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ABSTRACT
Gut-Resident Microbes Modulate Hepatic Metabolism and Susceptibility to Disease
By Bejan J. Saeedi

The microbes that reside within the intestine are powerful modifiers of host fitness and
susceptibility to disease. In the past 20 years, advances in 16S sequencing have allowed for a more
thorough investigation of the community architecture of the gut microbiome. Germ-free or
antibiotic treated model organisms, coupled with metabolomics, proteomics, and metagenomics,
have provided some insight into the functional consequences of perturbations within these
communities. While significant progress has been made, the vast majority of these studies have
scrutinized the effects of the microbiome within the context of host intestinal health. Recent
research, however, has identified profound impacts of the microbiome on organs distal to the gut,
with implications for cardiovascular, immunological, and even neurological health. However, the
pace of phenotypic characterization has outstripped that of mechanistic understanding. In the
studies that follow, we pair big data approaches (small molecule metabolomics and RNA
sequencing) with validation in experimentally tractable systems (cell lines, transgenic mice, and
Drosophila) to assess the effects and underlying molecular mechanisms of the gut microbiome on
hepatic metabolism and susceptibility to disease. We identify a microbiome-derived small
molecule, 6-valerobetaine, that is absorbed systemically and acts to lower carnitine levels and
inhibit fatty acid oxidation. We characterize the effect of microbial colonization on hepatic
signaling, and observe that the master regulator of the cellular antioxidant response Nrf2 is
tonically activated by the presence of a microbiome. Furthermore, we narrow down the
contributing microbial genera, and demonstrate that exogenous administration of Lactobacilli can

augment this signaling in conventional mice with consequences for oxidative liver injury. Finally,



we develop and validate a novel model of oxidative liver injury in Drosophila. These studies
together contribute some mechanistic understanding to our burgeoning appreciation of the

systemic effects of the microbiome.
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Chapter 1:

The microbiome-liver axis in health and disease



1.1 Introduction

The microbes that reside within the human intestine outnumber human cells by ten-fold:
and harbor twice the genetic potential of the host2. Once considered inert scavengers of indigestible
foodstuffs, it has become increasingly evident that these microbes have developed their niche
within the host through millions of years of coevolutionsas. In this introduction, we will explore
what is known about the impact of the microbiome on the host, specifically as it relates to the
susceptibility to liver disease. Furthermore, we will explore the current therapeutic approaches

being utilized in an attempt to modulate the microbiome and fine-tune human health.

1.2 Structure and Function of the Gut Microbiome

The intestinal microbial community is collectively referred to as the “gut microbiome,”
and has several characteristic features. First, different microbes tend to colonize different parts of
the gastrointestinal tract. The small intestine, with its rapid flow rate and high concentration of bile
acids and oxygen, is dominated by facultative anaerobes such as Gram-positive Lactobacilli,
Enterococci, and Streptococci, and Gram-negative Proteobacteria and Bacteroidess-7. The cecum
and colon are the most densely populated regions of the gastrointestinal tract, with a microbial
community dominated by strict and facultative anaerobes that thrive in the anoxic lumenzg.

In addition to being taxonomically distinct, the microbial communities of each region of
the gastrointestinal tract are functionally distinct. Microaerophilic bacteria in the small intestine
such as Lactobacilli tend to be fast growing and tolerant of bile acids, oxygen, and antimicrobial
peptides. In the colon, fermentation of undigested carbohydrates results in the production of short-

chain fatty acids that can be utilized by the hoste-11.



1.3 Systemic Effects of the Microbiome

Given these myriad metabolic and signaling properties, it is not surprising that the
microbiome has a significant influence on the intestinal mucosa. Indeed, studies of the microbiome
have demonstrated that certain bacterial microbes can elicit profound changes in signaling within
the intestinal epitheliumzi2, mucosal immune systemis, and enteric nervous systemaia.

Dysbiosis, or a deviation in composition and diversity of the microbiome from a “normal”
set point, has been correlated with diverse intestinal diseases, including inflammatory bowel
diseases1s-1s, irritable bowel syndromesis, and susceptibility to intestinal pathogenszo. While the
effect of the microbiome on the intestinal mucosa has been extensively investigated, questions
remain regarding the extent and mechanism of microbial influence on organs beyond the
alimentary tract. Germ-free mice, which are raised in sterile isolators and are completely devoid
of a microbiome, are critical tools for investigating the influence of the microbiome on systemic
host tissues.

Many studies using germ-free or antibiotic-treated mice have implicated the microbiome
in altering systemic signaling, susceptibility to disease/injury, and modification of host
metabolism. These effects have been identified in nearly every organ, with implications for
cardiovascular2i, immunologic22, and even neurological health2s. However, this trove of
phenotypic information is at present unmatched by mechanistic understanding.

Mechanistic investigation of these processes is complicated by several key characteristics
of the microbiome. First, the gut microbiome is incredibly complex, heterogenous, and widely
divergent from species to speciess, and even individual to individualzs. Second, each individual
microbial species has distinct metabolic activities which can alter the small molecule milieu

obtained from dietary intake24,25. Third, the mechanisms by which the microbiome as a whole may



impact systemic diseases are likely multifactorial, precluding straight-forward implications of a
single molecular pathway.

Nevertheless, several breakthrough studies have begun to untangle these diverse
mechanisms and explain the profound effects that gut microbes have on systemic host physiology.

An elegant example is a study published in 2011 that elucidated a discrete molecular
mechanism for microbiome-mediated atherosclerosiszs. The authors performed unbiased small
molecule metabolomics on human serum obtained from patients with coronary vascular disease.
They identified microbe-derived trimethylamine, and the subsequent trimethylamine oxide
produced by the host, as a key risk factor in the formation of atherosclerotic plaques. Beyond the
mechanistic implications of this study, the authors provided a roadmap for the future elucidation
of discrete microbiome-mediated effects on the host.

This study and others like it serve to demonstrate that small molecules, either derived from
microbial metabolism or produced by host cells in response to microbial signaling, can travel
systemically and affect host processes in distant organs. To understand this, we must take a closer

look at how small molecules produced in the gut are absorbed and trafficked to the rest of the body.

1.4 The Portal Circulation

Ingested substances travel down the alimentary canal and are digested by both host and
microbial activities. This breaks down and metabolizes the more complex molecules present in the
diet to easily absorbable small molecules, lipids, and peptides. These are then absorbed by the host,
either by diffusion through the tight junctions and into the basolateral compartment, or by active
transport into the intestinal epithelium. If not utilized by the epithelium or other cellular

components of the submucosa, they are then transported systemically via one of two systems. The



lymphatics absorb processed lipids from the basolateral aspect of the intestinal epithelium via
specialized structures called lacteals. These lipids travel from the intestine to the thoracic duct,
where they are emptied into the subclavian vein to join the systemic circulation.

The majority of the small molecules and peptides absorbed in the intestine are transported
viathe portal circulation, a specialized circulatory system that connects the majority of the intestine
with the liver. Foreign substances, or “xenobiotics,” arriving from the gut via the portal circulation
are filtered through the liver as blood moves from the portal vein, through the sinusoids, and into
the central vein. Throughout this process, hepatocytes absorb, metabolize, and detoxify any caustic
compounds before they find their way into the systemic circulation. The liver, therefore, serves a
critical gatekeeper function, preventing harmful metabolites from flooding the general circulation
and disseminating to the rest of the body. The importance of the liver is apparent in diseases that
alter liver function, such as cirrhotic liver disease. Patients afflicted with these diseases exhibit a
range of debilitating symptoms, from bleeding abnormalities to progressive neurologic
dysfunction and death27,2s. These sequela are primarily due to the inability of the damaged liver to
effectively filter and detoxify xenobiotics arriving from the gut. Maintaining the metabolic

capability of the liver is therefore critical to organismal health.

1.5 Detoxification Activities of the Liver

The liver is in a unique and precarious physiologic position. It sits at the interface between
a flood of foreign substances and a finely tuned systemic circulation. To cope with this onslaught
of xenobiotics and to prevent toxins from reaching the body, the liver utilizes several key
detoxification and antioxidant responses. These are broadly categorized into two types of

metabolic activities, phase land phase 2 detoxification.



Phase 1 detoxification responses involve the enzymatic modification of the structure of a
small molecule. For example, the addition or removal of a hydroxy group, which may render the
small molecule less reactive. These reactions are generally carried out by the Cytochrome P450
family of enzymesao.

Subsequent detoxication of small molecules occurs via Phase Il metabolism, in which small
molecules are conjugated to other chemical moieties. Examples of this include sulfonylation
(addition of a sulfhydryl group), glucuronidation (addition of a glucuronide group), or
glutathionylation (addition of a glutathione moiety). These conjugations render reactive small
molecules inert, and often increase their solubility, thus facilitating their excretionzs.

Transcriptional control of the majority of the xenobiotic response falls to a set of
transcription factors including pregnane-x-receptor (PXR), constitutive-active androstane receptor
(CAR), and Aryl hydrocarbon receptor (AHR). These transcription factors are critical for the
regulation of the expression of the cytochrome P450 enzymes and are reviewed in detail
elsewhereso 1. Another transcription factor that is essential both for Phase 1l metabolism of
xenobiotics and for cytoprotection against potentially caustic small molecules arriving from the
intestine is the basic leucine zipper transcription factor Nuclear factor erythroid-derived 2 (Nrf2)z2-
34,

Under homeostatic conditions Nrf2 is bound by an E3 ubiquitin ligase adaptor Kelch-like
ECH associated protein 1 (Keapl) which promotes the degradation of Nrf2ss. Inhibition of Keapl
by reactive oxygen species (ROS) or certain electrophilic xenobiotics results in Nrf2 release and
subsequent nuclear translocation where it is responsible for the induction of its transcriptional
programss. Because this pathway is regulated post-translationally, it can be rapidly activated under

conditions of cell stress or xenobiotic exposure. Given the liver’s extensive exposure to absorbed



intestinal contents, including microbial products, it is possible that the microbiome plays a role in
fine-tuning this response. Indeed, several studies have described vast differences in the expression

and activity of enzymes involved in xenobiotic metabolism in the absence of a microbiomesr.

1.6 Liver Disease and the Microbiome

A puzzling aspect of the pathogenesis of hepatic disease is that there is significant inter-
individual variability in severity and disease progressionss. While some of these differences can
be accounted for by the genetic makeup of an affected individual, there remain a significant
number of patients for whom genetics cannot explain their altered susceptibility to disease. For
example, non-alcoholic fatty liver disease (NAFLD) is characterized by the accumulation of lipids
within the liverss. Over time, this lipid deposition will result in an inflammatory response and
development of more severe liver injury known as non-alcoholic steatohepatitis (NASH)a4o.
However, it is not clear why some patients with NAFLD will progress to NASH, while other
patients with equally severe steatosis will never mount an inflammatory responses1. Analysis of
patients with hepatic steatosis revealed significant shifts in the makeup of the gut microbiome
between those with and without NASHa42,43.

Alcoholic liver disease (ALD) is another example. While much is known about the
molecular and genetic basis of susceptibility to alcohol exposure in the liver, severity of disease
is, again, often determined by factors we do not yet understand. Here too, it has been speculated
that the microbiome may play a roless. Indeed, transfer of fecal material from patients with severe
alcoholic liver disease into germ-free mice exacerbated their hepatic phenotype after exposure to

alcohol compared to mice that acquired a control microbiomess.



In addition to NAFLD and ALD, drug-induced liver injury (DILI) is also extremely
variabless. Acetaminophen overdose, the most common cause of DILI in the United Statesss, can
cause severe liver damage at relatively low doses in some individuals, while other individuals have
a much higher threshold for hepatotoxicity. Again, the microbiome has been proposed as a key

factor in this variabilitys7.

1.7 The Microbiome as a Therapeutic Modality

Given the potential importance of the microbiome in altering susceptibility to liver injury,
clinicians and researchers have begun to explore the possibility of microbiome manipulation as
therapy. Currently, three viable clinical approaches exist to alter the makeup of the gut
microbiome.

Antibiotics are small molecules that interfere with bacterial processes (biosynthesis of cell
wall components, alteration of metabolism, inhibition of protein synthesis, etc). When taken orally,
antibiotics can broadly deplete microbial taxa within the intestinesz. While this may attenuate the
replication of pathogenic bacteria or temper bacterial overgrowth, antibiotics also deplete
commensal microbes that perform beneficial functions. For example, loss of bacterial abundance
after oral amoxicillin opens a niche for the pathogenic C. difficile to populate, resulting in bloody
diarrhea and other negative sequalae for the patientss. In addition, antibiotics are themselves
xenobiotic compounds, can be metabolized by the liver, and are in many cases themselves
hepatotoxicas.

The microbiome-based therapy that has shown the most promise to date is fecal microbiota
transplant (FMT). This therapeutic modality involves the wholesale repletion of a dysbiotic

microbiome with a eubiotic (or healthy) microbiome. Stool samples are collected from healthy,



screened donors, and subsequently infused into the intestine of patients, either by naso-gastric tube
or via endoscopysosi. Given the complexity of the microbiome, the importance of microbe-
microbe crosstalk in establishing a community architecture, and the lack of understanding of the
mechanistic underpinnings of microbial effects on the host, FMT has been touted as the catch-all
therapy for addressing microbiome related issuess2.

The greatest success story to date is the use of FMT for treatment of recurrent C. difficile
infectionss. Most cases of C. difficile occur shortly after a patient has completed an oral dose of
antibiotics,  particularly  amoxicillin, clindamycin, ampicillin, cephalosporins, and
fluoruoquinolonesass. This effectively wipes out several critical bacterial taxa in the gut, leaving an
empty niche for C. diff to populate. FMT is thought to provide benefit by rapidly repopulating that
empty niche with normal commensalsss. Indeed, clinical use of FMT for recurrent C. diff has
increased dramatically, with a 92 percent cure ratess and an 11% recurrence rate (relative to 24%
after traditional antibiotic therapy)ss. Due to the efficacy of FMT against this focused clinical
problem, researchers and clinicians have attempted to utilize FMT in other contextssz.

Although its role as a causative agent has been elusive, dysbiosis of the gut microbiome
has been shown in a diverse array of disease, from IBD15-18 to obesityss to Parkinson’s diseases75s.
Preclinical studies have demonstrated that fecal microbiota transplant of affected individuals into
germ-free mice can result in phenotypic features of disease. Restoration of a normal gut flora via
FMT can, in many cases, rescue these phenotypes. Unfortunately, the success of FMT in the
clinical setting beyond the narrow indication of C. difficile infection has been mixeds2.

Another approach to modifying the gut microbiome is through the administration of
exogenous commensal microbes, or “probioticsss.” Conceptually, probiotics are thought to work

by “balancing” the intestinal microbial population, presumably by acting as keystone species and



providing substrates for the bloom of other beneficial bugseo. For example, administration of
Lactobacilli is thought to increase the concentration of lumenal lactate, which can be metabolized
by Clostridial species. Therefore, Lactobacilli supplementation can result in a bloom of Clostria
sp. which have known trophic and signaling properties within the intestinal tissues1,62. Due to this
hypothetical mechanism of action, it has now become common clinical practice to prescribe
probiotics after or concurrent with a course of antibioticses. This is done in an attempt to more
rapidly replete the gut microbiome, without the cost and invasiveness of FMT.

A recent study, however, demonstrated that the use of probiotics immediately following a
round of antibiotics may actually inhibit the reconstitution of the microbiomess. Indeed, probiotic
supplementation resulted in a significant decrease in the diversity of the microbiome after
antibiotic use. Given the conventional knowledge that a more diverse microbiome is a healthier
microbiomez, these data indicate that probiotic use may actually be at best, ineffective, and at
worst, counterproductive. However, no functional outcomes were measured, so it is difficult to
draw broad conclusions. Nevertheless, this study underscores the necessity for more investigation
into probiotics, despite their acceptance in popular culture and, increasingly, in clinical practicess.

Beyond their role as the supposed lynchpin of microbial diversity, probiotics are thought
to possess intrinsic activities that directly affect the host. Perhaps the most obvious of these
activities is nutrient harvest from the diet. The most widely appreciated example of this is the
production of SCFA from dietary fiberes. Bacteria in the cecum naturally ferment these indigestible
fibers into acetate, butyrate, and propionatess. Butyrate, in particular, then serves as the preferred
fuel source of the epithelial colonocytes that lie downstreamez,es. In addition to contributing to
energy production, butyrate also serves several critical signaling functions. It is a potent histone

deacetylase (HDAC) inhibitores, and therefore alters the epigenetics of colonocytes. Additionally,
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butyrate is metabolized via oxidative phosphorylation, which consumes oxygen and increases the
hypoxic tone within the cell. This stabilizes the transcription factor hypoxia inducible factor (HIF)
70, which serves several critical functions within the intestinal mucosa, from production of anti-
microbial peptides7i, to strengthening of the epithelial barrier72, to alteration of the mucosal
immune system to better target invasive microbesza.

Probiotic supplementation has been shown to increase the production of SCFA, and
augment the signaling events described aboves2. Additional examples of probiotic-derived small
molecules and their subsequent effects on the host abound throughout the literature. Various
species of indoles, for example, have been isolated from discrete microbial species and found to
activate host AHR74 and Nrf275, among others. These effects have been primarily observed in the
intestine, but microbe-derived small molecules are absorbed through the intestinal barrier and
transported into the portal blood and on to the liver, where they can affect host signaling. While
the exact nature of these small molecules, and their exact source, remains poorly defined in the
literature, the effects of probiotics on hepatic health and susceptibility to disease is an active area

of research.

1.8 Probiotics and Liver Disease

Myriad studies demonstrate that oral administration of probiotics can attenuate liver
diseasers. For example, several studies have shown that the commercially available probiotic
Lactobacillus rhamnosus GG (LGG) can attenuate alcoholic liver injury7z-79 and non-alcoholic
liver injurysos1. However, no clear determination has been made as to how gut microbes influence

systemic signaling and susceptibility to disease.
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The argument can be made that if these probiotics elicit hepatoprotective effects, what does
the mechanism really matter? After all, the most important property of a therapeutic is the
functional response, not the mechanism of action. Some of our most widely used drugs are derived
from plants that were used for thousands of years, long before we had a molecular understanding
of disease. Indeed, ingestion of fecal material was described by Ge Hong in 4t century China as a
treatment for diarrheas2. Fecal microbiota transplant as we now know it for C. difficile was first
performed in 1958s2, decades before we appreciated the complex social structures residing in our
intestines. Does it matter if we understand how something works, as long as it works?

The trouble occurs when the findings observed in mice and other preclinical models do not
reproduce in humans. Due to the complex, multifactorial nature of the mechanisms involved, it is
difficult to replicate the conditions necessary for microbiome-based therapies outside the
laboratory. Every individual patient has a unique set of variables including diet, exercise,
underlying disease, genetic predispositions, and so on, all of which are precisely controlled in
animal experiments. Without knowing how a specific microbiome-based therapeutic modality
works, it is nearly impossible to predict if it will work. Indeed, this has been painfully borne out in
the past decade as researchers have struggled to bring promising therapeutics from mice to humans
with mixed and inconclusive resultsss. Therefore, a critical need exists to discover the specific

mechanisms by which individual probiotics mediate their effects on the host.

1.9 Drosophila as a Model for the Microbiome-Liver Axis
The difficulty in approaching these questions lies in the very same reason why many
probiotic therapies fail in human cohorts. The complexity of the microbiome makes it difficult to

isolate a single bacterial species, demonstrate the effects of a discrete microbe-derived small
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molecule, or investigate the genetic modifications that alter sensitivity to a therapeutic modality.
These studies can be undertaken in mice, but generation of germ-free mice is costly and burdened
with its own set of confounding variables (altered immune functionis, defective nutrient harvesting
25, impaired development of the gastrointestinal tractss, etc.). Genetic knockouts in murine models
are possible, but time-consuming and expensive. These issues raise a significant barrier to
performing critical pilot or screening studies to begin to home in on the exact molecular
mechanisms at play. Additionally, in vitro models do not adequately reproduce the necessary 3-
dimensional architecture of the microbiome-gut-liver axis in a physiologically relevant manner.

A potential solution is the utilization of other model organisms. Drosophila, for example,
have a gastrointestinal tract similar to that observed in vertebrates, with defined regions that
perform different physiologic functions and a single monolayer of epithelium encasing the
intestinal lumenss. While Drosophila lack a portal circulation per se, they do have a circulatory
system that carries metabolites from the gut to other regions of the body. In addition, an organ
called the “fat body” behaves similarly to the mammalian liver, performing critical roles in lipid
metabolism and production of acute phase reactantssz. Finally, Drosophila have a well-defined
microbiome and can easily be made germ-freess.

The benefits of utilizing Drosophila for researching the effects of the microbiome on the
liver are many. Perhaps most critical is the ease of tissue-specific gene knockdown. A library of
genetic mutants, interfering-RNA constructs, tissue specific drivers, and reporter lines already
exists and can be procured quickly and inexpensively. Genetic screens of the entire Drosophila
genome can be done relatively easily, and can help identify potential genetic polymorphisms that
alter susceptibility to liver injury. Additionally, Drosophila can be used for high-throughput

screens of small molecules in an attempt to identify novel therapeutics for liver injury. As the
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current standard of care for many liver diseases, particularly drug and alcohol induced liver injury,
are mainly supportivess, a need for this sort of drug discovery platform is desperately needed.

Drosophila are also incredibly useful for the study of the gut microbiomess. In addition to
the reasons listed above, Drosophila can also be used to quickly and easily pilot germ-free studies
because they can be very easily generated germ-free. To accomplish this, Drosophila eggs are
simply washed in bleach and placed on sterile food. This can be done with wild-type flies or any
type of genetically altered Drosophila. The resulting flies lack any microbiome and can be
monocolonized with individual bacteria to try to home in on the specific gut microbes eliciting
host effects. Given the immense expense of generating and utilizing germ-free mice, this is a major
advantage.

Despite these advantages, there remains a critical need for fat-body specific models of
injury in Drosophila. Various toxins have been used in an attempt to poison the fat-body, for
example malathiones, but the relevance of these toxins in mammalian systems is unclear. A robust,
clinically relevant, translatable model of fat body injury would make Drosophila a tractable model

of liver disease and bring to the study of the gut-liver axis a whole host of new tools.

1.10 Conclusion

In the chapters that follow, we attempt to fill these gaps in our current understanding of the
microbiome-liver axis.

In Chapter 2, we perform unbiased, small molecule metabolomics on hepatic tissue from
germ-free and conventionalized (microbiome-replete) mice. From these data, we identify and
characterize a discrete small molecule, 5-valerobetaine, that is derived from the microbiota and

completely absent in germ-free animals. This molecule is structurally similar to butyrobetaine,

14



with the exception of being one carbon longer. As butyrobetaine is the direct molecular precursor
of carnitine, we hypothesized that o-valerobetaine may alter cellular carnitine levels. Indeed, 6-
valerobetaine is inversely correlated with carnitine abundance in the liver, and exogenous
administration of 5-VB resulted in a dramatic decrease in circulating carnitine. This, in turn,
prevents the proper oxidation of long-chain fatty acids in hepatic mitochondria, and results in an
increase in hepatic steatosis after overnight fast. This small molecule, therefore, may help explain
the fact that germ-free mice fail to gain weight or develop liver disease in response to a high fat
dietoo.

In Chapter 3, we develop and validate a Drosophila model of drug-induced liver injury.
We demonstrate that administration of acetaminophen to Drosophila results in a dose dependent
increase in mortality. Acetaminophen exposure causes reactive oxygen production within the
Drosophila fat body and a depletion of systemic glutathione, similar to that observed in mammals.
This toxicity can be attenuated by overexpression of Drosophila Nrf2 in the fat body, and
augmented by its depletion. We also demonstrate that fat-body specific knockdown of the Cyp2el
analog Cypl8al, which is responsible for the bioconversion of APAP to its toxic metabolite
NAPQI, results in an increase in native APAP and a decrease in overall toxicity. Therefore, we
demonstrate that the mechanisms by which Drosophila succumb to APAP toxicity are conserved
to humans and provide a novel model for the study of acute oxidative liver injury.

In Chapter 4, we again utilized small molecule metabolomics coupled with RNAseq in
germ-free and conventionalized mice to identify the broad contours of the effects of the
microbiome on hepatic signaling. These data demonstrate that the presence of a gut microbiome
increases the activation of Nrf2, the master regulator of the host xenobiotic and antioxidant

response. Lactobacilli appear to be most adept at eliciting this response, and administration of
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exogenous Lactobacilli to conventional mice can augment Nrf2 activation in the liver even above
that observed by the microbiome as a whole. Furthermore, we demonstrate the functional
importance of this activation by challenging Lactobacillus-fed mice with two different models of
acute liver injury, acetaminophen overdose and acute alcohol exposure. In both instances,
Lactobacillus administration protects against injury in a Nrf2-dependent manner. Finally, we
identify a small molecule, 5-methoxyindole acetic acid, that is increased in the portal circulation
of Lactobacillus-gavaged animals. Further characterization of this metabolite revealed that it is

capable of activating Nrf2 both in vivo and in vitro, and is produced specifically by Lactobacilli.

These studies serve to advance our understanding of the microbiome by uncovering the
discrete small molecules and molecular pathways that mediate communication between the
microbiome and liver. Perhaps more importantly, they aid in honing the tools necessary to move

microbiome and probiotic research forward in a meaningful manner.
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ABSTRACT

Dysregulation of the intestinal microbiome is linked to an epidemic of human metabolic
disorders involving energy metabolism. Here, we identify the microbial-derived small molecule,
o-valerobetaine (VB), a structural analog of the carnitine precursor y-butyrobetaine. VB is absent
in germ-free mice and derived liver mitochondria but was present in conventionalized mice and
mitochondria. When supplemented to cells in vitro, VB decreased mitochondrial fatty acid
oxidation by lowering intracellular carnitine. In vivo, VB administered to fasted mice lowered
carnitine, decreased fatty acid oxidation and exacerbated hepatic steatosis elicited by overnight
fasting. Inaddition, circulating VB in humans was associated with the severity of hepatic steatosis,
hepatic insulin resistance, and visceral adiposity. These results demonstrate that VB is a gut
microbe-derived small molecule that modulates mitochondrial energy metabolism and may

contribute to fatty liver disease and other metabolic disorders.
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2.1 INTRODUCTION

Emerging evidence links the epidemic of human metabolic disorders to unfavorable
changes in the composition and activity of the intestinal microbiota (dysbiosis)i-6. Indeed, studies
in germ-free mice have demonstrated that the presence of an intact intestinal microbiome is
necessary for the development of many metabolic disorders, including non-alcoholic fatty liver
disease, type Il diabetes, and high-fat diet induced obesity. Given the complexity of the
microbiome, no singular mechanism has been elucidated. These effects have been primarily
attributed to changes in fat absorption and nutrient harvest, because the intestinal microbiota
possess remarkable metabolic functions for digestion of dietary macromolecules. However, they
are also responsible for the synthesis of diverse metabolites that directly impact human
metabolismzs. For example, epidemiological and experimental evidence show that microbial
products such as lipopolysaccharide (LPS) 9,10, phenylacetic acid 11, and methylamines 12-14
contribute to the development of insulin resistance, hepatic steatosis, and cardiovascular disease.
Of note, metabolomic analyses of germ-free (GF) and conventional (C) mouse tissues reveal that
approximately 10% of the circulating mammalian metabolome are metabolites of microbial
originis. Unfortunately the majority of these are unidentifiedis and their functional importance in
modulating host metabolism is unknown.

Mitochondrial dysfunction is commonly associated with human metabolic disorders.
Studies have shown that microbial metabolites can directly influence host mitochondrial functions
and metabolismas,1o.

In this study, we identify and functionally characterize a microbiome-derived small
molecule, 6-valerobetaine (VB), that alters host fatty acid oxidation in the liver. Small molecule

metabolomics on germ-free (GF) and conventionalized (CV) mouse liver revealed a dramatic shift
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in the hepatic metabolome in response to intestinal microbiota colonization. The top discriminatory
metabolite detected in liver and liver mitochondria of CV mice was §-valerobetaine (VB). VB is
absent in GF mice and structurally resembles y-butyrobetaine, the immediate biosynthetic
precursor to carnitine, which is required for mitochondrial fatty acid oxidation. Exogenous
administration of VB in vitro and in vivo resulted in a decrease in cellular carnitine, inhibition of
mitochondrial fatty acid oxidation, and an increase in hepatic lipid accumulation. These results
establish VB as a link between the gut microbiome and systemic fatty acid oxidation. Furthermore,
analysis of a human cohort revealed that circulating VB is positively correlated with visceral
adipose tissue (VAT) and hepatic steatosis. Taken together, these data demonstrate that the
microbiome-derived small molecule VB acts systemically to modulate host fatty acid metabolism,
and may account, in part, for the effects of the microbiome on clinical phenotypes linked to

adiposity and hepatic steatosis.
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2.2 RESULTS

2.2.1 ldentification of the microbiome-derived mitochondrial metabolite -valerobetaine (VB)

To characterize the impact of the microbiome on the hepatic metabolome, we performed
small molecule metabolomics on livers from sex-matched littermate germ-free (GF) and CV
(microbiome-replete) mice. As shown in Figure 1A, the presence of a gut microbiome resulted in
significant alterations in the hepatic metabolic profile relative to the GF condition.

To identify discrete microbial metabolites present in systemic tissues, we looked for
features which were present only in conventionalized liver and liver mitochondria and absent in
GF animals. The top-ranked differentially expressed feature in both CV liver (p-FDR = 2.3e-6)
(Figure 2.1A, 2.1C) and CV liver mitochondria (p < 0.05) (Figure 2.1B) was a metabolite with
an m/z of 160.1332 and elemental composition CeH1sNOz. In addition, 160.1332 m/z was present
in portal serum (Figure2.1D) and cecal contents (Figure 2.1E) obtained from CV but not GF mice.
Authentic standard co-elution and MS/MS experiments show the identity of 160.1332 m/z to be 5-
valerobetaine (VB) (Figure 2.2A-B)). Estimated concentrations of VB in conventional mice

ranged from 51-90 ng/mg in the cecum, 19-70 ng/mg in the colon, 9-26 uM in the portal vein, 12-

31 ng/mg in the liver, and 2-10 uM in peripheral serum of CV animals.
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Figure 2.1: Identification of the gut microbiome derived metabolite, 6-valerobetaine (VB) in

mouse liver and liver mitochondria.

Volcano-plots of features from germ-free (GF, blue) and conventionalized (CV, red) mouse tissue
reveal A) liver and B) liver mitochondria. Note the top-ranked differentially expressed feature in
both is 160.1332 m/z with the elemental composition CBH18NO2. High-resolution mass spectral
analysis of C) liver, D) portal vein-derived serum, and E) cecal contents shows the absence of
160.1332 m/z in GF mouse tissues. High-resolution tandem mass spectral analysis shows the

characteristic fragmentation pattern of 160.1332 m/z and the presence of a quaternary ammonium

group.
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Figure 2.2: 160.1332 m/z identified in CV mice is 8-valerobetaine.

A) Experimental confirmation of VB using synthesized standard and experimental samples. B)

Chemical structure of VB.

36



2.2.2 The gut microbiome produces VB

To determine whether microbial activity was responsible for intestinal production of VB
in mice, we performed ex vivo cultures of cecal contents from conventional and GF mice (Figure
2.3A) and analyzed the culture supernatant for VB by LC-MS/MS. These data demonstrate that
cultures of conventional cecal contents could produce VB independently of host factors.
Additionally, GF cecal contents were incapable of generating VB, demonstrating that VB is
derived from the gut microbiome. To determine if specific bacterial taxa are responsible for this
production, we performed a metabolic screen of the culture supernatant of several candidate
commensal and pathogenic microbes. Interestingly, several taxonomically distinct bacteria,
including a commensal Escherichia coli (gram-negative), pathogenic Salmonella typhimurium
(SL1344, gram-negative), and commensal Lactobacillus rhamnosus (LGG, gram-positive) were
capable of producing produce VB ex vivo (Figure 2.3B). These data suggest that production of
VB is not specific to individual classes of bacteria and may be relatively widespread within the
microbial community. Taken together, these data demonstrate that intestinal production of VB
requires microbial activity and therefore, the presence of VB in conventional animals reflects

microbial production, followed by absorption and distribution into mouse tissues.
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Figure 2.3: Intestinal microbes produce 8-valerobetaine.

(A) Metabolomic assessment of VB abundance in culture supernatant from ex vivo incubations of
cecal contents from GF and conventional mice. (B) VB abundance in ex vivo culture supernatants

of commensal and pathogenic bacteria 18 hours after inoculation.
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2.2.3 o-valerobetaine (VB) decreases cellular carnitine in cultured HepG2 cells

We next sought to characterize the functional importance of VB on host tissue. To this end,
we treated HepG2 cells with VB for 12 hours, and assessed changes to the intracellular
metabolome. The top metabolic pathway changed by VB-treatment was carnitine-shuttle
metabolism (Figure 2.4A). More specifically, VB-treatment caused a dose-dependent decrease in
cellular carnitine, short-chain and long-chain acylcarnitines (Figure 2.4B). At 10 uM, a
concentration of VB equivalent to that present in conventional mouse portal circulation, the
observed carnitine peak intensity was half of the observed carnitine peak intensity in control cells.
This effect was similar to that observed by treatment with meldonium, a competitive inhibitor of
membrane carnitine-reuptake and inhibitor of BBOX-mediated carnitine biosynthesis (Figure
2.4C). Propionylcholine, an ester with the identical elemental composition as VB, did not elicit a
carnitine-lowering effect in HepG2 cells (Figure 2.4C). Cellular carnitine levels could be rescued

by addition of exogenous carnitine to the cell media (Figure 2.4D).
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Figure 2.4: Effects of VB on the metabolome of HepG2 cells.

(A) Mummichog metabolic pathway enrichment of untargeted metabolomic profiling of HepG2
cells treated with physiologically relevant concentrations of VB (0-30 uM, n = 4 biological
replicates). (B) Dose-dependent effects of VB treatment on the cellular abundance of carnitine,
acylcarnitines, and the carnitine precursor butyrobetaine (linear scale). (C) Effect of VB on
cellular carnitine (n = 3 biological replicates) compared to propionylcholine, an ester with the same
molecular weight as VB, and meldonium, an inhibitor of carnitine biosynthesis (BBOX) and
uptake. Data are displayed as mean + standard deviation. (D) Rescue of VB-mediated carnitine

depletion with exogenous carnitine treatment (n = 3 biological replicates).
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2.2.4 o-valerobetaine (VB) decreases palmitate-dependent mitochondrial respiration in HepG2
cells

Carnitine is required for transport of long-chain fatty acyl chains into mitochondria for
fatty acid oxidation. To determine the consequences of VB-mediated cellular carnitine depletion,
we assessed the effects of VB treatment on basal respiratory rate, ATP production, and spare
capacity of HepG2 cells. Under culture conditions where glucose, glutamine, and pyruvate were
present in the culture media, VB did not elicit major changes to the basal respiratory rate, ATP-
production, spare capacity, or non-mitochondrial respiration (Figure 2.5A). These data suggest
that VB does not alter cellular metabolism and oxidative phosphorylation directly. In contrast,
when cells were provided palmitate as a fuel source under conditions of glucose, glutamine, and
pyruvate deprivation, VB elicited a dose-dependent decrease in respiration following injection of
the uncoupling agent FCCP (Figure 2.5B). The observed decrease in spare capacity for fatty acid
oxidation in HepG2 cells was similar to that observed with etomoxir, an irreversible inhibitor of
carnitine palmitoyltransferase (CPT1). These data demonstrate that VB alters cellular respiration
by inhibiting fatty acid oxidation specifically, with no effect on oxidative phosphorylation in the

presence of excess glucose, glutamine, or pyruvate.

2.2.5 VB decreases formation of labeled acetyl-CoA production from labeled palmitic acid

Palmitate, as well as other long-chain fatty acids, must be conjugated to cellular carnitine
in the cytosol in order to be transported into the mitochondria for beta-oxidation . The end product
of mitochondrial beta-oxidation is acetyl-CoA. We performed a stable isotope tracer study to
determine the effect of VB treatment on the beta-oxidation of 13Cie-palmitate to 13C2-acetyl-CoA
in HepG2 cells (Figure 2.5C). 50 uM VB-pretreatment for 24 hours prior to the introduction of

labeled palmitate decreased labeled 13C2-acetyl-CoA relative to vehicle at all time points. This
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effect was rescued by carnitine supplementation. VB added concurrently with labeled palmitate
led to a moderate decrease in formation of labeled acetyl-CoA compared to vehicle treated cells.
Etomoxir was included as a positive control and completely blocked formation of acetyl-CoA from
labelled palmitate. These results indicate that VB decreases mitochondrial fatty acid oxidation by
decreasing the availability of free cellular carnitine. Of note, VB did not alter the uptake of cellular

13C16-palmitate or the formation of 13Cie-palmitoyl-CoA (Figure 2.5D).
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Figure 2.5: Effects of VB on mitochondrial respiration and fatty acid oxidation.

(A) Mitochondrial respiration in serum starved HepG2 cells supplemented with glucose, glutamine

and pyruvate +/- VB. (B) Mitochondrial respiration after 12 hour treatment with VB in serum

starved HepG2 cells supplemented with palmitate and without glucose, glutamine, or pyruvate.

(C) Production of 13C2 Acetyl-CoA from labelled 13C16 palmitate over the course of 8 hours with

concurrent VB treatment (Red), 12 hr VB pre-treatment (Green), 12 hr VB pretreatment with

addition of exogenous carnitine (Purple), or treatment with etomoxir (Yellow). (D) Effect of VB

on 13C16 Palmitate uptake into HepG2 cells. Data are represented as the average of 3 biological

replicates + SD.

43



2.2.6 VB decreases carnitine and decreases mitochondrial fatty acid oxidation in conventional
mice

We used conventional mice to determine whether the effects of VB in vitro were
reproducible in vivo. First, we assessed the effect of VB dosing on circulating and cellular
carnitine. Mice were dosed daily by intraperitoneal injection of either vehicle (PBS), 10 mg/kg
VB, or 100 mg/kg VB. After one-week of treatment, mice were sacrificed and serum and liver
were collected for mass spectrometry analysis. After one week of treatment, VB decreased
circulating carnitine levels in serum in a dose-dependent manner in both males and females (Figure
2.6A). In the liver, however, VB significantly reduced cellular carnitine only in females, with male
hepatic carnitine levels trending down (Figure 2.6B).

Again, given the critical role of cellular carnitine in facilitating beta-oxidation, we
hypothesized that exogenous VB administration would impair the ability of the liver to metabolize
long-chain fatty acids. To test this, we again pretreated mice with either vehicle (PBS) or 100
mg/kg VB by IP for 1 week, followed by an overnight fast. In this experimental model, mice will
develop acute hepatic steatosis. This is thought to occur due to the rapid mobilization of fatty acid
stores from the adipose tissue to the liver for metabolism in times of starvation. We hypothesized
that VB would exacerbate hepatic steatosis in this context, because the liver would be unable to
oxidize the incoming LCFA.

In agreement with data from fed mice, VB administration decreased circulating carnitine
in the peripheral serum in a dose dependent manner (Figure 2.6C). VB also significantly lowered
hepatic cellular carnitine levels in these fasted mice in both males and females (Figure 2.6D).
Histologic analysis of liver tissue reveals an accumulation of neutral lipids (as observed by Oil red
O staining) after overnight fast, relative to that observed in fed animals (Figure 2.7A, 2.7C). Under

fed conditions, VB does not significantly increase the amount of steatosis observed (Figure 2.7A-
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B). However, under fasted conditions, VB results in a significant increase in hepatic steatosis in
both male and female mice (Figure 2.7C-D). Accordingly, VB treatment increased hepatic
triglyceride content relative to vehicle controls (Figure 2.7E). Taken together, these data

demonstrate that VB decreases hepatic fatty acid oxidation.
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Figure 2.6: Effects of VB on carnitine levels in mice.

Measurement of carnitine levels in male and female mice after 1 week IP injection of either vehicle
(PBS), 10 mg/kg VB, or 100 mg/kg VB. (A) Circulating carnitine levels in fed mice. (B) Hepatic
carnitine levels in fed mice. (C) Circulating carnitine levels in fasted mice. (D) Hepatic carnitine

levels in fasted mice. n=at least 3 mice per group.
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Figure 2.7: Effect of VB administration of hepatic steatosis.

(A) Representative Oil Red O stains of fed mouse liver with vehicle or VB treatment. (B)
Quantification of red pixel count in Oil Red O staining in fed mice (n = 5 per treatment). (C)
Representative Oil Red O stains of fasted mouse liver with vehicle or VB treatment. (D)
Quantification of red pixel count in Oil Red O staining in fed mice (n = 5 per treatment). (E)
Quantification of liver triglycerides in VB treated animals after fasting. Scale bar represents 100

um under 20x magnification. Data were analyzed using a one-tailed t-test.
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2.2.7 VB is associated with the severity of hepatic steatosis in adolescents and with visceral
adiposity in adults

To further characterize the importance of VB in altering host systemic metabolism, we
determined the correlation between circulating VB levels and the degree of hepatic steatosis and
visceral adipose tissue weight (VAT) in humans. Data from two separate studies were used for
this analysis — one focused on identification of plasma metabolites associated with the severity of
hepatic steatosis (mild (<33% steatosis), moderate (33-66% steatosis), to severe (>66% steatosis)
in children and adolescents with biopsy-proven NAFLD21 and the other re-examined a previously
published dataset focused on identification of plasma metabolites associated with body
composition parameters in fasted, actively working adults who were mostly full-time employees
of Emory University, Atlanta. In the cohort of youth with clinically diagnosed NAFLD (n = 74,
mean age 14 years, males = 54, females = 20), circulating VB levels were significantly higher in
participants with severe steatosis compared to mild steatosis (p = 0.328, p = 0.03, linear regression
adjusted for age, sex, and race) (Figure 2.8A). In adults (n = 179, mean age 50 years, males =
63, females = 116), plasma VB was positively correlated with VAT (f = 3.7E+04 + 1.1E+04, p =
0.0006), independent of age, race, and sex (Figure 2.8B). This relationship held when additionally

controlling for total body fat.
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Figure 2.8: Clinical phenotypes associated with circulating VB.

(A) Plasma VB levels in adolescents with mild, medium, or severe hepatic steatosis. (n =74, B =

0.345, p<0.02). (B) Plasma VB correlated with central adiposity in adults (VAT — log kg visceral

adipose tissue) (n =179, p < 0.0006).
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2.3 DISCUSSION

Phylogenetic and evolutionary evidence indicate that eukaryotic mitochondria are
descended from an ancient bacterial endosymbiont 23, and there is increasing recognition of the
holobiont — the eukaryotic host and its associated microbiome — function as the biological unit
subject to evolutionary pressures. The present results suggest that VB is a microbiome-derived
metabolite through which intestinal microbes modulate the activity of host mitochondria to
influence collective bioenergetics. VB regulates fatty acid oxidation through modulation of
systemic and hepatic carnitine abundance, which decreases long-chain fatty acid transport and
metabolism by mitochondria. This may allow enhanced utilization of short-chain fatty acids by
the eukaryotic host since short-chain fatty acids do not require the carnitine shuttle to be oxidized
by host mitochondria 24. This, in turn, could benefit members of the intestinal microbiota since
accumulation of fermentation byproducts of the microbiome has been shown to be toxic to
microbes 25. Additionally, evolutionarily conserved benefits of microbiome-mitochondria cross-
talk could involve energy conservation. In calorie-restricted states, microbial production of VB
could promote survival of the holobiont/symbiont by functioning as a brake on host fatty acid
oxidation, thereby preserving collective nutritional resources. In support of this, germ-free mice
succumb more quickly following prolonged fasting periods compared to conventional mice 2.
Thus, these results establish a novel molecular communication between the microbiome and
mitochondria, which could underlie aspects of microbiome-host symbiosis.

Recent studies also show VB can be obtained from dietary sources s4-36, and recently
published reports describe potential beneficial effects of VB on human health. VB is produced by
ruminant microbes in water buffalo and is associated with increased acylcarnitines and the

nutritional value of water buffalo milk 3637. Whole grain diets, which are associated with
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decreased risk of cardiometabolic disorders, type 2 diabetes, and weight gain ss, have been shown
to increase circulating VB in humans 34. Whole grains do not contain VB but have pre-biotic
effects on gut microbial composition 3s (e.g. increasing Bacteroidetes/Firmicutes ratio) and
increases in Lactobacillus and Bifidobacterium. These changes are negatively correlated with
markers of obesity and dyslipidaemia and suggest that microbial products (such as VB) produced
by beneficial diets and probiotic-associated bacteria could elicit beneficial effects on human
metabolic health.

VB regulation of the host carnitine pool has likely impacts on human health due to the
importance of carnitine homeostasis in preventing metabolic disorders of humans. Carnitine
regulates glucose and lipid metabolism 39,40, and previous studies have convincingly demonstrated
that attenuating cellular carnitine levels results in mitochondrial dysfunction, decreases in hepatic
fatty acid oxidation, and hepatic toxicities including steatosis 41-45. Furthermore, a decline in free
carnitine has been shown to accompany an accumulation of medium and long-chain acylcarnitines
in muscle and associated obesity in aging 46. Furthermore, carnitine supplementation is beneficial
for treatment of obesity and fatty liver and augments glucose utilization in humans and mice 47-51.
However, excessive fatty acid oxidation and the accumulation of incompletely oxidized
acylcarnitines are also associated with obesity and insulin resistance s2. For example, excessive
fatty acid oxidation (and decreased glucose utilization) is observed in insulin-resistant heart tissues
53. Limiting carnitine-dependent fatty acid oxidation under these conditions can improve
metabolic flexibility by a driving an increase in glucose utilization (the Randle cycle). While VB
was observed in brains, lungs, and hearts of conventional mice, the contribution of the microbial

metabolite VB to extrahepatic metabolism is not currently known.
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In conclusion, the present results show that &-valerobetaine, a structural analogue of the
carnitine precursor y-butyrobetaine, is a gut microbe-derived small molecule that alters
mitochondrial energy metabolism. A key focus on prebiotic and probiotic management of VB
production may help guide the management of the critical microbiome-host symbiotic relationship

and its implications for the current epidemic of human metabolic disorders.
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2.4 METHODS
Animals

Germ-free (GF) male and female Swiss-Webster mice (Taconic Biosciences) were raised
in germ-free isolators and fed sterilized mouse chow (Envigo 2019S Teklad Global 19% Protein
Extruded Rodent Diet) and sterilized water ad libitum at the Emory University Gnotobiotic Animal
Research Facility. Conventionalized (CV) mice were transferred to bedding from conventional
Swiss-Webster (S) mice at three weeks of age, and maintained for 3 weeks while paired GF mice
were maintained in germ-free isolators. After three weeks, luminal contents from the cecum and
colon, portal vein serum, and intact livers were collected for mitochondrial isolation, RNA-
sequencing and metabolomics. Data for GF and conventional C57BL6J (jax.org/strain/000664)
mice (Jackson laboratories, identical housing as Swiss-Webster) are provided as indicated.
High-resolution metabolomics (HRM)

Cytosolic and mitochondrial fractions from GF/CV liver (n = 12) were prepared by
differential centrifugation s4. Serum and fractionated cytosol and mitochondria were mixed with
2x volume of ice-cold acetonitrile-internal standard solution. Liver and luminal contents were
weighed and mixed with 10x volume of ice-cold 20% water/80% acetonitrile-internal standard
solution. Tissue samples were homogenized using a pellet pestle prior to the next step. Samples
were vortexed, and placed on ice for 30 minutes prior to centrifugation at 14,000g for 10 minutes
at 4°C to precipitate proteins. Supernatants were transferred to autosampler vials and stored at -
70°C prior to instrumental analysis.

Untargeted high-resolution mass spectrometric profiling was performed using a Dionex
Ultimate 3000 UHPLC system coupled to a Thermo Scientific Velos LTQ-Orbitrap (metabolite

identification studies), Thermo Scientific High-Field Q-Exactive (HFQE) (liver, liver
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mitochondria, liver cytosol, portal vein) or Thermo Scientific Fusion (cecum, colon, ex vivo
incubations, isotope tracer) s5. Briefly on the Fusion and HFQE, an LC column switching method
using a reversed phase C18 column (Higgins Targa C18 2.1 mm x 50 mm, 3 uM particle size) and
a HILIC column (Waters XBridge BEH Amide XP HILIC column 2.1 mm x 50 mm, 2.6 uM
particle size) were used for the analytical separation of extracts prior to high-resolution mass
spectrometry analysis with HILIC/ESI+ and C18/ESI- at 120k resolution while of ions between
85-1,275 m/z. A similar LC column switching method 10 minute and 20 minute reversed phase
C18 and HILIC separation methods with 10 cm columns with ESI+ was used on the Velos-Orbitrap
for confirmation.
Data processing, statistics, and feature selection

Spectral features were extracted and aligned using optimized parameters for apLCMS 56,57,
with downstream quality control performed by xMSanalyzer ss. Each metabolic feature was
characterized by its m/z ratio, retention time, and peak intensity. Statistical analysis was performed
using R-packages limma s9 for differential expression analysis and diffexp for linear regression
analysis in xmsPANDA (https://github.com/kuppal2/xmsPANDA). Differentially expressed
metabolites with a raw p-value of less than 0.05 were used for pathway enrichment analysis in
mummichog eo. Pathway enrichment significance in mummichog was based permutation testing
with a p < 0.05. Metabolite names in mummichog were converted to KEGG IDs using
http://csbg.cnb.csic.es/mbrole/conversion.jsp.
Metabolite Identification and Quantification

Detected metabolites were referenced against an in-house reference library established
with authentic chemical standards and matched within 5 ppm of the confirmed mass and within 10

s of the confirmed retention time. Features of interest were visually inspected to ensure
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chromatographic and spectral peak quality. When no standard was available, MS isotopic ratios
and MS/MS spectra were referenced against online spectral libraries or in silico ion dissociation
spectra. Tandem MS2 spectra were collected for target features on either Thermo Scientific Velos-
Orbitrap, High-Field Q-Exactive, or Fusion mass spectrometers using collisional induced
dissociation (CID) or high-energy collisional induced dissociation (HCD). MS2 spectra were
matched to experimental online mass spectral databases mzCloud and METLIN s1 or in silico
predicted fragmentation patterns from metfrag e2 to identify candidate structures. Standards were
purchased when commercially available or synthesized as described below. Reference
standardization e3 was used for quantification of identified metabolites.
Synthesis of o-valerobetaine and valine betaine

6-Valerobetaine (VB) was synthesized as described previously 4. Briefly, 5-bromovaleric
acid (Sigma-Aldrich) and 1 molar equivalent trimethylamine (20% in EtOH) were stirred for 24h
under vacuum at room temperature. The precipitate containing trimethylamine HBr salt was
removed by filtration and the filtrate was evaporated under vacuum and recrystallized with cold
isopropanol and acetonitrile. Purity was assessed to be greater than 95% with proton NMR and
elemental analysis. MS: 160.1332 m/z ESI+ (MS2: 101.0597, 60.0809). 1H NMR (Appendix 3)
(400 MHz, D20) 6 3.15 (multiplet, 2H), 6 2.91 (singlet, 9H), 5 2.27 (triplet, 2H), 5 1.64 (quintuplet,
2H), 5 1.46 (quintuplet, 2H). Elemental analysis (as VB-HBr salt) was C 37%, H 8%, N 5%, Br
31%. Valine betaine was synthesized as previously described es. L-Valine and methyl iodide were
stirred for 48h in anhydrous methanol in the presence of excess potassium bicarbonate. The
precipitate was dried and washed with ice-cold methanol. MS: 160.1332 m/z ESI+ (MS2:
60.0809).

Ex-vivo fermentation
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Cecal contents from conventional or GF mice were collected and immediately placed in
either De Man, Rogosa, and Sharpe media (MRS broth — Oxoid, CM0359) or degassed Tryptic
Soy Broth (Millipore 22092) in oxygen evacuated headspace vials. Samples were incubated at
37°C were collected in triplicate over a 24-h time period and prepared for metabolomics analysis
as above.

Ex-vivo microbial metabolism assays

Bacteria were purchased from ATCC and/or isolated in our laboratory and were cultured
in specified liquid media. Samples were collected at baseline and again at 18 hours after incubation
at 37°C. Lactococcus lactis Subsp. cremoris (LC, ATCC 19257, ATCC 14365, ATCC 11602),
Lactobacillus rhamnosus GG (LGG, ATCC 53103), Lactobacillus plantarum (LP, HA-119),
Lactobacillus paracasei (HA274), Lactobacillus rhamnosus (HA-114, HA-111, R0011), were
grown in MRS broth (Oxoid, CM0359). Bacillus cereus was grown in brain heart infusion (BHI)
media. E. coli (K12) and Salmonella typhimurium (SL1344) were grown in Luria Broth (LB).
VB dose response experiments in HepG2 cells: metabolomics analysis

HepG2 cells (ATCC) were used between passages 8-15 and grown in EMEM (ATCC)
supplemented with 10% FBS and 0.5% Penicillin/Streptomycin (P/S). Cells were grown to 90%
confluence in 3.5 cm cell culture dishes and treated with experimental compounds (VB,
meldonium, propionylcholine, carnitine) in EMEM supplemented with 0.5% FBS and 0.5%
penicillin/streptomycin. Cells were washed with ice cold Hank’s Buffered Salt Solution (HBSS)
and harvested by scraping on ice using 200 pL of ice-cold 20:80 water:acetonitrile containing 9
stable isotope internal standards and centrifuged at 14,000g for 10 minutes at 4°C. Supernatants
were transferred to autosampler vials and maintained at 4°C until instrumental analysis.

VB dose response experiments in HepG2 cells: Stable Isotope Palmitate Tracer Assay
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13C16-palmitic acid (Sigma-Aldrich 605573) was dissolved in 150 mM NaCl after heating
to 70°C and slowly mixed with prewarmed (37°C) FFA-free BSA (Sigma-Aldrich A4602) solution
in 150 mM NaCl with stirring to produce a 1 mM palmitate to 0.17 mM BSA ratio. HepG2 cells
were grown in 12-well cell culture plates to 80% confluence. Cell mediawas replaced with EMEM
containing 0.5% FBS for 12 h + VB prior to treatment with labeled palmitic acid. Cells were
washed twice with pre-warmed HBSS and media was replaced with EMEM containing 0.5% FBS,
200 uM labeled palmitate, and either vehicle, 50 uM VB, 40 UM etomoxir, or 50 uM carnitine.
At each time point, cells were washed once with ice cold HBSS and harvested by scraping on ice
using 200 pL of ice-cold 20:80 water:acetonitrile containing 9 stable isotope internal standards
and centrifuged at 14,0009 for 10 min at 4°C. Supernatants were transferred to autosampler vials
and maintained at 4°C until analysis. Data were analyzed using xCalibur QuanBrowser for
carnitine and labeled palmitate, palmitoyl-CoA, palmitoylcarnitine, acetyl-CoA, and
acetylcarnitine.
VB dose response experiments in HepG2 cells: Mitochondrial Respiration Assays

Oxygen consumption (OCR) was measured in the human hepatoma HepG2 cell line using
a Seahorse XFe96 analyzer (Agilent Technologies). For assessments of respiration linked to
oxidation of glucose and glutamine, cells were cultured on 96-well cell culture microplates and
treated overnight with 0, 1, 3, 10, 30, 100 uM VB in DMEM with 0.5% FBS. Cells were then
washed 1x with 100 uM pH 7.4 Seahorse XF DMEM (Agilent Technologies) in 0.5% FBS and
media was replaced with XF DMEM supplemented with fuel substrates and VB or vehicle. The
media was supplemented with 10 mM glucose, 2 mM GlutaMAX, and 1 mM pyruvate + VB.

For assessments of fatty acid oxidation, cells were serum-starved overnight with or without

VB. After washing, media was replaced with Krebs Heinseleit Buffer (KHB) containing 200 uM
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BSA-conjugated palmitate (Agilent Technologies) in the absence of supplemental glucose,
GlutaMAX, pyruvate, or carnitine. KHB was prepared from pH 7.4 sterile filtered water
containing 111 mM NacCl, 4.7 mM KCI, 2 mM MgSOs4, and 1.2 mM NaH2POa4. VB (0, 10, 50 uM
final concentration) or etomoxir (40 uM final concentration) were added to the assay medium prior
to assessments of oxygen consumption (OCR) and extracellular acidification rate (ECAR).

To evaluate mitochondrial function, a MitoStress test kit (Agilent Technologies) was used
with respiration assays. Three consecutive respiration measurements were acquired every 10
minutes for every experimental condition prior to and after injections of Oligomycin (1.5 uM final
concentration), FCCP (1 uM final concentration), and Rotenone/Antimycin A (0.5 uM final
concentration). Basal respiration (OCR prior to injection of mitochondrial inhibitors), ATP
production (difference in OCR after addition of oligomycin), maximal respiration (OCR after
addition of FCCP) and spare capacity (difference in OCR between basal and maximal respiration)

were calculated using the Seahorse XF Cell Mito Stress Test Report Generator

analysis/seahorse-xf-cell-mito-stress-test-report-generators).

Animal VB model

Animal experiments were performed under approved Emory University IACUC animal
protocols. For experiments with fed mice, conventional C57BL6J mice (Jackson laboratories)
were injected IP with 100 pL saline vehicle, 100 uL 10 mM VB (10 mg/kg), or 100 pL 100 mM
VB (100 mg/kg) once a day for one week. For experiments in fasted conventional mice, animals
were treated with the same doses for three days and then fasted for 12 hours prior to sample
collection. At the end of each treatment period liver, heart, brain, cecal and colonic contents and

serum were collected for mass spectrometry, histology analysis, and triglyceride quantification.
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Histology (Oil Red O) analysis

Oil red O staining for neutral lipids was performed on 8-10 micron mouse liver sections
prepared using a Cryostat. Images were taken on a Nikon Eclipse 50i at 20x magnification and
red density was quantified in ImageJ software.
Triglyceride quantification

Triglycerides were quantified in tissues using a triglyceride assay kit (Abcam 65336). 50
mg of liver tissue was homogenized in 1 mL of assay buffer and diluted 100x prior to addition of
lipase. After 20 minutes, the triglyceride probe was added. After incubation for 30 minutes, the
plate was read fluorometrically (535/587 nm) and quantified using the provided standard
calibration curve.
Emory Pediatric Liver Biopsy Data Repository

The Emory Pediatric Liver Biopsy Data Biorepository is an ongoing cross-sectional cohort
study of children who provided data and biospecimens prior to undergoing a clinically-indicated
liver biopsy for suspected liver disease or monitoring of a liver disease, as previously described.21
Exclusion criteria were fever with in the past two weeks, renal disease or insufficiency, or
pregnancy. The analytical sample was a sub-group of 74 participants ages 7-19 years old who were
enrolled between 2007 to 2015, had a clinical diagnosis of NAFLD after exclusion of other liver
diseases, and a plasma sample available at the time of metabolomics analysis. A physical
examination and fasting blood collection were performed prior to liver biopsy. Liver biopsies were
reviewed by pathologists in a blinded manner, and were scored based on grade of steatosis (<5%
=0, 5-33% =1, 34-66% = 2, >66% = 3), steatosis location (Zone 1, Zone 3, azonal, panacinar),
lobular inflammation (0 = No foci, 1 = < 2 foci per 200 x field, 2 = 2-4 foci per 200 x field, 3 =>

4 foci per 200 x field), portal inflammation (0 = none, 1 = mild, 2 = more than mild), hepatocyte
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ballooning (0 = none, 1 = few, 2 = many), and fibrosis stage (0 = none, 1 = periportal or
perisinusoidal, 2 = perisinusoidal and portal/periportal, 3 = bridging fibrosis, 4 = cirrhosis). All
study protocols were approved by the Emory University and Children’s Healthcare of Atlanta
Institutional Review Boards and written informed consent and assent were obtained.

Multiple linear regression adjusted for age (years,), sex, and race/ethnicity were used to
examine associations of steatosis grade, based on liver biopsy scores, with plasma VB levels. This
was done with steatosis grade as a continuous variable (1, 2, or 3) to assess the dose response, and
as a categorical variable to compare VB levels in those with moderate and severe steatosis
compared to mild steatosis. VB was log-transformed for analysis. Regression analysis was
conducted in R Statistical Software (v3.5.3).66
Center for Health Discovery and Well-Being (CHDWB) Cohort

This cohort includes adults who were primarily employed by Emory University or Emory
Healthcare systems at the time of enrollment. Individuals employed for greater than two years
were invited to join the study from an alphabetized list and underwent extensive phenotyping as
previously described 67. General exclusion criteria were presence of a poorly controlled chronic
disease, an acute illness within 12 weeks of study visit, currently pregnant or breastfeeding, or a
history of malignancy within the previous five years ss. A subset of the cohort (n=179) with high-
resolution metabolomics data was included in this study ss. Body composition and visceral adipose
tissue (VAT) were determined using a Lunar iDXA densitometer and CoreScan™ software (GE
Healthcare, Madison, WI, USA), which automatically quantifies VAT and has been validated
against computed tomography 7o0. Peripheral blood samples were drawn by trained nurses and

fasting insulin and glucose levels were measured commercially (Quest Diagnostics, Valencia,

60



CA). The homeostatic model assessment of insulin resistance (HOMA-IR) was calculated as
fasting insulin (UIU/mL) x fasting glucose (mg/dL) divided by 405 71.

Multiple linear regression analyses, adjusting for age, race, and sex, were used to test for
associations between VB with VAT and HOMA-IR. VAT and HOMA-IR were log-transformed

for analyses. Analyses were conducted in JMP Pro (version 14, SAS Inc, Cary, NC).
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ABSTRACT

Acetaminophen overdose is the most common cause of acute drug induced liver injury in
the United States. Despite its clinical importance, current therapy is limited and mainly supportive.
Research into the mechanisms of acetaminophen toxicity and the development of novel
therapeutics is hampered by the lack of robust, reproducible, and cost-effective model systems.
Herein, we characterize a novel Drosophila-based model of acetaminophen toxicity. We
demonstrate that acetaminophen treatment of Drosophila results in similar consequences to those
observed in mammalian systems, including a robust production of reactive oxygen species,
depletion of glutathione, and ultimately death. Genetic manipulations in the Drosophila fat body
(analogous to the mammalian liver) modifies toxicity consistent with studies in mice. Finally, we
utilize this system to investigate the effects of the microbiome and age on acetaminophen toxicity.
This model brings to the study of oxidative liver injury all of the myriad benefits of the Drosophila
model organism, including ease of genetic and microbiome manipulation, availability of transgenic

animals, and amenability to high-throughput screening.
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3.1 INTRODUCTION

The FDA estimates that acetaminophen (APAP) is the most widely used drug in the United
States, with approximately 28 billion doses purchased per yeari. As a consequence, APAP
overdose is the leading cause of drug-induced liver injury in the United States2. Upon ingestion,
APAP is absorbed in the intestine and travels to the liver via the portal circulation where it is
rapidly glucuronidated or sulfonylated allowing for its harmless excretions. If the liver is exposed
to an excess of APAP, however, these detoxification processes are overwhelmed, and APAP is
instead metabolized by the cytochrome P450 enzyme Cyp2el into the highly reactive and toxic
metabolite NAPQIl4. NAPQI rapidly forms adducts with critical cellular proteins, impairs
mitochondrial membrane integrity, and results in a profound production of reactive oxygen species
(ROS) within hepatocytess. If these ROS overwhelm the cellular antioxidant response, cell death
and tissue necrosis occurs, resulting in severe hepatotoxicity that can lead to deaths.

Despite the clinical importance of APAP overdose, treatment remains limited7. Current
therapies include limiting absorption of APAP by administering activated charcoals-1o,
replenishing glutathione stores by administering the glutathione precursor n-acetylcysteine
(NAC)11,12, and subsequent supportive care. A complicating factor in clinical trials has been the
significant interindividual variability in susceptibility to APAP toxicitys. It has been proposed
that this variability is due to genetic differences (i.e. altered expression of Cyp2el or conjugation
enzymesis,15) or environmental exposures (alcoholis, drugsisiz, or microbiome compositionzis).
However, investigation of these factors in preclinical studies is complicated due to the time and
expense of generating transgenic mice and the variability of the currently available rodent

modelsio.
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Herein, we present a novel, highly reproducible, Drosophila-based system for studying
acetaminophen toxicity. Our data demonstrate that acetaminophen accumulates in Drosophila,
resulting in the generation of ROS in the fat body (an organ analogous to the mammalian liverzo),
a rapid depletion of systemic glutathione, and subsequent mortality. In addition, genetic
manipulation of the fat body results in alterations in APAP toxicity, in agreement with existing
studies in mice. Finally, we utilized this system to investigate the effect of the microbiome and
aging on APAP toxicity, two conditions that are expensive and involved to investigate in murine
systems. Our data demonstrate that the presence of the microbiome is protective in the context of
APAP toxicity and that age may play a significant role in susceptibility to drug induced liver injury.

The model presented here brings the immense power of Drosophila genetics to the study
of APAP toxicity. This will allow for the identification of genetic factors that may modulate
susceptibility to APAP. In addition, the high-throughput nature of Drosophila will allow for the
screening of potential therapeutics against APAP toxicity. These findings can guide subsequent
studies in rodent models as well as human disease and lead to an improvement in the understanding

of APAP toxicity and the clinical tools available for its treatment.
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3.2 RESULTS

3.2.1 Acetaminophen Accumulates in Drosophila.

To determine if ingested acetaminophen accumulates in the tissues of Drosophila, we
transferred 5 day old W1118 Drosophila to vials containing 5% sucrose, 1% agar, and either
vehicle control or 100 mM APAP. After 12 hours, Drosophila were harvested and CLARITY21
performed for DAPI (nuclear stain) and APAP using an anti-acetaminophen antibody. Vehicle-fed
Drosophila demonstrated very little background APAP immunoreactivity at 12 hours (Figure
3.1A). In contrast, APAP feeding resulted in a significant increase of APAP immunoreactivity in

the abdomen of treated flies, consistent with an accumulation of APAP (Figure 3.1B).
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Figure 3.1: Accumulation of Acetaminophen in Drosophila observed using CLARITY.

(A) Vehicle-treated flies stained for DAPI and APAP. (B) Drosophila treated for 12 hours with

APAP and stained for DAPI and APAP.
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3.2.2 Acetaminophen exposure results in dose-dependent mortality in WT Drosophila.

To determine if this accumulation eventually resulted in toxicity, 5 day old W1118 male
(Figure 3.2A) and female (Figure 3.2B) Drosophila were administered 100mM, 50 mM, 25mM,
12.5 mM, or vehicle control as described above and survival measured. As shown in Figure 1C-
D, APAP feeding resulted in a dose-dependent mortality in both male and female Drosophila.

Intriguingly, female flies were more resistant to APAP toxicity at all doses.
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Figure 3.2: Acetaminophen results in dose-dependent mortality in adult Drosophila.

Mortality observed due to APAP exposure in 5 day old W1118 (A) male and (B) female

Drosophila. Log-Rank p=0.0001, n=60.
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3.2.3 APAP Administration Increases ROS in the Drosophila Fat Body and Depletes Systemic
Glutathione.

In the mammalian liver, APAP is bioconverted into the toxic metabolite NAPQI by the
Cytochrome P450 enzyme Cyp2els. NAPQI is highly reactive and rapidly conjugates with critical
cellular enzymes, interfering with normal cellular function and destabilizing the mitochondrial
membranes. Due to its impact on mitochondrial function, a hallmark of APAP hepatotoxicity is
the robust production of reactive oxygen species (ROS)2z.

To determine if APAP ingestion resulted in increased ROS in the Drosophila Fat Body,
early third-instar Drosophila larvae were fed for 4 hours on either PBS (vehicle control) or 100
mM APAP along with HydroCy3, a ROS sensitive dye that fluoresces in the presence of
superoxide radicalszs. PBS feeding resulted in minimal ROS production in the fat body (Figure
3.3A). However, APAP feeding significantly increased ROS in the fat body (Figure 3.3B-C).

NAPQI is rapidly conjugated to glutathione, limiting its toxicity while depleting cellular
glutathione storesis2a. We assessed the effect of APAP feeding on systemic glutathione levels.
Under vehicle fed conditions, we observed that female flies had a nearly two-fold higher level of
glutathione than male flies (Figure 3.3D). This may partly account for the delayed onset of
mortality observed in female flies relative to male flies (Figure 3.2A-B). In both male and female
flies, APAP feeding resulted in a decrease in total glutathione relative to vehicle control (Figure

3.3D).
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Figure 3.3: APAP Administration Increases ROS in the Drosophila Fat Body and Depletes

Systemic Glutathione.

Representative fluorescent images of fat body of early third instar Drosophila larvae after 4 hours
of feeding the ROS sensitive dye HydroCy3 and either (A) PBS or (B) 100 mM APAP in PBS.
(C) Quantification of fluorescence intensity from imaged fat bodies. *p<0.05 as determined by t-
test. n=13 flies per condition. (D) Total glutathione content of whole Drosophila treated with either

vehicle control or 100 mM APAP for 3 days. n=1.
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3.2.4 Fat body-specific depletion of Cyp18al attenuates APAP toxicity.

In the mammalian system, APAP requires bioconversion by cyp2el for toxicity. We
identified a putative Drosophila homologue to cyp2el, Cypl8al (Figure 3.4A). Depletion of
Cypl8al in the fat body rendered these Drosophila resistant to APAP-induced mortality (Figure
3.4B), in agreement with murine studies in which cyp2el was knocked outzs. This protection in
Drosophila appears to be due to the lack of APAP bioconversion, as metabolomic analysis of
whole Drosophila reveal an increase in native acetaminophen in fat body-specific Cypl8al
knockdown animals (Figure 3.4C). Taken together, these data demonstrate that the mechanism of

action of APAP-induced toxicity is conserved from Drosophila to mammals.
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Figure 3.4: Fat body-specific depletion of Cypl18al attenuates APAP toxicity.
(A) Schematic of APAP metabolism and mechanism of toxicity. (B) Effect of fat body-specific
depletion of Cypl8al on survival of Drosophila treated with 50 mM APAP. Log-Rank test

p<0.0001, n=60. (C) Measurement of native acetaminophen from whole flies using mass

spectrometry. n=1.
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3.2.5 Genetic and pharmacologic modifiers of APAP toxicity in Drosophila.

It is well established in murine models of APAP hepatotoxicity that genetic alteration of
the cellular antioxidant response can alter the severity of liver injury. The master transcriptional
regulator of the host antioxidant response is the transcription factor Nrf22e. In mice, overexpression
of Nrf2 protects against APAP overdose27 while knock out results in more severe hepatic injuryzs.
The Drosophila homologue of Nrf2 is CnCCos.

We specifically depleted or overexpressed CnCC in the Drosophila fat body and assessed
their susceptibility to APAP-induced mortality. In agreement with studies conducted in mice, Cncc
overexpression resulted in a significant decrease in mortality in response to APAP. In contrast,
Cncc knockdown augmented APAP toxicity and increased mortality (Figure 3.5A). These data
demonstrate that the genetic manipulations that alter susceptibility in mice are conserved in
Drosophila.

N-acetyl cysteine (NAC) is the current standard of care for APAP overdoseziz. It is believed
to have benefit in APAP hepatotoxicity by increasing the availability of the glutathione precursor
cysteine, thereby driving glutathione synthesis. To test its efficacy in the Drosophila model, we
treated Drosophila concurrently with both NAC and APAP. At 10mM, NAC feeding significantly
protected against APAP induced mortality relative to vehicle control (Figure 3.5B). Another small
molecule that works to increase glutathione and has shown efficacy in human disease is the amino
acid methionineso. In agreement with these studies, 10 mM methionine treatment attenuated APAP

toxicity in Drosophila (Figure 3.5C).
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Figure 3.5: Genetic and pharmacologic modifiers of APAP toxicity in Drosophila.

(A) Survival of wild type (W1118) and fat body specific dNrf2 knockout (cncclR) and
overexpressing (cncc O/E) flies treated with 100 mM acetaminophen. (B) Effect of 10 mM N-
acetylcysteine supplementation on APAP toxicity. (C) Effect of 10 mM Methionine

supplementation of APAP toxicity. Log-Rank test p<0.0001, n=60.
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3.2.6 The microbiome protects against acetaminophen toxicity in Drosophila.

These data demonstrate that studies performed in mice using different genetic or
pharmacologic manipulations could be recapitulated in flies. We next wanted to determine if we
could utilize our model to pilot studies that are more difficult, time-consuming, and expensive in
murine models. It has been proposed that the microbiome may modify susceptibility to APAP
toxicity in humans and thereby explain inter-individual susceptibility to drug induced liver
injuryis. Studies investigating the severity of APAP hepatotoxicity in GF vs conventional mice
have been inconclusivess.

To address this question, we treated 5 day old germ-free or conventional Drosophila with
100 mM APAP as describes above. As shown in Figure 3.6A, the presence of a microbiome
significantly protected against APAP induced toxicity. To extend these data, we treated
conventional Drosophila with antibiotics for 3 days to deplete the microbiome. In agreement with
the data from GF flies, antibiotic treatment significantly augmented APAP induced mortality

(Figure 3.6B).

83



A. 100 mM APAP B. 100 mM APAP
100 100
- CV = Ctrl
- 2
% 60 % 601
c 1=
8 40- 8 40+
o) )
o o
204 204
0 : v 0 v . —
0 100 200 300 0 100 200 300
Time (hours) Time (hours)

Figure 3.6: The microbiome protects against acetaminophen toxicity in Drosophila.

(A) Survival of germ-free (GF) and conventional (CV) Drosophila exposed to 100 mM APAP.
(B) Effect of antibiotic-mediated depletion of the microbiome on susceptibility to APAP toxicity.

Log-Rank test p<0.0001, n=60.

3.2.7 Effects of age on APAP-induced mortality

Few human or murine studies exist regarding the influence of aging on susceptibility to
drug induced liver injurys2. Medication use is exponentially greater in the elderly, and complex
drug combinations may result in increased unintentional APAP overdose in this population. To
determine if aging altered susceptibility to APAP, we followed mortality in 5, 10, and 30 day old
flies with and without APAP.

These data reveal a striking age-dependent increase in mortality (Figure 3.7A-B). This
effect was most pronounced in the oldest flies (30 days old at time of APAP administration) and
was observed in both males and females (Figure 3.7A-B). Future studies in murine models will be

necessary to corroborate these findings.
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Figure 3.7: Effects of age on APAP-induced mortality.

Susceptibility of 5, 20, and 30 day old (A) male and (B) female flies to APAP induced mortality.

Log-Rank test p<0.0001, n=60.
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3.3 DISCUSSION

Acetaminophen overdose is the most common cause of drug induced liver injury in the
United States2. While some overdoses are intentional, many result from the inadvertent
combination of one of innumerable acetaminophen containing drugs. Despite its ubiquity,
acetaminophen can cause significant hepatic injury at relatively low doses, and current therapy is
limited and primarily supportiveiz.

A major blockade to the study of the pathogenesis of APAP hepatotoxicity and the
identification of novel therapeutics is the lack of robust, reproducible experimental models. Many
of the cell lines used in hepatic research, such as HepG2 cells, do not express the cytochrome P450
enzymes necessary to bioconvert APAP into its toxic metabolitess. While APAP treatment of
HepG2 cells does cause cell death, the mechanism is unclear and possibly not relevant in vivo.
Rodents will develop APAP hepatotoxicity and accompanying histologic changes including
centrilobular necrosis, similar to that observed in humans. However, the model requires overnight
fasting to deplete hepatic glutathione, and if not done precisely, leads to notoriously variable
resultsio. As such, development of novel tools for the study of APAP toxicity is desperately
needed.

Herein, we describe the use of Drosophila melanogaster as a model for APAP-induced
oxidative liver injury. Our data demonstrate that APAP accumulates within flies, results in reactive
oxygen species generation within the fat body, and leads to mortality in a dose-dependent manner.
Furthermore, APAP toxicity in Drosophila can be modified by genetic and pharmacologic
manipulations that have been validated in both mice and humans. Finally, we utilized our model
to determine the impact of antibiotic use and age on APAP toxicity, which have not been described

previously.
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Drosophila bring to the study of oxidative liver injury many advantages, including ease of
genetic manipulation, availability of genetic mutants and constructs, ease of germ-free generation,
relatively short lifespan, amenability to high-throughput screening, and overall cost relative to
murine modelsss. However, some limitations should be noted. First, the fat body, while analogous,
lacks the structural organization and cellular make-up of the mammalian liver. Second, Drosophila
lack a portal circulation that moves absorbed intestinal metabolites directly to the fat body. Instead,
the fat body and other systemic organs are bathed in “hemolymph.” Therefore, it is possible that
absorbed acetaminophen may impact other systemic organs as well as the fat body, whereas in
mammals APAP toxicity is fairly specific to the liver. Third, Drosophila do not have an adaptive
immune system, which complicates both the study of tissue restitution after injury and the
underlying crosstalk with intestinal microbes.

Despite these limitations, the use of Drosophila holds great potential for the study of APAP
overdose and potentially other forms of drug-induced liver injury. Genetic screens may help
identify previously uncharacterized genetic modifiers of susceptibility. High-throughput
compound screens may Yield new therapeutics. Germ-free and monocolonization studies may
provide some insight into the opagque and complex bidirectional signaling between the microbiome
and systemic organs. The model presented here, therefore, shows great promise for the

advancement of the study of drug induced liver injury.
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3.4 METHODS
Drosophila

Drosophila were maintained on standard diets at 25°C with 12 hour light/dark cycles (7
am — 7 pm). Unless otherwise stated, WT flies are of the W1118 background. Tissue specific
genetic manipulations were performed using the Gal4 UAS system described previouslyss. Briefly,
virgin Yolk or R4-Gal4 Drosophila were crossed with male W1118 (control), UAS-CNCC IR
(dNrf2 knockdown), UAS-CNCC (dNrf2 overexpression), or UAS-Cypl8allR (Cypl8al
knockdown). Offspring were collected 5 days post-eclosure and used for experiments.
Drosophila Acetaminophen Model

Acetaminophen was dissolved in 5% sucrose and 1% agar. 3 mls of this mixture was
aliquoted into empty vials and allowed to solidify and dry in a fume hood. 20 flies were transferred
to each vial and mortality recorded approximately every 12 hours for the duration of the
experiment. Control vials containing only 5% sucrose and 1% agar were included in every
experiment to account for sporadic death. N-acetylcysteine and methionine (Sigma-Aldrich) were
dissolved in the APAP media at the indicated concentrations.
CLARITY

Whole Drosophila were fixed in 4% PFA for 12 hours at 4°C, then rinsed in 3 changes of
PBS with shaking at room temperature for 3 hours. They were then immersed in FlyClear Solution-
1 (8% THEED (2,2',2",2""- (Ethylenedinitrilo)-tetraethanol) (Sigma-Aldrich), 5% Triton X-100
(Sigma-Aldrich) and 25% Urea (Fisher Scientific, in PBS) for 14 days with shaking at 37°C, as
described previously21. Cleared Drosophila were rinsed in 3 changes of PBS with shaking for 12
hours at room temperature, then immersed in blocking solution (PBS, 5% normal goat serum, 0.1%

Triton X-100) at room temperature for 3 hours. The samples were transferred to sheep anti-
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acetaminophen primary antibody in blocking solution (1:250, Bio-Rad, 0016-0104 ) for 12 hours
at 4°C, followed by 3x 5 minute washes in PBS with 0.1% Triton X-100 with shaking at room
temperature. They were then incubated in donkey anti-sheep 1gG Alexa Fluor 488 secondary
antibody (1:500, Abcam, ab150177) for 3 hours at room temperature followed by a 10 minute
counterstain with DAPI. The Drosophila were mounted on 1.0 — 1.2 mm cavity slides (Eisco) in
VECTASHIELD® Antifade Mounting Medium (Vector Laboratories), coverslipped and sealed
with clear nail polish. Samples were allowed to set at room temperature for 12 hours, then imaged
using a Nikon A1R HD25 inverted confocal microscope at 40x (Nikon, Apo Fluor, 1.30 NA, WD
= 0.24mm).
Analysis of fat body ROS

Early third-instar Drosophila larvae were fed for 4 hours on either PBS (vehicle control)
or 100mM APAP along with HydroCy3 (ROSstar 550, Li-Cor). Fat bodies were then dissected,
whole-mounted on glass microscope slides and imaged using Nikon eclipse 80i microscope fitted
with a R1 Retiga Q Imaging camera. Quantification of fluorescence intensity was performed using
ImageJ software (NIH).
Glutathione measurements

GSH and GSSG were measured from whole Drosophila tissue using a glutathione assay
kit (Cayman Chemical) according to manufacturer’s instructions. Data are normalized to number
of Drosophila utilized.
Generation of germ-free flies
Adult flies were placed in vials with fresh food and left overnight (8-14 hours). The vials were
emptied and ~5mL dH20 was added to each vial. A paintbrush was used to suspend the remaining

eggs in the dH20, then the dH20 and eggs were poured into 90um cell strainers. In an aseptic
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environment, the cell strainers were placed in 50% bleach for 10 minutes, then transferred into
sterile dH20 for 1 minute three times consecutively. Using a sterile scalpel and forceps, the
bottoms of the cell strainers were removed and placed in new, autoclaved vials with germ-free fly
food. To verify the absence of bacteria, flies from two different germ-free vials were crushed in
~200uL of sterile dH20O in an aseptic environment, then plated on blood agar. The blood agar plate
was left overnight at 37 degrees Celsius. No bacteria were observed growing on the plate.
Antibiotic treatment

5 day old Drosophila were transferred to media containing 5% sucrose, 1% agar, 100
ug/mL ampicillin, and 50 ug/mL streptomycin (Sigma-Aldrich). 3 days later, Drosophila were
transferred to fresh vials containing acetaminophen without antibiotics and mortality assessed.
Mice were gavaged daily for 5 days with 200 uL PBS containing 1 mg/mL ampicillin, 1 mg/mL
gentamicin, 1 mg/mL metronidazole, 1 mg/mL neomycin, and 0.5 mg/mL vancomycin (all

obtained from Sigma-Aldrich).
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ABSTRACT

Many studies have suggested a role for gut-resident microbes (the “gut microbiome”) in
modulating host health, however the mechanisms by which they impact systemic physiology
remain largely unknown. In this study, metabolomic and transcriptional profiling of germ-free and
conventionalized mouse liver revealed an upregulation of the Nrf2 antioxidant and xenobiotic
response in microbiome-replete animals. Using a Drosophila-based screening assay, we identified
members of the genus Lactobacillus capable of stimulating Nrf2. Indeed, the human commensal
Lactobacillus rhamnosus GG (LGG) potently activated Nrf2 in the Drosophila liver analog and
the murine liver. This activation was sufficient to protect against two models of oxidative liver
injury, acetaminophen overdose and acute ethanol toxicity. Characterization of the portal
circulation of LGG-treated mice by tandem mass spectrometry identified a small molecule
activator of Nrf2, 5-methoxyindoleacetic acid, produced by LGG. Taken together, these data
demonstrate a mechanism by which intestinal microbes modulate hepatic susceptibility to

oxidative injury.
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4.1 INTRODUCTION
The microorganisms that reside within the human gut comprise over 100 trillion bacteria, along
with myriad fungi and viruses 1. Until relatively recently, little was known about the functional
consequences of this diverse and dynamic community on the host. With the advent of nucleic acid
based taxonomic profiling and the development of germ-free model systems, substantial progress
has been achieved in understanding the effects of the gut microbiome on host physiology and
homeostasis 2. Initial investigations of host-microbiome interactions focused on the physiology
and pathology of the intestine, the tissue with which these microbes are in direct contact. Multiple
studies have demonstrated that intestinal disorders of diverse etiology, including inflammatory
bowel disease s34, irritable bowel syndrome se, celiac disease 7, and colon cancer s-10, are
profoundly influenced by the microbiome. Recently, however, investigators have begun to
appreciate that the effects of gut-resident bacteria are not limited to intestinal tissue, but can have
far-reaching effects on distal organs, including the liver, pancreas, heart, and even the brain 11.

Of these systemic organs, the liver is situated in a unique position to receive signals from
the intestinal microbiome. Ingested small molecules and peptides derived from non-self foreign
substances in the gut (xenobiotics) are both passively and actively absorbed by the intestinal
epithelium and transported into the portal circulation. This component of the circulatory system
collects blood from the majority of the intestine and delivers it directly to the liver, the principal
metabolic and detoxification hub of the mammalian organism. The liver, therefore, serves a critical
gatekeeper function at the interface between a flood of foreign —xenobiotic- substances and a finely
tuned systemic milieu.

It has long been appreciated that the xenobiotic detoxification functions of the liver evolved

to deal with this exposure to diet-derived foreign material arriving from the intestine. Several
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transcriptional regulators, including pregnane X receptor (PXR), constitutive active/androstane
receptor (CAR), aryl hydrocarbon receptor (AHR), among others, can acutely sense the presence
of xenobiotic ligands and mediate the subsequent cellular response 1213. Additionally, recent
studies have revealed that these pathways are not only sensitive to changes in the diet but may be
altered by peptides and small molecules derived from the gut-resident microbiota 14. This is due to
the diverse biochemical activities encoded in microbial genomes that play key roles in the
biotransformation and detoxification of ingested nutrients and pharmacological agents 15. Multiple
signaling pathways, including those involved in bile acid biosynthesis 16-18, the urea cycle 19, and
choline metabolism 20-22, have been shown to be sensitive to changes to the microbial communities
of the gut. Consistently, the microbiome appears to modify susceptibility to several hepatic
diseases, including non-alcoholic fatty liver disease (NAFLD) 23,24, alcoholic liver disease (ALD)
25, hepatocellular carcinoma (HCC) 2627, among others. Thus, the microbiome-gut-liver
relationship is emerging as an important factor in multiple physiological and pathological states.
In this study, we took a global approach to identify the signaling pathways in the liver that
are modified by the microbiome. We performed metabolomic analysis on hepatic tissue from
germ-free or conventionalized (microbiome-replete) mice. In conventionalized animals, we
observed a significant increase in metabolites associated with antioxidant and xenobiotic response
pathways. A highly conserved master regulator of these responses is the basic leucine zipper
transcription factor Nuclear factor erythroid-derived 2-like 2 (Nrf2) 2s. Indeed, subsequent
transcriptomic analysis of liver from the same animals revealed significant inductions of a number
of canonical Nrf2 target transcripts, but not of other classical regulators of the detoxification

response such as PXR, CAR, or AHR.
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To determine the microbial populations responsible for the observed activation of hepatic
Nrf2, we utilized a transgenic Nrf2 reporter Drosophila melanogaster screening assay 29. Our
results reveal that members of the genus Lactobacillus were capable of activating systemic Nrf2
signaling. Furthermore, oral gavage of the representative Lactobacillus, Lactobacillus rhamnosus
GG (LGG), induced Nrf2 in the liver of conventional mice and this activation was sufficient to
protect against two different models of acute oxidative liver injury. Finally, we performed ultra-
high resolution LC MS/MS to characterize the small molecule complement present in the portal
circulation of mice treated with LGG and identified 5-methoxyindoleacetic acid (5-MIAA) as a
novel LGG-derived small molecule capable of activating hepatic Nrf2. These data address key
gaps in our understanding of the commensal-liver axis and provide further insight into the role of

the intestinal microbiome in hepatic health and homeostasis.
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4.2 RESULTS

4.2.1 Conventionalization of germ-free mice alters the hepatic metabolome

Given the taxonomic complexity of the microbiome and the diverse functional
consequences of dyshiosis on host hepatic physiology, we utilized a non-biased metabolomics-
based approach to outline the broad impact of commensal-liver interactions. Germ-free (GF)
mouse littermates were separated at weaning (3 weeks of age) into two groups with one group
maintained in sterile isolators, while the other group was transferred to cages with bedding
obtained from conventionally raised specific pathogen free (SPF) mice (Figure 4.1A). These mice
were then allowed three weeks to acquire and establish a microbiome (“conventionalization”)
(CV) before sacrifice and metabolomic analysis 30,31 of mitochondrial fractions obtained from liver
tissue from both groups (Figure 4.1B-C). Pathway analysis of altered features using Mummichog
analysis 32 revealed that conventionalization elicited distinct shifts in metabolic pathways
previously shown to be modulated by the microbiota (Figure 4.1D). More specifically, pathways
for hepatic amino acid metabolism 33, bile acid biosynthesis 16,18, and the urea cycle 19,34 were
altered by the microbiome. These analyses also revealed an induction of regulatory networks
involved in drug metabolism and the antioxidant response, including alterations in cytochrome

P450 metabolites and glutathione synthesis (Figure 4.1D).
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Figure 4.1: Conventionalization of germ-free mice alters the hepatic metabolome.

(A) Schematic of experimental design. Germ-free (GF) littermates were separated at weaning and
either maintained GF or conventionalized (CV) with bedding from conventionally raised Specific
pathogen free (SPF) mice for three weeks prior to sacrifice and harvest of liver tissue. (B)
Hierarchical clustering of the top 200 altered features identified from ultra-high resolution LC-MS
analysis of liver tissue from experiment described in (A). (C) Volcano plot of features identified
in LC-MS analysis of liver tissue from experiment described in (A), where pink indicates p<0.05
as calculated by t-test. (D) Mummichog pathway analysis for the identification of pathways
induced in CV relative to GF. Red boxes highlight pathways involved in antioxidant and

xenobiotic metabolism. n=6 mice per condition (GF or CV), 3 male and 3 female.
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4.2.2 Conventionalization of germ-free mice induces the hepatic Nrf2 antioxidant response
pathway

Parallel transcriptomic analysis using RNAseq on the same liver tissue demonstrated a
significantly altered profile in the hepatic transcriptome of CV mice relative to GF (Figure 4.2A).
Analysis of upstream transcriptional regulators of the altered transcripts by Ingenuity Pathway
Analysis showed an induction of genes in CV mice known to be regulated by Nrf2, a master
regulator of the cellular antioxidant response (Figure 4.2B). Further analysis of the transcriptional
profiles of CV and GF livers revealed an induction of many Nrf2 target transcripts in CV mice
involved in the hepatic antioxidant and xenobiotic response (Figure 4.2C). Collectively, these data
demonstrate that colonization with gut-resident microbes has significant influences on hepatic

oxidative metabolic processes, and by inference, gut-liver signaling.
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Figure 4.2: Conventionalization of germ-free mice induces the hepatic Nrf2 antioxidant

response pathway.

(A) Volcano plot of transcript enrichment detected by RNAseq analysis of liver tissue of GF and
CV mice. Pink data points denote transcripts that were significantly enriched in GF or
conventional mice to a confidence level of p<0.05 as determined by t-test. (B) Ingenuity Pathway
Analysis of RNAseq identifies activated (red) and repressed (blue) transcriptional regulators in
CV relative to GF mice. (C) Heatmap of genes under the transcriptional control of Nrf2 identified

in RNAseq analysis. n=6 mice per condition (GF or CV), 3 male and 3 female.
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4.2.3 Symbiotic Lactobacilli sp. activate the Nrf2 pathway in the Drosophila melanogaster fat
body

Next, we sought to determine which bacterial members of the microbiome were responsible
for the observed induction of Nrf2 signaling. Because of the multi-dimensional nature of the gut-
liver axis, we utilized the model organism Drosophila melanogaster to screen for Nrf2 inducing
bacteria. Drosophila have an intestinal system similar to that of vertebrates, with a single layer of
epithelium lining the gut lumen 35 and also possess an organ analogous to the vertebrate liver
known as the fat body se.

Using a transgenic Nrf2 reporter fly (gstD1-GFP) 29, in which GFP is expressed in response
to Nrf2 activation and binding to a consensus ARE (Figure 4.3A), we assessed the capacity of
candidate Gram-positive and Gram-negative commensal bacteria to activate Nrf2 signaling in the
Drosophila fat body (Figure 4.3B). Early third-instar germ-free larvae were allowed to feed on
either sterile food or food inoculated with 2x10s CFU/gram of bacteria. 16 hours later, the fat body
was dissected and analyzed using fluorescence microscopy. Of the bacteria assayed, Lactobacilli
were the most robust inducers of Nrf2 in the fat body (Figure 4.3C-D). These included the
Drosophila commensal Lactobacillus plantarum and the human commensal and probiotic
Lactobacillus rhamnosus GG (LGG). These data are in agreement with previous reports from our
research group showing that oral administration of L. plantarum or LGG can activate Nrf2 in the
intestinal epithelium of both flies and mice 37. Moreover, these Drosophila data demonstrate that
a specific subset of bacteria can exert effects on Nrf2 beyond the confines of the gut in tissues that

do not experience direct cell-microbe contact.
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Figure 4.3: Symbiotic Lactobacilli sp. activate the Nrf2 pathway in the Drosophila

melanogaster fat body.

(A) Schematic of experimental system. (B) Identities and characteristics of assayed bacteria. (C)
Fluorescent images of Drosophila fat body from transgenic flies described in (A) after 16-hour
treatment with the indicated bacteria. (D) Quantification of fat body fluorescence detected in (C)
by Image J software analysis. *p<0.05, **p<0.01, ***p<0.002 as determined by one-way ANOVA

and post-hoc t-test. n=12 flies per condition.
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4.2.4 Oral administration of Lactobacillus rhamnosus GG activates Nrf2 signaling in the
murine liver

To corroborate these findings in vertebrates, we performed a two week regimen of daily
oral gavage of conventional (microbiome-replete) C57BL/6 mice with vehicle (HBSS), LGG, or
Bacillus cereus (BC), a Gram-positive commensal that does not induce Nrf2 in the intestine ss.
Immunofluorescence for Nrf2 in hepatic sections from these animals reveals a faint signal in both
the HBSS and BC treated animals (Figure 4.4A). The LGG treatment group, however,
demonstrated a significant increase in Nrf2 immunoreactivity as well as a prominent punctate
staining pattern that colocalized with the nuclear stain DAPI (Figure 4.4A-B). These data indicate
an overall stabilization and subsequent nuclear translocation of Nrf2 in hepatocytes in response to
daily gavage of LGG. Furthermore, this response appears to be specific to LGG, as BC had no
effect on levels of Nrf2 immunofluorescence or DAPI colocalization (Figure 4.4A-B). To
determine if the observed Nrf2 stabilization results in increased Nrf2 activity, we performed RT-
PCR for known Nrf2 target transcripts in livers from HBSS, LGG, or BC treated mice. In
agreement with the immunofluorescence, HBSS and BC had similar steady state mRNA levels of
the Nrf2 target transcripts Nqol, Trx1l, Gstal, and Gclc. LGG treatment, however, led to a
significant increase in the levels of all of the analyzed targets (Figure 4.4C). These data support

our findings in Drosophila that implicate Lactobacilli in systemic activation of Nrf2.
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Figure 4.4: Oral administration of Lactobacillus rhamnosus GG activates Nrf2 signaling in

murine liver.

(A) Immunofluorescence analysis using an antibody against Nrf2 on liver histological sections

prepared from animals orally administered HBSS (vehicle), or 2x10s CFU BC or LGG daily for

two weeks. Images were acquired at 60x magnification. (Green=Nrf2) (Blue=DAPI).

(B)

Quantification of nuclear co-localization from images in A. n=3 animals per treatment. (C) RT-

PCR of liver tissue for the steady state transcript levels of Nrf2 targets involved in the cellular

antioxidant and xenobiotic response. Each experiment included a minimum of n=3 per treatment.

*p<0.05, **p<0.01, ***p<0.002 as determined by one-way ANOVA and post-hoc t-test. n=3 mice

per condition.
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4.2.5 Lactobacillus rhamnosus GG protects the Drosophila fat body against toxicity in a Nrf2-
dependent manner

Given the effect of LGG administration on Nrf2 activity and expression of key antioxidant
enzymes, we hypothesized that LGG would be protective against acute oxidative liver injury. First,
we utilized a Drosophila model of oxidative injury. Five-day old adult Drosophila were fed
acetaminophen (APAP), an acute oxidative stressor in mammals 39, or the herbicide paraquat (PQ)
which is known to induce oxidative stress in the fly 4. We demonstrate that feeding of either PQ
or APAP resulted in dose-dependent mortality in adult Drosophila (Figure 4.5A). To determine
the effect of these compounds on fat body signaling, we again utilized the gstD1-GFP Nrf2
reporter fly. Third-instar larvae were fed either 15 mM PQ or 100 mM APAP overnight, followed
by dissection and fluorescent evaluation of the fat body. Indeed, both PQ and APAP robustly
induced dNrf2 signaling in the fat body at this time point, relative to vehicle controls (Figure 4.5B),
consistent with a production of ROS and subsequent activation of dNrf2.

We next sought to determine the effect of LGG colonization on PQ or APAP toxicity. Five-
day old germ-free flies were collected and fed for 3 days on germ-free food or LGG colonized
food, followed by challenge with PQ or APAP. LGG treatment significantly attenuated PQ and
APAP toxicity (Fig 4.6A). To determine the involvement of dNrf2 signaling in LGG-mediated
protection, we specifically depleted dNrf2 in the fat body and maintained GF or mono-colonized
with LGG. In this context, there was no significant difference between the mortality rates of GF
and LGG treated flies in response to APAP or PQ (Figure 4.6B). These data demonstrate that LGG
mediated dNrf2 activation is the mechanism by which LGG protects against oxidative fat body

injury in Drosophila.
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Figure 4.5: Drosophila model of oxidative liver injury.

(A) Survival of adult Drosophila exposed to the indicated doses of either paraquat (PQ) or
acetaminophen (APAP). Log-Rank test p<0.0001, n=20. (B) Fluorescent imaging of fat bodies of

gstD1-gfp larvae following 16 hours exposure to 15 mM PQ or 100 mM APAP.
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Figure 4.6 Lactobacillus rhamnosus GG protects the Drosophila fat body against toxicity in

a Nrf2 dependent manner.

(A) Survival of either germ-free (GF) or Lactobacillus rhamnosus GG (LGG) mono-associated
adult Drosophila exposed to 15 mM PQ or 100 mM APAP. PQ: Log-Rank p<0.0001, n=30. APAP:
Log-Rank p<0.01, n=30. (B) Survival of GF or LGG mono-associated adult female Drosophila of
the genotype yolk-GAL4 UAS-cncCir (Fat body specific Drosophila (d)Nrf2 knockdown) exposed

to 15 mM PQ or 100 mM APAP. PQ: Log-Rank p=0.7799, n=20. APAP: Log-Rank p=0.4765,

n=20.
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4.2.6 Lactobacillus rhamnosus GG administration attenuates acetaminophen hepatotoxicity in
conventional mice

We next sought to corroborate these findings in a mammalian model of acetaminophen
hepatotoxicity. To this end, conventionally raised C57BL/6 mice were orally administered either
vehicle (HBSS) or LGG for 2 weeks. These treatments had no discernable effect on overall liver
histology as assessed by H&E (Figure 4.7A). To determine the effect of LGG treatment on
histologic hallmarks of APAP toxicity, HBSS and LGG pretreated mice were given a sub-lethal
oral dose of 300 mg/kg APAP. HBSS-treated animals 24 hours after APAP had significant
centrilobular necrosis, whereas liver injury in the LGG-treated groups was significantly attenuated
(Figure 4.7A-B). In agreement with these results, serum ALT (a marker of hepatocyte injury) was
elevated in the HBSS group after acetaminophen overdose but was markedly diminished in LGG
treated animals (Figure 4.7C). To evaluate hepatic oxidative stress, we determined the ratio of total
(GSH) to oxidized (GSSG) glutathione in the liver 24 hours after APAP overdose. Liver tissues
from LGG pretreated animals had a significantly higher ratio of GSH to GSSG than those from
HBSS pretreated animals (Figure 4.7D), indicating diminished hepatocellular oxidative stress.
These data demonstrate the protective effect of LGG administration against the oxidative liver
injury induced by acetaminophen. Of note, this protection does not appear to be due to altered
APAP metabolism, as the mRNA levels of the cytochrome P450 enzymes responsible for its

bioconversion were unchanged by LGG administration (Figure 4.8).
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Figure 4.7: Lactobacillus rhamnosus GG administration attenuates acetaminophen

hepatotoxicity in conventional mice.

(A) Representative H&E images of mouse livers 24 hours after oral administration of 300 mg/kg
APAP or vehicle control. Where indicated, mice received a daily oral gavage of either HBSS
(vehicle) or 2x10s CFU Lactobacillus rhamnosus GG (LGG) for two weeks prior to APAP

administration. Characteristic centrilobular necrosis is outlined by dashed lines. (B) Quantification
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of percent necrosis per high power field of histology from (A). n=5 mice per group. (C) Serum
ALT levels at 24 hours after oral administration of 300 mg/kg APAP or vehicle control of mice
described in (A). (D) Ratio of hepatic GSH to GSSG of livers 24 hours post APAP overdose as

described in (A). **p<0.01 ****p<0.0001 as determined by t-test. n=10 mice per group (A-C).

Scale bar (white) = 100 pm.
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Figure 4.8: Steady-state mMRNA levels of acetaminophen metabolizing enzymes.

RT-PCR for the mRNA levels of cytochrome P450 2el and 1a2 in liver tissue after 2 weeks of

oral HBSS or LGG gavage. ns=not significant as determined by t-test. n=5 mice per group.

113



4.2.7 Hepatic Nrf2 mediates Lactobacillus rhamnosus GG protection against acetaminophen
hepatotoxicity

Our findings agree with an existing body of literature that describes the protective effects
of LGG against oxidative liver injury 23.41-45. The mechanisms proposed for this protection vary
from an improvement in barrier function 14245 to alterations in bile acid signaling 43. To
specifically investigate the role of LGG-mediated Nrf2 activation in facilitating the observed
hepatoprotection, we generated liver-specific Nrf2 knockout mice using Albumin-Cre+- X Nrf2su
mice. WT (Nrf2sn) and KO (Albumin-Cre x Nrf2sis1) mice were gavaged with either HBSS or
LGG as described above for 2 weeks, followed by oral administration of 300 mg/kg APAP.
Histologic analysis of Nrf2s/m animals 24 hours after APAP administration revealed significant
centrilobular necrosis in HBSS treated animals that was attenuated in LGG treated animals (Figure
4.9A). However, in Albumin-Cre+- x Nrf2fus mice, both HBSS and LGG treated animals exhibited
similar tissue necrosis (Figure 4.9A, quantified in Figure 4.9B). Consistently, serum ALT levels
and hepatic GSH:GSSG ratio from Albumin-Cre x Nrf2sm animals were not different between

HBSS and LGG treated mice. (Figure 4.9C-D).
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Figure 4.9: Hepatic Nrf2 mediates Lactobacillus rhamnosus GG protection against

acetaminophen hepatotoxicity.

(A) Representative H&E of mouse livers 24 hours after oral administration of 300 mg/kg APAP
or vehicle control from WT or littermate albumin-Cre x Nrf2#i liver-specific Nrf2 knockout mice.
Where indicated, mice received a daily oral gavage of either HBSS (vehicle) or 2x10s CFU
Lactobacillus rhamnosus GG (LGG) for two weeks prior to APAP administration. (B)
Quantification of percent necrosis/HPF from histology in (A). (C) Serum ALT activity at 24 hours
post overdose of mice described in (A). (D) Ratio of hepatic GSH to GSSG 24 hours post overdose
as described in (A). *p<0.05 **p<0.01 ns=not significant as determined by t-test. n=5 mice per

group. Scale bar (white) = 100 pum.
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4.2.8 Hepatic Nrf2 mediates Lactobacillus rhamnosus GG protection against acute alcohol
induced injury

Several studies have implicated the microbiome in susceptibility to acute ethanol toxicity
and demonstrated efficacy of LGG administration in this model of acute hepatic oxidative stress
46,47. As Nrf2 has also been implicated in the pathogenesis of alcohol induced liver injury, we
sought to determine the role of Nrf2 in mediating the protective effects of LGG in this system.
Nrf2qm and Albumin-Cre+- x Nrf2qsn were treated with oral HBSS or LGG for two weeks as
described above, followed by a single oral dose of 6g/kg ethanol. Livers harvested from HBSS
pretreated mice 6 hours post ethanol administration exhibited significant steatosis, a histologic
hallmark of acute ethanol hepatotoxicity, as visualized by QOil red O staining (Figure 4.10A). LGG
pretreatment in Nrf2rs animals significantly reduced the amount of hepatic steatosis and serum
ALT (Figure 4.10B-C). However, no difference was observed in either steatosis or serum ALT
between HBSS and LGG treated groups in the Albumin-Cre+- X Nrf2sn mice (Figure 4.10B-C).
These data demonstrate that Nrf2 is required for the hepatoprotective effects of LGG in the setting

of acute oxidative stress in two distinct modes of injury, APAP overdose and ethanol toxicity.
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Figure 4.10: Hepatic Nrf2 mediates Lactobacillus rhamnosus GG protection against acute

alcohol induced injury.

(A) Representative Oil red O staining for lipid content of mouse livers pretreated with HBSS or

LGG by daily oral gavage for 2 weeks, 6 hours after a single oral dose of 6 g/kg ethanol, in WT or

littermate albumin-Cre x Nrf2fs liver-specific Nrf2 knockout mice. (B) Quantification or Oil red

O staining from histologic images from (E). (C) Serum ALT activity after ethanol overdose from

mice in (A). *p<0.05 **p<0.01 ns=not significant as determined by t-test. n=5 mice per group.

Scale bar (white) = 100 pm.
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4.2.9 Lactobacillus rhamnosus GG alters the small molecule milieu of portal serum.

To determine the mechanism by which gut-resident LGG activates Nrf2 at a distance, we
characterized the small molecule milieu present in the portal circulation of LGG-treated animals
relative to HBSS treated controls. Portal blood was collected 12 hours after oral administration
and mass spectrometry performed (Figure 4.11A). Subsequent tandem mass spectrometry
identified candidate small molecules that were significantly enriched in the portal circulation of

LGG-treated animals, of which 6 were positively identified (Figure 4.11B).
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Figure 4.11: Lactobacillus rhamnosus GG alters the small molecule milieu of portal serum.

(A) Features identified by ultra-high resolution mass spectrometry of serum collected from the
hepatic portal vein of mice at 12 hours after oral administration of Lactobacillus rhamnosus GG
(LGG) or vehicle control. Red box outlines features increased by >2 fold in portal serum from
LGG treated mice relative to vehicle treated. (B) List of matched metabolites from MS2 spectra

increased in the portal serum of mice administered LGG as described in (A).
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4.2.10 Lactobacillus rhamnosus GG mediated generation of 5-methoxyindoleacetic acid
activates hepatic Nrf2

To determine the effect of these small molecules on Nrf2 activation, we utilized a stably-
transduced ARE-Luciferase HepG2 cell line as a Nrf2 reporter system. Of the small molecules
enriched in the portal serum of LGG treated animals, only 5-Methoxyindoleacetic acid (5-MIAA)
resulted in an increase in reporter activity (Figure 4.12). To corroborate these findings, we
determined the steady state mMRNA levels of the known Nrf2 target transcripts NQO1, HMOX1,
and GCLC after a 12-hour stimulus with 5-MIAA. We observed a significant induction of all of
these targets in response to 5-MIAA relative to methanol (vehicle control) (Figure 4.13A). To
confirm that this response was due to an increase in Nrf2 stabilization and nuclear translocation,
we treated HepG2 cells with 5 mM 5-MIAA for 6 hours and western-blotted for Nrf2 in the nuclear
fraction (Figure 4.13B-C). Indeed, 5-MIAA treatment significantly increased the levels of nuclear
Nrf2 relative to methanol control (Figure 4.13B-C). Using mass spectrometry-based quantification
of the portal circulation of LGG-treated animals, 5-MIAA was found at a concentration of 2 uM
(Figure 4.14A-B). A similar concentration of 5 uM resulted in an increase in ARE-luciferase in
vitro of 1.6-2 fold (Figure 4.12), which is similar to the increase in Nrf2 target genes observed in

vivo after LGG gavage (Figure 4.4A).
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Figure 4.12: Effect of LGG-induced small molecules on Nrf2 activity in HepG2 cells.

(A) Luciferase activity in extracts of HepG2 cells which harbors a Nrf2 responsive promoter

transcriptionally fused to luc upon exposure to the indicated compounds for 12 hours.
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Figure 4.13: LGG-derived 5-methoxyindoleacetic acid activates hepatic Nrf2.

(A) RT-PCR for steady state mMRNA levels of genes under the transcriptional control of Nrf2 after
a 12-hour exposure of HepG2 cells to 5-MIAA or methanol (vehicle control). (B) Immunoblot
analysis using antibodies against Nrf2 or Histone H3 (loading control) in nuclear fractions purified
from HepG2 cells +/- 5-MIAA for 6 hours. (C) Densitometry analysis of data in (E). *p<0.05,

**p<0.01, ***p<0.002 as determined by t-test. n=3 independent replicates.
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Figure 4.14: 5-MIAA quantification in portal serum of LGG treated mice.

(A) Method of standards addition to determine concentration of 5-MIAA in plasma reference

sample. (B) Reference standardization shows that 5-MIAA in mouse portal circulation is 2 uM.

4.2.11 Lactobacilli produce 5-MIAA in vitro
Finally, to determine the microbial origin of 5-MIAA we cultured an array of representative

gut microbes for 18 hours under appropriate growth conditions. Subsequent targeted mass
spectrometry for 5-MIAA showed an accumulation of 5-MIAA in LGG, LP, and all of the other
Lactobacillus culture supernatants tested over the course of 18 hours, while the Gram negative
commensal E. coli, the Gram negative pathogen S. Typhimurium, and several strains of the genus
Lactococcus did not produce 5-MIAA in this time frame (Figure 4.15G). Together, these data
demonstrate that the Lactobacillus-derived small molecule 5-MIAA can activate hepatic Nrf2 and

promote transcription of genes involved in the cellular antioxidant response.
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Figure 4.15: Lactobacilli produce 5-MIAA in vitro.

Relative abundance of 5-MIAA in culture supernatants of the listed bacteria at t=0 hours (black

columns) and t=18 hours (grey columns) of culture.
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4.3 DISCUSSION

In this study, we demonstrate a previously unappreciated role for the microbiome in altering
hepatic xenobiotic and antioxidant responses via activation of the transcription factor Nrf2.
Furthermore, we identify Lactobacilli sp. as mediators of this effect in part due to their production
of 5-methoxyindole acetic acid, which we detected in both culture supernatant from in vitro
cultures of Lactobacilli sp. and in serum extracted from the portal circulation of LGG gavaged
animals. Activation of Nrf2 by LGG in vivo was functionally protective against oxidative liver
injury, as administration of exogenous LGG protected against both acetaminophen-induced
hepatotoxicity and acute ethanol toxicity in a Nrf2 dependent manner.

Our data demonstrate commensal-mediated activation of a highly conserved xenobiotic
response pathway in two model organisms, Drosophila melanogaster and Mus musculus. Insects
and mammals are highly evolutionarily divergent, yet this signaling is mechanistically conserved,
providing further evidence for the importance of gut-resident microbes in modulating systemic
health and susceptibility to disease. Our group has demonstrated that ingested microbes can induce
activation of Nrf2 and confer cytoprotection of the gut epithelium of both flies and mice when
directly contacted by bacteria 37, suggesting the Nrf2 pathway may have evolved a secondary role
in perception and response to the microbiota. The present work shows microbes can stimulate
cytoprotective effects systemically and affect a central nexus of biochemical processing with
profound effects on host metabolism of ingested xenobiotics.

Recent research has established a role for the gut microbiome in influencing human health
and homeostasis, even in organs anatomically distant from the intestine. Indeed, many systemic
human diseases affecting hepatic, cardiovascular, and even neuronal tissues can be modulated by

the collective microbial structure within the gut (and likely other tissues) 11. This realization has
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prompted attempts to modulate the microbiome therapeutically through the use of probiotics,
antibiotics, and fecal microbiota transplant (FMT). Of these, probiotics hold significant promise,
with fewer negative sequelae than antibiotics and without the cost and invasiveness of FMT.
However, the likely diverse mechanisms by which specific bacteria and their products elicit their
distinct beneficial effects remain unknown. Additionally, probiotics have only been shown to be
efficacious in very specific clinical scenarios. Therefore, identification of discrete molecular
pathways affected by probiotic administration would allow for the more targeted use of probiotics
or exploitation of microbial derived small molecules.

Previous studies in mice have shown that the commercially available probiotic
Lactobacillus rhamnosus GG can improve outcomes in several clinically relevant models of liver
injury, including NAFLD 24,4344 and ALD 41,4245. Mechanistically, these effects were attributed to
the ability of LGG to alter bile acid signaling and promote barrier function. Indeed, we and others
have shown Lactobacilli are quite effective at enhancing intestinal epithelial barrier function s,
suppressing innate inflammatory signaling pathways 49, and stimulating proliferation ss, which
clearly could contribute to the widely known beneficial effects of treating mice with this microbe.
The data presented here add to this body of literature by establishing a novel mechanism by which
LGG can alter hepatic networks and consequently modify susceptibility to disease. We identify 5-
MIAA as a LGG-derived small molecule inducer of Nrf2, though it is likely that many other small
molecules are present within the portal circulation in response to LGG that we could not identify
using our specific metabolomic platform. Future studies investigating the proteome, lipidome, and
transcriptome of the portal circulation of mice exposed to a range of bacteria will be necessary for

us to gain a full understanding of the microbiome-gut-liver axis.
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We utilized acetaminophen toxicity, an acute model of oxidative liver injury, to
demonstrate the functional importance of LGG-mediated hepatic Nrf2 activation. These data
demonstrate that Nrf2 mediates the hepatoprotection observed in LGG pretreated animals after
APAP overdose. Importantly, LGG administration does not alter the expression of the cytochrome
P450 enzymes necessary for the conversion of APAP to its toxic metabolic byproduct, NAPQI.
Additionally, while no significant alteration in hepatocyte proliferation (as measured by PCNA
immunohistochemistry) was observed between vehicle and LGG treated mice at 24 hours post-
APAP, there was a trend toward more proliferation in LGG-treated animals. These data raise the
possibility that hepatic repair mechanisms may be altered and may play a role in models of chronic
liver injury. While acetaminophen hepatotoxicity is a clinically important problem 3950, the
necessity for pretreatment with LGG largely diminishes its therapeutic potential. Nrf2 is protective
against many liver insults, and is implicated in the pathogenesis of more chronic conditions such
as non-alcoholic fatty liver disease s1, ALD 52, and HCC s3. As these injuries occur over a much
longer time frame than acetaminophen overdose, it is possible that probiotics can be used to
therapeutically boost Nrf2 activity and the subsequent cytoprotective responses after diagnosis.
Several studies have begun to elucidate the utility of LGG in protection from these chronic liver
injuries, however the mechanistic importance of Nrf2 has not been investigated. More generally,
our observation that specific bacteria can induce hepatic detoxification pathways has additional
implications for clinical medicine. It is well known that specific bacterial members of the
microbiota can directly metabolize specific ingested pharmacological agents and xenobiotics,
resulting in inactivation (or transformation to a toxic form) 1s. Our results suggest that composition

of the microbiota, or supplemented bacteria can alter host bioprocessing of xenobiotics with
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potentially greater global effects individual pharmacological agents given the wide spectrum of
activities induced by the Nrf2 pathway.

In summary, these findings add to our understanding of the functional consequences of the
microbiome-gut-liver axis. Furthermore, we establish Lactobacilli as potent drivers of hepatic Nrf2
and add to the significant body of literature supporting its potential as a hepatoprotective agent.
These data also indicate that the microbiota, aside from specific intrinsic encode biocatalytic
activities, are capable of inducing host bioprocessing pathways, with potential consequences on

ingested xenobiotics and pharmacological agents.

Limitations of Study

While we demonstrate in this study that Lactobacilli are capable of activating Nrf2 at a
distance via the production of the small molecule 5-MIAA, there are several key limitations that
should be noted. First, we only tested a few representative microbes for systemic Nrf2 activation
in our Drosophila model. These microbes do not cover the gut microbiome as a whole, and it
would be interesting to determine what other bacterial taxa have this capability. Drosophila have
a much more limited microbiome than mammals, with an abundance of aerobes and facultative
anaerobes present in the gut and a complete absence of anaerobes 3s. This discrepancy prevents a
full screen of all the critical bacterial species present in the murine or human intestine. Another
limitation of this study is that analysis of portal serum from LGG treated mice revealed 133
differentially abundant features, of which only 6 were identified. It will be interesting to identify
those other small molecules and characterize their Nrf2 activating capacity. Additionally, we only
assessed small molecules in this study. Future studies should include analysis of other components

of the portal circulation via proteomics and lipidomics.
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4.4 METHODS

Mice

Germ-free C57BL/6 animals were obtained from Taconic and maintained in germ-free isolators
under the care of the Emory Gnotobiotic core. Conventional animals were obtained from Jackson
Laboratories. Nrf2fs animals were obtained from Taconic (Model 13107) and crossed with Alb-
Cre hemizygous mice from Jackson Laboratories (Stock #003574). Nrf2 KO mice were Alb-Cre+/-
, Nrf2am and WT controls were littermate Alb-Cre--, Nrf2nm. Gavage of commensals and
probiotics was performed as described previouslysz. Briefly, 2x10"8 CFU of LGG or BC was
prepared as described below and resuspended in 100 uL HBSS and administered via oral gavage
to mice. This was performed daily for 14 days prior to sacrifice or administration of APAP or
EtOH. All conventional mice utilized for this study were male, 8-10 weeks of age. Mice were
maintained as per the approved protocol by the Emory University Animal Care and Use
Committee. Mice were maintained at an average temperature of 22° C and a standard 12 hour
light/dark cycle (7 am — 7 pm). Mice were fed a standard chow diet (Purina Lab Diets Cat# 5001).
Health Status checks were performed daily by veterinary technicians.

Conventionalization

GF Littermates were divided at weaning (3 weeks of age) and half (3 males, 3 females) were
maintained in the germ-free isolators for three weeks. The other half of the litter (3 males, 3

females) was transferred out of the isolators and placed in cages containing dirty bedding from the
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specific pathogen free (SPF) colony within the same mouse facility. These mice were given three
weeks to acquire a microbiome prior to sacrifice and analysis of liver tissue. As all follow up
studies in conventional mice were performed in males, no analysis of the sex-specific effects of
conventionalization was performed for this study.

Drosophila

Germ-free Drosophila were generated by collecting freshly laid eggs, then incubating in 50%
bleach for 5 minutes followed by three 5 minute washes in sterile water. 5 days post-eclosure, GF
Drosophila were allowed to feed on either GF food or food containing 2x10"8 CFU LGG/mL for
3 days. Monocolonized Drosophila were then used for experiments. dNrf2 knockdown Drosophila
were generated using the Gal4 UAS system described previouslysas. Briefly, virgin Yolk-Gal4/cyo
Drosophila were crossed with male W1118 (control), or UAS-CNCC IR (dNrf2 knockdown).
Straight-winged female offspring were collected 5 days post-eclosure and used for experiments.
gstD1-GFP Drosophila were made germ-free, and early third instar larvae were allowed to feed
on GF, E. coli, B. cereus, LGG, or L. plantarum colonized food for 16 hours. All studies in adult
Drosophila were initiated at 5 days post-eclosure. Drosophila were maintained on a 12 hr
light/dark cycle (7 am — 7 pm) at 25° C.

Cell lines and Culture

HepG2 cells stably transduced with the ARE-Luciferase construct were purchased from BPS
Bioscience. These cells are male in origin. Cells were cultured in Growth medium 1K (MEM
medium supplemented with 10% FBS, 1% non-essential amino acids, 1 mM Na-pyruvate, 1%
Penicillin/Streptomycin) at 37° C and 5% CO2.

Mass spectrometry
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Liver samples were collected from GF and CV animals (nh = 6 per group), weighed, and
metabolites extracted by protein precipitation using acetonitrile (10x volume:tissue). Untargeted
metabolomics profiling was performed using liquid chromatography (HILIC or C18 analytical
separation) coupled to a Thermo Scientific High-Field Qexactive mass spectrometer (HILIC/ESI+,
C18/ESI-, 85-1,275 m/z, 120k resolution). Spectral features (m/z, retention time) corresponding
to identified and uncharacterized metabolites were integrated and aligned using
apLCMS/xMSanalyzer software. Statistical analysis was performed using Metaboanalystss and
pathway enrichment analysis using Mummichog softwares2 and used in combination with a library
of > 500 chemicals verified by m/z, retention time and MS/MS by authenticated
standards. Candidate molecule were identified following ion dissociation experiments on a
Thermo Scientific Fusion mass spectrometer, and spectral library matching to the mzCloud library
using Compound Discoverer 3.0.

RNAsequencing

RNA-Seq analyses were conducted at the Yerkes NHP Genomics Core on GF (n = 6) and CV liver
(n = 6). RNA was isolated from snap frozen liver tissues using the Qiagen RNeasy mini kit
(Qiagen) and assessed for integrity and quantity using an Agilent Bioanalyzer (Agilent
Technologies) and a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). Libraries
were prepared using the Illumina TruSeq mRNA stranded kit as per the manufacturer’s
instructions. Briefly, 500-1,000 ng of Globin-depleted RNA was used for library preparation.
ERCC synthetic spike-in controls 1 or 2 (Ambion) were added to each total RNA sample and
processed in parallel. Amplified libraries were validated using the Agilent 4200 TapeStation and
quantified using a Qubit fluorometer. Libraries were normalized, pooled, followed by clustering

on a HiSeq 3000/4000 flowcell using the Illumina cBot. The clustered flowcell was then sequenced
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on the Ilumina HiSeq 3000 system employing a single-end 101-cycle run, with multiplexing to
achieve approximately 20 million reads per sample. Transcript abundance was estimated using
htseg-count v0.6.1p1 and differential expression analyses were performed using DESeq2. The
upstream transcriptional regulator module in the Ingenuity Pathway Analysis software was used
to determine potential transcription factors involved in the observed transcriptional profiles from
GF and CV mouse livers.

Bacterial cultures and growth conditions

Lactobacillus sp. and Lactococcus sp. were grown in de Man, Rogosa, and Sharpe (MRS) broth at
37 degrees Celsius without shaking. Bacillus cereus was grown in brain heart infusion (BHI) media
with shaking at 37 degrees Celsius. Escherichia coli K12 and Salmonella typhimurium were grown
in LB media with shaking at 37 degrees Celsius for 16 hours prior to administration. For oral
gavage, all bacteria were cultured for 16 hours, centrifuged at 3000xg for 5 minutes, the
supernatant aspirated, and the pellet washed with one volume HBSS. This was repeated for a total
of 3 washes. The bacteria were then resuspended to a final concentration of 2x10"9 CFU/mL and
100 uL of this was gavaged to animals as described above. For Drosophila monocolonization,
bacteria were resuspended in food at a final concentration of 2x1078 CFU/mL.

Drosophila fat body challenge

For evaluation of dNrf2 activation in the fat body in response to paraquat (PQ) and acetaminophen
(APAP), early third instar GST-GFP larvae were fed food containing either H20 (vehicle), 15 mM
PQ, or 100 mM APAP. 16 hours later, fat bodies were dissected, fixed, and imaged as described
above. For survival assays, 5 day old GF, CV, or LGG monocolonized Drosophila were transferred
to fresh vials containing either H20 (vehicle), 15 mM PQ, or 100 mM APAP dissolved in 5%

sucrose and 1% agar. Flies were maintained at 25 degrees Celsius and mortality recorded.
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Immunofluorescence

Liver samples for immunofluorescence were embedded in OCT (Sakura Rinetek USA) and snap
frozen. 5 uM sections were fixed in 4% paraformaldehyde. Samples were permeabilized in 0.5%
triton-X 100 in PBS and blocked with 5% bovine serum albumin (Sigma Aldrich). The Nrf2
polyclonal rabbit antibody was used at 1:100 in PBS with 0.1% Triton-X and 5% BSA. Samples
were incubated in primary antibody overnight at 4 degrees Celsius. Samples were then washed
three times and incubated for 1 hour in Alexa-fluor 488 goat anti-rabbit (Invitrogen). Samples were
again washed and incubated with DAPI at a concentration of 1:10000 in PBS for 5 minutes.
Samples were mounted using Prolong diamond antifade and imaged on Nikon eclipse 80i
microscope fitted with a R1 Retiga Q Imaging camera. The images in Figure 4.4 were obtained at
60x magnification at an excitation/emission of 493/519 (Alexa-fluor 488 for Nrf2) and 358/461
(DAPI for nuclei). Colocalization analysis was performed using ImageJ (NIH). For imaging of
Drosophila fat body, fat bodies were dissected, fixed in 4% PFA and 0.1% NP40 in PBS for 5
minutes, followed by 3 PBS washes. Fat bodies were whole-mounted on glass microscope slides
and imaged using Nikon eclipse 80i microscope fitted with a R1 Retiga Q Imaging camera.
Quantification of fluorescence intensity was performed using ImageJ software (NIH).
Transcriptional analysis

For transcriptional analysis, whole liver was dissected and snap frozen in liquid nitrogen. Liver
was then homogenized using a liquid nitrogen cooled mortar and pestle. 50 mg of liver tissue was
mechanically disrupted in Trizol (Invitrogen) using a MagnaLyser with MagnalLyser beads
(Roche). For in vitro samples from HepG2 cells, cells were lysed directly into Trizol. RNA was

prepared according to Trizol manufacturer’s instructions. RT-PCR was performed using
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SybrGreen supermix (Bio-Rad) using the primers listed in Table S1. Fold change determined using
2”ddCt method se.

Acetaminophen challenge

Mice were fasted overnight (16 hours) with free access to water. Mice were then gavaged with 300
mg/kg or 600 mg/kg acetaminophen dissolved in HBSS with 50% polyethylene glycol. Mice were
monitored for distress throughout the course of the assay. At 24 hours post treatment, mice were
sacrificed, serum collected for biochemical assays (see below), and liver harvested for histology
(FFPE). Histologic analysis of H&E stained sections was performed in a blinded fashion by a
board-certified pathologist (BSR). ALT activity was assayed using the ALT Infinity assay
(Thermo Scientific) according to manufacturer’s instructions. GSH and GSSG were measured
from liver tissue using a glutathione assay kit (Cayman Chemical) according to manufacturer’s
instructions. Formalin-fixed paraffin embedded samples were stained with haemotoxylin and eosin
and imaged at 10x. 5 images were obtained from each section and percent necrosis calculated by
a board-certified pathologist (Brian Robinson, MD/PhD).

Ethanol challenge

Ethanol challenge was carried out as described previously 4s.47. Briefly, mice were fasted overnight
(16 hours) with free access to water. Mice were then given an oral gavage of 6 mg ethanol per kg
body weight. 6 hours later animals were sacrificed, serum collected for ALT activity assay as
described above, and liver harvested. For histologic analysis of steatosis, 5 um thick liver
cryosections were formalin fixed and stained with Qil red O. Images were obtained at 20X.
ARE-Luciferase Assay

HepG2 cells stably transduced with the ARE-Luciferase construct were purchased from BPS

Bioscience. Cells were exposed to serial dilutions of the indicated compounds for 12 hours and
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luciferase detected using the One-Step Luciferase assay system (BPS Bioscience) on a HTX
Synergy plate reader (BioTek). Data are represented relative to vehicle control.

Western blot analysis

For analysis of Nrf2 nuclear translocation, HepG2 cells were exposed to 5 mM 5-MIAA for 6
hours. Nuclei were prepared using the NE-PER kit (Thermo-Fisher) according to manufacturer’s
instructions. Equal protein (as determined by BCA assay (Thermo Scientific)) was run on 4-20%
gradient gels and transferred to nitrocellulose membranes. Primary antibodies were incubated in
5% non-fat dry milk in TBS + 0.1% Tween overnight at 4 degrees Celsius at a dilution of 1:1000.
The Nrf2 antibody used was rabbit anti-Nrf2 (Abcam). HRP-conjugated anti-rabbit secondary
antibodies (GE Healthcare) were used along with Pico substrate (Thermo Scientific). Blots were
imaged using KwikQuant digital imager. Densitometry analysis was performed using Image-J
software (NIH). Data were normalized to H3 signal.

QUANTIFICATION AND STATISTICAL ANALYSIS

Values are presented as mean +/- SEM. Statistical analyses were performed using GraphPad Prism
software. For comparisons of two groups, t-test was used. For Drosophila survival studies, the
Log-Rank test was used to determine statistical significance. For comparisons of groups of 3 or
more, one-way ANOVA was used, followed by Dunnett’s multiple comparison test. For unpaired
t-tests, F tests were performed to determine equal variances between groups. For one-way
ANOVA, the Brown-Forsythe test was performed to determine equal variances between groups.
Statistical parameters are stated within the figure legends.

DATA AND CODE AVAILABILITY

The RNA sequencing data generated in this study are available in the Gene Expression Omnibus

repository under the accession number GSE145012.
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5.1 DISCUSSION

The gut microbiome has been called the “forgotten organi.” While not essential to the
survival of the host, it does fine-tune host fitness. The metabolic activities intrinsic to intestinal
bacteria improve nutrient harvest from the diet2, produce myriad small molecules that affect host
signalings, and may even detoxify caustic ingested compoundss. These activities have immense
physiological consequences, which have been teased out in studies utilizing germ-free mice and
other model organisms. In support of these findings, dysbiosis is frequently observed in human
disease and has been proposed as a potential disease modifying factor in cases in which no other
genetic or environmental factors appear to be at plays. With this in mind, clinicians and researchers
have deployed a host of microbiome-modifying therapies to attempt to treat human diseases.

Antibiotics can eliminate pathogenic bacteria or tamp down bacterial overgrowth and are
beneficial in many clinical scenarios. However, they also deplete beneficial bacteria and interfere
with the complex community architecture of the intestinal microbiomes. This can, at its worst,
open a niche for the bloom of pathogenic bacteria, such as C. difficiler.

Fecal microbiota transplant (FMT) is a therapeutic modality with immense promise that
has gained surprising traction in popular culture. Beyond its use for the treatment of C. difficile, it
has been proposed (within the scientific community) as a potential therapy for other intestinal
disorders associated with dysbiosis, such as irritable bowel syndrome and inflammatory bowel
diseases. Outside of mainstream microbiome research (no pun intended), FMT has been touted as
a cure-all for intractable medical maladies. Blogs are dedicated to the benefits of FMT for
indications well outside of the narrow diagnosis of recurrent C. difficiles. And while clinicians may
be limited in their ability to dole out FMTs, there is a small, dark corner of the web that provides

instructions for the avid Do-It-Yourselfer. Despite this bolus of testimonials, controlled clinical
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trials have found mostly mixed and negative results when it comes to the use of FMT outside of
treatment of recurrent C. difficiles.

Probiotics are another potential mode by which clinicians can modify the microbial
communities in our gutio. Probiotics can be given orally and in pill form, making them more cost
effective that FMT, and have relatively few negative sequalae compared to antibiotic use.
However, their efficacy, just like FMT, does not measure up to the hypez.

Despite its moniker as “the forgotten organ,” study of the microbiome comes with more
challenges than that of a classical organ system. Far from being a discrete set of genetically
homogenous cells, like host tissues, the microbiome is a dynamic and ever-changing community
of microbes, fungi, and virusesi2. Microbes compete and rely on each other for resources, in
addition to being tensed against the onslaught of neutralizing antibodies and antimicrobial peptides
secreted by the host. This interplay complicates the use of any of the microbiome-based therapies
outlined above. Without detailed molecular insight into the mechanisms behind the observed
functional effects of the microbiome, it is unlikely that we can reproduce a clinical scenario in
which modulation of the microbiome would have benefit in humans. The studies included herein
add to that understanding in 3 distinct ways.

In Chapter 2, we identified a discrete microbiome-derived small molecule and
characterized its effect on hepatic metabolism. In Chapter 3, we developed a model of oxidative
liver injury in Drosophila, providing a high-throughput system for the identification of disease-
modifying effects of the microbiome. In Chapter 4, we characterized the effects of the microbiome
on hepatic signaling, identified the microbial species responsible, and demonstrated a therapeutic
benefit of exogenous administration of those species. Together, these studies represent a small

contribution to a burgeoning field and can be significantly extended as outlined below.
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5.2 FUTURE DIRECTIONS

In Chapter 2 we identified the microbiome-derived small molecule 5-valerobetaine, which
is absent in germ-free mice and acts on the host to lower circulating and cellular carnitine. This, in
turn, inhibits systemic hepatic fatty acid oxidation and exacerbates hepatic steatosis after an
overnight fast. Historically, this may have been an evolutionary advantage as food was scarce and
preservation of adipose stores was paramount. Indeed, conventional mice are more resistant to
starvation than genetically identical germ-free animalsis. However, high levels of VB and the
consequent brake on fatty acid oxidation may contribute to metabolic syndrome, fatty liver disease,
diabetes, and other pathologies associated with our current epidemic of obesity. In support of this
hypothesis we found that circulating VB was correlated with central adiposity and severity of fatty
liver disease in humans.

A major weakness of this study is the lack of a clear mechanism. We currently do not
understand how VB decreases carnitine levels. Preliminary data suggest that it may inhibit
carnitine reuptake in the kidney, as VB treated animals have an increase in urinary carnitine.
However, it may also be acting at the level of carnitine synthesis. Given its structural similarity to
the carnitine precursor butyrobetaine, VB may be inhibiting carnitine synthesis by interacting with
BBOX, the enzyme that converts butyrobetaine into carnitine. Further experiments are necessary
to determine the relative contribution of these mechanisms to the carnitine lowering effects of VB.

Mechanism aside, itis clear that VB alters host fatty acid oxidation. This is likely a negative
metabolic outcome in obese patients that are trying to burn fat to lose weight. The obvious
approach to deplete VB is to deplete the microbiome. This could be done in an untargeted way,
I.e. through the use of antibiotics. However, for all of the reasons stated above, antibiotic therapy

is likely not the most viable path forward. Furthermore, broad-spectrum antibiotic treatment of
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mice did not decrease circulating VB levels. This is likely due to the promiscuous production of
VB by diverse bacteria (illustrated in Figure 2.3B).

Instead of targeting and depleting distinct bacterial species, it may be possible to target and
inhibit the conserved metabolic pathway for the production of VB. This would require the
elucidation of steps required for VB production by bacteria, followed by rational drug design to
inhibit those steps in all responsible bacteria. Alternatively, it may be possible to perform a high-
throughput compound screen on known VB producing bacteria. These culture supernatants could
be screened for VB production as shown in Figure 2.3. Finally, our data demonstrate that the
effects of VB could be rescued by addition of exogenous carnitine. Perhaps the most pragmatic
approach, if not the most scientifically satisfying, is to stratify patients based on VB status and
simply treat with exogenous carnitine. Indeed, this approach has already shown promiseias.

In Chapter 3 we characterized a novel Drosophila model of acetaminophen toxicity. We
demonstrate for the first time that acetaminophen (APAP) causes dose-dependent mortality in
Drosophila. Similar to mammalian systems, APAP resulted in a rapid production of reactive
oxygen species in the fat body. Toxicity could be attenuated or augmented using genetic or
pharmacologic approaches that have been validated in murine models. Finally, we used this model
to pilot an investigation of the effect of antibiotics and age on APAP toxicity.

This represents steps toward validation of this APAP model in Drosophila. However,
further use of this system will be essential to determine its utility in modeling mammalian disease.
For example, while fat body specific depletion of certain antioxidant genes (Nrf2, Trx1) did
augment mortality, it is unclear if the fat body is the only organ affected by APAP. Analysis of

intestinal tissue, as well as other systemic tissues, will be important.
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Other exciting future directions include performing deficiency screens to identify novel
genetic modifiers of APAP susceptibility. This will deepen our understanding of the exact
mechanisms of APAP toxicity, which are still incompletely understood. Current treatment for
APAP overdose is limited and mainly centered on supportive care. This model can easily be
adapted for screening of compound libraries to identify potential therapeutics for APAP. Finally,
Drosophila are a powerful tool for untangling the complex effects of the microbiome on host
susceptibility to disease. The data presented in Chapter 3 already demonstrate that the microbiome
IS protective against APAP toxicity. To assess the impact of individual microbes, a more
comprehensive monocolonization study can be performed.

In Chapter 4, we identify a previously uncharacterized role for gut-resident Lactobacilli in
activating hepatic Nrf2 and the subsequent antioxidant response pathway. This activation was
sufficient to protect against two different models of acute oxidative liver injury, namely
acetaminophen overdose and acute ethanol toxicity. Furthermore, Nrf2 was necessary for this
protection. We characterized the small molecules present in the portal circulation of LGG-treated
mice and identified 5 methoxyindole acetic acid as a Lactobacillus-derived metabolite capable of
activating Nrf2. Several key aspects of this study require further investigation.

First, while only Lactobacilli produced 5-MIAA, it is unclear if they are wholly responsible
for the increase in Nrf2 signaling observed in conventional animals relative to germ-free.
Monocolonization of germ-free animals with representative Lactobacilli, such as LGG, would be
helpful in clarifying this point. While the screen of bacterial supernatants performed in Figure 4.15
did include several diverse representatives of the host microbiome, it was by no means an
exhaustive screen. Analysis of other intestinal microbes, especially anaerobes that were not

investigated in this study, may be revealing.
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Second, the small molecule precursor and metabolic pathway necessary for 5-MIAA
production was not identified. It would be interesting to increase precursor abundance (i.e. through
dietary supplementation) and see if Nrf2 activation can be driven in this manner. Additionally, we
could genetically manipulate LGG to mutate the pathway necessary for 5-MIAA production and
determine the effect on hepatic Nrf2 activation and protection from liver injury.

Third, of the 136 features increased in the portal serum by LGG administration, we only
positively identified 6 compounds. The identities and activities of those other features should be
investigated. Furthermore, we only utilized small molecule metabolomics to characterize the portal
serum. Future studies using lipidomics, transcriptomics, and proteomics may reveal dramatic
changes that we missed using our narrow approach.

Finally, it is likely that there are many more effects of exogenous Lactobacillus
administration on the host. We focused on the liver due to its close proximity to the intestine, but
there are already myriad studies that demonstrate that gut microbes alter host physiology in nearly
every organ. A more detailed mechanistic understanding of how these effects are elicited may

make the use of probiotics in clinical practice a viable option.
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