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ABSTRACT

Familial dysautonomia (FD) is a rare, highly debilitating, developmental, and progressive
neurodegenerative disease, with recessive heritability, and primary penetrance among Eastern
European Jewish populations. The disease affects both the central and peripheral nervous
systems, with primary deficits in the autonomic and sensory divisions. Patients thus present with
numerous complex neurological phenotypes, and those of primary interest include severe
gastrointestinal dyscoordination, cardiovascular instability, baroreceptor imbalances that promote
autonomic “crises” marked by uncontrollable retching, and progressive visual decline leading to
blindness. There is no cure for FD, and patients are still subject to a poor quality of life despite
current advances in understanding the cellular mechanisms mediating the disease.

The nervous system, gut-microbial ecosystem, and central metabolism are individually
complex, but ever more intricate due to the crosstalk between these systems. Thus, dysregulation
or damage in one system could facilitate disruption in another, thus creating a negative feedback
loop between the gut-brain-metabolism axis and ultimately perpetuating neurodegeneration, gut
dysbiosis, and a dysfunctional metabolism. Understanding how each individual system is
affected by the FD founder mutation could lead to methods for restoring healthy function to one
of the branches of the gut-brain-metabolism axis, thus arresting the negative feedback loop and
disease perpetuation. In this work, nuclear magnetic resonance-based metabolomics was
employed along with targeted mass spectrometry techniques to characterize the metabolic
changes of FD patients, and subsequently to interrogate the retinal metabolome of a retina
specific FD mouse model (Pax6).

Insights into the critical changes in FD patients’ fecal metabolites were found and
associated with neuronal networks and the gut-microbiome. Further avenues exploring these
results and the role of metabolic dysfunction in FD led to the interrogation of the retinal
metabolome of the Pax6 mouse model, and identification of altered metabolites associated with
energy circuits of the eye, mitochondrial function, and retinal ganglion cell health. These data
demonstrate metabolic dysfunction in FD patients, and the Pax6 model, with disruptions being
analogous to clinical phenotypes, gut-dysbiosis, and the cellular degeneration of FD patients,
thus providing foundational information for the generation of novel therapeutic options targeting
the cellular metabolic pathways of the gut-brain-metabolism axis.



1
CHAPTER ONE

INTRODUCTION

Metabolomics

Genomics, transcriptomics, proteomics, and metabolomics comprise the “-omics” fields
that enable a holistic methodological molecular approach to studying a biological system.
Genetic expression encompasses the transcription of a gene into mRNA and downstream
translation into proteins, which in turn, through specialized effector functions, facilitate transport,
and catabolic and biosynthetic reactions of small molecules called metabolites. Amino acids,
fatty acids, sugars, steroids, vitamins, and lipids are examples of metabolite classes that are
widely studied using metabolomics [1]. Given their interconnected nature, each “-omics” field is
sequentially interdependent and builds upon the last, with metabolomics representing the cellular
response to changes in genes, transcripts, and proteins. However, metabolomics not only reports
on internal cellular changes imparted by genomics, transcriptomics, or proteomics perturbations
monitored via the other “-omics” approaches, but is also mediated by environmental stressors
and lifestyle changes [2].

Genomics, transcriptomics, and proteomics are associated with ~20,000 genes, ~140,000
mRNA transcripts, and ~100,000 proteins, respectively [3,4]. Being the final readout and subject
to changes in genes, mRNA, proteins, and environment, the number of total metabolites that
mediate cellular responses were originally thought to reduce analyte complexity. A total of
~3,000 unique metabolites were originally thought to comprise all the cellular pathways in the
body, a number that is strikingly fewer than the total constituents of the other “-omics” field [4].

This number is now believed to be closer to ~218,000 compounds [5]. Though analyte



2

complexity may yet be comparable to the other “-omics” fields, metabolomics still captures the
vast amount of information that can be garnered from changes in biological phenomena, and
environmental stimuli into valuable datasets that contain direct information about cellular status
of tissues, organs, or organisms.

The basic principles of the field of metabolomics are to identify small molecules with
altered levels representative of a biological phenotype and then attempt to establish the
mechanism associated with these changes [1]. These small molecules can originate from the host,
microbial, dietary, or other exogenous sources and support an array of cellular functions
including energy production and storage, and regulation of gene expression, cell signaling,
growth, and differentiation [6]. Metabolomics applications have thus garnered more attention for
cancer, metabolic, and neurodegenerative disease research for their ability to elucidate the
pathophysiological mechanisms underlying a disease on a comprehensive scale [1]. The term
“biomarker” has thus emerged as a result of metabolomic studies that identify small molecules
indicative of disease diagnosis, inform on disease mechanisms, and lay the foundation for
developing novel therapeutics that target specific molecules and pathways to mitigate the disease
or associated symptoms [1,2,7]. Given the rise in metabolomics for disease research, specified
workflows have emerged to isolate, identify, and quantify groups of metabolites and discern

mechanistic relevance.

NMR Based Metabolomics

The field of metabolomics primarily utilizes the two following analytical techniques: 1)
Nuclear Magnetic Resonance (NMR) spectroscopy and 2) Mass Spectrometry (MS) [1-3]. Each

technique bears its own advantages and disadvantages, though herein, those of NMR are
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discussed. NMR is the most common approach to elucidate the three dimensional structures of
organic small molecules [4], and as such, is a valuable tool for untargeted metabolomics
methods. NMR spectroscopy is built upon the principle of energy absorption and re-emission by
atomic nuclei due to excitation with an external magnetic field [5]. Nuclei with a nuclear spin

I # 0 (where I = the nuclear spin quantum number, which is dependent upon the number of
protons and neutrons) are NMR active [6]. Thus, by subjecting NMR active nuclei to a strong
constant magnetic field, exciting the spin state to a different energy state with a radio frequency
pulse, and allowing the nuclei to precess back to their equilibrium state in the magnetic field, an
electromagnetic signal with a frequency characteristic of that nucleus can be captured [5,6]. The
local magnetic field surrounding an atom in a molecule changes the nuclear spin resonance
frequency, thus informing on the electronic structure of a molecule and its individual functional
groups. The frequency measured for nuclei of interest is thus unique for individual compounds,
and as such, results in characteristic spectral splitting patterns and chemical shifts, as observed in
an NMR spectrum. These spectral characteristics can thus be used to identify unknown
molecules in a complex metabolite mixture and allow for direct identification and quantification
of metabolites [2,3,5].

The nondestructive nature of NMR allows for the collection of multiple spectra for a
single sample, and the near absence of NMR spectrometer variations for a given magnetic field
strength enables NMR experiments to be a highly reproducible [2,4,5]. NMR can be used to
probe the magnetic properties of diverse spin ¥ nuclei: proton ('H), carbon (!*C), nitrogen (**N),
and phosphorus (*'P) [4]. 'TH NMR predominates metabolomics-based experiments because
protons are contained within the structure of almost every organic compound, and as such, every

known metabolite [4,5]. Additionally, "H nuclei are present at 99.98% natural abundance, have a
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large gyromagnetic ratio, compared to, for example, '*C nuclei, which are present ~1%
abundance and whose gyromagnetic ratio is a 1/4 of g ('H) [4]. This results in 'H NMR
experiments being intrinsically more sensitive than '*C NMR, and potentially being more
suitable for untargeted NMR metabolomics studies.

The limited sensitivity of NMR experiments is one of the drawbacks of the approach,
which in turn places a restriction on sample size and results in a limit of detection of 5 mM for
metabolites present in a typical sample metabolite mixture. Spectral crowding and overlap of
resonance signals is inherently limiting in untargeted NMR analyses of complex metabolite
mixtures, although 2D 'H-"H NMR and 'H-"3C correlation experiments can be used to alleviate
the spectral complexity observed in a 1D '"H NMR spectrum. Lastly, there is an intrinsic
limitation to the diversity of metabolites that are visible with any metabolomics technique, and
NMR is no exception. The extraction method and solvent used tailor any experiment to observe a
select group of metabolites, such as in the case of using water as a solvent, thus only enabling the
observation of polar metabolites. Despite the limitations of 1D 'H NMR, 50-200 metabolites
with concentrations >1 pM can be identified and quantified using this technique [3,7], informing
on many substrates, intermediates, and products of central metabolic pathways.

Given the increase of metabolomics-based research for diseases, there exists several
highly effective platforms for aiding in the identification and quantification of metabolites in
complex biological samples. One such program for NMR metabolomics is the Chenomx™ NMR
suite software [5,8]. This software enables further processing of 1D 'H NMR spectra and the
identification of metabolites through an automated or manual peak-based fit style. Both methods
for identifying compounds within the spectra consider the characteristics signatures of each 'H

resonance including the chemical shift and spectral splitting patterns, and quantitation of
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metabolites is obtained by measuring signal intensities. The software is equipped with a small
molecule reference spectral database and allows the use of additional small molecule reference
spectral libraries, including the Human Metabolome Database (HMDB) [9]. Metabolite
identification and quantitation is then achieved by fitting the spectral patterns and 'H chemical
shifts of reference compounds to those observed in the 1D "H NMR spectra of the sample
metabolite mixtures, similar to solving a jigsaw puzzle.

Though direct compound identifications and quantifications is achieved using 1D 'H
NMR, the overlap of NMR signals, or less distinct splitting patterns of a molecule may lead to
ambiguous metabolite annotations. Metabolite ID ambiguity may thus necessitate metabolite ID
validation via spiking of a pure compound, 2D NMR experiments, or use of an orthogonal
analytical method such as liquid chromatography-mass spectrometry (LC-MS).

Due to the non-destructive nature of NMR, validation of compound IDs can be done by
spiking a known concentration of a standard compound into the sample and confirming the
increase in 'H signal intensities for the annotated metabolite in question. Although more time
intensive, a valuable method for spectral deconvolution can be accomplished by collecting
2D NMR spectra that plot data with two frequency axes rather than one. The two dimensions of
the 2D NMR spectrum can consist of homonuclear or heteronuclear correlation experiments that
inform on interactions across single and multiple bonds within the molecule. 'H-'H correlation
spectroscopy (COSY) and total correlation spectroscopy (TOCSY) provide information on
proton interactions between neighboring, or all hydrogen atoms in a molecule, respectively.
Heteronuclear Single Quantum Correlation (HSQC) and Heteronuclear Multiple Bond
Correlation (HMBC) experiments inform on a single bond or multi-bond level, respectively, but

between two different nuclei, most commonly proton-carbon connections [4].
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One of the strengths of NMR spectroscopy is that it is highly complementary with mass
spectrometry to broaden the coverage of metabolites identified and quantified in metabolomics
experiments. Many advances in the field have helped improve sensitivity, which has been
considered a significant limitation of this analytical technique [10]. Sensitivity issues have been
ameliorated through the design of sensitivity-enhanced NMR cryoprobes, ultra-high field NMR
magnets, and improved spectrometer electronics [4,11,12]. As such, NMR spectroscopy is a
valuable tool in the metabolomics workflow that allows for efficient high-throughput analyses of
serum, fecal, and tissue samples to garner valuable information about molecular markers

indicative of disease phenotypes and the cellular mechanisms underlying disease pathology.

Statistical Workflow and Pathway Analysis

MetaboAnalyst is a widely used online platform designed for metabolomic data analysis
and interpretation with an aim to “enable high-throughput analysis for both targeted and
untargeted metabolomics, and to narrow the gap from raw spectra to biological insights” [13].
The software is capable of statistically normalizing metabolomics datasets and subsequently
performing univariate and multi-variate statistical analyses. Of the available features, the
statistical tests most common used for metabolomics datasets include univariate #-tests and
analysis of variances (ANOVAs) and multivariate unsupervised principal component (PCA),
supervised partial least squared discriminant (PLS-DA), random forest, and hierarchical
clustering (HC) analyses [1,14]. MetaboAnalyst is further equipped to perform validation and
correction tests to ensure that the statistical models generated do not lead to false positives or
overfit the data. False discovery rate correction (FDR) is available for t-tests and ANOVAs, and

multiple metrics can be used to assess the validity of the PLS-DA modeling, including: leave-
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one-out validation test for predictive variability metrics (Q?) and predicted residual sum of
squares (PRESS) error (R?), and separation distance and prediction accuracy permutation tests
(n=1000) [15,16]. MetaboAnalyst is also available as an R package that allows users to further
personalize their metabolomics data analysis through integration with MetaboAnalyst-associated
packages, allowing for the application of additional statistical metrics, including assessments of
classification error rates (CER), and area under the receiver operating characteristic curve
(AUROC) [5].

The final stage in the analysis of metabolomics data is a functional examination of the
small molecules that achieved significance based on statistical parameters such as p values and
validation metrics, by interrogating the metabolites of interest based on their biological context
and their role in central metabolic pathways and cellular functions. These pathways impact
analyses enable the identification of physiological and pathophysiological associations of
metabolites for specific disease states. MetaboAnalyst has a pathway enrichment analysis
module in which users input a list of metabolites of interest and the program maps the metabolite
to known biochemical pathways based on public databases such as HMDB [9], the Kyoto
Encyclopedia of genes and Genomes (KEGG) [17], and the Small Molecule Pathway (SMP)
database [5,18]. The pathway impact analysis provides an impact score based on a topological
analysis, thereby indicating pathways that may be most impacted based on the number of
metabolites identified and belonging to specific biochemical networks. This tool can then help
establish, together with a thorough review of published findings, the relevance of metabolites
and specific pathways of interest, yielding information that demonstrate the significance of the
metabolomics observations and provide molecular insights into mechanisms of disease or study

model.
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Complexities of Metabolomics Data Comprehension Challenges in the field of

metabolomics often arise due to the single time points of sampling of the metabolomes, which
provide only a snapshot of the biological systems of interest that are subject to change and highly
dynamic. Profiling of metabolites yields valuable information that can inform on the biological
and environmental changes of an organism, though the redundancy and complexity of metabolic
networks and the cross talk between metabolism, cell signaling, gene expression and regulation
can be challenging to interpret. Moreover, the lack of linearity in response of biological
metabolic networks adds to the challenge of data interpretation in terms of biological
significance and impacted cellular networks. Among the central metabolic pathways exist many
branch points that interconnect pathways via commonly used substrates and/or intermediates.
Additionally, many pathways are subject to feedback regulation by intermediates of coupled
metabolic pathways, which can lead to the shuttling of metabolites to alternative pathways or
cellular fates. As such, a single change in a metabolite level cannot be easily linked to a specific
pathological process. Metabolite patterns are most informative when clusters of metabolites are
found to be altered. Given the complexity and interconnected nature of metabolic pathways and
cellular networks, subsequent analyses are usually necessary to fully comprehend the biological
consequences of the observed metabolic perturbations, though the regulation and activity of
enzymes involved in a given metabolic pathway can usually be postulated, especially when
observed changes in metabolite levels correspond to metabolites that are part of the same
pathway, contribute to the regulation of that pathway, or are related to a disease hallmarks as
assessed by analysis of metadata that has been recorded in parallel with metabolomics data.
Metabolomics based techniques can be used to inform on the cellular mechanisms

mediating disease progression, and have gained more attention recently as a valuable tool for
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studying neurodegenerative diseases such as Alzheimer's and Parkinson’s [19,20]. As such,
metabolomics presents as an equally valuable tool to elucidate the cellular mechanisms
mediating neurodegeneration and inform on the clinical phenotypes and alterations of familial

dysautonomia patients.

Familial dysautonomia

Familial dysautonomia (FD) is a rare, highly debilitating, developmental and progressive
neurodegenerative disease and first coined Riley-Day syndrome by the New York pediatricians
who discovered it in 1949 [21,22]. FD has since been classified as Hereditary Sensory
Autonomic Neuropathy (HSAN) Type-l1ll given that patients present with complex neurological
phenotypes reflective of peripheral autonomic and sensory deficits, which begin at birth [22,23].
Children are diagnosed with FD based on the following features: 1) absence of axon flare
following intradermal histamine injection; 2) pain and temperature perception deficits; 3)
defective tear production; 4) smooth underdeveloped fungiform papillae of the tongue; 5) low
muscle tone and absence of deep tendon reflexes; and 6) Ashkenazi Jewish heritage [22].

FD is inherited among eastern European, Ashkenazi Jewish descent with a carrier rate
ranging from 1:27-1:32, and 1:18 for those with Polish heritage [21-23]. Both parents must carry
a mutated copy of the gene that causes FD (Figure 1), thus classifying it as an autosomal
recessive disease. Unlike many neurodegenerative diseases such as Alzheimer’s, Parkinson’s, or
amyotrophic lateral sclerosis (ALS) that are multifactorial in origin, FD is caused by a single
point “founder mutation” in >99% of patients. The founder mutation traces back to the Pale of
Settlement, a demarcated boundary where Jewish individuals were exiled to in the former

Russian Empire between 1791-1917 [21,23,23]. The rapid endogamous population expansion
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within the tight geographical constraints lent itself to a genetic bottleneck among the population

and increased the carrier frequency of autosomal recessive disease such as FD.
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Figure 1. The genetic origins and tissue specific splicing defects of ELP1 that give rise to
reduced ELP1 protein and Elongator Complex function in the nervous system and promote FD.
(A) An illustration of the autosomal recessive heritability of FD, indicating both parents must
carry one copy of the ELPI FD founder mutation, and their children must inherit two copies of
the mutated allele to be born with FD. (B) The relevant regions of the ELP1 gene for both a
normal and FD transcript, depicting exon 19-20, the associated introns, and the FD ELPI point
mutation (red star) in intron 20. (C) Represents various tissue types from FD patients that were
measured for their percent of exon 20 inclusion and highlights the deficit of exon 20 inclusion
primarily in tissue types of the nervous system. (D) The quaternary structure of the Elongator
Complex, where Elpl acts as the scaffold protein (orange), enabling assembly of the Elp1
subunits 1-6. Panels (B-D) were adapted from Dietrich & Dragatsis (2016), and Dauden, ef al.
(2017)[22,24].
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The mutation that causes FD is in the gene that encodes elongator protein 1 (ELPI,
formerly IKBKAP), and corresponds to a single thymine (T) to cytosine (C) base pair substitution
within the region of chromosome 9 associated with nucleotide position 2,204 and base pair 6 of
intron 20 (c.2204 + 6T > C) (Figure 1) [21,23]. This single base pair substitution causes a
splicing defect when the mRNA transcript is undergoing processing to remove noncoding
introns. As a result of impaired mRNA splicing, exon 20 is excised along with introns 19 and 20,
and a truncated form of the ELPI mRNA transcript results [22,25]. The miss-spliced mRNA
contains a frameshift mutation that introduces a premature stop codon, thus preventing the proper
translation of a fully functional ELP1 protein [25]. The truncated mRNA is thus targeted for
nonsense mediated decay, leading to a reduced production of functional ELP1 protein [22].
Interestingly, this splicing defect occurs in a tissue specific manner, with neurons being the prime
tissue type that contains the smallest levels of functional ELP1 protein as a result of a greater
frequency of impaired splicing in these tissues (Figure 1) [22,25,26].

ELP1 is the scaffold protein of the 6-subunit elongator complex comprised of ELP 1-6
(Figure 1). The elongator complex, and thus ELP1, are necessary for the development and
survival of neurons due to the role of the elongator complex in modifying tRNA wobble uridines
and facilitating the translational expression of AA- and AG- codon-biased genes [27-30]. Lysine,
glutamate, and glutamine are the amino acids with redundant codons ending in either AA- or
AG-. The elongator complex facilitates interpretation of redundant codons by chemically
modifying transfer RNAs (tRNAs) with the addition of a thiol (s?) and 5> methoxy-carbonyl-
methyl (mem®) modification to the uridine in the wobble position at nucleotide number 34 of the
tRNA molecule [28,31]. Goffena, J. et al demonstrated that the mem’s? elongator complex

modification increases translational efficiency of large AA- biased codons and decreases the
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efficiency of small AG- biased codons [28]. When the translational cellular machinery
encounters an AA- ending codon without the mem®s? modification, ribosome stalling occurs in
the translational process and leads to protein misfolding. As a result, lack of ELP1 and elongator
complex assembly negatively impacts the production of several cellular proteins of varying sizes
and AA:AG ratios. Proteins most impacted include those involved in DNA repair, histone
acetylation, and actin cytoskeleton organization for cell migration [27,28,32]. Neurons impacted
by the loss of ELP1 comprise both the central (CNS) and peripheral nervous system (PNS) in FD
[21-23,26,30].

The central nervous system includes the brain, spinal cord, and retina [33], and all the
nerves that innervate the limbs and organs of the body comprise the peripheral nervous system
and transmit sensory input (afferent) to, and motor (efferent) signals from, the central nervous
system [22,34]. The motor division of the peripheral nervous system can be further divided into
the somatic (skeletal muscle innervation) and autonomic (smooth muscle, cardiac muscle, and
glands) nervous systems. The autonomic nervous system has both a sympathetic and
parasympathetic component which mediates the “fight-or-flight”, and “rest-and-digest”
responses, respectively [22,34]. Though the parasympathetic nervous system is responsible for
conserving energy and digestion, it regulates all involuntary acts such as breathing, blood
pressure, sweating, salivating, tear production, temperature regulation, and many more [22,34].
The sensory and autonomic nervous systems are most impacted by the FD ELP1 mutation, and
as such, patients develop highly diverse symptoms with variable hallmark features including:
low body mass index (BMI) accompanied with low muscle tone; dysphagia and frequent
aspiration of food or drink promoting chronic lung infections; gastrointestinal dyscoordination;

cardiovascular instability; breath-holding spells and sleep apnea; spinal curvature; and baroreflex
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instability that promotes autonomic “crises” marked by vomiting, nausea, hypertension,
tachycardia and blotching [21-23,29,35]. The most debilitating clinical symptoms of FD are the
progressive neurodegenerative features of the disease which include optic atrophy and worsening
gait ataxia [21,35].

FD was once considered a fatal pediatric disorder, but advances in clinical care have
improved patient longevity and quality of life [21,22,35], though many current treatments still
focus on symptom management rather than prevention, and are not viable for long term use as
they are highly invasive and often have difficult-to-tolerate off target effects [22,35,36].
Increasing the expression of wild type ELPI has been a primary focus for developing therapeutic
treatment options for FD patients using small molecules splicing modulators (SMSMs), antisense
oligonucleotides (AOs), or adeno-associated virus (AAV) mediated gene therapy [37—41].
However, these methods are still in their infancy, and some of the earliest therapeutic
interventions aimed at enhancing the amount of functional ELP1 protein in diverse tissues
resulted in detrimental effects to patients health [35,38]. Although these methods are not devoid
of off target effects, SMSMs, AOs, and AAV-mediated gene therapies present a very promising
therapeutic approach for FD [37,40,41]. A third avenue for developing novel and viable
therapeutic options for FD patients includes characterizing the gut microbiome and central
metabolism disturbances; in so doing, these systems that are part of the gut-brain-metabolism
axis of FD could be targeted to develop novel, non-invasive therapeutics to treat or mitigate

neurodegeneration.
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Gut-Brain-Metabolism Axis

Extensive bi-directional cross talk between neurons, the gut microbiome, and central
metabolism highlight the gut-brain-metabolism axis as a valuable network of cellular processes
that can be targeted through any of the given branches for preventing and treating
neurodegenerative disease [42—44]. Communication between two of these axes (i.e., the gut-
brain, metabolism-brain, or gut-metabolism axis) has been explored, but studies involving all
three are only beginning to emerge.

Recent advances in neurodegenerative research regarding Alzheimer's, Parkinson’s, ALS,
and autism spectrum disorder (ASD) have highlighted the profound role the gut microbiome
plays in the progression of these neurological diseases and disorders [45—47]. Proper gut
microbial health is vital for maintaining overall host metabolic homeostasis and organ function,
as gut microbes can out-compete the host for important bio nutrients [48], or produce compounds
that are necessary for maintaining proper host health, and influencing the pathophysiology of the
whole body [49-53]. Indeed, several neurological disorders and metabolic diseases have been
associated with dysbiotic gut microbial communities [42,45,53,54].

Though not as well explored as the gut microbiome, central metabolism is equally
important for understanding the pathophysiological mechanisms underlying disease onset and
progression of neurodegenerative diseases and disorders [44,55-57]. Pathological markers of
neurodegenerative diseases include deficits in mitochondrial function and energy production and
oxidative stress, which are direct consequences of abnormal central metabolic regulations which
can worsen neurological symptoms [57-59]. FD shares many hallmark features with

Alzheimer's, Parkinson’s, ALS, and ASD , including the disruption of elongator complex
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function [58-61], and current evidence for FD patients suggests that metabolic dysfunction and
gut microbiome dysbiosis is present and exacerbating disease progression [62,63].

Vagal nerve innervation is reduced in the gastrointestinal (GI) tract of FD patients [64],
which likely promotes the manifestation of severe GI dyscoordination including impaired gastric
emptying, diarrhea, constipation, and gastroesophageal reflux [65]. Accompanying the
physiological GI symptoms experienced by FD patients is the recurrence of Clostridium difficile
(C. diff.) infections [35]. These debilitating characteristics indicate that FD patients may
experience overall gut dysbiosis, i.e. global compositional changes of the microbial population
including reduced gut microbiota biodiversity and complexity, and alterations in composition
[49]. Accompanying the signs for gut dysbiosis are clinical symptoms indicating a deficit in
metabolic homeostasis, especially regarding ATP (adenosine triphosphate) energy levels.
Beginning in infancy, FD patients have characteristically high metabolisms, low fat content, and
uncoordinated eating. These characteristics can result in malnutrition and failure to thrive, a
status that translates to adolescence and adulthood, and is reflected in extremely low BMI, and
reduced muscle tone partnered with increased incidences of Rhabdomyolysis, a chronic muscle
wasting disease [22,65,66]. Further, mitochondria of muscle and retinal ganglion cells (RGCs) of
FD patients exhibit structural abnormalities, and functional deficits of the electron transport
chain [67-70]. Considerable progress in understanding the clinical and scientific etiology of FD
has laid the groundwork for investigating the gut-brain-metabolism axis of FD, and a significant
portion of that foundation includes the development of many useful cellular and animal models

that recapitulate hallmarks of the FD disease at the cellular and phenotypic levels.



16
Models of FD

Cellular and Non-Mammalian Non-mammalian animal models of FD have been

particularly valuable for teasing apart the effect of Elpl absence in promoting developmental
deficits of the peripheral nervous system [29]. ElpI loss of function studies have been conducted
in Caenorhabditis elegans, chick, zebrafish, Zenopus, and Drosophila, which have allowed
researchers to identify deficits in neural cell migration, axonal branching, tissue innervation,
vesicle trafficking along microtubules, and synaptic function [22,29,71-74]. In addition to these
studies, cellular models of FD patient-derived lymphoblast and fibroblast have been used to
investigate therapeutic options, such as the usage of the small molecule splicing compound
kinetin [38,75]. However, most of FD research has relied on diverse FD mouse models to gain
mechanistic understanding of the CNS and PNS deficits in FD, and to test novel interventions
and therapeutics targeting restoring Elp1 levels and arresting or delaying progressive

neurodegeneration.

Mouse Models Variants of Elp1l mice were made by conditionally knocking out Elp1,
generating humanized transgenic mice, and by genetically combining both conditional knockouts
(CKOs) and transgenics [22,29]. Each FD mouse model yielded insightful information at the
cellular and phenotypic levels and ultimately guided the development of the Ta (7Tubala-Cre;
Elp1o°PLoxP) and Pax6 (Pax6-Cre; Elp """y mouse models used in this work.

The first FD mouse model was a humanized mouse, engineered by introducing the full
human mutant ELP] gene into the mouse genome via a bacterial artificial chromosome (BAC).
This model recapitulated the tissue specific splicing deficits of ELP1 observed for FD patients,

demonstrating that the same mechanism of altered splicing was translatable to mice [76].
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However, because mouse Elpl was expressed at normal healthy levels, this model did not exhibit
phenotypic manifestations of FD. Next, a conventional knockout was made using the LoxP -Cre
recombinase system targeting mouse Elp/, which demonstrated embryonic lethality, prompting
the generation of mice with a loss of ElpI function (Elp °*"3L*P) mutation, and exon 20 Elp1
deletion (Elp142742%), though both still demonstrated early embryonic stage lethality [77].
Post-embryonically viable FD mice were generated using a LoxP-flanked Elpl gene
locus (Elp /) and by generating a compound heterozygote with both the floxed and A20
alleles (Elp "**22%), resulting in a 90% and 95% reduction of Elp1 protein levels, respectively.
These mice required special care, though they were the first mice to recapitulate many
phenotypic attributes of the human FD disease, including: small stature, gait ataxia, loss of
fungiform papillae, pain and temperature sensation deficits, spinal curvature, progressive eye and
bladder pathology, and reduced lifespan [78]. Interestingly, a 5% increase in Elpl expression was
observed in the Elp /"**/1* mouse model compared to the Elp*¥2°  demonstrating a fine
threshold of Elp1 expression levels which, if met, might be able to resolve neuronal
developmental defects [78]. As such, a complex transgenic mouse was engineered, which
introduced copies of the FD human ELPI gene into the Elp142°/°* mouse (TgFD9; Elp 14?71o%),
allowing for low expression levels of properly spliced human and mouse mRNA, meeting the
minimum ELP1 (human and mouse) protein threshold, thus generating a viable mouse that most
closely models the global tissue-specific altered splicing defect observed in FD patients, and that
recapitulates many sensory and autonomic deficits of the disease [79]. Despite being the most
representative mouse model in terms of ELP1/Elp1 protein expression, subsequent conditional

knockout mice are still highly valuable to investigate specific organ systems, to tease apart the
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tissue specific functions of ELP1, and to test the effectiveness of therapeutics aimed at mitigating

the loss of specific cell populations.

Tubala-Cre”:Elp1**P**F Conditional knockout (CKO) mice were generated using the
LoxP-Cre system to selectively ablate Elp/ in specific tissues and to characterize the PNS
sensory and autonomic developmental deficits associated with FD [80,81]. Following those, a
pan-neuronal CNS and PNS CKO was generated using a Tubala promoter driven Cre
recombinase in which Cre was activated in early development (E12.5) and caused Elp! ablation
in a majority of the CNS and ~40% of the PNS [30]. This mouse was the first to demonstrate a
central nervous system requirement for Elp/ and that loss of Elp1 solely in the nervous system is
sufficient to recapitulate many of the hallmark behavioral and phenotypic signatures of FD that
are associated with both developmental and progressive neurodegeneration. These mice were
smaller in appearance, weighed less than control littermates, were completely devoid of
abdominal fat, and experienced shortened lifespan, often dying suddenly [30]. The
manifestations of gait ataxia, low grip strength, hindlimb clasping, tremors, and spinal curvature
(kyphoscoliosis) were attributed to perturbations in the development and survival of spinal motor
neurons and loss of innervation of the neuromuscular junction [30]. Impaired development and
subsequent decline of cortical motor neurons appeared to be at the source of abnormal behavioral
traits (poor grooming), and impaired spatial learning and memory [30]. Interestingly, this mouse
model was the first to recapitulate the slow progressive eye pathology observed in FD patients
[30,82].

Tubala-Cre expression was detected in ~90% of retinal ganglion cells (RGC), the cell
type responsible for visual decline in FD patients [68], and marginal amounts of Tubala-Cre

expression was detected in other neuronal cells: bipolar cells, amacrine cells, photoreceptors and
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Miiller glia [30]. As such, the Tubala-Cre*;Elp 1% (Ta) mouse model was the first to
enable the characterization of the visual impairments including diminished retinal function, and
pathology associated with FD. Development of RGCs was not inhibited, demonstrating that
differentiation of progenitors into RGCs is not dependent on Elp1 levels. With age however,
metabolically active temporal RGCs exhibited slow progressive degeneration, while the
melanopsin (intrinsically photosensitive) RGCs were resistant to death, recapitulating the human
manifestations of FD retinopathy. RGC degeneration was ultimately followed by optic nerve
thinning, disruption of the nerve fiber layers, Miiller cell activation, and indirect photoreceptor
loss [30].

Though Tubala-Cre*;Elp1*PL*F mice were the first to model slow progressive RGC
degeneration, this mouse model limited the understanding of the consequences of Elp1 reduction
in mediating FD optic neuropathy due to nearly autonomous expression of 7Tubala-Cre in RGCs.
Additionally, the model resulted in a pan-neuronal loss of Elp1, suggesting that the progressive
neuropathy observed in other tissues could be the cause of the retinal deficits observed. To

Ji LoxP/LoxP

overcome this limitation, a Pax6-Cre", Elp was thus engineered.

Pax6-Cre”; Elp 1:*”L>*F The Pax6 model was developed to assess whether the retinal

changes observed in the Ta mouse model of FD were due to a direct requirement for Elp1, or if
independent off target effects from other systems promoted disturbances in the retina, and to
further probe the health of all retinal cell populations. The retina specific knockout of Elp/ was
generated using the Cre-lox system and the Pax6 reporter gene, generating a Pax6-Cre”;
Elp1tow’lor (Pax6) CKO mouse model of FD [67]. This model confirmed that Elp1 is not

required for the development of the retina, and despite the abolishment of Elp/ expression in all
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retinal cell types (i.e., muller glia, amacrine cells, bipolar cells, and intrinsically photosensitive
RGC), only RGCs showed progressive decline, followed by optic nerve thinning [67].
Degeneration of RGCs and the temporal optic nerve is reminiscent of Leber’s hereditary optic
neuropathy (LHON) and dominant optic atrophy (DOA), both of which are visual disorders that
stem from mutations affecting electron transport chain function of the mitochondria [83—85]. As
such, the functional status of retinal mitochondria of the Pax6 model was interrogated, resulting
in the observation that inner mitochondrial membranes were depolarized, and the function of the
electron transport chain complex 1 protein and ATP levels were reduced [67]. This study
concluded that lack of Elp1 induced cellular changes that affected mitochondrial structure and
function, creating cellular stress and ultimately promoting death of RGCs and optic nerve
thinning.

Each mouse model developed to interrogate the cellular and pathophysiological
mechanisms underlying FD disease phenotypes are unable to completely recapitulate the human
form of the disease, as it is impossible to fully translate the in vivo FD physiological environment
of the human disease to a FD mouse model, and CKO mice selectively delete Elp/ expression in
target tissues instead of cells being subject to the tissue specific altered splicing of Elp].
Nevertheless, these FD mouse models have clearly demonstrated the efficacy of Elpl CKO to
identify pathophysiological mechanisms that give rise to the diverse debilitating symptoms of

FD, demonstrating their potential value for testing novel therapeutics to treat human FD.

Research Question, Hypothesis, and Research Aims

The research questions addressed in this dissertation and work described herein consisted

of the following: 1) Are the serum and fecal metabolomes of FD patients distinct from control
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relatives, and if so, which metabolites are indicative of the FD phenotype? 2) Is the gut microbial
community of FD patients distinct from that of control relatives and how do these microbiome
differences relate to observed metabolome differences? 3) How can the metabolic state of FD
patients be probed or redressed to further inform on phenotypic symptoms and ultimately help
ameliorate FD disease traits or mitigate disease onset and progression?

The aims of this dissertation research include the comprehensive and detailed
metabolomic characterization of stool samples, identification of altered metabolite levels in FD
patients, metabolomics studies of the Ta FD mouse model to identify the molecular mechanisms
at the source of the FD metabolic traits observed in FD patients, and an in-depth metabolomics
characterization of the Pax6 mouse retina. To accomplish these aims, techniques for extracting
polar metabolites from human and mouse stool samples were adapted [86,87] and optimized to
obtain sufficient amounts of metabolites for NMR studies, optimize signal-noise ratios of the
NMR experiments, and to separate proteins and other large molecules (lipids) that can yield
broad and undefined NMR signals in 1D '"H NMR spectra of metabolite mixtures and complicate
spectral analysis. Additionally, a metabolite extraction method was developed to measure levels
of taurine and other high abundancy retinal metabolites, which was adapted from experiments
characterizing rabbit lens [88], and rat retina [89], and modified to demonstrate use, for the first
time, of a perchloric acid extraction for NMR metabolomics studies of mouse retinae.
Optimization of these protocols enabled the characterization of the stool metabolomes of FD
patients and Ta mouse model, and Pax6 mouse retinas. Similarities and differences between
polar metabolite profiles of FD patients and control relatives were evaluated and recapitulation

of these profiles in the Ta. FD mouse model was examined. Altered levels of metabolites
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identified in the FD patients that were implicated in optic nerve pathology were also assessed in
the Pax6 FD mouse retinae.

In conjunction to the effort directed towards stool sample and retina tissue metabolomics
method development, significant training was received in mouse handling and experimentation at
the BSL1 and BSL2 levels. This training was vital to lead mouse experiments that characterized
the recapitulation of the human metabolomics data, and intervention experiments that targeted
the central metabolism. Substantial effort was dedicated to honing skillsets that enabled mouse
experimentation and collection of samples, such as the dissection of mouse retinal tissue for
NMR analysis and associated experiments. Lastly, western blots constituted the bulk of
experiments completed to interrogate choline (CTL1 and OCT1), and taurine (TAUT)
transporters in gut, liver and retinal tissue, which required substantial troubleshooting and
parameter optimization for each specific antibody.

A better understanding of the crosstalk between gut microbes, neuronal health, and
metabolic homeostasis may provide novel avenues by which to guide the development of
efficacious metabolism-based interventions and treatment strategies aimed at mitigating
neurodegeneration and neurodegenerative disease progression. The metabolome analyses
conducted herein on FD patients identified key metabolic disturbances indicative of many
phenotypic deficits experienced by FD patients and informed on altered metabolic pathways,
which may be worth exploring further to fully delineate gut-brain-metabolism interactions in FD.
One such exploration led to the identification of elevated gut-microbial processing of choline and
altered bile acid metabolism involving taurine in FD patients. Additionally, implications of
taurine in eye health inspired the characterization of retinal metabolic deficits that present as

likely candidates for non-invasive therapeutic methods to prevent the progressive decline of
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RGCs. Many other avenues that interrogate the metabolites identified in the original fecal
metabolomic analysis, or fully tease apart the contribution of altered choline and taurine
metabolism to the mechanisms mediating FD disease progression are promising future studies
that can be explored based on the foundational work presented herein. The metabolomics
findings presented in this PhD dissertation are the first detailed metabolome studies of FD
patients and FD mouse models, providing the first direct evidence that altered metabolic

pathways contribute to neurodegeneration through the gut-brain-metabolism axis in FD.
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Familial dysautonomia (FD) is a rare genetic neurologic disorder caused by
impaired neuronal development and progressive degeneration of both the
peripheral and central nervous systems. FD is monogenic, with >99.4% of

patients sharing an identical point mutation in the elongator acetyltransferase
complex subunit 1 (ELPI) gene, providing a relatively simple genetic back-
ground in which to identify modifiable factors that influence pathology. Gas-
trointestinal symptoms and metabolic deficits are common among FD
patients, which supports the hypothesis that the gut microbiome and meta-
bolome are altered and dysfunctional compared to healthy individuals. Here
we show significant differences in gut microbiome composition (16 S rRNA
gene sequencing of stool samples) and NMR-based stool and serum metabo-
lomes between a cohort of FD patients (-14% of patients worldwide) and their

cohabitating, healthy relatives. We show that key observations in human
subjects are recapitulated in a neuron-specific £lpI-deficient mouse model,
and that cohousing mutant and littermate control mice ameliorates gut
microbiome dysbiosis, improves deficits in gut transit, and reduces disease
severity. Our results provide evidence that neurologic deficits in FD alter the
structure and function of the gut microbiome, which shifts overall host
metabolism to perpetuate further neurodegeneration.

From 1791 to 1917, Jews living in the Russian Empire were forced to live
inside the prescribed Pale of Settlement, a region spanning present day
Ukraine, Poland, Slovakia, Hungary, Republic of Moldova, and Roma-
nia. This oppression created generations of endogamy within the
region and a genetic bottleneck that enriched a deleterious allele of the
ELPI gene such that today, between 1 in 18 to 1 in 27 Ashkenazi Jews
carry the original ELPI founder mutation (c2204 + 6 T > C)'~. The allele
is highly penetrant and results in impaired splicing of ELP1 (formerly
called IKBKAP*®), leading to a devastating neurologic disease first
described in 1949° and now called Familial dysautonomia (FD). FD

patients are homozygous for the mutant allele and have tissue-specific
reductions in Elpl protein, primarily in the nervous system’®, Elpl is a
key scaffolding subunit of the six-protein Elongator complex and is
required for codon-biased mRNA translation with additional reports of
a role in transcript elongation®™. FD symptoms result largely from
dysfunctional neuronal development and neurodegeneration of sen-
sory and autonomic neurons in the peripheral nervous system, leading
to widespread deficits in organ innervation®. FD patients have reduced
body mass index (BMI), high metabolic rate, and low fat content
indicative of metabolic deficits"*. In addition, patients have severe

'Department of Chemistry and Biochemistry, Montana State University, Bozeman, MT, USA. 2Department of Microbiology and Cell Biology, Montana State
University, Bozeman, MT, USA. ®Department of Neurology, New York University School of Medicine, New York, NY, USA. “These authors contributed equally:

Alexandra M. Cheney, Stephanann M. Costello, Nicholas V. Pinkham.

e-mail: lefcort@montana.edu; vcopie@montana.edu; seth.walk@montana.edu

Nature Communications | (2023)14:218


http://orcid.org/0000-0003-3425-2612
http://orcid.org/0000-0003-3425-2612
http://orcid.org/0000-0003-3425-2612
http://orcid.org/0000-0003-3425-2612
http://orcid.org/0000-0003-3425-2612
http://orcid.org/0000-0003-3425-2612
http://orcid.org/0000-0003-3425-2612
http://orcid.org/0000-0003-3425-2612
http://orcid.org/0000-0003-3425-2612
http://orcid.org/0000-0003-3425-2612
http://orcid.org/0000-0002-1851-9981
http://orcid.org/0000-0002-1851-9981
http://orcid.org/0000-0002-1851-9981
http://orcid.org/0000-0002-1851-9981
http://orcid.org/0000-0002-1851-9981
http://orcid.org/0000-0002-1851-9981
http://orcid.org/0000-0002-1851-9981
http://orcid.org/0000-0002-1851-9981
http://orcid.org/0000-0002-1851-9981
http://orcid.org/0000-0002-1851-9981
http://orcid.org/0000-0003-4095-5242
http://orcid.org/0000-0003-4095-5242
http://orcid.org/0000-0003-4095-5242
http://orcid.org/0000-0003-4095-5242
http://orcid.org/0000-0003-4095-5242
http://orcid.org/0000-0003-4095-5242
http://orcid.org/0000-0003-4095-5242
http://orcid.org/0000-0003-4095-5242
http://orcid.org/0000-0003-4095-5242
http://orcid.org/0000-0003-4095-5242
http://orcid.org/0000-0002-2778-1463
http://orcid.org/0000-0002-2778-1463
http://orcid.org/0000-0002-2778-1463
http://orcid.org/0000-0002-2778-1463
http://orcid.org/0000-0002-2778-1463
http://orcid.org/0000-0002-2778-1463
http://orcid.org/0000-0002-2778-1463
http://orcid.org/0000-0002-2778-1463
http://orcid.org/0000-0002-2778-1463
http://orcid.org/0000-0002-2778-1463
http://orcid.org/0000-0001-6891-8537
http://orcid.org/0000-0001-6891-8537
http://orcid.org/0000-0001-6891-8537
http://orcid.org/0000-0001-6891-8537
http://orcid.org/0000-0001-6891-8537
http://orcid.org/0000-0001-6891-8537
http://orcid.org/0000-0001-6891-8537
http://orcid.org/0000-0001-6891-8537
http://orcid.org/0000-0001-6891-8537
http://orcid.org/0000-0001-6891-8537
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-35787-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-35787-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-35787-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-35787-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-35787-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-35787-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-35787-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-35787-8&domain=pdf
mailto:lefcort@montana.edu
mailto:lefcort@montana.edu
mailto:vcopie@montana.edu
mailto:vcopie@montana.edu
mailto:seth.walk@montana.edu
mailto:seth.walk@montana.edu

Article

38

https://doi.org/10.1038/s41467-023-35787-8

cardiovascular, respiratory, and gastrointestinal (GI) dysfunction due
to innervation deficits**'. GI complaints are frequently reported by
FD patients and these symptoms significantly impact their quality of
life”. Similarly, patients with other neurological disorders, such as
autism spectrum disorder (ASD), also suffer from debilitating Gl
symptoms and share hallmark neurological impairments with FD'*%°,
The ultimate therapeutic goal for FD is to develop strategies to
increase levels of Elpl (protein) in the affected cell populations and
tissues, but no such treatments are clinically available. Since the per-
ipheral nervous system senses and responds to both the gut micro-
biome and liver - and in response to these signals regulates digestion
and metabolism, we sought to answer the basic question: Is the gut-
metabolism axis involved in FD pathology?

To address this question, we recruited FD patients and healthy,
cohabitating relatives to help control for lifestyle factors known to
influence comparisons®, such as environment (cohabitants share a
built environment), diet (cohabitants are more likely to eat the same
food), and genetics (parents carry one copy of the deleterious ELPI
allele and siblings have a 50% chance of carrying the mutant allele). In
total, 49 patients and 54 relatives provided at least one sample for
microbiome (n=51 patient-relative combinations) or metabolome
analyses (n =58 patient-relative combinations for stool; n = 50 patient-
relative combinations for serum; Supplementary Table 1a, b in Sup-
plementary Data 1). Given an estimated 350 FD patients worldwide, this
sampling effort represents ~14% of all known FD patients and a sample
size comparable to those reported in previous gut microbiome studies
of autism spectrum disorder (ASD), Alzheimer’s disease, and Parkin-
son’s disease?” >, Here, we present evidence that the gut-metabolism
axis is an important factor in FD progression and can be at least par-
tially reversed by microbiome homogenization via co-housing in a
mouse model of the disease.

Results

Altered gut-metabolism axis in FD

Gut microbiome diversity was quantified from stool samples using
Illlumina sequencing of the bacterial 16 S rRNA encoding gene (V4
region) and polar metabolites (serum and stool) were identified and
quantified using 'H NMR-based metabolomics. Results from such
-omics’ technologies are typically considered with respect to diversity,
meaning the presence-absence and relative abundance of observa-
tions (taxa for microbiome sequencing and metabolites for metabo-
lomics). Both within the sample (alpha-) and between group (beta-)
diversity estimates are important. All microbiome and metabolome
samples were plotted using ordination to visually compare groups
(Fig. 1a, e, f). Statistical tests were then performed to evaluate the
significance and identify key bacterial operational taxonomic units
(OTUs; 297% 16 S rRNA gene sequence identity) or specific metabolites
that explained observed differences between FD patients and relatives.
Clear groupwise differences were apparent in all ordinations, which
were supported by PERMANOVA testing. FD patient microbiomes were
more variable (greater dispersion, Fig. 1b; distance to group centroid,
Supplementary Fig. 1b) and represented only a subset of species found
in paired relatives (i.e., FD patients shared more OTUs with relatives
than their relatives shared with them, and FD patients had an average
of 45 fewer bacterial taxa compared to paired relatives; Fig. 1d). Alpha-
diversity was also lower in FD patient microbiomes compared to paired
relatives (Fig. 1a inset and Supplementary Fig. 1a, c). We observed a
positive trend between alpha diversity of FD patients and their rela-
tives (size of connected dots in Fig. 1a), and while intriguing, this did
not reach statistical significance (linear mixed effects model, Chi-
square=3.110, df=1, p=0.078). Partition around medoids (PAM)
clustering of OTU-based diversity suggested that microbiomes from all
subjects (i.e., patients and relatives) represented two distinct com-
munity types, or enterotypes (Supplementary Fig. 2a) with FD patients
significantly associated with cluster 1 and relatives with cluster 2

(Fisher’s exact test, Odds ratio = 9.388, 95% confidence interval of odds
ratio = 2.444 to 54.000); Supplementary Fig. 2b). The cluster 1 enter-
otype exhibited significantly lower alpha diversity compared to cluster
2 (inverse-Simpson’s index, t-test, t-statistic=-7.028, df=67.78,
p<0.0001, mean difference between patients and relatives =-7.884,
95% confidence interval of the difference between patients and rela-
tives=-10.123 to -5.646). Also, the abundance of seven OTUs
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Fig. 1| FD alters the microbi and metabol a Non-metric multi-

dimensional scaling (NMDS) of 16 S rRNA-based stool microbiome diversity in FD
patients and healthy relatives (all patient-relative pairs connected with lines). IS,
inverse-Simpson’s index. b, Microbiome beta-diversity (Bray-Curtis dissimilarity)
within and between FD patients and paired relatives (each violin plot contains a box
and whisker plot here a white dot = median, box = interquartile range (IQR), whis-
kers=1.5 times IQR). ¢, d, Microbiome richness (c) and percentage (%) of shared
operational taxonomic units (OTUs) (d) between FD patient and healthy relatives
(colors as in a; bars = mean; lines connect patients and relatives). e, f Partial least-
squares discriminant analysis (PLSDA) of 'H-NMR-based stool (e) and serum (f)
metabolome diversity in FD patients and healthy relatives (colors as in a, b).
n=a,b, 48 patients, Sl relatives; ¢, d, 38 patients, 47 relatives, 47 pairs; e, 54 patient,
58 relatives; f, 49 patients, 53 relatives. PERMANOVA of Bray-Curtis dissimilarity
(a, F=6.847,df=1,R*= 0.066) or Euclidean distance (e, F =2.153, df =1, R*= 0.0191;
f,F =2.506, df =1,R? = 0.0245); permutational paired t-testing, two-sided (c, mean t-
statistic = —5.423, df =29, mean difference between group means =-45.114, mean
95% confidence interval of the difference between the group means =-62.130 to
-28.100; d, mean t-statistic = 5.220, df = 29, mean difference between group
means =24.944, mean 95% confidence interval of the difference between the group
means =15.16 to 34.73).
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Fig. 2 | Microbi OTU and metabolite differences in FD. a OTUs responsible

for observed partition around medoids (PAM) clusters/enterotypes identified by
random forest analysis. OTUs defining cluster/enterotype 1 are shown above the
dotted line. OTUs defining cluster/enterotype 2 are shown below the dotted line
(centrality line = median, boxes = IQR, whiskers = 1.5 times IQR, dots beyond whis-
kers = outliers). b Metabolites showing significantly different abundances in FD
patients compared to relatives (line=mean). ¢ Targeted analyses of TMA in stool
(line = mean). d Targeted analysis of TMAO in serum (line =mean). n=a, 48
patients, 51 relatives; b, stool, 54 patient, 58 relatives; serum, 49 patients, 53 rela-
tives; ¢, d, 24 patient-relative pairs. Random forest analysis (a); Natural log (LN)
transformed metabolite concentration, permutational paired t-testing (two-sided)
with FDR correction (b, choline, mean t-statistic = 0.1485, df = 33, mean difference
between patient-relative pairs =0.9860, mean 95% confidence interval of differ-
ence between patient-relative pairs = 0.5281 to 1.4440; xanthine, mean t-statistic =
2.9527, df =33, mean difference between patient-relative pairs =-0.9591, mean
95% confidence interval of difference between patient-relative pairs = -1.4051 to
-0.5130; urea, mean t-statistic = 0.9269, df = 33, mean difference between patient-
relative pairs = 0.7281, mean 95% confidence interval of difference between patient-
relative pairs = 0.3527 to 1.1036; methanol, mean t-statistic = -1.5497, df =33, mean
difference between patient-relative pairs = -0.7295, mean 95% confidence interval
of difference between patient-relative pairs =-1.1875 to —0.2716); Paired t-testing,
two-sided) (¢, TMA, t-statistic =1.5423, df =16, difference between patient-relative
pairs = 0.4499, 95% confidence interval of difference between patient-relative
pairs =-0.1685 to 1.0682; d, TMAO, t-statistic = 3.3197, df = 23, difference
between patient-relative pairs = 0.6418, 95% confidence interval of difference
between patient-relative pairs = 0.2419 to 1.0417).

identified by random forest analysis and typically associated with
human health were altered, four of which were less abundant in cluster
1 (Fig. 2a and Supplementary Fig. 3) and among FD patients in general,
including Faecalibacterium® (OTU 4; permutational paired t-test,

mean t-statistic=-2.247, df =29, mean p =0.0360, mean difference
between patient-relative pairs = -220.51, mean 95% confidence interval
of the difference between patient-relative pairs = -421.102 to -19.918)
and Roseburia” (OTU 9; permutational paired t-test, mean t-statis-
tic=-2.093, df=29, mean p=0.0496, mean difference between
patient-relative pairs=-173.801, mean 95% confidence interval of the
difference between patient-relative pairs=-343.562 to -4.040).
Overall, these results suggest that many FD patients lacked common
“healthy” microbiome members.

All relatives of FD patients that participated in this study as mat-
ched controls were known to carry one copy of the ELPI founder
mutation (previously screened at the Dysautonomia Center, NYU
Langone Health) and even though carriers are asymptomatic with
respect to typical FD symptoms’, there is a possibility that the founder
allele is penetrant at the level of microbiome diversity. If true, micro-
biomes of FD relatives would be different from those of other healthy
adults. To test this hypothesis, we evaluated 16 S rRNA sequencing data
from healthy subjects of two previously published studies?®*. Subjects
from the first study® (n=172) were part of a large, multicenter, cross-
sectional design and subjects from the second study” (n=8) were
sampled longitudinally for an average of 512 days (average of 49 sam-
ples per subject), thereby allowing us to consider both between- and
within-subject microbiome diversity. When raw reads from these stu-
dies were combined and compared to FD relatives (Supplementary
Fig. 4,a, ¢) and FD patients (Supplementary Fig. 4,b, c), beta-diversity
(Bray-Curtis dissimilarity) was significantly different. However, when
analyzed separately and compared, the microbiome diversity between
all cohorts was significantly different (Supplementary Fig. 4,d) and
based on the distance to group centroids (the weighted average
microbiome diversity of each group, Supplementary Fig. 4,e), differ-
ences were greater between healthy individuals and FD patients
compared to FD relatives, regardless of study. Collectively, these
results provide little evidence that the gut microbiome diversity of FD
relatives is significantly different from that of healthy subjects in other
studies, where the frequency of the ELPI founder mutation is pre-
sumably low. Moreover, based on the observed distances to group
centroids, the microbiome of FD patients is the most different of all
cohorts analyzed, supporting a significant deviation from the micro-
biome diversity typically observed in healthy subjects.

Similar to microbiome diversity, metabolite levels were con-
sistently different between patients and relatives (Fig. le, f). Of the 55
polar serum metabolites identified, FD patients had significantly lower
levels of xanthine and methanol, and elevated levels of urea (Fig. 2b,
Supplementary Fig. 5,a). Of the 73 polar stool metabolites identified,
the only significant difference was an elevated level of choline in FD
patients (Fig. 2b, Supplementary Fig. 5b). Among FD patients,
increased choline levels in stool were significantly correlated with
lower microbiome alpha diversity, decreased richness, and fewer
shared OTUs among patient-relative pairs (Supplementary Table 2 in
Supplementary Data 1). Dietary choline is a precursor for microbiome-
driven production of trimethylamine’, which can be converted in the
liver to the well-known risk factor for cardiovascular’ and renal®>*
disease, trimethylamine N-oxide (TMAO). To investigate whether ele-
vated choline correlated with increased TMAO levels, we used a tar-
geted liquid-chromatography mass-spectrometry (LCMS) method on a
sub-set of patient-relative pairs (n=24) and found that serum TMAO
levels were indeed significantly elevated in FD patients (Fig. 2d), while
TMA in stool trended in the same direction but did not reach statistical
significance (Fig. 2c).

Patient factors associated with dysbiosis

Important factors specific to FD and/or FD treatment likely con-
tributed to differences in microbiome and metabolome diversity
between FD patients and relatives and especially to the heterogeneity
observed among FD patient samples. As might be expected of a
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progressive neurodegenerative disease, patient age was statistically
associated with several microbiome attributes (Supplementary Table 2
in Supplementary Data 1). In fact, of all factors evaluated in univariate
analyses, patient age was the strongest correlate of microbiome
diversity. Positive relationships were observed between both age and
overall FD patient microbiome variability (dispersion) and similarity to
the microbiome of relatives (beta-diversity between patient-relative
pairs). A negative relationship was observed between age and the
number of OTUs shared with relatives.

As FD progresses, most patients become unable to ingest food
orally due to problems swallowing and a gastrostomy tube (G-tube) is
placed as standard of care therapy. This procedure did have a sig-
nificant effect (Supplementary Table 2 in Supplementary Data 1) on the
level of choline in stool as FD patients with a G-tube (n = 42) had -2-fold
increased levels of choline compared to patients without a G-tube
(n=8), although the sample size of the latter group was low. Most FD
patients continue to eat food orally for some time even after having a
G-tube in place. As the inability to eat progresses, patients use a G-tube
exclusively, and this factor (exclusive use of a G-tube) had a significant
impact on gut microbiome diversity. Patients who used a G-tube
exclusively had less diverse microbiomes compared to those able to
consume food orally, shared fewer OTUs with relatives, and were 4.8
times as likely to have an FD-associated cluster 1 microbiome enter-
otype (Supplementary Table 2 in Supplementary Data 1). Given the
progressive nature of FD, however, patient age and exclusive use of a
G-tube are covariates and their independent effects are difficult to
disentangle.

Antibiotic history also impacted microbiome diversity as patients
taking antibiotics within three months prior to sampling were 4.4 times
more likely to host an FD-associated cluster 1 microbiome compared
to patients that were not treated with antibiotics (Supplementary
Table 2 in Supplementary Data 1). Fundoplication, a gastric surgery to
decrease acid reflux, was significantly associated with stool choline
(Supplementary Table 2 in Supplementary Data 1). Sex, weight, and
body mass index (BMI) were also evaluated as a potentially important
factor but did not reach statistical significance for either microbiome
or metabolome diversity. Finally, results from a clinical chemistry
panel were available for some patients and levels of several analytes
were associated with microbiome diversity (Supplementary Table 2 in
Supplementary Data 1), including creatinine (positively correlated with
beta diversity between patient-relative pairs; negatively correlated
with the proportion of shared OTUs between patient-relative pairs);
estimated glomerular filtration rate (positively correlated with rich-
ness; the number of OTUs shared with relatives; and the number of
unique OTUs); and alanine aminotransferase (positively correlated
with the proportion of shared OTUs between patient-relative pairs). As
expected, blood urea nitrogen (BUN) was significantly associated with
serum urea, serving as a type of internal control for NMR-based
metabolomics results (Fig. 2b). Aspartate aminotransferase and alka-
line phosphatase were also evaluated but not significantly associated.
Collectively, these results suggest that both the progressive neuro-
degenerative effects of FD and the clinical history of patients are
important determinants of gut-metabolism axis function.

Neuronal Elpl controls gut-metabolism axis

To more directly address the impact of Elpl-driven neurodegeneration
on the gut-metabolism axis, we leveraged a previously described
murine model of FD where Elp1 is specifically ablated in approximately
half of peripheral neurons (including enteric neurons) and in the vast
majority of neurons of the central nervous system (Tubala-cre'; ElpI®®?
lo hereafter referred to as FD mice***). Compared to littermate con-
trols (Tubala-cre’; Elp17°*), we found that the microbiome diversity of
FD mice began diverging within 14 days post-weaning (DPW) when
housed separately according to genotype (i.e., separately from control
littermates; Fig. 3a, b). Similar to FD patients, the microbiome of FD

mice became more variable (greater dispersion) compared to controls
by 54 DPW (Fig. 3¢) and stool metabolite diversity, represented by 68
metabolites, was significantly divergent by 162 DPW (Fig. 3d). Collec-
tively, results from these mice indicate that reduction of neuronal-Elpl
disrupts gut-metabolism homeostasis.

To address whether mutant ElpI-driven dysfunction can be res-
cued by controlling or restraining microbiome divergence, we com-
pared FD mice in our colony that were reared in the presence or
absence of littermate controls for different amounts of time (several
cages per time point). This approach takes advantage of natural rodent
coprophagy among cohoused animals known to homogenize micro-
biome diversity and recently shown to support normal metabolic
functions, neurochemical homeostasis, and cognitive function®.
These experiments were carried out for up to 329 days post-weaning
so that signs of disease, if present, could be observed and quantified
(early signs of disease in FD mice are typically observable around
3 months of age (-71 DPW). Similar to previous results (Fig. 3), the stool
microbiome and metabolome of separately housed FD and control
mice diverged in a statistically significant manner. In contrast, no dif-
ferences were observed among cohoused mice at the same time point
(79 DPW; Fig. 4a, b). Differences in microbiome diversity progressively
increased over the next 200 days (increasing F-statistic) regardless of
housing conditions but were far greater when the FD mice were
housed separately from littermate controls (Fig. 4a). This divergence,
even when cohoused, is noteworthy because it likely reflects the
strength of the neuronal Elp1 genetic deletion on the gut ecosystem.
Differences in stool metabolite patterns between cohoused FD and
control mice also increased with time, but never reached statistical
significance throughout the experiment (Fig. 4b). Thus, it appears that
cohousing did have a significant impact on the gut-metabolism axis in
this murine model. Because FD mice, like FD patients, vary in their
clinical phenotype***, we developed a pathology scoring metric to
quantify hallmark signs of the disease, such as abnormal/unhealthy
body condition, hind limb clasping, and kyphosis (Supplementary
Table 3) with sicker mice receiving higher numerical scores. Interest-
ingly, cohousing significantly lowered pathology scores observed
among FD mice (Fig. 4c; Supplementary Fig. 6). Moreover, cohousing
ameliorated a deficit in FD mouse gut function : we found that gut
transit time was significantly slower in separately housed FD mice
compared to controls, but was significantly increased when FD and
control mice were cohoused (Fig. 4d; Supplementary Fig. 7). Age
(DPW) did not appear to contribute significantly to this effect (mouse
age was not a significant factor when included in the analysis). Several
metabolite level differences were observed between separately
housed and cohoused FD mice that could account for differences in
disease and gut pathology (Supplementary Fig. 8), including the
observation that separately housed FD mice had elevated choline
levels at the final time point (Day 279 DPW) compared to the same
mice that were cohoused with control mice (Supplementary Fig. 8,a).
We also observed elevated levels of the microbiome-derived choline
metabolite, methylamine, at both 179 and 279 DPW (Supplementary
Fig. 8,a), further supporting altered choline metabolism when FD mice
were housed separately from controls. Since stool choline and TMAO
were increased in human FD patients (Fig. 2b), this result suggests that
despite the marked differences in diet and gut microbiome diversity
between lab mice and humans, the impact of neuronal £lp1 deletion on
microbial choline metabolism may be conserved. Together, these
results add experimental evidence that at least some of the neuronal
ElpI-driven pathology and perturbation of the gut ecosystem in
FD mice is modifiable by controlling microbiome-metabolome
divergence.

Discussion
Currently, the only treatment for FD is palliative care (pain and
symptom management), and until therapies can be developed that
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Fig. 3 | Neuron-specific Elp1 deletion drives progressive microbiome and
metabolome divergence in mice. a Nonmetric multidimensional scaling (NMDS)
of 16 S rRNA-based stool microbiome diversity of FD (Tubala-cre’; Elp1®""**) and
control (Tubala-cre ; ElpI”®") mice when housed separately by genotype (group
colors same for all panels; DPW = days postweaning). b Progressive groupwise
differences in microbiome beta-diversity (Bray-Curtis dissimilarity) and (c) dis-
persion of beta-diversity (beta-dispersion) in FD mice (dotted lines connect indi-
vidual mice, solid line in violin plots = mean). d Principal coordinates analysis of

stool metabolome in mice at 162 DPW. n=a, b, ¢ 10 FD mice (4 female, 6 male; 3
cages), 6 control mice (4 female, 2 male; 2 cages); d, 12 FD mice, 13 control mice (all
female; 3 cages per genotype); PERMANOVA (a, b, day 0, df =1, R*=0.1099; day 15,
df=1,R*=0.1664; day 25, df = 1, R? = 0.1458; day 40, df =1, R*= 0.1836; day 54, df = 1,
R?2=0.1927; d, F=2.2086, df =1, R?= 0.0876); Welch’s two-sample t-test (c, t-sta-
tistic = -2.6589, df =12.05, difference between FD and control mice =-0.0777, 95%
confidence interval of difference between FD and control mice =-0.1414

to -0.0141).

correct or replace the underlying genetic mutation and/or cellular
dysfunction, identifying modifiable factors that slow pathology is
paramount. Unlike other more common neurodegenerative dis-
eases (Alzheimer’s disease, Parkinson’s disease, and amyotrophic
lateral sclerosis, ALS), the genetic basis for FD is monogenic, highly
penetrant, and recapitulated in neuron-specific mouse models. We
have provided evidence that the FD-associated ELPI mutation pro-
motes a dysfunctional gut-metabolism axis that in turn promotes
pathology reminiscent of more common neurodegenerative dis-
eases and other neurologic/neuropsychiatric conditions. Elpl is an
evolutionarily conserved protein among eukaryotes and a key
component of the elongator complex that chemically modifies the
wobble uridines in specific tRNA anticodon loops'®?’. Loss of these
modifications leads to translation inefficiency, altered proteome,
and consequently cellular dysfunction and premature cell death.

Reduction of another elongator subunit, Elp3, also directly alters
metabolism in yeast®.

This is the first evaluation of the gut-metabolism axis in FD and the
first of a disease involving degeneration of the peripheral nervous
system. Several studies have investigated the contribution of the gut
microbiome and/or metabolome to outcomes in other neurodegen-
erative diseases and at least three included patients’ relatives as con-
trol subjects®*.. However, these previous studies were designed as
cohort comparisons, and we are unaware of other microbiome or
metabolomics studies in neurodegenerative diseases that compared
patients with healthy relatives in a case-control design. As shown
recently?, host factors can confound gut microbiome studies and so
matching or pairing is important to minimize spurious associations.
Our results are consistent with clinical studies showing that virtually all
FD patients have Gl symptoms, including constipation, diarrhea and
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gut dysmotility", and comparative pathology shows a reduced number
of enteric neurons in FD patients as well as vagal nerve deficits in those
with fundoplication”. Given the complex clinical histories of FD
patients, including antibiotic treatments and Gl procedures, it is rea-
sonable to expect that the microbiome and metabolome would be
significantly altered. Yet, neuron-specific deletion of Elpl in mice
resulted in the progressive microbiome and metabolome alteration,
suggesting that a neuronal FD mutation is sufficient to cause changes
similar to that observed in human FD patients. It is also interesting that
despite obvious differences between mice and humans (genetics,
environment, diet, microbiome membership; Supplementary Fig. 9),
choline metabolism was dysregulated in both human FD patients and
the FD mouse model, suggesting a potentially important overlap in the
mechanism of pathology.

While it is well known that FD patients suffer from frequent Gl
dysfunction”, at least one imaging study found delayed esophageal

Fig. 4 | Cohousing ameliorates gut transit deficit and disease in FD mice.
a, b Progressive changes in microbiome (a) and metabolome (b) diversity in FD
mice compared to control mice when separately housed or cohoused (size of
circles = number of mice sampled at each time; DPW = days post-weaning; dotted
line represents p = 0.05). ¢ Pathology score of FD mice when housed separately or
cohoused with control mice. d Carmine red-based gut transit for each mouse
group. Groups in dotted box were cohoused. n=a, 79 DPW separately housed: 10
FD (4 female, 6 male; 3 cages) vs. 3 control (female; 1 cage); 79 DPW cohoused: 9 FD
(6 female, 3 male; 3 cages) vs. 12 control (7 female, 5 male; 3 cages); 179 DPW
separately housed: 10 FD (5 female, 5 male; 2 cages) vs. 11 control (5 female, 6 male;
3 cages); 179 DPW cohoused: 13 FD (6 female, 7 male; 4 cages) vs. 21 control (7
female, 14 male; 5 cages); 279 DPW separately housed: 13 FD (6 female, 7 male; 4
cages) vs. 21 control (7 female, 14 male; 5 cages); 279 DPW cohoused: 13 FD (7
female, 6 male; 4 cages) vs. 8 control (5 female, 3 male; 2 cages). b 79 DPW sepa-
rately housed: 25 FD (14 female, 11 male; 6 cages) vs. 29 control (18 female, 11 male; 7
cages) mice; 79 DPW cohoused: 9 FD (6 female, 3 male; 3 cages) vs. 11 control (6
female, 5 male; 3 cages); 179 DPW separately housed: 10 FD (6 female, 4 male; 3
cages) vs. 9 control (7 female, 2 male; 3 cages); 179 DPW cohoused: 13 FD (6 female,
7 male; 4 cages) vs. 21 control (7 female, 14 male; 5 cages); 279 DPW separately
housed: 15 FD (9 female, 6 male; 4 cages) vs. 12 control (5 female, 7 male; 3 cages);
279 DPW cohoused: 13 FD (6 female, 7 male; 4 cages) vs. 20 control (7 female, 13
male; 5 cages). ¢, 30-129 DPW: 86 separately housed (60 female, 26 male; 18 cages)
vs. 21 cohoused (13 female, 8 male; 5 cages); 130-229 DPW: 66 separately housed
(47 female, 19 male; 14 cages) vs. 34 cohoused (13 female, 21 male; 8 cages);
230-329 DPW: 40 separately house (22 female, 18 male; 9 cages) vs. 34 cohoused
(13 female, 21 male; 8 cages); d, 15 FD (12 female, 3 male; 3 cages) and 11 control (all
female; 3 cages) mice separately housed; 9 FD (6 female, 3 male; 3 cages) and 10
control (7 female, 3 male; 3 cages) mice cohoused. PERMANOVA (a, separately
housed, day 79, df=1, R*=0.1528, day 179, df=1, R*=0.1193, day 279, df =1,
R?*=0.1941; cohoused, day 79, df=1, R*=0.0799; day 179, df=1, R*= 0.0706; day
279, df =1, R*=0.0807; b, separately housed, day 79, df=1, R*=, day 179, df =1, R*=,
day 279, df =1, R?=; cohoused, day 79, df =1, R>=; day 179, df =1, R?=; day 279, df =1,
R’=); Welch's two-sample t-testing with FDR correction (c, DPW 30-129, t-statis-
tic=-2.7203, df=13.018, difference between FD cohoused and separately housed
mice =-1.8403, 95% confidence interval of difference between FD cohoused and
separately housed mice =-3.3015 to —0.3790; DPW 130-229, t-statistic = -4.1497,
df=28.434, difference between FD cohoused and separately housed mice =
-2.1185, 95% confidence interval of difference between FD cohoused and sepa-
rately housed mice =-3.1635 to -1.0735; DPW 230-329, t-statistic = —3.7242, df =
20.515, difference between FD cohoused and separately housed mice =-2.2170,
95% confidence interval of difference between FD cohoused and separately housed
mice =-3.4568 to -0.9772; d, FD cohoused vs. separately housed, t-statistic =
-2.9745, df =18.025, difference between group means =-1.1576, 95% confidence
interval of difference between group means =-1.9751 to —0.3400; control
cohoused vs. FD separately housed, t-statistic = —4.6345, df = 22.825, difference
between group means =-1.4317, 95% confidence interval of difference between
group means =-2.0710 to -0.7923; control separately housed vs. FD separately
housed, t-statistic = -3.5146, df = 23.385, difference between group means =
-1.0759, 95% confidence interval of difference between group means =-1.7087
to -0.4432).

transit times and delayed gastric emptying among FD patients com-
pared to healthy control subjects, implicating a dysfunctional myen-
teric plexus of the upper GI tract in FD*2. These results are consistent
with two case studies that isolated and visually compared the eso-
phageal, gastric and/or appendiceal myenteric plexus of FD patients
and age-matched control subjects®; these studies showed significant
reductions in the neuronal number and/or ganglion complexity. Col-
lectively, these results suggest that dysfunctional gut motility in FD
patients is most likely due to alterations in neuronal density through-
out the Gl tract. Like FD patients, our non-cohoused FD mice also had
reduced gut transit time, yet co-housed mice did not, suggesting this
outcome is not only malleable, but may be useful as a clinical readout
for FD therapies.

The increased level of TMAO observed in FD patient serum is
noteworthy given the positive predictive value of this metabolite for
cardiovascular and kidney diseases®*’. Both diseases are leading
causes of death among FD patients and together are the most
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common non-acute cause of death® (acute forms being sudden death
during sleep, aspiration, and complications due to aspiration, like
pneumonia and sepsis). TMAO can directly alter neuronal physiol-
ogy, such as increasing brain aging in mice by increasing the senes-
cence of primary neurons*. As recently reviewed®, TMAO is
currently the most important microbial metabolite associated with
Alzheimer’s Disease and increased levels in cerebrospinal fluid was
recently shown to be associated with dementia and pathology*®.
Future studies are needed to directly address whether TMAO accel-
erates neurodegeneration of the peripheral nervous system and
whether decreasing TMAO levels is therapeutic. For example, dietary
interventions like the choline-restricted diet used to treat the genetic
disorder, trimethylaminuria (fish odor syndrome)*’, may help modify
TMAO-mediated pathologies.

Elpl is one of six subunits of the elongator holoenzyme, and in
addition to the ELPI mutation giving rise to FD, polymorphisms in four
other subunit loci have been associated with neurologic diseases,
including intellectual disability (ELP2, ELP4, ELP6), ALS (ELP3), and ASD
and Rolandic epilepsy (ELP4)***>. Whether these non-£LPI mutations in
the elongator complex influence the gut-metabolism axis has not been
experimentally addressed to our knowledge, but therapeutic mod-
ification of the microbiome via fecal microbiome transplantation
(FMT) has been evaluated in ASD and found effective for ameliorating
both short- and long-term outcomes and both GI and neurologic
symptoms>***%3, Our results indicate that the progressive nature of
ElpI-driven microbiome-metabolome dysbiosis is modifiable, and
when controlled, can ameliorate deficits in gut function and pathology.
We believe this finding provides rationale for clinical interventions like
FMT that has been shown to prevent or lessen debilitating symptoms
of other neurologic diseases, including ASD. Our results also suggest
that gut function, microbiome diversity, and metabolic function may
be clinically useful as empirical indicators of FD disease severity.
Finally, given the fact that variants in other Elongator complex sub-
units have been associated with human cognitive function, ALS, ASD
and/or epilepsy*®™?, our results may have broader therapeutic impacts
for more common neurologic disorders.

Methods

Human subjects

Samples were obtained from enrolled participants under Institutional
Review Board approved protocols at both Montana State University
and the New York University School of Medicine (NYU Langone
Health). FD patients and their relatives were recruited in a case-control
design through the Dysautonomia Center at New York University
(NYU) Langone Health. Patients were approached at annual clinic visits
to NYU Langone Medical Center. If interested, cohabitating relatives
were also approached about the study. All subjects (patients and
relatives) were recruited with informed consent following IRB-
approved protocols. The potential for self-selection bias was deemed
minimal due to the genetic predisposition and highly penetrant nature
of the disease. The Dysautonomia Center at NYU Langone serves the
majority of FD patients around the world and given the prevalence of
the disease in the Ashkenazi Jewish community, we assumed minimal
potential of bias due to sample size. Participants received no com-
pensation for participation in this study.

Asingle relative was enrolled for 27 FD patients; two relatives were
enrolled for 13 patients; three relatives were enrolled for 1 patient; and
no relatives were enrolled for 7 FD patients. All human samples were
collected through the Dysautonomia Center at NYU Langone Health.
Patients and relatives were not required to fast prior to any sample
collection due to the fragile condition of some patients. Peripheral
venous blood samples were collected in test tubes containing clot
activator, allowed to coagulate for 30min, and centrifuged at
1,000-2000x% g for 10 min for serum separation. Serum was then ali-
quoted into 15mL vials and frozen at 20 °C until it was shipped

overnight on dry ice to Montana State University where it was stored at
-80 °C. Stool samples were self-collected using collection kits (com-
mode/hat) containing gloves and a sterile tongue depressor and
placed into a sterile 50 mL conical tube. These samples were requested
to be collected as close as possible to blood samples. Tubes were
sealed in zip-lock bags and frozen at —20 °C within 24 h. For most
subjects, stool collection kits were sent to enrollees just prior to
scheduled annual clinic visits so they could bring samples with them to
their visit. Some subjects were recruited (potentially during these
visits) and a stool collection kit was sent home. Samples collected at
home were immediately frozen for at least 12 h and shipped overnight
on ice and inside a small Styrofoam cooler box to the clinical team
at NYU Langone. Samples were kept frozen at NYU (=20 °C), batched,
and shipped overnight on dry ice to Montana State University and
stored at =80 °C until processing. Patient metadata were pulled from
medical charts or clinical laboratory values and evaluated as catego-
rical predictor variables (Supplementary Table 2 in Supplementary
Data 1). Pairing of patient and relative samples was done as much as
possible with the only exclusion criterion being if samples were col-
lected >90 days apart. All possible pairs were considered in analyses
using permutation analyses (see Statistics below).

Mice

All mouse experiments were conducted in the AALAC-accredited
Animal Resource Center at Montana State University under local
IACUC-approved protocols (MSU protocol no. 2021-35-81). Specific
Pathogen Free (SPF) C57BL/6 mice carrying the Tubala-Cre'; E[pI"®"®
mutation were used as the disease model (FD mice) and Tubala-Cre’;
/ElpI""*® littermates were used as controls. The creation and descrip-
tion of these genotypes have been described*. All experiments inclu-
ded both sexes and mouse age ranged from 21 days (O days post-
weaning; DPW) to 485 days (465 DPW) of age. Mice were housed under
a14-h light/10-h dark cycle with temperatures of 18-23 °C and 40-60%
humidity, with food (irradiated PicoLab® Rodent Diet 20, 5053 Lab-
Diet®, Land O’Lakes, Inc., Arden Hills, MN, USA) and water given ad
libitum. To avoid cage effects, mice from at least two different cages
per experimental group were analyzed. To test the effect of housing,
groups of FD mice were either separated from littermate control sib-
lings at weaning or left together.

For stool collection, mice were individually scruffed and freshly
voided stool was collected into a sterile microcentrifuge tube, flash
frozen in an ethanol dry ice bath, and frozen at —80 °C. To quantify
disease in mice, a scoring system was devised based on eight factors
(hind limb clasping, evidence of grooming, presence of cataracts,
presence of kyphosis, motor function/movement, presence of tre-
mors, observed jumping activity, and body condition) and scored via
ordinal bins (Supplementary Table 3). Scores ranged from O (no dis-
ease) to 12 (severe disease). To quantify gut transit time, mice received
an oral gavage of 150 pL of a solution comprised of 6% carmine red dye
and 0.5% methylcellulose in water. A white paper towel was place on
the floor of cages and mice were individually monitored every ten
minutes for evidence of red stool. Gut transit time was calculated as
the time between gavage and the presence of red stool.

Stool microbiome sequencing

DNA was extracted from stool (human and mouse) using a DNeasy
Powersoil kit (Qiagen, Hilden, Germany) following the manufacturer’s
instructions. DNA was submitted for 16 S rRNA gene sequencing at the
University of Michigan Center for Microbial Systems (dual-index,
paired-end sequencing’*; 250 bp reads of variable region 4). Raw reads
(forward and reverse) were processed using mothur® v.1.46.1
and assembled into contigs following published protocols®*.
Contigs with ambiguous bases or homopolymers of >8bp were
discarded. Identical sequences were combined and aligned to the V4
region of the 16 S rRNA alignment of the SILVA database (version
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128, https://www.arb-silva.de/documentation/release-128). Chimeric
sequences were identified with VSEARCH*** and discarded. Contigs
were classified within mothur using the Ribosomal Database Project’s
Bayesian classifier (training set 16, https://sourceforge.net/projects/
rdp-classifier/files/RDP_Classifier_TrainingData). Contigs that classified
as mitochondria, chloroplasts, or Eukaryota or were unclassified at the
domain level were discarded. The remaining contigs were clustered
into operational taxonomic units (OTUs) at >97% sequence identity
using VSEARCH?". OTUs represented by fewer than 100 reads in the
data set were removed. Human and mouse samples were rarefied to
9,848 and 5,308 reads, respectively, corresponding to the sample in
each dataset with the least number of reads.

Partitioning around medoids (PAM) clustering was conducted
using cluster analysis (cluster, version 2.1.3°%) in R (version 4.1.0). Alpha
diversity was estimated using the inverse Simpson index and ordina-
tions (nonmetric multidimensional scaling; NMDS) were used to
visualize between beta-diversity (Bray-Curtis dissimilarity). Diversity
estimates were generated in R using vegan (version 2.6-2)*, labdsv
(version 2.0-1)°°, and custom scripts. Significance between groups in
ordinations was evaluated using permutational multivariate analysis of
variance (PERMANOVA) with the Adonis function in vegan and 9999
permutations.

Preparation of serum and stool samples for metabolomics
Serum samples stored at ~80 °C were thawed on ice and 400 pL serum
was added to 1600 pL acetone (4:1v/v ratio). Samples were mixed by
inversion and incubated at room temperature (25 °C) for 20 min, fol-
lowed by a second incubation at -20 °C for 1h and centrifugation at
10,000x I for 10 min. Supernatant was transferred to a microcentrifuge
tube and dried using a speed vacuum concentrator overnight, without
heat. Dried metabolite mixtures were then reconstituted in 600 L of
serum NMR buffer consisting of 0.25mM sodium 2, 2-Dimethyl-2-
silapentane-5-sulfonic (DSS) in 90% H,0/10% D,0, 0.4 mM imidazole,
25 mM NaH,PO,4/Na,HPO,, pH 7, and transferred to a 5mm Bruker
NMR tube.

Stool metabolite extraction from human samples was per-
formed using methods adapted from previous publications®** and is
described in detail here. Samples were thawed at room temperature
and homogenized by spatula stir mixing in their original 50 mL col-
lection tubes. Aliquots of 500 mg were placed into 2 mL twist cap
centrifuge tubes, flash-frozen and stored again at —80 °C. Further
processing was done in batches. Samples were thawed and stool NMR
buffer solution (0.1M Na,HPO,/KH,PO4, pH 7.37, 0.25 mM sodium
DSS, 0.4 mM Imidazole, 0.01% sodium azide, in 90% H,0/10% D-0,
pH 7.0) was added at a 1:2w/v ratio (wet stool-weight to buffer-
volume). Homogenization and lysing were carried out using a bead-
beating tissue lyser (Millipore FastPrep-24™ 5 G bead beating tissue
lyser set at 6.0 m/s for 40 s), followed by centrifugation at 10,000x g
for 10 min. Resulting supernatants were transferred to a new 2mL
centrifuge tube and the pellet subjected to a subsequent round of
extraction. Supernatant from two rounds of bead beating per sample
were combined and centrifuged at 21,000x g for 10 min, followed by
filtration (4 um syringe filter), followed by a second centrifugation
step (21,000 x g for 10 min). The resulting solution was filtered using
a3 kDa filter to remove additional large particulates, and the final pH
was adjusted to 7.0. 600 L of filtered supernatant was transferred to
a 5mm Bruker NMR tube for NMR analysis. A separate aliquot of
500 mg of each human stool sample was lyophilized to determine
water-weight percent, and dry weight of extracted samples. Mouse
stool samples were prepared similarly to human stool samples with
the following exceptions: NMR Buffer was added to achieve a 1:10 w/v
(40-180 mg wet stool-weight to buffer-volume) ratio; samples were
filtered with only a 3 kDa filter; 600 pL of filtrate was dried overnight
under vacuum without heat and resuspended in 600 uL of 90% H,0O
to 10% D,O.

NMR-based metabolomics

All NMR spectra were collected at 300 K using a Bruker 600 MHz (‘H
Larmor frequency) AVANCE lII solution NMR spectrometer equipped
with a Smm triple resonance (‘H, 2C, ®N) liquid helium-cooled
cryoProbe, automatic sample loading system (SampleJet), and Top-
Spin software (Bruker version 3.2). Spectral acquisition of 1D 'H NMR
experiments was performed using the Bruker gradient-based water
suppression “zgesgp” pulse sequence'?, and 1D 1H NMR spectra were
recorded using 256 scans, a 'H spectral window of ~12 ppm, 64 K data
points, and a dwell time of 69 microseconds between points, resulting
in an FID (free induction decay) data acquisition time period of -4.5s.
Recovery delay time (i.e., D1 parameter) between acquisitions was set
to 2s, resulting in a total relaxation recovery delay of -6.5s between
scans. DSS chemical shift referencing and phase correction of 1D 'H
NMR spectra were conducted using TopSpin (Bruker version 3.2)%,
Additional manual processing of 1D 'H NMR spectra and metabolite
profiling were conducted using the Chenomx NMR Suite software
(version 8.4; Chenomx Inc., Edmonton, Alberta, Canada). Baseline
correction of NMR spectra following an import of preprocessed ‘1r’
NMR spectral files into the Chenomx software was performed using
the automatic cubic spline function (Chenomx Spline) in Chenomx,
and subsequent manual breakpoint adjustment to obtain a flat, well-
defined baseline, following guidelines from Chenomx application
notes and reported methods®*°. 'H chemical shifts were referenced to
the most upfield signal of DSS, set to 0.0 ppm, and the 'H NMR reso-
nance of imidazole was used to correct for small chemical shift varia-
tions arising from slight changes in sample pH. Metabolite
identification and quantitation were performed by fitting 1D 'H spec-
tral splitting patterns, chemical shifts, and spectral intensities to
reference spectra of small molecules accessible through the Chenomx
small molecule spectral database for 14.1 T (600 MHz 'H Larmor fre-
quency) magnetic field strength NMR instruments and the human
metabolome database (HMDB). In addition, small spectral adjustments
were made using a manual peak-based fit style in Chenomx to achieve
optimal fits for compound peak cluster location and spectral intensity
matching®. Relative intensities were calibrated to DSS concentration
(0.25 mM), which was used as an internal reference to quantify meta-
bolite levels and to determine metabolite concentrations. Confirma-
tion of metabolite ID was achieved by spiking of pure metabolite
standards into samples, as needed. Metabolite profiles were exported
from the Chenomx software and converted from pM to nanomoles/mL
for serum, nanomoles/gram for human stool, and nanomoles/mg for
mouse stool by normalizing to serum volume, fecal dry mass for
human stool, and fecal wet mass for mouse stool, respectively, and
taking into account the NMR sample volume (600 uL). Metabolite data
were log-transformed and auto-scaled (mean centered and divided by
standard deviation) with mouse stool data being additionally normal-
ized by sum, using MetaboAnalyst 4.0,

Metabolomic diversity (i.e., the presence/absence and abundance
of metabolites) was visualized using ordination (partial least square-
discriminant analysis, PLSDA; principal coordinates analysis) in R ver-
sion 4.1.0 using vegan® (version 2.6-2), vegan3d®® (version 1.1-2),
labdsv®® (version 2.0-1), mixOmics®’, and custom scripts. Axes in
ordinations were labeled in ascending order corresponding to the
amount of described variation (greatest to least). The validity of the
PLSDA models were assessed using MetaboAnalyst version 3.0 and
custom R scripts with a leave-one-out validation test for predictive
variability (Q*) metrics and predicted residual sum of squares (PRESS)
error (R?), prediction accuracy and separation distance permutation
tests (n=1000), classification error rates (CER), and area under the

receiver operating characteristic curve (AUROC) analyses™.

TMA and TMAO analysis LCMS
Human serum samples were thawed at room temperature and 20 uL
was added to 80 pL of —20 °C acetone in a clean vial and incubated
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overnight at -80 °C to precipitate protein”’. Following centrifugation,
the metabolite-containing supernatant was removed and concentrated
to dryness using an Eppendorf Concentrator Plus (Eppendorf, Ham-
burg, Germany) at 30 °C for ~-30 min. 50 uL of MeOH:H,O (50:50) was
added to the dried layer and vortexed to reconstitute the metabolite
fraction. The sample was split into two 25 uL aliquots for each targeted
LCMS analysis.

Stool metabolites were extracted for LCMS analysis using stan-
dard methods™. Approximately 500 mg of stool was thawed at room
temperature and kept on ice for the remainder of the extraction. Three
volumes of HPLC-grade water were added to stool samples, vortexed
for 30 s, and homogenized using an Ultrasonic Homogenizer 3000
(Biologics, Manassas, VA) set at a 40% duty cycle for five minutes. An
equal volume of MeOH, -1 mL, was added to the slurry, vortexed for
30s, and centrifuged (20,000xg for 30 min). The metabolite-
containing supernatant was removed and the cell debris pellet was
washed. Washes consisted of the addition of MeOH:H,O to cover the
debris pellet and agitation via vortexing. Following centrifugation
(20,000 g for 30 min), the supernatant was removed and added to the
previously collected supernatant. Acetone precipitation was con-
ducted overnight (5 volumes of —20 °C acetone stored at -80 °C) and
the supernatant was filtered using a 3Kda spin filter. Eluent was con-
centrated to dryness (Eppendorf Concentrator Plus at 30 °C for 2-3 h)
and dried samples were reconstituted in 100 uL of MeOH:H,0 (50:50)
when ready for LCMS analysis. The sample was divided into two 50 uL
aliquots, one for each targeted LCMS analysis.

One of the fecal metabolite extracts from each original sample
was derivatized with dansyl chloride for TMA analysis’. To begin, 2 uL
of 166 mM NaOH was added to each extract and the pH was verified to
be between 9 and 9.5 using a pH probe. To this solution, 46 uL of
20 mg/mL dansyl chloride was added and incubated at room tem-
perature for 30 min. After 30 min, 2 uL of 10% formic acid was added to
quench the reaction and the pH was verified to be -4 using a pH probe.
Derivatized samples were placed in a clean vial for LCMS analysis.

LCMS analysis for derivatized and underivatized serum and fecal
samples was completed on a Waters Synapt-XS Q-IMS-TOF (quadru-
pole-ion mobility spectrometry-time of flight) mass spectrometer
coupled to a Waters I-Class UHPLC (ultra-high-performance liquid
chromatography) (Waters, Milford, MA). Separation was achieved with
a130 A, 1.7 um, 21 mm x 100 mm Acquity BEH-HILIC column in a col-
umn compartment kept at 30 °C. 5uL of sample was injected and
ionized using electrospray ionization in positive mode. Total method
runtime was 6 min with mobile phase A consisting of 15mmol/L
ammonium formate while mobile phase B was acetonitrile. The gra-
dient used was 10% A from 0-2 min, 10-40% A from 2-3.5min, 40% A
from 3.5-4.5min and 10% A from 4.5-6 min’*. Authentic standards
were used to verify the m/z value and retention time as well as create
standard curves for all analytes. Data analysis and normalization was
completed in Progenesis QI version 3.0 and statistical analysis was
performed in R version 4.1.0.

Statistics

No statistical methods were used to predetermine sample sizes. Data
were visually assessed for normality with quantile-quantile plots and,
when possible, transformed for normality. The exact number (n) of
replicates used in each experiment are reported in the respective fig-
ure legends. Statistical analyses were conducted in R version 4.1.0.
PERMANOVA was used to test for significant difference observed
between patients and relatives in ordinations (NMDS and principal
coordinates analysis) or PAM clustered defined enterotypes (R pack-
age cluster, version 2.1.3). Random forest analysis (R packages ran-
domForest version 4.7-1” and rfutilities version 2.1-5°) was used to
identify both OTUs and individual metabolites responsible for sig-
nificant differences. Visualization tools in R, including gplots (version
3.1.3)”7, RColorBrewer (version 1.1-3)’%, and dplyr (versionl.1.10)’°, were

used to generate figures. Paired relative samples were not available for
all FD patients and for other FD patients, multiple relatives provided
samples within the required 90-day window (i.e., samples outside of
this window were excluded). To leverage as many samples (and sta-
tistical power) as possible, pairs were randomly selected during per-
mutation analyses performed in R. The number of pairs selected
during each permutation was equal to the total number of patients for
which a relative sample was available (FD patient samples without a
paired relative sample were excluded from paired permutation ana-
lyses). FDR-corrected p values were generated for all tests with multi-
ple comparisons as described in the respective figures legends. Linear
mixed-effects models were generated and evaluated using R package
Ime4, version 1.1-29%°. Data distribution was evaluated and displayed
for some factors using violin plots (R package vioplot, version 0.3.7)).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All sequencing reads generated in this study have been deposited in
the National Center for Biotechnology Information (NCBI) BioProject
database under accession number PRJNA785599. All metabolomics
data generated in this study have been deposited in the MetaboLights
repository under accession number MTBLS5138 and are also available
at GitHub (https://github.com/nvpinkham/Dysautonomia). The data
and analyses generated in this study are available as a single com-
pressed Source Data file on GitHub (https://github.com/nvpinkham/
Dysautonomia). The Silva 16 S rRNA database used for alignment is
available at https://www.arb-silva.de/documentation/release-128 and
the RDP training set used is available at https://sourceforge.net/
projects/rdp-classifier/files/RDP_Classifier TrainingData. Microbiome
(16 S rRNA sequencing) datasets used for comparisons are available at
the NCBI BioProject database accession numbers PRJINA505353 (Mar-
tinson et al.) and PRINA290926 (Baxter et al.). Source data are pro-
vided with this paper.

Code availability

Custom code was used to generate figures and statistical comparisons
has been deposited in the Zenodo repository (https://doi.org/10.5281/
zenodo.7384390) and is available at GitHub (https://github.com/
nvpinkham/Dysautonomia)®%
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Abstract: Central metabolism has a profound impact on the clinical phenotypes and penetrance of
neurological diseases such as Alzheimer’s (AD) and Parkinson’s (PD) diseases, Amyotrophic Lateral
Sclerosis (ALS) and Autism Spectrum Disorder (ASD). In contrast to the multifactorial origin of
these neurological diseases, neurodevelopmental impairment and neurodegeneration in Familial
Dysautonomia (FD) results from a single point mutation in the ELPI gene. FD patients represent
a well-defined population who can help us better understand the cellular networks underlying
neurodegeneration, and how disease traits are affected by metabolic dysfunction, which in turn may
contribute to dysregulation of the gut-brain axis of FD. Here, 'H NMR spectroscopy was employed
to characterize the serum and fecal metabolomes of FD patients, and to assess similarities and
differences in the polar metabolite profiles between FD patients and healthy relative controls. Findings
from this work revealed noteworthy metabolic alterations reflected in energy (ATP) production,
mitochondrial function, amino acid and nucleotide catabolism, neurosignaling molecules, and gut-
microbial metabolism. These results provide further evidence for a close interconnection between
metabolism, neurodegeneration, and gut microbiome dysbiosis in FD, and create an opportunity to
explore whether metabolic interventions targeting the gut-brain-metabolism axis of FD could be
used to redress or slow down the progressive neurodegeneration observed in FD patients.

Keywords: familial dysautonomia; NMR metabolomics; human stool and serum polar metabolite
profiles; elongator protein subunit 1; ELP1; metabolism; neurodegenerative diseases; neurological
disorders; gut-brain-metabolism axis; multivariate statistical analysis

1. Introduction

The role of the gut-brain axis in neurodegenerative diseases has become increasingly
appreciated [1-3]. However, the impact of central metabolism dysfunction on the gut-
brain axis of neurodegenerative diseases remains poorly understood. Herein, we have
investigated serum and fecal polar metabolite changes exhibited in Familial Dysautonomia
(FD) patients, and compared these to the levels of polar metabolites measured in healthy
family relatives who served as a reference human control group, and are heterozygous

Copyright: © 2023 by the authors.

carriers of the ELP1 gene mutation. This comprehensive interrogation of the serum and
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fecal metabolomes of FD patients is part of our long-term goal to generate new knowledge
about the cross-talk between gut microbes, neuronal health, and metabolism in FD [4].
New insights into the gut-brain—metabolism axis of FD could potentially be employed
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Familial Dysautonomia, also called Riley-Day syndrome or Hereditary and Sensory
Autonomic Neuropathy type III, is a debilitating developmental and progressive neurode-
generative disease that occurs primarily in individuals of Ashkenazi Jewish decent, with
>99% of all patients sharing the same homozygous founder mutation (c.2204 + 6T > C). FD
results from an autosomal recessive point mutation in the ELP1 gene encoding the elongator
complex subunit 1 (ELP1) protein [5-7]. This mutation causes inefficient splicing of exon
20, which in turn introduces a premature stop codon, leading to nonsense-mediated decay
of the messenger RNA (mRNA) ELP1 transcript and subsequent tissue specific reduction
in ELP1 protein expression [6-8]. Although ELP1 is normally ubiquitously transcribed in
all tissues, the protein deficit occurs predominantly in neurons [6,8]. ELP1 functions as a
scaffolding protein, for the six-subunit elongator complex that mediates wobble uridine
modification of transfer RNAs (tRNAs), and codon-biased regulation of mRNA transla-
tion [6,9]. The reduction in ELP1 protein levels decreases translation of mRNAs encoding
DNA repair proteins and others involved in histone modification [9]. Reduced ELP1 expres-
sion also disrupts mitochondrial integrity and function [10,11], which collectively cause
cellular stress and promotes neurodegeneration.

Significant impairments to both the central nervous system (CNS) and peripheral
nervous system (PNS) are evident in FD, with the sensory and autonomic nervous systems
being most heavily impacted [5,6,12]. Hallmarks and clinical features of the disease include
reduced pain and temperature sensation, gastrointestinal dyscoordination and enteropathy,
cardiovascular instability, progressive optic neuropathy, proprioception loss, and sudden
unexpected death during sleep (SUDS) [5,7]. Unfortunately, there is no cure for FD and the
progressive decline in neuronal survival results in a 50% mortality rate of FD patients by
the age of 40 [5,6]. Additionally, the quality of life of the patients is devastatingly reduced,
with current treatment strategies focusing on symptom mitigation, rather than slowing or
redressing disease progression and neurodegeneration [7].

FD shares characteristic clinical features with other complex neurodegenerative dis-
eases including Alzheimer’s (AD) and Parkinson’s (PD) diseases, Amyotrophic Lateral
Sclerosis (ALS), and neurodevelopmental disorders such as Autism Spectrum Disorder
(ASD) [13-16]. However, because the cause of FD is a single shared genetic mutation [5-7],
the FD patient population is a more homogenous group to examine than patient cohorts
suffering from multifactorial neurodegenerative diseases. Interestingly, mutations, and/or
variants, in the genes encoding four of the other elongator complex proteins are associated
with neurological and cognitive impairment disorders including ALS (with the C90rf72 ALS
associated gene variant giving rise to reduced ELP3 expression) [17], intellectual disability
(associated with a mutation in the ELP2 gene), and Rolandic epilepsy or ASD (associated
with a mutation or microdeletion, respectively, in the ELP4 gene) [13,18].

Characterizing the metabolite profiles of serum and stool samples collected from
FD patients offers an opportunity to generate insights into metabolic pathways that are
impacted at the systemic level and/or that are influenced by gut microbial activity. Given
the rich opportunity that the serum and stool metabolomics data present for gaining
new knowledge about molecular networks underlying the FD disease state, we sought to
expand upon our analysis of the gut-brain—-metabolism axis in FD recently reported by
our group [4], by evaluating our proton (*H) nuclear magnetic resonance (NMR)-based
serum and fecal metabolome data in a stepwise population and pairwise manner. This
comprehensive analysis ensures that noteworthy metabolite patterns relevant to FD are
not overlooked, and provides an extended list of metabolites of interest, in addition to the
subset originally identified as being significant when using a strictly statistical, random
permutation test [4]. Examination of the full range of serum and fecal metabolite changes
has provided insightful information about metabolic pathways associated with the gut-
brain-metabolism axis in FD that were not readily apparent in our initial study.

Herein, an untargeted one dimensional (1D) 'H NMR metabolomics approach was
employed to characterize the polar metabolite profiles of serum and stool samples obtained
from FD patients and their matched relatives (who served as a control group) who are
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heterozygous carriers for the FD mutation. The present study has uncovered additional,
prominent changes in the serum and fecal metabolomes of FD patients compared to those
of their healthy relatives, expanding upon those reported in [4]. The significance of these
findings, with respect to the gut-brain—metabolism axis of FD and its potential relevance to
other neurological diseases, is discussed.

2. Materials and Methods
2.1. Participants and Sampling Scheme

FD patients and their relatives were recruited through the Dysautonomia Center at
New York University (NYU) Langone Health. Recruitment for this study began in 2016
and samples used for this metabolite profiling analysis were collected during the patients’
clinical visits from September of 2016 through January of 2020. A total of 104 participants
were enrolled and involved 50 FD patients and 54 relatives (Supplementary Table S1).
Worldwide, there exist only 350 individuals diagnosed with FD to date; the 50 patients
recruited for this study thus represent 14.30% of the total population of individuals with
this disease, which is a significant percentage. All patients enrolled in the study were
homozygous for the FD founder mutation in the ELP1 gene (c.2204 + 6 T > C) and all
relatives were heterozygous, including one sibling who was enrolled as a healthy relative
control. Individuals who are heterozygous for the ELP1 gene mutation do not exhibit
any of the FD clinical phenotypes and are neurotypical. Of all enrolled patients, 42 had
a corresponding paired relative also enrolled; 8 FD patients were enrolled, but had no
samples provided by a relative. Of the 42 FD patients enrolled with a relative, 11 of those
were enrolled with an additional relative (i.e., mother or father) and 1 FD patient was
enrolled with a mother, father, and sibling. The total number of participants included
45 males and 59 females. Of these, 21 male and 29 female FD patients were represented
(Supplementary Table S1).

In 2016 and 2017, only stool samples were collected from the original cohort of 22 FD
patients and matched control relatives. In 2018, serum samples and biological replicates
were collected, together with additional stool samples from newly enrolled participants.
Ideally, stool and serum samples were obtained from every participant, though individ-
ual comfort level and ability to donate prevented this in some instances. Additionally,
biological replicates were obtained at times, although not very often; only 1 biological
replicate at a time was included in any given statistical analysis. A summary of patient
and control relative samples provided are listed in Supplementary Table S1. Clinical
data (Blood Urea Nitrogen (BUN), Creatine, BUN: Creatine, estimated Glomerular Fil-
tration Rate (eGFR), Alanine Aminotransferase (ALT), Aspartate Transaminase (AST),
AST:ALT and Alkaline phosphatase levels) were provided for patients’ samples that were
de-identified at times of sample collections, and are included as Supplementary Information
(Supplementary Figures S1 and S2).

2.2. Blood Serum and Stool Sample Collection

The Dysautonomia Center at NYU Langone Health collected and provided all samples
used in this study. Due to the fragile nature of some of the patients’ health, and to mitigate
additional stress that fasting could have induced on the patients, no sample donors were
required to fast prior to any sample collection. Peripheral venous blood samples were
collected in test tubes containing clot activator, allowed layer separation for 30 min, and
spun at 3000 rpm for 10 min for serum separation. Aliquots of serum were partitioned into
15 mL vials and frozen at —20 °C, batch shipped overnight on dry ice and stored at —80 °C
until used for metabolomics analysis. Collection kits (commode/hat) were provided to
participants for self-collection of stool samples at home or in-patient visits. Stool samples
were collected at the NYU Langone’s Dysautonomia Center, transferred to 50 mL conical
tubes either fresh, from the same day, or previously frozen at —20 °C by the patient and/or
relative. As with the serum samples, stool samples were stored at —20 °C at the clinic until
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batch shipped overnight on dry ice and then stored at —80 °C until they were extracted for
metabolomics analysis.

2.3. Human Serum Sample Preparation and Serum Metabolite Extraction

Serum samples stored at —80 °C were thawed on ice, partitioned into 400 pL aliquots
and 1600 pL of acetone added to each aliquot (1:4 v/v ratio of serum to acetone). Sam-
ples were mixed by inversion, incubated at room temperature (25 °C) for 20 min, and
then incubated at —20 °C for 1 h. Samples were centrifuged at 10,000x g for 10 min
and resulting supernatants were transferred to new 2.0 mL microcentrifuge tubes, and
dried using a speed vacuum concentrator overnight, without heat. The dried metabolite
mixtures were reconstituted in 600 pL of serum-specific NMR buffer (0.25 mM sodium
trimethylsilylpropanesulfonate (DSS) in 90% H,0O/10% D,0O, 0.4 mM imidazole, 25 mM
NaH;PO,4/NayHPOy, pH 7), and transferred to a 5 mm Bruker NMR tube.

2.4. Human Fecal Sample Preparation and Stool Metabolite Extraction

Fecal samples stored at —80 °C were thawed at room temperature (25 °C) and homog-
enized by spatula stir mixing in their original 50 mL conical tubes. Aliquots of 500 mg were
measured into 2 mL twist cap centrifuge tubes, flash frozen and stored at —80 °C until
further use. For each aliquot, 1 mL of stool-specific NMR buffer (0.1 M NayHPO4/KH,POy,
pH 7.37, 0.25 mM DSS, 0.4 mM imidazole, 0.01% sodium azide, in 90% H,O/10% D,O,
pH 7.0) was added to achieve a 1:2 w/v (wet fecal-weight to buffer-volume) ratio. Samples
were homogenized using a Millipore FastPrep-24™ 5G bead beater, set at 6.0 m/s for 40 s.
Samples were centrifuged at 10,000 x g for 10 min and the supernatants were transferred to
new 2.0 mL microcentrifuge tubes. The stool metabolite extraction process was repeated
once more using the centrifuged fecal pellets and a fresh 1 mL of stool NMR buffer to
collect a second supernatant fraction for each sample. Both supernatant fractions were
combined, centrifuged, and filtered using the following: centrifugation at 21,000x g for
10 min and filtering using a 4 um syringe filter. Resulting filtrates were then centrifuged at
21,000 x g for 10 min and filtered using a 3 kDa filter to remove residual large particulates.
The final pH of the sample was adjusted to 7.0, prior to transferring 600 uL of the sample
solution into a 5 mm Bruker NMR tube for NMR experiments. A second 500 mg aliquot of
stool sample was lyophilized to determine the percent water weight and dry mass for each
extracted metabolite stool aliquot.

2.5. NMR Spectra Acquisition and Preprocessing

All NMR spectra were collected using a Bruker 600 MHz (H Larmor frequency)
AVANCE 1T solution NMR spectrometer equipped with a 5 mm triple resonance (*H, 3C,
15N)), liquid helium-cooled cryoProbe, automatic sample loading system (Sample]et), and
Topspin software (Billerica, MA, USA, Bruker version 3.2). The Bruker gradient-based
water suppression “zgesgp” pulse sequence [19,20] was used for the acquisition of 1D 'H
NMR spectra, which were recorded at 300 K with the following parameters: 256 scans,
64K data points, a 69 pus dwell time, and a H spectral window of 12.0166 ppm, resulting in
a NMR spectrum data acquisition time period of ~4.5 s. A recovery delay time (D1) between
acquisitions was set to 2.0 s, resulting in a total relaxation recovery delay of ~6.5 s between
scans. Chemical shift referencing using DSS and phase correction of 1D 'H NMR spectra
were conducted using Topspin (Billerica, MA, USA, Bruker version 3.2), as previously
reported [19,21,22]. Baseline and phase correction were executed in Topspin with 0.80 Hz
line broadening for exponential multiplication prior to Fourier transformation to give the
preprocessed “1r” NMR file.

2.6. NMR Spectra Profiling and NMR Signal and Metabolite Annotation Validation

Chenomx NMR Suite software (version 8.4; Chenomx Inc., Edmonton, AB, Canada)
was used for the additional processing of 1D 'H NMR spectra and metabolite identifi-
cation (i.e., metabolite ID) and quantification. The preprocessed ‘1r" NMR spectral files



Metabolites 2023, 13, 433

56 5o0f 25

were imported into the Chenomx software and baseline adjusted using the automatic
cubic spline function (Chenomx Spline). Manual breakpoint adjustments were applied
to obtain a well-defined, flat baseline that did not bias the area under the spectral signal
intensities, following guidelines from Chenomx application notes and previously reported
methods [23,24]. The most upfield 'H signal of DSS was set to 0.0 ppm for chemical shift
referencing, and the 'H NMR resonance of imidazole was used to correct for small chemical
shift variations arising from slight changes in sample pH. Metabolite identification and
quantitation was achieved by fitting the spectral patterns present in reference spectra of
small molecules, which are part of the Chenomx small molecule spectral database for
14.1 T magnetic field strength NMR spectrometers and the human metabolomics database
(HMDB) [25], to the 'H chemical shifts, spectral splitting patterns, and signal intensities
present in each stool or serum spectrum. A manual peak-based fit style in Chenomx was
applied, which permitted optimal fits for compound peak cluster location and intensity [26].
Characteristic NMR spectra of serum and stool samples, with annotated metabolite IDs, are
presented as illustrations in the Supplementary Figures S3 and 54, respectively. Relative
intensities were calibrated to DSS (0.25 mM), which was used as an internal standard to
quantify metabolite levels and to generate lists of metabolite concentrations. Confirmation
of the metabolites’ IDs was achieved by spiking of the pure metabolite standards into the
metabolite mixture samples, as needed.

2.7. Unpaired Univariate and Multivariate Statistical Analyses

Quantitative metabolite profiles were exported from the Chenomx software, as pM
concentrations. Prior to multivariate statistical analyses using MetaboAnalyst v.4.0 (Ed-
monton, AB, Canada), the metabolite concentrations were normalized to serum vol-
ume (nanomoles/mL) and to dry fecal mass (nanomoles/g) for stool samples [27]. The
serum metabolite concentrations varied widely, from <10 nmol/mL for some metabo-
lites to >5000 nmol/mL for others (Supplementary Table S2). Stool metabolites also
varied in concentrations, ranging from <5 nmol/g to >200,000 nmol/g and varied be-
tween and within the sample populations as seen in the standard deviations reported in
Supplementary Table S3.

The biomass normalized data were evaluated in terms of percent differences in mean
metabolite concentrations between the FD patient group and the healthy relative control
group. For multivariate and univariate statistical analyses, metabolite concentrations were
statistically normalized using logarithmic transformation (log base 10) to ensure a Gaussian
distribution of the data [28] and autoscaling, (i.e., centering of each metabolite concentration
around the mean divided by the standard deviation) [29]. The data were then analyzed
using unsupervised Principal Component Analysis (PCA), supervised Partial Least Squares-
Discriminant Analysis (PLS-DA), random forest, and volcano plot analyses (t-tests and fold
changes (FC)). Additional validation metrics of the PLS-DA models were applied using
MetaboAnalyst v.4.0 package and associated R programs. PLS-DA model validity was
assessed using a leave-one-out validation test for predictive variability metrics (Q?) and
predicted residual sum of squares (PRESS) error (R?), separation distance and prediction
accuracy permutation tests (n = 1000), classification error rates (CER), and area under the
receiver operating characteristic curve (AUROC) (Supplementary Figures S5 and S6) [30].

2.8. Paired Multivariate Statistical Analyses

To account for variability observed in FD patient serum and stool metabolite profiles,
paired analyses were conducted by pairing the metabolite profiles of an FD patient to
those of their direct healthy relative(s), who served as control(s). Two lists (referred to as
versions 1 and 2) of FD patient-healthy relative pairs were generated, using the following
exclusion criteria: (1) data from an FD patient or a relative were omitted if there was no
sample to be paired with, i.e., when a patient or relative did not donate a sample with their
family member; or (2) when an additional family member donated a sample, resulting in
two or more pairing schemes; and (3) biological replicates (i.e., the same donor provided



Metabolites 2023, 13, 433

57 6 of 25

a sample more than once). These exclusion criteria ensured that samples were always
paired and that an individual was only represented once in the dataset by omitting multiple
patient-relative pairings and biological replicates. Altogether, this led to the generation of
34 possible unique patient-relative pairs for a given paired dataset, which were used for
the paired analysis of either serum or stool metabolite patterns.

In the end, two randomly generated paired datasets were used (referred to as paired
versions 1 and 2) and the metabolite patterns were examined for similarities and differences
between the FD patient and their healthy relative control. These two lists also enabled us
to evaluate whether the metabolites found to exhibit significant level differences between
the FD patient and relative, depended on which version of the pairs was employed. Sim-
ilar to our unpaired data analyses, paired t-tests and FC analyses were conducted using
MetaboAnalyst v.4.0 (Edmonton, AB, Canada) and evaluated using volcano plots.

2.9. Metabolic Pathway Impact Analysis

Once sets of metabolites were identified from the serum and stool metabolomics data
and found to be significant with statistical analyses, metabolite patterns were further in-
vestigated for their relevance to both human and gut-microbial metabolic pathways. A
literature review was first conducted to mine published reports about established path-
way(s) and function(s) associated with each individual metabolite or class of metabolites.
A metabolic pathway impact analysis was then performed using MetaboAnalyst v.4.0
(Edmonton, AB, Canada) to ensure that all possible pathways of interest were taken into
account or not excluded due to a potential lack of available information in the literature.

3. Results
3.1. Metabolite Concentration Differences Separate FD Patients from Their Healthy Control
Relative Populations

A total of 55 serum and 73 stool polar metabolites were identified and quantified from
the analysis of 1D 'H NMR spectra obtained from FD patients and control relatives, using
the Chenomx 8.6 (Chenomx Inc., Edmonton, AB, Canada) software suite.

Percent differences in metabolite mean concentrations (FD patient/Relative control) were
calculated to identify potential metabolites with concentration differences that contribute to
group separation between the FD patient and healthy relative (Supplementary Tables S2 and S3)
populations. We determined that metabolite level differences < 10% were likely not sig-
nificant due to the extensive heterogeneity of FD disease phenotypes. Serum metabolites
with percent level differences >10% were viewed as potentially informative of serum
metabolome changes between patients and controls, and were examined as possible con-
tributors to the distinction between the FD patient and healthy control groups, while mean
metabolite level differences > 40% were viewed as potentially more discriminatory. A simi-
lar classification of fecal metabolites based on percent differences in mean concentrations
was conducted. However, a threshold of > 20% difference was used to exclude select stool
metabolites for which level differences were most likely too small to discriminate between
FD patients and healthy controls, as the heterogeneity of the stool metabolite profiles was
higher than the one observed for the serum samples.

Using this approach, 22 serum metabolites were selected as potentially valuable
discriminators of the FD disease state (Supplementary Table S2) from the healthy rela-
tive control group. Serum metabolites exhibiting > 40% mean differences between the
FD patient and control groups included: xanthine, 1,7-dimethylxanthine, urea, and 7-
methylhistidine. Six serum metabolites with mean percent differences ranging between
20% and 40% included: glycolate, propylene glycol, dimethyl sulfone, methanol, glycine,
and 2-hydroxybutyrate. Lastly, 12 serum metabolites exhibited 10% to 20% mean concen-
tration differences, and included the following: isopropanol, inosine, betaine, pyruvate,
dimethylamine, glycerol, serine, leucine, valine, taurine, isoleucine, and alanine.

Similarly, 21 stool metabolites with a mean percent difference >40% were identi-
fied and included: dopamine, lactate, formate, beta-alanine, choline, malonate, ethanol,
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succinate, 5-aminopentanoate, 4-hydroxyphenylacetate, 1,1-dimethylbiguanide, tyramine,
taurine, glucitol, ornithine, histidine, trimethylamine, sarcosine, isocaproate, p-cresol, and
tryptophan (Supplementary Table S3). Stool metabolites with a mean percent concentration
difference between the FD patients and healthy controls ranging between >20% and <40%
included: glycine, indole, 2-aminobutyrate, valine, glycerophosphocholine, isovalerate,
threonine, phenylalanine, orotic acid, alanine, D-glucose, glutarate, methylsuccinate, lysine,
leucine, phenylacetic acid, isoleucine, arginine, xylose, proline, tyrosine, and isobutyrate
(Supplementary Table S3).

3.2. The Serum and Stool Metabolomes of the FD Patient Group Differ Significantly from the
Metabolomes of the Healthy Relative Control Group

Metabolite concentrations normalized to volume (for serum samples) or dry weight
(for stool samples) were further normalized for statistical analyses using the MetaboAna-
lyst software v.4.0 (Edmonton, AB, Canada) [27] by applying the log transformation and
autoscaling functions. A population-wise assessment of the metabolome profiles of the FD
patient and control groups was conducted using an unpaired, unsupervised multivariate
principal component analysis (PCA), to assess whether the two human subject groups could
be separated based on distinct serum or stool polar metabolomes. A three-dimensional
(3D) PCA scores plot of the serum metabolite profiles, shown in Figure 1A, revealed a
small but noticeable clustering of the FD patient group (orange) from the healthy relative
control (blue) group. The extent of the separation of the two groups, based on charac-
teristic serum metabolite profiles, was further examined using a supervised partial least
squares-discriminant analysis (PLS-DA) (Figure 1B) [31]. Although the 3D-PCA scores plot
of the stool metabolomes displayed little separation between the FD patient and control
groups (Figure 1C), the PLS-DA supervised analysis was more informative, revealing a
clearer separation between the two groups (Figure 1D). Examination of the scree plots
associated with the 3D-PCA analyses provided information regarding the contribution of
each principal component (PC) to the total variance, and demonstrated that PC1-3 are most
influential (in terms of their % contribution to the total variance) for the separate clustering
of the FD patient group from the healthy relative control group (Supplementary Figure S7).

To assess the legitimacy of the PLS-DA models, validation metric analyses, including
R?, Q?, permutation tests, CER, and AUROC analyses were performed and are included as
Supplementary Information (Supplementary Figures S5 and 56) [30]. Results from these
validation tests demonstrated the validity of the PLS-DA models, and indicated that the
separation of the FD group from the control group based on distinct serum and fecal
metabolomes is a real phenomenon, and that the PLS-DA models are not overfit. Some
of the validation metrics examined were at what we may consider the validation limit
(for example, representing a 25% CER; see Supplementary Information), but within the
range of values expected given the nature and variability of the serum and stool samples
received, and the fact that the patients and relatives provided serum and stool samples at
their convenience rather than at fixed times and were not diet restricted.

Random forest analyses of serum and stool metabolite profiles further supported the
separate clustering of the FD and control groups and were consistent with CER results
associated with PLS-DA models (Supplementary Figure S8).

Metabolites with concentration differences that contributed most significantly to the
separate clustering of the FD patient and healthy relative control groups in the 3D-PLS-
DA analyses were further evaluated using variable importance in projection (VIP) score
plots (Figure 2), which provided valuable information on useful metabolite discriminators
when associated with VIP scores > 1.2 [22]. VIP Scores for component 1-3 (Figure 2 and
Supplementary Tables S4 and S5) were examined in terms of which specific metabolites
contributed most to the group separation along component 1, 2, or 3. Not surprisingly,
several metabolites contributed to group separation along more than one component axis
of the 3D-PLS-DA scores plots shown in Figure 1B,D.
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Figure 1. Multivariate statistical analyses of serum and fecal metabolic profiles separate the FD patient
population (orange) from the control relative group (blue), with panels (A,B) presenting the 3D-PCA
and 3D-PLS-DA scores plots from the analyses of serum metabolite patterns, and panels (C,D) those
from fecal sample analyses. (A) 3D-PCA scores plot obtained from the principal component analysis
(PCA) of serum metabolite patterns reveals little separation between the FD patients and healthy
control relative groups, with PC1, 2, and 3 accounting for 40.6% of the variance. (B) 3D-PLS-DA scores
plot obtained from partial least-squares discriminant analysis (PLS-DA) of serum metabolites resulted
in the separate clustering of the FD patient and healthy relative control groups, with components 1-3
accounting for 34.3% of the variance. (C) 3D-PCA scores plot of stool metabolite profiles, revealing
minimal separation between groups, with PC1-3 accounting for 52.6% of the variance. (D) 3D-PLS-DA
scores plot analysis of stool metabolite profiles indicated a clear separation of the FD patient group
from the control group based on distinct fecal polar metabolomes, with components 1-3 accounting
for 47.7% of the variance. All data shown in Figure 1 (3D-PCA and PLS-DA scores plots) were
generated using the MetaboAnalyst v.4.0 software (Edmonton, AB, Canada).
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Figure 2. Variable importance in projection (VIP) score plots corresponding to the first two compo-
nents of the 3D-PLS-DA models obtained from serum and stool metabolite profiles. Metabolites with
VIP scores > 1.2 were considered a significant contributor to the distinct clustering of the FD patient
and the healthy relative control groups along components 1 and 2 of the 3D-PLS-DA scores plots.
Panels (A,B) display the VIP score plots for the serum metabolites, while panels (C,D) presents the
VIP score plots for the stool metabolite profiles. Relative metabolite levels range from high (red boxes)
to low (blue boxes), indicating whether the metabolite concentrations are higher or lower in the FD
patient group relative to the levels measured in the healthy relative control group. All VIP scores
plots shown in Figure 2 have been generated from PLS-DA modeling conducted in MetaboAnalyst
v.4.0 (Edmonton, AB, Canada).

When examining serum metabolites associated with components 1 and 2 of the PLS-
DA scores plots, the VIP scores plots identified 11 and 10 serum metabolites, respectively,
that were significant contributors (i.e., VIP > 1.2) to the separate clustering of the FD patient
and control groups (Figure 2A,B, and Supplementary Table S4), with glycerol and valine
being unique to component 1 and asparagine being unique to component 2. Seven of these
metabolites were lower in concentrations in the sera of FD patients and included: xanthine,
m-methylhistidine, dimethyl sulfone, 1,7-dimethylxanthine, methanol, taurine, alanine,
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and valine, while four metabolites, urea, glycine, glycerol, and asparagine were higher in
concentration in the FD patient group compared to the healthy relative control group.

For the stool samples, 17 metabolites with VIP scores > 1.2 were identified. For
component 1 (Figure 2C, Supplementary Table S5), 14 of these were in higher concentration
in the stool of FD patients and included choline, malonate, tyramine, beta-alanine, p-
cresol, phenylacetic acid, lactate, taurine, ornithine, and isocaproate. Two remaining
metabolites with a VIP > 1.2 were lower in concentrations in the stool of the FD patients
and consisted of valerate and glycerol. Additionally, the VIP scores plot corresponding
to component 2 of the PLS-DA model highlighted 10 other stool metabolites that were
important for the distinct classification of the two human subject groups and included
xanthine, inosine, methylamine, orotic acid, malic acid, urocanate, uracil, 2/ -deoxyuridine,
uridine and methionine, all exhibiting lower concentrations in the stool samples of FD
patients compared to healthy relative controls, except for methionine (Figure 2C and
Supplementary Table S5).

Further evaluation of the metabolome differences between the FD patient and healthy
relative control groups was performed using an unpaired volcano plot analysis, which
takes into account results from both two-sample f-tests and fold change (FC) analyses.
The unpaired volcano plot analysis (Table 1) identified six significant serum metabolites
(false discovery rate (FDR) corrected p value < 0.05 and FC threshold > 1.2) consisting of
xanthine, urea, m-methylhistidine, 1,7-dimethylxanthine, dimethyl sulfone and methanol,
which were all lower in concentrations in the FD group except for urea (Table 1). When
using an FDR corrected p value < 0.05 and a fold change threshold of >2.0, only two
stool metabolites, choline, and malonate, were found to be significant in the unpaired data
analysis. When statistical stringency was relaxed (i.e., using an FDR corrected p value < 0.3
and FC > 1.2), three additional stool metabolites, tyramine, beta-alanine, and p-cresol were
identified as significant, and all five metabolites were higher in concentrations in the stool
samples of FD patients compared to the control group (Table 1).

Table 1. Unpaired volcano plot analysis of serum and stool metabolite concentrations between the
FD patient and control relative sample groups.

Serum Metabolites Fold Change (FC) log>(FC) p Value (FDR) —LOG1(p)
Xanthine 0.53 —0.90 1.90 x 1074 3.72
Urea 1.44 0.53 1.69 x 1073 2.77
n-Methylhistidine 0.59 —-0.75 144 x 1072 1.84
1,7-Dimethylxanthine 0.55 —0.86 3.80 x 102 1.42
Dimethyl sulfone 0.72 —0.47 3.80 x 1072 1.42
Methanol 0.73 —0.46 3.80 x 1072 1.42

Stool Metabolites Fold Change (FC) logz (FC) p Value (FDR) —LOG1(p)
Choline 3.41 1.77 8.22 x 107° 5.08
Malonate 3.17 1.66 3.15 x 1073 2.50
B-Alanine 5.42 2.44 0.26 0.58
Tyramine 1.93 0.95 0.26 0.58
p-Cresol 1.42 0.51 0.28 0.54

Unpaired volcano plot analysis indicating fold change (FC) and two-sample t-test significance. A fold change
threshold of >1.2 and a p value with FDR correction < 0.05 (serum) and <0.3 (stool) were set as significance criteria.
Fold changes were taken as the ratio of the mean metabolite concentrations for the FD patients’ group compared
to the healthy control relatives’ group prior to the application of statistical normalization (log transformation
and autoscaling).
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3.3. Paired Analyses of FD Patient and Healthy Relative Serum and Stool Metabolomes Further
Highlights Metabolic Changes Associated with FD

Next, we conducted paired analyses of the serum and stool metabolite profiles to
account for individual patient to relative control pair variability. Pairwise analyses of FD
patient-healthy relative pairs were undertaken to examine whether additional metabolite
patterns that report on FD could be revealed, and which could have been masked in
the population-wise studies due to distinct external factors affecting FD patients or their
relatives. These potentially confounding factors could be due to FD patients or relatives
experiencing different environments, being on different diets, or in the case of FD patients,
exhibiting different disease severity traits.

Based on the exclusion criteria described in the materials and methods section, two sets
of 34 possible unique patient-relative pairs were generated for both the serum and stool
samples. These two datasets of patient-relative pairs were used to evaluate whether
the specific pairs chosen influenced certain metabolites that were found to be significant
contributors to the discrimination between FD patients and healthy controls.

Both lists (paired version 1 and 2) of FD patient-relative pairs yielded comparable
results when subjected to a paired volcano analysis (FC > 1.2, FDR corrected p value < 0.05),
identifying two serum metabolites, urea and xanthine, as significant discriminators between
FD patient and healthy relative pairs (Table 2). Similar paired analyses were conducted
with stool metabolite profiles, which identified three metabolites, choline, malonate, and
taurine, as significant discriminators of an FD patient from their respective healthy control
relative. All three stool metabolites were in higher concentrations in FD patients’ samples
compared to their paired relatives’ samples (Table 2).

Table 2. Paired volcano analysis of serum and stool metabolite profiles obtained from the v.1 and v.2
list of FD patient-relative control pairs.

Serum Paired Volcano Analysis Version 1:

FC log»(FC) p Value (FDR) —LOG1o(p)
Xanthine 0.40 —1.34 1.44 x 1072 1.84
Urea 1.38 0.47 1.44 x 1072 1.84
Serum paired volcano analysis version 2:
FC log, (FC) p value (FDR) —LOG1o(p)
Xanthine 0.35 -151 3.26 x 1073 2.49
Urea 1.39 0.48 1.15 x 1072 1.94
Stool paired volcano analysis version 1:
FC log,(FC) p value (FDR) —LOG1o(p)
Choline 3.36 1.75 119 x 1073 2.92
Stool paired volcano analysis version 2:
FC log, (FC) p value (FDR) —LOG1(p)
Choline 2.34 1.23 3.58 x 1072 1.45
Malonate 2.14 1.10 6.69 x 1072 1.17
Taurine 3.04 1.60 8.65 x 1072 1.06

Two separate, randomly generated paired datasets for both serum and stool metabolite data. A paired volcano
analysis was performed for each paired dataset. Fold change (FC), logarithmic fold change (logy(FC)), and paired
t-test p values are presented. The fold change threshold was >1.2 and <0.8, and the FDR corrected p value
threshold was <0.05 (serum) and <0.1 (stool). Fold change values for each metabolite were obtained from average
values measured in FD patients/Control Relative pair ratios; a negative FC indicates lower levels in FD patients
compared to their paired relatives, whereas a positive FC indicates higher levels in FD patients.

Overall, the order and extent of significance (as assessed by FDR corrected p values)
of the metabolites identified as discriminating between the paired subject groups were
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influenced by which list of patient-healthy relative pairs was chosen for analysis. However,
similar metabolites were found to be important, irrespective of which paired list was
used. In the case of the population-wise (unpaired) analysis, all patients and relatives
were represented with a single biological replicate, thus allowing for the identification
of a greater number of significant metabolites. Paired ratios have only a subset of the
samples, which likely does not provide sufficient statistical power to attribute some of the
metabolites as significant in the paired analysis compared to the unpaired analysis.

Considering results from all these analyses and a thorough metabolic pathway review,
serum metabolites that were distinct contributors to the separation of the FD patient group
from their healthy control relative group, and that alluded to potentially impacted metabolic
pathways, could be classified as markers of energy homeostasis pathways (amino acid
catabolism, branched chain amino acids (BCAAs), and urea), tricarboxylic acid (TCA) cycle
activity and mitochondrial function (taurine), and the purine salvage pathway (xanthine
and inosine). Stool metabolites that were consistent discriminators of FD patients from
healthy relative controls and connected to distinct metabolic pathways could be grouped
as neuronal metabolites (choline, taurine, beta-alanine, and tyramine) and gut-microbial
related metabolites (choline, p-cresol, tyramine, beta-alanine, and valerate).

4. Discussion

Our extensive analysis of polar serum and stool metabolite profiles indicated distinct
metabolic shifts in FD patients compared to what is observed in healthy control relatives.
Due to the rarity of FD, this study achieved a statistically rich sampling of the population
of individuals afflicted; herein, we analyzed ~14% of all individuals diagnosed with FD
worldwide. Both serum and stool polar metabolite profiles provided snapshots of the
systemic and gut/excretory metabolic states of FD patients and resulted in a clear separation
of FD patients from healthy relative controls based on distinct metabolic characteristics.
These findings are particularly remarkable given that the serum and stool samples were
collected from FD patients in uncontrolled environments exhibiting diverse phenotypic
traits and different degrees of disease severity.

This analysis extends from work that we recently reported on the gut-brain-metabolism
axis in FD [4], providing additional information on the serum and fecal metabolome
changes observed in FD patients and their potential significance. The present study ana-
lyzes metabolome data by population (FD patients versus control group) and in a pairwise
fashion (each FD patient matched to their cohabitating healthy relative control), rather than
exclusively using a permutation algorithm of pairwise samples [4]. Comparing results from
the population and pairwise analyses aimed to minimize the influence of confounding fac-
tors among patients or relatives, which could have included the environment (patients and
matched relatives likely share distinct environments); genetics (parents of FD patients have
one copy of the ELP1 gene mutation and are a close genetic match); and diet (cohabitating
individuals likely share comparable diets, when possible).

In our previous analysis [4] of microbiome and metabolome changes, additional
variables such as sex, weight, body mass index, age, use of antibiotics, fundoplication (a
gastric surgery to reduce acid reflux), and use of a gastrostomy tube (G-tube) were all
assessed for potential correlations to the changes observed. The only correlations between
the metabolite levels and these external parameters involved patients who had received
fundoplication surgery and stool choline levels. However, out of 41 patients who donated
stool samples, 28 had received fundoplication surgery, representing a larger group than
patients without (n = 13). Thus, our results on stool choline levels are unlikely to have been
skewed by this association.

In order to prevent adverse health effects from our sampling effort on the patient
population, we did not request that stool and serum samples be collected at specific times or
restrict patients to the same diet as their control relatives. Patients were permitted flexibility
regarding when and where they collected and provided samples, which may have resulted
in some of the heterogeneity in the metabolite patterns observed and could subsequently
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mask the significance of certain metabolite differences. The population and pairwise
analyses were undertaken to ensure that metabolites of interest, which are potentially
relevant to FD, would not be overlooked by solely relying on a random selection approach
of patient-relative pairs ([4]), while still maintaining an unbiased approach to interrogate
the data. Results from the current more detailed analysis of FD patient metabolite profiles
clearly demonstrate that the mutation in the ELP1 gene responsible for FD is associated
with multiple notable changes in patient metabolomes, and provides strong support to the
physiological data that suggests FD patients experience significant metabolic deficits [32,33].

Of the 55 serum and 73 stool polar metabolites identified and quantified, differences
in the levels of eight serum and eight stool metabolites were found to be of significant
interest through both unpaired and paired statistical analyses and thorough pathway
impact analyses. For serum samples, these metabolites included urea, which was found
to be significantly elevated in the FD patient group (Supplementary Table S2). In contrast,
the serum metabolites xanthine, inosine, leucine, valine, taurine, isoleucine, and alanine
were either significantly decreased (as assessed by statistical FDR corrected p values) or
trending toward being in lower concentrations in the sera of FD patients compared to the
levels measured in the sera of the healthy control relative group (Supplementary Table S2).

With respect to stool samples, the six metabolites (beta-alanine, choline, malonate,
tyramine, taurine, and p-cresol) were found to be significantly elevated in the FD patient
group compared to the healthy relative controls. In contrast, levels of fumarate and valerate
trended toward being lower in FD patients (Supplementary Table S3).

Examination of the serum and stool metabolite patterns measured in FD patients
support previous clinical reports suggesting FD patients experience metabolic energy
deficits [7]. In addition, this NMR-based metabolomics study identified other metabolic
pathways that are likely implicated in the phenotypic expression of FD. The clinical premise
that FD patients suffer from a metabolic energy deficit is supported by our observations
that the levels of several serum metabolites associated with energy (ATP) production
and nucleotide salvage pathways are altered in FD patients compared to controls. These
include metabolites associated with amino acid catabolism (alanine, BCAAs, and urea), the
purine salvage pathway (xanthine and inosine), and mitochondrial dysfunction (taurine)
(Figures 3 and 4).

A metabolic pathway impact analysis was undertaken for the stool metabolome
data using literature information and MetaboAnalyst v.4.0. Such analyses resulted in
the grouping of the eight metabolites of interest in four different categories as follows:
(1) choline and taurine; (2) tyrosine, fumarate, and p-cresol; (3) beta-alanine and malonate;
and (4) valerate (Figure 5 and Supplementary Figures S9-511). Of these metabolites and
pathways impacted, those with relevance to the gut microbiome and nervous system were
of primary interest and presented potential insights into how metabolic networks impact
FD disease traits through gut-microbe dysbiosis and/or exacerbation of neurodegeneration.
Four of the eight stool metabolites identified as being significant and relevant to neural
signaling included choline, taurine, beta-alanine, and tyramine (Supplementary Figure 512).
Five of these eight metabolites could also be associated with gut microbes, and included
tyramine, p-cresol, valerate, beta-alanine and choline. The gut-microbial and metabolic
conclusions drawn for these metabolites regarding FD are consistent with published reports
highlighting mechanisms by which the gut microbiome contributes to gut health and
functionality, disease development, energy homeostasis, bioactive compound production,
and the modulation of the communication within the gut-brain axis [1-3,34-37].
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Figure 3. Simplified schematic of amino acid catabolic pathways used for ATP production. Enhanced
amino acid degradation, a signature of energetic needs, is supported by an increased concentration
of urea in FD patient sera. As indicated by enhanced catabolism of the amino acids alanine and as-
paragine, and the BCAAs valine, leucine and isoleucine, all trending to be lower (blue). Subsequently,
a byproduct of the catabolism of amino acids for energy homeostasis is urea (red), which is then
excreted. Red metabolites are increased in FD patient sera, and blue metabolites are decreased.

The distinct serum and stool metabolic profiles of FD patients support clinical obser-
vations and revealed metabolic changes in FD disease at the systemic and gut-function
levels (discussed further below). Together, these data support the notion that disruption
in nutrient absorption and gut microbiome metabolic efficacy contribute to an overall sys-
temic energy deficit, and lead to compensatory metabolic adaptations giving rise to altered
polar metabolite patterns, as observed in this study. Lastly, taurine exhibited interesting
trends in both serum and stool samples (trending toward a decrease in serum and an
increase in stool), suggesting a possible systemic deficit of taurine induced by either diet or
gut-absorption capacity with potentially profound impacts on host metabolism.

4.1. Amino Acid Catabolism Suggests an Overall Energy Deficit

Signatures of energy deficits are reflected in the sera of FD patients by observations of
lower levels of the amino acid alanine and the branched chain amino acids (BCAAs) valine,
leucine, and isoleucine, which suggest increased amino acid catabolism; and by elevated
urea concentration, which points to increased nitrogen excretion and is consistent with
increased amino acid degradation in FD patients. Degradation of skeletal muscle protein
is enhanced under starvation/energy deficient physiological states, and an increase in
BCAA catabolism is commonly associated with starvation and muscle wasting, including
the debilitating muscle wasting disease rhabdomyolysis [38,39], which has been shown to
increase systemic urea levels and can harm kidney function [40]. FD patients are prone to
low muscle mass and some suffer from rhabdomyolysis [32]. Blood tests for glomerular
filtration rate, blood urea nitrogen content, and creatinine levels (Supplementary Figure S1)
indicated that only two FD patients who provided samples displayed signatures of kidney
dysfunction. Higher serum urea levels in FD patients, thus, reflect, in all likelihood, in-
creased the deamination of amino acids and the excretion of excess nitrogen associated with
amino acid catabolism, while amino acid carbon scaffolds are directed to ATP generating
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pathways (Figure 3). Enhanced amino acid catabolism is also a compensatory response to
mitochondrial dysfunction (providing amino acid precursors for de novo glucose synthesis
and the subsequent use of glucose in glycolysis), impaired oxidative phosphorylation and
aerobic ATP energy production, which have been reported to be hallmarks of FD and other
neurological diseases including Alzheimer’s and Parkinson’s [14,16].

Purine degradation and/or salvaging pathway
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Figure 4. Simplified schematic of the purine salvage pathway. This diagram highlights how a decrease

»
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in purine degradation intermediates could reflect the salvaging of purines to preserve energy. Inosine
is produced as a result of adenosine deamination via the action of adenosine deaminase and is a
key intermediate of purine catabolism in humans, whereas xanthine is generated by the action of
xanthine oxidase and is the product of oxidation of hypoxanthine (created via the conversion of
inosine) and concomitant reduction of NAD+ to NADH. Additionally, xanthine can be produced
via the deamination of guanosine. Xanthine oxidase catalyzes the oxidation of xanthine to uric
acid, which is normally excreted in the urine, and was not detected in our metabolite profiling
analysis of the serum samples [1,2]. Blue colored metabolites indicate decreased concentration in FD
patient sera. Abbreviations: PRPP, phosphoribosyl pyrophosphate; IMP, inosine monophosphate;
AMP, adenosine monophosphate; ADP, adenosine diphosphate; ATP, adenosine triphosphate; GMP,
guanosine monophosphate; GDP, guanosine diphosphate; GTP, guanosine triphosphate.

4.2. Purine Salvage and Nucleotide Degradation Pathways

FD patient sera have significantly lower xanthine levels, and trend toward lower
serum inosine levels, suggesting increased purine salvaging compared to healthy relative
controls (Figure 4) [41,42]. Because de novo synthesis of purine nucleotides is an energy
expensive process [43,44], decreased levels of the intermediates involved in purine degra-
dation suggest that FD patients may be minimizing the excretion of purine bases and
maximizing the purine salvage pathway to minimize the energetic demands of de novo
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purine biosynthesis. FD patients are known to undergo hypoxic stress, especially during
sleep, and many die due to sudden unexpected death during sleep (SUDS) [45]. Since
purine nucleotides (i.e., adenosine) are also salvaged and utilized to cope with hypoxic
and oxidative stress, it is reasonable to postulate that this process may also be occurring
in FD patients [46]. Decreased purine degradation and enhanced purine salvaging are
also observed in other neurological diseases that share hallmark clinical features with FD
including AD, PD, ALS, and ASD [47-49].

4.3. Tyrosine Degradation

The tyrosine degradation pathway combines reactions that catalyze the production of
tyramine, p-cresol, and fumarate (Supplementary Figure S9). The production of tyramine
and p-cresol, both of which are higher in concentration in stool samples of FD patients, are
solely dependent on microbial activity in food and the gut [50-53]. Conversely, the produc-
tion of fumarate, which is lower in concentration in stool samples of FD patients, links to the
TCA cycle and the electron transport chain (ETC) of the host and gut-microbes. However,
the reduced energetic status of the FD patients, as discussed in Sections 4.1 and 4.2, suggest
limited TCA cycle activity, thereby limiting the production of fumarate from this cycle.
Bacterial fermentation leads to the production of fumarate as an intermediate, which has
low bioavailability due to its extensive utilization by gut bacteria [54]. Changes in fumarate
levels in the stool may, thus, reflect altered bacterial activity or the presence of specific
microbes, as reported in our previous paper [4].

4.4. Metabolites Implicated in Gut Microbiome Changes

The criteria used in our analyses to establish the association of specific stool metabolites
with the gut microbiome were as follows: (1) The metabolites of interest were reported
in the literature to be produced or utilized by a genus or species of bacteria; or (2) had
been correlated with promoting or impairing the growth of a given genus in published
studies; or (3) their presence has been associated with the abundance of a specific microbial
genus or species. Interestingly, all five of the metabolites classified as being associated
with gut microbes (tyramine, p-cresol, valerate, beta-alanine and choline) were found to be
associated with Clostridium in other studies [36,37,50,55-58]. Elevated levels of beta-alanine,
tyramine and p-cresol were positively correlated with an increase in Clostridium genera.
Conversely, the gut protective short chain fatty acid (SCFA) valerate has been shown to
inhibit the growth of C. difficile in vitro [59]. Interestingly, FD patients exhibit elevated
levels of tyramine, p-cresol, and beta-alanine in their stool samples, with decreased levels
of valerate, findings that are consistent with FD patients being prone to develop C. difficile
infections [7].

The association between C. difficile and p-cresol production is a specific field of re-
search [60-62], in addition to the relevance of p-cresol to Autism Spectrum Disorder (ASD)
which has been found to be elevated in stool samples of ASD patients [63-65]. FD patients
are prone to C. difficile infections [7] and exhibit similar hallmarks to ASD regarding de-
velopmental impairments [5,66] and Elongator subunit protein dysfunction [13,18]. This
suggests that p-cresol could be a valuable marker of disease that warrants further investi-
gation. Additionally, excess p-cresol has been shown to cause DNA damage in vitro and to
compromise colonic epithelial cell integrity [62,63], phenotypes that have been observed in
FD mouse models and which are suspected to occur in FD patients as well [10,67]. Though
additional gut microbes produce p-cresol and cannot be entirely ruled out for the changes
in p-cresol levels observed in this study, the literature regarding p-cresol and C. difficile does
suggest an interesting link between the susceptibility of FD patients to C. difficile infections
and the associated downstream effects of p-cresol.

Valerate is a five-carbon SCFA which is produced by a select group of gut microorgan-
isms [68,69]. Similar to the more common SCFAs (acetate, propionate, and butyrate [34]),
valerate exhibits strong gastrointestinal (GI) protective effects, stimulates the growth of
intestinal epithelium [36,59], and modulates autoimmune inflammation in the CNS [68]. As
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with other SCFAs, valerate is relevant to neurological and GI diseases that share hallmarks
with FD [59,65,70]. Elevated levels of fecal SCFAs could be due to elevated production
of these compounds by the gut microbiome, a reduction in epithelial absorption capacity,
or a combination of both [71]. Valerate and other SCFAs present an interesting group
of metabolites for further investigations, because they display synergistic relationships
with the host metabolism, gut protective effects and, to a lesser extent, are linked to the
production of malonate as an intermediate of SCFA biosynthesis [72].

An additional source of malonate in the gut might originate from microbiome-derived
beta-alanine metabolism. Beta-alanine is produced from aspartate and uracil, and can be
metabolized into malonate and carnosine (Supplementary Figure S10). Muscle carnosine
primarily functions as a proton buffer, enhances muscle endurance [73], and is relevant
to FD because patients struggle to maintain adequate muscle mass. The elevation of fecal
beta-alanine highlights another possible absorption deficit with consequential detrimental
effects. However, due to the variety of sources of beta-alanine (dietary, host metabolism,
and gut microbiome) and the limited studies on malonate’s relevance in fecal samples, the
factors that lead to elevated stool beta-alanine and malonate levels in FD patients are not
fully understood.

Another metabolite with microbiome relevance is choline, which is obtained from the
diet and has four metabolic fates, one of which is initiated by the microbiome [74] with the
remaining three pathways subject to influence from the gut microbiome outcompeting the
host for the bioavailability of choline [58]. Adequate dietary choline is necessary for phos-
phatidylcholine, acetylcholine and betaine synthesis (Figure 5), with phosphatidylcholine
accounting for 95% of the total choline pool in tissues [75]. Various studies have shown
that perturbations of host choline metabolism result in liver damage, elevated markers of
DNA damage, kidney dysfunction, and a reduction in mitochondrial membrane poten-
tial [37,58,75-79], all symptoms experienced to different degrees by FD patients and/or FD
mouse models [5,9,80-82]. Partnering these symptoms with the observation of elevated
choline levels in FD patient stool samples, and results reported in [4], suggests that host
and/or gut microbial choline metabolism and/or choline absorption is altered in FD.

Choline Metabolism
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Figure 5. Choline is obtained primarily from the diet and contributes to four metabolic pathways
employed by gut microbes and the host. Dietary choline is preferentially committed to the Kennedy
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pathway to produce phosphatidylcholine; this process is a 3-step reaction requiring initial ATP
expenditure [75]. At the synaptic cleft, choline can also undergo a cyclical reaction to produce
acetylcholine for autonomic signaling transduction [66,76,77]. Within the liver and kidneys, choline
can be converted to betaine, which is an osmotically active compound and a primary methyl donor
that helps facilitate the re-methylation of homocysteine to methionine [66,68]. The production of TMA
is mediated by the gut-microbiome. Following gut microbial conversion, TMA is classically absorbed
by the gut epithelium, transported to the liver and converted by Flavin-monoxygenases (FMOs) to
trimethylamine-N-oxide (TMAO) [51,66]. Red indicates choline was elevated in the stool metabolome
of FD patients compared to their healthy relatives. Abbreviations: CoA, coenzyme-A; ATP, adenosine
triphosphate; CPT, choline-phosphate cytidyltransferase; CDP, cytidyl-diphosphocholine; CEPT,
choline ethanolamine phosphotransferase; BHMT, betaine homocysteine methyl transferase; SAM,
S-adenosyl methionine; TMA, trimethylamine; TMAO, trimethylamine-N-oxide.

Though an unambiguous conclusion cannot be made regarding the microbial species’
origins of the observed stool metabolite patterns, an inference about gut health can be
drawn, as the published studies cited above present important examples of severe gut
dysbiosis and include the same metabolites that were identified in FD patients. These
findings further substantiate the hypothesis that FD patients experience gut microbiome
dysbiosis, which links to impairment of metabolic homeostasis. Our experimental results,
which are based on detailed polar metabolite profile analyses, are consistent with micro-
biome findings that we reported in an earlier publication [4]. Patient antibiotic use was
assessed in our previous publication and an association with the use of antibiotics and
microbiome diversity was observed. However, no significant correlations with metabolite
concentrations were found. The FD mouse study reported in our earlier publication also
suggested that neuronal Elpl deletion was sufficient to drive microbiome diversity and
stool metabolome separation [4]. Therefore, we suspect that the use of antibiotics may
influence the microbiome, but from our initial assessment of metabolite patterns and our
FD mice results, it does not seem to be a main variable driving the separation observed in
the metabolome of FD patients compared to their healthy relatives.

4.5. Neuronal Associated Metabolites

Four metabolites (choline, taurine, beta-alanine, and tyramine) associated with neu-
ronal health, and identified in this study, either contribute directly to nervous system
signaling or are precursors of neurotransmitter biosynthesis (Supplementary Figure 512).
Choline plays a crucial role in the nervous system through its involvement in the direct
production of acetylcholine, a major neurotransmitter (Figure 5 and Supplementary Figure
512), the synthesis of sphingomyelin from phosphatidylcholine for myelination [77,83,84],
and choline storage and membrane sustainability through phosphatidylcholine synthesis.
Cholinergic parasympathetic neurons modulate function of the GI tract, a process that
appears to be greatly impacted in FD patients, as noted by severe gastroenteropathy, ab-
normal GI tract coordination, and reduced innervation [7,80]. Sphingomyelin is a primary
constituent of myelin, which is reduced in large and small sensory axonal fibers in FD
patients [5]. Cholinergic neurons are particularly vulnerable to altered choline metabolism,
as choline is used both as a membrane lipid for structure and choline storage, and as the
neurotransmitter acetylcholine. Given this dependence on choline, failure in its absorption
may also contribute to the death of cholinergic neurons in FD based on altered choline
metabolism [85]. The production and utilization of choline as acetylcholine is a cyclic
process; therefore, a loss of choline in overactive metabolically taxed neurons depletes
cellular membrane stores of phosphatidylcholine, further impairing cell functions and
promoting neurodegeneration [37,86].

The gamma-aminobutyric acid-a (GABAa) receptor gene is downregulated in stem
cells derived from FD patients [87], and GABAa receptor agonists have been used to
treat FD crises experienced by patients [7]. Taurine and beta-alanine both bind GABA
receptors [88] and beta-alanine can regulate both the GABA [89] and taurine transport
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systems [90], which reduce cellular taurine transport, preventing the ability of taurine
to improve calcium transport, and to modulate protein phosphorylation and regulate
oxidative stress (see Section 4.6) [91].

Lastly, tyramine binds to baroreceptors to increase blood pressure. It has been rec-
ommended that FD patients restrict dietary tyramine consumption to help prevent hy-
pertensive crises [92]. Tyramine present in foods and produced by the gut is metabolized
by Monoamine Oxidase (MAO) A in the GI tract. However, tyramine is not degraded in
individuals taking MAO inhibitors or in patients, including FD patients, who are deficient
in MAO [92,93]; this thus allows excess tyramine to enter the systemic circulation through
epithelial absorption [94] and ultimately triggers hypertensive crises, through adrenergic
norepinephrine production, which are experienced by FD patients [5,93,94].

4.6. Taurine Metabolism and a Potential Dietary Deficit with Systemic Consequences

Taurine is of significant interest as its concentration is both elevated in the stool
and lower in the sera of FD patients, suggesting a possible systemic deficit of this cru-
cial metabolite. Taurine is produced endogenously via the degradation of homocysteine
(Supplementary Figure S11), is one of the most abundant amino acids in mammals [95],
and, similar to choline, is not only produced endogenously but obtained in substantial
quantities from the diet. The elevated and decreased levels of taurine observed in the
FD patients’ stool and serum samples, respectively, could thus reflect an absorption im-
pairment. In addition to the function of taurine in the nervous system (discussed above),
another established biological fate of taurine is to enter the hepatic recycling loop via conju-
gation with bile acids (Supplementary Figure S11). The conjugation of taurine to bile acids
enhances their solubility and improves the dietary absorption of lipids and lipid soluble
vitamins [96,97]. Following facilitated absorption, bile acids are deconjugated by gut mi-
crobe activity, reabsorbed, and recycled. If FD patients do indeed exhibit impaired bile acid
deconjugation resulting from microbiome dysbiosis, reduced cycling of taurine-conjugated
bile acids could exacerbate GI dysfunction and further promote systemic deficits of taurine
and other dietary nutrients.

Taurine deficient phenotypes are characterized by retinal degeneration, cardiomyopa-
thy, and skeletal muscle malfunction [90], as a result of mitochondrial deficits including
reduced complex I ETC activity, TCA activity and oxygen consumption and increased
ROS production [98]. Mitochondrial dysfunction has been demonstrated in FD mouse
models [10,11,67] and observed in an FD patient muscle biopsy which revealed a functional
impairment of mitochondrial complexes I, IIl and IV, which are integral protein compo-
nents of the ETC [10]. ETC impairment has also been reported to contribute to disease
progression in AD, PD, and ASD [14,16,99-101]. Interestingly, characteristics of taurine
deficiency are also observed in FD patients [5,32] and FD mouse models [10,67]. Being the
most abundant amino acid in the retina, and the fact that taurine deficits cause degeneration
of retinal ganglion cells (RGC) [102-104], i.e., the same cell type that dies progressively in
FD patients [10,67], taurine levels may be relevant to the progressive blindness experienced
by FD patients as they age.

5. Conclusions

In conclusion, our NMR-based metabolomics analyses demonstrated that FD patients
exhibit significant changes in their stool and serum polar metabolomes. These metabolic
alterations indicate the importance of the gut-brain—-metabolism axis in FD, and support
recently published microbiome findings [4]. Knowledge gained from these studies in
FD may be applicable to other neurodegenerative diseases including AD and PD, which
share disease hallmarks with FD [13-16]. Results from our serum polar metabolite profile
analyses demonstrated that FD patients present with energetic (ATP) deficiencies, and that
metabolic pathways associated with energy generation or metabolite sparing are impacted.
From analysis of the serum metabolomics data, we found that the metabolic pathways
impacted include enhanced amino acid catabolism, and the purine salvage pathway. Stool
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metabolome analyses have identified metabolites associated with pathways involved in
neuronal signaling, and indicators of gut-microbiome health and function. Metabolic
patterns observed in the profiles of FD patients are consistent with reports from other
neurological diseases including PD, AD, ALS, and ASD, suggesting that metabolic impair-
ments observed in FD apply to and/or are relevant to other neurological diseases. New
knowledge gained about the mechanisms associated with altered metabolism in FD has
the potential to aid in understanding other, more complex, and multifactorial neurological
diseases where the gut-brain-metabolism axis plays a prominent role. Knowledge about
the key molecular indicators of disease may help guide the design of intervention thera-
pies which, by restoring metabolic homeostasis and/or a healthy gut microbiome, could
mitigate disease symptoms, and redress or slow down neurodegeneration.
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/ /www.mdpi.com/article/10.3390/metabo13030433 /s1. Table S1: Summary of clinical data from
de-identified FD patients and control relatives. Table S2: Polar metabolites identified and quantified in
the serum samples of FD patients and healthy relative controls. Table S3: Polar metabolites identified
and quantified in the stool samples of FD patients and healthy relative controls. Table S4: Variable
Importance in Projection (VIP) scores associated with components 1, 2 and 3 of the PLS-DA model
generated from the metabolomics analysis of the serum samples of FD patients and healthy control
relatives. Table S5: Variable Importance in Projection (VIP) scores associated with components 1, 2
and 3 of the PLS-DA model generated from the metabolomics analysis of the fecal samples of FD
patients and healthy control relatives. Figure S1: Results from clinical blood tests of de-identified
FD patients. Figure 52: Results from liver enzyme blood tests and measurements of ALT and AST
levels in de-identified blood samples of FD patients. Figure S3: Characteristic 1D 1H NMR spectrum
recorded on serum metabolite extracts obtained from FD patients and healthy relative controls.
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FD patients and healthy relative controls. Figure S5: Validation metrics of the PLS-DA modeling of
serum metabolite profiles. Figure S6: Validation metrics of the PLS-DA modeling of stool metabolite
profiles. Figure S7: Scree plot of the PCA modeling of both serum and stool metabolite profiles.
Figure S8: Random forest analysis of the serum and stool metabolite profiles of the FD patient and
healthy control relative groups. Figure S9: Schematic diagram of metabolic pathways involved in
tyrosine catabolism. Figure S10: Schematic diagram of metabolic pathways involved in beta-alanine
and malonate metabolism. Figure S11: Schematic diagram of metabolic pathways involved in taurine
metabolism. Figure S12: Schematic diagram of four significant metabolites identified in the stool of FD
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Abstract

Neurodegenerative retinal diseases such as glaucoma, diabetic retinopathy, Leber's
hereditary optic neuropathy (LHON), and dominant optic atrophy (DOA) are all marked by
progressive decline of retinal ganglion cells (RGC). This decline is promoted by structural and
functional deficits of mitochondria, including electron transport chain (ETC) dysfunction,
increased oxidative stress, and reduced energy (ATP) production [1-5]. The cellular mechanisms
associated with progressive optic atrophy have been similarly observed in Familial dysautonomia
(FD) patients, who experience progressive loss of visual acuity through neurodegeneration of
RGCs, a breakdown in mitochondrial structure, and a disruption in ETC function [6—10].
Overall, retinal metabolism plays a crucial role to meet the elevated energetic demands of this
tissue, and recent characterizations of FD patients’ serum and stool metabolomes indicate
alterations in central metabolic processes and a potential systemic deficit of taurine, a small
molecule crucial for eye health [11-14]. This study sought to elucidate the metabolic
contributions to the progressive optic atrophy observed in FD. Additionally, dopaminergic
amacrine cells make up interneurons within the inner nuclear layer of the retinal fiber layer and
mediate integration and modulation of information in a time-dependent manner to RGCs. As
these cells have been associated with RGC loss in the neurodegenerative disease Parkinson’s
[15], a targeted analysis of the dopaminergic amacrine cells and their product, dopamine, was
also undertaken. One dimensional (1D) proton ('H) nuclear magnetic resonance (NMR)
spectroscopy, mass spectrometry, and retinal histology methods were employed to characterize
retinas from the retina specific Elp1 conditional knockout (CKO) FD mouse model (Pax6-Cre”,

Elp1"¥°¥) [9,10]. Metabolite alterations were found to occur in parallel with RGC degeneration
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over time, and were associated with reduced mitochondrial function, ATP production via the
Cahill and mini-Krebs cycles, and phospholipid metabolism. Dopaminergic amacrine cells were
reduced at timepoints P30-P90, and dopamine levels were 25-35% less in the CKO retinae
compared to control retinae at P60. Overall, this study has expanded upon the previous
understanding underlying the retinal pathology of FD patients. This knowledge may apply to
other retinal diseases that share the same hallmark features and help guide new avenues to

explore novel non-invasive therapeutics to mitigate the progressive blindness observed in FD.

1. Introduction

Familial dysautonomia (FD) is a rare autosomal recessive, developmental, and
progressive neurodegenerative disease that impacts the central and peripheral nervous systems.
The disease is caused by a single point mutation (c.2204 + 6T > C) in intron 20 of the elongator
protein 1 (ELP1, formerly IKBKAP) gene, resulting in a tissue-specific deficiency of ELP1
transcripts. Neurons are the most impacted, producing little to no functional ELP1 protein [ 16-
18]. FD is classified as the most prevalent hereditary sensory and autonomic neuropathy (HSAN
type lll), and patients present with highly variable neurological phenotypes marked by
gastrointestinal (GI) dyscoordination, pain and temperature perception deficits, cardiovascular
instability, spinal curvature, exacerbated gait ataxia, and progressive visual decline [16,18,19].
FD is highly debilitating, leading to a poor quality of life and 50% mortality rate by the age of 40
[16,17]. The loss of vision is one of the few phenotypes ubiquitous to all patients, and taken
together with gait ataxia, visual decline becomes one of the most debilitating symptoms

impacting FD patients’ quality of life [7].
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The visual impairment FD patients develop are marked by a continual loss of retinal
ganglion cells (RGCs), resulting in severely decreased visual acuity, a central field of view
decline, and color vision defects [6-8]. Clinical findings present reduced papillomacular retinal
nerve fiber layer (RNFL) thickness which have been corroborated in mouse models that display
mitochondrial dysfunction and reduced ATP [6-9], all indicative of optic neuropathy.

In neurodegenerative retinal diseases such as glaucoma and diabetic retinopathy, RGCs
are the primary cell type affected. However, studies have observed cell death in other retinal
layers, i.e., the amacrine cells of the inner nuclear layer (INL) [5,20]. Amacrine cells are
interneurons that are synaptically active in the inner plexiform layer (IPL), integrating and
modulating information in a time-dependent manner to the RGCs [21,22]. There exists a
diversity of amacrine cell subtypes, each playing an integral role in signal transmission in the
retina. Dopamine neurotransmission in the retina is primarily regulated by a single subpopulation
of amacrine cells [22], the dopaminergic amacrine (DA) cells. Dopamine plays a crucial role in
the modulation of light adaptation and color vision, along with synaptic formation and
transmission [23].

In Parkinson's disease (PD), a neurodegenerative disease characterized by the death of
dopaminergic neurons in the Substantia nigra, many patients present with visual impairment
similar to what is observed in FD, including decreased visual acuity, color blind defects, and
difficulties performing more complex visual tasks [15]. Moreover, PD patients also show a
reduction in the RNFL indicative of altered mitochondrial function [15, 25, 25], similar to the
clinical findings of axonal loss in the papillo-macular bundle found in Leber hereditary optic

neuropathy (LHON), dominant optic atrophy (DOA), and FD. Of particular interest is thus
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understanding the overall dysregulation seen in various neural populations in the retina as they
relate to optic neuropathy and FD.

We recently characterized FD patients’ stool and serum polar metabolite profiles and
compared them to those of healthy control relatives using 1D (1-dimensional) 'H (proton)
nuclear magnetic resonance (NMR) metabolomics techniques, which has provided valuable
insights into the relationship between the central metabolism, progressive neurodegeneration,
and clinical phenotypes of FD patients [18,19]. Furthermore, we have shown reduced TH-
positive cells in the nodose-petrosal ganglia of three FD mouse models [26].

The retina has inherently increased energetic demands and utilizes characteristic
metabolic mechanisms to account for these energetic needs [27]. Given the mitochondrial
dysfunction and preferential loss of RGCs seen in FD patients and mouse models [6—10], in
conjunction with the energetic deficits indicated by patients’ stool and serum metabolomes [11,
12], we sought to investigate the features of the retinal metabolome throughout disease
progression using a Pax6-Cre”; Elp1*PLoF FD mouse model. To address this question, we
conducted 1D 1H NMR metabolomics and targeted mass spectrometry analyses, together with
retinal histology to determine the metabolic profile of FD mouse retinas and assess whether
metabolic dysfunction precedes and promotes RGC, or if the preferential loss of RGCs alters the
retinal metabolome, and whether amacrine cell populations are impacted.

Limited energy (ATP) supplies due to mitochondrial dysfunction are associated with
retinal disease [1,2,4,20]. It is thus necessary to expand upon our overall understanding of the
energetic status of the retina in FD to help discern pathology and provide insights for treatment
of retinal diseases including FD [28]. Characterizing the cause and effect of metabolic

dysfunction relevant to FD may also provide a translational understanding that could help treat
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other optic neuropathies such as LHON, and DOA, which share similar mitochondrial

dysfunction with FD.

2. Materials and Methods

2.1 Mice

Mouse studies were conducted in the American Association for Laboratory Animal Care
(AALAC) accredited Animal Resource Center at Montana State University under the ITACUC-
approved protocol (MSU protocol no. 2020-15-51). Retina specific Elp1l knockout mice were
generated using Specific Pathogen Free (SPF) C57BL/6 mice, the cre-lox system, and the Pax6
reporter gene, giving Pax6-Cre*; Elp1:°*PL*P CKO mice (hereafter referred to as CKO).
Littermates (Pax6-Cre’; Pax6 ') were used as controls (hereafter referred to as control). The
generation and characterization of the Pax6 mouse is described in Ueki et al [10]. Three time
points were used for experimentation to monitor the progression of RGC death, metabolic
changes, and changes in other retinal neurons: 7 days (P7), 30 days (P30), and 60 days (P60). P7
and P60 were used to examine the retina metabolome by NMR, and P30 was used for MS
experiments. For retinal histology and dopaminergic amacrine cell (DA) counts, the time points
included P7, P30, and P90. Mice were housed under a 14-h light/10-h dark cycle with
temperatures of 18-23 °C and 40-60% humidity, with food (irradiated PicoLab® Rodent Diet

20, 5053 LabDiet®, Land O’Lakes, Inc., Arden Hills, MN, USA) and water given ad libitum.

2.2 Retina Sample Collection for NMR and MS Metabolite
Extractions

P7 mice were humanely euthanized by carbon dioxide (CO2) exposure and decapitation

following MSU ITACUC approved procedures. A small incision was then made to the eyelid, and
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the eyes were enucleated. Retinae were rapidly dissected while eyes were suspended in cold
phosphate buffered saline (PBS); the cornea was excised from the sclera, the lens was removed,
and the retina was peeled away from the eyecup [9,10,29]. Retina pairs from one mouse were
collected in a 1.5 mL microcentrifuge tube and flash-frozen in a 95% ethanol dry ice bath. Thus,
each sample consisted of both retinae from a single mouse. Retinae from P30 and P60 mice were
collected in the same manner, however, following euthanasia by CO2 exposure, the mice were
cervically dislocated and eyes enucleated. Retinae were stored at -80 °C until further processed

for NMR or MS metabolite extractions.

2.3 Metabolite Extraction for 1D 1H NMR Analysis

A perchloric acid metabolite extraction optimized to extract taurine that had been used for
1H NMR analysis of rabbit lens [30], and rat retina [31], was adapted and modified for extraction
of polar metabolites from FD mouse retinas collected at P7 and P60. Retinas were homogenized
with a micro-pestle immediately after removal from storage at -80 °C while the tissue was still
frozen. A volume of 500 pL of 7% perchloric acid was added to the homogenized tissue and the
samples were vortexed for ~1 minute. Following homogenization, all samples were centrifuged
at 4,000 x g for 12 minutes. The supernatant was transferred to a new 1.5 mL microcentrifuge
tube, followed by addition of 10 uL of phenol red indicator (1M phenol red in NMR buffer), and
pH adjusted to pH 7.0 using a 10 M KOH stock solution and visualization of pH indicator
changes and formation of a white KCIO4 precipitate. A faint yellow color was observed
following addition of ~80 puL of 10 M KOH, indicating a sample pH of ~7.0. The sample was
then centrifuged (4,000 x g for 7 minutes) to remove the KC1O4 precipitate, and the supernatant

was transferred to a new 1.5 mL microcentrifuge tube. Resulting metabolite mixture was
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concentrated by drying overnight in a speed vacuum concentrator without heat, and then
reconstituted in 600 pL of NMR buffer consisting of 0.25 mM sodium 2, 2-Dimethyl-2-
silapentane-5-sulfonic (DSS) in 90% H20/10% D20, 0.4 mM imidazole, 25 mM

NaH2P0O4/Na2HPO4, pH 7, and transferred to a 5 mm Bruker NMR tube.

2. Acquisition and Processing of 1D 'H NMR spectra

Spectral acquisition of each retina metabolite mixture was conducted using a Bruker 600
MHz ('H Larmor frequency) AVANCE III solution NMR spectrometer equipped with a 5 mm
triple resonance ('H, '*C, '°N) liquid helium-cooled cryoprobe, Top-Spin software (Billerica,
MA, USA, Bruker version 3.2) and an automatic sample loading system (SampleJet). The probe
was held a constant temperature of 300 K and a gradient-based water suppression “zgesgp” pulse
sequence [11,12,32,33] was employed to acquire the data, using a 12 ppm spectral window, 2048
scans, and 65 K data points. The dwell time between data point acquisition was set to 69 usec,
resulting in a total FID acquisition time of 4.5 sec. The recovery delay time (D1) between
acquisitions was set to 2 sec, yielding a total relaxation recovery delay of ~6.5 s between scans.
The Topspin (Billerica, MA, USA, Bruker version 3.2) software was used to reference chemical
shift to the most up-field 0.0 ppm DSS peak and to apply spectral phase correction, as previously
reported [11,12,32-34]. Topspin was also used to execute baseline correction and to apply a 0.80
Hz line broadening EM (exponential multiplication) function, prior to Fourier transformation, to

yield the preprocessed ‘1r’ NMR data files.

2.5 Chenomx Spectral Signal Annotation and Quantitation

Additional processing of the ID 'H NMR spectra and metabolite identification (i.e.,

metabolite ID) and quantification were performed using the ChenomxTM NMR Suite software
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(version 8.4; Chenomx Inc., Edmonton, AB, Canada). Using methods previously reported
[35,35], the baseline of the imported ‘11’ file was further adjusted by applying an automatic
cubic spline function (Chenomx Spline), and manually adjusting and placing breakpoints within
the Processor module of Chenomx. The resultant baselines were flat and well-defined while
preventing the loss of spectral signal intensities during quantification. Chemical shift referencing
was achieved using DSS (as mentioned above), and the resonance signals of imidazole were used
to account for small discrepancies in chemical shift variations arising from slight pH differences
of the samples.

The Profiler module of Chenomx was utilized for metabolite annotation and
quantification. Reference spectra from the Chenomx small molecule spectral database for 14.1 T
magnetic field strength NMR spectrometers and the human metabolomics database (HMDB)
[37], were used to fit '"H chemical shifts, 'H spectral splitting patterns, and signal intensities for
each metabolite identified in the 1D '"H NMR spectra of the metabolite mixtures recovered from
the FD mouse retinas. Spectral signals were manually fit by visually matching the overall shape
and intensity of the NMR signals of standard compounds tabulated in the Chenomx and HMDB
databases, allowing for optimal matching of NMR signal location, spectral fit, and signal
intensity [38]. Quantitation of metabolite IDs was achieved by referencing intensity to the
internal DSS (0.25 mM) standard. An NMR reference spectrum with annotated metabolite IDs is
presented as an illustration in the Supplementary Material (Figure S1) for a P60 mutant retina

sample.
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2.6 NMR and Statistical Analyses

Spectral metabolite IDs were exported from the Chenomx software as uM
concentrations. Normalization of the datasets and subsequent univariate and multivariate
statistical analyses were carried out using MetaboAnalyst v 5.0. (Edmonton, AB, Canada).
Logarithmic transformation (log10) was applied prior to statistical analyses. Metabolite level
differences between the CKO and controls were evaluated using Principal Component Analysis
(PCA), hierarchical clustering analysis and heatmap visualization, t-tests, and a volcano plot

analysis that accounts for both fold change and two sample #-test p values.

2.7 Extraction of Mouse Retinae for Dopamine Isolation

Mice were euthanized as previously described (section 2.2) and the methods described in
Pérez-Fernandez et al [39] were adapted for the MS analysis of dopamine levels in the retinas of
Pax6 mice. Retina pairs were dissected in PBS, collected in a 1.5 mL microcentrifuge tube, flash
frozen and stored at -80 °C until further processed. Thus, each sample consisted of both retinae
from a single mouse. Upon removal from storage at -80 °C, each retina sample was immediately
homogenized with a micro-pestle while still frozen. 40 pL of the extraction mixture (0.5 mM
ascorbic acid and 1% formic acid) was added, and the sample homogenized further for 1 minute
and placed on ice. Following manual homogenization, all samples were sonicated for 5 minutes
and then centrifuged at 14,000 g for 5 minutes. To prevent oxidation of dopamine, the resulting

supernatant was subject to MS analysis within 5 hours of the extraction procedure.

2.8 UHPLC/Q-TOF-MS Analysis for Relative Dopamine
Quantitation

UHPLC/Q-TOF-MS (ultra-high performance liquid chromatography-quadrupole time-of-

flight mass spectrometry) analysis of the FD retina samples was conducted at the Montana State
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University Mass Spectrometry Facility. An Agilent 1290 LC coupled to an Agilent 6538 Q-TOF

was employed together with an Agilent Eclipse Plus C18 chromatography column (1.8 pm
particle size, 2.1 x 50 mm) maintained at 50 °C and operated at a flow rate of 0.6 mL/min for
separation, with a sample injection volume of 5 pL. Water (0.1% formic acid) and acetonitrile
(0.1% formic acid) were the mobile phase solvents A and B, respectively. Initially, mobile phase
conditions of 99% A and 1% B were applied and held constant for 2 minutes, then a linear
gradient from 1% to 98% B was applied over 6 minutes, followed by a hold of 1.25 minutes at
99% B, then returned to the initial condition for a 2.75 minutes re-equilibration, resulting in a
total run time of 12 minutes. The LC eluent was ionized with electrospray ionization in positive
mode and the Agilent 6538 Q-TOF was operated at 2 Hz over a mass range of 50-1000 m/z. A
dopamine standard (insert information on standard) was used to verify the m/z value and
retention time. Relative quantitation was achieved using the Agilent MassHunter Quantitative
Analysis for Q-TOF (v B.07.00/ build 7.0.457.0) software, and values were reported in extracted
ion chromatogram (EIC) area. Retinae from 1 month old CKO mice were evaluated based on
their concentration of dopamine, relative to age matched litter controls with two separate MS
experiments. Due to batch effect variability that can be introduced based on separate MS
experiments, the data was not combined and is thus referred to as Run 1 and Run 2. The
difference in dopamine levels in the CKOs compared to controls was assessed with a two-tailed

t-test for equal variance with a p-value threshold < 0.05.

2.9 Retinal Histology for Flat Mount Preparations

Mice were euthanized as previously described (section 2.2), and the temporal surface of

the eye was marked with green dye (Ketchum Manufacturing) prior to enucleation. The tissue



90

was fixed in 4% paraformaldehyde (PFA) at room temperature (RT) for 1 hour. The retinas were
excised, and the temporal region was marked by a small 15-degree cut. The tissue was
permeabilized in 1X PBS containing 0.5% Triton-X 100 for 30 minutes at RT with gentle
shaking. Non-specific binding was blocked using 1X PBS containing 0.5% Triton-X 100 and 5%
bovine serum albumin (BSA) at RT for 3 hours with gentle shaking. All retinae were incubated
for 2 nights at 4°C in primary antibodies diluted in 1% BSA, 0.1% Triton X-100 in 1X PBS,
followed by overnight incubation at 4°C with secondary antibodies. Four identical radial cuts
flattened the tissue into four lobes, leaving the central region intact. The tissue was mounted with
the ganglion cell layer (GCL) oriented facing up on microscope slides using ProLongTM Gold
Antifade Mountant (Invitrogen, Cat# P36930).

Retinal flat mounts were imaged using a Leica DMi8 THUNDER imaging system using
the navigator spiral scan function with a 20X objective under brightfield illumination with false
color. Confocal images of flat-mount retinas were obtained using Lecia TSC SP8 with a 20X oil
immersion objective with a resolution of 1024 X 1024. A single image 1mm from the peripheral
edge of the tissue in each retinal quadrant was obtained.

Retinal images were processed using ImagelJ plugin: Fiji. The total TH+ cells in each
retina were counted manually. All images were randomized, ensuring the experimenter was blind
to the genotype. The data was reported as the total number of TH+ amacrine cells per retina.

For pairwise comparisons, unpaired two-tailed t-tests were used with a p <0.05
indicating significance. All data were expressed as mean = SEM. Graphs were made using
GraphPad Prism (version 9); Column data are plotted as scatter dot-bar plots to show variability,

and n shows the sample size for each data set.
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3. Results

3.1 Retina Metabolomic Differences Emerged at 2 Months
of Age

A total of 14 retina pairs were collected from mice seven days old (P7) (n=7 CKO, n=7
controls), and a total of 28 metabolites were identified and quantified using NMR (Table S1).
Similarly, 17 retina pairs were collected from P60 mice (n=9 CKO, n=8 controls). The same 28
metabolites identified in the P7 dataset were found in the P60 dataset (Table S2 & Figure S1).

Diftferences in metabolic profiles between CKO and control retinas from P7 and P60
retinae were initially assessed using an unsupervised multivariate PCA analysis (Figure 1). The
2-dimensional (2D) PCA scores plot shown in Figure 1A for P7 retinae revealed intermingled
clustering of all datapoints, with no obvious separation of the CKO and controls. Analysis of 3D
PCA scores plot for the P7 group revealed a marginal though noticeable separation between P7
CKO and control mouse groups (Figure 1 B), suggesting a potential trend in metabolite
differences sufficiently strong to distinguish the two animal groups based on distinct retina
metabolome profiles.

PCA analysis of the P60 retina samples (Figure 1C, 1D), revealed a more noticeable
difference between the CKO and control groups, as assessed by a tight clustering of the control
group and reduced overlap of the sample groups in PCA score plots. Examination of the 2D PCA
score plot (Figure 1C) group separation along principal component 2 (PC2). When taking into
account a third principal component, the resulting 3D PCA scores plot (Figure 1D) demonstrated
a distinct clustering of the CKO group separate from the control group, indicating that retina
metabolome differences are sufficiently characteristic to result in the separate clustering of the

CKO and control mouse samples.



92

A P7 PCA B P7 3DPCA
@ Control @ Control
OCKO OCKO
<4
= 15 5
2o - % °
< o) o
o~ = 8 50.5 ° °
Z Q® o~ L4
No- 8 €05 SN
c )
e o % oo o
g’ &
g.T- Eo
§ ° o° oiﬁ, o 14
< -1 o\
i Dy, = 06 b",f\"
o © 02 .5\
o 02 e&
el 7, ™ A\
f >, 06 0
T T T T T T T @, o 1 ((\Q
-6 -4 -2 0 2 4 6 S o
Component1 (78.5%) Y
C P60 PCA D P603D PCA
@Control @ Control
o] OCKO OCKO
o
o L5
X o
o o 2
& al & :1.5
-
> 05 .
g o Co °
5°7 © aEro,s
& L)
E -1, ‘o, A
S+ e° Yo 16
(o Mot} 12 D
0, [T} 12 A
"’.o o 08 Q-
% o 04 D
N () v O
D, < 0
7.2 04 OO
VR T CNERTI
Component1 (53.7%) o

Figure 1. Multivariate Principal component analyses (PCA) of the metabolic profiles of
P7 and P60 retinas indicate that the CKO group (gold) cluster separately from control

group (blue) by P60. Panels (A,B) present the 2D- and 3D-PCA scores plots of retinae at P7,
while panels (C,D) present the 2D- and 3D-PCA scores plots for retinas collected at P60.

(A) 2D PCA scores plots of P7 retinas show complete overlap of samples for both groups,
indicating any differences in metabolomic profiles are not sufficiently distinct to separate the
CKO from controls. (B) Metabolite patterns of the CKO retinas appear to slightly cluster
separately from those of control samples in the 3D PCA scores plot of the P7 retinas; however,
principal component 3 only accounts for 4.2% of the variance, indicating a marginal group
separation. (C) 2D PCA scores plots of the metabolic profiles of P60 retinas reveal that the CKO
samples are more variable than controls, but cluster separately from controls when examining the

resulting 3D PCA scores plot (D). Each dot on these plots represents each sample generated by
collecting the two retinas of each mouse.
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Differences between the metabolite profiles of CKO and control mouse retinas were
further assessed through a hierarchical cluster analysis (HCA) and visualized using heatmaps.
Samples from the CKO group cluster more closely together, based on their characteristic
metabolite level patterns, compared to the control group at P60, although this distinction was not
so at P7 (Figure 2). This is also consistent with what was observed in the PCA analyses of the P7
and P60 groups. The variation in metabolite levels measured for both CKOs and controls at P7
did not lead to a separate clustering by genotype at that time point (Figure 2A). At P60, the
metabolite profiles of the CKO retinas lead to a separate clustering of the CKO samples controls,
except for control sample 323whose metabolite patterns appear to more closely resemble that of
the CKOs. At P60, the heatmap indicates that there are many metabolites whose levels are lower
in the CKO retinas relative to control samples, as shown by the blue and red color blocks
associated with each cluster. Metabolites that exhibited the greatest difference in levels in the
CKO mice compared to the controls included succinate, alanine, aspartate, acetylcarnitine,
choline, glutamine, taurine, glycine, phosphocholine, glycerophosphocholine, glutamate,
gamma-aminobutyric acid (GABA) and myo-inositol, all of which were lower in concentration

in the CKO group, relative to the control group.
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Figure 2 Hierarchical clustering analysis (HCA) and heatmap visualizations of (A) P7
and (B) P60 CKO (gold) and control (blue) retina samples. The red-blue color spectrum
represents the scaled abundance of each metabolite, with dark red and blue indicating high and
low abundance, respectively. No distinct clustering based on metabolite levels and genotype are
observed until P60. Abbreviations: AMP: adenosine monophosphate; 2-MA isobutyrate: 2-
methylamino isobutyrate; GPC: glycerophosphocholine; GABA: gamma-aminobutyric acid.

Conducting an unpaired, two-tailed #-test revealed no significant differences between the
metabolites measured for the CKO and control retina samples at P7, but the #-test for the P60
samples identified 13 metabolites whose levels were significantly (FDR p < 0.05) altered
between the CKO and control groups (Figure 3). All metabolite levels of those identified from
the #-test (alanine, aspartate, choline, glutamine, GABA, glycerophosphocholine, glycine,
glutamate, acetylcarnitine, phosphocholine, succinate, myo-inositol and taurine) were lower in

the CKO compared to the control retina samples.
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Figure 3. The two-sample #-test of the P60 retinae metabolomic profiles identified 13
metabolites that significantly discriminated the CKOs from controls. Normalized concentration
is displayed on the y-axes.The ¢-test parameters assumed equal variance and employed a FDR
corrected p value threshold < 0.05.

A volcano plot analysis of differential metabolite levels was performed for the P60 retina
metabolite samples. This analysis was used to examine which metabolites were most different
between the CKO and control groups based on fold change (FC) concentration differences, and

excluded metabolites that did not reach FDR-corrected p value < 0.05 through #-test evaluation
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(Table S3). This analysis revealed that the levels of myo-inositol and GABA were both ~2.5

times lower in the CKO retinas compared to controls. The reduction in concentration of glycine,
glycerophosphocholine, glutamate, glutamine, aspartate, acetyl-carnitine, and choline ranged
between 1.7-1.5 folds for the CKO retinas compared to controls, while all other metabolites
identified in the two-sample #-test were reduced by a FC < 1.5.

Overall, these analyses indicated no statistically significant differences in metabolite
levels at P7, but do pointed to significant changes in metabolite levels of the CKO retinas
compared to control at P60, with myo-inositol and GABA being the lowest in concentration in
the CKO group compared to the control group. Metabolites that most discriminated between the
two groups belonged to diverse classes including amino acids, phospholipid metabolism
constituents, inhibitory and excitatory neurotransmitters, and metabolites involved in retina

energy (ATP) metabolism.

3.2 Alterations in dopaminergic amacrine cell population in
CKO retinae.

Dopaminergic amacrine (DA) cells are modulatory retinal interneurons involved in key
visual processes such as light adaptation and color vision [21,22]. In the mouse retina, DA cell
bodies are strictly positioned within the inner nuclear layer (INL) and extend processes to other
retinal layers, in contrast to dopamine receptors which are distributed throughout the retina [40].
Dopamine transmission via DA cells utilize volume transmission allowing for the pan-retinal
modulatory affect. Interestingly, the DA cells are one of the sparsest retinal neurons making
0.0001% of all retinal neurons. Despite making up a small percentage of retinal neurons the

number the DA cells is a tightly regulated process [41].
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Based on the retinal degeneration found in FD patients, and reduced levels of GABA at
P60 (Figure 3 and Table S3), the cellular status of the DA cells were evaluated. CKO and control
retinas at P7, P30, P60, and P90, were immunolabeled with an antibody to tyrosine hydroxylase
(TH) (rabbit anti-Tyrosine Hydroxylase, Millipore, #AB152), as this is the rate limiting step in
DA synthesis. Alteration in the number of TH-positive cells in CKO retinas compared to
littermate controls was observed at the later timepoints examined (Figure 4). Interestingly, at P7,
before mice have opened their eyes and all amacrine cells have been generated, there is no
observable difference in the number of TH-positive cells between the CKO and control (Figure
4A & 4B). However, by P30, when substantial RGC death has occurred, significantly fewer TH-
positive amacrine cells were observed in the CKO (Figure 4A & 4B; **** p <(0.0001). This trend
continued until P90, with a similar number of TH-positive cells in the CKO being significantly

reduced in the CKO compared to the control (Figure 4A & 4B; **** p <0.0001).

3.3 Reduced Dopamine Levels at P30 in CKO Retina

Dopaminergic amacrine cells are the primary source of dopamine synthesis in the retina
[42]. thus, relative dopamine levels in CKO retinas were measured using UHPLC/Q-TOF-MS to
determine whether the significant reduction in DA+ amacrine cells is associated with lower
dopamine levels. Two MS experiments (Run 1 and Run 2) were conducted as described in
section 2.8, and data were analyzed separately as a result of batch variability. Dopamine levels at
P30 in Run 1 were significantly (p value < 0.05) reduced by ~35% in CKO retinas compared to
controls (p=0.023). Though Run 2 did not reach significance (p < 0.05), a ~25% reduction in
dopamine levels was still observed in CKO retinas, relative to the amount measured in the

control retinas. Overall, while there is variability in dopamine levels between the CKO and
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control retinas, we can confidently report a ~ 25-35% reduction of total dopamine levels in the
CKO mouse retinas compared to control samples at P30. These findings are supported by the

reduction in the number of DACs observed in the CKO mice at three different timepoints.
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Figure 4. Changes in TH+ cell number throughout disease progression.
(A) Representative retina flat mount stained with anti-TH at three different ages (columns)
demonstrating changes in cell number as the disease progresses between control (top panel) and
CKO (bottom panel). Red boxes indicate regions with the most prominent reduction in the TH
cells in the CKO and corresponding regions in the control retinae. Scale bar, 250pum.
(B) Quantification of TH+ amacrine cells from control mice compared to CKO mice. TH+ cells
were counted in the entire retina. ns = 0.2545, **** p <(0.0001, unpaired ¢-test. Data are shown
as average +SEM, and each data point represents an individual retina. The sample size for
individual groups is represented by n within each bar.
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4. Discussion

FD is a highly debilitating neurodevelopmental and neurodegenerative disease, with a
ubiquitous clinical phenotype of progressive visual decline that begins around 20 years of age in
humans [9]. Previous studies using the FD Pax6 CKO mouse model have reported evidence of
mitochondrial dysfunction, reduced ATP production, neuronal stress, and secondary cell types
affected by loss of Elp1 [9,10] (data in preparation, and submitted).

The role of mitochondrial dysfunction and reduced energy production in the CKO retina
has necessitated to better understand how metabolic impairments affect the function of the retina
in FD. Our recent metabolomics analysis of the polar metabolite profiles of FD patients’ serum
and fecal samples generated insights into the interconnection between FD disease state and the
central metabolism, and how the observed metabolic changes potentially report on metabolic
processes that may play a role in promoting further neurodegeneration and FD disease
progression [11].

A metabolomics analysis of the CKO Pax6 mouse retina was conducted to gain a better
understanding of how metabolism may contribute to the optic neuropathy observed in FD
patients. In addition, we investigated the phenotypic characteristic of dopaminergic amacrine
cells of the retina via immunohistochemistry and targeted mass spectrometry (MS) experiments.
Metabolic dysfunction was observed to occur in tandem with Pax6-cre; Elp "**/** induced RGC
degeneration, which was marked by alterations in taurine, Cahill and mini-Krebs cycle
intermediates, phospholipid metabolism, and metabolites associated with maintaining proper

mitochondrial function. The data demonstrated that Pax6 mouse retinas have a 25-35% reduction
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in dopamine levels at P60, data that is accompanied by an overall reduction in DA cell numbers

compared to controls beginning at P30.

4.1 '"H NMR data indicate that metabolic disturbances align
with Elpl induced RGC degeneration.

At postnatal day 7 (P7), the metabolome of retinas from FD mice could not be separated
from the control mice as differences in polar metabolite patterns were small and not significant
(Figure 1A & 1B, Figure 2A). Metabolite pattern trends appear to be emerging based on slight
group differentiation observed in the P7 3D PCA plot (Figure 1B), though when evaluated using
a t-test, no metabolites were significantly different based on an FDR corrected p value < 0.05.
Conversely, by P60, the metabolome of CKO retinas began to diverge from that of controls and
enabled the separate clustering of the CKO groups from the control group, as observed in the 2D
and 3D PCA scores plots (Figure 1C & 1D). Further analysis using a two-sample #-test identified
14 metabolites had significantly different levels (FDR p < 0.05) in the CKO retinas compared to
controls (Figure 3). These data suggest that the onset of RGC decline is associated with
metabolic dysfunction. Metabolites with altered levels significantly discriminated between the
retina metabolome of CKO and control mice (Figure 3) and were further evaluated based on their
associated metabolic pathways, and relevant cellular functions specific to the retina.

The retina is one of the most energy demanding neuronal tissues [4,27], thus requiring
efficient metabolism to meet its energetic (ATP)needs, however, causing retinal cells to be highly
sensitive to disturbances in energy supplies [28,43]. RGC rely critically on proper
mitochondrialfunction for RGC survival, and disruption of mitochondrial metabolism within
RGC:s has been linked to other optic neuropathies in addition to FD, includingglaucoma, Leber’s

hereditary optic neuropathy (LHON), and dominant optic atrophy (DOA) [1,2,4]. In this work,
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taurine, and other metabolites that contribute to healthy mitochondrial function and energy
production, were identified as being key markers of CKO retina pathology when compared to

control retinas at P60.

4.2 Taurine is fundamental for mitochondrial electron
transport chain (ETC) complex 1 function and RGC health.

In our previous metabolomics analysis of FD patients, taurine levels were lower and
implicated in a systemic deficit of FD patients [11]. Herein, taurine was also identified as being
significantly decreased in the FD mouse retinas at P60(Figure 3). Compared to any other bodily
tissue, the retina is the most enriched in taurine, and deficits of this metabolite cause loss of
functional photoreceptors, RGC degeneration, and optic neuropathy [13,14,44-46]. The
mechanism by which taurine deficient phenotypes induce retinal damage is thought to occur via
functional impairments of the mitochondria, including reduced complex 1 electron transport
chain (ETC) activity and oxygen consumption, and leading to increased reactive oxygen species
(ROS) production [47,48]. Reduced ETC complex 1 function has been reported in FD patients
[10,11] and in Pax6 mouse retinas at 2.5 months of age [10]. Mutations in genes that dysregulate
complex 1 are also associated with LHON and DOA [1,2]. As such, this presents an interesting
crossroads between taurine deficient phenotypes and a reduction in Elp1, as both cellular states
reportedly promote mitochondrial dysfunction through a similar cellular mechanism of mediating
translation effectively.

Elp1 is responsible for modifying the wobble uridine of tRNA molecules of glutamate,
glutamine, and lysine [49], while adequate taurine levels enable smooth translation of leucine
and lysine wobble uridines in the mitochondria [47,50]. Reduction of both Elp1 and taurine in

the CKO retina could thus acts in concert and enhance wobble uridine modification deficiencies.
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Interestingly, the wobble uridine modification facilitated by taurine are necessary for the
synthesis of mitochondrial proteins cytochrome b, ND5, and ND6 (NADH-ubiquinone
oxidoreductase chain 5 and 6) [47,50], the latter two being the same proteins that are mutated in
LHON and DOA [1,2]. Moreover, all are responsible for maintaining proper complex 1 function,
minimizing ROS production and cellular stress, and preventing the breakdown of mitochondrial
structure and function. Improving mitochondrial function in dorsal root ganglia (DRG) neurons
has been shown to improve neuronal survival in FD [51], suggesting that mitochondria could be
a promising target to prevent RGC loss [10]. Taurine has a direct role in protecting mitochondrial
function, and taurine supplement studies have shown that it can mitigate metabolic impairments,
mitochondrial dysfunction [48], and retinal degeneration [44]. Taurine is thus regarded as a
promising metabolite for future studies aimed at elucidating its direct involvement in FD retinal
pathology, and may be a good candidate for therapeutic interventions focused on mitigating the
progressive optic atrophy observed in FD patients, as well as that of LHON and DOA.

4.3 Alterations in the levels of metabolites involved in the

Cahil (alanine-glucose) and mini-Krebs cycles point to
energetic (ATP) deficits in CKO retinae.

Retinal tissue, being another constituent of the central nervous system, is closely
associated with the brain, and as such, metabolic energy to sustain retinal function is
predominantly derived from anaerobic glycolysis [4,27]. Though glucose is the preferred
substrate of the retina for energy production, it is possible that other substrates, such as lactate or
certain amino acids, can be used, based on the close relationship between the retina and the brain
[4]. Metabolic pathways of the brain are characterized by the reliance on glucose for glycolysis,

and TCA cycle activity that is fueled by ketone catabolism and the malate-aspartate shuttle that
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supplies substrates for replenishing the TCA intermediates [52]. Recent investigations into the
energetic needs of the retina identified an uncoupling of glycolysis and the TCA cycle through
the “mini-Krebs” (6-step TCA) cycle and the alanine-glucose Cahill cycle (Figure 5), which
appears to take place in photoreceptors and Miiller glia [27], utilizing similar metabolic pathways
as those described for the brain, though unlike the brain, these pathways in the retina are

seemingly independent of starvation conditions [52].
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Figure 5. An illustration of how the Cahill and mini-Krebs cycle both contribute to rapid
energy production in the retina. The Cahill and mini-Krebs cycles are shown in blue and orange,
respectively. Key steps in each cycle are depicted, with ALT initiating the Cahill cycle by
converting pyruvate and glutamate to alanine and a-ketoglutarate, respectively, which can then
enter the TCA cycle. In a similar manner, glutamate and oxaloacetate can be converted to
aspartate and a-ketoglutarate, via AST function, thus entering the TCA cycle as well. Both
pathways provide means by which ATP, NADH, GTP and FADH2 can be generated at a more
efficient rate than classical glycolysis coupled to aerobic catabolism via the TCA cycle in the
retina [27]. The characteristic signature metabolites that indicate Cahill and mini-Krebs cycle
activity include alanine (Cahill) and NAA (mini-Krebs cycle) [27]. Blue boxes indicate
metabolites in significantly lower concentrations measured in the Pax6 CKO retina compared to
controls. Abbreviations: ALT, alanine transaminase; AST aspartate aminotransferase; NAA, n-
acetyl aspartate.

In the Cahill cycle of the retina, which is unique compared to how the liver utilizes this
cycle, pyruvate produced from glycolysis is transaminated to alanine, and converts glutamate to
a-ketoglutarate, which can enter the TCA cycle [27]. In the mini-Krebs cycle, metabolites enter

the TCA cycle via the conversion of glutamate and oxaloacetate to a-ketoglutarate and aspartate,
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respectively, a reaction mediated by aspartate amino transferase. In both instances, glutamate is a
key metabolite for both pathways. In Miiller glia, and presumably other retinal cell types,
glutamate can be derived from glutamine, or absorbed from the extracellular space [27]. An
additional metabolic fate of glutamine, beyond its role in energy metabolism, is its conversion to
GABA (gamma amino-butyric acid), the most abundant inhibitory neurotransmitter, which is
used by DA cells [23]

Lower levels of alanine, glutamine, glutamate, and aspartate were measured in P60 Pax6
retinas, suggesting a potential deficit or depletion of these key energy-producing substrates.
GABA levels were also reduced in the P60 CKO retinae, suggesting the lower levels of
glutamate are not a result of GABA production. A third pathway that uncouples glycolysis and
the TCA cycle, similarly to the Cahill and mini-Krebs cycle, is the Cori (lactate-glucose) cycle,
which reduces pyruvate to lactate to maintain anaerobic glycolysis by regenerating NAD+ [27].
Lactate was profiled in the CKO and control retinas, though no significant difference in lactate
levels were observed, suggesting that the Cori cycle may not be substantially upregulated. The
fact that succinate levels were not found to be elevated in CKO Pax 6 retinas suggest that the
TCA cycle is indeed active and could be fueled through the shuttling of intermediates through
the mini-Krebs cycle (Figure 5).

Since the mini-Krebs cycle is an efficient way for retinal cells to produce energy [27], it
stands to reason that this pathway may actually be used to a greater extent by the retinal cells in
the CKO eye than the control. Such enhanced use of the mini-Krebs cycle could lead to a
depletion of available glutamine and glutamate that are used in the Cahill cycle, thus leading to

reduced alanine levels, corroborating our observations in the CKO retinae (Figure 3). To confirm
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whether the mini-Krebs cycle is being used or not, the end product, N-acetyl aspartate (NAA)
would have to be measured, which unfortunately was not detected in our analysis.

Though these pathways have not been directly linked to RGCs, but instead to the function
of photoreceptors and Miiller glia, RGC (and now DA cells) are the only reported cell types that
die in the Pax6 FD mouse model. Photoreceptors die in other FD models, though at a much later
age than the P60 timepoint used in this study [9], and there is no evidence that photoreceptors are
reduced in the Pax6 FD mouse model [10]. Miiller cells in CKO Pax6 retinae, however, have
been found to be dysfunctional as they are unable to mount the expected cellular response to
mitochondrial damage (data in preparation), though cell numbers for Miiller glia in CKO Pax6
retinas remain comparable to controls. These results indicate that the metabolic changes
identified in this study are either indicative of alterations specific to RGCs that should be further
explored, or these data present evidence of alterations associated with cell types other than
RGCs, such as Miiller glia, which may not die due to Elp! loss, but instead promote disease

progression through dysregulation of other cell functions.

4.4 Reduced levels of membrane phospholipid associated
metabolites myo-inositol and choline are associated with

retinopathy.

Myo-inositol is the most abundant of nine isoforms of inositol and is comprised of a six
carbon ring structure, each with an attached hydroxyl group [53]. Myo-inositol is commonly
found in tissues with high glucose utilization [53], including the retina, and is a marker for glial
cell proliferation [54], although glial cell numbers were unchanged in the CKO Pax6 retinae
compared to controls (data in preparation). Both dietary absorption and endogenous synthesis

provide sources for myo-inositol. Glucose-6-phosphate is used to synthesize myo-inositol
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phosphate, which is then converted to myo-inositol through L-myo-inositol-1-phosphate
synthase, and myo-inositol-1-phsophate catalysis. This synthesis occurs in the liver, kidneys and
brain [53], but myo-inositol concentrations are primarily maintained in neural tissue by active
cellular uptake that can be inhibited by elevated blood glucose levels. Reduced levels of cellular
myo-inositol manifest as abnormal phospholipid metabolism [3] of phosphoinositide’s, which
make up a substantial component of retinal cell membranes [55]. Additionally, reduced levels of
myo-inositol can impact cholinergic transmission by improperly mediating assembly and
disassembly of microtubules that are involved in neurotransmitter secretion [3]. The cholinergic
nervous system is greatly impacted in FD and FD mouse models [56,57][30,64], and as such,
suggests a mechanism by which reduced levels of myo-inositol could be exacerbating
dysfunction of the cholinergic system in FD.

Within the retina, the distribution of phosphatidylinositols in retinal membranes of cell
types other than rod outer segments and the retinal pigment epithelium are ubiquitous [55].
Phosphoinositides are important for numerous cellular functions, including development,
proliferation, differentiation, membrane excitability, exocytosis, phagocytosis, cell motility and
detection of extracellular signals, as the enzymes mediating these functions contain highly
specific phosphoinositide-binding domains. Thus, the pathways regulated by phosphoinositides
are essential for the function and health of the retina, and for mediating cellular responses to a
disease state [55]. The function of the PTEN (Phosphatase and TENsin homolog) enzyme is thus
one that could be altered as a result of reduced myo-inositol levels [55,58]. PTEN is also linked
to many important downstream cellular response signals that mediate DNA repair and survival
signaling [59] and preliminary data suggests this protein may be reduced in CKO Pax6 retinae

(data in preparation). Little is known about phosphoinositide regulation and function in the
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retina, but it is understood that dysregulation of phosphoinositide can lead to blindness in human
patients and animal models [55]. Given the need for downstream products of myo-inositol
metabolism for numerous enzyme functions, restoring myo-inositol levels in FD retinas may be
beneficial to ensure proper protein synthesis, DNA repair, and survival signaling through PTEN
activity and other phosphoinositide-dependent enzymes [59].

Similar to myo-inositol, choline is a precursor for another crucial phospholipid,
phosphatidylcholine, and was identified to be reduced in Pax6 CKO retinae at P30 (Figure 3). In
neurons, choline facilitates cellular homeostasis via two primary metabolic fates:
phosphatidylcholine synthesis, and acetylcholine production. Phosphatidylcholine functions both
as a primary cellular membrane constituent, and as a storage molecule to maintain localized
neural pools of choline for acetylcholine synthesis [60,61]. Both acetylcholine and an
intermediate of phosphatidylcholine synthesis (citicoline) are crucial for the survival and
viability of retinal ganglion cells [62], the cell types that die in FD [6,9,10].

Lower levels of choline, phosphocholine, and glycerophosphocholine were measured in
the CKO retinae compared to controls. Choline and phosphocholine are the substrate and
product, respectively, of the first reaction of the 4 step Kennedy pathway of phosphatidylcholine
synthesis (Figure 6). Glycerophosphocholine is a catabolic product of phosphatidylcholine and
an intermediate in de novo synthesis of choline. High cell membrane synthesis and an active
Kennedy pathway are characterized by low choline and high phosphocholine levels [27,32]. The
levels of choline, phosphocholine and glycerophosphocholine measured in this study suggest that
phospholipid biosynthesis and catabolism are impaired in the CKO retinae. In our prior
untargeted metabolomics analysis of FD patients [11,12], we postulated that disrupted choline

metabolism may contribute to disease progression, and the present data suggest that choline may



111

play an even greater role than previously recognized, especially regarding retinal health and

RGC degeneration.

Choline

ATP _ _
ADP Choline Kinase

Phosphocholine

GPC:Choline
Phopshodiesterase

CTP Phosphate
PPI cytidylyltransferase
Gl hosphocholi M e
ceropnospnocholiine - .
YECTOPOSP Citicoline

DAG/AAG Choline/ethanolamine
Phospholipase B CMP phosphotransferase

A\
Lysophosphatidylcholine «—— Phosphatidylcholine

Phospholipase A2

Lysophospholipase

Figure 6. Phosphatidylcholine production and catabolism. Blue boxes indicate
metabolites with significantly lower levels measured in the Pax6 CKO retina compared to
controls. Abbreviations: ATP, adenosine triphosphate; ADP, adenosine diphosphate; CTP,
cytidine triphosphate; PPI, inorganic pyrophosphate; DAG, diacylglycerol; AAG, alkyl-acyl-
glycerol; CMP, cytidine monophosphate; GPC, glycerophosphocholine.

Citicoline has been shown to promote acetylcholine and myelin production, restore
mitochondrial functions, to have anti-apoptotic effects, stimulate antioxidant activity, prevent
neuronal cell death, and to counteract retinal nerve fiber layer thinning [62,63] FD patients and
mouse models exhibit reduced myelination of axons, thinning of the retinal nerve fiber layer
(NFL), enhanced RGC death, and have deficits in mitochondrial integrity and function
[6,7,9,10,16]. Though further studies are needed to evaluate the function of the Kennedy
pathway in Pax6 retinas, it may be useful to evaluate levels of citicoline directly, as this

metabolite represent a promising neuroprotectant to prevent or reduce RGC death and to limit
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visual decline in FD patients. In addition, citicoline has been shown to increase retinal dopamine

concentrations [63], which were reduced in the CKO retinae through our MS analysis.

4.5 Alterations in dopaminergic cell populations

This study provides the first evidence that specific subtypes of retinal neurons other than
RGCs may also be affected by the loss of ElpI. Furthermore, these data might help explain the
decline in visual acuity and color-vision deficits in FD patients [6,64]. Interestingly, it does not
appear that the DA amacrine cells are dying because the number of TH-positive cells in the CKO
is consistent throughout disease progression, whereas in the control, an increase in of~400 cells
is observed from P7 to P30. These data are consistent with the targeted MS analysis that found a
25-35% reduction in dopamine levels at P30 (Figure 4). All together, these data have shown that
the population of DA cell populations are reduced in the CKO retinae, which is also reflected in
the reduced levels of available dopamine.

Amacrine cells are the most diverse cell type of the retina, and despite their
morphological differences, most amacrine cells function as inhibitory interneurons, which can be
divided into two groups based on whether the cells use GABA or glycine as their primary
neurotransmitter. GABAergic cells and glycinergic cells can also express additional
neurotransmitters [41,65,66]. Dopaminergic amacrine cells are also GABAergic, while
GABAergic amacrine cells are “born” at distinct times. The majority of the TH-positive
amacrine cells are born by E16 [41]. Therefore, by P7, all amacrine cells fated to be GABA™ TH"
should have undergone terminal mitosis and begun differentiating. Taken together, these
observations indicate a potential problem with differentiation in a small subtype of neurons in the

absence of Elpl. Additionally, lower amacrine cell numbers could lead to altered receptive
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properties of RGCs, which may result in additional visual processing dysfunction as seen in FD
patients. This preliminary study of retina amacrine cells has yielded exciting results that warrant
further investigation to better understand the impact of DA cell deficits in the FD retina, confirm
potential defects in neuronal differentiation in the absence of Elp1, and to elucidate yet another

important biological function of Elp1 and the Elongator complex.

5. Conclusion

In conclusion, our NMR-based metabolomics analysis of Pax6-Cre*; Elp 1" CKO
retinae has shown significant changes in polar metabolites which are relevant to mitochondrial
function, energy production, and phospholipid metabolism. Accompanying these data are the
targeted dopamine MS analysis and histological examination of a subpopulation of retinal
amacrine cells, which have shown significant reduction of both cellular dopamine levels and DA
cells in CKO retinae compared to control retinae. These data have provided the first untargeted
metabolic investigation of Elpl CKO retina, and demonstrated for the first time, that a retinal
cell population other than RGCs is directly impacted by the loss of Elp! in this FD mouse model.
Of particular interest for future study are the metabolites taurine, myo-inositol, and constituents
of the Kennedy pathway, including citicoline, as these metabolites show great promise as
efficacious retinal neurotherapeutics which could be delivered in a non-invasive way. In addition,
it would be worthwhile to further explore why levels of dopamine and numbers of DA cells are
reduced in Pax6 FD mice, as a better mechanistic understanding of these phenomena could help
better understand or treat the visual color decline observed in FD patients. Ultimately, results
presented in this study have provided new knowledge on how metabolic deficits impact retinal

health and can interfere with the function of not only RGCs but also additional cell types
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associated with optic atrophy in FD. These findings may be applicable to other retinal diseases

that are associated with mitochondrial and metabolic-mediated deficits.
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Supplementary Info

P7
Metabolites CKO Control
Average (uM) SD (uM) | Average (uM) SD (uM) | FC [ Log2 FC
Acetate 34.40 71.74 79.47 97.22 |043| -1.21
Adenine 27.31 15.41 36.14 1890 |0.76 | -0.40
AMP 6.57 6.30 8.03 805 |0.82| -0.29
Alanine 11.14 2.22 15.37 3.48 0.72 -0.46
Aspartate 9.07 2.47 9.86 1.36 092 -0.12
Butyrate 8.86 20.84 25.19 30.33 |0.35| -1.51
Choline 3.40 0.97 5.56 161 |061| -0.71
Creatine 21.97 21.86 24.43 28.83 |090| -0.15
Creatinine 19.69 24.35 36.60 3247 |054| -0.89
Glutamine 88.93 11.75 94.06 8.02 |0.95| -0.08
Ethanol 7.34 5.20 9.29 6.45 |0.79| -0.34
Formate 19.74 17.85 25.43 20.85 |0.78| -0.37
GABA 3.31 1.88 5.56 3.14 |0.60| -0.75
Glycine 29.09 6.84 30.17 468 096 | -0.05
Isoleucine 1.17 0.42 1.54 037 [0.76| -0.40
Glutamate 12.10 2.63 16.07 392 075 -041
Lactate 20.61 18.57 34.93 26.45 |059| -0.76
Leucine 2.09 0.45 2.66 059 [0.78| -0.35
Methanol 693.80 599.60 607.06 1040.74 | 1.14| 0.19
2-MA isobutyrate 0.51 0.73 1.47 128 |0.35| -152
Acetylcarnitine 0.26 0.13 0.23 0.08 1.13 0.17
Phosphocholine 17.54 3.31 21.70 229 |081| -0.31
Propionate 7.59 17.25 20.74 2472 1037 | -1.45
Succinate 1.13 0.41 1.89 126 |060| -0.74
Taurine 125.87 24.76 172.86 2744 |0.73| -0.46
Valine 2.26 0.47 2.77 069 [081| -0.30
myo-Inositol 5.43 1.67 7.44 185 |0.73| -0.46
GPC 3.06 1.94 4.26 226 |0.72| -0.48

Table S1 P7 Retina Metabolites Identified and Quantified by NMR: Concentrations,

Standard Deviation and Fold Change. 28 metabolites were identified in retinae from 7 CKO and
7 control P7 mice. Column 1 indicates the quantified metabolite, and columns 2 and 3 report the

average metabolite concentrations and standard deviations (SD) measured in the retinas from

CKO and control mice, respectively. Columns 4 and 5 reports fold change (FC) and Log> FC of
metabolite concentrations between CKO and control mice. A negative percent value indicates an
average lower in CKO mice compared to control mice, and a positive percent value is higher in

CKOs compared to controls. Abbreviations: GPC, glycerophosphocholine; GABA, gamma-
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aminobutyric acid. AMP, adenosine monophosphate; 2-MA isobutyrate, 2-methylamino

isobutyrate.
P60
Metabolites CKO Control
Average (uM) SD (uM) | Average (uM) SD (uM) | FC | Log2 FC

Acetate 133.54 71.59 67.76 37.41 1.97 0.98
Adenine 29.18 23.39 9.41 2.05 3.10 1.63
AMP 7.67 3.94 13.08 4.77 0.59 -0.77
Alanine 2.78 0.96 3.88 0.78 0.72 -0.48
Aspartate 7.70 2.46 12.48 2.57 0.62 -0.70
Butyrate 7.27 5.90 2.73 0.46 2.67 1.42
Choline 3.41 2.34 5.35 1.92 0.64 -0.65
Creatine 25.98 15.78 53.38 12.22 0.49 -1.04
Creatinine 5.17 11.65 2.89 6.31 1.79 0.84
Glutamine 30.51 11.89 50.79 11.80 | 0.60 -0.74
Ethanol 0.91 0.61 1.44 0.57 0.63 -0.66
Formate 520.84 593.19 20.48 7.98 | 25.44 | 4.67
GABA 8.92 4.90 22.83 4.65 0.39 -1.36
Glycine 13.59 5.03 23.74 4.25 0.57 -0.80
Isoleucine 0.44 0.31 0.54 0.08 0.83 -0.27
Glutamate 12.48 3.17 19.10 3.10 0.65 -0.61
Lactate 56.96 15.92 77.10 28.85 | 0.74 -0.44
Leucine 1.12 0.17 1.19 0.26 0.95 -0.08
Methanol 14.66 38.23 0.93 045 |1584 | 3.99
2-MA isobutyrate 0.36 0.19 0.43 0.19 0.84 -0.26
Acetylcarnitine 0.29 0.12 0.55 0.16 0.53 -0.93
Phosphocholine 3.86 0.91 5.56 0.96 0.69 -0.53
Propionate 9.10 8.46 2.56 0.98 3.55 1.83
Succinate 1.36 0.27 1.99 0.61 0.68 -0.55
Taurine 271.23 50.37 361.41 7049 | 0.75 -0.41
Valine 0.97 0.21 0.99 0.31 0.98 -0.03
myo-Inositol 7.18 3.69 17.61 2.61 0.41 -1.29
GPC 4.97 1.65 8.23 1.40 0.60 -0.73

Table S2 P60 Retina Metabolites Identified and Quantified by NMR: Concentrations,

Standard Deviation and Fold Change. 28 metabolites were identified in retinae from 9 CKO and
8 control P60 mice. Column 1 indicates the quantified metabolite, and columns 2 and 3 report the

average metabolite concentrations and standard deviations (SD) measured in the retinas from
CKO and control mice, respectively. Columns 4 and 5 reports fold change (FC) and Log> FC of

metabolite concentrations between CKO and control mice. A negative percent value indicates an

average lower in CKO mice compared to control mice, and a positive percent value is higher in
CKOs compared to controls. Abbreviations: GPC, glycerophosphocholine; GABA, gamma-
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aminobutyric acid. AMP, adenosine monophosphate; 2-MA isobutyrate, 2-methylamino
isobutyrate.

Name FC Log2(FC) p.adjusted -log10(p)
myo-Inositol 0.41 -1.30 2.53E-7 6.60
GABA 0.39 -1.35 3.15E-7 6.50
Glycine 0.57 -0.80 7.21E-4 3.14
Glycerophosphocholine 0.60 -0.73 7.21E-4 3.14
Glutamate 0.65 -0.61 7.21E-4 3.14
Glutamine 0.60 -0.73 1.40E-3 2.84
Aspartate 0.62 -0.70 6.29E-3 2.20
Acetylcarnitine 0.52 -0.93 7.35E-3 2.13
Choline 0.64 -0.65 3.26E-2 1.49

Table S3 Volcano plot analysis of P60 retinae metabolite concentrations between CKOs
and controls. Volcano plot analysis indicated fold change (FC) and two-sample t-test
significance. A FC threshold > 1.5 and a FDR corrected p value < 0.05 were set as the criteria for
significance. FC was taken as the ratio of the mean metabolite concentration for the CKO group
compared to the control group prior to statistical normalization by log transformation.
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Figure S1 Representative 1D 1H NMR spectrum of retina metabolite extracts from a P60
sample. 1H chemical shift regions corresponding to (A) 0.0 to ~4.5 ppm and (B) 6.0 to ~9 ppm
are depicted. Abbreviations denote: DSS, 4,4-dimethyl-4-silapentane-1-sulfonic acid; GPC,
glycerophosphocholine; PC, phosphocholine; GABA, gamma-aminobutyric acid. AMP,
adenosine monophosphate; 2-MA isobutyrate, 2-methylamino isobutyrate.
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CHAPTER FIVE

TUBAIA-CRE*; ELP*OXPLOXP SUCCINATE SUPPLEMENTATION

Highlighted throughout this dissertation work is the primary issue of mitochondrial
dysfunction that imparts cellular stress. The results from our detailed analysis of serum and stool
metabolite profiles presented in Chapter 3 of this dissertation indicate additional mechanisms by
which metabolic imbalances impart stress on the mitochondria or lead to mitochondrial
deficits [1]. Mitochondrial dysfunction in FD patients and mouse model has been characterized
by observations of mitochondrial membrane depolarization and fragmentation, increased reactive
oxygen species (ROS) production, reduced electron flow through the electron transport chain
(ETC), and reduced ATP production [2-5]. In addition to these characteristics, direct evidence of
dysfunctional mitochondrial ETC function was found upon examination of an FD patients’
muscle biopsy, which revealed functional impairments of the complex 1, 3 and 4 proteins of the
ETC, while complex 2 and the coupled function of complex 2 and 3 appeared to remain normal.

Complex 2 of the ETC (succinate dehydrogenase), is the enzyme that facilitates the
oxidation of succinate to fumarate, thus producing FADH> that provides electrons to complex 3
via electron shuttling through coenzyme Q/ubiquinone of the ETC. It was hypothesized that
succinate supplementation might provide a compensatory metabolic route to ameliorate
mitochondrial dysfunction and to stimulate the production of ATP via the complex2-coenzymeQ-
complex 3 axis, potentially mitigating cellular stress. It was postulated that supplementing the
water of FD mice with succinate may be a way to examine whether redressing metabolic
imbalance could improve energetic deficits underlying cellular networks that are at play in FD,

and conceivably perhaps slow or redress progressive neurodegeneration in FD mice.
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Towards this goal, Tubala-Cre*; Elp1**"L>*F mutant mice, and Tubala-Cre ; Ep!*/LoxP
control mice were divided into two treatment groups and provided succinate (6.35 mM) water, or
regular water, ad libitum. The four treatment groups were designated as mutants treated with
water (MW), or succinate (MS), and controls treated with water (CW), or succinate (CS). Mice
began supplementation at P90 (postnatal day 90, i.e., 3 months), continued for 3 months, and
concluded when mice reached P180 (i.e., 6 months). These experimental parameters were
devised based on the onset of phenotypic symptoms, which most consistently presented at P90.
Beginning supplementation following phenotypic expression of the disease would allow for a
more representative model of what would be the case for treating FD patients, given that
patients’ median age is 25 and their symptoms are well established at this stage [6-8].

Stool samples were collected at P90, P120, P150, and P180 for both NMR metabolomics
analysis and microbiome sequencing. Samples were collected prior to beginning treatment (T0)
and each subsequent month following treatment commencement (T1-T3). At the terminal
timepoint (T3), serum, liver, brain, and retina samples were collected for NMR metabolomics
analyses. Phenotype scores were collected in parallel with stool samples to systematically track
the observable progression of the disease over the course of succinate supplementation for both
the MS and MW groups. Water consumption was tracked for both mutants and controls either
receiving normal water or 6.35 mM succinate water, and it was observed that water consumption
by the CW and CS group was not different, but the MS group drank less water than the MW
group (Figure 1). The reduced water consumption of the MS group may indicate an improvement
in regulating thirst, which is not well regulated in FD patients and leads to excessive water
consumption [9]. One week prior to euthanasia, a gut-transit assay was performed for all mice in

both treatment groups.



128

Succinate and Water Consumption
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Figure 1 Succinate and water consumption (uL*mouse/hour) for mutants and controls.
Treatment groups were graphed by cage, where n = # of cages: CW (n=6), MW (n=6), CS (n=5),
MS (n=7). Boxes represent median, and first and third quartiles, whiskers show standard
deviation, and x indicates the mean. Significance was determined with a two tailed #-test
assuming equal variance and the false discovery rate for multiple comparisons was evaluated
with the Benjamini-Hochberg procedure, * p < .05, ** p <.01, *** p <.001, **** p < .0001.

Phenotype Scores

Observing the phenotypic manifestations of the disease throughout the course of the
experiment led to an interesting observation that succinate supplementation seemed to positively
affect the FD mice, which appeared healthier and stronger, and the females exhibited improved
grooming habits, and the males were seemingly more aggressive. Weekly check-ins to monitor
the status of water levels revealed that male mutants treated with succinate exhibited a higher
frequency of aggression towards cage mates, as seen by visible wounds on littermates. Indeed,
this was especially highlighted by the need to re-cage mutants treated with succinate due to
fighting, and their increased frequency of bite-attempts while being gently handled. These

characteristics were not observed for the mutants treated with water, or mutants from past
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experiments, which were both marked by a rather docile nature and compliance while being
handled. As a result, excessive fighting may have confounded the phenotypic score for the
grooming habits of male MS mice. These observations mostly peaked mid-treatment (P150, T2),
and declined in the final month of the experiment, though male mice remained aggressive
towards cage mates.

Some of the observations made throughout the experiment were captured in the statistical
evaluation and modeling of the phenotype scores. The point classification system previously
developed and used by Cheney et al. (2023) [10] to numerically score and monitor the disease
progression of the Ta mice was used to evaluate the mice in both the MS and MW treatment
groups. Hindlimb clasping, lack of grooming, motor function, and size were scoring categories
that could receive a 0,1 or 2 based on severity of the observed phenotype. A binary score of
either 0 or 1 was assigned for the presence or absence of cataracts, hunch back, tremors, or
repetitious jumping. The highest score possible was 12 and indicated the most severe phenotype.
T2 showed the most difference between individual parameters of the phenotypic scoring system,
with hindlimb clasping, and motor function being the two fields that displayed the most
difference between MW and MS groups, which peaked at T2 (P150). Succinate intervention
appeared to improve the overall phenotype of the MS mice compared to MW by the end of the
experiment, though #-test results did not survive Benjamini-Hochberg testing for significance

(Figure 2).
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Figure 2. Total phenotype scores for MW and CW groups plotted for each mouse based
on (A) treatment group and (B) treatment group partitioned by sex. Observed phenotype score
averages for both groups are graphed with boxplots, whereas the predicted marginal means are
plotted with the connecting dot-plots. Boxes represent the 1 and 3™ interquartile mean, and
median line, whiskers are standard deviation, and dots are outliers. (A) Timepoint 0 and
Timepoint 1 MW (n=18), MS (n=18); Timepoint 2 MW (n=17), MS (n=17); Timepoint 3 MW
(n=16), MS (n=16). (B) Females Timepoint 0 and Timepoint 1, MW (n=8), MS (n=7); Timepoint
2 and Timepoint 3 MW (n=7), MS (n=7). Males Timepoint 0 and Timepoint I MW (n=10), MS
(n=11); Timepoint 2 MW (n=10), MS (n=10); Timepoint 3 MW (n=9), MS (n=9).
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Gut Transit Assay

The gut transit assay revealed that the MW mice had the shortest gut transit time at an
average of 2 hours 38 minutes. The assay also demonstrated that succinate treatment alone
increased gut transit time, as the CS group had a slightly longer average gut transit time (3 hours
38 minutes) compared to the CW group (3 hours 17 minutes), though this difference was
negligible. The MS group had a gut transit time more comparable to the CW and CS groups, with
an average of 3 hours 9 minutes. Groups were evaluated with two-tailed #-tests, and the CW vs
MW, and MW vs CS were indeed identified to be the most different, though these did not remain
significant following FDR correction of the two-tailed #-tests. Overall, succinate treatment
increased gut transit time, with the MS and CW groups being most similar (Figure 3). The longer
gut transit time observed for the mutants treated with succinate suggests a potential improvement

in digestion and nutrient absorption.
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Figure 3. Total gut transit time for mutants and controls treated with either succinate or

water. Each dot represents a single mouse, x indicates the mean, boxes represent median and first
and third quartiles, whiskers show standard deviation. CW (n=15), MW (n=15), CS (n=12), MS
(n=16).

NMR Metabolomics Analysis

Preliminary NMR metabolomics analyses of the serum, liver, and brain samples indicate
that succinate treatment impacted both the controls and mutants, with the group variability of an
ANOVA analyses being driven predominantly by treatment group rather than genotype. The
polar metabolite patterns of retina tissue showed no difference between mutant and controls on
water, demonstrating that, though this mouse model exhibits the RGC degeneration characteristic
of FD optic neuropathy [5], metabolic differences are not observable, at least at this time point.
The lack of impact on the polar metabolite profiles of the retina may be due in part to the lack of
Cre" penetrance specifically in the retinal neurons, or a slower rate of RGC death in this model.

A detailed metabolic and pathway impact analysis remains to be undertaken for all tissue

types and samples collected for the succinate experiment. However, preliminary univariate and
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multivariate analyses indicate that treatment group (succinate or H>O only) prevails over
genotype in differentiating groups, and that succinate may have a deleterious effect on the mice,
enhancing metabolome differences between MW and CW mice. It was also observed that some
metabolite level patterns in the CS group more closely resembled those observed for the MW and
MS groups. However, there were instances where ANOVA analyses of the metabolite profiles of
brain, liver, and serum samples demonstrated that succinate treatment could return metabolite
levels measured in the FD mice to a level more comparable to what had been measured in the
control mice receiving water; this included redressing the levels of serine in the brain and taurine
in the serum.

In other instances, succinate supplementation seemed to primarily affect the metabolite
levels of the FD mice, rather than the control mice on succinate. For instance, the ANOVA
analysis of the brain metabolome identified choline levels as being the lowest in the MS group,
while the CS, CW, and MW groups all had comparable levels. The brain metabolome ANOVA
analysis identified serine to be the most elevated in the MW group, while the CW was the most

decreased.

Conclusion

In summary, succinate supplementation appeared to have an impact on the overall health
status of the FD and control mice, as reflected in both reduced water consumption, improved
phenotypic observations, functional analyses of the gut transit time, and changes in the
metabolome of diverse tissue types. A detailed analysis of the metabolomics data is ongoing and
aims to provide a better understanding of the cellular networks that have been impacted by

succinate supplementation. It would also be very interesting to examine whether succinate
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supplementation impacted the gut microbiome of the FD mice and if it could have a positive
effect at enhancing gut microbe diversity and abundance. A lot more remains to be accomplished
to provide mechanistic insights into the gut-brain-metabolism axis in FD, but this is an exciting

area of research to be continued and expanded in the future.
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CHAPTER SIX

CONCLUSION

Avenues Inspired by the Human Metabolomics Analysis

NMR-based metabolomics techniques were employed to characterize the metabolite
profiles of serum and fecal samples from FD patients, and various tissue types and fecal samples
from two FD mouse models. The mouse models were engineered to selectively delete Elp/ in
targeted tissues of the central (CNS) and peripheral (PNS) nervous systems (Ta), and retina
(Pax6). The detailed fecal metabolomics analysis of FD patients was conducted in parallel with
the survey of gut-microbial compositional changes based on 16S ribosomal RNA (rRNA) gene
sequencing, and sampled ~14% of FD patients worldwide, along with their relatives who served
as controls. This analysis aimed to elucidate the status of the metabolism and gut-microbial
networks of FD patients, and pinpoint gut microbiome-metabolism connections [1,2].

The microbiome analysis indicated signs of dysbiosis in FD patients, represented by
decreased alpha diversity (species richness and evenness) and increased beta diversity
(compositional differences of species compared to controls) [2]. FD patients were also identified
to be distinctly different from their control relatives based on their altered fecal metabolite
profiles, highlighting altered levels of metabolites associated with the gut microbiome and
neuronal signaling [1]. Each of the fecal metabolites of interest open many avenues to further
explore the cellular networks underlying the FD disease, with two metabolites (choline and
taurine) being of prime focus because of their critical roles in metabolic processes associated
with neurodegeneration, biological relevance to physiological phenotypes of FD, gut microbiome

association, and the liver-gut-brain axis.
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Figure 1. Summary of the NMR metabolomics-based analysis of FD patients’ stool
samples, and the associated disruptions of choline and taurine metabolism to FD. Eight
metabolites indicative of FD were originally identified in the FD patients’ stool samples, with the
levels of choline, taurine, p-cresol, beta-alanine, tyramine and malonate all elevated, and the
levels of valerate and fumarate decreased. The eight metabolites could either be classified as
being relevant to either the nervous system, or the gut microbiome. The elevated levels of
choline measured in FD patients’ stool samples was significantly correlated with the decreased
gut-microbiome a-diversity. The gut-microbial mediated conversion of choline to TMA, and
ultimately TMAO in the liver, was a metabolic fate of choline that revealed elevated levels of
TMAO in the serum of FD patients through a targeted MS analysis, indicating this pathway may
be involved in exacerbating cardiovascular disease in FD patients. The association of taurine to
both the production of bile acids and eye health lead to the identification of altered bile acids in
FD patients’ stool samples, and decreased levels of taurine in the Pax6 mutant FD mouse model.

Choline

Elevated choline levels in the stool of FD patients identified this metabolite as one of the
most indicative of altered metabolism and relevant to gut health and function. Several avenues
were further explored to interrogate the gut-microbial and biological relevance of choline to the
pathology and progression of FD. Of primary interest was the gut microbial metabolic
conversion of choline to trimethylamine (TMA), an intermediate that is transported to the liver
and converted there to trimethylamine N-oxide (TMAO). A targeted liquid-chromatography
mass-spectrometry (LC-MS) analysis evaluated levels of these metabolites, and identified only a

trend in elevated TMA levels in the fecal samples of FD patients, while elevated levels of TMAO
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in the serum of FD patients was significant, highlighting one metabolic fate of choline that is
mediated by the gut microbiome of FD patients, suggesting that this compound could play an
important role in neurodegeneration and the clinical progression of cardiovascular and kidney
disease in FD patients [2].

In addition to the gut microbe-mediated metabolism of choline, this metabolite is a vital
dietary substrate used to synthesize phosphatidylcholine, acetylcholine, and betaine. The next
step to understanding the implications of elevated levels of choline in the stool samples of FD
patients was to characterize the fecal metabolome of the Ta. FD mouse model to assess whether
the altered patterns of stool metabolites observed in FD patients were recapitulated in the FD
mice. Additional aims included identifying if elevated choline levels in stool were due to
impairment in absorption or transport of dietary choline due to reduced levels of choline
transport proteins. Western blot analyses were undertaken to attempt to measure the levels of
choline transport proteins in the large and small intestine, and liver tissue of FD mice.

Luminal scrapings from upper and lower duodenum, jejunum, ileum, and upper and
lower colon, and liver were collected from the Tubala-Cre*; Elp1**"L°F and corresponding
controls for western blot analysis of the moderate affinity choline transporter-like 1 (CTL1,
Slc44al), and low affinity organic cation transporter 1 (OCT1, Slc22al) choline transporters.
Western blots of the choline transport proteins proved to be difficult to troubleshoot, with
nonspecific binding causing obstructive background signal, distinct bands observed outside the
expected molecular weight region, and potential aggregation of target protein within bands
(Appendix C). Despite challenges, it was concluded that either choline transport protein levels
are expressed normally in the Ta mouse model, or that the ~40% reduction of Elp1 expression in

the PNS in this mouse model might not be the best way to evaluate the levels of choline transport
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proteins, especially given the variability in measured choline levels in stool samples for this FD
mouse model. As such, a different FD mouse model that recapitulate cholinergic neuron deficits
and gut tissue alterations more closely, such as the recently generated ChAT-Cre*; Elp]-o*F/LoxP
that deletes Elp! in all cholinergic neurons, may be a more suitable animal model of FD to

examine the dependence of choline transporters on Elp/ expression.

Taurine

Elevated levels of fecal taurine and reduced trends of serum taurine levels [1], partnered
with the deleterious effects of taurine deficits on mitochondrial function and eye health [3-6] led
to the postulation that a systemic deficit in taurine may contribute to cellular mechanisms
promoting progressive blindness in FD patients. NMR-based extraction methods were adapted to
characterize taurine and other high abundant metabolites, and western blots were performed to
measure the levels of the taurine transporter (TAUT, Slc6a6) protein in retinae from the Pax6 FD
mouse model.

Challenges similar to those encountered with the choline transporter western blots were
faced when attempting to evaluate the levels of TAUT protein in retina extracts. Given these
complications, immunohistochemical staining and visualization present as an alternative method
to interrogate whether levels of the taurine transporter are reduced in the Pax6 FD mice. A retina
whole-mount and stain for the TAUT protein was conducted as a pilot experiment and indicated
that cross sectional analyses of retina tissue (instead of a whole-mount) may be a more effective
method to visualize TAUT expression in the tissue layers. Should histological analysis indicate a
reduction in taurine transport protein levels, protein quantitation could be achieved using mass-

spectrometry (MS) instead of attempting western blot analyses.



140

Beyond attempting to measure TAUT protein expression using immunohistochemistry
methods, targeted MS analyses and comprehensive NMR-based metabolomics methods were
employed to assess the metabolic fate of taurine. Taurine is one of two primary constituents that
are conjugated to bile acids and can be evaluated via targeted MS analyses using a panel of bile
acids as standards. MS studies were conducted on pairs of 24 fecal samples obtained from FD
patients and control relatives. The results from these analyses indicated that, out of 14 bile acids
measured, levels of taurocholic acid (TCA) (p = 0.026) and deoxycholic acid (DCA) (p = 0.015)
were significantly reduced in the FD patients compared to the levels measured in the samples of
control relatives.

Bile acid (BA) metabolism is a cyclical process that involves the production of bile acids
in the liver, and secretion of primary BA from the gallbladder into the ileum, where they aid in
lipid digestion and are further metabolized by gut microbes to secondary BA, unconjugated BA
and their starting constituents, glycine and taurine. The majority (95%) of BA are used for
nutrient absorption and re-circulated back to the liver when the gut microbiome is healthy [7].
TCA is a primary bile acid produced by conjugation of cholic acid to taurine, and DCA, along
with taurine, is the product generated as a result of gut-microbial de-conjugation of primary and
secondary bile acids. Active uptake of bile acids, a mechanism that may be impaired due to
reduced gut innervation [8] and potentially indicated by the low BMI of FD patients [9], is
necessary to re-absorb bile acids that remain conjugated, while the majority of BA recycling
relies on passive reabsorption of unconjugated bile acids [7]. Elevated levels of TCA and reduced
levels of DCA support a dysbiotic gut microbiome and impaired gut physiology in FD patients.
Together, these impairments may lead to the inefficient deconjugation of TCA to DCA and

taurine, and reabsorption, as seen in the elevated levels of TCA and reduced levels of DCA being
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excreted in the stool samples of FD patients. Results from this bile acid analysis point to a
critical balance between the gut microbiome and metabolic networks, whose homeostasis
depends on the healthy function of these two systems to mediate proper absorption of lipids and
dietary nutrients.

In addition to their roles in aiding digestion and absorption, BAs modulate diverse
metabolic processes including glucose homeostasis and energy metabolism [10], and surprisingly
have neuroprotective effects in animal models of Parkinson’s disease by improving
mitochondrial dysfunction, and modulating JNK (c-Jun N-terminal kinases) activity, which
regulates dopaminergic cell death [7]. Even more interesting, recent evidence suggests that BAs
may play a therapeutic role in eye disorders, providing cytoprotective effects for retinal ganglion
cells [7].

This dissertation work has described the interrogation of taurine specifically in the retina,
due to its role in preventing mitochondrial dysfunction and reducing cellular stress. Reduction in
taurine levels were found to parallel RGC decline in Pax6 mouse retinae. However, FD patients’
stool BA panel further implicates taurine levels in the pathology of FD, including the progressive
blindness experienced by FD patients and FD mouse model, and the measured reduced levels of
dopamine and dopaminergic amacrine cells in Pax6 mouse retinae. These observations highlight
a potential gut-liver-retina metabolic axis which could be mediated by gut microbe production of
secondary bile acids, followed by enterohepatic circulation and active absorption, and its impact
on the nervous system, which could represent an exciting avenue to explore further regarding FD

disease pathology.
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Conclusion

Herein, this dissertation work has provided novel findings and answers to original
research questions aimed at interrogating the gut-brain-metabolism axis of FD. This includes: 1)
identifying distinct and characteristic metabolic profiles of serum and fecal samples of FD
patients compared to control relatives. 2) Demonstrating that the GI tracts of FD patients have
distinct gut microbial compositions compared to their healthy relative controls. 3) Observing that
half of the polar metabolites identified in the fecal metabolomic analysis of FD patients had gut-
microbial origins or relevance to the gut microbiome. 4) Demonstrating that gut microbiome
dysbiosis appeared to precede metabolic deficits, as observed in the Ta FD mouse model. Results
from our study suggest that fecal transplantation may be a valuable therapeutic approach to
explore, as re-establishing a healthy gut microbiome may mitigate FD disease severity, or could
demonstrate that interventions aimed at redressing impairments in cellular networks other than
the neuronal networks of the gut-brain-metabolism axis may be a viable approach to treat FD
patients and mitigate their disease symptoms. Lastly, a number of other potential avenues for
treatment could be explored based on the identification of altered metabolites in fecal samples of
FD patients. Most notably, observations of altered levels of choline and taurine in stool samples
of FD patients open new opportunities to further investigate the importance of altered bile acid
metabolism in FD. The finding that the levels of these metabolites are also reduced in the retinas
of the Pax6 FD mouse model also presents new lines of investigations which could guide the
development of promising neurotherapeutic approaches to mitigate ophthalmologic decline or

redress eye disease progression in neurodegenerative diseases such as FD.
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Though there remain multiple research questions to be answered and studies to be further
explored and conducted to fully identify and comprehend modifiable factors that influence the
pathology of FD, the work presented in this dissertation has provided new knowledge and a
deeper understanding of the crosstalk between the gut microbes, neuronal health, and metabolic
homeostasis within the context of the FD disease. Hypotheses that stem from this work present
exciting topics and open new research areas to further tease apart the cellular mechanisms that
mediate FD disease progression and to complete the interrogation of choline and taurine
metabolism in the pathology of FD. This work lays the foundation for the development of
potentially valuable metabolism-based interventions and treatment strategies aimed at mitigating
neurodegeneration and disease progression both systemically and in targeted tissues. This
dissertation work presents a wealth of knowledge that was garnered through a better
understanding of the metabolic networks underlying the pathophysiological mechanisms of FD.
This work has also contributed to demonstrating that metabolism is an important element of
neurodegenerative diseases and presents a powerful and promising cellular system that could be

used to redress dysfunction in the gut-brain axis of FD.
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APPENDIX A

GUT MICROBIOME DYSBIOSIS DRIVES METABOLIC
DYSFUNCTION IN FAMILIAL DYSAUTONOMIA®:

SUPPLEMENTARY MATERIAL
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Gut microbiome dysbiosis drives metabolic dysfunction in Familial dysautonomia

Supplementary Information
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Supplementary Fig. 1. Gut microbiome diversity of FD
patients is significantly different from healthy relatives.
Alpha diversity (a, inverse Simpson’s index; patient-relative
pairs connected by gray lines; solid black line=mean) and beta
dispersion (b, Bray-Curtis distance to group centroid; patient-
relative pairs connect by gray lines; solid black line=mean) for
FD patient-relative pairs. n=a,b 29 patient-relative pairs;
permutation paired t-testing, two-sided (a, mean t-statistic=-
47136, df=29, mean p<0.0001, mean difference between
group means=-6.4263, mean 95% confidence interval of
difference between the group means=-9.2128 to -3.6399; b,
mean t-statistic=2.7016, df=29, mean difference between
group means=0.0764, mean 95% confidence interval of
difference between the group means=0.0185 to 0.1343).
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Supplementary Fig. 2. Gut microbiome
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(patients and relatives) supported the presence
of two clusters (enterotypes) based on average
silhouette width. b, FD patients were
overrepresented in cluster (enterotype) 1, while
most relatives had enterotype 2. Shaded boxes
denote samples each enterotype. Colors
corresponding to FD patients or relatives shown
in legend. n=a,b 38 patients, 47 relatives.
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Supplementary Fig. 4. Gut microbiome diversity of FD relatives and patients compared
to two cohorts of healthy adults from other studies. a,b, 16S rRNA sequencing datasets
form two previously published human studies (n=182, Baxter et al.! and n=8. Martinson et al?)
were combined and compared via non-metric multidimensional scaling (NMDS) to data from
FD patients and their relatives (FD relatives). All samples are shown as circles and plotted in
both panels. The size of circles indicates alpha diversity (inverse-Simpson’s index; relative
legend shown). Only samples involved in the labeled comparisons are colored. Colors
correspond to different groups as shown in legends (same for both plots). ¢, Principal
coordinates analysis based on beta-diversity (Bray-Curtis dissimilarity) between group
centroids (i.e. the “weighted average” microbiome diversity of each group). Microbiomes of
healthy subjects from the combined Martinson and Baxter datasets are more similar (smaller
BC distances) to the microbiomes of FD relatives than to FD patients. d,e, PERMANOVA
results (d) and principal coordinates analysis (e) based on beta-diversity between group
centroids for all cohorts. Group centroids are colored according to identical legends in a and
b. BC distances between centroids are labeled at the mid-point of connecting lines between
centroids. Centroids of healthy cohorts (Baxter et al., Martinson et al.) are closer to FD relatives
than FD patients. PERMANOVA (a, FD relatives versus healthy individuals from Baxter et al.
and Martinson et al.,, F=4.360, df=1, p=0.001, R?=0.0182; b, FD patients versus healthy
individuals from Baxter et al. and Martinson et al., F=9.072, df=1, p=0.001, R?=0.037; d, details
for all pairwise cohort comparisons.
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Supplementary Fig. 5. NMR-based metabolomic differences between FD patients and
healthy relatives. a,b, Mean difference in serum (a) and stool (b) metabolites observed in FD
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Supplementary Fig. 6. Pathology score for FD mice housed separately
or cohoused with control mice. Data for all mice in Figure 4c (main
manuscript) are shown. Instead of grouping categorically according to age
(DPW) bins, mouse age is displayed here as an ordinal variable. Some
mice were sampled multiple times and are connected by dotted lines
colored according to group (legend). Separately housed mice had a higher
pathology score compared to cohoused mice.
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Model: Im(formula = gut transit ~ genotype + housing + age)

Coefficients:

Estimate  Standard Error 95% confid; intervals tvalue Pr(>|t])
Intercept 2.2590 0.6749 0.8961 to 3.6220 3.347 0.0018
genotype (FD) 0.7020 0.2451 0.2069 to 1.1970 2.864 0.0066
house (separately housed) 0.8911 0.2698 0.3462 to 1.4360 3.303 0.0020
age 0.0023 0.0021 -0.0020 to 0.0066 1.082 0.2858

Supplementary Fig. 7. Gut transit times for FD
mice housed separately or cohoused with
control mice. a, Data for all mice in Figure 4d
(main manuscript) are shown. Instead of grouping
categorically according to age (DPW) bins, mouse
age is displayed here as an ordinal variable. b, A
linear model was used to test the individual effects
of mouse genotype (FD vs. WT), housing type
(separately housed vs. cohoused), and age
(DPW). Age was not a significant factor in gut
transit.
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observed in humans
195

Supplementary Fig. 9. Unique and shared OTUs observed in laboratory mice and
human subjects. Observed OTUs (defined as 297% sequence identity at the 16S rRNA
encoding gene and corresponding to approximately the bacterial species level) in stool
samples of laboratory mice used in this study (WT and FD mice; see methods section in
main text) and human subjects (FD patients and healthy relatives). Only n=80 (16%) OTUs
were shared in our dataset. To guard against spurious observations, an OTU had to be
observed in a minimum of 5 mice or humans to be counted.
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Supplementary Table 3. Pathology scoring method used to quantify clinical phenotype in
FD (Tubala-cre+; ELP1ioxpiioxp) and control (Tuba1a-cre-; ELP1+10xp) mice.

Criteria? Value = 0 Value = 1 Value = 2
Hind Limb Clasping® Not observed Partial Full
Grooming Normal coat Dull coat Scruffy, matted, or
Oily
Cataracts Not observed Observed
Kyphosis® Not observed Observed
Motor functiond Normal Obvious loss of function Obvious loss of
and/or grip but with function without
attempts to correct attempts to
correct
Tremors Not observed Observed
Jumping Not observed Observed
Body condition No change Obvious wasting or Obvious wasting
runted (only one) and runted (both)

A total of 12 points was possible where 12 was the most severe, and 0 is considered healthy and
normal. All control mice were classified as a score of 0.

®The tail of mice was elevated so that the hind legs were raised off the cage floor. A normal
response is to extend the hind legs backward parallel to the cage floor. Clasping was evaluated
as “Full” if hind limbs fell downward or curled inward toward the body and “Partial” if unsuccessful
attempts were made to fully extend hind limbs.

°Hunched back or signs of scoliosis.

dMice were removed from the cage and evaluated on top of wire racks that normally hold food
(chow) and water bottles. Movement across the rack was observed. A normal response is for
mice to move and explore the rack without loss of balance or limbs falling through the space
between the wires. Limited movement, loss of balance, or if limbs fell through the space between
wires was scored as a “1”. Severe loss of motor function was scored “2” if mice were unable to
place feet onto wires (dragging limbs) or unable to pull limbs back up through the space between
wires. Grip to wire was also evaluated by pulling mice gently by the tail across the grate. A normal
response is for mice to grasp the wire and attempt to pull away. Failure to grasp the wire and/or
pull away were scored as a “1”.
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Table S1. Patient and control relative sample and clinical data summary.

Patient Data: Control Relative Data:
*one patient declined to provide info Number Percent Number Percent
Total number of control
Total number of patients enrolled: 50 100% relatives enrolled: 54 100%
Patients only providing stool Controls only providing
samples: 7 14% stool samples: 7 13%
Patients only providing serum Controls only providing
samples: 9 18% serum samples: 8 15%
Patients providing both serum Controls providing both
and stool: 34 68% serum and stool: 39 72%
Total number of patients Total number of controls
providing stool: 41 82% providing stool: 46 85%
Provided second biological stool Provided second biological
replicate: 12 24% stool replicate: 11 20%
Provided third biological stool Provided third biological
replicate: 2 4% stool replicate: 1 2%
Total number of stool samples Total number of stool
provided: 54 samples provided: 58
Total number of patients Total number of controls
providing serum: 43 86% providing serum: 47 87%
Provided second biological serum Provided second biological
replicate: 6 12% serum replicate: 6 11%
Total number of serum samples Total number of serum
provided: 49 samples provided: 53
Female patients 29 58% Female controls 30 56%
Male Patients 21 42% Male controls 24 44%
Age group <12 years 8 16%
Age group 12-17 years 10%
Age group 18-24 years 16 32%
Age group 25-34 years 16 32%
Age group 35-44 years 3 6%
Age group above 45 years 1 2%
Underweight BMI <18.5 20 40%
Healthy BMI 18.5-24.9 27 54%
Overweight BMI 25.0-29.9 2 4%
Has a gastric tube: 40 80%
Had a fundoplication: 36 72%
Can consume food orally: 37 74%
Can consume liquid orally: 17 34%
Can consume mixed foods orally: 10 20%
Can only use gastric tube for
consumption: 11 22%
Received Antibiotics 3
Received Antibiotics 3 months months prior to sample
prior to sample donation 20 40% donation 2 4%
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Stool and serum sample collection data for FD patients and control relatives. Patient clinical data was also collected
by the Familial Dysautonomia Center at time of collection of samples. Control relatives did not provide clinical data,
but it is assumed the age gap is large due to relatives being the parent of the patients. One enrolled patient declined
to provide clinical data. The percentage represents the percent out of those enrolled in the study in each group.
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Table S2. Human Serum Metabolites Identified and Quantified by NMR: Concentrations and Percent Differences

FD Patients Control Relatives Percent
(nmoles/mL) (nmoles/mL) Difference
Metabolites
Mean Stdev Mean Stdev Mean
1,7-Dimethylxanthine 4.7 4 8.5 10.3 -45
2-Hydroxybutyrate 24.8 18.4 31.8 25.1 -22
2-Oxoglutarate 29 1.1 3.1 1.4 -6
2-Oxoisocaproate 19.4 6.7 19.5 6.9 -1
3-Hydroxybutyrate 89.2 99 91.6 115.2 -3
3-Hydroxyisobutyrate 19.6 8 19.2 5.8 2
3-Methyl-2-oxovalerate 18.8 55 19.2 6.3 2
Acetate 79.4 30.4 76.3 52.5 4
Acetone 18.6 11.9 18.3 124 2
Alanine 221.2 61.7 247.3 65 -11
Arginine 55.8 19.5 56.4 21.1 -1
Asparagine 27.2 7.2 249 6.3 9
Betaine 61.8 30.5 53.2 19.7 16
Butyrate 29.5 14.8 30.2 11.3 -2
Cadaverine 19.2 6.5 20.8 8.5 -8
Capric acid 1315.2 607.3 1446.8 590.2 -9
Carnitine 40.2 10.8 44 12.5 -9
Choline 18.1 12.4 17.3 10.8 5
Creatine 26.8 24.7 25.9 14 3
Creatinine 84.4 73.1 78.4 19.2 8
Dimethyl sulfone 5.2 3 7.2 5.7 28
Dimethylamine 1 0.6 1.2 0.7 17
Formate 59.6 27.1 59 29.1
Glucose 4465.2 847.4 4380.5 909.6
Glutamine 295.4 68.3 271.8 56.3 9
Glycerol 74.6 259 65.8 28.7 13
Glycine 167.4 75 136.2 54.9 23
Glycolate 234 12.6 34.5 20.4 -32
Histidine 41.7 11.9 40.2 11 4
Hypoxanthine 5.3 2 5.6 22 -5
Inosine 4.2 3.1 52 33 -19
Isobutyrate 7.7 3.4 7.5 3 3
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Isoleucine 56.4 20.9 63.2 24.3 11
Isopropanol 2.6 1.6 22 1.2 18
Lactate 1268.5 3721 1271.3 330.8 0
Leucine 97.7 341 111.2 38.9 -12
Malonate 129 6.5 12.5 5.8 3
Methanol 14.2 12.2 19.5 11.9 -27
Methionine 19.7 7.4 19.3 5.2 2
O-Acetylcarnitine 3.5 1.6 3.4 1.8 3
O-Acetylcholine 3 0.9 3.1 1.4 -3
Phenylalanine 51.3 13.9 52.5 14.5 -2
Proline 350.1 150.2 342.7 123.5 2
Propylene glycol 122.6 100.1 93.6 27.8 31
Pyruvate 10.8 6 9.4 6.1 15
Serine 1294 51 114.7 49.8 13
Succinate 74 3.8 74 41 0
Taurine 117 311 131.5 34.1 -11
Threonine 123.5 32.1 119.7 329 3
Tryptophan 69.5 29.2 74.8 22.2 -7
Tyrosine 56.9 25.7 61.1 18 -7
Urea 13987.3 7670 9718.3 2851.3 44
Valine 159.3 53.7 1794 53.9 -11
Xanthine 8.6 11.9 16.1 12.6 -47
n-Methylhistidine 9.2 15.9 15.5 15.4 -41

Metabolite concentrations were normalized to serum volume and are reported in nmoles per mL. 55 metabolites were
identified across 49 FD patient samples (from 43 patients total) and 53 control relative samples (from 47 control
relatives total). Columns 1 and 2 report the mean metabolite concentrations measured in the sera of FD patients and
healthy control relatives, respectively, and mean standard deviations. Column 3 reports estimates of percent
differences (%) in mean metabolite concentrations between FD patients and healthy controls. A negative percent

value indicates a mean lower in FD patients compared to controls, and a positive percent value is higher in FD
patients compared to controls.



164
Costello, Cheney et al, Supplementary Table S3

Table S3. Stool Polar Metabolites Identified and Quantified by NMR: Concentrations and Percent Differences

FD Patients Control Relatives Percent
Metabolites (nMol/g) (nMol/g) Difference
Mean Stdev Mean Stdev Mean
1,1-Dimethylbiguanide 104.2 263.3 2123.9 12595.8 -95
1,3-Dihydroxyacetone 111.3 149.3 118.5 94.8 -6
2’-Deoxyuridine 34.6 27.5 35.2 24.6 -2
2-Aminobutyrate 571.3 666.9 426.8 431.0 34
2-Aminoisobutyric acid 175.7 114.1 196.1 155.9 -10
4 Hydroxyphenylacetate 249.6 468.9 124.7 84.1 100
5-Aminopentanoate 2223.0 4868.0 987.4 1146.5 125
Acetate 66794.4 39628.5 60482.8 39076.2 10
Alanine 7547.0 6633.5 5945.0 3546.8 27
Arabinose 1379.1 1136.4 1574.2 2127.9 -12
Arginine 544.5 507.1 442.4 365.2 23
Aspartate 4012.5 2258.5 3469.9 1560.4 16
Butyrate 16309.6 11018.9 19333.8 18138.2 -16
Choline 310.3 431.7 91.0 60.8 241
D-Glucose 3207.5 3955.6 2527.8 3180.0 27
D-Mannose 226.3 463.0 259.1 451.9 -13
Dimethylamine 243.1 173.5 230.5 196.5 5
Dopamine 3813.8 25452.7 305.0 338.3 1150
Ethanol 28380.9 79317.3 8978.5 7565.3 216
Formate 2249.0 8536.6 2744 289.3 720
Fumarate 310.7 624.2 310.7 478.6 0
Galactose 1227.3 715.7 1288.7 921.3 -5
Glucitol 2216.4 6656.0 1411.9 1404.0 57
Glutamate 8803.3 7109.1 7354.0 3990.8 20
Glutamine 1689.8 2220.4 1450.8 1244.8 17
Glutarate 691.9 805.9 936.7 2716.6 -26
Glycerol 4983.5 5504.4 6024.3 5134.1 -17
Glycerophosphocholine 730.1 1302.3 554.7 823.9 32
Glycine 4893.1 4846.3 3499.7 2361.6 40
Guanosine 42.5 64.2 43.0 64.0 -1
Histidine 543.1 887.1 354.2 238.4 53
Indole 265.4 202.6 190.3 95.3 40
Inosine 56.5 87.1 63.0 59.8 -10
Isobutyrate 2606.6 1326.4 2171.5 903.3 20
Isocaproate 566.0 780.2 394.5 193.6 44
Isoleucine 3891.9 3064.7 3159.6 1650.8 23
Isovalerate 2307.3 1472.6 1780.6 905.4 30
Lactate 6911.5 24769.0 648.0 593.6 967
Leucine 5429.8 3886.0 4383.7 2210.6 24
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Lysine 5654.6 4223.0 4522.4 2287.1 25
Malic acid 1373.2 921.8 1585.4 962.4 -13
Malonate 3904.5 6925.3 1231.1 1521.4 217

Methionine 1965.9 1199.2 1828.1 980.5 8
Methylamine 382.1 267.5 439.6 379.5 -13
Methylsuccinate 164.4 144.8 222.2 222.5 -26
N-Acetylglutamic acid 394.4 244.5 371.2 221.7 6
Nicotinate 2414 157.7 250.2 161.7 -4
Ornithine 1802.1 1697 .4 1164.7 7374 55
Orotic acid 458.3 538.1 628.8 886.3 -27
Phenylacetic acid 1726.5 948.9 1397.1 692.5 24
Phenylalanine 2085.4 1969.5 1639.3 916.4 27
Phosphoenolpyruvic 13
acid 241.0 216.6 212.7 156.0

Proline 1977 4 2105.7 1620.4 1189.5 22
Propionate 13849.9 7215.2 13774.2 8087.9 1

Ribose 3643.0 2322.7 3818.4 2347.5 -5
Sarcosine 55.7 131.7 38.0 20.8 47
Succinate 7715.5 21266.8 2638.2 6086.3 193

Taurine 2334.7 3285.0 1287.0 2641.5 81
Threonine 2821.2 1853.8 2198.2 1129.8 28
Thymine 471.6 340.3 467.5 345.5 1
Trimethylamine 234.8 318.6 156.1 181.1 50
Tryptophan 576.3 553.3 405.2 227.5 42
Tyramine 182.2 317.8 94.3 57.4 93
Tyrosine 1885.4 1493.1 1565.9 803.4 20

Uracil 1198.3 1097.0 1264.7 909.8 -5

Uridine 137.1 157.1 146.2 126.6 -6
Urocanate 111.8 174.3 98.1 65.7 14

Valerate 2669.9 2655.8 2826.8 1702.0 -6

Valine 5171.5 4509.9 3870.5 2175.1 34
Xanthine 1597.2 1365.5 1877.2 1365.9 -15

Xylose 1426.9 1130.5 1165.6 888.7 22

p-Cresol 740.3 584.3 519.9 295.0 42
-Alanine 1048.7 2290.6 193.6 309.4 442

Metabolite concentrations were normalized to dry stool mass and are reported in nmoles per gram. 73 metabolites
were identified and quantified across 54 FD patient stool samples (from 40 patients total) and 58 control relative stool
samples (from 46 control relatives total). Columns 1 and 2 report the mean metabolite concentrations measured in the
stool of FD patients and healthy control relatives, respectively, and mean standard deviations. Column 3 reports
estimates of percent differences (%) in mean metabolite concentrations between FD patients and healthy controls. A
negative percent value indicates a mean lower in FD patients compared to controls, and a positive percent value is
higher in FD patients compared to controls.
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Table S4. Variable Importance in Projection (VIP) scores associated with components 1, 2, and 3 of the PLS-

DA model generated from the distinct serum metabolite profiles of the FD patients and healthy control
relatives.

Metabolite Comp.1 Comp.2 Comp.3
Xanthine 2.80 2.64 2.44
Urea 2.45 2.41 2.18
pi-Methylhistidine 2.08 1.96 1.79
Dimethyl sulfone 1.86 1.76 1.64
1,7-Dimethylxanthine 1.79 1.71 1.65
Methanol 1.79 1.69 1.55
Glycine 1.47 1.39 1.40
Taurine 1.35 1.27 1.21
Alanine 1.31 1.23 1.39
Glycerol 1.22 1.15 1.06
Valine 1.21 1.19 1.23
Glutamine 1.15 1.09 1.09
Glycolate 1.13 1.09 1.03
Asparagine 1.11 1.28 1.16
Leucine 1.11 1.18 1.10
Inosine 1.03 0.99 0.93
Tyrosine 1.00 0.97 1.05
Isopropanol 0.98 0.95 1.08
Tryptophan 0.94 0.97 0.94
Serine 0.92 1.10 1.01
Carnitine 0.89 0.86 1.26
Isoleucine 0.85 0.95 0.95
Dimethylamine 0.82 0.81 1.07
Propylene glycol 0.82 0.78 0.77
Pyruvate 0.78 0.83 0.76
Betaine 0.78 0.75 0.75
Acetate 0.75 0.79 0.75
2-Hydroxybutyrate 0.72 0.68 0.91
Capric acid 0.71 0.76 0.70
Hypoxanthine 0.69 0.65 0.59
Cadaverine 0.65 0.61 0.93
Creatine 0.64 0.79 0.77
Creatinine 0.59 0.59 0.84
Butyrate 0.49 0.46 0.62
Threonine 043 0.45 0.76
Histidine 0.42 0.74 0.67
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Glucose 0.39 0.37 0.62
O-Acetylcholine 0.31 0.48 0.43
Choline 0.29 0.32 0.50
Phenylalanine 0.28 0.57 0.65
2-Oxoglutarate 0.22 0.31 0.38
Lactate 0.21 0.33 0.38
Succinate 0.17 0.26 0.45
Formate 0.15 0.30 0.40
Malonate 0.13 0.54 0.58
3-Hydroxybutyrate 0.11 0.15 0.33
Isobutyrate 0.10 0.56 0.55
Acetone 0.10 0.15 0.33
3-Methyl-2-oxovalerate 0.09 0.40 0.43
Arginine 0.06 0.15 0.64
O-Acetylcarnitine 0.03 0.04 0.26
2-Oxoisocaproate 0.03 0.45 0.46
Methionine 0.02 0.49 0.58
3-Hydroxyisobutyrate 0.01 0.23 0.21
Proline 0.01 0.54 0.49

Variable importance (VIP) score for all 55 serum metabolites analyzed via PLS-DA. Metabolites with VIP > 1.2
(shaded in gray) are considered to contribute significantly to the separate group clustering observed in the PLS-DA
scores plots shown in figure 1 (of the main text).
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Table S5. Variable Importance in Projection (VIP) scores associated with components 1, 2, and 3 of the PLS-DA
model generated from the distinct stool metabolite profiles of the FD patients and healthy control relatives.

Metabolite Comp.1 Comp.2 Comp.3
Choline 3.43 2.36 2.29
Malonate 2.61 1.67 1.43
Tyramine 1.72 1.09 0.93
Beta-Alanine 1.66 1.02 0.92
p-Cresol 1.59 0.97 0.86
Phenylacetic acid 1.46 0.89 0.94
Lactate 1.42 0.89 0.81
Taurine 1.39 0.92 0.78
Ornithine 1.39 1.00 0.86
Isovalerate 1.31 0.80 0.79
Threonine 1.29 0.95 1.23
5-Aminopentanoate 1.26 0.95 1.02
Indole 1.24 0.94 1.12
Valerate 1.23 1.14 1.03
Glycerol 1.22 1.39 1.18
Isocaproate 1.22 0.85 1.05
Isobutyrate 1.19 0.91 0.92
Histidine 1.15 0.86 0.73
Dopamine 1.12 0.72 0.61
Xanthine 1.11 1.58 1.51
Inosine 1.11 1.41 1.27
Tryptophan 1.05 1.05 0.90
Formate 1.03 0.76 0.79
Valine 1.02 1.00 0.87
Orotic acid 1.01 1.21 1.03
Xylose 0.95 0.60 1.17
Trimethylamine 0.93 0.95 0.91
2-Aminobutyrate 0.93 0.96 0.99
Acetate 0.90 0.98 0.84
Glycerophosphocholine 0.89 0.70 0.69
Leucine 0.85 1.05 0.90
Ethanol 0.84 0.60 0.52
Phenylalanine 0.80 1.05 0.89
Malic acid 0.80 1.22 1.12
D-Mannose 0.79 0.95 1.06
Methylamine 0.79 1.36 1.29
Succinate 0.74 0.75 0.66

10
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Glutamate 0.71 0.61 0.53
4-Hydroxyphenylacetate 0.71 0.68 0.70
Methylsuccinate 0.70 0.99 1.00
Glycine 0.68 0.59 0.53
Isoleucine 0.67 1.02 0.91
D-Glucose 0.67 0.41 1.63
Glucitol 0.65 0.94 0.85
Urocanate 0.64 1.35 1.56
Alanine 0.62 1.09 0.95
Aspartate 0.61 1.02 0.87
Lysine 0.59 1.01 0.90

Uracil 0.57 1.25 1.31
1,3-Dihydroxyacetone 0.55 0.85 1.00
Tyrosine 0.50 1.11 0.96
Thymine 0.45 0.52 1.32
Arabinose 0.45 0.70 0.93
Propionate 0.44 0.81 0.71
Dimethylamine 0.42 0.44 0.39
Proline 041 0.87 0.81
N-Acetylglutamic acid 0.41 1.08 1.07
2'-Deoxyuridine 0.36 1.23 1.07
Phosphoenolpyruvic acid 0.35 0.48 0.54
Fumarate 0.34 0.61 1.07
1,1-Dimethylbiguanide 0.31 0.42 0.36
Sarcosine 0.31 0.47 0.95
Uridine 0.29 1.33 1.19
Methionine 0.28 1.20 1.02
Glutamine 0.25 1.05 0.94
Glutarate 0.18 1.01 0.86
Nicotinate 0.16 0.81 0.83
Guanosine 0.15 0.79 0.68
Ribose 0.13 1.02 1.04
Arginine 0.11 0.60 0.54
Butyrate 0.07 0.94 0.81
2-Aminoisobutyric acid 0.04 0.96 1.09
Galactose 0.03 0.63 0.93

Variable importance (VIP) score for all 74 stool metabolites analyzed via PLS-DA. Metabolites with VIP > 1.2 (shaded
in gray) are considered to contribute significantly to the separate group clustering observed in the PLS-DA scores
plots shown in figure 1 (of the main text).
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Figure S1. Results from Clinical Blood Tests that measured (A) blood urea nitrogen (BUN) levels, (B) creatinine
levels, (C) BUN per creatinine ratio, and (D) estimated glomerular filtration rate (eGFR) levels in de-identified FD
patient samples. These blood tests assessed the kidney function of FD patients via analysis of blood serum samples.
(A-C) Levels within the dashed lines were considered normal. In (D), for eGFR levels, levels below the black dashed
line suggested chronic kidney disease, and levels below the red dashed line suggests kidney failure. Above the black
dashed line indicates clinically normal levels (Mayo Clinic).

13
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Costello, Cheney et al., Supplementary Figure S2
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Figure S2. Results from FD patient liver enzyme blood tests and measurements of (A) Alanine aminotransferase
(ALT) levels; (B) aspartate transaminase (AST) levels; (C) AST/ALT ratio; and (D) alkaline phosphatase levels (ALP).
These blood tests assessed liver function by measuring the levels of liver enzymes in blood serum samples of FD
patients. In panel (A), values above the dashed line are considered normal ALT levels. In panels (B-D), values
between the dashed lines are considered clinically normal (Mayo Clinic). These data were collected on de-identified
patient serum samples by clinical staff of the Familial dysautonomia center, at New York University School of
Medicine.
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Figure S3. Human serum mixed metabolite 1D 'H-NMR (600 MHz) spectra. (A) Overlays of 1D 'H NMR spectra
highlighting metabolites identified in serum metabolite mixtures of FD patients and healthy relative controls.
Underlined metabolites denote those with multiple signals throughout the 1H chemical shift range. Overlays of 'H
NMR spectra from FD patient serum samples (black) and control relative serum samples (blue) are shown in (B) for
the chemical shift region 5.6-5.9 ppm corresponding to urea, and in (C) for the chemical shift region 1.45-1.48 ppm

corresponding to alanine.
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Figure S4. Human fecal metabolite 1D 'H-NMR spectra. (A) Overlays of 1D 1H NMR spectra highlighting
metabolites identified in the stool metabolite extracts of FD patients and healthy relative controls. Overlays of 1H
NMR spectra from FD patient (black) and healthy relative control (blue) stool samples (black) are shown in (B) for
choline, at chemical shift range 3.18-3.20 ppm, and 3.50-3.53 ppm, and (C) for malonate at 3.11-3.13 ppm. Additional
peaks (phenylacetic acid and glucose) are annotated in spectral ranges as they appear in (B).
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Figure S5. Validation metrics associated with the PLS-DA modeling of serum metabolite profiles of FD patients and
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healthy controls. (A) Leave-one-out cross validation (LOOCV) plot demonstrated model significance with an

accuracy score of 0.75, an R? of 0.65, and Q? of 0.32, when taking into account the first 3 components of the PLS-DA
model. The separation distance (B) and prediction accuracy permutation tests (C) (n = 1000 tests) yielded significant
p-values < 0.001, attesting to the validity and prediction accuracy of the PLS-DA model. (D) The area under receiver

operating characteristic (AUROC) curves yielded an AUC value of 0.91, demonstrating high model accuracy and

specificity for the separate classification of FD patient and healthy control groups. (E) Classification error rate (CER)

yielded a remaining classification error rate of ~26% for component 3 and less than 25% for component 4 (and
beyond) of the PLS-DA model.
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Figure S6. Validation Metrics associated with the PLS-DA modeling of stool metabolite profiles of FD patients and healthy
controls. (A) Leave-one-out cross validation (LOOCV) plot demonstrated model significance with an accuracy score of 0.78, an
R? of 0.6, and Q? of 0.32, when taking into account the first 3 components of the PLS-DA model. The separation distance (B) and
prediction accuracy permutation tests (C) (n = 1000 tests) yielded significant p-values < 0.001, attesting to the validity and
prediction accuracy of the PLS-DA model, demonstrating high model accuracy and specificity for the separate classification of
FD patient and healthy control groups. (D) The area under receiver operating characteristic (ROC) curves yielded an AUC value
of 0.72. (E) Classification error rate (CER) yielded a remaining classification error rate of ~25% for component 3 and less than 25%
for component 4 (and beyond) of the PLS-DA model.
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Figure S7. Scree plots associated with unsupervised PCA analyses of (A) serum and (B) stool metabolite profiles. The
plots indicate the percent variance contribution of each principal component (from PC1 to PC5) of the PCA scores
plots. The green line represents the total cumulative variance as the percent variance of each PC 1-5 is added. The
blue line represents the percent variance accounted for by each PC. The scree plots were generated using the
principal component analysis module of MetaboAnalyst v.4.0.
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Figure S8. Random forest analysis of the FD patient vs Control relative groups. (A) The analysis for serum profiles
yielded an overall out-of-bag (OOB) error of 0.225 (22.5%) and classification error rates of 0.224 (22.4%) and 0.226
(22.6%) for the FD and control groups, respectively. (B) Mean decrease accuracy values highlighted the top 15 serum
metabolites that were found to be important discriminators of the two groups and contributed most to the accuracy
of the random forest predictions. (C) For the stool profile analyses, the OOB error was 0.312 (31.2%), with the FD class
error being 0.426 (42.6%) and the control class error being 0.207 (20.7%). (D) The top 15 metabolites of the mean
decrease accuracy plot are listed, with their concentration trend in relation to the control group shown to the right.
Blue and Red indicate a low and high concentration trend, respectively. Mean decrease accuracy is shown along the
bottom.

The random forest analysis of the serum metabolite profiles yielded a comparable classification
error rate to that observed in the CER evaluation of the first three components of the PLS-DA model (i.e.,
a CER value of ~25%) compared to an out-of-bag (OOB) error rate of 22.5% in the random forest analysis
(Figures S1E & S3A). Similarly, the random forest analysis of the stool metabolite profiles identified an
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overall OOB error rate of 31.2%, which is relatively consistent with a CER of ~25% (Figures S2E & S3C).
Additionally, the random forest analysis of the stool metabolome yielded a more accurate classification of
the control samples (class error = 20.7%) compared to those of the FD patients (class error = 42.6%),
consistent with the greater dispersion observed within the FD patient cluster compared to the control
group in the 3D PLS-DA scores plot shown in Figure 1D. This indicates that the stool metabolomes of FD
patients are not only different from controls but vary significantly from each other.
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Figure S9. Tyrosine pathways yield tyramine, p-cresol, fumarate, and dopamine. The one-step reaction facilitated by
tyrosine decarboxylase converts tyrosine to tyramine. Through a three-step reaction, tyrosine can also be converted to
p-cresol. Lastly, fumarate and acetoacetate (linked to the TCA cycle) can be produced by a four-step reaction [1]. In
addition to tyrosine metabolism, fumarate is classically produced by the TCA cycle from the conversion of succinate
to fumarate via succinate dehydrogenase (Complex II of the ETC). In addition to the metabolites of interest from our
study, dopamine, relevant for neurological signaling, is made from the starting substrate tyrosine. Red indicates
metabolites with elevated levels in the FD patients stool samples, while blue indicates metabolites that were lower in
concentration in the stool samples of FD patients.
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Figure S§10. Beta-alanine and malonate metabolism connect via the intermediate malonate semialdehyde. Beta-
alanine is produced by the degradation of uracil, decarboxylation of aspartate by gut microbes, carnosine catabolism,
and a transaminase reaction using alanine and malonate semialdehyde as substrates [2, 3]. Carnosine is a constituent
of muscle, and beta-alanine (in addition to histidine) are produced when muscle carnosine is broken down [4], which
take place both when human skeletal muscle and food sources of muscle proteins are degraded. Red indicates
metabolites with elevated levels in the FD patients stool samples. Abbreviations: ATP, adenosine triphosphate; DH,
dehydrogenase; CoA, coenzyme-A.
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Figure S11. Taurine is obtained primarily from the diet but can also be synthesized endogenously via degradation of
homocysteine and participates in 3 primary host metabolic functions. Taurine can conjugate to bile acids, specifically
cholic and deoxycholic acid. Taurine functions in the nervous system as an inhibitory signaling molecule as discussed
in Figure S13. Lastly, taurine conjugates to mitochondrial tRNA to aid in translation of mitochondrial proteins,
specifically enhancing the production of ETC complex 1 protein components and mitigating the production of ROS
by facilitating proper complex 1 protein subunit production, and therefore ETC function [5]. Red indicates taurine
was elevated in FD patients stool samples. Abbreviations: GABA, gamma-aminobutyric acid; Mito, mitochondria;
ETC, electron transport chain; ROS, reactive oxygen species.
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Figure S12. The four neural signaling molecules identified in elevated concentrations in the stool of FD patients
compared to their control relatives. Choline is converted to acetylcholine via a one-step reaction requiring acetyl-
CoA; this reaction occurs in the pre-synaptic neuron and the product (acetylcholine) is exported to the synaptic cleft
of cholinergic neurons where it can bind postsynaptic muscarinic and preganglionic nicotinic receptors [6, 7]. Intra-
synaptic acetylcholinesterase terminates the signal and liberates choline from acetylcholine to recycle some choline
back into the neuron. Taurine and beta-alanine can both bind GABA receptors to initiate an inhibitory neural signal.
Additionally, taurine can elicit neuronal hyperpolarization through its own unique signaling system[8], whereas
beta-alanine acts primarily as a “false neurotransmitter”, binding GABA receptors and inducing an improper
inhibitory response[4]. Tyramine binds pressure sensors and promotes norepinephrine release. Red indicates
metabolites in higher concentrations in FD patients stool samples. Abbreviations: GABA, gamma-aminobutyric acid
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THE CHOLINE TRANSPORTERS
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Standard Western Blot Methods

The original method used for the western blot procedure is referred to as the “standard”

western blot procedure throughout Appendix C. Steps were modified throughout the

troubleshooting process and delineated within the commentary for the Trial that the change was

made. Steps that deviate from the standard protocol, and that were found to be useful are

annotated throughout the standard procedure as an indented empty bullet point. The protocol was

adapted from the procedure outlined by Heini Miettinen.

Protein Extraction from Tissue

Use 150-200 pL of lysis buffer per sample, dependent on amount of tissue. More lysis
buffer can be added after centrifuging, and re-homogenized — goal is to have more
supernatant than pellet after centrifuging.

o 200 pL were used for duodenum segments, jejunum and ileum.

o 150 puL were used for colon segments.

= 100 pL can be used for 2 retinas, or 70 uL for one retina.

Add HALT and PMSF in 1:100 dilutions to the aliquot of lysis buffer that will be added
to all samples. Stock concentrations are 100x of PMSF (stored at -20 °C) and 100x HALT
(stored at 4 °C); 10% of desired volume of buffer (say 2.5 mL, 10% would be 25 pL) and
that is the volume of HALT and PMSF to add each to total volume. Since the volume is
so tiny, there is no need to worry about exact dilution factors.
Homogenize with plastic pestle in microcentrifuge tube directly after removing from
storage (at -80 °C or -20 °C), add lysis buffer to samples, and keep on ice whenever

possible.
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o Samples can be sonicated with an ultrasonic microcentrifuge sonicator instead to
facilitate homogenization.
e Spin down lysates at 13,000 x g for 5 minutes, ideally at 4 °C. If need be, samples can be

spun at room temp in a benchtop centrifuge at 13,000 RPM for 5 min.

Bicinchoninic acid (BCA) Assay

The Pierce BCA Assay kit (ThermoFisher Scientific, CAT# 23225) was used according to the
manufacturer’s instructions with the following notes:
e [t is recommended to make 1:10 and 1:30 dilutions of samples using deionized water
(dH20)
o For concentrated solutions, make a 1:50 dilution which can be easily diluted to
1:100 if necessary.
e 10% sterile filtered BSA is the stock solution used to make the standards. A 50x dilution
of the BSA stock solution is done to make the first standard 2000 ug/mL (20 uL BSA

stock + 980 uL dH»O). Make the standards as delineated in Table 2 using serial dilutions.

Concentration (ug/mL) BSA dH>0O (pL)
2000

1500 300 pL of 2000 pg/mL 100

1000 100 pL of 2000 pg/mL 100

750 100 pL of 1500 pg/mL 100

500 100 pL of 1000 pg/mL 100

250 100 pL of 500 pg/mL 100

125 100 pL of 250 pg/mL 100

62.5 100 pL of 125 pg/mL 100

31.25 100 pL of 62.5 pg/mL 100

Table 1. BCA Assay Standards.
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25 pL of each sample dilution and standard is loaded into the plate, and 200 uL of BCA

assay is subsequently added to all wells. Samples should appear to fall in the middle of
the standards color-wise approximately 5-10 min into the incubation period. Add BCA
reagent to first sample well of all dilutions being tested, then the 2000 pg/mL standard
well, then to remaining wells. If the sample well turns just as dark as the standard, then
samples need to be diluted further.

Incubate for 30 minutes at room temperature (37 °C) on the benchtop.

Read at 562 nm. Concentration from Spectramax 190 plate reader given in pg/mL, which

need to be multiplied by the dilution factor and then convert to pg/uL.

Gel Electrophoresis

Turn heat block on at the beginning of the gel electrophoresis stage, while pouring the gel
and preparing the samples.
Molecular weight ladder (Precision +) and Laemmli buffer are stored at -20 °C — remove
and place on ice to allow to thaw while pouring a gel.
Prep the gel following the appropriate recipe in Table 2. The recipe for 10 mL of
separating gel and 4 mL of stacking gel will make 2 gels. Pick the percentage based on
size of protein to be blotted and desired separation. (ex: 61 kDa proteins work well with
10% gels)

= Check that the buffer dam is inserted properly, and that the unit is not

leaking!

= ***measure how far comb goes in so you will have a stacking gel still***
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Separating Gel
Ingredient 5% 7.5% 10% 125% | 15% 20%
40% Acrylamide 1.25mL | 1.875mL | 25mL | 3.12mL | 3.75mL | 5.0 mL
1.5MTris-HCI, pH 8.8 | 25mL | 2.5 mL 25mL [25mL |25mL | 25mL
10% SDS 100 pL | 100 pL 100 pL | 100 pL | 100 pL | 100 pL
dH20 6.09mL | 5465 mL |4.84mL |4.22mL | 3.59mL | 2.3 mL
TEMED 10 pL 10 pL 10 pL 10 pL 10 pL 10 pL
10% APS 50puL [ 50 pL 50 pL 50 pL 50puL |50 pL
4% Stacking Gel
Ingredient 4%
40% Acrylamide 400 pL
0.5 M Tris-HCI, pH 6.8 1.0 mL
10% SDS 40 pL
dH20 2.47 mL
TEMED 4 uL
10% APS 80 pL

Table 2. Recipes for 10 mL of Separating gel and 4 mL of 4% Stacking gel.

e Prep protein samples in Laemmli buffer to give a total concentration of 30-50 ug of
protein per well. The final volume is achieved with water.
= Use Mi1Vi =M,V; to determine volume of samples to add.
= Ex: (conc. Of sample) (vol. to add?) = (50 pg/15 pL protein) (Desired
vol.)
= Laemmli buffer should have final conc. of 1x from stock 5x conc. (ex: 10
uL in total vol of 50 pL)
e Heat protein samples for 10 min at ~80 °F to denature.
e Load the gel, with the following total volumes that can be loaded into wells: 30 pL for 10
well gel, 15 pL for 15 well gel.

o 15 pL total were used for both 10 and 15 well gels.
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Gel lanes should consist of protein samples of interest, Precision + ladder (5 pL for a 15
well gel) and 1x laemmli in any “empty” wells to help the gel run more evenly (load
same volume as sample for 1x Laemmli)
Fill the inner chamber between two gels (or one gel and buffer dam) completely, and the
compartment between the gel and electrophoresis box enough to cover the electrodes
with running buffer (1x SDS).
Run at 200 v until dye front gets past the stacking gel, then run at 160 v until dyefront
runs off the gel.
While gel is running, make 5% bovine serum albumin (BSA) solution and Blotto.

= BSA:0.75 gBSAin 15 mL 1X TBST — BSA (stored at 4 °C)

= Blotto: 2.5 g nonfat dry milk in 50 mL 1X TBST

Semi-Dry Transfer and Blot

Place electrode of Semi-Dry Transfer Unit in fridge to cool while gel is running.
Crack gel open and transfer to petri dish with 1x Transfer Buffer (stored at 4 °C)
Activate polyvinylidene difluoride (PVDF) membrane with methanol for ~30 sec.
= Nitrocellulose is a better membrane to use when proteins are under 20 kDa

as these small molecular weight proteins do not transfer as well on

PVDF - activate this membrane with transfer buffer.
Layer the transfer sandwich as follows: Bottom filter -> activated PVDF membrane ->
roll bubbles out with a serological pipet or similar -> gel (ladder on left/orientation as
loaded) -> top filter -> roll bubbles out.

Retrieve electrode from fridge and run for 30 min at 12 v.
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Disassemble as was assembled — return filters to respective top and bottom storage
containers filled with running buffer, discard gel and put membrane into Blotto.
= Filters can be reused and stored at 4 °C, though must be distinguished by
the filter used for the top or bottom.
= (Clean transfer unit with water and a sponge and allow to air dry.
Rock in ~10 mL Blotto for 1 hr
o These parameters are the minimum — blocking can be achieved by rocking
overnight at 4 °C to either troubleshoot, or if a stopping point is necessary for the
experiment that day.
After Blotto, wash filter 3 times with 1X TBST (rock for 10 min 3 times)
= OR wash 6 x for 5 min each
After washing, cut membrane with razor blade on lid of square petri dish to produce
halves of the membrane to allow for primary and loading control antibodies to be applied
separately. Place respective halves in primary antibody (AB) to rock overnight in fridge
Need a minimum of 4 mL to rock in
= GAPDH is usually used at a 1:20,000 dilution (0.5 uL of AB in 10 mL 5%
BSA)
= Other AB are standardly a 1:1,000 dilution (ex: OCT1 was 5 uL in 5 mL
5% BSA)
After blotting overnight, wash membrane for 30 min (either 3 x 10 min washes or 6 x 5
min washes) at room temp
= **SAVE primary AB in fridge. Can last in fridge until you notice the

signal decaying, at which time the antibody solution can be “spiked” by
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supplementing the same volume with fresh antibody solution at the same
dilution factor. Or, if volume is too low, the antibody solution can be
spiked then. AB solution should be discarded immediately if the solution
appears cloudy or contaminated.

Make secondary AB solution (HRP conjugated secondary antibody against the animal the

first antibody was produced in).

= Need a 1:10,000 dilution: 1 uL antibody in 10 mL Blotto, then split into 5

mL for each half of membrane.

Secondary AB rocks at room temp for 1 hour.

After secondary AB, wash for 30 min as before w/ 1X TBST

= Secondary AB are always discarded.

Blot Development on Photopaper

Leaning the tray so as to facilitate pooling of the remaining wash, then pipette/blot out
the wash with a kimwipe.
*#*May want to apply the developing agent in the dark room so as to not waste the
strongest signal. Supplies necessary includes:

= Film + film cassette

= 3 tubberware containers for developing agents and H>.O

=  Tweezers

= Tape + aluminum foil to block signal

= Scissors

= Plastic wrap
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= Developing agent (Advansta western bright ECL)

= Tube for developer

= | mL pipette and tips
Mix the developing agent 1:1 for a total vol of 1.2 mL, i.e.: 600 pL of each A and B
reagent.
Pipette 600 pL directly on membrane where the protein of interest is expected.
Wait ~2 min.
Wrap membranes separately in plastic wrap and tape in developing box in the upper right
corner to prevent membranes from moving at any point.
Remove film only in the dark or red light of the dark room. Cut film in half and then cut
one corner from the halves. Always try to orient cut corner at bottom left and enabling the
film to be realigned with the membrane after development so the Precision + ladder can
be drawn on the film.

o Will likely have to expose GAPDH and protein of interest separately, and as such,
tinfoil can be taped over the membrane to block signal from regions other than
those of interest.

To develop film, rock film in developer for ~30s, dip in deionized H>O to rinse and then
place in fixative. The film can remain in the fix solution until all exposures have been
complete and developed.

= After developing, wash film further with deionized H>O to avoid salt

spots; let air dry, then mark ladder on film.
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General Troubleshooting Notes:

e If alot of nonspecific binding is occurring, blotting overnight in the fridge on a rocker in
Blotto helps to alleviate this.
e [f protein is aggregating or not denaturing properly, test different denaturing temperatures
after adding Laemmli buffer. Tests can include ice, room temperature and 37 °C (all
1 hour denaturing periods) and 50 °C, 75 °C, 95 °C (15 min denaturing period). If the
same heat block is used for each temperature treatment, samples can be left at room temp
after their temperature treatment.
e If primary antibody is not producing signal:
o Test a different lysis buffer (protein may not be extracted based on tissue)
o Test temp treatments noted above
o Refer to the appropriate Genecard, identify a tissue with known high concentrated
levels of the targeted protein, and use this tissue type as a positive control while
troubleshooting.
o If activating the PVDF membrane in MeOH causes it to melt, that is not PVDF, its

nitrocellulose; That membrane can be activated with the transfer buffer.

Reagents

10x TBS: 1 L H20, 24.2 g Tris Base (0.2M), 87.7 g NaCl (1.5 M), Adjust pH to 7.4 with HCI
(use a 1 mL glass pipette and pipette bulb)

I1X TBST: 500 pL Tween20, 50 uL. 10x TBS, 450 uL. dH20

Running Buffer (1X SDS): 125 mL H>0, 25 mL 10x SDS

10x SDS: 30.3 g Tris Base, 144 g glycine, 10 g SDS
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Ix Transfer Buffer: 100 mL 10x TB (50 mL), 200 mL MeOH (100 mL), 700 mL deionized H,O

(350 mL). *Can also add 0.1% SDS

10x Transfer Buffer (500 mL, no SDS or Methanol, pH 8.3): 29.4 g Tris Base (480 mM),

14.64 g Glycine (390 mM)

Standard Lysis Buffer : 25 mM Tris-HC1 7.5, 150 mM NaCl, -1 mM EDTA, 0.5% NP40, 5%
glycerol

Radioimmunoprecipitation assay (RIPA) Lysis Buffer: 150 mM NaCl, 50 mM Tris HCI pH 8.0,

0.1% SDS, 0.5% DOC

Choline Transporters

Gut tissue was of primary interest to measure the choline transport proteins and
determine if there were reduced levels of the moderate affinity choline transport like (CTL1,
Slc44al) or low affinity organic cation transport (OCT1, Slc22al) proteins. The liver was also of
interest, as this is where dietary choline is delivered, metabolized, and distributed throughout the
JLoxp/Loxp

body from. Gut and liver tissue samples were all collected from Tubala-Cre*;Elp

mutant and Tubala-Cre Elpl Lo control mice.

OCT1/Slc22al

Trial 1 The first antibody tested was OCT1 (Sigma-Aldrich, Millipore, CAT# AV41516),
following the standard western blot procedure detailed above to test efficacy of the method with
the antibody. The (other buffer) was used for the protein extraction of the tissue, and the OCT1
AB was used in a 1:1,000 dilution. Figure 1 depicts the results of the first western blot; though
significant signal was observed for the loading control GAPDH, no signal was observed for the

OCT]1 protein in the expected region of 61 kDa. It was hypothesized that a more extreme lysis
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buffer should be used when extracting protein lysates from tissue samples. The variable intensity

of the signals from GAPDH in Figure 1 also indicates inconsistent loading of samples.

Figure 1. Trial 1 of the OCT1 antibody with an exposure time of ~1 second. Lanes:
1. kDa molecular weight (MW) ladder, 2. Mutant Distal Colon, 3. Mutant Proximal Colon,
4. Mutant Ileum, 5. Mutant Jejunum, 6. Mutant Distal Duodenum, 7. Mutant Proximal
Duodenum, 8. Control Distal Colon, 9. Control Proximal Colon, 10. Control Jejunum, 11.
Control Ileum, 12. Control Distal Duodenum, 13. Control Proximal Duodenum

Trial 2. The RIPA lysis buffer was used to extract new small and large intestine gut tissue
samples collected from a mutant and control. All other methods were kept the same as in Trial 1.
Figure 2 A & B depicts the results from trial 2. Given the intensity of the GAPDH signal, the
upper region (250-50 kDa) of the blot was exposed separate from the lower region (50-15 kDa).
Segments were selectively exposed by covering the segment that was not of interest with tinfoil,

thus also preventing any movement of the blot between subsequent exposures.
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Figure 2. Trial 2 of OCT1 antibody with exposure times of (A) ~45 seconds and (B) < 1
second. Lanes: 3. Mutant Proximal Duodenum, 4. Mutant Distal Duodenum, 5. Mutant Jejunum,
6. Mutant Ileum, 7. Mutant Colon, 8. Control Proximal Duodenum, 9. Control Distal Duodenum,
10. Control Jejunum, 11. Control Ileum, 12. Control Colon, 13. kDa MW ladder.

The exposure of the blot, particularly GAPDH (Figure 2B) revealed the loaded lanes did
not run straight, which was due to an error in how the gel was poured. Ample space was not left
for the stacking gel and comb, so the gel was essentially comprised of only a separating gel,

which likely caused the curvature and unequal travel of the protein through the gel. The
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variability of band intensity between the samples for GAPDH also revealed that slightly unequal
amounts of protein were loaded for the colon sample of the mutant, and particularly for the
jejunum and colon samples from the control.

The upper half of the blot (255-50 kDa) (Figure 2A) did pick up distinct signal around the
expected 61 kDa region for the OCT1 protein, though the signals were not distinct uniform bands
but instead dots. It was postulated that these dots were a result of protein aggregation, which
could potentially be resolved by changing the temperature at which the protein is denatured.
Additionally, the upper region of the blot (255-50 kDa) had a lot of background signal, which
was extremely apparent upon longer exposure times. It was thought that blocking overnight in

Blotto at 4 °C may alleviate the background signal.

Trial 3 The same protein lysates used in trial 2 were used in trial 3, though only mutant
and control proximal duodenum samples were used to test the effect of varying temperatures on
the denaturing step and ultimately what was believed to be aggregated protein in the region of
expected bands. Instead of denaturing the protein at 80 °C for 10 minutes, a range of
temperatures with varying times were tested and included: 1) On ice for 1 hour 2) Benchtop
room temperature for 1 hour 3) 37 °C for 1 hour 4) 50 °C for 15 minutes 5) 75 °C for 15 minutes
and 6) 95 °C for 15 minutes. In addition to the temperature range trial, blocking in 10 mL of
Blotto was completed by rocking overnight in Blotto at 4 °C instead of 1 hour at room
temperature. The resulting western blot results (Figure 3) did not have the same issues of
background signal convoluting the upper region of the blot, but what was believed to be protein

aggregates at the 61 kDa region persisted.
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Figure 3. Trial 3 of OCT1 antibody with a 10 second exposure time. Lanes: 1. Protein+
MW ladder 2. M PD Ice >1 hr 3. M PD Room Temp >1 hr 4. M PD 37 °C for 1 hr 5. M PD 50
°C for 15 min 6. M PD 75 °C for 15 min 7. M PD 95 °C for 15 min 8. C PD Ice >1hr 9. C PD
Room Temp >1hr 10. C PD 37 °C for 1 hr 11. C PD 50 °C for 15 min 12. C PD 75 °C for 15 min
13. M PD 95 °C for 15 min. Abbreviations: M, mutant; C, control; PD, proximal duodenum.
Arrows indicate the 61 kDa region and 37 kDa region where the OCT1 and GAPDH protein

bands were expected to be observed.

With the trial 3 bot, presumed protein aggregates were still observed for the anticipated
OCT1 61 kDa molecular weight region, though only for some temperatures tested with
seemingly varying effects depending on if the proximal duodenum sample was either mutant or
control. Lane 6 (mutant PD, 75 °C for 15 min) was the closest signal to representing a distinct
band at 61 kDa for all samples and temperature ranges tested. The corresponding control sample
treated with the same parameters did not reveal any bands. In addition to the temperature trials
being somewhat inconclusive, there was no visible GAPDH registered for any of the samples.
The dye front also indicated an unusual pattern in which it appeared that lanes 11-13 did not have

any sample loaded at all, though this was not the case.
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By reviewing the Genecard for OCT1, it was identified that plasma, liver, and gallbladder
contain the highest levels of OCT1 protein. As such, it was determined that a liver sample would

perhaps be more suitable for troubleshooting the OCT1 protein.

Trial 4 Concurrently, the CTL1 antibody was also being tested with gut tissue and as
such, the CTL1 antibody was the first to be tested using liver samples that were extracted with
the modified RIPA, and standard lysis buffers. The same membrane used to test the CTL1
antibody in liver tissue was stripped and re-probed with the OCT1 antibody. Though GAPDH
revealed distinct and equal bands, no bands were observed at the 61 kDa molecular weight
region. As such, a new membrane was made using the same RIPA and standard lysis buffer
extracted liver tissue and probed with the OCT1 antibody solution that had been used up in
previous experiments, though it was “spiked” with fresh antibody and BSA to increase the
volume of total antibody solution used for incubation. Figure 4 illustrates the results from this

western blot.
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Lane 2 3 4 5

Figure 4. OCT1 western blot for RIPA extracted liver tissue with a (A) 10 minute
exposure for OCT1 and (B) a 5 second exposure for GAPDH. Based on the Precision + ladder,
the bottom of each MW marker was measured in cm and used to more accurately estimate where
the 61 kDa region (dashed line) was located on the blot, and these estimates were annotated on
the photopaper. Lanes: 1. Precision + ladder 2. Mutant, RIPA extracted 3. Control, RIPA
extracted 4. Mutant, standard lysis buffer extracted and 5. Control, standard lysis buffer
extracted.

Distinct bands were observed at the 100 kDa MW region, with additional nonspecific
binding throughout each column/well. Thin, though distinct, bands were observed at what was
thought to be the expected 61 kDa MW region. Manual measurements of the Precision + ladder
in centimeters allowed for a more accurate estimation of where the 61 kDa region was located on
the blot, which was measured to be right below the thin distinct bands.

Han ef al. (2013) [90] used the same OCT1 antibody and tested the binding specificity
against human Caco-2 cells, and cross reactivity with mouse Octl. Chinese hamster ovary cells

transfected with human OCT1-3 or mouse mQOct1-3, Caco-2 cells, human liver, and mouse liver
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and kidneys were used for their westerns blot analysis. Their results demonstrate OCT1 bound to
a protein with an apparent molecular mass of ~60 kDa and was equally specific for both human
and mouse liver. The full blot and molecular weight protein ladder were not depicted in the
results, so it was impossible to determine if nonspecific binding occurred, and this was also not
addressed in their paper.

A final trial of OCT1 was conducted once again using mouse liver tissue for a mutant and
control to attempt to minimize the nonspecific binding. Three temperatures were tested for the
denaturing step (50 °C, 70 °C, 80 °C) as these showed the most promise in trial 3. It was
mistakenly identified that the 50 °C temperature had the best results for the mutant PD samples
tested in trial 3, and this temperature was used to test the effects of using more protein (100 pg vs

50 pg) in the blot. Additionally, nitrocellulose was used as the membrane instead of PVDF.
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lane 2 34 56 7 8 910

lane 2 3 4567 8 910

Figure 5. OCT1 western blot for RIPA extracted liver tissue with a (A) 2 minute exposure
for OCT1 and (B) a 3 second exposure for GAPDH. Lanes: 1. Precision + Ladder 2. Mutant, 50°,
50 pg protein 3. Mutant, 70°, 50 pg protein 4. Mutant, 80°, 50 pug protein 5. Control, 50°, 50 ug
protein 6. Control, 70°, 50 pug protein 7. Control, 80°, 50 pug protein 8. Empty 9. Mutant, RIPA,
50°, 100 pg protein 10. Control, RIPA, 50°, 100 pg protein

Trial 4 revealed a continuation of the nonspecific binding of OCT1 by multiple faint
bands being visible in each column/well. Increasing the protein loaded in the wells (Figure 5,
lanes 9 and 10) only exasperated this issue. The different temperature treatments appeared to
improve the nonspecific binding when denaturing at 50 °C, though it also appeared that less
protein was bound with decreasing temperatures tested. GAPDH did not show obvious
differences in the amount of protein loaded, though maybe slightly less signal was observed for
lanes 2 and 3, which correspond to the 50 °C temperature treatment. The use of a nitrocellulose
membrane appeared to have no impact on the nonspecific binding, if not a slightly deleterious

effect.
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Summary From these experiments conducted to test and troubleshoot the OCT1 antibody
in mutant and control mice, gut and liver tissue was used, in conjunction with a variety of
modified steps in the western blot procedure. It was concluded that the RIPA lysis buffer should
be used for both tissue types otherwise no protein will be obtained in the lysate of gut tissue
(Trial 1 vs Trial 2), and the RIPA extraction slightly improves signal when used for liver tissue
(Trial 4). The temperature trials concluded that 50-80 °C are all viable for the protein denaturing
step. However, Han et al. (2013) [1] used 70 °C and achieved good results. The use of a
nitrocellulose over PVDF membrane may have marginally worsened the background signal that
was observed, though this may have been due to recycling the antibody solution and only
supplementing it with fresh BSA and antibody to achieve the volume necessary for blotting. This
may have been the most confounding method that was used throughout all the troubleshooting
experiments and would likely be the best method to modify in future blots. The antibody solution
was recycled due to the expense of purchasing the antibody that is only a very small volume.
This technique had been used prior with much success, though perhaps was the most
confounding issue throughout the troubleshooting process. The experiments utilizing gut tissue
unfortunately led to inconclusive results due to the issue of protein aggregation. The results from
the liver tissue western blots indicate distinct binding of the OCT1 antibody to protein in the 100
kDa molecular weight region. Still distinct, though thinner bands were also observed at the
expected 61 kDa molecular weight.

Using an antibody against the synthesized oligopeptide of mOCT1, Lee et al. (2007)
identified bands at ~90 kDa for OCT1 from a western blot of mouse kidney tissue lysates [2].
This is coincidentally very similar to the distinct banding that was observed for the western blots

conducted herein on mouse liver tissue lysates. Further troubleshooting to reduce the nonspecific
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binding is necessary to definitively determine if OCT1 was reduced in the Talpha liver and gut
tissue. If the nonspecific bands that were observed in the liver are valid, these results indicate no

difference between mutant and control OCT1 protein levels.

CTL1/Sic44al

Trial 1 Similar to the OCT1 choline transporter, the CTL1 antibody (EN-627, University
of Guelph, Canada) was first tested in gut tissue that was prepped with a RIPA lysis buffer. The
antibody was used in a 1:1,000 dilution in BSA, and all parameters of the standard western blot
procedure were otherwise followed. As was observed for the OCT1 antibody, a lot of nonspecific
binding was also observed for the CTL1 antibody (Figure 6), though only for the distal
duodenum, jejunum, and ileum samples from the mutant that corresponded to lanes 5, 6, 7 and
12. Nearly no binding occurring for the proximal duodenum, and colon samples of the mutant,
and the proximal and distal duodenum, and jejunum of the control, corresponding to lanes 4 and
8, and 9-12 respectively. The loading control GAPDH revealed comparable levels of protein
loaded across samples, though lanes 8-11 may have received slightly less protein. It was
interesting to note that the lanes that exhibited nearly no binding on the upper half of the blot
(Figure 6A) had many nonspecific bands that were bound in the lower half of the blot (Figure

6B).
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Lane 4 5 6 7 8 9 101112

Lane 4 567 8 9101112

Figure 6. Trial 1 CTL1 western blot for RIPA extracted gut tissue with a (A) ~45 second
exposure for CTL1 and (B) a ~15 second exposure for GAPDH. Lanes: 3. Precision + ladder 4.
PD, Mutant 5. Distal Duodenum, Mutant 6. Jejunum, Mutant 7. [leum, Mutant 8. Colon, Mutant
9. PD, Control 10. Distal Duodenum, Control 11. Jejunum, Control 12. Ileum, Control 13. Colon,
Control

Trial 2 Following the western blot of gut tissue, the CTL1 antibody was tested against
liver tissue that was prepped with RIPA or standard lysis buffers. It was believed that liver would
serve as a simpler tissue to extract, and perhaps have more abundant CTL1 transporter protein

than gut tissue.
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Lane 2 3 4 5

Lane 2 3 4 5

Figure 7. Trial 2 CTL1 western blot for RIPA extracted liver tissue with a (A) 2 minute
exposure for CTL1 and (B) a ~1 second exposure for GAPDH. Lanes: 1. Precision + ladder 2.
Mutant, RIPA extracted 3. Control, RIPA extracted 4. Mutant, standard extracted 5. Control,
standard extracted. The arrow indicates the approximate 72 kDa region where bands were
expected.

The liver western blot testing the CTL1 antibody indicated that RIPA lysis buffer was
more effective than standard lysis buffer at extracting what was believed to be the CTL1 protein,
along with similar molecular weight proteins that were also bound by the primary antibody.
Based on visual assessment of lanes 1 and 2 of Figure 7A, the mutant bands were slightly less
opaque than those of the control, while the GAPDH loading control was comparable. Though
this blot was fairly successful, the nonspecific binding limited relative quantitation of signal

intensity, and thus required further troubleshooting.

Trial 3 The CTL1 antibody was gifted from Dr. Marica Bakovic’s lab at the University of
Guelph, Canada, and the dissertation written by Dr. Vera Michel details the characterization of

the antibody used in this work, and summary of methods developed for use of the antibody in a
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western blot [3]. It was concluded that the antibody could be used with denaturing and native,
non-denaturing conditions, and observe a 72 kDa band under both conditions. However, native
conditions were recommended as these parameters prevented any denaturation or degradation of
the target protein. Denaturing conditions also appeared to give rise to nonspecific binding of a
band just above the target 72 kDa region of the blot. As such, a native page was attempted with
the materials on hand and led to inconclusive results. Given the setup available, results seemed

more promising when using denaturing conditions.

Trial 4 In conjunction with testing the TAUT antibody, the CTL1 antibody was also tested
in retina tissue from control mice for efficacy. Continuing the trend, a lot of nonspecific binding
was observed throughout each lane of the western blot, with no individually distinguishable
bands observed at 72 kDa. Subsequently, various combinations of long (10 min x 2, 15 min x 2)
and short washes (5 min x 6), in conjunction with overnight blotting, revealed much success in
the CTL1 blot that was accomplished by extracting retinal tissue with the standard lysis buffer,
blocked overnight at 4 °C in BSA, and washed with the long wash combos (Figure 8A).
Subsequently, this method was used to test protein concentrations ranging from 50 — 10 ug of
protein loaded per well as a means to minimize the GAPDH signal, while maximizing the CTL1
signal. It was determined that 30 ug protein per well was optimal (Figure 8B). From these
promising results with retinal tissue lysates, the previous RIPA extracted gut and liver tissue were
tested again using the modified parameters of 30 ug/well protein, overnight blocking in BSA,
and long washes. Unfortunately, the blot resulting in much nonspecific binding yet again, and

unclear results regarding the levels of CTL1 protein in gut and liver tissue.
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A B
Lane 2 Lane 1112 131415

Lane 2 3 4 5 Lane 1112 131415

Figure 8. Trial 4 CTL1 western blot for standard extracted retina tissue with a (A) 10
second exposure for CTL1 (upper) and ~1 second exposure for GAPDH (lower) and (B) 1
minute exposure for CTL1 (upper) and ~1 second exposure for GAPDH (lower). (A) Lanes: 1.
Precision + ladder 2-5. standard extracted retina tissue. (B) Lanes: 10. Precision + ladder 11.
CTL1 50 pg protein 12. CTLW1 40 pg protein 13. CTL1 30 pg protein 14. CTL1 20 pg protein
15. CTLI 10 pg protein.

Summary When testing the CTL1 antibody against both gut and liver tissue samples,
distinct bands at the expected 72 kDa molecular weight region are observed, though these are
accompanied by nonspecific binding. Gut tissue had much more nonspecific binding (Figure 6)
than liver tissue (Figure 7), though both made it difficult to conclude if the protein of interest was
bound, and if levels of the protein were reduced in the mutant sample compared to the control.
The western blot method recommended from these trials is to use a RIPA lysis buffer and to

perform the blot under denaturing conditions. If new reagents and resources were available to
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perform a native, non-denaturing western blot, this may be a more viable method to reduce
nonspecific binding and achieve good results, as suggested in the original characterization of the
antibody [3]. Though, the antibody has been successfully used under denaturing conditions. The
difference between those results and mine was that Blotto was used instead of BSA to apply and
incubate the CTL1 antibody. This presents as a promising next step, if this western blot were to
be attempted again.

Though convoluted by the nonspecific binding, the CTL1 protein may have been reduced
in the mutant liver tissue tested compared to the control liver tissue. It was indiscernible if the
protein was reduced in the mutant gut tissue. Testing retinal lysates with the CTL1 antibody

seems promising though.
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