater Shannon index compared to the recipient mice fed the TWD
(diet main effect, p = 0.0395), although none of the pairwise comparisons among the separate
experimental groups were significant. Likewise, during the colitis and recovery phases, no
differences in the species richness measurements were noted (Figure 3.10a,b). By the terminal
time point, the main effects of diet were apparent for all alpha diversity measurements, with
overall higher scores in the recipient mice fed the AIN diet compared to their TWD-fed
counterparts. No main effects of FMT source were noted, although observed ASVs and Shannon
index was significantly greater in the recipient mice fed the AIN diet and received FMT from the
AIN-fed donors when compared to the recipient mice fed the TWD and received FMT from the
TWD-fed donors (p = 0.0248 and =0.0023 for ASVs and Shannon index, respectively) (Table

3.53).
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Beta diversity was determined using weighted and unweighted unifrac distance
measurements to account for the relative abundance of taxa and the presence of rare taxa,
respectively, in the fecal microbiome populations. Before the induction of colitis, clear
distinctions in the beta diversity of the fecal microbiome were apparent, with individual samples
(corresponding to cages) being grouped more closely according to the diet fed to the recipient
mice (permanova p < 0.001 for unweighted and p = 0.004 for weighted unifrac analyses) (Figure
3.11). During active colitis, the unweighted unifrac analysis suggested less distinction for these
microbiomes, indicating a reduced contribution of rare species during this time point
(permanova p = 0.038 with low > = 0.08). Alternatively, the weighted analysis suggested some
distinction between the recipient mice fed the AIN diet compared to those fed the TWD
(permanova p= 0.003). During recovery, however, neither beta diversity analysis suggested that
the microbiomes were substantially distinct. By the study end point, the microbiomes of the
recipient mice fed the AIN diet were distinct from those fed the TWD (permanova p < 0.001 for
both weighted and unweighted unifrac analyses). Additionally, considering the weighted unifrac
analysis at the terminal time point, a moderate separation between the mice that received FMT
from the AIN-fed donors and the mice that received FMT from the TWD-fed donors was evident
along the second principal coordinate. Otherwise, distinctions among the microbiomes according

to the FMT source were not evident at any other time point during the study.

3.4. Discussion

The gut microbiome modulates physiological functions related to cancer development,
including inflammation, cell proliferation, apoptosis, and angiogenesis. Thus, it is likely that the
gut microbiome directly affects colon tumorigenesis. Patients with IBD or colon tumors have
often been observed to have distinct microbiomes, a phenomenon that has also been observed in
animal models of these diseases, although a consensus cancer-related gut microbiome has not

been identified to date. In this study, we sought to better understand how diet-driven changes in
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the gut microbiome of donor mice could influence inflammation-associated colorectal
carcinogenesis in recipient mice by employing FMT. Importantly, the study design considered the
impact of basal diet during disease development for recipient mice that were colonized by fecal
microbiomes transferred from mice experiencing either mild or severe colitis and colon
tumorigenesis. If our hypothesis that the composition of the gut microbiome is a driving factor in
disease development was correct, we would have expected to observe worse colitis symptoms,
greater colon tissue inflammation and damage, and a higher tumor incidence in the recipient mice
that received FMT from the TWD-fed donors, especially for the recipients that were fed the AIN
basal diet, which is known from several previous studies to induce only mild colitis and low
tumorigenesis [9]. However, we observed that FMT from either donor had little to no effect on
colitis symptoms, colon tissue inflammation, or mucosal injury. Interestingly, the effects of FMT
from the TWD-fed donors suggested a potential protective effect against colon tumorigenesis, as
reflected by significantly increased colon length and smaller tumor volume as well as trends for
reduced tumor multiplicity and volume, although this pattern of response did not align with the
observations on gut inflammation as would be expected from our prior work in this CAC model.
Importantly, our findings suggest that the basal diet fed to the recipient mice was the major driver
of disease progression in this experiment. Likewise, the composition of the fecal microbiomes of
the recipient mice was also affected to a much greater extent by the diet they consumed as
opposed to the source of FMT.

FMT is a useful approach for shifting the gut microbiome population in favor of health-
promoting bacteria and, potentially, reversing gut dysbiosis [28]. Previously, FMT was shown to
be successful in the treatment of Clostridium difficile infection [29]. However, in 2019, the U.S.
Food and Drug Administration warned of a high transmission risk of pathogenic, drug-resistant
bacteria following FMT intended to treat C. difficile infection [30]. As reviewed recently by

Waller et al. [31], the evidence for the use of FMT to induce remission in patients with mild-to-
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moderate IBD is substantial, as multiple randomized, controlled trials have yielded positive
results after 8 to 12 weeks and noted benefit compared to placebo. While FMT from a healthy
microbiome appears to assist in disease management, FMT from an unhealthy source may
potentially lead to unfavorable outcomes.

As observed repeatedly in this murine model of CAC [9,22,32], mice fed the TWD
(irrespective of FMT source) had shorter colon length, more severe colitis symptoms, higher
inflammation and mucosa injury scores, higher tumor multiplicity, larger average tumor volume,
and higher tumor burden compared to their AIN-fed counterparts. Interestingly, in this
experiment, we also observed a marked increase in colon tumor incidence in the TWD-fed
recipient mice. Furthermore, the mice fed the TWD consumed the same amount of food as the
mice fed the AIN diet, resulting in increased energy consumption in the mice fed the TWD due to
its higher energy density. However, final body weight and body composition were not
significantly affected. In summary, in this study, the diet fed to the recipient mice was the main
driver for inflammation response during active colitis, recovery from gut injury, and
tumorigenesis. Interestingly, we arrived at a similar conclusion in a prior study using donor fecal
material from obese and lean human donors transferred to recipient mice fed different basal diets,
including the AIN93G diet and TWD [21]; in that human-to-mouse FMT experiment, the basal
diet fed to the recipient mice was the primary driver for the development of metabolic syndrome
and obesity.

However, a few outcomes of this study were significantly affected by the FMT source,
namely AIN-fed versus TWD-fed donor mice. Of note, while the inflammation score at the
recovery time point and the ratio of Firmicutes: Bacteroidetes at the terminal time point increased
with FMT from the TWD-fed donors, an improvement in colon length and average tumor volume
was observed in the recipient mice that received FMT from the TWD-fed donors compared to

those that received FMT from the AIN-fed donors, irrespective of the basal diet they consumed.
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However, an explanation for the contradictory pattern in these outcomes is not entirely
straightforward. First, greater colon length is generally associated with reduced inflammation and
a lower Firmicutes: Bacteroidetes ratio [9,33,34]. Furthermore, the higher inflammation score
observed during recovery for the mice that received FMT from the TWD-fed donors compared to
the mice that received FMT from the AIN-fed donors (significant main effect of FMT source)
suggests that the microbiome associated with the TWD might delay recovery from gut injury.
However, these higher inflammation scores during recovery do not correlate with the observed
lower average tumor multiplicity, average tumor volume, and tumor burden measures at the
terminal time point for those mice that received FMT from the TWD-fed donors. Rather, based
on our prior observations [9], we would have expected more severe tumorigenesis in mice that
experienced prolonged inflammation through the recovery period. Additionally, the evidence for
an association of a higher abundance of Firmicutes in the fecal microbiome with IBD and CRC is
equivocal [35,36,37,38,39]. For example, in a metagenomic analysis of fecal samples obtained
from 290 healthy subjects, 512 IBD patients, and 285 CRC patients, Ma et al. reported that IBD
patients had low microbial diversity, whereas diversity was elevated in CRC patients.
Furthermore, they found that the ratio of Firmicutes: Bacteroidetes was lower in these patients
compared to their healthy counterparts [40]. This pattern differs from our findings, which showed
that the overall Firmicutes: Bacteroidetes ratio was elevated during colitis; furthermore, the ratio
was also elevated in the mice that experienced more severe tumorigenesis at the study end point
(i.e., those recipient mice that were fed the TWD).

The application of FMT to ameliorate adverse side effects, such as mucosal
inflammation, associated with some common chemotherapies used to treat CRC in humans has
gained interest recently. For example, Chang et al. showed that FMT from healthy mice reduced
mucosal inflammation and improved gut barrier integrity in Balb/c mice implanted with

syngeneic CT26 colon adenocarcinoma cells on a FOLFOX regimen [41]. Additionally,



141

vancomycin-pretreated Balb/c mice administered 5-fluorouracil to induce mucositis were treated
with FMT from a pool of healthy mice donors, resulting in the prevention of weight loss and
colon shortening [42]. Finally, in a CAC model employing AOM with three cycles of DSS,
female Balb/c mice were administered oral FMT from healthy, age- and sex-matched donors
following DSS treatments, leading to less severe disease response as indicated by longer colon
length, reduced gut inflammation, and reduced tumor burden, compared to mice that did not
receive FMT [43]. Of note, none of these studies considered the role of basal diet given to
recipient mice in mitigating or accentuating the effects of FMT on colitis or colon carcinogenesis.
Furthermore, FMT was typically administered in combination with or following intense gut
injury caused by chemical exposure, including treatments that likely depleted the resident gut
microbiome, allowing for more efficient colonization by bacteria through FMT.

In this study, FMT from the donor mice fed either the AIN diet or the TWD diet did not
significantly affect the richness or evenness of the fecal microbiome of the recipient mice.
Likewise, neither weighted nor unweighted unifrac B-diversity analyses suggested that the
populations of bacteria in the stool samples of the recipient mice were different according to the
FMT source. However, we did observe that FMT from the donor mice fed the TWD, before DSS-
induced colitis, reduced the relative abundance of two bacterial families, Clostridia UCG-014
and Eubacteriaceae, both in the order Clostridia. In a study involving patients diagnosed with
Crohn’s disease and a cohort of healthy first-degree relatives, Leibovitzh et al. determined that
the abundance of Clostridia UCG-014 was associated with impaired intestinal permeability,
although this association appeared to be independent of gut inflammation [44]. A recent fecal
microbiota analysis of UC patients indicated a reduced abundance of Clostridium cluster
1V and Eubacterium rectalecompared to healthy controls [45]. Of note, in the current study, the
overall abundance of Clostridia UCG-014 was not significantly different in the mice

experiencing colitis compared to the pre-DSS baseline measurement, although reduced
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abundance was evident in the mice recovering from colitis and at the study end point.
Alternatively, the relative abundance of Eubacteriaceae was not altered during active colitis or
recovery, but it was notably elevated by the terminal time point. Species belonging to the
Eubacteriaceae family have demonstrated anti-inflammatory properties and have been reported in
reduced amounts in animal models of CAC and IBD patients [46,47]. Eubacteria species are
butyrate producers, which are the main source of colonocyte energy, potentially explaining the
increase in this species in mice with significant tumor development [48].

Another bacterial species notably affected by FMT from the TWD-fed donor mice before
the induction of colitis was Parasutterella uncultured organism (family Sutterellaceae);
furthermore, this species was substantially more abundant at the terminal time point compared to
all prior time points, regardless of the experimental group. In a cross-sectional study of an Italian
cohort of IBD patients, the researchers determined that Sutterella spp. was elevated in the stool of
IBD patients compared to healthy controls [49]. However, as noted by Kaakoush [50], while a
high abundance of Sutterella has been associated with UC, evidence suggests that this species
does not induce gut inflammation, but rather it degrades gut-associated immunoglobin A, which
is essential for protection against bacterial invasion [50]. Given the strong association
of Sutterella with colitis, the observation that the mice that received FMT from the TWD-fed
donors harbored a greater abundance of Parasutterella before colitis induction, and the functional
similarity of both Sutterella and Parasutterella [51], it would be reasonable to expect that FMT
from the TWD-fed mice might lead to more severe colitis in the recipient mice, especially those
recipients fed the AIN diet, for which a mild inflammatory response would otherwise be expected
without any intervention. However, this was not the case in our study, and no further effect of
FMT on Parasutterella abundance was noted throughout the experiment.

In this study, the basal diet fed to the recipient mice had much more profound effects on

the fecal microbiomes of the recipient mice than did FMT from the donor mice fed either the AIN
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diet or the TWD. Prior to the induction of colitis, a-diversity was significantly higher in the mice
fed the standard AIN diet when compared to their TWD-fed counterparts. While species richness
was generally low for all experimental groups during active colitis and recovery from gut injury,
this trend returned by the end of the study, with the AIN-fed mice having more taxa present in
their fecal microbiomes than the mice provided the TWD. A similar pattern for beta diversity was
also evident, particularly when considering the most abundant species in the fecal microbiomes of
the recipient mice; the microbiomes of the mice provided the AIN diet, irrespective of FMT
source, were notably distinct from their TWD-fed counterparts before the onset of colitis and at
the study end point. The negative impact of the Western dietary pattern on gut microbiome
diversity compared to healthier diets, such as those high in fiber and polyunsaturated fatty acids
similar to the Mediterranean or Japanese diets, has been well established [52,53,54,55].

A. muciniphila is a highly studied anaerobic bacterium that resides within the mucosal
layer of the intestinal mucosa; this mucin-degrading bacterium is thought to contribute to
intestinal homeostasis and gut health [56,57,58]. However, the role of A. muciniphila in the
development of gastrointestinal disease is not yet well understood. Some studies have reported an
elevated abundance of this bacterium in CRC patients [59,60], whereas others have reported
reduced abundance in patients diagnosed with IBD [45,61,62,63]. Hakansson and colleagues
measured a higher abundance of 4. muciniphila in the colon mucosal tissue of mice with DSS-
induced colitis compared to non-treated controls [64], a finding that does not agree with the
overall lower abundance of this bacterium during DSS-induced colitis in this study and our prior
work [9], although the experimental protocols were notably different (10 mg/kg AOM + 1% DSS
for 10 days in this study vs. 4% DSS for 7 days in Hakansson et al.). Of interest, Qu et al.
reported that oral administration of A. muciniphila ameliorated symptoms of DSS-induced colitis
in mice [65]. Collectively, these data point to a complicated role of A. muciniphila in gut

homeostasis and disease development.
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Several of the taxa that demonstrated dynamic relative abundance throughout disease
development in response to the basal diet have also been implicated in IBD and/or CRC. We
determined that members of the Lachnospiraceae family (genera Lachnospiraceae -
NK4A136 _group, Lachnospiraceae A2, Blautia, Marvinbryantia, and Lachnoclostridium) were
less abundant in the TWD-fed recipient mice compared to their AIN-fed counterparts prior to gut
injury, and at the study end point in mice with high tumor burden. Several studies have reported
reduced levels of Blautia spp. in the fecal microbiome of CRC patients compared to healthy
controls [66,67,68]. Wang et al. reported a decrease in the abundance of Lachnoclostridium sp. in
both wild-type and TGFp-deficient mice after the induction of colorectal carcinogenesis by AOM
+ DSS [69], a finding that appears to differ from our observations for the Lachnospiraceae family,
including Lachnoclostridium spp.; however, we do note that the abundance of this taxa is reduced
at the study end point in mice fed the TWD, which have much more severe tumor outcomes.
Similar to the findings reported in our prior study [22], we observed in this experiment

that the relative abundances of bacteria in the Erysipelotrichaceae (e.g., Turicibacter spp. and D.
newyorkensis) and Bifidobacteriaceae (Bifidobacterium spp.) families were elevated in the fecal
microbiomes of mice experiencing active colitis compared to their pre-DSS counterparts. A
greater abundance of Erysipelotrichaceae in the fecal microbiome has been found in the lumen of
CRC patients compared to a healthy control group and to other gut diseases [70,71]. Additionally,
in a murine colitis model, consumption of a choline-deficient diet led to a decrease in relative
abundance of Erysipelotrichaceae [72]. Moreover, Bifidobacterium appears to increase in
abundance during active IBD and has been reported as a predominant genus in the microbiome of
Taiwanese IBD patients [73,74,75,76]. On the other hand, administration of Bifidobacterium
longum suppressed development of preneoplastic lesions in mice and appeared to induce
expression of tumor-suppressing microRNAs [77], whereas Bifidobacterium infantis conferred

protection against DSS-induced colitis and abnormal immune signaling [77,78]. Additionally,
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various strains of Bifidobacterium have anti-cancer properties and have been used as probiotics
[79,80].

This study had several limitations to consider. Although a universal protocol for FMT has
not yet been established, researchers have determined that FMT into recipients with a depleted
gut microbiome—either via the use of antibiotic or polyethylene glycol administration or via the
use of germ-free organisms—is more successful than FMT into recipients with intact gut
microbiomes [81]. In this experiment, broad-scope antibiotics were used to deplete the resident
microbiome of the recipient mice prior to FMT and implementation of the AOM/DSS to induce
colitis and colon tumorigenesis. However, with this method, it is possible that some microbiota
persisted, and antibiotic use could select for resistant bacteria or allow the overgrowth of other
microbes. These drawbacks could be avoided by using germ-free mice [82]. However, germ-free
mice present other disadvantages, and chief among them is an improperly developed gut immune
system. Furthermore, FMT does not provide a perfect transplantation of donor microbiome to the
gut of the recipient. Some species are unable to successfully colonize the recipient’s gut, although
this issue is less of a concern in the present study, which employed mouse-to-mouse FMT,
compared to human-to-mouse FMT studies. Furthermore, the collection and storage methods
used in this study might not have preserved all bacterial species, such as obligate anaerobes [81].
Additionally, the 16s rRNA sequencing analyses of fecal microbiomes generated the data for the
relative abundance of bacteria, not their numerical abundance in the experimental samples. Thus,
apparent changes in relative abundance of a particular taxon should not be interpreted as a change
in its actual population size; rather, it is possible that the relative abundance could reflect a
growth or a loss of other bacteria in the fecal microbiome community. Another limitation of this
work was the narrow focus of the experimental design, which centered on the question of whether
the gut microbiome from mice experiencing Western diet-enhanced colitis and colon

tumorigenesis could exacerbate disease in recipient mice that would otherwise experience mild
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symptoms (e.g., the AIN-fed recipients). This study’s design did not address the question of
whether the gut microbiome of mice with diet-driven severe disease would induce disease in
otherwise healthy mice, which was beyond the scope of this work. Finally, this murine model of
CAC allows the generation of colon adenocarcinomas within about six months of tumor initiation
by AOM + DSS; however, this model is not generally used to assess the effects of diet or the
influence of the gut microbiome on progression to advanced metastatic disease as the rapid
growth of colon polyps often requires humane euthanasia of experimental animals due to bowel

obstruction.

3.5. Conclusions

In conclusion, the findings of the present study did not support our hypothesis that FMT
from mice fed a Western diet, which enhanced colitis and colon tumorigenesis in donor mice,
would exacerbate disease symptoms in recipients fed the standard AIN diet. FMT from the donor
mice that were fed the TWD and had a severe disease phenotype led to only minor changes in the
recipient fecal microbiome and did not worsen disease symptoms in the mice fed the AIN diet.
Conversely, FMT from the healthy mice with only mild colitis symptoms did not confer
protection against gut inflammation or dysbiosis in the recipient mice fed the TWD. Instead, we
determined that the basal diet fed to the recipient mice had a much more substantial effect on
colitis, colon tumorigenesis, and fecal microbiome profile of recipient mice, a finding that is
consistent with prior work by our group that employed FMT from obese or lean human donors to
mice fed differing basal diets [21]. Collectively, these findings point to the need to appropriately
consider the influence of basal diet on a recipient’s microbiome in future pre-clinical FMT
experiments. Additionally, these observations suggest that the nutritional status of a patient and
their routine dietary intakes must be considered when employing FMT as a therapeutic approach
for ameliorating gut inflammation. Lastly, future pre-clinical studies may consider whether gut

microbiome associated with chronic intake of a Western type of diet may contribute to gut
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inflammation and/or development of colorectal cancer in otherwise healthy mice by employing a

long-term, repeated FMT protocol without the AOM + DSS protocol to initiate CAC.
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Figure 3.1. Food and energy intakes, body weight, and body composition. (a,b) Estimated total
daily food and energy intakes per mouse per cage (n = 7 to 8 cages per group). (¢) Body weight
gain over the study period (n= 22 to 27 mice per group). (d) Final body weight at the study end
point on day 112 (rn = 22 to 27 mice per group). (e,f) Lean and fat mass as percentage of body
weight. (n = 22 to 27 mice per group). The data are shown as individual measurements (except
(¢)) with the median + interquartile range (a,b,d—f). The inserted values show the statistical
model’s main effects for recipient basal diet and FMT source, and their interaction, or “npar” if a
non-parametric test was required, and different letters indicate that the experimental groups are
significantly different (p < 0.05), as determined by the statistical methods outlined in the
Materials and Methods section.
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Figure 3.2. Disease activity index and colon histopathology. Scores for the disease activity index
(DAI) (a), mucosal inflammation (b), and mucosal injury (¢) are shown for active colitis on day

26, for recovery from gut injury on day 38, and for the terminal time point on day 112. The data
are shown as individual values with median + interquartile range. For the DAI score, n = 53 to 64

mice per group at the active colitis time point and » = 37 to 44 mice per group at the recovery

time point. For inflammation and mucosal injury scores, » = 10 to 11 mice per group at the active
colitis time point, 7 = 7 to 11 mice per group at the recovery time point, and » = 10 to 16 mice per

group at the terminal time point. The inserted values provide the statistical model’s main effects
for recipient basal diet and FMT source, and their interaction, or “npar” if a non-parametric test

was required, and different letters indicate that the experimental groups are significantly different
(p <0.05), as determined by the statistical methods outlined in the Materials and Methods

section.
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Figure 3.3. Effect of recipient basal diet and FMT source on colon length and colon
tumorigenesis. (a) Incidence of colon tumors shown as the percentage of mice with tumors at the
terminal time point (7 = 22 to 27 mice per group). p-values from pairwise Fisher’s exact tests
(selected a priori) are shown. (b) Colon length (n =22 to 27 mice per group). (¢) Colon tumor
multiplicity (number of tumors per mm colon length) (r = 19 to 27 mice per group). (d) Average
tumor volume (r = 18 to 25 mice per group). (e) Tumor burden (total volume) (n = 20 to 25 mice
per group). For (b—e), the data are shown as individual values with median + interquartile range.
The inserted values provide the statistical model’s main effects for recipient basal diet and FMT
source, and their interaction, and different letters indicate that the experimental groups are

significantly different (p < 0.05), as determined by the statistical methods outlined in the
Materials and Methods section.
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Figure 3.4. Taxonomic classification of mouse fecal bacteria. The data shown are the average
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relative normalized abundance of bacteria annotated to the family taxonomic level for the top 18
most abundant taxa for each experimental group at each time point (n = 19 to 20 cages per group
at the pre-DSS time point, » = 17 to 18 cages per group at the active colitis time point, n = 12 to
13 cages per group at the recovery time point, and n = 7 to 8 cages per group at the terminal time
point). The donor fecal microbiome sequence data are obtained from Rodriguez et al [22].
However, the donor sequence data were reprocessed in conjunction with the recipient fecal

microbiome sequence data in this study so that the normalization for both donor and recipient
data sets was consistent. The data for the phylum taxonomic level are available in Figure 3.54.
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Figure 3.5. Relative abundance of fecal microbiome at the family taxonomic level with a
summary of the results from the metagenomeSeq statistical analyses. (a) Unsupervised
hierarchical cluster analysis shows the logjorelative abundance with clustering by taxa using the
Euclidean distance with average linkage (n = 19 to 20 cages per group at the pre-DSS time

point, n =17 to 18 cages per group at the active colitis time point, n = 12 to 13 cages per group at
the recovery time point, and » = 7 to 8 cages per group at the terminal time point). (b) Summary
plot shows the logio FDR-adjusted p-values obtained from the metagenomeSeq analyses of fecal
microbiome profiles. All tests were determined a priori, and the complete results are provided

in Supplementary File 3.S2. (i) Analyses for the main effects of time point and pairwise
comparisons across time points, irrespective of basal diet or FMT source. (ii) Analyses for diet
main effects, irrespective of FMT source, at each time point. (iii) Analyses for FMT source main
effects, irrespective of basal diet, at each time point. (iv) Selected pairwise tests for basal diet and
FMT source combinations within each study time point. The abbreviations for the recipient basal
diet/FMT source are as follows: A/A, fed AIN/fmt AIN; A/T, fed AIN/fmt TWD; T/A, fed
TWD/fmt AIN; and T/T, fed TWD/fmt TWD. A significant effect is inferred for FDR-adjusted p-
values < 0.05 (increasing blue on the color scale).
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Figure 3.6. Fecal microbiome community structures depicted as heat trees, showing the relative
abundance ratios for selected comparisons of recipient basal diet and FMT source at each
experimental time point. (a) Comparisons of effects of recipient basal diet on mice receiving
FMT from either an AIN-fed or a TWD-fed donor (green-to-yellow color bar, with yellow
indicating greater abundance in the TWD-fed mice; top legend). (b) Comparisons for effects of
FMT source on recipient mice fed either the AIN basal diet or the TWD (blue-to-red color bar,
with red indicating greater abundance in FMT from the TWD-fed donors; bottom legend). (¢)
Phylogenetic structure of fecal microbiome bacterial community.
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Figure 3.7. Relative abundance for selected bacterial families of interest at each experimental
time point: (a) Erysipelotrichaceae, (b) Bifidobacteriaceae, (c¢) Streptococcaceae, and (d)
Akkermansiaceae. The data are shown as individual values that represent each cage (as the
biological unit) with median + interquartile range (n= 19 to 20 cages per group at the pre-DSS
time point, n = 17 to 18 cages per group at the active colitis time point, » = 12 to 13 cages per
group at the recovery time point, and n = 7 to 8 cages per group at the terminal time point). For
simplified visualization, this plot shows only the statistical results as FDR-corrected p-values for
significant main effects or the post hoc comparisons of FMT from the AIN-fed or TWD-fed
donors: *, p <0.05; **, p <0.01; *** p <0.001; and **** p <0.0001, as outlined in the
Materials and Methods section. The complete results of all metagenomeSeq statistical analyses,
including pairwise comparisons by recipient basal diet and across time points, are provided

in Supplementary File 3.S2.
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Figure 3.8. Relative abundance of additional bacterial families of interest at each experimental
time point: (a) Lachnospiraceae, (b) Lactobacillaceae, (¢) Clostridia UCG 014, (d)
Eubacteriaceae, and (e) Sutterellaceae. The data are shown as individual values that represent
each cage (as the biological unit) with median + interquartile range (n = 19 to 20 cages per group
at the pre-DSS time point, n = 17 to 18 cages per group at the active colitis time point, n = 12 to
13 cages per group at the recovery time point, and n = 7 to 8 cages per group at the terminal time
point). For simplified visualization, this plot shows only the statistical results as FDR-corrected p-
values for significant main effects or the post hoc comparisons of FMT from the AIN-fed or
TWD-fed donors: *, p < 0.05; **, p <0.01; and ***, p <0.001, as outlined in the Materials and
Methods section. The complete results of all metagenomeSeq statistical analyses, including
pairwise comparisons by recipient basal diet and across time points, are provided

in Supplementary File 3.S2.
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Figure 3.9. Ratio of Firmicutes to Bacteroidetes at each experimental time point. The ratios were
determined using normalized count data for each phylum. The data are shown as individual
values representing each cage (as the biological unit) with median + interquartile range. (n = 19 to
20 cages per group at the pre-DSS time point, n = 17 to 18 cages per group at the active colitis
time point, n = 12 to 13 cages per group at the recovery time point, and n = 7 to 8 cages per group
at the terminal time point). The table shows the statistical model’s main effects, including all
experimental factors, and different letters indicate that the experimental groups are significantly
different (p < 0.05), as determined by the statistical methods outlined in the Materials and
Methods section.
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Figure 3.10. Alpha diversity of mouse fecal microbiomes at each experimental time point. Alpha
diversity measures include (a) observed ASVs, (b) the Chaol index, and (¢) the Shannon index.
The data are shown as individual values representing each cage (as the biological unit) with
median + interquartile range (n = 19 to 20 cages per group at the pre-DSS time point, n = 17 to 18
cages per group at the active colitis time point, n = 12 to 13 cages per group at the recovery time
point, and n = 7 to § cages per group at the terminal time point). The inserted tables show the
statistical model’s main effects, including all experimental factors, for each a-diversity measure.
Different letters indicate that the experimental groups are significantly different (p < 0.05), as
outlined in the Materials and Methods section. Significant main effects of either recipient basal
diet or FMT source are also shown. The complete results of these statistical analyses, including
all comparisons within and across time points, are found in Tables 3.52-3.S4.
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Figure 3.11. Beta diversity of mouse fecal microbiomes at each experimental time point. The
principal coordinate plots depicting fecal microbiome beta diversity using (a) unweighted or (b)
weighted unifrac distances are shown using the first two components (r = 19 to 20 cages per
group at the pre-DSS time point, n = 17 to 18 cages per group at the active colitis time point, n =
12 to 13 cages per group at the recovery time point, and n = 7 to 8 cages per group at the terminal
time point). The variations attributed to PC1 and PC2 are shown, along with the 7 and
permanova p-values for each plot.



CHAPTER 4

CONCLUSIONS

The overarching goal of the studies described in this dissertation was to better
understand the contribution of the gut microbiome on the development of colon
inflammation and subsequent colon tumorigenesis. Gut dysbiosis is a common feature of
colitis and/or colon tumorigenesis in human and animal models. However, a specific
cancer or disease-related gut microbiome has not been identified. To study this complex
relationship, we designed two studies that approached the research question by either
modulating the diet consumed or directly changing the microbiome composition in mice
fed a healthy or Western-style basal diet on a colitis-associated colorectal cancer (CAC)
model. Altogether, results of the pre-clinical mouse studies described in this dissertation
suggest that the basal diet fed to mice appears to be the main factor impacting colitis
symptoms, colon epithelial inflammation and mucosal injury, colon tumorigenesis and
gut microbiome composition despite constant intervention by functional foods or fecal
microbiome transfer.

Supplementation of anthocyanin-rich foods, such as black raspberries (BRB), was
previously shown to exert a protective effect against colon inflammation and, in some
cases, tumor development. In Chapter 2, we hypothesized that the BRB supplement
would improve gut inflammation, and tumorigenesis and promote homeostasis in the gut
microbiome; moreover, these beneficial effects would be more pronounced in mice fed a
Western-style basal diet. However, we determined that supplementation of BRB in mice
fed a Western-style basal diet resulted in inconsistent effects with respect to gut

inflammation, although consistent suppression of colon tumorigenesis for mice fed a
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healthy or Western diet. Additionally, mice fed BRB-supplemented diets had a distinct,
more diverse microbiome favoring glycan and secondary metabolite metabolism, notably
prior to gut injury.

For Chapter 3, we hypothesized that the microbiome of donor mice previously fed
a Western-style diet would have detrimental effects on gut inflammation and tumori-
genesis while promoting gut dysbiosis. However, the effect of the microbiome on disease
development remains elusive as mice exposed to fecal microbiota transfer (FMT) from
donor mice previously fed a Western-style diet and characterized by high inflammation
and tumor burden resulted in delayed recovery from gut inflammation, improved colon
lengths and tumor volumes compared to counterparts. Furthermore, the FMT source had
minimal effect on the microbiome as basal diet seemed to be the driving factor of gut
inflammation and tumorigenesis.

A Western-style diet is composed of high quantities of simple carbohydrates,
processed foods, red meat and suboptimal levels of essential micronutrients and minerals.
This dietary pattern is associated with colitis, colon tumorigenesis and gut microbial
dysbiosis in multiple animal models [1,2], inflammatory bowel disease (IBD) patients [3-
6] and colorectal cancer (CRC) patients [7-10]. Dietary patterns that consist of
consuming whole fruits, vegetables, nuts and fish have been reported to be composed of
compounds that contain anti-inflammatory, anti-cancer and antioxidant properties
providing a potential preventative dietary strategy against IBD and CRC progression [11-
14]. Moreover, diet composition influences the gut microenvironment by modulating
microbes and microbial byproducts [15]. Diet-induced gut microbial dysbiosis is

associated with gut inflammation and mucosal injury, potentially supporting abnormal
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growth and further carcinogenesis. To understand the interaction between the host
nutritional status and dietary or microbial interventions, we incorporated the total
Western diet (TWD) for rodents in our study designs; the TWD has been shown to
enhance colitis and colon tumorigenesis in models of colorectal cancer [2,16-19].

Consumption of BRB has been reported to have health benefits against colitis and
colon tumorigenesis. However, BRB intake had not been studied in the context of
supplementation to a Western diet. Based on previous reports stating the protective
effects of BRB supplementation, the first study aimed to determine its effects on colitis
symptoms, colon inflammation and mucosal injury, colon tumorigenesis and microbiome
modulation of mice consuming a Western-style basal diet compared to a healthy mouse
diet. Although we hypothesized that consumption of BRB would improve colitis
symptoms, colon inflammation and consequent tumor development, our findings
indicated a complicated effect when consuming a Western-style basal diet. Dietary
supplementation of BRB had inconsistent effects on colitis and mucosal injury with
reduced tumor multiplicity, regardless of the basal diet provided to mice. Furthermore,
BRB-supplemented diets had extensive effects on the gut microbiome observed by
increased alpha diversity, reduced Firmicute to Bacteroidetes ratio, and distinct
microbiome compared to control diets. Further metagenome analysis revealed that before
gut injury, mice fed a diet supplemented with BRB, harbored microbial species that
prioritized glycan and secondary metabolite biosynthesis, and glycan, carbohydrate and
amino acid absorption. Mice fed a Western-style diet supplemented with BRB had
elevated fecal concentrations of short-chain fatty acids (SCFAs) such as acetic acid,

propionic and butyric acid, although higher concentrations of fecal SCFAs may be
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explained by increased food intake for those mice provided the BRB-supplemented
Western-style diet. Finally, the interaction of basal diet and BRB supplement was
significant in various metabolic and microbial factors, indicating a complex relationship
between functional foods, basal diet and the gut microbiome. Interestingly, basal diet had
the strongest impact on colitis and colon tumorigenesis, reaffirming not only the
importance of incorporating animal diets representing target populations when exploring
gut health, disease and therapeutics, but also the detrimental effects of a Western-style
dietary pattern. Black raspberries contain many health benefits however, the basal diet
has an extensive impact on gut health indicating that basal diet should be taken into high
consideration when deliberating therapeutics for individuals to restore or maintain gut
health.

For the second study described in Chapter 3, we reviewed multiple studies that
pointed to gut dysbiosis as a common feature of colitis and/or colon tumorigenesis in
humans and animal models, although it is not clear whether changes in the gut
microbiome population associated with different nutritional patterns are drivers or a
consequence of this disease process. Thus, to understand the potential effects of a diet-
driven colitis-associated gut microbiome on colon tumor development, we designed a
fecal microbiota transplant experiment using samples collected from mice in the first
study (Chapter 2). We sought to understand whether diet-driven changes in the gut
microbiome of donor mice influence the microbiome of recipient mice following FMT,
where recipient mice consumed a healthy or Western-style diet. Findings herein indicate
the basal diet consumed by the recipient mice was the main driver of gut microbial

composition, colon inflammation and consequent tumorigenesis. FMT source — whether
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from a donor mouse that consumed a Western-style diet — had minimal, although
significant effects on colon inflammation during gut recovery, average tumor volume and
relative abundance of taxa belonging to the Firmicute phylum, which resulted in a high
Firmicute to Bacteroidetes ratio by study end. Unexpectedly, FMT from donors fed a
Western-style diet improved colon length, average tumor volume in recipient mice and
delayed recovery from gut injury. These findings are contradictory as greater colon
length is generally associated with reduced inflammation and a lower Firmicutes to
Bacteroidetes ratio [2,20,21]. Meanwhile, higher inflammation scores normally correlate
with lower multiplicity, tumor volume and tumor burden [2], unlike the findings reported
here. Although the current studies aimed to determine how dietary supplementation or
microbial modulation affected colon inflammation in associated colorectal murine cancer
models, findings suggest the basal diet is the main driver of gut health.

Naturally, this work had limitations that need to be taken into consideration. As
the bioinformatics field expands, methods and techniques improve, and higher reliability
of the identification of bacterial sequences and rare taxa is observed. In addition,
microbiome samples were stored frozen for months and thawed prior to the
administration of FMT, resulting in the possible loss of important anaerobic
microorganisms. Although freezing fecal samples is the most commonly used method for
bacteria cryoprotection, a recent review described the best way of freezing fecal samples
for FMT is to aliquot samples into saline before freezing [22]. We looked at the
functionality of the bacterial microbiome but did not consider other microorganisms that
are present in the gut microbiome and their biological functions. Additionally, we

observed relative abundance of the fecal microbiome, not absolute abundance, meaning
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significant differences between populations can be due to changes or the absence of
associated taxa. A consensus cancer-related gut microbiome is yet to be determined
leaving the question of whether the microbiome shift is the cause or effect of disease
progression or other external factors. While the mouse model of CAC employed in this
work is useful for providing insight into the longitudinal progression of colon
tumorigenesis, the strong tumor response to the TWD (i.e., development of very large
adenomas and adenocarcinoma) required relatively early study termination at about 6
months of age due to morbidity. Thus, the model does not allow for examination of
advanced disease or metastasis or exploration of the gut microbiome associated with late
progression of the disease. Moreover, using animal models provides insight into changes
in their microbiome but might not translate when considering the human microbiome as
the human intestinal environment may harbor different gut microbes. Finally, the
variation of dietary patterns among individuals, or even the variation of an individual’s
day-to-day eating pattern, creates a strong limitation in identifying a universal
microbiome representing CRC.

Studies herein determined that the basal diet fed to recipient mice had an
extensive effect on colitis, colon tumorigenesis and the fecal microbiome profile. While
FMT is a very useful tool when trying to repopulate the gut microbiome after gut injury,
dietary interventions such as anthocyanin-rich foods demonstrated a stronger effect on
the gut microbiome and tumor multiplicity. A more robust assessment of the recipient
mice microbiome needs to be researched observing changes before, during and following
antibiotic treatment prior to FMT administration. With the wide selection of functional

foods, understanding the biological function of food bio-actives is essential to prevent
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diet-driven disease. Investigating anthocyanin-rich and similar functional foods can
provide insight into how a balanced diet is necessary for biological function.
Incorporating the dynamic pattern of normal human consumption, for example, various
foods and intake times, can provide real-world dietary intervention tools to promote gut
homeostasis, and reduce inflammation and subsequent CAC risk. In addition, adding
whole-food products that contain essential micronutrients regularly depleted in a
Western-style diet, can be an opportunity to improve personalized nutrition plans.

An important aspect to consider is the reproducibility of the data, as seen in
Chapter 2; despite using similar animal models, BRB and diet sources, the findings were
not in complete agreement. These observations point to the need for robust approaches in
similar pre-clinical studies, including replication of findings in repeated experiments.
Furthermore, future work should consider alternate animal models of CAC and different
genetic strains, which may respond differently to the total Western diet or dietary
interventions with functional foods. This dissertation focused on an inflammation-
associated model of CRC. Future studies should also consider the effect of a Western-
style diet using a spontaneous model CRC, in the absence of chemically-induced
inflammation; such studies would likely require an extended follow-up period of up to 12
months. Furthermore, given the apparent close relationship between the diet consumed
and the composition of the fecal microbiome, future studies should focus on specific
changes to the nutritional profile of the Western diet to improve disease outcomes,
including specific micro- and micronutrients in addition to supplementation with
functional foods. This work could lead to the identification of a nutritional profile that

favors a health-promoting gut microbiome in healthy individuals and improve nutritional
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strategies for patients suffering from dysbiosis-associated diseases, such as those with
IBD or CRC.

In conclusion, the results of this dissertation point to the critical role of the basal
diet in driving the composition of the microbiome and disease response in a mouse model
of inflammation-associated colorectal cancer. Further, this work underscores the need to
consider the Western nutritional pattern in pre-clinical animal models of human disease
[23]. Consumption of a healthy or an unhealthy diet appears to be the main contributing
factor influencing colon inflammation and tumorigenesis, pointing to the need for further
research into how a basal diet influences the development of IBD, CRC and other
metabolic diseases that are likely influenced by the gut microbiome. In closing, “Tell me
what you eat, and I will tell you what you are”, as wisely noted in 1825 by the famous

French gastronome Jean Anthelme Brillat-Savarin [24].

References

1. Ward, R.E.; Benninghoff, A.D.; Healy, B.J.; Li, M.; Vagu, B.; Hintze, K.J. Consumption
of the total Western diet differentially affects the response to green tea in rodent models
of chronic disease compared to the AIN93G diet. Mol Nutr Food Res 2017, 61,
doi:10.1002/mnfr.201600720.

2. Benninghoff, A.D.; Hintze, K.J.; Monsanto, S.P.; Rodriguez, D.M.; Hunter, A.H.; Phatak,
S.; Pestka, J.J.; Wettere, A.J.V.; Ward, R.E. Consumption of the total Western diet
promotes colitis and inflammation-associated colorectal cancer in mice. Nutrients 2020,
12, doi:10.3390/nu12020544.

3. Narula, N.; Wong, E.C.L.; Dehghan, M.; Mente, A.; Rangarajan, S.; Lanas, F.; Lopez-
Jaramillo, P.; Rohatgi, P.; Lakshmi, P.V.M.; Varma, R.P., et al. Association of ultra-
processed food intake with risk of inflammatory bowel disease: prospective cohort study.
BMJ 2021, 374, n1554, doi:10.1136/bmj.n1554.

4, Laudisi, F.; Stolfi, C.; Monteleone, G. Impact of food additives on gut homeostasis.
Nutrients 2019, 11, doi:10.3390/nul1102334.

5. Li, T.; Qiu, Y.; Yang, H.S.; Li, M.Y.; Zhuang, X.J.; Zhang, S.H.; Feng, R.; Chen, B.L.;
He, Y.; Zeng, Z.R., et al. Systematic review and meta-analysis: Association of a pre-



10.

11.

12.

13.

14.

15.

176

illness Western dietary pattern with the risk of developing inflammatory bowel disease. J
Dig Dis 2020, 21, 362-371, doi:10.1111/1751-2980.12910.

Khan, S.; Waliullah, S.; Godfrey, V.; Khan, M.A.W.; Ramachandran, R.A.; Cantarel,
B.L.; Behrendt, C.; Peng, L.; Hooper, L.V.; Zaki, H. Dietary simple sugars alter
microbial ecology in the gut and promote colitis in mice. Sci Transl Med 2020, 12,
doi:10.1126/scitranslmed.aay6218.

Tayyem, R.F.; Bawadi, H.A.; Shehadah, I.; Agraib, L.M.; AbuMweis, S.S.; Al-Jaberi, T.;
Al-Nusairr, M.; Bani-Hani, K.E.; Heath, D.D. Dietary patterns and colorectal cancer. Clin
Nutr 2017, 36, 848-852, d0i:10.1016/j.cInu.2016.04.029.

Barbirou, M.; Woldu, H.G.; Sghaier, 1.; Bedoui, S.A.; Mokrani, A.; Aami, R.; Mezlini,
A.; Yacoubi-Loueslati, B.; Tonellato, P.J.; Bouhaouala-Zahar, B. Western influenced
lifestyle and Kv2.1 association as predicted biomarkers for Tunisian colorectal cancer.
BMC Cancer 2020, 20, 1086, doi:10.1186/s12885-020-07605-7.

Zheng, X.; Hur, J.; Nguyen, L.H.; Liu, J.; Song, M.; Wu, K.; Smith-Warner, S.A.; Ogino,
S.; Willett, W.C.; Chan, A.T., et al. Comprehensive assessment of diet quality and risk of
precursors of early-onset colorectal cancer. J Natl Cancer Inst 2021, 113, 543-552,
doi:10.1093/jnci/djaal 64.

Mehta, R.S.; Song, M.; Nishihara, R.; Drew, D.A.; Wu, K.; Qian, Z.R.; Fung, T.T.;
Hamada, T.; Masugi, Y.; da Silva, A., et al. Dietary patterns and risk of colorectal cancer:
analysis by tumor location and molecular subtypes. Gastroenterology 2017, 152, 1944-
1953 €1941, doi:10.1053/j.gastro.2017.02.015.

Castello, A.; Amiano, P.; Fernandez de Larrea, N.; Martin, V.; Alonso, M.H.; Castano-
Vinyals, G.; Perez-Gomez, B.; Olmedo-Requena, R.; Guevara, M.; Fernandez-Tardon,
G., et al. Low adherence to the western and high adherence to the mediterranean dietary
patterns could prevent colorectal cancer. Eur J Nutr 2019, 58, 1495-1505,
doi:10.1007/s00394-018-1674-5.

Fritsch, J.; Garces, L.; Quintero, M.A.; Pignac-Kobinger, J.; Santander, A.M.; Fernandez,
I.; Ban, Y.J.; Kwon, D.; Phillips, M.C.; Knight, K., et al. Low-fat, high-fiber diet reduces
markers of inflammation and dysbiosis and improves quality of life in patients with
ulcerative colitis. Clin Gastroenterol Hepatol 2021, 19, 1189-1199 ¢1130,
doi:10.1016/j.cgh.2020.05.026.

Groschel, C.; Prinz-Wohlgenannt, M.; Mesteri, I.; Karuthedom George, S.; Trawnicek,
L.; Heiden, D.; Aggarwal, A.; Tennakoon, S.; Baumgartner, M.; Gasche, C., et al.
Switching to a healthy diet prevents the detrimental effects of Western diet in a colitis-
associated colorectal cancer model. Nutrients 2019, 12, doi:10.3390/nul12010045.

Whalen, K.A.; McCullough, M.; Flanders, W.D.; Hartman, T.J.; Judd, S.; Bostick, R.M.
Paleolithic and Mediterranean diet pattern scores and risk of incident, sporadic colorectal
adenomas. Am J Epidemiol 2014, 180, 1088-1097, doi:10.1093/aje/kwu235.

Yang, J.; Wei, H.; Zhou, Y.; Szeto, C.H.; Li, C.; Lin, Y.; Coker, O.0O.; Lau, H.C.H.;
Chan, A.W.H.; Sung, J.J.Y., et al. High-fat diet promotes colorectal tumorigenesis



16.

17.

18.

19.

20.

21.

22.

23.

24.

177

through modulating gut microbiota and metabolites. Gastroenterology 2022, 162, 135-
149 e132, doi:10.1053/j.gastro.2021.08.041.

Aardema, N.D.; Rodriguez, D.M.; Van Wettere, A.J.; Benninghoff, A.D.; Hintze, K.J.
The Western dietary pattern combined with vancomycin-mediated changes to the gut
microbiome exacerbates colitis severity and colon tumorigenesis. Nutrients 2021, 13,
d0i:10.3390/nu13030881.

Rodriguez, D.M.; Hintze, K.J.; Rompato, G.; Wettere, A.J.V.; Ward, R.E.; Phatak, S.;
Neal, C.; Armbrust, T.; Stewart, E.C.; Thomas, A.J., et al. Dietary supplementation with
black raspberries altered the gut microbiome composition in a mouse model of colitis-
associated colorectal cancer, although with differing effects for a healthy versus a
Western basal diet. Nutrients 2022, 14, doi:10.3390/nu14245270.

Hintze, K.J.; Benninghoff, A.D.; Ward, R.E. Formulation of the total Western diet
(TWD) as a basal diet for rodent cancer studies. J Agric Food Chem 2012, 60, 6736-
6742, doi:10.1021/j£204509a.

Kim, S.; Abernathy, B.E.; Trudo, S.P.; Gallaher, D.D. Colon cancer risk of a Westernized
diet Is reduced in mice by reeding cruciferous or apiaceous vegetables at a lower dose of
carcinogen but not a higher dose. J Cancer Prev 2020, 25, 223-233,
doi:10.15430/JCP.2020.25.4.223.

Lippert, E.; Ruemmele, P.; Obermeier, F.; Goelder, S.; Kunst, C.; Rogler, G.; Dunger, N.;
Messmann, H.; Hartmann, A.; Endlicher, E. Anthocyanins prevent colorectal cancer
development in a mouse model. Digestion 2017, 95, 275-280, doi:10.1159/000475524.

Wang, F.; Cai, K.; Xiao, Q.; He, L.; Xie, L.; Liu, Z. Akkermansia muciniphila
administration exacerbated the development of colitis-associated colorectal cancer in
mice. J Cancer 2022, 13, 124-133, doi:10.7150/jca.63578.

Nicco, C.; Paule, A.; Konturek, P.; Edeas, M. From donor to patient: collection,
preparation and cryopreservation of fecal samples for fecal microbiota transplantation.
Diseases 2020, 8, doi:10.3390/diseases8020009.

Hintze, K.J.; Benninghoff, A.D.; Ward, R.E. Improving Laboratory Mice Diets to
Increase Relevance to Human Populations. Functional Foods in Health and Disease

2017, 7, 329-337.

Brillat-Savarin, J.A. The Physiology of Taste; Lindsay & Blakiston: Philadelphia, 1854.



APPENDICES



179

Appendix A. Publication Licensing Information

MDPI Open Access Information and Policy

All articles published by MDPI are made immediately available worldwide under an open access license. This means:
e everyone has free and unlimited access to the full-text of all articles published in MDPI journals;
e everyone is free to re-use the published material if proper accreditation/citation of the original publication is given;

e open access publication is supported by the authors' institutes or research funding agencies by payment of a comparatively
low Article Processing Charge (APC) for accepted articles.

Permissions

No special permission is required to reuse all or part of article published by MDPI, including figures and tables. For articles
published under an open access Creative Common CC BY license, any part of the article may be reused without permission
provided that the original article is clearly cited. Reuse of an article does not imply endorsement by the authors or MDPI.
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Creative Commons Legal Code

Attribution 4.0 International

Official translations of this license are available in other languages.

Creative Commons Corporation (“Creative Commons”) is not a law firm and does not provide legal
services or legal advice. Distribution of Creative Commons public licenses does not create a lawyer-
client or other relationship. Creative Commons makes its licenses and related information available on
an “as-is” basis. Creative Commons gives no warranties regarding its licenses, any material licensed
under their terms and conditions, or any related information. Creative Commons disclaims all liability
for damages resulting from their use to the fullest extent possible.

Using Creative Commons Public Licenses

Creative Commons public licenses provide a standard set of terms and conditions that creators and
other rights holders may use to share original works of authorship and other material subject to
copyright and certain other rights specified in the public license below. The following considerations
are for informational purposes only, are not exhaustive, and do not form part of our licenses.

Considerations for licensors: Our public licenses are intended for use by those authorized to give
the public permission to use material in ways otherwise restricted by copyright and certain other rights.
Our licenses are irrevocable. Licensors should read and understand the terms and conditions of the
license they choose before applying it. Licensors should also secure all rights necessary before
applying our licenses so that the public can reuse the material as expected. Licensors should clearly
mark any material not subject to the license. This includes other CC-licensed material, or material

used under an exception or limitation to copyright.

Considerations for the public: By using one of our public licenses, a licensor grants the public
permission to use the licensed material under specified terms and conditions. If the licensor’s
permission is not necessary for any reason—for example, because of any applicable exception or
limitation to copyright—then that use is not regulated by the license. Our licenses grant only
permissions under copyright and certain other rights that a licensor has authority to grant. Use of the
licensed material may still be restricted for other reasons, including because others have copyright or
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other rights in the material. A licensor may make special requests, such as asking that all changes be
marked or described. Although not required by our licenses, you are encouraged to respect those
requests where reasonable.

Creative Commons Attribution 4.0 International Public License

By exercising the Licensed Rights (defined below), You accept and agree to be bound by the terms
and conditions of this Creative Commons Attribution 4.0 International Public License ("Public
License"). To the extent this Public License may be interpreted as a contract, You are granted the
Licensed Rights in consideration of Your acceptance of these terms and conditions, and the Licensor
grants You such rights in consideration of benefits the Licensor receives from making the Licensed
Material available under these terms and conditions.

Section 1 — Definitions.

a. Adapted Material means material subject to Copyright and Similar Rights that is derived from or
based upon the Licensed Material and in which the Licensed Material is translated, altered,
arranged, transformed, or otherwise modified in a manner requiring permission under the Copyright
and Similar Rights held by the Licensor. For purposes of this Public License, where the Licensed
Material is a musical work, performance, or sound recording, Adapted Material is always produced
where the Licensed Material is synched in timed relation with a moving image.

b. Adapter's License means the license You apply to Your Copyright and Similar Rights in Your
contributions to Adapted Material in accordance with the terms and conditions of this Public
License.

c. Copyright and Similar Rights means copyright and/or similar rights closely related to copyright
including, without limitation, performance, broadcast, sound recording, and Sui Generis Database
Rights, without regard to how the rights are labeled or categorized. For purposes of this Public
License, the rights specified in Section 2(b)(1)-(2) are not Copyright and Similar Rights.

d. Effective Technological Measures means those measures that, in the absence of proper
authority, may not be circumvented under laws fulfilling obligations under Article 11 of the WIPO
Copyright Treaty adopted on December 20, 1996, and/or similar international agreements.

e. Exceptions and Limitations means fair use, fair dealing, and/or any other exception or limitation
to Copyright and Similar Rights that applies to Your use of the Licensed Material.

f. Licensed Material means the artistic or literary work, database, or other material to which the
Licensor applied this Public License.

g. Licensed Rights means the rights granted to You subject to the terms and conditions of this Public
License, which are limited to all Copyright and Similar Rights that apply to Your use of the Licensed
Material and that the Licensor has authority to license.
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h. Licensor means the individual(s) or entity(ies) granting rights under this Public License.

i. Share means to provide material to the public by any means or process that requires permission
under the Licensed Rights, such as reproduction, public display, public performance, distribution,
dissemination, communication, or importation, and to make material available to the public
including in ways that members of the public may access the material from a place and at a time
individually chosen by them.

j. Sui Generis Database Rights means rights other than copyright resulting from Directive 96/9/EC
of the European Parliament and of the Council of 11 March 1996 on the legal protection of
databases, as amended and/or succeeded, as well as other essentially equivalent rights anywhere
in the world.

k. You means the individual or entity exercising the Licensed Rights under this Public License. Your
has a corresponding meaning.

Section 2 — Scope.

a. License grant.

1. Subject to the terms and conditions of this Public License, the Licensor hereby grants You a
worldwide, royalty-free, non-sublicensable, non-exclusive, irrevocable license to exercise the
Licensed Rights in the Licensed Material to:

A. reproduce and Share the Licensed Material, in whole or in part; and
B. produce, reproduce, and Share Adapted Material.
2. Exceptions and Limitations. For the avoidance of doubt, where Exceptions and Limitations

apply to Your use, this Public License does not apply, and You do not need to comply with its
terms and conditions.
3. Term. The term of this Public License is specified in Section 6(a).

4. Media and formats; technical modifications allowed. The Licensor authorizes You to exercise
the Licensed Rights in all media and formats whether now known or hereafter created, and to
make technical modifications necessary to do so. The Licensor waives and/or agrees not to
assert any right or authority to forbid You from making technical modifications necessary to
exercise the Licensed Rights, including technical modifications necessary to circumvent
Effective Technological Measures. For purposes of this Public License, simply making
modifications authorized by this Section 2(a)(4) never produces Adapted Material.

5. Downstream recipients.

A. Offer from the Licensor — Licensed Material. Every recipient of the Licensed Material
automatically receives an offer from the Licensor to exercise the Licensed Rights under the
terms and conditions of this Public License.

B. No downstream restrictions. You may not offer or impose any additional or different terms or
conditions on, or apply any Effective Technological Measures to, the Licensed Material if
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doing so restricts exercise of the Licensed Rights by any recipient of the Licensed Material.

6. No endorsement. Nothing in this Public License constitutes or may be construed as permission
to assert or imply that You are, or that Your use of the Licensed Material is, connected with, or
sponsored, endorsed, or granted official status by, the Licensor or others designated to receive
attribution as provided in Section 3(a)(1)(A)(i).

b. Other rights.

1. Moral rights, such as the right of integrity, are not licensed under this Public License, nor are
publicity, privacy, and/or other similar personality rights; however, to the extent possible, the
Licensor waives and/or agrees not to assert any such rights held by the Licensor to the limited
extent necessary to allow You to exercise the Licensed Rights, but not otherwise.

2. Patent and trademark rights are not licensed under this Public License.

3. To the extent possible, the Licensor waives any right to collect royalties from You for the
exercise of the Licensed Rights, whether directly or through a collecting society under any
voluntary or waivable statutory or compulsory licensing scheme. In all other cases the Licensor
expressly reserves any right to collect such royalties.

Section 3 — License Conditions.

Your exercise of the Licensed Rights is expressly made subject to the following conditions.

a. Attribution.

1. If You Share the Licensed Material (including in modified form), You must:

A. retain the following if it is supplied by the Licensor with the Licensed Material:

i. identification of the creator(s) of the Licensed Material and any others designated to
receive attribution, in any reasonable manner requested by the Licensor (including by
pseudonym if designated);

ii. a copyright notice;

iii. a notice that refers to this Public License;
iv. a notice that refers to the disclaimer of warranties;

v. a URI or hyperlink to the Licensed Material to the extent reasonably practicable;

B. indicate if You modified the Licensed Material and retain an indication of any previous
modifications; and
C. indicate the Licensed Material is licensed under this Public License, and include the text of,
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or the URI or hyperlink to, this Public License.

2. You may satisfy the conditions in Section 3(a)(1) in any reasonable manner based on the
medium, means, and context in which You Share the Licensed Material. For example, it may be
reasonable to satisfy the conditions by providing a URI or hyperlink to a resource that includes
the required information.

3. If requested by the Licensor, You must remove any of the information required by Section 3(a)
(1)(A) to the extent reasonably practicable.

4. If You Share Adapted Material You produce, the Adapter's License You apply must not prevent
recipients of the Adapted Material from complying with this Public License.

Section 4 — Sui Generis Database Rights.

Where the Licensed Rights include Sui Generis Database Rights that apply to Your use of the
Licensed Material:

a. for the avoidance of doubt, Section 2(a)(1) grants You the right to extract, reuse, reproduce, and
Share all or a substantial portion of the contents of the database;

b. if You include all or a substantial portion of the database contents in a database in which You have
Sui Generis Database Rights, then the database in which You have Sui Generis Database Rights
(but not its individual contents) is Adapted Material; and

c. You must comply with the conditions in Section 3(a) if You Share all or a substantial portion of the
contents of the database.

For the avoidance of doubt, this Section 4 supplements and does not replace Your obligations under
this Public License where the Licensed Rights include other Copyright and Similar Rights.
Section 5 — Disclaimer of Warranties and Limitation of Liability.

a. Unless otherwise separately undertaken by the Licensor, to the extent possible, the
Licensor offers the Licensed Material as-is and as-available, and makes no representations
or warranties of any kind concerning the Licensed Material, whether express, implied,
statutory, or other. This includes, without limitation, warranties of title, merchantability,
fitness for a particular purpose, non-infringement, absence of latent or other defects,
accuracy, or the presence or absence of errors, whether or not known or discoverable.
Where disclaimers of warranties are not allowed in full or in part, this disclaimer may not
apply to You.

b. To the extent possible, in no event will the Licensor be liable to You on any legal theory
(including, without limitation, negligence) or otherwise for any direct, special, indirect,
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incidental, consequential, punitive, exemplary, or other losses, costs, expenses, or
damages arising out of this Public License or use of the Licensed Material, even if the
Licensor has been advised of the possibility of such losses, costs, expenses, or damages.
Where a limitation of liability is not allowed in full or in part, this limitation may not apply to
You.

c. The disclaimer of warranties and limitation of liability provided above shall be interpreted in a
manner that, to the extent possible, most closely approximates an absolute disclaimer and waiver

of all liability.

Section 6 — Term and Termination.

a. This Public License applies for the term of the Copyright and Similar Rights licensed here.
However, if You fail to comply with this Public License, then Your rights under this Public License
terminate automatically.

b. Where Your right to use the Licensed Material has terminated under Section 6(a), it reinstates:

1. automatically as of the date the violation is cured, provided it is cured within 30 days of Your
discovery of the violation; or

2. upon express reinstatement by the Licensor.

For the avoidance of doubt, this Section 6(b) does not affect any right the Licensor may have to

seek remedies for Your violations of this Public License.

c. For the avoidance of doubt, the Licensor may also offer the Licensed Material under separate
terms or conditions or stop distributing the Licensed Material at any time; however, doing so will not
terminate this Public License.

d. Sections 1, 5, 6, 7, and 8 survive termination of this Public License.

Section 7 — Other Terms and Conditions.
a. The Licensor shall not be bound by any additional or different terms or conditions communicated
by You unless expressly agreed.

b. Any arrangements, understandings, or agreements regarding the Licensed Material not stated
herein are separate from and independent of the terms and conditions of this Public License.

Section 8 — Interpretation.

a. For the avoidance of doubt, this Public License does not, and shall not be interpreted to, reduce,
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limit, restrict, or impose conditions on any use of the Licensed Material that could lawfully be made
without permission under this Public License.

b. To the extent possible, if any provision of this Public License is deemed unenforceable, it shall be
automatically reformed to the minimum extent necessary to make it enforceable. If the provision
cannot be reformed, it shall be severed from this Public License without affecting the enforceability
of the remaining terms and conditions.

c. No term or condition of this Public License will be waived and no failure to comply consented to
unless expressly agreed to by the Licensor.

d. Nothing in this Public License constitutes or may be interpreted as a limitation upon, or waiver of,
any privileges and immunities that apply to the Licensor or You, including from the legal processes
of any jurisdiction or authority.

Creative Commons is not a party to its public licenses. Notwithstanding, Creative Commons may elect
to apply one of its public licenses to material it publishes and in those instances will be considered the
“Licensor.” The text of the Creative Commons public licenses is dedicated to the public domain under
the CCO Public Domain Dedication. Except for the limited purpose of indicating that material is shared
under a Creative Commons public license or as otherwise permitted by the Creative Commons
policies published at creativecommons.org/policies, Creative Commons does not authorize the use of
the trademark “Creative Commons” or any other trademark or logo of Creative Commons without its
prior written consent including, without limitation, in connection with any unauthorized modifications to
any of its public licenses or any other arrangements, understandings, or agreements concerning use
of licensed material. For the avoidance of doubt, this paragraph does not form part of the public

licenses.

Creative Commons may be contacted at creativecommons.org.

Additional languages available: ix: -, ¢estina, Deutsch, EAAnvikd, Espaiiol, euskara, suomeksi,
francais, hrvatski, Bahasa Indonesia, italiano, HZNGE, St=04, Lietuviy, latviski, te reo Maori,
Nederlands, norsk, polski, portugués, romana, pycckuit, Slovenséina, svenska, Tlrkge, ykpaiHcbka,

X, #:5. Please read the FAQ for more information about official translations.
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Appendix B. Supplementary Material Associated with Chapter 2

Supplementary Figures

(a) Experiment A (pilot)
G1: AIN93G (AIN)

G2: Total Western Diet (TWD) ]
G4: TWD + 10% BRB ]

Pre-DSS  Colitis
AOM
. a———
0o 7 21 33 45 105 112
Days DAl DAl BC Tumors
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Mb Mb Mb Mb
(b) Experiment B (basal diet comparison)
G1: AIN93G (AIN)
I
R
—
Pre-DSS Colitis
AOM
| | / |
e A
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Figure 2.S1. Diagram depicting design of the pilot study (experiment A) and the black raspberry
supplementation with standard and Western basal diets study (experiment B). (a) For experiment
A, basal diets are rep-resented as gray (AIN) or blue (TWD) bars with supplementation of low
concentration black raspberry (5% BRB) and high concentration (10% BRB) depicted as light
and dark pink, respectively. Experimental time points include pre-DSS (day 21), colitis (day 33),
recovery (day 45) and terminal (day 112). Endpoints measured are indicated below the timeline,
including the disease activity index (DA), histopathology (HP), fecal microbiome profiling (Mb),
body composition (BC) and colon tumors. (b) For experiment B, basal diets AIN and TWD are
represented as light gray or dark grey bars, respectively, with 10% black raspberry
supplementation shown as dark pink. Time points are as for experiment A, except for tumors
assessed at day 115. Endpoints are indicated below the timeline. Other abbreviations are as
follows: azoxymethane, AOM; dextran sodium sulfate, DSS.
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Figure 2.S2. Food and energy intake, final body weight, final lean and fat mass, and glucose
tolerance (experiment A). Food (a) and energy (b) intakes per cage (n=10-11) for the study period
are shown for each individual mouse with the mean + SD. Final body weight (c), lean mass (d),
and fat mass (e) values are shown for each individual mouse (n=29-32) with the mean * SE. (f)
Glucose tolerance expressed as the area under the curve (AUC) determined at the terminal time
point shown for individual mice (#=6 to 11) with the mean + SE. Different letters indicate groups
are significantly different (p<0.05) as outlined in Materials and Methods.
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Figure 2.S3. Rarefaction curve analysis by experimental group and time point (experiment A).
Curves plot species richness as a function of sequence sample size. For comparisons across
experimental groups, data were rarefied to ~5,500 sequences, the lowest total among all the
samples.
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Figure 2.S4. Taxonomic classification of mouse fecal bacteria (experiment A). Data shown are
the relative normalized abundance of bacteria annotated to phylum (a) or family (b) taxonomic
levels for the most abundant taxa for each experimental group for each experimental time point.
New phylum level taxonomic designations are indicated in parentheses (a).
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Figure 2.S5. Relative abundance of fecal microbiome at the family taxonomic level (experiment
A). (a) Unsupervised hierarchical cluster analysis of the bacteria families compromising a least
1% of fecal microbiome. The heatmap was constructed with clustering by taxa using the
Euclidean distance with average clustering, and the color scale represents the log;o relative
abundance. (b) Relative abundance of select bacteria families of interest for each experimental
time point, including Coriobacteriaceae, Bifidobacteriaceae, Bacteroidaceae, Ruminococcaceae,
and Erysipelotrichaceae. (¢) Ratio of Firmicutes:Bacteroidetes by experimental time point. Ratios
were determined using normalized count data for each phylum. For (b) and (c), data are shown as
individual values that represent each cage (as the biological unit) with mean + SE. *, p<0.05; **,
p<0.01; and **** p<0.0001 as outlined in Materials and Methods. Complete results of all
metagenomeSeq statistical analyses, including selected pairwise comparisons by experimental
group, are provided in File 2.S3.
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Figure 2.S6. Alpha diversity of mouse fecal microbiomes for each experimental time point
(experiment A). Alpha diversity measures include (a) observed OTUs, (b) the Chaol index, and
(¢) the Shannon index. Data are shown as individual values representing each cage (as the
biological unit) with mean = SE. Inset tables show the statistical model main effects including all
experimental factors for each o-diversity measure. Different letters indicate groups are
significantly different (p<0.05) as outlined in Materials and Methods.
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Figure 2.S7. Food and energy intake over the study period (experiment B). Values shown are the

average estimated food intake (a) and energy intake (b) per mouse per week * SE. Inset tables
show the statistical model main effects for time point (TP), basal diet (Diet), and BRB treatment

(Trmt) and all possible interactions determined by statistical methods outlined in Materials and

Methods.
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Figure 2.S8. Relative liver, kidney, spleen, and cecum content weights (experiment B). Data for
liver (a), kidney (b), spleen (¢), and cecum content (d) weights are shown as a proportion of the
final body weight. Values for individual mice (n=17-25) are shown with mean + SE. Inset tables
provide the model main effects for diet, treatment, and their interaction or “npar test” if a
nonparametric test was required, and different letters indicate groups are significantly different
(p<0.05) as determined by statistical methods outlined in Materials and Methods.
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Figure 2.S9. Rarefaction curve analysis by experimental group and time point (experiment B).
Curves plot species richness as a function of sequence sample size. For comparisons across
experimental groups, data were rarefied to 28,909 sequences, the lowest total among all the
samples. These curves indicate that saturation was reached satisfactorily for most samples and
that additional sequence reads were unlikely to substantially increase the number of species
detected.
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Figure 2.S10. Relative abundance of selected bacteria families of interest and the ratio of
Firmicutes-to-Bacteroidetes over the study time points (experiment B). The logio relative
abundance values for selected taxa (a) and the logi ratio values for Firmicutes-to-Bacteroidetes
(b) are shown, irrespective of basal diet or BRB supplementation, for each experimental time
point for individual mice with the mean * SE. Different letters indicate that relative abundances
or ratios for time points are significantly different (p<0.05) as determined by statistical methods
outlined in Materials and Methods. Complete results of all metagenomeSeq statistical analyses
are provided in File 2.54.
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Figure 2.S11. Fecal microbiome community structures depicted as heat trees showing the relative
abundance ratios for comparisons across study time points within each experimental diet group
(experiment B). The heat tree analysis leverages the hierarchical structure of taxonomic
classifications to quantitatively (using the median abundance) and statistically (using the non-
parametric Wilcoxon Rank Sum test) depict taxonomic differences between microbial
communities. (a) Comparisons of colitis vs. pre-DSS, recovery vs. colitis, and terminal vs.
recovery time points with yellow indicating increase abundance with disease progression
(advancing time point) and purple indicating reduced abundance as indicated by the scale. For
example, relative abundance of Ruminococcaceae is increased (yellow) at recovery vs. colitis
time point for the AIN/CON experimental diet group, whereas Enterobacteriaceae is less
abundant (purple). (b) Phylogenetic structure of fecal microbiome bacteria community.
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Figure 2.S12. Beta diversity of mouse fecal microbiomes over each time point within each
experimental diet group (experiment B). Principal coordinate plots depicting fecal microbiome
beta diversity using (a) unweighted or (b) weighted unifrac distances are shown using the first
two components. The variation attributed to PC1 and PC2 are shown along with the 1* and
permanova p-values for each plot.
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Figure 2.S13. Metagenome predicted functions classified using KEGG metabolism orthology
with tax4fun (experiment B). (a) Stacked area plots show the total hits normalized by category
size for KEGG level 1 metabolism terms. (b) Mean proportions (%) for KEGG metabolism
categories for each experimental diet group.
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Figure 2.S14. Longitudinal analysis of fecal microbiome taxonomy and functional capacity
(experiment B) for AIN and TWD basal diets without BRB supplementation (AIN/CON and
BRB/CON groups). Longitudinal variation is shown as the first dimension of Bray-Curtis
dissimilarity beta-diversity for taxonomy based on ASV abundances (a) or function based on
KEGG term abundances (b). Loess-smoothed trajectories of sample microbiomes from each
experimental group are plotted with gray areas representing the 95% confidence interval. P, pre-
DSS; C, colitis; R, recovery; and T, terminal time points.
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Table 2.S1. Experimental diet formulations

Energy density (kcal/g)

Macro-
nutrients

Micro-
nutrients

AIN93G TWD
AIN93G +10% BRB TWD +10% BRB
3.76 3.77 435 4.34
Carbohydrates
(g/kg diet) BRB powder 100 100
Corn Starch 397.5 374.3 230 201
Maltodextrin 132 132 70 70
Sucrose 100 73.2 261.2 232.8
Cellulose 50 12.5 30
Kcal (% of total) 63.9% 63.9% 50.0% 49.8%
Proteins (g/kg) Casein 200 187.5 190 177.5
L-cystine 3 3 2.85 2.85
Kcal (% of total) 18.8% 18.9% 15.5% 15.6%
Fats (g/kg) Soybean oil 70 70 314 314
Anhydrous milk fat 36.3 36.3
Olive Oil 28.0 28.0
Lard 28.0 28.0
Beef tallow 24.8 24.8
Corn oil 16.5 16.5
Cholesterol 0.4 0.4
Kcal (% of total) 17.2% 17.1% 34.5% 34.6%
Minerals (mg/kg) Calcium 5000 5000 2011 2011
Phosphorus 3000 3000 2757 2757
Sodium 1019 1019 7078 7078
Potassium 3600 3600 5333 5333
Magnesium 507 507 589 589
Iron 35 35 31 31
Zinc 30 30 25 25
Copper 6 6 2.6 2.6
Selenium 0.15 0.15 0.2 0.2
Vitamins (unit’kg)  Thiamin (mg) 5 5 3.5 3.5
Riboflavin (mg) 6 6 4.4 4.4
Niacin (mg) 30 30 50.6 50.6
Pyridoxine (mg) 6 6 39 39
Folate (mg) 2 2 1.3 1.3
Vitamin By, (ug) 25 25 11 11
Vitamin A (IU) 4000 4000 4300 4300
Vitamin D (IU) 1000 1000 391 391
Vitamin E (IU) 75 75 24.6 24.6
Vitamin K (ug) 750 750 189 189
Choline (mg) 1027 1027 648 648
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Note: Abbreviations for diets are the following: total Western diet, TWD. Composition of the
TWD was published previously.® No data are available in NHANES for chloride, manganese,

iodine, pantothenic acid, biotin, or ultra-trace minerals. Levels of these components mimics that
of the basal diet to formulate BRB supplemented diets.

3 Hintze, K.J.; Benninghoff, A.D.; Ward, R.E. Formulation of the total western diet (TWD) as a basal diet for rodent
cancer studies. J. Agric. Food Chem. 2012, 60, 6736-6742, doi:10.1021/j£204509a.
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Table 2.52.
Alpha Diversity Measure

Time point

comparison Observed ASVs Chaol index Shannon Index
Pre-DSS vs. Colitis 0.0001 0.0001 0.0001
Pre-DSS vs. Recovery 0.0001 0.0001 0.0001
Pre-DSS vs. Terminal 0.2246 0.2742 0.0008
Colitis vs. Recovery 0.0012 0.0007 0.9090
Colitis vs. Terminal 0.0001 0.0001 0.0163
Recovery vs. Terminal 0.0006 0.0007 0.0027

Values shown are the Tukey HSD post-hoc comparison p-values for each pairwise comparison
between experimental diet groups within each time point following a generalized linear model
analysis. Main effects of all experimental factors are presented in Figure 2.11.
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Table 2.S3. Alpha diversity pairwise comparisons by experimental group within time points

(experiment B)

Alpha Diversity Measure
Time point Comparison Observed ASVs  Chaol index  Shannon Index
Pre-DSS AIN/CON vs. AIN/BRB 0.0001 0.0001 0.0020
Pre-DSS AIN/CON vs. TWD/CON 0.9588 0.9448 0.4599
Pre-DSS AIN/CON vs. TWD/BRB 0.0001 0.0001 0.0741
Pre-DSS AIN/BRB vs. TWD/CON 0.0001 0.0001 0.0988
Pre-DSS AIN/BRB vs. TWD/BRB 0.5004 0.5545 0.5540
Pre-DSS TWD/CON vs. TWD/BRB 0.0001 0.0001 0.7349
Colitis AIN/CON vs. AIN/BRB 0.0001 0.0001 0.0373
Colitis AIN/CON vs. TWD/CON 0.0386 0.0299 0.5323
Colitis AIN/CON vs. TWD/BRB 0.0004 0.0003 0.0048
Colitis AIN/BRB vs. TWD/CON 0.1733 0.1204 0.4408
Colitis AIN/BRB vs. TWD/BRB 0.9740 0.9295 0.8456
Colitis TWD/CON vs. TWD/BRB 0.3547 0.3529 0.1079
Recovery AIN/CON vs. AIN/BRB 0.0001 0.0002 0.0001
Recovery AIN/CON vs. TWD/CON 0.9294 0.8141 0.4909
Recovery AIN/CON vs. TWD/BRB 0.1359 0.2147 0.9996
Recovery AIN/BRB vs. TWD/CON 0.0001 0.0001 0.0001
Recovery AIN/BRB vs. TWD/BRB 0.0424 0.0444 0.0001
Recovery TWD/CON vs. TWD/BRB 0.0251 0.0229 0.3867
Terminal AIN/CON vs. AIN/BRB 0.0005 0.0010 0.0915
Terminal AIN/CON vs. TWD/CON 0.6076 0.5214 0.4618
Terminal AIN/CON vs. TWD/BRB 0.0811 0.1548 0.9460
Terminal AIN/BRB vs. TWD/CON 0.0001 0.0871 0.0014
Terminal AIN/BRB vs. TWD/BRB 0.0916 0.0001 0.1797
Terminal TWD/CON vs. TWD/BRB 0.0022 0.0037 0.1464

Values shown are the Tukey HSD post-hoc comparison p-values for each pairwise comparison
between experimental diet groups within each time point following a generalized linear model

analysis.
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Table 2.84. Alpha diversity pairwise comparisons by time point within experimental group
(experiment B)

Alpha Diversity Measure

Observed
Diet/Treatment  Comparison ASVs Chaol index Shannon index
AIN/BRB Pre-DSS vs. Colitis 0.0001 0.0001 0.0001
AIN/BRB Pre-DSS vs. Recovery 0.0008 0.1908 0.0831
AIN/BRB Pre-DSS vs. Terminal 0.7791 1.0000 0.9157
AIN/BRB Colitis vs. Recovery 0.0011 0.0005 0.0871
AIN/BRB Colitis vs. Terminal 0.0001 0.0001 0.0054
AIN/BRB Recovery vs. Terminal 0.0758 0.3309 0.4702
AIN/CON Pre-DSS vs. Colitis 0.0001 0.0001 0.0001
AIN/CON Pre-DSS vs. Recovery 0.1916 0.0017 0.0007
AIN/CON Pre-DSS vs. Terminal 1.0000 0.8782 0.7015
AIN/CON Colitis vs. Recovery 0.0006 0.0003 0.6517
AIN/CON Colitis vs. Terminal 0.0001 0.0001 0.0106
AIN/CON Recovery vs. Terminal 0.3235 0.0799 0.0978
TWD/BRB Pre-DSS vs. Colitis 0.0098 0.0005 0.0549
TWD/BRB Pre-DSS vs. Recovery 0.0029 0.0046 0.0001
TWD/BRB Pre-DSS vs. Terminal 0.4629 0.6254 0.1714
TWD/BRB Colitis vs. Recovery 0.9695 0.8556 0.0404
TWD/BRB Colitis vs. Terminal 0.4866 0.0569 0.9976
TWD/BRB Recovery vs. Terminal 0.2803 0.2263 0.0650
TWD/CON Pre-DSS vs. Colitis 0.0004 0.0110 0.0014
TWD/CON Pre-DSS vs. Recovery 0.0034 0.0031 0.0001
TWD/CON Pre-DSS vs. Terminal 0.6498 0.5255 0.0017
TWD/CON Colitis vs. Recovery 0.8779 0.9658 0.3080
TWD/CON Colitis vs. Terminal 0.0458 0.4471 0.9588
TWD/CON Recovery vs. Terminal 0.1768 0.2445 0.7434

Values shown are the Tukey HSD post-hoc comparison p-values for each pairwise comparison
across time points within each experimental diet group following a generalized linear model

analysis.
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Table 2.S5. Short-chain fatty acids pairwise comparisons for effects of time point only,
irrespective of basal diet or BRB supplement (experiment B)

Alpha Diversity Measure

Time point

comparison Acetic  Butyric Capric  Isobutyric Isovaleric Propionic Valeric
Pre-DSS vs. Colitis 0.0001  0.0001 0.2944 0.9368 0.6528 0.0001 0.0472
Pre-DSS vs. Recovery  0.4378  0.8214  0.9956 0.3249 0.0422 0.4953 0.6444
Pre-DSS vs. Terminal ~ 0.1946  0.9286  0.9993 0.9417 0.9671 0.6054 0.9998
Colitis vs. Recovery 0.0001  0.0001 0.1861 0.6898 0.4568 0.0001 0.0012
Colitis vs. Terminal 0.0001  0.0001 0.4586 0.7046 0.4512 0.0001 0.0816
Recovery vs. Terminal  0.9144  0.5192  0.9869 0.1689 0.0285 1.0000 0.7716

Values shown are the Tukey HSD post-hoc comparison p-values for each pairwise comparison
between experimental diet groups within each time point following a generalized linear model
analysis. Main effects of all experimental factors are presented in Figure 2.15.
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Table 2.S6. Short chain fatty acids pairwise comparisons by experimental group within time
points (experiment B)

Short Chain Fatty Acid

2 = 2 £ c 2 £

g £ 5 % 2 g 3
Time point Comparison < = © = = - ~
Pre-DSS AIN/BRB vs. AIN/CON 1.0000 0.1788  0.7720  0.9964  0.9987  0.9230  0.2039
Pre-DSS AIN/CON vs. TWD/CON 0.9943  0.0768  0.0006 0.7623  0.3289  0.9928  0.7336
Pre-DSS AIN/CON vs. TWD/BRB 0.0001  0.0001  0.0003 0.0023 0.0003 0.0001 0.0015
Pre-DSS AIN/BRB vs. TWD/CON 0.9931 09779 0.0051 0.8768 0.4285 0.8190  0.8000
Pre-DSS AIN/BRB vs. TWD/BRB 0.0001  0.0001  0.0024 0.0052 0.0007 0.0001 0.2409
Pre-DSS TWD/BRB vs. TWD/CON 0.0001  0.0001 0.9977 0.0389 0.0524 0.0001  0.0382
Colitis AIN/BRB vs. AIN/CON 09185 09988 0.9614 0.1625 0.0457 0.6694  0.0579
Colitis AIN/CON vs. TWD/CON 0.5982 0.4734 09796 0.0024 0.0158 0.2397  0.0983
Colitis AIN/CON vs. TWD/BRB 0.4656 09061 0.1242  0.8806 0.9439  0.8243  0.3198
Colitis AIN/BRB vs. TWD/CON 0.2340  0.5319 0.9998 0.2901 09519 0.8376  0.9987
Colitis AIN/BRB vs. TWD/BRB 0.1604 0.8391 0.2637 0.0429 0.0174 0.9962  0.8983
Colitis TWD/BRB vs. TWD/CON 0.9951 0.1917 0.2551  0.0005 0.0060 0.7480  0.9508
Recovery AIN/BRB vs. AIN/CON 0.0047 09157 0.0742  0.0032 0.0205 0.2150  0.9992
Recovery AIN/CON vs. TWD/CON 0.3944 09963 0.0821 0.0034 0.0126 0.9597  0.9030
Recovery AIN/CON vs. TWD/BRB 0.9282 0.6859 0.0768 0.9987 0.9868 0.0152 0.3071
Recovery AIN/BRB vs. TWD/CON 0.1997 09715 0.9997 1.0000 0.9977 0.0708  0.8408
Recovery AIN/BRB vs. TWD/BRB 0.0006 0.2893  1.0000 0.0040 0.0068 0.0001 0.3552
Recovery TWD/BRB vs. TWD/CON 0.1261  0.5335 0.9998  0.0043  0.0040 0.0467 0.0747
Terminal AIN/BRB vs. AIN/CON 0.9999 0.8229 0.4981 0.8417 0.7079 0.9962  0.8788
Terminal AIN/CON vs. TWD/CON 0.0204 0.3536 0.5689 0.1634  0.0520 0.0019 0.1227
Terminal AIN/CON vs. TWD/BRB 0.0951  0.0001 02772 0.5177 0.7375 0.0391  0.0001
Terminal AIN/BRB vs. TWD/CON 0.0191 0.8465 0.0377 0.0215 0.0025 0.0026 0.4049
Terminal AIN/BRB vs. TWD/BRB 0.0956  0.0004 0.0142 0.1410 0.1808 0.0531  0.0006
Terminal TWD/BRB vs. TWD/CON 0.9694  0.0021 0.9060 0.9296 0.4350 0.8049  0.0209

Values shown are the Tukey HSD post-hoc comparison p-values for each pairwise comparison
between experimental diet groups within each time point following a generalized linear model

analysis.
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Table 2.S7. Short-chain fatty acids pairwise comparisons by time point within experimental
group (experiment B)

Short Chain Fatty Acid
. . E £ £ o

Time point Comparison < 5 © = = A >

AIN/CON Colitis vs. Pre-DSS 0.0001  0.0001 0.8603  0.9785 1.0000 0.0004  0.9763
AIN/CON Pre-DSS vs. Recovery 0.0859 09540 0.0177  0.0035  0.0010 0.7319  0.9799
AIN/CON Pre-DSS vs. Terminal 0.9858  0.9966  0.6435 1.0000  0.9974 0.9982  0.9447
AIN/CON Colitis vs. Recovery 0.0004  0.0005 0.0759  0.0014  0.0013 0.0115  0.8647
AIN/CON Colitis vs. Terminal 0.0001  0.0010 0.9565  0.9913  0.9972 0.0015  0.9973
AIN/CON Recovery vs. Terminal 03048 09949 03424  0.0126  0.0092 0.7187  0.8187
AIN/BRB Colitis vs. Pre-DSS 0.0001  0.0001 0.5511 0.1450  0.0017 0.0001  0.1855
AIN/BRB Pre-DSS vs. Recovery 09153 09965 0.9993  0.9963  0.9023 1.0000  0.8997
AIN/BRB Pre-DSS vs. Terminal 0.9359 09996 0.9580  0.7819  0.8089 0.9945  0.8508
AIN/BRB Colitis vs. Recovery 0.0001  0.0001 0.6479  0.0910  0.0130 0.0001  0.0394
AIN/BRB Colitis vs. Terminal 0.0001  0.0001 0.3309  0.0264  0.0003 0.0001  0.0493
AIN/BRB Recovery vs. Terminal 0.6468 09911 0.9297  0.8775  0.4388 0.9941  0.9979
TWD/CON  Colitis vs. Pre-DSS 0.0001  0.0001 0.6908  0.0050  0.0501 0.0001  0.0024
TWD/CON  Pre-DSS vs. Recovery 0.7001  0.9970  0.0690  0.8876  0.9232 0.7206  0.6337
TWD/CON  Pre-DSS vs. Terminal 0.0077 09857 09813  0.6796  0.6126 0.1069  0.9305
TWD/CON  Colitis vs. Recovery 0.0001  0.0001 04705  0.0006 0.0101 0.0001  0.0001
TWD/CON  Colitis vs. Terminal 0.0001  0.0001 09104 0.1426  0.5935 0.0026  0.0222
TWD/CON  Recovery vs. Terminal 0.0957 09504  0.1951 0.2899  0.2814 0.5382  0.3105
TWD/BRB Colitis vs. Pre-DSS 0.0001  0.0050 0.4426  0.0007  0.0111 0.0270  0.9987
TWD/BRB Pre-DSS vs. Recovery 0.9967  0.0021 09136  0.8813  0.5796 0.8995  0.8928
TWD/BRB Pre-DSS vs. Terminal 0.9997  0.7847  0.9999  0.5666  0.4994 1.0000  0.9289
TWD/BRB Colitis vs. Recovery 0.0001  0.0001 0.1644  0.0001  0.0004 0.1258  0.8395
TWD/BRB Colitis vs. Terminal 0.0001  0.1524  0.6239  0.0942  0.4701 0.0860  0.9670
TWD/BRB Recovery vs. Terminal 0.9998  0.0009 0.9287  0.2365  0.0781 0.9470  0.6293

Values shown are the Tukey HSD post-hoc comparison p-values for each pairwise comparison
between experimental diet groups within each time point following a generalized linear model

analysis.
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Supplementary Files and Supporting Data

File 2.S1. Experiment A (pilot study) microbiome count data.xlsx. Microsoft Office Excel
document with curated microbiome count data for experiment A annotated with GreenGenes
taxonomy. File accessible online https://doi.org/10.3390/nu14245270.

File 2.S2. Experiment B (diet comparison) microbiome count data.xlsx. Microsoft Office Excel
document with curated microbiome count data for experiment B annotated with Silva taxonomy.
File accessible online https://doi.org/10.3390/nu14245270.

File 2.S3: Experiment A metagenomeSeq statistics.xlsx. Microsoft Office Excel data with FDR
p-values for all MetagenomeSeq data analyses of bacteria families for experiment A. File
accessible online https://doi.org/10.3390/nu14245270.

File 2.S4: Experiment B metagenomeSeq statistics.xIsx. Microsoft Office Excel data with FDR p-
values for all MetagenomeSeq data analyses of bacteria families for experiment B. File accessible
online https://doi.org/10.3390/mu14245270.

All raw data supporting this work are freely available via the Utah State University Digital
Commons Data Repository at https://doi.org/10.26078/ats5-4m77, including:
1. Benninghoff Experiment A mapping_file.csv provides the sample identification details
including the time point, basal diet, black raspberry (BRB) supplementation for each
sample ID.
2. Benninghoff Experiment A OTU table.csv provides the 16S rRNA sequence count data
for all samples for each operational taxonomic unit identified.
3. Benninghoff Experiment A taxonomy.csv provides the mapping of operational
taxonomic units to bacteria taxonomy.
4. Benninghoff Experiment B _mapping_ file.csv provides the sample identification details
including the time point, basal diet, black raspberry (BRB) supplementation for each
sample ID.
5. Benninghoff Experiment A ASV_table.csv provides the 16S rRNA sequence count data
for all samples for each amplicon sequence variant identified.
6. Benninghoff Experiment A taxonomy.csv provides the mapping of amplicon sequence
variants to bacteria taxonomy.
7. Readme.txt
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Appendix C. Supplementary Material Associated with Chapter 3

Supplementary Figures

(a) Rodriguez, et al., Nutrients 2022
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Figure 3.S1. Experimental design. (a) Diagram outlines the experimental design for the treatment
of donor mice with azoxymethane (red asterisk) and dextran sodium sulfate (DSS) to induce
colitis and colon tumorigenesis. Also shown are the time points for weekly collection of fecal
samples for each basal diet group. Full experimental details are outlined in Rodriguez, et al.* (b)
Diagram outlines the experiment design for this study, described in detail in the Materials and
Methods. Basal diets are represented as gray (AIN) or blue (TWD) bars with FMT from AIN-fed
donors (grey arrows) and FMT from TWD-fed donor mice (blue arrows). Numbers below each
FMT donor represents the week of collection that was then to time-matched for recipient mice.
For example, collection 3 occurred while the donor mice were experience active colitis and was
used to inoculate recipient mice just prior to DSS treatment. In this study, the endpoints assessed
are shown, including the disease activity index (DAI), histopathology (HP), fecal microbiome

profile (Mb), body composition (BC) and colon tumor incidence, multiplicity and burden
(tumors).

4 Rodriguez, D.M.; Hintze, K.J.; Rompato, G.; Wettere, A.J.V.; Ward, R.E.; Phatak, S.; Neal, C.; Armbrust, T.; Stewart,
E.C.; Thomas, A.J., et al. Dietary supplementation with black raspberries altered the gut microbiome composition in a

mouse model of colitis-associated colorectal cancer, although with differing effects for a healthy versus a Western basal
diet. Nutrients 2022, 14, doi:10.3390/nu14245270.
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Figure 3.S2. Relative liver, kidney, spleen, and cecum content weights. Data for liver (a), kidney
(b), spleen (¢), and cecum content (d) weights are shown as a proportion of the final body weight.
Values for individual mice are shown with median + interquartile range. Inset tables provide the
model main effects for diet, treatment, and their interaction, and different letters indicate groups
are significantly different (p < 0.05) as outlined in Materials and Methods.
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Figure 3.S3. Rarefaction curve analysis by experimental group and time point. Rarefaction curve
analysis by experimental group and time point. Curves plot species richness as a function of
sequence sample size. For comparisons across experimental groups, data were rarefied to ~4,400
sequences, the lowest total among all the samples. These curves indicate that saturation was
reached satisfactorily for most samples and that additional sequence reads were unlikely to
substantially increase the number of species detected.
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Figure 3.S4. Taxonomic classification of mouse fecal bacteria at the phylum level. Data shown
are the relative normalized abundance of bacteria annotated to the phylum level.
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Figure 3.S5. Relative abundance of selected bacteria families of interest over the study time
points. The log)o relative abundance values for representing each cage (as the biological unit)
with the median + interquartile range are shown for selected taxa, irrespective of basal diet or
FMT donor source, for each experimental time point. Different letters indicate that relative
abundances for time points are significantly different (p < 0.05) as determined by statistical
methods outlined in Materials and Methods.
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Table 3.S1. Experimental diet formulations

AIN93G TWD
Energy density (kcal/g) 3.76 4.35
Macronutrients ~ Carbohydrates (g/kg diet)
Corn Starch 397.5 230
Maltodextrin 132 70
Sucrose 100 261.2
Cellulose 50 30
Kcal (% of total) 63.9% 50.0%
Proteins (g/kg) Casein 200 190
L-cystine 3 2.85
Kcal (% of total) 18.8% 15.5%
Soybean oil 70 314
Anhydrous milk fat 36.3
Olive Oil 28
Lard 28
Beef tallow 24.8
Corn oil 16.5
Cholesterol 0.4
Kcal (% of total) 17.2% 34.5%
Minerals (mg/kg) Calcium 5000 2011
Micronutrients Phosphorus 3000 2757
Sodium 1019 7078
Potassium 3600 5333
Magnesium 507 589
Iron 35 31
Zinc 30 25
Copper 6 2.6
Selenium 0.15 0.2
Vitamins (unit/kg) Thiamin (mg) 5 3.5
Riboflavin (mg) 6 44
Niacin (mg) 30 50.6
Pyridoxine (mg) 6 3.9
Folate (mg) 2 1.3
Vitamin B12 (ug) 25 11
Vitamin A (IU) 4000 4300
Vitamin D (IU) 1000 391
Vitamin E (IU) 75 24.6
Vitamin K (pg) 750 189
Choline (mg) 1027 648

Note: TWD, total Western diet. Composition of the TWD was published previously.” No data are
available in NHANES for chloride, manganese, iodine, pantothenic acid, biotin, or ultra-trace

minerals.

3 Hintze, K.J.; Benninghoff, A.D.; Ward, R.E. Formulation of the total western diet (TWD) as a basal diet for rodent
cancer studies. J. Agric. Food Chem. 2012, 60, 6736-6742, doi:10.1021/j£204509a.
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Table 3.S2. Alpha diversity pairwise comparisons for effects of time point only, irrespective of
basal diet or FMT source

Alpha Diversity Measure

Time point

comparison Observed ASVs Chaol index Shannon Index
Pre-DSS vs. Colitis 0.0001 0.0001 0.0001
Pre-DSS vs. Recovery 0.0001 0.0001 0.0001
Pre-DSS vs. Terminal 0.7358 0.7080 0.1370
Colitis vs. Recovery 0.0235 0.0444 0.9776
Colitis vs. Terminal 0.0001 0.0001 0.0001
Recovery vs. Terminal 0.0001 0.0001 0.0005

Values shown are the Tukey HSD post-hoc comparison p-values for each pairwise comparison
between experimental diet groups within each timepoint following a generalized linear model
analysis. Main effects of all experimental factors are presented in Figure 3.10.
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Table 3.S3. Alpha diversity pairwise comparisons by experimental group within time points

Alpha Diversity Measure

Observed Chaol Shannon
Timepoint  Comparison ASVs index Index
Pre-DSS fed AIN/fmt AIN vs. fed AIN/fmt TWD 0.9999 0.9646 0.9298
Pre-DSS fed AIN/fmt AIN vs. fed TWD/fmt AIN 0.0971 0.1128 0.0876
Pre-DSS fed AIN/fmt AIN vs. fed TWD/fmt TWD 0.1385 0.1578 0.2483
Pre-DSS fed AIN/fmt TWD vs. fed TWD/fmt AIN 0.1026 0.0470 0.3331
Pre-DSS fed AIN/fmt TWD vs. fed TWD/fmt TWD 0.1450 0.0669 0.6455
Pre-DSS fed TWD/fmt AIN vs. fed TWD/fmt TWD 0.9945 0.9950 0.9324
Colitis fed AIN/fmt AIN vs. fed AIN/fmt TWD 0.2367 0.3275 0.1366
Colitis fed AIN/fmt AIN vs. fed TWD/fmt AIN 0.7934 0.6447 0.6840
Colitis fed AIN/fmt AIN vs. fed TWD/fmt TWD 0.7091 0.6474 0.8974
Colitis fed AIN/fmt TWD vs. fed TWD/fmt AIN 0.7558 0.9430 0.0121
Colitis fed AIN/fmt TWD vs. fed TWD/fmt TWD 0.8159 0.9344 0.0320
Colitis fed TWD/fmt AIN vs. fed TWD/fmt TWD 0.9992 0.9999 0.9752
Recovery fed AIN/fmt AIN vs. fed AIN/fmt TWD 0.8925 0.9361 0.9176
Recovery fed AIN/fmt AIN vs. fed TWD/fmt AIN 0.4851 0.4855 0.6247
Recovery fed AIN/fmt AIN vs. fed TWD/fmt TWD 0.9771 0.9831 0.6889
Recovery fed AIN/fmt TWD vs. fed TWD/fmt AIN 0.1407 0.1802 0.2450
Recovery fed AIN/fmt TWD vs. fed TWD/fmt TWD 0.9862 0.9945 0.2792
Recovery fed TWD/fmt AIN vs. fed TWD/fmt TWD 0.2247 0.2418 0.9986
Terminal fed AIN/fmt AIN vs. fed AIN/fmt TWD 0.8964 0.9356 0.6431
Terminal fed AIN/fmt AIN vs. fed TWD/fmt AIN 0.0916 0.3458 0.1600
Terminal fed AIN/fmt AIN vs. fed TWD/fmt TWD 0.0248 0.0841 0.0023
Terminal fed AIN/fmt TWD vs. fed TWD/fmt AIN 0.4012 0.7522 0.8278
Terminal fed AIN/fmt TWD vs. fed TWD/fmt TWD 0.1969 0.3678 0.0944
Terminal fed TWD/fmt AIN vs. fed TWD/fmt TWD 0.9855 0.9284 0.3889

Values shown are the Tukey HSD post-hoc comparison p-values for each pairwise comparison between

experimental diet groups within each timepoint following a generalized linear model analysis.
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Table 3.54. Alpha diversity pairwise comparisons by time point within experimental group

Alpha Diversity Measure

Diet/Treatment Comparison Observed ASVs Chaol index Shannon index
fed AIN/fmt AIN Pre-DSS vs. Colitis 0.0001 0.0001 0.0001
fed AIN/fmt AIN Pre-DSS vs. Recovery 0.0001 0.0001 0.0003
fed AIN/fmt AIN Pre-DSS vs. Terminal 0.9860 0.9989 0.9961
fed AIN/fmt AIN Colitis vs. Recovery 0.6488 0.7368 0.9490
fed AIN/fmt AIN Colitis vs. Terminal 0.0001 0.0001 0.0002
fed AIN/fmt AIN Recovery vs. Terminal 0.0003 0.0012 0.0031
fed AIN/fmt TWD Pre-DSS vs. Colitis 0.0001 0.0001 0.0001
fed AIN/fmt TWD Pre-DSS vs. Recovery 0.0003 0.0001 0.0207
fed AIN/fmt TWD Pre-DSS vs. Terminal 0.9547 0.7479 0.9239
fed AIN/fmt TWD Colitis vs. Recovery 0.1196 0.1449 0.0986
fed AIN/fmt TWD Colitis vs. Terminal 0.0002 0.0003 0.0063
fed AIN/fmt TWD Recovery vs. Terminal 0.0415 0.0413 0.3971
fed TWD/fmt AIN Pre-DSS vs. Colitis 0.0001 0.0001 0.0263
fed TWD/fmt AIN Pre-DSS vs. Recovery 0.0003 0.0013 0.0004
fed TWD/fmt AIN Pre-DSS vs. Terminal 0.9728 0.9999 0.9635
fed TWD/fmt AIN Colitis vs. Recovery 0.9896 0.9914 0.3445
fed TWD/fmt AIN Colitis vs. Terminal 0.0085 0.0067 0.3866
fed TWD/fmt AIN Recovery vs. Terminal 0.0268 0.0211 0.0349
fed TWD/fmt TWD  Pre-DSS vs. Colitis 0.0001 0.0001 0.0019
fed TWD/fmt TWD  Pre-DSS vs. Recovery 0.0118 0.0146 0.0001
fed TWD/fmt TWD  Pre-DSS vs. Terminal 0.5775 0.6378 0.0081
fed TWD/fmt TWD  Colitis vs. Recovery 0.1399 0.1632 0.6640
fed TWD/fmt TWD  Colitis vs. Terminal 0.0060 0.0067 0.9968
fed TWD/fmt TWD  Recovery vs. Terminal 0.4997 0.4828 0.8651

Values shown are the Tukey HSD post-hoc comparison p-values for each pairwise comparison across
time points within each experimental diet group following a generalized linear model analysis.
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Supplementary Files and Supporting Data

File 3.S1. Microbiome count data.xlsx. Microsoft Office Excel document with curated
microbiome count data annotated with Silva taxonomy. File accessible online
https://doi.org/10.26078/254v-8j64.

File 3.S2. MetagenomeSeq statistics.xIsx. Microsoft Office Excel data with FDR p-values for all
MetagenomeSeq data analyses of bacteria families for experiment B. File accessible online
https://doi.org/10.26078/254v-8j64

All raw data supporting this work are freely available via the Utah State University Digital
Commons Data Repository at https://doi.org/10.26078/254v-8j64, including:
1. Benninghoff Project N Mapping.csv provides the sample identification details including
the time point, basal diet and FMT source for each sample ID.
2. Benninghoff Project N_Taxonomy.csv provides the mapping of amplicon sequence
variants to bacteria taxonomy using the Silva database.
3. Benninghoff Project N_ASV_counts.csv provides the 16S rRNA sequence count data for
all samples for each amplicon sequence variant identified.
4. Readme.txt
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