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ABSTRACT OF THE DISSERTATION

The impact of dietary fat and exercise on intestinal homeostasis: a quest for anti-
inflammatory mechanisms

By PAUL J. WISNIEWSKI I

Dissertation Director:

Sara C. Campbell, PhD, FACSM

Excess consumption of saturated fat has shown to increase risk of colorectal
cancer (CRC) development as well exacerbate inflammatory bowel disease (IBD)
progression. In contrast, physical exercise has shown to significantly reduce the risk of
CRC development and ameliorate symptoms of IBD. Although exercise has shown to
exert profound anti-inflammatory effects in the colon, what is not well known are the
exact mechanisms by which these health benefits are conferred. Of note are three
primary processes that have been implicated in modulating intestinal inflammatory
responses in the context of large bowel disorders. These include the production of
intestinal mucus, the induction of the unfolded protein response (UPR) in the advent of
endoplasmic reticulum (ER) stress, and the activation of inflammasomes which foster a
microbe-host mutualism. The impact of dietary fat intake and physical activity on mucus
thickness, the UPR and inflammasome activation where explored to elucidate putative
mechanisms by which diet and exercise promote or disrupt intestinal homeostasis. In
aim 1, we examined the extent to which 12 weeks of a 45% high-fat diet (HFD)
contributes to colon inflammation and microbiota localization and whether voluntary
wheel running could confer a therapeutic effect in 6-week-old male and female

C57BL/6NTac mice. Voluntary wheel running attenuated HFD-induced colon



inflammation in female mice only while no differences in microbiota localization were
observed between treatment groups. In addition, sedentary male mice consuming a
control low 10% fat diet demonstrated a greater degree of inflammation compared to
their female counterparts. These findings demonstrate that 12 weeks of a 45% HFD is
not sufficient to induce any structural changes to intestinal mucus but have shown that
regular physical activity can ameliorate colon inflammation. In aim 2, we replicated aim 1
in a second cohort of 6-week-old male and female C57BL/6NTac mice using a 60% HFD
in order to accelerate the occurrence of overt colon pathologies and to compare our
findings from aim 1. In addition, we explored the effects of dietary fat and voluntary
wheel running on colonic epithelial ER stress and the UPR. In contrast to aim 1,
voluntary wheel running attenuated HFD-induced colon inflammation in both male and
female mice. In agreement with aim 1, a similar increase in inflammation in sedentary
male mice fed a control 10% fat diet was observed. Female mice demonstrated an
inherent increase in colon IL-10 concentrations, an improved proliferative phenotype and
an increase in goblet cell density compared to males. Voluntary wheel running
contributed to a significantly improved proliferative phenotype compared to exercised
mice. Sedentary and exercised male mice consuming a 60% HFD exhibited a unique
compensatory response characterized by an increase in inner mucus layer thickness
and mucin 2 production. While a 60% HFD modulated the gene expression of ER stress
sensors activating transcription factor 6 (Atf6) and inositol-requiring kinase 13 (IRE18) in
female mice, a 60% HFD increased the phosphorylation of eukaryotic initiating factor-2a
(elF2a) in male mice which was attenuated by a control 10% fat diet and voluntary wheel
running. Findings from this aim further corroborate the efficacy of exercise in contributing
to colon health and suggests that females may possess an inherent resistance against
the development of colon pathologies. In addition, we are the first to demonstrate that
voluntary wheel running attenuates HFD-induced colonic epithelial ER stress in male



mice. Utilizing the same cohort of animals from aim 2, aim 3 investigated the contribution
of dietary fat and voluntary wheel running towards the transcription of inflammasome
components and activation of caspase-1. Large increases in the gene expression of
inflammasome components including the NOD-like receptor family pyrin domain
containing (NLRP)3 and NLRP6 sensors, the adaptor PYD and CARD domain
containing (Pycard), and caspase-1 where observed in sedentary female mice fed an
HFD and in exercised female mice fed either diet relative to the sedentary control fed a
10% fat diet. This occurred in tandem with a non-significant increase in caspase-1
activation. In males, a non-significant and modest decrease in caspase-1 activation was
observed, however. These findings illustrate putative sex differences in inflammasome
activation in response to dietary fat and voluntary wheel running, but more rigorous

analyses are required.
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Chapter 1. Introduction & Literature Review



Introduction

The human intestine contains an immense and dynamic community of trillions of
microorganisms. In exchange for protection and an ecological niche rich in both host and
dietary derived nutrients, these microorganisms establish a symbiotic relationship with
their host by making essential contributions to metabolic processes. The majority of
these microorganisms are bacteria and predominately reside in the large intestine whose
metabolites play a pivotal role in host energy production, immunity, lipid metabolism,
glucose homeostasis and intestinal permeability (1); these microorganisms that inhabit
the gut are commonly referred to as the ‘gut microbiota’ or microbial taxa. Though this
relationship is primarily mutualistic in nature, the close association of a dense bacterial
community with intestinal tissue poses serious health challenges. The sheer number of
gut bacteria presents a persistent threat of microbial breach into systemic circulation
which is compounded by a single-cell layer of epithelium and a large intestinal surface
area (~32 m2in humans) (2). This opportunistic invasion by resident bacteria can
degrade epithelial barrier integrity and contribute to pathologies such as chronic low-
grade inflammation. The intestinal immune system therefore has an essential role in
limiting tissue invasion by resident bacteria and is vital for preserving a symbiosis

between the host and its gut microbiota.

2. Overview of Mucosal Homeostasis

The majority of immunological processes take place in the mucosa which is
comprised of the epithelium, the underlying lamina propria and the muscularis mucosae,
which is a thin muscle layer below the lamina propria (3) (Figure 1.1). The lamina propria
consists of loosely packed connective tissue that forms the scaffolding for small
intestinal villi and contains blood and nervous supply, and lymphatic drainage for the

mucosa (3). Importantly, it is in the mucosa where cells of both the innate and adaptive



arms of the mucosal immune system (MIS) reside to maintain mucosal homeostasis.
The MIS faces challenges unlike those faced by any other organ system as it must
continuously cope with an enormous bacterial load distributed across a vast surface
area and frequent pathogenic challenge from contaminated food and water (4). At the
same time, the MIS must also avoid harmful overreactions that could damage intestinal
tissue or alter crucial metabolic functions of the gut microbiota (5). Despite these
challenges, the MIS is remarkably adept at minimizing the adverse health effects of the
gut microbiota. Maintenance of mucosal homeostasis is thus achieved by three primary
immunological barriers as previously suggested (5): 1) limiting contact between bacteria
and the epithelial cell surface, 2) immune responses to penetrant bacteria and 3)

mucosal immune firewalls.

2.1. Segregation of the Epithelium and Gut Microbiota

Intestinal epithelial cells generate both physical and chemical barriers to
minimize contact between the epithelial cell surface and the gut microbiota. The
formation of a physical barrier is accomplished by the production of intestinal mucus
from goblet cells which are specialized epithelial cells that secrete large glycoprotein
polymers of mucins into the gut lumen forming a viscous gel-like substance. Mucus
secretion from goblet cells is under direct regulation by the MIS through cytokines from
T-helper type 2 (Th2) cells (6-8) including Interleukin (IL)-13, a major effector cytokine
(9). Moreover, a recent study has shown that activation of the NOD-like receptor family
pyrin domain-containing 6 (NLRP6) inflammasome drives mucus granule exocytosis
from goblet cells (10), identifying the first innate immune regulatory pathway governing
mucus secretion. In addition to the mucus layer covering the surface of the epithelium, of
special importance is the enterocyte apical glycocalyx that is built by transmembrane

mucins that projects into the intestinal lumen, and the tight junctions that firmly anchor



the cells to each other (11, 12). Together, these systems encompass the primary
physical defense for limiting epithelial cell-microbe contact.
2.1.1. Mucin 2

The major component of intestinal mucus is the mucin 2 (muc2) mucin, the
function of which has been determined only in recent years. Its structure is comprised of
a protein core of approximately 5,179 amino acids, with a typical mucin PTS domain (13,
14) which has a high frequency of the amino acids proline, threonine, and serine (15).
These domains become densely O-glycosylated in the golgi apparatus of a goblet cell,
forming mucin domains whose appearance resemble a bottle brush with O-glycans
extending in all directions like brush bristles; this extended conformation and high
capacity of mucin glycans to bind water facilitate the gel-forming properties of the mucin
domains (16). The Muc2 monomeric building block when fully glycosylated has a large
mass of approximately 2.5 MDa and is polymerized in the endoplasmic reticulum (ER)-
golgi secretory pathway of goblet cells, resulting in the formation of enormous net-like
polymers (17). In addition, Muc2 also constrains the immunogenicity of gut antigens by
delivering tolerogenic signals to dendritic cells (DCs) (18). Thus, its inherent complexity
and contribution to host-microbe crosstalk corroborates the ecological importance of

Muc?2 in the gut.

2.1.2. Intestinal Mucus & Host Defense

The physicochemical properties of secreted mucus differ significantly in the small
and large intestine, but the immune defenses employed by the host traverse the entire
gut epithelium. In the small intestine the pore sizes in mucus are large, allowing bacteria
and bacteria-sized particles to penetrate the secreted mucus (19). To prevent infection,
antimicrobial proteins (AMPS) are secreted from crypt paneth cells and enterocytes into

intestinal mucus which are of major importance in keeping bacteria at bay (20). Without



intestinal mucus, AMPs would quickly be diluted in the gut lumen. Intestinal mucus thus
forms a diffusion barrier that concentrates AMPs near the epithelial cell surface and
slows down bacterial penetration in the small intestine. In addition to the production of
AMPs, another mechanism for sequestering resident bacteria involves the production of
immunoglobulin A (IgA) from IgA* plasma cells. Production of IgA is facilitated by DCs
that sample bacteria by phagocytosis at various mucosal sites (5). DCs located beneath
the epithelial dome of Peyer’s patches (lymphoid nodules primarily found in the ileum)
sample penetrant bacteria (21) and DCs located in the lamina propria also sample small
numbers of bacteria that are present at the apical surface of epithelial cells (22, 23). The
bacteria-laden DCs then induce B cells to differentiate into plasma cells that produce IgA
specific for intestinal bacteria (5). Secreted IgA then limits bacterial association with the
intestinal epithelial surface (24) and restricts the penetration of bacteria across the gut
epithelium (25). These defense mechanisms in the small intestine that limit microbe-
epithelial cell contact are present in the colon apart from paneth cells and Peyer’'s
patches, as these are exclusive to the small intestine. Consequently, the expression of
AMPs are lower in the large intestine (26).

In the large intestine, goblet cells increase caudally from the duodenum to distal
colon, paralleling an increase in bacterial load (27). The mucus layer is very thick (~ 50
pum in mice or 200 ym in humans) in the large intestine and is comprised of a two-
layered design. The dense inner mucus layer is firmly anchored to intestinal goblet cells
and is normally devoid of bacteria, while the loosely attached outer layer is laden with
commensal bacteria (16, 28, 29). Conversion of the inner layer to the expanded outer
layer is governed by endogenous proteases, such as the recently described calcium-
activated chloride channel regulator 1 (CLCA1) which governs mucus growth as a
metalloprotease (30). The expansion of the outer mucus layer increases pore size and

penetrability to bacteria, providing a rich ecological niche for enteric microorganisms. In



contrast, pore size of the inner mucus layer is sufficiently smaller to hinder penetration of
bacteria down to a 0.5 ym diameter (31). Together, the colon mucus barrier sequesters
the gut microbiota and mediates the crosstalk between microbes and the host immune

system.

2.2. Immune Responses to Penetrating Bacteria

The defenses employed to segregate the epithelium from the gut microbiota are
not perfect, and some bacteria not only encounter the epithelial cell surface but may
breach the epithelium. Penetrant bacteria typically succumb to rapid phagocytosis and
elimination by resident macrophages in the lamina propria, however. Macrophages are
present in high numbers in the mammalian gastrointestinal (Gl) tract and are frequently
in close contact with the epithelium (32). These innate immune cells rapidly phagocytize
bacteria and kill the ingested organisms through mechanisms that include AMPs and
reactive oxygen species (33). In addition to their phagocytic capacity, macrophages help
to restore the physical integrity of the epithelium following injury by migrating to
damaged areas and producing growth factors that enhance enterocyte proliferation (34).

In addition to innate immune responses, the adaptive immune system plays a
large role in maintaining intestinal homeostasis. Specifically, CD4* T cells are an
essential component of host-microbe mutualism. These cells differentiate into subset cell
types, such as CD4+ T regulatory (Treg) and T helper (Tw) cells, in response to cytokine-
induced signals via transcription factors originating from activated macrophages or DCs
as well as epithelial cells. Each subset, as previously reviewed (5), produces their own
characteristic cytokine profile which modulates inflammatory responses following
mucosal injury or invasion as well as the activity of subset populations (35). This intrinsic
regulation of CD4+ T cell differentiation and activity of subset cell populations is equally
crucial for maintaining mucosal homeostasis as it promotes a tolerogenic response to

penetrant bacteria without exacerbating epithelial tissue damage.



2.3. Mucosal Immune Firewalls

The MIS has the difficult task of confining the gut microbiota while maintaining an
appropriate degree of inflammation to clear intestinal infections. The induction of both
innate and adaptive immune responses is indeed tightly regulated and both arms of the
MIS work in tandem to maintain mucosal homeostasis. Nevertheless, a ‘last resort’ or
system of containment beneath the epithelial cell layer is still needed to prevent systemic

infection.

Bacteria that enter the blood are mainly cleared by heterogeneous splenic
macrophages populations (36) and those that enter the mesenteric (abdominal) vascular
system are delivered through the portal vein to the liver to be cleared by hepatocytes,
namely Kupffer cells (5). To reiterate and by contrast, penetrant bacteria in the mucosa
are taken up by DCs which stimulate IgA secretion or are phagocytized by
macrophages. As well, both B and T cells can be activated by low numbers of penetrant
bacteria (21) and induce subsequent inflammatory responses (35). The inflammatory
milieu generated by the MIS does not normally empty into systemic circulation but
instead, drains into mesenteric lymph nodes preventing infiltration into systemic
lymphoid structures (21). Not only does this ensure that the induction of mucosal
immunity remains confined to the mucosa but that the effects of this induction can be
distributed throughout the intestinal mucosa through recirculation of activated B and T
cells via the mucosal lymphatics and vasculature (37-39). The mesenteric lymph node
thus can be described as a mucosal immune “firewall” in that it provides a way for
luminal microbial contents to be sampled and for adaptive immune responses to be
induced but remain confined to the MIS, all while disseminating the local inflammatory

responses across the entire mucosal surface.



3. Mechanisms of Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) comprises a broad group of disorders that are
characterized by chronic and sever inflammation of the gastrointestinal (Gl) tract. IBD
includes both ulcerative colitis (UC) and Crohn’s disease (CD) which are distinct from
one another based on clinical criteria; UC is a chronic inflammatory condition limited to
the colon while CD can affect any part of the Gl tract (40). Moreover, IBD is widely
accepted as one of the most potent risk factors for colorectal cancer (CRC)
development. Although the exact causes remain unclear, increasing evidence suggests

that IBD arises from dysregulation of the MIS.

3.1. Muc?2 Deficiency

Providing Muc2 is the primary component of intestinal mucus, Muc2 deficiency
results in aberrant mucus properties and is linked to the onset of IBD where a strong
correlation between mucosal inflammation and the suppression of Muc2 synthesis and
secretion is found (41, 42). Of primary interest are seminal findings using Muc2 knockout
(Muc2”) mouse models that first established a causal relationship between Muc2
suppression and IBD and CRC development (43, 44), which have been confirmed by
more recent studies (45, 46), as well as the function of Muc?2 in protecting the host

against pathogenic challenge (47).

3.1.1. CRC and IBD Onset

Most notably are the early findings of Velcich and colleagues who assessed the
effects of Muc2 deficiency in the development of intestinal carcinogenesis (43). Muc2
knockout (KO) and wild type (WT) mice were maintained and sacrificed at 6 months and
1 year of age. It was found that tumors had spontaneously developed in the duodenum,
colon and rectum within six months. At the age of 1 year, 65% of Muc2 KO mice had

tumors. Interestingly, tumor formation was restricted to the small intestine in younger



mice, whereas tumors subsequently appeared in the large intestine and rectum in older
mice. Likewise, histological analysis of duodenal, proximal and distal colon sections by
Alcian blue staining showed a complete ablation of goblet cells as well as the elongation
of colonic crypts. However, the absence of goblet cells was not due to a complete
ablation of the differentiation pathway of this cell lineage because expression of
intestinal trefoil factor 3 (TFF3), another product of fully differentiated goblet cells (48),
remained detectable. Muc2 KO mice concomitantly demonstrated an enhanced epithelial
cell proliferation in both the duodenum and colon relative to control mice as determined
by immunohistochemical detection of incorporated bromodeoxyuridine (BrdU). Together,
these findings indicate that Muc2 suppression induces intestinal carcinogenesis in a
progressive manner, caudally down the Gl tract, and that this induction is manifested as
increased proliferation, decreased apoptosis and increased migration of intestinal
epithelial cells. Further, some aspects of the differentiation program of the goblet cell

lineage persist in Muc2 KO mice.

Following the work of Velcich et al. (43), Van der Sluis and colleagues later
demonstrated that Muc2” mice elicit an even greater inflammatory response after 12
weeks of dextran sulfate sodium (DSS) treatment (44), a known agent that induces
ulcerative colitis in mice. These mice showed evidence of colitis in as early as 5 weeks
of age following treatment, which worsened as the mice aged, and demonstrated distinct
changes in colonic morphology characterized by a progressive increase in mucosal
thickness, in the flattening and ulceration of epithelial cells, and in crypt length as well as
a severe loss of the architecture of the lamina propria which was more pronounced in
older mice. Like the findings of Velcich et al. (43), colonic goblet cells in Muc2 KO mice
were negative for Muc2 upon immunohistochemical analysis but TFF3 expression

remained unchanged. Further, colonic goblet cells of Muc2 KO mice appeared smaller



10

and more condensed whereas the goblet cells of WT mice were round and bell shaped.
In addition, Muc2 KO mice showed enhanced epithelial cell proliferation in the distal
colon as evidenced by immunohistochemical detection of incorporated BrdU and
increased infiltration of proinflammatory cytokines such as tumor necrosis factor a (TNF-
a) and IL-1 but not of IL-6. In sum, these results further indicate that loss of Muc2 in the
intestine degrades the epithelial barrier which leads to an abnormal mucosal and goblet
cell morphology, contributing to colon inflammation and exacerbating chemically induced

colitis.

3.1.2. Colonization Dynamics and Mucosal Inflammation

Providing the MIS maintains mucosal homeostasis by limiting microbe-epithelial
cell contact, secretion of intestinal mucus is paramount in preventing breach of the
epithelium by both pathogenic and commensal microbes and of subsequent
inflammatory responses (28). Of note is an early study who sought to advance the
understanding of mechanisms by which the host defends itself upon introduction of
attaching and effacing (A/E) bacteria (e.g., E. coli.) (47). The goal of the study was to
elucidate the role of Muc2 in host protection against such pathogens. To do so, Muc2™”
and WT mice were inoculated with Citrobacter rodentium via oral gavage, a murine A/E
pathogen related to the common diarrheagenic E. coli. (47). To summarize the authors,
Muc?2 deficiency did not significantly impact the total number of bacteria that ultimately
infected the mucosal surface but rather that it predisposed the large bowel to greater
numbers of loosely adherent bacteria, increasing the overall burden of microbes and
ulcer development; second, the host enhanced mucin synthesis and secretion to
expunge pathogens and regulate total microbe density at the mucosal surface while
Muc?2 deficiency increased overall luminal burdens of microbes; and third, that this

increased microbial burden induced by Muc?2 deficiency exacerbated gut barrier
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dysfunction by permitting translocation of both pathogenic and commensal microbes into
systemic circulation (47).
3.2. Endoplasmic Reticulum Stress

The endoplasmic reticulum (ER) is a membrane-bound organelle crucial for the
synthesis of polypeptides and posttranslational modification and folding of secretory or
membrane proteins in eukaryotic cells. ER protein folding and modification are highly
sensitive to disturbances in ER homeostasis including inflammatory stimuli (49). The
accumulation of unfolded and misfolded proteins in the ER lumen is defined as ER
stress and has been linked to high-fat diet (HFD)-induced inflammatory based diseases
(50). ER stress activates the unfolded protein response (UPR) to rectify protein folding
defects by three primary outcomes: decreased translation, restoration of protein folding
and degradation of misfolded proteins through ER-associated protein degradation
(ERAD), a process in which proteins in the ER are retro-translocated to the cytosol for
proteasomal degradation (51). In addition, the UPR also orchestrates the induction of
autophagy to degrade misfolded protein aggregates that cannot be removed by ERAD
(52) whereas prolonged UPR activation induces ER stress-associated apoptosis to
protect the organism all together (53).

Three protein sensors on the ER membrane initiate the UPR: (1) pancreatic ER
elF2a kinase (PERK), (2) inositol-requiring kinase 1 (IRE1) and (3) activating
transcription factor 6 (ATF6) (49). Each of these stress sensors have an ER luminal
domain that can sense the presence of unfolded and misfolded proteins. Under resting
conditions, the ER chaperone binding immunoglobulin protein (BiP), also known as
glucose-regulated protein 78 (Grp78), binds to the luminal domains of each stress
sensor maintaining their inactive states (49). During ER stress, BiP dissociates from the
luminal domains of the three stress sensors, activating them and initiating the UPR (54).

BiP production is also upregulated in response to increased protein misfolding (55).
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3.2.1. The Unfolded Protein Response

The most immediate response to ER stress is the activation of PERK. Activated
PERK phosphorylates the alpha subunit of eukaryotic translation initiation factor 2
(elF2a) and suppresses protein translation (53). Prolonged induction of PERK and
subsequent phosphorylation of elF2a activates the transcription factor ATF4 which
upregulates the transcription factor CCAAT-enhance-binding protein homologous protein
(CHOP) (56). The overexpression of CHOP promotes apoptosis, whereas CHOP-
deficient cells are resistant to ER stress-induced apoptosis (57, 58). CHOP therefore
plays an important role in the induction of apoptosis.

IREL1 is the most conserved ER stress transducer among the three and has two
isoforms, IREla and IRE1B; IRE1a expression is ubiquitous (49) while IRE1( is found
only in intestinal epithelial cells (59, 60). It is a ribonuclease that is activated by
autophosphorylation following dissociation of BiP during ER stress (51). The major
substrate for IRE1 is the mRNA encoding X box-binding protein 1 (XBP1) transcription
factor. IRE1 splices XBP1 mRNA, converting it into a spliced and functionally active
isoform (XBP1s) that induces UPR target gene expression such as those involved in
ERAD signaling (61). These include members of the EDEM (ER degradation-enhancing
a-mannosidase-like protein) family, which degrade misfolded glycoproteins (62).

ATF6 is a type Il transmembrane protein, a basic leucine zipper (bZIP) transcription
factor of the CREB/ATF family. In response to ER stress, ATF6 dissociates from BiP and
travels to the golgi apparatus where it is then cleaved by site-1 protease (S1P) and S2P
(51). The active transcription factor ATF6 is released into the cytoplasm which migrates
to the nucleus to modulate gene expression of chaperones, components of ERAD and to
induce ER biogenesis (49, 63). ATF6 also promotes protein folding, maturation and
secretion (49). There are two isoforms, ATF6a and ATF6B3. Though both isoforms are

cleaved in response to ER stress, ATF6a is a potent activator of ER stress-response
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genes whereas ATF6[ acts to suppress the activity of ATF6q, serving as repressor to

modulate the strength and duration of AFTF6a-mediated transcription (64).

3.2.2. ER Stress in Intestinal Secretory Cells

Goblet cells are specialized epithelial cells for the synthesis and secretion of
intestinal mucus. Their name is derived from their goblet, cup like, appearance formed
by the mucin granulae that fill the cytoplasm. This collection of secretory granules forms
the theca, which is the morphologically defining characteristic of goblet cells. The major
secretory product of intestinal goblet cells is Muc2, which undergoes extensive post-
translational modification via N-glycosylation in the ER and O-glycosylation in the golgi
apparatus occurs prior to secretion (31). In addition, intestinal mucus has a fast turnover
of approximately 1 hr in the distal colon (65). It should also be stressed that goblet cells
produce a range of other secretory products that are important functional components of
the mucus barrier including TFF3 which is key to epithelial restitution after damage and
injury (66), resistin-like molecule beta (Relmf) which is critical for regulation of innate
colonic function (67), and IgGFc binding protein (Fcgbp) which is covalently attached to
Muc2 and may act as a mucus cross-linker (68). The complexity of the Muc2 protein and
high secretory output of goblet cells makes Muc2 prone to misfolding which can activate
the UPR. As such, ER stress in secretory cells is likely to promote intestinal inflammation
in two ways as previously suggested by McGuckin et al. (51) : 1) by reducing the
effectiveness of the mucosal barrier caused by a decreased secretion of AMPs and
mucins, and premature apoptosis and 2) by UPR-initiated inflammatory signals released
by stressed secretory cells. The details of which have been extensively reviewed (49,

51, 53) and more recently by Ma et al. (69).
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3.3. Inflammasomes

The intestinal microenvironment represents a potentially hostile milieu in which a
multitude of microorganisms, food-, and microbial-derived antigens constantly challenge
the integrity of the intestinal epithelium. Prevention of epithelial breach is achieved by
the production of intestinal mucus which acts as a physical and chemical barrier, by
subsequent immune responses to penetrant bacteria and by prevention of systemic
infection through the mesenteric lymphatic system and vasculature. Though intestinal
epithelial cells function to keep bacteria from invading the body, they in fact have a
complex and mutually beneficial relationship with the gut microbiota. The distinction
between “friend vs. foe” is achieved through an array of pattern recognition receptors
(PRRs) that recognize conserved molecular patterns, of both microbe and host origin, to
initiate tolerogenic or defense responses (70). The first discovered family of PRRs are
Toll-like receptors (TLRs), which are transmembrane receptors that recognize
commensal- and pathogen-associated molecular patterns (PAMPS) (71). Several other
classes of PRRs include nucleotide-binding oligomerization domain (NOD)-like receptors
(NLRs). The NLR family of innate immune receptors have a wide range of endogenous
and exogenous triggers, and downstream functions. Further, NLRs are a key component
of inflammasomes which form in response to diverse microbial and host-derived stimuli
(70).

Inflammasomes are cytoplasmic multi-protein complexes assembled around a
set of core components that include a sensor protein, an adaptor protein (apoptosis-
associated speck-like protein containing a caspase activation and recruitment domain
(CARD)(ASC)) and an inflammatory caspase (72) of which caspase-1 seems to have a
dominant role in inflammatory responses (73). In this regard, inflammasomes act as a
multi-protein platform from which the activation of inflammatory caspases ensues.

Inflammatory responses trigger proteolytic cleavage and activation of caspase-1,
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resulting in the processing and release of proinflammatory cytokines IL-1 and IL-18,
and in some cases pyroptotic cell death (74), an inflammatory form of programmed cell
death. Activation of caspase-1 via the above pathway is known as canonical
inflammasome signaling whereas non-canonical inflammasome signaling entails
caspase-11 activation in mice or caspase-4 in humans (70). The role of inflammasomes
in intestinal inflammation and infection is diverse and evidence suggests that the NOD-
like receptor family pyrin domain containing 3 (NLRP3) and, more recently, the NLRP6

canonical inflammasomes are key players (70).

3.3.1. NLRP3 Inflammasomes

The NLRP3 inflammasome is expressed in both mucosal immune cells and
epithelial cells and promotes inflammation through a caspase-1 dependent activation by
cleavage of proinflammatory cytokines IL-18 and IL-18. Activation of the NLRP3
inflammasome is a two-step process, initiated by a priming signal that results in the
nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB)-dependent
transcription of NLRP3 and processed (pro)-IL-1B. The second signal, binding of ligands,
promotes inflammasome oligomerization and activation that culminates in caspase-1
activation and resultant cleavage of pro-IL-1B and pro-IL-18 into their biologically active
forms, IL-1B and IL-18 (75). Ligands sensed by the NLRP3 inflammasome are diverse
and include pathogen-associated molecular patterns (PAMPS) such as
lipopolysaccharide (LPS); damage-associated molecular patterns (DAMPS) such as high
concentrations of ATP (76); and ER stress (77). Given the diverse repertoire of ligands
that can activate the NLRP3 inflammasome and its contribution to innate immunity, the
NLRP3 inflammasome has been implicated in intestinal inflammation as well as in

intestinal tumorigenesis which has recently been reviewed in depth (70).
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3.3.2. NLRP6 Inflammasomes

Aberrant intestinal microbiota composition and function, termed dysbiosis, has
been linked to multiple health conditions including metabolic disorders as well as IBD
(). Dysbiosis can be established in many ways including altered host genetics (78) and
dietary modulation (79). Consequently, the host MIS participates in the organization of a
“healthy” host-microbial interface by via IgA and mucus secretion, as well as the
production of AMPs. Of note is the NLRP6 inflammasome which facilitates this
mutualistic crosstalk.

The NLRP6 inflammasome is abundantly expressed in the intestinal epithelium,
particularly in enterocytes and in secretory goblet cells, and is a key regulator of
epithelial self-renewal and of goblet cell mucus secretion (10, 80-82). In addition, it is a
regulator of the microbial ecology in the distal gut as mice deficient in NLRP6, ASC, or
caspase-1 demonstrate a distinct form of dysbiosis that drives intestinal auto-
inflammation, inflammation-induced colorectal cancer and features of metabolic
syndrome (83-86). Exactly how the indigenous microbiota contributes to a healthy
microbe-host interface has largely remained elusive, however. Findings of Levy et al (87)
shed insight on this phenomenon in an elegant study design employing a NLRP6
deficient mouse model. Findings from this work indicated that IL-18 is necessary for
AMP production and that the induction of AMP production by IL-18 is dependent on
NFkB signaling as administration of IL-18 to germ free colon explants increased AMP
levels and inhibition of NFkB prevented AMP production in WT mice, establishing an
“inflammasome-AMP axis” in which the microbiota activates the NlIrp6 inflammasome,

thereby stimulating production of mature IL-18 and subsequent AMP expression (87).
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4. High-fat Diets and Inflammatory Bowel Disease

The prevalence of overweight (body mass index (BMI) = 25 kg/m?) and obesity
(BMI 2 30 kg/m?) has reached epidemic proportions with an estimated 2.1 billion adults
worldwide overweight, of which 600 million are obese (88). Interestingly, the incidence
and prevalence of IBD has risen in parallel with the obesity epidemic. Obesity may play
a role in the pathogenesis of IBD and recent evidence suggests that impaired adipocyte
metabolism and increased visceral adiposity, as well as dysbiosis of the gut microbiota
are contributory factors (89); increased visceral adiposity is a risk factor CRC
development as well (90). The use of HFDs in animal models has been used extensively
to induce obesity and has shown to accelerate disease onset of CD-like ileitis
independent of obesity (91). Findings from our previous work has demonstrated that
HFDs induce an aberrant intestinal morphology and intestinal inflammation, and

modulate tight junction protein expression in the small intestine (79).

4.1. HFDs and Intestinal Mucus

Studies that have examined the influence of HFDs on the physicochemical
properties of colonic mucus are few and far between. For instance, Everard et al. (92)
observed a thinner inner mucus layer in mice fed a 60% HFD in an early study.
However, emerging evidence has gained further insight into how diet-induced metabolic
disorders may contribute to aberrant mucus properties and predispose an individual to
IBD. Most notably are the recent findings of Schroeder et al. (93), who demonstrated
that 8 weeks of Western style diet (rich in SFAs and simple carbohydrates but depleted
in dietary fiber) enhances colonic mucus penetrability and impairs mucus growth in mice
which is accompanied by distinct alterations in the gut microbiota composition. The diet
itself was comprised of 40.6% fat and 40.7% carbohydrates, of which only 4.0% was

cellulose; in contrast, the normal chow diet contained 15.2% of neutral detergent fiber
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(NDF) which measures most of the structural components in plant cells (94). Though no
differences in inner mucus layer thickness were observed, mice given a WSD did
demonstrate a more penetrable inner mucus layer following ex vivo analyses of colonic
explants. Further, the authors observed a significantly slower mucus growth rate relative

to chow-fed controls.

Following histological analysis of Carnoy-fixed colonic tissue sections by Alcian
blue/periodic acid-Schiff (AB/PAS) staining, WSD-fed mice demonstrated a less
organized inner mucus layer, more filled goblet cells and a trend towards more goblet
cells per crypt (93). Likewise, goblet cells were more intensely stained in WSD-fed mice
as determined by immunohistochemical detection of Muc2. These findings perhaps
represent a compensatory response by the host as increased penetrability of the mucus
allows more bacteria to access the epithelium and thus induces faster turnover and
production of Muc2 (82, 95). In confirmation of this notion, more intense staining of
immature (non-O-glycosylated) Muc2 was observed at the base of the crypts in WSD-fed
mice. Moreover, WSD-fed mice secretion of mature (O-glycosylated) Muc2 was
observed along the entire length of the crypt where it is normally confined to the crypt
openings and epithelial surface. Evaluation of the mass spectrometry-based analysis of
the mucus proteome revealed that WSD feeding did not cause major global alterations
of the mucus protein composition, however, deleted in malignant brain tumour 1
(DMBT1) was abundant in WSD-fed mice which can agglutinate bacteria and is thus
involved in mucosal innate immunity (96). The authors suggested that this response is
perhaps another compensatory host response to the diet-induced mucus defects. Lastly,
these mucus aberrations were prevented by treatment of Bifidobacterium longum and

the dietary fiber inulin. In sum, these results demonstrate that a WSD can induce defects
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in the physicochemical properties of intestinal mucus but can be rescued with sufficient

intake of dietary fiber or a probiotic.

4.2. HFDs and Epithelial ER Stress

The impact of HFDs on ER stress remains largely ill-defined as well. In a more
recent study however (78), Gulhane and colleagues examined the effects of prolonged
high-fat feeding on epithelial cell oxidative/ER stress and intestinal mucin production in 6
— 8 wk old male WT and Winnie mice. Winnie mice have a missense mutation in the
gene encoding for Muc2 which results in aberrant mucin assembly, inducing ER stress
and spontaneous intestinal inflammation as seen in UC (97). Winnie colitis therefore
results from an epithelial defect with a normal MIS, rather than major disruptions to the
MIS as seen in many mouse models of IBD. The authors also assessed the extent to
which exogenous IL-22 remediates HFD induced epithelial stress and inflammation as
their previous report identified IL-22 as a potent suppressor of both oxidative and ER
stress in pancreatic 3-cells (98). Animals were given a 46% HFD or a normal chow 11%
fat diet (NCD) and maintained for 3, 9 or 22 weeks. Those animals in the 22-week group
were given a high (100 ng/g) or low dose (20 ng/g) of recombinant IL-22 or PBS as a
control twice weekly by intra-peritoneal injection beginning at 18 weeks. It was found that
increased mMRNA levels of some inflammatory markers such as TNFa and of markers of
ER stress were only observed after 22 weeks of a HFD; these included XBP1s, BiP and
the ERAD chaperone ER degradation enhancing alpha-mannosidase like protein 1
(EDEM1). Likewise, increased protein levels of BiP and IRE1f in the distal colon were

observed after 22 weeks of a HFD as well.

To ascertain whether the above induction of intestinal inflammation and ER
stress altered the mucosal barrier, histological, gene expression and in vitro analyses

were then performed in WT mice fed a HFD (78). No major changes of intracellular
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mucin glycoproteins in goblet cells were observed with AB/PAS staining or with
immunohistochemical detection of Muc2, though there was a suppression of Muc2 and
TFF3 gene expression. Likewise, a significant decrease in the mRNA of transcription
factors kruppel like factor 4 (KLF4) and SAM pointed domain ETS factor (SPDEF) was
observed as well; KLF4 is required for the terminal differentiation of colonic goblet cells
(99) whereas SPDEF is important for full maturation of goblet and paneth cells (100).
Further, 22 weeks of a HFD led to the accumulation of the non-O-glycosylated Muc2
precursor, consistent with the induction of the UPR, as well as the suppression of the
integral tight junction protein claudin-1 particularly at the apical surface of the epithelium.
Concomitantly, endotoxin levels in serum were elevated following 11 and 22 weeks of a
HFD (78). In Winnie mice, the HFD exacerbated colitis made evident by more severe
and widespread colonic damage with prominent mucosal erosions and crypt abscesses.
A concurrent upregulation of BiP and XBP1s mRNA, and suppression of KLF4 mRNA
and claudin-1 protein expression was observed to a greater degree in Winnie mice fed a
HFD. Interestingly and in contrast to the above findings of Benoit et al. (101), in vitro
studies in human colonic LS174 secretory cells showed that palmitic acid treatment
upregulated epithelial stress and reduced production of mature fully glycosylated Muc2
accompanied by an increase in the non-glycosylated Muc?2 precursor and a reduction in
Muc2 secretion. Likewise, a reduction in transepithelial electrical resistance was
observed after 24 h of palmitic acid exposure. However, epithelial proliferation and
apoptosis remained unchanged in WT mice fed a HFD or with IL-22 treatment. Lastly,
administration of recombinant IL-22 suppressed both the HFD and palmitic acid-induced
epithelial stress and mucosal inflammation in a dose dependent manner. In addition, IL-

22 increased claudin-1 expression and reduced endotoxin levels in serum.
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In sum, these findings demonstrate that prolonged high-fat feeding can induce
ER stress in epithelial cells and challenge mucosal barrier integrity in tandem with a rise
in serum endotoxin levels. In addition, HFDs can exacerbate the severity of genetically
induced colitis. Lastly, exogenous IL-22 may promote mucosal barrier integrity and

attenuate epithelial ER stress and mucosal inflammation in diet-induced obese mice.

4.3. HFDs and Inflammasomes

Though the role of HFDs on inflammasome regulation remains ill-defined, the
recent work of Robblee et al. (102) demonstrated that a dietary excess of SFAs can
activate the NLRP3 inflammasome through the induction of the ER stress sensor IRE1a
in both human and mouse macrophages. Interestingly, SFA treatment has previously
shown to activate IRE1a by a mechanism independent of the UPR (103). Taken
together, the authors concluded that IRE1a may sense an altered membrane
phospholipid composition which then mediates proinflammatory responses via
inflammasome activation. HFD-induced macrophage infiltration and proinflammatory
responses are commonly observed in metabolic disorders at affected tissues including
adipocytes (104), hepatocytes (105) and in small intestinal villi (79). Thus, HFDs may
potentiate intestinal inflammation through the activation of the NLRP3 inflammasome in
recruited macrophages.
5. Exercise and Inflammatory Bowel Disease

Regular exercise provides a host of benefits to human health and is a potent
preventative measure against the development of numerous chronic diseases. Exercise
has been proposed as a powerful pharmacological agent given the myriad of health
benefits exercise can confer providing the proper dosage (106). While exercise has the
remarkable ability to modulate numerous physiological systems simultaneously, this also

proves it difficult to elucidate the mechanisms behind these favorable effects. In the
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context of IBD, a risk factor for the development of CRC, long-term participation in
aerobic exercise has shown to significantly reduce the risk of IBD development (107-

109) and ameliorate symptoms associated with IBD (110).

5.1. Putative Mechanisms of Inflammatory Control by Exercise in IBD

Though intense bouts of exercise can trigger systemic inflammation and a
subsequent suppression of immunity, regular exercise may have anti-inflammatory
actions mediated by auto-, para- and endocrine mediators produced by active skeletal
muscle termed “myokines” (111-113). As summarized in a recent review (110), these
myokines include IL-6, IL-8, IL-15 and brain-derived neurotrophic factor (BDNF) among
several others which may suppress malignant cellular transformation and cancer
development. In addition, endurance exercise has shown to upregulate the expression of
the peroxisome proliferator-activated receptor-gamma (PPARYy) coactivator-1a (PGC-
1a), which orchestrates the regulation of numerous adaptions derived from endurance
training including fiber type transformation, mitochondrial biogenesis and angiogenesis
along with improved insulin sensitivity (114). In addition, PGC-1a suppresses the
transcriptional activity of NFkB, the master regulator of proinflammatory gene expression
(115). Similarly, two concurrent studies by Liu et al. have shown that voluntary exercise
prevents HFD induced colon inflammation and protects against ulcerative colitis by up-
regulating PPARY activity (116, 117) implicating PPARYy as a novel therapeutic target.

Additional studies have also demonstrated that exercise exerts anti-inflammatory
and anticarcinogenic effects in the murine colon by suppression of cyclooxygenase-2
(COX-2) and proliferating nuclear cell antigen (PCNA) expression (118), and by
increasing 1L-10 production (119) which can act directly on goblet cells in the colon to
reduce ER stress and promote mucus barrier function (120). We have also shown that
voluntary exercise attenuates HFD-induced COX-2 expression in the small intestine (79)

and in the colon of female mice (121). In sum, the above mechanisms indicate that
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exercise confers its anti-inflammatory properties through a myriad of mediators as well
as through distinct biochemical pathways involved in the modulation of inflammatory
responses.
6. Conclusions

The present review highlights the complexity of mucosal homeostasis regulation
and emphasizes that such regulation via the coordinate actions of both the innate and
adaptive arms of the MIS requires an extreme elegance. As such, perturbations in
mucosal homeostasis have been implicated in the pathogenesis of IBD and putative
contributory mechanisms may include Muc2 deficiency, aberrant mucus properties, ER
stress and inflammasome dysregulation. Diets high in SFAs may exacerbate or result in
mucosal immune deficiencies and thus predispose an individual to IBD development
through the discussed mechanisms. In contrast, exercise confers potent anti-
inflammatory properties on the colon but its effect on intestinal mucus, ER stress and
inflammasome activation remains ill-defined. Additional studies that further examine the

impact of exercise on mucosal barrier and epithelial cell function remain vital.



Figure 1.1. Gut mucosa overview. Histological section of mouse colon fixed in
paraformaldehyde and sucrose was stained with H&E (original magnification x 400).
Asterisk, crypt lumen.
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Abstract

The influence of diet and exercise on intestinal mucus and the spatial
organization of the microbiota is poorly understood. Though, it has been observed that
the spatial organization of the microbiota can be altered extensively in Crohn’s disease
and ulcerative colitis. This study aims to investigate the pathophysiological events in
mouse colon that are associated with a high fat diet and lack of exercise. Forty-eight, 6-
week old C57BL/6NTac male and female mice were fed a normal or high-fat diet for 12
weeks and randomly assigned to free wheel running or sedentary groups. After 12
weeks, animals were sacrificed and distal colon tissue sections with and without fecal
material were fixed for histomorphometric analysis, immunohistochemistry for
cyclooxygenase-2 and mucin-2, or fluorescent in situ hybridization with the universal
bacterial probe EUB338 (5-GCTGCCTCCCGTAGGAGT-3’). Goblet cell counts and
distance between the microbiota and epithelial surface were determined using ImageJ
software. All mice had a normal colon morphology except for high-fat fed female mice
who ran, which had less goblet cells compared to all male groups and a reduced mucin-
2 expression. Voluntary wheel running attenuated high-fat diet induced COX-2

expression in female mice only. The distance between the microbiota and epithelial
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surface remained the same. Taken together, these results show that voluntary wheel
running protect against high-fat diet-induced inflammation in the distal colon of female
mice and responses to changes in host behavior may differ between sex.

Key words: Colon; Inflammation; Gut microbiota; Intestinal mucin-2; Diet, high-fat
Introduction

Comorbidities associated with metabolic syndrome, particularly increased
abdominal adiposity, are increased risk factors for colorectal cancer development (90).
Further, aberrant colon mucus properties and chronic low-grade mucosal inflammation
are closely involved in the pathophysiology of chronic gut inflammatory disease (122).
Conversely, long-term participation in aerobic exercise has shown to significantly reduce
the risk thereof (107-109) and ameliorate symptoms associated with inflammatory bowel
disease (110). At present, there is a paucity of literature that has investigated the
combined influence of high-fat diets (HFDs) and exercise on inflammation, the spatial
organization of the microbiota and critical intestinal mucus proteins. In this paper, we
examined the influence of host behavior on mucosal inflammation, in situ mucin protein
expression and microbiota localization in male and female C57BL/6NTac mice.

Limiting contact between bacterial communities and colon epithelial tissue is
important to ensure a balanced, tolerogenic mucosal inflammatory response (5). Among
the immunological barriers in place, the first line of defense is a physical barrier which is
employed through the production of a thick, highly glycosylated and hydrated mucus
barrier comprised of two distinct parts: a dense, firmly attached inner layer that is
normally devoid of bacteria and a loosely attached outer layer laden with commensal
bacteria (16, 28, 29). The colon mucus barrier provides a rich ecological niche for enteric
microbial life and mediates cross-talk between the host immune system and microbiota.

These mucus layers are composed primarily of the MUC2 mucin, the most abundantly
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secreted mucin in the gastrointestinal (Gl) tract and primary component of intestinal
mucus (16, 123). Studies have shown that MUC2 deficiency leads to the spontaneous
development of ulcerative colitis and colorectal tumors in mice (43, 44, 46, 124). This is
due to the aberrant mucus properties that allow resident bacteria to increase in proximity
towards or make direct contact with the colon epithelial surface. Further, inflammatory
bowel diseases such as ulcerative colitis and Crohn’s disease induce changes in both
the quality and quantity of intestinal mucus (41, 125-128). For this reason, it is
becoming increasingly important to develop an understanding of the microbiota spatial
organization as it relates to intestinal immunomodulation and colonization dynamics.
However, the effect of HFDs on intestinal mucus and microbiota localization remains
largely understudied and absent regarding the influence of exercise; only recently have
studies began to examine the impact of HFDs on mucus thickness and MUC2
biosynthesis (78, 92, 101) in a rodent model.

The purpose of this study was to investigate the influence of voluntary wheel
running on colon mucosal inflammation and microbiota localization in mice fed normal
and HFDs. Our hypotheses were as follows: (1) voluntary wheel running attenuates
high-fat diet induced colon inflammation; (2) high-fat diets result in the localization of the

microbiota closer to the epithelial surface but is rescued by voluntary wheel running.

Methods
Animals, Diet & Activity Status

All animals received humane care in compliance with the institution’s guidelines,
as outlined in the Guide for the Care and Use of Laboratory Animals published by the
National Institutes of Health. Experiments were completed at Rutgers University and
approved by the Rutgers University Institutional Animal Care and Use Committee

(IACUC). Forty-eight C57BL/6NTac male and female 6-week old mice (Taconic Farms,
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Germantown, NY) were housed singly in an environmentally controlled room with a 12
hour light/dark cycle and maintained on the specified diet and water ad libitum. Animals
were acclimated for two weeks before being randomly assigned to one of four groups:
(1) control diet sedentary (CD-S); (2) high-fat sedentary (HF-S); (3) control diet running
(CD-R); and (4) high-fat running (HF-R). Control diet groups consumed a control low-fat
diet (D12450H, 10% kcal from fat, Research Diets, New Brunswick, NJ) and high-fat
groups consumed a high-fat diet (D12451, 45% kcal from fat, Research Diets) which are
matched for sucrose and protein content (Table 2.1). Food intake was monitored twice
per week and animals were weighed once per week. Specifically, males and females
were weighed in separate containers assigned to each sex on a scale designated for
body weights only. For food intake, average daily consumption for each treatment group
was calculated by dividing total group consumption in grams (g) by the number of
animals per group and then by the number of days in between feeding days for each
week; g/day were then converted into kcals/day. Animals in the running group had
access to a free running wheel while sedentary groups could move freely within their
cages, but had no running wheel (Coulbourn Instruments, Allentown, PA). At the end of
12 weeks, animals were sacrificed. Female mice were sacrificed in the metestrus stage
of their estrous cycle to ensure low plasma estrogen (E2) as E2 has shown to be a
potent modulator of metabolic inflammation (129) and of the inflammatory status in
experimental colitis models (130). Estrous cycle was assessed using wet smears on the
day of sacrifice as outlined by Caligioni (131). All animals in the study were healthy for
the duration of the study. Tissue analysis was performed as described below.
Histochemistry

Distal colon sections without fecal material were fixed overnight at room
temperature in 3% paraformaldehyde and 2% sucrose and then embedded in paraffin.

Distal colon sections containing fecal material were carefully excised, fixed overnight at
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room temperature in methanol-Carnoy fixative (60% dry methanol, 30% chloroform,
10% glacial acetic acid) and embedded in paraffin as previously described (132). For
histological analysis, 5 um tissue cross-sections were stained with hematoxylin and
eosin (H&E) (Research Pathology Services and Office of Translational Science at
Rutgers University, Piscataway, NJ) or Alcian blue-Periodic Acid Schiff (AB/PAS)
(Thermo Fisher Scientific, Waltham, MA) which stains both acidic and neutral mucins.
For histomorphometric analysis, all tissue sections were blindly scored by a board-
certified pathologist (Dr. Stanley Lightfoot).
Immunohistochemistry

For immunohistochemical studies, 5 um paraffin-embedded tissue sections fixed
in paraformaldehyde and sucrose were deparaffinized, rehydrated, quenched of
endogenous peroxidases with 3% H,O- in CH3;OH and subsequently blocked with 10%
or 100% normal goat serum at room temperature for 1 or 2 hr. Tissue sections were then
incubated overnight at 4°C with primary rabbit affinity purified polyclonal antibodies
against cyclooxygenase-2 (COX-2) (1:500, Abcam, Cambridge, MA), mucin-2 (H-300)
(1:500, Santa Cruz, Dallas, TX) or rabbit IgG as a negative control (ProSci Inc., Poway,
CA). The tissue sections were then incubated for 30 min with a biotinylated goat anti-
rabbit secondary antibody (Vector Labs, Burlingame, CA). Each slide represented one
sample and contained 1-3 cross-sections for both the primary antibody and IgG control.
Antibody binding was visualized using a Vectastain Elite ABC Kit and DAB Peroxidase
Substrate Kit (both from Vector Labs). Sections were photographed using the VS120-S5
system (Olympus, Center Valley, PA). For histomorphometric analysis, all tissue
sections were blindly scored by a board-certified pathologist (Dr. Stanley Lightfoot). Slide
staining was reported using a dual number system (#X#). The first number is the
intensity of the stain and the second number is the amount of stain present in the

specimen. The intensity was graded on a scale of 0-3: 0, no staining; 1, minimal; 2,



30

moderate; 3, high. The amount was indicated as follows: 1, 1-25%; 2, 26-50%; 3, 51-
70%,; 4, 71-100%. Total score is the product of both numbers.
Immunofluorescence

Following hybridization, 5 um tissue sections fixed in methanol-Carnoy were
blocked with 10% normal goat serum at 4°C for 1 hr. Tissue sections were then
incubated overnight at 4°C with the primary rabbit affinity purified polyclonal antibody
mucin-2 (H-300) (1:500). Tissue sections were then incubated for 2 hr at 4 °C with an
Alexa Fluor 488-conjugated goat anti-rabbit IgG secondary antibody. Slides were
mounted with Prolong Gold antifade with DAPI (Thermo Fisher Scientific). Sections were
photographed using the Leica DMLB fluorescent microscope (Leica Microsystems Inc.,
Buffalo Grove, IL).

Fluorescent In Situ Hybridization (FISH)

As previously outlined (132), 5 um paraffin-embedded tissue sections fixed in
methanol-Carnoy were deparaffinized and washed in 99.5% ethanol. Tissue sections
were then incubated overnight with the dissolved (1 ug/uL) Alexa Fluor 555-conjugated
universal bacterial probe EUB338 (5-GCTGCCTCCCGTAGGAGT-3’) (133) or with a
nonsense probe (5-CGACGGAGGGCATCCTCA-3’) as a negative control (both from
Thermo Fisher Scientific) in hybridization solution (1:100, 20 mM Tris-HCI, pH 7.4, 0.9 M
NacCl, 0.1% SDS, 35% formamide) at 50°C. Sections were then briefly rinsed in FISH
washing buffer (20 mM Tris-HCI, pH 7.4, 0.9 M NaCl) at 50°C. Co-immunostaining was
performed thereafter with the mucin 2 (H-300) antibody as described above.

Counting of Goblet Cells

Goblet cells along the crypts and surface of the epithelium were counted from
images (5.5x) of H&E stained sections. Three areas per section were examined (n=6
animals/group) and averaged. Goblet cell parameters for each sex were determined

using CD-S controls in an arbitrary (450x450 pixels) square region of interest (ROI) as
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previously described (134). Specifically, binary color threshold and particle size range
were determined and kept constant. Number of goblet cells within the ROl were
recorded. Total length and average width of mucosa analyzed in each ROI was
recorded. ImageJ software was used for data acquisition.
Measuring Distance Between Microbiota and Mucosa

Multiple measurements (13-34) were taken from images of methanol-Carnoy-
fixed colon sections hybridized with EUB338 as previously described (135). Each
measurement was taken perpendicular to the mucosa and border of the microbiota as
indicated by FISH with co-immunostaining against mucin-2; sections with clearly defined
and intact mucus layers were chosen for analysis. Two sections per animal were
examined (n=4 animals/group) and averaged. ImageJ software was used for data
acquisition.
Statistical Analysis

All analyses were performed using IBM SPSS version 25 (IBM Corp., Armonk,
NY). Group means of anthropometrics, food intakes, goblet cell counts, and distances
were analyzed using a one-way ANOVA for each sex as well as a three-way ANOVA for
comparisons between factors sex, diet type and activity status with Fisher’'s Least
Significance Difference (LSD) post hoc tests. Body weight change overtime was
analyzed using a mixed model design with repeated measures. A difference of mean

with a p value of < 0.05 was considered statistically significant.

Results
Body weights and caloric intake

In females, no significant differences in body weight were found between CD-S,
CD-R and HF-R groups (Table 2.2). In contrast, HF-S female mice had significantly

greater body weights compared to all treatment groups. Both CD-R and HF-R groups
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consumed significantly more kcals per day compared to their sedentary counterparts
(CD-S and HF-S) and HF-R animals had the highest caloric intake compared to all
treatment groups (Table 2.3). Despite this increased caloric intake, the HF-R group
maintained a lower body weight compared to HF-S counterparts (24.7g vs. 30.39).
Further, a significant difference of mean body weights between CD-S and HF-S groups
was first observed at week 6 (Figure 2.1).

In males, no significant difference in body weights were found between control
groups (CD-S vs. CD-R) and HF groups (HF-S vs. HF-R). HF-S and HF-R animals had
significantly greater body weights compared to their control-diet counterparts (CD-S and
CD-R) (Table 2.2). Further, no significant differences were found between male HF-R
and HF-S as well as CD-R and CD-S groups. Like the females, both male ran groups
consumed significantly more kcals per day compared to their sedentary counterparts.
HF-R animals had the highest caloric intake compared to all treatment groups (Table 3).
In contrast to females, no significant differences in food intake were found between CD-
S and HF-S groups (Table 2.3). A significant difference of mean body weights between
CD-S and HF-S groups was first observed at week 5 (Figure 2.1).

Univariate analysis showed a significant main effect of sex for body weight (p =
0.000) and food intake (p = 0.004), as well as for diet (p = 0.000; p = 0.000) and activity
status (p = 0.002; p = 0.000). Pairwise comparisons showed that females significantly
weighed less with a mean difference of -9.4 g and consumed less kcals with a mean
difference of -0.90 kcals compared to males. For diet, CD animals weighed significantly
less than HF animals with a mean difference of -5.0 g. Likewise, CD animals consumed
significantly less than HF animals with a mean difference of -1.760 kcals. For activity
status, ran animals weighed significantly less but consumed more than sedentary
animals with mean differences of -3.452 g for body weight and 3.780 kcals for food

intake. A significant main effect of time (p = 0.000) and sex (p = 0.000) for body weight
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change over study duration was found, as well as a significant time x activity status x
diet interaction (p = 0.052) which was rendered non-significant when including sex (p =
0.078) (Figure 2.1). This suggests that the observed changes in body weight over time
were due to activity status and diet, independent of sex.
Colon morphology and mucin distribution

Histomorphometric analysis of H&E stained colon sections showed that gross
morphology was normal regardless of treatment in both females and males (Figure 2.2).
Likewise, histomorphometric analysis of AB/PAS stained colon sections showed no
significant differences in PAS staining and the distribution of neutral and acidic mucins
along the crypts remained similar across all treatment groups (Figure 2.2).
Inflammatory status and MUC2 protein expression

In females, HF-S animals showed the greatest expression of COX-2 (Figure 2.3
and tables: total score). Expression was reduced in HF-R and, to a greater degree, in
CD-R animals similar to their CD-S counterparts. In males, COX-2 expression was also
reduced in CD-R mice. In contrast, CD-S male mice had an increased expression
compared to CD-S female mice and remained the same compared to their HF-S male
counterparts (Figure 2.3). Further, COX-2 expression did not change in male HF-R mice.

Expectedly, all MUC2 protein expression was centralized within goblet cells
(GCs) with varying differences between the epithelium and crypts (Figure 2.4A).
Expression of MUC2 was moderate (Figure 2.4A and tables: intensity of stain) and did
not differ between treatment groups or sex except for HF-X female mice who had a
weakened MUC2 expression (Figure 2.4A and tables: intensity of stain). In comparison
to males, a significant main effect of sex was found (p = 0.018) for GC counts with a
mean difference of -16.0; no difference in GC counts in comparison to all other female
treatment groups were found though a reduction in HF-R GCs compared to female CD-S

mice did approach significance (p = 0.064) (Figure 2.4B).
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Microbiota localization

Bacteria were confined to the outer mucus layer and none were found in contact
with the epithelial surface (Figure 2.5A). No significant differences in distance between
the epithelial surface and border of the microbiota were found between treatment groups

or sex (Fig. 2.5B) and an average distance of 15 ym was found for all mice.

Discussion

The present work examined the effects of high-fat diets and voluntary wheel
running to explore and provide a basis for further studies on elucidating the mechanisms
behind the inflammatory response in the colon and microbiota localization. To our
knowledge, we are the first to show sex differences regarding the effect of voluntary
wheel running on HFD-induced colon inflammation. Our results indicate that: (1) high-fat
diets and voluntary wheel running do not affect colon tissue morphology apart from HF-R
female mice who displayed a reduction of GCs; (2) high-fat diets increase colon
inflammation in both males and females but is rescued by voluntary wheel running in
female mice; (3) microbiota localization does not appear to be influenced by a 45% HFD
or voluntary wheel running; and (4) significant body weight differences occur at 6 and 5
weeks of high-fat feeding in female and males compared to control low-fat fed
counterparts.

We have previously shown that animals fed a high-fat diet exhibit distinct
changes in small intestinal morphology including thickened and crowded villi which
corresponded with enhanced COX-2 expression (79); these effects were rescued with
voluntary wheel running and/or a control low-fat diet. In the present study, similar
patterns in inflammatory status were observed in the distal colon. Sedentary animals fed
a high-fat diet displayed the most significant inflammation which was attenuated with

voluntary wheel running in female mice only. Although recent studies show that high-fat
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diets induce colonic inflammation (78) and can be rescued with voluntary aerobic
exercise (116), it is interesting that this protective effect was not seen in HF-R males.
Further, no significant differences in body weight were found when compared to male
high-fat sedentary counterparts, which contrasts our previous findings in which voluntary
wheel running attenuated weight gain in the presence of a high-fat diet (79). Likewise,
control-diet sedentary male mice showed an increased inflammatory tone compared to
female counterparts. Given that running volume was not quantified, it is difficult to
ascertain the cause of this discrepancy. These findings raise several questions
regarding the influence of cohort and sex differences as well as control diets and
voluntary wheel running. The observations in female mice still lend support to the
importance of physical exercise in promoting colon health as early findings have
demonstrated the potent anti-inflammatory effects of exercise training in the colon
mucosa (118). Recent evidence further suggests that aerobic exercise exerts
inflammatory control through activation of IL-10 (119) and by modulation of peroxisome
proliferator-activated receptor gamma (PPARY) (116). For subsequent studies, testing
for a correlation between IL-10 and mucin gene/protein expression in tandem with
PPARYy will be considered. Based on these data, physical exercise may promote
intestinal homeostasis and prevent the development of chronic inflammation in the colon
through mucosal immune modulation. In the present study, inflammation was assessed
using only immunohistochemical detection of COX-2, a key enzyme involved in the
production of prostanoids via the metabolism of free arachidonic acid and is induced by
pro-inflammatory stimuli (136). Further, COX-2 plays an important role in both colonic
inflammation and tumorigenesis through the COX-2/PGE: proinflammatory pathway
(137). Therefore, more rigorous analyses will be necessary to fully examine the

inflammatory mucosal milieu.
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Intestinal goblet cells are a key epithelial cell type that are responsible for the
synthesis and secretion of intestinal mucus. These cells are regulated directly by the
immune system, primarily through characteristic cytokines produced by T helper type 2
cells (6-8). Consequently, goblet cell depletion may be indicative of impairments in
mucosal immune function. If this is so, it is interesting that HF-R female mice
demonstrated a reduction of goblet cells that approached significance and of MUC2
expression despite having an attenuated inflammatory response. As described in a
recent review (138), this finding may be attributed to the process of compound
exocytosis in which goblet cells respond to sufficient stimuli with a dramatic release of
mucus granulae, emptying the whole cell interior and exposing the cytoplasm (139). As a
result, these goblet cells are not readily detectable. The mechanisms involved and
whether voluntary wheel running or diet contributes to this process remains unclear.
Thus, comparing the cytokine profile of male and female mice, specifically IL-13 which is
a major effector cytokine responsible for regulating goblet cell hyperplasia and
increasing mucin protein expression (9), will prove to be more revealing in future studies.

The organizational principles that govern mucus attachment and localization of
the microbiota remain poorly understood. The inflammatory status of the intestine
appears to respond to and regulate the proximity and identity of gut microbes closest to
the epithelium (95, 140-142). Although our FISH results did not show any significant
differences in distance between the border of the microbiota and surface of the
epithelium, a study that has reported a thinner intestinal mucus layer used a 60% HFD
(92). In the present study, we used a 45% HFD to promote translatability and to limit
potential confounding due to complications associated with diabetes. These findings
suggest that the degree of change in microbiota localization may be dependent on the
severity of intestinal inflammation. The extent of diet-induced inflammation observed

using a 45% HFD may not be sufficient to alter the physicochemical properties of
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intestinal mucus. Moreover, an average thickness of 15 ym was found in the present
study while the thickness of the colonic inner mucus layer in mice is approximately 50
Mm on live tissue (31). This large difference may be largely due to the effects of fixation
which shrinks the luminal contents and intestinal mucus. In addition, the cleanliness of
an animal facility can influence mucus development and thickness.

A limitation of the present study is the relatively short feeding duration of 12
weeks as indicated by a lack of observed pathologies in colon tissue. These findings
suggest that prolonged high-fat feeding interventions may be needed to observe greater
disturbances in metabolic and colon health; a longer feeding duration would also
promote a greater likelihood of differences in body mass. Recent studies have utilized
chronic high-fat feeding protocols of 20 — 24 weeks (78, 143, 144) and will be
implemented in subsequent studies. Another limitation lies in the fact that voluntary
wheel running is akin to physical activity as opposed to regimented exercise (145) and
significant differences in derived exercise capacity exist between the former and forced
treadmill running (146). Though as it stands in exercise studies using animal models,
striking a fine balance between motivation and undue stress is paramount. For example,
forced treadmill running exacerbates colon inflammation in colitic mice while voluntary
wheel running remains protective (147). Lastly, running volume was not quantified and it
is well established that female mice run farther, as well as faster, when given access to a
running wheel relative to males (148). Thus, it is possible that the observed differences
in both colon inflammatory status and goblet cell counts in females may be due to
greater daily running volume and intensity. Yet, the extent of training effects in skeletal
muscle, as commonly assessed by citrate synthase assays or succinate dehydrogenase
(SDH) staining, was not determined. Still however, this notion of sex differences in
wheel running activity corroborates our findings and supports the efficacy of enhanced

physical activity in promoting colon health.



38

In summary, our results support the anti-inflammatory effects of voluntary wheel
running against high-fat diet-induced colon inflammation. Microbiota localization does
not appear to be affected by a high-fat diet or voluntary wheel running. Taken together,
these data suggest that physical activity may contribute to intestinal homeostasis
through inflammatory control in the presence of a high-fat diet. We have shown that
responses to changes in host behavior may differ between sexes and subsequently
affect goblet cell production. However, the mechanisms by which physical activity and/or
exercise improve colon health are poorly understood given the complexity of intestinal
host-microorganism interactions. In this regard, research that examines the influence of
physical activity and/or exercise on colon mucosal homeostasis as it relates to

immunomodulation and intestinal epithelial cell function will be vital.
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Table 2.1. Composition of experimental diets (Research Diets, Inc.).

Control Diet High-fat Diet

kcal%
Protein 20 20
Carbohydrate 70 35
Fat 10 45
Total 100 100
kcal/g 3.85 4.73
Ingredients g/kg total
Casein, 30 Mesh 200 200
L-Cystine 3 3
Corn Starch 452.2 72.8
Maltodextrin 10 75 100
Sucrose 172.8 172.8
Cellulose 50 50
Soybean Oil 25 25
Lard 20 177.5
Mineral Mix S10026 10 10
DiCalcium Phosphate 13 13
Calcium Carbonate 55 55
Potassium Citrate, 1H20 16.5 16.5
Vitamin Mix V10001 10 10
Choline Bitartrate 2 2
FD&C Yellow Dye #5 0.04 /
FD&C Red Dye #40 0.01 0.05
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Table 2.2. Final body weights and percent weight change.

cD-S HF-S CD-R HF-R
FEMALES
Body Weight (g)  23.03.1 30.34.5* 22.3+2.4 24.7+1.4
% Weight 48.39% 93.62% 47.48% 60.87%
Increase
MALES
Body Weight (g) ~ 33.83.4 39.04.6* 29.6+2.3 35.0£6.1*
% Weight 75% 100% 55.64% 82.61%
Increase

Body weights and percent weight change after 12 weeks of treatment with control diet sedentary (CD-S),
high-fat diet sedentary (HF-S), control diet running (CD-R) and high-fat diet running (HF-R) in female and
male mice. Values are expressed as the mean + SD, n = 6 for each treatment group. One-way ANOVA
with LSD post-test for CD-S vs HF-S; CD-S vs CD-R; CD-S vs HF-R, HF-S vs CD-R, HF-S vs HF-R, CD-
R vs HF-R in both females and males. * p < 0.05 from all other treatment groups in females; from CD
groups having the same activity status (sedentary or running) in males.
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Figure 2.1. Body weight change over study duration. Body weights for each week
during 12 weeks of treatment with control diet sedentary (CD-S), high-fat diet sedentary
(HF-S), control diet running (CD-R) and high-fat diet running (HF-R) in female and male
mice. Values are expressed as the mean = SEM for each week, n = 6 for each treatment
group. One-way ANOVA with LSD post-test for CD-S vs HF-S; CD-S vs CD-X; CD-S vs
HF-X; HF-S vs CD-X; HF-S vs HF-X and CD-X vs HF-X for each sex at each week. * p <
0.05 for CD-S vs HF-S when first observed.
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Table 2.3. Average kcals per day consumed over study duration.

CD-S HF-S CD-R HF-R
FEMALES
Kcal/day 10.90+1.63* 12.68+1.95 14.62+1.96 16.50+2.34
MALES
Kcal/day 12.10+1.53* 13.22+1.87" 15.32+2.17" 17.58+2.10°

Average daily food intake over 12 weeks of treatment with control diet sedentary (CD-
S), high-fat diet sedentary (HF-S), control diet running (CD-R) and high-fat diet
running (HF-R) in female and male mice. Values are expressed as the mean = SD, n
= 6 for each treatment group. One-way ANOVA with LSD post-test for CD-S vs HF-S;
CD-S vs CD-R; CD-S vs HF-R, HF-S vs CD-R, HF-S vs HF-R, CD-R vs HF-R in both
females and males. * p < 0.05 from each other in females and males. + p > 0.05 from
exercised groups in males.
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Figure 2.2. Effects of diet and voluntary wheel running on distal colon morphology
and epithelial mucins. Histological sections fixed in paraformaldehyde and sucrose
prepared after 12 weeks of treatment with control diet sedentary (CD-S), high-fat diet
sedentary (HF-S), control diet running (CD-R) and high-fat diet running (HF-R) from
female and male mice were stained with H&E or Alcian Blue/Periodic Acid-Schiff
(AB/PAS). One representative section from 6 mice/treatment group for H&E and from 4
mice/treatment group for AB/PAS is shown (original magnification x 400; scale bars are
100 um). Arrow, goblet cells; S, submucosa; M and dotted line, mucosa.
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Figure 2.3. Effects of diet and voluntary wheel running on COX-2 expression in
distal colon. Histological sections fixed in paraformaldehyde and sucrose prepared after
12 weeks of treatment with control diet sedentary (CD-S), high-fat diet sedentary (HF-S),
control diet running (CD-R) and high-fat diet running (HF-R) from female and male mice
were stained with an antibody for COX-2. One representative section from 4
mice/treatment group is shown (original magnification x 400; scale bars are 100 pm). An
IgG negative control was used for immunohistochemical studies; one representative
section is shown for all treatment groups and sexes. Table shows average scoring in
both the epithelium and crypts combined for COX-2 expression. Slide staining is
reported using a dual number system. The first number is the intensity of the stain and
the second number is the amount of stain present in the specimen. The intensity is
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graded on a scale of 0-3: 0, no staining; 1, minimal; 2, moderate; 3, high. The amount is
indicated as follows: 1, 1-25%; 2, 26-50%:; 3, 51-70%; 4, 71-100%. Total score is the
product of both numbers. Arrowhead, base of colonic crypts; S, submucosa; M and
dotted line, mucosa.
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Figure 2.4. Effects of diet and voluntary wheel running on MUC2 expression in
distal colon and goblet cell number. A. Histological sections fixed in
paraformaldehyde and sucrose prepared after 12 weeks of treatment with control diet
sedentary (CD-S), high-fat diet sedentary (HF-S), control diet running (CD-R) and high-
fat diet running (HF-R) from female and male mice were stained with an antibody for
MUC2. One representative section from 4 mice/treatment group is shown (original
magnification x 400; scale bars are 100 ym). An IgG negative control was used for
immunohistochemical studies; one representative section is shown for all treatment
groups and sexes. B. Graph: goblet cell counts in each treatment group for each sex
(means £ SEM, n = 6 mice/group). One-way ANOVA with LSD post-test for CD-S vs HF-
S; CD-S vs CD-X; CD-S vs HF-X, HF-S vs CDX, HF-S vs HF-X, CD-X vs HF-X in both
females and males. Table shows average scoring in both the epithelium and crypts
combined for MUC2 expression. Slide staining is reported using a dual number system.
The first number is the intensity of the stain and the second number is the amount of
stain present in the specimen. The intensity is graded on a scale of 0—3: 0, no staining;
1, minimal; 2, moderate; 3, high. The amount is indicated as follows: 1, 1-25%; 2, 26-
50%; 3, 51-70%; 4, 71-100%. Total score is the product of both numbers. Arrow, goblet
cells; S, submucosa; M and dotted line, mucosa; asterisk, lumen.
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Figure 2.5. Effects of diet and voluntary wheel running on microbiota localization.
A. Methanol-Carnoy fixed sections prepared after 12 weeks of treatment with control diet
sedentary (CD-S), high-fat diet sedentary (HF-S), control diet running (CD-R) and high-
fat diet running (HF-R) from female and male mice were hybridized with the Alexa Fluor
555-conjugated universal bacterial probe (EUB338) or with a nonsense (NS) probe or
stained with AB/PAS. One representative section from 4 mice/treatment group is shown
(original magnification x 400 for FISH and x 200 for AB/PAS; scale bars are 50 ym).
White dotted lines; boundary of microbiota (Mi) and epithelial surface (Epi); double-sided
arrow, distance measured; open circle, bacteria; M, mucosa; asterisk, lumen. B. Graph:
distance between border of microbiota and epithelial surface (means + SEM, n = 4
mice/group). One-way ANOVA with LSD post-test for CD-S vs HF-S; CD-S vs CD-X;
CD-S vs HF-X, HF-S vs CDX, HF-S vs HF-X, CD-X vs HF-X in both females and males.
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Chapter 3: High-fat diets and Voluntary Wheel Running Modulate
Colon Inflammation and Endoplasmic Reticulum Stress
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Introduction

Aberrant colon mucus properties and chronic low-grade mucosal inflammation
are hallmark pathologies of chronic inflammatory bowel disease (IBD) (122). Evidence
suggests that diets high in total fats are a risk factor for the development of IBD (149) ,
while long-term participation in aerobic exercise has shown to significantly reduce the
risk thereof (107-109). There is growing evidence supporting the role of endoplasmic
reticulum stress (ER) in disease and the failure to resolve this response as key
components in the pathology of IBD. Given the potent anti-inflammatory effects of
physical exercise, it is plausible that exercise may rescue HFD-induced ER stress. Thus,
the present study examined the extent to which exercise and HFDs modulate the
physical characteristics of intestinal mucus as well as colon inflammation and ER stress

in male and female C57BL/6NTac mice.

Maintenance of intestinal homeostasis is essential for minimizing the adverse
health effects of intestinal microorganisms, especially during environmental
perturbations (5) such as changes in host behavior (i.e., diet and exercise). This is
achieved through specialized immune adaptations that contribute to microbe-host
mutualism by limiting bacterial invasion and mucosal inflammation (5). In the colon
where the bacterial load is greatest, the primary physical defense limiting microbe-
epithelial cell contact is a dual-layered mucus barrier; the primary component of this
mucus barrier is the muc2 mucin, an O-linked glycoprotein produced by intestinal goblet
cells (31). Folding and extensive post-translational modification of the muc2 protein
occurs in the ER-golgi secretory pathway (31) and are critical for enabling the functional
properties of mucins. The inherent complexity of mucin synthesis and high secretory
output makes muc?2 particularly prone to misfolding which activates the unfolded protein

response (UPR) to resolve the protein folding defect and restore ER homeostasis (49).
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Failure to resolve these defects results in the accumulation of unfolded and misfolded
proteins in the ER lumen, defined as ER stress. ER stress and aberrant mucus
properties have been implicated in the pathogenesis of UC (95, 97) and CD (127, 150).
HFDs have recently shown to not only increase colon inflammation and ER stress (78),
but also deteriorate colonic mucus as well (93). In addition, the UPR has been
investigated as potential therapeutic target for colon cancer treatment (151-153). In this
context, HFD-induced colon inflammation may be a contributing factor towards intestinal
immune irregularities akin to UC and CD, which may also result in colon cancer

development.

In contrast to HFDs, physical exercise has shown to ameliorate symptoms
associated with IBD and significantly reduce the risk of colorectal cancer (CRC)
development (107-110). Although the mechanisms by which exercise improves colon
health are poorly understood, recent evidence suggests that aerobic exercise exerts
anti-inflammatory control through activation of interleukin (IL)-10 (119). Of note is the
finding that IL-10 is critical for colonic protection as it can act directly on goblet cells to
reduce protein misfolding and ER stress as well as promote mucus barrier function
(120). The influence of physical exercise on intestinal ER stress responses and epithelial

cell function remains well understudied.

In these studies, we sought to replicate aim 1 using a 60% HFD and examine the
expression of molecular targets involved in ER stress responses. Our hypotheses are as
follows: (1) a 60% HFD results in the gut microbiota localizing closer to epithelial surface
due to a thinner inner mucus layer but is prevented with voluntary wheel running; (2)
voluntary wheel running increases IL-10 production concomitantly with a reduction of
mucosal inflammation; (3) voluntary wheel running attenuates HFD-induced upregulation

of UPR gene expression.
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Methods
Animals, Diets and Activity Status

All animals received humane care in compliance with the IACUC guidelines, as
outlined in the Guide for the Care and Use of Laboratory Animals published by the
National Institutes of Health. Experiments were completed at Rutgers University and
approved by the Rutgers University Institutional Animal Care and Use Committee
(IACUC). Forty-Eight C57BL/6NTac male and female 6-week old mice (Taconic Farms,
Germantown, NY) were housed singly in an environmentally controlled room with a 12
hour light/dark cycle and maintained on the specified diet and water ad libitum. Animals
were acclimated for two weeks before being randomly assigned to one of four groups:
(1) control diet sedentary (CDS); (2) very high-fat sedentary (VHFS); (3) control diet
exercise (CDX); and (4) very high-fat exercise (VHFX). Control diet groups consumed a
control low-fat diet (D12450J, 10% kcal from fat, Research Diets, New Brunswick, NJ)
and very high-fat groups consumed a high-fat diet (D12492, 60% kcal from fat, Research
Diets) which are matched for sucrose, dietary fiber and protein content (Table 3.1). Food
intake was monitored twice per week and animals were weighed once per week.
Specifically, males and females were weighed in separate containers assigned to each
sex on a scale designated for body weights only. For food intake, average daily
consumption for each treatment group was calculated by dividing total group
consumption in grams (g) by the number of animals per group and then by the number
of days in between feeding days for each week; g/day were then converted into
kcals/day. Animals in the exercise groups had access to a free running wheel while
sedentary groups could move freely within their cages, with no running wheel
(Coulbourn Instruments, Allentown, PA). Physical activity was quantified daily using
ClockLab (Actimetrics, Wilmette, IL). Rotations per day were converted into distance ran

in meters per day by multiplying by running wheel circumference. At the end of 12
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weeks, animals were sacrificed. Female mice were sacrificed in the metestrus stage of
their estrous cycle to ensure low plasma estrogen (E2) as E2 has shown to be a potent
modulator of metabolic inflammation (129) and of the inflammatory status in
experimental colitis models (130). Estrous cycle was assessed using wet smears on the
day of sacrifice as outlined by Caligioni (131). All animals in the study were healthy for
the duration of the study. Just prior to sacrifice however, 8 females and 4 males died due
to a malfunctioning metabolic chamber and 2 additional females died from an oral
glucose tolerance test resulting in an n of 1 for CDS females, an n of 2 for VHFS females
and an n of 3 for CDS males.
Histochemistry
Distal colon sections without fecal material were fixed overnight at room temperature in
3% paraformaldehyde and 2% sucrose and then embedded in paraffin. Distal colon
sections containing fecal material were carefully excised, fixed overnight at room
temperature in methanol-Carnoy fixative (60% dry methanol, 30% chloroform, 10%
glacial acetic acid) and embedded in paraffin as previously described (132) for mucus
thickness measurements. Remaining colon tissue was washed of fecal contents with
cold 1x PBS and then snap frozen in liquid nitrogen or fixed in RNAlater at 4°C for 24 hrs
and then stored in -80°C (Thermo Fisher Scientific, Waltham, MA). For histological
analysis, 5 ym tissue cross-sections were stained with hematoxylin and eosin (H&E)
(Research Pathology Services and Office of Translational Science at Rutgers University,
Piscataway, NJ) or Alcian blue-Periodic Acid Schiff (AB/PAS) (Thermo Fisher Scientific)
which stains both acidic and neutral mucins.
Immunohistochemistry

For immunohistochemical studies, 5 ym paraffin-embedded tissue sections were
deparaffinized, rehydrated, quenched of endogenous peroxidases with 3% H>O- in

CHsOH and subsequently blocked with 10% - 100% normal goat serum at room
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temperature for 1 — 2 hr. Tissue sections were then be incubated overnight at 4°C with
primary rabbit affinity purified polyclonal antibodies against cyclooxygenase-2 (COX-2)
(1:500, Abcam, Cambridge, MA), mucin-2 (H-300) (1:500, Santa Cruz, Dallas, TX),
F4/80, proliferating cell nuclear antigen (PCNA) or rabbit IgG as a negative control
(ProSci Inc., Poway, CA). The tissue sections were then incubated for 30 min with a
biotinylated goat anti-rabbit secondary antibody (Vector Labs, Burlingame, CA). Antibody
binding was visualized using a Vectastain Elite ABC Kit and DAB Peroxidase Substrate
Kit (both from Vector Labs). Sections were photographed using the VS120-S5 system
(Olympus, Center Valley, PA).

Immunofluorescence

Following hybridization, 5 um tissue sections fixed in methanol-Carnoy were
blocked with 10% normal goat serum at 4°C for 1 hr. Tissue sections were then
incubated overnight at 4°C with the primary rabbit affinity purified polyclonal antibody
mucin-2 (H-300) (1:500). Tissue sections were then be incubated for 2 hr at 4 °C with an
Alexa Fluor 488-conjugated goat anti-rabbit IgG secondary antibody. Slides were
mounted with Prolong Gold antifade with DAPI (Thermo Fisher Scientific). Sections were
photographed using the Leica DMLB fluorescent microscope (Leica Microsystems Inc.,
Buffalo Grove, IL).

Fluorescent In Situ Hybridization (FISH)

As previously outlined (132), 5 ym paraffin-embedded tissue sections fixed in
methanol-Carnoy were deparaffinized and washed in 99.5% ethanol. Tissue sections
were then incubated overnight with the dissolved (1 ug/uL) Alexa Fluor 555-conjugated
universal bacterial probe EUB338 (5-GCTGCCTCCCGTAGGAGT-3’) (133) or with a
nonsense probe (5-CGACGGAGGGCATCCTCA-3’) as a negative control (both from
Thermo Fisher Scientific) in hybridization solution (1:100, 20 mM Tris-HCI, pH 7.4, 0.9 M

NacCl, 0.1% SDS, 25% formamide) at 50°C. Sections were then briefly rinsed in FISH
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washing buffer (20 mM Tris-HCI, pH 7.4, 0.9 M NaCl) at 50°C. Co-immunostaining was
performed thereafter with the mucin 2 (H-300) antibody as described above.
Methods of Counting of Stained Sections and Scoring

Only U shaped crypts, with the base of the crypt touching the muscularis
mucosae and its axis extending to the apical surface, were evaluated for proliferation
index and goblet cell density. Proliferation index was defined as the ratio of PCNA
stained nuclei to total nuclei measured for each crypt, a proxy for crypt height, as
previously described (154). Likewise, goblet cell density was expressed as the ratio of
muc2 stained goblet cells to total nuclei. Based on the ‘running average’ (155) data from
two animal subjects pulled at random, we could show that 15 crypts were sufficient to
determine a reliable proliferation index, total nuclei count and muc?2 positive stained cell
count (Figure 3.1). F4/80 positive cell counts were assessed across three sections per
animal and were expressed relative to total area of mucosa measured using an arbitrary
square region of interest (ROI) which was kept constant; ImageJ software was used for
area measurements. PCNA positive nuclei, total nuclei, muc2 positive goblet cells and
F4/80 positive cells were counted manually using a cell counter (Fisher Scientific,
Waltham, Massachusetts) from images of stained sections (400x).
Measuring Inner Mucus Layer Thickness

Multiple measurements (27-80) were manually taken from images of methanol-
Carnoy-fixed colon sections hybridized with EUB338 as previously described (135).
Each measurement was taken perpendicular to the mucosa and border of the microbiota
as indicated by FISH with co-immunostaining with muc2; sections with clearly defined
and intact mucus layers were chosen for analysis. Two to three sections per animal were

examined and averaged. ImageJ software was used for data acquisition.
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Western Blot Analysis

Frozen colon samples (20 — 80 mg) were grinded by mortar and pestle in liquid
nitrogen and homogenized mechanically in RIPA lysis buffer supplemented with
protease and phosphatase inhibitor cocktails (Thermo Fisher Scientific). Samples were
then centrifuged at 15,000 x g for 15 min at 4°C. Supernatants were aliquoted and
frozen at -80°C until assay. Initial protein quantification of colon lysates was performed
using a bicinchoninic acid (BCA) assay (Thermo Fisher Scientific). Equal amounts of
protein (25 ug per lane) were loaded and separated by SDS-PAGE. Gels were then
transferred to a nitrocellulose membrane using the Mini Gel Tank and Blot Module
system (Thermo Fisher Scientific). Membranes were stained for total protein by Ponceau
S staining solution (0.5% Ponceau S (w/v), 1% glacial acetic acid (v/v)), rinsed with
deionized H>O and then blocked with 5% (w/v) nonfat dried milk or bovine serum
albumin (BSA) in 0.1% (v/v) Tween 20 Tris-buffered saline (TTBS) for 1hr at room
temperature. Membranes were then incubated overnight at 4°C with primary rabbit
affinity purified monoclonal antibodies (Cell Signaling, Danvers, MA) against
phosphorylated eukaryotic initiation factor-2 (p-elF2a) (1:500), elF2a (1:1000), NFkB
(1:1000), B-actin (1:2000) or muc2 (Thermo Fisher Scientific, 1:1000) in 5% BSA in 0.1%
TTBS. Membranes were then incubated for 1 hr at room temperature with a horseradish
peroxidase goat anti-rabbit secondary antibody (1:5,000 — 1:10,000, Cell Signaling).
Membranes were developed using an enhanced chemiluminescence (ECL) detection kit
(Thermo Fisher Scientific) and images were taken thereafter. Densitometric analysis of
protein bands was performed using Image Studio Lite 5.2 (LI-COR Biosciences, Lincoln,
NE) and normalized to (B-actin or total protein. The results are expressed as arbitrary
units. Precision Plus Protein™ Kaleidoscope™ Prestained Protein Standard (Bio-Rad,

Hercules, CA) was used as a molecular weight standard.
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Gene Expression Analysis

RNA was isolated from frozen colon tissue fixed in RNAlater (Thermo Fisher
Scientific) and purified using a RNeasy RNA purification kit (Qiagen, Venlo,
Netherlands). RNA concentration and purity were determined by use of the Nanodrop
1000 Spectrophotometer (Thermo Fisher Scientific), followed by cDNA synthesis using
0.5 ug of RNA and the First Strand Kit (Qiagen) according to manufacturer’s instructions.
The expression of genes of interest were analyzed using quantitative real time-PCR
(QRT-PCR) for a custom RT? PCR array (Qiagen) using the QuantStudio 3 PCR System
(Applied Biosystems) and RT? SYBR Green ROX qPCR Mastermix (Qiagen). Ct values
were generated and normalized to GAPDH and expressed relative to CDS groups using
the AACt method.
Quantification of IL-10

Diluted colon lysates (1:10) were assessed for IL-10 concentration using an
enzyme-linked immunosorbent assay (ELISA) (Thermo Fisher Scientific). All biological
replicates were ran in duplicate.
Statistical Analysis

All analyses were performed using IBM SPSS version 25 (IBM Corp., Armonk,
NY). Group means of experimental outcomes were analyzed using a one-way ANOVA
for each sex with Tukey’s post hoc tests as well as a three-way ANOVA for comparisons
between factors sex, diet and activity status. Pre and post lean and fat mass were
assessed using paired sample t tests for each treatment group. Body weight change
overtime was analyzed using a mixed model design with repeated measures. A

difference of mean with a p value of < 0.05 was considered statistically significant.
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Results
Body composition and caloric Intake

High-fat fed groups in both males and females had significantly greater
bodyweights relative to their control diet counterparts (Table 3.2). In addition, VHFX
mice had significantly reduced body weights compared to their VHFS counterparts.
Surprisingly, while males exhibited a 111.5% weight increase over the study duration,
females demonstrated a marked 154.8% increase in body weight (Table 3.2).

Univariate analysis showed a significant main effect of activity status, diet and
sex for body weight (Table 3.4) as well as a significant activity status x diet interaction.
Pairwise comparisons indicated that sedentary mice weighed more than exercised
groups with a mean difference of 5.9 g; mice fed the control diet weighed less than high-
fat fed groups with a mean difference of -12.6 g; and that female mice weighed less than
males with a mean difference of -4.9 g. A significant main effect of time and sex for body
weight change over study duration was found, as well as a significant time x activity
status x diet interaction which was rendered non-significant when including sex (p =
0.245) (Figure 3.2). Further, the most marked differences in body weight change over
time were observed in sedentary male and female mice fed a high-fat diet and this trend
was significantly attenuated with exercise.

In agreement with the above findings, both males and female VHFX mice had
significantly less fat mass compared to VHFS mice (Table 3.2) whereas VHFS groups
displayed the greatest fat mass compared to all other treatment groups. In contrast to
females, male CDS mice had significantly greater fat mass relative to their CDX
counterparts. In females, a significant difference in fat mass between CDX and VHFX
mice was not observed. A significant difference between CDX and VHFX in fat mass
was observed in males, however. In females, both high-fat fed groups showed a

significant increase in fat mass in comparison to their corresponding pre-study values
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(Figure 3.3). The same observation was seen males with the additional finding that post-
study fat mass was elevated in CDS animals compared to their pre-study values.
Univariate analysis showed a significant main effect of sex for pre-study fat mass values
as well as a significant main effect of activity status, of diet and a significant activity
status x diet interaction for post-study fat mass values (Table 3.4). Pairwise comparisons
concluded that female mice had a greater but modest amount of fat mass prior to the
beginning of the study compared to males with a mean difference of 0.383 g. At the end
of the study, pairwise comparisons indicated that sedentary mice had significantly
greater fat mass compared to exercised counterparts with a mean difference of 5.3 g
whereas mice fed a control diet had significantly less fat mass compared to high-fat fed
mice with a mean difference of -10.1g (Table 3.4).

In both females and males, CDS mice consumed significantly less kcals/day
compared to all other treatment groups (Table 3.3). VHFX mice consumed more kcals
per day compared to their CDX counterparts. No significant differences between VHFS
and exercised groups were observed, however. Univariate analysis showed a significant
main effect of activity status and diet for average caloric intake over study duration
(Table 3.4). Pairwise comparisons showed that sedentary mice and mice fed the control
diet consume significantly less kcals per day compared to exercised and high-fat fed
counterparts with mean differences of -2.7 kcal/d and -3.5 kcal/d. No significant
differences in kcals per day were observed between male and female mice (p = 0.898).
Lastly, significant activity status x diet and diet x sex interactions were found.
Morphological characteristics of colon and intestinal mucus

In males, a non-significant increase in inner mucus layer thickness was observed
in VHFS mice compared to CDS (p = 0.071) (Figure 3.4, A). A significant increase was
observed in VHFS mice compared to CDX mice (Figure 3.4, A). Interestingly, a modest

but non-significant increase was also observed in VHFX mice compared to CDS and
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CDX mice (p = 0.534, p = 0.347). Although no significant differences in inner mucus
layer thickness were observed in female mice between treatment groups, significant diet
X sex and activity status x diet x sex interactions were found (Table 3.5). For goblet cell
density (Figure 3.4, B), both male CDX and VHFX mice showed a significant reduction
compared to VHFS counterparts while no significant differences were observed in
female mice. Further, a significant main effect of activity status and sex was found for
goblet cell density as well a significant activity status x diet x sex interaction and a diet x
sex interaction that approached significance (p = 0.066) (Table 3.5). No significant
differences were found in male or female mice for total nuclei per crypt between
treatment groups (Figure. 3.4, C); however, a significant main effect of sex and a modest
decrease in total nuclei per crypt (-2.9 nuclei) was observed in female mice compared to

males (Table 3.5).

In parallel to the above findings of inner mucus layer thickness, non-significant
but modest increases in muc?2 protein expression were observed in VHFS and VHFX
male mice compared to CDS and CDX counterparts (p = 0.369, p = 0.805) (Figure 3.5).
No significant differences in mu2 protein expression were observed in female mice. In
contrast, non-significant increases in muc2 relative gene expression were observed in
CDX and VHFX female mice (p = 0.069, p = 0.111) compared to VHFS counterparts
demonstrating a 2.3 and 2.2 mRNA fold change (Figure 3.5); no significant differences in

the relative gene expression of muc2 were found in male mice.

Colon inflammation and proliferation status

COX-2 expression was reduced in both male and female CDX and VHFX mice
compared to VHFS counterparts (Figure 3.6). In contrast to females, in which a
reduction of COX-2 expression was observed in CDS mice, male CDS mice

demonstrated an increased COX-2 expression like that of VHFS counterparts. Further,
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male VHFS and VHFX mice demonstrated a non-significant increase in the protein
expression of NFKB compared to CDS (p = 0.369) and CDX (p = 0.805) counterparts
(Figure 3.7, A); no significant differences were observed in the relative gene expression
of NFkB, however (Figure 3.7, B). In contrast, female CDX and VHFX mice
demonstrated a stark and significant increase in the relative gene expression of NFkB
compared to VHFS counterparts demonstrating a 13.6 and 17.6 mRNA fold change; no
significant differences were observed in total protein of NFkB.

Assessment of F4/80+ macrophages demonstrated a significant reduction in
immunoreactive cells in female VHFX mice as well as in VHFS mice which approached
significance (p = 0.057) compared to CDX counterparts (Figure 3.8). In contrast, no
significant differences were found between any male treatment groups. Moreover, a
significant main effect of diet for F4/80+ macrophages was found (Table 3.6). Overall
expression of F4/80 appeared to predominately reside in the submucosa. In addition, no
significant differences were found between any female treatment groups for IL-10
concentration (Figure 3.9) though a modest reduction was observed in VHFS and VHFX
mice compared to CDS and CDX counterparts. In males, a difference between VHFX
and CDS mice did approach significance (p = 0.078) in which VHFX mice demonstrated
a modest increase in IL-10 concentration comparatively (Figure 3.9). Following
univariate analyses, a main effect of sex approached significance (p = 0.055) in which
females demonstrated an increase in colon IL-10 concentrations (+86.1 pg/mL)
compared to males. A significant diet x sex interaction was found as well for IL-10 (Table
3.6).

For proliferation index, analyses confirmed that female CDX and VHFX mice
demonstrated a reduced but non-significant index compared to VHFS counterparts
(VHFS vs CDX, p = 0.071; VHFS vs VHFX, p = 0.098) (Figure 3.10). Likewise, male

VHFX mice demonstrated a reduced index compared to VHFS, which approached
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significance (p = 0.074), and CDS (p = 0.033) counterparts. Univariate analysis further
confirmed a significant main effect of activity status as well as a main effect of sex that
approached significance (p = 0.067) (Table 3.6). Pairwise comparisons indicated that
sedentary mice had an increased proliferation index compared to exercised mice (+0.15,
30.4% difference); mice fed a 10% fat diet had a slightly lower proliferation index
compared to mice fed a 60% fat diet (-0.02, -4.3% difference); and that female mice had
a lower proliferation index compared to males (-0.07, -14.7% difference) (Table 3.6).
Gene expression of the unfolded protein response and phosphorylation of elF2a

In females, significant differences were observed in the relative gene expression
of ATF6 and IRE1p between VHFS and VHFX mice in which voluntary wheel running
prevented an HFD-induced decrease in gene expression (0.6 vs 0.9 mRNA fold change
for ATF6, 0.6 vs 1.1 mRNA fold change for IRE1B) (Figure 3.11). In males, no significant
differences in the expression of any assessed gene was observed (Figure 3.11).

In females, a non-significant increase in the protein expression of phosphorylated
(p-) elF2a was observed in CDX mice compared to all other treatment groups (p = 0.216
vs VHFS; p = 0.074 vs VHFX) (Figure 3.12). In males, expression was significantly
reduced in CDX and VHFX mice compared to VHFS animals. In addition, a non-
significant (p = 0.093) increased expression was observed in male VHFS mice
compared to CDS counterparts (Figure 3.12). No significant differences were observed
in the protein expression of elF2a between any treatment group in both male and female
mice (Figure 3.12). When expressed as the ratio of p-elF2a to elF2a, CDS, CDX and
VHFX male mice demonstrated a significantly reduced ratio compared to VHFS
counterparts (Figure 3.12). In females, a non-significant increase in CDX mice was
observed compared to all other treatment groups (p = 0.224 vs VHFS; p = 0.897 vs

VHFX).
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Discussion

The present study sought to examine the impact of excess dietary fat
consumption and voluntary wheel running on the physical characteristics of colonic
mucus, colon inflammation and ER stress responses. In contrast to our first hypothesis,
we observed a thickening of the inner mucus layer in sedentary male mice consuming
an HFD while no changes were observed in females. In partial fulfillment of our second,
voluntary wheel running did reduce HFD-induced colon inflammation independent of diet
type though no robust changes in IL-10 were observed in exercised mice. Interestingly
however, female mice had greater IL-10 concentrations overall compared to males.
Lastly, only slight changes in the gene expression of the UPR in females were observed
with males showing no distinct changes in any assessed target. In contrast, sedentary
males consuming an HFD demonstrated a significant increase in the phosphorylation of
elF2a which was prevented with voluntary wheeling running and a reduced fat control
diet.

Growing evidence supports the role of diet in contributing to both the
destabilization of the gut microbiota and the colonic mucus barrier (156). Specifically,
consumption of a western style diet (WSD), characterized by an excess of saturated fat
and simple carbohydrates but depleted in dietary fiber, has shown to deteriorate colonic
mucus and augment microbial community structure in the distal gut (93, 157). Although
our experimental diets were not fiber-deficient, we observed an increase in inner mucus
layer thickness in sedentary male mice consuming an HFD with a concomitant increase
in goblet cell density. We also observed a non-significant increase in total muc2 protein
in sedentary and exercised male mice consuming an HFD. Together, these findings
suggest that consumption of excess saturated fat stimulate an increase in mucus
production independent of activity status in males. Recent findings by Schroeder et al.

(93) have demonstrated similar increases in mucus production following an acute
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exposure to a WSD though observed a decrease in mucus thickness which normalized
after 28 days, as did mucus production, indicating that initial changes in mucus thickness
and synthesis following consumption of a WSD are transient. In contrast, we observed a
thickening of the inner mucus layer as well as an increase in mucus production following
12 weeks of an HFD suggesting that prolonged excess consumption of saturated fat with
sufficient dietary fiber intake provoke a unique compensatory host response. Moreover,
the lack of changes in mucus thickness and production observed in female mice suggest
that females may be resistant to diet-induced disruptions of colonic mucus as estradiol
has shown to demonstrate extensive protective effects in the gastrointestinal tract (158)
and modulate the physicochemical properties of intestinal mucus (159). In agreement
with this notion, females displayed an increase in goblet cell density compared to males
corroborating an innate protective advantage. Changes in goblet cell density and their
implications may be context dependent as exercised mice demonstrated an overall
reduction in goblet cell density compared to sedentary mice, however. It is plausible that
this response may be due to an improved gastrointestinal motility as aerobic exercise
has shown to decrease colonic transit time (160). Enhanced gastric motility may
therefore stimulate an increase in goblet cell secretion of intestinal mucus into the gut
lumen thus making them readily undetectable in the mucosa by histological or
immunohistochemical staining.

Previously in aim 1, we showed that intestinal COX-2 expression was attenuated
by voluntary wheel running in female mice on either diet but only in male mice
consuming a control diet. In contrast, the present study shows that voluntary wheel
running attenuates HFD-induced colon inflammation in both exercised male and female
mice consuming a high 60% fat diet. This discrepancy may be due to the difference in
dietary sucrose content compared to aim 1 using 45% HFD, which had double the

amount of sucrose content compared to the present 60% HFD used (172.8 g/kg vs. 68.8
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g/kg). Excess sucrose intake is associated with an increased risk of IBD development
(161) and has shown to enhance susceptibility to colitis as well as promote colon
inflammation (162). In agreement with aim 1, however; a similar degree of inflammation
was observed in sedentary male mice consuming a control diet further indicating that
sedentary male mice may be more susceptible to intestinal inflammation compared to
their female counterparts. Following the assessment of F4/80 expression, a cell-surface
glycoprotein on murine tissue-resident macrophages, it was observed that F4/80+
macrophages were predominately confined to the submucosa. Macrophages found in
this compartment of intestinal tissue are thought to be involved in maintaining the
integrity of the submucosal vasculature (163). In activated macrophages, F4/80
expression is suppressed (164). Interestingly, we observed that in sedentary and
exercised female mice consuming an HFD, F4/80+ expression was suppressed. Mice
consuming a high 60% fat diet displayed an overall reduction in F4/80+ cells compared
to mice on the control 10% fat diet. Together, these findings suggest that HFDs may
augment the activity of submucosal macrophages and that females may be more
susceptible to these dietary fat-induced effects despite demonstrating a reduced degree
of mucosal inflammation.

In addition to COX-2 and F4/80 expression, NFKB expression was assessed as it
serves as a pivotal mediator of inflammatory responses (165). NFkB is comprised of a
family of five structurally related transcription factors, including RelA/p65, which plays a
pivotal role in the induction of the canonical NFkB pathway (166). In male sedentary and
exercised mice on an HFD, a non-significant increase in total protein for NFkB was
observed. While no differences in total protein were observed in female mice, exercised
female mice consuming either diet showed an increase in the gene expression of NFkB
compared to sedentary counterparts consuming an HFD. Though the mechanisms

behind this response in female mice remain unclear, these findings may indicate sex-
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specific differences in the transcriptional and translational regulation of NFkB which may
also be modulated by exercise in females. In the context of inflammatory status
however, activation of NFkB is a better indicator of induced pro-inflammatory responses.
What determines the activation of these subunits is the degree of phosphorylation,
constituting the extensive regulation of NFkB activation in inflammatory responses (167).
In the present study, only total protein and the gene expression of RelA/p65 was
assessed. Examining the extent of phosphorylation of RelA/p65 would therefore provide
additional insight when assessing colon inflammatory status.

Aerobic exercise has shown to promote colon health by attenuating inflammation
(116, 118) and via the production of IL-10 (119), a potent anti-inflammatory cytokine. In
the present study however, IL-10 production was not increased from voluntary wheel
running. This may be due to the fact that voluntary wheel running is akin to physical
activity in humans as opposed to regimented exercise (145) where significant
differences in derived exercise capacity exist between the former and forced treadmill
running in mice (146). Voluntary wheel running may therefore not be sufficient to induce
such training adaptations that could elicit overt changes in IL-10 production.
Nevertheless, female mice displayed an overall increase in IL-10 compared to males
further illustrating that estradiol may confer additional anti-inflammatory benefits. Yet the
significant interaction of diet x sex as well as the modest reduction in IL-10 in female
mice consuming a HFD of either activity status suggests that female mice are more
susceptible to changes in immune regulation by dietary fat; the mechanisms behind
these interactions and their implications remain ill-defined, however.

In addition to its anti-inflammatory benefits, long-term participation in aerobic
exercise has shown to significantly reduce the risk of CRC development (107-109). In
humans, clinical measures are implemented to assess disease risk and can be utilized in

animal studies to foster a translational approach. Of note is the assessment of PCNA
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expression, a marker of cellular proliferation, which is known to be an effective predictor
in colorectal cancer development in humans (168-170). As changes in the proliferative
characteristics of the colonic mucosa precede the development of overt neoplasia in
experimental carcinogenesis (171-173), proliferative phenotype in mice may constitute
an important clinical marker to model disease risk in humans. To this end, evaluation of
proliferative phenotype by proliferation index with PCNA has been established as a
viable measure (154). In the present study, we observed a marked 30.4% increase in
the proliferation index of sedentary mice compared to exercised counterparts suggesting
that increasing physical activity still confers a significant degree of colonic protection
compared to sedentary behavior. In addition, female mice demonstrated a 14.7%
decrease in proliferation index indicating that females may be less at risk for the
development of CRC. As dietary fat had no effect on proliferation index, these findings
together suggests that activity status and sex are primary predictors of proliferative
phenotype in colon tissue.

Recent evidence has shown that HFDs induce colonic ER stress (78). In sedentary
female mice consuming an HFD, we observed a modest but unexpected suppression in
the gene expression of ER stress sensors ATF6 and IRE1[, contrasting our initial
hypothesis. In the advent of ER stress, ATF6 promotes protein folding, maturation and
secretion (49) while IRE1 splices XBP1 mRNA, converting it into its functionally active
isoform (XBP1s) that induces UPR target gene expression such as those involved in
ERAD signaling (61). Although the effects of dietary fat on IRE1f regulation remain
unclear, the ubiquitous isoform, IRE1q, potentiates obesity-associated inflammation
(174). This was not assessed in the present study as the IRE1(3 isoform is predominately
expressed in intestinal epithelial cells. In contrast, ATF6 has shown to possess a
multitude of regulatory characteristics in embryonic development, as well as in the

development of female reproductive structures and in adipogenesis and lipogenesis
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(175). For instance, animal studies in female mammals have determined ATF6 to be a
crucial regulator of follicular physiological processes (176, 177) and embryonic
implantation (178). In addition, ATF6 has shown to suppress sterol regulatory element-
binding protein (SREBP)-2-mediated lipogenesis (179) which controls cellular lipid
metabolism and homeostasis. Although estrous cycle was not assessed over the
duration of the present study nor was the expression of SREBP-2, it is reasonable to
consider that the observed suppression of ATF6 in female mice might have occurred in
tandem with HFD-induced changes to their estrous cycle as well as in the regulation of
lipid metabolism. Recent findings by Chakraborty et al. illustrate that prolonged (25-27
weeks) consumption of a 60% fat diet markedly effects estrous cycle in mice,
characterized by a complete acyclicity or rather the elongation or skipping of cycles (e.g.,
diestrus) or both, indicating a profound disruption in the reproductive cycle (180). In
addition, excess storage of triglycerides in hypertrophic adipocytes activate SREBP-2
(181). In agreement with this notion, we observed a marked percent increase in body
weight in sedentary female mice consuming an HFD compared to male counterparts
(154.8% vs 111.5%). Taken together, the observed suppression of ATF6 in high-fat fed
sedentary female mice may have occurred due to systemic changes in lipid metabolism,
perhaps by an opposing upregulation of SREBP-2 in adipose tissue, and to a disrupted
reproductive cycle. How this translates to alterations of colonic epithelial ER
homeostasis remains ill-defined, however.

In contrast to the above findings in female mice, we observed no significant changes
in the gene expression of any protein in male mice. Instead, exercised male mice
consuming either diet or sedentary controls demonstrated a significant reduction in the
phosphorylation of elF2a compared to high-fat fed sedentary counterparts indicating that
12 weeks of a 60% HFD induces colonic epithelial ER stress in male mice. Further, we

are the first to demonstrate that voluntary wheel running can attenuate this response. As
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in many pathways, phosphorylation events are key to determining the activation or
suppression of involved proteins. The lack of any overt changes in females suggests that
12 weeks of an HFD is not sufficient to induce any overt irregularities in colonic epithelial
ER homeostasis. Moreover, the lack of changes in the gene expression of proteins
involved in the UPR in male mice further indicate that changes in phosphorylation status
may precede transcriptional activity as phosphorylation of elF2a by PERK is the most
immediate response to ER stress (53). Additional analyses examining the
phosphorylation of PERK and IRE1 as well as the splicing of XBP1 would provide further
insight as well.
Conclusions

In sum, these results illustrate a unigue compensatory response in males
consuming an HFD characterized by a thickening of the inner mucus layer and an
increased production of muc2 independent of activity status. We have shown that
voluntary wheel running attenuates HFD-induced colon inflammation, while HFDs may
augment the activity of submucosal macrophages. Our findings also suggest that
females have a decreased propensity for colon inflammation and a reduced CRC risk
due to an inherent elevation of IL-10 and a decreased proliferation index. In contrast,
being sedentary may dramatically increase risk of CRC development due to an aberrant
proliferative phenotype while being more physically active can prevent this response.
Lastly, we are the first to demonstrate that voluntary wheel running attenuates HFD-
induced colonic epithelial ER stress in males. Taken together, these findings corroborate
the efficacy of exercise in promoting colon health primarily by reduction of inflammation,
improvements in proliferative status and restoration of ER homeostasis. We also

highlight unique sex-specific differences that require further exploration.
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Table 3.1. Composition of experimental diets (Research Diets, Inc.).

Control Diet High-fat Diet

kcal%
Protein 20 20
Carbohydrate 70 20
Fat 10 60
Total 100 100
kecal/g 382 521
Ingredients g/kg total
Casein, 30 Mesh 200 200
L-Cystine 3 3
Corn Starch 506.2 !
Lodex 10 125 125
Sucrose 72.8 72.8
Fiber (Solka Floc) 50 50
Soybean Oil 25 25
Lard 20 245
Mineral Mix S10026B 50 50
Choline Bitartrate 2 2
Vitamin Mix V10001C 1 1
FD&C Yellow Dye #5 0.04 /
FD&C Blue Dye #1 0.01 0.05




Table 3.2. Final body weights (qg), fat mass (g) and percent weight change for each treatment group.

females

body weight (g)
fat mass (g)

% weight increase
males

body weight (g)
fat mass (g)

% weight increase

CDS

23017

20x09

34.2%

303+34

49+1.88

43.2%

VHFS

43178

18.0+£6.7

154.8%

44725

15726

111.5%

CDX

233+08

1.0+03

38.1%

217 1.7

20x186"°

30.2%

VHFX

30.3+6.8

72+6.0

81.2%

36438

9.4 +3 70

74.7%

Body weights, fat mass and percent weight change after 12 weeks of treatment with control diet
sedentary (CDS), very high-fat diet sedentary (VHFS), control diet exercise (CDX) and high-fat diet
exercise (VHFX) in female and male mice. Values are expressed as the mean + SD, n = 7 for each
treatment group. One-way ANOVA with Tukey’s post-test for CDSvs VHFS; CDS vs CDX; CDS vs
VHFX, HFS vs CDX, HFS vs VHFX, CDX vs VHFX in both females and males. *p < 0.05 from CD
groups undergoing the same intervention (sedentary or exercise) and each other in both males and

females for body weight or from all other groups for fat mass. Values that share the same superscript

are significantly (p < 0.05) different from each other.
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Table 3.3. Average kcals per day consumed over study duration for each treatment group.

CDs VHFS CDX VHFX
females
Kcals/day 111158 16.9 + 3.1 158+ 1.6* 18.1+£20*
males
Kcals/day 122+178 164+23 159+ 19* 17511

Average daily food intake over 12 weeks of treatment with control diet sedentary (CDS), very high-fat
diet sedentary (VHFS), control diet exercise (CDX)and very high-fat diet exercise (VHFX) in female
and male mice. Values are expressed as the mean = SD, n =7 for each treatment group. One-way
ANOVA with Tukey’s post-test for CDS vs VHFS; CDS vs CDX; CDS vs VHFX, HFS vs CDX, HFS vs
VHFX, CDX vs VHFX in both females and males. *p < 0.05 from each other in females and males; 5p <
0.05 from all groups in males and females.
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Table 3.4. Analysis of body weight, fat mass and average food intake over study duration by independent factors.

pairwise comparisons

activity status (AS) diet (D) sex (S)
arameter sedentar, exercise mean UG 12 penZhioiialze mean female male mean

p 4 difference fat fat difference difference
final body 35308 204+08 59+11 26.1+08 38608 42611 29.9+08 348+08 49411
weight (g)
Pre-study= fat 12£01 13£01 0101 13£01 13£01 -0.0420.1 15£01 1.1£0.1 04201
mass (g)
mmm_wﬂ%ia 101£07 49:07 5310 2507 126+ 0.7 10101 7007 8.0+007 1.0£0.1
Mmmm_uaxm 14102 16.8+0.2 27403 13802 172+02 35203 155+ 0.2 155+02 004+03
3-way ANOVA p-values

parameter AS D S ASxD ASx S DxS ASxDxS
final body 0.000 0.000 0.000 0.000 0710 0.386 0.111
weight (g)
pre-sfudy* fat 0495 0.734 0.002 0.848 0611 0.912 0.499
mass (g)
post-study fat 0.000 0.000 0.343 0.001 0513 0.324 0.101
mass (g)
food intake 0.000 0.000 0.898 0.000 0.359 0.042 0.358
(kcals)

Values of each parameter are expressed as the mean + SEM. Three-way ANOVA for comparisons between

acclimation period at 6 weeks of age. "p £0.05

activity status, diet and sex. @8Measurement of fat mass was taken at the end of the 2-week
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Table 3.5. Analysis of morphological

characteristics by independent factors in mouse colon.

pairwise comparisons

parameter sedentary

total nuclei per

crypt 319+10
oblet cell

Mmzm.% 034 01

thickness

(um) of IML 381+17

muc? protein®

activity status (AS)

exercise

332+07

027 £.01

349+12

49966 + 1243.7 51799 +771.0

mean
difference

-12+12

-0.06 = 0.02°

-183.2 + 14633

control 10%
fat

318+09

0.32 £0.01

351+16

4414.4 + 1162 4

diet (D)

very high 60%
fat

333+07

0.30 £ .01

57621 +889.0

mean
difference

-16+12

0.03 £0.015

28+21

-1347.7 £+ 14633

female

31.1+09

0.32 £0.01

36117

5073.6 £ 11901

sex (S)

male

340

0.29

5102.8

0.7

01

8515

mean
difference

29+11

0.04 £ 0.015

08+21

-29.2 + 14633

3-way ANOVA p-values
parameter

total nuclei per
crypt

goblet cell
density?

thickness
(pm) of IML

muc?2 proteint

AS

0.301

0.000

0.140

0.901

0.195

0.106

0.198

0.365

0.023

0.020

0.701

0.984

ASxD

0.530

0.607

0173

0.449

ASx S

0.270

0.102

0.953

0.335

0.403

0.066

0.008

0.165

ASxDxS

0.186

0.012

0.020

0.483

Values of each parameter are expressed the mean + SEM. Three-way ANOVA for comparisons between activity status, diet and sex. "p £ 0.05. @Density refers to number of positively stained goblet cells for
mucin 2 relative to total nuclei per crypt. ®Expressed as density normalized to total protein. IML, inner mucus layer.
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Table 3.6. Analysis of inflammation markers, proliferation index and phosphorylation of elF2a by independent factors in mouse colon

pairwise comparisons

activity status (AS) diet (D) sex (S)
arameter Sedentar, exercise mean Coatoz VEZIID G mean female male mean

p ¥ difference fat fat difference difference

F4/80+ -
10+02 1201 -02+04 1402 08+01 06+02 1302 09+01 04+02

cells3/mm?
IL-10 (pg/mL) 3764 £+ 379 4119 +208 -355+432 4083 +345 3800 £26.0 283+432 4372 £36.0 351.1+239 86.1+432°
RelA/NFkB + + + + + + + + +
DBS protein® 2285.7 + 901 1 2219.3 +558.6 66.4 + 1060.2 18471 + 8422 2658.0 + 644 .1 -810.9 + 1060.2 21422 + 862 3 23629 +617.9 -220.7+1060.2
P 0.80+0.14 0.71 £0.08 0.08 £ 0.17 0.70 £0.13 07901 -0.09 £ 0.17 0.66 £ 0.14 0.84 £ 0.09 -0.19 £ 0.17
elF2a/elF2ac
proliferation 0.15 £ 0.04° -0.02 £ 0.04 -0.07 £ 0.04
index 0.56 £0.03 0.41 £.02 (30.4 %) 0.47 £0.03 0.49 £ 0.02 (43 %) 0.45+0.03 0.51 £0.02 (14.7 %)
3-way ANOVA p-values

parameter AS D S ASxD ASxS DxS ASxDxS
F4/80+ 5 0.425 0.014 0.093 0.563 0.963 0.138 0.773
cellsy/mm:
IL-10 (pg/mL) 0.417 0.516 0.055 0.733 0.531 0.013 0.757
RelA/NFKB o 0.951 0.451 0.837 0.933 0.705 0.161 0.547
p635 protein
p-
elF2a/elF2at 0.613 0.587 0.270 0.006 0.000 0.180 0.568
proliferation 0.001 0562 0.067 0.422 0.664 0.131 0.443

index

Values of each parameter are expressed the mean + SEM. Pro
parentheses. Three-way ANOVA for comparisons between ac

eration index is defined as the ratio of immunoreactive nuclei for PCNA to the total nuclei counted per crypt; percent difference is shown in

ty status, diet and sex. "p £0.05 *Counted F4/80+ cells normalized fo total area of mucosa measured. *Expressed as density normalized to
total protein. “Expressed as the ratio of normalized densities (to total protein) of p-eif2a to eif2a. PCNA, proliferating cell nuclear antigen
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Figure 3.1. Determination of running averages for stained cell counting. The
running average of proliferation index, total nuclei and immunoreactive goblet cells for
muc?2 in normal looking colonic mucosa from one representative animal. Muc2, mucin 2.
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Figure 3.2. Body weight change over study duration. Body weights for each week
during 12 weeks of treatment with control diet sedentary (CDS), very high-fat diet
sedentary (VHFES), control diet exercise (CDX) and very high-fat diet running (VHFX) in
female and male mice. Values are expressed as the mean + SEM for each week, n =7
mice/group. One-way ANOVA with Tukey’s post-test for CDS vs VHFS; CDS vs CDX;
CDS vs VHFX; HFS vs CDX; HFS vs VHFX and CDX vs VHFX for each week in both
females and males. * p < 0.05 for CDS vs VHFS when first observed.
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Figure 3.3. Comparisons of pre and post fat mass between treatment groups. Pre
and post study fat mass following 12 weeks of treatment with control diet sedentary
(CDS), very high-fat diet sedentary (VHFS), control diet exercise (CDX) and very high-fat
diet running (VHFX) in female and male mice. Values are expressed as the mean +
SEM, n =7 mice/group. Paired samples t-test between pre (open bars) and post (filled)
fat mass for each treatment group. *p < 0.05 compared to pre fat mass.
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Figure 3.4. Effects of diet and voluntary wheel running on inner mucus layer
thickness and goblet cell density in colon. A. panel: methanol-Carnoy fixed sections
prepared after 12 weeks of treatment with control diet sedentary (CDS), very high-fat
diet sedentary (VHFS), control diet exercise (CDX) and very high-fat diet exercise
(VHFX) from female and male mice were hybridized with the Alexa Fluor 555-conjugated
universal bacterial probe (EUB338) or with a nonsense (NS) probe. Co-
immunofluorescent staining was performed for muc2. One representative section is
shown for each probe (original magnification x 400). Inset, NS control. Graph: inner
mucus layer thickness. B. panel: immunohistochemical staining for muc2 in histological
sections fixed in paraformaldehyde and sucrose. One representative section is shown
(original magnification x 400). Inset, IgG control. Graph: goblet cell density, defined as
the number of positively stained goblet cells for mucin 2 per crypt relative to total nuclei
per crypt. C. graph: total nuclei per crypt. Values are expressed as the mean + SEM, n =
1-4 mice/group. One-way ANOVA with Tukey’s post-test for CDS vs VHFS; CDS vs
CDX; CDS vs VHFX, VHFS vs CDX, VHFS vs VHFX, CDX vs VHFX in both females and
males. *p < 0.05. White dotted lines; boundary of microbiota (Mi) and epithelial surface
(Epi); double-sided arrow, distance measured; open circle, bacteria; M, mucosa; white
asterisk, lumen; yellow asterisk, base of single crypt; black and yellow arrow,
immunoreactive goblet cell for mucin 2.
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colon. Immunoblotting (left graph) with an antibody for muc2 following SDS-PAGE of

colon lysates after 12 weeks of treatment with control diet sedentary (CDS), very high-fat
diet sedentary (VHFS), control diet exercise (CDX) and very high-fat diet exercise
(VHFX). Densities are expressed as the mean + SEM, normalized to total protein as

determined by ponceau S staining, n = 1-7 mice/group. Quantitative real-time PCR of
RNA extracts (right graph). Values are expressed as the fold change relative to CDS

groups + SEM, n = 1-7 mice/group. One-way ANOVA with Tukey’s post-test for CDS vs
HFS; CDS vs CDX; CDS vs VHFX; HFS vs CDX; VHFS vs VHFX and CDX vs VHFX for

densities and ACt values. Muc2, mucin 2.
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Figure 3.6. Effects of diet and voluntary wheel running on COX-2 expression in
colon. Histological sections fixed in paraformaldehyde and sucrose prepared after 12
weeks of treatment with control diet sedentary (CDS), very high-fat diet sedentary
(VHFS), control diet exercise (CDX) and very high-fat diet exercise (VHFX) in female
and male mice were stained with an antibody for COX-2. One representative section
from 1-4 mice/group is shown (original magnification x 400). Inset, IgG control.
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Figure 3.7. Effects of diet and voluntary wheel running on NF-kB expression in
colon. A. Immunobilotting (left graph) with an antibody for RelA/NFkB p65 following
SDS-PAGE of colon lysates after 12 weeks of treatment with control diet sedentary
(CDS), very high-fat diet sedentary (VHFS), control diet exercise (CDX) and very high-fat
diet exercise (VHFX). Densities are expressed as the mean + SEM, normalized to total
protein as determined by ponceau S staining, n = 1-7 mice/group. Quantitative real-time
PCR of RNA extracts (right graph). Values are expressed as the fold change relative to
CDS groups = SEM, n = 1-7 mice/group. One-way ANOVA with Tukey’s post-test for
CDS vs HFS; CDS vs CDX; CDS vs VHFX; HFS vs CDX; VHFS vs VHFX and CDX vs
VHFX for relative density and ACt values. *p < 0.05 compared to VHFS. RelA/NFkB,
p65/nuclear factor kappa-light-chain-enhancer of activated B cells.
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Figure 3.8. Effects of diet and voluntary wheel running on F4/80+ macrophages in
colon. Panel: histological sections fixed in paraformaldehyde and sucrose prepared
after 12 weeks of treatment with control diet sedentary (CDS), very high-fat diet
sedentary (VHFS), control diet exercise (CDX) and very high-fat diet exercise (VHFX) in
female and male mice were stained with an antibody for F4/80. One representative
section is shown (original magnification x 400). Inset, IgG control. Graph: analysis of
total F4/80+ stained cells counted relative to total area of mucosa measured. Values are
expressed as the mean, n = 1-4 mice/group. One-way ANOVA with Tukey’s post-test for
CDS vs VHFS; CDS vs CDX; CDS vs VHFX, HFS vs CDX, HFS vs VHFX, CDX vs
VHFX in both females and males. *p < 0.05. Asterisk, base of single crypt; MM,
muscularis mucosae; S, submucosa; black and yellow arrow, immunoreactive cells.



87

600 T
3400- 7 %
2 %% L VAT
< 8 Y

Female Male

@CDS @VHFS BCDX &VHFX

Figure 3.9. Effects of diet and voluntary wheel running on IL-10 in colon.
Quantification of IL-10 concentration by ELISA from colon lysates following 12 weeks of
treatments with control diet sedentary (CDS), very high-fat diet sedentary (VHFS),
control diet exercise (CDX) and very high-fat diet exercise (VHFX) in female and male
mice. Values are expressed as the mean = SEM, n = 1-7 mice/group. One-way ANOVA
with Tukey’s post-test for CDS vs VHFS; CDS vs CDX; CDS vs VHFX, HFS vs CDX,
HFS vs VHFX, CDX vs VHFX in both females and males.
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Figure 3.10. Effects of diet and voluntary wheel running on proliferation index in
colon. Panel: histological sections fixed in paraformaldehyde and sucrose prepared
after 12 weeks of treatment with control diet sedentary (CDS), very high-fat diet
sedentary (VHFS), control diet exercise (CDX) and very high-fat diet exercise (VHFX) in
female and male mice were stained with an antibody for PCNA. One representative
section is shown (original magnification x 400). Inset, IgG control. Graph: analysis of
proliferation index. Proliferation index is defined as the ratio of immunoreactive nuclei for
PCNA to the total nuclei counted for a crypt. Values are expressed as the mean = SEM,
n = 1-4 mice/group. One-way ANOVA with Tukey’s post-test for CDS vs VHFS; CDS vs
CDX; CDS vs VHFX, HFS vs CDX, HFS vs VHFX, CDX vs VHFX in both females and
males. *p < 0.05. Asterisk, single crypt; black and yellow arrow, nuclei; black and orange
arrow, immunoreactive nuclei; PCNA, proliferating cell nuclear antigen.
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Figure 3.11. Effects of diet and voluntary wheel running on relative gene
expression of the unfolded protein response in colon. Relative gene expression of
the unfolded protein response following 12 weeks of treatment with control diet
sedentary (CDS), very high-fat diet sedentary (VHFS), control diet exercise (CDX) and
very high-fat diet running (VHFX) in female and male mice colon. Values are expressed
as the fold change relative to CDS groups + SEM, n = 1-7 mice/group. One-way ANOVA
with Tukey’s post-test for CDS vs VHFS; CDS vs CDX; CDS vs VHFX; VHFS vs CDX;
VHFS vs VHFX and CDX vs VHFX for ACt values. ACt was calculated as Ctiarget—
Clreference. * p < 0.05 compared to VHFS. ATF4 & 6, activating transcription factor; CHOP,
CCAAT-enhance-binding protein homologous protein; Grp78, glucose-regulated protein
78/ binding immunoglobulin protein (BiP); IRE1f, inositol-requiring kinase 1 beta; PERK,
pancreatic endoplasmic reticulum eukaryatic initiating factor-2 alpha kinase; XBP1,
transcription factor X box-binding protein 1.
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Figure 3.12. Effects of diet and voluntary wheel running on phosphorylation of
elF2a in colon. Immunoblotting with cellular stress marker antibodies for p-elF2a and
elF2a following SDS-PAGE of colon lysates after 12 weeks of treatment with control diet
sedentary (CDS), very high-fat diet sedentary (VHFS), control diet exercise (CDX) and
very high-fat diet exercise (VHFX). Densities are expressed normalized to B-actin +
SEM, n = 1-7 mice/group. Ratio of normalized densities between p-elF2a and elF2a +
SEM. One-way ANOVA with Tukey’s post-test for CDS vs HFS; CDS vs CDX; CDS vs
VHFX; HFS vs CDX; VHFS vs VHFX and CDX vs VHFX for densities and ratios. *p <
0.05 compared to VHFS. p-elF2a, phosphorylated eukaryotic initiation factor-2 alpha;
elF2a, eukaryotic initiation factor-2 alpha.
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Chapter 4: High-fat Diets & Voluntary Wheel Running Alter the
Gene Expression of Inflammasomes
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Introduction

Determination of a healthy host-microbe interface is achieved by a myriad of
pattern recognition receptors (PRRs) along the gut epithelium that recognize conserved
molecular patterns of both microbe and host origin to initiate tolerogenic or defense
responses (70). Of note are nucleotide-binding oligomerization domain (NOD)-like
receptors (NLRs) which are a key component of inflammasomes that form in response to
diverse microbial and host-derived stimuli. Of primary interest are the NOD-like receptor
family pyrin domain containing 3 and 6 (NLRP3 and 6) inflammasomes which have been
implicated in intestinal inflammation and tumorigenesis (70) as well as in the governance
of intestinal mucus secretion (10) and microbial composition (87). At present, there is a
paucity of literature that has examined the combined influence of high-fat diets (HFDs)
and exercise on inflammasome activity. Thus, the present study examined the extent to
which voluntary wheel running and HFDs modulate inflammasome signaling in male and

female C57BL/6NTac mice.

The intestinal microenvironment represents a potentially hostile milieu in which a
multitude of microorganisms, food-, and microbial-derived antigens constantly challenge
the integrity of the intestinal epithelium. Prevention of epithelial breach is achieved by a
delicate balance between the actions of multiple immunological barriers (5). Though the
cells lining the intestine function to keep bacteria from invading the body, intestinal
epithelial cells in fact have a complex and mutually beneficial relationship with the gut
microbiota. The distinction between “friend vs. foe” is thus achieved through an array of
PRRs including NLRs which constitute the inflammasome. Inflammasomes are
cytoplasmic multi-protein complexes assembled around a set of core components that
include a sensor protein, an adaptor protein (apoptosis-associated speck-like protein

containing a caspase activation and recruitment domain (CARD)(ASC)) and an



94

inflammatory caspase (72) of which caspase-1 has a dominant role in inflammatory
responses (73). In this regard, inflammasomes act as a multi-protein platform from which
the activation of inflammatory caspases ensues and converts the pro-inflammatory
cytokines IL-18 and IL-1p into their biological active forms. Activation of caspase-1 via
the above pathway is known as canonical inflammasome signaling whereas non-
canonical inflammasome signaling entails caspase-11 activation in mice or caspase-4 in
humans (70). The role of inflammasomes in intestinal inflammation, infection and
carcinogenesis is diverse and evidence suggests that the NLRP3 and, more recently,
the NLRP6 canonical inflammasomes are key players in both the perpetuation and
attenuation thereof (70). However, the effect of HFDs on inflammasome activity remains
largely understudied and absent regarding the influence of exercise. One study has
shown that diets rich in saturated fatty acids (SFAS) activates the NLRP3 inflammasome
and subsequent proinflammatory cytokine production in human and murine
macrophages (102). The effects of HFDs on inflammasome regulation in intestinal
epithelial cells remain ill-defined, however.

The purpose of this study was to investigate the influence of voluntary wheel
running on the gene expression of inflammasome components, including the gene
expression of the NLRP3 and NLRP6 sensors, and on the activation of caspase-1 in
mice fed normal and HFDs. Our hypotheses were as follows: (1) voluntary wheel running
attenuates HFD-induced transcription of the NLRP3 sensor but promotes the expression
of the NLRP6 sensor; and (2) voluntary wheel running suppresses HFD-induced

caspase-1 activation.
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Methods
Animals, Diets and Activity Status

All animals received humane care in compliance with the institution’s guidelines,
as outlined in the Guide for the Care and Use of Laboratory Animals published by the
National Institutes of Health. Experiments were completed at Rutgers University and
approved by the Rutgers University Institutional Animal Care and Use Committee
(IACUC). Forty-Eight C57BL/6NTac male and female 6-week old mice (Taconic Farms,
Germantown, NY) were housed singly in an environmentally controlled room with a 12
hour light/dark cycle and maintained on the specified diet and water ad libitum. Animals
were acclimated for two weeks before being randomly assigned to one of four groups:
(1) control diet sedentary (CDS); (2) very high-fat sedentary (VHFS); (3) control diet
running (CDR); and (4) very high-fat running (VHFR). Control diet groups consumed a
control low-fat diet (D12450J, 10% kcal from fat, Research Diets, New Brunswick, NJ)
and very high-fat groups consumed a high-fat diet (D12492, 60% kcal from fat, Research
Diets) which are matched for sucrose and protein content (Table 3.1). Food intake was
monitored twice per week and animals were weighed once per week. Specifically, males
and females were weighed in separate containers assigned to each sex on a scale
designated for body weights only. For food intake, average daily consumption for each
treatment group was calculated by dividing total group consumption in grams (g) by the
number of animals per group and then by the number of days in between feeding days
for each week; g/day were then converted into kcals/day. Animals in the exercise groups
had access to a free running wheel while sedentary groups could move freely within their
cages, but had no running wheel (Coulbourn Instruments, Allentown, PA). Physical
activity was quantified daily using ClockLab (Actimetrics, Wilmette, IL). Rotations per day
will be converted into distance ran in meters per day by multiplying by running wheel

circumference. At the end of 12 weeks, animals were sacrificed. Female mice were
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sacrificed in the metestrus stage of their estrous cycle to ensure low plasma estrogen
(E2) as E2 has shown to be a potent modulator of metabolic inflammation (129) and of
the inflammatory status in experimental colitis models (130). Estrous cycle was
assessed using wet smears on the day of sacrifice as outlined by Caligioni (131). All
animals in the study were healthy for the duration of the study. Just prior to sacrifice
however, 8 females and 4 males died due to a malfunctioning metabolic chamber and 2
additional females died from an oral glucose tolerance test resulting in an n of 1 for CDS
females, an n of 2 for VHFS females and an n of 3 for CDS males.
Western Blot Analysis

Frozen colon samples (20 — 80 mg) were grinded by mortar and pestle in liquid
nitrogen and homogenized mechanically in RIPA lysis buffer supplemented with
protease and phosphatase inhibitor cocktails (Thermo Fisher Scientific). Samples were
then centrifuged at 15,000 x g for 15 min at 4°C. Supernatants were aliquoted and
frozen at -80°C until assay. Initial protein quantification of colon lysates was performed
using a bicinchoninic acid (BCA) assay (Thermo Fisher Scientific). Equal amounts of
protein (25 ug per lane) were loaded and separated by SDS-PAGE. Gels were then
transferred to a nitrocellulose membrane using the Mini Gel Tank and Blot Module
system (Thermo Fisher Scientific). Membranes were stained for total protein by Ponceau
S staining solution (0.5% Ponceau S (w/v), 1% glacial acetic acid (v/v)), rinsed with DI
H>O and then blocked with 5% (w/v) nonfat dried milk or bovine serum albumin (BSA) in
0.1% (v/v) Tween 20 Tris-buffered saline (TTBS) for 1hr at room temperature.
Membranes were then incubated overnight at 4°C with primary rabbit affinity purified
monoclonal antibodies (Cell Signaling, Danvers, MA) against cleaved caspase-1 (1:500)
and caspase-1 (1:1000) in 5% BSA in 0.1% TTBS. Membranes were then incubated for
1 hr at room temperature with a horseradish peroxidase goat anti-rabbit secondary

antibody (1:10,000, Cell Signaling). Membranes were developed using an enhanced
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chemiluminescence (ECL) detection kit (Thermo Fisher Scientific) and images were
taken thereafter. Densitometric analysis of protein bands was performed using Image
Studio Lite 5.2 (LI-COR Biosciences, Lincoln, NE) and normalized to total protein. The
results are expressed as arbitrary units. Precision Plus Protein™ Kaleidoscope™
Prestained Protein Standard (Bio-Rad, Hercules, CA) was used as a molecular weight
standard.
Gene Expression Analysis

RNA was isolated from frozen colon tissue fixed in RNAlater (Thermo Fisher
Scientific) and purified using a RNeasy RNA purification kit (Qiagen, Venlo,
Netherlands). RNA concentration and purity were determined by use of the Nanodrop
1000 Spectrophotometer (Thermo Fisher Scientific), followed by cDNA synthesis using
0.5 ug of RNA and the First Strand Kit (Qiagen) according to manufacturer’s instructions.
The expression of genes of interest were analyzed using quantitative real time-PCR
(gRT-PCR) with RT? PCR primer assays (Qiagen) using the QuantStudio 3 PCR System
(Applied Biosystems) and RT? SYBR Green ROX qPCR Mastermix (Qiagen). Ct values
were generated and normalized to GAPDH and expressed relative to CDS groups using

the AACt method.

Statistical Analysis

All analyses were performed using IBM SPSS version 25 (IBM Corp., Armonk,
NY). Group means of experimental outcomes were analyzed using a one-way ANOVA
for each sex with Tukey’s post hoc tests as well as a three-way ANOVA for comparisons
between factors sex, diet and activity status. A difference of mean with a p value of <

0.05 was considered statistically significant.



98

Results
Gene expression of inflammasome components

In females, increases in the gene expression of PYCARD, caspl, IL-18, NLRP3
and NLRP&6 relative to the CDS control were observed in sedentary mice fed an HFD as
well as in exercised mice fed either diet (Figure 4.1). For PYCARD, a 2.9 mRNA fold
change was observed in VHFS mice; 2.9 in CDX mice; and 2.9 in VHFX mice. For
caspl, a 2.6 mRNA fold change was observed in VHFS mice; 3.6 in CDX mice; and 2.9
in CDX mice. For IL-18, a 45.5 mRNA fold change was observed in VHFS mice; 41.2 in
CDX mice; and 85.5 in VHFX mice. For NLRP3, a 2.4 mRNA fold change was observed
in VHFS mice; 6.7 in CDX mice; and 20.3 in VHFX mice. For NLRP6, a 12.2 mRNA fold
change was observed in VHFS mice; 18.6 in CDX mice; and 15.0 in VHFX mice.
Between groups, consumption of an HFD suppressed the gene expression of IL-13
compared to sedentary and exercised counterparts (CDX vs VHFS, p = 0.031; CDX vs
VHFX, p = 0.072). In contrast, a non-significant increase in the gene expression of IL-18
in VHFX mice was found compared to CDX mice (p = 0.084). Lastly, a gradual increase
in the gene expression of NLRP3 was observed with VHFX mice demonstrating the
highest mMRNA fold change (VHFX vs VHFS, p = 0.000; VHFX vs CDX, p = 0.002).

In males, significant differences were observed in the gene expression of
PYCARD and NLRP3 (Figure 4.1). For PYCARD, significant differences in the mRNA
fold change between VHFS and VHFX mice were found (1.4 vs 0.8, p = 0.023). For
NLRP3, both exercised groups demonstrated a significant increase in mRNA fold
change compared to VHFS mice (3.4 in CDX mice and 3.0 in VHFX mice vs 1.3 in VHFS
mice, p = 0.021 and 0.013).

Cleavage of caspase-1
In females, a non-significant increase in the ratio of cleaved caspl to caspl was

observed in both exercised groups compared to sedentary mice on either diet (Figure
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4.2). In contrast, a modest but non-significant decrease in the ratio was observed in both
male exercised groups compare to sedentary mice on either diet. No significant effect of
any independent factor was observed for the ratio of cleaved caspl to caspl (Table.
4.1).

Discussion

The present study sought to examine the impact of excess dietary fat
consumption and voluntary wheel running on the gene expression of inflammasome
components, including the NLRP3 and NLRP6 sensors, as well as on the activation of
caspase-1. In contrast to our first hypothesis, we observed marked increases in all
inflammasome components in sedentary high-fat fed female mice and in exercised
female mice fed either diet. These mice demonstrated a concomitant, albeit non-
significant, increase in caspase-1 activation. Moreover, HFDs suppressed the
transcription of IL-1B but increased the transcription of IL-18 as did voluntary wheel
running. In males, voluntary wheel running increased the gene expression of the NLRP3
sensor as opposed NLRP6 but modestly suppressed the activation of caspase-1 in mice
fed either diet.

The NLRP3 inflammasome has been implicated in the pathogenesis of IBD (70)
but recent findings indicate that it possess both pathogenic and anti-inflammatory
properties as well. Specifically, studies have shown that mice with deficiencies in the
sensor NLRP3, in the adaptor PYCARD or in caspase-1 present more sever
experimental colitis (182, 183). In addition, findings by Yao et al. indicate that
hyperactivation of the NLRP3 inflammasome may confer a protective advantage against
experimentally induced colitis in mice (184). Alternatively, the NRLP6 inflammasome has
shown to be critical for the maintenance of colonic homeostasis (10, 87). In the present

study, we observed an increase the gene expression of the NLRP3 and NLRP6 sensors
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in sedentary female mice fed an HFD and in exercised female mice consuming either
diet. However, a non-significant increase in the activation of caspase-1 was observed
only in exercised female mice suggesting that voluntary wheel running may potentiate an
additional therapeutic effect in the colon by activating either the NLRP3 or NLRP6
inflammasome or both. Moreover, it is interesting that HFDs suppressed the gene
expression of IL-1B but increased the expression of IL-18 as did voluntary wheel
running. As protein concentrations of IL-18 and IL-1(3 were not assessed, it is difficult to
ascertain the implications of these findings though IL-18 equilibrium has been implicated
in the governance of mucosal barrier function in experimental colitis (185) and
maturation of IL-18 is required for the NLRP6 inflammasome antimicrobial axis (87). In
males, the opposite was observed in which voluntary wheel running increased the gene
expression of the NLRP3 sensor but modestly reduced the activation of caspase-1.
Together, these results suggest that voluntary wheel running may promote intestinal
homeostasis in female mice by increasing the activity of both the NRLP3 and NLRP6
inflammasome or attenuate NLRP3 inflammasome activation in male mice despite
displaying an increase in the gene expression of the NLRP3 sensor. The lack of
statistical significance in our assessment of caspase-1 activation suggests that the
above insight is only speculative, however. The causal factors behind these sex-specific
differences as well as the effect of exercise on inflammasome activity remain elusive and
require more rigorous analyses.
Conclusions

In all, the results of the present study provide new insight into the potential role of
exercise in modulating inflammasome activity. Our findings also indicated that female
mice may be more susceptible to regulation of inflammasome activity via exercise. Still

however, the etiological factors that differentiate the NLRP3 inflammasome from its
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pathogenic or protective activity are not well characterized. Further, the extent to which
physical exercise modulates innate immune function via inflammasomes to promote (or

disrupt) intestinal homeostasis is wholly unexplored.
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Table 4.1. Analysis of caspase-1 cleavage by independent factors in mouse colon.

Table 4.1. Analysis of caspase-1 cleavage by independent factors in mouse colon.

pairwise comparisons

activity status (AS) diet (D) sex (S)
parameter sedentary exercise &M‘_mma“”om control 10% fat very _,w“MH: Lo% &.ﬁma“”nm female male &.ﬁmh”nm
c-caspl/caspl® 0.8+1.0 1.8+0.6 -1.0+1.1 1.5+0.9 1.1+07 04+11 1.9+0.9 07+0.7 12+11
3-way ANOVA p-values
parameter AS D S ASxD ASx S DxS ASxDxS
c-caspl/caspl? 0.360 0.736 0.300 0.872 0.225 0.587 0.890

Values of each parameter are expressed the mean + SEM. #Expressed as the

ratio of normalized densities (to total protein) of c-casp1 to casp1.

Casp1 (c-), caspase-1 (cleaved).
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Figure 4.1. Effects of diet and voluntary wheel running on relative gene expression
of the NLRP3 and NLRP6 inflammasomes in colon. Relative gene expression of
inflammasome components and related cytokines following 12 weeks of treatment with
control diet sedentary (CDS), very high-fat diet sedentary (VHFS), control diet exercise
(CDX) and very high-fat diet running (VHFX) in female and male mice colon. Values are
expressed as the fold change relative to CDS groups + SEM, n = 1-7 mice/group. One-
way ANOVA with Tukey’s post-test for CDS vs VHFS; CDS vs CDX; CDS vs VHFX;
VHFS vs CDX; VHFS vs VHFX and CDX vs VHFX for ACt values. ACt was calculated as
Cliarget— Clreference- @, p = < 0.05 compared to CDX; b, p = < 0.05 compared to VHFX.
Caspl; caspase-1; IL-18, interleukin-18; IL-1pB, interleukin-beta; NLRP3 & 6, NOD-like
receptor family pyrin domain containing 3 or 6; PYCARD, PYD and CARD domain
containing.
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Figure 4.2. Effects of diet and voluntary wheel running on cleavage of casplin
colon. Immunoblotting with antibodies for c-caspl and caspl following SDS-PAGE of
colon lysates after 12 weeks of treatment with control diet sedentary (CDS), very high-fat
diet sedentary (VHFS), control diet exercise (CDX) and very high-fat diet exercise
(VHFX). Densities are expressed normalized to total protein as determined by ponceau
S staining + SEM, n = 1-7 mice/group. Ratio of normalized densities between c-caspl
and caspl + SEM. One-way ANOVA with Tukey’s post-test for CDS vs HFS; CDS vs
CDX; CDS vs VHFX; HFS vs CDX; VHFS vs VHFX and CDX vs VHFX for normalized
densities and ratios. C-caspl, cleaved caspase-1; caspl, caspase-1.
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General Discussion
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Summary & Conclusions

The aim of Chapter 2 was to examine the extent to which 12 weeks of a 45%
HFD and voluntary wheel running effect colon inflammation and microbiota localization,
as measured by inner mucus layer thickness, in 6-week-old male and female
C57BL/6NTac mice. Emerging evidence suggests that inflammatory status of the
intestine appears to respond to and regulate the proximity and identity of gut microbes
closest to the epithelium (95, 140-142). We therefore hypothesized that voluntary wheel
running would attenuate HFD-induced colon inflammation and that consumption of an
HFD results in the localization of the microbiota closer to the epithelial surface but is
rescued by voluntary wheel running. We found voluntary wheel running to attenuate
HFD-induced colon inflammation in female mice only and no significant differences in
inner mucus layer thickness, challenging our initial hypothesis. Interestingly, sedentary
males fed a control 10% fat diet demonstrated a similar degree of inflammation to that of
their high-fat fed counterparts; this was not observed in females. These results indicate
that there are distinct sex differences in colon inflammation in the absence of excess
dietary fat intake suggesting an inherent protective benefit in female mice. Further, the
lack of attenuation of inflammation in exercised high-fat fed male mice may be due to
differences in exercise volume as females tend to adhere better to running wheels
relative to their male counterparts (148).

The aims of Chapter 3 were to replicate aim 1 in a second cohort of 6-week-old
male and female C57BL/6NTac mice but utilize a 60% HFD instead and employ
additional measures of inflammatory status. Numerous high-fat feeding studies have
employed a range of fat content in murine models of diet-induced inflammation, ranging
from 45% to 72% weeks (78, 143, 144, 186). We chose 60% to compare our previous

findings using a 45% HFD, to potentially accelerate the advent of overt colon pathologies
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and to model a similar study that showed a reduction in mucus thickness using a 60%
HFD (92). Additionally, we wanted to examine the impact of our dietary and exercise
interventions on the induction of the UPR and colonic epithelial ER stress. In the colon
the proportion of goblet cells, a secretory epithelial cell type, is increased (27). Given the
high secretory rate of these cells as well as the myriad of secretory products produced to
maintain intestinal homeostasis, it was surmised that HFD-induced colon inflammation
would impose a heightened secretory burden to restore intestinal homeostasis and thus
provoke ER stress. Taken together, we hypothesized that 60% HFD would result in the
gut microbiota localizing closer to epithelial surface due to a thinner inner mucus layer
and that this would be prevented by voluntary wheel running. We also hypothesized that
voluntary wheel running would increase IL-10 production concomitantly with a reduction
in mucosal inflammation and attenuate HFD-induced upregulation of the UPR gene
expression. In contrast to our first hypothesis, we discovered a unique compensatory
response in males characterized by a thickening of the inner mucus layer and an
increase in muc2 production. In agreement with the findings of aim 1, we again found
that sedentary male mice consuming a control 10% fat diet exhibited a similar degree of
colon inflammation to that of their high-fat fed counterparts but in contrast, voluntary
wheel running attenuated HFD-induced colon inflammation in both male and female
mice suggesting that dietary sucrose content may have mediated these discrepant
findings. Interestingly, we observed that female mice had an inherent increase in IL-10
compared to males further supporting the notion that females have a decreased
propensity to colon pathologies. In contrast to our initial hypothesis, we observed a
modest suppression in the gene expression of ER stress sensors ATF6 and IRE1( in
female mice fed a HFD but no significant changes in the phosphorylation of elF2a, which
acts to arrest protein translation in the advent of ER stress (53), were observed. In

contrast, a 60% HFD increased the phosphorylation of elF2a in sedentary male mice but
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this response was prevented with a control 10% fat diet or voluntary wheel running.
These findings illustrate that male mice are more susceptible to HFD-induced ER stress
but highlight, for the first time, that voluntary wheel running can attenuate HFD-induced

ER stress in the colon.

The aims of Chapter 4 were to examine the impact of dietary fat and voluntary
wheel running on the gene expression of inflammasome components and the activation
of caspase-1 in the same cohort of animals from Chapter 3. Inflammasomes are
comprised of three components: a sensor (e.g., NLRP), an adaptor (e.g., Pycard) and an
inflammatory caspase (e.g., caspase-1) (72). Together, these components act as a
staging platform for the activation of an inflammatory caspase and constitute an innate
immune mechanism that contributes to a microbe-host mutualism or dysfunction. Our
primary interest was the NLRP3 inflammasome which has been implicated in the
pathogenesis of IBD (70) as well as the NLRP6 inflammasome which has shown to
contribute extensively to the maintenance of colonic homeostasis (84). We hypothesized
that voluntary wheel running would attenuate HFD-induced transcription of the NLRP3
sensor but promote the expression of the NLRP6 sensor and suppress HFD-induced
caspase-1 activation. In partial fulfillment of our initial hypothesis, we observed marked
increases in the gene expression of inflammasome components, including both the
NLRP3 and NLRP6 sensor, in sedentary female mice fed an HFD and in exercised
female mice fed either diet. Further, a non-significant increase in the activation of
caspase-1, as determined by the ratio of cleaved caspase-1 to caspase-1, was observed
in exercised female mice. In contrast, voluntary wheel running increased the gene
expression of the NRLP3 sensor in exercised male mice fed either diet but resulted in a
modest and non-significant decrease in the activation of caspase-1. Given the anti-

inflammatory effects of voluntary wheel running demonstrated in Chapter 2 and 3, as
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well as the inherent resistance to colon pathologies in females, these results suggest
that exercise in females may confer an additional benefit to colon health via the
activation of both the NLRP3 and NLRP6 inflammasomes. The non-significant findings in
the activation of caspase-1 do demand caution, however. In summary, the findings from
this dissertation highlight novel mechanisms by which exercise promotes colon health
and attenuates HFD-induced colon pathologies. We have also demonstrated distinct sex
differences in inflammation severity and disease risk stressing the contribution of sex as
an outcome of disease. The complex interactions between sex, diet and activity status
on intestinal homeostasis require further exploration as well as the extent to which these

factors contribute to a host-microbe mutualism in the preservation of human health.
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