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EPIGRAPH

“‘But man is a part of nature, and a war against nature is a war against himself’

Silent Spring 1962

Rachel Carson



DEDICATION

This work is dedicated to my grandmother Amparo Ramirez (1931-2012)—mother to eleven

first generation American children, and an ingenious and tenacious scientist of everyday life.
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ABSTRACT OF THE DISSERTATION

Novel role for iron in modulating organismal metabolism
and host defense during enteric infection

by

Alicia Raquel Romero

Doctor of Philosophy in Biology

University of California San Diego, 2022

Professor Janelle Ayres, Chair

Mammalian metabolism and physiology are central to all aspects of health and
disease. However, disruptions to homeostasis are more often the hallmarks of disease.
Thus, aberrant metabolic states and physiological conditions are considered to be
maladaptive and are overlooked for their role in host defense and the coevolution with
microbes and pathogenic threats. Having co-evolved alongside microbes, it should be no
surprise that hosts have evolved defense mechanisms founded in metabolic and

physiological systems alongside our immune system. Here, we explore a novel role of the

XVii



essential micronutrient iron which plays a dual role at the interface of infection and
physiology.

This thesis dissertation describes original work that examines how excess dietary iron
modulates organismal energy balance through interfering with nutrient absorption. We found
that negative energy balance in our model drives profound wasting of fat and lean energy
depots and that iron-induced fat wasting protects lean energy stores from severe wasting in
response to negative energy balance. Quite serendipitously, we found that iron
supplementation alone, and iron-induced metabolic alterations mediate beneficial effects
through two independent mechanisms in the context of infection. First, we found that dietary
iron supplementation promotes resistance defenses during Citrobacter rodentium infection—
which conflicts with the traditional role for iron defined by nutritional immunity. Iron-induced
resistance prevented canonical colonic pathogenesis marked by region-specific expansion,
induction of the innate inflammatory cascade and colitis. However, we found that the
traditional hallmarks of C. rodentium-induced colitis that were previously assumed to
correspond with inflammation emerge via two distinct stages of infection. Iron diet prevented
expansion of C. rodentium and ensuing inflammatory cascades that are required to cause
colon pathology. However, we found that iron-induced fat wasting and lipolysis is necessary
to prevent non-inflammatory colon remodeling that occurs upon colonization with C.
rodentium. Thus, we have identified a novel role for iron in promoting resistance defenses
and modulating pathology. This work expands on the collective understanding of iron’s role in
physiology and host defenses—providing mechanistic evidence to implicate iron in

modulating a novel adipose-gut axis.
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Chapter 1: Introduction



1.1 Organismal physiology and metabolism in host defense

Infectious disease represents one of the greatest selective pressures that has
influenced the evolution of eukaryotic organisms. The most palpable outcome being the
evolution of the immune system, which functions to recognize and respond to pathogenic
threats in order to promote organismal fithess. As such, the immune system has been the
central focus of a century of work dedicated to understanding the mechanisms and functions
of host defense against pathogens '. Though the classical image of host defense is coupled
with immune machinery and associated products of the immune system, the landscape in
which immunity surveys, signals and operates is often overlooked in the importance of host
defense. This perspective of host defense is pervasive in our understanding of health and
disease mechanisms, and has supported the idea that in order to avoid disease and stay
healthy, we need only to eliminate pathogenic threats 23. This perspective is easily
challenged when considering symbiotic relationships that have evolved between hosts and
microbes, the deleterious effects of mounting an inflammatory response, or the phenomena
of lethal dose 50 (LDso)—which describes the dose of an agent that is lethal to 50% of a
population ** . Thus, it is crucial to consider the multifaceted nature of host defense
strategies that extend beyond the immune system and the one dimensional relationship

between host and invading pathogen.

In adopting a multifaceted view of host defense strategies, evolutionary relationships
help inform the nature of a defense strategy. For example, the Red Queen Effect describes
oscillating defensive traits in host and pathogen populations over time 2°. This “evolutionary
arms race” is observed for traits that promote fitness of one party that negatively impact the

fitness of the other party— essentially driving continuous selection of “counterstrategies” °.



Defensive strategies of a host are collectively referred to as antagonistic defenses.
While the immune system and its innate and adaptive effectors orchestrate a large portion of
antagonistic defenses, there are substantial behavioral and physiological mechanisms of
antagonistic defense. For example, avoidance behaviors or physiological resistance that limit
pathogen fitness (like altering the pH of a pathogen’s niche) drive selection of pathogen traits

that can overcome these fitness barriers.

On the other hand, a fixation of traits can arise in host and pathogen populations as
well. Cooperative defenses encompass traits that promote fitness of one party while having a
neutral to positive impact on the fitness of the other party 2. Thus, cooperative defenses
promote host fitness by limiting the damage incurred through an infection without negatively
affecting the pathogen’s fitness. Because the virulence of an infectious disease is dependent
on host and pathogen-derived factors, hosts employ anti-virulence defenses on these two
fronts. For instance, host proinflammatory responses and pathogen-encoded virulence
factors can inflict severe tissue damage while having no effect on pathogen fitness. Thus,
hosts can mitigate disease severity by dampening the virulence of infection through
detoxification, neutralization or reducing sensitivity to these factors. These strategies are
collectively referred to as anti-virulence defenses. Alternatively, hosts can employ
physiological tolerance mechanisms that function to promote maintenance and growth of
tissues during disease. For example, maintenance of barrier integrity during gastrointestinal
infections prevents extraintestinal dissemination of gut microbiota and supports nutrient
uptake—presumably without compromising pathogen fitness. Thus, traits that do not impact
the fithess of pathogens (or the host) are predicted to go into fixation in the host population if

there is a continued relationship with the pathogen over time 237 . The emergence of



symbiotic relationships with microbiota is a prime example of cooperative defenses, because
the host is not ignorant of their existence nor does it actively eliminate them. Hosts have
evolved mechanisms to maintain a niche for commensals an in turn, microbes have evolved

to promote our fitness and continue occupying this niche *.

Significance of metabolic responses during infection

During infection, host and pathogen are subject to increased metabolic demands.
More recently, the intersection between the immune system and metabolism has gained
traction as a substantial component of immunity and host defense strategies as a whole. The
emergence of immunometabolism in the past decade has aimed to describe how the function
and metabolism of immune cells is interconnected and define mechanisms of cellular
immune metabolism and associated outcomes in health and disease. One well-known
principle that has emerged from immunometabolism is the Warburg effect—in which
glycolytic metabolism is associated with inflammatory effectors functions like cytokine
production in inflammatory macrophages and T cells, whereas immune-suppressive
macrophages and regulatory T cells exhibit increased oxidative metabolism of lipids #°.
However, this principle has since been challenged '° and corresponding predictions for
disease outcomes are context dependent *''. For instance, glycolytic metabolism that
enhances inflammation can also incur deleterious costs to the host, like cardiomyopathy
during polymicrobial sepsis '?. Microbial glycolysis itself can promote virulence and many
severe systemic infections are associated with a pro-lipolytic state *'"'3. In fact, the most
deterministic metabolic pathways associated with mortality outcomes in septic intensive care
unit patients are glucose, fatty acid and beta-oxidation pathways—highlighting the

overwhelming importance of metabolic adaptations in host defense . Nonetheless, cellular



immunometabolic-based approaches have inherent therapeutic value and have been

adopted clinically to treat infectious and autoimmune diseases™.

Though much focus has been paid to metabolism of immune cells, more recent
investigations have described a role for behavioral and physiological responses in host
defense. For example, sickness-induced behaviors, like anorexia and lethargy, are
conserved responses to infection that alter systemic metabolism and can promote fitness of
host under certain contexts. Anorexia promotes gluconeogenesis which is beneficial during
systemic bacterial infections '®'". On the other hand, anorexia is a maladaptive response in
murine Salmonella infection and promotes systemic extraintestinal infection and mortality®.
However, increased host mortality also reduces the fithess of Salmonella by reducing
transmissibility to new hosts—a phenomena referred to as the virulence-transmission
tradeoff. This has presumably driven the evolution of Salmonella-encoded effector SIrP,
which inhibits caspase-1 dependent activation of IL-13 and subsequent induction of the
anorexic response’®. In this context, anorexia is as a mutually antagonistic force that has
aided in the selection of a cooperative pathogen trait. Importantly, while SIrP reduces
mortality in infected individuals by inhibiting anorexia, anorexia itself is a way to promote
fithess of the host population as a whole by limiting the transmission of Salmonella to naive

hosts.

Thermoregulation is of course, another highly conserved physiological strategy hosts
employ to promote resistance or dampen virulence during infection '°. Infected mammals for

instance, produce heat shock factor 1 (HSF-1) during fever responses in order to reduce



tissue damage and organ dysfunction incurred by proinflammatory cytokines, representing

an inducible host anti-virulence mechanism 2°.

In the context of organismal energy balance, proper maintenance and mobilization of
energy stores in the body are crucial to host defense #'. Body mass index shows that low and
high body mass index (BMI) are associated with increased susceptibility to infectious and
non-infectious disease %2. Along these same lines, malnutrition and metabolic diseases also
promote susceptibility to certain infectious diseases. Of course, this is due in part to
dysfunction of the immune system, but also extends to dysfunctional metabolic adaptations
on the organismal scale . For instance, organismal catabolism is a conserved response to
infection that leads to wasting of lean and fat energy stores ?*. And while wasting is a highly
conserved response, current evidence and clinical data suggest that wasting decreases host
survival and impairs recovery from severe infections—raising the question of how wasting
can confer a benefit and promote host health 252, At rest, skeletal muscle accounts for 40%
of total body mass and 30% of total energy expenditure ?’. Therefore, it is conceivable that in
the case of muscle wasting, reducing “auxiliary” energy expenditure or providing amino acids
to critical organs and systems could accommodate increased energetic demands during
infection. Alas, there is little evidence to support this hypothesis (as it is understandably
difficult to test experimentally), and there is substantial evidence highlighting the importance

of maintaining muscle mass during infection.

It was recently demonstrated that in Drosophila and Zebrafish, muscles promote
resistance defenses during bacterial infection by promoting innate immune responses 8. And

while muscle may support resistance defenses, the importance of muscle mass maintenance



for host health provides an opportunity to spur cooperative relationships with microbes. A
recent study of infection-induced muscle wasting found that mice that harbor the gut
symbiont, Escherichia coli serotype O21:H+, were protected from muscle wasting and
mortality during infection despite carrying comparable pathogen loads. It was demonstrated
that infection with Salmonella Typhimurium or Burkholderia thailandensis caused
translocation of E. coli O21:H+ to white adipose tissue (WAT) and induced expression of
insulin-like growth factor (IGF-1); thereby suppressing the muscle wasting and improving
survival outcomes . This study demonstrates yet again, that vulnerabilities in host

physiology are a selective force for the evolution of cooperative microbial traits.

Though adipose tissue was long considered to be an inert energy depot, it is now
recognized as a central immune and endocrine organ that has profound influence over
systemic metabolism and homeostasis 22!, As the largest energy reserve in the body,
white adipose tissue (WAT) undergoes wasting and mobilization of lipids in response to

inflammation, infection, stress and nutrient deprivation 3233

. Brown adipose tissue (BAT)
supports thermogenesis and WAT undergoes beiging to support thermogenesis during cold
challenge or during infection '°. Both heart and BAT rely on lipids as an energy substrate and
lack of lipids causes cardiomyopathy and thermogenic failure 3. Elegant work performed in
Drosophila demonstrated that muscle coordinates lipid mobilization from the fat body in order
to fuel an energetically costly resistance defense against Pseudomonas entomophila ° .
Specifically, enhanced mitochondrial function in thoracic muscle increased production of
glutamate. Muscle-derived glutamate facilitated lipid mobilization from the fat body and

increased defecation and clearance of P. entomophila . This muscle-adipose signaling axis is

central to driving phenotypic variation of an immunometabolic mechanism of host resistance



in Drosophila *® This work highlights the intricate mechanisms that exist to coordinate inter-
organismal metabolism in host defense. Maintenance of triglyceride homeostasis is also
crucial as both hypo- and hyperlipidemia are harmful *. Luan and colleagues showed that in
a murine model of polymicrobial sepsis, interorgan crosstalk coordinates a physiological
mechanism of tolerance. They found that growth and differentiation factor 15 (GDF-15), an
anorectic hormone produced in response to inflammation, protects mice from
cardiomyopathy during polymicrobial sepsis by maintaining liver export of triglyceride via

sympathetic circuits with hypothalamus 3.

While it is evident that macronutrient metabolism and homeostasis is crucial to health
and host defense responses, macronutrient metabolism and organismal energy balance are
largely influenced by micronutrients. Micronutrients are essential elements and molecules
that are necessary for growth and development, facilitate signaling and hormone production,
and serve as cofactors for proteins and enzymes. Micronutrient deficiencies and overload are
consequential, causing growth stunting or increasing susceptibility to disease, infections or
toxicity *°. Thus, the role of micronutrients in physiological host defense are substantial and

somewhat underappreciated.

Iron is one essential micronutrient with a considerable historical background that lies
at the intersection of metabolism, physiology, host defense, and host-microbe interactions.
Thus, the systems that regulate iron homeostasis and metabolism have been shaped
through selective pressures from multiple fronts. These multidimensional selective pressures

become evident in examining how iron functions in host defense mechanisms—often in



conflicting and highly contextual roles. This dissertation expands on the physiological role of

iron in modulating disease pathology through novel mechanisms.



1.2 Role of the micronutrient iron in metabolic homeostasis and physiology

Role of iron in basal metabolism and energy balance

It's estimated that 2% of all human genes encode iron-proteins and that iron is a
cofactor for approximately 6.5% of all enzymes in humans *’. These iron-proteins and
enzymes transport and store oxygen, and mediate essential redox biochemistry. Instances of
iron depletion or excess are associated with organismal metabolic dysfunction 3¢ . In the
case of anemia where iron is depleted, individuals experience decreased appetite and
adaptability to endurance training, and increased fatiguability 3*=*'. Iron levels are thought to
influence appetite through modulation of the hormone leptin, the adipose-derived satiety
hormone “2. Mice lacking ferritin, a model for defective intracellular iron storage, are unable to
withstand cold challenge and have reduced thermogenic capacity and beiging of white
adipose tissue **. On the other hand, iron overload can lead to accumulation of iron in vital
organs, like liver and pancreas **. Oxidative damage from iron overload in parenchymal
tissues is associated with cardiomyopathy, liver damage, and metabolic diseases *°.
Likewise, both iron overload and deficiency disrupt immune function and alter innate
inflammatory responses “6*°. In the case of iron overload, where macrophages exhibit iron
deficiency, this can increase the innate inflammatory responses to lipopolysaccharide (LPS)
whereas macrophage iron overload has the opposite effect of dampening TLR4-dependent
signaling *"~*°. Macrophage polarization is also bidirectionally influenced by iron status, which
is hypothesized to contribute to metabolic dysfunction on the tissue and organismal level *°.
Iron supplementation, phlebotomy and iron chelation can alleviate some of the harmful
effects associated with dysregulated iron homeostasis, suggesting that there is a
bidirectional influence of iron status and metabolic homeostasis **°'. Thus, disruptions to iron
homeostasis both on the tissue level and organismal level affect metabolic functions and

energy balance.
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Regulation of iron metabolism and physiology

Iron is one of approximately 30 essential micronutrients and it’s regulation is tightly
controlled and tuned with organismal metabolism and physiology. In humans, the typical diet
contains between 10-15 mg of iron yet only 7-20% is absorbed. Approximately 1-2 mg of iron
is lost daily through sloughing of intestinal cells, sweat and urine formation, and
desquamation of skin 2. Reticuloendothelial macrophages in the spleen perform
phagocytosis of exhausted reticulocytes, recycling nearly 30 mg of the body’s total iron
stores per day to support erythropoiesis °°%. Importantly, there is no physiological method of
iron excretion and iron levels are thus regulated at the level of absorption through the
intestine. Laboratory mice used in studies of iron metabolism exhibit considerable differences
in iron dynamics due to their small body mass and increased relative food consumption. It's
estimated that mice turnover half of their body’s iron stores daily and because meat is not a
staple of mouse diets, exhibit poor heme absorption **. Moreover, common inbred strains

exhibit substantial variability in iron homeostasis and responsivity to fluctuations in iron status

55-57

A considerable amount of dietary iron in humans is in the form of heme and it's
uptake was thought to be mediated by heme carrier protein 1 (HCP-1) until it was more
convincingly implicated in folate transport °8°°. Thus, it is proposed than heme uptake is
mediated through receptor-mediated endocytosis 5. Elemental iron on the other hand, is
consumed in divalent form: the reduced ferrous state (Fe** ), and the oxidized ferric (Fe**)
state. Ferric iron (Fe**) is reduced to ferrous iron (Fe?*) by duodenal cytochrome b (Dcytb)
and solubilized under acidic conditions in the stomach and duodenum #+*2€°_ Divalent metal

ion transporter (DMT1) mediates transport of ferrous iron across apical membranes of
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enterocytes “+°28°_Intracellular iron is stored as redox-inactive ferric iron (Fe**) bound to
ferritin—which has intrinsic ferroxidase activity “*. Ferrous iron (Fe?*) is exported into
circulation through ferroportin, the only mammalian iron exporter, on the basolateral
membrane on enterocytes *“+°2¢° The circulating ferroxidase, ceruloplasmin, oxidizes ferrous
iron (Fe?*) to ferric iron (Fe**), permitting conjugation with apo-transferrin where iron can
then be delivered to peripheral tissues via the transferrin receptor 1 (Tfr1). Under
homeostatic conditions, approximately 30% of transferrin is saturated with iron (holo-
transferrin) and accounts for a small (0.01%) but dynamic fraction of total body iron stores *.
Tfr1 is present in almost all tissues to mediate import of iron from holo-transferrin. Liver
however, also expresses Tfr2, which binds holo-transferrin to sense and regulate iron status
through association with other adaptor proteins (discussed further below) . In addition to
supplying iron systemically, transferrin prevents damage and iron toxicity by keeping iron in

an inert state .

Iron must circulate in the bloodstream to maintain homeostasis and this is negatively
regulated by hepcidin under instances of iron overload. As iron status is almost entirely
dependent on iron uptake through the gut, the response to maintain homeostasis is aimed at
intestinal turnover. Hepcidin causes reduced intestinal iron turnover and orchestrates a
global iron sequestration response that leads to hypoferremia. Thus, hepcidin is considered
to be the master regulator of iron metabolism and was coined hepcidin for being a prominent
liver-derived peptide (hep-), and for having bactericidal properties (-cidin) as an acute-phase
response protein (discussed further below) '. Hepcidin is produced by hepatocytes in
response to iron overload (via Tfr2), IL-6-STAT3 and the bone morphogenic protein 6

(BMP6)-SMAD4 pathway 2. However, inflammation-induced hypoferremia response requires
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a threshold of BMP6-SMAD4 signaling and thus, inflammatory signaling alone is not
sufficient to activate hepcidin production 3. Intriguingly, hepatic viral infections and HIV do
not induce hepcidin, suggesting a potential hijacking of this niche 5. Hepcidin functions by
inducing the internalization and lysosomal degradation of ferroportin, which prevents iron
from entering circulation from enterocytes °2°°. Though ferroportin is expressed in numerous
tissues, macrophages and enterocytes of the duodenum account for the majority of
intracellular iron sequestration °. Altogether, iron sequestration has the dual function of
protecting the host from iron toxicity during iron overload, and limiting iron availability to

extracellular pathogens (discussed further below) .

Though iron egress from enterocytes is the primary control mechanism for prevention
of iron overload, DMT1, Dcytb, and ferroportin are also regulated by hypoxia-inducible

67=71 Hypoxia and iron

transcription factor 2a (HIF2a), a positive regulator of iron absorption
deficiency stabilize HIF2a and promote expression of iron uptake genes 7" Importantly,
hereditary iron overload disorders are exacerbated in part by HIF2a which maintains
intestinal iron uptake pathways 8. More recently, hepcidin has been shown to destabilize

HIF2a in the small intestine, demonstrating that hepcidin regulates intestinal iron absorption

through two routes ™.

Interestingly, hepcidin can modulate iron metabolism locally at the tissue level.
Dendritic cell-specific production of hepcidin in the intestine initiates a local iron
sequestration response in macrophages which modulates microbiome composition and
facilitates epithelial repair "2. This finding suggests that tissue level regulation of iron can

promote tolerance defenses.
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Etiology and effects of iron overload

Iron overload disorders can arise from dietary or genetic causes and can increase
circulating levels of iron when transferrin saturation exceeds 60% ***''"*. Non-transferrin
bound iron (NTBI) is particularly harmful as it can increase production of reactive oxygen
species (ROS), like hydroxyl radicals and hydroxide ions via Fenton chemistry . ROS oxidize
lipids, proteins and nucleic acids which contribute to oxidative stress and cellular damage
445173 Eventually this causes lipid peroxidation, protein fragmentation, DNA damage, and
DNA strand breaks %73, Lipid peroxidation leads to a non-apoptotic, regulated form of cell
death referred to as ferroptosis. This pathway is engaged when lipid repair mechanisms are

exhausted and there is an accumulation of lipid-based reactive oxygen species ™.

HFE hemochromatosis, or type 1 hemochromatosis, is the most common human iron
overload disorder that interferes with the hepcidin signaling axis. HFE is an atypical MHC
class 1 protein that mediates the hepcidin signaling axis in the liver by interacting with TFR2
bound to holo-transferrin ">7®. The most common mutation associated with HFE
hemochromatosis is C282Y, identified in 1996 "’. HFE interacts with Bz-microimunoglobulin
to translocate to the cell surface, and the C282Y mutation prevents its ability to bind (32-
microimunoglobulin, reach hepatocyte cell membranes, and interact with Tfr2. There is a
high prevalence of HFE hemochromatosis in individuals of Western and Northern European
descent, occurring in approximately 5 individuals per 1000, suggesting that this mutation may
have been advantageous in maintaining iron homeostasis in iron-poor diets. Juvenile
hemochromatosis, or type 2 hemochromatosis, is far less common and is caused by
inactivation of hemojuvelin (HJV) which encodes a regulator of the hepcidin signaling

pathway *. Both Hjv-/- and Hamp-/- (hepcidin deficient) mice display iron overload disorder
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that is similar to that observed in humans. Type 3 hemochromatosis is linked to loss of Tfr2
and the most rare gene mutations associated with hereditary hemochromatosis involved with
hepcidin (Hamp) and ferroportin **. Hemochromatosis is more severe in men but symptoms
are not typically detrimental until about 40 years of age. In women, hemochromatosis does

not typically present symptoms until after menopause *.

Hemochromatosis greatly reduces hepcidin production and is marked by uncontrolled
iron absorption (up to 8-10 mg per day in humans), hyperferremia, and paradoxically, iron
depletion in macrophages and enterocytes of the duodenum #*. Complications vary widely
and include diabetes, liver cirrhosis, colon cancer, cardiomyopathy, arthritis and
hypogonadism. If untreated, iron overload can result in fatal multiorgan damage and failure
4 Therapeutic phlebotomy and iron chelation therapy can alleviate the mild symptoms of
joint paint and fatigue, but there is conflicting evidence in the ability for these therapies to
reverse the more severe complications **°'. Iron overload also increases susceptibility of
infection to Klebsiella pneumoniae, Vibrio vulnificus, HIV, Yersinia enterocolitica, and Listeria

monocytogenes (discussed further below) 437881,

There is a strong association between dysregulated iron homeostasis and adipose
tissue function and inflammation. First, iron deficiency and iron overload are associated with
obesity and insulin resistance 2. And as obesity itself is associated with low-grade adipose
tissue inflammation, there has been increased interest in understanding the mechanisms by
which iron contributes to adipose tissue inflammation and the subsequent impacts on
organismal metabolism '3, In obesity, iron accumulates in adipose tissue rather than

macrophages, causing inflammation *°. In vitro analyses with isolated adipocytes have
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demonstrated that treatment with iron, transferrin or serum disrupt glucose transport and

increase lipolysis through inducing insulin resistance 348°.

Heme oxygenase 1 (HO-1) is a recently identified biomarker of adipose tissue
inflammation and it's overexpression induces insulin resistance both clinically and
experimentally 8" Accordingly, insulin resistance is commonly observed in iron overload
disorders presumably through increased inflammation %8 [ron chelation therapy has been
shown to dampen adipose tissue inflammation and improve insulin sensitivity in obese
mouse models in in obese patients . Ferritin, a clinical marker of iron overload, is correlated
with insulin resistance and mobilization of fatty acids from adipose tissue in obese women—
features indicative of adipose tissue inflammation ®°. The most widely accepted mechanism
relating the causality of iron overload in development in insulin resistance has been
demonstrated in several mouse models. In models of dietary iron overload in mice, iron
accumulates in visceral WAT, causes inflammation, lipolysis and insulin resistance which
contribute to systemic insulin resistance **°'. Dietary iron supplementation has been shown
to exacerbate obesity and insulin resistance in mice fed a high fat diet, and contributes to
dysregulated fat and glucose metabolism 2. High iron diets also influence adipokine
production in adipose tissue—leading to adipose tissue wasting and decreased production of
adiponectin. As adiponectin promotes insulin sensitivity, this is another potential mechanism
contributing to iron-overload induced insulin resistance %°°. However, there are conflicting
reports that have found that insulin resistance precedes disruptions in iron homeostasis
observed in mice fed high fat diet *. Thus, the mechanisms underlying iron-mediated

disruptions in metabolic homeostasis are still undetermined.

16



More recently, iron content in adipose tissue was found to regulate intestinal lipid
absorption ¥. Low adipose tissue iron content reduced lipid absorption in mice fed a high fat
diet, preventing obesity. Though there no known mechanisms of direct crosstalk between
adipose tissue and the gut, it was shown using adipose tissue transplants that a circulating
factor regulates this interorgan axis—further demonstrating the complex role of iron in

adipose tissue that extends to physiological function.
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1.3 The role of iron in host defense

Iron is an essential nutrient for nearly all living organisms and plays a critical role in
both inter-organismal interactions, and intra-organismal functions in health and disease. In
both contexts, the role of iron is traditionally defined by its necessity and bioavailability in the
environment—which has led to an antagonistic view of the role of iron in host-pathogen

interactions.

Microbial iron metabolism at the host interface

Iron is required for almost all bacteria and iron uptake in pathogenic bacteria has
been extensively characterized. The ferric uptake regulator (Fur) transcriptionally regulates
iron uptake which is mediated by FeoABC protein transport for ferrous iron (Fe2+) and
through siderophores and their respective transport systems for ferric iron (Fe3+). Microbes
can also uptake iron in the form of heme from hemoglobin or hemopexin through

hemophores or direct transport through heme import systems 3.

Siderophores are essential virulence factors for some pathogenic microbes and are
induced in response to environments with low iron availability, like host tissues %
Enterobactin (Ent), is siderophore produced by Enterobacteriaceae, a family of numerous
facultative anaerobic enteric pathogens that chelates iron from transferrin and ferritin %%
While the primary function of Ent is to acquire iron in microbial communities of the gut, it
performs a secondary action of chelating neutrophil iron and dampening their responses,

which could conceivably harm or benefit the host '®. Importantly, siderophores, a supposed

agent of virulence and antagonism, can also spur the opportunity for mutualism. For
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example, microbes that consume siderophores but do not produce them, can dampen
virulence and benefit the host ', Siderophores can also contribute to host health by
promoting physiological development '°2. Ent was shown to increase mitochondrial iron
levels in Caenorhabditis elegans and promote growth. This study demonstrates that
microbial iron acquisition systems can be mutually beneficial by providing microbes with a

nutrient-rich niche and facilitating transmission into new hosts %2,

Dietary iron supplementation is a common strategy to treat anemias or support
nutrition but it can also exacerbate disease especially in gastrointestinal diseases *""'%. Iron
supplementation is associated with dysbiosis which can occur independent of the route of
administration (intravenous and dietary)'®. Iron supplementation has been shown to promote
growth of pathogenic bacteria like those from the family of Enterobacteriaceae or alter the
microbiome composition such that the host is more susceptible to pathogen colonization
105106 " |n humans, heme supplementation reduces the abundance of Firmicutes, which

includes beneficial members from the class Clostridia who produce short chain fatty acids '%’.

Heme supplementation also increases the abundance of Enterobacteriaceae '%.

Though a majority of reports are in agreement with regard to taking caution when
administering iron, there are also reports where iron supplementation can dampen
gastrointestinal inflammation %1% A murine model of iron supplementation demonstrated
that when iron is supplied early in life, mice are protected from chemically-induced colitis in
adulthood "'°. More recently, it was shown that commensals have evolved to sense and

regulate host iron homeostasis. Lactobacillus spp., a genus with low iron requirements, has
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been shown to limit iron absorption in murine models of hemochromatosis through

modulation of HIF2a """,

Evolutionary basis of iron in host-microbe interactions and host defense

Iron is an essential nutrient for both host and pathogens. Thus, pathogens occupying
the host are limited to the host iron pool and have evolved mechanisms to access iron in
order to promote their fitness ®738'"12_ The conflict over iron availability has contributed to an
antagonistic historical model of host-pathogen coevolution that has led to the identification of
host-encoded acute phase responses that sequester iron that limit a pathogen’s access to
iron— a process referred to as nutritional immunity %7882 |n response, pathogens have
evolved a plethora of counter strategies to overcome nutritional immunity and acquire iron
within their hosts. As discussed above, iron acquisition systems and siderophores are often
crucial virulence factors needed to proliferate and overcome colonization resistance *°. The
principle of nutritional immunity has shaped the clinical approach to infectious disease and
reinforces the traditional view that iron is a finite resource in an endless tug-of-war between
host and pathogens. However, host iron acquisition systems are not infallible, which is likely

a reflection of the complex evolutionary pressures that have shaped them.

As discussed above, hepcidin is an acute phase protein that is induced by IL-6 and is
responsible for orchestrating the iron withholding response ®2. Inflammation also initiates
production of calprotectin, lactoferrin and lipocalin-2 in circulation and the intestinal lumen
%6.113.114 This leads to sequestration of iron in intestinal epithelial cells and macrophages, and

limits luminal iron availability to pathogenic microbes. Lipocalin-2 is another host encoded
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factor that binds Ent '"*~ and Salmonella has evolved a counter strategy of encoding
salmochelin, which is not recognized by lipocalin-2, to evade host resistance defenses.
Lipocalin-2 has also been implicated in promoting the colonization resistance capacity for
commensal microbes. Deriu and colleagues found that the probiotic E. coli Nissle 1917 strain
utilizes multiple iron acquisition systems (including salmochelin) and reduces Salmonella
Typhimurium colonization in inflamed intestines that are producing lipocalin-2 ''°. Nramp1 is
another important host factor involved with resistance to intracellular pathogens and
mediates export of iron from the phagosome of macrophages. Nramp1 is necessary to
protect from fatal Salmonella and Legionella infections (who replicate in phagosomes) and
also promotes iron homeostasis through facilitating macrophage iron recycling during

erythrophagocytosis "°.

Abolishment of the hepcidin signaling axis causes iron overload and increases
susceptibility to numerous pathogens, ablating protection through inflammation-induced iron-
sequestration systems ®'. Humans with hereditary hemochromatosis and mouse models of
hemochromatosis (models for hepcidin deficiency and iron overload) display increased
susceptibility and mortality to HIV, Vibrio vulnificus and Escherichia coli . Hereditary
hemochromatosis afflicts 1 in 200 individuals of Northern European ancestry and C282Y, the
most frequent allele mutation observed in HFE hemochromatosis, is present in one quarter to
one third of this population. C282Y appeared in Northern European populations around 4000
BC, presumably in the transition from iron-rich meat diets to more grain-based diets with low
iron content from the increased reliance on agriculture *. Given the considerable health
burden and resistance defects associated with HFE hemochromatosis, it is remarkable that

C282Y is so prevalent. Thus, it has been hypothesized that C282Y and ensuing iron
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overload confers a fitness advantage against certain pathogens '’. Indeed, hepcidin-
deficiency has been observed to promote resistance against intracellular pathogens, like
Salmonella Typhimurium and Mycobacterium tuberculosis **1'8'1°_Similarly, hepcidin-
mediated iron sequestration in macrophages can promote virulence of intracellular pathogen

78,120,121

like Burkholderia, Legionella, and Chlamydia —demonstrating that the efficacy of host
nutrient withholding is context dependent. In terms of human infections, Moalem and
colleagues proposed the intriguing hypothesis that C282Y hereditary hemochromatosis
conferred a survival advantage against Yersinia pestis in the 14" century 2. Y. pestits, the
causative agent of bubonic and pneumonic plague, relies on replication within macrophage
phagosomes in order to become systemic and causes mortality '*. Macrophages are
depleted of iron in hemochromatosis, decreasing the ability of intracellular pathogens to
proliferate and spread to lymphoid tissues "88"122124 |n support of this, wildtype Y. pestis
causes a moderate increase in mortality in wildtype mice compared to Hjv-/- mice '**. In a
tragic but illuminating incident, a researcher with hereditary hemochromatosis became fatally
ill with bubonic septicemic plague acquired in the laboratory '?. It was later discovered that
the researcher had acquired the attenuated Y. pestis pgm strain, which does not synthesize
the siderophore, yersiniabactin. Thus, hereditary hemochromatosis in the patient
complemented the inability of Y. pestis pgm to acquire iron, leading to fatal infection '%°.

Thus, iron acquisition is a prominent virulence factor of Y. pestis and defective host iron

handling was exploited in this case.

Despite the historical view of iron in antagonistic defenses, there is growing body of
evidence to suggest the role of iron in the cooperative defense system '""'4126_First,

hemolysis releases heme into circulation, causing toxicity. Several studies have investigated
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the importance of mitigating damage incurred by heme during infection to promote anti-
virulence defenses. Heme is detoxified by heme oxygenase 1 (HO-1) which degrades heme
into iron, biliverdin and carbon monoxide (CO) '%. HO-1 is mainly produced in phagocytes
and mice lacking HO-1 are highly susceptible to sepsis and peripheral forms of malaria while
displaying comparable bacterial burdens as the surviving wildtype counterparts 2”2 Thus,
heme and iron recycling is a major pathway driving anti-virulence defenses but HO-1/CO axis
has also been shown to promote mitochondrial biogenesis during sepsis with

Staphylococcus aureus—perhaps serving a role in maintenance of tissue homeostasis '%°.

Several studies have demonstrated the link between iron and glucose homeostasis
and the importance of this axis in promoting cooperative defenses *'""'?®_ First, polymicrobial
sepsis induces anorexia to promote gluconeogenesis and maintain glucose homeostasis
during infection. However, infection concurrently causes increases circulating levels of heme
which disrupts gluconeogenesis. Weis and colleagues found that hepatic expression of
ferritin, the intracellular iron storage protein, is necessary to restore glucose-6-phosphatase
activity that is disrupted by iron-induced oxidation '’. Ferritin expression had no effect on
pathogen burdens, and thus, ferritin promotes anti-virulence defenses by maintaining

glucose homeostasis to promote survival during sepsis "".

Our lab recently found that iron supplementation promotes survival against attaching
and effacing enteric infection in C3H mice without influencing bacterial burdens °'. Dietary
iron supplementation caused increased accumulation of iron in visceral white adipose tissue
and induced insulin resistance—contributing to organismal insulin resistance and

hyperglycemia. This transient state of insulin resistance increased availability of glucose in
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the intestinal lumen which dampened virulence expression of Citrobacter rodentium—driving
phenotypic attenuation and eventual selection of genetically attenuated C. rodentium. Thus,
the physiological effects of iron in WAT induced an anti-virulence program through

organismal metabolism °'.

This dissertation expands on the role of iron in host defense by describing novel
mechanisms of iron in host metabolism and subsequent implications of iron-induced
metabolic rearrangements in host defense—which serendipitously lead us to describe an

unexpected etiology for infection-induced colon pathology.
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Chapter 2: Adipose triglyceride lipase (ATGL) mediates lipolysis
and lipid mobilization in response to iron-mediated negative energy
balance
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2.1 Introduction

Mammals have evolved complex homeostatic control mechanisms to maintain their
energy balance within a defined set point. These include mechanisms that regulate nutrient
acquisition, nutrient utilization and energy storage, to achieve a balance between energy
intake and energy expenditure. Energy expenditure is a function of multiple factors including
basal metabolism, adaptive thermogenesis and physical activity "2. Basal metabolism of an
organism involves processes within the organism that are necessary to sustain life. Adaptive
thermogenesis describes energy that is dissipated in the form of heat when animals
consume a meal or adapts to a cold environment. Physical activity involves voluntary
movements by the organism. Homeostatic control of energy balance is maintained through
the interactions between genetic and environmental factors. Disruptions in these interactions
that ultimately lead to energy imbalances will manifest as changes in energy storage 2.
Animals that have an energy intake that exceeds energy expenditure will have a net gain,
resulting in increased energy storage. If animals have an energy intake that is less than
energy expenditure, there will be a net loss, resulting in a loss of fat and other energy stores.
The ability to maintain energy balance within the homeostatic set point is critical as
disruptions to the balance and resulting changes in energy storage may render the organism
more susceptible to diseases. For example, the increased adiposity in obesity predisposes
individuals to cardiovascular disease and type 2 diabetes **. Extreme causes of net energy
loss can result in dangerously low body fat content that predisposes animals to infections,
cardiovascular damage and musculoskeletal issues *>~’. Thus understanding the genetic and
environmental factors that regulate energy balance is necessary for our understanding of the

metabolic basis of disease.
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The essential micronutrient iron has emerged as a critical regulator of body weight
and energy balance. In children and adults, there is a greater prevalence of iron deficiency in
both overweight and obese individuals é. The causality of iron in the regulation of adipose
tissue stores has been demonstrated in animal studies. Iron deficient diet causes increased
adiposity in rats and excess dietary iron causes a reduction in body fat mass in rodents °.
The possible underlying mechanisms for iron mediated control of energy balance and the
resulting changes to fat storage are likely complex and multifactorial. For example, iron
status affects energy intake by regulating food consumption. Iron deficiency is associated
with appetite loss that can be reversed with iron supplementation possibly through its effects
on the satiety hormone leptin '>'2. Iron has dramatic effects on multiple aspects of the
gastrointestinal tract that will influence nutrient absorption and affect the overall energy
balance of the individual. For example, changes in luminal iron concentration will lead to
changes in the composition of the intestinal microbiome, that can lead to functional changes
that control nutrient harvesting and uptake . Iron can also change the inflammatory state of
digestive organs that will affect the ability of an individual to absorb nutrients ™. Iron has also
been shown to regulate systemic responses that control the ability of the small intestine to
regulate nutrient absorption '°. The critical role of iron for providing adequate levels of oxygen
will control an individual’s capacity to endure the amount and rigor of physical activity.
Individuals that are anemic experience fatigue, reducing the amount of physical activity they
undertake. Furthermore, individuals who experience low iron without anemia have impaired
adaptation to aerobic activity '®. Lastly, as iron regulates various aspects of energy
metabolism including cellular respiration, the ability of an organism to carry out their basic

basal metabolic functions will also be dependent on the iron status of the individual.
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The changes in energy balance and storage controlled by the iron status of an
individual will result in physiological responses involved in energy substrate mobilization,
storage and breakdown. White adipose tissue (WAT) serves as the major storage depot for
lipids, where excess lipid species are stored as triacylglycerol in lipid droplets. Under
conditions of increased energetic demand or in response to stress stimuli, triacylglycerol is
mobilized from WAT to meet organismal energy demands that are not met by diet "’.
Triacylglycerides (TG) in lipid droplets are hydrolyzed into diacylglycerol (DG) by adipose
triglyceride lipase (ATGL) and monoacylglycerol (MG)/ free fatty acids and glycerol by
hormone-sensitive lipase (HSL). FFA and glycerol are then released into circulation where
they can be utilized by peripheral tissues. ATGL and HSL are considered essential lipolytic
enzymes and are negatively regulated by insulin and IGF-1 signaling through the PKA/PKC
signaling cascade '®'°. In vitro, it was shown that iron and transferrin from serum can induce
lipolysis in an acute time frame and is independent of PKA and PKC signaling ?°. More
recently, it was shown that the elevated levels of fatty acid mobilization, adipose tissue HSL
and ATGL in obese women correlated with elevated levels of ferritin, suggesting that in vivo,
elevated iron stores correlates with increased fatty acid mobilization 2'. While iron has an
established correlative relationship with adipose tissue physiology, a causative role for iron in
regulating lipid mobilization in vivo and how this relates to iron mediated changes in energy

balance, as well as the underlying mechanisms for these processes remain unknown.

In the present study, we examined the role of the essential micronutrient iron in
regulating energy balance. Using a dietary model of iron overload, we found that an acute
course of excess dietary iron leads to a negative energy balance and profound whole body

wasting in mice. The negative energy balance was due to iron dependent intestinal nutrient
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malabsorption. To meet energetic demands, we found that iron caused increased lipid
utilization associated with increased lipolysis, lipid mobilization, and fat wasting. Using a
transgenic mouse model, we found that lipolysis was dependent on ATGL activity specifically
in adipose tissue. Animals lacking ATGL in adipose tissue, shifted to carbohydrate utilization
when fed dietary iron and exhibited a severe cachectic response due to the intestinal nutrient
malabsorption. Our work highlights the multi-faceted role of iron regulation of organismal
metabolism and provides a novel in vivo mechanism for micronutrient control of lipolysis that

is necessary for regulating mammalian energy balance.
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2.2 Material and Methods

Mice. Six week-old male C57BL/6 mice were purchased from Jackson Laboratories and
housed in our facility to acclimate for 2 days prior to experimentation. To study ATGL-
dependent lipolysis, we performed crosses with B6N.129S-Pnpla2tm1Eek/J mice to B6.Cg-
Tg(Fabp4-cre)1Rev/J both from Jackson labs to generate Pnpla2;Fabp4 cre+ and
Pnpla2;Fabp4 cre- mice. For experiments, 6-8 week old male littermates were used. All
animal experiments were done in accordance with The Salk Institute Animal Care and Use

Committee and performed in our AALAC-certified vivarium.

Mouse diets and Pairwise feeding. Mice were fed a 2% carbonyl iron supplemented diet or
a control diet from Envigo. Daily food intake was determined by measuring mass of food
pellets daily from single-housed mice. For pair feeding experiments, iron and control diets
were supplied ad libitum while the third pair fed group of mice were given control diets that

were weight-matched to the historical daily food intake of a mouse given iron diet ad libitum.

Body composition measurements. Total body fat and lean mass were measured using an
EchoMRI machine. Total fat or total lean mass(g) was normalized to total body mass(g) to
determine the percent body composition of fat and lean tissues. Fat pad masses were
measured by dissecting and weighing subcutaneous fat pads (inguinal WAT), visceral fat
pads (gonadal WAT), and mesenteric WAT post mortem. Muscles from hindlimb were
dissected and weighed postmortem. The following muscles were harvested to represent

muscles of varied myofiber composition: Quadricep (primarily fast twitch), Tibialis anterior
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(fast/slow twitch), extensor digitorum longus (fast/slow twitch), Soleus (slow twitch),

gastrocnemius (fast/slow twitch).

Metabolic phenotyping by indirect calorimetry. Mice were singly housed in metabolic
cages from the Columbus Instruments Comprehensive Lab Animal Monitoring System
(CLAMS) where O2 consumption, CO2 production, and activity data were collected. Food
consumption was measured by weighing food pellets daily in order to determine calorie
intake. Mice were removed from metabolic cages daily to measure body mass with a scale
and body composition using EchoMRI. Energy Expenditure was calculated using the
modified Weir equation (modified for systems lacking urine collection): EEJ(Joules/hour) =
15.818 J/ml * VO2 + 5.176 J/ml *VCO2 . Where VO2 and VCO2 are in units of ml/hour.

Respiratory Exchange Ratio (RER) was determined by dividing VCO2/VO2.

Insulin Tolerance Tests. Animals were fasted for 6 hours in fresh cages with ad libitum
access to water. Blood glucose measurements were taken using a Nova Max plus by making
small cuts to the tips of tails using a sterile razor blade and gently squeezing the tail from
base to tip. Insulin was administered according to body mass (1U/kg) in a single
intraperitoneal injection at time=0 minutes. Blood glucose measurements were taken every
15 minutes for the first hour post insulin injection and then again at 90 and 120 minutes post
injection. Blood glucose measurements were normalized to their time=0 fasted blood glucose

levels to generate a curve representing the percent drop in glucose levels from basal.
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Lipid Tolerance Test. Animals were fasted for 9 hours in fresh cages with ad libitum access
to water on day 9 of dietary regimens. Mice were injected intraperitoneally with 10uL/g of
Intralipid. Blood was collected at 0, 1, 2, 3, 4, and 5 hours post injection in Microvettes by tail
bleed. The microvettes were centrifuged at 6000 RPM for 20 minutes and serum was
harvested for quantifying non esterified free fatty acids (Wako) and total triglycerides (Fuijifilm

L-Type Triglyceride M kit) and following the manufacturers protocol.

Oral lipid tolerance test. Animals were fasted for 14-16 hours overnight in fresh cages with
ad libitum access to water on day 8 of dietary regimens. Mice were orally administered 250 ul
of olive oil by gavage. Blood was collected at 0, 1, 2, 3, 4, and 5 hours following
administration of oil in Microvettes by tail bleed. The microvettes were centrifuged at 6000
RPM for 20 minutes and serum was harvested for quantifying non esterified free fatty acids
(Wako) total triglycerides using the (Fujifilm L-Type Triglyceride M kit) and following the

manufacturers protocol.

Bomb calorimetry. Mice were co-housed (5 mice per cage) in Pure-0’Cel bedding and
provided ad libitum access to water and control iron diet (CID) or 2% carbonyl iron diet (IRD).
Body mass and food mass was measured daily to determine daily food intake (calorie
intake). All bedding was collected daily and stored in sealed bags at -20°C until further
processing. Fecal pellets were collected from bedding and desiccated in an airtight chamber
with drierite for 220 hours. Fecal pellets were combined from two cages per day per
respective diets. Combined desiccated fecal pellets were weighed and ground using mortar
and pestle. ddH20 was mixed into ground feces 50 ul at a time to reach a mealy-pasty

consistency. Parr 6100 Calorimeter instruments and accessories were used to determine
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caloric content of fecal matter thereafter. Fecal mixture was used to form a compacted
cylindrical pellet and placed in a brass dish inside bomb containing 1 ml ddH>O and twisted
ignition string touching fecal pellet. Bomb was filled with Oz, sealed and carefully inserted into
2000 g of room temperature deionized H-O. Ignition leads were connected to bomb and
calorimetry chamber was closed for testing. Calculations were performed according to the
Parr instrument manual to determine calories/gram of fecal matter. Net caloric absorption
was determined by subtracting total fecal caloric content from pooled daily caloric intake from

respective diets.

Insulin Signaling Experiments and Western blot. To examine insulin signaling in tissues,
mice were fasted for 6 hours in fresh cages with ad libitum access to water and injected with
insulin as described above (insulin tolerance test). Injections were performed in 15-minute
staggered intervals. Exactly 15 minutes following insulin injection, mice were sacrificed and
liver, muscle and fat pads were harvested, immediately flash frozen in liquid nitrogen, and
stored at -80°C. Tissues were subsequently processed for western blot analyses as

described below.

Western blot. Snap frozen tissues were ground into fine powder using ceramic mortar and
pestles equilibrated in liquid nitrogen. Powder was homogenized in BeadMill24 with a
ceramic bead in Tissue extraction reagent or adipose tissue protein extraction buffer with
phosphatase and protease inhibitors added (Adipose tissue protein lysis buffer: 50mM Tris
pH 7.5, 150mM NaCl, 1% NP-40, 0.5% Sodium Deoxycholate, 5% Glycerol). Lysates were
purified by three consecutive centrifugations at 4°C to remove debris and fat and quantified

using Pierce BCA protein assay kit. Samples were loaded into a 7% Tris-acetate gel
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following a 10-minute sonication, and a 10-minute boil at 70°C. Gels were ran for 150V for 60
minutes in Invitrogen Mini Gel Tank and transferred to nitrocellulose blot using the BioRad
Turbo Transblot system for 10 minutes at 25V (1.3 A). Blots were stained with OneBlock
Wes protein stain and cut into strips according to size of target protein. Strips were then
washed in TBST (20mM Tris, 150mM NaCl, 0.1% Tween20 w/v) and blocked with 5% BSA in
TBST for 1 hour at room temperature. Blots were incubated with primary antibodies overnight
at 4°C on an orbital shaker (p-AKT, AKT, ATGL, p-HSL, HSL, p-PKAc, PKAc, GAPDH; see
Catalog details in materials table). Blots were washed 3x 10 minutes with TBST and
incubated with anti-rabbit for 1 hour at room temperature with Anti-Rabbit IgG HRP-linked
antibodies with gentle shaking and subsequently washed 3x 10 minutes with TBST. Blots
were developed and imaged using ProSignal Dura chemiluminescence in the BioRad Gel
Doc XR system. Densitometry analyses were performed suing the ImagelLab Software and
phosphorylated proteins were normalized to total protein level and subsequently to
housekeeping protein, GAPDH. Phosphorylated target proteins were probed/measured first,
and the same membrane was used to measure total levels of that respective protein using
the following stripping protocol: Blot was covered with stripping buffer for 5 mins and
discarded. Blot was covered with fresh stripping buffer again for 5 minutes and discarded.
Blot was washed two times with PBS for 10 minutes by gentle shaking. Blot was washed two
times with TBST for 5 minutes by gentle shaking. After final wash, blot was blocked with 5%
BSA for 1 hour at room temperature and used for subsequent antibody incubations as
described above. (Mild stripping buffer (500ml): 7.5 glycine, 5 ml Tween20, 0.5g sodium

dodecyl sulfate, pH 2.2)

Gene expression analyses. Tissues were flash frozen in liquid nitrogen immediately
following harvest from sacrificed animals. Tissues were ground into a powder using ceramic

mortar and pestles equilibrated in liquid nitrogen. Powder was added to Trizol reagent and
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homogenized with a ceramic bead in a bead beater. Chloroform was added to homogenate
and centrifuged to separate the organic and aqueous layers. Aqueous layer was carefully
transferred to fresh nuclease-free tubes where isopropanol was added and mixture was left
to precipitate at -20°C for at least 1 hour. Isopropanol/aqueous layer solution was added to a
Qiagen RNeasy column and RNeasy protocol was followed from this step, including the
removal of genomic DNA using Qiagen’s on-column DNase kit. RNA was eluted in nuclease-
free H.O and quantified using a Nanodrop Spectrophotometer. cDNA was synthesized using

SuperScript IV using ~200 ng RNA and oligo dT for mammalian cDNA. Real time quantitative

PCR was performed using SYBR green Mix on QuantStudio 5 from Applied Biosystems.

Relative standard curves method was used to analyze gene expression relative to a pooled

sample dilution series. Rps17 was used as an endogenous housekeeping control for relative

normalization. Annealing temp of 60°C was used for all RT-qPCR reactions.

Primer Table

Gene target | Forward 5’->3’ Reverse 5°->3’

Atrogin-1 CAGCTTCGTGAGCGACCTC GGCAGTCGAGAAGTCCAGTC

MuRF-1 AGTGTCCATGTCTGGAGG ACTGGAGCACTCCTGCTTGTAGA
TCGTTT T

MyoD CAGTGGCGACTCAGATGC CGCCTCACTGTAGTAGGCG

Myogenin GCAATGCACTGGAGTTCG GTCCACGATGGACGTAAGG

Rps17 CGCCATTATCCCCAGCAAG TGTCGGGATCCACCTCAATG

Fpn CCCTGCTCTGGCTGTAAAAG TAGGAGACCCATCCATCTCG

Dmt1 CAATGGAATAGGCTGGAGGA CCCAATGCAATCAAACACTG

Tfr1 TCGCTTATATTGGGCAGACC ATAAGGGGCTGGCAGAAACT

Transferrin | GCGCATTCAAGTGTCTGAAA GAGCCACAACAGCATGAGAA

Ftl GGGCCTCCTACACCTACCTC CTCCTGGGTTTTACCCCATT

Fth CTGAATGCAATGGAGTGTGC TCTTGCGTAAGTTGGTCACG

Hmox1 ACGCATATACCCGCTACCTG CCAGAGTGTTCATTCGAGCA

Steap2 ATGCCAGAAACCAGCAGAGT TGCAAAGAAGAAGCTCAGCA

Hepcidin TTGCGATACCAATGCAGAAG GGATGTGGCTCTAGGCTATG

Genotyping primers

cre CGCGCTCTGGCAGTAAAAACTAT | CCCACCGTCAGTACGTGAGATAT

recombinas | C C

e
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Ex vivo lipolysis assay. Mice were fed control or 2 % carbonyl iron diets for a period of 3, 6,
and 9 days and fasted for 6 hours in fresh cages with ad libitum access to water. Inguinal
and gonadal white adipose tissue pads were harvested, cut into 2 ~30-50 mg pieces and
placed into separate wells in a 24 well plate with 300 ul of ice-cold PBS. Following the
completion of tissue harvest, all fat pads were gently dabbed on a paper towel, cut with
scissors in a central latitudinal location to introduce freshly cut exposed tissue, and carefully
transferred to 24 well plates containing 300 ul of room-temperature Krebs-Ringer bicarbonate
Hepes buffer ph 7.4 (120mM NaCl,, 4mM KH2PO4, 1mM MgSOQO4, 0.75 mM CaCl,, 30 mM
Hepes pH 7.4, 10mM NaHCOs;; solution was sterilized and stored at 4°C until day of ex vivo
lipolysis assay when fatty acid free bovine serum albumin (to 2% wbv) and D-glucose (5mM)
was added. Plates were incubated for 4 hours in a 37°C tissue culture incubator and
supernatants were transferred to fresh tubes and frozen at -20°C until they were used to

quantify free fatty acids and glycerol content as described below.

Free fatty acid, glycerol and triglyceride assays. Serum from fasted mice and supernatant
from ex vivo lipolysis assay were added to a 96 well plate according to the Wako Fuji Film
protocol and reagents were added and incubated according to the respective FFA or glycerol
Wako protocols. Standards were generated using a dilution series of glycerol or non-
esterified fatty acids (WAKO). A 1:2 dilution series from 1mM to 0.03125mM was used to
generate the FFA standard curve. The standard curve for glycerol used the following series
inmM: 8,7,6,5,4,3,2,1, 0.5, 0.25. Triglyceride standards were generated from multi-
calibrator lipids in the following series (mg/dL): 48, 96, 144, 192, 240, 288, 384, 480. To

determine FFA and glycerol content, 5 ul of samples and standards were used. To determine
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triglyceride content, 4 ul of samples were used. Following methods outlined in manufacturer’'s
protocols, samples were quantified from standard curve analyses using a 96-well
VERSAmax microplate reader and SoftMax Pro software. FFA and glycerol levels from ex

vivo lipolysis assays were normalized to recorded tissue masses.

Iron assay for determining tissue iron content. Total iron content was determined using
colorimetric Iron Assay from Abcam according to manufacturer’s protocol. For serum, blood
was collected via cardiac puncture in microtainers and centrifuged at 6000 rpm for 20
minutes and serum was stored at -80°C. Tissues were flash frozen in liquid nitrogen
immediately following harvest from sacrificed animals. Tissues were ground into a powder
using ceramic mortar and pestles equilibrated in liquid nitrogen. 10-30 mg of tissue powder
and 10 ul serum was suspended in Iron assay buffer and gently homogenized by pipetting.
Tissue samples were centrifuged at 13000 rpm for 10 minutes to remove insoluble materials
and supernatant was used for iron content quantification according to manufacturer’s
protocol in 96-well plates. A standard curve was generated using the following dilution series
(nmol/well): 0.5, 1.0, 1.5, 2.0, 2.5, 4, 6, 8, 10, 20, 40. Samples were quantified using a 96-
well VERSAmax microplate reader and SoftMax Pro software. Iron content was normalized

to respective tissue masses.

Principal component analyses. To determine the light/dark cycle and diet relationships
between samples, EEJ, RER and total activity spreadsheets were transformed to represent
hourly blocks of the light/dark cycle during periods of matched food consumption; this was
the primary derived data used for PCA (Jolliffe, 2005). Principal component analysis was

computed using the mixOmics R package (v6.14.1) with 10 components considered in the
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calculations (Rohart et al., 2017). Eigenvalues of the variance-covariance matrix were
calculated, and the data centered and scaled (standardized) to account for heterogeneity in
variances across the variables. Multivariate analysis plots were generated using the R
function plotindiv (Plot of Individuals). The first two principal components were projected onto

the sample space with the ellipses representing 95% confidence intervals.

Linear Regression and ANCOVA. For linear regression analyses of energy expenditure
based on total or lean mass, the daily energy expenditure for each mouse was determined
by summing J/hr per 24 hour periods preceding total and lean mass measurements. Daily
energy expenditure (J/day) was plotted as a function of total body mass or lean mass for
each mouse over the course of the experimental window for respective dietary groups.
GraphPad Prism 9.0e was used to perform regression analyses. Simple linear regression
was performed for each dietary group and linear regression lines were compared to
determine if the slopes and y intercepts were significantly different between dietary groups.
ANCOVA analyses were performed when slopes between dietary group linear regression
lines were not significantly different and the pooled slope was used to calculate an adjusted
daily energy expenditure at the group mean mass. Group mean mass was determined by
calculating the mean total or lean body mass for the groups presented in linear regression
plots. ANCOVA adjusted daily energy expenditure was determined by using the following
equation: (actual J/day)-[(average group LBM or TBM (g))-(actual TBM or LBM (g))]*pooled
slope (J day™ per g change in mass). The NIDDK Mouse Metabolic Phenotyping Centers

(MMPC, www.mmpc.org) and Energy Expenditure Analysis page

(http://www.mmpc.org/shared/regression.aspx) was used as a reference to guide the EE
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ANCOVA analysis done for this work. NIDDK MMPC is supported by grants DK076169 and

DK115255.

Clinical pathology analysis. Six week old C57BL/6 male mice were provided ad libitum
access to water and control iron diet (CID) or 2% iron rich diet (IRD) for 8 days. On day 9 of
dietary regimens, animals were fasted for 6 hours in fresh cages with ad libitum access to
water prior to sacrifice. Blood was collected via cardiac puncture in BD microtainers and
centrifuged at 6000 rpm for 20 minutes to collect serum. Serum was stored at -80°C. Serums
were sent to IDEXX Laboratories for quantification of ALP, AST, ALT, lipase and cholesterol

levels.

Statistics. All variables were analyzed using GraphPad Prism 9.0e. Categorical variables
are expressed as numbers and percentages, and quantitative variables as means * standard
error of the mean (SEM). Where data is shown as dot plots, each dot represents a single
mouse or biological replicate. One-way analysis of variance (ANOVA) with a post Tukey’s
test or Two-way ANOVA were used as appropriate. Student’s two tailed t-test was performed
to evaluate the differences between two independent groups or paired samples as
appropriate. A P value <0.05 was used to reject the null hypothesis. All experiments used an
n of 3 or more and represent 1-3 independent experiments. Further information regarding
specific P values, n used in each experiment, and how data are presented can be found in

the figure legends.
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2.3 Results
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2.3.1 Dietary iron supplementation causes negative energy balance and nutrient
malabsorption

While it is well established that iron regulates organismal metabolism and energy
balance, the underlying mechanisms regulating these processes are not completely known.
We established a dietary model to determine the mechanistic basis for the effects of an acute
course of surplus dietary iron on organismal metabolism and energy balance. Carbonyl iron
is a dietary iron supplement that has reduced inflammatory effects on the gastrointestinal
tract relative to iron sulfate-based alternatives (Devasthali et al., 1991). We fed 6-week-old
C57BL/6 mice an iron rich diet (IRD) containing 2% carbonyl iron or a nutrient matched
control iron diet (CID) and found that while CID-fed mice exhibited an expected slight
increase in whole body weight over the course of the experiment, IRD-fed mice exhibited a
drastic whole-body wasting phenotype, with mice losing approximately 20% of total body
weight by day 8 post diet initiation (Figure 1A and Supplemental Figure 1A). Net negative
energy balance caused by the IRD can be due to an increase in energy expenditure and/or a
decrease in energy intake. To determine the effects of dietary iron on energy expenditure, we
fed 6-week-old C57BL/6 mice CID or IRD for nine days and housed them in the
Comprehensive Lab Animal Monitoring System (CLAMS) to measure gas exchange volumes
and rates continuously over the experimental course (mice were allowed to acclimate for a
day before introduction of the diets). We observed a drastic continuous decrease in energy
expenditure of mice following introduction of the IRD (Figure 1B, Supplemental Figure 1B).
Principal component analysis (PCA) of light/dark cycle EEJ in CID and IRD-fed mice
revealed a distinct clustering of samples according to light cycle and diet, suggesting that
patterns of energy expenditure are impacted by diet and light cycle (Figure 1C). The

clustering is supported by non-overlapping 95% confidence intervals (ellipses) (Figure 1C).
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As energy expenditure is positively correlated with body mass, we performed a
regression-based analysis of daily energy expenditure as a function of daily total body mass
(TMB) or daily lean body mass (LBM) over the eight day dietary regimen (Figure 1D and
Supplemental Figure 1C). We found that the relationship between TBM and energy
expenditure significantly depended on diet and that energy expenditure increased
significantly with TBM on both CID and IRD (Supplemental Figure 1C). Energy expenditure
increased significantly with increased LBM and the influence of LBM on energy expenditure
was equivalent for mice fed CID or IRD (Figure 1D). Interestingly, ANCOVA analysis
revealed that IRD resulted in decreased energy expenditure as a function of mouse LBM
relative to mice fed CID, suggesting that IRD does not cause negative energy balance by
increasing energy expenditure (Figure 1E). Changes in activity level and thermogenesis can
contribute to differences in energy expenditure. We observed no significant difference in total
activity levels, but PCA of light/dark cycle activity levels revealed distinct clustering of dark
cycle activity, suggesting that activity patterns are impacted by diet during the dark cycle
(Supplemental Figure 1D-E). Additionally, mice fed IRD exhibited a decrease in core body
temperature over the course of the dietary regimen, suggesting that reduced energy
expenditure caused by excess dietary iron may in part be due to a decrease in

thermogenesis (Supplemental Figure 1F).

Notably, mice fed IRD eat significantly less food during the first 48 hours post diet
initiation, with no significant difference in food consumption between the dietary groups by
day 3 post diet initiation (Figure 1F). To determine if this initial food aversion response in
IRD-fed mice was responsible for the whole-body wasting, we performed a pairwise feeding

analysis. Pair fed mice on CID had a steep decrease in body mass within the first 48 hours of
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the diet regimen and increased body mass thereafter; whereas mice fed IRD ad libitum
exhibited continual weight loss over the 8 day diet regimen (Figure 1G and Supplemental
Figure 1G). Thus, the initial reduced feeding alone does not account for the continual whole
body wasting caused by the acute course of excess dietary iron. Mice fed IRD also exhibited
comparable body temperature and activity levels as pair fed mice on CID (Supplemental
Figure 1H, I, J). We next analyzed energy expenditure of mice of the three dietary regimens
in the CLAMS and found that mice fed IRD had a significant decrease in energy expenditure
relative to both groups of mice fed CID ad lib and pair fed (Figure 1H, I, Supplemental
Figure 1K). Consistently, PCA revealed distinct clusters of energy expenditure between the
three dietary regimens during the light cycles (Figure 11). We performed regression-based
analyses of daily energy expenditure as a function of daily TBM and daily LBM for our
pairwise feeding conditions to determine if dietary regimens caused a mass-independent
effect on energy expenditure (Figure 1J-K, Supplemental Figure 1L). Consistent with our
previous analyses of CID and IRD, we found that the relationship between TBM and energy
expenditure significantly depended on diet (F=41.21 df= 2, 102, P<0.0001) and energy
expenditure increased significantly with TBM in all dietary regimens (Supplemental Figure
1L). Daily energy expenditure increased significantly as a function of daily LBM and the
influence of LBM on energy expenditure was equivalent for mice on the three dietary
regimens (Figure 1J). We observed that IRD decreased energy expenditure as a function of
LBM relative to mice pair fed CID or given CID ad lib (Figure 1K)demonstrating that IRD
does not cause negative energy balance through reduced energy intake or though increasing

energy expenditure.
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Energy intake is a function of both caloric consumption and nutrient absorption by the
gastrointestinal tract. Pancreatic-derived enzymes are essential for digestion and absorption
of dietary macronutrients and excess dietary iron can contribute to dysfunction of exocrine
pancreas 2. Consistent with this, we observed a significant reduction in circulating levels of
lipase in mice fed IRD, suggesting that IRD disrupts pancreatic production of lipase and
subsequent ability to digest triglyceride and fats into free fatty acids and glycerol for uptake in
the intestines (Figure 1L). As lipase inhibition is also known to reduce cholesterol absorption
2425 e saw a corresponding decrease in circulating total cholesterol levels in mice fed IRD
(Figure 1M). To address if IRD reduced the ability of mice to absorb dietary lipids, we
performed an oral lipid tolerance test (OLTT) in mice fed CID or IRD for eight days and found
that mice fed IRD exhibited a significant reduction in their ability to absorb orally administered
lipids(Figure 1N). Finally, mice fed IRD excreted more calories in their stool and had
decreased net calorie absorption from diets relative to mice fed CID(Supplemental Figure

1M). Taken together, our data show that IRD causes negative energy balance by causing

intestinal nutrient malabsorption.
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2.3.2 Iron rich diet increases lipid utilization, lipid mobilization and wasting of fat
energy stores

Negative energy balance will cause mobilization of energy substrates from
endogenous stores. Mobilization of the energy stores in white adipose tissue (WAT) involves
the liberation of triacylglycerol from lipid droplets stored in adipose tissue that provides free
fatty acids (FFA) and glycerol to other tissues and organs. Using an ex vivo lipolysis assay,
we found that inguinal WAT (IWAT) and gonadal WAT (GWAT) from IRD-fed mice released
significantly higher levels of free non-esterified fatty acids (FFA) and free glycerol compared
to mice fed CID over the course of the dietary regimen (Figure 2A-B). Mobilization of fat
stores can result in loss of body fat mass. To determine the extent of fat energy store
depletion, we utilized magnetic resonance imaging (MRI) to analyze fat and lean body
composition of mice fed CID or IRD for eight days. We found that the whole body wasting
and increased lipid mobilization in mice fed IRD was associated with wasting of fat energy
stores (Figure 2C). We also measured masses of representative WAT pads and found a
significant reduction in the mass of IWAT, GWAT and mesenteric WAT (MWAT) in mice fed
IRD (Figure 2D-F). MRI and direct measurement of hindlimb muscles that represent varied
myofiber composition and the heart revealed that mice fed IRD also exhibit wasting of
skeletal muscle but not cardiac muscle (Figure 2C, G and Supplemental Figure A-B).
Further, we observed significant upregulation of two muscle-specific atrogenes, Atrogin-1
and Murf-1, in gastrocnemius muscles of mice fed IRD— a hallmark of skeletal muscle
wasting (Figure 2H) %28, We also found upregulation of Myogenin in gastrocnemius muscles
from IRD fed mice, which is associated with Type | myofiber development (Figure 2H) .
Consistent with our findings, body composition analysis of mice from our pairwise feeding
experiments confirmed that fat and lean body composition were significantly reduced in the

IRD ad libitum group relative to pair fed mice on CID (Supplemental Figure 2C). Similarly,
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we found that mice fed IRD ad libitum had the greatest decrease in IWAT mass and hindlimb
muscle masses after eight days on the diet regimen (Supplemental Figure 2D-E). In
support of IRD-induced skeletal muscle wasting, we also observed the greatest upregulation
of atrogene expression in gastrocnemius muscles from mice fed IRD ad libitum
(Supplemental Figure 2F). Taken together, our data demonstrate that dietary iron causes
lipid mobilization that results in adipose tissue wasting, as well as muscle wasting, that is

independent of the initial food aversion response.

We hypothesized that the increased lipid mobilization was indicative of IRD causing a
shift towards lipid utilization. To determine how IRD influences energy substrate preference,
we measured respiratory exchange ratio (RER) by housing mice fed CID or IRD in the
CLAMS. An RER close to 1 is indicative of carbohydrate utilization, while an RER closer to
0.7 is indicative of lipid substrate utilization *°. Using PCA, we found that mice from the
different dietary conditions exhibited distinct clustering during their day and night cycles,
indicating that there were distinct RERs for each dietary condition and their respective
light/dark cycles (Figure 2I). We found that IRD-fed mice exhibited a dramatic shift towards
lipid utilization (Figure 2J). Increased lipid utilization is characteristic during periods of fasting
when mice will draw from white adipose tissue (WAT) stores 3132, We therefore performed an
RER area under the curve analysis for days 3-8, when food consumption was comparable
between CID and IRD-fed mice to analyze energy substrate utilization independent of
differences in food consumption (Figure 2K). We found that the IRD induced an increase in
lipid utilization independent of the fasted state. We performed RER analyses for the pair fed
experimental cohort and found that IRD induced a significant shift towards lipid utilization

relative to pair fed mice fed CID—further demonstrating that IRD increases reliance on lipids
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as an energy substrate (Supplementary Figure 2G-l). Interestingly, the increased reliance
on lipids as an energy source did not result in a decrease in circulating lipids or glycerol in
fasted mice fed CID or IRD over the course of the experiment (Figure 2L). Consistently,
mice fed IRD had a comparable rise and clearance of FFA and triglycerides in a lipid
tolerance test performed on day 9 post diet initiation, suggesting that while IRD induces a
shift towards lipid utilization, this does not increase rates of lipid turnover (Figure 2M). Taken
together, our data demonstrate that dietary iron excess causes negative net energy balance,
inducing a global shift towards lipid utilization that is fueled by mobilization of endogenous fat

energy stores.
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2.3.3 An acute course of excess dietary iron does not induce insulin resistance

Iron metabolism can influence glucose homeostasis by altering insulin sensitivity. We
previously demonstrated in C3H/HedJ mice that an acute course of dietary iron caused
transient insulin resistance (IR) during infection with an enteric pathogen and that this was
associated with iron overload in WAT '°. In C57BL/6 mice it was previously shown that long-
term administration of dietary iron causes IR associated with an increase in hepatic and
adipose tissue iron levels as well as an increase in serum iron 3. We found that in C57BL/6
mice, an acute course of IRD resulted in significantly higher levels of iron in the liver and
serum, but not other metabolic tissues including the visceral fat (GWAT), subcutaneous fat
(IWAT) and muscle (gastrocnemius) (Figure 3A-B). The livers of IRD fed mice were
significantly smaller than that of CID ad libitum fed mice. However CID pair fed mice had
comparable liver size as IRD mice indicating that the reduced food consumption amount
rather than hepatic iron overload caused a reduction in liver size (Supplemental Figure 3A-
B). IRD fed mice exhibited significantly elevated ALP levels but no difference in AST levels,
and only a modest and insignificant increase in ALT levels (Figure 3C and Supplemental
Figure 3C-D), suggesting that IRD may cause liver damage. Consistent with a systemic iron
overloading response, IRD induced hepcidin (Hamp) expression in liver and significantly
reduced expression of genes involved with iron uptake (Tfr1, Dmt1) (Figure 3D and
Supplemental Figure 3E). Both GWAT and IWAT showed reduced expression of heme
oxygenase-1 (Hmox1) which is considered to be a marker of iron overload and inflammation
in adipose tissue **. IRD caused a reduction in transferrin expression in GWAT and reduced
ferroportin (Fpn) expression in IWAT—suggesting that both visceral and subcutaneous
adipose tissues depots respond to dietary iron overload (Figure 3E-F and Supplemental

Figure 3F-G). IRD induced a modest reduction in gastrocnemius expression of iron uptake
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genes (Dmt1, Hmox1, Steap2) and a significant reduction in transferrin receptor 1 (Tfr1)

(Figure 3G and Supplemental Figure 3H).

We next asked whether an acute course of IRD could affect insulin sensitivity in
C57BL/6 mice. We performed an insulin tolerance test (ITT) on days 3, 6, and 9 post-diet
initiation on mice fed CID and IRD. We found no difference in insulin sensitivity between mice
fed the different diets at any of the examined time points (Figure 3H-l, Supplemental Figure
4A-J). It has been previously demonstrated that iron overload can lead to tissue-specific
insulin resistance; notably, Dongiovanni and colleagues observed insulin resistance in
visceral WAT but not subcutaneous WAT in mice fed excess dietary iron >3, We therefore
examined activation of insulin signaling in the GWAT and IWAT, as well as the liver and
gastrocnemius muscle in CID and IRD fed mice. Mice fed CID and IRD for six days were
injected with insulin and tissues were harvested 15 minutes post-insulin injection and
processed to measure activation of AKT, a central kinase in the intracellular insulin signaling
cascade (Figure 3J). We found no differences in phosphorylated AKT in the GWAT from
mice in either dietary condition (Figure 3K, Supplemental Figure 5A-B). Interestingly, we
found a trend towards increased phosphorylation of AKT in the IWAT, liver, and
gastrocnemius muscles from mice fed IRD (Figure 3L-N and Supplemental Figure 5C-H).
Thus, our model of acute dietary iron enrichment in C57BL/6 mice causes changes in

organismal lipid physiology that is not associated with insulin resistance.
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2.3.4 Iron-induced lipid mobilization and adipose tissue wasting is dependent on fat-
specific ATGL activity

The bulk of lipid mobilization from adipose tissue is mediated through lipolysis. In
canonical adipose tissue lipolysis, triglycerides stored in lipid droplets are hydrolyzed by
adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) to produce free
glycerol and fatty acids to be supplied into circulation and fuel peripheral tissue metabolism
%536 ATGL is the rate limiting lipase present on lipid droplets that is responsible for
hydrolyzing triacylglycerol into diacylglycerol. We found that mice fed an IRD exhibited
elevated levels of ATGL protein in both subcutaneous (IWAT) and visceral adipose tissue
(GWAT) (Figure 4A, B, Supplemental Figure 6-7). ATGL activity is directly regulated by its
co-activator CGI-58, which is regulated by protein kinase A (PKA). Activated PKA will
phosphorylate Perilipin-1 that is conjugated with CGI-58 on lipid droplet surfaces, thereby
liberating CGI-58 to activate ATGL %"3%, It was previously demonstrated that adipose tissue
cultures exposed to iron rich media and human sera (transferrin rich) upregulate lipolysis in a
PKA-independent manner, suggesting that iron-induced lipolysis may be regulated in a non-
canonical manner, though a mechanism was not determined 2°. Contrary to previous in vitro
observations, we found a significant increase in the levels of phosphorylated PKAc in IWAT
and GWAT of IRD fed mice, indicating that iron diet leads to increased activation of PKA in
WAT in vivo (Figure 4A, B, Supplemental Figure 6-7). Finally, IRD led to an increase in the
activation of the downstream lipase, HSL, in IWAT and GWAT (Figure 4A, B,
Supplemental Figure 6-7). Taken together, our data demonstrate that an acute course of
excess dietary iron leads to increased activation of the regulators of canonical adipose

lipolysis in both subcutaneous and visceral WAT.
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To test if ATGL-dependent lipolysis in adipose tissue is necessary for mediating IRD-
induced lipid mobilization and adipose tissue wasting, we generated a transgenic mouse
model with the gene that encodes ATGL, PnplaZ2, specifically deleted from adipose tissue
(floxed Pnpla2 x Fab4 cre). Using an ex vivo lipolysis assay, we found that the IWAT from
IRD-fed mice lacking adipose-specific ATGL (floxed Pnpla2;Fab4 cre+, designated
Pnpla2™ATK0) secreted significantly less FFA and glycerol than wild type mice fed IRD (floxed
Pnpla2;Fab4 cre-, designated Pnpla2"'T) (Figure 4C). Notably, we observed comparable
levels of secreted FFA and glycerol from GWAT and no difference in circulating levels of FFA
or glycerol between Pnpla2ATX° and Pnpla2"™ mice fed IRD (Figure 4D,E). The apparent
difference in rates of lipid mobilization between subcutaneous and visceral adipose tissue
may reflect a preferential pattern of organismal lipid storage across fat depots in response to
dietary iron excess ***'. Consistent with this, Pnpla2"AT“° mice were protected from IRD-
induced IWAT wasting, but were only moderately protected from wasting of visceral fat pads,
GWAT and MWAT (Figure 4F-H). Though we observed differences in the pattern of
subcutaneous and visceral fat pad wasting, body composition analyses showed that

2WATKO mice had significantly more total fat mass relative to Pnpla2™'" littermates fed

Pnpla
IRD (Figure 4l). Together, these data suggest that ATGL activity is necessary for IRD-

induced lipolysis, lipid mobilization and fat wasting primarily in subcutaneous adipose tissue.
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2.3.5 Dietary iron-induced ATGL activity in adipose tissue protects from wasting of
lean energy stores

Having established a role for adipose tissue specific ATGL in IRD-mediated lipid
mobilization and fat wasting, we next asked if ATGL activity in fat was required for the
changes in energy balance we observed in IRD-fed mice (Figure 2.3.1). Despite being
protected from wasting of subcutaneous fat and having a higher body fat composition
(Figure 2.3.4 F and 1), Pnpla2"VATK© displayed comparable total body wasting to that
exhibited by their wild type littermates when fed dietary iron (Figure 2.3.5 A, Supplemental
Figure 2.3.8 A). This suggests that mice lacking ATGL activity in adipose tissue are not
protected from the negative energy balance caused by IRD. Consistent with this, we found

that food consumption was comparable between Pnpla2"/AT X0

and their wildtype littermates
when fed IRD (Figure 2.3.5 B). Our analyses with the CLAMS showed that energy
expenditure of Pnpla2"’" and Pnpla2"’A" X© mice was comparable under normal chow
conditions (Figure 2.3.5 C, Supplemental Figure 2.3.8 B). Following introduction of IRD,
Pnpla2™'™ and Pnpla2™A"*° mice showed equivalent changes in energy expenditure (Figure
2.3.5 C-D, Supplemental Figure 2.3.8 B). When we examined the light/dark cycle EEJ for
Pnpla2™'™ and Pnpla2™A"*° mice by PCA, we saw no influence of genotype on EEJ for light or
dark cycles when animals were fed IRD (Figure 2.3.5 E). Furthermore, we found that
Pnpla2™'™ and Pnpla2™A"*° mice fed IRD displayed comparable daily EEJ relative to daily
TBM and daily LBM over the course of the experiment (Figure 2.3.5 F-G and Supplemental
Figure 2.3.8 C-D). Analysis of body temperature and activity over the course of the diet
regimen revealed no difference in body temperature, total activity levels, or differences in
light/dark cycle activity levels between genotypes (Supplemental Figure 2.3.8 E-H). Taken

together, our results demonstrate that ATGL activity in adipose tissue is not necessary for

the effects of dietary iron on net energy balance, and does not change energy expenditure,
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activity levels, basal metabolism or food consumption when animals are fed an acute course

of IRD.

We hypothesized that Pnpla2VATX° mice undergo a compensatory increase in lean
energy store wasting that can account for the whole body weight loss driven by IRD.

Consistent with our hypothesis, we found that Pnpla2VAT K©

mice exhibited increased wasting
of lean tissue stores compared to their Pnpla2" littermates fed IRD (Figure 2.3.5 H). These
differences in body composition were specific to mice fed IRD because mice lacking ATGL in
adipose tissue and their wild type littermates exhibited comparable body composition when
fed control chow (Supplemental Figure 2.3.8 I). Direct measurement of hindlimb muscle
masses similarly showed that Pnpla2™A"¥° mice fed IRD had decreased mass of individual
muscle groups compared to their wild type littermates fed IRD (Figure 2.3.5 I). As muscle
mass is regulated by protein synthesis and degradation cascades in muscle, we analyzed
expression of both atrogenes, Atrogin-1 and Murf-1, and myogenesis factors, MyoD and
myogenin in gastrocnemius of IRD-fed mice. We observed increased expression of both
Atrogin-1 and Murf-1, and significant downregulation of MyoD expression in Pnpla2/AT k©

muscles, suggesting that both atrophic factors and lack of myogenesis signaling may

contribute to enhanced muscle wasting in Pnpla2VA"° fed IRD (Figure 2.3.5 J).

Excess dietary iron in wild type mice causes increased lipid utilization (Figure 2.3.2).
We hypothesized that the reduced lipid mobilization and increased lean wasting in IRD-fed

Pnpla2™AT° mice would result in a decrease in global lipid utilization. Consistent with this,

we observed modest separation in RER values between Pnpla2VAT° and Pnpla2"’™ mice

following introduction of IRD (Figure 2.3.5 K). Principal component analysis of the light/dark
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cycle RER values from Pnpla2™AT® and Pnpla2"’" mice showed that the pattern of clustering
is based on the light vs. dark cycle and independent of genotype (Figure 2.3.5 L). We
therefore analyzed AUC of RER by light/dark cycles and observed a significant increase in
Pnpla2VATXC RER values during the light cycle following introduction of IRD (Figure 2.3.5
M). This suggests that during the diurnal “fasting” state, Pnpla2"¥ATX° mice fed IRD utilized
less lipid substrates relative to Pnpla2"'" littermates (Figure 2.3.5 M). Thus, ATGL activity in
adipose tissue protects from lean energy store wasting by promoting lipolysis and lipid

mobilization in response to IRD-induced negative energy balance (Figure 2.3.5 N).
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2.4 Discussion

Organismal macronutrient metabolism is intimately linked to micronutrient
metabolism. While a role for iron in regulating lipid metabolism is well appreciated, the
mechanistic underpinnings of these regulatory processes are unknown. Here, using an acute
course of dietary iron excess, we demonstrate that iron causes profound changes in whole
organismal metabolism including nutrient malabsorption and lipid mobilization, resulting in a
negative energy balance. We demonstrate that lipid mobilization is dependent on ATGL
activity in adipose tissue and that this lipid mobilization protects from cachexia. While our
data support a model that the systemic effects of iron and nutrient absorption lead to ATGL
activation, lipolysis and lipid mobilization, it is formally possible that in addition to these

systemic effects iron also directly acts on adipocytes to induce ATGL activity (Figure 5N) %°.

We found that an acute course of excess dietary iron caused reduced energy
expenditure in mice, and we propose that this is due to a hypometabolic state triggered by
the reduced nutrient absorption caused by IRD. Nutrient absorption is largely dependent on
proper digestion of macronutrients in the duodenum via digestive enzymes secreted by the
exocrine pancreas 2. Iron overload disorders that lead to deposition of iron in parenchymal
tissues, like liver and pancreas, are associated with metabolic syndrome and reduced levels

234243 1t has been proposed that

of circulating pancreatic-derived digestive enzymes
pancreatic insufficiency caused by iron loading may contribute to malabsorption issues

observed in individuals with iron overload disorders *°.

Our finding that IRD decreases serum levels of lipase is consistent with experimental

and clinical models of iron-overload induced pancreatic dysfunction and atrophy of exocrine
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pancreatic acinar cells. Further, we observed reduced cholesterol levels in mice fed IRD,
which is consistent with pharmacologic inhibition of lipase activity 2#2°. In further support of
IRD-induced pancreatic insufficiency, lipid absorption was severely blunted in mice fed IRD
and we observed decreased net calorie absorption in mice fed IRD. Though we predict that
IRD-induced nutrient malabsorption extends to insufficient digestion of proteins and
carbohydrates as well, we did not measure levels of other pancreatic-derived digestive
enzymes in the current study. It is important to note that while our study implicates iron-
induced pancreatic insufficiency in reduced nutrient uptake, iron metabolism can just as likely
affect nutrient absorption and turnover through a systemic mechanism independent of
digestive function. For example, our lab previously showed that excess dietary iron can
indirectly affect luminal macronutrient content through inducing insulin resistance '°.
Furthermore, iron can also influence the the microbial landscape of the gut and contribute to
gastrointestinal inflammation, compromise barrier integrity and regulate iron metabolism at

4445 Excess iron is known to drive expansion of facultative

the local level to control infection
anaerobes like Enterobacteriaceae, thus displacing and driving competition against
Lactobacillus and Firmicutes. '*. Moreover, it was recently demonstrated that iron
supplementation can similarly influence microbiome composition independent of the route of

administration *¢. Altogether, these findings highlight the diverse role of micronutrient

metabolism on nutritional status beyond nutrient absorption and digestive function.

It has been previously reported that when fed a chronic 16-week course of dietary
iron, C57BL/6 mice develop IR specifically in visceral adipose depots as well as impaired
organismal insulin tolerance *. In our study, we used an acute course of dietary iron and

found that C57BL/6 mice did not develop IR in adipose tissue, skeletal muscle or liver, and
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also showed no changes in organismal insulin tolerance. The discrepancies between our
study and that of Dongiovanni et al. may be due to the length of the feeding regimens and
suggests that in C57BL/6 mice that the IR caused by excess dietary iron may be largely
influenced by length of the dietary iron regimen. In a mouse model of infectious colitis using
C3H/Hed, an acute course of dietary iron excess resulted in IR in visceral adipose tissue and
changes in organismal glucose tolerance '°, suggesting that the ability of a short course of
dietary iron to cause IR may be mouse strain specific. It is well established that inbred mouse
strains have differences in iron physiology including basal differences in tissue iron content.
C75BL/6 mice in particular, have a dampened iron-overloading response following
introduction to an iron rich diet (Clothier et al., 1999; Dupic, 2002; Leboeuf et al., 1995;

Morse et al., 1999).

When considering the physiological differences in iron handling between C3H and
C57BL/6 mice that could contribute to differential manifestations in IR development, it is
important to note that C57BL/6 mice lack functional Nramp1 while C3H have a viable
Nramp1 allele. Though Nramp1 does not appear to be directly involved in tissue iron loading,
it has been shown to be important for heme recycling and influence hepcidin expression.
Failure to release heme-derived iron from macrophages dampens hepcidin signaling—
leading to increased basal iron uptake. Mice lacking Nramp1 accumulate iron in liver and
spleen following erythrophagocytotic stimuli in vivo ®'. The differences in the studies of
Sanchez et al and our work also suggest that the effects of excess dietary iron on IR may be
dependent on the disease state of the host, and that under conditions in which homeostasis
is disrupted, as observed during infection, the short course of excess iron may be sufficient

to induce IR. Future studies addressing the role of Nramp1 in mediating the IR response to
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dietary iron in different mouse strains and an understanding of the role of acute dietary iron

excess in disease states are needed.

Subcutaneous fat (SAT) is considered to have greater flux in terms of storage and
mobilization capacity compared to visceral fat (VAT). Specifically, excess lipids are
preferentially stored in SAT, and mobilized from SAT to accommodate negative energy
balance ***'. We found that an acute course of dietary iron induces wasting and mobilization
of SAT and VAT indiscriminately and to a similar degree, suggesting that dietary iron excess
leads to lipid mobilization events in a unconventional pattern that operates in response to
negative energy balance. Curiously, we found that mice lacking adipose-specific ATGL are
protected from iron-induced fat wasting in SAT, but not VAT. We demonstrated that IWAT
and GWAT have comparable levels of ATGL protein expression and activation of the PKA
signaling cascade upon introduction of IRD. Therefore, the difference in fat wasting between
SAT and VAT cannot be attributed to differences in ATGL expression or activation through
the PKA cascade. Though PKA activation is considered the canonical signaling cascade for
ATGL activation, other pathways can alter ATGL activity including PKC, MAP kinase, PI3K,
NF-kB and lipid peroxidation resulting from Fenton and Haber Weiss reactions 20°2-%,
Indeed, in an in vitro study utilizing visceral adipocytes from rats, iron induced lipolysis
independent of the PKA lipolytic cascade, and was proposed to occur through increased
levels of lipid peroxides ?°. In the current study, our data supports a model where iron

induces lipolysis in SAT via the canonical PKA-ATGL cascade, however we propose that

VAT is more sensitive to iron-derived lipolytic stimuli such as lipid peroxides or ROS.
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We found that an acute course of dietary iron excess caused cachexia with IRD-fed
animals exhibiting wasting of muscles with varied oxidative capacity and myofiber
composition, suggesting that iron induces muscle wasting in an indiscriminate manner.
Cachexia is dependent on the transcriptional upregulation of two muscle specific E3 ubiquitin
ligases, Murf-1 and Atrongin-1 %28, In agreement with this, we found that iron-induced
cachexia was associated with the transcriptional upregulation of Murf-1 and Atrogin-1 in
wasting hindlimb muscles. Iron-induced muscle wasting was more severe in IRD-fed animals
lacking ATGL function in adipose tissue. We propose that this increase in the cachectic

response in ATGLWATKO

mice is necessary to supply muscle-derived substrates to meet the
iron-induced heightened energetic demands when lipid mobilization is impaired. In support of
this, we observed that ATGL"A™° mice fed IRD displayed a significant shift towards
carbohydrate utilization during light cycles in metabolic cages. Our finding is consistent with
previous reports highlighting a diurnal pattern of WAT lipolysis driven by circadian clock
transcription factors CLOCK and BMAL (both in vivo and ex vivo). Light cycles represent the
diurnal murine “fasting cycle” where they preferentially utilize lipids for energy, which is
dependent on circadian regulation of HSL and ATGL in WAT '7°5 . We propose that
ATGLWAT®O mice fed an IRD undergo increased gluconeogenesis during a prolonged period
of inactivity—a process that relies on supply of muscle-derived amino acid substrates ¢, to
meet the increased energetic demands induced by the diet. Interestingly, we found
upregulation of Myogenin in gastrocnemius muscles from IRD-fed mice, which is a muscle
comprised of both Type | and Type Il myofibers. As Myogenin expression is associated with
Type | myofiber development, this may represent adaptive remodeling of muscles to
accommodate increased reliance on lipids/beta-oxidation 2°°¢, that may be necessary to

meet the energetic demands caused by the acute course of dietary iron excess. In summary,

this work defines the mechanistic basis for dietary iron-induced lipid mobilization in response
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to negative energy balance and highlights the multi-faceted role of iron regulation of

organismal metabolism.
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Figure 2.3.1 Iron rich diet causes negative energy balance and nutrient malabsorption
Six-week old C57BL/6 males were given control diet (CID) or 2% carbonyl iron diet (IRD) and
individually housed in static or metabolic cages in the Comprehensive Laboratory Animal
Monitoring System (CLAMS). Weight, energy expenditure and food consumption were
monitored. (A) Percent original weight over eight-day diet regimen on CID or IRD. Data
shown represents two pooled independent experiments (n=11 mice per group). (B) Hourly
energy expenditure and corresponding area under the curve analysis for mice fed CID or IRD
for eight days in CLAMS. White and black/grey boxes/shaded region represent light/dark
cycles respectively. Data shown represents one independent experiment (n=5-6 mice per
group). (C) Principal component analysis of energy expenditure in (B) for CID and IRD fed
mice in light/dark cycles. Ellipses are indicative of 95% confidence intervals. Data shown
represents analysis of one independent experiment (n=5-6 mice per group). (D) Linear
regression analysis of daily energy expenditure as a function of daily lean body mass (LBM)
over eight day period and corresponding (E) ANCOVA-predicted EEJ at group average LBM
of 15.589 g. Dotted vertical line in (D) represents group average lean mass (CID linear
regression, R?=.1467, F=7.735, dF=1, 45, P=0.0079, Y = 568.2*X + 30500; IRD linear
regression, R?=.1396, F=5.841, dF=1, 36 , p=0.0208, Y = 519.6*X + 27524; pooled
slope=534.5) Data shown represents analysis of one independent experiment (n=5-6 mice
per group). (F) Average daily food consumption of mice fed CID or IRD. Data shown
represents two pooled independent experiments (n= 11 mice per group). (G-K) C57BL/6
male mice were fed CID ad libitum (ad lib), IRD ad libitum (ad lib), or CID pair fed matched to
average historical iron food consumption values. (G) Percent original body weight for dietary
regimens shown. Data shown represents two pooled independent experiments (n= 9 mice
per group). Blue asterisks denote comparisons between CID ad lib and CID pair fed. Gray
asterisks denote comparisons between CID pair fed and IRD ad lib. Peach asterisks denote
comparisons between CID ad lib and IRD ad lib. (H) Hourly energy expenditure and
corresponding area under the curve analysis for mice on three dietary regimens. White and
black/grey boxes/shaded region represent light/dark cycles respectively. Data shown
represents one independent experiment (n= 4 mice per group) (l) Principal component
analyses of energy expenditure in (H) for light/dark cycles of three dietary regimens. Ellipses
are indicative of 95% confidence intervals. Data shown represents analyses of one
independent experiment (n= 4 mice per group) (J) Regression-based analysis of absolute
daily EEJ against daily lean mass over eight day period and corresponding (K) ANCOVA-
predicted EEJ at group average lean mass of 15.359 g. Dotted vertical line in regression plot
represents group average lean mass (CID ad lib linear regression, R?=.2913, F=13.98,
dF=1,34, P=0.0007, Y = 646.6*X + 38295; CID pair fed linear regression, R?=.2585,
F=11.85, dF=1,34, p=0.0015, Y =906.9*X + 29379; IRD ad Iib linear regression, R?=.2204,
F=9.61, dF=1,34 , P=0.0039, Y = 1982*X + 11641; pooled slope=1159). Data shown
represents analysis of one independent experiment (n= 4 mice per group). (L-M) Circulating
levels of (L) Lipase and (M) total cholesterol in serum on day 9 of diet regimen. Data shown
represents one independent experiment (n= 5 mice per group) (N) Oral lipid tolerance test of
mice fed CID or IRD for eight days. Data shown represents analysis of two pooled
independent experiments (n=10 mice per group)All CLAMS data plotted in zeitgeber time.
Data represent mean £SEM; CID *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Related to
Supplemental Figure 2.3.1
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Figure 2.3.2 Excess dietary iron induces lipid mobilization from white adipose tissue
(WAT) that is associated with increased lipid utilization and wasting of fat energy
stores

Six-week old C57BL/6 males were provided control (CID) or 2% carbonyl iron diet (IRD) for
3, 6, or 9 days. (A-B) Ex vivo lipolysis assay measuring glycerol and free fatty acids (FFA)
released from (A) IWAT (B) and GWAT. Data shown represents one independent
experiment (n=5 mice per group). (C) Body composition analyses using EchoMRI of mice fed
CID or IRD for 6 days. Fat and lean mass were normalized to original body mass. Data
shown represents two pooled independent experiments (n=11 mice per group). (D-F) Tissue
masses of (D) IWAT (E) GWAT and (F) MWAT from mice fed CID or IRD for 6 days. Data
shown for D,E represents two pooled independent experiments (n=10 mice per group). Data
shown for F represents one independent experiment (n=5 mice per group). (G) Muscle
masses from hindlimb of mice fed CID or IRD for 8 days (Quadricep; Quad , tibialis anterior;
TA, extensor digitorum longus; EDL, soleus, and gastrocnemius; Gastro). Data shown
represents one independent experiment (n=5 mice per group). (H) Gene expression in
gastrocnemius of mice fed CID or IRD for 8 days. Gene expression was normalized to
housekeeping expression of Rps17. Data shown represents one independent experiment
(n=4 mice per group). (I-K) Mice were housed in the CLAMS and given CID or IRD. The
respiratory exchange ratio over the course of the experiment was determined. (1) Principal
component analysis for the respiratory exchange ratio (RER) of CID and IRD fed mice in
light/dark cycles. Ellipses are indicative of 95% confidence intervals. Data shown represents
analyses of one independent experiment (n=6 mice per group). (J) Average hourly
respiratory exchange ratio of mice fed CID or IRD (RER) calculated as ratio of ml CO, OUT
(respired):ml Oz IN (inhaled). Data shown represents one independent experiment (n=6 mice
per group). (K) Area under the curve analysis for RER for period of matched food
consumption. (L) Circulating levels of glycerol and FFA in serum of fasted CID or IRD mice
on days 3, 6, and 9 of diet time course. Data shown represents one independent experiment
(n=5 mice per group). (M) Intraperitoneal lipid tolerance test (i.p. LTT) performed on fasted
mice fed CID or IRD for nine days. Data shown represents one independent experiment (n=5
mice per group). Data represent mean +SEM; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
Related to Supplemental Figure 2.3.2
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Figure 2.3.3 Acute dietary iron overload does not induce insulin resistance

Six-week old C57BL/6 males were provided control (CID) or 2% carbonyl iron diet (IRD). (A-
B) Total iron (ferric and ferrous) content in (A) tissues and (B) serum from mice fed CID or
IRD for 6 day. Data shown represents one independent experiment (n=5 mice per group). (C)
Circulating levels of alkaline phosphatase (ALP) in mice fed CID or IRD for nine days. Data
shown represents one independent experiment (n=5 mice per group). (D-G) Gene
expression in (D) liver, (E) GWAT, (F) IWAT and (G) gastrocnemius muscles of mice 6 days
post diet initiation. Genes were normalized to expression of housekeeping gene Rps17 and
subsequently normalized to the lowest normalized Gene:Rps17 value within each tissue for
each respective gene. Data shown represents one independent experiment (n=5 mice per
group). (H-I) Insulin tolerance test (ITT) normalized to basal glucose levels and (1)
corresponding area under the curve (AUC) analysis performed on day 6 post diet initiation.
Data shown represents one independent experiment (n= 5 mice per group). (J) Diagram for
experimental setup to analyze insulin signaling. Following a 6 hour fast on day 6 of the diet
time course, mice were i.p. injected with insulin and liver, fat pads, and muscle was
harvested 15 minutes post insulin injection to analyze tissue-specific insulin signaling. (K-N)
Western blot analyses for AKT protein activation in protein extracts from (K) GWAT, (L)
IWAT, (M) liver, and (N) gastrocnemius muscle from hindlimb. Data shown represents one
independent experiment (n= 5 mice per group). Data represent mean +SEM. *P<0.05,
***P<0.001, ****P<0.0001. Related to Supplemental Figure 2.3.3, 2.3.4 and 2.3.5.
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Figure 2.3.4 Dietary iron-induced lipid mobilization and adipose tissue wasting is
dependent on fat-specific ATGL activity

(A-B) Six-week old C57BL/6 males were given control (CID) or 2% carbonyl iron diet (IRD)
for 3 days. Following a six-hour fast, mice were sacrificed and fat pads were harvested for
analysis. (A) Western blot analysis for activated proteins in canonical lipolysis pathway in (A)
IWAT and (B) GWAT protein extracts. (HSL/phospho-HSL Ser563, hormone sensitive lipase;
ATGL, Adipose triglyceride lipase; PKA-c, cAMP dependent protein kinase catalytic subunit
alpha; GAPDH, Glyceraldehyde3-phosphate dehydrogenase). n=5 mice per condition. (C-D)
Pnpla2;Fabp4 cre+ (Pnpla2VATX%) and Pnpla2;Fabp4 cre- (Pnpla2V'™) male littermates
between six and eight-weeks old were given 2% carbonyl iron diet (IRD) for 3 days and ex
vivo lipolysis assays were performed following a 6 hour fast. Glycerol and free fatty acids
(FFA) released from (C) IWAT (D) and GWAT. n=5-7 mice per condition. (E) Circulating
levels of glycerol and FFA in serum of Pnpla2™AT¥° and Pnpla2"'" littermates fed IRD for 6
days. n=5-7 mice per condition. (F-H) Raw mass of fat pads from Pnpla2A"%° and Pnpla2"V"
littermates fed IRD for five days (F) IWAT (G) GWAT (H) MWAT. For (F) n=8-9 mice per
condition and represent two experiments combined. For (G-H) n=4 mice per condition. ()
Body fat composition of Pnpla2™AT¥° and Pnpla2"" littermates fed IRD for 5 days using
EchoMRI. Fat mass was normalized to original total body mass. n=4-5 mice per condition.
Data represent mean £SEM; ****P<0.0001. Panels 4A-E, G-I represent one independent
experiment and panel 5F represents two pooled experiments. Related to Supplemental
Figure 2.3.6 and 2.3.7
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Figure 2.3.5 Dietary iron-induced ATGL activity in adipose tissue protects from
wasting of lean energy stores

Littermate Pnpla2;Fabp4 cre- (Pnpla2") and Pnpla2;Fabp4 cre+ (Pnpla2™’A"*°) males
between six and eight-weeks old were housed in comprehensive laboratory animal
monitoring system (CLAMS) metabolic cages for 6 days. Mice were provided 2% carbonyl
iron diet (IRD) after brief acclimation period. Daily measurements were taken for body mass
and food intake. (A) Percent original weight of Pnpla2"¥™ and Pnpla2"A™*° mice fed IRD. n=8-
9 mice per condition. Data shown represents two pooled independent experiments. (B) Daily
average food intake of Pnpla2™'™ and Pnpla2™AT“° mice prior to and during IRD feeding
period. Data shown represents three pooled independent experiments (n=5-10 mice per
group and per timepoint. For some timepoints, food was shredded by some mice and was
not weighable for those animals at those timepoints). (C) Average hourly energy expenditure
(EEJ) calculated from VO2 and VCO2 (ml/hr) using the modified Weir equation and
corresponding (D) area under the curve analysis for EEJ. Data shown represents one
independent experiment (n=4-5 mice per group) (E) Principal component analysis of average
EEJ from light/dark cycles from Pnpla2¥™ and Pnpla2"VA"X° mice fed IRD. Ellipses are
indicative of 95% confidence intervals. Data shown represents analysis of one independent
experiment (n=4-5 mice per group). (F) Daily energy expenditure as a function of daily lean
body mass (LBM) over five day period and corresponding (G) ANCOVA-predicted EEJ at
group average LBM of 14.04 g. Dotted vertical line in regression plot represents group
average lean mass (Pnpla2"'" linear regression R?=.1645, F=3.545, dF= 1, 18, P= 0.076,
Y=795.3*X+ 30861; Pnpla2™"AT°linear regression R?=.4920, F=22.28, dF= 1, 23, P<0.0001
Y=1041*X+ 28522; pooled slope=949.6) Data shown represents analysis of one independent
experiment (n=4-5 mice per group). (H) Lean body composition of Pnpla2"’™ and Pnpla2"/A"
KO mice fed IRD using Echo MRI. Lean mass was normalized to original total body mass.
Data shown represents one independent experiment (n=4-5 mice per group). (1) Muscle
masses from hindlimb of Pnpla2"’™ and Pnpla2"A"X° mice fed IRD for five days (Quadricep;
Quad , tibialis anterior; TA, extensor digitorum longus; EDL, soleus, and gastrocnemius;
Gastro). Data shown represents one independent experiment (n=4-5 mice per group). (J)
Gene expression in gastrocnemius of Pnpla2"¥™ and Pnpla2VATX° mice fed IRD for six days.
Gene expression is normalized to Rps17. Data shown represents one independent
experiment (n=4 mice per group). (K) Respiratory exchange ratio (RER) and (L) Principal
component analysis of average RER from light/dark cycles from Pnpla2’™ and Pnpla2VATK°
mice fed IRD. Ellipses are indicative of 95% confidence intervals. Data shown represents
analysis of one independent experiment (n=4-5 mice per group). (M) Area under the curve
(AUC) analysis of RER for light cycle periods of CLAMS monitoring following introduction of
IRD. Data shown represents one independent experiment (n=4-5 mice per group) (N) Model
of dietary iron regulation of energy balance and ATGL-dependent lipid mobilization. All
CLAMS data plotted in zeitgeber time. White/black boxes on X axis represent light/dark
cycles of 24-hr day. AUC of CLAMS analyses taken from total average values per mouse.
Data represent mean +SEM; **P<0.01, ***P<0.001, ****P<0.0001. Related to Supplemental
Figure 2.3.8.
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Supplemental Figure 2.3.1 Iron diet causes negative energy balance

(A) Absolute body mass over eight-day diet regimen on CID or IRD. Data shown represents
two pooled independent experiments (n=11 mice per group). (B) Average hourly absolute
gas exchange volumes of O, consumed and CO- respired for mice fed CID or IRD. Data was
used to calculate EEJ in Figure 2.3.1 B using modified Weir equation. Data shown represent
one independent experiment (n=5-6 mice per group). (C) Daily energy expenditure as a
function of daily total body mass (TBM) over eight day period (CID linear regression,
R?=.1523, F=8.266, dF=1, 46, P=0.0061, Y = 455.0*X + 29062; IRD linear regression,
R?=.6545, F=71.98, dF=1, 38 , P<0.0001, Y = 1379*X + 6417). Data shown represent
analyses of one independent experiment (n=5-6 mice per group). (D) Average hourly activity
levels plotted as total X directional beam breaks per hour for mice fed CID or IRD in CLAMS
and corresponding area under the curve analysis (AUC) for total activity in CLAMS. Data
shown represents one independent experiment (n= 6 mice per group) (E) Principle
component analysis for activity of CID and IRD fed mice in light/dark cycles. Ellipses are
indicative of 95% confidence intervals. Data shown represents analyses of one independent
experiment (n= 6 mice per group). (F) Daily core temperature of CID or IRD fed mice. Data
represent two pooled independent experiments (n=5-11 mice per timepoint per group). (G-L)
C57BL/6 male mice were fed CID ad libitum (ad lib), IRD ad libitum (ad lib), or CID pair fed
matched to average historical IRD food consumption values. (G) Absolute body mass over
eight-day diet regimens. Data shown represents two pooled independent experiments (n=9
mice per group). Blue asterisks denote comparisons between CID ad /ib and CID pair fed.
Gray asterisks denote comparisons between CID pair fed and IRD ad lib. Peach asterisks
denote comparisons between CID ad lib and IRD ad lib. (H) Daily core temperature of mice
fed CID ad lib, pair fed, or IRD ad lib. Data represent two pooled independent experiments
(n=4-9 mice per timepoint per group). Gray asterisk denotes comparison between CID ad /ib
and CID pair fed. Peach asterisks denote comparisons between CID ad lib and IRD ad /ib. (1)
Average hourly activity levels plotted as total X directional beam breaks per hour for mice on
dietary regimens in CLAMS and corresponding area under the curve analysis (AUC) for total
activity in CLAMS. Data shown represents one independent experiment (n= 4 mice per
group). (J) Principle component analysis for activity mice from three dietary regimens in
light/dark cycles. Ellipses are indicative of 95% confidence intervals. Data shown represents
analyses of one independent experiment (n= 4 mice per group). (K) Average hourly absolute
gas exchange volumes of O, consumed and CO. respired for mice fed CID ad lib, pair fed, or
IRD ad lib. Data was used to calculate EEJ in Figure 2.3.1 H using modified Weir equation.
Data shown represent one independent experiment (n=4 mice per group). (L) Daily energy
expenditure as a function of total body mass (TBM) over eight day period (CID ad lib linear
regression, R?=.3360, F=17.2, df= 1, 34, P=0.0002, Y = 565.9*X + 35548; CID pair fed linear
regression, R?=.1905, F=8.002, dF=1, 34 , P=0.0078, Y = 590.3*X + 32039; IRD ad lib linear
regression, R?=.8254, F=160.7, dF=1, 34 , P<0.0001, Y = 3300*X - 26401). Data shown
represent analyses of one independent experiment (n=4 mice per group). (M) Net calorie
absorption of mice fed CID and IRD. Data shown represents two time points per diet (Days 4
and 6 post diet initiation). Each data point represents the total caloric intake pooled from two
cages of mice minus the total caloric content of solid fecal excrement pooled from the same
two cages per respective day of dietary regimen (5 mice per cage, 10 mice pooled). All
CLAMS data plotted in zeitgeber time. Data represent mean +SEM; CID *P<0.05, **P<0.01,
***P<0.001, ****P<0.0001. Related to Figure 2.3.1
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Supplemental Figure 2.3.2 Iron causes negative energy balance independent of
reduced food intake

C57BL/6 male mice were fed CID ad libitum (ad lib), IRD ad libitum (ad lib), or CID pair fed
matched to average historical iron food consumption values. (A) Absolute heart mass and
corresponding (B) heart mass normalized to total body mass of mice from day eight of pair
feeding dietary regimens. Data shown represents 3 pooled independent experiments (n=10-
16 mice per group). (C) Body composition analyses on day eight of pair fed dietary regimens
using Echo MRI. Fat and lean mass were normalized to original body mass. Data shown
represents one independent experiment (n=5 mice per group). (D) IWAT fat pad mass on
day eight of pair feeding dietary regimens normalized to original body mass. Data shown
represents one independent experiment (n=5 mice per group). (E) Muscle masses on day
eight of pair fed dietary regimens normalized to original body mass. Data shown represents
one independent experiment (n=4-5 mice per group). (Quadricep; Quad , tibialis anterior;
TA, extensor digitorum longus; EDL, soleus, and gastrocnemius; Gastro). (F) Gene
expression in gastrocnemius on day eight of pair fed dietary regimens. Gene expression was
normalized to housekeeping expression of Rps77. Data shown represents one independent
experiment (n=4-5 mice per group). (G-l) Mice were housed in the CLAMS to determine the
respiratory exchange ratio. (G) Average hourly respiratory exchange ratio (RER) calculated
as ratio of ml CO2 OUT (respired):ml O IN (inhaled) and corresponding (H) Area under the
curve (AUC) analysis for RER for period of matched food consumption. Data shown
represents one independent experiment (n=4 mice per group). (I) Principal component
analysis for the respiratory exchange ratio (RER) of mice in light/dark cycles form the three
dietary regimens. Ellipses are indicative of 95% confidence intervals. Data shown represents
analyses of one independent experiment (n=4 mice per group). Data represent mean +SEM;
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Related to Figure 2.3.2.
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Supplemental Figure 2.3.3 Tissue responses to dietary iron supplementation
Six-week old C57BL/6 males were provided control (CID) or 2% carbonyl iron diet (IRD). (A)
Liver masses from mice fed CID ad libitum, CID pair fed, and IRD ad libitum for 8 days
normalized to respective body mass on day 8 and (B) unnormalized raw liver masses. Data
shown represents three pooled independent experiments (n=10-16 mice per group). (C)
Circulating levels of alanine amino transferase (ALT) and (D) aspartate aminotransferase
(AST) in mice fed CID or IRD for nine days. Data shown represents one independent
experiment (n=5 mice per group). (E-H) Gene expression in (E) liver, (F) GWAT, (G) IWAT,
and (H) gastrocnemius muscles of mice fed CID or IRD for 6 days. Expression was
normalized to Rps17 expression. Data shown represents one independent experiment (n=5
mice per group). Data represent mean +SEM. *P<0.05, ***P<0.001, ****P<0.0001. Related to
Figure 2.3.3
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Supplemental Figure 2.3.4 Insulin sensitivity not affected by dietary iron
supplementation
Six-week old C57BL/6 males were provided control (CID) or 2% carbonyl iron diet (IRD) for a
nine-day time course and insulin tolerance tests (ITT) were performed on day 3, 6, and 9 of
time course following a 6-hour fast. (A-D) ITT curve normalized to basal glucose levels and
corresponding area under the curve (AUC) analysis performed on (A, B) day 3 and (C, D)
day 9 post diet initiation. (E-J) Absolute glucose levels and corresponding AUC analyses for
ITT performed on (E, F) day 3, (G, H) day 6 and (1, J) day 9 post diet initiation. All data
shown represents one independent experiment (n=5 mice per group). Data represent mean
+SEM. Related to Figure 2.3.3
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Supplemental Figure 2.3.5 Iron does not influence tissue-level insulin sensitivity
Six-week old C57BL/6 males were provided control (CID) or 2% carbonyl iron diet (IRD) for a
nine-day time course and experiments were performed on day 3, 6, and 9 of time course
following a 6-hour fast. Mice were injected with insulin and tissues were harvested 15
minutes post injection and snap frozen for analysis. (A) Densitometry analyses and (B)
original blots for AKT activation in GWAT from Figure 3K. (C) Densitometry analyses and (D)
original blots for AKT activation in IWAT from Figure 3L. (E) Densitometry analyses and (F)
original blots for AKT activation in liver from Figure 3M. (G) Densitometry analyses and (H)
original blots for AKT activation in gastrocnemius from Figure 3N. All data shown represents
one independent experiment. Data represent mean +SEM; CID n=5, IRD n=5. Related to
Figure 2.3.3
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Supplemental Figure 2.3.6 Iron activates lipolysis cascade in WAT

Six-week old C57BL/6 males were provided control (CID) or 2% carbonyl iron diet (IRD) for a
nine-day time course and experiments were performed on day 3, 6, and 9 of time course
following a 6-hour fast. Mice were injected with insulin and tissues were harvested 15
minutes post injection and snap frozen for analysis. (A) Densitometry analyses and (B)
original blots for AKT activation in GWAT from Figure 2.3.3 K. (C) Densitometry analyses
and (D) original blots for AKT activation in IWAT from Figure 2.3.3 L. (E) Densitometry
analyses and (F) original blots for AKT activation in liver from Figure 2.3.3 M. (G)
Densitometry analyses and (H) original blots for AKT activation in gastrocnemius from
Figure 2.3.3 N. All data shown represents one independent experiment. Data represent
mean +SEM; CID n=5, IRD n=5. Related to Figure 2.3.3
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Supplemental Figure 2.3.7 Iron activates lipolysis cascade in WAT (continued)

(A-F) Uncropped Western blot imaging for Figure 2.3.4 A protein extracts from IWAT.
(HSL/phospho-HSL Ser563, hormone sensitive lipase; ATGL, Adipose triglyceride lipase;
PKA-c, cAMP dependent protein kinase catalytic subunit alpha; GAPDH, Glyceraldehyde3-
phosphate dehydrogenase). Data shown represents one independent experiment (n= 5 mice
per group). (G-L) Uncropped Western blot imaging for Figure 2.3.4 B protein extracts from
GWAT. (HSL/phospho-HSL Ser563, hormone sensitive lipase; ATGL, Adipose triglyceride
lipase; PKA-c, cAMP dependent protein kinase catalytic subunit alpha; GAPDH,
Glyceraldehyde3-phosphate dehydrogenase). Data shown represents one independent
experiment (n= 5 mice per group). Related to Figure 2.3.4
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Supplemental Figure 2.3.8 Adipose-specific ATGL does not affect net energy balance
in response to iron rich diet

Littermate Pnpla2;Fabp4 cre- (Pnpla2") and Pnpla2;Fabp4 cre+ (Pnpla2™’A"*°) males
between six and eight-weeks old were housed in comprehensive laboratory animal
monitoring system (CLAMS) metabolic cages for 6 days. Mice were provided 2% carbonyl
iron diet (IRD) after brief acclimation period. Daily measurements were taken for body mass,
core temperature and food intake. (A) Absolute body mass of Pnpla2"™ and Pnpla2VAT K©
mice fed IRD. Data shown represents two pooled independent experiments (n=8-9 mice per
group). (B) Average hourly absolute gas exchange volumes of O, consumed and CO-
respired for Pnpla2"'™ and Pnpla2"/ATX° mice fed IRD. Data was used to calculate EEJ in
Figure 2.3.5 C using modified Weir equation. Data shown represents one independent
experiment (n=4-5 mice per group). (C) Energy expenditure as a function of total body mass
(TBM) over five day period and corresponding (D) ANCOVA-predicted EEJ at group average
TBM of 21.3 g. Dotted vertical line in regression plot represents group average lean mass
(PanaZWT linear regression R?=.2294, F=6.550, dF= 1, 22, P=0.0179, Y=1311*X+ 14248;
Pnpla2VATXC linear regression R?=.7201, F=72.05, dF= 1, 28, P<0.0001, Y=1903*X+ 1059;
pooled slope=1659) Data shown represents analysis of one independent experiment (n=4-5
mice per group). (E) Daily core temperature of Pnpla2”'" and Pnpla2"’A"“© mice. Data
represents two pooled independent experiments (n=10-11 mice per group). (F) Average
hourly activity levels plotted as total X directional beam breaks per hour for Pnpla2"¥™ and
Pnpla2™AT® mice fed IRD and corresponding (G) Area under the curve (AUC) analysis. Data
shown represents one independent experiment (n=4-5 mice per group). (H) Principle
component analysis for activity of IRD-fed Pnpla2™'™ and Pnpla2™A"*® mice in light/dark
cycles. Ellipses are indicative of 95% confidence intervals. Data shown represents analysis
of one independent experiment (n=4-5 mice per group). (I) Body composition analyses of
Pnpla2™™ and Pnpla2™A"¥° mice fed control chow prior to IRD supplementation. Fat and lean
mass is normalized to total body mass. Data shown represents one independent experiment
(n=4-5 mice per group). Data represent mean +SEM. Related to Figure 2.3.5
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Chapter 3: Iron-induced metabolic rearrangements uncouple
hallmarks of infectious colitis
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3.1 Introduction

Iron is an essential micronutrient for nearly all living organisms and is a scarce and
crucial resource for pathogens in the host environment. Hosts have evolved numerous
strategies to limit pathogens' access to iron during infection that are collectively recognized
as nutritional immunity. In instances of inflammation, infection or iron overload, hosts limit
iron absorption in the gut, sequester iron intracellularly in host tissues, and decrease
circulating availability of iron—strategies that aim to blunt pathogen proliferation and inhibit
virulence '=. Notably, mounting the iron sequestration response can dramatically alter host
health and physiology on an organismal scale. The breadth of this response was first
observed by physicians in the 1940's who reported that chronic infections were associated
with anemia that could not be rescued by iron supplementation. It has become well
appreciated in recent decades that iron overload and sequestration in host tissues can cause
substantial physiological stress, including liver damage, immune and metabolic dysfunction,
adipose tissue inflammation, and dysbiosis of the gut microbiome *® The physiological
effects of iron described here are likely the tip of the iceberg as host age, gender, genetics

and environmental factors largely influence the severity and outcomes of iron overload.

While nutritional immunity describes hosts' strategy to limit pathogenicity during
infection through iron withholding, it does not address how iron status affects host physiology
and how these changes can independently influence pathogenicity. Our group recently
reported that iron promotes health and survival in a lethal model of transmissible murine
colitis through modulating insulin sensitivity- demonstrating that host iron metabolism can

independently affect pathogenicity beyond the principle of nutritional immunity.
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In the current study, we aimed to expand on the principle of nutritional immunity to
demonstrate that iron-induced physiological effects can independently affect pathogenicity
and disease in a non-lethal model of transmissible murine colitis. Here, we show that mice
challenged with Citrobacter rodentium exhibit increased resistance defenses and protection
from C. rodentium-induced mucosal pathology when fed an iron rich diet. Though dietary iron
decreases the severity of colitis, mice fed an iron rich diet exhibit increased weight loss, fat
wasting and lipolysis. We show that while fat wasting is dispensable for promoting resistance
and protection from mucosal pathology, it is necessary to prevent C. rodentium-induced
colon shortening and remodeling. This infection model demonstrates the need to expand on
the principle of nutritional immunity to include the host’s response to a dietary iron surplus
and re-examine the etiology of infectious colitis. Our work has uncovered a novel iron-
dependent adipose tissue-gut axis that decouples traditional hallmarks of infectious colitis

into inflammatory and non-inflammatory stages.
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3.2 Material and Methods

Mice. Six week-old male C57BL/6 mice were purchased from Jackson Laboratories and
housed in our facility to acclimate for 2 days prior to experimentation. To study ATGL-
dependent lipolysis, we performed crosses with B6N. 129S-Pnpla2tm1Eek/J mice to B6.Cg-
Tg(Fabp4-cre)1Rev/J both from Jackson labs to generate Pnpla2;Fabp4 cre+ and
Pnpla2;Fabp4 cre- mice. For experiments, 6-8 week old male littermates were used. All
animal experiments were done in accordance with The Salk Institute Animal Care and Use

Committee and performed in our AALAC-certified vivarium.

Mouse diets. Mice were fed a 2% carbonyl iron supplemented diet or a control diet from
Envigo. For infection experiments, diets were supplied on day 0. Daily food consumption was

determined by measuring mass of food pellets daily from single-housed mice.

Bacteria and inoculum preparation. Citrobacter rodentium DBS100 was purchased from
ATCC. To prepare inoculum, C. rodentium was grown overnight on sterile MacConkey agar
plates at 37°C and single colonies were used to inoculate sterile Luria-Bertani (LB) media
and shook overnight at 37 °C and 225 rpm. The following morning, ODeoo Was measured to
calculate the resuspension volume of sterile PBS to achieve a inoculum dose of ~5x10°
CFU/mI determined from a growth curve. 20 ml of culture were pelleted by centrifugation and
growth medium was decanted. Inoculum was immediately used for infection and a portion of
inoculum was reserved for determining the infection dose. Inoculum was serially diluted and

plated on sterile MacConkey agar to confirm CFU concentration for each experiment.

106



Mouse infection models. Animals were gavaged with 100 pl of C. rodentium inoculum
prepared as described above to achieve a dose of ~5x10® CFU. Diets were supplied ad
libitum on the same day as infection. For each infection, the inoculum was serially diluted
and plated on sterile MacConkey plates to determine the infection dose. Inoculum dose for

each set of experiments is noted in figure legends.

Quantification of C. rodentium in tissues or stool. Mouse tissue masses were measured
prior to homogenizing in 1 ml of PBS containing 1% TritonX-100 in a bead beater with a
ceramic bead for 2 min using Bead Mill 24 (Fischer Scintific). Fresh fecal pellet masses were
measured prior to homogenizing with 1 ml PBS using a syringe plunger and allowed to settle
for 5 minutes. Colony forming units (CFU) were quantified by plating serially diluted
homogenized samples on MacConkey agar: C.r. pathogen loads from homogenized tissues
was determined by normalizing CFU to tissue mass. C.r. fecal shedding determined by

normalizing CFU to pellet mass.

Body composition measurements. Total body fat and lean mass were measured using an
EchoMRI machine. Total fat or total lean mass(g) was normalized to total body mass(g) to
determine the percent body composition of fat and lean tissues. Fat pad masses were
measured by dissecting and weighing subcutaneous fat pads (inguinal WAT), visceral fat
pads (gonadal WAT), and mesenteric WAT post mortem. Muscles from hindlimb were
dissected and weighed postmortem. The following muscles were harvested to represent
muscles of varied myofiber composition: Quadricep (primarily fast twitch), Tibialis anterior
(fast/slow twitch), extensor digitorum longus (fast/slow twitch), Soleus (slow twitch),

gastrocnemius (fast/slow twitch).
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Histology. Colons were dissected and carefully removed from sacrificed animals. Before
tissue preparation for histology, colon length was measured. Fecal content was not removed.
Colons were inflated with 10% Formalin for 1-2 minutes. Following the brief fixation period,
colon was arranged in a spiral pattern (swiss roll) with rectal end in center and cecal end on
the outside of a counter-clockwise roll on top of a paper square. Colons were then
transferred to formalin soaked sponges in cassettes. Cassettes were placed in 10% Formalin
for 24-48 hours before transferring into 70% ethanol for storage prior to paraffin embedding

and tissue sectioning. Colon slides were prepared in 4 ym sections and stained by H&E.

Metabolic phenotyping of global substrate utilization. C. rodentium-infected mice were
fed control or 2 % carbonyl iron diets were singly housed in metabolic cages from the
Columbus Instruments Comprehensive Lab Animal Monitoring System (CLAMS) where O
consumption, CO; production, and activity data was collected. Food consumption was
measured by weighing food pellets daily. Mice were removed from metabolic cages daily to
measure body mass with a scale and body composition using EchoMRI. Respiratory

Exchange Ratio (RER) was determined by dividing VCO2/VO..

Insulin tolerance tests. C. rodentium-infected mice were fed control or 2 % carbonyl iron
diets for a period of 3, 6 or 9 days and fasted in fresh cages for 6 hours with ad libitum
access to water. Blood glucose measurements were taken using a Nova Max plus by making
small cuts to the tips of tails using a sterile razor blade and gently squeezing the tail from

base to tip. Insulin was administered according to body mass (1U/kg) in a single
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intraperitoneal injection at time=0 minutes. Blood glucose measurements were taken every
15 minutes for a period of 120 minutes. Blood glucose measurements were normalized to
their time=0 fasted blood glucose levels to generate a curve representing the percent drop in
glucose levels from t=0 blood glucose levels. Area under the curve analyses were performed

for each mouse in Prism.

Gene expression analyses. Tissues were flash frozen in liquid nitrogen immediately
following harvest from sacrificed animals. Tissues were ground into a powder using ceramic
mortar and pestles equilibrated in liquid nitrogen. Powder was added to Trizol reagent and
homogenized with a ceramic bead in a bead beater. Chloroform was added to homogenate
and centrifuged to separate the organic and aqueous layers. Aqueous layer was carefully
transferred to fresh nuclease-free tubes where isopropanol was added and mixture was left
to precipitate at -20°C for at least 1 hour. Isopropanol/aqueous layer solution was added to a
Qiagen RNeasy column and RNeasy protocol was followed from this step, including the
removal of genomic DNA using Qiagen’s on-column DNase kit. RNA was eluted in nuclease-
free h2o and quantified using a Nanodrop Spectrophotometer. cDNA was synthesized using
SuperScript IV using ~200 ng RNA and oligo dT for mammalian cDNA and random
hexamers for bacterial cDNA. Real time quantitative PCR was performed using SYBR green
Mix on QuantStudio 5 from Applied Biosystems. Relative standard curve method was used to
analyze gene expression relative to a dilution series of pooled samples. Rps17 was used as

an endogenous housekeeping control for relative normalization.
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Primer table

Gene target | Forward 5’->3’ Reverse 5'->3’

map AGCGGTTGAAAGCGTGATAC CTTTACCGCACTGCTCATCA

tir CTTCAGGAATGGGAGATGGA CAACCGCCTGAACAATACCT
espA AGTGATCTTGCGGCTGAGTT ATCCACCGTCGTTGTCAAAT

espl! AGATGAAGGCCTGCTCTCAG ATATGCCTGGAACGGAACTG

1122 TCAACCGCACCTTTATGCTG TGAGTTTGGTCAGGAAAGGC
1z AAGGCAGCAGCGATCATCC GGAACGGTTGAGGTAGTCTGAG
Lipocalin-2 | AATGTCACCTCCATCCTGGTCA GCGAACTGGTTGTAGTCCGTGGT
Reg3g TCTGCAAGACAGACAAGATGCT GGGGCATCTTTCTTGGCAAC
Reg3b ATGGCTCCTACTGCTATGCC GTGTCCTCCAGGCCTCTT

Rps17 CGCCATTATCCCCAGCAAG TGTCGGGATCCACCTCAATG
sig70S/A TCCAGCGTAGAGTCCGAAATC TGCCCATTTCGCGCATAT

(C.r.

DBS100

rpoD)

Genotyping primers

cre CGCGCTCTGGCAGTAAAAACTAT | CCCACCGTCAGTACGTGAGATAT
recombinas | C C

e

Ex vivo lipolysis assay. C. rodentium-infected or unchallenged mice were fed control or

2 % carbonyl iron diets for a period of 6, 8 or 9 days and fasted in fresh cages for 6 hours

with ad libitum access to water (time points indicated in figure legends). Inguinal and gonadal

white adipose tissue pads were harvested, cut into 2 ~30-50 mg pieces and placed into

separate wells in a 24 well plate with 300 pl of ice-cold PBS. Following the completion of

tissue harvest, all fat pads were gently dabbed on a paper towel, cut with scissors in a

central latitudinal location to introduce freshly cut exposed tissue, and carefully transferred to
24 well plates containing 300 pl of room-temperature Krebs-Ringer bicarbonate Hepes buffer
ph 7.4 (120mM NaClz, 4mM KH2PO4, 1mM MgSO4,0.75 mM CaClz, 30 mM Hepes pH 7.4,
10mM NaHCOs;; solution was sterilized and stored at 4°C until day of ex vivo lipolysis assay
when fatty acid free bovine serum albumin (to 2% wbv) and D-glucose (6mM) was added.

Plates were incubated for 4 hours in a 37°C tissue culture incubator and supernatants were
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transferred to fresh tubes and frozen at -20°C until they were used to quantify free fatty acids

and glycerol content as described below.

Free Fatty Acid and Glycerol content assays. C. rodentium-infected or unchallenged mice
were fed control or 2 % carbonyl iron diets for a period of 6, 8 or 9 days and fasted in fresh
cages for 6 hours with ad libitum access to water (time points indicated in figure legends).
Serum or supernatant from ex vivo lipolysis assay were added to a 96 well plate according to
the Wako Fuji Film protocol and reagents were added and incubated according to the
manufacturers’ protocols. Standards were generated using a dilution series of glycerol or
non-esterified fatty acids (WAKO). A 1:2 dilution series from 1mM to 0.03125mM was used to
generate the FFA standard curve. The standard curve for glycerol used the following series
inmM: 8,7,6,5,4,3,2,1,0.5,0.25. To determine FFA and glycerol content, 5 ul of samples
and standards were used. Following methods outlined in manufacturer’s protocols, samples
were quantified from standard curve analyses using a 96-well VERSAmax microplate reader
and SoftMax Pro software. FFA and glycerol levels from ex vivo lipolysis assays were

normalized to recorded tissue masses.

Statistics. All variables were analyzed using GraphPad Prism 9.0e. Categorical variables
are expressed as numbers and percentages, and quantitative variables as means * standard
error of the mean (SEM). Where data is shown as dot plots, each dot represents a single
mouse or biological replicate. One-way analysis of variance (ANOVA) with a post Tukey’s
test or Two-way ANOVA were used as appropriate. Student’s two tailed t-test was performed
to evaluate the differences between two independent groups or paired samples as

appropriate. A P value <0.05 was used to reject the null hypothesis. All experiments used an
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n of 3 or more and represent 1-4 independent experiments. Further information regarding
specific P values, n used, number of independent experiments performed for each figure,

and how data are presented can be found in the figure legends.
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3.3 Results
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3.3.1 Dietary iron protects from C. rodentium-induced colitis

We have previously demonstrated that dietary iron promotes anti-virulence defenses
against C. rodentium in a lethal model of transmissible murine colitis through inducing insulin
resistance. We hypothesized that dietary iron supplementation could alter the pathogenicity
of a non-lethal model of C. rodentium-induced colitis through modulation of organismal
physiology. To examine the role of dietary iron in the progression and severity of C.
rodentium-induced colitis model, we infected 6 week old C57BL/6 mice with C. rodentium
through oral gavage and supplied either iron rich diet (IRD) (2% carbonyl iron supplemented)
or a nutrient-matched control iron diet (CID) starting the same day as infection (Figure
3.3.1A). C. rodentium infection-induced colitis is characterized by colon shortening, mucosal
damage and inflammation and development of colonic crypt hyperplasia ®'°. Consistently, we
observed colon shortening in C.r.-infected mice fed CID (Figure 3.3.1B-C, Supplemental
Figure 3.3.1A) which was associated with increased histological colitis severity and
splenomegaly (Figure 3.3.1D-F, Supplemental Figure 3.3.1B). In comparison, mice fed IRD
were protected from C.r.-induced colonic shortening, splenomegaly, and histopathological
parameters of inflammation relative to uninfected controls (Figure 3.3.1B-F, Supplemental
Figure 3.3.1A,B,C) "'. In the same experiment, unchallenged mice fed IRD displayed
increased hyperplasia and mucosal thickening relative to unchallenged mice fed CID,
conceivably through inducing mild gastrointestinal inflammation that’s reported during dietary
iron supplementation (Figure 3.3.1E-F, Supplemental Figure 3.3.1B,C) '>'3. As most of the
pathology observed during C.r. infection is localized to the distal region of the colon, we next
examined the mucosa, submucosa and muscularis of the distal colon for abnormalities® """
Indeed, we observed significant thickening of the muscularis layer at the proximal end of the

sphincter only in C.r.-infected mice fed CID (Figure 3.3.1G-H). Muscularis thickening was not
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observed in any other region of the colon nor was it observed in unchallenged animals or

animals fed IRD (Figure 3.3.1G-H, Supplemental Figure 3.3.1C).

Colitis models are often accompanied by weight loss and wasting from reduced
nutrient absorption and systemic inflammation '8, We were surprised to find that while IRD-
fed mice were protected from C.r.-induced colon shortening and pathology, all mice fed IRD
exhibited significant weight loss compared to mice fed CID despite having comparable rates
of food consumption after one day post infection (dpi) (Figure 3.3.11, Supplemental Figure
3.3.1D,E). Together, these data show that IRD protects from C.r.-induced colitis both
macroscopically and from colonic crypt hyperplasia, but induces weight loss in animals even

in the absence of infection.
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3.3.2 Dietary iron protects from colitis by promoting resistance defenses

To improve health during an infection, a host relies on two defense strategies that are
distinguished by their effects on pathogen fitness'®. Antagonistic defense strategies operate
to kill and prevent colonization and expansion of pathogens while physiological defense
strategies operate to prevent damage to the host while having a neutral to positive effect on
pathogen fithess—yielding an apparent cooperation between the host and the pathogen. As
described above, iron is regarded as collateral in antagonistic defenses and nutritional
immunity encompasses host mechanisms that operate to starve pathogens of iron and
prevent their expansion 2. We therefore addressed whether IRD-induced protection from
colitis was mediated through antagonistic or cooperative defenses (Figure 3.3.2A-C). In
stark contrast to the principle of nutritional immunity, we found that CID-fed mice had
increased fecal shedding of C.r. relative to mice fed IRD during the expansion phase of
infection that occurs between dpi 3 and 9 (Figure 3.3.2B). Likewise, mice fed CID had a
corresponding increase in C.r. burden in gastrointestinal tissues and extraintestinal

dissemination on dpi 8 (Figure 3.3.2C).

C. rodentium inoculum prepared from broth cultures will initially colonize the caecal
lymphoid patch and establish a “seeding” population within the first three days of infection.
The caecal population will subsequently colonize the distal region of the colon from dpi 4

14-17 Because we observed decreased CFU in both the caecum and colons of IRD

onwards
mice, we hypothesized that IRD also disrupts the colonization pattern of C.r. in the colon. We
performed quantitative PCR on transcripts from the proximal and distal portions of the colon

to measure expression of a C.r.-specific housekeeping gene (C.r. DBS100 rpoD) on dpi 8 %°.

We observed a relatively uniform distribution of C.r. expression in both colon portions of mice
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fed CID—where the distal portion displayed an approximate two-fold increase in signal
(Figure 3.3.2D, Supplemental Figure 3.3.2A). In contrast, C.r. expression was blunted in
the proximal end of mice fed IRD and was primarily detected in the distal colon (Figure

3.3.2D, Supplemental Figure 3.3.2A).

C. rodentium infection in C57BL/6 is characterized by a well-known sequence of
events resulting in the development of colonic crypt hyperplasia and colitis '%%'. The severity
and progression of disease is marked by induction of host factors and expression of C.
rodentium-encoded virulence factors. C. rodentium encodes the locus of enterocyte
effacement (LEE) pathogenicity islands which expresses a type three secretion system
(TTSS) and virulence factors required for expansion, attachment/effacement lesions and
development of colonic crypt hyperplasia. We therefore examined expression of C.
rodentium virulence factor expression and canonical innate immune signaling in colons from
infected mice fed CID or IRD (Figure 3.3.2E-G, Supplemental Figure 3.3.2B-D). In
agreement with our C.r. CFU data, we found increased expression of C.r. virulence factors in
colons from mice fed CID, in which virulence factor expression mirrored that of housekeeping
gene rpoD—suggesting that IRD does not prevent colitis through dampening C.r. virulence
expression (Figure 3.3.2E, Supplemental Figure 3.3.2B). As for the innate immune
cascade, when we analyzed the induction of host innate immune factors in C.r.-infected
colons, induction of IL-17a, IL-22 and Lipocalin-2 was ablated in mice fed IRD in both the
proximal and distal regions of the colon ?? (Figure 3.3.2F, Supplemental Figure 3.3.2C).
However, we were surprised to find that IRD caused increased basal expression of
antimicrobial peptides Reg3 and Reg3y in the proximal colon of uninfected mice (Figure

3.3.2G, Supplemental Figure 3.3.2D).
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Together, these data demonstrate that contrary to the principle of nutritional immunity
which predicts that an iron surplus will promote pathogen expansion and virulence
expression, we show that dietary iron supplementation promotes host resistance defenses
and does not impact virulence expression in vivo. IRD appears to promote resistance
independent of canonical C.r.-induced innate inflammatory signaling, though it is conceivable
that increased basal expression of antimicrobial peptides observed in IRD-fed mice may

disrupt the colonization and pathogenesis of C. rodentium.
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3.3.3 Iron promotes fat wasting during C. rodentium infection in an ATGL-dependent
manner

Given the role of iron as an essential micronutrient in mammalian physiology and
metabolism, we next asked how a dietary iron surplus affects systemic metabolism during C.
rodentium infection. Inflammation and iron overload trigger a systemic response in which iron
absorption is stalled in the gut, sequestered intracellularly, and depleted from circulation *2*-
% This response limits iron availability to pathogenic threats but initiates physiological
rearrangements in host tissues. Most notably, iron overload can increase production of
reactive oxygen species (ROS), induce ferroptosis, lipolysis, and is associated with insulin
resistance 82°. In C3H/HeJ mice, dietary iron induces insulin resistance during C.r. infection
and is necessary to promote anti-virulence defenses and survival 2’. However, iron did not

induce insulin resistance in C.r.-infected C57BL/6 mice (Supplemental Figure 3.3.3A-F),

prompting us to consider other IRD-induced effects that could influence infection.

In Chapter 2, we found that IRD causes profound whole-body wasting in uninfected
C57BL/6 mice, which was associated with marked wasting and lipolysis in subcutaneous and
visceral white adipose tissues (WAT). As IRD appears to also drive whole-body wasting
during C.r. infection (Figure 3.3.11), we next examined the extent of IRD-induced effects on

fat and lean tissues (Figure 3.3.3A).

Interestingly, compared to uninfected mice, C.r. infection did not cause a greater
degree of fat or lean tissue wasting in mice fed IRD as is observed in mice fed CID (Figure
3.3.3B-G). All mice fed IRD exhibited a comparable decrease in total fat composition and

subcutaneous (inguinal WAT) and visceral (gonadal WAT, mesenteric WAT) fat pads relative
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to mice fed CID (Figure 3.3.3C-E). Lean body composition and hindlimb muscle masses
were also significantly reduced in all mice fed IRD relative to CID-fed mice, suggesting that
weight loss and wasting of lean and adipose tissue is dependent on IRD rather than infection

(Figure 3.3.3B-G).

Because IRD induces white adipose tissue (WAT) lipolysis in unchallenged mice
(Chapter 2), we used an ex vivo lipolysis assay to examine rates of WAT lipolysis from
unchallenged and C.r.-infected mice fed CID or IRD. In line with our fat pad observations,
there was increased secretion of free fatty acids (FFA) and glycerol from subcutaneous and
visceral WAT from unchallenged mice fed IRD and in C.r.-infected mice (Figure 3.3.3H-I). All
mice fed IRD or infected with C.r. displayed a moderate decrease in circulating levels of
glycerol, conceivably to sustain increased metabolic demand and support gluconeogenesis

(Figure 3.3.3J).

We demonstrated in unchallenged mice in Chapter 2 that IRD-induced fat wasting
and lipolysis is mediated by adipose triglyceride lipase (ATGL) activity in subcutaneous WAT.
Thus, we hypothesized that ATGL is also required to mediate IRD-induced fat wasting and
lipolysis during C.r. infection. We therefore investigated the necessity of adipose-specific
ATGL in mediating fat wasting and lipolysis during C.r. infection using a transgenic mouse
line with an adipose-specific deletion of the gene Pnpla2 encoding ATGL (Pnpla2VATK0)
(Figure 3.3.4A). Pnpla2"" and Pnpla2"ATX° mice fed IRD had comparable weight loss over
the course of infection (Figure 3.3.4B, Supplemental Figure 3.3.4A), but Pnpla2"VATX° mice
had significantly greater fat composition relative to Pnpla2™'™ mice at dpi 9 (Figure 3.3.4C). In

Chapter 2, we found that IRD-induced fat tissue wasting was ATGL-dependent in
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subcutaneous but not visceral WAT depots. In contrast with the unchallenged model, both

2WATKO myjce fed

subcutaneous and visceral WAT masses were significantly greater in Pnpla
IRD compared with Pnpla2V™— suggesting that during C.r. infection, lipolytic stimuli acts

through ATGL-dependent lipolysis in WAT (Figure 3.3.4D-F).

Unchallenged mice fed IRD undergo ATGL-dependent lipolysis to liberate FFA and
glycerol from WAT in order to accommodate increased energy demands imposed by IRD.
We found that inhibiting ATGL activity in adipose tissue drives increased wasting of lean
energy stores—presumably to release muscle-derived substrates that support

gluconeogenesis (Chapter 2). Given that Pnpla2"VAT X0

mice have reduced fat wasting on
IRD, we hypothesized that we would observe increased wasting of lean tissues in Pnpla2VAT
KO mice relative to Pnpla2™'™ mice in order to accommodate increased energy demands
imposed by infection and IRD. However, IRD caused comparable wasting of lean mass and

hindlimb gastrocnemius muscle in C.r.-infected Pnpla2A"%° and Pnpla2"™ mice (Figure

3.3.4G, Supplemental Figure 3.3.4C).

Because C.r.-infected Pnpla2"VATX° mice fed IRD exhibited reduced WAT wasting,
we predicted this would correspond with decreased lipolysis and global lipid utilization. First,
we performed an ex vivo lipolysis assay on C.r.-infected mice which confirmed that IRD did
not increase secretion of FFA or glycerol from Pnpla2"VATK% WAT (Figure 3.3.4H,1). We next

asked whether reduced lipolysis in Pnpla2VAT KO

would result in decreased global lipid
substrate utilization. We housed C.r.-infected Pnpla2"™ mice fed CID or IRD, and Pnpla2VA"
KO mice fed IRD in Comprehensive Lab Animal Monitoring System (CLAMS) to measure gas

exchange rates of O2 and CO- and calculate respiratory exchange ratio (RER) over the
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course of infection (Figure 3.3.4J, Supplemental Figure 3.3.4D). RER values close to 1.0
are indicative of carbohydrate utilization while values close to 0.7 indicate utilization of lipids
2 Area under the curve (AUC) analysis of RER values showed that C.r.-infected Pnpla2™AT
O mice fed IRD exhibited a significant increase in RER values relative to Pnpla2"'" mice fed
IRD, indicating decreased reliance on lipid energy substrates (Figure 3.3.4J-K,
Supplemental Figure 3.3.4D). Further, we saw a significant decrease in circulating levels of

FFA and glycerol in C.r.-infected Pnpla2VAT KO

mice fed IRD—suggesting that the lack of
adipose-derived lipolysis products leads to depletion of lipolysis-derived energy substrates in

circulation (Figure 3.3.4L).

Together, these data suggest that IRD in combination with C.r. infection triggers a
profound lipolytic stimulus that is mediated through ATGL in both subcutaneous and visceral
adipose depots. However, the lack of lipolytic substrate in Pnpla2VAT*° mice does not drive

increased lean tissue wasting but depletes circulating lipolysis-derived energy substrates.
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3.3.4 Iron-induced fat wasting and lipolysis is dispensable for resistance during C.
rodentium infection

Given that IRD induces fat wasting independent of infection, we next addressed if fat
wasting is important for mediating IRD-induced resistance defenses during C. rodentium
infection. To determine the causality of IRD-induced fat wasting in resistance defenses, we
measured fecal shedding and gastrointestinal burdens of C.r. from Pnpla2/" and Pnpla2 WA
KO mice fed CID or IRD (Figure 3.3.5A). C.r. fecal shedding and organ burdens were
comparable in Pnpla2"V" and Pnpla2"VAT¥° mice fed IRD (Figure 3.3.5B,C), indicating that
IRD-induced resistance is not mediated through fat wasting and lipolysis. Furthermore, IRD-
induced fat wasting had no effect on C.r. colonization of proximal vs distal colon regions
(Figure 3.3.5D). This result prompted us to examine if IRD-induced fat wasting mediates
protection from pathology (Figure 3.3.1) through altering C.r. virulence expression and/or
induction of the innate inflammatory response during infection. In line with our C.r. CFU and
C.r. rpoD expression data, both Pnpla2/" and Pnpla2 "ATK° mice fed IRD had a
corresponding decrease in whole colon expression of C.r. virulence genes compared to mice
fed CID (Figure 3.3.5E-G). Analysis of transcripts from proximal and distal colon sections
confirmed that C.r. virulence factor expression mirrored that of housekeeping gene rooD—
suggesting that IRD-induced lipolysis does not alter C.r. virulence expression (Supplemental
Figure 3.3.5A,B). Further, we found that IRD-induced lipolysis is not necessary to blunt the
induction of innate immune signaling in whole colons or colon regions (Figure 3.3.5F,G,
Supplemental Figure 3.3.6A-D). Together, these findings demonstrate that dietary iron
supplementation promotes resistance defenses and disrupts C.r. pathogenesis independent

of induction of fat wasting and lipolysis.
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3.3.5 Iron-induced lipolysis is necessary to prevent colon shortening and remodeling
during C. rodentium infection

IRD protects from C. rodentium-induced colitis both macroscopically and in regards to
tissue pathology (Figure 3.3.1). IRD promotes weight loss and fat wasting independent of
colitis severity, yet, fat wasting is dispensable for promoting resistance defenses. Thus, we
hypothesized that IRD-induced fat wasting and lipolysis may be important to mediate

protection from IRD-dependent protection from C.r.-induced colitis.

Colon lengths were comparable between unchallenged Pnpla2"™ and Pnpla2VAT K©
mice fed CID or IRD—confirming that colon length is not affected by diet or IRD-induced
lipolysis (Supplemental Figure 3.3.7A). We examined colons on dpi 6 and 9 from Pnpla2V"
and Pnpla2™AT° mice fed CID or IRD (Figure 3.3.6A) and were surprised to find that colons

2WAT KO

from Pnpla mice fed IRD were significantly shortened compared to colons from

Pnpla2™'™ mice fed IRD (Figure 3.3.6B-D, Supplemental Figure 3.3.7B). However, colonic

2WATKO mice was not associated with increased mucosal

shortening in IRD-fed Pnpla
damage and pathology or splenomegaly—such that Pnpla2"VAT¥° and Pnpla2"'" mice fed IRD
showed comparable pathology scores and spleen mass (Figure 3.3.6E-G, Supplemental
Figure 3.3.7C,D). Though colon shortening is typically associated with mucosal damage,
there is no previous association between colitis, colon shortening and distal muscle
thickening. In wildtype mice infected with C.r., we found that colitis is accompanied by a
thickening of the distal muscularis preceding the sphincter. Though shortened colons from

Pnp|82WAT KO

mice fed IRD did not exhibit increased mucosal damage, we observed
thickening of the distal muscularis layer (Figure 3.3.6H,l). Thus, our data demonstrate that

IRD induces a novel colon remodeling program that is dependent on adipose-specific ATGL
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during C.r. infection. Dietary iron supplementation protects from colon shortening and distal
muscularis thickening that is induced during C.r. infection—presumably through induction of

WAT lipolysis that is dependent on adipose tissue activation of ATGL.

Together, these data suggest that colonic crypt hyperplasia and traditional
histopathological markers of colitis are dependent on both the colonization pattern and
expansion of C.r. that lead to the induction of the innate immune cascade. Further, our model
features the first instance of macroscopic markers of infectious colitis being uncoupled from
histopathological and molecular markers of colitis (Figure 3.3.7). We found that the widely
observed feature of colonic shortening is solely dependent on the incidence of C.r.
colonization rather than the expansion of C.r. and induction of virulence expression and
inflammatory signaling cascade. Altogether, our study highlights a role for iron in modulating
host defense in a non-lethal model of transmissible murine colitis beyond the principle of

nutritional immunity.
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3.4 Discussion

Iron has long been regarded as a centerpiece in an evolutionary tug-of-war between
host and invading pathogens. Both parties have coevolved intricate systems to acquire and
regulate iron levels that function to promote survival and fitness. More recently, this principle
has been challenged and iron has been shown to be beneficial to host health under certain
contexts of infectious challenge—highlighting the importance of iron in influencing infection
outcomes independent of restricting pathogen’s access to iron ™24, For instance, iron
supplementation was found to promote resistance to mycobacterial infection in mice while
reducing inflammation and recruitment of neutrophils and macrophages ?°. Along the same
lines, dietary iron supplementation prior to and throughout C. rodentium infection reduced
colon inflammation and lipocalin-2 production while having no effect on bacterial burdens—
demonstrating that iron supplementation does not promote pathogen fitness 2°. A related
relationship has also been observed in Helicobacter pylori infections, where iron deficiency
promotes H. pylori virulence expression and gastric pathology **3'. In tangential work, our lab
found that dietary iron supplementation transiently induces insulin resistance in C3H/HeJ
mice and enables anti-virulence defenses in a lethal model of infectious colitis #’. These
studies collectively show that 1) iron does not reside solely in the realm of antagonistic
defenses, and 2) iron’s physiological role in host defense is highly context dependent in
regards to mouse background, tropism and infection models '2#24, Altogether, the principle
of nutritional immunity does not account for the complex physiological host defense
mechanisms that are important for modulating the progression and severity of infectious

disease.
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Iron has proven to be beneficial under certain infectious challenges through
promoting resistance or dampening virulence. Our study further demonstrates that contrary
to the principle of nutritional immunity, iron excess can negatively impact a pathogen’s
fithess. We found that dietary iron supplementation promotes resistance against C.
rodentium independent of induction of the host innate inflammatory cascade. This is
consistent with reports where hepcidin treatment blunts the inflammatory response of mice
challenged with a sub lethal dose of lipopolysaccharide (LPS) or during polymicrobial sepsis
3235 setting a precedent for observations in the current model. Although we found increased
basal expression of antimicrobial peptides Reg3p and Reg3y in the proximal region of the
colon in iron supplemented mice, it is unlikely that C. rodentium burden is directly impacted
by increased Reg3 production *. Rather, Zheng and colleagues showed that ablating the IL-
22/Reg3 axis does not directly impact loads of cecal or colonic C. rodentium and likely
prevents C. rodentium from invading colonic crypts ?2. Thus, we speculate that iron-induced
upregulation of Reg3 expression in the our study may alter mucosal-associated microbe
composition and hinder the ability of C. rodentium to access this niche. Reg33 and Reg3y are
proposed to maintain barrier integrity through promoting wound healing and proliferation of
the epithelium during inflammation—conceivably to limit extraintestinal dissemination of
microbiota during infection and inflammatory states ?>*”. Thus, it is possible that iron-induced
Reg3 upregulation limits dissemination of C. rodentium into systemic organs in mice fed IRD.
Additionally, iron supplementation caused hyperplasia and mild pathology in unchallenged
mice, which may be due in part, to the proliferative effects of Reg3. However, we are unable
to determine whether iron-induced upregulation of Reg3 promotes colonic hyperplasia or

iron-induced hyperplasia promotes Reg3 expression.
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Though host immune factors influence the severity of C. rodentium infection, C.
rodentium infection is largely influenced by the microbiome and the mucosal
microenvironment 238, Prior to defining the genetic underpinnings of susceptibility to C.
rodentium'”3° | the microbiome was considered to be the deterministic factor in susceptibility
to severe infection and mortality*®. Transplantation of microbiomes between susceptible and
resistant populations following antibiotic treatment determined C. rodentium infection severity
and outcomes, including survival *'*2_ It has since been shown that the microbiome is
necessary for C. rodentium expansion in the distal colon and provides signals that promote
virulence expression '*1¢2'43 The microbiome is also necessary to mediate clearance of
virulent C. rodentium and certain members of the microbiome are capable of mediating
colonization resistance and exclusion of C. rodentium through nutrient competition '3, This
phenomena is also observed for other pathogens in the same family as C. rodentium *.
Further, C. rodentium infection itself initiates remodeling of the microbiome that occurs during
the expansion phase of infection (dpi 4-9)*. C. rodentium expansion is associated with
depletion of beneficial members of the phyla Firmicutes and Bacteroides and enrichment in
the abundance of facultative anaerobes from the phylum Proteobacteria—in particular, those
belonging to the family Enterobacteriaceae '°“°. These studies prompted others to
investigate whether host encode mechanisms that can alter the gut environment in favor of
facultative anaerobes to promote colonization resistance and clearance of pathogens. In

support of this, Yang and colleagues found that TLR9 signaling contributes to colonization

resistance against C. rodentium by dampening induction of antimicrobial peptides *’.

It's been proposed that enteric pathogens harboring type 3 secretion systems, like C.

rodentium, utilize virulence factors to as a means to disrupt colonocyte mitochondrial
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function, generate attaching and effacing lesions, and promote proliferation through
oxygenation of the colonic lumen “44°_ Luminal oxygenation not only promotes expansion of
C. rodenitum, but it is considered to be a general virulence strategy for opportunistic
pathogens and other facultative anaerobic enteric pathogens like Salmonella enterica
Typhimurium °°. At any rate, utilization of virulence factors that promote luminal oxygenation
allows facultative anaerobes to proliferate such that the normal flora is disrupted. We found
that on the organ level, iron supplementation decreased virulence expression. However, in
examining virulence expression in distinct colon regions, virulence expression was scaled
with pathogen burdens. Thus, iron supplementation does not appear to impact the virulence
program of C. rodentium, and therefore, virulence factor expression does not provide a

fithess advantage in the current model.

In terms of timing, our data suggests that iron-mediated resistance occurs during the
colonization phase of infection and is likely to be dependent on the microbiome. The general
shift of gut microbiome composition towards increased abundance of Enterobacteriaceae
and reduction in Firmicutes and Bacteroides is associated with inflammatory states and
diseases, antibiotic administration as well as western-style diets *°'%?_ Indeed, a similar
microbiome composition is observed in mice and patients receiving iron supplementation
12135354 Though oral iron supplementation is known to drastically alter composition of the gut
microbiome, both intravenous (i.v.) and dietary routes of administration cause a marked
effect on microbiome composition °°. Similar to inflammatory diseases, iron promotes the
expansion of facultative anaerobes that are known to outcompete C. rodentium in the
clearance phase of infection **. Consistent with this, we observed growth of

Enterobacteriaceae members in stool from C. rodenitium infected mice fed an iron rich diet
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and this was not observed in mice fed control diets (data not shown). Notably, because
dietary iron supplementation itself caused marked hyperplasia in colons of unchallenged
animals in our study, this may be sufficient to disrupt the mucosal microenvironment such
that facultative anaerobic commensals would bloom #°. However, the we cannot uncouple the
effects of iron excess and mild colonic inflammation on the mucosal microenvironment and

presumed alterations of the microbiome.

Altogether, we propose that iron supplementation itself, or iron-mediated hyperplasia
and colon inflammation promotes a bloom of Enterobacteriaceae in the colonization phase of
C. rodentium infection (dpi0-4), thus limiting expansion but not virulence expression of C.
rodentium and disrupting normal colonization within the caecum and colon. Our findings raise
the intriguing perspective that preemptive induction of mild intestinal inflammation may be

beneficial in preventing more severe infection outcomes.

Colon shortening is a hallmark associated with gastrointestinal inflammatory diseases
ranging from infection-induced colitis to inflammatory bowel diseases '8¢, Due to the
association with inflammatory states, colon shortening has been used as a macroscopic
indicator of colitis that is coupled with inflammatory signaling cascades and histological
damage to the epithelium—especially in mouse models of gastrointestinal disease. Our study
marks the first report wherein infection-induced colon shortening occurs independent of
canonical histopathological features of inflammation or expression of innate inflammatory
cascades. Thus, our finding prompts a reexamination of the etiology of infectious colitis and

the colon shortening response associated with inflammation and infectious colitis.
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In the handful of works that have discussed the etiology of colon shortening,
propositions into the cause of colon shortening have ranged from mucosal thickening and
hyperplasia, to hypertrophy of the muscularis, to fibrosis #°%°_ Our study demonstrates that
neither mucosal thickening nor hypertrophy of the circular or longitudinal colonic muscularis
layers (preceding the rectal region) are necessary for colon shortening. Moreover, substantial
epithelial thickening was observed in unchallenged mice fed IRD where colon shortening was
absent—confirming that mucosal hyperplasia alone does not cause colon shortening. Thus, it
is conceivable that colon shortening may be dependent on fibrosis of the submucosa or
muscularis °°. However, we did not find evidence to support an increase in fibrosis or fibrotic
signaling cascades in shortened colons in our study (data not shown), though a more

thorough investigation is necessary to confirm this.

In 1992, Gore proposed that colon shortening observed during ulcerative colitis in
humans may be due to enlargement or sustained contraction of longitudinally oriented
muscularis mucosae rather than mucosal damage itself ©'. In support of this, a recent
investigation into the physiological function of proto-oncogene c-Abl, found that c-Abl
deficient mice display thickening of smooth muscle along the gastrointestinal tract. Smooth
muscle thickening, particularly in the colon-rectum region, was associated with rectal
prolapse and colon shortening. Smooth muscle thickening and rectal prolapse was not
associated with increased mucosal damage, inflammatory signaling or differences in CD3*
cell infiltration ®2. This study demonstrates that similar to our findings, colon shortening and
rectal muscularis thickening can occur independent of inflammation and mucosal damage.
We thus speculate that colon shortening observed in C. rodentium infection may be

dependent on smooth muscle thickening and dysfunction within the distal colon.
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Though we found no evidence of structural differences in muscularis layers preceding
the rectal muscularis, it has also been proposed that muscularis function is compromised in
colitis models, potentially leading to the macroscopic feature of colon shortening ¢3-%°. For
example, gastrointestinal motility can become compromised in inflammatory diseases and
colitis, leading to disruptions to peristalsis and slowed passage of luminal content . In the
basal enteric environment, colonic moatility is initiated by distention of the colonic walls or
serotonin release, which induce the coordinated contraction/relaxation of longitudinal and
circular smooth muscle to pass luminal contents towards the distal end of the colon. This
intestinal muscle layer is comprised of resident macrophages, myenteric plexus and the inner
muscle regions that orchestrate normal enteric transit ®°. Inflammatory states such as
intestinal bowel disease (IBD), enteric infections, and allergic diarrhea, can impair the ability
of the intestinal muscle layer to coordinate regular bowel movement along the
gastrointestinal tract ®3%’. C. rodentium infection induces a robust innate inflammatory
response that alters serotonin availability and nitric oxide production and altogether impairs

gastrointestinal motility and peristalsis

. It is therefore intriguing to speculate on the
additive effects that smooth muscle function and structure elicit on colon length during enteric

infection.

We were astounded to discover that colon remodeling, including colon shortening and
distal muscularis thickening, occur independent of inflammation and are ablated by iron-
induced lipolysis in white adipose tissue (WAT). We found that C. rodentium colonization is
sufficient to induce colon shortening when fat wasting and lipolysis are minimal. Our
discovery raises the question of how adipose tissue and organismal lipid metabolism

influence host defense responses in the gut and what mechanisms mediate the crosstalk
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between adipose tissue and gut. There is an established association between colitis
susceptibility and gastrointestinal inflammation and increased adiposity or western-style diets
%6.70-73 'However, in the context of C. rodentium-induced colitis, increased adiposity and high
fat diet are reported to differentially impact host defenses and disease severity through
distinct mechanisms #3871 With the additional complexity of dietary iron overloading, our
model likely reflects a novel relationship between adipose tissue and C. rodentium-induced

colitis.

It is well appreciated that adipose tissue and organismal lipid metabolism are
intricately linked with metabolic status, inflammation and infection "4~"”. Moreover, the recent
appreciation of adipose tissue as an endocrine organ has spurred investigation into the
adipose-gut axis ®7°. These relationships are mediated through direct interactions with
microbiota and pathogens, bidirectional endocrine signaling, and endogenous lipid
mediators. First, microbes are known to directly interact with or colonize white adipose tissue
(WAT). Escherichia coli, Plasmodium, Trypanosoma and viral infections can occupy or
colonize WAT, though there is still considerable debate over the pourquoi tale of adipose-
resident infections 8°8'. It has also been demonstrated that WAT colonization can be
beneficial to the host. In murine sepsis models, Escherichia coli serotype O21:H+
translocates form the gut to WAT and induces upregulation of insulin growth factor (IGF)—
leading to maintenance of muscle mass and promoting survival from systemic infections 2.
Additionally, inflammation and translocation of microbes into visceral fat and mesenteric fat is
£8s, «

associated with Crohn’s disease and induces the formation of creeping fa Creeping fat”

is observed as a macroscopic marker of lesions in colonic and illeal Crohn’s disease 8+%°.

However, creeping fat is not commonly observed in ulcerative colitis and is therefore less
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relevant to C. rodentium induced colitis whose pathology is more similar to ulcerative colitis.
Nonetheless, mesenteric fat, with such close proximity to the colon, is observed to have a
bidirectional influence over the severity of Crohn’s disease and influence the immune milieu
of the gut in response to inflammation and infection, raising the possibility the maintenance of

visceral adipose tissue promotes ultrastructural rearrangements in the colon 8%’

Recently, adipose iron content has been shown to modulate lipid absorption in the gut
such that iron depletion in white adipocytes confers resistance to high fat diet induced
obesity and development of insulin resistance in mice®. Importantly, iron-replete adipose
transplants into mice with iron-depleted adipose tissue was sufficient to increase nutrient
absorption; demonstrating that adipose tissue releases endocrine signals that directly
modulate intestinal function . Interorgan crosstalk between gut and adipose tissue can also
be modulated by translocation of anti-inflammatory macrophages from the gut to adipose
tissue %. Specific Lactobacillus strains were found to increase abundance of anti-
inflammatory macrophages that afford protection from HFD-induced obesity when they

migrate to adipose tissue °.

Adipokines also play a significant role in gut health. Leptin, a satiety hormone whose
levels are directly correlated with adiposity, has been implicated in gut health and
inflammatory states. Leptin has inflammatory effects in the gut, suggesting that increased

90-93 Given

adiposity may contribute to gut inflammation at least in part, through adipokines
that iron induces fat wasting in our study, we propose that fat wasting could be beneficial by

decreasing the abundance of circulating inflammatory adipokines like leptin. Importantly,
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leptin is influenced by iron status as well. Iron levels negatively regulate leptin production in
adipose tissue *. Thus, the combination of iron overload and reduced adipose tissue may

substantially decrease leptin levels and dampen inflammation during C. rodentium infection

94,95

Finally, adiposity can be beneficial and maladaptive hyperglycemia and obesity are
associated with poor health metrics as are minimal adiposity and hypolipidemia :78.9.97,
However, in general, fat wasting is associated with poor prognoses during infection. Yet,
recent studies in invertebrates have demonstrated that fat wasting can impart an energy
tradeoff in the form of reproduction/lifespan reduction in order to promote host defenses
%6.98.99 Thus, our model falls along these lines and shows that fat wasting is beneficial in
protecting from colon remodeling but is likely maladaptive for organismal health. As fat

wasting is induced by iron itself, there’s likely a cost associated with iron-induced fat wasting

that we did not detect in the current study.
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Figure 3.3.1 Dietary iron supplementation protects mice from C. rodentium-induced
colitis

(A) Six-week old C57BL/6 males were provided control iron diet (CID) or 2% carbonyl iron
diet (IRD) and infected with 2.9-4.75 x10® CFU C. rodentium by oral gavage or fed diet only.
(B) Representative images of dissected cecum and colons from C.r.-infected and uninfected
mice fed CID or IRD for 8 days (metric ruler for scale) and (C) corresponding colon lengths
and (D) spleen mass normalized to total body mass from uninfected and C.r.-infected mice
on CID or IRD for 6-8 days. Data shown represents four pooled independent experiments (n=
14-22 mice per group). (E) Representative images of H/E-stained colon sections and (F)
corresponding total pathology scores of colonic mucosal damage from uninfected and C.r.-
infected mice fed CID or IRD for 6 days. Data shown represents two pooled independent
experiments (n=4-5 mice per group) (G) Representative images of H/E-stained distal
muscularis and (H) corresponding thickness values of distal muscularis layer from uninfected
and C.r.-infected mice fed CID or IRD for 6 days. Data shown represents two pooled
independent experiments (n=4-5 mice per group). Yellow bar scale 100 pm. (I) Percent
original weight of C.r. infected or uninfected mice fed CID or IRD. Data shown represents
four pooled independent experiments (n=14-22 mice per group). Blue asterisks indicate
statistical comparison between CID and CID + C.r. Gold asterisks indicate statistical
comparison between IRD and IRD + C.r. Data represent mean £SEM. *P<0.05, **P<0.01,
***P<0.001, ****P<0.0001. Related to Supplemental Figure 3.3.1
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Figure 3.3.2 Dietary iron promotes resistance defenses by disrupting C. rodentium
pathogenesis

(A) Six-week old C57BL/6 males were provided control iron diet(CID) or 2% carbonyl iron
diet (IRD) and infected with 2.9-4.75 x10® CFU C. rodentium by oral gavage or fed diets only.
(B-C) Colony forming units (CFU) were quantified by plating serially diluted homogenized
samples on MacConkey agar. (B) C.r. fecal shedding from C.r.-infected mice fed CID or IRD
over infection course. Data shown represents four pooled independent experiments (n=8-18
mice per group per day). (C) C.r. pathogen loads from homogenized organs harvested on dpi
6-8 from C.r.-infected mice fed CID or IRD. Dotted black lines represents limit of detection.
Data shown represents one experiment (dpi 8 liver, SI, Colon) and three pooled independent
experiments (dpi 6,8 Cecum) (n=5-17 mice per group per organ). (D-G) Gene expression
analyses in proximal and distal colons from C.r.-infected and uninfected mice fed CID or IRD
for 8 days: (D) C.r.-specific sigma factor (rpoD); (E) locus of enterocyte effacement (LEE)
virulence genes (map, tir, espA) and non-LEE (espl) encoded virulence gene; (F) host innate
inflammatory signaling genes and (G) antimicrobial peptide genes. Expression fold change
was determined by normalizing gene expression to expression of host Rps17 and
subsequently normalizing to the lowest gene:Rps17 value within each group. Data shown
represents one independent experiment (n=5 per group). Data represent mean +SEM.
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Related to Supplemental Figure 3.3.2
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Figure 3.3.3 Dietary iron surplus induces lipolysis and fat wasting during C. rodentium
infection

(A) Six-week old C57BL/6 males were provided control iron diet (CID) or 2% carbonyl iron
diet (IRD) and infected with 4.3-4.75x108 CFU C. rodentium by oral gavage or fed diet only
for 8 days. Food consumption and body mass was measured daily. (B) Fat composition of
C.r.-infected and uninfected mice fed CID or IRD for 8 days. Fat mass was measured using
Echo MRI and normalized to original body mass. Data shown represents two pooled
independent experiments. (n=9-11 mice per group) (C-E) Tissue masses of white adipose
tissue (WAT) depots: (C) inguinal (IWAT) (D) gonadal (GWAT) and (E) mesenteric (MWAT)
from uninfected or C.r.-infected mice fed CID or IRD for 8 days. Data shown represents one
independent experiment. (n=4-5 mice per group) (F) Lean composition of C.r.-infected and
uninfected mice fed CID or IRD for 8 days. Lean mass was measured using Echo MRI and
normalized to original body mass. Data shown represents two pooled independent
experiments. (n=9-10 mice per group) (G) Muscle masses from hindlimb of uninfected or
C.r.-infected mice fed CID or IRD for 8 days (Quad- quadricep; TA-tibialis anterior; Gastro-
gastrocnemius). Data shown represents one independent experiment. (n=4-7 mice per
group) (H-l) Ex vivo lipolysis assay measuring glycerol and free fatty acids (FFA) released
from (H) IWAT (1) and GWAT of uninfected or C.r.-infected mice fed CID or IRD for 8 days.
Data shown represents one independent experiment (n=4-5 mice per group). (j) Serum FFA
and glycerol levels from uninfected or C.r.-infected mice fed CID or IRD for 8 days. Data
shown represents one independent experiment (n=4-5 mice per group). Data represent
mean +SEM; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 3.3.4 Dietary iron-induced fat wasting, lipolysis and lipid utilization are
dependent on fat-specific ATGL activity

(A) Littermate Pnpla2 x Fabp4 cre- (Pnpla2™'™) and Pnpla2 x Fabp4 cre+ (Pnpla2"/AT k)
males between six and eight-weeks old were provided control iron diet (CID) or 2% carbonyl
iron diet (IRD) and infected with 3.58-6.3x108 CFU Citrobacter rodentium by oral gavage.
Food consumption and body mass was measured daily. (B) Percent original weight over nine
day infection period of Pnpla2"'™ and Pnpla2"AT“° mice fed CID or IRD. Black asterisks
indicate comparisons between Pnpla2"/" fed CID or IRD. Orange asterisks indicate
comparisons between Pnpla2A"0 fed CID or IRD. Data shown represent three pooled
independent experiments (n=4-12 mice per group) (C) Fat composition using Echo MRI of
C.r.-infected Pnpla2™'™ and Pnpla2"A"*® mice fed CID or IRD on dpi 9. Fat mass was
normalized to original body mass. Data shown represents three pooled independent
experiments (n=4-12 mice per group). (D-F) Tissue masses of (D) IWAT (E) GWAT and (F)
MWAT from C.r.-infected Pnpla2"V™ and Pnpla2"VATK° mice fed CID or IRD on dpi 9. Data
shown represents three pooled independent experiments (n=4-12 mice per group). (G) Lean
composition using Echo MRI of C.r.-infected Pnpla2"'" and Pnpla2A"*° mice fed CID or IRD
on dpi 9. Lean mass was normalized to original body mass. Data shown represents three
pooled independent experiments (n=4-12 mice per group). (H-l) Ex vivo lipolysis assay
measuring glycerol and free fatty acids (FFA) released from (H) IWAT (I) and GWAT of C.r.-
infected Pnpla2"'™ and Pnpla2"AT° mice fed CID or IRD on dpi 6. Data shown represents
two pooled independent experiments (n=4-8 mice per group). (J-K) Pnpla2"’™ and Pnpla2"VA"
KO males between six and eight-weeks old were housed in comprehensive laboratory animal
monitoring system (CLAMS) metabolic cages for 8 days. Mice were provided CID or IRD and
infected with 3.58x108 CFU C. rodentium by oral gavage following a two day acclimation
period. Food consumption and body mass was measured daily. (J) Respiratory exchange
ratio (RER) and corresponding (K) area under the curve (AUC) analysis of RER for infection
period (dpi 0-6). Data shown represents one independent experiment (n=4 mice per group).
All CLAMS data plotted in zeitgeber time. White/black boxes on X axis represent 12-hr
light/dark cycles of 24-hr day. AUC of CLAMS analyses taken from total average values per
mouse. (I) Serum glycerol and FFA levels from C.r.-infected Pnpla2™'™ and Pnpla2"’A"*® mice
fed CID or IRD on dpi 9. Data shown represents three pooled independent experiments (n=4-
12 mice per group). Data represent mean +SEM. *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001. Related to Supplemental Figure 3.3.4
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Figure 3.3.5 Dietary iron-induced lipolysis and fat wasting are dispensable for
promoting resistance defenses against C. rodentium

(A) Littermate Pnpla2 x Fabp4 cre- (Pnpla2™'™) and Pnpla2 x Fabp4 cre+ (Pnpla2"/AT k)
males between six and eight-weeks old were provided control iron diet (CID) or 2% carbonyl
iron diet (IRD) and infected with 3.58-6.3x10® CFU C. rodentium by oral gavage. (B-C)
Colony forming units (CFU) were quantified by plating serially diluted homogenized samples
on MacConkey agar. (B) C.r. fecal from C.r.-infected Pnpla2"V" and Pnpla2"VATX° mice fed
CID or IRD and CFU was normalized to pellet mass. Data shown represents two pooled
independent experiments (n=4-8 mice per group). (C) C.r. pathogen loads from homogenized
organs harvested on dpi 6 from C.r.-infected Pnpla2"¥™ and Pnpla2"VAT° mice fed CID or IRD.
Data shown represents one independent experiment (n=4 mice per group). (D-F) RNA was
extracted from colons harvested on (D) dpi 6 or (E,F,G) dpi 9 and used for gene expression
analyses via quantitative real time PCR. (D) Relative expression of C.r.-specific sigma factor
(rpoD) in proximal and distal colon of infected Pnpla2"’™ and Pnpla2"/A" %© mice fed CID or
IRD on dpi 6. Gene expression was normalized to host Rps17 expression. Data shown
represents two pooled independent experiments (n=3-4 mice per group). (E) Expression fold
change of C. rodentium locus of enterocyte effacement (LEE) virulence genes (map, tir,
espA) and non-LEE (espl) encoded virulence gene and (F) host innate inflammatory
signaling genes and (G) antimicrobial peptide genes in colons of infected Pnpla2"'" and
Pnpla2™AT® mice fed CID or IRD on dpi 9. Expression fold change was determined by
normalizing gene expression to expression of host Rps17 and subsequently normalizing to
the lowest gene:Rps17 value within each group. Data shown represents two pooled
independent experiments (n=4-8 mice per group). Data represent mean +SEM. *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001. Related to Supplemental Figure 3.3.5 and 3.3.6.
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Figure 3.3.6 Iron-induced lipolysis and fat wasting are necessary to prevent C.
rodentium-induced colon shortening and remodeling

(A) Littermate Pnpla2 x Fabp4 cre- (Pnpla2™'™) and Pnpla2 x Fabp4 cre+ (Pnpla2"/AT k)
males between six and eight-weeks old were provided control iron diet (CID) or 2% carbonyl
iron diet (IRD) and infected with 3.68-6.8 x10® CFU C. rodentium by oral gavage. (B)
Representative images of dissected cecum and colons from C.r.-infected Pnpla2"'™ and
Pnpla2™AT° mice fed CID or IRD for 6 days (metric ruler for scale) and (C-D) corresponding
colon lengths on (C) dpi 6 and (D) dpi 9. (E) Spleen mass of C.r.-infected Pnpla2"" and
Pnpla2™AT® mice fed CID or IRD for 9 days. Data shown for panel C represents five pooled
independent experiments (n=4-21 mice per group). Data shown for panel D and E represents
three pooled independent experiments (n=4-12 mice per group). (F) Representative images
of H/E-stained colon sections and (G) corresponding total pathology scores of colonic
mucosal damage from C.r.-infected Pnpla2"¥" and Pnpla2"VAT¥° mice fed CID or IRD for 6
days. Data shown represents one independent experiment (n=3-5 mice per group) (H)
Representative images of H/E-stained distal muscularis and (I) corresponding thickness
values of distal muscularis layer from C.r.-infected Pnpla2™'™ and Pnpla2™A"*® mice fed CID
or IRD for 6 days. Data shown represents one independent experiment (n=3-5 mice per
group). Data represent mean +SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Related
to Supplemental Figure 3.3.7.
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Figure 3.3.7 Iron drives global metabolic rearrangements that uncouple hallmarks of
infectious colitis

(A) Dietary iron supplementation protects against colon pathology and non-inflammatory
colon remodeling during C. rodentium infection through inducing resistance and initiating
lipolysis in an ATGL dependent manner to prevent non-inflammatory colon remodeling.
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Supplemental Figure 3.3.1 Iron rich diet prevents pathology during C. rodentium
infection

Six-week old C57BL/6 males were provided control iron diet (CID) or 2% carbonyl iron diet
(IRD) and infected with 2.9-4.75 x108 CFU C. rodentium by oral gavage or fed diet only. (A)
Lengths of colons on day 8 or dpi 8 analyzed by histopathology in Figures 1 F-H and
Supplemental Figures 3.3.1 B,C. Data shown represents two pooled independent
experiments (n=4-5 mice per group). (B) Categorial scores for colon histopathology for
hyperplasia, epithelial damage, mononuclear cell infiltration and neutrophil inflammation/crypt
abscesses. Data shown represents two pooled independent experiments (n=4-5 mice per
group). (C) Thickness of mucosal layer and central muscularis layer of colons analyzed by
histopathology. Data shown represents two pooled independent experiments (n=4-5 mice per
group).(D) Absolute body mass over 6-8 day dietary regimen or infection of mice fed CID or
IRD. Gold asterisks indicate comparisons between CID and IRD. Red asterisks indicate
comparisons between CID + C.r. and IRD + C.r. . Data shown represents four pooled
independent experiments (n=14-22 mice per group). (E) Average daily food consumption
over 8 day period of dietary regimen or infection. Data shown represents two pooled
independent experiments (n=9-12 mice per group). Data represent mean +SEM. *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001. Related to Figure 3.3.1
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Supplemental Figure 3.3.2 Iron rich diet alters basal and infection-induced
inflammatory gene expression in colon

Six-week old C57BL/6 males were provided control iron diet (CID) or 2% carbonyl iron diet
(IRD) and infected with 2.9-4.75 x108 CFU C. rodentium by oral gavage or fed diets only. (A-
D) Gene expression analyses in proximal and distal colons from C.r.-infected and uninfected
mice fed CID or IRD for 8 days: (A) C.r.-specific sigma factor (rpoD); (B) locus of enterocyte
effacement (LEE) virulence genes (map, tir, espA) and non-LEE (esp/) encoded virulence
genes; (C) host innate inflammatory signaling genes and (D) antimicrobial peptide genes.
Gene expression was normalized to host Rps17 expression. Data shown represents one
independent experiment (n=5 per group). Data represent mean +SEM. *P<0.05, ***P<0.001,
****P<0.0001. Related to Figure 3.3.2
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Supplemental Figure 3.3.3 Dietary iron supplementation does not influence insulin
sensitivity during C. rodentium infection
(A-F) Insulin tolerance tests performed on six-week old C57BL/6 mice infected with 6.55x108
CFU C. rodentium by oral gavage and fed control iron diet (CID) or 2% carbonyl iron diet
(IRD). (A,C,E) ITT glucose values and area under the curve (AUC) analyses for glucose
normalized to baseline glucose and (B,D,F) absolute glucose values for ITT performed on
(A, B) dpi 3, (C, D) dpi 6 and (E, F) dpi 9. Data shown represents one independent
experiment (n=4-5 mice per group). Data represent mean +SEM. *P<0.05. , **P<0.01.
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Supplemental Figure 3.3.4 Adipose-specific ATGL does not influence net energy
balance during C. rodentium infection
Littermate Pnpla2 x Fabp4 cre- (Pnpla2™'™) and Pnpla2 x Fabp4 cre+ (Pnpla2VAT¥°) males
between six and eight-weeks old were provided control iron diet (CID) or 2% carbonyl iron
diet (IRD) and infected with 3.58-6.3x108 CFU Citrobacter rodentium by oral gavage. Food
consumption and body mass was measured daily. (A) Absolute body mass over 9 day

2WT 2WAT KO

infection period of Pnpla and Pnpla mice fed CID or IRD. Black asterisks indicate
comparisons between Pnpla2"’™ fed CID or IRD. Orange asterisks indicate comparisons
between Pnpla2VATX° fed CID or IRD. Data shown represent three pooled independent
experiments (n=4-12 mice per group). (B) Average daily food consumption over 9 day
infection period. Data shown represents two pooled independent experiments (n=4-8 mice
per group). (C) Gastrocnemius muscle mass from hindlimb on dpi 6. Data shown represents
two pooled independent experiments (n=4-17 mice per group). (D) Average hourly gas
exchange volumes of O, consumed and COzrespired. VO, and VCO: rates were used to
calculate RER in Figure 3.3.4J. Data shown represent one independent experiment (n=4
mice per group). All CLAMS data plotted in zeitgeber time. White/black boxes on X axis
represent 12-hr light/dark cycles of 24-hr day. Data represent mean +SEM. *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001. Related to Figure 3.3.4
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Supplemental Figure 3.3.5 Adipose-specific ATGL does not influence anti-virulence
defenses

Littermate Pnpla2 x Fabp4 cre- (Pnpla2™'™) and Pnpla2 x Fabp4 cre+ (Pnpla2VAT¥°) males
between six and eight-weeks old were provided control iron diet (CID) or 2% carbonyl iron
diet (IRD) and infected with 3.58-6.3x10® CFU C. rodentium by oral gavage. RNA was
extracted from colons harvested on (A) dpi 9 or (B) dpi 6 and used for gene expression
analyses via quantitative real time PCR. (A) Expression of C. rodentium locus of enterocyte
effacement (LEE) virulence genes (map, tir, espA) and non-LEE (esp/) encoded virulence
gene normalized to host Rps17 expression. Data shown represents two pooled independent
experiments (n=4-8 mice per group). (B) Expression of C. rodentium LEE virulence genes
(map, tir, espA) and non-LEE (esp/) encoded virulence gene in proximal and distal colons of
infected Pnpla2™'™ and Pnpla2"AT° mice fed CID or IRD on dpi 6. Gene expression was
normalized to host Rps17 expression. Data shown represents two pooled independent
experiments (n=3-4 mice per group). Data represent mean +SEM. *P<0.05, **P<0.01,
***P<0.001. Related to Figure 3.3.5
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Supplemental Figure 3.3.6 Adipose-specific ATGL does not influence expression of
innate inflammatory signaling cascade during C. rodentium infection

Littermate Pnpla2 x Fabp4 cre- (Pnpla2™'™) and Pnpla2 x Fabp4 cre+ (Pnpla2VAT¥°) males
between six and eight-weeks old were provided control iron diet (CID) or 2% carbonyl iron
diet (IRD) and infected with 3.58-6.3x10® CFU C. rodentium by oral gavage. RNA was
extracted from colons harvested on (A, B) dpi 9 or (C, D) dpi 6 and used for gene expression
analyses via quantitative real time PCR. (A, B) Expression of (A) host innate inflammatory
signaling genes and (B) antimicrobial peptide genes in colons of infected Pnpla2"’™ and
Pnpla2™AT® mice fed CID or IRD on dpi 9. Gene expression was normalized to host Rps17
expression. Data shown represents two pooled independent experiments (n=4-8 mice per
group). (C, D) Expression of (C) host innate inflammatory signaling genes and (D)
antimicrobial peptide genes in proximal and distal colons of infected Pnpla2V™ and Pnpla2VAT
KO mice fed CID or IRD on dpi 6. Gene expression was normalized to host Rps17 expression.
Data shown represents two pooled independent experiments (n=3-4 mice per group). Data
represent mean +SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Related to Figure
3.3.5.
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Supplemental Figure 3.3.7 Adipose-specific ATGL prevents C. rodentium-induced
colonic remodeling

(A) Lengths of colons from uninfected Pnpla2™'™ and Pnpla2™A"“° mice fed CID or IRD. Data
shown represents four pooled independent experiments (n=6-13 mice per group). Colons
were harvested from mice fed CID or IRD for 3, 6, 7, or 9 days. (B-D) Littermate Pnpla2 x
Fabp4 cre- (Pnpla2"") and Pnpla2 x Fabp4 cre+ (Pnpla2"ATX°) males between six and eight-
weeks old were provided control iron diet (CID) or 2% carbonyl iron diet (IRD) and infected
with 6.8 x10® CFU C. rodentium by oral gavage. (B) Lengths of colons from dpi 6 analyzed
by histopathology in Figures 3.3.6 F-l and Supplemental Figures 3.3.7 C,D. (C) Categorial
scores for colon histopathology for hyperplasia, epithelial damage, mononuclear cell
infiltration and neutrophil inflammation/crypt abscesses. Data shown represents one
independent experiment (n=3-5 mice per group). (D) Thickness of mucosal layer and central
muscularis layer of colons analyzed by histopathology. Data shown represents one
independent experiment (n=3-5 mice per group). Data represent mean +SEM. *P<0.05,
**P<0.01, ***P<0.001. Related to Figure 3.3.6.
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Chapter 4: Conclusion and Closing Remarks
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4.1 Conclusion and Closing Remarks

The irony of research in biology is that while any given component of life can appear
miniscule and inconsequential in the landscape of a biological system, said component is
either directly or tangentially linked to every other component of a biological system through
a few degrees of relationships. The scientific process allows us to uncover and describe
concealed relationships that in turn, enable the discovery of more. My goal as a trainee
aimed to uncover one such relationship by disrupting a small component of a biological
system and highlighting the indisputable significance of said component in the function of a
biological system. In this regard, my thesis work reexamined the causality of iron in
modulating 1) organismal metabolism and 2) host defenses during an enteric infection. My
work identified a mechanism for physiological and metabolic changes induced by dietary iron
supplementation and corresponding effects on host defense and pathology during an enteric
infection in mice. But of equal importance, this work has raised numerous questions
regarding the etiology of disease pathology during infection, and the phenomena of non-

inflammatory organ remodeling as a host defense response.

In Chapter 2, we describe the relationship linking iron metabolism to nutrient
absorption and organismal energy balance. In unchallenged mice, we found that adipose
triglyceride lipase (ATGL) mediates lipolysis and fat wasting in response to dietary iron-
induced negative energy balance. We demonstrated that dietary iron overload causes
negative energy balance in mice by disrupting nutrient absorption and a lack of adipose-
specific ATGL leads to increased lean wasting and cachexia. We utilized this system of iron-
mediated negative energy balance in Chapter 3 to explore the consequences and role of

iron-induced lipolysis during an enteric infection with Citrobacter rodentium and found a
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surprising role for iron in host defense and the etiology of colitis itself. Contrary to the
historical view that iron exacerbates negative outcomes of infection, we found that dietary
iron supplementation enhances resistance defenses against C. rodentium and protects mice
from infectious colitis and inflammation. In investigating the role of iron-induced fat wasting
and lipolysis in this phenotype, we found that iron affords protection from disease through
two independent routes that span antagonistic and cooperative defenses. First, iron
supplementation promotes antagonistic defenses during C. rodentium infection by disrupting
colonization and expansion of C. rodentium—presumably through direct or indirect
modulation of the gut microbiota which promotes colonization resistance. Reduced burden
and expansion of C. rodentium dampens the induction of inflammatory cascades and
mucosal damage in the colon, protecting from infection-induced colitis. However, we found
that iron-induced fat wasting is dispensable in promoting resistance defenses against C.
rodentium. We were surprised to discover that iron-induced lipolysis protects mice from non-
inflammatory colon remodeling, including colon shortening and distal muscularis thickening—
features that have been traditionally coupled to inflammation and mucosal damage observed
during infectious colitis. Thus, this work describes a mechanism for iron in modulating host

physiology and reveals a novel adipose-gut axis in host defense against enteric infection.

In summary, this thesis work expands on the traditional role for iron in metabolism
and host defenses, demonstrating that iron can be beneficial and protect from pathology
during an infection. Further, we have dissociated inflammation from non-inflammatory colon
remodeling in infectious colitis and shown that inflammation and mucosal damage are

dependent on the expansion of C. rodentium during infection. As colon remodeling occurs in
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the presence of C. rodentium and is ablated by iron-induced fat wasting, we have revealed a

novel axis between adipose tissue and colon ultrastructure.

As our findings overlap with current knowledge and span novel territory in the etiology
of colitis, we look forward to future investigations of iron and adipose tissue in modulating
host defense outside the traditional context of antagonism and nutritional immunity. We hope

that an extension of this thesis work may address the following questions:

In regards to iron-induced resistance: Does iron supplementation promote resistance
through enhancing colonization resistance? And does Reg3 induction, iron-induced intestinal
damage, or iron content itself alter microbiome composition or promote colonization

resistance?

In regards to colon remodeling and adiposity: How does an infectious agent induce
non-inflammatory remodeling of organs? Does non-inflammatory organ remodeling serve a
beneficial function in host defense? Does this phenomena exist in other sites of disease and
in the context of other infections? Does adiposity contribute to the signal for organ modeling

or do endogenous lipolysis products reduce the signal for or induction of organ remodeling?

Altogether, the most exciting finding of this work lies in the phenomena of infection-
induced, non-inflammatory organ remodeling. The implications of which contribute to the idea
that infectious disease modulates biological systems independent of traditional inflammatory

signaling cascades. Thus, infection-induced organ remodeling is presumably mediated
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through pathways that are currently implicated in other disease contexts. The overlap of such
systems with infectious challenge has widespread implications for the etiology of both
infectious and non-infectious disease pathology. Further, the existence of such relationships
adds another potential role for the microbiome in health and development—for instance, our
finding essentially shows that a microbe can promote colon remodeling. Thus, it is not a
stretch to imagine that other members of the normal flora influence organ form and structure,
including skin and other regions of the gastrointestinal tract. Of course, this phenomena has
been demonstrated in invertebrates, like the Hawaiian bobtail squid, where specific
phenotypic variants of Vibrio fischeri are selected to colonize the light organ and enable
development of juvenile to adult squid. Of note, our work does not address how colon
remodeling affects the function of the gastrointestinal system, the long-term consequences or
if it is reversible. We propose that such a striking change in structure is likely to affect
function and contribute to host defenses. As adiposity is related to colon remodeling, we also
posit that fat tissue and/or lipid metabolism may also be involved with development or
structure of peripheral organs during disease. It will be exciting to witness the progression of
this work and related phenotypes in mammalian systems. We have uncovered a glimpse of a
striking biological phenomena serendipitously through modulation of the micronutrient iron—
which shows that novel systems and relationships await discovery even in well-trodden

biological paths.
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