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Chapter 1

Functions of leptin in metabolic wasting syndrome

Metabolic wasting syndrome, also called cachexia, is a metabolic disorder characterized by
unintentional excessive weight loss (greater than 5% of body weight in preceding 6 months) with
the depletion of muscle and adipose tissues [1, 2]. It is different from the weight loss resulting from
starvation, which can be recovered by ingestion of food. However, in the condition of wasting
syndrome, the weight loss and body composition are hardly reversed by food supplementation [3].
This is because profound irreversible metabolic reprogramming takes place, which results in the
degradation of muscle tissues [3, 4]. It usually occurs at the late stage of chronic diseases such as
cancer [5], autoimmune disease (rheumatoid arthritis) [6], infectious diseases including AIDS and
tuberculosis [7, 8], diabetes [9] and chronic kidney disease [10]. Cachexia increases the mortality
and it accounts for 30% of death in patients with chronic diseases [11]. However, currently no

pharmacological treatment exists [12, 13].

We have studied the function of the leptin gene in wasting syndrome. Leptin was firstly cloned and
identified in obese mice by Friedman in 1994 [14]. It is a 167 amino acid long protein hormone
with four-helix bundles (Figure 1A) and mainly secreted by adipose tissues. It has been shown that
leptin is a key regulator of appetite, body weight, energy regulation, bone metabolism, immunity,
reproduction and metabolic homeostasis [15, 16] (Figure 1B). Mutation of the lep gene (originally
called ob gene) in mice (ob/ob) leads to extreme obesity, insulin resistance and type 2 diabetes
mellitus [17]. The mutants in a later stage of diabetes, also display wasting syndrome characterized
by the loss of muscle mass [18]. Therefore, ob/ob mice are commonly used as a diabetic animal
model [17, 19].

This thesis is focused on metabolic effects of tuberculosis and leptin deficiency in mice (Mus
musculus) and zebrafish (Danio rerio) animal models. We used different metabolomic tools
including mass spectrometry (MS), nuclear magnetic resonance (NMR) and high-resolution
magic-angle-spinning NMR (HR-MAS NMR) spectrometry to acquire the metabolic profiles of
samples. Additionally, transcriptomics was used to investigate the mechanism underlying the
metabolic disorders of TB and leptin mutation. Furthermore, we tested whether the adult leptin
mutant zebrafish have a diabetic phenotype as well as kidney damage resulting from this. In this
chapter we will give a short overview of various aspects that determine cachexia in tuberculosis and

diabetes and explain the animal models and metabolomics methods that we used to study this.
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Figure 1. The structure and physiological functions of leptin. A. The structure of human leptin protein
shows a four-helix bundles similar to that of the long-chain helical cytokine family [20]. B. Leptin is
produced by a variety of tissues, for instance by white adipose tissues (in the middle) and it has diverse
functions in several organs and molecules. Figure 1B is similar to the figure of Zabeau et al., 2016 [21].

Molecular basis of cachexia

Cachexia is an energy wasting syndrome in which energy expenditure exceeds energy intake
resulting in muscle wasting and atrophy [22, 23]. Chronic diseases, such as cancer and tuberculosis,
consume large amounts of energy, therefore the body triggers compensatory mechanisms to
maintain energy homeostasis. The compensatory mechanisms are associated with important
metabolic changes in carbohydrate, lipid and amino acid metabolism and the balance of protein
synthesis and degradation [23]. In the condition of cachexia, protein synthesis is decreased and
myofibrillar protein degradation is increased [24]. There are two main mechanisms for protein
degradation: the ubiquitin-dependent proteasome and autophagy pathways [23, 25]. An increase
in ubiquitin proteasome system (UPS) activity is involved in the degradation of muscle myofibrillar
proteins [26]. In the case of skeletal muscle atrophy, this increase of UPS activity is accompanied
by a higher expression level of atrogin-1 and MuRF-1, which are two key E3 ubiquitin ligases [27].
Autophagy is a well-known recycling process that ingests dysfunctional organelles such as
mitochondria, eliminating intracellular pathogens as well as clearing up misfolded or aggregated
proteins [28]. A block of autophagy signaling and mutation in autophagy genes lead to myofiber

disorders and muscle weakness [29, 30]. Excessive activation of the activity of autophagy results in
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detrimental consequences on muscle homeostasis and severe muscle loss [31, 32]. Therefore, a

balanced autophagy flux is essential to maintain muscle mass and myofiber integrity.

A common effect of cachexia in mammals is chronic inflammation [33]. It is reported that
inflammatory responses in many chronic diseases influence various metabolic changes related to
wasting syndrome [34]. Chronic systemic production of pro-inflammatory cytokines decreases the
appetite and increases the catabolism in the body [13]. Serum levels of the pro-inflammatory
cytokines were found to be increased in human patients and in animal models of chronic diseases
associated with wasting syndrome [24, 35]. The elevated levels of these cytokines inhibit the
secretion and activity of growth hormones such as IGF-1. In addition, the high concentration of
the cytokines directly induces signaling pathways that regulate enzymes leading to skeletal muscle
protein turnover [24]. These cytokines include TNF-a, IL-6, IL-1p, interferon-y, myostatin and
activin A [13, 24, 36, 37]. TNF-a, originally named cachectin, is shown to induce cachexia in rats
[37] and mice [38] and cause myotube atrophy in vitro via the activation of the UPS pathway [39].
Inhibition of IL-6 signaling attenuates cachexia development in mouse cancer models [40]. The
blockade of the common receptor ActRIIB of myostatin and activin A, suppresses cachexia
progression and reverses prior skeletal muscle loss in several mouse cancer cachexia models [41].
However, the molecular mechanisms underlying the regulation of wasting syndrome by cytokines

at the systemic level are not yet known.

Tuberculosis

Tuberculosis (TB) remains one of the top 10 leading causes of human death worldwide because it
is an infectious, contagious and often drug-resistant disease [42]. It spreads merely by aerosolized
droplets carrying bacteria from the Mycobacterium tuberculosis (Mtb) complex [43]. It has been a
threat to global public health for decades with about 10 million new cases and 1.4 million deaths
reported in 2019 [42]. A quarter of the world’s population is estimated to have latent TB infection,
according to the World Health Organization (WHO) [42]. Approximately one tenth of latent TB
is likely to develop to active TB disease at which stage the causative mycobacteria become highly
transmittable [44]. The pathogen mainly targets the lung, although extra-pulmonary infection is
also very frequently observed [43]. TB is characterized pathologically by the formation of
granulomas that consist of clusters of infected macrophages and surrounding uninfected immune
cells of various types (Figure 2). TB results in many symptoms including fever, cough, chest pains,
hemolysis and weight loss [45, 46]. The causes of death by tuberculosis are mainly due to severe
tissue damage, oxygen shortage and wasting syndrome [43]. It is claimed that TB has been existing
throughout human history, leading to large epidemic proportions in the 18", 19" and early 20*
centuries [47, 48]. Although the disease was thought to be mostly eradicated by the end of the 20™
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century, currently TB is spreading rapidly due to the emergence of many antibiotic resistant strains
and a lack of proper diagnosis in many countries. The latter problem is aggravated by the current
health problems due to the Covid-19 pandemic. Therefore, approaches to prevent Mtb
transmission as well as to reduce TB morbidity and mortality, should not only rely on good

preventions and effective therapies but also on efficient diagnoses [49].

Currently, several tests are applied for the diagnosis of TB [46, 50]. Those methods include
tuberculin skin tests (TST), interferon-y release assays (IGRA), sputum smear microscopy,
mycobacterial culture-based methods, chest radiography such as chest X-rays and PET-CT, and
commercial molecular tests [46]. TST is simple and cheap, however, it results in false positive
responses for people who are Bacille Calmette-Guerin (BCG) vaccinated [51]. IGRA is more
specific than the TST, but it gives false negative responses for people who suffer from
immunosuppression [45]. Sputum smear microscopy is the most widely used test for TB, but it
lacks sensitivity and misses a diagnosis of extra-pulmonary infections [46]. Mycobacterial culture-
based methods are the golden standard diagnostic test with a high sensitivity for TB. However, it
takes 3-4 weeks to obtain results, which delays diagnosis [52]. Chest radiography examines whether
an abnormality is present, but it doesn't give information about the lesion's activity. Commercial
molecular tests, such as GeneXpert MTB/RIF, although rapid and detecting antibiotic resistance of

the pathogen, are expensive and have high requirements for infrastructure [53].

Given the limitations of the current diagnostic tests, there is an urgent need for the development of
new efficient, reproducible and cost effective diagnostic methods to control the disease. Biomarker-
based tests for the detection of TB, ideally performed on easily accessible samples such as blood or
urine, provide great potential for the detection of TB [53, 54]. Since various biomarkers are used to
define an endpoint in clinical trials distinguishing a normal and pathogenic biological state, they
can be also directly used for advanced diagnostic tools [55]. Additionally, biomarkers can indicate
the effectiveness of a therapeutic treatment and promote development of alternative therapy
regimens. Reported biomarkers are either pathogen-derived such as lipoarabinomannan (LAM),or
host-derived such as antibodies, cellular immune responses to Mtb antigens (i.e., cytokines and
chemokines) or derived from both pathogen and host factors using omics-based approaches [53,
56, 57].

Omics-based approaches are capable of accurately predicting disease outcomes and providing
insights for disease mechanisms [58]. Omics includes genomics, transcriptomics, proteomics and
metabolomics approaches [58]. Trans-omics is defined as a discipline that seeks to reconstruct
biomolecular networks not as a group of indirect statistical correlations, but as chains of direct
mechanistic molecular interactions by using comprehensive multi-omics data measured under

identical conditions, as opposed to heterogeneous sources of data [59, 60]. The metabolome
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encompasses a complete set of metabolites in biological processes, and it is the ultimate
downstream outcome of the processes measured by the other three omics levels. Therefore, any
disruption at the other omics levels could affect the quantities of specific metabolites [61].
Identification and quantification of full metabolomes provide a great possibility for discovering
biomarkers of diseases including TB [62]. To date, metabolomics has been applied to identify
potential biomarkers of TB from blood [63], urine [64, 65] and sputum [66] of patients. However,
they still need to be validated by comparisons of the outcomes of independent studies and tested in
clinical trials before they can be used in the clinic. Additionally, TB animal models that for example
use mice and zebrafish, provide basic tools to discover new biomarkers for diagnosis. The models
can provide mechanistic insights into the biological relevance of the biomarkers, resulting in a more

robust theoretical basis for the prediction of their effectiveness.

The zebrafish as a versatile model organism for tuberculosis studies

Animal models offer practical advantages to study the progression and the pathogenic mechanisms
of TB, therefore they serve as important means for TB research [67]. Although Mtb infection in
mouse recapitulates some aspects of human TB disease, Mtb is a dangerous pathogen to work with
and it requires specialized and expensive facilities [43, 67]. Zebrafish larvae offer an excellent
animal model for studying the pathogenesis of Mtb [68]. The optical transparency of zebrafish
larvae allows the visualization of the infection of a fluorescently-labelled pathogen in vivo.
Mycobacterium marinum (M. marinum), the closest known genetic relative of the Mtb complex, is
a natural pathogen for zebrafish [69]. It is much less dangerous to work with than the Mtb pathogen
because of its restricted temperature range of growth. Infection of zebrafish embryos with M.
marinum results in the formation of characteristic necrotic and granulomatous lesions which is a
hallmark of human TB (Figure 2). The granuloma is a highly organized structure characterized by
aggregation of immune cells that engulf and confine the pathogens (Figure 2). Many publications
show that the mechanisms of M. marinum infection in zebrafish larvae can be translated at the
genetic, cellular and molecular signaling levels to tuberculosis progression in humans [70, 71].
Therefore, zebrafish larvae are a very powerful model organism to study the fundamental

mechanism underlying TB progression.

embryos were injected with 30 colony forming units of M. marinum bacteria into the yolk at 4 hours post
fertilization. Images were acquired at 5 days post infection. M. marinum strain M was transformed with a
plasmid encoding the green fluorescent Wasabi protein, therefore it can be visualized with a fluorescent
microscope. A. A whole zebrafish larva showing M. marinum infection in the yolk and tail (Y. Ding
unpublished data). B. An enlargement of a mycobacterial cluster in the tail of the zebrafish larva. C. A
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schematic diagram illustrates the morphology of the granuloma. The diagram is adapted from Masud et
al., 2017 [72].

= M. marinum
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Diabetes

Diabetes mellitus (DM) is a chronic disease that is caused by a defect in insulin signaling in the
body leading to limited glucose uptake from the blood stream. There were around 422 million cases
and 1.6 million deaths all over the world per year [73]. Globally, currently one in eleven people are
diagnosed with DM [73]. The morbidity and mortality of DM is steadily increasing, therefore, it
exerts a big threat to global public health [73, 74]. DM is classified into type 1 diabetes mellitus
(T1DM), type 2 diabetes mellitus (T2DM) and gestational diabetes mellitus (GDM) [75]. TIDM is
most often caused by autoimmune disorders which results in the dysfunction or death of the beta
cells leading to a failure of the pancreas to secret insulin. The frequency of T1DM is up to 10% of
diabetic patients. T2DM is the most common type of diabetes and accounts for approximately 90%
of all diabetic cases. It is a chronic metabolic disorder characterized by dysregulation of
carbohydrate, fat and protein metabolism [76]. It is caused by peripheral insulin resistance that can
lead to impaired insulin production [76]. GDM only occurs in pregnant women, and normally their
blood glucose level will be back to normal after pregnancy. However, the risk of developing T2DM
is higher both for the mother and child later on during their lifetime [77]. T2DM aftects the whole
body and is usually accompanied by many complications, including cardiovascular disease and
chronic failure of organs such as kidney and eyes [78]. In addition, people with T2DM are more

susceptible to infectious diseases including tuberculosis [79]. Obesity is reported to be the most
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important factor in the development of metabolic diseases including T2DM [80]. Therefore, both
obesity and T2DM are accompanied with insulin resistance [80]. This could be explained by the
function of fat tissues in the secretion of hormones and cytokines, such as leptin, that can control
whole body metabolism and cause insulin resistance [80]. Serum leptin levels are positively
correlated with body mass index and percentage of body fat in T2DM patients [81]. Higher leptin
levels have been observed in insulin-resistant patients with T2DM independently of body fat mass
(82, 83]. However, several other studies show that leptin levels were decreased in non-obese
patients with T2DM [84, 85]. Rodents with leptin deficiency are hyper obese and diabetic [86].

Therefore, leptin has been studied extensively for its role in diabetes [87, 88].

Leptin

Leptin in humans is a 167 amino peptide that is mainly produced and secreted by white adipose
tissues, but also found in a variety of tissues including placenta, mammary gland, ovary, skeletal
muscle, stomach, pituitary gland, and lymphoid tissue [89]. However, those tissues contribute
relatively little to the circulating levels of leptin [90]. The concentration of circulating leptin is
considered to be proportional to the amount of fat tissue [91]. Leptin, as both an adipokine and
cytokine, plays a key role in various aspects including control of body weight, energy homeostasis
and metabolism. In mammals, leptin exerts its role via binding to specific isoforms of the leptin
receptor that have the structure of a class I cytokine receptor and are located on the cell membrane
of multiple tissues [92]. Leptin binds to leptin receptors resulting in the activation of three main
cellular downstream signaling pathways including JAK-STAT, SHP2-ERK and IRS-PI3K pathways
(Figure 3).
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Figure 3 (previous page). Leptin signaling pathways. The figure is adapted from Kwon et al., 2016 [93].
Leptin binds to leptin receptor resulting in the activation of JAK-STAT, SHP2-ERK and IRS-PI3K pathways.
The activated JAK prompts the phosphorylation of tyrosine residues which is involved in the dimerization
of STAT3 and STAT5. Dimerized STAT3 and STATS then translocate into the nucleus and mediate the
transcriptional expression of the targeted genes including POMC, which is involved in the regulation of
appetite and body weight. In addition, the activation of tyrosine residues recruits SHP2 and GRB2, leading
to the phosphorylation of ERK. The activated ERK translocates into the nucleus and regulates the
expression of genes associated with energy homeostasis. Furthermore, upon leptin binding, activated JAK
phosphorylates IRS, resulting in the activation of PI3K and AKT. This, on one hand, leads to the inactivation
of FoxO1 by sequestering from nucleus to cytoplasm. On the other hand, AKT activates mTORC1 that
subsequently activates S6K causing the phosphorylation of the AMPK a subunit and inhibition of AMPK
activity. This pathway plays important roles in control of appetite and protein metabolism.

Leptin plays many functions in energy homeostasis and metabolism control. It maintains
euglycemia by switching carbohydrate metabolism to fat metabolism during starvation [94]. In an
early fasting state, glucose is mainly generated from hepatic breakdown of glycogen (glycogenolysis)
[95]. In contrast, in a prolonged fasting state, de novo glucose production (gluconeogenesis), using
lactate, pyruvate, amino acids and glycerol, is a main source for maintaining euglycemia level [95].
Gluconeogenesis is facilitated by changes of hormone levels such as glucagon, insulin, growth
hormone and cortisol [95-97]. These signals stimulate lipolysis in fat tissues to generate ketone
bodies through mitochondrial  oxidation and ketogenesis. The ketone bodies provide substrate to
obligate glucose-utilizing organs such as the brain. The switch from glucose metabolism to fat
metabolism is thought to be mainly driven by an increase of glucagon and a decrease of insulin
levels. Perry et al [94] show that hypoleptinemia is a key regulator for this shift. A low level of
plasma leptin stimulates the hypothalamic-pituitary-adrenal (HPA) axis, thereby mediating the
degradation of white adipose tissue (WAT) (Figure 4). This results in an increase of hepatic acetyl-
CoA content and pyruvate carboxylase flux, which is essential to maintain gluconeogenesis during
prolonged starvation (Figure 4). The amount of hepatic acetyl-CoA and the activity of pyruvate
carboxylase are key indicators for liver and whole body glucose and fat metabolism. Therefore,
leptin is an essential regulator for glucose homeostasis during starvation.

16



Chapter 1

Net hepatic glycogenolysis |,

4
Plasma glucose |, — Plasmainsulin,

7 T

Hepatic pyruvate

carboxylase flux T Plasma leptin |,
f |
: W
fetogeness HPA axis activity T

Hepatic acetyl-CoA

S /
\ WAT lipolysis 1" 4

Figure 4. Leptin mediates a glucose-fatty acid cycle to maintain glucose homeostasis in starvation. The
figure is adapted from Perry et al., 2018 [94]. In prolonged starvation, glucose generated from hepatic
glycogenolysis is reduced, resulting in a decrease of plasma insulin and leptin concentrations.
Hypoleptinemia is a critical signal to increase WAT lipolysis via the HPA axis activity. This accordingly results
in an increase of hepatic acetyl-CoA content, ketogenesis and hepatic pyruvate carboxylase activity,
therefore maintaining the glucose homeostasis during starvation. Orange arrows mean an increase and
blue arrows mean a decrease. HPA: hypothalamic-pituitary-adrenal axis, WAT: white adipose tissues.

Congenital leptin mutations in human are extremely rare [98]. Patients with the disease are severely
obese, hyperinsulinemic and dyslipidemic [99, 100]. The mean BMI of patients is distinctly
decreased after 18 months of leptin replacement [99]. Furthermore, leptin administration
normalizes serum glucose, insulin and lipid level [101]. Animal models in rodents with
spontaneous mutations in the leptin (0b/ob) and leptin receptor (db/db) have existed for decades.
Mice with the mutation in leptin signaling display hyperphagic, obese and diabetic phenotypes and
the circulating leptin level is reduced [102]. Similar with the effects of leptin mutation in humans,
recombinant leptin treatment in ob/ob mice successfully lowers the body weight, glucose and
insulin level [102]. Leptin and leptin receptor are evolutionarily conserved from mammalian to
nonmammalian species including zebrafish [103]. Zebrafish have one leptin receptor and two
orthologs of the leptin gene, namely leptin a (lepa) and leptin b (lepb). Studies show that lepr mRNA
is also highly expressed in the brain of zebrafish as it is in mammals [104]. The mutation in lepa
results in an obesity phenotype in adult zebrafish [105]. However, the metabolic effects of leptin

mutation in the early development are still largely unknown.
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Metabolomics

Metabolomics is defined as large-scale studies of metabolite compositions that are substrates,
intermediates and products of biological processes [106]. It focuses on global sets of small
molecules with a molecular weight smaller than 1500 Da within cells, tissues, organs and organisms
at any given time [107]. The small molecules include sugars, amino acids, organic acids, and lipids.
Metabolomics is a powerful approach because the studied metabolites are the end products of
cellular processes and they therefore represent an important element of the molecular phenotype
[108]. Therefore, the level of metabolites can directly reflect the underlying biochemical condition

in a biological sample.

The most common used analytical tools for metabolomics are mass spectrometry (MS) and nuclear
magnetic resonance (NMR) spectrometry [109]. In comparison, they both have their specific
advantages and disadvantages shown in Table 1. MS is a powerful analytical technique as it offers
the merits of high sensitivity, selectivity, and high throughput ability [110]. MS provides a mass-
to-charge ratio (m/z) of charged molecules to identify components in a sample by determining the
molecular weight and its isotopic abundance [107]. MS instruments consist of three main parts: an
ionization source, a mass analyzer and a detector. The ionization source converts targeted analytes
from liquid and solid phase into gas phase ions [111]. The ions travel through a fixed distance in a
mass analyzer before reaching to the detector. The higher m/z ions achieve lower velocity than the
lower m/z ions as the ion velocities are inversely proportional to their m/z. Therefore, the ion m/z
can be determined by measuring the time of traveling in the mass analyzer [112]. However, samples

for MS measurement are destructive. NMR spectroscopy compensates for this limitation of MS.

NMR spectroscopy enables the identification and quantification of metabolites in complex
biological samples with a high reproducibility [113]. By applying an external magnetic field, nuclei
of molecules can behave like a magnet due to their charge and spin. Thus, the molecular structure
of components in a sample can be analyzed by measuring the interaction of nuclear spins. There
are solid-state and solution-state NMR methods. In biology, NMR spectrometry is usually applied
for the analysis of liquid samples obtained by extraction of tissues with organic solvents. To apply
NMR for the analysis of (semi-) solid samples, such as intact tissues, another advanced technique,
called high-resolution magic-angle-spinning NMR (HR-MAS NMR) was developed [114]. The
most important advantage of HR-MAS NMR is that it directly measures intact samples. It thereby
prevents the loss and degradation of metabolites by extraction which are required for the
measurements by MS and solution-state NMR. HR-MAS NMR spectrometry spins samples at a
magic angle of approximately 54.7° at a frequency of a few thousands of Hertz to reduce the hetero-
and homonuclear dipolar coupling of the samples [115, 116]. In this way, it makes it possible to

acquire high-resolution spectra of heterogeneous samples based on a small volume (50 microliter).
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Therefore, HR-MAS NMR spectrometry has contributed greatly to the metabolomic analysis of

small intact organisms such as zebrafish larvae for instance in the work described in this thesis.

Table 1. Advantages and disadvantages of mass spectrometry in comparison with nuclear magnetic

resonance spectroscopy as standard analytical tools for metabolomics research [116-118].

MS NMR
Sensitivity High and detection limit reach | Low but can be improved with the use
nanomolar, but can suffer from ion | of higher field strength, cryoprobes
suppression in complex and salty | and dynamic nuclear polarization
mixtures
Selectivity Can be used for both selective and | Even though few selective experiments

nonselective (targeted and

nontargeted) analyses

are available such as selective TOCSY,

it is in general used for nonselective

analysis
Number of detectable | 300-1000+ 30-100
metabolites
Target analysis Superior for targeted analysis Inferior for targeted analysis

Sample preparation

More demanding; Needs different
LC columns and optimization of

ionization conditions

Needs minimal sample preparation

Sample measurement

Usually needs different
chromatography techniques for

different classes of metabolites

All metabolites that are within the limit
of NMR sensitivity can be detected in

one measurement

Sample recovery

Destructive technique, but needs a

small amount of samples

Nondestructive for HR-MAS NMR;
Samples can be recovered and stored
for a long time, several analyses can be

carried out on the same sample

Tissue samples

Requires tissue extraction. MS can
be used to identify metabolites in
tissues using MALDI-MS

Using HR-MAS NMR tissue samples

can be analyzed directly

In vivo studies

Not possible

Widely used for "H magnetic
resonance spectroscopy (and to a

lesser degree *'P and *C)
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Transcriptomics

Transcriptomics investigates all RNA transcripts of cells, tissues and organisms. It serves as an
intermediatory omics tool used to study the level of transcription of the entire genome and can also
be used to analyze RNA modification, stability and localization [119]. Measuring the expression
levels of genes under a particular condition provides information on how the genes are regulated,
thereby contributing to better understanding of the genetic functions underlying developmental or
disease processes in terms of molecular mechanism. RNA sequencing (RNA-seq) has evolved over
a decade and has become an indispensable method to study differential expression of genes [120,
121]. It is a medium throughput technology that has to be combined with computational
methodologies to map the sequencing data to the genome. The most commonly used RNA-seq
technology is marketed by Illumina, which is mainly used for short read sequencing to a length of
50-500bp [120]. We also used this RNA-seq method extensively in this thesis. The general workflow
of short read sequencing starts with RNA isolation of specimens, followed by mRNA enrichment
or rRNA depletion, RNA fragmentation, cDNA synthesis, adaptor ligation, PCR amplification,
sequencing and analysis (Figure 5A). For analysis of eukaryotic gene transcription, the prepared
library is commonly sequenced to a read depth of 10-30 million reads per run [120]. The principle
of this method is based on detection of four colored fluorophores that are incorporated in synthetic
cDNA derived from the RNA (Figure 5B). Transcripts can be sequenced in one direction (single-
end) as well as both directions (paired-end). The bioinformatic analysis of RNAseq data requires
alignment of sequencing reads to an annotated reference genome and normalization between
samples [122]. Differential gene expression (DGE) analysis and further analysis such as gene
ontology (GO) enrichment are common research tools for the use of RNAseq data sets. The short-
read sequencing techniques have the advantages of high throughput, better knowledge of biases
and error profiles and applications for degraded RNA. However, imperfections and bias can be
introduced due to reproducibility problems in sample preparation and computational analysis. In
many eukaryotes, a majority of genes are alternatively spliced to form two or more distinct
transcripts. For short-read cDNA sequencing, a significant percentage of reads map ambiguously
when an exon is shared between isoforms (Figure 5C). This complicates analysis and
interpretations of results. Long-read sequencing methods can generate full-length transcript reads,
thereby improving differential isoform expression analysis. There are two long read technologies:
long-read ¢cDNA sequencing and long-read direct RNA-seq (Figure 5A). The long-read cDNA
method shares many of the steps of library construction with the short-read method (Figure 5A).
In the absence of RNA fragmentation, read lengths up to 50kb can be generated. The library
preparation of the long-read direct RNA-seq method only requires adaptor ligation with minimal
steps. The maximum read length of this method is currently 10kb, but is rapidly improving [123].

The long-read sequencing approaches overcome the limitation of short-read method. It reduces
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the ambiguity in the mapping of sequence reads and high rates of false positive splice junction
detection (Figure 5C). Longer transcripts can be identified, resulting in a more complete capture
of transcript diversity. Despite that they are still relatively expensive, it might soon present a

challenge to the dominance of Illumina short-read sequencing.
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Figure 5 (previous page). Short-read, long-read and direct RNA-seq technologies and workflows. The
figure is adapted from Stark 2019 et al [120]. A. An overview of library preparation methods for different
RNA-seq methods. Black: short-read sequencing. Green: long-read cDNA sequencing. Blue: long-read
direct RNA sequencing. B. An overview is shown of three main sequencing technologies for RNA-seq. C.
Comparison of short-read, long-read and direct RNA-seq analysis.

Outline of this thesis

In this thesis, my aims are to study 1) metabolic alterations in tuberculosis related to wasting
syndrome in human patients as well as in rodent and fish animal models. 2) effects of the mutation
of the leptin gene on cachexia and diabetes in rodent and zebrafish animal models. 3) how
tuberculosis infection and resulting metabolic reprogramming are dependent on leptin signaling

in mice and zebrafish larvae.

In Chapter 2, we obtained metabolic profiles of the blood of TB patients and Mtb-infected C57BL/6
mice, and M. marinum-infected entire zebrafish larvae and their respective controls measured by
MS. Despite that there were huge differences among the tested samples, we found that they shared
10 common biomarkers which could distinguish the disease and healthy state. Furthermore, we
confirmed the 10 common biomarkers in zebrafish larvae by using another metabolomic tool NMR

spectroscopy.

In Chapter 3, we generated and acquired a lepb mutant zebrafish line. The leptin mutation in mice
leads to hyperphagic, severe obese, insulin resistance and T2DM. In this chapter we described the
investigation of the effect of leptin mutation on fat accumulation in tissues and glucose metabolism
in adult zebrafish. We found that lepb deficiency in zebrafish leads to higher body weight, more
visceral fat tissues and higher glucose level, indicating there was a diabetic phenotype similar to
that observed in ob/ob mice. Moreover, we showed that there was a mild diabetic complication

showing in kidneys as observed by thicker glomerular basement membranes.

In Chapter 4, we tested and compared the metabolomic profiles of leptin mutants in mice and
zebrafish larvae. We found that there are great similarities in terms of metabolite changes in the
two species measured by different metabolomic approaches. These metabolites also shared a
common set of biomarkers that are found in tuberculosis. To further investigate the mechanisms
of the metabolic alterations, we performed deep RNA sequencing. We showed that the
transcriptomic signature sets of the mutants of the two species were both enriched in genes with
the common GO terms proteolysis and arachidonic acid signaling. In summary, leptin mutation

leads to the same evolutionarily conserved metabolic syndrome in adult mice and zebrafish larvae.
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In chapter 4, we found there was a connection of metabolite alteration in mycobacterial infection
and leptin mutation as well as the reported connection of TB and diabetes in clinical condition.
Therefore, in Chapter 5, we investigated how mycobacterial infection and leptin mutation affect
each other. We tested the metabolic profiles in the leptin mutant mice and zebrafish larvae in the
presence and absence of infection. We found that leptin mutation and mycobacterial infection led
non-synergistically to a similar metabolic syndrome. In contrast, the RNAseq data of zebrafish
larvae samples showed that mycobacteria induce a very different transcriptome signature in the
lepb mutant compared to the wild type sibling control. Therefore, we concluded that leptin and
mycobacterial infection led to a similar dysregulation of metabolism via different genetic

mechanisms.

In Chapter 6, I summarized and discussed our results and findings described in this thesis and

suggested future directions of research.
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