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Thesis Abstract

Gut microbiota is increasingly recognized as a promising target for therapeutic
interventions aimed at preventing and managing obesity and associated dysfunctions. Recently,
there has been a growing interest in the consumption of functional foods, like dietary pulses with
a unique nutrient-dense profile, linked to enhanced intestinal health by interacting closely with the
gut microbiota, weight management, cognitive function, and significant improvement in overall
health. This thesis explored the intricate interplay of diet, gut microbiota, and metabolic health in
the context of obesity through three linked projects. In Project 1, the impact of incorporating white
and dark red kidney beans into a low-fat diet (LFD) was explored, focusing on fecal gut microbiota
composition and function, inflammatory state, and metabolic health in high-fat diet (HFD)-induced
obese male mice. Project 2 broadened the scope to explore the influence of common beans on the
gut-brain axis. This included an assessment of cecal microbiota, colon histomorphology, and
anxiety behaviors and well-being. The findings from these two projects highlighted that, compared
to the HFD fed obese control group, transitioning to an LFD supplemented with beans led to
reduced weight gain, enhanced body composition (increased FFM and decreased FM), caused
distinctive fecal and cecal microbiota changes at both phyla and genus levels with notable shifts
in the abundance of specific beneficial bacterial genera, particularly those associated with short-
chain fatty acids (SCFAs) production. While both bean varieties enhanced the gut microbiota
microenvironment, they revealed unique effects on certain bacterial taxa, attributed to their distinct
phenolic contents. On the other hand, beans did not promote additional improvements in fasting
serum metabolic outcomes, beyond those induced from transitioning to an LFD, except for reduced
inflammatory adipokine resistin by dark beans. The study found no improvements in nest-building
behavior, indicative of well-being, but did observe some evidence of anxiolytic effects in the
Elevated Plus Maze (EPM) test, particularly with white bean supplementation. Project 3 explored
the intricate interplay among diet, inflammation, and gut microbiota in the development of obesity
phenotypes. This project elucidated the potential contributions of Akkermansia genus abundance
in generating phenotypes resistance to obesity and associated inflammatory and metabolic
dysfunctions, even under an HFD with ad libitum food access. Overall, the findings of this thesis
contribute to our understanding of factors contributing to diet-induced obesity phenotypes and
emphasize the potential health implications of specific bean varieties, providing insights into both

physiological and mental health outcomes in C57BI/6 male mice models.
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Preface to the Thesis

| am pleased to present this thesis, representing a significant milestone in my PhD journey.
Before moving into the contents, 1 would like to briefly explain the circumstances that shaped the
evolution of this project. Initially, my research proposal focused on conducting a human clinical
trial under the supervision of Dr. Eric Doucet at the school of Human Kinetics, aimed at
investigating the combined impacts of synbiotics supplementation and energy restriction on gut
microbiota composition and metabolic health in individuals living with obesity. This trial was
planned to commence in September 2019. After meeting Dr. Krista Power and getting familiar
with research projects in her lab at the School of Nutrition Sciences focused on utilizing whole
foods and their impact on gut health, 1 became interested in exploring the potential use of dietary
pulses, specifically common beans, to target gut microbiota, instead of utilizing commercial
synbiotic supplements. Subsequently, | obtained the REB approval and began preparation for the
human trial, including preparation of beans powder required for the clinical intervention, at the
School of Nutrition Sciences experimental and sensory kitchen. At the same time, in September
2019, | started planning to conduct an animal study investigating gut health aspects utilizing
dietary pulses under supervision of Dr. Power, in order to get some preliminary data before starting
the human trial.

Unfortunately, the onset of the COVID-19 pandemic in March 2020 resulted in the
suspension of the human trial, as the target participants, including individuals with obesity, were
at increased risk. However, by that time, | had already developed an obesity mouse model at the
University of Ottawa Animal Care and Veterinary Service Facility, and | was prepared to initiate
the intervention arm of the pre-clinical trial including the incorporating common beans. Despite

the need to ramp down non-essential research activities, | was fortunate to receive approval to



continue conducting animal work under granting a derogation from the University of Ottawa with
the support of Dr. Power's, enabling me to finish the animal part of the pre-clinical project.
However, to comply with the University of Ottawa Animal Facility guidelines and restrictions on
campus access, certain pre-planned study outcomes were either excluded or deferred until the end
of the intervention period. Given the indefinite timeline for the reopening of human facilities post-
pandemic, with the agreement of Dr. Doucet and Dr. Power, the human trial component was
removed from my PhD thesis plan, and this decision was communicated to the respective thesis
advisory committee members. Consequently, | shifted my entire focus within the animal trial,
expanding its scope and conducting a more in-depth analysis of the planned outcomes. This
involved acquiring proficiency in biochemical and molecular biology techniques, as well as
bioinformatics analysis. Additionally, | underwent training in behavioral testing methods to
comprehensively investigate the impact of dietary intervention on mental well-being, alongside
with the assessment of intestinal health, inflammation state, metabolic outcomes. The experimental
protocol was approved by the University of Ottawa Animal Care Committee (Protocol number
HSe-2857-R3).

| am deeply grateful to all those who have supported me throughout this journey specially
during the unprecedented circumstances. In terms of contributions to the projects outlined in
Chapters 2-4, |1 was primarily responsible for all aspects of the animal work, including data
collection and behavior testing, laboratory experiments, data analysis, drafting and preparation of
manuscripts. The co-authors who played significant roles in the conceptualization and execution
of the projects are listed below:
Dr. Power and Dr. Doucet contributed to conceptualization, Dr. Power provided guidance in study

design, Lalit Kishore, post-doctoral fellow, assisted with sample collection and animal testing



behavior, Alexane Rodrigue, PhD Candidate, contributed to sample collection and provided
training and mentorship for sample analysis, Valérie Roumelis and Giorgio Freije, undergraduate
students, contributed to data entry and collection. Their expertise, guidance, and support were
instrumental in the successful completion of this work, and | extend my sincerest gratitude to each

of them.
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1 CHAPTER 1. INTRODUCTION
1.1 Obesity
According to the World Health Organization (WHO) [1], obesity is defined as abnormal or

excessive fat accumulation that presents a risk to health. Individuals with a body mass index (BMI)
equal to or exceeding 30 kg/m? are classified as obese. Obesity is an alarming public health concern
worldwide and a predictor of early death [2]. According to WHO estimates in 2022, 2.5 billion
adults (18 years and older) were overweight. Of these, 890 million were living with obesity [3].
Obesity extends its impact across nearly every organ system, from the cardiovascular system to
the endocrine system, gastrointestinal, and central nervous systems (CNS) [4], therefore it is not
only associated with a higher prevalence of chronic diseases, but also with psychological issues
that affect quality of life [2]. Recent evidence highlights a significant rise in obesity rates in Canada
over the last two decades. According to a Health Survey, nearly one in three Canadian adults were
living with obesity in 2022, with a sharp increase from just over one in five in 2003 [5]. WHO also
reports that in 2019, one in every eight people or 970 million people worldwide were living with
one of the mental health related issues mainly anxiety and depressive disorders which surged
significantly amid the COVID-19 pandemic crisis with a 26% and 28% increase, respectively,
within just one year [6]. Importantly, a bidirectional convergent correlation between obesity and
mood disorders has been reported [7]. Individuals with obesity are more likely to develop mental
health problems including depression and anxiety disorders or neurodegenerative diseases [8].

While the intake of energy beyond energy expenditure is the primary factor involved in storing
excess energy as fat, it is crucial to understand that obesity is characterized as a heterogeneous
chronic disease. This complexity arises from the interaction of various biological, environmental,

and behavioral factors, all contributing to producing of a state of positive energy balance and

1



subsequent weight gain (Figure 1-1) [9,10]. Biological factors, mainly genetics, prenatal
influences, neuroendocrine conditions, medications, gut microbiome and the gut-brain axis play
pivotal roles in the development of obesity [10]. These biological elements interact with
environmental factors, such as food supply, built environments (such as physical structures,
infrastructure, and amenities), socioeconomic status, cultural influences, social bias, and exposure
to environmental chemicals. Behavioral influences, comprising excessive energy intake, eating
patterns, sedentary lifestyles, inadequate sleep, and smoking cessation, further contribute to the
complexity of obesity etiology. Recognizing the specific determinants of adiposity in individuals
with obesity is crucial for tailoring prevention and treatment strategies effectively in the ongoing

effort to combat this public health challenge [10].
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Figure 1-1. Factors Contributing to Obesity (adapted from [10])



As the prevalence of obesity continues to rise worldwide, there is a growing need to address
this global health challenge. The utilization of mice as models for diet-induced obesity (DIO) has
become progressively widespread due to their higher reliability in replicating human obesity, as
compared to mice that have been genetically modified to develop obesity [11,12], including
monogenic mutations in the leptin pathway (such as leptin-deficient (ob/ob) mice, leptin receptor-
deficient (db/db) mice) or obesity models with a deficit downstream of the brain leptin receptor
(such as POMC knockout mice or POMC/AgRP double knockout mice). Evidence has shown that
only an increased dietary fat content was associated with elevated energy intake and adiposity in
various studied mouse strains compared to diets with increased carbohydrates (particularly sugars),
or reduced protein [13]. Mice fed a high-fat diet (HFD) develop an obesity syndrome that features
metabolic complications similar to those observed in humans including hyperleptinemia,
hyperinsulinemia, and impaired glucose tolerance, mirroring human obesity-associated metabolic
dysfunctions [14,15]. However, previous studies have highlighted variations in the physiological
phenotypes among different mouse strains [16-18]. While the C57BL/6 strain is considered a
suitable model for investigating metabolic diseases like obesity and type 2 diabetes [19,20], it
exhibits significant individual variations in weight gain when subjected to an HFD, [21]
emphasizing the intricate and multifaceted nature of obesity [22]. However, the precise factors
contributing to these non-genetic-related variations in weight gain responses are currently
unknown and warrant further research. Notably, studies have demonstrated differences in gut
microbiota composition between obesity-prone and obesity-resistant phenotypes [23,24].
However, comprehensive exploration is needed to unravel the precise contribution of host-
microbial interactions and obesity-resistant phenotype, as prior studies have only partially delved

into this matter, offering conflicting findings on alterations in metabolic profiles and gut



microbiota composition between the obesity-prone (DIO-P) and obesity-resistant (DIO-R)
phenotypes [23-28]. Therefore, an aim of this thesis (Chapter 4, Project 3) was to investigate the
role of the gut microbiota in the susceptibility to HFD in sub-groups of C57BL/6 mice either

resistant or prone to HFD-induced obesity.



1.2 Gut Health Implications in Obesity

A healthy gut is characterized by the selective permeability of nutrients, water, and bacterial
products[29]. The gut barrier is a dynamic system influenced by the composition of the intestinal
microbiome and the function of intercellular connections, and is regulated by hormones, dietary
components, inflammatory mediators, and the enteric nervous system [30]. There exists a close
interaction between nutrients (such as dietary fiber, protein, and fat), the gut microbiota, and the
intestinal barrier under health or disease conditions [29]. Evidence has shown that obesity may be
associated with alterations in gut microbiota composition, potentially leading to impairment in
intestinal barrier function which could significantly impact both immunological and metabolic
functions in the host [31-33]. DIO in animal models have been linked to a substantial reduction in
colonic mucus thickness, defective mucosal growth rate, and higher penetrability of the mucus and
epithelial layer, defective tight junction protein expressions, and increased colonic and systemic
inflammation [34,35]. The integrated components crucial for maintaining the physiological
integrity of the intestinal barrier include: (1) the gut microbiota, forming the microbial barrier; (2)
mucus, creating a protective layer at the interface between the intestinal lumen and the brush border
of enterocytes and colonocytes; (3) the coordination between gastrointestinal motility and
secretions, establishing the functional barrier; (4) the epithelial barrier featuring tight junctions;
(5) immune-competent cells contributing to the immunological barrier [29,36]; (6) the gut-
vascular interface comprised of endothelial cells tightly integrated with pericytes and enteric glial
cells to form a vascular unit, facilitates the translocation of substances from the intestinal lumen
to the systemic circulation while preventing migration of bacteria and their byproducts from the

gut lumen into the bloodstream [37]. The following sections introduce the gut microbiota,



highlighting its key functions as the first line of barrier defense, and then explore its connections

to obesity.

1.2.1 The Links Between Gut Microbiota and Obesity

1.2.1.1 Gut Microbiota

In comparison to other body regions, the human gastrointestinal tract (GIT) harbors a
substantial microbial community, comprising approximately 100 trillion microorganisms [38].The
gut microbiome, as defined by molecular biologist Joshua Lederberg, encompasses all
microorganisms—bacteria, viruses, protozoa, and fungi—along with their collective genetic
material found in the GIT. The gut bacteria, a subset of the microbiome, consists of both
commensal and pathogenic species residing in the GIT [39]. The gut microenvironment primarily
supports the growth of bacteria from seven major divisions. The predominant bacterial phyla in
the human gut microbiota are Firmicutes and Bacteroidetes, collectively constituting more than
90% of the total community. Additionally, there are subdominant phyla, such as Actinobacteria,
Proteobacteria, Verrucomicrobia, Cyanobacteria and Fusobacteria, [40,41].

This microbial balance plays a crucial role in human health and disease. In a healthy state,
gut microbiota exhibits stability, resilience, and symbiotic interaction with the host. Extensive
research is dedicated to defining a "healthy” gut microbiota and its correlation with host
physiological functions. The gut microbiota in a healthy community typically exhibits high
taxonomic diversity, substantial microbial gene richness, and a stable core microbiota [38].

The gut microbiota is distributed along the GIT, with its abundance and diversity generally
increasing from the proximal to distal intestine [42]. For instance, the stomach harbors only 10?

bacteria per gram content, while increasing densities and bacterial diversities are found in the



duodenum (10%g), jejunum (10*g), ileum (107/g), and colon (10*? bacteria/gram) [43]. The
establishment and modulation of the gut microbiome are influenced by numerous factors,
including birthing and infant feeding methods, exposure to stress, environmental factors, dietary
choices, medication usage, stage of the lifecycle, and the presence of comorbid diseases (Figure
1-2) [39]. The gut microbiota significantly contributes to nutrient and micronutrient absorption,
synthesizes enzymes, vitamins, and amino acids, facilitates food fermentation, and produces short-
chain fatty acids (SCFASs). Additionally, the gut microbiota not only produces antimicrobial
substances to protect the host from external pathogens but also plays a vital role in shaping the

development  of intestinal mucosa and the  immune  system [38-40].
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Over the past decade, extensive research has delved into potential interactions between the
gut microbiota and the host, including impacts on metabolism, immune responses, and
neuroendocrine functions [39]. As the microbiota significantly contributes to human well-being
and actively participates in various biological processes and disease development, research on
human gut microbiota is expanding beyond compositional studies and member associations. There
is a growing focus on elucidating the causality of microbiota functions, particularly with the advent
of new techniques such as high-throughput sequencing, microbiota interactive modeling, and
simulation. However, additional research is crucial to unravel the diverse roles of the human
microbiota, ultimately supporting the advancement of microbiome-based diagnostics and
personalized medicine [38].

It is important to note that the relative distribution of microorganisms is unique between
individuals and may undergo variations within the same individual [38]. Furthermore, gut
microbiota exhibit variations across different anatomical regions of the intestine, responding to
diverse physiological conditions such as pH and oxygen tension, varying digesta flow rates (rapid
from the mouth to the caecum, slower afterward), substrate availability, and host secretions [44].
The small intestine poses a more challenging environment for microbial colonizers due to
relatively short transit times (3-5 hours) and high bile acid concentrations. In contrast, the large
intestine, characterized by slow digesta flow rates and a neutral to mildly acidic pH, hosts the
largest microbial community, predominantly composed of obligate anaerobic bacteria [44]. The
majority of bacterial activity is concentrated in the proximal colon, where substrate availability is
most abundant. As moving towards the distal colon, substrate availability decreases, and the
extraction of free water diminishes the diffusion of both substrates and microbial products.

Consequently, the proximal colon stands out as the primary site of fermentation. Notably,



saccharolytic bacteria, primarily represented by Bacteroidetes, play a pivotal role in fermenting
nondigestible carbohydrates (NDCs) in the proximal colon. This fermentation process yields
SCFAs along with the production of gases (such as CO2 and H>) [45]. The fermentation of bacterial
proteins and amino acids, originating from primary fermenters like Bacteroidetes, takes place in
the more distal portion of the colon, facilitated by secondary fermenters known as proteolytic
bacteria. The breakdown of proteins and amino acids leads to the production of branched-chain
fatty acids, along with the generation of potentially toxic metabolites such as amines, phenolic
compounds, and volatile sulfur compounds [46]. The study of the human intestinal microbiota
along different locations presents challenges due to invasive sampling methods, ethical
considerations, and scalability issues. These limitations have prompted researchers to explore
alternative approaches with rodent models, especially mice, as effective alternatives [47].
Considering the potential differences in microbiota composition and function throughout the
GIT, this thesis investigated the gut microbiota composition and function of both the distal
(Chapter 2, Project 1) and proximal (Chapter 3, Project 2) colon regions of the GIT in
C57BL/6 mice. As transitioning to the general discussion section, the qualitative and
guantitative similarities and/or differences observed in gut microbiota between fecal and
cecal samples will be explored, aiming to draw conclusions regarding the potential utility of
fecal samples in reflecting the presence and absence of the vast majority of members in the

cecal community.

1.2.1.2 A Dysbiotic Gut Microbiota in Obesity
Dysbiosis is characterized by changes in the microbial community, leading to reduced

diversity and quantities of commensal bacteria [39]. Evidence indicates associations between gut



dysbiosis and various chronic health conditions, including inflammatory bowel disease,
metabolic syndrome, cardiovascular disease and obesity [48].

While the cause of obesity is an imbalance between energy intake and expenditure,
variations in gut microbial ecology among individuals may significantly contribute to energy
homeostasis. It is hypothesized that the fecal microbiota of individuals living with obesity might
have a higher ability to harvest energy from foods, particularly through the production of SCFAs
[49]. However, human studies have shown mixed findings concerning the association between
SCFAs and obesity [50]. While some human studies have indicated increased fecal SCFA
concentrations in adults with obesity [51-53], others studies involving children living with obesity
showed lower total fecal SCFAs [54,55], or reduced propionic and butyric acids compared to non-
obese children [54,55]. On the other hand, obese mice exhibited increased SCFA levels in the
cecum (acetate (100 umol/g and butyrate (25 umol/g)) compared to lean mice (acetate (80 wmol/g)
and butyrate (12 umol/g)). This increase in SCFASs suggests enhanced energy harvest, as evidenced
by the lower energy content in the fecal matter of obese mice (~3.2 kcal/g) compared to their lean
littermates (~3.45 kcal/g).[56]. Elevated fecal SCFAs have been suggested to serve as a potential
indicator of increased microbial energy harvest, contributing to obesity development [57].
However, the precise contribution of SCFAs to excess energy harvesting remains a challenging
issue and needs further investigation. In contrast, supplementing the diet with acetate, propionate,
butyrate, or their combination has been demonstrated to markedly attenuate the body weight gain
induced by HFD consumption in obese mice [58]. Similarly, acute colonic infusion of SCFAs,
resulted in an increase in fasting fat oxidation and resting energy expenditure [59]. Additionally,
other studies have highlighted the favorable health effects of supplementing with SCFAs,

including improvements in insulin sensitivity [60,61] and the reduction of inflammation [62].
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Furthermore, they may also increase energy expenditure and stimulate the production of anorexic
hormones [57].

SCFAs have demonstrated a role in appetite regulation in human studies via increased
secretion of gut hormones, namely peptide YY (PYY) and glucagon-like peptide-1 (GLP-1),
accompanied by a significant reduction in adiposity and the prevention of weight gain [63].
Notably, the fecal excretion of SCFAs might not necessarily reflect SCFA levels in circulation,
which could provide a more accurate representation of SCFA production and absorption [53],
instead, they represent a net outcome derived from the balance between production and absorption
[64]. A possible explanation for increased fecal SCFAs in obesity, could be that the GIT in
individuals with obesity might contribute to reduced efficiency in the absorption of SCFAs,
consequently resulting in elevated SCFA excretion [53]. Therefore, the conflicting evidence
surrounding the role of SCFAs in obesity highlights the need for further investigation. Overall,
these observations suggest a potential correlation between gut microbiota and obesity development
through alterations in SCFA production and energy harvesting [56].

The initial evidence linking the gut microbiota to obesity emerged from studies involving
germ-free mice [66]. Backhed and colleagues were the first who reported that conventionalization
of germ-free mice with the gut microbiota derived from conventionally raised mice caused rapid
weight gain and insulin resistance persisted despite a reduction in energy intake in recipient mice
[67]. This demonstrated that gut microbes can contribute to the accumulation of adipose tissue in
the host [68]. Additionally, transplanting the microbiota of twin pairs discordant for obesity into
C57BL/6 germ-free mice increased body weight and fat mass in obese co-twin’s microbiota
recipients greater compared to the ones inoculated with lean microbiota [69]. These observations

support the importance of alteration of microbiota diversity and composition as a contributing
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factor in the pathogenesis of obesity and associated metabolic outcomes [70]. Additionally, 16S
rRNA gene sequencing analysis of intestinal cecal bacteria revealed a potential association
between obesity and two predominant bacterial phyla: Firmicutes and Bacteroidetes. In obese
mice, the abundance of Bacteroidetes decreased by 50%, accompanied by a proportional increase
in Firmicutes [65]. Further investigations confirmed a significant increase in the
Firmicutes/Bacteroidetes ratio in obese mice [71]. Firmicutes were found to be more efficient in
extracting energy from food compared to Bacteroidetes. This enhanced energy extraction promotes
more efficient energy absorption, contributing to weight gain [72]. It is suggested that the over-
representation of saccharolytic associated with gut dysbiosis contributes to enhanced food
digestion, leading to increased energy harvest and fat deposition, ultimately contributing to obesity
development [73]. Similarly, in a study on adult individuals, a positive correlation between the
Firmicutes/Bacteroidetes ratio and increasing BMI was observed [74]. However, conflicting
results have been reported in some studies. For instance, Zhang and colleagues [75] found no
significant difference in the abundance of Bacteroidetes between individuals living with obesity
and individuals with normal weight. These contradictory findings could be due to highly variable
gut microbiota among individuals within the same population. This variability is likely influenced
by numerous lifestyle-associated factors, including diet, physical activity, food additives and
contaminants, antibiotic consumption, and other elements that impact the composition of the
microbiota in GIT [40]. Consequently, more research is necessary to comprehensively understand

the intricate relationship between the gut microbiota and obesity.

1.2.1.3 Altered Gut Microbiota During Weight Loss
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Lifestyle modification serves as the primary strategy for both obesity treatment and
effective weight management. While dietary modifications, including energy restriction, altered
macronutrient composition, food choices, and dietary patterns, play a pivotal role in facilitating
weight loss [76], it is important to recognize that their effectiveness may vary among individuals.
Modifications in dietary patterns, especially those aimed at reducing energy intake, can result in
weight loss and mitigate the risk of obesity-related complications [76,77], however, the
contributing role of the gut microbiota in weight loss is not fully understood and may depend on
an individual baseline microbiota [78]. In fact, studies have shown that the abundance of certain
microbial members at baseline (prior to weight-loss interventions) can be predictors of subsequent
weight-loss success, a finding which has initiated the notion that personalized therapies may
require an initial assessment of the gut microbiota to optimize the achievement of the weight loss
goals [78]. While weight reduction is suspected to influence gut microbiota composition
irrespective of the cause of the weight loss, whether achieved through dietary modifications or
bariatric surgery, an energy-restricted diet has been shown to reduce Firmicutes in individuals with
obesity, both in the short-term (four weeks) and up to one year after adopting a low-energy diet
[79]. Furthermore, alterations in diet composition rapidly impact gut microbiota composition
[79,80]. Indeed, shifting from a high-fat, low-fiber diet to a low-fat, high-fiber diet has been
demonstrated to induce acute changes in the gut microbiota composition within 24 hours of
initiating controlled feeding [81].

A 2022 systematic review and meta-analysis [82], aiming to quantify the association
between intentional weight loss and changes in the gut microbiota and intestinal permeability,
reported a dose-response relationship. The study found that overall weight loss, achieved through

lifestyle modifications, was associated with increases in gut microbiota a-diversity and reductions
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in intestinal permeability in clinical studies. However, when specifically considering weight loss
through diet intervention only, the evidence was inconsistent [82]. Notably, higher abundance of
the fiber-fermenting SCFAs producing bacterial genera, such as Prevotella, have been identified
as promising predictive biomarkers for the success of weight loss [78]. Similarly, other human
studies underscored the significance of the baseline gut microbiota composition, with species like
Blautia wexlerae and Bacteroides dorei, proved to be a strong predictive marker for weight loss
trajectories [83]. On the other hand, in response to a calorie restriction program, a considerable
inter-individual variation in the bacterial strain composition of the colonic microbiota was
observed [84]. Despite all these findings, there is supporting evidence indicating a reduced
Firmicutes/Bacteroidetes ratio and an increased abundance of Akkermansia muciniphila and
Faecalibacterium prausnitzii after weight reduction [85]. However, some studies have reported
reduced abundance of specific butyrate-producing bacteria within the Firmicutes phylum, like
Roseburia+Eubacterium group known for their potential colonic health benefits, without an
overall change in Firmicutes percentage [86]. Conversely, certain studies found limited or
inconclusive changes in gut microbiome composition in overweight and adults living with obesity
undergoing moderate weight loss through energy restriction, despite the presence of metabolic
improvements [87]. Overall, the relationship between specific phyla/species or microbial-derived
metabolites (such as SCFAS) and weight-loss requires further investigation [88]. Therefore, an
aim of this thesis was to investigate the impact of low-energy diet on gut- microbiota
composition and SCFAs production and excretion in both the proximal (Chapter 3, Project
2) and distal (Chapter 2, Project 1) colon regions of the intestinal tract within the context of

weight loss in obese mice.
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1.2.2 The Interplay Between Obesity, Gut Health and Inflammation

Obesity is linked to some degree of inflammation known as chronic low-grade systemic
inflammation. Unlike typical inflammation, this form does not exhibit the usual visible signs (such
as redness, heat, swelling, pain, loss of function, etc. [89]), but shares similarities in the disorders
produced by typical inflammatory mediators and signaling pathways [90,91]. Adipose tissue
serves not only as an energy storage site in the body but also plays a crucial role in regulating
metabolic pathways, including immunity and inflammation [91]. The expansion of adipose tissue
volume in individuals living with obesity is associated with elevated levels of cytokines including
Tumor Necrosis Factor-Alpha (TNF-a), Interleukins (IL)-1, and IL-6, as well as acute-phase
proteins like C-reactive protein (CRP) [92]. The adipose tissue also releases various pro-
inflammatory and anti-inflammatory adipokines such as leptin, adiponectin, and resistin [91].

In obesity, adipose tissue experiences a substantial increase in macrophages, comprising
about 50% of interstitial cells. These macrophages undergo a shift from an anti-inflammatory (M2)
to a pro-inflammatory (M1) phenotype, releasing cytokines that promote tissue inflammation and
various pathological effects [92,93]. Moreover, increased serum concentrations of microbiota-
derived lipopolysaccharides (LPS) have been reported in patients with obesity [94]. LPS are
produced by gram-negative bacteria as an essential component found in their outer membrane
structure. LPS is highly immunogenic and can trigger robust pro-inflammatory responses in
mammals, making it a potent stimulant for the immune system [95]. Consumption of a HFD may
prolong the postprandial period, potentially intensifying the translocation of LPS into the
bloodstream [92]. Additionally, HFDs have been shown to increase intestinal barrier permeability,

facilitating the translocation of LPS into the systemic circulation [96].
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Toll-Like Receptor 4 (TLR4) is expressed in immune cells, including macrophages and
monocytes, and is activated by bacterial LPS [97]. TLR4 interacts with LPS with the assistance of
LPS-binding protein (LBP), cluster of differentiation 14 (CD14) protein, and myeloid
differentiation factor-2 (MD-2) protein [97]. LBP, a serum glycoprotein, is part of the lipid-binding
protein family synthesized primarily by hepatocytes and intestinal epithelial cells [98]. Free LPS
rapidly binds to LBP upon being released into the plasma [92]. LBP binds LPS micelles and forms
complexes with cluster of differentiation 14 (CD14) protein [99]. The generation of
CD14/LBP/LPS micelles, enhances the formation of complex with MD-2, a secreted glycoprotein
containing an LPS-binding pocket. This protein plays a crucial role by firmly attaching to the
extracellular fragment of the receptor, thereby facilitating the interaction between TLR4 and LPS
[97,99]. The signalling complex (TLR4-MD-2-LPS), activates myeloid differentiation 88
(MyD88)-dependent pathway, leading to NF-«kB activation and the release of inflammatory
cytokines [92]. Macrophages have the capability to recognize LPS via TLR4, leading to a shift
from an M2 to an M1 phenotype. This transition is associated with an augmented release of pro-
inflammatory cytokines such as IL-1 and TNF-a [100].

Gut microbiota composition plays a role in gut-barrier integrity. For example, a decrease
in Bifidobacterium is associated with reduced gene expression levels of tight junction proteins
zona occludens 1 (Z0O-1) and occludin, and increased gut permeability. Additionally, a deficiency
in Akkermansia muciniphila abundance may be linked to a compromised gut mucosa, contributing
to increased translocation of LPS to the circulation [92]. In contrast, SCFAs, mainly butyrate, have
demonstrated the ability to alleviate the LPS-induced accumulation of macrophages, implying a
potential anti-inflammatory effect in the context of obesity [100]. In this context, evidence

similarly supports that the consumption of high fiber-containing foods, such as dietary pulses,
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resistant starch, inulin, and oligofructose, results in the production of SCFAs and SCFA-producing
bacteria in the gut, and therefore, hold promise for novel approaches to weight loss interventions
and mitigating inflammatory state [57,101-103]. Calorie restriction induces a shift in gut
microbiota composition, favoring the growth of beneficial bacteria that produce anti-inflammatory
SCFAs. This promotes enhanced intestinal integrity while restricting the translocation of bacterial
toxins in to the bloodstream [104]. Long-term calorie restriction in humans (approximately 30%
less energy) resulted in significant weight loss accompanied by reductions in CRP, TNF-a, and
IL-6 [105]. Similarly, weight loss (at least a 5% body weight) through caloric restriction in
individuals living with overweight/obesity with metabolic syndrome was associated with an
improvement in peripheral pro-inflammatory mediators such as IL-6 and TNF-a, IL-8 and
macrophage inflammatory proteins- (MIP)-1B, resulting in an overall decrease in inflammatory
score [106]. Additionally, transitioning from a HFD to a purified low-fat diet (LFD) in DIO animal
models not only led to reductions in peripheral inflammatory cytokines like IL-6 and TNF-a, but
also resulted in diminished macrophage infiltration in epididymal white adipose tissue (EAT),
indicative of reduced inflammation. This was accompanied by a reduction in adipocyte size,
similar to that observed in the obese control group [107]. Similarly, transitioning to a LFD in DIO
mice resulted in higher adiponectin and lower leptin concentrations as well as reduced levels of
chemokines (a subset of cytokines specifically involved in regulating the migration and activation
of immune cells [108]) including monocyte chemoattractant protein (MCP)-1 in adipose tissue
[109]. Overall, findings suggest that calorie restriction and dietary interventions, such as
transitioning from a HFD to a LFD, exert beneficial effects on systemic and adipose tissue

inflammation. However, a comprehensive exploration of the alterations in gut microbiota and
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inflammation status resulting from dietary weight-loss interventions is warranted to enhance

our understanding of these complex interactions.

1.2.3 The Interplay Between Obesity, Gut Health, and Mental Well-being

Recent research has emphasized the pivotal role of an imbalance in microbial homeostasis,
referred to as dysbiosis, in the development and progression of obesity and associated metabolic
disorders [66,110]. Moreover, individuals living with obesity are more likely to experience
elevated levels of anxiety and depression [111-113]. A bidirectional relationship between
depression and obesity has been reported, indicating that individuals with obesity have a 55%
increased risk of developing depression over time, and individuals with depression have a 58%
increased risk of obesity [112]. Furthermore, evidence has found higher odds of anxiety disorders
in individuals with obesity compared to those with normal weight [114]. Additionally, in the past
decade, evidence has also shown strong associations between microbial dysbiosis and other host
diseases, affecting organs even at a considerable distance from the gut, including CNS [115]. The
significant contribution of gut microbiota extends from its association with neuroinflammatory
and psychiatric disorders to encompass a role in brain development [115]. The communication
between the CNS, the intestine, and the microbiota occurs through the so-called gut-brain axis
(GBA) [115]. GBA, is a bidirectional communication network linking the enteric and central
nervous systems [116] (Figure 1-3). This network involves not only anatomical connections but
also extends to include endocrine, humoral, metabolic, and immune pathways of communications
[116]. This axis is connected through the mutual activities of the CNS, the autonomic nervous
system (ANS), enteric nervous system, the endocrine system, the hypothalamic-pituitary-adrenal

axis (HPA), the immune system, and the gut microbiota and its metabolites [115,117].
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Figure 1-3. Gut-Brain-Axis. The gut microbiota and brain communicate bidirectionally through various
pathways known as the gut microbiota-brain axis (GBA). These pathways include the neuroanatomical
connections such as the vagus nerve, the neuroendocrine system, such as the hypothalamic-pituitary-adrenal
axis, and both direct and indirect chemical pathways possibly involving microbial metabolites like short-
chain fatty acids (SCFA) and specific neurotransmitters. Additionally, increased circulating cytokines
subsequent to bacterial translocation contribute to this communication (Figure inspired by Han and
Colleagues [118] and created with Biorender.com).

The CNS exerts influence over gut functions through the ANS. The ANS, comprised of
sympathetic and parasympathetic branches, regulates various aspects of gut activity including
motility, secretion of acids and mucus, and immune responses [119]. Changes in gastrointestinal
transit, under ANS regulation, impact nutrient delivery to gut microbiota and alter the luminal
environment. Additionally, ANS-mediated effects impact the size and quality of the intestinal
mucus layer, affecting the habitat of gut microbiota. Furthermore, the CNS can modify immune
activation in the gut, influencing how immune cells respond to luminal bacteria and affecting gut
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permeability [119]. Environmental stressors or peripheral responses to intestinal inflammation are
processed within the CNS, which in turn activates the HPA. This activation leads to the systemic
release of glucocorticoids, like cortisol, which subsequently alter intestinal function, including gut
transit time and nutrient availability [120]. Persistent high cortisol levels have been also linked to
changes in gut microbiota composition and increased gut permeability, potentially fostering
inflammation and playing a role in blood-brain-barrier (BBB) dysfunction and neuroinflammation,
potentially leading to various CNS disorders as observed in rodent and human studies [121-
123].

Conversely, the intestinal microbiota can release metabolites, cytokines, and other signaling
mediators to the CNS through neuro-immune pathways, impacting the physiological function of
the brain [117]. Several bacterial metabolites, such as essential vitamins, secondary bile acids,
amino acids, and SCFAs, modulate numerous immune system pathways. These pathways, in turn,
influence behavior, memory, learning, locomotion, and neurodegenerative disorders [115].
Neurotransmitters, including acetylcholine, gamma-aminobutyric acid, and serotonin, are
produced by bacteria from Lactobacillus, Bifidobacteria, Enterococcus, and Streptococcus species
[115]. These neurotransmitters can regulate brain functions. Remarkably, 90% of serotonin, crucial
for regulating mood, behavior, sleep, and various functions in both the CNS and GIT, is
synthesized in the gut [115]. Microbial dysbiosis can lead to increased gut permeability, causing
the release of endotoxins like LPS into the bloodstream and triggering a neural immune response.
The gut communicates its dysbiotic state with the brain via the vagus nerve, triggering heightened
activity of HPA axis, and subsequent release of cortisol and proinflammatory cytokines [124,125].

The vagus nerve is a key part of the parasympathetic nervous system, consists mainly of afferent
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fibers (80%) and efferent fibers (20%). It has the ability to sense microbiota metabolites through
its afferent fibers and transfer this information from the gut to the CNS [126].

Individuals or mice with anxiety exhibit a notable reduction in microbial richness and
diversity [127,128]. Anxiety is often associated with a lower abundance of Firmicutes but higher
levels of Bacteroidetes and Fusobacteria at the phylum level [129]. At the genus (g) level, there
are positive correlations between several gut microbiota genera (e.g., Lactobacillales, Sellimonas,
Streptococcus, and Enterococcus) and anxiety, while some genera (e.g., Lachnospira,
and Butyricicoccus) show an inverse relationship with anxiety [129]. Similarly, in individuals or
animals with depression, a notable difference in the composition and abundance of gut microbiota
compared to healthy controls have been observed [129]. At the family taxonomy level, certain gut
microbiota exhibits a positive correlation with depression, including Paraprevotella, while others,
like Streptococcaceae and Gemella, are negatively associated [130]. Furthermore, several gut
microbiota genera, such as Prevotella, Klebsiella, and Clostridium, demonstrate a positive
relationship with depression [131]. This evidence underscores the importance of targeting gut
microbiota as an integral component of strategies used for preventing or treatment of mental
disorders.

The CNS is traditionally considered immune-privileged, meaning it is protected from
immune responses by the BBB, which tightly regulates exchanges with the periphery. [115,132].
However, this concept has been re-evaluated, as emerging evidence suggests that functional
immune cells are capable of crossing the BBB and accessing the CNS [115]. Chronic low-grade
systemic inflammation associated with obesity may disrupt the BBB [133,134]. This disruption
has the potential to alter CNS homeostasis by challenging the BBB to modify its permeability and

uptake capabilities, as well as by secreting mediators into the CNS [115,132]. This process can
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result in the generation of neuroinflammation, increased oxidative stress, and potential behavioral
and cognitive alterations [132,133]. The systemic inflammation facilitates the entry of pro-
inflammatory molecules into the brain parenchyma, resulting in increased activation and
proliferation of microglia and astrocytes in animal models and individuals living with obesity
[133]. These cellular changes in the brain manifest as specific clinical symptoms, including
impaired locomotor function, muscle weakness, paralysis, learning deficits, and dementia [125].
In obesity, the levels of various mediators, including not only gut derived LPS and fatty
acids (FAs) but also adiponectin, leptin, and resistin, are chronically altered [132]. These changes
also result in neuroinflammatory responses in numerous structures within the CNS [132]. HFD-
fed obese C57BL/6 mice exhibited depressive and anxiety-like behaviors accompanied by the
activation of microglia and astrocytes and increased neuroinflammation [135]. However, the
impacts of dietary weight loss on mental well-being and behavior in animal models is unknown.
While a potential link between obesity, dysbiosis, and mood and behavioral defects has been
suggested, dietary modifications may also positively improve gut microbiota as a potential

mediator for prevention and treatment of mental disorders [129,136].

1.2.3.1 Weight Loss and Mental Health Outcomes

Despite the potential metabolic benefits of weight loss induced by caloric restriction in
humans, as discussed in previous sections, the impact of weight loss on psychological well-being
within the context of obesity remains uncertain. Some evidence from studies involving individuals
with normal to overweight state have demonstrated that weight loss induced by calorie restriction
can improve quality of life [137], and overall mood [138]. In a 6-month weight loss intervention

(—30% energy) in subjects with metabolic syndrome, significant reductions in body weight and
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anxiety symptoms were observed [139]. Similarly, a very low-calorie ketogenic diet (600-800
kcal/day, low in carbohydrates for 4 months) resulted in substantial weight loss and enhanced
psychological well-being parameters (as tested by assessment of food cravings, quality of life
(QoL), daytime sleepiness and sleep quality, sexual functioning) [140]. On the contrary, in a
recently published study involving adults with obesity, dietary weight loss (25% energy restriction
daily for 12 months) was found to be associated with neither improvement in mood nor quality of
life [141]. A comprehensive systematic review and meta-analysis on the impact of adult
behavioural weight management interventions on mental health revealed significantly greater
improvements across various mental health outcomes including depression and mental health-
related quality of life in individuals with overweight or obesity. However, there was insufficient
evidence available to comprehensively assess the impact of weight loss on anxiety [142]. These
conflicting outcomes suggest that the effect of weight loss on mental well-being may significantly
differ depending on the type of dietary interventions, potentially affecting gut microbiota in
distinct ways. Furthermore, the simultaneous impacts of low-calorie diets on the intestinal
microenvironment and mental well-being within the context of obesity remains unclear.
Therefore, an aim of this thesis (Chapter 3, Project 2) was to comprehensively investigate
how targeting gut microbiota through low-calorie diets would impact anxiety-like behaviors

and well-being, serving as indicators of mental health in DIO mice models.

1.1 Dietary Pulses

Given that the gut microbiota has been suggested to play a role in the pathophysiology of
obesity, it has been increasingly recognized as a promising target for therapeutic dietary
interventions aimed at preventing and managing obesity and associated chronic diseases [143].

Recently, there has been a growing interest in the consumption of functional foods, like dietary
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pulses [144]. Pulses have been demonstrated to improve intestinal health by closely interacting
with the gut microbiota, promoting weight management, enhancing cognitive function, and
contributing significantly to overall health [129,145-151]. Dietary pulses are ecologically
sustainable protein food sources with a unique nutrient-dense profile [144]. The latest version of
Canada’s Food Guide [152] as well as the Dietary Guidelines for Americans [153] also emphasize
the benefits of consuming plant-based foods, particularly dietary pulses.

Dietary pulses are defined as edible non-oilseed legumes in the Leguminosae family [154].
While a wide array of pulse varieties is available globally, the Food and Agriculture Organization
(FAO) identifies 11 main types, including beans, broad beans, Bambara beans, chickpeas, lentils,
cowpeas, peas, pigeon peas, vetches, lupins, and other 'minor' pulses [154]. Notably, lentils (Lens
culinaris L.), beans (Phaseolus vulgaris L.), chickpeas (Cicer arietinum L.), and peas (Pisum

sativum L.) stand out as the most commonly consumed pulses worldwide [155].

1.3.1 Nutritional Composition of Dietary Pulses: Focus on Common Beans

Pulses and in particular common beans are nutritious foods with protein content ranging
from 21% to 25% by weight (wt), carbohydrates ranging from 55 to 65% wt, and high content of
soluble and insoluble dietary fiber [144] (up to 30 g of fiber per 100 g dry weight [beans: 23-32 g;
chickpeas: 18-22 g; lentils: 18-20 g; peas: 14-26 g] [156]). Dietary fibers are categorized into
soluble and insoluble types [46,157] . Insoluble fibers, such as cellulose, certain hemicellulose,
and lignin, are poorly fermented by gut microbes [46]. Instead, they tend to enhance gut transit
rate, reducing the time available for bacterial fermentation of undigested food in the colon [46].
On the other hand, soluble fibers, including wheat dextrin, pectin, gums, 3-glucan, psyllium, and

fructans, are more accessible to bacterial fermentation, resulting in the production of SCFAs [46].
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Dietary pulses also contain diverse bioactive compounds like polysaccharides,
oligosaccharides, polyphenols/phytochemicals, and a spectrum of essential vitamins and minerals.
Notably, the carbohydrate profile in pulses is dominated by starch, featuring a substantial amount
of resistant starch (RS), accounting for 30 to 40% amylose content (wt) and displaying resistance
to digestion [158]. The RS and other NDCs including galacto-oligosaccharides (such as raffinose,
stachyose, and verbascose, making up between 3.5 and 6.9% (wt) of the cooked pulses [159-161])
undergo microbial fermentation producing SCFAs [162]. The dietary fiber content in beans and
pulses is impressively high, with slight variations among types. For instance, a ¥ cup of cooked
kidney beans contains approximately 5.7 g of dietary fiber, while pinto beans contain 7.7 g, and
navy beans contain 9.5 g [144]. Dietary fiber recommendations outlined by the Dietary Guidelines
for Americans advocate for 14 g per 1000 kcal intake or 28 g for a 2000-calorie diet [153]. Despite
these standards, an estimated 95% of American adults and children fail to meet the recommended
amounts of fiber [163]. Similarly, Canadian guidelines suggest that women should consume 25
grams of fiber per day, while men need 38 grams. However, most Canadians are only getting about
half of the recommended amount [164]. Given the exceptional fiber concentration in common
beans, even a modest increase in bean consumption could lead to a significant enhancement in
both fiber and RS profiles.

The dry bean is also a rich source of polyphenols (approximately 145 mg/g, constituting
about 11% of the total seed). Among the phenolic compounds present in the seed coats are
flavones, monomers, and oligomers of flavanols, flavanones, iso-flavonoids, anthocyanins,
chalcones, and dihydrochalcones [165]. However, phenolic acids and non-flavonoid phenolic
compounds, such as hydroxybenzoic and hydroxycinnamic acid, are primarily found in the

cotyledons (seed leaf within the embryo of a seed) of the bean [165]. The presence and quantity of
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these phenolic compounds vary based on factors such as the seed coat color pattern and the bean
cultivar type. The color of the seed coat is influenced by polyphenols like anthocyanins, flavanols
glucosides, and condensed tannins, with dark-colored beans typically having the highest
anthocyanin content [165]. Red, black, and pink-colored varieties contribute color to the bean seed
coat due to their anthocyanin content, while light yellow or pink spots on the seed coat are
generally associated with the presence of condensed tannins [165].

There is a bidirectional relationship between gut microbiota and polyphenols, as the gut
microbiota bio-transform polyphenols into simpler metabolites such as phenolic acids, modulating
their absorption and biological activity [166]. In turn, polyphenols modulate gut dysbiosis by
possessing prebiotic properties and enhancing the abundance of beneficial bacteria [167].
Evidence has shown that polyphenols enhance the growth of gut bacteria known as prebiotic
targets, such as Lactobacillus, Bifidobacterium, Akkermansia, Roseburia, and Faecalibacterium
spp [168]. More than 90% of polyphenols absorption occurs in the colon and their
biotransformation is greatly dependant on gut microbiota composition and polyphenols structure
[167]. Polyphenols have been shown to stimulate beneficial bacteria to produce a diverse array of
metabolites, including SCFAs [169]. Dietary polyphenols, particularly catechins, anthocyanins,
and proanthocyanidins, demonstrate a significant prebiotic effect, as supported by significant
evidence from preclinical studies [168]. Furthermore, polyphenols have been reported to enhance
the secretion of hormones and neurotransmitters such as serotonin and gamma-aminobutyric acid.
These compounds play crucial roles in modulating the GBA, thereby may have potential to

contribute to the prevention and treatment of neurodegenerative diseases [169].
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1.3.2 Dietary Pulses and Obesity Management

Evidence suggests that promoting higher public consumption of pulses could serve as a
practical and cost-effective strategy to address the ongoing obesity epidemic and mitigate the risk
of various prevalent chronic diseases [148]. Pulses are suggested to play a pivotal role in impacting
BMI through various factors such as the management of healthy body weight, satiety, and
regulation of food intake [144,146,148]. Observational studies have shown an inverse relationship
between pulse consumption and body weight [170,171]. Evidence from animal and human studies
have shown beneficial effects of dietary pulses consumption on different metabolic outcomes
including body weight [172—-174]. Introducing raw kidney beans (Phaseolus vulgaris) at the dose
of 260g/kg to low-fat or moderate-fat diets over 10 days resulted in significant weight reduction
in obese Zucker rats (= -9.5 % and -2.7 %, respectively) and their lean littermates (= -8.1 % and -
3.17 %, respectively) compared to controls [175]. Similarly, ad libitum consumption of either
cooked whole bean, as well as a commercially prepared cooked bean powders, resulted in less
weight gain and reduced storage of lipid in visceral fat depots in dietary induced obesity sensitive
rats [172]. In randomized control trials on the impact of 8 weeks pulse consumption (4 days/week)
with a hypocaloric diet in individuals living with obesity, higher weight loss in pulses consumers
compared to the control group were found [176-178]. In a meta-analysis of 21 trials involving 940
participants with overweight or obesity, the overall pooled analysis showed that dietary pulse
consumption was associated with a modest but significant weight reduction of -0.34 kg (1.74 kg
in 4 trials and 0.29 kg in 17 trials with and without energy restriction, respectively) over a median
duration of 6 weeks, with a median intake of 132 g/d (or approximately 1 serving/d). Overall, this
study highlighted the potential versatility of dietary pulses as a weight management strategy

irrespective of the implementation of energy restriction [149]. This study proposed the satiating
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properties of dietary pulses as one of the mechanisms that could explain the observed weight loss.
In another meta-analysis encompassing nine feeding trials with 126 participants, the impact of
pulses on satiety and subsequent food intake was assessed. The findings indicated that while pulses
led to a 31% increased acute satiety, which was determined to be clinically meaningful, they did
not significantly affect intake during a subsequent meal [179]. However, the authors reported the
limitations of their analysis, including small sample sizes and notable heterogeneity among the

trials, a common challenge in studies examining the effects of pulses [179].

1.3.3 Exploring the Gut Health Benefits of Pulse Consumption in Obesity: Insights from

Human Studies and Animal Models

Limited research has explored the impact of pulse consumption on the gut microbiota in
individuals with obesity, particularly studies utilizing common beans as a dietary intervention
[180]. A 2022 review paper highlighted that the inclusion of dietary pulses and their RS in the diet
promotes the proliferation of beneficial gut bacteria and substantially increases SCFA production
in the colon in clinical trials [101]. These studies involved the consumption of common pulses,
ranging from 35 to 200g per day for 3 weeks to 4 months, and targeted various participant groups,
including healthy individuals, those with pre-metabolic syndrome, and colorectal cancer survivors
living with overweight or obesity [101,181-183]. However, there is a knowledge gap regarding
the impact of pulse consumption in targeting gut microbiota composition during a low-calorie diet
within the context of obesity. There was only one study conducted in individuals living with
metabolic syndrome and obesity (BMI1>30 kg/m2). The consumption of 1/2 cup (130 g) of cooked
pinto bean per day for 12 weeks under energy maintenance conditions had limited effects on gut

microbiota alterations, inducing an increase in Peptostreptococcus productus and a 50% reduction
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in Eubacterium limosum compared to the control group [182]. However, this study selectively
measured only six carbohydrate-fermenting bacterial populations. In another study in colorectal
cancer survivors with participants BMI ranging from 18 to 46.4 kg/m?, cooked navy bean powder
led to an increase in Clostridium, Lachnospira, and Coprococcus along with a decrease in
Bacteroides fragilis and Anaerostipe species, and a boost in microbial richness, although it had no
impact on diversity [183]. Despite existing limited research specifically focusing on the impact of
dietary pulses in obesity, there are other studies providing insights into the distinct effects of
different dietary pulses on gut microbiota composition in healthy individuals [181]. Cooked
chickpeas demonstrated a notable increase in the Bacteroidetes, Megasphaera (g), and
Faecalibacterium prausnitzii species (sp), along with a decrease in various Clostridium clusters
and Subdoligranulum (g) [181]. Overall, the limited number of human studies and the diversity in
methodologies and outcomes used, create challenges in drawing definitive conclusions.
Therefore, there exists a significant knowledge gap that underscores the need for further
extensive human research to establish the combined effects of different pulse types and low-
calorie diets on the gut microenvironment and their subsequent health implications in
individuals with obesity.

With respect to animal studies, pulse consumption (ranging from 15.7% navy bean [184],
20% black Turtle bean [185], 30% whole mung bean flour [186], 40% white kidney bean flour
[187], 40 % cooked whole pulses [145] or 17.5% to 70 % white kidney beans [188]) in HFD-fed
C57BL/6 mice resulted in an elevation of the Bacteroidetes phylum [145,184,185,187,188] and a
simultaneous reduction in Firmicutes [145,184,187,188] compared to purified HFD control diets
within the duration of 6 to 17 weeks. The introduction of common beans to the HFD diet

consistently demonstrated a decrease in the Firmicutes/Bacteroidetes (F/B) ratio, as indicated in
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various studies [184,185,187,188]. However, navy bean supplementation for 8 weeks did not show
a statistically significant alteration in this ratio [189]. Additional changes at the phylum level
included an increased abundance of Cyanobacteria [190] (induced by the consumption of a diet
supplemented with 78% dry-cooked black bean for two months), along with a reduced abundance
of Actinobacteria reported in some studies [191] (induced by diets comprising 17.5% to 70% of
the protein derived from white kidney bean for 12—-14 weeks), while others showed no significant
change [188]. Moreover, there were varied findings regarding the abundance of Proteobacteria,
with some studies indicating an increase [190], while others reported a decrease [188]. Further, the
abundance of bacterial genera like Akkermansia, [145,184,186-188]; recognized for its beneficial
effects in alleviating obesity [192-194], Bacteroides, Bifidobacterium [186], Allobaculum,
Sutterella (1) [188,189,191], rc4-4 (of Peptococcaceae), RF32 (of Alphaproteobacteria) and
Prevotella and S24-7 [184,189], have increased in response to pulse consumption. Conversely, the
abundance of Oscillospira, Dorea, Lactococcus, Streptococcus [188], Ruminiclostridium,
Mucispirillum, Ruminiclostridium, Oscillibacter [186] reduced following pulses consumption.
Notably, the microbiota exhibited distinct responses to dietary pulses, showing unique effects
influenced by variations in pulse types (i.e., lentil- and bean-fed mice saw increases
in Akkermansia. muciniphila cecal abundance by 25-fold and 49-fold increase, respectively,
relative to the control diet, but chickpea- and dry pea-fed mice did not [145]), dosage (17% to
70%) [191]. Notably, a dose-responsive shift in microbial composition was observed with
increasing bean doses, leading to enhanced levels of health-associated genera such as
Rikenellaceae, Bacteroides, and RF39. Conversely, there was a suppression observed in genera
linked to chronic disease risk, including Allobaculum, Oscillospira, Dorea, and Ruminococcus

[191]. On the other hand, certain bacterial genera, such as rc4-4, demonstrated an increase in

30



cecum samples in one study [188], whereas they exhibited a decrease in feces samples in other
reports [184,189] following pulse consumption. This may underscore the unique composition of
the microbiota across different gut regions. These microbiota modifications within the gut were
associated with inconsistent alterations in alpha-diversity, while beta-diversity showed
significantly separate clustering in pulses supplemented groups from the control group
[145,185,186,188,189,189-191]. The observed inconsistencies between studies could be attributed
to the variations in fat type and percentage in the diet, duration of HFD consumption and dysbiosis
state prior to introducing dietary pulses to the diet, pulse type, duration of supplementation, sex,
and location of the gastrointestinal tract from which samples are taken.

The modulation of the colonic microenvironment resulted from pulse consumption has
demonstrated significant improvements in various aspects of gut health. These improvements
included enhanced colon histology score (crypt length, epithelial cell proliferation, goblet cell
number, increased crypt mucus content), as well as increased mucin mRNA expression, and the
expression of epithelial tight junction proteins [101,189,195-197]. However, none of those studies
were conducted within the context of obesity and calorie restriction. Additionally, the high dosage
of pulses (up to 70% of cooked bean powder) that were utilized in established obese mice models
[191], may not be feasible or translatable to human studies due to practical limitations. For
instance, based on average calorie intake conversions in mice and humans, 70% w/w of cooked
pulses in mice diets is approximately equivalent to 4 %2 cups of cooked pulses in adult diets, which
exceeds typical daily intake recommendations for pulses in human diets in most populations [154].
As can be seen from the above literature review, there is a significant knowledge gap in
literature concerning the impact of dietary pulses, notably common beans, on gut health

during the transition from a dysbiotic state induced by a HFD to a reduced calorie diet. This
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understanding is crucial for better weight loss strategies in individuals living with obesity

with potential pre-existing gut microbiota dysbiosis.

1.3.4 Exploring the Benefits of Pulse consumption on Systemic Inflammation and
Metabolic Health in Obesity

In this section, the impacts of dietary pulses on inflammation status during obesity
development or established obesity animal models, as well as their effects on individuals living
with overweight or obesity are discussed.

White adipose tissue plays a central role as the primary fat-storing depot and functions as
the largest endocrine organ, releasing adipokines and cytokines into the systemic circulation [198].
Despite the significant interest in evaluating inflammatory changes in adipose tissue of individuals
living with obesity to facilitate early detection and disease prevention, there is currently a lack of
reliable non-invasive diagnostic methods [199]. As a result, there has been a predominant shift
towards investigating adipose tissue in animal studies, with human studies placing a greater
emphasis on inflammation markers in the bloodstream.

Feeding rats for two months with 78% dry cooked black beans in a diet referred to as HFD
(24 % fat) resulted in reduced NF-kB protein abundance in the colon, with a negative association
between fecal butyrate along with significant reduced fat mass, lower serum leptin and insulin
concentrations and enhanced glucose tolerance compared to the control group [190]. Introducing
black turtle bean to a HFD during obesity development led to decreased plasma levels of GIP,
GLP-1, glucagon, leptin, IL-4, IL-5, IL-10, IL-12, TNF-a, and IFN-y, while final body weight as
well as insulin and resistin levels did not differ between the been-fed and control groups [185].

Similarly, cooked navy bean powder supplementation into a purified HFD [189] resulted in
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reduced mRNA expression levels of inflammatory markers, including MCP-1, IL-6, and TNF-a,
and suppressed the activation of inflammatory transcription factors like NF-xB p65 and STAT3 in
EAT of obesity development mouse models. Adiponectin levels increased in both serum and EAT.
However, leptin: adiponectin ratio decreased only in serum, with EAT leptin remaining unchanged
in beans supplemented group compared to the control group. Despite no difference was observed
in body weight between bean-fed and control groups, beans consumption was accompanied by a
decrease in insulin resistance and a reduction in the formation of crown-like structures in EAT,
along with a decrease in adipocyte size in the group supplemented with beans. These findings
suggest that beans play a role in mitigating the severity of the obese phenotype during obesity
development [189].

Other studies have investigated the potential of common beans to alleviate the
inflammatory profile in mouse models following the establishment of obesity, providing insights
that may be more translatable to humans and reflective of the inflammatory phenotype observed
in human obesity. Similar to the previous study [189], feeding established obese mouse models
with a HFD supplemented with Navy beans, despite no significant change in body weight, led to
reduced EAT protein expressions of 1L-6, MCP-1, MIP-1a, and TNF-a as well as activated NF-
kB p65, STAT3, with no significant effect on serum levels of leptin, PAI-1, and resistin compared
to the control group [184].

Human studies have investigated the impact of dietary pulses on inflammation and
metabolic health under both calorie-restriction for weight loss and weight maintenance conditions
in individuals living with overweight and obesity. The consumption of mixed pulses (896 g per
week), comprising yellow split peas, chickpeas, navy beans, and lentils, or counselling to reduce

energy intake (—500 kcal) by men and women with metabolic syndrome and a BMI of 27-39-9
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kg/m? for eight weeks did not reveal differences in adiponectin and CRP between the diet groups,
however, fasting plasma leptin increased. Additionally, both interventions led to reduced energy
intake and improvements in blood glucose control and insulin sensitivity [200]. Overall, the
findings of this study suggest that incorporating pulses into the diet may offer comparable or
superior benefits to dietary energy reduction in managing metabolic syndrome risk factors [200].
In another 8-week randomized controlled trial, participants with an average BMI of 32.5 £ 4.5
kg/m? followed an energy-restricted diet (—30% total energy expenditure) supplemented with 240-
360 g of pulses per week, including lentils, chickpeas, peas, and beans, the pulse diet resulted in
decreased plasma levels of complement C3 (synthesize by activated macrophages and adipocytes),
high-sensitivity TNF-o, and CRP, while IL-6 levels remained relatively unchanged when
compared to the calorie-restricted legume-free diet [178]. In contrast, in a similar design study but
of shorter duration (6 weeks), an energy-restricted diet (—500 kcal) supplemented with one cup of
mixed pulses, the plasma concentrations of high-sensitivity CRP (hs-CRP) remained unchanged
[201]. Additionally, under weight-stable conditions, a 4-week randomized crossover feeding trial
involving participants with average BMI of 28.7 + 3.5 kg/m2, followed either a low-glycemic
index diet supplemented with 250 g of beans per day (including navy, pinto, kidney, and black
beans) or a healthy American control diet, both diets exhibited favorable effects on inflammatory
markers, leading to reduced serum CRP and TNF-a receptors, possibly attributed to their overall
healthier nutrient profiles, including higher vitamin C and lower cholesterol, compared to the
participants pre-trial diets. However, 2h-postprandial insulin levels increased less by the legume
diet [202]. In a 6-week randomized controlled trial involving individuals with a family history of
diabetes and an average BMI of 28.92 + 0.85 kg/m?, the addition of 250 g of pulses per week,

specifically pinto beans, and brown lentils, to their habitual diet led to decreased levels of hs-CRP,
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while there were no significant differences in IL-6, TNF-a, and adiponectin between groups [203].
In an 8-week randomized controlled trial with an average BMI of 27.5 + 4.5 kg/m2, participants
following either their habitual diet or pulse-based foods supplemented with 150 g of pulses per
day, comprising green and red split lentils, chickpeas, yellow split peas, and various beans,
demonstrated improved serum cholesterol concentrations. However, no significant differences
were observed in CRP, glucose, and insulin levels between the two dietary groups [204].

Based on the above literature review, despite some conflicting evidence, that could be a
result of various dosage and duration of dietary pulses supplementation, the overall inclusion of
pulses in the diet can be considered to have favorable effects on inflammatory markers and
metabolic health. Furthermore, as previously mentioned, certain cultivars of beans, including red,
black, and blue-violet-colored beans, are enriched in a significant concentration of phenolic
compounds [205]. These compounds may contribute to the additional health benefits observed in
limited research conducted on beans with dark-colored seed coats compared to their light-colored
counterparts, particularly in terms of intestinal health, as indicated by greater impacts of dark beans
on increased proximal colon goblet cell number, crypt length and mucus content, and epithelial
cell proliferation in healthy mice [196]. In contrast, in another study involving colitis mouse
models, despite observing differential effects of diets supplemented with white and dark beans in
reducing the mRNA expression of inflammatory markers in the colon [195,206], dark beans did
not strongly influence the colitis phenotype [195]. However, to the best of my knowledge, no
study has comprehensively explored the effects of distinct bean varieties within the same
genetic background on intestinal inflammation and metabolic health within the context of

obesity, leaving this area to be further investigated. Therefore, this thesis also aimed to
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determine if the beneficial effects of the consumed kidney beans can be depending on the

variety (dark or white) and phenolic compound contents of the beans.

1.3.5 Mechanisms Underlying the Beneficial Impact of Dietary Pulses on Obesity

Management, Gut Health and Systemic Inflammation

Dietary pulses may contribute to weight loss through two primary mechanisms. Firstly,
their high fiber and protein content, combined with a low glycemic index, promote feelings of
fullness and delay hunger by slowing digestion and nutrient absorption [149,174]. High-fiber foods
like dietary pulses enhance the feeling of fullness by increasing chewing time, reducing food
intake, and triggering early satiety signals [149]. Additionally, the soluble fibers in dietary pulses,
forming viscous gels, may delay gastric emptying and nutrient absorption, slowing their passage
through the digestive system [149]. The high protein content in dietary pulses stimulates the
secretion of gastric hormones, such as cholecystokinin and GLP-1, inducing a sensation of
fullness. Lastly, low-glycemic index diets help regulate blood glucose concentrations and insulin
release, potentially preventing overeating and promoting weight control [149]. Additionally,
pulses contain various compounds, including intact cell walls, resistant starch, and fiber, as well
as protease and amylase inhibitors, and phenolic compounds. These components may reduce the
absorption of calories from pulses. As a result, traditional methods of estimating calorie intake
may be challenged. This reduced bioavailability of calories from pulses could potentially lead to
lower energy intake and aid in weight loss efforts [174].

Further, dietary fibers are involved in shaping the gut microbiota composition and its
fermentative metabolism [207]. For example, it is proposed that the abundance of mucus-

degrading bacteria rises in the absence of dietary fiber polysaccharides, given that they constitute
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the primary energy source for the gut microbiota [208]. Among all macronutrients, dietary fibers
(including NDCs) stand out for their crucial role in fostering a robust and healthy gut microbiota,
contributing to overall health and well-being [207]. Microbial fermentation of NDCs promote the
production of SCFAs [162]. Various gut bacteria produce distinct types of SCFAs [46]. Key
fermentation byproducts, namely acetate, propionate, and butyrate, play pivotal roles in
maintaining gut health [39]. They provide energy for epithelial cells, enhance the development of
intestinal mucosa and bolster epithelial barrier integrity, and protect the host against enteric
pathogens [38,39]. These SCFAs can also lower the colonic pH, thereby promoting the growth of
beneficial bacteria such as Lactobacillus and Bifidobacterium [209]. SCFAs also play regulatory
roles in lipids, cholesterol, and glucose metabolism, as well as contribute to anti-inflammatory
responses [63]. SCFAs serve as signaling molecules for gut cells and other tissues by interacting
with G-protein coupled receptors (GPR) including GPR41 and GPR43 (also known as free-fatty
acid receptor 3 (FFA3) and 2 (FFA2), respectively), and GPR109a [63]. Butyrate is served as the
major energy source for colonocytes [210]. Additionally, butyrate has been noted for its ability to
upregulate the mucin 2 (MUC2) expression, the predominant mucin on the intestinal mucosal
surface, promoting heightened mucus production and secretion, and providing enhanced protection
against luminal pathogens [210]. The consumption of a western-style diet (characterized by high
fat, high sucrose and low fiber content) is associated with altered gut microbiota composition and
reduced SCFA production, resulting in a compromised colonic inner mucus layer, reduced mucus
layer thickness and increased mucus penetrability [208]. SCFAs enhance intracellular gut
permeability by altering tight junction proteins expression or distribution, including ZO-1, which
are collectively considered as contributors to the maintenance of the intestinal barrier [46]. As

mentioned earlier, a significant outcome of an intestinal barrier disruption is the increased
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translocation of bacterial endotoxin LPS into the systemic circulation and initiation of downstream
systemic inflammation pathways [92]. Therefore, enhanced intestinal barrier integrity could be a
mechanism involved in enhanced systemic inflammation induced by foods containing fiber, like
dietary pulses. In addition, SCFAs, particularly butyrate, contribute to anti-inflammatory effects
by inhibiting NF-kB activation (a transcription factor regulating genes in inflammation and
immunity), suppressing IFN-y signaling, and upregulating PPAR-y (a nuclear hormone receptor
highly expressed in colonic epithelial cells involved in reducing inflammation and promoting
epithelial barrier function) [210]. SCFAs can modulate inflammation by regulating immune cell
cytokine production. Butyrate and propionate, for instance, reduce LPS-induced TNF-a and nitric
oxide synthase expression in monocytes. These effects are mediated through the activation of
FFA2 and FFAS3 receptors, GPR109A, or inhibition of Histone deacetylases (HDACs) [211].
Moreover, butyrate and propionate play a crucial role in inhibiting HDAC activation, involved in
the regulation of inflammatory and immune pathways [63]. SCFAs represent only a fraction of the
diverse metabolites generated by gut bacteria but having profound effects on the host metabolism
and homeostasis. It is evident that both the function and composition of the gut microbiota are
closely linked to diet, with dietary fibers increasing SCFA production. However, the precise
mechanism through which the composition of the gut microbiota influences this dynamic
relationship is unclear [102].

As mentioned earlier, dietary pulses are enriched in polyphenolic compounds with
numerous health promoting properties [158,165]. Research indicates that polyphenols exert their
anti-inflammatory effects by interacting with proteins engaged in gene expression and cell
signaling, thereby inhibiting pro-inflammatory transcription factors. This interaction contributes

to protective effects against various chronic diseases mediated by inflammation [212].
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Furthermore, dietary polyphenols and their metabolites contribute to gut health by exhibiting
prebiotic-like effects [213]. These polyphenols are primarily located in the seed coat of beans, and
their content varies among different pulse types and varieties based on the color of the seed coat
[165]. Dietary polyphenols play a dual role in modulating the gut microbiota composition and
improving polyphenol bioavailability through microbial conversion [214]. In this context, colonic
gut bacteria play a role in metabolizing polyphenols, transforming them into metabolites such as
phenolic acids with potentially greater bioavailability than their original structures. Polyphenols
contribute to the growth of beneficial probiotics like Lactobacillus and Bifidobacterium while
inhibiting pathogenic bacteria such as Clostridium histolyticum and Clostridium perfringens,
known for causing inflammatory bowel disease. Polyphenols also regulate the Firmicutes to
Bacteroides ratio [214]. Polyphenols contribute to the preservation of the mucus barrier, crucial
for preventing colonic inflammation [213]. Evidence indicates that polyphenol-rich diets, can
enhance the population of SCFAs producing bacteria, notably Akkermansia [214], known for
stimulating mucin production. Promoting SCFA production, leading to anti-inflammatory effects
and improved colon barrier integrity [214]. They promote mucus secretion by stimulating
interleukins (like IL-4 and IL-13), goblet cell proliferation, and MUC2 production. On the
contrary, polyphenols inhibit the overgrowth of mucus-eroding bacteria, such as Citrobacter
rodentium, preventing colonic damage [213].

In conclusion, the intricate mechanisms through which dietary pulses positively impact gut
health and systemic inflammation are multifaceted. The synergistic effects of NDCs and
polyphenols in pulses have the potential to play pivotal roles in shaping the gut microbiota,
promoting the production of SCFASs, enhancing intestinal barrier integrity, and exerting anti-

inflammatory effects. These findings underscore the intricate interplay between diet, gut
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microbiota, and systemic health, highlighting the potential of dietary pulses as valuable

contributors to overall well-being through impacting gut-brain-axis.

1.3.6 Exploring the Impact of Pulse Consumption and Key Components on Mental

Health

Observational evidence indicates that maintaining a healthy diet, particularly the traditional
Mediterranean diet, and avoiding from pro-inflammatory food (such as processed meats and trans
fats) are linked to a lower risk of experiencing depressive symptoms or clinical depression [215].
The evidence regarding the role of pulses in enhancing mental health is very limited. In a
longitudinal study in humans [216], a moderate intake of legumes was associated with a reduced
risk of depression among women undergoing menopausal transition. However, no significant
association was found between legume consumption and depressive risk among men,
premenopausal women, or postmenopausal women. Since the evidence regarding the effects of
pulse consumption on mental health remains limited, the following paragraphs discuss the findings
of studies focusing on key components of pulses, such as dietary fiber and polyphenols, with the
potential in altering gut microbiota composition, which in turn could have implications for mental
well-being.

In a pre-clinical study on obese C57BL/6 mice, supplementation of the diet with NDCs at a
concentration of 10 g per 100 g, alongside improving gut microbiota composition (such as
increased relative abundance of Bacteroidetes phylum and genera including Faecalibacterium,
Prevotella, and Bifidobacterium), prevented cognitive impairment induced by a HFD observed
through improvements in nest building behavior and temporal order memory tests [35]. According

to a recently published systematic review and meta-analysis, human studies focusing on the
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relationship between dietary fiber intake and mental disorders primarily examine depressive
symptoms, with a lack of data regarding the association between dietary fiber and anxiety [217].
Overall, the findings of observational studies included in this systematic review suggest that a
higher intake of dietary fiber is associated with a reduced likelihood of depression in both
adolescents and adults. Specifically, for every 5-g/day increase in total dietary fiber intake, there
was a corresponding 5% reduction in the odds of experiencing depression. Furthermore,
consuming higher amounts of dietary fiber from vegetables and soluble sources has shown to have
a protective association with depression, while intake of dietary fiber from cereals, fruits, and
insoluble sources was only marginally connected [217]. In contrast, findings from the randomised
clinical trials did not find significant differences between fiber supplementation and placebo for
depressive or anxiety outcomes. It is important to note that the selection criteria for these studies
were not exclusively based on individuals with obesity. In a cross-sectional study, higher
consumption of dietary fiber by adults with overweight and obesity was associated with a reduced
likelihood of psychological distress while no significant association was found between higher
intake of dietary fiber and depression or anxiety [218]. Additionally, prebiotic supplementation
(16 g/d for 3 months) improved mood in individuals with obesity, particularly those with specific
gut microbiota profiles (higher baseline Coprococcus and increased Bifidobacterium and
Haemophilus levels at the of the intervention) [219]. However, further research is warranted to
explore the effects of dietary interventions, including pulse consumption, on simultaneous
modulation of gut microbiota and mental well-being, particularly in populations living with
obesity.

Similarly, literature suggests varying effects of polyphenol compounds and polyphenol-rich

foods on mental health outcomes including depression. While some, like naringenin and quercetin
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found in certain foods, appear to be protective against depression, others, including icariin (a type
of flavonoid) and soy, may increase depressive symptoms and risks. Certain dietary patterns rich
in polyphenol compounds like curcumin and resveratrol, as well as polyphenol-rich foods such as
cocoa, blueberries, tea, red clover, and oranges, could serve as potential adjunctive treatments for
depression. However, the inconsistent findings emphasize the need for further research to better
understand the complex relationship between polyphenols and depression [220]. Cocoa extract
supplementation (providing 645 mg total polyphenols/d for 4 weeks) in combination with a
moderate energy restriction (15% energy deficit) in individuals with obesity, did not significantly
change anxiety and depression scores compared to the control group [221]. On the other hand,
supplementation with polyphenol curcumin (1 g/day for 30 days) significantly reduced symptoms
of anxiety in individuals with obesity, while did not exert a significant effect on symptoms of
depression [222]. This suggests that curcumin may hold promise as a natural intervention for
managing anxiety in individuals living with obesity. Overall, while numerous other animal and
human studies have explored the correlation between dietary compounds, including fiber and
polyphenols, and mental disorders [215,220,223], there is a notable gap in research
comprehensively investigating the effects of metabolites produced by the gut microbiota from
these dietary compounds (such as SCFAS) available in dietary pulses on mental health outcomes
within the context of obesity. Therefore, another aim of this thesis was to investigate how
targeting gut microbiota through low-calorie diets supplemented with dietary pulses would

impact anxiety-like behaviors and well-being, in DIO mice models (Chapter 3, Project 2).
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1.4 Thesis Specific Objectives and Hypotheses

The following outlines the specific objectives and hypotheses of each project, offering a

comprehensive overview of the investigations undertaken for the purpose of this thesis (Figure

1-4).

1. Project 1 (Chapter 2)

Objective: Investigate the effects of incorporating white and dark red kidney beans
into a low-fat-diet in C57BL/6 mice with HFD-induced obesity on fecal gut microbiota
composition and function, and inflammatory and metabolic outcomes, including body
weight, body composition, adipose tissue cytokines, and circulating biomarkers of
adipose tissue function and glucose homeostasis.

Hypothesis: It was hypothesized that transitioning from a high-fat to a low-fat would
alleviate obesity-associated gut dysbiosis, inflammatory and metabolic dysfunctions.
Furthermore, the introduction of beans was expected to beneficially impact gut
microbiota composition and function, resulting in a reduction in inflammation and an
enhancement of metabolic outcomes. Additionally, dark-red kidney beans were
anticipated to exhibit further benefits due to enriched amounts of phenolic compounds,
including increased flavonoids and anthocyanins, present in the dark-colored seed

coats, when compared to the white-red kidney beans.

2. Project 2 (Chapter 3)

Objective: Investigate the effects of incorporating white and dark red kidney beans

into a low-fat diet in C57BL/6 mice with obesity induced by a high-fat diet, on cecal
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gut microbiota composition and function, proximal colon histomorphology, and
behavioral outcomes.

Hypothesis: It was hypothesized that incorporating white and dark red kidney beans
into a low-fat diet in C57BL/6 mice exposed to a high-fat diet resulted in significant
improvements in intestinal and mental health. Specifically, the intervention was
expected to lead to favorable alterations in cecal gut microbiota composition and
function. Additionally, positive changes in proximal colon histomorphology were
anticipated, indicative of improved intestinal health. These physiological
improvements were further anticipated to appear in behavioral outcomes, reflecting a
positive impact on mental health. Notably, dark-red kidney beans were speculated to

provide additional benefits when compared to the white-red kidney beans.

3. Project3

Objective: Investigate the gut microbiota composition, and inflammatory and
metabolic factors potentially contributing to obesity resistance in C57BL/6 mice
exposed to a HFD.

Hypothesis: It was hypothesized that the gut microbial community of C57BL/6 mice
resistant to HFD-induced obesity would differ from that of mice prone to HFD-induced

obesity, with distinct variations in inflammatory and metabolic profiles.
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Figure 1-4. Schematic Overview of Three Research Projects. A visual representation of the study design
and outcomes measured in each of the three research projects conducted in this thesis. HFD: High-fat diet,
LFD: Low-fat diet, HF: High-fat diet fed group, HF—LF: High-fat to low-fat diet transition group,
HF—WB: High-Fat to low fat + white kidney beans diet transition group, HF—DB: High-fat to low-fat +
dark-red kidney beans diet transition group. EAT: Epididymal adipose tissue.
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Abstract

Gut microbiota dysbiosis has been linked to the development of obesity and contributing
to metabolic disturbances. Calorie-restricted low-fat diets are known as effective strategies in
mitigating obesity and associated metabolic dysfunctions. Weight loss strategies that target the
microbiota such as prebiotic supplements, have demonstrated superior health outcomes when
compared to interventions solely focused on calorie restriction. Consumption of dietary pulses can
modulate gut microbiota composition and function and thus may offer a promising approach for
mitigating obesity-related complications. This study investigated the potential for white (WB) and
dark red (DB) kidney bean supplemented diet to beneficially modulate the gut microbiota and
metabolic status in obese mice undergoing a weight loss intervention. High-fat diet (HFD)-induced
obese C57BL/6 male mice were randomized into four groups: HF-control; HF—LF (transition to
a low-fat diet, LFD); HF—>WB (LFD+15% WB [wt/wt]); and HF—DB (LFD+15% DB [wt/wt])
for 8 weeks. Transitioning to LFD, led to reduced homeostasis model assessment of insulin
resistance (HOMA-IR) and inflammatory-associated markers including serum leptin and adipose
tissue monocyte chemoattractant protein-1 (MCP-1) expression compared to the HF-controls. DB
provided extra benefits by lowering Resistin levels. Beans led to distinct fecal microbiota (-
diversity, elevated short-chain fatty acids (SCFAS), and significant shifts in relative abundance of
fecal bacterial genera including reduced Parabacteroides and Dorea along with an increased
Prevotella and Rikenellaceae, Clostridium (methylpentosum sp.) and Lactobacillus compared to
the HF—LF and HF controls. Additionally, bean-fed mice showed greater lean mass when
compared to other groups. Overall, transitioning from HFD to LFD had the greatest impact on
enhancing obesity-associated inflammatory and metabolic outcomes in diet-induced obese male
mice, while consumption of beans resulted in distinct changes in gut microbiota composition and

function and enhanced body composition

Keywords: Obesity; gut microbiota; common beans; adipose tissue dysfunction,
inflammation, weight-loss
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1. Introduction

Obesity is an alarming public health concern worldwide and a predictor of early death, as
it is associated with a higher prevalence of chronic diseases such as diabetes, cardiovascular
disease, stroke, hypertension, and cancer [1]. Intestinal microbial dysbiosis (i.e., reduced
phylogenetic diversity, increased abundance of pathobionts), is typically observed in individuals
living with obesity, as well as in rodent models of obesity, and is associated with metabolic
dysfunctions, including insulin resistance, low-grade systemic inflammation insulin resistance,
and appetite dysregulation [2-4].

Interventions to treat obesity often include diet modifications (e.g., calorie-restriction, low-
carbohydrate, low-fat diets), which have been shown to stimulate weight loss and metabolic
homeostasis [5-7], reduce inflammation [6,8], improve intestinal barrier function [6,9], alter the
composition and function of the intestinal microbiome [10-12]. Importantly, studies in which
weight-loss strategies are concurrent with adjuvant therapies designed to target the gut microbiome
(e.g., prebiotics (inulin, oligosaccharides, polyphenols), probiotics, synbiotics), often result in
better health outcomes compared to calorie-restriction alone [13-15]. Mechanistically, these
treatments can enhance microbial diversity and function leading to the production of microbial
metabolites (i.e., short chain fatty acids (SCFAS)), that can directly or indirectly improve intestinal
function, promote energy homeostasis, reduce inflammation, and supress appetite [16-22].

Given the growing interest in exploring dietary alternatives for achieving weight loss,
targeting the gut microbiota through the consumption of functional foods could offer a promising
and affordable approach to mitigate obesity-associated complications. Dietary pulses, including
common beans, chickpeas, and lentils, are an inexpensive and highly accessible source of plant-

based proteins [23], that are also enriched in microbial-accessible non-digestible carbohydrates
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(NDC:s; fibers) and polyphenols [24-28]. Our group and others have continuously shown in rodent
models of obesity, that supplementation of obesogenic diets (e.g., high-fat diets), can beneficially
alter the gut microbiome and attenuate obesity-associated metabolic impairments and systemic and
adipose tissue inflammation when consumed i) during obesity, and ii) once obesity has been
established [23,29-36]. Furthermore, weight-loss intervention trials with individuals living with
obesity have shown that incorporating dietary pulses into hypocaloric diet regimens results in
greater body weight reduction, improvements in blood lipid profiles, and reductions in pro-
inflammatory mediators, compared to calorie-restrictive diet alone [37-41]. However, no studies
have investigated the impact of pulse consumption on the gut microbiota during weight-loss
interventions, and its association with improvements in metabolic health and inflammation-
associated outcomes.

Therefore, the objective of this study was to determine if incorporating pulses, specifically
different varieties of kidney beans, into a weight-loss intervention diet in obese mice, would
beneficially modulate the gut microbiota composition and function, and improve metabolic
homeostasis and inflammation. Importantly, common beans have a distinct profile of polyphenolic
compounds, including phenolic acids, flavonoids, proanthocyanidins, and anthocyanins, which
collectively contribute to their diverse seed coat color [42]. Anthocyanins are a type of flavonoid
that can create red, blue, or purple pigmentation in bean seed coats with black coat beans having
the highest concentrations [43]. Therefore, due to the different profile of white and dark red kidney
beans in terms of antioxidant capacities, as well as anthocyanin, flavonoids, and overall polyphenol
content [44], we also investigated if beans with darker seed coats would have additional benefits

on the aforementioned outcomes.
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2. Materials and Methods
2.1 Preparation of cooked bean powders and experimental diet formulation

White and dark-red kidney beans (Yeti and Dynasty cultivars) were generously provided
by the University of Guelph Bean Breeding Program. Two hundred grams of dry beans were
soaked in 700 mL of tap water overnight and then boiled in 1250 mL of fresh tap water for 10
minutes at the heat setting 7 on an induction ceramic cooktop (Bertazonni, Model #
PRO304INSX). Subsequently, they were simmered over the heat setting 4 until fully cooked and
reached the desired uniform tenderness. The cooked beans were blended using a Ninja blender
(Model # 900W) for a duration of 30-60 seconds. The resulting bean purees were spread out in a
thin layer on a parchment paper, placed on a metal tray, and dried using a Turbofan® convection
oven (Moffat Ltd., Model # E32D5) set at 221°F for 90-120 minutes. The dried bean purees were
then processed into a powder using the KitchenAid KGM Grain Mill Attachment, mounted on a
KitchenAid® stand mixer (Model # Pro 600™), The resulting bean powders was then sifted
through an 850 pm mesh sieve (VWR, Cat. #57334-562) to ensure uniform particle size and
subsequently packaged and stored in a -20°C freezer until ready for use. Proximate analysis and
total and insoluble fibre content of the bean powders was analyzed by Maxxam Analytics
(Mississauga, Ontario, Canada) (See Table 2-4 (S1) for detailed methods and results).

Four experimental diets were prepared by Envigo/Teklad USA (Table 2-1): low fat diet
(AIN-93G; LFD; 13% kcal from fat), high fat diet (HFD; 60% kcal from fat), LFD supplemented
with 15% white kidney bean powder (WB), and LFD supplemented with 15% dark kidney bean
powder (DB). The bean powder was incorporated into the low-fat diet at a ratio of 15% (w/w)

which is equal to 1 cup of pulses for adults; representing a realistic and achievable daily intake of
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pulses in humans [45]. Diets were stored at 4°C (LFD, WB, DB) or -20°C (HFD) for the duration

of the study.

Table 2-1. Experimental Diet Composition

TD.190833 TD.190378 TD.190834 - TD.190835
Nutrients Low Fat Diet High Fat Diet LFD + 15% LFD + 15%
a/Kg (LFD) (HFD) White Kidney Dark red Kidney
Bean Flour (WB) | Bean Flour (DB)
Casein 200 265 160 161.22
L-Cystine 3 4 3 3
Corn Starch 414.49 0 349.21 345.8
Maltodextrin 132 160 132 132
Sucrose 100 92.59 100 100
Soybean Qil 34 30 32.33 32.27
Lard 19 310 19 19
Cellulose 50 70 6.95 9.2
Mineral Mix,
AIN-93G-MX (94046) 3 48 3 3
Calmum Phpsphate, 0 3.4 0 0
dibasic
Vitamin Mix,
AIN-93-VX (94047) 10 14 10 10
Choline Bitartrate 2.5 3 25 2.5
TBHQ, antioxidant 0.01 0.01 0.01 0.01
Bean flour 150 150
Sum 1000 1000 1000 1000
Macronutrient Contribution of Diets g/kg
Protein, g/kg 177 235 177 177
Carbohydrate, g/kg 616 269 613 615
Fat, g/kg 55 343 55 55
Fiber, g/kg 50 70 50 50
Macronutrient Contribution of total Kcal %
Protein, % kcal 19.3 18.4 19.4 19.3
Carbohydrate, % kcal 67.2 21.1 67.1 67.2
Fat, % kcal 13.5 60.5 13.5 13.5
Expected Daily Total
Food Intake, g 3 2 3 3
Expected Daily Fiber 0.15 0.14 0.15 0.15
intake, g
kcallg 3.7 5.1 3.7 3.7

2.2 Experimental Design

The experimental protocol was approved by the University of Ottawa Animal Care

Committee (ACC, Protocol number HSe-2857-R3). Five-week-old wild-type C57BL/6 male mice
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(n=56) were purchased from Charles River (Kingston, NY, USA). The mice were individually
housed in polycarbonate rodent cages containing corncob bedding and cotton nesting material,
under a 12-hour light/dark cycle at a temperature range of 22-26 °C with 40% relative humidity.
They were acclimatized to the controlled environment with ad libitum access to food (LFD) and
water for a period of one week. A subset of mice (n=8), referred to as the lean (LF) group, were
maintained on the LFD throughout the study, while the remaining mice (n=48) were switched to
HFD for 10 weeks to establish obesity. The obese mice were then randomly assigned into four
dietary groups for the interventional phase of the study: (1) HF control (maintained on HFD), (2)
HF—LF; switched from HFD to LFD, (3) HF—-WB; switched from HFD to WB, and (4) HF—DB;
switched from HFD to DB. The mice were given ad libitum access to their respective diets for an
additional 8 weeks (n=12 mice/dietary group) with fresh food provided 3 times/week. At the end
of the study, the mice were euthanized by decapitation, trunk blood was collected, and tissues
including epididymal adipose tissue (EAT) were excised, weighed, and processed for further

analyses as described below.

2.3 Assessment of Body Weight, Diet Intake, and Body Composition
Body weight (BW) and food intake were measured 2-3 times per week throughout the study
using a digital scale. Body composition, including lean and fat mass, was quantified using the

Echo-MRI™-700 body composition analyzer at week 10 and at the end of week 18.

2.4 Assessment of Fecal Microbial Community Structure and Function
2.4.1 Microbiota DNA Sequencing and Diversity Analysis
Fresh fecal pellets were collected at week 18 from each mouse and stored in cryogenic

storage vials at -80°C until analysis. Genomic DNA was extracted using the QIAamp Fast DNA
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Stool Mini Kit (Qiagen, Cat. #51604, Germany) following the manufacturer's instructions. The
V3-V4 regions of the 16S rRNA gene were amplified, and the libraries were quantified,
normalized, and pooled according to the Illumina 16S Metagenomic Sequencing Library
Preparation Guide [46]. Sequencing of the libraries was performed on the Illumina MiSeq platform
(Mumina®, Miseq). Microbial diversity and community structure were analyzed using the
QIIME2 bioinformatics pipeline (version 2022.2) [47]. The 300 bp Casava 1.8 paired-end
demultiplexed files were imported and subjected to quality filtering using DADA2 [48]. This
process involved denoising, removal of chimeric sequences, correction of Illumina-sequenced
amplicon errors, and generation of amplicon sequence variants (ASVs). A phylogenetic tree was
constructed using the Greengenes 13 _8 99% identity reference tree [49]. Core diversity analysis
was conducted using the QIIME2 core-metric method at a sampling depth of 15,000. Alpha (a)-
diversity metrics, including Shannon, observed features, Pielou’s evenness, and Faith’s
phylogenetic diversity (PD), were calculated. Microbiota beta (f)-diversity dissimilarity was
measured using the Bray-Curtis metric [50], and then visualized using Principal Coordinate
Analysis (PCoA). Statistical significance of differences in a-diversity between groups was
assessed by Kruskal-Wallis test with Benajmini—Hochberg corrections in Qiime2. PERMANOVA
analysis was employed to identify differences in -diversity between dietary groups in Qiime2,
and p-values were adjusted using the Benjamini-Hochberg FDR correction. Taxa relative
abundance comparison between groups was performed using the Mann-Whitney U test followed

by the two-stage linear step-up method of Benjamini, Kreiger, and Yekutieli (p<0.05; FDR<5%).
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2.4.2 Predicted Functions of the Metagenome

The microbial community predictive functional profiling was analyzed using the
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 2
(PICRUSt2) [51,52], version 2.51. Initially, the fragment insertion Qiime2 plugin [53] was run for

aligning ASVs to the HMMER sequence databases (www.hmmer.org), placing them into the

optimal position onto the reference phylogeny using the SATé-Enabled Phylogenetic Placement
(SEPP) tool [54] and constructing a new phylogenetic tree using the genesis applications for
phylogenetic placement analysis (GAPPA) [55]. Next, core hidden state prediction functions
(hsp.py) were performed using the castor R-package [56] to predict gene family abundances for
each ASV and Kyoto Encyclopedia of Genes and Genomes (KEGG) orthologs [57] (KO).
Subsequently, the metagenome_pipeline.py command was employed to normalize the KO
abundances based on 16S abundance. The resulting file (pred_metagenome_unstrat.tsv),
containing mouse-specific KO abundances, was processed in RStudio (R =V4.2.2, R Studio:
V2022.12.0+353) to determine the inferred function of the microbiota. Employing a custom R
code analogous to the categorize_by_function.py used in PICRUST1 [58], the KOs were aligned
with a manually curated mapping file sourced from https://www.genome.jp/kegg-
bin/get_htext?ko00001.keg (accessed on 17 June 2023) [57]. Finally, STAMP (Statistical Analysis
of Taxonomic and Functional Profiles), version 2.1.3 [59], was applied for the outcomes
representing the inferred functional aspects and two groups comparisons using Welch’s two-sided

t-test with Benjamini-Hochberg multiple test correction (q<0.05).
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2.5 Quantification of Fecal Short Chain Fatty Acids

Gut microbiota function was evaluated by quantifying the levels of SCFAs, including
acetic acid, butyric acid, propionic acid, and valeric acid, as well as branched-chain fatty acids
(BCFAs), iso-butyric and iso-valeric acids, as previously described [60]. In summary, the
methodology included freeze-drying fecal samples, recording dry weight, dilution in MilliQ water
to attain a 10% homogeneous fecal solution, centrifugation, pH measurement, acidification,
filtration, and utilizing gas chromatography analysis with a standard curve for calibration. This
process identified various SCFAs based on retention times and determined their concentrations

using analytical standards.

2.6 Serum Metabolic, Inflammatory Biomarkers and Endotoxemia Analysis

Biomarkers of metabolic health were measured from mouse serum collected during week
17 of the study, after an 8 hour overnight fast. Fasting blood samples were collected between 7:00
to 9:00 AM by snipping the tip of the tail using Microvette® CB 300 K2 EDTA capillary blood
collection tube (Sarstedt, Cat #16.444.100). Fasting blood glucose levels were measured using a
glucometer (Contour®Next blood glucose monitoring system, Bayer, model 7268). Fasting serum
was obtained from clotted blood after 30 min incubation at room temperature followed by 15 min
on ice and then centrifugation at 10,000 g, 4°C for 30 minutes. The resulting supernatant was
separated, and aliquots were stored at -20°C for 48 hours, and then transferred to -80°C until
analysis.

Concentrations of Ghrelin, glucose-dependent insulinotropic polypeptide (GIP), glucagon-
like peptide-1 (GLP-1), glucagon, insulin, leptin, plasminogen activator inhibitor-1 (PAI-1), and

resistin were measured using a multiplex magnetic bead-based fluorescence sandwich
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immunoassay kit (Bio-Plex Pro Mouse Diabetes 8-Plex Immunoassay, Bio-Rad, Cat.
#171F7001M), and adiponectin concentrations were measured using a single-plex assay (Bio-Plex
Pro Mouse Diabetes Adiponectin Assay, Cat. #171F7002M), following the manufacturer's
provided instruction manual. Once the samples were prepared and loaded onto the plate, the plate
was read on a Luminex® analyzer (MAGPIX®) equipped with Milliplex Analyst software,
version 5.1.0.0., developed by VigeneTech Inc. The standards were measured in duplicates to
ensure accuracy and reliability, while each sample was read as a single measurement. Therefore,
the coefficient of variation (CV%) for the parameters measured was not applicable.

The homeostatic model assessment of insulin resistance (HOMA-IR) index was calculated
using the fasting glucose and insulin levels using the following formula: [fasting serum insulin
(WIU/L) x fasting serum glucose (mM)]/22.5. Insulin concentrations were converted from pg/mL
to wlU/L using a molar mass of 5808 Da and a conversion factor of 1 pIU/L = 6.00 pmol/L [61].

Mouse LBP enzyme- linked immunosorbent assay (ELISA) kits (HyCultBiotech, Cat#
HK205-01) were used to measure lipopolysaccharide binding protein (LBP) levels in duplicates
in mice serum as a biomarker of systemic lipopolysaccharide (LPS) exposure [62]. The assay was

performed based on the sandwich principle using the manufactures instruction.

2.7 Adipose tissue mMRNA Expression

At euthanasia, approximately 500 mg of excised EAT were snap frozen in liquid nitrogen
and stored at —80°C for later RNA extraction. RNA was extracted and purified using the Total
RNA Purification Plus Kit (Norgen Biotek, #48400). The Purified RNA was normalized to a
concentration of 1pug RNA/1OuL using the UltraPure™ DNase/RNase-Free Distilled Water

(Invitrogen, Cat. #10977015). The normalized RNA was reverse transcribed to complementary
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DNA (cDNA) using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Cat.
#4368814) in a thermal cycler (Bio-rad, Cat. #1861096. Quantitative real-time PCR (qQRT-PCR)
analyses were performed using a SYBR Green (Applied Biosystems™, Cat. #A25742) master mix
in a CFX96 real-time PCR detection system (Bio-rad, model C1000 Touch™), The Cq values for
each of the samples were obtained from CFX Maestro Software. To compare relative expression
of the target genes between samples, AACq method was applied while the gene expression levels
were normalized to the expression levels of RPLPO housekeeping reference gene. Primer

sequences are displayed in Supplemental Table 2-5(S2).

2.8 Histology and Adipocyte Size Measurements

EAT was fixed in 10% formalin for 48 hours and then in 70% ethanol until processing.
EAT were paraffin-embedded, cut at 4 um thickness, and stained using Hematoxylin and eosin
(H&E) at the University of Ottawa Histology Core Facility (Roger-Guidon Hall, Ottawa ON,
Canada). Images were captured at 20x magnification using Zeiss, Axiocam 506 microscope
camera and analyzed using the Fiji (Image J2) software (version:2.9.0/1.53t) with Adiposoft
plugin. To measure the adipocyte size, an average of 25 adipocytes per mouse were analyzed, and

their diameter and area were recorded.

2.9 Statistical Analysis

Statistical analyses were conducted using GraphPad Prism (Version 9.5.1) software. The
ROUT method (g = 1%) was applied to identify the outliers. To assess the normality assumption,
the D'Agostino-Pearson omnibus test (K2) was employed. Additionally, the homogeneity of
variances for the parametric data was evaluated through the Brown-Forsythe and Bartlett's tests.

To evaluate the impact of the intervention on parametric data among the different dietary groups,

57



a one-way analysis of variance (ANOVA) was performed. Post-hoc analyses, including the
Student-Newman-Keuls (SNK) or Tukey's multiple comparison test, were conducted to examine
specific pairwise differences between the dietary groups if the ANOVA results were statistically
significant. For non-parametric data, two different approaches were used depending on the data
distribution. If the non-parametric data could be log-transformed to achieve normality, a One-
way ANOVA was performed after the data transformation. Alternatively, a Kruskal-Wallis test
was conducted followed by Dunn's multiple comparisons test as a post-hoc analysis.
Additionally, Spearman correlation analysis was employed to investigate associations between
select variables. The significance level for all statistical tests was set at p < 0.05. The detailed
statistical results from the ANOVA, Kruskal-Wallis, and other relevant analyses, are provided in
Appendix 6-10 for further reference.
3. Results
3.1 Effects of diet on food and energy intake and body weight and composition

The weekly food intake (g) and cumulative energy intake (Kcal) during the intervention
period (weeks 10-18) are shown in Figure 2-1C and 2-1D, respectively. The cumulative energy
intake was calculated by considering the different energy density of the intervention diets. The
total cumulative energy intake was significantly higher in HF (890.3+11.55 kcal) compared with
mice in LF (766.1 +20.35 kcal), HF—LF (756.4+11.65 kcal), HF>WB (833.3+12.45 kcal) and
HF—DB (829.9+11.35 kcal) groups. Energy intake was found to be significantly lower in HF—-LF
mice compared to the bean supplemented groups, while no significant difference was observed
among bean groups.

The growth chart and final BW are shown in Figure 2-1A and 2-1B, respectively. After 10

weeks, the BW of HFD-fed mice (n = 48) was significantly greater than their LFD-fed counterparts
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(n=8) (40.98+0.67 vs 30.80+0.73g). The HFD-fed mice were then randomly assigned to four
groups, such that BW was equivalent across groups, and either fed HFD, LFD (HF—LF), WB
(HF—WB), or DB (HF—DB) diets for an additional 8 weeks. A two-way repeated measures
ANOVA was performed for the main effects (group and time), which showed a significant
difference between groups and over time, as well as a group-time interaction. Dunnett's multiple
comparisons test showed that compared to the HF group, the BW of the HF—LF group started to
reduce at week 12 and stayed lower until the end of the study. Similarly, at week 13, mice in the
HF—WB and HF—DB groups had lower BW compared to HF mice, which continued until the
end of the study. The lean control group remained significantly lower than those in the HF group
throughout the 8-week intervention period (Figure 2-1A). Final BW showed significant
differences among the groups. Notably, BW in all mice consuming low fat-based diets (LF,
HF—LF, HF->WB, HF—DB) were lower than HF mice, although amongst the intervention
groups (HF—LF, HF—>WB, HF—DB), the BW of the HF—LF group were significantly lower
than bean-fed groups (Figure 2-1B).

The cumulative energy intake agreed with the final BW, indicating a relationship between

diet intake and BW gain.
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Figure 2-1. Body weight, Food consumption and Dietary Energy Intake. A. Body weight (g) throughout
the intervention phase (Week 10-18); An asterisk (*) indicates a significant difference from the high-fat
(HF) group, as determined by Kruskal-Wallis test with Dunnett's multiple comparisons test. (P<0.05), B.
Final body weight (g) at week 18; bars with letters that are not shared differ significantly, as determined by
One-way ANOVA followed by Tukey’s multiple comparisons test (P<0.05), C. Weekly diet intake (g)
throughout the study, D. Cumulative energy intake (kcal) during the intervention phase; bars with letters
that are not shared are significantly different as indicated by One-way ANOVA followed by Tukey’s
multiple comparisons test (P<0.05). Values are shown as mean+SEM. (n=8 LF, n=12 mice in other groups).
LF: Low-fat diet fed lean control group, HF: High-fat diet fed group, HF—LF: High-fat to low-fat diet
transition group, HF—WB: High-Fat to low fat + white kidney beans diet transition group, HF—DB: High-
fat to low-fat + dark-red kidney beans diet transition group.

Body fat and lean mass were analysed using Echo-MRI at weeks 10 and 18 (Figure 2-2).
From the start of the intervention phase (End of week 10), fat mass increased over time in the HF
group, compared to all other groups, indicating that in obese mice, transitioning from HFD to LFD,

with/without bean supplementation, attenuates further gain in fat mass. Amongst the intervention
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groups, there was no difference in % fat mass at the end of the intervention period. On the contrary,
there was a significant greater lean mass in the groups that received bean diets compared to all
other groups. The lean mass gain percentage, calculated as [(A lean mass (week 18 - week 10))
/ lean mass (week 10)] * 100, showed an increase of 12.1% in both the HF-WB and HF—DB
groups, compared to 6.9% and 5.8% in the HF and HF—LF groups, respectively. These results
indicate that although the HF—WB and HF—DB groups had a higher final body weight compared
to the HF—LF group (as shown in Figure 2-1B), this difference was primarily due to an increase
in lean mass and not fat mass. Overall, these findings suggest an improvement in body

composition in mice consuming bean-supplemented diet as a part of a weight-loss intervention.
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Figure 2-2. Body Composition at 10 and 18 Weeks. A. Fat mass as a percentage of body weight (% fat
mass), B. Lean mass (g). Values were independently compared between groups before initiating the
intervention at week 10 and after the study termination at week 18 using One-way ANOVA, followed by
the Newman-Keuls multiple comparisons test. Values are displayed as mean+S.E.M. SEM (n=12/ dietary
group). Body composition differences at the end of the week 18 are shown with a lower-case letter on the
respective connecting lines, values not sharing a lowercase letter are considered significantly different
(p<0.05). HF: High-fat diet fed group, HF—LF: High-fat to low-fat diet transition group, HF—WB: High-
Fat to low fat + white kidney beans diet transition group, HF—DB: High-fat to low-fat + dark-red kidney
beans diet transition group.
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3.2 Fecal Microbial Community Structure

Stool samples have been extensively utilized in numerous human studies, making the
analysis of mice fecal microbiota highly informative for potential translation to the human gut
microbiome. This section presents a comprehensive examination of the gut microbial community
structure in mice fecal samples.
3.2.1. High-fat Diet Induces fecal microbial Dysbiosis

To evaluate the impact of the LFD and HFD on the microbiota structure, microbial
richness, evenness, and abundance, o-diversity was analyzed. Among the a-diversity indices
examined, including Shannon diversity, observed species, and evenness, no significant differences
were observed between the two groups (Data not shown). However, Faith's PD was significantly
reduced in the HFD-fed obese mice compared to the LFD-fed lean group (Figure 2-S1A). Analysis
of B-diversity, conducted using PCoA based on Bray Curtis distance matrices, clearly
demonstrated a distinct separation between the HF and LF groups (Figure 2-S1B), indicating a
significant influence of diet composition on gut microbiota dysbiosis. Furthermore, the analysis of
feces microbiota composition revealed a total of eight phyla across LF and HF groups (Figure 2-
S1C) with Firmicutes and Bacteroidetes as the dominant phylum. No significant difference was
observed at the phylum level between LF and HF groups. However, at the genus (g) level (Figure
2-S1D), comparing the lean LF mice to obese HF mice, we observed significant differences in the
relative abundance of certain bacterial members. Notably, the obese HF mice showed a lower
relative abundance of Papillibacter (g) from the Firmicutes phylum, along with Prevotella (g) and
S24-7 (f), both belonging to the Bacteroidetes phylum, known as carbohydrate-fermenting bacteria

[63,64]. Conversely, there was a significant increase in relative abundance of Clostridium (g) and
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Clostridiales (0), both from the Firmicutes phylum in the HF group when compared to the lean

mice (Figure 2-S2).

3.2.2 Low fat and bean supplement Intervention Diets Improve the obese dysbiotic fecal
microbial Composition and Function
3.2.2.1 Fecal Microbiota Diversity

As shown Figure 2-3A-D, Pielou’s Evenness and Shannon diversity reduced in both bean-
fed mice compared to the HF, and HF—LF groups. Conversely, no significant differences were
found in Observed Features and Faith's PD among groups. Microbiota -diversity visualization
using PCoA of Bray-Curtis distance matrices indicated a very distinct microbiota profile of both
the HF>WB and HF—DB groups in comparison to other dietary groups (Figure 2-3E).
PERMANOVA analysis of pB-diversity distance matrices showed that both bean supplemented
groups clustered together with no significant differences from each another, while B-diversity

distance matrices differed between all other groups (Figure 2-3F).
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Figure 2-3. Microbiota a-diversity Metrics. A. Pielou’s Evenness, B. Shannon diversity, C. Observed
features, D. Faith’s phylogenetic diversity (PD) E. Microbiota B-diversity across the diet groups at the ASVs
level visualized by principal component analysis (PCoA) of Bray-Curtis distance matrices. The results are
shown in a 3D plot, where the three axes, PC1, PC2, and PC3, indicate the distance between bacterial
communities. The microbial communities of samples from each of the intervention groups, including HF,
HF—LF, HF—>WB, and HF—DB, were clustered together based on their respective diets. Each dot in the
plot represented a mouse bacterial community, and each color represented a different dietary group. The
percentage of variation in the data set explained by each principal coordinate was shown in brackets. F.
Permutational Multivariate Analysis of Variance (PERMANOVA) pairwise comparisons ¢-values.
Kruskal-Wallis test was used to analyze the a-diversity data. Adjusted P value (g-value<0.05) was
computed following the Benjamini-Hochberg procedure. The plots that did not share a lowercase letter
were significantly different. The differences in B-diversity data were analyzed by the permutational
multivariate analysis of variance using distance matrices (PERMANOVA), p-value=0.001. (n=12/ groups).
HF: High-fat diet fed group, HF—LF: High-fat to low-fat diet transition group, HF—WB: High-Fat to low
fat + white kidney beans diet transition group, HF—DB: High-fat to low-fat + dark-red kidney beans diet
transition group.
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3.2.2.2 Fecal Microbiota Composition

The taxonomic composition of fecal microbiota from all the different dietary groups is
shown in Figure 2-4A-C and Table 2-2. Similar to the observed differences in microbiota
composition between LF and HF group (Figure 2-10-(S1)), transitioning mice to a LFD resulted
in higher relative abundance of Papillibacter (g), Prevotella (g) and and S24-7 (f), while the
relative abundance of Clostridium (g) and Clostridiales (0) reduced when compared to the obese
control group. Furthermore, some other additional alterations included a reduced presence of
certain bacterial groups, such as Deferribacteres (Mucispirillum (g)) and Firmicutes mainly driven
by a reduction in Ruminococcaceae (f), Clostridiales (another unassigned order), Defluviitalea (g),
and Sporobacter (g). On the other hand, there was an increase in relative abundance of
Bacteroidetes primarily driven by Alistipes (g) and Bacteroidales (0) and Proteobacteria
(Alphaproteobacteria (¢)) in HF—LF when compared to the HFD-fed obese controls (Table 2-2).

Furthermore, transitioning from HFD to LFD, resulted in significant reduction of
Firmicutes/Bacteroidetes ratio across all DIO mice fed with LFD with/without beans
supplementation when compared to the HF controls. Importantly, there were no additional
alterations induced by diets incorporating beans in this ratio. However, as expected and consistent
with the distinct differences observed in the microbiota B-diversity distances in bean-supplemented
groups, both varieties of beans, exerted more profound changes in the fecal microbial structure
compared to the HF mice. In addition to the above mentioned altered fecal bacterial composition
induced by transitioning from HFD to LFD, both varieties of beans, regardless of seed coat color,
reduced the abundance of TM7 (F16 (f)), Parabacteroides from Bacteroidetes, as well as
Ruminococcaceae (f) and Dorea, both of which belonging to Firmicutes phylum, when compared

to HF obese mice. Conversely, bean-incorporated diets resulted in an increase in relative
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abundance of Rikenellaceae (f) from Bacteroidetes, Clostridium (g (methylpentosum species (s)),
Lactobacillus (g) and Lachnospiraceae (f), all belonging to Firmicutes, in comparison to mice in
HF group. Although similar alterations were observed on the fecal microbiota community structure
by bean diets, few bacterial taxa changed differently compared to the HF group. In the HF—WB
group, the relative abundance of bacterial genera Parabacteroides from Bacteroidetes and rc4-4
from Firmicutes decreased, while there was a higher relative abundance of Bacillaceae (f),
Alphaproteobacteria (c) and Lactobacillales (o) from Firmicutes compared to the HF mice. In
comparison to HF controls, there was a reduction in relative abundance of Actinobacteria
(Paraeggerthella (g)) and Papillibacter (g) in both HF—-LF and HF—DB groups, but this
reduction was not observed in HF—>WB. In addition, there was an exclusive higher relative
abundance of Enterobacteriaceae (f) from Proteobacteria in HF—DB compared to the HF mice
(Table 2-2).

Both bean diets increased the relative abundance of Clostridium (g (Methylpentosum (s)),
Prevotella (g), and Rikenellaceae (f), while concurrently led to a decrease in the relative abundance
of Alistipes (g), Papillibacter (g), Dorea (g), Parabacteroides (g), and Ruminococcaceae (f).
Additionally, compared to HF—LF group, the relative abundance of rc4-4 and Clostridium

(unassigned species) reduced by HF—WB and HF—DB, respectively Table 2-2.
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Figure 2-4. Taxonomic Structure of Fecal Microbiota. A. Taxonomic relative abundance of fecal microbiota
at the phylum level (p), B. Firmicutes/Bacteroidetes ratio, Values are displayed as meansS.E.M. Data was analysed
by Kruskal-Wallis test followed by Dunn's multiple comparisons test. C. Taxonomic relative abundance of fecal
microbiota at the genus level (g) (labels show microbiota taxa composition according to the phyla and genus where
applicable, or the family (f)/order (o) for the unclassified genera), (n=12/ groups). HF: High-fat diet fed group,
HF—LF: High-fat to low-fat diet transition group, HF—WB: High-Fat to low fat + white kidney beans diet
transition group, HF—DB: High-fat to low-fat + dark-red kidney beans diet transition group.
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Table 2-2. Relative abundance of the fecal microbiota at the phyla and genus levels

Relative abundance (%6)
Taxonomy

HF HF—-LF HF—-WB HF—DB
p-Firmicutes 46.76+4.11 28.14+1.37* 24.98+2.15* 25.88+2.761
f Bacillaceae; 0.00+0.00 0.57£0.27 0.61+0.29* 0.63+£0.31
f Lachnospiraceae; 4.90+0.91 6.10+0.73 7.54+0.98* 9.05+1.54*
f Peptostreptococcaceae; | 0.35+0.15 1.22+0.55 0.38+0.10 0.39+0.11
f Ruminococcaceae; 7.74+0.87 2.81+0.36* 2.73+0.46* 2.39+0.39*
f Ruminococcaceae;g 6.78+0.67 5.72+1.03 2.25+0.46% 2 1.88+0.34%2
g__Clostridium 0.77£0.17 0.65+0.19 2.41+0.45%:2 2.97+0.59%:2
(;s__methylpentosum)
g__Clostridium 2.89+0.16 0.87+0.11* 0.80+0.18* 0.44+0.10%2
g__ Defluviitalea 1.31+0.25 0.40+0.05* 0.35+0.06* 0.33+0.08*
g_ Dorea 0.27+0.08 0.14+0.04 0.01+0.01%2 0.01+0.01%2
g__Lactobacillus 0.49+0.13 0.87+0.28 1.75+0.0.43! 1.43+0.251
g__ Oscillospira 0.68+0.16 0.56+0.13 0.46+0.10 0.62+0.17
g__Papillibacter 0.14+0.05 0.82+0.23* 0.05+0.03 2 0.01+0.01%2
g_rc4-4 1.02+0.11 1.39+0.24 0.59+0.14%2 0.91+0.15
g__Sporobacter 5.47+0.94 2.02+0.37* 1.61+0.25? 1.48+0.231
0 Clostridiales; 5.12+0.74 2.42+0.59! 1.22+0.32¢ 2.00+0.38!
0__ Clostridiales;f ;g 8.60+1.71 1.44+0.411 2.07+0.76 1.19+0.20?
0 Lactobacillales; ; 0.22+£0.04 0.14+0.01 0.14+0.03* 0.15+0.3
p-Bacteroidetes 49.03+4.27 66.78+1.991 71.17+2.46* 69.30+2.40*
f Rikenellaceae; 0.85+0.10 0.91+0.13 5.78+0.53 2 4.90+0.51%2
f S24-7,9 17.92+1.53 29.52+1.28' 26.64+1.291 28.25+1.641
g__ Alistipes 15.00£1.70 20.42+1.50* 10.17+1.05%2 8.49+0.59% 2
g_ Bacteroides 14.46+1.40 14.54+1.17 13.17£1.26 13.17+0.93
g__Parabacteroides 0.60+0.10 0.72+0.15 0.25+0.05%2 0.24+0.04%2
g__ Prevotella 0.02+0.01 0.21+0.03* 14.87+1.26%2 13.77+1.19%2
0 Bacteroidales; ; 0.19+0.03 0.44+0.11* 0.28+0.02* 0.47+0.13*
p-Deferribacteres 1.73+0.59 0.25+0.07* 0.18+0.06" 0.226+0.07*
g__Mucispirillum 1.73+0.59 0.25+0.07* 0.18+0.06* 0.226+0.07*
p-Proteobacteria 0.36+0.10 0.74+0.12* 0.75+0.15* 0.93+0.22*
f__Enterobacteriaceae; 0.08+0.02 0.16+0.05 0.18+0.09 0.55+0.24"
c__Alphaproteobacteria; 0.29+0.10 0.58+0.11! 0.57+0.13! 0.38+0.08
p-TM7 0.45+0.07 0.24+0.08 0.15+0.05* 0.09+0.02*
p_ TM7;f_F16;9__ 0.45+0.07 0.24+0.08 0.15+0.051 0.09+0.02*
p-Verrucomicrobia 1.08+0.34 3.28+1.36 2.35%0.73 3.09+1.05
g__ Akkermansia 1.08+0.34 3.28+1.36 2.35+0.73 3.09+1.05
p-Cyanobacteria 0.35+0.07 0.53+0.10 0.37£0.12 0.37£0.13
o_YS2f .9 0.35+0.07 0.53+0.10 0.37£0.12 0.37£0.13
p__Actinobacteria 0.23+£0.06 0.04+0.01* 0.04+0.02* 0.07£0.02*
g__ Paraeggerthella 0.23+0.06 0.04+0.01* 0.04+0.02* 0.07+0.02*

Relative abundance (mean+S.E.M.) of cecal bacterial taxa at the phylum level (rows highlighted in grey), or
the corresponding order (0), family (f), or genus level (g) (white rows). The data analysed by Mann-Whitney test
followed by a two-stage linear step-up procedure of Benjamini, Kreiger and Yekutieli to correct for multiple
comparisons (corrected p-value<0.05; FDR<5%) (n=12/groups) to compare HF vs HF—LF, HF—-WB and HF—DB;
HF—LF vs HF»WB and HF—»WD; and HF-WB vs HF—DB. Significantly different values are indicated by
Zsuperscripts. ! Significantly different from the HF group; ? Significantly different from HF—LF. HF: High-fat diet
fed group, HF—LF: High-fat to low-fat diet transition group, HF—WB: High-Fat to low fat + white kidney
beans diet transition group, HF—DB: High-fat to low-fat + dark-red kidney beans diet transition group.

68



3.3 Fecal Microbial Community Function
3.3.1 Fecal pH and Short-Chain Fatty Acids

Fecal pH showed a reduction in both bean supplemented groups compared to other groups
with no difference from each other (Figure 2-5B). In accordance with the fecal pH results,
concentrations of individual SCFAs including acetic acid, propionic acid, butyric acid, as well as
total SCFAs increased in beans fed mice compared to other groups (Figure 2-5A). Despite a
greater level of SCFAs in HF—WAB, only butyric acid reached significant levels compared to that
in HF—DB. Fecal valeric acid concentrations increased in HF—WB in relation to the both HF
and HF—LF group, with no further difference compared to the HF—DB. Fecal concentrations of
branched-chain fatty acids (BCFASs), including Iso-butyric acid, I1so-valeric acid, and total BCFAs
did not reveal any difference between groups (Figure 2-5A). Notably, as shown in Figure 2-5C,
a significant positive correlation was found between Total SCFAs and lean mass (r=0.48,

p=0.007).
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Figure 2-5. Analysis of Fecal Short-chain Fatty Acids (SCFAS). A. Short-chain fatty acid (SCFAs) and
Branched-chain fatty acid BCFAs, umol/g DW, B. Fecal pH, C. Linear regression and Pearson’s correlation coefficient
relationship between Total SCFAs (umol/g DW) and Lean mass (g). Values are displayed as meanstS.E.M.
(n=12/groups). Parametric data (including fecal pH, Iso-Butyric Acid, Total BCSFAs) was analysed by One-way
ANOVA followed by Newman-Keuls multiple comparisons test and non-parametric data was either log-transformed
to normalize, followed by performing the ANOVA (including Acetic Acid, Propionic Acid, Butyric Acid and Total
SCFAs), or analysed by Kruskal-Wallis test (Valeric and Iso-Valeric Acids) followed by Dunn’s multiple comparisons
test. Bars not sharing a lower-case letter are significantly different (p<0.05). HF: High-fat diet fed group, HF—LF:
High-fat to low-fat diet transition group, HF—WB: High-Fat to low fat + white kidney beans diet transition
group, HF—DB: High-fat to low-fat + dark-red kidney beans diet transition group.

3.3.2 Functional Metagenome Prediction Analysis

PICRUSt2 results, visualized by STAMP, revealed differential predicted metagenomic
functional pathways in microbial populations among the dietary groups. Overall, HF—LF resulted
in 193 significantly different pathways when compared to the HF control. Introducing beans
increased the number of differences in the inferred bacterial metagenomic pathways compared to
the HF control. While no significant differences were found in the bacterial predicted metagenomic

functional pathways between the beans supplemented groups, HF—-DB derived greater impacts
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on the functionality of the microbiota by inducing 204 significantly different functional pathways,
compared to 195 pathways in HF—>WB when compared to the HF group (Figure 2-6A-C).

Venn diagram analysis revealed a total of 63 shared pathways were overrepresented in
HF—LF, HF—WB and HF—DB groups, compared to the HF group (Figure 2-6D). Most notably
this included PPAR signalling, adipocytokine signalling, thermogenesis, apoptosis, lysosome,
protein digestion and absorption, and LPS biosynthesis pathways. Conversely, a total of 51
pathways were underrepresented in the HF—LF, HF—WB and HF—DB groups, compared to the
HF group, (Figure 2-6E), including Flagellar assembly, bacterial chemotaxis, bacterial motility
proteins, NOD-like receptor signalling, glucagon and insulin signalling pathways, transcription
factors, two-component system, and fat digestion and absorption.

Additionally, 36 pathways were overexpressed, unique to the bean groups. Notably, there
were 6 pathways up-regulated exclusively within the HF—WB group, while an additional 9
pathways demonstrated unique elevation in the HF—DB group, both as relative to the HF control
group. In contrast, 25 pathways exhibited reduced representation across the beans supplemented
groups. Additionally, in the two-by-two comparison with the HF control, distinct patterns
emerged, identifying 7 and 9 unique pathways that were suppressed in the HF—WB, and HF—DB
groups, respectively. To provide specific examples, the following pathways were enriched in the
HF control group when compared to the bean groups: Fat digestion and absorption, fatty acid
biosynthesis pathway, NOD-like receptor signaling pathway, and insulin signaling pathway, while
some pathways, such as lipopolysaccharide biosynthesis and a pathway related to protein digestion
and absorption were suppressed. Conversely, both bean-supplemented groups demonstrated an
enhancement in pathways related to carbohydrate digestion and absorption in comparison to the

HF group. Simultaneously, they showed suppressed pathways associated with the metabolism of
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predominant essential amino acids found in common beans, such as lysine degradation and valine,
leucine and isoleucine biosynthesis. This suppression might be attributed to the high content of

these essential amino acids in the beans [65].
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Figure 2-6. Predicted Functional Differences of the Microbial Communities. PICRUSt2 results indicating
significantly altered bacterial Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways at level 3 for the
following comparisons: A. HF vs HF—LF, B. HF vs HF—>WB, C. HF vs HF—>DB. To refine the number of active
features in the extended error bars, the pathways associated with "Human Diseases" category were excluded. Among
the retained pathways, only those with an effect size difference greater than 0.1 are displayed, D. and E. VVenn diagrams
displaying the total number of unique and common bacterial functional pathways that were up-regulated and down-
regulated in HF —LF, HF - WB, and HF —DB compared to the HF control group, respectively. The PICRUSt2 data
was analyzed in STAMP using Welch’s two-sided t-test with Benjamini-Hochberg multiple test correction (g<0.05),
Difference between proportions and ratio of proportion effect size, (n=12/ groups). HF: High-fat diet fed group,
HF—LF: High-fat to low-fat diet transition group, HF—WB: High-Fat to low fat + white kidney beans diet
transition group, HF—DB: High-fat to low-fat + dark-red kidney beans diet transition group.
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3.4 Systemic Endotoxemia, LPS Biosynthesis and Gut Microbiota

Following to the observed up-regulation in the predicted functional pathways associated to
LPS biosynthesis in groups transitioning from HFD to LFD in comparison to the HF controls
(Figure 2-6A-C), the regression analysis also revealed notable positive correlations between the
relative frequency of LPS biosynthesis pathways and the Bacteroidetes and Proteobacteria phyla
(r=0.9 and r=0.6, respectively, p<0.001 for both) (Figure 2-7A-B). LBP concentrations did not
differ significantly among the dietary groups (Figure 2-7C). Since LPS is mainly known to be
associated with gram negative species from Proteobacteria and Bacteroidetes phyla [66], serum
LBP levels were then adjusted in relation to the relative abundance of these two phyla. The findings
showed a significant reduction in the ratio of LBP in relation to the relative abundance of
Bacteroidetes (LBP/ Bacteroidetes RA) by both bean diets when compared to HF, while LBP ratio
in relation to the relative abundance of Proteobacteria (LBP/ Proteobacteria RA) reduced only in

HF—DB compared with HF (Figure 2-7D).

73



Z
=]

F 0.8 = 0.8
2 £ + HF
:‘-‘:  HF 3 HF—LF
= 0.6+ HF—LF £ 0.6+ WD
B . Efj}flf s - HF>DB
g 0.4 Z 0.4
El € p< 0.001
z =
2 0.2+ 2 0.2
o =
14 w
a
-~ 0.0 T T T T 1 : 0.0 T T 1
0 20 40 60 80 100 0 1 2 3
Bacteroidetes RA (% ) Proteobacteria RA (%)
C D
8000 a
60000
ab
. . 40000+ _ =1 HF
) o . L b HF—LF
E 20000 Iﬁl . = HFH>WB
£y . . H & a B3 HF—DB
S 4000 . . . i i “ab
«© }: TN : 100 T " .
- .. e 754 —_—
- O . . .
200“ . . . et 50 I
sl
am
0 T T T T 0 T T
QS VQ 43, Qq; LBP/Proteobacteria LBP/Bacteroidetes
s A&
& ¢ $

Figure 2-7. Endotoxemia, LPS Biosynthesis and Gut Microbiota. A) Linear regression and Spearman ’s
correlation coefficient relationship between the relative abundance of Bacteroidetes and lipopolysaccharide biosynthesis
pathway. B. Linear regression between Proteobacteria and lipopolysaccharide biosynthesis pathway. C. Serum LBP
levels (ng/ml), D. Ratio of LBP levels to the relative abundance of Proteobacteria and Bacteroidetes. In bar graphs,
Values are displayed as means+S.E.M. (n=11-12/groups). LBP data was log-transformed to normalize then analysed
by One-way ANOVA followed by Newman-Keuls multiple comparisons test. LBP/Bacteroidetes and
LBP/Proteobacteria ratios were analysed by Kruskal-Wallis test followed by Dunn's multiple comparisons test. LBP:
Lipopolysaccharide binding protein. Bars not sharing a lower-case letter are significantly different (p<0.05). HF:
High-fat diet fed group, HF—LF: High-fat to low-fat diet transition group, HF—WB: High-Fat to low fat
+ white kidney beans diet transition group, HF—DB: High-fat to low-fat + dark-red kidney beans diet
transition group. LPS: Lipopolysaccharide from the outer membrane of Gram-negative bacteria, LBP: LPS

binding protein.

3.5 Dysfunctional adipose tissue markers

3.5.1 Histology

Total EAT weight, as well as the diameter and area of adipocytes in EAT histological sections, were
measured as markers of adipose tissue dysfunction. As anticipated, analysis of H&E stained

adipocyte images (Figure 2-8D) revealed that HFD induced an increase in adipocyte hypertrophy
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and the average adipocyte size, quantified by adipocyte diameter and area, compared to HF—LF,

HF—WB and HF—DB groups, with no further difference between groups (Figure 2-8A-C).
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Figure 2-8. Effects of the Dietary Intervention on Fat-pad Weight and Adipocyte Size. A. EAT weight

(9), B. Adipocyte diameter, C. Adipocyte area, D. Representative H&E staining of EAT obtained from mice
in: 1- HF, 2- HF—LF, 3- HF—-WB, 4- HF—DB groups. Bars not sharing a lower-case letter are
significantly different. Values are presented as means + S.E.M (n = 11-12/ group). Data was analyzed using
One-way ANOVA followed by the Newman-Keuls multiple comparisons test. Statistical significance was
set at p < 0.05. HF: High-fat diet fed group, HF—LF: High-fat to low-fat diet transition group, HF—>WB:
High-Fat to low fat + white kidney beans diet transition group, HF—DB: High-fat to low-fat + dark-red

kidney beans diet transition group. EAT: epi

didymal adipose tissue.
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3.5.2 Gene Expression of Inflammatory Mediators and SCFA Receptors in Adipose tissue
Dietary intervention did not reveal significant differences in the mRNA expression levels
of pro-inflammatory markers TNF-a, IL-6, TLR-4, as well as SCFAs receptors GPR41 and GPR43
in EAT across the studied groups, as depicted in Figure 2-9. Conversely, MCP-1 demonstrated
the highest expression in HF obese controls, with a significant reduction observed upon

transitioning to LFD in other groups.
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Figure 2-9. Effects of the Dietary Intervention on EAT mRNA Expression of Pro-inflammatory
markers and SCFAs receptors. Values are displayed as meansS.E.M. (n=10-12/ groups). Data was log-
transformed to normalize then analysed by One-way ANOVA followed by Newman-Keuls multiple
comparisons test. Bars not sharing a lower-case letter are significantly different (p<0.05). Data related to
gene expression of each target gene was normalized to the expression levels of ribosomal protein lateral
stalk subunit PO (RPLPO) as the housekeeping gene. HF: High-fat diet fed group, HF—LF: High-fat to low-
fat diet transition group, HF—>WB: High-Fat to low fat + white kidney beans diet transition group,
HF—DB: High-fat to low-fat + dark-red kidney beans diet transition group. EAT: Epididymal adipose
tissue. TNF-a: Tumor Necrosis Factor-alpha, TLR-4: Toll-like receptor 4, IL-6: Interleukin-6, MCP-1:
Monocyte Chemoattractant Protein-1, GPR-41: G-protein coupled receptor 41, GPR-43: G-protein coupled
receptor 43.

3.6 Serum Metabolic Profile
The effects of our dietary intervention on fasting serum adipokines and biomarkers

associated with glucose and insulin homeostasis are presented in Table 2-3. There were no
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significant differences observed in concentrations of anti-inflammatory adiponectin and pro-
inflammatory PAI-I adipokines. However, serum concentrations of other pro-inflammatory
adipokines, including Resistin, exhibited a reduction in the HF—DB in contrast to the HF group.
Furthermore, leptin levels decreased in HF—LF, HF—WB, and HF—DB groups, when compared
to the HF control group. Meanwhile, the adiponectin-to-leptin (Adpn/Lep) ratio, (a recognized
functional biomarker of adipose tissue dysfunction that inversely correlates with inflammation
[67]), showed a significant reduction in HF compared to other groups. There was no difference in
serum concentrations of ghrelin, glucagon, GLP-1, GIP and FBG between dietary groups. Insulin
levels reduced significantly in HF—-LF and HF—WB when compared to the HF controls, with no
significant difference from the HF—DB group. However, there was a significant reduction in
HOMA-IR in all mice from the HF—LF, HF—-WB, and HF—DB groups in comparison to the HF

mice.

Table 2-3. Effects of Dietary Intervention on Serum Adipokines, Glucose and Insulin Homeostasis
and Gut Peptides.

Fasting Serum HF HF—-LF HF—>WB HF—DB
Biomarkers
Adipokine Hormones
Resistin (pg/mL) 123714+ 87952 97173+ 9369 2 99836+ 8480 @ 90545+ 5988°
PAI-I (pg/mL) 2133+170.3 1761+144.8 2389+154.8 2162+152.9
Adiponectin 42.23+4.12 41.86+4.05 39.96+3.70 37.78+2.62
(mg/mL)
Leptin (mg/mL) 0.11+0.012 0.03+0.00° 0.04+0.01° 0.04+0.01°
Adpn/Lep 389.9+38.85° 1725+199.18 1315+285.02 1207+272.92
Glucose and Insulin Homeostasis
Glucagon 728.26+89.69 615.45+58.62 526.78+52.59 630.59+64.20
(pg/mL)

GIP (pg/mL) 379.26+89.69 302.56+58.62 374.44+52 .59 316.70+64.20
Insulin(pg/mL) 8496.82+724.41% | 6388.17+948.86° | 5932.40+351.95° | 6942.09+563.16
FBG (mmol/L) 9.17+0.35 8.30+0.24 8.34+0.65 8.84+0.36

HOMA-IR 106.8+10.622 66.02+8.23" 59.41+5.69° 78.26+8.32°
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Gut Peptides
Ghrelin (pg/mL) | 6819.75+717.82 7455.92+962.25 6563.33+531.23 5940.08+308.63
GLP-1 (pg/mL) 129.41429.40 95.19+24.26 90.20+30.19 95.61+29.70

Values are displayed as mean+S.E.M. (n=10-12/group). Parametric data (including Resistin, PAI-I, Adiponectin, GIP
and Glucagon) were analysed by One-way ANOVA followed by Newman-Keuls multiple comparisons test and non-
parametric data either was either log-transformed to normalize (including Ghrelin, GLP-1, Leptin, Adpn/Lep and
HOMA-IR) followed by performing the ANOVA or analysed by Kruskal-Wallis test (Insulin andFBG) followed by
Dunn's multiple comparisons test. Values that do not share a lowercase letter are significantly different (p<0.05). HF:
High-fat diet fed group, HF—LF: High-fat to low-fat diet transition group, HF—WB: High-Fat to low fat
+ white kidney beans diet transition group, HF—DB: High-fat to low-fat + dark-red kidney beans diet
transition group. PAI-Plasminogen Activator Inhibitor-1, Adpn/Lep=Adiponectin-to-Leptin ratio, FBG=Fasted-
blood glucose, GIP=Glucose-dependent insulinotropic polypeptide HOMA-IR=Homeostatic Model Assessment of
Insulin Resistance. GLP-1: Glucagon-like Peptide-1.

4. Discussion

Interventions to treat obesity often include diet modifications (e.g., calorie-restriction, low-
fat diets), which have been shown to stimulate weight loss and metabolic homeostasis [5,6], reduce
inflammation [6,8], improve intestinal barrier function [6,9], and alter the composition and
function of the intestinal microbiome [10-12]. Importantly, studies in which weight-loss strategies
are concurrent with adjuvant therapies designed to target the gut microbiome (e.g., prebiotics
(inulin, oligosaccharides, polyphenols), probiotics, synbiotics), often result in better health
outcomes compared to calorie-restriction alone [13-15,68]. Previously, we and others have
demonstrated in rodent models, that consumption of HFD supplemented with dietary pulses, in
particular common beans, beneficially impact the intestinal microbiome during the development
of HFD-induced obesity [32], as well as in mice with established obesity [69]. On the other hand,
the impact of bean consumption concurrent with weight-loss interventions (e.g. reduced calorie
diet) on the microbiome and obesity-associated metabolic dysfunctions has not been investigated.
In the study reported herein, we aimed to determine in mice with established HFD-induced obesity,
if switching to a low-fat diet supplemented with cooked common beans would result in beneficial
changes to the fecal microbiome and metabolic health, more so than low-fat diet alone. We further

aimed to investigate whether consumption of dark red kidney beans, which is considered a
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polyphenol-rich variety of common beans [44], could have additional positive impacts compared
to white kidney beans.

Overall, our findings show that in obese mice, switching the mice to a low-fat kidney bean
supplemented diet induced 1) alterations to the fecal microbial community structure and function,
2) improvements in body composition (enhanced lean mass), and 3) dark red kidney bean induced
improvement in serum resistin concentrations.

Pre-clinical rodent models of obesity mimic aspects of obesity development in humans,
enabling a comprehensive exploration of obesity-linked pathways [35,70] and novel therapeutic
dietary approaches with translational implications to humans [71]. Excessive dietary fat intake is
linked to obesity exacerbation and the development of obesity-associated metabolic dysfunction
[72]. Our findings indicated that transitioning from a HFD to a LFD diet limited weight gain in
HF—LF mice, whereas bean-supplemented diets only mitigated weight gain compared to the HF
controls (Figure 2-1A-B). These findings contrast with existing literature where DIO mice
exhibited weight loss when shifting from high-fat to low-fat diets [73-75]. It is important to note
that even the age-matched lean mice, without prior DIO exposure, gained weight during the study,
preventing speculation about weight loss in HF—LF, HF—-WB, or HF—DB mice with established
obesity phenotype. On the other hand, although it is controversial, systematic reviews reported
greater weight loss with dietary pulse interventions, especially when combined with energy-
restricted diets [76,77]. In our study, mice were not subjected to an intentional energy restriction,
as they had ad libitum access to food. However, the cumulative calorie intake varied significantly
among groups during the intervention (Figure 2-1D), explaining differences in body weights

among the dietary groups.
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Concurrently, consumption of bean-enriched diets led to increased microbial fermentation
activity as indicated by elevated fecal SCFAs. These SCFAs could potentially provide an
additional source of energy and result in subsequent weight gain [78,79]. Additionally, the
increased body weight by beans supplemented diets could be partially explained by increased lean
mass in the respective groups. These results are aligned with prior research that reported increased
muscle mass by HFD supplemented with SCFAs [80,81] or prebiotics in obese mice [82].
Similarly, the findings of a cross-sectional study confirmed the presence of a significant positive
association between fiber intake with increased body lean mass [83]. SCFAs are assumed to be as
mediating factors that have the potential to establish a link between gut microbiota and skeletal
muscle [84] evidenced by studies in which diet-incorporated butyrate preserved the muscle mass
in HF-fed DIO mice [80,81] or prevented muscle atrophy in aged mice under an LFD [85]. Our
findings also showed a slightly greater lean mass in HF —WB (Figure 2-2B), which aligns with
higher concentrations of fecal butyric acid compared to that in HF —DB (Figure 2-5B).

Consumption of beans incorporated diets regardless of the bean variety, enhanced growth
of specific bacterial taxa likely responsible for breakdown and fermenting of NDCs including
Lachnospiraceae (f), Prevotella (g), Lactobacillus (g), and Rikenellaceae (g) (Table 2-2).
Increased Rikenellaceae abundance correlated with enhanced visceral adipose tissue, improved
metabolic profile, reduced oxidative stress [86], and alleviated inflammatory bowel disease
symptoms [87]. Conversely, bean diets suppressed Alistipes, Dorea, Papillibacter, and
Parabacteroides genera (Table 2-2), which among them some are linked to obesity, inflammation
and chronic diseases [88-95]. Given that each genus could consist of various species with different
metabolic functions, understanding the relationship between the gut microbial genera and human

health and diseases might be complicated and need further investigation.
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Gut microbiota changes induced by WB and DB align with previous studies, where
alterations in gut microbiota were induced by navy bean supplementation during both obesity
development [32] and established obesity [69], or by increasing doses of WB in male and female
mice with an obese phenotype [88]. Our findings in particular are consistent with the gut
microbiota changes in the latter study with male mice fed a diet enriched in 17.5 % of WB, which
was closest to the dosage consumed in our study, implying dose and sex differences in responses
[88]. Concomitants to improved intestinal microbiota composition induced by beans, metagenomic
functions of microbiota were also differently changed by both bean types as compared to the obese
control groups (Figure 2-6). It is noteworthy that the HF group exhibited enhanced fat digestion
and absorption pathway compared to other groups, which is in-line with their high-fat diet content,
while carbohydrate digestion and absorption pathway enhanced by bean-supplemented groups
compared to HF group, which is in-line with higher dietary carbohydrate content and increased
NDCs fermentation. These findings emphasize the dietary influence on metabolic pathways and
underscore distinct responses to macronutrient composition.

Obesity triggers the recruitment of immune cells, particularly monocyte-derived
macrophages, into the various tissues, with adipose tissue being as a major source of inflammatory
mediators [96]. Our findings revealed that adipose tissue mMRNA expression of pro-inflammatory
cytokines like MCP-1, was suppressed in all DIO mice transitioned to be fed by LFD, when
compared to the HF obese controls with no additional effects of beans (Figure 2-9). This aligns
with the results of some other experimental studies demonstrating reduced pro-inflammatory
cytokine expressions in adipose tissue after calorie restriction [97,98] or low-fat diets [99],
indicating amelioration of macrophage infiltration in adipose tissue [75,100]. Further, the observed

suppression of adipocyte hypertrophy compared to the obese controls (Figure 2-8) implies an
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alleviation of obesity-associated dysfunction in adipose tissue for all groups transitioned from
HFD to LFD. . This suggests that gene expression of inflammatory markers is influenced by the
levels of fat accumulation in adipose tissue, as the EAT weight was significantly greater in obese
control mice but did not differ among any of the HF—-LF, HF—WB, and HF—DB groups with
comparable amounts of the associated fat pad weight. Overall, beans did not have a pronounced
effect on adipocyte hypertrophy, which contrasts with findings from a study where 5% cooked
adzuki bean (red beans rich in polyphenols) supplementation effectively inhibited the increase of
adipocyte size during obesity development [101], and a parallel effect was observed in mice fed
WB but at a higher dose of 40% [102].

Beyond the alterations that occurred in the intestinal microenvironment and adipose tissue,
transitioning obese mice to consume LFD induced changes in systemic metabolic and
inflammation-associated hormones, which is similar to previous reports [73,75,97,100,103,104].
These changes were characterised by lower levels of leptin, insulin resistance and higher Adpn/Lep
when compared to the HF control mice. Notably, the consumption of beans had no additional
impact, except for the reduction in Resistin induced by DB (Table 2-3). Moreover, DB despite
having a higher phenolic profile, did not induce a pronounced difference with respect to other
systemic and metabolic obesity-associated outcomes when compared to WB. This might be due to
the impacts of thermal processing methods (cooking or steaming) on reducing the bioavailability
of total polyphenols, especially flavonoids and isoflavones, contents of dark beans and decreasing
their antioxidant activity [101,105]. This is in contrasts with the lower GIP, leptin, glucagon and
index of insulin resistance in high-fat black bean fed mice, as reported elsewhere [29]. The
discrepancy observed in the research findings could be attributed to multiple factors, including

differences in diet composition and supplementation level, obesity status prior to the intervention
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commencement and the specific disease models utilized. A systematic review of randomized
controlled trials focusing on pulses intake and potential health benefits, reported improved insulin
resistance and inflammation biomarkers when coupled with the moderate calorie-restricted diets
resulting in weight-loss [106]. But, as mentioned earlier, all groups of mice in the current study
had unrestricted access to their respective diets. This resulted in higher food intake in the bean-
supplemented groups, possibly due to the increased palatability of diets containing beans, which
could have influenced the metabolic responses. Therefore, a notable limitation of this study is the
absence of pair-feeding food access after transitioning from HFD to LFD, potentially impacting
weight alterations and other outcomes. Additionally, in this study only male mice were included,
therefore, use of females in designing future studies are recommended.

In summary, this study showed that common beans, regardless of the bean variety,
effectively modulated gut microbiota community and reversed the dysbiosis in established obese
mice. While transitioning to a low-fat diet had the greatest impact on recovering adipose tissue
inflammation and insulin resistance, it is worth noting that incorporating beans into the diet also

led to significant increases in lean mass and fecal SCFAs concentrations.
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Supplementary Materials

Table 2-4 (S1). Cooked white and dark red kidney bean powder macronutrient composition.

WK powder DK powder Method

(g/100g DW) | (9/100g DW)
Protein 23.22 22.49 AOAC 992.15
Fat 1.38 1.41 AOAC 922.06, 933.05
Carbohydrate 67.8 66.0 Calculated by difference
Available 39.1 38.8 Calculated by difference:
Carbohydrate carbohydrate -total fibre
Total Fiber 28.7 27.2 AOAC 991.43, 985.29
Soluble Fiber 7.2 6.2 AOAC 991.43(mod)
Insoluble Fiber 215 21 Calculated by difference:

total fiber-soluble fiber

Ash 4.2 4.3 AOAC 923.03
Moisture 5.2 4.0 AOAC methodology
Energy (kcal) 311.9 319.6 Calculated

WK: White kidney beans, DK: Dark-red kidney beans
Table 2-5(S2). Forward and reverse primer sequences utilized for Real-Time Quantitative Reverse
Transcription PCR (QRT-PCR).

Target gene

Forward Primer (5’-3°)

Reverse Primer (5°-3°)

RPLPO ACTGGTCTAGGACCCGAGAAG TCCCACCTTGTCTCCAGTCT
TNF-a CATCTTCTCAAAATTCGAGTGACAA | TGGGAGTAGACAAGGTACAACCC
IL-6 AACGATGATGCACTTGCAGA GAGCATTGGAAATTGGGGTA
MCP-1 GCCTGCTGTTCACACAGTTGC CAGGTGAGTGGGGCGTTA

TLR-4 AGAAAATGCCAGGATGATGC CTGATCCATGCATTGGTAGGT
GPR-41 GTGACCATGGGGACAAGCTTC CCCTGGCTGTAGGTTGCATT
GPR-43 GGCTTCTACAGCAGCATCTA AAGCACACCAGGAAATTAAG

LF: Low-fat diet fed lean control group, HF: High-fat diet fed group, RPLPO-TNF-o: Tumor Necrosis
Factor-alpha, IL-6: Interleukin-6, MCP-1: Monocyte Chemoattractant Protein-1, TLR-4: Toll-like
Receptor-4, GPR-41: G-Protein Coupled Receptor-41, GPR-43: G-Protein Coupled Receptor-43
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Figure 2-10 (S1). Fecal Microbiota Diversity and Taxonomic Structure A. Microbiota a-diversity
visualized by Faith's phylogenetic diversity (PD); Box plots not sharing a lower-case letter are significantly
different (p<0.05) B. Microbiota B-diversity visualized by Bray-Curtis distance matrices, analyzed by
PERMANOVA, C. Relative abundance of fecal microbiota at the phylum level (p), D. Taxonomic relative
abundance of fecal microbiota at the genus level (g) (labels show microbiota taxa composition according
to the phyla and genus where applicable, or the family(f)/order (o) for the unclassified genera). (n=8 in LF
and n=12 in HF group). LF: Low-fat diet fed lean control group, HF: High-fat diet fed group,
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Figure 2-11 (S2). The Linear Discriminant Analysis (LDA) Effect Size (LEfSe) analysis of gut
microbiota composition. A. LEfSE bar plot denoting LDA scores of taxa between the LF and HF groups.
B. Taxonomic Cladogram (phylum to genus) from LEfSe, depicting taxonomic association between
microbiome communities from LF and HF groups. Each node represents a specific taxonomic type. Red
nodes denote the taxonomic types with more abundance in HF than in LF, while the green nodes represent

the taxonomic types more abundant LF group. (LDA > 2, p <0.05). LF: Low-fat diet fed lean control group,
HF: High-fat diet fed group,
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Abstract

Dietary pulses, like common beans, rich in non-digestible carbohydrates (NDCs) and
polyphenols, may impact gut microbiome-metabolome interactions during weight loss. This study
investigated the impact of white (WB) and dark red kidney beans (DB) in a low-fat diet (LFD) on
intestinal health and behavior well-being in obesity mouse models. Obesity was established in
C57BL/6 male mice through a high-fat diet (HFD) for 10 weeks, followed by division into four
groups: 1. HF control (remaining on HFD); 2. HF—LF (transitioning to LFD); 3. HF—-WB (LFD
with 15% white kidney beans powder [wt/wt]); and 4. HF—DB (LFD with 15% dark red kidney
beans powder [wt/wt]) for an additional 8 weeks. Introducing beans led to distinct microbiota [3-
diversity differences (q<0.01), and notable changes in relative abundance of cecal microbiota
including higher relative abundance of Prevotella, S24-7, and short chain fatty acids, and lower
Dorea, Papillibacter, Parabacteroides, Mucispirillum, along with a reduced
Firmicutes/Bacteroidetes ratio (p<0.05). While bean varieties did not differently alter the
microbiota composition and inferred function, WB increased Lactobacillus compared to HF—LF
and HF, also reduced rc4-4 compared to HF—LF. Conversely, DB increased Akkermansia
compared to HFD-fed obese control group. While nest-building behavior did not show significant
difference between groups, transitioning from HFD to LFD mitigated anxiety behaviors associated
with obesity. Notably, WB significantly reduced the latency for the first entrance into the open
arm compared to the HF group, reflecting enhanced anxiolytic-like effects. Overall, in C57BI/6
male mice, beans positively influenced the gut microbiota microenvironment and exhibited

promising evidence of anxiolytic effects potentially through the gut-brain-axis.

Keywords: Obesity; gut microbiota; dietary pulses; SCFA, weight-loss; intestinal health,
Anxiety
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1. Introduction

The gut microbiota has emerged as a potential contributing factor in the development of
obesity and related metabolic disorders [1]. Obesity-associated dysbiosis, characterized by reduced
phylogenetic diversity [2,3] and alterations in the composition of the gut microbiota [4—6], can
contribute to various adverse effects on intestinal health including damage to the intestinal
epithelial cells, increased intestinal epithelial permeability, disruption of mucus production, and
consequently intestinal barrier dysfunction [7-9]. Furthermore, evidence supports a bidirectional
communication between the intestinal tract and the central nervous system [10-12]. Therefore,
dysbiosis may not solely be linked to intestinal diseases but could also be associated with
neurological disorders through the microbiome-gut-brain axis [9,13,14], thereby potentially
playing a role in mental health and mood-related disorders, including anxiety and depression
[15,16].

Modifications in dietary patterns, particularly those aimed at reducing calorie intake, can
result in weight loss and subsequently decreasing the risk of obesity-related complications [30]
such as enhanced intestinal barrier function [17,18]. While behavioral weight loss interventions
show overall improvements in mental health, concerns persist about the impact of dietary
restrictions on disordered eating and psychological distress [19] and unfavorable psychological
outcomes associated with weight loss, such as an increase in depressive symptoms [20,21], and
lower psychological wellbeing [22]. Evidence suggests that prebiotics (such as inulin) have the
potential to manipulate the gut microbiota, thereby facilitating weight loss or preventing obesity
[23]. On the other hand, clinical evidence support the use of probiotics in improving mental health,

such as reducing anxiety and alleviating stress responses [24—26]. The aforementioned factors have
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prompted the investigation of innovative dietary approaches aimed at modulating the microbiota
to address both intestinal and behavioral dysfunctions associated with obesity [27,28]

Dietary pulses, such as common beans, chickpeas, and lentils [29], are ecologically sustainable
and affordable protein sources [30], enriched with microbial-accessible non-digestible
carbohydrates (NDCs) and polyphenols with potential properties to alter the gut microbiome-
metabolome [31]. NDCs, fermented by intestinal microbiota, result in the production of short-
chain fatty acids (SCFASs) [32], crucial for maintaining colonocyte health, providing energy to
intestinal epithelial cells, and preserving intestinal barrier integrity [7]. Diets lacking NDCs have
been linked to degradation of intestinal mucus layer glycans by certain gut microbial species [33],
leading to defective mucus strength, invasion of enteric pathogens, and a higher risk of metabolic
diseases [34]. Polyphenols can enhance gut health by stimulating beneficial bacteria, leading to
increased SCFA production. These SCFAs support mucus-secreting goblet cells, thereby boosting
mucus production and thickness, and maintaining gut barrier integrity [35]. Recent evidence
suggests a direct role of polyphenols on goblet cells and mucin secretion independent of gut
microbiota [36], however the exact underlying mechanisms are likely not yet fully understood.

Previous research from our group utilizing pre-clinical mouse models demonstrated that
consumption of diets supplemented with either dark-colored or light-colored beans improved
intestinal health and demonstrated additional health benefits of dark-colored beans, including
biomarkers of colon barrier integrity in lean mice [37], highlighting that the diverse profile of
phenolic compounds in certain beans, such as red, black, and blue-violet varieties, may contribute
to their beneficial effects [38]. However, no research has exclusively targeted the intestinal and
mental health in high-fat-fed diet obese mice by incorporating common beans into a calorie-

restriction diet. As described in project 1, the inclusion of white (WB) and dark red (DB) kidney
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beans (15% wt/wt) in a low-fat diet (LFD) led to favorable changes in the fecal gut microbiota
composition. Therefore, in this study we aimed to investigate whether, the observed changes
induced by common beans still exist in cecum. Subsequently we aimed to determine the impacts
of WB and DB supplementation with various phenolic contents on the biomarkers of intestinal and

mental health in an established obesity mouse model.

2. Materials and Methods
2.1 Experimental Design

The current study represents a secondary analysis of the data previously collected for
Project 1. The method of beans flour preparation was explained in detail in Project 1 manuscript.
The bean flour incorporated into the LFD at a ratio of 15% (w/w) which is equal to 1 cup of pulses;
a reasonable serving size that aligns with the minimum daily recommendation for enhancing the
nutrient density of a healthy diet in most of the populations [39].

In terms of experimental design, briefly, five-weeks old wild-type C57BL/6 male mice
were fed a low-fat (13.5 Kcal % fat) purified diet (referred to as LFD, TD. 190833) for a week to
facilitate habituation to the new environment, and then animals were randomly assigned to two
groups: one group continued to be fed with the LFD (n=8), and the other group was fed a high-fat
(60 kcal % fat) diet (referred to as HFD, TD.190378) for 10 weeks to induce obesity (n=48). The
diet induced obese (DIO) mice were then randomly assigned into four dietary groups for the
interventional phase of the study : (1) continuing to be fed with the HFD (HF control), (2)
switching from HFD to LFD (HF—LF), (3) switching from HFD to LFD supplemented with 15%
(wt/wt) WB (HF—-WB), and (4) switching from HFD to LFD supplemented with 15% (wt/wt) DB

(HF—DB) for 8 weeks (n=12 mice/dietary group). Diet composition listed in detail in Project 1
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manuscript. All the LFDs were isocaloric and their composition were matched in terms of
macronutrient quantity and total fiber content.

At the end of the intervention period, all mice were euthanized by cervical dislocation and
tissues including cecum and cecal contents were collected, weighed using an analytical scale, snap
frozen in liquid nitrogen, and stored at —80°C until analysis. Colon was flushed with phosphate
buffered saline (PBS) and then sections of proximal colon (= 1 cm) was placed in a histology
cassette. The tissues were dipped in a 10% buffered formalin solution for 24 hours followed by
70% ethanol until histological analysis. The experimental procedure was approved by University

of Ottawa Animal Care Committee (protocol#HS-2857).

2.2 Microbiota DNA Sequencing and Diversity Analysis

Genomic DNA was extracted from the collected cecal content using the Ql1Aamp Fast DNA
Stool Mini Kit (Qiagen, Cat. #51604, Germany), according to the manufacturer's instructions [40].
The V3-V4 regions of the 16S rRNA gene were amplified, and the libraries were quantified,
normalized, and pooled as per the lllumina 16S Metagenomic Sequencing Library Preparation
Guide [41]. The sequencing of the libraries was performed on the Illumina MiSeq platform
(Muminae, Miseq).

The microbial diversity analysis was performed using the QIIME2 bioinformatics pipeline
(version 2022.2) [42]. The 300bp Casava 1.8 paired-end demultiplexed files were imported and
subjected to quality filtering using DADAZ2 [43]. This process involved denoising, removal of
chimeric sequences, correction of lllumina-sequenced amplicon errors, and generation of amplicon
sequence variants (ASVs). A phylogenetic tree was constructed using the Greengenes 13 8 99%

identity reference tree [44]. Core diversity analysis was conducted using the QIIMEZ2 core-metric
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method at a sampling depth of 10,000. Alpha (o)-diversity metrics, including Shannon, Observed,
Pielou’s evenness, and Faith’s phylogenetic diversity (PD) metrics were generated. Statistical
significance of differences in o -diversity between groups was assessed using the Kruskal-Wallis
test, followed by Dunn’s multiple comparison test. Additionally, dissimilarity matrices were
computed to assess beta (B)-diversity distances based on Bray-Curtis matrix [45]. Principal
coordinates analysis (PCoA) plots were used to visualize these dissimilarity matrices.
PERMANOVA analysis was employed to identify differences in B-diversity between dietary
groups, and p-values were adjusted using the Benjamini-Hochberg FDR correction. Taxa
abundance comparison between groups was performed in GraphPad Prism (Version 9.5.1)
software using the Mann-Whitney U test followed by the two-stage linear step-up method of
Benjamini, Kreiger, and Yekutieli (p<0.05; FDR<10%). Additionally, to identify discriminating
bacteria taxa based on both statistical significance and biological relevance [46], the microbiome
taxonomic abundance data were analyzed using linear discriminant analysis with effect size
(LEfSe) on the Galaxy Server (https://huttenhower.sph.harvard.edu/galaxy/ accessed on 12 Dec

2023), applying an LDA threshold of 2 and a p-value cut-off of 0.05.

2.3 Predicted Functions of the Metagenome

The microbial community's predictive functional profiling was conducted using
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 2
(PICRUSt2) [47,48] , version 2.51. Briefly, the fragment insertion Qiime2 plugin [53] aligned
Amplicon Sequence Variants (ASVs) to the HMMER sequence databases (www.hmmer.org).
ASVs were placed optimally onto the reference phylogeny using the SATé-Enabled Phylogenetic

Placement (SEPP) tool [49], and a new phylogenetic tree was constructed using the Genesis
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applications for phylogenetic placement analysis (GAPPA) [50] Core hidden state prediction
functions (hsp.py) were executed with the castor R-package [51] to predict gene family
abundances for each ASV and Kyoto Encyclopedia of Genes and Genomes (KEGG) orthologs
[52] (KO). Subsequently, the metagenome_pipeline.py command normalized the KO abundances
based on 16S abundance. The resulting file (pred_metagenome_unstrat.tsv), containing mouse-
specific KO abundances, underwent processing in RStudio (R = V4.2.2, R Studio:
V2022.12.0+353) to determine the inferred function of the microbiota. A custom R code, similar
to the categorize_by_function.py used in PICRUSt1 [53], aligned the KOs with a manually curated
mapping file sourced from https://www.genome.jp/kegg-bin/get_htext?ko00001.keg (accessed on
15 December 2022) [52]. Finally, for outcomes representing inferred functional aspects and group
comparisons, STAMP (Statistical Analysis of Taxonomic and Functional Profiles), version 2.1.3
[54], was employed. Welch’s two-sided t-test with Benjamini-Hochberg multiple test correction

(g<0.05) was applied.

2.4 Quantification of Cecal Short Chain Fatty Acids

The assessment of gut microbiota functionality involved the quantification of short-chain
fatty acids (SCFAS), such as acetic acid, butyric acid, propionic acid, and valeric acid, along with
branched-chain fatty acids (BCFAs), including iso-butyric and iso-valeric acids. The methodology
employed in this study followed previously established procedures [55]. In brief, fecal samples
were subjected to freeze-drying, and the dry weight was recorded. A 10% homogeneous cecal
solution was prepared by diluting the samples in MilliQ water. Subsequent steps included
centrifugation, pH measurement, acidification, filtration, and analysis using gas chromatography.

Calibration was performed with a standard curve, allowing the identification of various SCFAs
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based on retention times. The concentrations of these compounds were determined through

comparison with analytical standards.

2.5 Histochemical Analysis

The excised colon tissue was prepared for histological analysis by flushing the colon lumen
with phosphate buffered saline (PBS). Approximately 1 cm sections of the proximal colon were
placed in a histology cassette. The tissues were then immersed in a 10% buffered formalin solution
for 24 hours, followed by 70% ethanol until further analysis. The colon segments were embedded
in paraffin, cut into thin sections measuring 0.4 um, and stained with Hematoxylin and eosin
(H&E) and Alcian blue (AB) dyes. The staining procedures were performed by the University of
Ottawa Histology Core Facility (Roger-Guidon Hall, Ottawa, ON, Canada). Images of the stained
sections were captured at magnifications of 5x (for mucus content analysis) and 10x (for goblet
cells and crypt length analysis) using a Zeiss Axiocam 506 microscope camera. The images were
scored blindly, meaning that the scorer was unaware of the specific dietary intervention associated
with each slide.

To measure crypt length, the H&E-stained sections from the proximal region of the colon
was used. In each colon section, 20 fully elongated crypts were selected, and the length of these
crypts was measured from the base towards the uppermost enterocyte closest to the colonic lumen
using ImageJ software (version:2.9.0/1.53t). Additionally, AB-stained sections from the proximal
colon were utilized to quantify the goblet cell density per crypt and to evaluate the colon crypt
mucus content. The number of goblet cells were counted in ~20 crypts per mouse in the proximal
cross-sectioned regions. To analyze the mucus content from the captured images, the RGB color

channels (red, blue, and green) were separated and the mucus present in the center of the lumen
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was excluded from the analysis, then, the intensity of the AB-stained areas was quantified using
the red channel area, and this value was divided by the total mucosal area and presented as mucus

content percentage.

2.6 Assessments of well-being and mental health
The mice underwent behavioral evaluations using a nest building assessment and an elevated
plus maze (EPM) test during week 15 of the study at the Animal Behaviour and Physiology

Core, University of Ottawa, as described below.

2.6.1 Nest Building Behavior

Nest building is a habitual practice among animals, serving as a means of protection, heat
preservation, and reproduction [56]. Better performance on these home cage behaviors may
represent normal behavioral function or general well-being of animals [57]. Additionally, nest
construction has been proposed as a means of evaluating mood and behavior disturbances linking
to neurological disorders like depression and schizophrenia, as well as assessing movement-related
disorders such as Parkinson's disease [58]. As a result, we assessed mice nesting behaviour to
evaluate mental health and general well-being of animals. Two new pieces of pressed cotton nestlet
squares were placed inside the front of the mice cages. Subsequently, nest pictures were captured
using a digital camera at 2-hour and 24-hours and used to assign scores for nest quality features,
including nestlet shredding, nest shape, and nest wall height adapted from previously established
nest scoring methods [59,60], with total scores ranging from 0 to 4.5. The nests were evaluated by
two observers who were blinded to time (2h or 24 h) and dietary intervention group, based on the

scoring guide (Supplemental Table 3-3(S1)).
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2.6.2 Anxiety Like Behaviors assessed by Elevated Plus Maze (EPM)

An EPM was utilized as a validated method [61] to assess anxiety-like behaviors and
locomotor activity in mice. This test reflects the natural aversion and avoidance behavior of mice
when placed in elevated and open areas. Additionally, it evaluates the locomotor activity including
general activity performance and natural spontaneous exploratory behavior of mice in novel
environments [61,62]. Following acclimatization for 1 hour in the behavior core facility, mice from
different groups were randomly placed in an apparatus consisting of two unprotected open arms
and two protected closed arms surrounded by walls, horizontally crossed in the centre of the maze.
They were allowed to freely explore the maze for 10 minutes, and their movement was recorded
by a high-resolution camera suspended above the maze center. The Ethovision XT 15 software
(Noldus Information Technology) was employed to analyze activity by measuring parameters such
as distance traveled, frequency of entries into the open and closed arms, and time spent in each
arm. The ratio of time spent in the unprotected open arms to the time spent in the protected

enclosed arms is interpreted as an indicator of anti-anxiety-like behavior in the literature [62].

2.7 Statistical Analysis

Statistical analyses were conducted using GraphPad Prism. The ROUT method, with a
significance level (g) set at 1%, was employed to detect outliers in the dataset. D'Agostino-Pearson
omnibus test (K2) was performed to evaluate the normality assumption, and both the Brown-
Forsythe test and Bartlett's test were conducted to examine the homogeneity of variances for the
parametric data. To evaluate the impact of the intervention on parametric data among the different
dietary groups, a one-way analysis of variance (ANOVA) was conducted. Further post-hoc

analyses, including the Student-Newman-Keuls (SNK) or Tukey's multiple comparison test, were
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performed to examine specific pairwise differences between the dietary groups if the ANOVA
results were statistically significant. For non-parametric data, two different approaches were
utilized depending on the data distribution. In cases where the non-parametric data could be log-
transformed to achieve normality, the data was transformed prior to analysis using One-way
ANOVA. Alternatively, a Kruskal-Wallis test was conducted followed by Dunn's multiple
comparisons test as a post-hoc analysis. The significance level for all statistical tests was set at p
< 0.05. The detailed statistical results from the ANOVA, Kruskal-Wallis, and other relevant

analyses, are provided in Appendix VI for further reference.

3. Results
3.1. Comprehensive Analysis of the Intestinal Microbiota

In Project 1 manuscript, we presented the findings of the mice fecal microbiota analysis.
We chose fecal samples as our primary focus due to their frequent use in human studies, facilitating
the translation of our results to the human gut microbiome. In brief, we demonstrated that bean
consumption provided promising indications of improved composition and functionality within
the fecal intestinal microbiota when compared to the control group. However, recognizing the
potential diversity in microbiota composition among different segments of the intestinal tract [63],
we extended our investigation to include cecal samples. We aimed to explore how dietary
components were processed and metabolized by various microbial populations in different colon
regions. To assess whether the observed beneficial changes in fecal microbiota composition and
activity induced by bean consumption were consistent in the cecum, the region responsible for
producing SCFAs, as opposed to feces where SCFAs are excreted, we initially employed PCoA

B-diversity visualization of microbiota using the Bray Curtis matrix generated by

108



MicrobiomeAnalyst (available at microbiomeanalyst.ca), for a combination of feces and cecum
samples. As shown in Figure 3-1, while the abundances of the two sample clusters in cecal and
fecal sites exhibited overlapping areas, PERMANOVA analysis confirmed significant differences
between the sites. These observations prompted us to further explore cecal microbiota analyses to
validate the findings observed in fecal samples and investigate how dietary components are
processed and metabolized by distinct microbial populations in these regions, contributing to the

overall health and function of the gut.
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Figure 3-1. Cecal and Fecal Microbiota p -diversity. Bray-Curtis distance matrices were used to explain 3
diversity across diet groups. Permutational multivariate analysis of variance (PERMANOVA) pairwise
comparisons were used to test the differences between groups (F-value: 7.2239; R-squared: 0.066138; p-value:
0.001). Samples are colored and grouped by their corresponding diet group into ellipses. The multi-testing
adjustment conducted based on Benjamini-Hochberg procedure (FDR<0.05).

3.2 Cecal Microbial Community Structure
3.2.1 Cecal Microbiota Diversity
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The richness (number of unique species) and evenness (distribution of abundances across

the species) [64] within the cecal microbiota samples were evaluated using a-diversity measures.

Observed Features (Figure 3-2B), and Faith’s PD (Figure 3-2C) did not exhibit significant

differences among groups. However, introducing beans reduced cecal bacterial community o-

diversity indicated by Shannon diversity and Pileou’s Evenness compared to other groups (Figure

3-2A and Figure 3-2D, respectively).

The PCoA visualization of B-diversity distance matrices, based on Bray-Curtis analysis,

demonstrated that the microbial communities clustered according to their respective diets (Figure

3-2E). The PERMANOVA analysis revealed no statistically significant differences between bean

supplemented groups. Conversely, notable differences were observed between all other dietary

groups (Figure 3-2F).
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Figure 3-2. Cecal Microbiota a-diversity Metrics. A. Shannon diversity, B. Observed features, C- Faith’s
phylogenetic diversity (PD), D. Pielou’s Evenness. E. Microbiota p-diversity across the diet groups at the ASVs
level visualized by principal component analysis (PCoA) of Bray-Curtis distance matrices. The results are shown
in a 3D plot, where the three axes, PC1, PC2, and PC3, indicate the distance between bacterial communities. The
microbial communities of samples from each of the intervention groups, including HF, HF—LF, HF>WB, and
HF—DB, were clustered together based on their respective diets. Each dot in the plot represented a mouse bacterial
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community, and each color represented a different dietary group. The percentage of variation in the data set
explained by each principal coordinate was shown in brackets. F. PERMANOVA pairwise comparisons g-values.
Kruskal-Wallis test was used to analyze the a-diversity data. Adjusted P value (g-value<0.05) was computed
following the Benjamini-Hochberg procedure. The plots that did not share a lowercase letter were significantly
different. The differences in B-diversity data were analyzed by the permutational multivariate analysis of variance
using distance matrices (PERMANOVA), p-value=0.001. (n=8-11/group). LF: Low-fat diet fed lean control
group, HF: High-fat diet fed group, HF—LF: High-fat to low-fat diet transition group, HF—WB: High-Fat to
low fat + white kidney beans diet transition group, HF—DB: High-fat to low-fat + dark-red kidney beans diet
transition group.

3.2.2 Cecal Microbiota Composition
The taxonomic cecal microbial composition from each dietary group as depicted in Figure 3-
3 and detailed in Table 3-1, is outlined as follows;
i). Cecal Microbiota Composition in Lean and Obese Controls
The taxonomic analysis of cecal microbial composition revealed notable differences at both phylum
and genus levels between lean (LF) and HF obese control groups. Consumption of a HFD for 18
weeks resulted in an increase in TM7 (F16 (f)) and Deferribacteres (Mucispirillum (g)), as well as
Dorea (g) and Clostridiales (0), both belonging to the Firmicutes phylum. Conversely, the relative
abundance of Papillibacter (g) from the Firmicutes phylum was reduced, along with Prevotella
(9) and S24-7 (f), both from the Bacteroidetes phylum, known as carbohydrate-fermenting bacteria
[65,66]. These findings align with the reduced carbohydrate content of the HFD fed to obese mice.
However, despite these observed alterations, the ratio of Firmicutes/Bacteroidetes did not differ
significantly between the LF and HF groups.
ii). Impact of Diet Change on Microbiota Composition Subsequent to Obesity Development
Similar alterations to the previously mentioned microbiota changes were noted in the HF
control group when compared to obese mice transitioned to a low-fat diet (LFD), with the

exception of Prevotella (g) and Papillibacter (g), which exhibited no significant changes
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Additionally, certain bacterial members such as Alistipes (g) from the Bacteroidetes phylum
increased, while Clostridium (g) from Lachnospiraceae (f) which belongs to the Firmicutes
phylum, experienced further reductions upon diet change in HF—LF group compared to HF group.
These results align to some extent with the B-diversity analysis, which shows more similarity
between LF and HF—LF groups, indicating that the diet composition may play a more significant
role in affecting microbiota composition than the BW change.
iii). Impact of Introducing Beans to the Low-fat diet on Microbiota Composition

Comparison with HF—LF group: The introduction of beans into the LFD in DIO mice,
effectively modified the cecal microbiota composition compared to the HF and HF—LF and
groups, including higher abundance of Prevotella (g) and S24-7 (f) and Clostridium (g) (from
Lachnospiraceae (f)). Conversely, beans supplementation resulted in lower abundance of Dorea
(9), Papillibacter (g), Sporobacter (g), Clostridium (g) (from Ruminococcaceae (f)), Clostridiales
(0), and other undefined members of Ruminococcaceae (f), all belonging to the Firmicutes phylum.
Furthermore, there was a decrease in the abundance of Parabacteroides (g) from the Bacteroidetes
phylum, and Mucispirillum (g) from the Deferribacteres phylum. The observed bacterial
alterations overall contributed to a significantly reduced abundance of Firmicutes and
Deferribacteres phyla, while promoting an increased abundance of the Bacteroidetes phylum in
beans supplemented groups when compared to the HF and HF—LF groups. These changes
ultimately led to a further reduction in the Firmicutes/Bacteroidetes ratio in both bean-
supplemented diets, which, according to some studies but not all, has been considered a hallmark
of obesity [67] and thereby could be potentially regarded as a favorable shift in gut microbiota

composition.
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Comparison with HF group: In addition to the alterations mentioned above,
incorporation of beans to the LFD resulted in significant further increases in Proteobacteria
(Alphaproteobacteria (c)) when compared to the obese mice cecal microbiota remained on HFD.
iv). Differential Effects of White and Dark-red Kidney Beans on Microbiota Composition

The diets supplemented with beans showed overall similarities in microbial structure at the
genus and phyla levels. However, subtle differences were observed between the different varieties
of beans and their effects on certain bacterial taxa compared to HF—LF and HF obese control
groups.

Comparison with HF—LF group: In addition to the common observed microbial
alterations induced by both bean diets, few bacterial genera from the Firmicutes phylum modified
differently in HF—>WB group, when compared to the HF—LF group. Specifically, consumption
of WB significantly increased the abundance of Lactobacillus (g), while reducing the abundance
of rc4-4 (g), Oscillospira (g), and Defluviitalea (g). On the other hand, DB supplementation,
showed a reduced Cyanobacteria in comparison with HF—LF group.

Comparison with HF group: In HF—WB group, there was an increase in Lactobacillus
(g) from the Firmicutes phylum, which was not seen in DB supplemented diet group when
compared to the HF group. Additionally, the HF—DB group exhibited increased abundance of
Verrucomicrobia (Akkermansia (g)), indicating unique effects of this bean variety. In contrast, the
HF—DB group revealed a significant reduction in certain bacterial genera, including Papillibacter
(9) and Clostridium (g) from the Firmicutes phylum and Bacteroides (g) from the Bacteroidetes
phylum, when compared to the HF diet fed obese controls.

Overall, these findings highlight the potential impact of different bean types on the gut

microbiota and may offer valuable insights into their distinct role in promoting gut health.
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Table 3-1. Relative abundance of the cecal microbiota in mice (phyla and genus).

Relative abundance (%)
Taxonomy LF HF HF>LF HF>WB HF—-DB
p-Firmicutes 49.47 £2.48 | 52.74+1.71 48.25+£2.20 32.44+1.90 12 | 32.44+1.90 %23
3
f_Bacillaceae;g 0.08+0.04 0.00+0.00 0.11+0.04 1 0.26+0.11 0.45+0.30
g__Lactobacillus 0.08+0.04 0.22+0.06 0.17+0.08 0.46+0.08 12 0.25+0.09
0__ Clostridiales;f _:g 5.01+0.83 4.1640.52 4.5140.46 4.8340.67 3.78+0.50
0__ Clostridiales;f _:g 5.56+0.68 1 | 10.03+0.79 6.53+1.80 ! 1.73+0.39 1.2 2.38+0.40 1.2
f _Lachnospiraceae;g 11.04+2.10 6.77£1.10 11.12+1.74 8.00+0.89 747+1.34
f__Lachnospiraceae; 3.060.52 2.83+0.25 1.72+£0.17 1 3.34£0.472 3.36£0.632
g_ Clostridium
g Defluviitalea 0.75+0.11 0.86+0.20 0.65+0.14 0.20+0.03 2 0.27+0.06
g_ Dorea 0.47+0.06 * 0.74+0.06 0.48+0.05 * 0.25+0.04 %2 0.29+0.06 2
g _rc4-4 0.62+0.16 0.30+0.06 0.45+0.13 0.12+0.02 2 0.25+0.05
f__Peptostreptococcaceae 0.97+0.58 0.34+0.19 0.47+0.28 0.82+0.24 0.60+0.22
;g [Clostridium]
f Ruminococcaceae;g 5.28+0.68 7.03+0.30 4.90£0.40* 4.07+0.451 4.15+0.53 1
f Ruminococcaceae;qg 9.65+1.25 9.19+0.53 9.75+0.70 4.51+054 12 4.68+0.44 1.2
f__Ruminococcaceae; 2.39+0.40 4.82+0.52 2.54+0.40 ! 1.40+0.14 %2 1.25+0.15 12
g_ Clostridium
g_ Oscillospira 1.18+0.21 0.96+0.24 1.38+0.13 0.98+0.132 1.18+0.22
g__ Papillibacter 0.64+0.15* 0.16+0.04 0.23+0.05 0.07+0.03 2 0.06+0.02 .2
g__Ruminococcus 0.21+0.041 0.11+0.02 0.21+£0.04 0.19+0.05 0.12+0.02
g__Sporobacter 2.35+0.44 3.97+0.46 2.71+0.35 1.03+0.21 %2 1.47+0.30 12
p-Bacteroidetes 46.22 +2.28 | 40.51+1.53 46.10+2.27 64.31+2.14 42 | 64.31+2.14 123
3

o_ Bacteroidales;f ;g | 0.80+0.37 | 0.2130.03 | 0.31+0.06 0.3020.05 0.21%0.05
g__Bacteroides 10.93+1.28 | 14.33+1.27 | 13.10+1.95 10.89+1.30 9.13+1.371
g__Parabacteroides 0.95+0.43 0.91+0.10 0.86+0.12 0.30+0.08 12 0.22+0.06 2
g__ Prevotella 0.16+0.04 * 0.05+0.03 0.13+£0.04 10.23+1.31 12 10.22+1.10 12
g__Alistipes 16.06+£0.91 15.45+0.70 | 18.12+0.81° 211742151 20.04+0.94 *
f S24-7,9 17.32+2.20* 9.56+0.55 13.59+0.80 ! 21.43+1.64 %2 24.86+1.32 %2
p-Deferribacteres 2.29+0.43 ¢ 5.01+0.52 3.90+0.72 1.39+0.27%:2 1.03+0.20 123
g__Mucispirillum 2.29+0.431 5.01+0.52 3.90+0.72 1.3940.27 12 1.0340.20 12
p-Proteobacteria 0.65+0.19 0.24+0.04 0.57+0.16 0.71+0.121 0.71+0.121
c__Alphaproteobacteria; 0.65+0.19 0.24+0.04 0.57+0.16 0.71+0.121 0.71+0.121
g
p-TM7 0.14+0.07 * 0.54+0.07 0.20+0.06 * 0.18+0.06 * 0.09+0.02 *
f_Fl16;9 0.14+0.07 * 0.54+0.07 0.20+0.06 * 0.18+0.06 * 0.09+0.02 !
p-Verrucomicrobia 0.66+0.30 0.49+0.22 0.58+0.27 0.57+0.31 1.39+0.38 ¢
g__ Akkermansia 0.66+0.30 0.49+0.21 0.58+0.27 0.57+0.31 1.39+0.38 ¢
p-Cyanobacteria 0.55+0.12 0.46+0.12 0.40+0.06 0.38+0.15 0.17+0.06 2
o_YS2f ;g 0.55+0.12 0.46+0.12 0.40+0.06 0.38+0.15 0.17+0.06

Relative abundance (mean+S.E.M.) of cecal bacterial taxa at the phylum level (rows highlighted in grey), or the
corresponding order (0), family (f), or genus level (g) (white rows) with mean abundance greater than 0.2% in at least
one group. The data analysed by Mann-Whitney test followed by a two-stage linear step-up procedure of Benjamini,
Kreiger and Yekutieli to correct for multiple comparisons (corrected p-value<0.05; FDR<10%) (n=8-11 mice/group) to
compare LF vs HF; HF vs HF—LF, HF-WB and HF->WD; HF—>LF vs HF>WB and HF—>WD; and HF->WB vs
HF—WD. Significantly different values are indicated by 2 superscript. ! Significantly different from the HF group; 2

Significantly different from HF—LF. LF: Low-fat diet fed lean control group, HF: High-fat diet fed group,
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HF—LF: High-fat to low-fat diet transition group, HF—WB: High-Fat to low fat + white kidney beans diet
transition group, HF—DB: High-fat to low-fat + dark-red kidney beans diet transition group.
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Figure 3-3. Taxonomic Structure of Cecal Microbiota. A- Taxonomic relative abundance of cecal
microbiota at the phylum level (p), B. Firmicutes/Bacteroidetes ratio C. Taxonomic relative abundance of cecal
microbiota at the genus level (g) (labels show microbiota taxa composition according to the phyla and genus
where applicable, or the family (f)/order (o) for the unclassified genera), (n=8-11 mice/group). LF: Low-fat
diet fed lean control group, HF: High-fat diet fed group, HF—LF: High-fat to low-fat diet transition group,
HF—WB: High-Fat to low fat + white kidney beans diet transition group, HF—DB: High-fat to low-fat +
dark-red kidney beans diet transition group.

The discriminant analysis of gut microbiota composition using the LEfSe method revealed
results like those presented in Table 3-1. However, when comparing the microbiota of mice in the
HF—LF group with the HF group, we identified fewer differentially abundant taxonomic classes
compared to the distinctions observed between the LF and HF groups. This suggests that despite
the diet switch in HF—LF, the microbiota composition has not fully returned to a normal state.
Notably, our results indicated that introducing beans, along with a switch to a LFD in HFD fed
obese mice, not only restored the microbiota composition to that observed in LF mice, but also
induced a greater number of differentially abundant taxonomic classes. Moreover, despite

observing a few more differences in microbial taxa abundance between the HF—DB and HF group
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compared to the HF—-WB and HF group, no significant differences were found between the WB

and DB supplemented groups (Figure 3-4B).

p— —

Figure 3-4. LEfSe Results on Cecal Microbial Taxonomy. Histogram of the LDA scores computed for
features differentially abundant between; A. HF and LF, C. HF and HF—LF, E. HF and HF—>WB, G. HF
and HF—DB. B, D, F, and H. Taxonomic Cladogram (phylum to genus) from LEfSe, depicting taxonomic
association between microbiome communities of the respective groups. Each node represents a specific
taxonomic type. Red and green nodes denote the taxonomic types with more abundance within the
respective groups. (LDA >2, p <0.05). (n=8-11 mice/group). LF: Low-fat diet fed lean control group, HF: High-
fat diet fed group, HF—LF: High-fat to low-fat diet transition group, HF—WB: High-Fat to low fat + white kidney
beans diet transition group, HF—DB: High-fat to low-fat + dark-red kidney beans diet transition group.

3.3 Cecal and Colon Health Parameters

The consumption of both bean-supplemented diets led to a significant increase in the total weight
of the cecum, cecum content weight and moisture content when compared to the other groups
(Table 3-2). Similarly, consumption of beans led to a significant increase in colon length
compared to the LF and HF control groups. On the other hand, colon weight remained unaffected
by the dietary treatments. Furthermore, the proximal colon histomorphology, including crypt

length measured in proximal colon cross-sections stained with H&E, as well as mucin-containing
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goblet cell density and mucus content percentage quantified in the proximal sections stained with

AB, showed no significant differences between groups.
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Table 3-2. Cecal and Colon Parameters in Treatment groups.

Groups

LF HF HF—LF HF—WB HF—DB
Total Cecum Weight (g) | 0.24+0.01 | 0.250.01 | 0.26x0.01 | 0.3520.01% | 0 33+0.02°
Cecum Content (g) 0.174£0.01 0.18+0.01 0.18+0.01 0.26+0.01% | 0.24+0.012
f;ecum Content Moisture, | 70.49+0.96° | 67.09+0.68P | 70.18+0.96° | 75.94+0.642 | 75.41+0.74%

(0]

Colon Length (cm) 7.54+0.06° | 7.6240.09° | 8.07+0.16%° | 8.26+0.17% | 8.52+0.132
Colon Weight (g) 0.15#0.00 | 0.18+0.01 | 0.18+0.01 | 0.19+0.01 | 0.18+0.01
Crypt Length (um) 120.1+#3.67 | 104.843.05 | 111.4+4.48 | 122.848.14 | 122.4+5.39
Mucus Content, % 30.87+2.36 | 26.50+1.61 | 35.22+4.13 | 30.94+2.15 | 32.89+3.19
Goblet Cell Count 10.82+1.1 | 9.74%0.46 | 11.13+0.78 | 12.54+0.90 | 12.77+1.09

Parametric data was analysed by One-way ANOVA (Total cecum weight followed by Tukey’s post-hoc multiple
comparisons test, and non-parametric data was either log-transformed (Cecum content and cecum content moisture,
%) to normalize or analysed by Kruskal-Wallis (Colon length) followed by Dunn's multiple comparisons test.
Significantly different values are indicated by 2 3 superscripts. Values with different superscripts are
significantly different (p< 0.05). Values are displayed as means+S.E.M. (n=5-8 in LF and n=9-12 mice other
groups). LF: Low-fat diet fed lean control group, HF: High-fat diet fed group, HF—LF: High-fat to low-fat diet
transition group, HF—WB: High-Fat to low fat + white kidney beans diet transition group, HF—DB: High-fat to low-
fat + dark-red kidney beans diet transition group.

3.4 Cecal Microbial Community Function
3.4.1 Functional Metagenome Prediction Analysis

To identify the differential predicted metagenomic functional pathways in the microbial
populations KEGG pathways were compared among the dietary groups. Surprisingly, when
comparing the HF obese and HF—LF groups, no distinct changes in KEGG pathways were
detected. On the other hand, the mean proportion of 202 metagenomic pathways were found
significantly different between the HF—WB and HF control mice microbial community (Figure
3-5A). Further, the mean proportion of 197 metagenomic pathways were found significantly
different between the HF—DB group and HF groups (Figure 3-5B). As expected, in line with the
microbiota composition results, no difference was observed in functional pathways of the

microbial communities in bean-supplemented groups. The Venn diagram analysis revealed 97
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shared pathways that exhibited an increase in both the HF—WB and HF—DB groups when
compared to HF group. Additionally, there were 17 pathways that were uniquely increased in
HF—WB group, and 6 pathways that were uniquely increased in HF—DB group when compared
to the HF control group (Figure 3-5C). On the contrary, there were 84 shared pathways that
showed a reduction by both bean diets compared to the HF control group, while 4 pathways were
uniquely reduced in HF—WB and 10 pathways were uniquely reduced in HF—DB group (Figure
3-5D). To provide specific examples, flagellar assembly, bacterial chemotaxis, transcription
factors, glucagon signaling pathway, NOD-like receptor signaling, and Plant pathogen interaction
were overrepresented in HF when compared to the beans supplemented groups. Conversely, some
other pathways such as thermogenesis, lysosome, apoptosis, adipocytokine signaling pathway, and

PPAR signaling pathway were underrepresented in HF compared to the bean groups.
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altered bacterial Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways at level 3 between; A. HF control vs
HF —-WB, B. HF control vs HF —DB. The PICRUSt2 data was analyzed in STAMP using Welch’s two-sided t-test
with Benjamini-Hochberg multiple test correction (q<0.05), (n=9-11 mouse/group). The illustration displayed the
average percentage of predicted KEGG pathways on the left and the variation in average percentages on the right for
each comparison. Venn diagrams displaying the total number of unique and common bacterial functional pathways
that were; C. up-regulated or, D. down-regulated in beans-supplemented groups compared to the HF control group.
(n=8-11 mice/group). LF: Low-fat diet fed lean control group, HF: High-fat diet fed group, HF—LF: High-fat to low-
fat diet transition group, HF—WB: High-Fat to low fat + white kidney beans diet transition group, HF—DB: High-
fat to low-fat + dark-red kidney beans diet transition group.
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3.4.2 Cecal Short-Chain Fatty Acids and pH

SCFAs and branched chain fatty acids (BCFAs) were measured in the cecum content as
indicators of microbial fermentation activity. The pH of cecal content reduced significantly in the
HF—DB group compared to HF—LF and HF control, with no significant difference observed
between bean-supplemented groups (Figure 3-6A). Total cecal SCFAs, as well as the individual
levels of acetic, propionic, and butyric acids did not exhibit any significant difference between
HF—LF and HF mice, whereas, both bean diets significantly augmented the levels of total SCFAs,
as well as the aforementioned individual SCFAs, compared to the HF—LF and HF control groups.
Although there was a noticeable trend of increased SCFA levels in the cecal content of mice
consuming the DB supplemented diet, no significant differences were observed between the bean
varieties. Conversely, valeric acid levels did not show any difference among groups (Figure 5B-
F). Similarly, total BCFAs and the individual levels of iso-butyric and iso-valeric levels did not

differ between groups (Figure 3-6G-H).
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Figure 3-6. Analysis of Cecal Short-chain Fatty Acids (SCFAS). Cecal content pH. B. Total cecal SCFAs
(umol/g DW). C. Cecal Acetic acid. D. Cecal Propionic acid (umol/g DW). E. Cecum Butyric acid (umol/g DW). F. Cecal
Valeric acid (umol/g DW). G. Cecal Iso-butyric acid (umol/g DW). H. Cecal Iso-valeric acid (umol/g DW). L. Total cecal
Branched chain fatty acids (BCFAs) (umol/g DW). Values are means+S.E.M. Parametric data was analysed by One-way
ANOVA (Total cecal SCFAs, acetic acid, and propionic acid) followed by Tukey’s post-hoc multiple comparisons test,
and non-parametric data was either log-transformed to normalize (Butyric acid) or analysed by Kruskal-Wallis (Cecal
content pH) followed by Dunn's multiple comparisons test. Bars not sharing a lower-case letter differ significantly
(p<0.05). (n=8-11 mice/group). LF: Low-fat diet fed lean control group, HF: High-fat diet fed group, HF—LF: High-
fat to low-fat diet transition group, HF—WB: High-Fat to low fat + white kidney beans diet transition group, HF—DB:
High-fat to low-fat + dark-red kidney beans diet transition group.

3.5 Mental Health Related Outcomes

3.5.1 Nest Quality
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The nest scores given blindly by two observers were averaged and displayed on a scale of
0 to 4.5. The analysis of nesting scores revealed a significant improvement in nest quality over a
24-hour period within groups, while the nest scores did not differ between groups in any of the 2-

hour or 24-hour evaluation sessions (Figure 3-7A and 3-7B).
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Figure 3-7. Assessment of Nest Quality. A. Nesting behavior in 2-hour vs 24-hour within the dietary groups. B.
Changes of nesting score parameters in 2-hour vs 24-hour between groups. Data was analyzed by two-way ANOVA
followed by Tukey’s post-hoc test (n=8-12 mice/group). (P <0.05 and P<0.01 are displayed as * and **, respectively),
(n=8 in LF and n=12 other groups). LF: Low-fat diet fed lean control group, HF: High-fat diet fed group, HF—LF:
High-fat to low-fat diet transition group, HF—WB: High-Fat to low fat + white kidney beans diet transition group,
HF—DB: High-fat to low-fat + dark-red kidney beans diet transition group.

3.5.2 Anxiety-like Behaviors

Since evidence has shown that experimental manipulations like exposure to stress,
psychoactive pharmacological agents [68] as well as diet-induced obesity [69] have the potential
to alter the open arm aversion and general performance of the mice, the EPM test was performed
in mice from different dietary groups near the termination of the study at week 16. The percentage
of time spent in the open arms of the maze was calculated as a percentage of the total test time
using the following formula: open arm time % = open arm time (sec) / 600 (sec) * 100. The center
point tracking of HF mice revealed decreased number of entries into the open arms when compared

to the lean mice, while it was attenuated in all DIO mice transitioning to LFD (Figure 3-8A). The
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latency of the first entry into the open arms increased in both LF and HF groups when compared
with HF—-WB (Figure 3-8B), which is likely an indication of anxiolytic-like effects of WB
supplementation. However, the percentage of time spent on the open arms did not differ between
dietary groups (Figure 3-8C). When anxiety levels were assessed by tracking the mice nose point,
similar results were found in the number of entries into the open arms as in the center point tracking
(Figure 3-8D). The reduced number of entries into the open arms was accompanied by a
significant increase in the percentage of time spent on the closed arms in HF mice compared to the
lean mice (Figure 3-8E). Additionally, we found a significant decrease in percentage of time spent
in the open arms in HF and HF—LF when compared with the lean group (Figure 3-8F). This is
likely representative of anxiety-like behaviors, while no such difference was found in any of the
HF—WB and HF—DB groups.

Overall, the EPM results suggested some evidence of increased anxiety-like behaviors in
HFD fed obese mice, while switching the diet composition into an LF diet and, in particular, in

combination with beans, could to some extent reverse this effect.
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Figure 3-8. Anxiety Like Behavior Assessment. Mice centre point tracking: A. Total number of entries into the open
arms of the elevated plus maze, B. Latency to enter to the open arms, C. Percent time spent in the open arms. Mice
nose point tracking: D. Total number of entries into the open arms of the elevated plus maze, E. Percent time spent
in the closed arms. F. Percent time spent in the open arms. Parametric data was analysed by One-way ANOVA
followed by Tukey's multiple comparisons test (Total number of entries into the open arms (centre and nose points),
Percent time spent in the closed arms and open arms (hose point)) and non-parametric data was either log-transformed
to normalize or analysed by Kruskal-Wallis test (Latency to enter to the open arms) followed by Dunn's multiple
comparisons test. (n=8-12 mice/groups). LF: Low-fat diet fed lean control group, HF: High-fat diet fed group,
HF—LF: High-fat to low-fat diet transition group, HF—WB: High-Fat to low fat + white kidney beans diet transition
group, HF—DB: High-fat to low-fat + dark-red kidney beans diet transition group.

4. Discussion

The consumption of modern Western diets with low amounts of dietary fibers malnourishes
the gut microbiota, causing a disruption in gut microbiota composition and metabolic dysfunctions
which can negatively affect host health [70,71]. To the best of our knowledge, the present study is

the first to focus on the effects of two common bean varieties, with distinct quantities and profiles
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of phenolic compounds [38], on colonic microenvironment, including the microbiota composition
and function, as well as colon histological structure in an established obesity animal model.
Additionally, in this study we explored the potential for bean supplemented diets to impact aspects
of the gut-brain axis. Findings of this study revealed that white and dark bean supplemented diets
increased the production of cecal SCFAs. Additionally, both bean varieties elicited shared
beneficial alterations in microbiota composition and predicted metagenomic functional pathways,
while they also demonstrated unique individual effects. Additionally, bean supplementation
showed promising effects in mitigating anxiety-like behaviors.

The rise in cecal SCFAs in beans supplemented groups in this study (Figure 3-6) was
consistent with a significant increase in SCFAs-producing bacteria, including Prevotella (g) and
S24-7 (f) (Table 3-1). The S24-7 is mainly a butyrate producer with anti-obesity effects [72] which
has been shown to be involved in reinforcing intestinal epithelial cell health and enhancing energy
metabolism [73]. Butyrate plays a protective role in intestinal barrier function and reducing
inflammation [74]. In the current study, no significant differences were noted between groups
supplemented with different types of beans with respect to the total SCFAs, as well as individual
levels of acetate, propionate, and butyrate. However, compared to the HF control group, the
abundance of Akkermansia from the Verrucomicrobia phylum, which is known to be inversely
associated with obesity, diabetes, and inflammatory responses [75], increased by 2.8-fold only in
the DB supplemented group. On the other hand, the abundance of Bacteroides, which has been
reported to be positively correlated with BMI [76], decreased by 64% in response to DB
supplementation when compared to HF obese controls. In contrast, the supplementation of WB
did not show such effects. These distinct effects observed between DB and WB could potentially

be attributed to the higher content of phenolic compounds in dark beans [38]. However, the cecal
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microbiota composition of mice fed diet supplemented with WB powder showed significant
differences in the abundance of some of the certain bacterial genera, including a higher abundance
of Lactobacillus (known for its probiotic properties and its potential in alleviating obesity-
associated dysfunctions [77]) compared to both HF and HF—LF groups. In contrast, lower
abundances of rc4-4, Oscillospira (positively correlated with leanness and negatively correlated
to intestinal inflammation [78]), Defluviitalea, and unclassified genera belonging to Clostridiales
were observed compared to the HF—LF group. These differences may be related to the distinct
phenolic profile in WB compared to DB. The abundance of Dorea (g) was significantly higher in
the HF controls compared to all other groups. Dorea has been reported to be positively correlated
with BMI and obesity-associated metabolic dysfunction (like waist circumference and diastolic
blood pressure), as well as having pro-inflammatory properties in the intestine [72]. Conversely, a
significant surge in Alistipes abundance in DIO mice, after the transition from an HFD to an LFD
irrespective of bean incorporation, underscores its potential contribution to alleviating adiposity
and mitigating metabolic syndrome, as suggested by available literature [79,80]. Although
controversial [81], existing literature seems to support greater Firmicutes/Bacteroidetes ratio in
the gut microbiota of obese animals and humans living with obesity [67,82]. In our study, no
difference was found in Firmicutes/Bacteroidetes ratio between lean and obese control groups.
However, the ratio of Firmicutes/Bacteroidetes significantly decreased by 39% and 38 % in WB
and DB fed mice, respectively, when compared to the obese control group. Both bean diets
similarly altered microbiota composition at the phylum level by profoundly reducing Firmicutes
and increasing Bacteroidetes abundances. These results are consistent with other trials that have

used common beans in obesity development or established obesity rodent models [83-86].
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The inferred metagenomic properties of the gut microbiota, as predicted from the KEGG
pathways, demonstrated distinct potential functional capabilities in the beans-supplemented
groups compared to the other groups (Figure 3-5). Both beans-enriched diets upregulated
pathways such as protein digestion and absorption, carbohydrate digestion and absorption, and
starch and sucrose metabolism. In contrast, they downregulated pathways related to fat digestion
and absorption, insulin signaling pathway, and insulin resistance, when compared to both the HF
and HF—LF groups. No difference in inferred metagenomic pathways was observed between the
beans-containing diets, suggesting a similar functional profile of the gut microbiota, which was
further confirmed by the similar concentrations of SCFAs as an actual functional outcome.

The increased cecal SCFAs levels in our study were accompanied by a significant rise in
several parameters related to intestinal size, including total cecum weight, cecum content, and
colon length in beans supplemented groups (Table 3-2). However, our findings did not support
enhancement of proximal colon histomorphology outcomes. One plausible explanation for this
finding comes from existing evidence, which has shown that obesity, can independently lead to an
increase in crypt length and goblet cells in the small intestine in DIO mice, suggesting higher
adaptability in cellular differentiation and proliferation towards more functional cells at the crypt-
villus axis, potentially influenced by the high-fat content of the diet in HF mice [87]. Therefore,
administering beans alone may not sufficiently enhance histological outcomes in the proximal
colon of established-obese mice, given the pre-existing impact of obesity on these parameters.
Further investigation is warranted to understand the specific mechanisms underlying histological
changes and how diet composition, obesity and microbiota-derived metabolites interact to
influence these outcomes. Additionally, exploring the effects of different dosages or longer

intervention durations may provide valuable insights into the observed effects.
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To our knowledge, no study has assessed nesting behaviour as a measure of mental health
in bean-fed mice. In present study, the dietary intervention showed no influence on nesting quality
of the mice (Figure 3-7). This could be partly due to the use of cotton squares as the nest-building
material, which may only fulfill the basic nesting behavior needs of all mice and not provide
enough material for mice to build more complex nests with higher quality [60]. As a result, it may
be difficult to distinguish a specific dietary group of mice in the current study from others based
on their nest-building quality scores. Unlike the nest-building behavior, HFD-fed mice exhibited
increased anxiety-like behavior compared to the LF group in the EPM test (Figure 3-8). This
aligns with studies linking HFD and altered anxiety-related indices [88-90]. Transitioning from
HFD to LFD could ameliorate the obesity associated anxiety effects in all the DIO mice compared
to the obese control group. Additionally, the introduction of beans also showed a trend of increased
time spent in the open arm (nose-point) compared to both HF and HF—LF groups, suggesting
potential anxiolytic-like effects. While this trend was not statistically significant, it may be partly
attributed to higher SCFAs production, supported by evidence linking butyrate to memory,
cognition, and mood improvement, while propionate may have stress-reducing effects [91].
Moreover, the WB-supplemented group showed further anxiolytic-like effects, such as reducing
the first visit latency to the open arms, possibly due to unique phenolic profile and interactions
with the gut microbiota, reflecting the gut-brain axis responses.

Since the EPM test relatively exposes higher anxiety load to rodents compared to other
anxiety assessment tests [92,93], it might explain subtle differences between bean-fed and other
groups. On the other hand, the EPM test has been widely used to evaluate the anxiolytic or
anxiogenic effects of pharmacological agents [94,95]. Therefore, it could be speculated that

feeding mice with a diet incorporating beans may not provide a strong enough stimulus to mitigate
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anxiety-related behaviors associated with DIO. Thus, it is advisable to utilize additional behavior
tests such as Open Field test which is widely used to assess the exploratory and anxiety related
behaviors [94]. One of our study strengths was the level of cooked common beans powder
supplementation, which represents an achievable level of pulse intake in humans. Additionally, in
this study, we established obesity in mice by feeding them a HFD analogous to western diets prior
to incorporating beans into their diet. This enabled us to preclinically replicate the obesity-
associated dysbiosis and metabolic dysfunction typically seen in humans. Therefore, the observed
beneficial effects of beans on various aspects of intestinal health could be more translatable to
humans living with obesity. However, it is important to note that this study exclusively focused on
male mice, which may limit the generalizability of the findings to females.

Collectively, from the evidence presented and discussed herein we conclude that cooked
beans regardless of the seed coat color, when combined into a low-fat diet, have the potential to
improve colonic microbiota structure and function. Additionallyintroducing beans to the diet may
exhibit anxiolytic-like effects in established obese models, thereby could be considered as an
adjuvant therapeutic approach for treatment of obesity associated intestinal health dysfunction.
However, dark red kidney beans despite having a higher content of phenolic compounds, exerted
only modest extra benefits on some of the aspects of colonic microenvironment (such as higher
abundance of Akkermansia). While the observed effects are promising, further research is needed
to fully understand the specific mechanisms by which different bean varieties influence the colonic

microbiota and the overall gut health and behaviour outcomes in the context of obesity.
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Table 3-3(S1). Nest Building Scoring Guide

Criteria

Scoring details

Nestlet
Shredding

According to our novel developed scoring
system, nests were assigned scores of 0, 0.5,
1, and 1.5 based on the percentage of
shredding: A. <50%, B. 50-75%, C.75-95%,
and D. >95%, respectively.

Representative pictures

Nest
Shape

A. a score of 0 for when nestlets were not
manipulated by the mice at all or were
scattered with no defined shape.

B. Score of 0.5 for when nest cupped into a
specific location, exhibiting a somewhat
defined shape. but with materials still
disconnected and edges sticking out.

C. Score of 1 for a nest with a mostly rounded
shape, but the nest was either very dispersed
within the cage or had one edge sticking out.
D. Score of 1.5 for a nest with a rounded
shape. including at most one edge sticking out.

Nest
Walls

The nest was imagined as a flattened sphere
and scored only based on the presence or
absence of identifiable walls. This approach
was applied due to the remote scoring method
employed, which relied on digital pictures
with limited resolution. As a result. evaluating
the closure of the walls surrounding the nest
cavity was not possible. Thus, the nest walls
were scored 0, 0.5, 1, and 1.5 for when the
walls surrounding <25 %, 25-50%. 50-75%
and >75% of the nest, respectively.
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ABSTRACT

Obese mice fed a high-fat diet (HFD) serve as valuable pre-clinical models for human
metabolic dysfunctions linked to obesity. Under isocaloric conditions, rodents exhibit diverse
obesity phenotypes, underscoring the multifaceted etiology of obesity. This research aimed to
investigate the intricate interplay between diet, inflammation, and gut microbiota involved in the
development of phenotypes associated with susceptibility or resistance to obesity in C57BL/6 male
mice. Over an 18-week period, mice were randomly assigned to either a low-fat diet (LFD) or
HFD. Subsequently, the HFD-fed mice were further classified into diet-induced obesity resistant
(DIO-R) or prone (DIO-P) groups based on their weight gain. Higher fat mass, daily food and
energy intake, and adipocyte size were observed in DIO-P mice. Microbiota analysis revealed
comparable diversity but distinct compositions, notably in Akkermansia abundance. Predicted
functional pathways highlighted differences between DIO-R and DIO-P, correlating positively
with Akkermansia abundance. Serum concentrations of Lipopolysaccharide-Binding Protein
(LBP), Tumor Necrosis Factor-alpha (TNF-a), and Monocyte Chemoattractant Protein-1 (MCP-
1), along with inflammatory adipokines like leptin and resistin, as well as insulin resistance, were
elevated in DIO-P. Moreover, mRNA expressions of inflammatory markers in adipose tissue,
including TNF-a, MCP-1, Toll-like receptor 4 (TLR4), G protein-coupled receptor (GPR)41, and
GPR43, were upregulated in DIO-P mice compared to the DIO-R group. Overall, our findings
underscore the potential role of gut microbiota in shaping obesity phenotypes with distinct

inflammatory and metabolic profiles in C57BI/6 male mice.

Key Words: Diet-induced obesity (DI1O), Resistant to obesity, Gut microbiota, Akkermansia,
Inflammation, Adipose tissue, Metabolic profile
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1. Introduction

Obesity has emerged as a major global public health concern, leading to a rise in obesity-
related chronic diseases [1]. As the prevalence of obesity continues to rise, the utilization of mice
as models for diet-induced obesity (DIO) has become progressively widespread due to their high
reliability in replicating human obesity, as compared to genetic models [2,3]. Mice fed a high-fat
diet (HFD) develop an obesity syndrome that features metabolic complications like those observed
in humans including hyperleptinemia, hyperinsulinemia, and impaired glucose tolerance,
mirroring human obesity-associated metabolic dysfunctions [4,5]. This positions them as
potentially valuable models in pre-clinical studies for advancing obesity research.

Obesity occurs when energy intake surpasses expenditure, resulting in the expansion of
adipose tissue and fat droplet storage, with dietary fat playing a crucial role in this process [6,7].
However, emerging evidence suggests that the etiology of obesity extends beyond the conventional
focus on caloric intake and expenditure [8,9]. This implies a more intricate interplay of factors
influencing obesity development. Overall, it is estimated that between 40% to 70% of the variance
in obesity propensity can be attributed to genetic factors, highlighting the gene-environment
interaction as a key contributor to obesity development [10,11]. Surprisingly, under isocaloric
conditions within a group of rodents with the same genetic background, the metabolic responses
to an HFD can vary, resulting in distinct prone (DIO-P) or resistant (DIO-R) obesity phenotypes
[5,9-11], suggesting the multifaceted nature of obesity.

Emerging evidence suggests a profound influence of gut microbiota dysbiosis observed in
both humans and rodent models, adversely affecting adiposity and body weight regulation [12—
16]. The dysbiosis is characterized by an imbalance in bacterial composition and an overall shift

in bacterial diversity within the gut [17]. This is supported by evidence of germ-free mice
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consuming a HFD that do not exhibit hyperphagia, weight or adiposity gain, or other metabolic
disfunctions associated with HFD consumption seen in conventionally raised mice. Remarkably,
these effects persisted even when the germ-free mice consumed more calories from a normal chow
or high-fat Western-type diet compared to conventional mice [18]. Conversely,
conventionalization of germ-free mice with microbiota from lean or obese donors results in the
reproducing the donors phenotypes. [18,19]. The increased susceptibility to body weight gain has
been hypothesized to be associated with an improved efficiency in extracting calories from specific
consumed foods, a phenomenon potentially enhanced by the microbial changes associated with
obesity [13,20].

Evidence from studies on comparison of gut microbial community in individuals with
obesity and their lean counterparts reported a higher abundance of several bacteria species from
Firmicutes phylum in individuals living with obesity. Conversely, normal-weight individuals
exhibited a higher abundance of several taxa from the Bacteroidetes phylum [21,22]. These
microbial changes resulted in an elevated Firmicutes/Bacteroidetes ratio in individuals with
obesity [21,22], a ratio that, according to some studies but not all, has been considered as a
hallmark of obesity [23]. Additionally, Akkermansia muciniphila has been shown to have an anti-
obesity protective effect in mice and humans [24,25], as well as contributing to a healthier
metabolic status and better clinical outcomes (such as enhanced insulin sensitivity) in adults living
with overweight/obesity under calorie restriction [26]. Therefore, altered gut microbiota
composition could be a potential mechanism involved in the association of obesity prone or
resistance in experimental models.

On the other hand, HFD is also associated with a persistent but low-grade chronic

inflammation [27-29], possibly attributable to a shift in the gut microbiota and the direct effects
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of high amounts of free-fatty acids (FFAS) present in HFD on barrier structure of intestinal cells
[29-31]. Gut microbiota dysbiosis triggered by HFDs activates the TLR4 pathways, increases
intestinal permeability to endotoxins like bacterial lipopolysaccharides (LPS) and subsequent
translocation of LPS to the circulation, defined as metabolic endotoxemia [30,32—-34]. Both LPS
and/or FFAs trigger the production of pro-inflammatory cytokines including IL-1p, IL-6, and
tumor necrosis factor (TNF-a) in the gut. The subsequent release of LPS, cytokines and FFAS into
the circulation resulting in further systemic and peripheral tissue inflammation [28,35,36] and
predisposing to obesity [29]. As for the inflammatory markers, they have been linked to insulin
resistance [37-39], one potential mechanism relies on the downregulation of these markers in DIO-
R mice, which may affect their ability to handle excessive fat intake by effectively clearing
metabolic by-products and maintaining metabolic homeostasis in contrast to DIO-P mice [6].
The mechanisms underlying the precise contribution of host-microbial metabolism and
obesity-resistant phenotype require comprehensive exploration, as previous studies have only
partially addressed this issue and presented conflicting findings with respect to the changes in
metabolic profile and gut microbiota composition between DIO-P and DIO-R phenotypes
[6,33,40-42]. Therefore, in this study we aimed to investigate the interplay between diet,
inflammatory status and gut microbiota composition and function in development of phenotypes

with susceptibility or resistance to obesity in C57BL/6 mice.

2. Methods
2.1 Experimental Design

The research procedures received approval from the uOttawa Animal Care Committee
(ACC) under Protocol number HSe-2857-R3. Five-week-old male C57BL/6 mice (Charles River

lab, Kingston, NY, USA), were individually housed in polycarbonate rodent cages filled with
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corncob bedding and cotton nesting material, and they were housed in an environment with a 12-
hour light/dark cycle. The temperature was maintained within a range of 22-26 °C, and the relative
humidity was kept at 40%. During the first week, mice were acclimated to this controlled
environment and had unrestricted access to a low-fat diet (LFD; 13% kcal from fat; Envigo/Teklad
USA) and water. After one week, mice were randomly assigned to two groups; One group (n=8)
were maintained on LFD, while the remaining mice (n=110) were transitioned to a HFD (60% kcal
from fat; Envigo/Teklad USA) to establish obesity throughout the duration of the study. The

composition of the experimental diets is presented in Table 1.

2.2 Defining DIO-P and DIO-R Phenotypes

At week 18, the mice with the highest growth rate on HFD, approximately the top 10% of
the cohort, were considered for the DIO-P group (n=12; Body weight=50.48 £+ 0.40 g). Conversely,
those with the lowest growth rate, approximately the bottom 10% of the cohort, were considered
for the DIO-R group (n=10; Body weight=37.90 £ 0.61 g). Subsequently, mice with intermediate
body weight gain were excluded for the purpose of this study. Additionally, the group of mice on
the LFD were served as the control group (n=8 mice).

Fasting blood was collected during week 17 of the study. At the end of the intervention,
mice were euthanized via decapitation, and trunk blood was collected. Tissues including
epididymal adipose tissue (EAT), perirenal adipose tissue (PAT), and intrascapular brown adipose
tissue (BAT), were excised, and their weights were recorded. The EAT was snhap frozen in liquid

nitrogen and stored at —80 °C for later RNA and protein extraction analysis.
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Table 4-1. Experimental diet composition

Nutrients TD.190833 TD.190378
0/Kg Low Fat Diet (LFD) High Fat Diet (HFD)
Casein 200 265
L-Cystine 3 4
Corn Starch 414.49 0
Maltodextrin 132 160
Sucrose 100 92.59
Soybean Qil 34 30
Lard 19 310
Cellulose 50 70
Mineral Mix,
AIN-93G-MX (94046) 3 48
Calcium Phosphate, dibasic 0 3.4
Vitamin Mix,

AIN-93-VX (94047) 10 14
Choline Bitartrate 2.5 3
TBHQ, antioxidant 0.01 0.01

Sum 1000 1000
Macronutrient Contribution of Diets g/kg
Protein, g/kg 177 235
Carbohydrate, g/kg 616 269
Fat, g/kg 55 343
Fiber, g/kg 50 70
Macronutrient Contribution of total Kcal %
Protein, % kcal 19.3 18.4

Carbohydrate, % kcal 67.2 21.1

Fat, % kcal 13.5 60.5
Expected Daily Intake, g 3 2
Expected Daily Fiber intake, g 0.15 0.14

kcallg 3.7 5.1

2.3 Assessment of Body Weight, Diet Intake, and Body Composition

Body weight and diet intake were assessed 2-3 times per week throughout the study using
a digital scale. Body composition components including lean and fat mass, were determined using

the Echo-MRI™-700 body composition analyzer at week 6 and at the end of week 18.
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2.4 Assessment of Fecal Microbial Community Structure and Function
2.4.1 Microbiota DNA Sequencing and Diversity Analysis

Fresh fecal pellets were collected at week 18 from each mouse and stored in cryogenic
storage vials at -80°C until analysis. Genomic DNA extraction was carried out using the QIAamp
Fast DNA Stool Mini Kit (Qiagen, Cat. #51604, Germany) following the manufacturer's
instructions. The V3-V4 regions of the 16S rRNA gene were amplified, and subsequent library
quantification, normalization, and pooling were performed according to the Illumina 16S
Metagenomic Sequencing Library Preparation Guide [43]. Sequencing was conducted on the
[llumina MiSeq platform (Illumina®, Miseq). The dual-index paired-end reads retrieved from
MiSeq sequencing were analyzed using the QIIME2 bioinformatics platform (version 2022.2)
[44]. The 300 bp Casava 1.8 paired-end demultiplexed files were imported and subjected to quality
filtering using DADAZ [45], involving denoising, removal of chimeric sequences, correction of
Illumina-sequenced amplicon errors, and generation of amplicon sequence variants (ASVs). A
phylogenetic tree was constructed using the Greengenes 13_8 99% identity reference tree [46].

Microbial diversity was analyzed using MicrobiomeAnalyst 2.0 [47,48], a free available
on-line software (available from https://www.microbiomeanalyst.ca/). Beta (p)-diversity
dissimilarity distance was assessed utilizing Bray-Curtis metric, and then visualized using
Principal Coordinate Analysis (PCoA). Alpha (o)-diversity metrics were computed using the
methods of Shannon and Simpson. The Kruskal-Wallis test with Benajmini—Hochberg corrections
in Qiime2 assessed the statistical significance of differences in a-diversity between groups.
PERMANOVA analysis in Qiime?2 identified differences in B-diversity between dietary groups,
with p-values adjusted using the Benjamini-Hochberg FDR correction. Microbial structure was

analyzed using QIIMEZ2. Taxa relative abundance comparison between groups utilized the Mann-
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Whitney U test followed by the two-stage linear step-up method of Benjamini, Kreiger, and
Yekutieli (p<0.05; FDR<5%). In our investigation of discriminating bacterial taxa with both
statistical significance and biological relevance, we employed Linear Discriminant Analysis Effect
Size analysis (LEfSe) [49]. This analysis was executed on the Galaxy Server
(https://huttenhower.sph.harvard.edu/galaxy/, accessed on 15 Nov 2023), utilizing an LDA

threshold of 2 and a p-value cut-off of 0.05.

2.4.2 Quantitative Analysis of Fecal Short Chain Fatty Acids

The evaluation of gut microbiota function involved quantifying levels of fecal short-chain
fatty acids (SCFAs) and branched-chain fatty acids (BCFAS), specifically acetic acid, butyric acid,
propionic acid, valeric acid, iso-butyric acid, and iso-valeric acid, as previously outlined [50]. In
brief, the methodology included freeze-drying of fecal samples, recording dry weight, diluting in
MilliQ water to achieve a 10% homogeneous fecal solution, centrifugation, pH measurement,
acidification, filtration, and gas chromatography analysis with a standard curve for calibration.
This analytical approach identified various SCFAs based on retention times and determined their

concentrations using analytical standards.

2.4.3 Predicted Functions of the Metagenome

The analysis of microbial community predictive functional profiling was conducted using
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 2
(PICRUSt2) [51,52], version 2.51. Initially, the fragment insertion Qiime2 plugin [53] aligned
ASVs to the HMMER sequence databases (www.hmmer.org), placing them optimally onto the

reference phylogeny using the SATé-Enabled Phylogenetic Placement (SEPP) tool [54] and
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constructing a new phylogenetic tree using the genesis applications for phylogenetic placement
analysis (GAPPA) [55]. Core hidden state prediction functions (hsp.py) were performed using the
castor R-package [56] to predict gene family abundances for each ASV and Kyoto Encyclopedia
of Genes and Genomes (KEGG) orthologs [57] (KO). The metagenome_pipeline.py command
was then employed to normalize the KO abundances based on 16S abundance, resulting in the file
(pred_metagenome_unstrat.tsv) containing mouse-specific KO abundances. This file was
processed in RStudio (R =V4.2.2, R Studio: V2022.12.0+353) to determine the inferred function
of the microbiota. Using custom R code analogous to the categorize by function.py used in
PICRUST1 [58], the KOs were aligned with a manually curated mapping file sourced from
https://www.genome.jp/kegg-bin/get_htext?ko00001.keg (accessed on 17 June 2022) [57].
Finally, STAMP (Statistical Analysis of Taxonomic and Functional Profiles), version 2.1.3
[59], was applied for the outcomes representing inferred functional aspects and two-group
comparisons using Welch’s two-sided t-test with Benjamini-Hochberg multiple test correction

(g<0.05).

2.5 Serum Metabolic, Inflammatory and Endotoxemia Biomarkers Analysis

Fasted blood was collected during week 17 of the study, after an 8 hour overnight fast. The
concentrations of fasted blood glucose (FBG) were measured using a glucometer (Contour®Next
blood glucose monitoring system, Bayer, model 7268). The serum concentrations of ghrelin,
glucose-dependent insulinotropic polypeptide (GIP), glucagon-like peptide-1 (GLP-1), glucagon,
insulin, leptin, plasminogen activator inhibitor-1 (PAI-1), and resistin were quantified using a
multiplex magnetic bead-based fluorescence sandwich immunoassay kit (Bio-Plex Pro Mouse

Diabetes 8-Plex Immunoassay, Bio-Rad, Cat. #171F7001M). The homeostatic model assessment
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of insulin resistance (HOMA-IR) index was calculated using the fasting glucose and insulin levels
using the following formula: [fasting serum insulin (uWIU/L) x fasting serum glucose (mM)]/ 22.5.
Insulin concentrations were converted from pg/mL to ulU/L using a molar mass of 5808 Da and a
conversion factor of 1 plU/L = 6.00 pmol/L [60]. Adiponectin concentrations were determined
separately using a single-plex assay (Bio-Plex Pro Mouse Diabetes Adiponectin Assay, Cat.
#171F7002M). Serum inflammatory cytokines concentrations were measured in non-fasting blood
collected at euthanasia, using the Bio-Plex Pro Mouse Cytokine 23-plex Assay (Cat.
#M60009RDPD). All these assays were conducted as per the manufacturer’s instructions. The
prepared assay plates were read on a Luminex® analyzer (MAGPIX®) equipped with Milliplex
Analyst software, version 5.1.0.0, developed by VigeneTech Inc. Serum levels of
lipopolysaccharide-binding protein (LBP), serving as an indicator of systemic LPS exposure [61],
were assessed with samples diluted 1000x. The mouse LBP enzyme-linked immunosorbent assay
kit (HyCultBiotech, Cat# HK205-01) was utilized following the manufacturer's instructions.
Absorbance readings were taken at 450 nm using a Multimode Microplate Reader (Tecan,

Switzerland).

2.6 Assessment of Inflammation in Adipose Tissue
2.6.1 Transcriptional Profiling of Inflammatory Markers in Adipose Tissue

RNA extraction was carried out using the Total RNA Purification Plus Kit (Norgen Biotek,
#48400). The purified RNA was then normalized to a concentration of 1 pg RNA/10 pL using
UltraPure™ DNase/RNase-Free Distilled Water. Subsequently, the normalized RNA underwent
reverse transcription to complementary DNA (cDNA) with the High-Capacity cDNA Reverse

Transcription Kit (Applied Biosystems, Cat. #4368814) in the thermal cycler. Quantitative real-
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time PCR (gQRT-PCR) analyses were performed using SYBR Green master mix (Applied
Biosystems™, Cat. #A25742) in a CFX96 real-time PCR detection system (Bio-rad, model C1000
Touch™), The Cq values for each sample were obtained from CFX Maestro Software. To compare
the relative expression of the target genes between samples, the AACq method was applied, with
gene expression levels normalized to the expression levels of the RPLPO housekeeping reference

gene. Primer sequences are displayed in Supplemental Table 4-3(S2).

2.6.2 Exploring Inflammatory Protein Expression in Adipose Tissue

The EAT protein extraction procedure involved homogenizing up to 50 mg of EAT with
ceramic beads and lysis buffer. The lysis buffer, comprising 1x RIPA buffer (Cell Signaling, Cat.
#9806) supplemented with protease inhibitor cocktail (Cell Signaling #5871) and PMSF (Cell
Signaling #8553), at final concentrations of 1/100 and 1/200, respectively, facilitated
homogenization using a Bead Mill 24 Homogenizer. After centrifugation, the supernatant was
carefully transferred to a new 1.5 mL capped tube, minimizing lipid transfer using a gauge needle
attached to a 1 ml syringe, and this step was repeated three times. This method ensured the
collection of the smallest amount of fat possible, maintaining protein purity and quality. The
protein solution was diluted 1/20, and the total protein content was quantified using the BCA assay
(Pierce™ BCA Protein Assay Kit, Cat. #23225) following the manufacturer’s instructions. The
EAT-extracted protein was normalized using 1x RIPA to 1 mg/ml. Subsequently, the cytokine
protein expressions, including IL-1p, MCP-1, TNF-a, IL-6, and 1L-10, were analyzed using the
Milliplex Mouse High Sensitivity Cytokine T Cell Magnetic Bead Panel (Cat. # MHSTCMAG-

70K). For this analysis, 25 ug of the normalized protein was utilized, following the manufacturer's

150



instructions. The prepared plate was read on a Luminex® analyzer (MAGPIX®) equipped with

Milliplex Analyst software, version 5.1.0.0, developed by VigeneTech Inc.

2.7 Spontaneous Locomotor Activity Assessment

To evaluate the spontaneous locomotor activity, the BBK test was conducted through
automated home-cage activity monitoring which counts the total number of beam breaks during
the light-dark cycles during week 15 of the study at the Animal Behavior and Physiology Core,
University of Ottawa. This test is considered as a functional parameter representing physical and
mental status of experimental animals while moving in a familiar environment [62]. The system
tracks the general motor activity and movements of animals within a photocell-equipped open field
system. It consists of a photocell emitter projecting the animal cages invisible horizontal infrared
beam lights from one side to the other. The broken beams, resulting from the mouse movements,
are enumerated, and analyzed to measure exploratory locomotor activity [62]. In present study,
following acclimatization for 1 hour in the assessment area, mice were placed individually in clean
cages with enough bedding materials covering the floor of the cage and supply of water and food,
but without nesting materials to avoid interference with their spontaneous behavior activity. Since
evidence has reported a reduction in activity levels during the dark cycle accompanied by
disruptions in the circadian feeding behavior in mice and rats with DIO [63], mice were monitored
over a 22-hour period to track motor activity during light and dark phases of the circadian cycle.
The Fusion 5.3 software by Omnitech Electronics Inc., paired with the Micromax analyzer from
Accuscan, was used for data analysis. Parameters such as horizontal activity counts (total beam

interruptions) and ambulatory activity counts (reflecting actual locomotion) were measured and
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summed in 30-minute intervals. The area under the curve for total activity and for each light and

dark cycle was calculated using GraphPad Prism 10.0.3.

2.8 Histology and Adipocyte Size Measurements

EAT samples were fixed in 10% formalin for 48 hours, followed by preservation in 70%
ethanol until processing. The samples were then paraffin-embedded, sectioned at 4 um thickness,
and stained using Hematoxylin and eosin (H&E) at the University of Ottawa Histology Core
Facility (Roger-Guidon Hall, Ottawa, ON, Canada). Subsequently, images were captured at 20x
magnification using a Zeiss Axiocam 506 microscope camera. The images were analyzed with the
Fiji (Image J2) software (version: 2.9.0/1.53t) using the Adiposoft plugin, and then the adipocyte

diameter and area was determined by analyzing an average of 25 adipocytes per mouse.

2.9 Statistical Analysis

Statistical analyses were carried out using GraphPad Prism software (Version 10.0.3). The
normality assumption was assessed using the D'Agostino-Pearson omnibus test (K2). Additionally,
homogeneity of variances for parametric data was examined using the Brown-Forsythe and
Bartlett's tests. The impact of the intervention on parametric data among the different study groups
was evaluated through one-way analysis of variance (ANOVA). Post-hoc analyses, including the
Student-Newman-Keuls (SNK) or Tukey's multiple comparison tests, were conducted to explore
specific pairwise differences between the study groups in case the ANOVA results were
statistically significant. For non-parametric data, two different approaches were employed based
on the data distribution. If the non-parametric data could be log-transformed to achieve normality,

a One-way ANOVA was performed after the data transformation. Alternatively, a Kruskal-Wallis
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test was conducted, followed by Dunn's multiple comparisons test as a post-hoc analysis.
Additionally, Spearman correlation analysis was employed to investigate associations between the
differentiated KEGG pathways and Akkermancia relative Abundance. The significance level for
all statistical tests was set at p < 0.05. The detailed statistical results from the ANOVA, Kruskal-

Wallis, and other relevant analyses, are provided in Appendix V111 for further reference.

3. Results
3.1 High-Fat Diet Induce Distinct Obesity Resistance and Prone Phenotypes

Figure 1A, depicts the body weight growth chart of the treatment groups over the 18-week
study period. Unpaired t test indicated that the initial body weights in both groups were comparable
at baseline (p=0.4). As demonstrated in Figure 4-1B, the final body weight analysis revealed a
significant percentage increase in body weight in the DIO-P group (128.2 + 2.55 %) compared to
the DIO-R and control groups (81.82 £+ 3.71 % and 89.91 * 3.47 %, respectively). Notably, there
was no significant difference in final body weight between the DIO-R and control groups (Figure
4-1B). Although there were minor individual variations in the results of the Echo-MRI body
composition analysis among mice in different groups, an overall trend of increasing fat mass as a
percentage of body weight, (fat mass (% BW)), and decreasing lean mass as a percentage of body
weight (lean mass (% BW)) were observed from week 6 to week 18, as depicted in Figure 4-1C
and 4-1E, respectively. Notably, in line with the body weight results, by the end of the
intervention, DIO-P mice exhibited a significantly higher fat mass (g) compared to both DIO-R
and control group, while lean mass was notably greater in both the DIO-P and control groups in

comparison to the DIO-R group, with no significant difference observed among them.
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Figure 4-1. Body Weight and Body Composition. A. Body weight growth chart (g), B. Body weight gain
percentage; Data was analysed by One-way ANOVA followed by Tukey’s multiple comparisons test. C.
Individual mice paired data illustrating fat mass as a percentage of body weight (% fat mass) from weeks 6
to 18, D. Final fat mass (g), E. Individual mice paired data illustrating lean mass as a percentage of body
weight (% lean mass) from weeks 6 to 18, F. Final lean mass (g). Statistical significance was set at p <
0.05. Asterisks indicate level of statistical significance as: * p<0.05, **p<0.01, ***p<0.001,
****p<0.0001.D10-R: Diet-induced obesity resistant group, DIO-P: Diet-induced obesity prone group.
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3.2 Spontaneous Locomotor Activity

The home-cage activity was measured by the BBK test for over a 22-hour period (Figure
4-2A). The two-way ANOVA analysis indicated a significant main effect of the light-dark cycle
on ambulatory activity, demonstrating higher activity levels during the dark cycle compared to the
light cycle, as anticipated (Figure 4-2B). Additionally, a significant interaction effect between the
intervention group and light-dark cycle was observed. Post-hoc analysis revealed significant lower
AUC of dark cycle ambulatory activity in DIO-P mice when compared to both the DIO-R and
control mice. Furthermore, DIO-R ambulatory activity was significantly lower than that in the
control mice. Similarly, the AUC of total ambulatory activity revealed a significant decrease in
DIO-P mice when compared to both the DIO-R and control mice. Additionally, DIO-R mice
exhibited a significant decrease in the AUC of total ambulatory activity compared to the control
mice (Figure 4-2C). Overall, these findings provide evidence of reduced locomotor activity in
DIO-P mice and, to a lesser extent, in DIO-R mice compared to the lean controls, emphasizing the

impact of diet composition and obesity phenotype on home-cage activity patterns.
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Figure 4-2. Spontaneous Locomotor Activity Measured in 30-min time bins. A. Infrared beam break
counts resulted from mice ambulatory movements over the 22-h session. B. Area under the curve (AUC)
analysis of ambulatory movements during the light and dark cycles, Data was analysed by two-way
ANOVA followed by Tukey's multiple comparisons test, C.) AUC analysis of total ambulatory movements
over the experiment session. Data was analysed by One-way ANOVA followed by Newman-Keuls multiple
comparisons test. Asterisks indicate level of statistical significance as: * p<0.05, ***p<0.001,
****n<0.0001. Values are displayed as meanstS.E.M.. DIO-R: Diet-induced obesity resistant group, DIO-
P: Diet-induced obesity prone group.
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3.2 Higher Food and Energy Consumption in Mice Prone to Obesity

The daily food intake (g/day/mouse) over the study duration and cumulative energy intake
(Kcal) from baseline to week 18 are illustrated in Figure 4-3A and Figure 4-3B, respectively.
Cumulative energy intake was calculated using the cumulative diet intake and converting the
consumed amount from g/mouse into kcal/mouse according to the experimental diet composition
presented in Table 4-1. Total energy intake was significantly higher in the DIO-P group compared

to both the DIO-R group and the control group, with no significant differences observed between

them.
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Figure 4-3. Diet and Energy Intake. A. Daily intake (g/day/mouse) throughout the study, B. Cumulative
energy intake (kcal) from baseline to week 18, Data was analysed by One-way ANOVA followed by
Newman-Keuls multiple comparisons test. Statistical significance was set at p < 0.05. Asterisks indicate
level of statistical significance as: ****p<0.0001. Values are displayed as means+S.E.M. DIO-R: Diet-
induced obesity resistant group, DIO-P: Diet-induced obesity prone group.
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3.3 Fecal Microbial Community Structure
3.3.1 Comparable Intestinal Microbiota Diversity in Obesity-Prone and Obesity-Resistant Mice
The assessment of microbiota a- diversity, measured through both Simpson and Shannon
indices (Figure 4-4A and 4-4B), revealed significantly higher a- diversity in both DIO-P and DIO-
R groups compared to the control group. Notably, no statistically significant differences were
detected in a- diversity between the DIO-P and DIO-R groups, indicating a uniform impact of the
HFD on microbial diversity, irrespective of the obesity phenotype.
The analysis of B-diversity using the Bray-Curtis dissimilarity index revealed a notable
clustering pattern based on diet (Figure 4-4C). As such, both DIO-P and DIO-R clusters were
overlapped with no significant differences among them, while forming a separate cluster

significantly distinct from the control group.
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Figure 4-4. The Fecal Microbiota Diversity. a—diversity and pairwise comparison tables for A.
Shannon index, B. Simpson index. C. B -diversity visualized by principal component analysis (PCoA) of
Bray-Curtis distance matrices and PERMANOVA pairwise comparisons. The multi-testing adjustment
conducted based on Benjamini-Hochberg procedure procedure (FDR<0.05). Values for each mouse are
shown as a dot symbol. DIO-R: Diet-induced obesity resistant group, DIO-P: Diet-induced obesity prone
group.
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3.3.2 Different Microbiota Composition in Obesity-Prone and Obesity-Resistant Mice

At the end of the study, the analysis of microbiota composition at both phylum and genus
levels yielded notable distinctions among the groups examined (Figure 4-5A-G). In total, eight
phyla were identified, with Firmicutes and Bacteroidetes standing out as the predominant phyla
across all groups (Figure 4-5A). At the phylum level, Kruskal-Wallis analysis did not indicate
significant differences in the relative abundance of Firmicutes and Bacteroidetes or the
Firmicutes/Bacteroidetes ratio.

However, the relative abundance of F16, the primary family member of the TM7 phylum,
and Ruminococcaceae (f) from Firmicutes phylum, showed a significantly higher relative
abundance in the DIO-P group compared to the control group. Conversely, S24-7 (f) from
Bacteroidetes and Papillibacter (g) from Firmicutes increased in control group compared to both
the DIO-P and DIO-R groups. Additionally, Akkermansia, the principal genus member of the
Verrucomicrobia phylum, as well as Clostridium (g) from Firmicutes exhibited a marked increase

in the DIO-R group compared to both the DIO-P and control groups (Figure 4-5B-G).
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Figure 4-5. Fecal Microbial Community Structure. A. Taxonomic relative abundance of fecal microbiota
at the phylum level (p), B-G. Relative abundance of key genus (g). The microbiota data was analyzed using
Kruskal-Wallis test, followed by Dunn's multiple comparisons test. f; microbiota taxa composition at the
family level for the unclassified genera. Statistical significance was set at p < 0.05. (n=8 Control, n=10
DIO-R, and n=12 DIO-P). DIO-R: Diet-induced obesity resistant group, DIO-P: Diet-induced obesity prone
group.

Furthermore, the discriminant analysis of gut microbiota composition using the LEfSe
method revealed consistent results, as presented earlier (Figure 4-6A-F). When comparing the
microbiota of DIO-P and DIO-R, we identified 10 differentially abundant taxonomic classes
(p<0.05) with an LDA score higher than 2.0. Notably, the abundance of Akkermansia was
statistically and biologically differentiated in the DIO-R group, emerging as a key genus in

comparison to both the DIO-P and control groups.
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Figure 4-6. LEfSe Results on Fecal Microbial Taxonomy. A-C. Histogram of the Linear discriminant
analysis (LDA) scores computed for features differentially abundant between; A. Control and DIO-P, B.
DIO-P and DIO-R, and C. Control and DIO-R groups, D-F. Taxonomic Cladogram (phylum to genus) from
LEfSe, depicting taxonomic association between microbiome communities from; D. Control and DIO-P,
E. DIO-P and DIO-R, and F. Control and DIO-R groups. Each node represents a specific taxonomic type.
Red and green nodes denote the taxonomic types with more abundance within the respective groups.
(LDA>2, p<0.05). DIO-R: Diet-induced obesity resistant group, DIO-P: Diet-induced obesity prone
group.
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3.4 Microbial Community Function

3.4.1 Comparable Fecal SCFAs concentrations in Obesity-Prone and Obesity-Resistant Mice
Fecal concentrations of SCFAs, including acetate, propionate, butyrate, and Total SCFAsS,

did not exhibit significant differences among the study groups (Figure 4-7A-D). Given that the

fiber source in both the low-fat and high-fat diets was cellulose, an insoluble and non-digestible

fiber known for its poor fermentation by gastrointestinal bacteria [64], these findings were not

unexpected.
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Figure 4-7. Short-chain Fatty Acid (SCFAs) Concentrations, (umol/g DW). A. Acetic Acid, B. Propionic
Acid, C. Butyric Acid, D. Total SCFAs. Data was analysed by One-way ANOVA followed by Tukey's
multiple comparisons test. Values are displayed as means+S.E.M. DIO-R: Diet-induced obesity resistant
group, DIO-P: Diet-induced obesity prone group.

3.4.2 Microbiota Predicted Function
The multiple groups comparison of predicted functional KEGG pathways in STAMP
among control, DIO-R, and DIO-P groups, revealed 21 active features. Notably, post-hoc analysis

identified four pathways specifically between the DIO-R and DIO-P groups that all were
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significantly enriched in DIO-R mice. The regression analysis also revealed significant positive
correlations between these pathways including biosynthesis of unsaturated fatty acids, steroid
biosynthesis, carotenoid biosynthesis and sesquiterpenoid and triterpenoid biosynthesis and the

relative abundance of Akkermansia (Figure 4-8E-H).
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Figure 4-8. Analysis of KEGG Pathways and Spearman's Rank Correlation Plot Between Predicted
Pathways and Microbiota. A-C. Multiple groups comparison of the differing functional pathways
between DIO-R vs DIO-P and control groups. The PICRUSt2 data were analyzed in STAMP using
ANOVA with Tukey-Kramer post-hoc test and Benjamini-Hochberg multiple test correction FDR
(0<0.05). D-F. Simple linear regression between differentiated pathways and Akkermancia relative
Abundance. Correlations with r > 0.4 and p < 0.05 are shown. DIO-R: Diet-induced obesity resistant group,
DIO-P: Diet-induced obesity prone group.

3.5 Altered Endotoxemia and Systemic Inflammation Profiles in Obesity-Prone and Obesity-

Resistant Mice
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Serum LBP concentrations were measured as an indicator of LPS exposure, referring to
endotoxemia [61]. The results revealed a significant increase in LBP concentrations in DIO-P
group when compared to DIO-R, with no significant difference observed between DIO-R and
control groups.

Serum cytokine levels could not be detected in all samples for some of the analytes
measured by the 23-plex cytokine/chemokine assay Kkit. Supplementary Table 4-4(S2) depicts
the number of samples with undetectable cytokine/chemokine concentrations and the median
serum concentrations of the detectable ones within each of the control, DIO-R, and DIO-P groups.
Table 4-2 presents the mean+S.E.M. results for cytokines detected in 97%-100% of the samples.
As can be seen, TNF- o and MCP-1 exhibited significant lower concentrations in DIO-R group
when compared to both DIO-P and control groups. The levels of IL-6 did not demonstrate a
significant difference between groups; however, it displayed a decreasing pattern in the DIO-R
group compared to the DIO-P group (p=0.052). Additionally, keratinocyte-derived chemokine
(KC or CXCL1), recognized for its role in adipose tissue inflammation and subsequent insulin
resistance development [65], was decreased in both DIO-R and control groups compared to DIO-
P group, with no significant difference observed between DIO-R and control groups. Conversely,
no significant differences were observed in the levels of IL-1a, IL-5, MIP-1a0, MIP-1, IL-12P40,
Eotoxin, IL-10, and IL-17A among the study groups.

Table 4-2. Cytokine and Chemokine Concentrations

Intervention group Control DIO-R DIO-P p value
Biomarker

LBP (ng/mL) 2524+200.3% 2164+255.5"° 3164+281.4° p=0.02
TNF-a (pg/mL) 8.57+1.41¢ 1.42+0.49° 9.77+2.83% p=0.016
IL-6 (pg/mL) 6.89+2.40 3.81+1.42 6.80£1.47 p=0.052
MCP-1 (pg/mL) 243.30£36.52% | 117.40+19.95° | 328.70+57.66° p=0.006
IL-1a (pg/mL) 15.12+3.34 21.28+2.41 23.64+4.78 p=0.17
IL-5 (pg/mL) 10.59+1.80 9.801+1.47 24.00+6.10 p=0.18
MIP-1a (pg/mL) 3.26+0.28 2.35+0.25 3.11+0.48 p=0.16
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MIP-1B (pg/mL) 6.52+1.46 2.35+0.64 7.09+2.04 p=14
IL-12P40 (pg/mL) 416.0+27.68 351.4+19.28 348.1+25.27 p=0.13
KC (CXCL1) (pg/mL) 246.9+30.06 ° 172.5+11.45" | 309.2+30.812 p=0.0012

G-CSF (pg/mL) 96.06+12.06 91.14+12.54 113.1+18.08 p=0.58
Eotoxin (pg/mL) 3261+371.6 3112+368.6 4534+659.8 p=0.12
IL-10 (pg/mL) 12.76+2.070 6.82+1.63 10.64+1.83 p=0.09
IL-17A (pg/mL) 8.25+1.86 4.66+1.65 4.05+1.65 p=0.14

Mean values are presented as Mean+S.E.M. Groups that do not share a lowercase letter are considered
significantly different (p<0.05). Parametric data (including LBP, G-CSF and EOTOXIN) were analysed by
One-way ANOVA followed by Newman-Keuls multiple comparisons test and non-parametric data were
either was either log-transformed to normalize (including TNF- a, MCP-1, IL-5, KC, MIP-1f, IL-12P40,
MIP-1a, and IL-10) followed by performing the ANOVA, or analysed by Kruskal-Wallis test (IL-6, IL-1a,
and IL-17a ) followed by Dunn's multiple comparisons test (n=8 Control, n=9 DIO-R, n=12 DIO-P).
Statistical significance was set at p < 0.05. Values with different superscripts (a, b) are significantly different
at p < 0.05. DIO-R: Diet-induced obesity resistant group, DIO-P: Diet-induced obesity prone group. LBP:
Lipopolysaccharide-binding protein; TNF-o. = tumor necrosis factor alpha; IL = interleukin; MCP-
1=Monocyte Chemoattractant Protein-1; MIP=Macrophage inflammatory protein-1 alpha; KC=
Keratinocyte-derived cytokine. G-CSF: Granulocyte Colony-Stimulating Factor.

3.6 Distinct Metabolic Profile in Obesity-Prone Mice and Obesity-Resistant Mice

Analysis of fasting serum markers (Figure 4-9A-L) revealed distinct metabolic profile
among the experimental groups. Obesity-prone group exhibited a significantly elevated levels of
pro-inflammatory adipokines of resistin and leptin compared to both DIO-R and control groups.
Furthermore, FBG levels were significantly higher in DIO-P mice compared to DIO-R and control
mice, suggesting altered glucose homeostasis in obesity-prone animals. The index of HOMA-IR
revealed significantly higher values in DIO-P compared to DIO-R, indicating an impaired insulin
sensitivity specifically in the obesity-prone group. Additionally, the adiponectin/leptin ratio, an
indicator of functionality of adipose tissue and a useful estimator of obesity [66], was significantly
lower in DIO-P mice compared to both DIO-R and control groups. However, fasting appetite-
related hormones such as GLP-1 and ghrelin showed no significant differences among the groups,
indicating that variations in appetite regulation might not be the primary drivers of the distinct
phenotypes of obesity. Furthermore, no significant differences were observed in other factors

related to inflammation and glucose homeostasis, including PAI-I, glucagon, and GIP. These
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findings underscore the presence of a unique metabolic profile in obesity-prone mice characterized
by dysregulated adipokines and impaired glucose homeostasis, highlighting potential factors

contributing to their increased susceptibility to obesity.
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Figure 4-9. Serum Concentrations of Adipokines, Glucose and Insulin Homeostasis and Gut Peptides.
A. Resistin, B. Leptin, C. Adiponectin, D. Adiponectin/Leptin ratio, E. PAI-1, F. GIP, G. Ghrelin, H.
GLP-1, I. Glucagon, J. Insulin, K. FBG, L. HOMA-IR. Parametric data (including Resistin, PAI-I,
Adiponectin, Ghrelin and, FBG) were analysed by One-way ANOVA, while non-parametric data were log-
transformed to normalize (including GIP, and GLP-1, Glucagon, Insulin, HOMA-IR, Leptin and
Adiponectin/Leptin) followed by performing the ANOVA and Newman-Keuls multiple comparisons test.
Statistical significance was set at p < 0.05. Asterisks indicate level of statistical significance: * p <0.05, **
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p <0.01, **** p <0.0001. DIO-R: Diet-induced obesity resistant group, DIO-P: Diet-induced obesity prone
group. PAI-1=Plasminogen activator inhibitor-1, FBG=Fasted-blood glucose, GIP=Glucose-dependent
insulinotropic polypeptide HOMA-IR=Homeostatic Model Assessment of Insulin Resistance, GLP-1:
Glucagon-like Peptide-1.Values are displayed as means+S.E.M.

3.7 Shifts in Adipose Tissue Depot Weights and Adipocyte Size in Obesity-Prone Mice

Figure 4-10A represents the weights of individual adipose depots in grams (g). Notably,
both DI10-P and DIO-R groups exhibited significantly higher EAT weight compared to the control
mice. Interestingly, there were no substantial differences in EAT weight between the DIO-P and
DIO-R groups. PAT weight was significantly elevated in DIO-P mice compared to both DIO-R
and control groups, while in the DIO-R group, it was significantly greater than that in the control
group. Conversely, BAT weight reduced in the DIO-R group compared to the DIO-P group, with
no significant difference observed compared to the control group. Analysis of H&E stained
adipocyte images, Figure 4-10B, exhibited an increased average adipocyte size, quantified by
adipocyte diameter and area, compared to the control mice. However, these changes were

attenuated in DIO-R mice, suggesting an amelioration of the hypertrophic state in obesity resistant

phenotype.
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Figure 4-10. Adipose Tissue Depots Profile. A. EAT, PAT, BAT (g); Parametric data (EAT and PAT)
were analyzed using One-way ANOVA followed by the Newman-Keuls multiple comparisons test. Non-
parametric data were analyzed using Kruskal-Wallis test (BAT), followed by Dunn's multiple comparisons
test. Asterisks indicate level of statistical significance as: * p<0.05, **p<0.01, ***p<0.001, ***p<0.0001.
B. Representative H&E staining of EAT obtained from mice in; 1- Control, 2- DIO-R, 3- DIO-P groups
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and the respective average measures of adipocyte diameter and adipocyte area. Data was analyzed using
One-way ANOVA followed by the Newman-Keuls multiple comparisons test. Values with different
superscripts (a, b) are significantly different. DIO-R: Diet-induced obesity resistant group, DIO-P: Diet-
induced obesity prone group. EAT: epididymal adipose tissue. EAT: epididymal adipose tissue; PAT:
perirenal adipose tissue; BAT: intrascapular brown adipose tissue. Values are shown as mean+SEM.
Statistical significance was set at p < 0.05.

3.8 Obesity-Prone Mice Induced an Elevated Adipose Tissue Inflammation in Response to HFD

The EAT mRNA expression analysis revealed distinct patterns of gene expression of pro-
inflammatory markers and G protein-coupled receptors (GPRs) among the study groups (Figure
4-11A-F). In particular, the genes TNF-a, GPR41, and GPR43 showed significant upregulation in
DIO-P group when compared to both the DIO-R and control groups. However, no significant
differences were observed in the mRNA expression levels of these genes between the DIO-R and
control groups. Additionally, the mRNA expression of MCP-1 exhibited a similar trend, with
significant upregulation in the DIO-P group compared to both the DIO-R and Control groups.
Furthermore, mRNA expression of MCP-1 was also significantly upregulated in the DIO-R group
compared to the control group. Interestingly, Toll-like receptor (TLR)-4 mRNA expression was
found to be significantly upregulated in the DIO-P group compared to the DIO-R group only, with
no other significant differences observed between the DIO-R mice and control group. No

significant difference was found in mMRNA expression levels of 1L-6 among the study groups.
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Figure 4-11. EAT mRNA Expression of Pro-Inflammatory Markers and SCFAs Receptors. A. TNF-
a, B. MCP-1, C. IL-6, D. TLR4, E. GPR-41, F. GPR-43. Data was log-transformed to normalize then
analysed by One-way ANOVA followed by Newman-Keuls multiple comparisons test. Asterisks indicate
level of statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.001. Data related to gene expression of
each target gene was normalized to the expression levels of RPLPO as the housekeeping gene. EAT:
Epididymal adipose tissue. Values are displayed as means+S.E.M. TNF-a: Tumor Necrosis Factor-alpha,
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IL-6: Interleukin-6, MCP-1: Monocyte Chemoattractant Protein-1, TLR-4: Toll-like receptor 4, GPR-41.:
G-protein coupled receptor 41, GPR-43: G-protein coupled receptor 43.

Following our mRNA measurements, we conducted an analysis of cytokines in the
extracted protein from EAT (Figure 4-12A-E). Consistent with our mRNA data, MCP-1 revealed
upregulation in the DIO-P group compared to the other groups. Unexpectedly, TNF-o showed
increased expression in the control group compared to DIO-P only, contrasting with the mRNA
results. Conversely, we observed an increased IL-10 expression in the control group compared to
both DIO-P and DIO-R. Notably, there were no significant differences in IL-1p as well as 1L-6

expression among the groups, with the latter aligning with our mRNA findings.
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Figure 4-12. Epididymal Adipose Tissue (EAT) Protein Concentrations of Pro-Inflammatory
Markers. A. IL-1 B, B. MCP-1, C. IL-6, D. IL-10, E. TNF-a. Data was log-transformed to normalize
then analysed by One-way ANOVA followed by Newman-Keuls multiple comparisons test. Asterisks
indicate level of statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.001. EAT: Epididymal adipose
tissue. Values are displayed as meanstS.E.M.

4. Discussion

In this study, we aimed to explore the potential contributors underlying the observed
variations in susceptibility or resistance to obesity in C57BI/6 male mice, a well-established model
to mimic human obesity and associated metabolic dysfunction. Stratifying the HFD-fed mice into

the DIO-P and DIO-R phenotypes based on the body weight gain revealed marked differences in
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food intake, gut microbiota, adipose tissue distribution and function, and systemic inflammatory
and metabolic profiles.

To further explore the link between gut microbiota, inflammation, and endotoxemia, we
conducted a comprehensive analysis of fecal microbial community structure and function.
Previous research, has shown diverse results, including similar gut microbiota dysbiosis [40], an
increase in the abundance of Enterobacteriales order [33], an elevated abundance of Firmicutes
and Actinobacteria, coupled with a decreased abundance of Bacteroides and Proteobacteria in gut
microbiota as well as a significant reduction in gut microbiota richness and diversity [42] in obesity
prone compared to the obesity resistant rodents. In contrast to the observed microbial diversity
similarities in this study, our examination of microbiota composition revealed distinct differences
at the phylum and genus levels (Figure 4-5). Specifically, we identified a higher abundance of
F16 from the TM7 phylum in DIO-P mice, which, despite inconsistent results in the literature
[67,68], has evidence potentially associated with increased adiposity [69]. Conversely,
Akkermansia, exhibited a marked increase as a key genus distinguishing DIO-R from DIO-P,
aligning with findings from a recently published study [70]. This underscores its potential as a
biomarker for the observed heterogeneity in obesity phenotype. It is noteworthy that the
discrepancies in results across the literature could be attributed to differences in specimen origin
(cecal vs. fecal), dietary fat content, background diet composition, and study duration among
various research studies. This underscores the complexity of gut microbiota dynamics in the
context of obesity and highlights the need for further investigation.

Akkermansia is recognized for its beneficial effects in alleviating obesity [71-73],
supported by evidence from both preclinical and clinical studies that consistently reveal a

decreased abundance of Akkermansia muciniphila species in obesity and associated metabolic
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dysfunction [74,75]. Notably, administration of Akkermansia muciniphila has shown promise in
preventing the harmful effects of HFD in mice [75,76]. This includes reversing colon mucosal
barrier dysfunction observed in HFD-fed mice, demonstrated by an increase in mucus layer
thickness and enhanced goblet cell density, thereby highlighting its role in promoting gut health
[25,71]. In the current study, in line with other studies comparing obese groups to controls [77—
79], serum concentrations of LBP were elevated in the obesity-prone group when compared to the
resistant group, which suggests an enhanced gut integrity in DIO-R mice. This finding aligns with
evidence associating gut microbiota dysbiosis with gut inflammation and increased gut
permeability, supported by increase plasma LPS and reduced colonic tight junction protein
expression such as Occludin and ZO-1 [42]. Overall, our findings suggest a pivotal role for higher
Akkermansia relative abundance in attenuating the effects of HFD on endotoxemia and further
inflammation state.

Exposure to pro-inflammatory stimuli, such as LPS, triggers a cascade of immune
responses, leading to the secretion of pro-inflammatory cytokines that contribute to the chronic
low-grade systemic inflammation observed in obesity [29,80-82]. Surprisingly, Akkermansia is
reported to be inversely associated with low-grade systemic inflammation [75]. In our study, we
found suppressed serum levels of MCP-1 and TNF-a in DIO-R compared to DIO-P (Table 4-2).
Notably, this reduction was evident even when contrasted with the control group, which had never
been exposed to HFD. These findings align with reduced systemic pro-inflammatory markers
observed in both humans and animal models undergoing weight-loss interventions [83-86].
Although our mice had ad libitum access to food, the reduced cumulative calorie intake could also

be responsible for suppressing systemic inflammation in DIO-R mice in the present study .
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Adipose tissue serves a dual role as an energy storage organ and a metabolically active
endocrine organ with inflammation and immunity functions [87,88]. DIO-P mice exhibited a
significant higher percentage of fat mass (Figure 4-1), and subsequent elevated weights of adipose
depots including PAT and BAT compared to DIO-R mice (Figure 4-10). Unexpectedly, in line
with the results reported in a previous study [6], HFD resulted in comparable fat accumulation in
EAT in both the DIO-P and DIO-R, differing from that observed in control mice. However, the
adipocyte size in EAT of DIO-P mice was visibly and statistically larger than that of the control
group, indicating hypertrophy in the DIO-P group, an effect that was attenuated in DIO-R mice.
The observed hypertrophy in EAT in DIO-P mice might be related to upregulation of TLR4 and
the subsequent expression of proinflammatory cytokine genes such as TNF-a and MCP-1 when
compared to the DIO-R mice (Figure 4-11). These data align with reduced proinflammatory
marker gene expression in adipose tissue when comparing obesity-resistant to obesity-prone
phenotypes in mice [6], or HFD-fed mice switched to a low-fat chow diet in previously published
reports [4]. It is important to note that these reports primarily examined gene expression, which
may not accurately represent protein expression levels. In another study measuring adipose tissue
protein levels of cytokines, a reduction was observed in TNF-a and IL-6 levels in HFD-fed mice
switched to a low-fat chow diet, while MCP-1 showed no significant difference compared to the
obese mice [89]. Our study stands out as the first to concurrently assessed both cytokine gene and
protein concentrations in EAT, revealing consistent outcomes indicating the alleviation of
inflammation and mitigation of adipose tissue dysfunction in HFD fed DIO-R mice.

Furthermore, like the findings of a previous study [90], DIO-P mice exhibited elevated
glucose concentrations, insulin resistance, and higher serum levels of adipokines, including resistin

and leptin, in comparison to DIO-R mice (Figure 4-9). Notably, considering that resistin is known
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for its potent proinflammatory properties and its association with EAT inflammation and insulin
resistance [91,92], it closely corresponds with our observations. The hyperleptinemia observed in
DI10O-P mice aligns with the known correlation between leptin and adipose tissue mass [93]. Under
obesogenic conditions, partial leptin deficiency protected the mice from obesity development and
exerted beneficial effects on energy homeostasis [94], which could be involved in the resistance
to obesity in our study. We also found a reduced Adiponectin/Leptin ratio, recognized as a
predictive marker for metabolic syndrome [95]. These findings overall highlight the significant
impact of adipose tissue on influencing the obesity phenotype and metabolic health.

In this study, differences in gut microbiota composition were noted, but no significant
variations were observed in fecal SCFAs concentrations (Figure 4-7). While evidence from human
studies have revealed elevated SCFAs levels in obesity [96], SCFAs administration revealed
protection against diet-induced obesity [97,98]. Despite comparable fecal SCFAs levels, DIO-P
mice exhibited notably higher cumulative energy intake, raising questions about the complex
interplay between gut microbiota activity, dietary factors, and SCFAs production. The discrepancy
might be attributed, in part, to the low fermentability of cellulose [64], the primary fiber source in
this study. On the other hand, DIO-P mice showed an upregulation of SCFAs receptors GPR 41
and 43 in EAT (Figure 4-11), suggesting potential differences in SCFAs absorption and
emphasizing the importance of studying SCFAs in serum as a reflection of their uptake.

The microbial predicted functional pathway analysis unveiled notable differences between
the DIO-P and DIO-R groups including enriched pathways in DIO-R mice such as biosynthesis of
unsaturated fatty acids and steroid biosynthesis. Interestingly, Akkermansia abundance exhibited

a positive correlation with these pathways (Figure 4-8). However, the information on

172



contributions of these microbial pathways in identifying the obesity phenotype is limited,
underscoring the necessity for further research.

One of the strengths of this study lies in the comprehensive evaluation of inflammatory
markers through both mRNA gene expression and protein concentrations in adipose tissue. While
our study provides valuable insights with respect to the factors involved in development of various
DIO phenotypes, it has some limitations. The exclusive focus on male mice restricts direct
application to females. Additionally, the absence of baseline gut bacteria analysis limits our ability
to fully understand whether the distinct obesity phenotypes were caused by variations in gut
microbiota composition or if the observed phenotypes influenced the microbiota dynamics.

In summary, our study elucidates the complex interactions influencing the development of
obesity-prone or obesity-resistant phenotypes in a DIO model of C57BL/6 male mice, while
highlighting the crucial role of the gut microbiota in obesity pathogenesis. Our findings
specifically emphasize the potential contributions of Akkermansia in mitigating obesity-associated
inflammatory and metabolic dysfunctions, while offering prospects for innovative therapeutic

interventions for obesity treatment.
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Supplementary Materials

Table 4-3(S1). Forward and Reverse Primer Sequences Utilized for gRT-PCR

Target gene Forward Primer (5’-3”) Reverse Primer (5°-3°)

RPLPO ACTGGTCTAGGACCCGAGAAG TCCCACCTTGTCTCCAGTCT
TNF-a CATCTTCTCAAAATTCGAGTGACAA | TGGGAGTAGACAAGGTACAACCC
IL-6 AACGATGATGCACTTGCAGA GAGCATTGGAAATTGGGGTA
MCP-1 GCCTGCTGTTCACACAGTTGC CAGGTGAGTGGGGCGTTA
TLR-4 AGAAAATGCCAGGATGATGC CTGATCCATGCATTGGTAGGT
GPR-41 GTGACCATGGGGACAAGCTTC CCCTGGCTGTAGGTTGCATT
GPR-43 GGCTTCTACAGCAGCATCTA AAGCACACCAGGAAATTAAG

RPLPO: Ribosomal Protein Lateral Stalk Subunit PO, TNF-a: Tumor Necrosis Factor-alpha, IL-6:
Interleukin-6, MCP-1: Monocyte Chemoattractant Protein-1, TLR-4: Toll-like Receptor 4, GPR-

41: G Protein-Coupled Receptor 41, GPR-43: G Protein-Coupled Receptor 43.

Table 4-4(S2). Summary of Detectable and Undetectable Cytokine/Chemokine Concentrations in
Serum Samples of Mice from the Control, DIO-R, and DIO-P Groups

Analyst Undetctable Control (n=8) DIO-R (n=10) DIO-P (n=12)
n@)® | #  Median(or)T | # | Median (IQR) # Median (IQR)
IL-3 25(83.3%) | 8 8| 3.985(2.06,591) |9 5.63 (0.01, 9.73)
IL-1B 12 (40%) | 2 0.94 (0.35, 1.53) 6 3.19(0.35 14.91) |4 2.245 (0.65, 4.1)
TNF- a 0 0 10.62 (6.45, 10.62) 0 2.81 (0.37, 29.33) 0 8.53 (3.72, 24.53)
IL-9 19 (63%) | 6 | 120.525 (0.47, 240.58) | 6 | 5.585 (0.86,273.53) | 7 | 14.64(0.29, 190.1)
IFN-y 4(13%) |0 0.12 (0.03, 2.56) 3| 1.29(0.02,20.34) |1| 3.22(0.57,13.42)
IL-2 2 (6%) 0 0.83 (0.28, 1.47) 1| 021(0.11,560) |1 0.83 (0.0, 7)
IL-13 8(26%) |1 3.32 (0.16, 3.32) 4| 0.16(0.16,48.30) | 3 15.26 (3.32, 80)
IL-6 0 0 4.865(1.41,11.34) | 0| 2.07(1.34,10.99) |0 5.4 (3.24, 9.28)
IL-4 25(83%) |7 0.19 (0.19, 0.19) 9| 11.79(11.79,11.79) | 9 | 10.66 (4.07,14.61)
MCP-1 0 0 256.81 0 118.67 0 287.19
(190.84, 317.57) (99.41, 306.79) (190.84, 374.05)
IL-5 0 0| 10.4(6.23,14.93) |0 | 12.14(7.88,14.93) | 0| 16.82(7.99,36.41
IL-1a 0 0| 13.63(6.09,22.74) |0 | 22.28(16.83,26.88) | 0 | 19.68 (12.39, 30.22)
G-CSF 0 0 | 89.02(69.29,118.63) | 0 | 91.21(63.91, 169.16) | 0 | 102.27 (73.11, 141.52)
RANTES | 4(26%) | 3| 12.94(0.28,16.84) | 0| 9.175(4.34,16.82) |1 | 16.04(7.01,34.74)
IL-10 1 (3%) 0| 13.505(7.62,18.79) |0 | 6.77(3.37,14.45) |1 | 11.63(4.01,16.36
KC 0 0 256.85 0 168.89 0 253.07
(191.46, 269.47) (145.78, 224.89) (225.32, 409.43
IL-17A 1 (3%) 0| 7.995(3.39,13.16) |0 | 4.675(1.21,9.21) |1 4.39 (1.95, 9.21
GM-CSF | 19(63%) |6 2.78 (2.78, 2.78) 7| 278(2.78,94.95) |6 | 2.78(2.78,45.67
Eotoxin 0 0 3080.5 0 348 0 4978
(2492.75, 4168.25) (2415.75, 5191.00) (2628.00, 7061.75
MIP-1-B 0 0 7.015 (3.22,9.23) 0] 2.82(1.39,13.06) |0 | 5.285(0.60,11.02)
IL-12P40 0 0 402.05 0 332.525 0 340.805
(370.98, 445.12) (319.54, 362.86) (310.99, 395.21)
MIP-1 o 0 0 3.255 (2.58, 4.04) 0| 2425(1.86,3.10) |0 2.89 (1.96, 3.67)
IL-12P70 | 8(26%) |3 | 8.37(4.19,33.34) |4 | 9545(0.72,43.77) | 1| 8.37(0.72, 24.49)

% Below than minimum detectable range. # Total number of undetectables in the respective groups. 725th
and 75th percentile reported. IQR = interquartile range; IL = interleukin; TNF- o = tumor necrosis factor

alpha;

MCP-1=Monocyte Chemoattractant Protein-1;

IFN-y =

interferon-v;

MIP=Macrophage
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inflammatory protein-1 alpha; G-CSF=granulocyte-colony stimulating factor; KC= Keratinocyte-derived
cytokine; GM-CSF = granulocyte-macrophage colony-stimulating
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5 CHAPTER 5: General Discussion and Conclusion

5.1 Integration of Findings

The overall goal of this thesis was to investigate the influence of dietary modifications on the
gut microenvironment and their collective effects on inflammation, metabolic, and mental health
outcomes, particularly in the context of obesity. In Project 1, detailed in chapter 2, and Project 2,
detailed in chapter 3, I investigated the impact of incorporating white and dark red kidney beans
into a low-fat diet on obesity-associated outcomes in mice previously subjected to high-fat diet-
induced obesity. On the other hand, in Project 3, detailed in chapter 4, | focused on understanding
the factors contributing to obesity resistance while under a HFD with a primary emphasis on the
role of gut microbiota composition and function in shaping obesity-resistant phenotypes.

Since diets with reduced energy density align more with sustainable dietary management
of obesity, in our study, mice were fed a LFD concurrent the beans consumption. This is contrary
to most previous studies on animal models (discussed in chapter 1) that evaluated the effects of
beans on gut microbiota structure and function while mice were being fed with an HFD. However,
with respect to intestinal health, addition of cooked beans to the mice diet, despite its different
composition, consistently attenuated obesity-associated dysbiosis and related intestinal health
dysfunction. Also, this research holds translational significance for humans. The average pulse
intake reported in Canada and United States by pulse consumers were 87 to 113 g/d, which is
equivalent to more than one-half cup/day [154]. On the other hand, in Canada, high-pulse
consumer adults take an average of 294 g (~325 kcal) of pulses per day, considering an average
daily calorie intake of 2500 Kcal, which amounts to approximately 13% of the total calorie intake

from pulses [224]. Therefore, the level of kidney bean supplementation used in current research
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(15% w/w or ~ 12.7 % kcal), equivalent to approximately 1 cup of pulses, represents a realistic
and achievable daily intake of beans in humans [180].

Transitioning obese mice from a HFD to a LFD supplemented with beans resulted in a
significant attenuation of weight gain compared to the obese control group. However, the body
weight of mice in the bean-fed group continued to increase when compared to the group HF—LF,
without bean supplementation. This outcome may have been influenced by higher diet and energy
intake in the bean-supplemented groups, aligning with findings of studies in healthy individuals
where pulses demonstrated acute appetite-suppressing effects following pulse meals but did not
necessarily lead to decreased food intake in subsequent meals [225]. The unique appearance, taste,
and aroma of beans could have contributed to their higher palatability, potentially influencing
overall food intake in our study. However, beans beneficially impacted body composition,
particularly by enhancing lean mass compared to the bean-free diets. Moreover, they significantly
reduced fat mass in comparison to the obese control, bringing it to a level with no significant
differences from the HF—LF group, despite notable distinctions in body weight. Microbiota
analysis of both fecal (distal colon) and cecal (proximal colon) samples in Projects 1 and 2,
respectively, revealed that, in comparison to the lean group (LF), HFD led to minimal changes in
the relative abundance of bacterial members at the phylum level in the HF group except for
increased cecal abundances of TM7 and Deferribacteres in HF obese mice. Consequently, the ratio
of Firmicutes/Bacteroidetes did not exhibit significant differences between the HF and LF controls
at either sampling site. At the genus level, both fecal and cecal microbiota exhibited a shared
pattern of reduced relative abundance in Papillibacter (g), Prevotella (g), and S24-7 (f) in HF
compared to the lean LF group. Additionally, both sampling sites showed an increased relative

abundance of Clostridiales (0) in the obese HF group. These findings suggest a consistent

184



alteration of gut microbiota in response to HFD, resulting in gut dysbiosis, as evidenced by reports
highlighting the association between an HFD and dysbiosis [226]. However, unique differences
emerged between the two sampling sites. In fecal samples, the obese HF mice displayed a
significant increase in the relative abundance of Clostridium (g) compared to the lean LF group.
Conversely, the cecal microbiota of the HF group exhibited distinctive changes, including an
increase in the relative abundance of F16 (f), Mucispirillum (g), and Dorea (g) when compared to
the lean LF group. These findings indicate site-specific variations in microbial responses to dietary
challenges.

Incorporating beans, regardless of the seed coat color, into the diet induced distinct microbial
changes in both cecal and fecal samples compared to the HF obese and HF—LF groups. Shared
microbial changes included a lower relative abundance of Dorea in both fecal and cecal samples
induced by beans and fecal Lactobacillus increased in both beans compared to the HF obese group.
Dorea is known to have pro-inflammatory properties in the intestine and is associated with obesity
and related dysfunctions [227]. Additionally, beans induced specific bacterial changes, such as a
lower relative abundance of Sporobacter in the cecum and Parabacteroides and Alistipes in fecal
samples. However, beans increased the relative abundance of cecal Alistipes compared to HF obese
mice only. Alistipes has a dual role, as suggested by existing literature. Some studies support its
role as a lean-associated genus that may contribute to alleviating adiposity and mitigating
metabolic syndrome outcomes [228,229] and exerting protective roles in diseases such as colitis,
autism spectrum disorder, and various liver and cardiovascular fibrotic disorders [230]. However,
it also exhibits a pathogenic role in diseases such as anxiety, chronic fatigue syndrome, and
depression, with implications depending on the specific circumstances of the studies [230]. This

inconsistency in Alistipes role could be attributed to the diversity within the genus, encompassing
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13 various species, each with distinct roles [230]. The species identified in my analysis, including
Alistipes massiliensis, Alistipes finegoldii, and one uncategorized species, may contribute to the
observed variations in relative abundances among fecal and cecal samples. These findings suggest
a deeper exploration into the complex relationships between specific bacterial species and their
influence on health outcomes. Concurrent with the aforementioned changes, there was an increase
in the relative abundance of bacterial taxa such as fecal and cecal Prevotella, cecal Mucispirillum
and S24-7 as well as fecal and Lactobacillus in both bean supplemented groups compared to the
HF group. Both Prevotella, a well-known fiber fermenter, and S24-7 are recognized as butyrate
producers, contributing to specific health benefits [227,231]. The S24-7 has known to have anti-
obesity effects [227] which has been shown to be involved in reinforcing intestinal epithelial cell
health [232]. These findings emphasize the potential health implications of incorporating beans
into the diet, influencing gut microbiota composition regardless of the sampling site. Additionally,
unlike a previous study analyzing human gut microbiota [233] that found significant differences
between cecal and fecal microbiota, my results highlight that although there are quantitative
variations in the relative abundance of bacterial taxa between fecal and cecal samples in C57BL/6
mice, the overall composition remains qualitative similar. The question of whether these
qualitative taxonomic similarities can reliably represent the proportions of bacterial taxa within
the gut microbiota, especially from preferred sampling sites with easier access-like feces, remains
a subject for further investigation.

Despite the overall similarities in microbial structure among diets enriched in various
beans, subtle yet significant variations emerged when comparing their impact on specific bacterial
taxa to the HF obese control group. Notably, the abundance of Lactobacillus which is a well-

known probiotic with anti-obesity properties [234], increased in fecal samples with both types of
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beans, but this increase was exclusive to the cecum in the HF—-WB group. In contrast,
Papillibacter exhibited a simultaneous reduction in both fecal and cecal samples in HF—DB
compared to HF obese mice, whereas this effect was absent in HF—>WB. A recent study [235]
revealed that Papillibacter cinnamivorans, the same species found in the fecal and cecal analysis
here, acted as a key mediator for the anti-obesogenic effects of a fungus-derived polysaccharide in
HFD-induced obese mouse models, reducing the proinflammatory response and improving gut
permeability. While these findings may seemingly contradict my results, the influence of
background diet features and specific interactions between beans and other polysaccharide
contents could contribute to this inconsistency. Moreover, Papillibacter is a relatively novel genus,
and therefore, further research is needed to elucidate its intricate role in the gut microbiota and its
response to dietary interventions. Moreover, HF-WB demonstrated a lower fecal relative
abundance of rc4-4, a genus linked to obesity, while HF—DB exhibited a higher cecal relative
abundance of Akkermansia compared to HF obese controls. These results highlight the diverse
effects of bean varieties with varying phenolic content on gut microbiota composition.

The comparison of gut microbiota between obesity-prone and obesity-resistant subjects in
Project 3 also highlighted Akkermansia as a key bacterium potentially involved in emerging
phenotypes resistant to obesity. As discussed in chapter 4, it has shown for its anti-obesity effects
and attenuating metabolic dysfunction in both preclinical and clinical studies [236,237]. Treatment
with Akkermansia muciniphila has shown promise in preventing the harmful effects of HFD in
mice [237,238]. This includes reversing colon mucosal barrier dysfunction observed in HFD-fed
mice, demonstrated by an increase in mucus layer thickness and enhanced goblet cell density,
thereby highlighting its role in promoting gut health [192,239]. Akkermansia muciniphila has been

reported to be involved in communicating with host cells and subsequently stimulating mucus
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production, primarily through the degradation and utilization of mucus glycans, as well as the
expression of specific microbial protein compounds [240]. Therefore, the increased relative
abundance of Akkermansia may have potentially contributed to enhanced barrier integrity,
subsequently reducing systemic and local inflammation in obesity-resistant mice, even when
consuming an HFD. Further investigation, including measurements of outcomes such as tight
junction proteins or mucus content, is warranted to better understand the mechanisms underlying
gut integrity and associated outcomes in obesity-resistant mouse models.

To examine the functionality of the above gut microbiota alterations such as microbiota
fermentation activity induced by beans, the concentrations of fecal and cecal SCFAs, as an
informative indicator, were measured in Projects 2 and 3, respectively. Across both sampling sites,
total SCFAs, as well as the individual levels of acetic, propionic, and butyric acids, consistently
increased in the beans-supplemented groups compared to the other dietary interventions.
Interestingly, in the cecum, there was a slightly higher, although not statistically significant, total,
and individual SCFAs concentration in HF—DB when compared to the HF—WB. In contrast, in
fecal samples, there was a greater level of SCFAs in HF—WB, where only butyric acid reached
significant levels compared to HF—DB. This finding was not expected as | hypothesized that if
beans with darker seed coats would have additional benefits resulting from their higher phenolic
content [241]. However, this could be attributed to the higher absorption of SCFAs mainly butyrate
from microbial fermentation of dark beans into the circulation through moving towards the distal
colon and reaching lower levels of butyrate in the fecal. This unexpected finding challenges our
hypothesis that beans with darker seed coats would confer additional benefits due to higher
phenolic content [241]. However, it may be attributed to the interaction between polyphenols, gut

microbiota and modulated metabolites produced by bacterial fermentation, such as SCFAs [242].

188



This interaction potentially enhanced the absorption of butyrate produced from dark beans into the
circulation as it moved towards the distal colon. This may consequently lead to lower levels of
butyrate reaching the feces in HF—DB group. Notably, serum SCFAs levels were not identified
in this research, and the actual mechanism remains to be clarified through further investigations.
Acetate, propionate, and butyrate are the most abundant ligands for G protein-coupled
receptors of GPR41 and GPR43. In Project 2, despite increased production of SCFAs by the
intestinal microbiota, incorporation of bean to the LFD, did not have any additional effects on the
expression of these receptors in adipose tissue. It is important to note that MRNA measurements
of these receptors in EAT may not correspond to the expression levels of the functional protein.
Furthermore, it has been suggested that the expression levels of GPR41 and GPR43 are tissue-
specific [243]. Considering the higher fecal SCFAs in bean-fed mice and the relatively low
potency of SCFASs as the primary agonists of these receptors [243], it is plausible that the serum
concentrations of SCFAs might not reach the levels necessary for the functional effects at the tissue
level. It is essential to consider that the produced SCFAs in the colon are absorbed into
colonocytes, serving as an energy source and undergoing immediate oxidation. A portion is
transported to the liver through portal circulation, where further metabolism occurs. Only the
SCFAs that pass the liver enter the peripheral circulation, resulting in low concentrations in blood
serum or plasma [244]. In project 3, mRNA expression of GPR41 and GPR43 was downregulated
in epididymal adipose tissue (EAT) of obesity-resistant mice compared to the prone group, despite
no significant differences in fecal SCFA levels. This underscores the potential discrepancy
between local SCFA concentrations and their systemic effects. Therefore, further studies are
needed to investigate the ratio between production of SCFAs in the colon and the absorption into

the circulation.
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Among the SCFAs, butyrate specifically plays a role in reinforcing the colonic mucosal
barrier by stimulating the synthesis and secretion of mucin into the lumen, promoting the
expression of tight-junction proteins and acting as an anti-inflammatory metabolite [245]. In
contrast, a western-style diet is known to induce changes in gut microbiota composition and reduce
the rate of mucus growth, thereby increasing the mucus layer penetrability [246]. The increased
SCFAs levels were accompanied by a significant rise in several parameters related to intestinal
size, including total cecum weight, cecum content, and colon length. However, in project 2, the
proximal colon histomorphology outcomes such as crypt length measurements, revealed that
despite observing higher crypt length in proximal colon cross-sections in the beans-supplemented
groups, no significant differences were found between the groups. It needs to be noted that the
analysis was limited by the subset of measurable stained sections due to the slight discrepancies
exhibited in the random region excised across the proximal colon for the histology analysis. As a
result, the images of those stained sections were excluded from the final analysis, resulting in a
reduced sample size, which may have contributed to the lack of reaching statistical significance.

Concomitant with the enhanced intestinal microbiota composition induced by beans, the
predicted metagenomic functions of fecal and cecal microbiota exhibited distinct alterations, as
compared to the obese control groups. Notably, the cecal predicted functions did not differ between
the HF—LF and HF groups, despite observable variations in microbiota composition. However,
when analyzing predicted functions in feces, 114 pathways were shared between HF—LF,
HF—WB, and HF—DB in comparison to the HF control. These findings suggest that qualitative
taxonomic similarities between fecal and cecal microbiota do not necessarily determine predicted

functionality. Additionally, both bean varieties shared 175 fecal and 181 cecal pathways when

190



compared to HF, reflecting their similar gut microbial composition. However, each bean type
presented unique shared pathways, representing their distinct gut microbial compositions mainly
resulting from various phenolic compounds. While the exact specific bacterial taxa influencing
these predicted functional pathways remain unknown, in Project 3, Akkermansia exhibited was
significantly correlated with some distinct pathways. Though the exact role of these pathways is
still unclear, they may play a partial role in the observed differential obesity phenotype in resistant
Versus prone mice.

In the context of the secondary outcomes of Project 2, focusing on the impacts of common
beans on mental health and well-being through the gut-brain axis, it is crucial to acknowledge that
the measurements conducted represent just an initial assessment in this field. The introduction of
bean supplementation into LFD did not result in any alterations in nest-building behavior when
compared to the HF controls. However, no significant differences were observed even between the
lean mice in the LF group and the HF obese control group. It is noteworthy that the "Nest Building
Scoring System" employed for rating nest-building behavior in Project 2 may lack the sensitivity
needed to distinguish between lean and obese mice. On the contrary, the EPM not only
demonstrated significantly enhanced anxiolytic effects in LF mice compared to HF obese mice but
also exhibited mitigated anxiety-related outcomes in all groups transitioning from HFD to LFD.
Notably, improvements in outcomes, such as the percentage of time spent in open arms in mice
fed by diets incorporating both types of beans and lower latency to enter the open arm by white
beans, were observed. The latter positive changes may be attributed to the higher fecal butyrate in
the HF—WB group, linking to enhanced mood [247]. In Project 3, a notable decrease in
ambulatory activity was observed in obesity-prone mice compared to both the lean and obesity-

resistant groups, likely due to their higher body weight. However, the observed behavioral changes
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in mice fed with beans could not be ascribed to their activity levels, measured by total and/or
closed arm entries [248]. These entries reflected spontaneous motor activity and showed no
variation among the groups (data not shown). This suggests that the reported differences in body
weight between mice from different groups, as indicated in Project 1, did not influence animal
movements during the EPM test. The interpretation of behavior outcomes in Project 2 could have
been enhanced by conducting EPM tests at various time points, particularly after the establishment
of obesity but before the introduction of beans (specifically at the end of week 10) for conducting

pairwise comparisons. Alternatively, additional behavioral tests could have been considered.

5.1 Limitations and Future Research Directions

The current thesis while offering promising findings, was not without its limitations. The
following limitations of this research are acknowledged alongside corresponding suggestions for
future research directions.

One limitation of this thesis is its exclusive focus on male mice, which may restrict the
generalizability of the findings to females. The decision to exclusively use male mice in this thesis
was based on several considerations. Firstly, male mice are known to exhibit higher susceptibility
to obesity [249,250], with studies demonstrating delayed development of obesity in female mice
receiving a HFD compared to the weight-matched male mice [251]. Further, by exclusively
selecting male mice, potential variations in metabolic outcomes [250] and behavioral responses
attributed to hormonal fluctuations across estrous stages in female mice [252] were eliminated.
Finally, according to the literature, some biological sex differences in gut microbiota composition
were expected [253]. Therefore, due to the limitations of resources and financial constrains, it was
not possible to include a large number of mice from both sex per group. Future research is

encouraged to include female mice to broaden the scope and applicability of findings.
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Another notable limitation pertains to the absence of pair-feeding food access implementation
after transitioning from HFD to LFD in groups supplemented with/without beans. Therefore,
implementing pair-feeding food restriction after transitioning from HFD to LFD could maintain
consistent weight alterations among groups with/without beans supplementations, excluding the
potential impact of increased body weight on other outcomes. Moreover, the DIO phase of this
study coincided with the onset of the COVID-19 pandemic, affecting the study timeline. As a
result, I could only assess body composition after obesity establishment and was unable to evaluate
fasting serum markers prior to introducing beans. Measurement of serum metabolic outcomes after
development of obesity for confirming the presence of obesity-associated metabolic dysfunctions
is suggested.

In project 3, fecal microbiota was collected at baseline, prior to initiating feeding mice with an
HFD; however, the microbiota composition was not assessed at that time. Since the DIO-R mice
exhibited an increased abundance of Akkermansia at the study conclusion, future research aims to
investigate whether this bacterial genus was higher at the beginning or is a consequence of
resistance to obesity while consuming an HFD is recommended

Further, in this study, I did not investigate which specific microbial taxa were attributed to
each observed predicted metagenomic function. Subsequent investigations could employ an
interactive Multi-Omic Tool like BURRITO [254] for the simultaneous visualization of taxonomic
and functional compositions of the microbiota, gaining a more profound understanding of the
relationship between microbial taxonomy and functionality.

Another limitation arises from the lack of assessment of tight-junction (TJ) proteins mMRNA
expressions or concentrations in the proximal and distal colon. This limitation could be addressed

in future studies by incorporating assessments of TJ proteins or utilizing alternative methods such
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as the FITC (Fluorescein isothiocyanate—dextran) permeability assay [255]. These measures would
contribute to a more comprehensive evaluation of gut integrity, offering valuable insights into the
intestinal permeability associated with obesity and how it may be impacted by dietary
interventions. Furthermore, this study did not measure other endotoxin transporters such as CD14,
an LPS receptor [256], representing another limitation. Future directions could involve exploring
additional endotoxin markers, supplementing the existing assessment of LBP.

Another limitation of this research is that protease inhibitors were not added during fasting
blood collection. Consequently, the levels of GLP-1 and glucagon may not be reliable due to
potential degradation of these markers in the absence of inhibitors.

Additionally, in current study the SCFAs were not measured in the bloodstream. Future studies
could include measurements of serum SCFAs concentrations, providing insights into their
absorption levels and their potential impact on metabolic health.

Lastly, regarding the assessment of mental health as secondary outcomes of project 2, the
behavior assessments conducted in the study served as a preliminary exploration. Unfortunately,
the COVID-19 pandemic necessitated a reduction in research activities, limiting me to measure
behavior outcomes after the establishment of obesity but prior introducing beans. Also, at the end
of the intervention, | anticipated that repeated handling and running various behavior tests could
alter the animals physiological responses and potentially changing their behavioral responses in
subsequent tests [257-259]. Therefore, | had to choose between conducting the open field and
EPM tests as indicators of anxiety behavior. This decision also aimed to maintain the reliability of
outcomes, particularly in light of the planned analysis of systemic and adipose tissue inflammatory
markers. To deepen understanding, future studies may consider conducting thorough assessments

of behavioral indicators associated with psychological well-being. It is recommended to distribute
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these assessments among different sub-groups rather than subjecting the same group of mice to all
tests. These assessments could include stress, memory, and mood disorders, utilizing validated
tests to provide a more in-depth exploration. Additionally, in this study, the brain was excised,
snap-frozen in liquid nitrogen, and stored at —80°C, but the dissection of specific brain regions did
not occur. Future work will be conducted to explore neuroinflammation in brain regions such as
the hypothalamus and hippocampus, with more relevance to mood disorders [132,260]. The
evaluation of MRNA expression of pro-inflammatory markers in these regions is recommended.
This investigation may highlight the impact of dietary intervention on neuroinflammatory changes

in the CNS, which might not be immediately observable through behavioral modifications.

5.1 Conclusion

In conclusion, the incorporation of common beans into an LFD demonstrated a significant
reduction in weight gain and induced favorable changes in body composition compared to the
obese control group. Microbiota analysis underscored consistent alterations induced by HFD,
leading to gut dysbiosis. The introduction of beans induced specific and shared changes in both
fecal and cecal microbiota composition, accompanied by increased SCFA concentrations,
highlighting the potential health benefits of bean consumption on intestinal health. The study
further identified specific gut microbiota changes associated with WB and DB, potentially
attributed to their distinct phenolic profiles. Additionally, the DB supplemented group exhibited a
reduction in resistin, linked to inflammation, compared to the control group. However, with respect
to other metabolic health related outcomes, after obesity establishment switching the diet from
HFD to LFD exhibited most beneficial outcomes while introducing beans to mice diet at least
within the supplemented range of 15% had either a modest effect or no additional effect. Further

studies may benefit increasing the dosage of supplementation.
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In the evaluation of mental health and well-being, the study did not reveal improvements in
nest-building behavior, suggesting potential sensitivity limitations in the employed scoring system.
However, the EPM test provided some evidence of anxiolytic effects by both types of beans,
particularly in WB supplemented group. The research also elucidated the potential contributions
of Akkermansia in generating resistance to obesity phenotypes and associated inflammatory and
metabolic dysfunctions, even under an HFD with ad libitum food access. Overall, the findings of
this thesis contribute to our understanding of factors involved in emerging diet-induced obesity
phenotypes and emphasize the potential health implications of specific bean varieties, offering

insights into both physiological and mental health outcomes in C57BI/6 male mice.
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6 CHAPTER 6- APPENDICES

6.1 APPENDIX A: Protocol for DNA extraction

DNA was extracted from the cecal content/fecal pellets using QlAamp® Fast DNA Stool
kit (Qiagen, Cat. #51604, Germany) according to the manufacturer's instructions [261]. Briefly,
50 mg of the samples were placed in the 2 ml tough tubes (VWR® Reinforced Bead Mill Tubes,
Cat.# 10158-556) containing five beads (VWR® 2.8 mm ceramic ceramic beads, Cat. #10158-
554). The samples were lysed in 1 mL of InhibitEX Buffer to separate DNA-degrading substances
and PCR inhibitors from DNA using the Bead Mill 24 (Fisherbrand™, Cat. #15-340-163) at 4 m/s
for 2 minutes then the supernatant was collected in the 1.5 ml microcentrifuge tubes Fisherbrand™,
Cat. # 05-408-129) and incubated in a water bath at 95°C for 6 minutes to remove impurities in
InhibitEX buffer. The homogenated samples were vortexed for 15 sec then the supernatant (600
ul) were transferred in to a 2 ml microcentrifuge G-Tube® (VWR®,Cat. #21150-486) containing
previously added 25 pul proteinase K and vortexed for another 15 sec, then Buffer AL (600 pl) were
added, vortexed for 15 sec and incubated at 70°C for 10 minutes to digest and degrade proteins
under denaturing conditions. Then, 600 pl of ethanol (96-100%) were added and vortexed for 30
seconds. Lysate was carefully applied to the Ql1Aamp spin column using a pipette without touching
the column membrane and centrifuged at 14, 000 rpm for 1min. The previous step was repeated
until all the lysate was loaded on the column. The bounded DNA to the QlAamp membrane was
washed using two wash buffers; first buffer AW1 (500 pl) was added, centrifuged at 14, 000 rpm
for 1min and the QlAamp spin was placed in a new 2 ml collection tube and the filtrate was
discarded. Second, Buffer AW2 (500 pul) was added centrifuged at 14, 000 rpm for 3 min and again
the QlAamp spin was placed in a new collection tube and the filtrate was discarded and,

centrifuged again for 3 min at the same speed. To elute DNA, the spin column was placed into a
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new, labeled 1.5 ml microcentrifuge tube and Buffer ATE (30 ul) was directly pipetted onto the
QlAamp membrane, incubated for 1 min at room temperature and centrifuged at full speed for 1
min. All centrifugation steps were carried out at room temperature (20-25°C). To determine the
DNA purity in the eluate, DNA concentration was measured by absorbance at 260 nm and the ratio
of absorbance at 260 nm to absorbance at 280 nm was calculated using the NanoDrop™ One

(Thermo Scientific™, model ND-ONE-W).
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6.2 APPENDIX B: Protocol for Microbiota DNA Sequencing and Diversity Analysis

The previously extracted DNA was quantified by PicoGreen assay using the protocol
described by the manufacturer company [262] and the DNA was normalized to a concentration of
5 ng/ul using the diluted 1.0 M Tris HCI buffer at pH 8.5 (VWR®, Cat. #100220-254). The
variable 3 (VV3) and variable 4 (V4) regions of the 16S ribosomal RNA (rRNA) gene was amplified
by PCR and then a second PCR using a Nextera XT DNA index kit was done to add multiplexing
indices and lllumina sequencing adapters. The 16S libraries were pooled and sequenced using the
[llumina Miseq platform (Illumina®, Miseq). Briefly, to the 12.5 ul of the normalized microbial
genomic DNA, 5 ul of Amplicon PCR Reverse Primer (1 uM), 5 pl of Amplicon PCR Forward
Primer (1 uM) and 2.5 pl of the 2x KAPA HiFi HotStart ReadyMix were added in a Hard-Shell®
96-Well, Low Profile 200 ul PCR Plate (Bio-Rad, Cat. # HSL-9601) (Table Al shows forward
and reverse primer sequences). The plate was sealed with a Microseal ‘A" film (Bio-Rad, Cat. #
MSA5001) and Amplicon PCR performed in a thermal cycler (Bio-rad, #1861096) using the
following settings: 95°C for 3 minutes, 25 cycles of: — 95°C for 30 seconds — 55°C for 30
seconds — 72°C for 30 seconds, 72°C for 5 minutes and Hold at 4°C. The PCR product was
confirmed by running samples on a 1.5% agarose gel. Prior to electrophoresis, 5 pl of the PCR
product, along with a DNA ladder for size reference, was mixed with loading dye containing
ethidium bromide. Subsequently, the gel was run, and the DNA bands were visualized under UV
light. A photographic record of the gel was captured, and the corresponding image is available in
Figure 6-1. Then the remaining PCR product was transferred into a Hard-Shell® 96-Well, high
profile 300 ul PCR Plate (Bio-Rad, Cat. # HSS-9601). To purify the the 16S V3 and V4 amplicons,
20 ul AMPure XP beads were added to each of the plate ‘s well by a multichannel pipette and

mixed. Then the plate was incubated at room at room temperature (RT) for 5 minutes followed by
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a 2 min on a magnetic stand until the supernatant cleared. Next, the supernatant was removed and
discarded and the supernatant without touching the beads pellets. While the plate was still on the
magnetic stand, the beads were washed by adding 200 ul freshly prepared 80% ethanol to each
well, incubated on the magnetic stand for 30 sec and, then ethanol was removed and discarded.
The previous wash step was repeated followed by a 10 min of leaving the beads on the magnetic
stand to air-dry. Then, the amplicon PCR plate was removed from the magnet and then 52.5 ul of
10 mM Tris pH 8.5 were added to each well, mixed by pipetting and incubated for 2 min at RT.
Next, the plate was placed on the magnetic stand until the supernatant cleared and then 50 pl of
the supernatant were transferred again into a new PCR plate and the plate was sealed with
microseal “B”adhesive seal and stored at -20°C until the next day. Then, Index PCR was carried
using the Nextera XT Index Kit (Set A-kits Cat no). Using the TruSeq Index Plate Fixture, the
Index 1 primer tubes were arranged horizontally (aligned with columns 1 through 12) and Index 2
primer tubes were arranged vertically (aligned with rows A through H). Then, 5 pl of the
supernatant from the previous step was transferred into a new low-profile PCR plate and the plate
was placed in the Plate Fixture, 5 ul of Nextera XT index primer 1, and 5 pl of Nextera XT index
primer 2 were added to their respective wells based on the plate layout. Next, 25 ul of 2x KAPA
HiFi HotStart ReadyMix and then 10 pl of UltraPure™ DNase/RNase-Free Distilled Water
(Invitrogen, Cat#10977015) were added to each well and mixed by pipetting. The plate was sealed
with Microseal ‘A’ Sealing Film, centrifuged at 1,000 x g at RT for 1 minute followed by PCR on
a thermal cycler using the following program: 95°C for 3 minutes, 8 cycles of:

— 95°C for 30 seconds, — 55°C for 30 seconds— 72°C for 30 seconds, 72°C for 5 minutes and
hold at 4°C. The PCR product was confirmed by running samples on a 1.5 % agarose gel as

described above. The PCR product was cleaned up using the AMPure XP beads followed by 2x
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washes by 80% ethanol as described earlier. The plate was remained on the magnetic stand for 10
minutes to air dry, then the plate was removed, and 27.5 ul of 10 mM Tris pH 8.5 were added to
resuspend the beads, centrifuged at 1800 rpm for 1 min and incubated for 2 min at RT. Next, the
plate was placed on the magnetic stand until the supernatant cleared and then 20 ul of the
supernatant were transferred into a new PCR plate and the plate was sealed with microseal
“B”adhesive seal and stored at -20°C until the next day. The diluted DNA was quantified using
the PicoGreen assay, normalised to 4 nM using 10 mM Tris pH 8.5 buffer and the pooled library
was created by mixing 5 pl aliquots from each of the diluted DNA in a microcentrifuge tube. Then,
5 ul of the pooled library was denatured by adding 5 pl of 0.2 N NaOH, vortexed, centrifuged at
280 x g for 1min and incubate for 5min at RT to denature the DNA into single strands. Then, 990
ul of pre-chilled hybridization buffer (HT1) was added to the denatured DNA library to form a 20
pM denatured library in 1 mM NaOH and placed on ice until the final dilution. In the next step,
120 pl of 20 pM denatured library was diluted by 480 pl of HT'1 resulting in 4 pM diluted denatured
library, inverted several times, vortexed and placed on ice until the further usage. A PhiX library
to the same concentration of amplicon library, 4 pM, was prepared to serve as an internal control
by combining 2 ul of 10 nM PhiX and 3 pl of 10 mM Tris pH 8.5 resulting in 4 nM PhiX library
followed by combining 5 pl of 4 nM PhiX library and 5 pl of 0.2 N NaOH, incubating for 5 min
at RT to denature the diluted PhiX library, adding 10 pl of the denatured PhiX library to 990 pl of
HT1, resulting in 20 pM denatured and diluted PhiX library and diluting 120 pl of it with 480 pl
of HT1. A 15 % PhiX control solution was made by adding 90 pl of the denatured and diluted
PhiX library to 510 pl of HT1 followed by combining 30 pl of control solution with 570 pl of
previously prepared denatured and diluted amplicon library in a microcentrifuge tube. The

combined solution was incubated at 96°C for 2 minutes on a heat block, inverted 1-2 times, placed
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in an ice-water bath for 5 minutes and loaded onto the load sample reservoir on the previously
thawed Miseq reagent kit v3 (600 cycle) cartridge (Illumina®, Cat. # MS-102-3003) and the
Illumina Miseq (Illumina®, Miseq) was run for sequencing using the lllumina, MiSeq System

Guide [263].

Table 6-1-16S Amplicon PCR Primer Sequences

Primer Sequence 5'-to-3' direction

16S Amplicon PCR Reverse|GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG
Primer ACA GGA CTA CHV GGG TAT CTAATCC

16S Amplicon PCR Forward| TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA
Primer CAG CCT ACG GGN GGC WGC AG

Figure 6-1-Gel electrophoresis image confirming the presence of PCR products following
electrophoresis.
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6.1 APPENDIX C: Protocol for Quantification of Cecal Short Chain Fatty Acids

Gut microbiota function was evaluated by measurements of SCFAs (acetic acid, butyric acid,
propionic acid, and valeric acid) and branched chain fatty acids (BCFAS) concentrations
(isobutyric and isovaleric acid) using gas chromatography (GC). In brief, 50-100 mg of the cecum
content was freeze-dried for 24 hours (Labconco, FreeZone 12, bulk tray dryer) then the samples
were diluted in MilliQ water to get 20% (dry w/v) homogenous cecal solution. The suspension
was centrifuged at 14,000 g for 30 minutes (4°C) and the supernatant was collected (3 x times).
The pH of the sample was measured using a benchtop pH meter (Orion™ Star™ A111 pH
Benchtop Meter, Thermo Scientific, Canada). The samples were acidified by 10 ul of a solution
containing 5.5mmol /L 2-ethylbutyric acid (Volatile acid standard mix (Sigma 46975-u, Canada),
as an internal standard) in 100% formic acid. The sample was recentrifuged at 14,000 g for 30
minutes at 4°C and the supernatant was transferred into glass vials (Thermo Scientific™ 11mm
Amber Glass Crimp/Snap Top Vials, Cat. #40116W) containing 200 ul glass inserts (Mandel, Cat.
#S27-220-91521-03). 1 ul of the sample was injected in triplicate into the GC equipped with a flame
ionization detector which detects, identifies and quantitates the volatile organic compounds
including SCFAs. The analysis of the components of the sample generates a chromatogram.
Different SCFAs were identified by the times of retention. The area or height of each
chromatographic peak shown in Figure 6-22, were used for determining the analyte concentration

in comparison with the analytical standard solutions.
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Peak# Ret. Time Area Height Conc. Unit Mark Name
1 7423 1500 496 0.689 | mM acetic acid
2 5.306 3603 1592 0.671|mM proprionic acid
3 8594 4905 2359 0613 |mM isobutyric
4 9285 4797 2260 0.630|mM butyric
5 9.735 6271 3002 0.603 | mM isovaleric
6 10512 6153 2882 0612|mM valeric
7 10757 2973 1412 0.000 | mM ethyl butyric
8 11.291 7281 3321 0.603 | mM Isocaproic
9 11.819 7124 3135 0.610|mM hexanoic
10 13.313 6725 2744 0.606 | mM n-heptanoic
Total 51331 23204

Figure 6-2-GC chromatogram depicting retention times and concentrations of Short-chain

Fatty Acids.
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6.4 APPENDIX D: Protocol for Adipose tissue mMRNA Expression

6.4.1 Adipocytes RNA extraction

RNA was isolated from the previously excised adipose tissue and then purified using the
Total RNA Purification Plus Kit (Norgen Biotek, #48400). Briefly, a small amount of the frozen
adipose tissue (=25 mg) was placed into a 2 ml tough tubes (VWR® Reinforced Bead Mill Tubes,
Cat.# 10158-556) kept on ice containing five beads (VWR® 2.8 mm ceramic beads, Cat. #10158-
554), 600 uL of Buffer RL and 6 pL of b-mercaptoethanol (aiding in RNase deactivation). Samples
were lysed in the buffer using a Bead Mill 24 (Fisherbrand™, Cat. #15-340-163) at 4 m/s for 25
sec (repeated when the sample was not fully homogenized) and then the homogenate was collected
in the 1.5 ml RNAse free microcentrifuge tubes. Fisherbrand™, Cat. # 05-408-129) and
centrifuged for 2 minutes at 2000 RPM x 3 times. Following each time of the centrifugation, the
supernatant was collected in a new microcentrifuge tube using a 1ml Tuberculin Syringe. The final
lysate from the previous step was loaded onto a genomic DNA (gDNA) removal column and was
centrifuged for 2 minutes at 8000 RPM. The sample was spined for an additional 1 minute at 14000
RPM if the entire lysate volume was not passed through the gDNA column. The flowthrough
volume was retained and measured to calculate the require volume of Ethanol for the next step. To
every 100 pL of flowthrough from the previous step, 60 pL of 96 — 100 % Ethanol was added and
mixed by pipetting. Then up to 600 uL of the lysate with the ethanol was loaded onto the RNA
Purification column and centrifuged for 1 minute at 6,000 RPM to isolate RNA and the
flowthrough was discarded. This step was repeated until the entire lysate applied into the column.
The isolated RNA was washed for 3 times by adding 400 mL of wash solution followed by
centrifugation at 6,000 RPM for 1 minute x 3 times. The column was placed on a new collection

tube and centrifuged for two more times at 14,000 RPM for 1 minute. The collection tube was
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discarded, and the column was placed into a fully labeled microcentrifuge tube and then 50 mL of
the Elution Solution A was added directly to the purified RNA in the column and centrifuged for
2 minutes at 2,000 RPM followed by another centrifugation for 1 minute at 14,000 RPM to elute
the entire pure RNA from the column. All centrifugation steps were carried out at room
temperature (20-25°C). To determine the RNA purity in the eluate, RNA concentration was
measured by absorbance at 260 nm and the ratio of absorbance at 260 nm to absorbance at 280 nm
was calculated using the NanoDrop™ One (Thermo Scientific™, model ND-ONE-W). The
purified RNA was then aliquoted and stored at -80°C.
6.4.2 Complementary DNA (cDNA) synthesis

The Purified extracted RNA from all samples was normalized to a concentration of 1jug
RNA/10uL using the UltraPure™ DNase/RNase-Free Distilled Water (Invitrogen, Cat.
#10977015). The total normalized RNA (1 pg RNA) was reverse transcribed to complementary
DNA (cDNA) using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Cat.
#4368814). For each reaction 2 pL 10X RT Buffer, 0.8 uL 25X dNTP Mix (100 mM), 2 uL 10X
RT Random Primers, 1 pL MultiScribeTM Revers and 4.2 uL Nuclease-free H20 was needed.
The required volume of master mix was calculated and made accordingly. Then, 10 pL of the
master mix was added to 0.2 mL PCR tubes (Eppendorf, Cat. #951010006) and mixed by 1 pg of
RNA. The cDNA was synthesized in a thermal cycler (Bio-rad, Cat. #1861096) using the following
settings: 10 minutes at 25°C, 120 minutes at 37°C, 5 minutes at 85°C and Hold at 4°C. The
synthesized cDNA was diluted with 180 pL double distilled water and aliquoted for the further

use.
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6.4.3 Quantification of mMRNA using RT-gPCR

Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR)
analyses were performed in CFX96 Touch™ (Bio-rad, model C1000 Touch™) real-time PCR
detection system. To each well of a Hard-Shell Low-Profile 96-Well Semi-Skirted PCR Plates
(Bio-Rad, Cat. # HSL-9601), 6 uL of a master-mix created by mixing of 5 pL of SYBR Green
(Applied Biosystems™, Cat. #A25742) as the detection reporter dye, 0.5 pL of both the forward
and reverse primers (IDT™) appropriate for detection of the target genes, and 0.5 uL of nuclease
free H20 was added. Next, 4 uL of cDNA from each sample in duplicates was added to each well
and then the PCR plate was sealed using the Microseal 'B' PCR Plate Sealing Film (Bio-rad,
#MSB1001). The plate was incubated on the CFX96 Touch™ Real-Time PCR Detection System
for 2 minutes at 50°C, followed by 2 minutes at 95°C, then for 40 cycles of “15 sec at 95°C, 15
sec at 55-60 °C adjusted according to the primer melting point and finally 1 minute at 72°C”. The
Cq values for each of the samples were obtained from CFX Maestro Software. To compare relative
expression of the target genes between samples, AACq method was applied while the gene
expression levels were normalized to the expression levels of RPLPO housekeeping reference

genes. Primer sequences are displayed in Supplemental Table S2.
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6.5 APPENDIX E: Protocol for Serum Metabolic and Inflammatory Biomarkers Analysis
The collected fasted serum at week 17, was analysed using a magnetic bead-based
fluorescence sandwich immunoassay (Bio-Plex Pro Mouse Diabetes 8-Plex Immunoassay, Bio-
Rad, Cat. #171F7001M), to detect multiple diabetes-related biomarkers including ghrelin, GIP,
GLP-1, glucagon, insulin, leptin, PAI-1 and resistin using the manufactured instruction manual.
Briefly, frozen serum samples were placed on ice and thawed in 15-20 min and then, were diluted
fourfold (1:4) in a 96-well BCA plate by adding of 45 uL of the sample diluent followed by adding
of 15 pL of serum and then the diluted samples were vortexed gently by pipetting. The BCA plate
was placed on ice until being used. In order to prepare 8-points standard curve with a fourfold
dilution between each point, nine 1.5 ml microcentrifuge tubes were labelled as S1-S8 plus blank
and then 72 pL of standard diluent were added to each tube. To prepare the standards, the vial
containing the lyophilized standard was gently tapped and reconstituted by adding 500 pL of the
standard diluent, vortexed for 5 sec and placed on ice for exactly 30 min. Then, 128 pL of
reconstituted standards were added to the S1 tube, vortexed and 50 pL of the S1 standard was
added to S2 tube and then the serially dilution (1:4) was continued from tube S2 to S8. Wash buffer
was prepared by 10 folds diluting of 10x Bio-Plex wash buffer stock (60 ml) in distilled water (540
ml). To make 1x coupled beads, 20x coupled magnetic beads were diluted in 5472 pL of assay
buffer in a Falcon™ 15 mL Conical Centrifuge Tubes (Corning™, Cat#352095), vortexed at
medium speed for 30 sec. Then, using a multichannel 50 ul of 1x beads were added in to each well
of the assay plate. Then the assay plate was washed twice by adding 100 pL of 1x wash buffer into
each well using a multichannel pipette followed by discarding the buffer from the wells by
inverting the plate while the plate was placing on a magnetic stand. Next, 50 ul of the diluted

serum samples were transferred into the assay plate. The plate was sealed and protected from the
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light by aluminum foil and incubated for 1 hr on a plate shaker at 850 rpm at room temperature.
After finishing the incubation time, the plate was unsealed and washed three times using the above-
mentioned procedure. Ten minutes before ending the wash steps, the 20x detection antibodies
stock was vortexed 20 sec at medium speed, followed by spinning for 30 sec and then, the 20x
detection antibodies were diluted to 1x concentration by adding 150 puL of 20x detection antibody
into 2,850 pL of detection antibody diluent. Next, 25 ul of detection antibody was added to each
well using the multichannel pipette, then the assay plate was incubated on the plate shaker for 30
min at 850 rpm at room temperature. At the end of detection antibody incubation time, the plate
was again unsealed and washed three times. Five minutes before ending the wash steps, the 100x
Streptavidin-Phycoerythrin (SA-PE) stock was vortexed 5 sec at medium speed, followed by
spinning for 30 sec. Then, the stock was diluted to 1x concentration by adding 60 pL of 100x SA-
PE into 5,940 pL of assay buffer. Next, 50 uL of 1x SA-PE was added to each well using the
multichannel pipette, then the assay plate was incubated on the plate shaker for 10 min on a plate
shaker at 850 rpm at room temperature followed by washing the plate for three times. In the last
step, the beads were resuspended by adding 125 pL of assay buffer to each well, sealed and placed
on the plate shaker for 30 sec at room temperature at 850 rpm. Then, the plate was read on a
Luminex® analyzer (MAGPIX®) with Milliplex Analyst software, version 5.1.0.0. by
VigeneTech Inc.

The serum adiponectin concentrations were measured individually by Bio-Plex Pro Mouse
Diabetes Adiponectin Assay, Cat. #171F7002M (as a single-plex assay), using the same protocol
as the Mouse Diabetes 8-Plex Immunoassay, but in order to achieve the measurable concentrations

within the standard curve due to high physiological levels of adiponectin in the serum, the samples
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were diluted 1:1,600 in serum-based diluent in two diluting steps; 1: 10 uL sample + 390 uL serum-
based diluent, 2: 10 pLfrom the first dilution + 390 uL. serum-based diluent.

The analysis of serum inflammatory cytokines was conducted using Bio-Plex Pro Mouse Cytokine
23-plex Assay, Cat. #M60009RDPD as per the manufacturer’s instructions, which was the same

as the previously described Mouse Diabetes 8-Plex Immunoassay.
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6.6 APPENDIX F: Protocol for Serum Lipopolysaccharide-Binding Protein Analysis

Mouse LBP enzyme- linked immunosorbent assay (ELISA) kits (HyCultBiotech, Cat#
HK205-01) were used to measure lipopolysaccharide binding protein (LBP) levels in duplicates
in mice serum as a biomarker of systemic lipopolysaccharide (LPS) exposure [264]. The assay was
performed based on the sandwich principle using the manufactures instruction. Briefly, prior to
running the assay, the reagents were brough from the fridge (4°C) to equilibrate into the room
temperature (20 — 25°C). The required number of microwell strips were arranged in the supplied
frame. To have 7-points on the standard curve with a fourfold dilution between each point, eight
1.5 ml microcentrifuge tubes were labelled as S2-S7 plus blank and then 225 uL of previously
made wash/dilution buffer was added into each of the tubes. The vial containing the lyophilized
standard was gently tapped and reconstituted by adding 598 pL (this volume was mentioned on
the CoA,; Certificate of Analysis in the standard vial) of the wash/dilution buffer and vortexed
briefly (vial S1). Then, other standard solutions were made by mixing 225 pL of reconstituted
standard from vial S1 into 225 pL of previously added wash/dilution buffer in S2 tube and then
the serially dilution (1:2) was continued from tube S2 to S7. Serum samples were also brought
from the freezer (-80°C) to the room temperature and mixed gently. Serum samples were diluted
1000x in two serial dilution steps: 1. 25 puL of sample was added into 225 pL of dilution buffer, 2.
10 pL pre-dilution sample in step 1, was added into 990 uL of dilution buffer. To prepare the
wash/dilution buffers for two plates (running the assay in duplicates), 60 ml of 20x concentrated
wash/dilution buffer was mixed with 540 ml distilled water (1:9) and 30 ml of 40x concentrated
wash/dilution buffer B was mixed with 570 ml distilled water, then both solutions were combined
into a conical flask and mixed properly. The tracer solution was made in two steps (for 1 x 96

tests); 1. One ml of distilled water was pipetted into the lyophilized biotinylated tracer vial, 2. One
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ml reconstituted tracer was diluted with 11 ml wash/dilution buffer. The arranged tray was washed
four times by adding 200 uL of wash buffer to each well strips, followed by inverting the tray after
20 sec and shaking it over the sink to empty the contents. Next, 100 puL of the prepared standards
and diluted samples were added to the microwell strips in duplicates according to the pre-designed
plate map without touching the side or bottom of the microtiter wells pre-coated with antibodies
detecting mouse LBP, followed by incubating the covered tray for 1 hour at room temperature.
Then, the tray was washed again four times using the above-mentioned procedure. In next step,
100 pL of diluted biotinylated tracer antibody was added followed by 1 hour incubation. In this
step, biotinylated tracer antibody would bind to captured mouse LBP. Then the tray was washed
four more times. Next, 100 pL of diluted streptavidin-peroxidase was added to each well with the
same pipetting order of adding the standards and samples. The tray was covered and incubated for
an hour at room temperature. In this step Streptavidin-peroxidase conjugate would bind to the
biotinylated tracer antibody. Next, the tray was washed again four times and then, 100 pL of
tetramethylbenzidine (TMB) substrate was added to each well, using the same sequence of
pipetting as previous steps. In this step, Streptavidin-peroxidase conjugate would react with TMB.
The tray was protected from direct light exposure by covering it in an aluminum foil followed by
incubating for 30 minutes at room temperature. To stop the enzyme reaction, 100 puL of oxalic acid
containing (2%) stop solution was added to each well with the same order and timing of adding
TMB and the microwell strips contents were mixed by gently swirling the tray. Finally, the plate
absorbance at 450 nm was measured within 30 min of adding the stop solution using a
spectrophotometer plate reader (Spark® Multimode Microplate Reader). Serum LBP
concentration was extrapolated using the corresponding concentrations of standards on standard

curve.
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6.7 APPENDIX G: Protocol for Adipose Tissue pro-Inflammatory Cytokines Expression

6.7.1 Epididymal Adipose Tissue Protein Extraction

Up to 50 mg of snap frozen Epididymal Adipose Tissue (EAT) was homogenized in a tube
containing 5 ceramic beads and 1 ml of lysis buffer. The lysis buffer consisted of 1XRIPA buffer
(Cell Signaling, Cat. #9806) supplemented with a protease inhibitor cocktail (Cell Signaling
#5871) and PMSF (Cell Signaling #8553) at final concentrations of 1/100 and 1/200, respectively.
Homogenization was performed at 6 m/s for 30 seconds or until tissue was completely lysed using
a Bead Mill 24 Homogenizer (Fisherbrand™, Cat. #15-340-163). The samples were then
centrifuged at 4°C, 11,000xg for 10 minutes, and the supernatant was transferred into a new 1.5
mL capped tube. To minimize lipid transfer from the top layer fat, a gauge needle attached to a 1
ml syringe was used during the supernatant transfer, and this step was repeated three times. This
method ensured the collection of the smallest amount of fat possible, maintaining protein purity
and quality. The protein solution was diluted 1/20, and the total protein content was quantified
using the BCA assay (Pierce™ BCA Protein Assay Kit, Cat. #23225). A standard curve was
generated using bovine serum albumin, and the absorbance at 562 nm was measured using a plate

reader.

6.7.2 Epididymal Adipose Tissue Inflammatory Markers Analysis

The EAT extracted protein was normalized using 1x RIPA to 1mg/ml and then the
cytokines protein expression including IL- 18, MCP-1, TNF- o, IL-6 and IL-10 were measured
measured by Milliplex Mouse High Sensitivity Cytokine T Cell Magnetic Bead Panel (Cat. #
MHSTCMAG-70K) utilizing 25 pg of the normalized protein following the manufactures
‘instructions. Briefly, first, all the reagents were allowed to reach room temperature (20-25°C).

Subsequently, 200 pL of Wash Buffer was added to each well, sealed, and shaken for 10 minutes
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at room temperature. The Wash Buffer was decanted, and any residual liquid was removed by
tapping the plate onto absorbent towels. Next, 50 uL of each standard or control was added to the
appropriate wells, using the Serum Matrix for the 0 pg/mL standard (Background). Then, 25 pL
of Assay Buffer was added to the sample wells, followed by 25 pL of the sample itself. The Mixing
Bottle was vortexed, and 25 pL of the Mixed or Premixed Beads was added to each well, shaking
the bead bottle intermittently during addition. The plate was sealed, wrapped with foil, and
incubated with agitation on a plate shaker overnight (12 hrs) at 2-8°C. After incubation, the plate
was washed, and Detection Antibodies were added. The plate was sealed, covered with foil, and
incubated with agitation for 1 hour at room temperature. No aspiration was performed after
incubation. Then, 25 pL of Streptavidin-Phycoerythrin was added to each well containing the
Detection Antibodies. The plate was sealed, covered with foil, and incubated with agitation for an
additional 30 minutes at room temperature. Following the second incubation, well contents were
gently removed, and the plate was washed three times. Then, 150 uL of drive Fluid was added to
all wells, and the beads were resuspended on a plate shaker for 5 minutes. Finally, the plate was
run on a MAGPIX® with XPONENT® software. The Median Fluorescent Intensity (MFI) data
were saved and analyzed using a 5-parameter logistic for calculating analyte concentrations in
samples and controls and the samples dilution factor were considered accordingly. The resultant
plate was then read by the Magpix Multiplex Reader (Luminex, Austin, TX, USA), and data were
acquired using Luminex xPonent for Magpix (v4.2), then analyzed by Milliplex analyst (v5.1.0.0)
(VigeneTech Inc., Carlisle, MA, USA) and presented as concentration (pg/mL). Once the samples
were prepared and loaded onto the plate, the plate was read on a Luminex® analyzer (MAGPIX®)

equipped with Milliplex Analyst software, version 5.1.0.0., developed by VigeneTech Inc.
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6.8 APPENDIX H: Proximal Colon Histochemical Analysis

Sections of the proximal colon were placed in a histology cassette after flushing with
phosphate buffered saline (PBS). The tissues were fixed in 10% buffered formalin and then
processed for histological analysis. Paraffin-embedded colon segments were cut and stained with
Hematoxylin and eosin (H&E) and Alcian blue (AB) dyes. Images were captured at different
magnifications using a microscope camera and were blindly scored. Crypt length was measured
from the base to the uppermost enterocyte using ImageJ software. Goblet cell counts and colon
crypt mucus content were assessed in AB-stained sections. The mucus content was quantified by
analyzing the intensity of the AB-stained areas and dividing it by the total outlined area.
Representative images of colon cross-sections were taken to illustrate the analysis methods for
crypt length, goblet cell counts, and mucus content.

For histological analyses, the excised colon lumen was flushed with phosphate buffered
saline (PBS) and then sections of proximal colon (= 1 cm each) were placed in a histology cassette.
The tissues were dipped in a 10% buffered formalin solution for 24 hours followed by 70% ethanol
until histological analysis. The colon segments were paraffin-embedded, cut at 0.4 um thickness
and stained using Hematoxylin and eosin (H&E) and Alcian blue (AB) (University of Ottawa
Histology Core Facility (Roger-Guidon Hall, Ottawa ON, Canada). Images were captured at 5x
(mucus content analysis) and 10x (goblet cells and crypt length analysis) magnification using
Zeiss, Axiocam 506 microscope camera and scored blindly. Proximal H&E-stained sections were
used to measure crypt length. A total of 20 fully elongated crypts per colon section per mouse were
used to measure the average crypt length from the base of the crypt towards the uppermost
enterocyte nearest the colonic lumen end using the using ImageJ software. (Figure 6-3 A). AB-

stained sections were used to measure the goblet cell counts per crypt and colon crypt mucus
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content. The number of goblet cells also were counted in 20 crypts/mouse in the proximal cross
sectioned regions (Figure 6-3-B). Briefly, the red, blue, and green colour channels (RGB) were
split in the captured images area and the mucus in the centre of lumen were excluded, then the
intensity of the AB-stained areas was quantified by the red channel and divided by the total

outlined area (presented as mucus content %) (Figure 6-3-C).

Figure 6-3-Representative images of colon cross-sections indicating the methods used to
analyze epithelium. A. crypt length (um) B. goblet cell counts; in this image 8 goblet cells were
counted for this crypt C. mucus content.
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6.9 APPENDIX I: Protocol for Mice Behavioural Assessment
Herein, the methods of the three established behavioral tests, including nest building, elevated
EPM, and BBK tests, that were performed for the purpose of this thesis, are explained.
6.9.1 Development of the Nest Building Behavior Scoring System

Nest building is a habitual practice in numerous animal species protecting them against
predators and plays a role in preserving heat and reproduction [265]. Behaviours associated to nest
building (also referred as nesting) in mice and rats, are considered home cage behaviors likely
translating activities of daily living (ADL) in humans. Better performance on such behaviors may
represent normal behavioral function or general well-being of animals [266]. Nest construction is
also proposed to be used as a means of evaluating the mood and behavior disturbances linking to
psychiatric disorders like depression and schizophrenia, as well as, assessing the movement
associated disorders like Parkinson disease [267]. As a result, | also assessed mice nesting
behaviour before termination of the intervention to evaluate mental health and general well-being
of animals. To do so, two new pieces of pressed cotton nestlet squares were placed at the front of
the mice cages and then the nest pictures were captured by an iPhone camera in 2h and 24h for
further analysis of mice nest building. A novel nesting score system ranging from 0-4.5 points
(Project 2 Manuscript, Table 3-3(S1): Nest Building Scoring Guide) was developed focusing
on nestlet shredding (0-1.5 points), nest shape (0-1.5 points), and nest wall height (0-1.5 points).
The nests were then blindly scored by two observers according to both time intervals (2 hours or
24 hours) and the respective mice intervention group, utilizing the developed scoring guide. The
details of each criterion are as follows:

1. Nest Score Development -Nestlets Shredding
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To score the nestlet shredding, Deacon 2006 method [268] was used as the most widely used
nesting score system. However, some modifications were made by considering additional
parameters into this method in order to score the shredding degree of the nestlets more precisely.
According to the novel developed scoring system for shredding criteria, nests scored 0, 0.5, 1 and
1.5 for <50%, 50-75%, 75-95% and >95% of shredding, respectively.

2. Nest Score Development - Nest Walls Construction
The nests were also scored according to the presence of walls surrounding the nest site. According
to the Deacon 2006 method, the nest walls are scored either 4 or 5, with nest walls lower than 50
% or higher than 50% of mouse body height for its circumference, respectively. Thus, there is no
distinct difference between a nest with somewhat identifiable walls (<50 % of mouse body height)
or a completely flat nest. So, as a complementary to the Deacon 2006 method, Hess et al., 2008
[269] (Figure 6-4) scored the nest well based on the degree of walls construction around the nest
cavity in an effort to shape a dome using a ‘naturalistic nest score’ system [269]. In this system,
an imaginary sphere filling the nest hollow was considered and then the nest was scored based on
walls height and the degree of enclosing the nest hollow (described as flat nest, cup-shaped,

incomplete dome, or complete dome) [269].
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Lower nest wall: =75%, Score 3 }

Raised nest wall: =25%, Score 4

5: Full dome : ’
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Figure 6-4- The Nest Score Ssytem Developed by Hess et al,. 2008 [270].

Figure above shows the naturalistic nest score system developed by Hess et al,. 2008 A.
Nest building scoring parameters, B. Nest scoring diagram. The imaginary sphere filling the
internal cavity, depicts different scoring wall heights, starting at a score of 2 for a flat nest, 3 for
cupped shape nest, 4 for an incomplete dome and 5 for a full dome (a score of 0 for undisturbed
nesting materials and a score of 1 for disturbed nesting material, when the interaction with the
nesting material is evident but there is no distinguishable nesting site). C. Sample nests and their
corresponding scores.

Similarly, to assess the nest walls | imagined the nest as a flattened sphere with the
difference that the nest scored only based on the presence or absence of identifiable walls, because
the nests were scored remotely using the digital pictures with not having enough resolution and
thereby, making decision on the closure of the walls surrounding the nest cavity could be
qualitative and estimation of the walls’ height would not be accurate. In addition to that, Hess, and
colleagues [269] also reported that providing the mice with shredded paper strips in the cage would
help the mice to build nests with higher quality in terms of compared to the other materials such

as compressed cotton squares that used in this study. It needs to be mentioned that the shredded
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paper strips used by this group was made of 100% recycled biodegradable paper fibers that could
not be a suitable option for project 2 of this thesis with controlled dietary amounts of fiber/g of the
mice diet in the respective groups. Thus, overall, in this novel developed scoring system, the nest
walls rated between 0, to 1.5 points in 0.5 increments for nest walls with <25 %, 25-50%, 50-75%
and >75% 0-24% surrounding the nest, respectively.

3. Nest Score Development- Nest Shape

In the previously mentioned studies, the nest quality was quantified mainly either with the
nestlets shredding degree [268] or height of the walls surrounding the nest to shape a dome [269],
but the details on the structure of the nest was less highlighted. Thus, in addition to assessing the
nestlet shredding and nest walls construction in scoring the nest building behavior, structure of the
nest was also included in the scoring method. For this purpose, the nest shape was scored as
follows; a score of 0 was allocated when nestlets were not manipulated by the mice at all or
scattered with no defined shape, a score of 0.5 was allocated to nests cupped into a specific location
with a somewhat defined shape while the materials were still disconnected with edges sticking out,
a score of 1 was allocated to a nest with a mostly rounded shape but the nest was either very
dispersed within the cage or one edge sticking out and finally a score of 1.5 was allocated to a nest
with a rounded shape including at most one edge sticking out. To evaluate the nest shape, |
assigned scores as follows:

A score of 0 was given when the nestlets were not manipulated by the mice at all or were
scattered with no defined shape.

A score of 0.5 was assigned to nests that were cupped into a specific location, exhibiting a

somewhat defined shape, but with materials still disconnected and edges sticking out.
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A score of 1 was allocated to nests with a mostly rounded shape, but either the nest was
dispersed within the cage or had one edge sticking out.
Finally, a score of 1.5 was designated for nests with a rounded shape, including at most one edge
sticking out.
By considering the nest structure in this scoring system, | aimed to provide a more comprehensive
assessment of nest-building behavior, in addition to evaluating nestlet shredding and nest wall

construction.

6.9.2 Assessment of Anxiety Like Behaviors-Elevated Plus Maze

Elevated plus maze (EPM) is a widely used validated test for the anxiety-like behaviors
assessment in mice. EPM apparatus is consisted of two unprotected open arms and two protected
closed arms surrounded by walls, horizontally crossed in the centre of the maze. Mice can enter to
all the areas on the maze and spontaneously move toward the open and enclosed arms [271]. This
test reflects the natural aversion and avoidance behavior of mice when being placed in elevated
and open areas. In addition, this test also evaluates the locomotor activity including general activity
performance and natural spontaneous exploratory behavior of mice when being placed in novel
environments using the indices of total travelled distance through the trial duration and the total
frequency of entries in to the open and closed arms, respectively [271,272]. The ratio of time spent
in the unprotected open arms to the time spent in the protected enclosed arms is translated as anti-
anxiety behavior [272]. Since evidence has shown that experimental manipulations like exposure
to stress, psychoactive pharmacological agents [273] as well as diet-induced obesity [274] have

this potential to alter the open arm aversion and general performance of the mice, the EPM test
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was performed in mice from different intervention groups at week 16 of this study. The test was
performed individually at Animal Behaviour and Physiology Core, University of Ottawa nearly
close to the termination of the study at week 16. Prior testing, the individually housed mice were
transferred into a place near the testing room to be acclimatized for 1 hour. The maze had two
main arms (measuring 6 cm wide, 75 cm long and raised 74 cm off of the floor) crossing
perpendicularly and were open at the meeting area in the centre, one arm had open platforms while
the other was enclosed by walls (20 cm high). The light intensity on the central platform was set
on 100 lux. Individual mouse from different groups was randomly placed in the center of the maze
and had freely access to explore the maze for 10 minutes. Mouse videotaped from a mounted
camera above the maze and the researcher left the room while was watching the mouse behavior
on a computer outside of the room. Ethovision XT 15 software (Noldus Information Technology)
was used for the video tracking of the mouse under 100 lux illumination by a high-resolution
camera suspended above the center of the maze, and analyzing the behavior, movement, and
activity of the mouse. This software is enabled to detect the different segments of the mouse
including center point, tail base, and nose point to accurately record the position of the animal,
which helps the user to distinguish between when the subject only poking its nose or entering the
entire body into one of the open arms of the maze. The number of entries into the each of the open
or closed arms and the time spent in each arm were recorded. The maze was cleaned carefully in
between each trial by ethanol and wiped out gently to eliminate all olfactory cues or any urine/feces

left from the previous trial.
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6.9.3 Assessment of Locomotor Activity- Beam Break Test

Beam break (BBK) is a behavior test that uses a photocell-equipped open field system
tracking general motor activity and animal’s movements through projecting infrared light beams
from one side of the animals’ cage to the other, when animals are individually placed in a new
housing cage (referred as automated home-cage activity monitoring). Home cages with specially
designed frames surrounding them, are made of materials that can transmit the beams without
blocking them and, in turn the beams do not interfere with mice normal movement behavior. The
system consists of a photocell emitter sending out horizontal infrared beam lights to the animal
cages (invisible to the rodents) which are equipped with photocell receivers. When mouse moves
around the cage, the emitted beams are broken by and recorded by the photocell analyzer and then
the number of broken beams associating exploratory locomotor activity are enumerated by a
computer-assisted analyzer [275]. For the purpose of this study (thesis), mice were randomly
divided to three batches BBK test at Animal Behaviour and Physiology Core, University of Ottawa
at week 16 To perform the test mice were habituated to the novel environment for an hour followed
by placing them individually in pre-set up clean cages located inside the metal frames of the open
field system. The cages were provided with enough bedding materials covering the floor of the
cage and supply of water and food but, without any nesting materials which may affect the
spontaneous behavior activity of mice. The test was performed across 22-hour period to track
motor activity during the light and dark phase of circadian cycle. The software used was Fusion
5.3 developed by Omnitech Electronics Inc. for the Micromax analyzer from Accuscan. The
obtained data during the trial was summed over 30-min intervals and parameters related to motor

activity such as horizontal activity counts (total counts of beams interruption) and ambulatory
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activity counts (reflecting actual locomotion). The area under the curve for the total and each of

the light and dark cycles were calculated using the Graph Pad (Prism 9.4.1).
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6.10 APPENDIX J: Detailed Statistical Analysis Results (ANOVA, Kruskal-Wallis, etc.)

Chapter 2-Project 1

Figure 2-1. A. Body weight (g) throughout the intervention phase (Week 10-18)

Two-way RM ANOVA | Matching: Stacked

Assume sphericity? No
Alpha 0.05

Source of Variation % of total variation | P value | P value summary Significant?
Time x Group 3.276 | <0.0001 orkk Yes
Time 11.80 | <0.0001 ekl Yes
Group 55.81 | <0.0001 el Yes
Subject 25.13 | <0.0001 K Yes

Figure 2-1. B. Final Body Weight
ANOVA summary

F 34.92

P value <0.0001

P value summary Frkk

Significant diff. among means (P < 0.05)? Yes

R squared 0.7326

Figure 2-1. D. Cumulative energy intake (kcal) during the intervention phase

ANOVA summary
F 17.81
P value <0.0001
P value summary il
Significant diff. among means (P < 0.05)7? Yes
R squared 0.5828

Figure 2-2. A. Body Composition, % Fat mass (Week 18)

ANOVA summary
F 64.98
P value <0.0001
P value summary ol
Significant diff. among means (P < 0.05)? Yes
R squared 0.8360

Figure 2-2. B. Body Composition, Lean mass

g) (Week 18)

ANOVA summary
F 7.586
P value 0.0003
P value summary *rk
Significant diff. among means (P < 0.05)? Yes
R squared 0.3409

Figure 2-3. A. Pielou’s Evenness

Kruskal-Wallis test

P value

<0.0001
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Exact or approximate P value?

Approximate

P value summary

*kkk

Do the medians vary signif. (P < 0.05)? Yes
Number of groups 4
Kruskal-Wallis statistic 27.02
Figure 2-3. B. Shannon diversity
Kruskal-Wallis test
P value <0.0001

Exact or approximate P value?

Approximate

P value summary

*kkk

Do the medians vary signif. (P < 0.05)? Yes
Number of groups 4
Kruskal-Wallis statistic 27.92

Figure 2-4. B. Firmicutes/Bacteroidetes ratio

P value

<0.0001

Exact or approximate P value?

Approximate

P value summary

*kkk

Do the medians vary signif. (P < 0.05)? Yes
Number of groups 5
Kruskal-Wallis statistic 25.14

Figure 2-5. A. Short-chain fatty acid (SCFAs) B. Fecal pH

Acetic Acid

ANOVA summary

F

15.92

P value

<0.0001

P value summary

*kkk

Significant diff. among means (P < 0.05)?

Yes

R squared

0.5505

Propionic Acid

ANOVA summary

F

10.68

P value

<0.0001

P value summary

*kkk

Significant diff. among means (P < 0.05)7?

Yes

R squared

0.4510

Butyric Acid

ANOVA summary

F

21.50

P value

<0.0001

P value summary

*kkk

Significant diff. among means (P < 0.05)?

Yes

R squared

0.6232

Total SCFAs

ANOVA summary

F

16.95
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P value <0.0001
P value summary Fkkx
Significant diff. among means (P < 0.05)7? Yes
R squared 0.5659
Figure 2-5. B. Fecal pH
ANOVA summary
F 14.80
P value <0.0001
P value summary Fkkx
Significant diff. among means (P < 0.05)7? Yes
R squared 0.5023

Figure 2-7. D. Ratio of LBP levels to the relative abundance of Proteobacteria and Bacteroidetes.

LBP/ Bacteroidetes RA

Kruskal-Wallis test

P value

0.0003

Exact or approximate P value?

Approximate

P value summary

*kk

Do the medians vary signif. (P < 0.05)? Yes
Number of groups 4
Kruskal-Wallis statistic 18.57

LBP/ Proteobacteria RA

Kruskal-Wallis test

P value

0.0137

Exact or approximate P value?

Approximate
*

P value summary

Do the medians vary signif. (P < 0.05)? Yes
Number of groups 4
Kruskal-Wallis statistic 10.66

Figure 2-8. A. EAT weight (g), B. Adipocyte diameter, C. Adipocyte area

ANOVA summary
F 10.11
P value <0.0001
P value summary ek
Significant diff. among means (P < 0.05)? Yes
R squared 0.4080

Figure 2 8. B. Adipocyte diameter

ANOVA summary
F 4.367
P value 0.0092
P value summary **
Significant diff. among means (P < 0.05)? Yes
R squared 0.2377
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Figure 2-8. C. Adipocyte area

ANOVA summary
F 4.600
P value 0.0071
P value summary **
Significant diff. among means (P < 0.05)7? Yes
R squared 0.2473

Figure 2-9. MCP-1
ANOVA summary
F 6.643

P value 0.0009

P value summary il
Significant diff. among means (P < 0.05)? Yes

R squared 0.3271

Table 2-3
Resistin
ANOVA summary
F 3.068
P value 0.0376
P value summary *
Significant diff. among means (P < 0.05)? Yes
R squared 0.1730

Leptin
ANOVA summary
F 13.72
P value <0.0001
P value summary ookl
Significant diff. among means (P < 0.05)? Yes
R squared 0.4833

Adpn/Lep

ANOVA summary
F 11.60
P value <0.0001
P value summary Frkx
Significant diff. among means (P < 0.05)7? Yes
R squared 0.4532

Insulin
Kruskal-Wallis test
P value 0.0162
Exact or approximate P value? Approximate
P value summary *
Do the medians vary signif. (P < 0.05)? Yes
Number of groups 4
Kruskal-Wallis statistic 10.30

HOMA-IR
| ANOVA summary | |
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F 6.582
P value 0.0010
P value summary il
Significant diff. among means (P < 0.05)? Yes
R squared 0.3251

Figure 2-10 (S1)-A. Faith's phylogenetic diversity (PD)

Mann Whitney test
P value 0.0201
Exact or approximate P value? Exact
P value summary *
Significantly different (P < 0.05)? Yes
One- or two-tailed P value? Two-tailed
Sum of ranks in column A,B 114,96
Mann-Whitney U 18

Chapter 3-Project 2

Figure 3-2. Cecal Microbiota a-diversity Metrics.

A. Shannon diversity

Kruskal-Wallis test

P value

0.0003

Exact or approximate P value?

Approximate

P value summary

*k*k

Do the medians vary signif. (P < 0.05)? Yes
Number of groups 5
Kruskal-Wallis statistic 21.03
D. Pielou’s Evenness.
Kruskal-Wallis test
P value 0.0005

Exact or approximate P value?

Approximate

P value summary

*kk

Do the medians vary signif. (P < 0.05)? Yes
Number of groups 5
Kruskal-Wallis statistic 20.17
Figure 3-3. B. Firmicutes/Bacteroidetes ratio
Kruskal-Wallis test
P value <0.0001

Exact or approximate P value?

Approximate

P value summary

*kkk

Do the medians vary signif. (P < 0.05)? Yes
Number of groups 5
Kruskal-Wallis statistic 32.81
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Table 3-2. Cecal and Colon Parameters in Treatment groups.

Total Cecum Weight (g)

ANOVA summary
F 15.08
P value <0.0001
P value summary il
Significant diff. among means (P < 0.05)? Yes
R squared 0.5418
Cecum Content (g)
ANOVA summary
F 13.24
P value <0.0001
P value summary il
Significant diff. among means (P < 0.05)? Yes
R squared 0.5094
Cecum Content Moisture, %
ANOVA summary
F 22.93
P value <0.0001
P value summary el
Significant diff. among means (P < 0.05)? Yes
R squared 0.6518
Colon Length (cm)
Kruskal-Wallis test
P value <0.0001

Exact or approximate P value?

Approximate

P value summary

*kkk

Do the medians vary signif. (P < 0.05)? Yes
Number of groups 5
Kruskal-Wallis statistic 25.03

Figure 3-6. Analysis of Cecal Short-chain Fatty Acids (SCFAS).

Cecal content pH

Kruskal-Wallis test

P value

0.0013

Exact or approximate P value?

Approximate

P value summary

**

Do the medians vary signif. (P < 0.05)? Yes
Number of groups 5
Kruskal-Wallis statistic 17.93

B. Total cecal SCFAs (umol/g DW)

ANOVA summary
F 17.91
P value <0.0001
P value summary el
Significant diff. among means (P < 0.05)? Yes
R squared 0.5842
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C. Cecal Acetic acid

ANOVA summary
F 17.24
P value <0.0001
P value summary Forkk
Significant diff. among means (P < 0.05)? Yes
R squared 0.5748

D. Cecal Propionic acid (umol/g DW)

ANOVA summary
F 18.33
P value <0.0001
P value summary i
Significant diff. among means (P < 0.05)? Yes
R squared 0.5898

E. Cecum Butyric acid (umol/g DW)

ANOVA summary
F 17.55
P value <0.0001
P value summary Frkk
Significant diff. among means (P < 0.05)? Yes
R squared 0.5841

Figure 3-7. A. Nesting behavior in 2-hour vs 24-hour within the dietary

roups.

Table Analyzed

2h vs 24h (Times in rows)

Two-way RM ANOVA

Matching: Stacked

Assume sphericity? Yes
Alpha 0.05

Source of Variation % of total variation P value | P value summary | Significant?
Time x Column Factor 0.2277 0.9688 ns No
Time 17.58 <0.0001 ok Yes
Column Factor 3.617 0.5190 ns No
Subject 56.30 0.0004 ok Yes

Figure 3-8. Anxiety Like Behavior Assessment.

Mice centre point tracking:

A. Total number of entries into the open arms of the elevated plus maze

ANOVA summary
F 3.099
P value 0.0233
P value summary *
Significant diff. among means (P < 0.05)? Yes
R squared 0.1955

B. Latency to enter to the open arms

Kruskal-Wallis test

P value 0.0022

Exact or approximate P value?

Approximate

P value summary

*%

Do the medians vary signif. (P < 0.05)?

Yes
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Number of groups

Kruskal-Wallis statistic

16.69

Mice nose point tracking:

D. Total number of entries into the open arms of the elevated plus maze

ANOVA summary

F

3.141

P value

0.0220

P value summary

*

Significant diff. among means (P < 0.05)?

Yes

R squared

0.1976

E. Percent time spent in the closed arms

ANOVA summary

F

2.823

P value

0.0343

P value summary

Significant diff. among means (P < 0.05)?

Yes

R squared

0.1813

F. Percent time spent in the open arms

ANOVA summary

F

4.277

P value

0.0046

P value summary

*%

Significant diff. among means (P < 0.05)?

Yes

R squared

0.2512

Chapter 4-Project 3
Figure 4-1.

B. Body weight gain percentage

ANOVA summary

F

65.65

P value

<0.0001

P value summary

*kkk

Significant diff. among means (P < 0.05)?

Yes

R squared

0.8294

D. Final fat mass (g)

ANOVA summary

F

177.5

P value

<0.0001

P value summary

*kkk

Significant diff. among means (P < 0.05)?

Yes

R squared

0.9293

F. Final lean mass (g)

ANOVA summary

F

11.84
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P value 0.0002
P value summary il
Significant diff. among means (P < 0.05)? Yes
R squared 0.4672
Figure 4-2.
C. AUC analysis of total ambulatory movements over the experiment session.
ANOVA summary
F 21.00
P value <0.0001
P value summary el
Significant diff. among means (P < 0.05)? Yes
R squared 0.6177
Figure 4-3.
B. Cumulative energy intake (kcal) from baseline to week 18
ANOVA summary
F 40.06
P value <0.0001
P value summary Frkk
Significant diff. among means (P < 0.05)? Yes
R squared 0.7480
Figure 4-5.
B-G. Relative abundance of key genus (g).
F16 (f)
Kruskal-Wallis test
P value 0.0119

Exact or approximate P value?

P value summary

Approximate
*

Do the medians vary signif. (P < 0.05)? Yes
Number of groups 3
Kruskal-Wallis statistic 8.857
Akkermansia (g)
Kruskal-Wallis test
P value 0.0011

Exact or approximate P value?

Approximate

P value summary

*%

Do the medians vary signif. (P < 0.05)? Yes
Number of groups 3
Kruskal-Wallis statistic 13.55
Ruminococcaceae (f)
Kruskal-Wallis test
P value 0.0280

Exact or approximate P value?

P value summary

Approximate
*
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Do the medians vary signif. (P < 0.05)? Yes
Number of groups 3
Kruskal-Wallis statistic 7.155

Clostridium (g)
Kruskal-Wallis test

P value 0.0053
Exact or approximate P value? Approximate
P value summary **
Do the medians vary signif. (P < 0.05)? Yes
Number of groups 3
Kruskal-Wallis statistic 10.47

Papillibacter (g)
Kruskal-Wallis test

P value 0.0053
Exact or approximate P value? Approximate
P value summary **
Do the medians vary signif. (P < 0.05)? Yes
Number of groups 3
Kruskal-Wallis statistic 10.47
S24-7 ()
Kruskal-Wallis test
P value 0.0006
Exact or approximate P value? Approximate
P value summary ol
Do the medians vary signif. (P < 0.05)? Yes
Number of groups 3
Kruskal-Wallis statistic 14.73

Table 4-2. Cytokine and Chemokine Concentrations

LBP
ANOVA summary
F 4.160
P value 0.0271
P value summary *
Significant diff. among means (P < 0.05)? Yes
R squared 0.2424
TNF-a
ANOVA summary
F 5.055
P value 0.0156
P value summary *
Significant diff. among means (P < 0.05)? Yes
R squared 0.3149
MCP-1
ANOVA summary
F 6.400
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P value 0.0057
P value summary **
Significant diff. among means (P < 0.05)? Yes
R squared 0.3386
KC (CXCL1)
ANOVA summary
F 8.788
P value 0.0012
P value summary **
Significant diff. among means (P < 0.05)7? Yes
R squared 0.4034
IL-10
ANOVA summary
F 2.561
P value 0.0973
P value summary ns
Significant diff. among means (P < 0.05)? No
R squared 0.1701

Figure 4-9. Serum Concentrations of Adipokines, Glucose and Insulin Homeostasis and Gut

Peptides.
A. Resistin
ANOVA summary
F 4.479
P value 0.0213
P value summary *
Significant diff. among means (P < 0.05)7? Yes
R squared 0.2562
B. Leptin
ANOVA summary
F 23.91
P value <0.0001
P value summary Forkk
Significant diff. among means (P < 0.05)? Yes
R squared 0.6478
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C. Adiponectin

ANOVA summary
F 0.6017
P value 0.5553
P value summary ns
Significant diff. among means (P < 0.05)7? No
R squared 0.04424
D. Adiponectin/Leptin ratio
ANOVA summary
F 22.62
P value <0.0001
P value summary il
Significant diff. among means (P < 0.05)? Yes
R squared 0.6629
K. FBG
ANOVA summary
F 8.989
P value 0.0011
P value summary **
Significant diff. among means (P < 0.05)? Yes
R squared 0.4088
L. HOMA-IR
ANOVA summary
F 5.295
P value 0.0118
P value summary *
Significant diff. among means (P < 0.05)? Yes
R squared 0.2894

Figure 4-10. Adipose Tissue Depots Profile.

A
EAT
ANOVA summary

F 11.00
P value 0.0003
P value summary e
Significant diff. among means (P < 0.05)? Yes
R squared 0.4490
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PAT

ANOVA summary
F 161.3
P value <0.0001
P value summary Fhkk
Significant diff. among means (P < 0.05)7? Yes
R squared 0.9254

BAT

Kruskal-Wallis test

P value 0.0003

Exact or approximate P value?

Approximate

P value summary

*kk

Do the medians vary signif. (P < 0.05)? Yes
Number of groups 3
Kruskal-Wallis statistic 16.34
B.
Adipocyte diameter
ANOVA summary
F 8.012
P value 0.0023
P value summary **
Significant diff. among means (P < 0.05)? Yes
R squared 0.4106
Adipocyte area
ANOVA summary
F 8.960
P value 0.0013
P value summary **
Significant diff. among means (P < 0.05)? Yes
R squared 0.4379

Figure 4-11. EAT mRNA Expression of Pro-Inflammatory Markers and SCFAs Receptors.

A. TNF-a

ANOVA summary
F 6.850
P value 0.0042
P value summary **
Significant diff. among means (P < 0.05)7? Yes
R squared 0.3540

B. MCP-1

ANOVA summary
F 13.02
P value 0.0001
P value summary *hx
Significant diff. among means (P < 0.05)? Yes
R squared 0.5005
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D. TLR4

ANOVA summary
F 7.688
P value 0.0028
P value summary **
Significant diff. among means (P < 0.05)7? Yes
R squared 0.4007

E. GPR-41

ANOVA summary
F 6.952
P value 0.0037
P value summary *x
Significant diff. among means (P < 0.05)? Yes
R squared 0.3399

F. GPR-43

ANOVA summary
F 6.952
P value 0.0037
P value summary *x
Significant diff. among means (P < 0.05)? Yes
R squared 0.3399

Figure 4-12. Epididymal Adipose Tissue (EAT) Protein Concentrations of Pro-Inflammatory

Markers.
B. MCP-1
ANOVA summary
F 4.562
P value 0.0200
P value summary *
Significant diff. among means (P < 0.05)? Yes
R squared 0.2598
D. IL-10
ANOVA summary
F 23.28
P value <0.0001
P value summary i
Significant diff. among means (P < 0.05)7? Yes
R squared 0.6329
E. TNF-a
ANOVA summary
F 3.650
P value 0.0395
P value summary *
Significant diff. among means (P < 0.05)? Yes
R squared 0.2128
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