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Lay Abstract
Sepsis, a severe and deadly condition, is influenced by obesity. Some research suggests
that obesity might improve survival in sepsis, but animal study results are inconsistent.

This thesis explores obesity's role in sepsis using a mouse model of diet-induced obesity

(DIO).

Aims: This thesis aims to review the literature on DIO and sepsis in mice, develop a
standardized mouse model of sepsis and obesity, and understand how sepsis, obesity, and

season affect organ and immune function

Results: Our review identified a lack of standardization in murine studies, complicating
translational relevance. Our DIO sepsis model, obese mice showed decreased survival.
Increased fall mortality was linked to downregulation of the BMALI gene, suggesting
circadian rhythms impact sepsis outcomes. Reduced SCFA levels impaired macrophage

function, crucial for resolving inflammation.

Conclusion: This study shows how seasonal changes, gut health, and metabolism affect

immune responses in sepsis, improving the relevance of obesity and sepsis research.
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Abstract

Introduction: Sepsis, a severe and often fatal condition, is influenced by obesity, with
some studies suggesting an "obesity paradox" where obesity enhances survival. However,
outcomes in murine models of sepsis and obesity show variability. This PhD thesis
investigates the role of obesity in sepsis using a murine model of diet-induced obesity
(DIO). Additionally, it explores how the gut-lung axis and short-chain fatty acids

(SCFAs) influence macrophage function in the context of sepsis and obesity.

Aims: This thesis aims to (1) systematically review the literature DIO and sepsis in
murine models, (2) describe the impact of sepsis and obesity using a DIO fecal-induced
peritonitis (FIP) model, and (3) provide a mechanistic understanding of how sepsis,
obesity, and season affect organ function, focusing on circadian clock genes and

subsequent dysbiosis impacting macrophage function.

Results: The scoping review identified a lack of standardization and high variability in
outcomes and methodologies in murine models of obesity and sepsis, complicating
translational relevance. In our DIO FIP model, findings revealed no "obesity paradox,"
with obese mice showing decreased survival. Using a single predefined dose in DIO FIP
models is optimal for observing the impact of obesity on sepsis outcomes, minimizing
confounding effects. Increased mortality in septic mice during fall was influenced by
infradian cycles, with BMAL1 downregulation in fall and obese mice suggesting a link
between circadian rhythms and sepsis outcomes. Reduced SCFA levels in fall and high-

fat diet mice impaired macrophage function, affecting inflammation resolution. SCFAs
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play a crucial role in modulating macrophage polarization and inflammation resolution in

sepsis and obesity.

Conclusion: This study highlights the importance of seasonality, metabolic alterations
from dysbiosis, and their collective impact on immune responses in sepsis. Addressing
these factors can improve the translational relevance of obesity and sepsis research,

enhancing the utility of animal models in clinical applications.
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1.0!  General Introduction
M#$%&'H

Sepsis is the dysregulated host response to infection, leading to organ failure and
potentially death (Singer et al., 2016). Sepsis remains one of the leading causes of death
worldwide despite advances in diagnosis and supportive care. In 2017, approximately 48.9
million cases of sepsis and 11 million sepsis-related deaths were reported worldwide (Rudd
et al., 2020). Severe sepsis and septic shock are not only associated with high mortality but
are also linked to diminished long-term quality of life (Singer et al., 2016). Still, they are a
significant burden to our healthcare system, with an estimated cost of $1 billion annually
(Farrah et al., 2021) in Ontario and 27 billion in the United States (Hollenbeak et al., 2023).
Even after discharge, sepsis survivors are at a higher risk of mortality or a reduced quality
of life (Schade Skov et al., 2024). Sepsis diagnosis faces three key challenges: 1) Clinical
symptoms lack specificity; 2) Existing biomarkers lack adequate sensitivity and specificity
due to complex pathophysiology; and 3) Sepsis is a heterogeneous disease lacking a
unifying cause, phenotype or biological characteristic (Arora et al., 2023). Thus, sepsis

continues to be a crucial area of research.

MIMAL<,=3&=-"(3A3G-#3E#'%&'('

The pathophysiology of sepsis is complex. It was previously thought to be primarily
attributed to the infectious agent and the pro-inflammatory immune response it elicits.
However, research has shown that it also significantly alters the coagulation cascade,

induces immunosuppression, and contributes to systemic organ dysfunction.
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The first step that triggers sepsis is initiating the host response to the pathogen by
activating the innate immune system, primarily macrophages, monocytes, neutrophils, and
natural killer cells (Vincent et al., 1996a). Activation of innate immune cells occurs due to
the recognition of pathogens and damage-associated molecular patterns (Mogensen, 2009),
binding to various pattern recognition receptors (PRR) on innate immune cells (Murphy &

Weaver).

These PRRs induce intracellular signal transduction pathways that cause
upregulated transcription and secretion of pro-inflammatory cytokines such as tissue
necrosis factor (TNF)-a, IL-18 and IL-6 (Mogensen, 2009). The activation of the innate
immune response results in the proliferation of leukocytes, activation of the complement

system, tissue factor production and hepatic acute phase reactants (Gyawali et al., 2019).

Although sepsis is primarily associated with a pro-inflammatory cytokine response,
it is often followed by a prolonged period of immunosuppression. Late stages of sepsis are
frequently accompanied by lymphopenia, most notably, a decrease in both CD4* and CD8*
T-cell populations and a decrease in inflammatory cytokines, which are attributed to

increased apoptosis (Felmet et al., 2005).

The immune system is also intertwined with the coagulation cascade, and the host
response initiates it quickly upon the induction of sepsis (Wheeler & Bernard, 1999).
Clinically relevant hemostatic changes occur in up to 60% of patients with sepsis. Tissue

factor is crucial in initiating and orchestrating the coagulation pathway and can be derived
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from many cell types, including endothelial cells, monocytes and macrophages (Pawlinski

& Mackman, 2010).

Finally, another pathophysiological hallmark of sepsis is increased cellular, tissue,
and organ dysfunction. Tissue and organ dysfunction are attributed to decreased oxygen
delivery and utilization by cells. Cardiac dysfunction, reduced lung function (Vieillard-
Baron, 2011), or microvascular thrombosis can all impair oxygen availability and
perpetuate mitochondrial dysfunction (Fink, 2001). As a result, adenosine triphosphate
(ATP) generation is reduced, which may result in necrotic cell death. There is also an
increase in reactive oxygen species (ROS) production by a sepsis-induced “oxidative burst”
used to eliminate pathogens (Galley, 2011). However, this excessive ROS production can
be detrimental by disrupting essential mitochondrial functions such as mitochondrial
respiration and resulting in apoptosis (Green & Kroemer, 2004). The dysregulated
mitochondrial dysfunction seen during sepsis results in decreased cellular metabolism,
increased ROS production, and cell death, ultimately leading to tissue damage and organ

dysfunction.

""M#DA(9(1<A#&2%'%9,<,(39#3E#' %&'('

According to the 2021 Surviving Sepsis Campaign Guideline (Evans et al., 2021)
the diagnosis of sepsis is characterised by organ dysfunction which is assessed using the
Sequential Organ Failure Assessment (SOFA). The SOFA score evaluates and monitors the

severity of organ dysfunction in patients with sepsis. By associating the severity of illness
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with a numerical value, it aids in predicting patient outcomes and risk of mortality. The
SOFA score encompasses six key parameters: respiratory function (measured by the
PaOgy/FiOs ratio), coagulation (indicated by platelet count), liver function (assessed via
bilirubin levels), cardiovascular status (evaluated based on blood pressure and the
requirement for vasopressors), central nervous system performance (gauged using the
Glasgow Coma Scale to determine consciousness level), and renal function (measured
through serum creatinine levels or urine output) (Vincent et al., 1996, 2009). Each
parameter is scored from 0 to 4, with higher scores indicating more severe dysfunction, and
the total score ranges from 0 to 24. Higher SOFA scores correlate with increased mortality
risk (Vincent et al., 1996). Additionally, septic shock is described as "a subset of sepsis
with particularly profound circulatory, cellular, and metabolic abnormalities associated

with higher mortality risk" (Singer et al., 2016).

Lifestyle factors, including smoking, excessive alcohol consumption, and lack of
proper nutrition, can further elevate the risk (Fathi et al., 2019; Lee et al., 2024).
Hospitalization, particularly in intensive care units, and invasive procedures such as
catheterization (Melzer & Welch, 2017) or surgery (Gabriel et al., 2019) can also increase
susceptibility to sepsis due to the potential for hospital-acquired infections. Social
determinants of health, notably aging, frailty, gender, and socioeconomic status have all
been implicated as risk factors for sepsis (Sheikh et al., 2022). In addition, there is a notable
seasonal pattern in sepsis incidence, with higher rates observed during the winter months

(Danai et al., 2007; McNevin et al., 2018). This seasonality may be attributed to increased
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prevalence of respiratory infections, such as influenza (Moriyama et al., 2020), which are

more common in colder weather and can act as precursors to sepsis.

Despite the current standard of care for sepsis, which involves early antibiotic
administration, fluid resuscitation, and mechanical ventilation, sepsis continues to exhibit
a high mortality rate (Rudd et al., 2020). Sepsis serves as the primary cause of hospital
readmissions within 30 days, with heightened risk observed in patients chronic kidney
disease, as well as those discharged to a care facility (Rudd et al., 2020). Therefore, there
is a dire need for sepsis specific treatments to improve the outcomes and reduce the burden

on patients, caretakers, and the healthcare system.

"M [ #=9%2<8&%8, (1#,2%< 8380 & ' (#
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The landscape of clinical trials for sepsis treatment has been marked by numerous
attempts to find effective therapies, many of which have failed to deliver significant clinical
benefits. For example, the PROWESS trial (Bernard et al., 2001) examined Drotrecogin
alfa (Activated Protein C) and initially showed promise in reducing mortality, but further
studies failed to replicate these results, leading to the drug's withdrawal due to bleeding
risks (Ranieri et al., 2012). The CORTICUS trial (Sprung et al., 2008) focused on
Hydrocortisone for its anti-inflammatory properties, yet it did not significantly impact
mortality rates. Similarly, trials targeting specific inflammatory pathways, such as the
ENHANCE trial with anti-TNF antibodies and the INTERSEPT trial (Fisher et al., 1996)
using interleukin-1 receptor antagonists, were unsuccessful, reflecting the complex

immune dysregulation in sepsis. The KYBERSept trial (Warren_et_al., 2001)_ on
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Antithrombin III  and VASST (Russell et al., 2008) comparing Vasopressin to
Norepinephrine also failed to demonstrate meaningful outcomes, often due to safety
concerns or lack of efficacy. In more recent efforts, the REMAP-CAP trial (Angus et al.,
2020) employed an adaptive platform to test multiple therapies for COVID-19-related

sepsis, showing limited success with certain interventions like corticosteroids.

The failures of past trials underscore the necessity of gaining a deeper
understanding of the underlying biological mechanisms driving sepsis, as well as
identifying novel therapeutic targets that can address its heterogeneity. Preclinical
research is essential for uncovering these critical insights and for developing innovative
treatment strategies that can translate into more effective clinical outcomes. By fostering
robust preclinical studies, researchers can better inform clinical trial design, leading to
therapies that are more precisely tailored to combat the diverse manifestations of sepsis.
This approach is crucial for overcoming the limitations of previous trials and ultimately

improving patient survival and quality of life.#

"l "G 2UKLA(9(L<A#A3>%AHIBEH %&'('

There are two methods of polymicrobial sepsis induction that are primarily used in
pre-clinical models: cecal ligation and puncture (CLP) and fecal-induced peritonitis (FIP).
The fecal-induced peritonitis and cecal ligation and puncture models are valuable for

studying sepsis, each with strengths and limitations.

Cecal ligation and puncture allow a continual release of cecal contents into the

peritoneal cavity. In short, CLP is performed by creating a midline laparotomy to expose
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the cecum, where it is ligated and perforated a designated number of times. A set amount
of feces is then extruded from the perforation site by squeezing the cecum before it is
replaced in the peritoneal cavity and sutured closed (Toscano et al., 2011). The CLP
model is highly regarded for its clinical relevance, as it closely mimics the
pathophysiology of human sepsis (Wichterman et al., 1980), including the progression
from localized infection to systemic involvement (Dejager et al., 2011). The severity of
sepsis can be adjusted by varying the number and size of punctures and the ligation length
(Ruiz et al., 2016). Despite its benefits, the individual surgical skill of each surgeon
impacts the overall outcome of experiments depending on the length of time to operate
and, therefore, how long the mouse in under anesthetic as well as the amount of tissue

trauma induced by the operator (Dejager et al., 2011).

The FIP model involves the introduction of a fecal slurry into the peritoneal cavity
to induce peritonitis and sepsis. The fecal slurry, derived from donor fecal matter,
introduces a diverse bacterial load into the peritoneal cavity, leading to a polymicrobial
infection and subsequent systemic inflammatory response. One of the most profound
benefits of the FIP model is its ability to provide a complex and diverse bacterial load,
closely mimicking the polymicrobial nature of human sepsis (Sharma et al., 2023;
Tsuchida et al., 2022). The severity of the infection can easily be controlled by adjusting
the concentration and volume of the fecal slurry, ensuring reproducibility and
consistency. However, the variability in fecal contents from different batches can

introduce some inconsistencies (Sharma et al., 2023), and the defined amount of bacteria
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counter to the constant leakage in the CLP models contrasts with the more anatomically

specific CLP method.

IV, -#
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According to the Obesity Medicine Association, “Obesity is defined as a chronic,
progressive, relapsing, and treatable multi-factorial, neurobehavioral disease, wherein an
increase in body fat promotes adipose tissue dysfunction and abnormal fat mass physical
forces, resulting in adverse metabolic, biomechanical, and psychosocial health
consequences.” (Bray et al., 2017; Fitch & Bays, 2022) Clinically, obesity is defined as the
accumulation of adipose tissue resulting in a BMI of >30kg/m¥(*+%'(,-#<9>#*M%20%(G=,
n.d.) and is rapidly a growing pandemic, particularly in developed countries like Canada.
The World Health Organization previously estimated that the prevalence of obesity has
tripled over the past forty years, climbing to over 650 million obese individuals as of 2016
and contributing to at least 2.8 million deaths per year worldwide (WHO, 2021). According
to Obesity Canada, 1 in 10 premature deaths in Canadian adults can be directly attributed
to obesity (*+%'(,-#(9#D<9<#%'(,-#D<9<><n.d.), making it a significant burden on
the healthcare system, associated with an estimated cost of $7.881 billion in 2021
(Kotsopoulos & Connolly, 2024). Obesity is recognized as a product of energy imbalance,

with greater consumption of calories than expenditure.

Obesity is characterized by excess accumulation of visceral adipose tissue and is

correlated with chronic inflammation and insulin resistance (Heymsfield & Wadden, 2017;
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Marques & Langouche, 2013). Currently, the role of increased inflammation and
proinflammatory cytokine secretion is unknown. It is hypothesized that there is a
physiological compensation within the adipose cells to regulate and restore energy balance
due to the surplus of nutrients. This regulatory mechanism is thought to involve the local
synthesis of adipokines as a source of energy expenditure to prevent adipocytes from

storing surplus lipids (Chang et al., 2020).

Obesity is a risk factor for a wide variety of diseases and complications. Obesity is
a risk factor in developing or exacerbating various chronic diseases such as diabetes,
coronary heart disease, chronic obstructive pulmonary disease and renal disease. An
increasing body of literature shows an association between obesity and acute infectious
diseases such as influenza, urinary tract infections, and periodontitis (Huttunen & Syrjénen,
2013). Obesity is also an underlying risk factor for acquiring nosocomial infection
(Huttunen et al., 2013). Many of the links between obesity and disease outcomes are related
to the impact of obesity on immune surveillance (Marti et al., 2001). However, the exact
mechanism and association between obesity and specific disease outcomes remains elusive.
Due to the increasing obese population and its implications for health and disease, it is

important to understand the impact of obesity in the setting of specific diseases.

")") #+9%'(,-#(9#12(,(1<A#(AA9%"
The ratio of overweight and obese patients with critical illnesses is increasing, accounting
for approximately 20% of patients admitted to the intensive care unit (ICU) (Papadimitriou-

Olivgeris et al., 2016). Obesity is associated with an increased risk of nosocomial and
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secondary infections, leading to sepsis, multiple organ dysfunction, and death (Petrilli et
al., n.d.). However, the relationship between obesity and the immune response to infection
is poorly understood. Recent studies evaluating obesity in COVID (coronavirus disease)-
19 have observed that individuals with a BMI >30kg/m?® are at a significantly higher risk
of ICU admission (Petrilli et al., 2020), and those with a BMI >35kg/m®are more likely to
need mechanical ventilation (Simonnet et al., 2020). This suggests that there are detrimental

effects of obesity on critical illness outcomes and recovery.

Most animal studies report that obesity exacerbates the adverse outcomes of sepsis;
however, even diet-induced models are variable in response. Similarly, clinical studies that
examine the impact of obesity on clinical illness outcomes have also reported varied results.

While some studies show an increased mortality risk, others observe the protective effects

of obesity (Pickkers et al., 2013; Trivedi et al., 2015; Wacharasint et al., 2013). [=%#A<,,%2#

(#P9309#<'#,=%#3+%'(,-# &<Bprd8Pective observational cohort study by Prescott et
al. found that sepsis patients with higher BMI were associated with significantly improved
1-year mortality with obese patients compared to their non-obese counterparts (Prescott et
al., 2014). The conflicting evidence associated with obesity and sepsis outcomes highlights

the need for further investigation.

I". #(012+(23%#
The microbiome is an “ecological community of commensal, symbiotic and

pathogenic organisms that share our body space” (Lederberg & McCray, 2001). Their

10
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location in the body often characterizes microbiomes as they exist in the lungs, skin, or gut.
The gut microbiome is the most thoroughly characterized, composed of hundreds of
bacterial species integral to proper host health (Devaraj et al., 2013). In particular, the gut
microbiome comprises phyla including F(24(18,%' R<1,%23(>%,23,%3+<1,%24sd
;1,(93+<1,%28Vachharajani, 2008). Aerobic and anaerobic commensal gut microbiota
play a crucial role in maintaining normal nutrient absorption, facilitating drug metabolism,
modulating immune responses, and providing protection against pathogenic infections
(Pickard et al., 2017). Defined by the number, abundance, and distribution of organism
diversity within the gut microbiome, alpha diversity measures the species composition
within a subject (O’Hara & Shanahan, 2006). A diverse bacterial composition out-competes
harmful bacteria, competes with pathogens for nutrients, develops the immune system, and
provides many metabolic functions, including forming short-chain fatty acids (SCFAs)

(O’Hara & Shanahan, 2006).

The microbiome is malleable and can change, resulting in dysbiosis. Dysbiosis is
defined as in imbalance in the abundance of microbial populations, bacterial metabolic
activities, or the distribution of the bacterial population (Prakash et al., 2011). Factors
contributing to dysbiosis include antibiotics, changes in dietary intake, and critical illness
(Lamousé-Smith et al., 2011). The gut microbiome is hypothesized to play an integral role
in the development and progression of sepsis by maintaining the gut barrier, regulating
leukocyte function, and influencing innate and adaptive immunity (Haak & Wiersinga,

2017; O’Hara & Shanahan, 2006; Schuijt et al., 2016).

11
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The gut microbiome has been implicated as an important factor in determining the
outcomes of critically ill patients. It has been established that critically ill patients are in a
state of dysbiosis with a decrease in beneficial, health-promoting organisms such as
F(24(18,%'#md R<1,%23(>%hd an overgrowth of potential pathogens, including
N9,%23+<1,802 $,<&=-A3131H8McDonald et al., 2016)" These changes in the microbial
composition are multicausal. First, critical illness in and of itself can cause changes in the
microbiome due to general environmental changes within the host; enteric pathogens that
elicit an immune response are also capable of altering the microbial composition through
competition with symbiotic species existing in the gut (Carding et al., 2015) or through
newly acquired genes (Alverdy & Krezalek, 2017). A significant contributing factor to
dysbiosis in critically ill patients is the use of antibiotics (McDonald et al., 2016), as >70%
of ICU patients receive antibiotics as part of their treatment regime (Vincent et al., 2009).
Antibiotics alter the microbiome by indiscriminately ablating the microbes. Furthermore,
nutrition and diet are critical modulators of the microbiome. Enteral or parental
administration of food and the composition (carbohydrate, lipids and proteins) can

influence the microbial diversity of the gut (David et al., 2014).

The gut microbiome is hypothesized to play an integral role in the development and
progression of sepsis by maintaining the gut barrier, regulating leukocyte function and

influencing innate and adaptive immunity (Haak & Wiersinga, 2017; Schuijt et al., 2016).

12
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It is also vital for regulating the outcomes of patients with sepsis by maintaining gut barrier
integrity, including cellular metabolism and energy harvest, as well as modulating immune
cell function®. A prospective observational study of septic and non-septic ICU patients

showed a decrease in bacteria strains critical to host metabolism (Lankelma et al., 2017).

" "A=%#4(123+(34%#<9>#3+%'(,-

A significant contributor to the microbial composition of the gut microbiome is diet.
Obesity markedly influences microbial species and the microbiome’s functions in human
health and disease. Obesity, in both humans and mice, has been associated with an increased
ratio of F(24(18,%to R<1,%23(>%Po'J. Turnbaugh et al., 2006). Therefore, obesity is
associated with a higher number of pro-inflammatory strains of bacteria resistant to
oxidative stress (Sun et al., 2015). Diet and dietary changes discernibly influence the
composition of the gut microbiome. Dietary intake is estimated to contribute up to 57% of
the causality for changes in the microbial composition of the gut microbiome (Zhang et al.,
2010). The Western Diet (WD), generally consumed in North America, is characterized as
high in fats and sugars while containing low amounts of dietary fibre and has been shown
to increase the microbiota, favouring an overgrowth of F(24(18,%'while decreasing

R<1,%23(F#avid et al., 2014; P. Turnbaugh et al., 2008).

"/ "[H#=32KL =<(9#E<, - #<1(>'
Short-chain fatty acids (SCFA), primarily acetate, propionate, and butyrate, are
metabolic by-products of microbial fermentation produced primarily by anaerobic bacteria

(Binder, 2010). SCFAs are found in the intestinal tract at a ratio of 60:20:20 of acetate,

13
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butyrate, and propionate, respectively (Lu et al., 2016). In the terminal ileum, the
concentrations of SCFA were approximately 13 + 6 mmol/kg of content, whereas in the
descending colon, they measured 80 + 11 mmol/kg of content (Cummings et al., 1987). In
contrast, Blood concentrations of total SCFAs were determined to be 375 + 70 umol/L in
the portal vein, 148 + 42 umol/L in the hepatic vein, and 79 + 22 pmol/L in the peripheral

bloodstream (Cummings et al., 1987).

Bacteroidetes predominantly produce acetate and propionate, whereas Firmicutes
primarily produce butyrate (Binder, 2010). Gut microbiome-derived SCFAs are integral for
proper systemic immune function (Den Besten et al., 2013; Trompette et al., 2014). SCFAs
serve as signalling molecules, promoting various downstream signalling and diverse
effects. SCFAs can act in the lungs as an energy source or signalling molecules to attenuate
the inflammatory response by altering immune cells’ properties, such as migration,
adhesion, and cytokine expression (Anand & Mande, 2018). SCFAs can enter epithelial
cells through passive diffusion; however, their uptake is significantly enhanced via active
transport mediated by monocarboxylate transporter 1, with a smaller contribution from
sodium-coupled monocarboxylate transporter 1 (Halestrap & Meredith, 2004; Sepponen et

al., 2007).

SCFAs activate G-protein coupled receptors (GPR), GPR41, and GPR43 to promote
various downstream signalling and diverse effects (Priyadarshini et al., 2018). GPRs are
integral for inducing cellular proliferation, activation, and apoptosis (Schulthess et al.,

2019). The loss of beneficial microbial communities during dysbiosis could potentiate

14
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abnormal inflammatory responses. Thus, microbiome modulation remains an attractive

method for controlling the immune response.

I"4#63367%#1%'&2 H%
I"6"1#7 4489%#2%'&39'%#(9#' % &'(*

Sepsis is associated with an initial pro-inflammatory state with overproduction of pro-
inflammatory cytokines, fever, tachycardia and tachypnea (Vachharajani, 2008). An
immuno-suppressed state follows this with lymphopenia and loss of immune function
(Vachharajani, 2008). Upon the first encounter with inflammatory stimuli (pathogen), the
immune system reacts by releasing proinflammatory cytokines including tissue necrosis
factor alpha, interleukin 1, and interleukin 6 (Nedeva et al., 2019) and activates the
complement and coagulation cascades (Vachharajani, 2008). Following this pro-
inflammatory response, the immune system stimulates the synthesis of anti-inflammatory
agents to reduce inflammation including interleukin 10, transforming growth factor- beta,
agents achieve a balance, there is less to no tissue damage. However, if this balance is not

attained, organ damage and even death may occur (Vachharajani, 2008).

I"6")#(123+(34%S#(9EA8%91%#39#,=%#(4489%#'-',%4
The gut microbiome is integral for the proper function of the immune system, and in

turn, the immune system helps to maintain a healthy microbiome. The microbiome was

15
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first shown to be integral for immune development as germ-free mice were found to have
defects in antibody production (Lamousé-Smith et al., 2011) and isolated lymphoid follicles

(Bouskra et al., 2008) compared to animals from specific pathogen-free environments.

SCFAs influence the anti-inflammatory properties of immune cells, such as migration,
adhesion, and cytokine expression (Vinolo et al., 2009; M. Yan et al., 2023; Q. Yan et al.,
2023). Furthermore, they are integral for inducing appropriate cellular proliferation,
activation, and apoptosis (Angriman et al., 2023). Therefore, the loss of beneficial
microbial communities during dysbiosis may promote abnormal inflammatory responses.
Thus, modulation of the microbiome remains an attractive method for controlling the

immune response.

I"6"/#03931-,%'#<9>#0<123&=<G%'#

Macrophages are important innate immune cells in the development, progression and
resolution of sepsis due to their immunoregulatory function and ubiquitous presence
(Cheng et al., 2018). Macrophages are highly dynamic immune cells known for their
remarkable plasticity, which allows them to adapt their functions and phenotypes in
response to various stimuli and environmental conditions. Traditionally, macrophages were
categorized into two main phenotypes: M1 and M2, based off of the Th1 and Th2 paradigm
(Mills et al., 2000). The M1 phenotype, often referred to as "classically activated"
macrophages, is associated with pro-inflammatory responses, microbial killing, and the
secretion of cytokines like TNF-a and IL-12 (Mills et al., 2000). Conversely, the M2

phenotype, or "alternatively activated" macrophages, is linked to anti-inflammatory
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functions, tissue repair, and the production of cytokines such as IL-10 and TGF-f (Gordon
& Martinez, 2010; Mills et al., 2000). However, this binary classification has been
increasingly challenged, as recent research indicates that macrophages do not exist
exclusively as M1 or M2 phenotypes (9#M(NIBlurray et al., 2014). Instead, they exhibit a
spectrum of phenotypes that can dynamically shift based on the surrounding
microenvironment and specific signaling cues they encounter (Purcu et al., 2022). This
adaptability underscores the complexity of macrophage biology, emphasizing that these
cells can transition between various functional states rather than being locked into a single
phenotype. Evidence of M1 and M2 phenotypes existing (9#M(Ni3s been observed, but it
is important to note that these phenotypes are not strictly defined as they are (9% M(,23
(Strizova et al., 2023). 79#M(M3acrophages display a more nuanced continuum of states,
influenced by factors such as cytokines, growth factors, and local tissue signals, reflecting

their versatile roles in immune regulation and homeostasis (Purcu et al., 2022).

Upon activation during the development of sepsis, macrophages play an integral process
in the inflammatory process by adopting an M1 phenotype and increasing the release of
pro-inflammatory cytokines in an interferon-gamma (IFNy)/ signal transducer and activator
of transcription (STAT)-1 signalling dependent manner. In the later stages of sepsis, when
there is immunosuppression (Delano & Ward, 2016), it has been shown that macrophages
are dysfunctional and exhibit endotoxin tolerance(Lopez-Collazo & del Fresno, 2013). This
endotoxin tolerance is defined as a shift towards M2 macrophages, despite the presence of
pro-inflammatory stimuli such as LPS (Vergadi et al., 2018). Therefore it contributes to

immunosuppression observed in the later stages of sepsis (Pena et al., 2011). Macrophages
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can obtain both pro-inflammatory and anti-inflammatory phenotypes that contribute to

sepsis developments and outcomes through changing their metabolic profiles.

I"6"67448934%,<+3A('4

Immunometabolism examines how immune cell metabolism can alter effector function,
and thus, how it can be modulated to improve the outcomes of various diseases. Metabolic
reprogramming of macrophages is a crucial area of interest as it has been established that
M1 and M2-like macrophages utilize different metabolic pathways to assert their respective

effector functions.

M1-like macrophages are often the primary first responder to sites of inflammation,
therefore, requiring a rapid source of energy. M1-like macrophages have upregulated
aerobic glycolytic metabolism, which is necessary for generating enough ATP to supposed

phagocytic and microbicidal functions (Allard et al., 2018).

M2-like macrophages are activated via type II cytokines such as IL-4 or 13 and are
traditionally thought to play an exclusive role in tissue repair. In contrast to the M1-like
macrophage metabolic phenotype, M2-like macrophages rely on oxidative phosphorylation
(OXPHOS) and fatty acid oxidation (FAO), enabling a longer sustained energy supply (Vats
et al., 2006) without having to engage aerobic glycolysis (Wang et al., 2018). By using
OXPHOS and FAO as primary sources of ATP, M2-like macrophages limit the amount of

ROS and NO produced (Galvan-Pefia & O’Neill, 2014).

The metabolic switch from aerobic glycolysis to OXPHOS and FAO is primarily driven

in a STAT6 dependent manner. STAT6 induces expression of genes such as Peroxisome
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proliferator-activated receptor-gamma coactivator (PGC)1-B, Peroxisome proliferator-
activated receptors (PPAR)y, PPARS (Ganeshan & Chawla, 2014). PGCI1-f plays a vital
role in the initial metabolic switch towards OXPHOS as it is responsible for inducing

mitochondrial respiration and mitochondrial biogenesis,

Therefore, macrophage metabolic functions define their overall phenotype. An
important contributor to proper metabolic function is the availability of substrates. The
microbiome produces many metabolic substrates that are utilized by macrophages (P. J.
Turnbaugh et al., 2006). Therefore, the gut microbiome plays a crucial role in mounting a
proper immune response and influences susceptibility to diseases (McDonald et al., 2016).
As previously discussed, the microbiome is moved towards a state of dysbiosis both by
critical illness and obesity (McDonald et al., 2016). Therefore, modulation of the
microbiome to support the production of metabolic substrates for imperative immune
function provides an appealing treatment strategy. Obesity also impacts macrophage
immunometabolism since obesity is considered a pro-inflammatory state, polarizing
macrophages towards an M1 phenotype (Wacharasint et al., 2013). As such, macrophages
from obese mice and humans show an increased inflammatory response associated with
increased activation in anaerobic glycolysis (Nizet & Johnson, 2009). However, the impact
of obesity or sepsis on substrate availability and the subsequent impact on macrophage

metabolism and function has yet to be deciphered.
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2.0!  Hypothesis, aims, and objectives

8-82,9%'(‘#

We hypothesize that a high-fat diet will induce shifts in the gut microbiome, leading to
beneficial changes in metabolic processes that provide greater substrates, such as short-
chain fatty acids, for utilization by immune cells. This enhanced substrate availability will
improve macrophage function and ultimately contribute to greater survival in obese mice,

supporting and providing a potential mechanism for the obesity paradox.

(3" #

The overarching aim of this thesis is to provide a comprehensive understanding of pre-
clinical models of sepsis and diet-induced obesity. To achieve this aim, the following

objectives are set:

1. Scoping Review of Literature: Conduct a scoping review of the existing literature on

diet-induced obesity.

2. Impact Analysis Using the FIP Model: Describe the impact of sepsis and obesity using

the fecal-induced peritonitis (FIP) model.

3. Mechanistic Understanding: Provide a mechanistic understanding of how sepsis,

obesity, and seasonality impact organ function.
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Background

Sepsis, the life-threatening host response to infection, is a major cause of mortality.
Obesity increases vulnerability to sepsis; however, some degree of obesity may be
protective, called the “obesity paradox.” This scoping review systematically maps the
literature on outcomes associated with diet-induced obesity and sepsis-induced organ

injury, focusing on non-transgenic murine models.

Methods

A literature search of primary articles was conducted from database inception to June
2023. Eligible articles compared diet-induced obesity to non-obese mice in sepsis models
involving live pathogens. Two reviewers screened articles and extracted data on
obesogenic and sepsis models utilized, and organ injury outcomes, including

physiological dysfunction, histological alterations, and biochemical changes.

Results

Seventeen studies met eligibility criteria; 82% used male C57BL/6 mice, and 88% used
cecal ligation and puncture to induce sepsis. Most studies used 60% high-fat diets
compared to 10-16% fat in controls. Seven (64%) studies reported increased mortality in
obese septic mice, one (9%) observed a decrease, and three (37%) found no significant
difference. The liver, lungs, and kidneys were the most studied organs. Alanine

transaminase results were inconclusive. Myeloperoxidase levels were increased in the
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livers of two studies and inconclusive in the lungs of obese septic mice. Creatinine and

neutrophil gelatinase-associated lipocalin were elevated in obese septic mice.

Conclusion:

There is variability in the methodology and measured outcomes in murine models of diet-
induced obesity and sepsis and a lack of studies in female mice. The absence of
standardized models has produced conflicting findings on the impact of obesity on sepsis

outcomes.

Take-home message

This scoping review highlights the varied use of murine models in studying sepsis and
obesity's effects on organ injury, leading to inconsistent data and hindering progress.
Standardizing mouse models, incorporating both sexes, and agreeing on outcome
measures are essential for enhancing comprehension of obesity's influence on sepsis

response.
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Sepsis, the life-threatening response to infection resulting in organ damage and
dysfunction, is the leading cause of death worldwide [1, 2]. The substantial healthcare
burden is evident, with intensive care unit (ICU) stays costing billions in Canada [3].
Despite advancements in sepsis understanding, treatment remains supportive due to the
diverse disease trajectory among patients. Co-existing conditions like obesity, diabetes,
heart disease, renal failure, and alcohol use disorder further complicate sepsis, altering the
immune response [4]. Yet, the specific impact of these co-morbidities on sepsis outcomes

remains elusive.

Obesity, characterized by a BMI exceeding 30, is a widespread issue globally, disregarding
socioeconomic differences [5]. Overweight and obese patients are increasingly represented
in critical care, accounting for a significant proportion of ICU admissions [6].
Paradoxically, observational studies suggest that obesity might confer a survival advantage
in sepsis, defying conventional health implications [7-10]. However, pre-clinical research
outcomes on obesity's influence in sepsis are inconsistent, hampering effective translation
to clinical practice. It imperative to establish relevant models mimicking human scenarios
to unravel obesity's intricate role, encompassing its impact on sepsis occurrence, organ
dysfunction, and mortality. Such insights hold the key to innovative therapeutic strategies

in sepsis management.
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Murine models are pivotal for comprehending sepsis-obesity dynamics, driven by their
simplicity, reproducibility, and cost-effectiveness in sepsis research [11, 12]. The
established "gold-standard" sepsis model is cecal ligation and puncture (CLP), involving
cecal puncture and fecal introduction into the peritoneal cavity [13]. Another model, fecal-
induced peritonitis (FIP), injects bacterial inoculum from a donor animal's cecal contents
into the peritoneal cavity [14]. Murine obesity research employs genetic (monogenic or
polygenic) or non-genetic models like diet-induced obesity (DIO). While genetic models
unravel gene mechanisms, they might lack translational relevance due to rare or non-
existent human-equivalent mutations [15]. In contrast, DIO mirrors human dietary
imbalances contributing to obesity more faithfully. However, the lack of consensus on

optimal pre-clinical model combinations leads to conflicting findings and literature gaps.

This scoping review aims to comprehensively explore the literature on the effects of live
pathogens in murine models of diet-induced obesity (DIO) and sepsis, with the objective
of systematically assessing and synthesizing available research to elucidate the impact of
DIO on sepsis-related organ injury. Additionally, this review intends to evaluate
methodological aspects and identify knowledge gaps, thereby contributing to the

enhancement of research quality and understanding.

M H#%,92<'#
This scoping review adheres to the PRISMA-ScR (Preferred Reporting Items for
Systematic reviews and Meta-Analyses extension for Scoping Reviews) guidelines [16]

and follows a five-stage process based on the framework by Arksey and O’Malley [17], as
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well as advancements by Levac and colleagues [18]. The stages encompassed defining the
research question, identifying pertinent studies, selecting studies, data charting, and
summarizing and reporting results. The review's protocol is available on Open Science

Framework with the identifier DOI 10.17605/OSF.IO/FE7KY.

11" #5,<G%#I THT7>%9,(E-(9GH<#Q@ %' Yo<28##HI8%', (39
¥ Primary: In murine models of DIO and pathogen-driven sepsis, what are the

reported outcomes on the impact of obesity on sepsis-induced organ injury?

1)! Secondary: In murine sepsis models, is there evidence that DIO protects

against sepsis-induced organ dysfunction?

I"I") #,<GYHF >%09, (E-(9GH2%AYM<IHHE>(%'H#

Relevant studies were identified by searching PubMed, Medline, EMBASE, Web of
Science, and CINAHL from inception to June 2023. Search terms included sepsis,
septicemia, bacteremia, murine model, mouse model, obesity, and high-fat diet. The search
terms were adapted to each database as needed. Supplemental 1 presents a sample search

strategy.
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Relevant studies were screened by title and abstract, followed by full-text review using
Covidence (Veritas Health Innovation, Melbourne, Australia) [19]. Two reviewers
conducted independent screenings, resolving discrepancies through discussion or a third

reviewer's input.

A modified SYRCLE tool with 21 sub-items was used, (excluding sub-item 17 due to
lack of relevance) (Supplemental table 1). This aimed to evaluate each study's quality,
bias, strengths, and limitations in murine sepsis and obesity research. Despite its
uncommon use in scoping reviews, risk of bias assessment was conducted to enhance
discussions on study quality and inform future research, involving two independent

reviewers and resolving disagreements through a third reviewer's consultation.

" 1"6#, <GWBFHNA(G(+Hil#

This scoping review included non-transgenic murine models investigating the impact of
high-fat and/or diet-induced obesity (DIO) on sepsis outcomes. Eligible sepsis models
encompassed bacterial sepsis, polymicrobial sepsis, and cecal ligation and puncture.
Included studies explored histological, biochemical, physiological, and immune changes
associated with organ injury. Excluded were studies involving humans, rats, other animal
models, lipopolysaccharide sepsis models, obesity knock-out models (3+V3+W#>},\ind

solely in vitro approaches. Publications like editorials, abstracts, commentaries, letters,
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systematic reviews, and meta-analyses were excluded, though their reference lists were

reviewed for relevant articles.

I"I": #,<G%#:. T#HD=<2,(9G#, F###H#<,<

Key information from the included studies was abstracted, independently and in

duplicate, using standardized data abstraction forms (Supplemental Data Extraction

File). The following information was extracted:

Author(s)

Year of publication

Country of publication

Breed, supplier, sex, and age of mice

Organs evaluated

Type of diet (composition, percent of kcal)

Method of diet delivery

Length of time on the diet

Body weight and fat mass

The method by which sepsis was induced, site of infection, and dose
Endpoint time

Antibiotics, fluids, and analgesia

Outcomes including glucose and insulin response, mortality, biomarkers of organ
dysfunction, myeloperoxidase, and cytokine changes.

The data abstraction form was tested on three studies, and then data extraction was

conducted independently and in duplicate by two reviewers, with discrepancies resolved

through discussion or third-party arbitration.
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The study presented results summarizing the impact of DIO on sepsis outcomes, using
tables to organize bibliographic, obesogenic, and sepsis model data. The narrative
synthesis highlighted DIO model development, sepsis induction methods, and outcomes,
assessing whether DIO offers sepsis protection. Similar outcome studies reported in

parallel, and conflicting evidence was compared.

S AEY'6> #

A total of 393 articles were initially identified through the search. After removing
duplicates, 348 articles underwent initial screening, resulting in 88 articles based on title
and abstract. Following further evaluation, 71 articles were excluded for not meeting

inclusion criteria, leading to a final selection of 17 articles that met the criteria (Figure 3.1)

[20-36].

["6"1#5,8>-#1=<2<1,%2(#H1'

Table 31 summarizes the characteristics of the 17 included studies, originating from eight
different countries, predominantly the United States (41%). Most studies (88%) utilized
male C57BL/6 background mice, while exceptions included one study (6%) involving male
Swiss mice [31], another (6%) with 57BL/6JRj mice [23], and one study (6%) exclusively
using female mice [22]. Mice ages ranged from three to 24 weeks, with a notable proportion

(53%) initiating diet at six weeks [20, 21, 24, 25, 27, 29, 32, 34, 35]. Most studies obtained
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mice from commercial suppliers, although three (18%) employed in-house bred mice [22,
28, 31], and another three (18%) did not specify the source [29, 33, 36]. The liver was the

most frequently evaluated organ (71%), followed by the lungs (29%) and kidney (24%).

["6") 3>%AH#3EH' Y& ('

Table 3.2 provides an overview of the sepsis induction methods utilized, with 82% of
studies employing cecal ligation and puncture (CLP) [20-26, 28-31, 33-36]. The
prevalent CLP techniques included double-puncture with a 22G needle (18%) [20, 25, 35]
and single puncture using a 23G needle (18%) [30, 33, 36]. A live-bacteria model was
used in one (6%) study [32], and another (6%) [27] induced sepsis with fecal slurry. Post-
sepsis evaluations were conducted between six hours and 28 days, with 76% of studies
not reporting antibiotic use [21, 22, 24-33, 36]. However, three (18%) studies [20, 34,
35] administered imipenem, one (6%) in combination with cilastatin [34]. One study (6%)
[23] mentioned antibiotic use without specifying type or dosage. Fluid resuscitation was
performed in 71% of studies [20, 22-26, 29, 30, 33—-36], commonly using either 0.6ml or
Iml of saline (35%) [20, 24, 25, 29, 30, 35]. Conversely, analgesics were not used

throughout the sepsis timeline in 65% of studies [20-22, 24, 25, 27, 29-32, 35].

["6"[#3>%AH#3EH#3+%'(,-
Table 3.3 summarizes the obesity models employed in the studies, with 53% using a high-

fat diet comprising 60% kilocalories (kcal) of fat [20, 21, 24, 25, 27, 31, 33, 35, 36]. Other
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studies specified diet composition in terms of percent butterfat [26], gram percent fat [32],
g/kg of butterfat [29], kilojoule % of fat [34], w/w [28], or percent lipids not converted to
%kcal fat [22]. Control diets ranged from 10 to 16% kcal of fat, and 24% of studies used
normal or standard chow [26, 31, 33, 36] as controls. Diet duration varied from three days
to 27 weeks, with six [25, 26, 35] or 12 weeks [23, 30, 34] being common. Mice on high-
fat diets typically exhibited increased body weight or fat mass at the study's end [20, 22,
24-30, 32-36], although 65% did not report fat mass [21-24, 26, 28-31, 35, 36], and 18%
did not report body weight or fat mass [21, 23, 31]. While high-fat diets were used across
all studies, two (12%) also employed genetic knock-out models for obesity induction [32,

34], with this review focusing exclusively on high-fat diet-induced obesity models.

" 6"68 %-#E(9> (9@’

The key outcomes of each study are summarized in Table 3.4. Six (35%) studies reported
glucose intolerance before sepsis induction [22, 25-28, 34]. Of those studies, five (83%)
found that obese mice had significantly higher glucose levels than their non-obese
counterparts, while one (17%) reported no difference [22]. There were inconsistent results
when reporting the impact of a high-fat diet on sepsis mortality. Eleven out of the 17 (65%)
studies [21-25, 27, 28, 30-32, 34] reported mortality. Of these studies, seven (64%)
reported an increase in mortality in their obese septic mice [21, 22, 24, 25, 30-32], one
(9%) observed a decrease in mortality [27], and three (27%) studies did not see any

difference [23, 28, 34]. Among the investigations that documented elevated mortality in

32



Ph.D. Thesis —Mikaela Eng McMaster University — Medical
Sciences

obese septic, four studies (57%) utilized saline for fluid resuscitation; however, none of
them reported the administration of antibiotics or analgesics [22, 24, 25, 30]. The study that
observed a reduction in mortality did not document the use of fluid resuscitation, antibiotics
nor analgesics [27]. Of the three studies that reported no discernible difference in mortality,
two studies (66%) disclosed the utilization of fluid resuscitation without specifying the type
or volume of fluids [23,34], while the final publication failed to mention any use of fluid
resuscitation [28]. Intriguingly, all three papers that did not identify a disparity in mortality
were the only studies to reporting mortality outcomes and analgesic usage [23, 28, 34].
Finally, the use of antibiotics and mortality were only reported in two studies [23, 34] in
which both studies observed no difference in mortality. Vankrunkelsven [34] reported the
use of imipenem/cilastin and Goossens [23] reported the use of antibiotics without

disclosing further information.

Liver impacts were explored in three (18%) studies through histology [22, 26, 30]. Two
(67%) indicated greater liver damage in obese septic mice compared to non-obese septic
mice [22, 26], but one (33%) found no distinctions [30]. Alanine transaminase (ALT)
findings were inconsistent among four (24%) studies [22, 25, 28, 35]. Two (50%) reported
no differences between obese and non-obese septic mice, whether in serum [22] or plasma
at 18 hours [35]. Conversely, one (25%) study showed elevated plasma ALT in obese septic
mice compared to non-obese mice post-sepsis and obese non-septic mice at six hours [25],
and another showed increased serum ALT in obese septic mice compared to obese and non-
obese mice 24 hours post-sepsis [28]. Myeloperoxidase (MPO), a damage surrogate [37],

was assessed in three (18%) studies [24, 25, 35]. Two (67%) saw higher liver MPO levels
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in obese septic mice at six hours post-sepsis compared to non-obese septic mice [24, 25],
and one showed an increase at 18 hours [24]. One (33%) found no MPO differences at 18
hours [35]. Among three (18%) studies measuring liver IL-6 levels [22, 26, 32], no
distinctions were seen between obese and non-obese septic mice at six hours [26]. Yet, two
(67%) showed significant differences between obese septic and non-septic mice, at six
hours [22] and seven days [26], while one (33%) found no differences among any cohort
at five to seven days [32]. Similarly, two (12%) studies detected no differences in hepatic
TNFa between septic groups at six hours [26] or five to seven days [32]. However, two
(12%) studies noted higher levels in obese septic mice compared to obese non-septic mice

at six hours [29] and seven days [22].

Histological evaluation of lungs occurred in two (12%) studies [24, 30]. One study found
no inflammation at six hours post-sepsis in both obese and non-obese mice, noting
interstitial and alveolar edema increase at 24- and 48-hours in non-obese septic mice
compared to obese septic mice [30]. Conversely, the other study showed higher lung injury
scores in obese septic mice at six hours, with alveolar congestion, hemorrhage, neutrophil
infiltration, and aggregation, and hyaline membrane formation [24]. Lung MPO levels were
assessed in four studies (24%) [24, 26, 35, 36]. One study showed increased MPO in obese
mice at 1-, 6-, and 18-hours post-sepsis compared to non-obese mice [24]. Another noted
MPO elevation at 12- and 24-hours in obese septic mice compared to obese non-septic mice
[36], and a third observed MPO increase at 18 hours in obese mice compared to non-obese

mice post-sepsis and obese non-septic mice [35]. The fourth study found higher MPO in
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non-obese septic mice than obese septic mice at six hours post-sepsis after 15- or 27-week

diets, with no difference after six weeks [26]. No studies reported lung IL-6 or TNFa levels.

Biomarkers for kidney damage, including creatinine, neutrophil gelatinase-associated
lipocalin (NGAL), and blood urea nitrogen (BUN) were assessed. Creatinine levels were
evaluated in three (18%) studies [27, 28, 33]; two saw an increase in obese septic mice
compared to non-obese septic controls at 24 hours post-sepsis in plasma [27] and serum
[28], while the third [33] found an increase in plasma creatinine levels in obese septic mice
at 12-, 24-, and 48 hours post-sepsis compared to non-obese non-septic mice. NGAL,
evaluated in two (12%) studies, increased in the kidney tissue of obese septic mice
compared to non-obese septic mice at 24 hours [27] and in the plasma of obese septic mice
compared to non-obese non-septic mice at 12-, 24- and 48 hours [33]. Plasma BUN levels
were measured in two studies (12%); one found it increased at 12-, 24-, and 48 hours post-
sepsis in obese septic mice compared to non-obese non-septic mice [33] but decreased in
another [34]. One (6%) study also showed increased IL-6 levels in obese septic mice
compared to non-obese non-septic mice at 12-, 14- and 48 hours post-sepsis [33]. TNFa

levels in the kidney were not reported in any study.

["6" #O (P#H3E#+(<'#2%'8A,'
The risk of bias in the studies was assessed using a modified version of the SYRCLE tool,

consisting of 21 sub-items as signaling questions (Figure 3.2). Responses of "yes"
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indicated low-risk, "no" indicated high-risk and "unclear" indicated unclear risk. Across all
studies, two sub-items were deemed high-risk (9.5%), six were unclear-risk (29%), while
four (19%) were categorized as low-risk. High-risk sub-items included "caregiver blinding"
due to visual differentiation between obese and non-obese mice and "presence of study
protocol," as no study had a registered protocol. For the "random sequence generation" sub-
item, eight studies were marked as low-risk as they mentioned animal randomization but
lacked a method description. In almost all cases of unclear risk sub-items, it was impossible
to evaluate due to insufficient reporting in the methods sections. However, for the
“distribution of baseline characteristics” sub-item, two studies [24, 28] were evaluated as
unclear risk as baseline weight data was shown graphically but not described explicitly.
Sub-items that were considered low risk in all studies pertained to “adequate timing of
disease induction,” as outcome assessment methods were the same for both obese and non-
obese mice; “missing outcome data,” as this was not assumed unless explicitly stated;
“outcome assessor blinding,” as all animals were evaluated for all outcomes; and
“inappropriate influence of funders,” as determined by examining funding and disclosure
statements. The “matched methods and results” sub-item was low-risk in all studies except
Gomes et al. [22] which did not report results associated with chemokine ligand 2, despite
being mentioned in the methods. The “design-specific risk of bias” sub-item was low-risk

in all studies except Su et al. [33], as it did not induce sepsis in non-obese mice.
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Sepsis, a life-threatening condition, is influenced by obesity, but its impact remains
inconclusive, possibly showing a survival benefit within a specific weight range [38]. A
prior review [39] assessed obesity's effect on murine sepsis survival and organ injury using
diverse animal models, complicating the synthesis and interpretation of its translational
relevance. This scoping review aimed to clarify outcomes in murine models involving DIO
and pathogen-induced sepsis. The primary aim was to identify the reported variables in
current sepsis and obesity literature. Within included studies, disparities in observed
outcomes, divergent evaluated outcomes, methodological variations, and limitations in
sepsis and obesity models were identified. Few studies reported mortality, lacking
consensus on whether murine models support or contradict the clinically observed obesity
paradox. Inconsistent results extended to parameters like histological lung and liver damage
evaluations, with reported outcomes varying from organ dysfunction to inflammatory
cytokines. Diverse outcome investigation compounded result synthesis difficulties.
Methodological disparities, including sepsis induction methods and specific high-fat and
control diets, hindered comparisons even among studies evaluating similar outcomes. The
sepsis and obesity models suffered limitations: sepsis standard misalignment, improper
control diets, unstandardized murine obesity criteria, and lack of consideration of
experiment timing and season. These limitations contributed to result variability.
Furthermore, the lack of inclusion of both sexes limits generalizability. Due to the
aforementioned reasons, the secondary objective to determine whether DIO offers

protection against sepsis-induced organ dysfunction could not be achieved due to a lack of
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consensus on the effects of obesity and sepsis. Given the significant variability in various
aspects of pre-clinical models related to sepsis and obesity, summarized in Table 3.5, this
scoping review pinpointed crucial elements that need consensus within the broader field to

improve outcome comprehension

A 2017 global study found higher age-standardized sepsis incidence in females than males
[1], but all studies reviewed used only male mice except one, limiting translational value.
Differences in myocardial and immune responses between male and female mice
emphasize the need for both sexes in sepsis research [40]. Biological sex impacts obesity,
with distinct adipose patterns and metabolic traits; in particular, women generally have
more subcutaneous adipose tissue (SAT); while men have greater visceral adipose tissue
(VAT) [41]. Increased VAT in men have been associated with worse glucose, lipid, and
inflammatory outcomes than women [42, 43]. In addition, a high VAT/SAT ratio has been
shown to influence sepsis survival negatively [44]. Additional mechanisms that are known
to be impacted by both obesity and sepsis in a sex-dependent manner including the impact
of nitric oxide on vasomotor tone and function should also be considered. Estrogen has
been shown to enhance nitric oxide production, which is impaired by both obesity [45] and
sepsis[46]. The nitric oxide pathway is a crucial factor that, to date, has been examined
independently. However, the existing literature strongly supports further investigation
within a co-morbidity model encompassing both sepsis and obesity. Investigating sex's role

in the interplay between sepsis and obesity is crucial due to their sex-dependent variations.
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The translational applicability of the studied murine sepsis models was diminished due to
a lack of alignment with current clinical standards. The Surviving Sepsis Campaign, a set
of international guidelines for sepsis clinical care, recommends antibiotic administration
within one hour for patients with septic shock or suspected sepsis with shock and within
three hours for suspected septic patients without shock [47]. The Minimum Quality
Threshold in Pre-Clinical Sepsis Studies (MQTiPSS), recommendations developed by an
expert group to improve animal models of sepsis, considers fluid administration essential
[48, 49]. In contrast, many evaluated studies did not provide antibiotics or fluid
resuscitation throughout the sepsis course. Accounting for the six studies published after
MQTiPSS fluid administration guidelines were published in 2019, only four studies
reported fluid administration [22, 33, 34, 36], while only one reported the use of antibiotics
[34]. Clinical sepsis treatment, based on physiological parameters, differs from immediate
administration in murine models [27]. Among the reviewed studies, the timing of antibiotic
administration differed, possibly due to a lack of characterization of the difference in
temporal kinetics between clinical and murine sepsis, as the condition progresses much
faster in mice than in humans [50]. Antibiotic timing variations can impact outcomes,
influenced by differences in sepsis progression between mice and humans. Administering
antibiotics too early in murine models may hinder proper illness induction, affecting host
response. Delayed antibiotic administration post-sepsis induction has shown different
mortality rates and pathology outcomes. It has been shown in a cecal slurry model that

providing antibiotics at one- or six-hours post-sepsis induction showed low mortality and
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did not lead to sepsis-associated pathology while delaying antibiotic administration to

either 12- or 16-hours post-sepsis induction led to higher mortality [51].

The variability in diets used across studies presents challenges in determining the exclusive
impact of a high-fat diet versus ingredient-related effects. Control diets are often vaguely
labeled as "normal" or "standard" chow, with differing compositions of refined and
unrefined plant ingredients [52]. This leads to variations in dietary fiber, with refined diets
lacking soluble fiber that promotes beneficial bacterial growth, potentially leading to
disruptions in colonic microbiota and obesogenic effects [53]. One option in DIO studies
is to use control diets matched in the types of nutritional ingredients to the high-fat diet
[54]. A high-fat and low-fat diet, matched in composition, both showed an increased
Fimircutes:Bacteriodetes ratio and reduced diversity in the intestinal microbiota compared
to the chow diet, but still maintained differences in body weight and fat mass between diet
cohorts [52]. However, caution is needed if a matched control diet uses sugar as a fat-
derived calorie source, as this could impact observations. The intricate interplay between
the gut microbiota and immune responses adds complexity to studying conditions like

sepsis and obesity [55], emphasizing the need for careful diet selection.

All but three studies used CLP for sepsis induction. Although this is the current gold
standard in murine sepsis studies, this method has issues, such as high inter-operator
variability and challenges in standardizing between individual mice [56]. In DIO research,
CLP's reliance on cecal contents exacerbates variability. CLP often lacks characterization

of cecal matter composition, potentially overlooking confounding effects [57]. Fecal-
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induced peritonitis (FIP) a newer model, offers better reproducibility without CLP's
technical challenges, but lacks a continuous polymicrobial focus as seen in
appendicitis/diverticulitis, leading to an intense initial immune response that does not
reflect sepsis-associated hemodynamic and metabolic changes [58]. Nonetheless, FIP
worsens outcomes dose-dependently, upregulating pro-inflammatory gene expression such
as chemokine ligand 2 and interleukin-6 [56]. FIP and CLP display similar physiological,
histopathological, and immunological alterations similar to observed clinical sepsis
alterations with FIP showing less variation [59]. This review highlights the prevalent focus
on abdominal sepsis in pre-clinical models. It is crucial to broaden investigations to include
other clinically relevant sepsis models, especially those in the obese population from
respiratory and urinary origins [60]. The selection of models that mimic clinical features
while ensuring benchmarks for reproducibility is essential for inter-laboratory

comparisons.

The characterization of obesity in numerous studies varied significantly, assessed through
body weight, body composition, glucose tolerance, and insulin tolerance. Weight
measurement alone overlooks body composition differences. For example, a low-
carbohydrate, high-fat diet, compared to standard chow, elicited similar weight gain, but
showed a decrease in lean mass and organ deterioration [61]. In addition, as observed in
our review, glucose tolerance tests (GTTs) differed in glucose administration route and
fasting duration, convoluting comparisons. Intraperitoneal (IPGTT) and oral gavage
(OGTT) tests show differing insulin levels and glucose release patterns [62]. Obesity in
humans is categorized primarily according to body mass index (BMI); however, there are
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no corresponding criteria for mice [ 12]. Proposed murine obesity characterization combines
weight, composition, inflammation, glucose, liver health, hormones, and lipids [63]. The
absence of standardized obesity criteria hinders accurate sepsis-obesity effect

investigations.

Seasonal and daily times of sepsis induction can also determine sepsis outcomes, but the
time of day in which sepsis was induced was only reported in one study [30]. Among
clinical cases of sepsis, winter has been associated with higher incidence and mortality than
summer [64]. Even in consistently maintained conditions of animal facilities, mice
subjected to CLP have been shown to exhibit season-dependent outcomes [65, 66]. Both
male and female C57BL/6J mice that underwent CLP show circadian rhythm-dependent
severity — mortality is higher when sepsis is induced at night compared to the day [67,
68]. Due to this, future studies should evaluate seasonality as an experimental factor in

murine models of sepsis and obesity.

This study is subject to several important limitations. Firstly, the exclusion of studies
without measures of organ dysfunction restricts the inclusion of mechanistic investigations.
Secondly, the generalizability of our findings is limited by focusing solely on murine
models. Omitting diverse preclinical models, like rats and pigs, may constrain translational
relevance and study generalizability. Thirdly, the inclusion criterion of English-language
studies may have excluded relevant non-English publications. Despite these limitations, the
review adheres to standardized PRISMA-ScR guidelines [16], and its inclusion of risk of

bias assessments highlights methodological considerations essential for addressing
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translational challenges in animal models of sepsis. The review effectively underscores
methodological inconsistencies and knowledge gaps in murine sepsis-obesity models that
require resolution for advancing research. Moreover, the review's identification of reported
outcomes in these models offers valuable insights for developing a standardized set of

reportable outcomes for future studies advancing comparability to synthesize outcomes.

[ AB270>6'(2#

The absence of co-morbidity representation, particularly obesity, in pre-clinical sepsis
studies has impeded their translation into effective treatments, resulting in conflicting data
and methodological inconsistencies that hinder consensus and applicability. To address the
complexity of sepsis, utilizing various animal models that replicate clinically observed
sepsis is crucial. Despite inherent limitations, this review underscores the importance of
standardized protocols to synthesize the impact of obesity on sepsis outcomes.
Collaborative initiatives like the National Pre-clinical Sepsis Platform are striving to

establish uniform practices and comparability across laboratories [69, 70].

Standardization in murine sepsis-obesity models will enhance insights into

pathophysiology and improve pre-clinical therapeutic translation.
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Figure 3-1:Preferred Reporting Items for Systematic Reviews and Meta Analyses
(PRISMA) Flow Chart.

A chart representation of the process used to collect relevant literature from a set of
databases and criteria. Beginning with the identification process, this chart displays how
393 collected studies were screened to determine which articles should be included in the
review. The screening and inclusion process provided a total of 17 studies that met all the
desired criteria.
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Frydrych etal. (21)

Gomes ct al. (22)

Goosens et al. (23)

Kaplan et al. (24)

Kaplan ct al. (25)
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Lewis et al. (27)

Pantech et al. (28)

Rivera et al. (29)

Siegl et al. (30)
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Williamson et al. (35)

Yeh et al. (36)

Figure 3-2: Risk of bias results for each individual study evaluated using a modified

SYRCLE tool.

Red squares indicate high risk, green squares indicate low risk, and yellow squares
represent unclear risk, and grey squares indicate not applicable.

62



Ph.D. Thesis —Mikaela Eng McMaster University — Medical
Sciences

S H#L >0t

Table 3.1: Summary of study characteristics

Age at
Author Country 1:::;? Supplier Sex Stzli: tOf e\(:ilglzltles d
(weeks)
DeMartini et al. [20] USA C57BL/6 Charles River M 6 heart
Frydrych et al. [21] USA C57BL/6 Jackson M 6 bone marrow,
spleen
Gomes et al. [22] Brazil C57BL/6 In-house F 3-4 liver
Goossens et al. [23] Belgium 57Bl/6JR] Janvier M 24 muscle
Kaplan et al. [24] USA C57BL/6 Charles River M 6 liver, lung,
spleen
Kaplan et al. [25] USA C57BL/6 Charles River M 6 liver
Khan et al. [26] Canada C57BL/6 Taconic M 3-5 liver, lung
Lewis et al. [27] USA C57BL/6 Jackson M 6 kidney, liver
Panpetch, et al. [28] Thailand C57BL/6 In-house M 8 intestines,

kidney, liver

Rivera et al. [29] USA C57BL/6 NR M 4-6 liver
Siegl et al. [30] Germany C57BL/6 Janvier M 7 liver, lung
Souza et al. [31] Brazil Swiss In-house M 8 hypothalamu
s, liver,
spleen
Strandberg et al. [32] Sweden C57BL/6 Harlan M 6-8  kidney, liver,
spleen

63



Ph.D. Thesis —Mikaela Eng McMaster University — Medical

Sciences
Su et al. [33] Taiwan  C57BL/6 NR M 5 kidney
Vankrunkelsven et ~ Belgium C57BL/6 Janvier M 6 liver, muscle
al.[34]
Williamson et al.[35] USA C57BL/6 Charles River M 6 liver, lung
Yeh et al. [36] Taiwan  C57BL/6 NR M 5 lung

Z@not reported, [$; United States of America, \FB high-fat diet, [FB low-fat diet

Table 3.2: Summary of characteristics of sepsis model

Author Metho Rout Dose  Endp Antibioti Fluids Analges

dof eof oint cs ia
sepsis infec
tion (hour
s)
DeMartiniet CLP [P Double 6  Imipene Sterile saline, NR
al. [20] puncture; m SC; (0.6 mL)
22G (25mg/kg
)
Frydrychetal. CLP IP Double 28 NR NR NR
[21] puncture; days
20G
Gomesetal. CLP IP Single 7 NR Sterile saline, =~ NR
[22] puncture; days SC;(0.5mL/10
21G g
Goossensetal. CLP IP Needlenot 1,5 Yes* Yes*, IV Yes*
[23] specified days
Kaplanetal. CLP IP Double  1-30 NR Sterile saline, = NR
[24] puncture; SC; (0.6 ml)
21G
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Kaplanetal. CLP IP Double 6 NR Sterile saline, = NR
[25] puncture; SC;(0.6ml)
22G
Khan et al. CLP IP Single 6 NR LR, SC before Yes'
[26] puncture; surgery; (2mL)
18G LR, IV-‘and 4

hours later

Lewis et al. CS IP  500uLof 14 NR NR NR
[27] CSin 10% days
glycerol
Panpetch,et CLP IP Double 24 NR NR Fentany
al. [28] puncture; 1, SC-*
21G and 6 h;
(0.03
mg/kg)
Riveraetal. ~CLP IP Triple 6 NR  Saline™(ImL) NR
[29] puncture;
20G
Siegl et al. CLP IP Single 10 NR Sterile saline, =~ NR
[30] puncture; days SC-; (1ImL)
23G
Souza et al. CLP IP NR 24 NR NR NR
[31]
Strandberg et S.<82% IV 5x104CFU 24,5~ NR NR NR
al. [32] 8' 7 or
17
days
Suetal.[33] CLP IP Single 12,24 NR Sterile saline, 0.25%
puncture; SC-; bupivac
23G (4 mL/kg) aine;
(100uL)
Vankrunkelsve CLP [P 18G 5 Imipene I\ Bupren
n et al.[34] days m/ orphine
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Cilastatin

Williamsonet CLP [P Double 18  Imipene Normal saline, NR

al.[35] puncture; m SC; (ImL)
22G
(25
mg/kg)
Yehetal. [36] CLP IP Single 12,24 NR Sterile saline, 0.25%
puncture; SC (4 mL/kg bupivac
23G BW) aine;(10
OuL)

Z@not reported, 0@$; methicillin-resistant $,<&=-A313118'#<82%8"W#

7" intravenous, $D subcutaneous, D]L cecal ligation and

puncture, 7L intraperitoneal, D$ cecal slurry, |@#actated ringers, R_ body weight “No
further specifications given'Given post-surgery
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Table 3.3: Summary of characteristics of the obesity model

Authors

DeMartini
[24]

Frydrych
[25]

Gomes [26]

Goossens
[27]

Kaplan [28]

Kaplan.
[29]

HFD
(%okcal
fat)

60

19.55%
lipids

Time
LFD on
(%kcal diet
fat) (wee
ks)
16 5
22—
13 26
4.45%
lipids 14
10 12
16 3
16 67

Meth
od of
feedi

ng

Ad
libitu
m

Ad
libitu
m

Ad
libitu
m

Ad
libitu
m

Ad
libitu
m

Ad
libitu
m

67

Body
weight' (g;
SD)

HFD:36.3(3
4.2-38.1

IQR)

LFD:27.8(27
0-28.4

IQR)

NR

HFD
25.69+£3.12

LFD
21.93+1.57

NR

HFD:
252¢+04

LFD:234 g
+04

Increased’

Fat
mass' (
g; SD)

HFD:
8.0+2.
6

LFD:
0.6+0.

NR

NR

NR

NR

Increase

d-

Model

obesity

HFD

HFD

HFD

HFD

HFD

HFD


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10884395/#CR24
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10884395/#CR25
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10884395/#CR26
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10884395/#CR27
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10884395/#CR28
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10884395/#CR29
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HFD:
Ad 50.8 g+1.05
V]
Khan [30] 21% NC 6 15, libitu NR WD
butterfat 27 LED":
m .
39.6+1.18
HFD:
HFD: 16.0£5
o, Ad 4664453 21
Lewis [31] 60 10 5 libitu HFD
m LFD: LFD:
323+£2.08 4.1+1.
30
Ad
0
Panpetch 60%w/w 4.5% 20 libitu  Increased- NR HFD
[32] w/wW m
15 g/kg Ad
Rivera[33] %% putterfa 3 libig L votold NR WD
butterfat higher-
t m
HFD:
Ad 344+0.5
Siegl [34] 50 1 12 libitu NR HFD
m LFD:
27.7+0.2
3da Ad
Souza [35] 60 SC Y libitu NR NR HFD
S m
HFD:
HFD: 17.0+0
Strandberg  34.9/35.9 4.0/4.3 ﬁlfi N 393116 HFD, 3+
[36] g% fat g% fat m LFD LED: V3+
28.8+0.5 5.5+0.
2
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10884395/#CR34
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10884395/#CR36

Ph.D. Thesis —Mikaela Eng McMaster University — Medical
Sciences

HFD:
HFD: 2.54+0
Ad 36.5+1.1 .09
Su [37] 60 SC 10 libitu HFD
m LFD: LFD:
26.4+0.7 0.63+0
.02

HFD:
Ad 43.9+4.7

Zj‘:i‘g‘;l]‘el 60ki%  9KkI%  11-12 libitu P 3*
2 m  LFD:
302+1.9
- Ad
Eg’(l)l]hamson 60 16 67  libitu Increased- NR HFD
m
HFD:
Ad 415+13
Yeh [40] 60 SC 10 libitu NR  HFD
m  LFD:
277415

Z@not reported, ZD normal chow, $D standard chow, 3+V3+eptin-deficient
mice, \FB high-fat diet, [FB low-fat diet, WD western diet

*Reported as mean unless otherwise stated; "HFD vs. LFD; /30% diet restriction at
12 weeks in LFD group only; °Calorie restriction at 10 weeks
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Table 3.4: Outcomes of the impact of obesity on sepsis

McMaster University — Medical

Blood Biomarkers of
glucose |Mortal organ MPO
Author ity dysfunction (U/100mg IL-6 TNFa
(mmoV/L | (n=%) tissue; SD)
; IQR)# (SD) ’
DeMartini et NR NR ND ¢TNI 6h 1 (heart)*t NR NR
al. [20] (plasma)
Frydrych et NR ) NR NR 1 6h | 18h
al. [21] (blood)* | (blood)"
LFD-S:
20%
HFD-
S: 60%
Gomesetal. | ND?! 1 | NDALT 7 days NR 17 days | 17 days
[22] LFD: (serum; U/L): (serum)* | (serum)*C
20.18 |LFD-S:
(15.35-2 LFD: 22.01 17 days 17 days
3.15) |238%] (22.01-88.05 (liver)- (liver)-
IQR)
HFD:29. | HED-
08 S: HFD: 200.3
(22.77-3 4170 (123.3 2774
2.74) 1% IQR)
LFD-S: LFD-S: 202.5
17.03 (168.4-231.1
(14.95- IQR)
18.03)
HFD-S: 224.5
HFD- (154.1-306 IQR)
S:21.24
(14.24-
25.64)

1 Liver histology
score 7 days’
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Goossens et NR ND 1 NR NR NR
al. [23] atrophy(muscle)-
LFD-S:
17%
HFD-
S: 17%
Kaplanetal.| NR 0 1 lung injury 1 3h:, 6h*0, | 3h*! | 3h"
[24] score’ 18h* (liver) (plasma) | (plasma)
HFD:3.5+0.5 1 1h*G, 3h-, | 1 1h, 3h, | 1 6h’ 18h
AU 6h*G:, 18h* (lung) | 6h-, 18h> | (plasma)
(plasma)
HFD-S: 8.6 £
0.9 AU
Kaplan et al. 12 ) T ALT 6h (U/L; | 16 h (liver)' | 1 (plasma; !
[25] plasma)* - U/L) 6h* | (plasma)
LFD-S: 7+ 0.3 6h*
LFD: 88 £ 21 LFD: 88 +
HFD-S: 11.4 + 21 1 (plasma)
HFD: 63 + 4 1.4 6h-
HFD: 63 +
LFD-S: 154 £ 10 4
HFD-S: 227 +£32 LED-S:
154+ 10
HFD-S:
227 +32
Khan et al. 12 NR | 1 liver histology| ND 6 weeks of 1 6h ND 6h
[26] score 6h*V diet, 6h (lung; (liver) (liver)
U/mg tissue)
ND 6h
LFD-S: 51.2 + (liver)*
3.38

71



Ph.D. Thesis —Mikaela Eng

Sciences

McMaster University — Medical

HFD-S: 46.9 +
2.20

| 15 weeks of
diet, 6h (lung;
U/mg tissue)*©

LFD-S: 44.1 +
2.86

LFD-DR-S: 63.2
+ 5.60 HFD-S:
26.3 +3.80

1 27 weeks of
diet, 6h (lung;
U/mg tissue)*©

LFD-S:47.5 +
2.70

LFD-DR-S: 43.9
+3.29

HFD-S: 28.3 +
5.08

Lewis et al.
[27]

126h,
24h-

LFD-S:
75%

HFD-
S:33%

Tcreatinine
24h*-Y(plasma)

1 NGAL 24h*!
(kidney)

1 ketones

6h-, 12h-, 36h-,
48h-'(blood)

NR

| 6h
(plasma)*

ND 24h
(plasma)*

T 24h
(plasma)-

ND 24h*
(plasma)

T 24h-
(plasma)
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Panpetch, et 12 ND | 1ALT (serum) NR 1 (serum) | 1 (serum)*
al. [28] 24h-V 24h*V A/
1 creatinine
24h*6V (serum)

Rivera et al. NR NR NR NR NR 1 (liver)
[29] 6h*
Siegl et al. NR 1 interstitial and NR 1 (serum; | | (serum;

[30] alveolar edema ng/ml) ng/ml)*
ND 6h* 6h-: 24h:
124h*, 48h* LFD-S: |LFD-S:4.2
20.8 £2.2 +1.0
. HFD-S: |HFD-S: 1.3
ND: liver 182426 | 0.1
histology
48h:
LFD-S: 5.7
+0.9
HFD-S: 3.0
+0.7
Souza et al. NR 0 NR NR 1 0
[31] hypothala |hypothalam
mus*(- us*
Strandberg et| NR ) NR NR ND 5-7 )
al. [32] days
liver, days (liver,
spleen) spleen,
serum)

73




Ph.D. Thesis —Mikaela Eng

Sciences

McMaster University — Medical

Su et al. [33]

NR

NR

TBUN (mg/dL;
plasma)’:

LFD:18.9 +0.90

12h:

HFD-S: 67.4 +
8.40

24h:

HFD-S: 97.1 +
6.10

48:

HFD-S: 139.9 +
14.40

1 Creatinine
(mg/dL;
plasma)’:

LFD: 0.09 +0.01

12h:

HFD-S: 0.14 +
0.03

1 121, 141/,
481 (kidney)

1121,
247, 48h (
kidney)

1121,
247, 48 (
kidney)
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24h:

HFD-S: 0.70 +
0.09

48h:

HFD-S: 1.10 +
0.28

1 NGAL (ug/dL;
plasma)’:

LFD: 0.08 £ 0.01

12h:

HFD-S: 3.52 +
1.84

24h:

HFD-S: 52.3 +
5.40

48h:

HFD-S: 39.5 +
32.70
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Vankrunkelsv ) ND Tketones NR 1 (plasma)- | 1 (plasma)-
en et al.[34] | glucose? (bloody
~85h | liver edema’
post-
sepsis’, } BUN
~125h (plasma)’
post-
sepsis’
Williamson NR NR ND ALT 18h 1 18h (lung)*" NR NR
et al.[35] (plasma; U/L)
HFD: 53 £22
LFD-S:118 £33
HFD-S: 124 +31
HFD-S:102 +45
LFD-S: 84 +29
ND 18h (liver)
Yeh et al. NR NR NR 1 12h, 24h NR NR
[36] (lung)-
\FB K} high-fat diet septic, |FB Kb low-fat diet septic, |FB KB @low-fat diet, diet
restricted, ZB no difference between \FB K group and any other group, ;[ arbitrary

units, ;]I

alanine transaminase, R[Z blood urea nitrogen, ZJ;]

associated lipocalin, 1197 cardiac troponin, Z@not reported

= # = prior to sepsis induction
p p

1= increase

|= decrease

*= U/mg tissue
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U= measured in serum

NR= not reported

*= HFD-S vs LFD-S

= HFD-S vs HFD

/= HFD-S vs LFD

%= HFD-S vs LFD-DR-S
2= HFD vs LFD

*=HFD vs LFD-DR
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Table 3.5: Overview of variables, consensus points, and possible solutions

Variable Consensus points or potential solutions
Obesity | Biological sex Incorporate both male and female mice.
Models
Characterization ~ Use one of the following:
of obesity
1.1 Body weight
2. Body composition
3.1 Glucose intolerance
4. Insulin tolerance
Diet Use ingredient matched control diets
Ideal source of fat or fat percentage of diet
Diet restriction vs ad libitum
Length on diet
Seasonality Include study seasons in the methodology.
Rodent husbandry Include housing details (e.g., cage type, bedding,
room temperature) in the methodology.
Sepsis | Biological sex Incorporate both male and female mice.
Models
Model 1.1 Cecal ligation and puncture
2.1 Fecal induced peritonitis
3.1 Bacterial isolates
4. Respiratory tract infection
5.1 Urinary tract infection
Dose of inoculum Ideal dosage for outcomes, i.e. single versus double
puncture model with a specific needle gauge
Fluid Type:
resuscitation
1.1 Saline
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2.1 Lactated ringers
Dose

Timing of administration

Antibiotic
administration

Type

1.1 Imipenem/Cilastan
2.1 Piperacillan-tazobactum

Dose
Timing of administration

1.1 Early versus late antibiotic administration

Analgesic
administration

Type

2.1 Buprenorphine
3.1 Fentanyl

Dose

Timing of administration

Seasonality

Include study seasons in the methodology.

Reported
Outcomes

Mortality

Report mortality or explicitly mention its absence in
applicable models.

Lung dysfunction

1.1 Blood gases
2. Myeloperoxidase

Liver dysfunction

Kidney
dysfunction

1.1 Alanine transaminase (ALT)

2.1 Aspartate aminotransferase (AST)

3.1 Bilirubin

4. Myeloperoxidase

1.1 Creatinine

2.1 Neutrophil gelatinase-associated lipocalin
(NGAL)

3.1 Blood urea nitrogen (BUN)
4. Cystatin C
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Histology

Include histology for structural and morphological
information but avoid relying solely on it for
assessing dysfunction.
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Supplemental Table 3.1:Modified SYRCLE Risk of Bias Tool

Type of bias

Signaling question

Sequence generation
(selection bias)

Was the allocation sequence adequately generated and applied?
(Yes/No/Unclear)

Baseline
characteristics
(selection bias)

Was the distribution of relevant baseline characteristics balanced
for the intervention and control groups? (Yes/No/Unclear)

If relevant, did the investigators adequately adjust for unequal
distribution of some relevant baseline characteristics in the
analysis? (Yes/No/Unclear)

Was the timing of disease induction

(Yes/No/Unclear)

adequate?

Allocation
concealment
(selection bias)

Could the investigator allocating the animals to intervention or
control group not foresee assignment due to one of the following
or equivalent methods? (Yes/No/Unclear)

Random housing
(performance bias)

Did the authors randomly place the cages or animals within the
animal room/facility? (Yes/No/Unclear)

Is it unlikely that the outcome or the outcome measurement was
influenced by not randomly housing the animals?
(Yes/No/Unclear)

Blinding
(performance bias)

Was blinding of caregivers and investigators ensured, and was it
unlikely that their blinding could have been broken?
(Yes/No/Unclear)

Random assessment

Did the investigators randomly pick an animal during outcome
assessment, or did they use a random component in the sequence

(detection bias) generation for outcome assessment? (Yes/No/Unclear)

Blinding  (detection Was blinding of the outcome assessor ensured, and was it

bias) & unlikely  that blinding could have been broken?
(Yes/No/Unclear)
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Was the outcome assessor not blinded, but do review authors
judge that the outcome is not likely to be influenced by lack of
blinding? (Yes/No/Unclear)

Incomplete outcome
data (attrition bias)

Were all animals included in the analysis? (Yes/No/Unclear)
Assume yes unless otherwise stated

Were the reasons for missing outcome data unlikely to be related
to true outcome? (e.g., technical failure) (Yes/No/Unclear)

Are missing outcome data balanced in numbers across
intervention groups, with similar reasons for missing data across
groups? (Yes/No/Unclear)

Are missing outcome data imputed using appropriate methods?
(Yes/No/Unclear)

Selective  outcome
reporting  (reporting
bias)

Was the study protocol available and were all of the study’s pre-
specified primary and secondary outcomes reported in the
current manuscript? (Yes/No/Unclear)

Was the study protocol not available, but was it clear that the
published report included all expected outcomes (i.e. comparing
methods and results section)? (Yes/No/Unclear)

Other biases

Was the study free of inappropriate influence of funders?
(Yes/No/Unclear)

Was the study free of unit of analysis errors? (Yes/No/Unclear)

Were design-specific risks of bias absent? (Yes/No/Unclear)

Were new animals added to the control and experimental groups
to replace drop-outs from the original population?
(Yes/No/Unclear)
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Introduction: The impact of obesity on sepsis outcomes remains inconsistent across
various studies, necessitating translational research to establish consistent results. This
study aims to elucidate the influence of obesity on sepsis outcomes using two different
dosing regimens of fecal-induced intraperitoneal sepsis in mice: weight-adjusted dosing
and a pre-defined single dose.

Methods:!We used a fecal-induced peritonitis model to induce sepsis in obese and non-
obese mice, applying two dosing regimens: weight-adjusted and pre-defined single dose.
The pre-defined single dose aimed to mirror clinical sepsis by causing organ injury and
dysfunction within 72 hours. We assessed survival rates, organ dysfunction markers
(MPO, bilirubin, cystatin C), and analyzed metabolic and immunological parameters,
including short-chain fatty acid (SCFA) levels and the impact of SCFA on macrophage
phenotype using bone marrow derived macrophages.

Results: The predefined single dose regimen more accurately reflected clinical sepsis,
with significant organ injury and dysfunction observed at 72 hours. Obese cohorts
exhibited decreased survival compared to non-obese cohorts in the higher doses of the
single pre-defined dose, contradicting the "obesity paradox" often reported in clinical
studies. SCFA levels, particularly butyrate and propionate, were significantly reduced in
the fall and high-fat diet groups, correlating with increased mortality. Reduced SCFA
levels impaired macrophage function, which was ameliorated by the addition of butyrate
and propionate. The 7.5mg dose induced organ dysfunction in all tested organs,
emphasizing the importance of using a consistent dosing regimen for accurate preclinical
modeling.

Conclusion: Our findings indicate that obesity worsens sepsis outcomes, with lower
survival rates in obese cohorts regardless of the dosing regimen, primarily due to reduced
SCFA levels and impaired macrophage function. The pre-defined single dose regimen
effectively mimicked clinical sepsis, demonstrating its value for preclinical studies.
Future research should refine obesity criteria in preclinical models, explore SCFA-based
therapies, and develop a modified mouse organ function score to enhance translational
relevance.

# #
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Sepsis is a global health crisis and remains one of the leading causes of death among
critically ill patients, despite advancements in diagnosis and supportive care. Sepsis occurs
due to a dysregulated host response to infection (Singer et al., 2016). Sepsis is a significant
burden on our healthcare system, with an estimated cost of over 2 billion annually in
Canada (Farrah et al., 2021). Thus, sepsis remains a crucial area of research. However, how
co-morbidities such as obesity impacts sepsis outcomes is still controversial in the

literature.

The ratio of overweight and obese patients with critical illness’s continues to increase and
accounts for approximately 20% of patients being admitted into the intensive care unit
(ICU) (Pépin et al., 2016) Obesity is associated with an increased risk of nosocomial and
secondary infections leading to sepsis, multiple organ dysfunction and death
(Papadimitriou-Olivgeris et al., 2016). However, the relationship between obesity and the
critical illness is still poorly understood. Recent studies evaluating obesity in COVID-19
have observed that individuals with a BMI >30kg/m® are at a significantly higher risk of
ICU admission (Petrilli et al., n.d.), and those with a BMI >35kg/m®are more likely to
need mechanical ventilation. This suggests that there are detrimental effects of obesity on

critical illness outcomes and recovery (Simonnet et al., 2020).

Most animal studies report that obesity exacerbates adverse outcomes of sepsis; however,
even diet-induced models are variable in response (Eng et al., 2024). Similarly, clinical

studies examining the impact of obesity on clinical illness outcomes have also reported
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varied results. While some studies show an increased risk of mortality, others observe
protective effects from obesity (Bai et al., 2023; Gao et al., 2023; Pickkers et al., 2013;
Yeo et al., 2023). The latter is known as the obesity paradox. The conflicting evidence
associated with obesity and sepsis outcomes highlights the critical need for translationally
relevant studies for consistent findings (Pepper et al., 2019; Pickkers et al., 2013; Trivedi
et al., 2015). Current mouse models of sepsis primarily use young, male mice, which fails
to reflect the higher sepsis risk in elderly individuals (Farrah et al., 2021; Rudd et al.,
2020). Currently, many studies using the fecal-induced peritonitis model induce sepsis
with a dose based on weight (Consoli et al., 2020; Rincon et al., 2021; Sharma et al.,
2023, 2024). This study aimed to explore the impact of obesity on sepsis outcomes using
two translationally relevant murine models of sublethal fecal-induced intraperitoneal
sepsis: one dosing according to body weight and the other employing a predefined single
dose. We hypothesize that using a single predefined dose for fecal slurry-induced sepsis

in an obese population can reduce weight-related confounding factors.#
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6"/"# ;9(4<A#\8'+<9>2- Male and female C57B1/6J mice obtained from Jackson
Laboratories were bred in-house and housed in micro isolation cages with corncob
bedding. Enrichment items such as nesting material, plastic houses, or cardboard rolls
were provided for environmental stimulation. At 5-7 weeks of age, mice were randomly
assigned to receive either a control or high-fat diet (HFD). The HFD (Dyets #112286)
contained 21% buttermilk fat and 33% sucrose, while the calorie-matched control diet
(LFD) (Dyets #104844) contained 3.2% buttermilk fat and 45% sucrose. Mice had ad
libitum access to food and water until week 12, after which a 30% diet restriction was

implemented (Bonkowski et al., 2006).

6"/")# JA813'%#I3A%2<91%#IIW(&Gwere fasted for 6 hours prior to receiving an
intraperitoneal injection of 1g/kg dextrose 20%. Blood glucose levels were measured at 0,
15, 30, 45, 60, and 120 minutes post-injection using a OneTouch Verio standard

glucometer.

6"/"/ # FUL<A#SAB22-#1 2%E&Rat{3&re anesthetized with isoflurane, and cecal
contents were collected and suspended in a 50mM phosphate buffer. The suspension was
filtered through a 100 um cell strainer to remove large particles and then resuspended in a
5% dextrose solution containing 10% glycerol at a final concentration of 100mg/mL. The

prepared slurry was stored at -80°C until use.

6"/"6# 79>81,(39#3E#SU&' (‘# KBS >#L %2 (,39(,(‘(#03S8phia experiments were

conducted during the summer seasons (June-August). Mice were randomly allocated to
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septic or control groups and injected intraperitoneally (i.p.) with a dose of 0.25 mg/g body
weight, 6mg, 7.5mg or 9mg of fecal slurry under isoflurane anesthesia. Control mice
received an equivalent volume of 5% dextrose in 10% glycerol. Subsequent subcutaneous
injections of analgesia (buprenorphine; 0.05mg/kg) 4- and 8-hours post-injection and
every 8 hours thereafter and fluids (Ringer's lactate; 8mL/kg) and antibiotics (piperacillin-
tazobactam; 100mg/kg) were administered i.p every 8 hours according to the

experimental protocol until a humane or study endpoint was reached (Figure 4.1).

6"/": # 039(,32(9G#<9>#N9>&3(9,#D2 (Y6 (g the recovery period, mice were
monitored for signs of distress using the mouse grimace score (MGS) and mouse sepsis
score (MSS(Mai et al., 2018; Sharma et al., 2023)) (Supplemental Table 1) every four
hours for the duration of the 72h study. Core body temperature was monitored using
implanted microchips (UCT-2112, Unified Information Devices, Lake Villa, IL, USA).
The implantation was performed with the manufacturer's microchip injector and
hypodermic needles. Readings were obtained using a URH 1HP reader from Unified
Information Devices, and glucose levels were monitored via tail vein sampling
throughout the study. Mice were euthanized if they met specific humane endpoint criteria,
including a MGS score of 3 in any category, cumulative MSS score of 7, decrease in
temperature by 6°C, or decrease in body mass by 20%. At the conclusion of the study,
mice were anesthetized using isoflurane, and whole blood was collected through cardiac
puncture. All vital organs were then harvested in accordance with the National Preclinical

Sepsis Platform protocol.(Sharma et al., 2023)
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6"/"?%# NQ&%2(4%9,<A#B%'(GI#<9>#N,=(1<A#D3H I A7 ({88'served as an
experimental unit with a minimum of 3 mice per group as per ARRIVE guidelines(Sert et
al., 2020). No sample size calculation was performed for ethical reasons to minimize the

number of animals used. All procedures were conducted under the guidelines of the

McMaster Animal Research Ethics Board (AUP #20-08-28).

6"/"Gt \(',3&<,=3A3G:-Organs (lungs, liver, and kidneys) were collected, fixed in 10%
neutral buffered formalin, processed, and embedded in paraffin. Sections were stained
with hematoxylin and eosin (H&E) for histopathological evaluation by independent

experts.

6"/". # 189G#0-%A3&%23Q(><'%# OL*a#]l'sng samples were snap-frozen in liquid
nitrogen and stored at -80°C. Tissue homogenization and protein quantification (using the
bicinchoninic acid protein assay kit) preceded the analysis of MPO levels using the

DuoSet Myeloperoxidase enzyme-linked immunosorbent assay (ELISA) (R&D Systems).

6"/"Ht 13, <A#+(A(28+(9#<"Bilirubin in plasma was measured using the Bilirubin Assay
Kit (Sigma-Aldrich) using the manufacturer’s protocol. In summary, 200 pL of working
reagents were prepared for the total, direct, and blank measurement for each well
according to the table provided in the manufacturer’s protocol. In a clear flat-bottom 96
well plate, 50 pL of calibrator and 50 pL of water were added into different wells and 200
uL of water was added to each well, resulting in a final volume of 250 pL per well. 50 uL
of sample was transferred to 3 wells and 200 pL of the correct working reagent was added

to each sample well for the total, direct, and blank measurement. The plate was incubated
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for 10 minutes at room temperature and read at 530 nm in a microplate reader. Bilirubin

concentration was calculated with the formula provided in the protocol.

6"/"I5#D-',<,(9#D#<"<: The concentration of cystatin in plasma was found using the
mouse DuoSet ELISA kit (R&D Systems) according to the manufacturer’s instructions.
Briefly, capture antibody was coated onto a 96-well flat bottom microtiter plate overnight
at room temperature (800 ng/ml in phosphate buffered saline (PBS), 100 pL/well). After
discarding the liquid, the plate was washed with PBS containing 0.05% Tween-20 and
blocked with 300 pL of reagent diluent (1% BSA in PBS) for 1 hour. Following another
wash with!Phosphate Buffered Saline with Tween (PBST), 100 pL of standards serially
diluted (15.6 pg/ml- 1000 pg/ml, 1:2) and samples diluted in reagent diluent were added
(1/1000 for LFD, 1/2000 for HFD) and incubated at room temperature for 2 hours. The
plate was washed with PBST and further incubated with 100 pL of detection antibody for
2 hours (70.0 ng/ml in reagent diluent). Finally, the plate was washed and incubated with
100 pL of streptavidin-HRP (1/200 in reagent diluent) for 20 minutes, washed again and
developed with 100 pL of 3,3',5,5'-Tetramethylbenzidine in the dark. The reaction was

stopped with 50 uL of 2 M HsSO-=. The plate was read at 450nm in a microplate reader.

6"/l #3,<,(',(1<A#<9<A:Results are presented as mean + SD and a one-way or two-way
analysis of variance test (ANOVA) followed by Tukey’s multiple comparison test was used
for analysis unless otherwise stated.#Kaplan-Meier survival curves and Mantel-Cox Log-
rank tests were used to analyze survival.AL#values < 0.05 were considered statistically

significant. GraphPad Prism 9 (La Jolla, CA, USA) was used to analyze data. #
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Animals on diet were weighed on a weekly basis to ensure that there was significant
weight disparity between the obese and non-obese mice (Figure 4.2A). At the start of the
diet regimen, both the LFD and HFD mice had similar weights at 18.6g + 2.0g and 19.2g
+ 2.8g, respectively. The average weight of the LFD mice at 16 weeks on diet was 26.1g
+ 4.4g compared to the HFD diet mice that weighed on average 33.8g + 7.2¢g (p<0.001).
At fifteen weeks on diet, mice were subjected to an intraperitoneal glucose tolerance test.
LFD mice had an average starting glucose of 7.3 +2.00 mmol/L that peaked at 15
minutes post glucose injection at 14.3 + 3.3 mmol/L and returned close to baseline at 7.1
+ 1.5 mmol/L after 120 minutes. In contrast, the HFD mice had starting glucose
measurements at 10.0 + 2.6 mmol/L and peaked at 30 minutes post injection at 26.0 = 3.5
mmol/L and remained at 12.3 + 4.8 mmol/L after two hours (Figure 4.2B).

6"6) # * +%'%#4(1%H#=<>#>%12%<'%>#'82M(M<A#1I8 82Ut BHERI=Y%9# 1=<AA%IGYo>#
O(,=#C":4AG#32#G2%<,%2#3E#BEL01<A#'AB22-

To evaluate the impact of obesity on the outcomes of sepsis, a survival experiment was
conducted using various doses of fecal slurry injected into the peritoneal cavity of the
mice and observed for 72 hours (Figure 4.3). Mice received either a set dose of fecal
slurry between 6mg-9mg or received a dose of 0.25mg/g of fecal slurry based on the body
weight of the mouse prior to injection. No mortality was observed in the any of the LFD
cohorts, regardless of the dosing strategy. No mortality was observed in the HFD mice

that received 6mg of fecal slurry or 0.25mg/g. However, 33% mortality was observed in
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the HFD mice that received 7.5mg of fecal slurry and 100% mortality in mice that
received 9mg of fecal slurry. It is important to note that the 9mg cohort has a small
sample size of 2 per group as the arm was terminated early by the animal ethics due to
significant early mortality in the first 24 hours.

6"63 B3'%#4<,,%2' T#32G<9#><4<GY%#<9>#>-'EB91,(39#0%2%#39A-#3+'%2M%>#< #=(G=%
E%1<A# AB22-

To evaluate organ damage, histology was performed and evaluated on the lung (Figure
4.4A). The lungs were assessed independently by two blinded experts and a composite
score was developed evaluating inflammation, thrombosis, organ morphology, the
presence of edema, and lipid deposition. There was significantly more damage in the
obese mice that received a dose of 7.5mg of fecal slurry with an average cumulative score
of 3.00 = 0.82 in the LFD cohort verses 6.00 £ 1 in the HFD cohort (p<0.05) (Figure

4.4B).

To assess the organ dysfunction, myeloperoxidase (MPO), total bilirubin and cystatin C
were as a surrogate of lung, liver, and kidney damage respectively. MPO levels in lung
tissue homogenates were assessed as a surrogate marker of lung dysfunction (Figure
4.5A). Comparing control mice, obesity alone resulted in a modest increase in MPO
compared to LFD mice with levels of 198.2 + 37.5 pg/mg tissue and 109.80+ 19.3 pg/mg
tissue respectively (& 0.046). When comparing the LFD control mice to septic mice,
there was only a significant increase observed in MPO in the 7.5mg dose (265.9 + 35.7
pg/mg tissue; &0.0064). Similarly, in the HFD septic cohort, there was only a substantial

increase compared to the control mice observed in the 7.5mg cohort (478.0 + 136.1
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pg/mg tissue; &0.0001). Comparison of LFD and HFD septic mice revealed significant
differences in lung MPO levels in the 0.25mg/g body weight (&=0.027) 7.5mg dose

cohort, with HFD exhibiting significantly higher levels (&b0.0001).#

Plasma total bilirubin served as an indicator of liver dysfunction (Figure 4.5B). In control
animals, there was no significant difference between LFD (1.7 + 1.3 pmol/L) and HFD
(3.4 £ 1.6 umol/L) mice. Iin septic LFD mice, total bilirubin levels were consistently
elevated compared to control LFD following administration of a single dose of fecal
slurry. The LFD 6mg dose resulted in levels of 5.0 + 0.6 umol/L, while the 7.5 mg dose
exhibited levels of 6.2 + 5.7 umol/L, however it was not statistically significant.
Similarly, in septic HFD mice, both the 6mg and 7.5mg doses led to significantly higher
total bilirubin levels with 7.4 + 1.3 pmol/L (&b5"555!) and 17.6 + 3.0 pmol/L (&<0.0001)
respectively. The HFD 7.5mg cohort was significantly higher compared to all other HFD
cohorts. There was notably greater liver dysfunction observed in the HFD septic groups
compared to LFD septic cohorts across all doses. The most significant difference was

elicited by the 7.5mg dose (&0.0001).

Cystatin C was measured as a surrogate of kidney dysfunction (Figure 4.5C). Among
control mice, cystatin C levels were consistent across dietary groups, measuring 434.8 +
100.5 ng/ml in LFD and 480.9 + 94.9 ng/ml in HFD mice. In the LFD mice, only the
7.5mg dose elicited significant kidney dysfunction compared to their control mice
(727.01 £+ 49.8 ng/ml; & 0.02). Similarly, among HFD mice, the only significant

difference in kidney dysfunction between control and septic mice was observed in the
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7.5mg dose, with markedly higher cystatin C levels of 919.0 &+ 53.2 ng/ml (&<0.0001).
Comparison between LFD and HFD mice receiving the 7.5mg dose, showed significantly

greater kidney dysfunction in the HFD diet compared to the LFD mice (& 0.01).

These findings underscore the critical importance of selecting an appropriate dosage to
reliably induce sepsis-associated organ dysfunction, as evidenced by the observation that
elevated surrogate markers of organ dysfunction only manifests with higher doses. In
addition, despite no baseline differences induced by the HFD, the HFD mice exhibit
significantly greater organ dysfunction, likely correlating with the observed higher

mortality rates.#
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The inconsistency in literature regarding obesity's impact on sepsis outcomes highlights
the need for translational studies with consistent results (Kaplan et al., 2012; Lewis et al.,
2022). This study aimed to clarify the influence of obesity on sepsis outcomes using two
different dose regimens of fecal-induced intraperitoneal sepsis in mice: one based on
weight-adjusted dosing and the other on a predefined single dose. We found that a single
predefined dose most accurately mirrored clinical sepsis with evidence of organ injury
and dysfunction at 72 hours. However, determining the correct dose for effective

preclinical modeling of complex diseases like sepsis is crucial.

Clinical and preclinical studies suggest an "obesity paradox," where obesity enhances
survival in sepsis (Bodilly et al., 2023; Lewis et al., 2022). Among the doses studied,
neither the 7.5mg nor the 9mg dose exhibited the obesity paradox; obese cohorts had
decreased survival compared to non-obese cohorts under the same bacterial burden. Our
results align without recent scoping review, indicating that 67% of the studies examining

obesity and sepsis reported higher mortality rates in the obese cohort (Eng et al., 2024).

Our research originated from previously developed framework by the Canadian National
Preclinical Sepsis Platform, which employed a weight-based dosing method (Sharma et
al., 2023). However, preliminary results presented at the Canadian Critical Care Trials
Group Biology conference suggested a single dose approach due to obesity in our model.
A consistent dose allows meaningful comparisons between obese and non-obese mice,

ensuring observed differences are attributed to obesity status rather than dose variation.
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Furthermore, a consistent dose facilitates better control of confounding variables and

isolates the impact of obesity on sepsis progression.

Mice are commonly used in obesity research, but defining obesity in mouse models lacks
clear criteria, unlike in humans that use BMI. Our study did not observe the obesity
paradox, possibly due to using weight and glucose intolerance as criteria for obesity
determination. While body weight is readily accessible it may not accurately reflect
adiposity or metabolic health as other factors including lean body mass may influence
body weight. In contrast, more precise methods like dual-energy x-ray absorptiometry
(Gargiulo et al., 2014), magnetic resonance imaging (Nixon et al., 2010) or micro-
computed tomography to more accurate quantify adipose tissue volume and distribution
are more accurate but require specialized equipment and are costly (Martins et al., 2022).
Metabolic parameters such as insulin resistance (Khan et al., 2014), glucose intolerance
(Kaplan et al., 2016; Khan et al., 2014; Lewis et al., 2022), and dyslipidemia can provide
insight into obesity-related metabolic dysregulation. Future research should integrate
multiple criteria to enhance obesity research accuracy and relevance. The need for clear
criteria to determine obesity in pre-clinical models is imperative to increasing the

scientific rigor and reproducibility in obesity studies.

Sepsis is defined by the development of organ dysfunction, and we analyzed 3 markers
(MPO, bilirubin, and cystatin C) for lung inflammation, and liver, and kidney function.
Only the 7.5mg dose induced dysfunction in all organs, emphasizing the importance of

ensuring sepsis, not just severe infection, in preclinical models. A recent proteomics study
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identified 275 tissue-specific candidate proteins that distinguish between early
inflammation and late organ damage in sepsis. Importantly, many tissue-enriched proteins
were detected in plasma at 12- and 18-hour post-infection (Mohanty et al., 2023),
underscoring the significance of timing in capturing the various disease stages of sepsis.
Many preclinical studies rely on solely histological evidence for determining the presence
and severity of sepsis (Bojalil et al., 2023; Yin et al., 2020), however, correlating
histological findings with clinical manifestations of sepsis-induced organ dysfunction
remains challenging due to limited knowledge of organ responses (Garofalo et al., 2019).
Furthermore, the host capacity to activate compensatory mechanisms in response to organ
damage can obscure the severity of disease states (Blesa et al., 2017; Gaubert et al., 2019;
Peiseler et al., 2023). This phenomenon may lead to an overestimation of sepsis severity

when relying solely on histological organ damage as a surrogate marker for sepsis.

A limitation of this study is the restricted range of dosing trials and the single timing of
obesity rather than looking at a range of weights in the mice. Further investigation with
more specific doses may reveal discrepancies in the response to sepsis between obese and
non-obese cohorts, especially among the weight-based dosing arm. A strength of this
study is the use of the fecal-induced peritonitis model of sepsis in obesity research. While
cecal ligation and puncture is the current gold-standard preclinical model for sepsis, it
might affect outcomes in the obesity paradox in preclinical settings. Given the substantial
differences in the microbiomes of obese and non-obese individuals (Bodilly et al., 2023;
Tilg & Kaser, 2011; P. Turnbaugh et al., 2008), these variances could significantly

influence sepsis severity and progression. Although diet is the primary driver in the
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differences in obese and non-obese microbiomes, in the pre-clinical setting it is also
important to recognize the impact of housing on microbiome composition as well (Khan,
2017). Therefore, to mitigate any confounding factors induced by housing conditions, all
mice were housed in cohorts of 3-4 mice per cage and were kept in static cages.
Furthermore, our study employed an ingredient-matched control diet that was isocaloric.
This approach necessitated increasing the sugar content in the LFD chow to achieve
calorie equivalence, resulting in a diet that was low in fat but high in sugar. To address
potential confounding effects attributed to sugar intake, future experiments should
consider incorporating diets with matched sugar content rather than relying solely on
isocaloric diets, or consider that most lean individuals balance both sugar, fat and caloric
intake. This adjustment will help to isolate the effects of fat content more accurately on
the variables under investigation. Finally, this study is limited by the direct translation to
clinical studies particularly regarding the application of clinical scoring systems to animal
models. In human medicine, the Sequential Organ Failure Assessment (SOFA) score is
widely used to assess organ dysfunction and predict outcomes in sepsis (Vincent et al.,
1996b). However, translating this scoring system directly to animal models, such as mice,
presents challenges due to anatomical and physiological differences between species
(Ruberte et al., 2023). Developing a modified mouse organ function score that aligns with
key indicators of organ dysfunction observed in sepsis may enhance the translational
relevance of preclinical studies. Future research could focus on defining and validating
such a score tailored specifically for mouse models of sepsis, incorporating parameters

reflective of organ dysfunction that are feasible to measure in these experimental settings.
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This approach would facilitate more accurate and meaningful comparisons between
preclinical and clinical studies, ultimately enhancing the utility of animal models in sepsis

research.#
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Figure 4-1: Visual representation of the sepsis induced experiments.

After 16 weeks on the respective diet, obese and non-obese mice were subject to sepsis
(brown arrow) at time 0. Buprenorphine (pink arrow) was injected at subcutaneously at a
dose of 0.05mg/kg at 4 hours, 12 hours and on a 12-hour schedule thereafter. Starting at
12 hours post fecal slurry injection, ringer’s lactate (green arrow) was provided
subcutaneously at a dose of 15/kg and imipenem (yellow arrow) was administered
intraperitoneal at dose of 25mg/kg on a 12-hour schedule. The experiment was terminated
at 72 hours post- fecal slurry injection.
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Figure 4-2: Weight of C57B1/6 mice were monitored in mice high-fat diet or low-fat diet
over 16-weeks. High-fat diet (HFD; pink) and low-fat diet (LFD; black), male (triangles)
and female (diamond) mice were measured weekly for the duration of diet. Significance
was determined using mixed-effects analysis. *&#0.05 between female mice on HFD vs
LFD. "&#0.05 between male mice on HFD vs LFD. (A). At 15 weeks on diet, an
intraperitoneal glucose tolerance test (ipGTT) was performed using 1g/kg of 50% sucrose
solution. Blood glucose levels were measured at 15-minute intervals for 60 minutes and a
final reading at 120 minutes using a standard glucometer. Significance was determined
using area under the curve analysis followed by a two-way ANOVA (B). All data is
represented as the mean + SD. N=27-28 mice per diet. *&#0.01.
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Figure 4-3: Survival curve comparing weight-based vs. pre-defined dose.

Kaplan Meier survival curve of septic HFD (solid) and LFD (dotted) mice which received
0.25 mg/g body weight (black), 6mg (pink), 7.5mg (teal) or 9mg (purple) of fecal slurry
over 72 h. N=2 for the 9mg dose mice and 6-16/group for all other groups.
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Figure 4-4: Lung damage induced by weight-based vs. pre-defined dose.

Representative histology images from lung sections (5 uM) from low-fat diet (LFD) and
high-fat diet mice made septic using a dose of 0.25mg/g body weight, 6mg or 7mg of
fecal slurry 72h post-sepsis induction. Sections were stained with H&E and imaged at
20x. Scale bar 100uM (A). A composite score was determined by evaluating
inflammation, thrombosis development, lipid deposition, and tissue morphology (B). All
data is represented as the mean + SD. *p<0.01. N=3-7.
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Figure 4-5: Organ damage induced by weight-based vs. pre-defined dose.

Lung MPO (A) and plasma levels of total bilirubin (B) and cystatin C (C) in low-fat diet
(LFD) and high-fat diet (HFD) fed mice that were control (black) or septic using a dose of
0.25mg/g body weight (purple), 6mg (pink) or 7mg (teal) of fecal slurry measured 72h
post-sepsis induction. All data is represented as the mean = SD N= 6 per group. * &<
0.05; ** &< 0.01; *** &< 0.001; **** &< 0.0001.#
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Foreword: In chapter 5, we explore the intricate interplay between sepsis, obesity, and
seasonal changes. We investigate the state of microbiome dysbiosis and the resulting
alterations in metabolic substrates, short-chain fatty acids, and the subsequent impact on
macrophage function.
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Sepsis, a leading cause of global mortality, is influenced by comorbidities like obesity and
by seasonal variations, yet their combined effects are poorly understood. In our murine
model using diet-induced obesity and fecal-induced peritoneal sepsis, we discovered
distinct survival disparities between spring and fall. Survival rates were higher in spring
(47%) compared to fall (11%) (p < 0.0001), with significantly shorter survival times in
fall (13.00 hours + 3.71 hours) versus spring (23.20 £+ 10.92 hours) (p < 0.0001). Fall
septic mice exhibited significantly more lung inflammation than their spring counterparts
(p =0.01), and we observed an upregulation of circadian gene BMALI1 expression in
response to sepsis. Immunofluorescent staining confirmed BMALI expression in
bronchiolar epithelial Club Cells. Analysis of fecal metabolites pre-sepsis revealed a 3.4-
fold decrease in propionate (p < 0.001) and a 5.6-fold decrease in butyrate (p < 0.0001) in
fall versus spring mice, reflecting seasonal variation in gut microbiome metabolite
production. We also investigated the impact of short-chain fatty acids (SCFAs) on
macrophage polarization (9#M(,28rucial for sepsis and obesity pathogenesis. There was
increased iNOS expression in low-fat diet (LFD) macrophages compared to high-fat diet
(HFD) macrophages (p = 0.03) when co-stimulated with propionate, while butyrate
mitigated these differences. Both propionate and butyrate significantly reduced IL-6
secretion in HFD macrophages (p = 0.02 and p = 0.04, respectively), indicating
differential effects of SCFAs on macrophage polarization in obesity. In conclusion,

seasonality impacts the outcomes to sepsis which is further complicated by obesity. We
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speculate that the intersectionality of sepsis, obesity, and seasonality, is mechanistically
driven by dysbiosis of the microbiome and subsequent changes to the metabolic
substrates, impairing macrophage function. Further investigation is essential to unravel
the underlying mechanisms and implications of these interactions for disease

susceptibility and therapeutic interventions.#
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Sepsis, the life-threatening organ dysfunction due to a dysregulated host response to
infection’, is a leading cause of death in the intensive care unit’®, Regardless of
advancements in antibiotic therapy, resuscitative strategies, and ventilator management,
the mortality rate of sepsis in humans remains 30%-50%%. The incidence and mortality of
sepsis are typically highest during the fall and winter months; in the United States, sepsis
incidence is 17.7% higher in the fall than in the summer. In comparison, mortality is 13%
higher in the winter than in the summer. This seasonality is similarly observed in the

U K, where sepsis incidence is 35% higher in the winter than in the summer”. A potential
explanation for seasonal variation in sepsis outcomes is the alterations in clock gene

expression and biological rhythmicity in the body that coincide with changing seasons’.

Obesity is a significant risk factor for developing sepsis, with large percentages of sepsis
patients being overweight or obese?. Interestingly, weight tends to fluctuate seasonally;
for example, the body weight of Japanese children was observed to increase in the
fall/winter and decrease in the summer®. This observation is likely due to changes in

feeding habits, outdoor activity, and energy storage/expenditure®.

Seasonal variation in disease prevalence and progression are observed across a many
disease states including sepsis and obesity. Brain muscle arnt like (BMAL)1:is a master
clock gene, responsible for circadian rhythm patterns, and its expression in humans
decreases in the winter, coinciding with the susceptibility to sepsis and other

infections)® "Disruption of BMALI1 in mice has shown increased weight gain®®"$, body
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fat”"('$ and glucose intolerance 8%, suggesting that disrupted clock gene expression is a
contributing factor in the development of obesity. However, the mechanistic role of
circadian rhythm genes in the pathogenesis and progression of sepsis and obesity has yet

to be explored.

Previous studies have shown that SCFA can modulate macrophage function, which is
crucial in both sepsis™ and obesity. " Both conditions are associated with dysbiosis,
affecting the availability of metabolic substrates for immune function. We hypothesized
that reduced BMAL1 gene activity in the fall, compared to the spring, increases sepsis
mortality in mice on either high-fat or low-fat diets. Additionally, seasonal differences

lead to decreased SCFA production in the fall, impairing macrophage function.#
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Male and female C57Bl/6J mice originally purchased from Jackson Laboratories were bred
in-house. Mice were housed in micro isolation cages with corncob bedding and received
nesting material and a plastic house or cardboard roll for enrichment. Mice were randomly
selected from the cage and assigned control or high-fat diet (HFD) at 5-7 weeks of age.
Mice were weighed prior to starting diet (20.40 + 2.25g). Animals were fed a high-fat diet
HFD (Dyets #112286, 21% buttermilk fat, 0.15% cholesterol, 33% sucrose) for 16 weeks
with free access to water before the induction of sepsis and housed in static cages. Control
mice were given a calorie-matched control diet (LFD) (Dyets # 104844, 3.2% buttermilk
fat, 0.15% cholesterol, 45% sucrose). All mice were fed <>#A(+(,8dntil week 12, during
which they underwent 30% diet restriction as previously described ™ to ensure a substantial
difference in weight between diet cohorts. All animal experiments were performed in
accordance with the McMaster Animal Research Ethics Board (AUP # 20-08-28). A total

of 42 mice were used.

") # JABL3'%#,3A%2<91%#P0',(9GH
Mice were fasted for 6 hours prior to administration of 2g/kg of dextrose 20% into the
intraperitoneal cavity. Blood glucose levels were measured from the tail vein at time 0, 15-

, 30-,45-, 60- and 120-minutes post-injection using a OneTouch Verio standard glucometer.
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Rats were anesthetized using isoflurane. The cecum was opened distally, and the contents
were collected and suspended in a 50mM phosphate buffer. The slurry was filtered into
conical tubes using a 100 um cell strainer to remove large particles. Cecal content was
resuspended in 5% dextrose solution (with 10% glycerol) at a final 100mg/mL
concentration. The fecal slurry was prepared in April 2021 in large batch to minimize
variation, aliquoted (1 mL) and stored at -80°C until use to maintain stability as previously

published®.

L "["6#t 79>81,(39#3E# %& ' (THRYAKRASH#&%2(,39(,('# F7La#i3>%A#

Sepsis experiments were performed in the spring (April-May 2021 & 2022) or the fall
(October-November 2021). Mice were randomly selected from the cage and assigned to
septic or control group, weighed, and injected i.p with a dose of 1 mg/g body weight fecal
slurry under isoflurane anesthetic. Control mice received the same volume of 5% dextrose
in 10% glycerol injected i.p. Mice were injected subcutaneously with 0.05mg/kg of
buprenorphine 4- and 8 hours post-injection and every 8 hours after that. Ringer’s lactate
(8mL/kg) was administered subcutaneously, and piperacillin-tazobactam (100mg/kg) was
administered intraperitoneally at 8 hours post sepsis induction and every 8 hours thereafter

until a humane or study endpoint was reached.

During recovery, mice were monitored every 4 hours for evidence of distress using the
mouse grimace score (MGS) and mouse sepsis score (MSS) (Supplemental Table 1) 4’6,

To minimize potential confounder effects, mice were always scored for MGS and MSS
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prior to receiving injections. Temperature was assessed using miniature transponders
implanted subcutaneously with temperature microchips (UCT-2112, Unified Information
Devices, Lake Villa, IL, USA). The implantation was done using the manufacturer-
supplied microchip injector and hypodermic needles. Readings were obtained using a
receptor unit (URH 1HP reader, Unified Information Devices). Mice were euthanized if
mice received a score of 3 in any category, a cumulative score of 7, had a decrease in
temperature by 6°C or decreased body mass by 20%. Mice were fed their respective diet
<>#A(+(,88br the remainder of the study. Glucose was monitored via tail-vein throughout
the study using a Verio OneTouch standard glucometer. At the study endpoint, mice were
anesthetized using isofluorane, whole blood was collected via cardiac puncture, and all
vital organs were harvested in accordance with the National Preclinical Sepsis Platform

protocol .

Each mouse is defined as an experimental unit per ARRIVE guidelines’’ (Supplemental
Table 2), with a minimum of 3 mice per group. For ethical purposes, to reduce the
number of mice used, no sample size calculation was performed. No mice were excluded

from the analysis.

A, 3&<,=3A3GH
To evaluate organ-specific tissue damage, lungs, liver, and kidneys from animals were
stored in 10% neutral buffered formalin, processed and embedded in paraffin. Sections

were stained with hematoxylin and eosin to visualize tissue morphology. Two blinded
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independent histopathology experts scored the sections for levels of inflammation,

thrombosis, organ morphology, the presence of edema, and steatosis.

L[4 189G#4-%A3&%23Q (><'%HHBLA-'(#

#.ung samples were snap-frozen in liquid nitrogen and stored at -80°C. Lungs were
homogenized using a manual homogenizer and total protein was quantified using the
bicinchoninic acid protein assay kit (BCA1, Sigma). 50 ug of total protein was analyzed

using DuoSet Myeloperoxidase ELISA (R&D systems).

"G J%9%HNQ&2%# (39

RNA was isolated from the left posterior lung lobe in RNAzol (Sigma-Aldrich,
Burlington, MA). Homogenization was performed using a Pro Series Bullet Blender
Tissue Homogenizer. cDNA was synthesized using the High-capacity cDNA Reverse

Transcription Kit (Applied Biosystems, Waltham, MA).

Quantitative reverse transcription polymerase chain reaction (RT-qPCR) was performed
using the Applied Biosystems StepOnePlus Real-Time PCR System and PowerTrack
SYBR Green Master Mix (Thermo Scientific, Waltham, MA) and the primer sequences
provided in Table 1. Amplification was performed under the conditions of 50°C for 2
minutes, 95°C for 2 minutes, followed by 40 cycles of 95°C for 15 seconds and then 60°C
for 1 minute. Expression fold change was calculated using the 2-*>== method normalized

to 18 s rRNA.
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For fluorescent antibody staining analysis, antigen retrieval was performed using
proteinase K at a concentration of 1:1000. Blocking was performed with 5% normal goat
serum. Slides were then incubated overnight at 4°C with the primary antibody diluted in
antibody diluent to a concentration of 1:200 and secondary antibody was diluted 1:200 in
antibody diluent and incubated for 1 hour at room temperature (Table 2). Slides incubated
with 4',6-diamidino-2-phenylindole (DAPI) diluted in PBS at a concentration of 1:5000.
Slides were mounted using the Dako Mounting Medium (Agilent Technologies, Santa
Clara, CA). Tissue was imaged using the Leica SP8 Confocal Microscope (Leica

Biosystems, Wetzlar, DE) and processed using the Leica LAS X software.

CUMHE $=32KL=<(9#E<,,-#<1(># $DFa#<¥A-'(

SCFA levels were measured in fecal pellets after 16 weeks on the respective diet by the
McMaster Regional Centre of Mass Spectrometry. In short, a weight equivalent amount
of 3.7% HCI, 10 pL of internal standard and 500 pL of diethyl ether was added to each
fecal sample and vortexed for one minute. The diethyl ether fecal extract was added to a
chromatographic vial containing an insert and N-tert-butyldimethylsilyl-N-
methyltrifluoroacetamide. The samples were incubated at room temperature for 1 h prior
to being analysed using gas chromatography -mass spectrometry (6890N GC, coupled to

5973N Mass Selective Detector; Agilent Technologies, Santa Clara, CA, USA).
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Femurs and tibias were aseptically harvested from C57BL/6 mice after 16 weeks on diet.
Bones were thoroughly flushed with R10% solution, comprised of RPMI-1640 (Wisent
Bioproducts, Canada), supplemented with 10% heat-inactivated fetal bovine serum (FBS;
Wisent Bioproducts, Canada). The entirety of the bone marrow was resuspended in 10 mL
of BMDM medium, consisting of RPMI-1640 (Wisent Bioproducts, Canada) enriched
with 10% heat-inactivated FBS, 2% 4-(2-Hydroxyethyl)piperazine-1-ethane-sulfonic acid
(HEPES), ImM sodium pyruvate, 1% essential amino acids, 1% non-essential amino
acids, and 100U/mL penicillin/streptomycin, (all obtained from Wisent Bioproducts,
Canada), and 30% L929 cell-conditioned medium from American Type Culture
Collection (ATCC). Cells were plated at a density ranging from 5-10x10° cells per 10cm

petri dish and cultured at 37°C in a 5% CO2 environment.

After 4 days of culture, 9 mL of fresh BMDM medium supplemented with 30% 1.929
medium was added to each dish. On day 6, non-adherent cells were aspirated, and
adherent macrophages were gently washed once with phosphate-buffered saline (PBS)
before detachment using Cell Stripper (Corning) and plated in 6-well plates at a density of

1x10° cells per well.

UMV HTOHM(, 234, (48A<, (3943E#ROBO!
Following a 24-hour resting period, distinct subsets of cells were subjected to various
treatments to induce polarization towards specific phenotypes. Specifically, subsets were

treated with 100 ng/mL lipopolysaccharide (LPS) and 20 ng/mL IFNy to promote a pro-
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inflammatory phenotype. Alternatively, subsets were treated with 10 ng/mL interleukin-4
(IL-4) to induce an anti-inflammatory phenotype. In addition, cells were co-stimulated
with 100 uM of acetate, butyrate, or propionate. Cells in another subset were left
unstimulated and maintained in fresh R10. Sample collection performed twenty-four

hours following the respective treatments and incubation periods.

M) #U8<9,(E(1<,(39#3 &M/

The quantification of IL-6 protein secretion was conducted utilizing a commercially
available enzyme-linked immunosorbent assay (ELISA) kit procured from R&D Systems
(Mouse IL-6 DuoSet ELISA #DY406; R&D Systems Minneapolis, USA). Following a
twenty-four-hour (9#M(,28#hulation of BMDMs, the cell culture media was harvested
and subjected to centrifugation at 4°C, 1,500 rpm for 10 minutes to remove debris,
yielding the soluble fraction. Subsequently, the supernatant was carefully collected and

stored at -80°C.

For the ELISA analysis, 100 pL of the cell supernatant sample was dispensed into each
well of a 96-well plate. The assay was conducted according to the manufacturer's

instructions. Optical density readings were obtained at 450 nm using a microplate reader.

U HE, < (L (L<A#<O<AH('
Results are presented as mean + SD. Significance was determined using a Mann-Whitney
test. Nonparametric analysis was used due to the small sample size.#Kaplan-Meier

survival curves and Mantel-Cox Log-rank tests were used to analyze survival. ##alues <
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0.05 were considered statistically significant. GraphPad Prism 10.2.2 (La Jolla, CA,

USA) was used to analyze data.
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This study observed disparities in survival outcomes between spring and fall studies. As
shown in Figure 5.1A, Survival rates were significantly higher in studies conducted in the
spring (47%) compared to the fall (11%) (&< 0.0001). Among mice that succumbed to
sepsis, those in the fall reached the humane endpoint significantly quicker than those in the
spring, with average survival times of 13.00 hours + 3.71 hours versus 23.20 + 10.92 hours,
respectively (&< 0.0001) (Figure 5.1B). No sex differences were observed, and they were

therefore not considered in the subsequent analysis.

Considering the profound impact on lung function induced by sepsis®, we assessed
myeloperoxidase (MPO) levels in the lung tissue to potentially explain our survival
differences (Figure 5.1C). There was no seasonal difference in lung MPO without the
induction of sepsis. Sepsis-induced increased lung MPO in both the spring and fall cohorts
compared to the non-septic controls. When comparing within seasons, there were
significantly higher MPO levels observed in spring septic mice (10.20 £+ 1.18 ng/mg lung
tissue) compared to non-septic mice (5.59 £+ 2.11 ng/mg lung tissue) (&= 0.004). Similarly,
septic mice in the fall exhibited significantly elevated MPO levels (12.45 + 2.87 ng/mg
lung tissue) compared to non-septic mice (7.18 + 2.04 ng/mg lung tissue) (&= 0.004). To
summarize, we observed significantly higher lung inflammation in the fall cohorts
compared to the spring, which may contribute to the seasonal survival differences (& =

0.01).
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Next, we investigated the potential seasonal mechanisms by examining the known infradian
regulator, BMALI, in lung tissue (Figure 5.2A). Control mice in the fall exhibited
significantly lower amount of BMAL1 compared to spring mice (&= 0.003). However,
following sepsis onset in the spring, BMALI1 expression increased significantly by 1.91-
fold (& = 0.049) and similarly by 2.98-fold (&= 0.009) in fall mice compared to their
respective non-septic controls, suggesting that the sepsis increases BMALI1 expression.
Among septic mice, fall mice exhibited a decrease in BMALI expression compared to
spring mice (&= 0.007). Following sepsis onset in the spring, BMAL1 expression increased
significantly by 1.91-fold (&= 0.049) and similarly by 2.98-fold (&= 0.009) in fall mice
compared to their respective non-septic controls (Figure 5.2B). Using confocal
microscopy, we observed BMALT1 expression in the bronchiolar epithelium. To validate
this, lung sections were further stained with Club Cell protein 10 (CC10), a specific marker
bronchiolar epithelium club cells (Figure 5.2C). Qualitative analysis confirmed BMALI
presence within club cells of the bronchiolar epithelium. Therefore, seasonal BMALI
expression within the club cells of the lungs induced by season may be a defining attribute

contributing to sepsis survival.

6" [H#$%<'39<AHM<2(<,(39#3MHEVH <ABHEY,, ,-#<1(>#&23>81,(39
Previous literature has highlighted the importance of the gut-lung axis in disease states.

Therefore, we explored downstreaS.m metabolites of the gut microbiome as a potential
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influence on sepsis survival®". Alterations in SCFA produced by the microbiome and the
subsequent metabolites that enter the blood stream can alter immune function in the lungs®.
As a result, we used chromatography-mass spectrometry to measure and quantify acetate,
propionate, and butyrate in the fecal pellets of mice prior to sepsis. Acetate levels did not
differ significantly between the spring and fall (not shown). However, there was a 3.4-fold
decrease in propionate (&# 0.001) (Figure 5.3A) and a 5.6-fold decrease in butyrate (&#

0.0001) (Figure 5.3B) in fall mice compared to spring.

6" 6A=00#(48& <1, #IEH3+%0'(,-#3OHABIGH(IEA<AA<, (30H< I HEDARAH#2 (>#
&23>81,(39

Changes in SCFA are evident not only in sepsis but also in co-morbidities such as obesity®.
We investigated if similar trends would be evident with obesity that we observed in
different seasons. Using an obese mouse model, we observed no differences in survival
between the LFD and HFD mice (Supplemental Figure 5.1). However, we continued to
explore the influence of diet on lung inflammation, BMALI1 expression, and SCFA
production to understand their effects on the pathogenesis of sepsis. We found that HFD
induced similar patterns of MPO that we observed in the fall season, indicating that both
fall and HFD have similar influences on MPO (Figure 5.4A). There was no difference
between the LFD and HFD control mice. However, MPO levels were significantly higher
in HFD septic mice compared to the LFD septic mice, post sepsis induction (11.79 + 2.71
ng/mg lung tissue vs 9.33 ng/mg lung tissue + 2.79 ng/mg; &#0.0001). When comparing

within diet cohorts, we observed a modest increase in inflammation in the LFD septic mice
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compared to their controls (&# 0.018), and we observed a significant increase in the HFD
septic mice and the HFD non-septic mice that had 6.47 + 2.12 ng/mg lung tissue (&«
0.0001). These results show that there is significantly more lung inflammation in the HFD

septic mice that is not observed in the LFD mice.

Next, we assessed the impact of diet on BMALI1 expression (Figure 5.4B). We found that
diet had no significant impact on BMAL1 expression prior to the onset of sepsis. Although
there was no difference between LFD control mice and LFD septic mice, there was a 2.6-
fold decrease in BMALI1 expression in the HFD septic mice compared to the HFD non-
septic controls (&# 0.0011). There was also a significant difference among septic mice, as
there was a 1.7-fold decrease in the HFD mice compared to the LFD mice (&# 0.0003).
Furthermore, there was a 1.5-fold decrease in LFD septic mice compared to the HFD non-
septic mice, suggesting that while sepsis has no impact on LFD mice, it greatly impacts

BMALI expression in the HFD cohort.

Since it is known that HFD impacts SCFA production, we measured the amount of acetate,
propionate, and butyrate in the fecal pellets of mice. There were no differences in the
amount of acetate (not shown). There was a 2.7-fold increase in propionate in the LFD mice
compared to the HFD mice (&# 0.046) (Figure 5.4C). Similarly, butyrate levels were 2.8-
fold higher in the LFD mice compared to the HFD mice (&# 0.0024) (Figure 5.4D). Again,

the results of the HFD mice are similar to those observed in the fall.
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Therefore, to further understand the interplay between diet and lung inflammation, we
investigated the impact of the three most important SCFAs on bone marrow-derived
macrophages (BMDMs) obtained from mice fed either a LFD or HFD in the fall (Figure
5.5A). We assessed the pro-inflammatory capacity of stimulated BMDMs by measuring
inducible nitric oxide synthase (iNOS), a known proinflammatory marker. Upon
stimulation with lipopolysaccharide (LPS) alone, there was a significant increase in iNOS
expression (not shown); we observed a significant upregulation of iNOS expression by 1.8-
fold in HFD BMDMs compared to HFD BMDMs (&< 0.001). Similarly, when BMDMs
were co-stimulated with LPS and acetate, iNOS expression was upregulated by 1.7-fold in
HFD BMDMs compared to LFD BMDMs (&# 0.0038). Co-stimulation with propionate
also resulted in a 1.7-fold increase in iNOS expression in HFD BMDMs compared to LFD
BMDMs (&0.03). Interestingly, when BMDMs were co-stimulated with butyrate, the
differences between HFD and LFD macrophages were no longer significant. However,
there was a significant decrease in iNOS expression induced by butyrate when comparing

HFD BMDMs stimulated with LPS alone or acetate (&# 0.04 and &b 0.001, respectively).

These findings were further validated by measuring the secretion of the proinflammatory
cytokine IL-6 in the culture media of the treated cells (Figure 5.5B). Stimulation with LPS
alone led to a significant increase in IL-6 secretion in cells from HFD-fed mice compared
to those from LFD-fed mice (1638.10 + 488.68 pg/mL vs. 3065.61 + 1729.70 pg/mL; &=

0.048). Similar trends were observed upon co-stimulation with acetate, where IL-6
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secretion remained elevated in HFD mice compared to LFD mice. However, co-stimulation
with acetate and propionate mitigated these differences. Co-incubation with propionate or
butyrate resulted in a significant decrease in IL-6 secretion compared to LPS stimulation
alone in HFD mice (propionate: 1080.19 + 906.58 pg/mL; p = 0.021; butyrate: 1137.18 +
1264.45 pg/mL; & = 0.035). No significant decrease was induced by propionate and
butyrate in the LFD mice. These observations provide evidence of the differential effects
of SCFAs on IL-6 secretion in macrophages from HFD-fed mice, underscoring the complex

interplay between diet and SCFA modulation of inflammatory responses.

To evaluate the polarization capacity of BMDMs from obese and non-obese mice towards
anti-inflammatory phenotypes when stimulated with SCFA, we stimulated BMDMs with
IL-4 and assessed the expression of the anti-inflammatory marker arginase 1 (ARGI;
Figure 5.5C). Stimulation with IL-4 alone resulted in a significant 2.9-fold decrease in
ARGI1 expression in HFD compared to LFD mice (& 0.002). Similarly, when BMDMs
were co-stimulated with IL-4 and acetate, there was a 1.8-fold decrease in ARG1 expression
in HFD mice compared to LFD mice (& = 0.017). Co-stimulation with propionate
significantly decreased ARG1 expression in LFD BMDMs by (99.92%) compared to
propionate-stimulated HFD & = 0.0012), a 2658-fold decrease compared to IL-4 alone-
stimulated LFD BMDMs (& < 0.0001), and a 3558-fold decrease compared to acetate-
stimulated LFD BMDMs (&# 0.0001). While there was no difference in ARG1 expression
between LFD and HFD BMDMs stimulated with butyrate, LFD BMDMSs co-stimulated
with butyrate exhibited results similar to those observed with propionate. Specifically, there

was a 183-fold decrease compared to IL-4 alone-stimulated LFD BMDMs (&< 0.0001) and
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a 245-fold decrease compared to LFD BMDMs co-stimulated with acetate (&< 0.0001).
These findings provide further evidence of an impaired anti-inflammatory polarization
response in HFD mice that can be mitigated by butyrate, underscoring the differential

effects of SCFAs on macrophage polarization in the context of obesity.
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Sepsis remains a leading global cause of mortality® with comorbidities such as obesity
exerting influence on its outcome®”. Nevertheless, the precise way season and obesity
influence sepsis outcomes remains elusive. Utilizing a mouse model of diet-induced
obesity and fecal-induced peritonitis, we observed seasonal variations in mortality rates.
These differences may be linked to dysfunction in circadian clock genes, particularly
BMALI, within lung Club Cells and increased MPO in obese mice. Furthermore, there
was decreased propionate and butyrate in the fecal contents of mice in the fall compared
to the spring. These results were mirrored in obese mice. These findings highlight the
complex interactions among the gut-lung axis, SCFA, dietary factors, and seasonal
influences on sepsis outcomes. The gut-lung axis is a common factor linking seasonality,
diet, and our findings. We noted decreased levels of propionate and butyrate induced by
both fall and HFD. We observed impaired macrophage polarization toward both pro- and
anti-inflammatory states. We speculate a novel pathway by which seasonality and obesity

affect sepsis outcomes through the gut-lung axis.

Our most profound finding was the increased mortality during the fall compared to spring
among septic mice housed in a tightly regulated laboratory vivarium. Despite controlled
conditions, including light-dark cycles, temperature, and humidity, mice exhibited
susceptibility to endogenously entrained infradian cycles $. A previous study by Kiank et
al., using a colon ascendens stent peritonitis model of sepsis, led to increased mortality in
summer experiments and autumn months, compared to the winter and spring, which they

attributed to an uncontrolled hyperinflammatory response®®. Our observation of increased
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lung MPO response in the fall suggests a potential contributing factor to seasonal
mortality. A meta-analysis by Garcia et al. of five years of murine cecal ligation and
puncture experiments also confirmed seasonal differences indicated higher mortality in
male mice during summer®, contrasting with findings from Lewis et al. that did not show
statistically significant seasonal differences in illness onset®. The growing body of
literature supports the role of seasonality as a significant confounding factor in sepsis

survival.

The role of circadian clock genes, such as BMALI, in infradian rhythm regulation
remains incomplete. Our study demonstrated downregulation of BMAL1 gene expression
in the fall and obese mice, potentially contributing to the survival differences observed.
Clinical studies have linked disrupted circadian rhythms, like decreased BMALI
expression, with adverse outcomes, including increased hospitalization for respiratory
infections and higher mortality rates*”. Although BMALI is currently considered one of
the primary driving forces in infradian rhythm mechanisms, additional studies should
explore the impact of other genes implicated in circadian rthythm control, such as

Cryptochrome, Period, and circadian locomotor output cycles kaput (CLOCK).

To our knowledge, this study is the first to observe enhanced BMAL1 expression
localized in bronchiolar Club cells in the context of sepsis, which may explain variations
in lung inflammation. Club cells, an epithelial cell that can differentiate into ciliated or
goblet cells, are known to secrete both anti- and pro-inflammatory cytokines and play a

key role in recruiting neutrophils primarily responsible for MPO production. These cells
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produce CC10, particularly in the distal respiratory”. CC10 is the predominant protein in
airway mucosa fluid’® and exhibits protective effects against oxidative stress and
inflammation, playing a crucial role in respiratory diseases and epithelial repair)®%,
Decreased BMALI expression in club cells during inflammation may impair lung repair,
emphasizing the critical role of circadian rhythms in lung health and regeneration. In a
mouse model combining blunt thoracic trauma and sepsis, early neutralization of CC10
increased neutrophil infiltration and lung injury at 6 hours post-infection, followed by
reduced lung injury at 24 hours?). Studies have also shown significantly decreased CC10
expression in obese mice compared to controls’”. CC10 is considered a promising
therapeutic target for respiratory conditions due to its small size, stability in extreme
conditions, and resistance to proteases). Further research using additional comorbidity
models is needed to fully understand the role of club cells in obese septic mice,

particularly concerning seasonal variations.

The underlying role of clock genes in critical illness emphasizes the therapeutic
implications of clock gene research. Almost any inflammatory condition, including
sepsis, is recognized as a strong candidate for clock gene-related therapy due to the
rhythmic activity of immune cells’. However, it is important to consider that
pharmacological modulators of biological rhythms and clock genes are potential
therapeutic options for many diseases. As the list of clock gene-associated diseases grows,
studies that aim to elucidate the impact of clock genes on human disease states are

becoming increasingly important.
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Increasing evidence is reported on the influence of the gut microbiota on the host's
immune system’®. Gut microbiome dysbiosis is associated with various autoimmune and
metabolic diseases, while high-fat diets and resulting obesity can alter microbiome
complexity and diversity, impacting pathophysiology. Disruption of microbial rhythms is
associated with increased susceptibility to infections’® and metabolic disorders’®,
potentially due to dysregulated circadian gene expression. To date, limited literature has
examined the host microbiome outside of environmental availability in food sources,
changing the gut microbiome composition. Despite maintaining a tightly regulated
vivarium and consistent food source, we have observed changes in SCFA levels, likely
reflecting shifts in microbial species composition. A recent study that examined the
impact of the gut microbiome in giant pandas took an innovative approach by performing
a fecal microbiome transplant of Giant Panda feces into mice)’. They observed seasonal
fluctuations in microbiome composition, with reduced Firmicutes abundance and a lower
Firmicutes to Bacteroidetes ratio during summer, accompanied by increased
Bacteroidetes as opposed to winter’> Multi-omics analyses revealed that butyrate, a
microbial metabolite, played a key role in affecting the expression of circadian genes such
as BMALI, Period (PER2), and Cryptochrome (CRY)1)”. These findings highlight the
importance of seasonal regulation of the gut microbiome and its metabolites, particularly
SCFAs, in shaping host responses. However, further investigation into the intrinsic
regulation of infradian genes, independent of environmental cues, is essential for

understanding the factors influencing host susceptibility to infection and disease. This
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research holds promise for elucidating novel therapeutic targets to modulate host-

microbiome interactions to promote health and mitigate disease risk.

Given the pivotal role of macrophages in pathophysiology, their circadian gene
regulation, and their interactions with the microbiome®, we investigated the influence of
SCFA on macrophage polarization. We observed impaired polarization ability in
macrophages derived from HFD-fed mice compared to those from LFD-fed mice.
Specifically, macrophages from HFD mice exhibited increased inflammatory responses to
lipopolysaccharide (LPS), as evidenced by elevated expression of inducible nitric oxide
synthase (iNOS) and interleukin-6 (IL-6) secretion, which was ameliorated by butyrate
and propionate co-stimulation. These results align with a study by Wen et al., which
demonstrated that butyrate and propionate reduce the production of inflammatory
cytokines and reactive oxygen species, mitigating lung damage induced by severe
pneumonia induced by Mycoplasma pneumonia*®. Another study showed that butyrate
inhibits nitric oxide production in response to LPS by suppressing iNOS expression via
NF-«B inhibition™ . Butyrate also reduces inflammation in macrophages exposed to high

glucose concentrations and protects against kidney injury in diabetic mice”®.

Considering our results alongside the literature, the observed downregulation of
propionate and butyrate levels in the fall season and HFD mice may contribute to
impaired inflammation resolution and increased tissue damage, potentially leading to
worse outcomes and increased mortality. In contrast, increased SCFA production in the

spring season and LFD conditions may facilitate a more balanced inflammatory and anti-
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inflammatory response mediated by propionate and butyrate, thereby improving survival
outcomes. These findings underscore the importance of SCFAs in modulating
macrophage function and their potential therapeutic implications in inflammatory

diseases.

To our knowledge, this study is the first investigation into the infradian pattern of
mortality and club-cell expression within a murine model of sepsis and obesity. We aimed
to advance the field of preclinical research while adhering to established guidelines such
as the Minimum Quality Threshold in Preclinical Sepsis Studies (MQTiPSS)™ and
Animal Research: Reporting of 79#(MBxperiments (ARRIVE)"’. Adhering to MQTiPSS,
we employed a 72-hour mouse model, including both sexes, with a dosage resulting in
approximately 30% mortality, aiming to emulate better the clinical time course and
mortality observed in patients. This was achieved in the spring. We also utilized an
ingredient-matched control diet. However, this diet is isocaloric, meaning that to match
the calorie content, the sugar content was increased in the LFD chow, resulting in a low-
fat, high-sugar diet. In future experiments, it would be advisable to include diets with
matched sugar content instead of relying solely on isocaloric diets to mitigate potential

differences attributed to sugar intake.

Nevertheless, notable limitations exist within our study. Primarily, the small sample size
significantly constrains our findings. Due to the fact there was elevated mortality rate in
the fall, a finding inconsistent with MQTiPSS™ and our local animal ethics board, we

were unable to expand the study due to significant ethical concerns. However, it remains
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imperative that this novel finding be further explored. Future investigations should
consider the seasonal impact on mortality rates when determining dosage parameters. In
addition, we conducted our experiments using C57B1/6 mice, a strain known for its
predominant Th1 response, which could impact the results. Therefore, confirming the

findings of this study in a Th2-predominant mouse strain such as Balb/c is recommended.

In conclusion, this complex model more accurately reflects the clinical manifestations of
sepsis and obesity, emphasizing the interplay between dysbiosis, organ injury, and
macrophage function. Future studies should consider the impact of seasonality on pre-
clinical model outcomes, the metabolic alterations induced by dysbiosis due to both
season and diet, and how the resulting metabolic disruptions affect macrophage function.

These factors could ultimately impair the immune response to sepsis.
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Table 5.1: Primer sequences used for quantitative PCR

Gene Forward 5°! 3’ Reverse 5°! 3’

18s CGATCCGAGGGCCTCACTA AGTCCCTGCCCTTTGTACACA

BMAL | CCACCTCAGAGCCATTGATAC | GAGCAGGTTTAGTTCCACTTTGT

1 A CT

iNOS ATTATCGGAGCGCCTTTCTC TTTTTCCAGCAGACCAGCTT

Argl CCCTCCTGATCTTGTGTTGG GGCAGTGCATACCACTTCAA
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Table 5.2: Antibodies used for immunofluorescence staining.

McMaster University — Medical

Target Host Class Supplier Cat. Conjugate
Number
Anti-BMALI1 Rabbit Polyclonal | Invitrogen | # PA1-523 N/A
Anti-CC10 Mouse Polyclonal | Santa Cruz | sc-390313 N/A
anti-Rabbit Goat Polyclonal | Invitrogen | A-11008 Alexa Fluor
IgG (H+L) 488
anti-Mouse Donkey | Polyclonal | Invitrogen | A-21203 Alexa Fluor
IgG (H+L) 594
Rabbit IgG Rabbit Isotype Invitrogen 31235 N/A
control control
Anti-Mouse Mouse Isotype eBioscience | 14-4724- N/A
IgG2a kappa control 82
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Figure 5-1: Survival and lung inflammation of septic mice in spring vs. fall.

Kaplan Meier survival curve of septic mice which received 1mg/g body weight of fecal
slurry from the spring (purple) and fall (blue) cohorts over 72 h. N=15-27/group (A). Box
plots showing the average time to death of septic mice over 72h from the spring (purple)
and fall (blue). Data are shown as the mean + SD. N=10-24/group. Significance was
determined a Mann-Whitney test (B) Myeloperoxidase concentrations from non-septic
(CTL) and septic (FIP) mice in the from the spring (purple) and fall (blue) cohorts. Data
are shown as the mean + SD. N=4-21/group. Significance was determined using a Mann-
Whitney test (C) *P <0.05, ** P<0.01, *** P <0.001, *** P <0.0001
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Figure 5-2: Expression and localization of BMALI in the lungs of mice in the fall and
spring.

BMALI transcription in lung tissue was measured by quantitative PCR in the non-septic
(CTL) and septic (FIP) mice in the spring (purple) and fall (blue) cohorts. Data are shown
as the mean = SD. N=5-12/group. Significance was determined using a Mann-Whitney
test. ¥*P <0.05, ** P<0.01, *** P <0.001, *** P <0.0001 (A) Histology images from the
lungs od spring and fall (HFD) non-septic (CTL), and septic (FIP) mice were stained to
visualize the localization of the BMALI protein. Organ sections (5 uM) were stained with
H&E or anti-BMALI antibody (green) and DAPI (blue) and imaged at 20x using a light
microscope or confocal microscope, respectively; scale bar 100uM (B) and were stained
for CC10 (red) (C).
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Figure 5-3: Seasonal effects on fecal propionate and butyrate.

Relative amounts of propionate (A) and butyrate (B) in mouse fecal pellets in the spring
(purple) and fall (blue). Data is expressed relative to the spring cohort. Data are shown as
the mean + SD. N=8-32/group Significance was determined a Mann-Whitney test. *** P
<0.001, *** P <0.0001
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Figure 5-4: Impact of diet on variables impacting the outcomes to sepsis.

Myeloperoxidase concentrations from non-septic (CTL) and septic (FIP) mice fed a low-
fat diet (LFD; black) or high-fat diet (HFD; pink) for 16-weeks. Data is expressed relative
to the CTL spring mice. Data are shown as the mean + SD. N=6-23/group. Significance
was determined using a Mann-Whitney test (A). BMALI transcription in lung tissue was
measured by quantitative PCR in the non-septic (CTL) and septic (FIP) mice fed a low-fat
diet (LFD; black) or high-fat diet (HFD; pink) for 16-weeks. Data is expressed relative to
the LFD CTL mice. Data are shown as the mean + SD. N=7-12/group. Significance was
determined using a Mann-Whitney test (B). Relative amounts of propionate (C) and
butyrate (D) in mouse fecal pellets of mice fed a low-fat diet (LFD; black) or high-fat diet
(HFD; pink) for 16-weeks. Data is expressed relative to the LFD cohort. Data are shown
as the mean = SD. N=17-20/group. Significance was determined a Mann-Whitney test. *P
<0.05, ** P <0.01, *** P <0.001, *** P <0.0001
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Figure 5-5: (9#M(,28#crophage polarization in the presence of short-chain fatty acids.

Relative expression of inducible nitric oxide synthase (iNOS) in cultured bone marrow
derived macrophages from low-fat diet (LFD) and high-fat diet (HFD) when stimulated
for 24 hours with lipopolysaccharide (LPS) alone (purple), with acetate (C2; brown),
propionate (C3; red), or butyrate (C4; pink). Data is expressed relative to the LFD LPS
alone cohort. Data are shown as the mean + SD. N=4-11/group (A) Concentration of IL-6
in the supernatant from cultured bone marrow derived macrophages from low-fat diet
(LFD) and high-fat diet (HFD) when stimulated for 24 hours with lipopolysaccharide
(LPS) alone (purple), with acetate (C2; brown), propionate (C3; red), or butyrate (C4;
pink). Data are shown as the mean + SD. N=6-8/group (B). Relative expression Arginase
1 (Argl) in cultured bone marrow derived macrophages from low-fat diet (LFD) and
high-fat diet (HFD) when stimulated for 24 hours with IL-4 alone (orange), with acetate
(C2; red), propionate (C3; brown), or butyrate (C4; purple). Data is expressed relative to
the LFD IL-4 alone cohort. Data are shown as the mean + SD. N=4-9/group (C)
Significance was determined a 2-way ANOVA followed by a Tukey’s multiple
comparison test(C) *P <0.05, ** P<0.01, *** P <0.001, *** P < 0.0001.
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Kaplan Meier survival curve of septic mice which received 1mg/g body weight of fecal

slurry that were fed a low-fat (LFD; pink) or high-fat (HFD;black) diet cohorts for 16
weeks prior to sepsis for 72 h. N=20-22/group (A) Kaplan Meier survival curve of septic
mice which received Img/g body weight of fecal slurry that were fed a low-fat (LFD;
pink) or high-fat (HFD;black) diet cohorts for 16 weeks prior to sepsis for 72 h in the
spring. N=8-7/group (B) Kaplan Meier survival curve of septic mice which received
Img/g body weight of fecal slurry that were fed a low-fat (LFD; pink) or high-fat
(HFD;black) diet cohorts for 16 weeks prior to sepsis for 72 h in the fall. N=13-14/group
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Supplemental Table 5.1: ARRIVE Essential 10 and Recommended Set Checklists

The ARRIVE Essential 10

These items are the basic minimum to include in a manuscript. Without this
information, readers and reviewers cannot assess the reliability of the findings.

Section/line
number, or

Item Recommendation reason for not
reporting
Study design 1 For each experiment, provide brief details of | Materials and
study design including: Methods
) (Animals)
1.! The groups being compared,
including control groups. If no
control group has been used, the
rationale should be stated. Line 117
2.IThe experimental unit (e.g. a single animal,
litter, or cage of animals).
Sample size 2 1.! Specify the exact number of In figure
experimental units allocated to each | Jegends/ lines
group, and the total number in each 84-85

experiment. Also indicate the total
number of animals used.

2.! Explain how the sample size was
decided. Pravide details of any <#
&2(3Zample size calculation, if

Lines 117-119

done.
Inclusion 3 1.! Describe any criteria used for including | Lines 117-119
and and excluding animals (or
exclusion experimental units) during the Materials and
criteria experiment, and data points during Methods

the analysis. Specify if these criteria
were established <#&2(32¢"#o
criteria were set, state this
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explicitly. Indicated in figure

2.! For each experimental group, report any legends

animals, experimental units or data
points not included in the analysis
and explain why. If there were no
exclusions, state so.

3.IFor each analysis, report the exact value of
9#n each experimental group.

Randomisation 4 1.! State whether randomisation was used Materials and
to allocate experimental units to Methods
control and treatment groups. If (Animals)
done, provide the method used to
generate the randomisation

sequence.
Materials and
2.! Describe the strategy used to minimise Methods
potential confounders such as the (Animals)

order of treatments and
measurements, or animal/cage
location. If confounders were not
controlled, state this explicitly.

Blinding 5 Describe who was aware of the group N/A as there is a
allocation at the different stages of the visual difference
experiment (during the allocation, the between obese and

conduct of the experiment, the outcome
assessment, and the data analysis).

non obese mice

1.!IClearly define all outcome measures .
Outcome 6 assessgd (e.g. cell death, molecular markers, Materials and
measures Methods

or behavioural changes).

2.! For hypothesis-testing studies, specify
the primary outcome measure, i.e.
the outcome measure that was

used to determine the sample Materials and
size. Methods
(Animals)
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Statistical 7 1.! Provide details of the statistical
methods methods used for each analysis, )
including software used. Materials and. .
Methods: Statistical
2.1 Describe any methods used to assess analysis and in
whether the data met the figure legends
assumptions of the statistical
approach, and what was done if the
assumptions were not met.
Experimental 8 1.! Provide species-appropriate details of Materials and
animals the animals used, including species, Methods
strain and substrain, sex, age or (Animals)
developmental stage, and, if
relevant, weight. Materials and
2.IProvide further relevant information on the| Methods
provenance of animals, health/immune (Animals)
status, genetic modification status,
genotype, and any previous procedures.
Experimental 9 For each experimental group, including Materials and
procedures controls, describe the procedures in enough | Methods
detail to allow others to replicate them, (Animals/Induction
including: of sepsis: fecal
: induced peritonitis
1."'What was done, how it was done and what (FIP) model
was used.
2.IWhen and how often.
3.Where (including detail of any
acclimatisation periods).
4.'Why (provide rationale for procedures).
Results 10 For each experiment conducted, including | [ndicated in figure
independent replications, report: legends
1.! Summary/descriptive statistics for
each experimental group, with a
measure of variability where Indicated in figure
applicable (e.g. mean and SD, or legends

median and range).
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2.IIf applicable, the effect size with a
confidence interval.
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The Recommended Set

These items complement the Essential 10 and add important context to the study.
Reporting the items in both sets represents best practice.

McMaster University — Medical

Section/line
number, or
Item Recommendation reason for not
reporting
Abstract 11 Provide an accurate summary of the research | Abstract
objectives, animal species, strain
and sex, key methods, principal findings, and
study conclusions.
Background 12 1.lnclude sufficient scientific background to | [ntroduction
understand the rationale and
_ Materials and
context for the study, and explain the Methods
experimental approach. (Animals)
2.'Explain how the animal species and
model used address the scientific
objectives and, where appropriate, the
relevance to human biology.
Objectives 13 Clearly describe the research question, Lines 69-72
research objectives and, where
appropriate, specific hypotheses being tested.
Ethical 14 Provide the name of the ethical review Line 84
statement committee or equivalent that has approved
the use of animals in this study, and any
relevant licence or protocol numbers (if
applicable). If ethical approval was not
sought or granted, provide a justification.
Housing 15 Provide details of housing and husbandry

and

conditions, including any environmental

Materials and
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husbandry enrichment.

Methods (Animals)

Animal care 161.! Describe any interventions or steps

and monitoring taken in the experimental
protocols to reduce pain,
suffering and distress.

2.IReport any expected or unexpected
adverse events.

3.! Describe the humane endpoints
established for the study, the signs
that were monitored and the
frequency of monitoring. If the
study did not have humane
endpoints, state this.

Materials and
Methods
(Animals/Induction
of sepsis: fecal
induced peritonitis
(FIP) model)

Discussion

Materials and
Methods
(Induction of
sepsis: fecal

induced
peritonitis (FIP)
model)
Interpretation/ 17 1.lnterpret the results, taking into account | Discussion
scientific the study objectives and hypotheses,
implications
current theory and other relevant studies
in the literature.
2.! Comment on the study limitations
including potential sources of bias,
limitations of the animal model,
and imprecision associated with
the results.
Generalisability/ 18 Comment on whether, and how, the Discussion

translation findings of this study are likely to
generalise to other species or experimental
conditions, including any relevance to
human biology (where appropriate).
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Protocol 19 Provide a statement indicating whether a The protocol was
registration protocol (including the research question, | not registered as it

key design features, and analysis plan) was

is currently not

prepared before the study, and if and standard practice.
where this protocol was registered.
Data access 20 Provide a statement describing if and where
study data are available.
Availability of

data and material

Declaration
of interests

21 1.IDeclare any potential conflicts of interest,
including financial and non-financial.

If none exist, this should be stated.

2.IList all funding sources (including grant
identifier) and the role of the funder(s)

in the design, analysis and reporting of the
study.

Competing
interests

Funding
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Supplemental Table 5.2: Mouse Endpoint Monitoring Sheet
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Cage Number

Mouse number

Microchip ID
Orbital Tightening 0-3
Nose and Cheek Bulge 0-3
Ear Positioning-Erected 0-3
Whisker-Erected 0-3

I Cumulative MGS score

Hunched posture 0-3
Ambulation 0-3
Responsiveness 0-3
Respiratory quality 0-3
Ruffled Fur 0-3

I Cumulative MSS score
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Initial temperature (°C)

Temperature (°C)

Initial weight (g)

Current weight (g)

Total weight loss (%)

Glucose
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6.0!  General Discussion and Future Directions
AT#EK%7%1;>#@(06"¢7

Sepsis is the heterogenous, dysregulated, life-threatening organ dysfunction in
response to infection (Singer et al., 2016) and poses persistent health challenges for
survivors. While sepsis can affect individuals of all ages, it disproportionately strikes at
the extremes of age and in those grappling with chronic health conditions. The
pathogenesis of sepsis involves a complex triad of factors, including the pathogen, host
response, and environmental influences. Despite more than three decades of intensive

research, developing novel treatment strategies for sepsis has remained unsuccessful.

While chronic conditions like obesity and diabetes heighten susceptibility to
infection, their precise influence on the progression and outcomes of sepsis remains
inadequately defined (Angriman et al., 2024). Therefore, in this thesis, we were able to
map the current literature on mouse models of sepsis and obesity, particularly regarding
the reported outcomes of organ injury (Chapter 3). We found that there is variability
among the induction of both sepsis and obesity in these models and that there is
significant heterogeneity in reported outcomes and methods, which makes it difficult to
interpret. With this data, we initiated developing a translationally relevant model of diet-
induced obesity (DIO). We found that the optimal method of inducing sepsis in mouse
models of obesity was to use a single, predefined dose of fecal slurry in contrast to the
conventional method of determining the dose according to the body weight of the mouse
(Chapter 4). In addition, there is a dose-dependent curve induced by increasing amounts
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of fecal slurry, so it is integral to determine a dose that is both potent enough to induce
sepsis and not merely a severe infection, yet only lethal enough to mimic mortality rates
observed clinically. These experiments furthered the understanding of obesity on sepsis
outcomes. They disproved our hypothesis as we found that there was no benefit to obesity
as the obese cohort observed increased mortality in all lethal doses, further disputing the
obesity paradox. Finally, we investigated potential mechanistic avenues that could be
driving mortality in our mouse models, including seasonality, microbiome dysbiosis-
induced metabolic dysfunction, and how the availability of microbiome-derived
substrates, SCFAs, impact macrophage phenotype derived from obese and non-obese

mice (Chapter 5).

This thesis contributes to the existing literature by developing a translationally
relevant and user-friendly pre-clinical model of sepsis and obesity. Our study enhances
existing pre-clinical models by addressing variability identified in our scoping review.
We utilized a moderate diet duration of 16 weeks with a properly ingredient-matched
control diet to induce obesity. The FIP model mitigates inter-mouse microbiome
variability by utilizing a large batch of donor fecal slurry from rats. This approach
increases the reliability of our findings and furthers our understanding of the mechanisms

driving decreased survival in obese, septic mice.

Despite promising results in pre-clinical studies, the discovery and development
of therapeutics for sepsis has remained unsuccessful. A key challenge to translating

findings from animal studies to clinical applications is the lack of co-morbidities in pre-
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clinical sepsis models reflective of the true population, leading to suboptimal outcomes.
Given the prevalence of obesity as a co-morbidity in sepsis, understanding its impact is

crucial.

A)#L,7'>;,(27;>#<('01%&; 70(%r#&1D>(7(0;>#32<%>'
?")"I#Pre-clinical models of sepsis 3E#'%& ("

In pre-clinical models, there are two main approaches to induce polymicrobial
sepsis: cecal ligation and puncture and fecal-induced peritonitis. The CLP method is
considered highly relevant to clinical settings. The intensity of sepsis can be modified by
adjusting the number of punctures and the tightness of the ligature. Still, this approach
demands exact surgical expertise, which might lead to some inconsistencies. Alternatively,
the FIP method involves injecting a fecal slurry into the abdominal cavity, inducing

peritoneal sepsis with a complex bacterial mixture that closely mimics human sepsis.

Using comorbidity models in conjunction with sepsis furthers the complexity of
selecting the appropriate model. Our literature review identified that CLP was the most
commonly used method of sepsis in the obesity studies identified (Eng et al., 2024).
Nonetheless, research on both obese animals and humans indicates that obesity leads to a
20-40% decrease in bacterial diversity within the microbiome (Cotillard et al., 2013; Le
Chatelier et al., 2013). The composition of the gut microbiome is significantly impacted by

diet and dietary modifications. It has been suggested that diet can account for up to 57% of
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prevalent in North America, is high in fats and sugars and low in dietary fibre. This diet
promotes Firmicutes' growth while decreasing R<1,%23(®avid et al., 2014b; P.

Turnbaugh et al., 2008).

Our objective was to develop a pre-clinical model that is user-friendly and
translationally relevant in the context of comorbidities like obesity, which can impact
microbiome composition. In the CLP model, the bacterial infection originates from the
individual mouse's microbiome, which can be a significant source of variability. We
speculate that this variability could contribute to the obesity paradox observed in some

studies.

Our goal was to improve the utility of the developed model for interlaboratory
comparisons, in line with the objectives of the National Pre-clinical Sepsis Platform
(Sharma et al., 2023). Furthermore, we aimed to extend its usefulness to various diseases
where microbiome factors could play a role and to guarantee its effectiveness in these
contexts. Our model enables the exploration of other aspects of pre-clinical studies, such
as the influence of housing conditions. It has been shown that housing immunodeficient
mice in either individually ventilated or static cages result in changes in fecal microbiota

profiles (Ericsson et al., 2018; Khan, 2017)

In conclusion, developing a sepsis model that accounts for differences in
microbiome composition between obese and non-obese mice improves the translational
relevance and applicability to broader research applications. This approach facilitates better

interlaboratory comparison while mitigating the influence of the role of the microbiome in
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various disease states, ultimately contributing to more robust and reliable pre-clinical
studies.
")) 2% A(9(1L<A#HA3>%A'H#IE#HB+%'(,-

As the incidence of obesity continues to increase worldwide, it is imperative to
develop animal models that appropriately reflect the characteristics of human obesity.
While there is sufficient evidence to support that there is a genetic component to obesity,
the majority of obesity is a byproduct of environmental and socioeconomic burdens.
Therefore, when developing our model of obesity, we wanted to increase generalizability,
thus choosing a model of DIO. Using a high-fat diet to induce obesity over sixteen weeks,
the model resembles common human obesity because it is characterized by a slow,
gradual fat accumulation over the individual’s life span. A marked difference in our
obesity model was the iso-caloric matched low-fat diet used for the control cohort. The
majority of studies reported in our literature review used a standard chow diet as a
control. Insufficiently matched control diets increase variability in obesity models due to

the difference in ingredient derivation and quality.

It is important to note the limitations of using an iso-caloric diet. Due to the
limited fat percentage, caloric composition had to be derived from another source, which,
in the context of our study, was derived from sucrose. Therefore, our low-fat diet was
actually low-fat, high-sugar. However, there is currently conflicting evidence on the
impact of high-sugar diets in mice as a study by Matias et al. observed that a low-fat,
high-sugar diet did not lead to substantial weight gain, nor the characteristic metabolic

dysfunction that is seen in obesity (Matias et al., 2018). In contrast, Malafaia et al.
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observed increased body weight in rats who received a high-sugar diet (Malafaia et al.,
2013). Additionally, current research primarily uses diets with 45%-60% of calories from
fat (Eng et al., 2024), failing to represent human carbohydrate and sugar consumption
accurately. To increase the translational relevance of murine obesity models, obesogenic

diets that reflect human macronutrient intake should be implemented.

Obesity in mice lacks a universally accepted definition, unlike in humans, where
obesity is commonly defined by specific metrics such as body mass index (BMI). In
humans, obesity is typically determined using BMI, which is calculated as weight in
kilograms divided by height in meters squared (Fitch & Bays, 2022; Han et al., 2006). A
BMI of 30 or higher is generally considered indicative of obesity (WHO, 2021). This
clear and standardized definition facilitates consistent diagnosis, research, and treatment

strategies across various populations and studies.

In contrast, the definition of obesity in mice is less standardized, leading to
variability in research outcomes and complications in data comparison. Currently, there
are multiple criteria used to define obesity in mice, including body weight relative to
baseline or control groups, body fat percentage, and BMI calculations (Gargiulo et al.,
2014; Kaplan et al., 2016; Khan et al., 2014; Lewis et al., 2022). However, these criteria
can vary significantly depending on the research context, strain of mice, and experimental
conditions. For example, some studies may classify mice as obese based on a specific
percentage increase in body weight, while others use precise body fat measurements

obtained through advanced imaging techniques like dual-energy X-ray absorptiometry
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(DXA) (Gargiulo et al., 2014) or magnetic resonance imaging (MRI). Alternatively, BMI

can be calculated, but the threshold for obesity can differ from one study to another.

The lack of a standardized definition for obesity in mice creates several
challenges. First, it leads to inconsistencies across studies, making it difficult to compare
results and draw broad conclusions. For instance, one study might define obesity based on
a weight increase of 20% above the control group, while another might use a body fat
percentage threshold, leading to discrepancies in the classification of obesity. This
variability complicates the aggregation of data and undermines the ability to generalize

findings across different research settings.

Moreover, the absence of a single definition impacts reproducibility and validation
of research. When different studies use different criteria, replicating results becomes
challenging, which can hinder the verification of findings and the development of robust
therapeutic strategies. This issue is further compounded in translational research, where
mouse models are used to inform human obesity studies. Without consistent definitions,
the relevance of findings from mouse models to human obesity may be compromised,

limiting the applicability of research outcomes.

In conclusion, establishing a standardized definition of obesity in mice is crucial
for improving consistency and reproducibility in research. Unlike humans, where obesity
is defined by a clear and universally accepted metric (BMI), the lack of uniform criteria
for mice creates significant challenges in comparing and validating research findings.

Standardizing the definition of obesity in mice would enhance the quality of scientific
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research, facilitate the development of effective treatments, and ensure that mouse models

accurately reflect human obesity and its associated disorders.

A #%;'27;>(,-#2D# % & ('

One of the most profound findings of this thesis was the seasonal variability in
survival between the spring and fall seasons of our septic mice (Chapter 5). Many diseases
exhibit periodic fluctuations in occurrence, and sepsis is one condition showing seasonal
variation (Dowell, 2001). The incidence of sepsis is affected by seasonality, with a 16.5%
increase from 41.7 cases per 100,000 in the fall to 48.6 cases per 100,000 in the
winter(Danai et al., 2007). In the United States, sepsis peaks during fall and winter, with a
17.7% higher incidence compared to summer(Danai et al., 2007; Dowell, 2001). The
seasonal pattern is also observed in the United Kingdom, where the incidence of sepsis

during winter is 35% higher than during summer(Dowell, 2001).

A"4#/%09;7('3#2D#0(10;<(;7#19-,93'

A contributing factor to seasonal fluctuations is changes in clock gene expression
and biological rhythms that occur in the body during different seasons(Dowell, 2001).
Specifically, infradian rhythms play a vital role in human physiology(Dowell, 2001).
Infradian rhythms are biological cycles lasting longer than 24 hours and are regulated by
clock genes expressed in the hypothalamus and peripheral tissues(Coskun et al., 2023).

Various clock genes are expressed throughout the body, each serving a distinct function,
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clock gene that forms a heterodimeric structure with another clock gene called CLOCK
(Timmons et al., 2021). Together, the BMAL1:CLOCK heterodimer activates the
expression of additional clock genes, including PER1, PER2, CRY 1, and CRY2, creating a
negative feedback loop by inhibiting BMAL1 and CLOCK (Richards & Gumz, 2013).
Reduced clock gene expression levels during winter have been associated with increased

susceptibility to infection, including sepsis (Dowell, 2001; Pearson et al., 2021).

A?M2,%7,(;>#2N%1;109(7G#3%08;7('3

Our findings suggest a potential overarching mechanism driving the increased
mortality seen in sepsis cases influenced by seasonal variations and obesity involving the
reduction of SCFAs and disruptions in the expression of the circadian gene BMALI. The
interaction between these factors leads to a series of physiological, immunological, and

metabolic impairments that worsen sepsis severity (Figure 6-1).
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Figure 6-1: Potential overarching mechanism.

|

The hypothesized mechanism is that both fall and obesity cause a decrease in levels of
butyrate and propionate. This is synergized with a decreased expression of BMALI that is
concurrently observed in fall and obesity—the reduction in important short-chain fatty
acids results in an improper physiological response. In parallel, decreased BMALI
expression contributes to impaired immune function and lung damage. Together, this

leads to an increase in mortality from sepsis.
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Our findings showed that, even in the absence of varying external stimuli, such as
changes in temperature or daylight cycles, SCFA production decreased in the fall, with
both butyrate and propionate levels decreasing. SCFAs play an integral role in various
aspects of human physiology, providing 5%-20% of an animal's overall energy (Bergman,
1990). Our studies speculate that the decreased SCFA levels observed in both the fall and
HFD cohorts contributed to increased mortality through multiple mechanisms. First,
butyrate is a primary fuel source for epithelial cells and is important for their function and
for maintaining the integrity of tight junctions (Fagundes et al., 2024; Peng et al., 2009).
Studies have shown reduced butyrate impairs epithelial cell proliferation and restoration
(Kelly et al., 2015; Peng et al., 2009). We believe that the observed decrease in butyrate
in both the fall and HFD exacerbates lung damage by impairing bronchiolar epithelial cell
function, contributing to the increased mortality during sepsis under these conditions. In
addition, propionate is a key substrate for hepatic gluconeogenesis (Den Besten et al.,
2013; Verbrugghe et al., 2012). Therefore, the observed decrease in propionate could
impair gluconeogenesis, which is essential for maintaining immune and homeostatic

functions during sepsis.

Studies have shown that the absence of BMALI1 impairs microbiome diversity,
resulting in reduced production of SCFAs such as butyrate and propionate. In our study,
we observed a decrease in these SCFAs in both fall mice compared to spring mice and in
HFD mice compared to LFD. This reduction is likely due to decreased BMALI
expression and dietary influences. Previous studies using BMAL1 knockout mice

demonstrated that impaired glucose response due to the absence of BMALI led to
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hypoglycemia, contributing to higher mortality during sepsis (Geiger et al., 2021).
Additionally, lower SCFA levels adversely affected macrophage function, with HFD mice
displaying impaired polarization to both pro- and anti-inflammatory stimuli.
Supplementing with butyrate and propionate alleviated these impairments, highlighting

the critical role of SCFAs in immune function.

We also observed increased lung damage, as indicated by elevated MPO levels.
Although BMAL 1% mice showed increased neutrophilia, no differences in MPO levels
were seen in their study, likely due to their use of an LPS model of sepsis versus our FIP
model. The loss of BMALI has been correlated with the loss of barrier function. BMAL1*
* mice demonstrated increased loss of tight junctions and subsequent lung barrier leakage.
It is well known that in the intestinal tract, butyrate is the primary fuel source for
epithelial cells and is crucial for cell proliferation and maintaining tight junctions(Corréa-
Oliveira et al., 2016). However, little is known about its impact on lung epithelial cells,
including club cells. Therefore, we propose that the lack of butyrate, essential for
epithelial cell proliferation and tight junction maintenance, in fall and HFD mice

exacerbates lung damage and contributes to higher mortality.

Seasonality and HFD together create a harmful environment characterized by
increased lung damage, hypoglycemia, and impaired macrophage function, leading to
higher sepsis mortality. One explanation for this synergistic effect is that both factors

independently reduce SCFA levels and impair immune function. Combined, these effects
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amplify each other's negative impacts, resulting in more severe physiological disruptions

and a higher mortality risk.

A"ABY%#7D>6%70%#2D#2,9%1#(3367%#0%#>"#(7#%& ('

In addition to macrophages, several other immune cells play crucial roles in the
pathogenesis and progression of sepsis. These include neutrophils, lymphocytes (T cells,
B cells, and natural killer cells), and dendritic cells, each contributing to the complex

immune response observed in sepsis.

Neutrophils are among the first responders to infection and play a vital role in the innate
immune response during sepsis. They comprise a significant amount of the immune
system in humans, accounting for up to 70% of the circulating white blood cells (Tigner
et al., 2024). They contribute to pathogen clearance through mechanisms such as
phagocytosis, degranulation, and the release of neutrophil extracellular traps (Camicia et
al., 2014; Castanheira & Kubes, 2019). However, in sepsis, neutrophils can become
dysregulated, leading to impaired chemotaxis, excessive tissue damage, and the release of
pro-inflammatory cytokines(Camicia et al., 2014; Shen et al., 2017). This dysregulation
can contribute to the development of systemic inflammation and organ dysfunction.
Neutrophil apoptosis and clearance are also disrupted, which can perpetuate inflammation

and hinder resolution of sepsis (Wesche et al., 2005).

Neutrophils are known to exhibit a well-defined circadian rhythm that significantly

influences their function and distribution (Ovadia et al., 2023). Their count in peripheral
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blood typically peaks in the early morning and decreases toward the evening, aligning
with the body's circadian clock and external cues like the light-dark cycle (Adrover et al.,
2019; Méndez-Ferrer et al., 2008). This daily fluctuation is thought to optimize the body's
defense mechanisms by preparing it for potential threats encountered during waking
hours. Moreover, the release of neutrophils from the bone marrow into the bloodstream
and their migration to tissues are regulated by circadian signals, including interactions
with cytokines such as CXCL12 and CXCR4, ensuring that neutrophils are strategically

positioned to respond to infections (Eash et al., 2010; Méndez-Ferrer et al., 2008).

The functional capacity of neutrophils also follows a circadian pattern, affecting
their ability to combat infections and manage inflammation. Key circadian genes,
including Clock, Bmall, Perl, Per2, Cry1, and Cry2, orchestrate these daily oscillations
by regulating genes responsible for immune responses(Adrover et al., 2019; Casanova-
Acebes et al., 2018). For example, neutrophils demonstrate variations in phagocytic
activity, ROS production, and NET release throughout the day, with peak immune activity
often occurring at night (Adrover et al., 2020). This rhythm ensures a balance between
pathogen defense and tissue repair, minimizing potential collateral damage from
excessive inflammation. Additionally, the lifespan and apoptosis of neutrophils are under
circadian control, with apoptosis occurring in a timed manner to prevent prolonged
inflammatory responses and ensure the efficient clearance of aged cells (Casanova-

Acebes et al., 2018; Ovadia et al., 2023).

In the context of sepsis, where neutrophil function is critical, understanding

circadian patterns may reveal optimal intervention times and guide personalized treatment

205



Ph.D. Thesis —Mikaela Eng McMaster University — Medical
Sciences

approaches. Overall, the study of neutrophil circadian rhythms offers valuable insights
into immune regulation and presents opportunities for developing innovative therapeutic

strategies that harness the body's intrinsic biological cycle.

B cells and T cells are crucial players in the adaptive immune system, with distinct
roles in the pathogenesis of sepsis and its circadian regulation. In sepsis, these
lymphocytes often display significant dysfunctions, including lymphopenia, altered
cytokine production, and impaired immune response, which contribute to the disease's
complex immune dysregulation (Dong et al., 2023). The circadian control of B and T
cells is mediated by core clock which regulate the timing of lymphocyte proliferation,
trafficking, and function. Druzd et al. observed that T cells show circadian variations in
their expression of homing receptors like CCR7 affecting their migration to lymphoid
tissues (Druzd et al., 2017). Similarly, B cells exhibit circadian rhythms in antibody
production, with peak activity aligning with the body’s anticipatory defense needs
(Cermakian et al., 2013). These circadian rhythms are crucial for maintaining the balance
between immune vigilance and tolerance, and their disruption can exacerbate the
immunosuppression observed in septic patients. Understanding the circadian control of B
and T cells could provide valuable insights into improving immunotherapies and
treatment strategies for sepsis, emphasizing the importance of timing in administering

treatments to enhance efficacy and patient outcomes.es.

Further investigation into the circadian clock regulation of neutrophils, B cells, and T
cells is crucial for advancing our understanding of sepsis and improving patient

outcomes. The intricate interplay between circadian rhythms and immune cell function

206



Ph.D. Thesis —Mikaela Eng McMaster University — Medical
Sciences

highlights how the timing of immune responses can significantly impact disease
progression and recovery. By delving deeper into how circadian rhythms influence
neutrophil mobilization, B cell antibody production, and T cell activity, researchers can
identify new therapeutic targets and optimize treatment strategies. Understanding these
dynamics could lead to more effective chronotherapy approaches, where the timing of
interventions is aligned with the body's biological rhythms to enhance immune function
and reduce sepsis-related complications. Ultimately, this research holds the promise of
transforming sepsis management by integrating circadian biology into clinical practice,

paving the way for more personalized and effective treatments.

A'GF6,61%#<(1%0,27'

This thesis evaluated the impact of obesity on sepsis outcomes using a fecal-
induced peritonitis model. While this method provides a polymicrobial abdominal
infection that develops into a systemic response, it does not recapitulate the most common
cause of sepsis. However, since pneumonia is the most common cause (Chou et al., 2020;
Ohnuma et al., 2023), it is crucial for translational relevance to confirm our findings in

other models of sepsis to enhance translatability and generalizability continuously.

While we have gained a preliminary understanding of the seasonal effects on
sepsis outcomes, much remains to be understood regarding the underlying mechanism.
We have evidence that season and diet impact the transcription and expression of the
circadian gene BMAL1. Future studies should investigate downstream transcription
factors such as PER and CRY to assess their roles in the process. Furthermore, it would

be beneficial to determine if these patterns can be recapitulated in BMALI knockout mice
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to investigate the infradian mortality observed in our studies. While we focused on the
presence and expression of BMALI in the lungs, other organs affected by obesity and
sepsis, such as the liver, have displayed circadian rhythms (Geiger et al., 2021).

Considering the role of BMALI in the liver and its contribution to hypoglycemia, this

organ and others present another valuable avenue to pursue.

We also speculate that the decrease in SCFAs is a major factor contributing to the
increased mortality in our studies. Future research should include (9%#M(Mad-back
experiments to evaluate the therapeutic potential of SCFAs to mitigate the detrimental
effects of obesity and season. Alternative therapeutic strategies could include fecal
microbiome transplantation from donor mice exposed to different seasons or diets to

assess their impact on sepsis outcomes.

Considering the impaired macrophage polarization observed in our mechanistic
studies, gaining a more thorough understanding of how it impacts their function is crucial.
Functional assays, including those that assess migration and phagocytosis, would provide
insight into the detrimental effects that could be potentiated by the reduced SCFA levels
observed in our in vivo model. These studies could further elucidate the connections

between microbiome composition, immune response, and sepsis outcomes.

In conclusion, this thesis highlights the complex interactions between obesity,
seasonal factors, and sepsis outcomes, emphasizing the key roles of SCFAs and circadian
genes like BMALL. Our findings indicate that both seasonal changes and obesity worsen

sepsis severity through various pathways, including impaired immune function and
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metabolic dysregulation. Future research should focus on confirming these results in

pneumonia models, investigating additional circadian transcription factors, and assessing
the therapeutic potential of SCFAs and fecal microbiome transplantation. Understanding
these mechanisms will allow for the development of targeted strategies to improve sepsis

outcomes in obese individuals and across different seasons.

7.0!  Concluding Remarks

In conclusion, this thesis comprehensively explores the interactions between
sepsis, obesity, the microbiome, and immunity, offering justification, development, and
potential mechanisms to explain these relationships. While substantial evidence is
presented to elucidate the detrimental effects of obesity and seasonality on sepsis
outcomes, this work marks only the beginning. I hope this thesis inspires future research
to delve deeper into the complex physiological intricacies of sepsis and its comorbidities.
Ultimately, the goal is to develop successful treatment methods that not only prevent and
treat sepsis itself but also improve the long-term outcomes for survivors, mitigating the

impact of this devastating disease.
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