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ABSTRACT

Obesity is a pandemic affecting both adults and children with an increasing annual prevalence.
Adipogenesis, a process in which adipocyte precursors differentiate into mature adipocytes, is
considered an important process in identifying molecular determinants that could be targeted to
modulate lipid accumulation and adipocyte hypertrophy, thereby combating obesity. Over the
past two decades various studies have been conducted to investigate genes that are central to the
adipogenesis process. The one limitation has been that most of the studies used animal models
and cell lines for this purpose which may possibly be different to how the process is regulated in
humans. To overcome this challenge, Ambele et al.,, 2016 performed an in vitro transcriptome
analysis of human adipose-derived stromal cells (ASCs) undergoing adipogenic differentiation.
Various genes at various phases of differentiation were identified but one gene of interest was the
SLC7A8 which was transiently expressed and was highly upregulated in the early phases of
adipogenesis. The SLC7A8 gene encodes LAT2 which is a neutral amino acid transporter. It belongs
to a superfamily of proteins that have been implicated in obesity and/or adipogenesis. Since
SLC7A8 had not been previously described in the context of adipogenesis and obesity, -it was
necessary to elucidate its function in this context using a murine model of diet-induced obesity
(DIO). Wildtype and knockout Slc7a8 mice fed on high-fat and control diets were monitored over a
14-week period and various analyses were performed at different time points. Further, human
ASCs were differentiated into mature adipocytes in the presence/absence of 2-aminobicyclo-
(2,2,1)-heptane-2-carboxylic acid (BCH), an inhibitor of LAT2/SLC7A8. The results obtained from
the study showed that in conditions of DIO, Slc7a8 knockout mice had significantly reduced weight
gain, improved glucose tolerance, reduced inflammation due to macrophage infiltration and
decreased adipocyte hypertrophy in different adipose depots when compared with the wildtype.
Lipid accumulation in other peripheral non-lipid storage tissues and organs such as the liver was
reduced in the knockout model. Further, the possible mechanism of hypotrophy prevention in
Slc7a8 knockout mice was investigated by measuring the expression of genes involved in lipid
transport and metabolism and the effect on different plasma metabolites. The observations
demonstrated that attenuation of adipocyte hypertrophy in knockout mice differed across the
adipose tissue depots, i.e., hypotrophy in the perigonadal (pWAT) and brown adipose tissues (BAT)
is due to increased lipolysis, in addition to browning (in BAT), with reduced lipid uptake in the

mesenteric adipose tissue (MWAT). Adipocyte hypotrophy in Slc7a8 knockout mice resulted to a
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significantly lower and higher leptin and adiponectin levels, respectively, as well as reduced
plasma levels of the proinflammatory cytokines IL-a, IL-6, IL-7, MIP-1a, and elevated levels of the
anti-inflammatory cytokines IL-5, IL-13, and G-CSF in comparison to the wildtype. The inhibition of
SLC7A8 function in human ASCs undergoing adipogenic differentiation led to reduced adipogenic
capacity with a reduction in lipid droplet formation in mature adipocytes. This was accompanied
by downregulation of important adipogenic genes such as PPARY, FABP4 and CD36 in response to
SLC7A8 function inhibition. Moreover, the timing of inhibition of SLC7A8 function appeared to be
critical as inhibition on the day of induction (day 0) suppressed white adipogenesis while inhibition
on day 3 post adipogenic induction both suppressed white adipogenesis and promoted white
adipose tissue browning activity through increase expression of PRDM16. Overall, this study
demonstrates that SLC7A8 is important in obesity development and that its function is important
in the production and maturation of adipocytes. Furthermore, the results suggest that SLC7A8 may
serve as a potential therapeutic target for anti-obesity drug development with great promise for

improving metabolic health.

Keywords: SLC7A8, obesity, high-fat diet, adipogenesis, adipocyte hypertrophy, adipose tissue,

inflammation, gene expression, adipose-derived stromal cells, adipogenic differentiation
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Chapter 1. General Introduction

Obesity is a chronic, multifactorial pandemic, affecting over 1 billion people globally; at least 650
million adults, 39 million children and 340 million adolescents!. The, prevalence of obesity is
increasing progressively, and it is postulated that at least 167 million new cases of overweight
obesity will be reported by 2025'. The primary defects in obesity and obesity-related
comorbidities are adipocyte and adipose tissue expansion?. Expansion of adipose tissue in obesity
occurs either by hypertrophy, an increase in adipocyte size or hyperplasia, an increase in adipocyte
number3. Adipogenesis is a process in which new adipocytes are formed and it is thus, a result of
adipose tissue hyperplasia®*“. Adipose tissue dysfunction can be caused by many factors including
adipocyte hypertrophy, leading to a range of metabolic complications, chronic inflammation, and
disruptions in energy homeostasis>®. Therefore, it is important to understand the molecular

mechanisms underlying adipogenesis as this may aid in resolving the surge of obesity.

1.1 Problem statement and rationale for study

Many research studies conducted to further understand the process of adipogenesis make use of
preadipocyte cells and cell lines from animal models such as mice to identify molecular factors
affecting this process’°. This may sometimes pose a potential challenge as adipogenic
differentiation process in the mice cell lines may not entirely reflect what occurs in human cells.
Although mice share a majority of their protein-coding sequence with humans, the two organisms
still differ significantly in their cellular and regulatory mechanisms, and much still remains to be
uncovered in a systemic comparison at the cellular level of both organisms!!. Using primary cells
or cell lines derived from human tissues to identify molecular factors involved in adipogenesis is
thus pertinent as this may provide a more accurate representation of adipogenesis in the human

body.

A previous study in our lab at the Institute for Cellular and Molecular Medicine (ICMM), University
of Pretoria, performed an unbiased genome-wide transcriptomic analysis of adipose-derived
stromal cells (ASCs) isolated from human tissue undergoing adipogenic differentiation over a
period of 21 days!2. This led to the identification of several genes including transcription factors
that shared common pathways with some obesity-related pathophysiological conditions. Another

important finding was the identification of novel genes not previously described in adipogenesis
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such as the Solute Carrier Family 7 Member 8 (SLC7A8) gene which was up-regulated from day 1 of
differentiation up until day 7 and thereafter, the expression of which dropped significantly,

indicating a possible role in the early stages of adipogenesis*?.

1.1.1 The SLC7A8 gene

The SLC7A8 gene is localised on chromosome 14q11.2, in the lysinuric protein intolerance (LPI)
critical region®3. It encodes a large neutral amino acid transporter small subunit (LAT2) which is
composed of 535 amino acids. It is highly expressed in the kidneys, brain, intestines, placenta,
skeletal muscle, and spinal cord®*!4, The protein functions to transport small and large neutral
amino acids (i.e., valine, leucine, isoleucine, histidine, lysine, methionine, threonine, tryptophan,
and tyrosine) across the cell membrane when associated with Solute Carrier Family 3 Member 2
(SLC3A2) in a heterodimer®®. In addition, SLC7A8 facilitates thyroid hormone and dopamine
precursor, levodopa (L-DOPA) transport*®l’. Furthermore, SLC7A8 mediates amino acid exchange

and plays a role in the reabsorption of neutral amino acids'#,

Not many research studies have been done to investigate the role of SLC7A8 in complex biological
processes or conditions. One study has reported on a role of SLC7A8 in age-related hearing loss
(ARHL) in mice®. Also, in human patients with ARHL, rare variants were identified which either
inhibited or caused tyrosine transport, correlating to the ARHL phenotype®®. Another study
reported that the ablation of LAT2 led to cataract formation in older female mice?. Further
investigation of SLC7A8 in a family of patients diagnosed with congenital or age-related cataract,
identified a homozygous single nucleotide deletion segregating in the family?°. Knockout of Slc7a8
has also been shown to be associated with aminoaciduria, a urinary loss of small amino acids??. In
a recent study, SLC7A8 was found to be overexpressed in oestrogen receptor positive (ER+) low
proliferative breast cancer tumours?’.. The overexpressed SLC7A8 seem to have tumour
suppressive characteristics and the authors suggested that SLC7A8 may serve as a potential
prognostic factor for the breast cancer ER+ subtype?2. The important role of SLC7A8 reported in
diverse biological conditions may reflect its importance in the transport of small and large neutral

amino acids that are critical in the pathophysiological development of these conditions.
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Despite the reported findings on the function of SLC7A8, none have previously described the role
of this gene in the context of adipogenesis and/or obesity, for which expression of this gene was

identified for the first time to play a key role in adipogenesis in vitro.

1.2 Research questions and hypotheses

1.2.1 Research question

Does the SLC7A8 gene product, identified to be an important molecule in adipogenesis in vitro,

play a significant role in obesity development?

1.2.2 Hypotheses

1.2.2.1 Null hypothesis: The SLC7A8 gene is not a significant molecular role player in obesity

development.

1.2.2.2 Alternate hypothesis: The SLC7A8 gene is a significant molecular role player in obesity

development.

1.3 Aims and objectives

1.3.1 Aim

To investigate the functional role of the SLC7A8 gene in obesity development using a murine

model of diet-induced obesity.
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1.3.2 Objectives

1.3.2.1 To assess weight gain or loss, glucose tolerance and insulin sensitivity in Slc7a8 knockout and

wildtype mice fed with either high-fat or control diets over a 14-week period.

1.3.2.2 To perform histological and immunohistochemical analyses on various tissues isolated from

Slc7a8 knockout and wildtype mice fed on both high-fat and control diets.

1.3.2.3 To evaluate plasma analytes (i.e., leptin, adiponectin, insulin, cholesterol, and cytokines) in

Slc7a8 knockout and wildtype mice fed on both high-fat and control diets.

1.3.2.4 To determine the expression levels of genes involved in adipocyte differentiation, lipid

metabolism and lipid transport in mice tissues.

1.3.2.5 To differentiate adipose-stromal cells (ASCs) to mature adipocytes and to perform gene

expression analysis on the differentiating cells.

1.4 General methodology

This section outlines the basic methodology employed in this study. A more detailed and
comprehensive description of the methodologies used to achieve the different study objectives
will be provided in the subsequent chapters which are presented as published articles or

manuscript format.

1.4.1 Ethical approval

This study was approved by the Research Ethics Committee, Faculty of Health Sciences, and the

Animal Ethics Committee at the University of Pretoria (Ref. No.: 474/2019).

1.4.2 Mouse acclimatisation and breeding

Slc7a8 (Slc7a8t™1Pgen) heterozygous and wildtype mice of the C57BL/6J strain were obtained from
The Jackson Laboratory (Bar Harbor, Maine, United States of America). The mice were housed at
the Onderstepoort Veterinary Animal Research Unit (OVARU) at the University of Pretoria (UP)

and qualified Veterinarians and Veterinary Technologists were present to confirm the health
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status of the mice to ensure that only healthy mice were admitted into the study. Prior to the start
of the study, the mice were acclimatised for a period of 21 days at a room temperature between
22°C and 24°C and a humidity ranging between 40% and 60%. The mice were kept in ventilated
housing cages sourced from Tecniplast (Tecniplast S.p.A, Buguggiate, Varese, Lombardy, Italy).
Wood shavings were used as bedding and standard enrichment aids such as tissues, egg
containers and toilet rolls were sterilised in an autoclave prior to being placed in the cages.
Reverse osmosis water and erythropoietin (EPO) diet (composed of 43.90% protein, 29.26%
moisture, 6.10% fat, 14.63% fibre, 4.39% calcium, 1.71% phosphorus (Epol Pretoria Mill, Pretoria
Industrial, Pretoria, 0183)) were provided to animals ad libitum. Cage changing was conducted
weekly for the duration of the study to make sure that the microenvironment conditions of the
mice were hygienic to prevent any health complications that may arise. Mice were mated and
allowed to breed to produce pups from which the Slc7a8 wildtype (WT) and knockout (KO)

genotypes were selected through genotyping.

1.4.3 DNA extraction and genotyping

1.4.3.1 DNA extraction

A tail biopsy of the mouse pups was used to extract genomic DNA (gDNA). The KAPA Mouse
Genotyping Kit (Kapa Biosystems, Wilmington, Massachusetts, United States of America) and the
KAPA Express Extract Protocol (Kapa Biosystems, Wilmington, Massachusetts, United States of
America) was used. The extractions were performed in a 100 microlitre (ul) volume and they were

set up as follows with the polymerase chain reaction (PCR) components outlined in Table -1.

Table 1-1: The components, concentrations and volumes used to extract DNA from the mouse tail tissues.

Component Final concentration 100 pl reaction

PCR grade water - 88 ul

10 x KAPA Express Extract buffer 1x 10 pl

1U/ul KAPA Express Extract enzyme 2 U/ul 2 ul

Mouse tail tissue (biopsy) 2mm section Add section to solution

The PCR reaction was performed in the Applied Biosystems 9700 thermal cycler (Applied

Biosystems, Waltham, Massachusetts, United States, United States of America). Enzymatic lysis
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was conducted at 75°C for 10 minutes followed by enzymatic inactivation at 95°C for 5 minutes.

The extracted gDNA was diluted 10-fold in 10 micromolar (mM) TRIS-HCL at a pH of 8.5.

1.4.3.2 Genotyping

To determine the slc7a8 wildtype, heterozygous and knockout genotypes, the gene-specific primer
sequences in Table 1-2 recommended by The Jackson Laboratory were used for genotyping. The
oligonucleotides sequenced used in the study were synthesised by Integrated DNA Technologies

(IDT) (Integrated DNA Technologies, Coralville, lowa, United States of America).

Table 1-2: The oligonucleotide sequences used to detect the Slc7a8 genotypes in mice.

Primer orientation

Target allele

Primer sequence

Forward

Wildtype

5’- CAAATGCCAGCTGTCCTGACCTCAC-3’

Forward

Knockout

5-GGGTGGGATTAGATAAATGCCTGCTCT-3’

Common reverse

Wildtype and knockout

5’-CAGACTTAGGGATGGTGACGCCTAG-3’

The PCR amplification reaction was performed using the KAPA2G Fast Genotyping buffer (Kapa
Biosystems) in a total volume of 25 ul using the Applied Biosystems 9700 thermal cycler. The
components of PCR used for the reaction are shown in Table 1-3, while the thermal cycling
conditions are detailed in Table 1-4. The primer concentrations used for the reaction were 10 uM
and the amplicon concentrations were 10 nanograms per microlitres (ng/ul). The amplicon
concentrations were quantified using the Nanodrop ND-1000 Spectrophotometer (Thermo Fisher

Scientific, Waltham, Massachusetts, United States of America).

Table 1-3: The components, concentrations and volumes used to prepare the PCR reaction to identify the Slc7a8 genotypes in the
mice.

PCR component Final concentration 25 pl reaction
PCR grade water n/a 6.5 pl
KAPA2G Fast Genotyping buffer 1X 12.5 ul

10 uM Wildtype forward primer 0.5 uM 1.25 ul

10 uM Mutant forward primer 0.5 uM 1.25 ul

10uM Common reverse primer 0.5 uM 2.5 ul

DNA amplicon 10 ng/ul 1l
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The thermal cycling conditions used for the amplification were as follows:

Table 1-4: The thermal cycling conditions used to amplify the mice DNA to determine Slc7a8 genotypes.

Conditions Temperature (°C) Time
Initial denaturation 95 3 mins
Denaturation 95 15 sec
Annealing 60 15 sec
Extension 72 15 sec
Final extension 72 2 min
Hold 10 oo

1.4.4 Agarose gel electrophoresis

After amplification, 10 ul of each amplicon was separated on a 2% agarose gel stained with
Ethidium Bromide (EtBr) solution, Molecular Grade (Promega Corporation, Madison, Wisconsin,
United States of America). The amplicons were separated using gel electrophoresis alongside a
Thermo Scientific FastRuler Low Range DNA ladder with a size range of 50 base pairs (bp) to
1500bp (Thermo Fisher Scientific, Waltham, Massachusetts, United States of America).
Electrophoresis was performed in 1XTAE (Tris-Acetate-Ethylenediaminetetraacetic acid (EDTA))
buffer (ThermoFischer Scientific, Waltham, Massachusetts, United States of America) at 120 volts
(V) for 40 minutes. The gel was viewed under ultraviolet (UV) light using the Molecular Imager Gel
Doc XR System (Bio-Rad, Hercules, California, United States of America). The expected amplicon
sizes were 206 bp for the wildtype allele and 390bp for the knockout allele. Only wildtype and
knockout mice for the Slc7a8 gene were used in the study. Figure 1-1 shows the expected Sic7a8
genotypes and amplicon sizes; lanes 1 and 3 indicate the heterozygous genotype with both the
wildtype and knockout allele present with sizes 206bp and 390bp, respectively. Lane 2 depicts the
homozygous wildtype genotype with a single band of 206bp size and lane 4 shows the

homozygous knockout genotype with a single band size of 390bp.
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Figure 1-1: Agarose gel electrophoresis image depicting the different genotypes. Lanes 1 and 3 are indicative of the heterozygous
genotype, with amplicon sizes of 206bp and 290bp representing the wildtype and knockout alleles, respectively. Lane 2 is the
homozygous wildtype genotype illustrated by the 206bp band. Lane 4 is the homozygous knockout genotype characterised by the
single 390bp band.

1.4.5 Study design

After genotyping, 48 WT and 48 KO S/c7a8 mice (8 weeks old) were selected and used in the study.
The sample comprised of 30 wildtype males and 18 wildtype females, and 21 knockout females
and 27 knockout males. For each genotype, 24 mice were fed with either a control diet with 10%
kilocalories (kcal) of fat and energy of 3.84 kcal/g (CD; D12450J) or a high- fat diet with 60% kcal of
fat and energy of 5.61 kcal/g (HFD; D12492) from Research Diets (Research Diets, Inc., New
Brunswick, New Jersey, USA) for a period of 14 weeks, with different termination time points at
weeks 5, 8, 10 and 14. At every termination time point, 6 mice from each group were terminated
and analysed further as described in the chapters ahead. The nomenclature used to specify the
different genotypes on either a CD or HFD were WTCD (wildtype mice on control CD), WTHFD
(wildtype mice on HFD), KOCD (knockout mice on control CD), and KOHFD (knockout mice on

HFD). Figure 1-2 provides a summary of the study design.
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Figure 1-2: A summary of the study design. 48 WT and 48 KO S/c7a8 mice were selected to be used in the study, and they were
divided into four subgroups of 24 mice each. Each subgroup from both WT and KO were fed with a control or high-fat diet. Six mice
from each group were euthanised at 5, 8, 10 and 14 weeks and used further analyses.

1.5 Thesis layout

Chapter 1 of this thesis presents the background and rationale of the study. Additionally, it
provides the aim and objectives achieved in the study, and the basic methodology performed to
achieve the said objectives. Chapter 2 is the literature review section which outlines the current
and relevant available literature on obesity and adipogenesis in relation to the work conducted in
this study. Chapter 3 presents the published data from the study which report the findings on
weight, energy intake, histology, and immunohistochemistry findings. This section will address the
objectives shown under Chapter 1, sections 1.3.2.1 and 1.3.2.2. Chapter 4 will present the
manuscript which describes the plasma biochemistry and gene expression findings, addressing the
objectives highlighted under Chapter 1, sections 1.3.2.3, 1.3.2.4 and 1.3.2.5. Finally, Chapter 5 will
provide the discussion which will annotate key findings from the study and how it advances the
knowledge in this field, as well as some strengths and limitations of the study. A conclusion which
aims to provide a new body of knowledge by answering the research question posed in Chapter
1.2.1 will also be presented in this chapter. Furthermore, potential future work, suggestions and

recommendations will be included in Chapter 5.
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Chapter 2. Literature review

Obesity is a pandemic, and its prevalence has almost tripled in the past five decades?3. Obesity as
defined by the World Health Organization [WHO], is disproportionate fat accumulation which can
potentially impair one’s health. Adults with a body mass index (BMI) of 25 kilograms per square
meter (kg/m?) are regarded as overweight, while those with a BMI of 30 kg/m? or greater are
regarded as obese?4.. The number of obesity-affected individuals is continuously increasing, and it
is postulated that if the increasing trend continues, 18% of men and more than 21% of women will
be affected by obesity by the year 20252%. Excessive weight gain in childhood and adolescence is
also a global health concern, and its prevalence from 4% in 1975 to 18% in 2016. In 2016, at least
124 million children and adolescents were reported to have obesity?.. The 2019 Atlas of
Childhood Obesity by the World Obesity Federation (WOF) predicted that more than 250 million
children and adolescents will be obese by 2030%°. However, these predicted figures were

surpassed by 2022 with nearly 380 million children and adolescents being reported as obese?.

The WHO and the Africa Health Organization (AHO) have reported that the prevalence of obesity
is rising in Africa at an alarming rate?®?’, Data from the AHO estimates that one in five adults and
one in ten children and adolescents will be obese December 2023%’. It is further estimated that
the obesity prevalence in high-burden countries will range between 13.6% and 31% in adults
whilst ranging between 5% and 16.5% in children and adolescents?®?’. Some of the listed high-
burden countries to be affected by this surge in obesity prevalence include South Africa,
Zimbabwe, Eswatini, Mauritius and Libya?’. AHO attributes this increase in obesity statistics to a
lack of physical activity, changing modes of transportation and a shift from consuming fresh food

to high-energy processed foods which are high in calories?’.

2.1 Causes of obesity

The regulation of caloric utilisation is important in the pathogenesis of obesity. When energy
intake is equal to expenditure, body fat levels are maintained. However, increases in body mass
are a consequence of a positive energy balance where the energy intake far exceeds energy
expenditure, leading to weight gain and obesity development®?8. Several factors have been
implicated in adipose tissue accumulation and the pathogenesis of obesity, and these include

genetic and environmental/lifestyle factors®.
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2.1.1 Environmental/lifestyle factors

The influence of westernisation and globalisation has been implicated as one of the main factors
driving the increase of body weight and obesity in low to middle income and high-income
countries worldwide?-3°, Researchers postulate that this is due to a nutritional transition where a
large shift in diet exists with many people globally abandoning traditional, local cuisines for
processed foods which are associated with weight gain and chronic diseases??3%, These processed,
obesogenic foods are easily accessible, inexpensive and are high in sugar, saturated fats, sodium,
and refined carbohydrates while low in fibre?>-3°, A study conducted on approximately 3000 young
adults showed that high fast food consumption correlated with increased BMI in comparison to
individuals with lower fast food intake3!. Furthermore, there is a global decline in water intake
which is replaced by the intake of high-caloric and sugar-sweetened beverages, contributing to
increasing body mass?>-3°. The increase in sedentary lifestyle and a decline in physical activity due
to technological advances and screen media exposure contributes to maintaining an obesogenic
environment3%33, Medication-induced weight gain has been noted as a side effect associated with
taking certain drugs34. Antidepressants, antipsychotics, and anti-epileptic drugs (i.e., valproate)
have been reported in literature to induce weight gain and sometimes transitioning to overweight
or obese®37, Corticosteroids, antidiabetic drugs and oral contraceptives are also common drugs

known to cause weight gain343841,

2.1.2 Genetics and epigenetic factors

2.1.2.1 Genetic factors

Genetic causes of obesity can be classified as either monogenic or polygenic*’.. Monogenic obesity
is inherited in a Mendelian pattern, and it arises due to a single gene mutation; it is described as
rare, early-onset and severe. This form of obesity has a strong genetic contribution with high
penetrance and little to no environmental influences*?*3. Monogenic obesity emerges primarily as
a result of genetic disruptions in the leptin-melanocortin signalling pathway which regulates food
intake*2. One of the first genes to be discovered in this pathway with a strong association to
severe, early-onset obesity was leptin (LEP)**, which is pertinent in regulating appetite. Mutations
in the leptin receptor gene (LEPR) were later identified and associated to obesity*>. Genes which

encode various components of the melanocortin pathway and resulting in severe early-onset
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obesity include melanocortin 4 receptor (MC4R) which regulates energy, glucose and lipid
homeostasis*>*®47; proopiomelanocortin (POMC) which regulates body weight*¥-*° and Proprotein
Convertase Subtilisin/Kexin Type 1 (PCSK1) which functions in processing polypeptide hormones

and neuropeptides precursors>°>2,

Polygenic obesity is common and has little genetic contribution, with environmental influences
playing a key role in the onset of disease*?. Genetic predisposition to obesity is due to several low
penetrance susceptibility variants in many genes, with each variant contributing a small genetic

effect to the overall obesity phenotype®3°3,

2.1.2.2 Epigenetic factors

Physical alterations of DNA by epigenetic modifications have been associated with obesity
development®3>%, Some studies reported that the duration of breastfeeding negatively correlated
with DNA methylation of the LEP gene and childhood obesity>>¢. DNA methylation levels in the
adiponectin (ADIPOQ) gene located in the subcutaneous adipose tissue were positively associated
with BMI and low-density lipoprotein (LDL) cholesterol in severely obese individuals®’. Reduced
expression of the insulin receptor substrate-1 (/RS-1) gene and increased /RS-1 promoter
methylation were seen in the subcutaneous and visceral adipose tissues of individuals with
obesity. Furthermore, IRS-1 promoter methylation was associated with waist circumference,
increased body mass and glucose intolerance®®. Hypomethylation of insulin-like growth factor 2
(/GF2) was associated with paternal obesity in newborns and it is suggested to potentially affect
the health status of the child in the future®®. MicroRNAs (miRNAs), which are short, noncoding
RNA sequences involved in gene regulation by repressing target messenger RNA (RNA), have been
implicated in obesity®3®. A childhood obesity study revealed that increasing body mass, waist
circumference, body fat distribution and percentage were significantly correlated with high levels
of miRNAs miR-486-3p, miR-142-3p, miR-486-5p, miR-423-5p and low levels of miR-221 and miR-
28-3p°L. In a separate study, circulating miR-519d, miR-122 and miR-31 were associated with
significant weight gain®2. A study conducted using obese rats to evaluate the expression of miRNAs
in different tissues such as adipose tissue, liver and skeletal muscle showed that upregulation of
miR-342-3p and 335-5p and downregulation of miR-200a and miR-200b were only observed in the
white adipose tissue of these animals, suggesting that differential expression of miRNAs occurs in

different cell types and may possibly affect the function of white adipose tissue in obesity®3.
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2.1.3 Gut microbiome

The link between the gut microbiome and obesity has been described in various studies. In one
study, overweight or obesity was shown to be closely associated with a low bacterial diversity in
the faeces®. The faecal samples showed that obese mice had a high percentage of Firmicutes and
low Bacteroidetes content when compared with their non-obese, lean counterparts®®. These
results correspond to a twin study conducted using faecal samples, which revealed that obesity-
associated genes were from Firmicutes, while lean-enriched genes were from Bacteroidetes
genomes®. John and Mullin, 2016 suggest that the effect of the gut microbiota on obesity is
complex and not necessarily the balance between the presence of different bacteria in the gut.
They further postulate that modulating the gut microbiome through various measures such as

diet, antibiotics, faecal transplantation, and surgery may aid in managing obesity®’.

2.2 Therapeutic options for obesity

2.2.1 Lifestyle modifications

Lifestyle modifications are the first-line treatment for individuals with obesity®®. According to the
WHO, most causes of obesity can be reversed and prevented through modifying lifestyle habits?4.
The WHO proposes that managing the risk of obesity development includes decreasing caloric
intake from sugar and fats while increasing intake of fruits, vegetables, nuts, whole grains, and
legumes. They also recommend regular physical activity for approximately 60 minutes per week
for children and 150 minutes for adults?*. It is suggested that people living with obesity lose
approximately 5-10% of their weight through diet, physical activity, and behavioural therapy (i.e.
food intake and weight monitoring, setting goals and collaboration with an interventionist)®. It is
also recommended that screen time and sedentary behaviour are limited to potentially increase

physical activity, and promote weight loss whilst reducing obesity risk’°.

2.2.2 Pharmacological interventions

Guidelines recommend that pharmacological treatment be used as second-line therapy for
obesity, in conjunction with lifestyle modifications’!. The use of anti-obesity drugs is

recommended for individuals with a BMI > 30 or BMI > 27 with comorbidities, who are incapable
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of losing weight using lifestyle modifications alone’?>74. Several drugs that can be used to manage
obesity have been approved by the Food and Drug Administration (FDA) and these include
Orlistat, Naltrexone-Bupropion, Liraglutide, Phentermine-Topiramate, Plenity, Setmelatonide,
Tirzepatide and  Semaglutide®®>’477.  Some drugs (i.e., Lorcaserin, Fenfluramine,
Phenylpropanolamine, Amphetamines, Rimonabant and Sibutramine) which have been previously
used for obesity management have been withdrawn from the market due to clinical and safety

concerns®37478,

2.2.3 Bariatric surgery

Bariatric surgery is effective in the treatment of severe obesity, and it is performed in patients
with a BMI > 40kg/m? or BMI > 35kg/m? with comorbidities and unable to lose weight by
modification of lifestyle or pharmacological treatment’?74, Research has shown that patients who
undergo bariatric surgery can lose at least 20 to 35% of their body weight>379-8°_ Studies have also
reported that in addition to weight loss, bariatric surgery reduces chronic inflammation associated
with obesity and long-term remission of type 2 diabetes in approximately 80% of the patients?1-83,
Significant changes in the gut microbiota following bariatric surgery were observed; these could be
attributed to changes in gastric pH (potential hydrogen), status of malabsorption and metabolism

of bile acids and hormones84-%.

2.2.4 Faecal microbiome transplant

Faecal microbiome transplant (FMT) entails transplanting faecal matter of a healthy donor to a
patient, with the sole purpose of treating disease®®’. FMT has the potential to remodel the gut
microbiome of the host to improve physiological function®. A study performed by transferring the
human faecal microbiota of obese and lean individuals to mice fed on low-fat diet demonstrated
that mice that received faecal microbiota from obese individuals had increased body weight when
compared with mice that received faecal microbiome of the lean individual®®. In a human study,
faecal samples were collected from lean males with BMI < 23 and transplanted in obese patients.
After six weeks of infusion, insulin sensitivity was increased in the obese patients®. In 2020,
however, the FDA warned against the use of FMT and the likelihood of serious adverse effects
following the development of Enteropathogenic Escherichia coli (EPEC) and Shigatoxin-producing

Escherichia coli (STEC) infections in several patients, and the death of two patients after FMT®2.
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2.3 Adipose tissue types and their function in obesity

Adipose tissue, primarily constituted of adipocytes, can be categorised into white adipose tissue
(WAT), brown adipose tissue (BAT) and beige adipose®??3. BAT is mainly characterised by
multilocular lipid droplets and numerous mitochondria which is responsible for producing heat
through non-shivering thermogenesis®*. It is abundant in neonates but has also been found to be
metabolically active in adults. BAT in humans is in the kidneys, adrenal glands, thorax, cervical

muscles, and abdomen. In rodents, the interscapular region is the major site of BAT>>6,

Beige adipose tissue has also been described in humans and rodents and is dispersed in WAT®3.
Beige adipocytes can differentiate from white to brown adipocytes in a process called browning.
Like BAT, beige adipose tissue has high mitochondrial content and is important in thermogenesis®3.
WAT on the contrary is made up of large adipocytes with a single lipid droplet and consists of
fewer mitochondria. WAT is also composed of stromal vascular fraction (SVF) which contains pre-
adipocytes, stem cells, immune cells, endothelial cells, and fibroblasts®’. The key role of WAT is to
store energy in the form of triglyceride lipids and to secrete it during periods of energy
deprivation?. In addition, they secrete endocrine molecules which are important in regulating

metabolism?2.

WAT is classified by its location in the body; subcutaneous adipose tissue (SAT) which is located
beneath the skin and visceral adipose tissue (VAT) which is intra-abdominal®. VAT is comprised of
omental (lies over the stomach and organs), mesenteric (on the mesentery of the intestines),
gonadal (surrounding ovaries and testes), retroperitoneal (surrounding the kidneys) and epicardial
(between heart and pericardium) adipose tissue®?. Excessive accumulation of VAT has been
implicated in obesity. In contrast, high SAT depots are most abundant in lean subjects, making up
approximately 80% of all adipose tissue®®. Additionally, an increase in VAT mass leads is associated
with a deterioration in metabolic function and is complicit in the onset of metabolic syndrome/s

compared with SAT3°92%

Obesity is characterised by expanding adipose tissue and when adipose tissue becomes
dysfunctional, it is unable to store excess fat efficiently. This causes lipids to be deposited in non-
adipose tissues such liver, heart, kidneys, and skeletal muscle; an event known as lipotoxicity?°2.

This contributes to the development of metabolic syndromes such as insulin resistance?®. Insulin
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maintains blood glucose levels by prompting glucose uptake into insulin-target tissues such as
adipose tissue, skeletal muscle, and liver!®. A defect in the insulin signalling pathway causes an
insulin resistance occurs and this results in a failure of glucose uptake to target tissues and
consequently, an increase in blood glucose levels'®. Obesity-related insulin resistance is key in the
pathogenesis of type 2 diabetes, a chronic and persistent elevation of circulating glucose levels',
During obesity, pancreatic B-cells are dysfunctional and unable to secrete high enough insulin to
maintain normal glucose homeostasis?1%2. This, in turn, produces elevated fatty acids in plasma,
preventing the efficient uptake of glucose by peripheral tissues and leading to increased hepatic
glucose production and hyperglycaemia'®-101, Hypertrophic adipocytes which have reached their
capacity to store additional lipids are sufficient to cause insulin resistance due to defects in
glucose transporter type 4 (GLUT4) signalling?. GLUT4 is a glucose transporter protein which is
important in maintaining blood glucose levels. It is primarily expressed in adipose tissue and
skeletal muscle and mediates insulin-stimulated glucose transport into muscle and adipose
tissuel®. During obesity, there are high FFA levels in circulation and a downregulation of GLUT4 in
adipose tissue. This results in an impairment in insulin-stimulated glucose uptake by adipocytes
and thus, hyperglycaemial®1%, Some of the obesity-associated comorbidities include
dyslipidaemia, hyperlipidaemia, hypertension, cardiovascular disease, non-alcoholic fatty liver

disease (NAFLD)>®.

2.4 Changes in plasma biochemistry seen in obesity

Previous research shows that adipose tissue secretes over 50 hormones and signalling proteins,
collectively termed adipokines (cytokines secreted by adipose tissue), which are important in
various physiological processes such as regulating energy and glucose metabolism, and immunity.
Adipokines can either display pro-inflammatory or anti-inflammatory properties, contributing to

insulin resistance development310-106,

Adipose tissue from lean individuals secretes anti-inflammatory adipokines such as interleukin 4
(IL-4), and adiponectin which play a vital role in improving insulin sensitivity*>%’. IL-4 is important
in regulating haematopoiesis and inflammation. It was shown to inhibit fat cell formation and lipid
accumulation in adipose tissue, while promoting lipolysis. This in turn, reduces weight gain,
prevents obesity development and improves insulin sensitivity'®®. In obesity, low levels of IL-4

have been associated with an increase in lipid accumulation and insulin resistancel08109,
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Adiponectin regulates lipid and glucose metabolism, and it is present at high concentrations in
lean and obese individuals at high and low concentrations, respectively. It is hypothesised that
adiponectin alleviates free-fatty acids (FFA) in circulation, improving insulin sensitivity?0-112,
Elevated FFA levels in plasma have been shown to cause defects in the insulin signalling pathway.
The low levels of adiponectin in obesity leads to high FFA concentrations thereby causing the

development of insulin resistance®!!,
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2.5

In obesity, adipose tissue mainly secretes pro-inflammatory cytokines IL-6 and tumour
necrosis factor-a (TNF-a) at elevated levels. Other proinflammatory cytokines released
from obese adipose tissue include MCP-1 and leptinZ1%, TNF-a is mainly produced by
adipose tissue but is secreted by many other cell types in the body. TNF-a levels are
positively correlated to an increase in fat accumulation®'?2, In human obese subjects,
higher levels of TNF-a have been observed in plasma and adipose tissue when compared
with lean subjects!!3. In rodent studies, TNF-a was shown to be overexpressed in obese
mice and obese mice deficient of TNF-a were protected against the development of insulin
resistance!'®, Adipocyte TNF-a has been previously shown to induce insulin resistance by
increasing Serine/Threonine phosphorylation of the insulin receptor substrate-1 (IRS-1)
which inhibits IRS-1 from interacting with the insulin receptor and thereby interfering with
insulin signaling'®>. TNF-a stimulates the secretion of interleukin 6 (IL-6) by adipose tissue,
liver, and skeletal muscle. In healthy, lean individuals, adipocytes account for at least one-
third of circulating IL-61%. IL-6 expression in plasma and adipose tissue correlates with an
increase in body mass. When adipose tissue expands, there is excessive adipocyte lipolysis
and elevated levels of FFA is observed, which promotes IL-6 secretion. IL-6 expression is
thus observed to be higher in individuals with obesity when compared with lean
individuals>19>112, VAT expresses at least 2-fold more IL-6 than SAT, implicating IL-6 as a
potential marker of visceral adiposity!'®. MCP-1, a chemokine secreted by adipocytes
recruits monocytes which are differentiated macrophages during adipose tissue
expansion. The macrophages secrete MCP-1 to further recruit more monocytes and
macrophages into adipose tissue*!'’, An increase in adiposity correlates positively with
expression of MCP-1, while MCP-1 levels have been seen to decrease with weight loss!?8,
Diet-induced obese mice have been shown to display increased MCP-1 circulating levels
when compared with their lean counterparts!'’. Leptin is another pro-inflammatory
adipokine strongly associated with obesity. It is a hormone that regulates biological
processes such as reproduction, body weight, appetite, and metabolism!!%12°, Plasma
leptin levels correspond to adipose tissue mass and are thus elevated in obesity 21,
Previous research suggests that leptin stimulates the production of pro-inflammatory
cytokines and recruits macrophages into adipose tissue in obesity-related inflammation°,
Obese individuals are susceptible to developing a leptin resistance due to an excessive

amount of circulating leptin levels. This impairs leptin signalling and leptin is not efficiently
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transported past the blood-brain barrier to regulate appetite and reduce weight gain°:122,
In obese humans, triglycerides go past the blood-brain barrier'?3. In addition, leptin
resistance can occur due to mutations in the leptin (LEP) or leptin receptor (LEPR) genes
resulting in hyperphagia and excessive eating, which subsequently leads to severe
obesity'?#12>, Furthermore, frameshift mutations which produce truncated LEPR protein
which lacks the transmembrane or intracellular domains inhibit leptin from binding to the
receptor and achieving its function, giving rise to leptin resistance and an obese
phenotype!?¢1?7, Impairments in leptin signalling have also been associated to leptin
resistance. Activation of inhibitors such as suppressor of cytokine signaling-3 (SOCS3) and
protein tyrosine phosphatase 1B (PTP1B) interfere with leptin signalling, contributing to
leptin resistance in obese subjects!?®129, Selective leptin resistance has also been
described in the obese phenotype. This phenomenon suggests that in some obese states
such as diet-induced obesity (DIO), there is a resistance to leptin function in controlling
appetite and weight loss, however, the sympathetic nerve activation and regulation of
blood pressure by leptin is preserved3%'32, The role of Solute Carrier transporters in

obesity and/or adipogenesis

The Solute Carrier (SLC) proteins are transporters which facilitate the influx and efflux of various
molecules across the intracellular and plasma membranes!33. Some of the molecules transported
across the membranes include sugars, amino acids, nucleotides, drugs, and vitamins'33, SLC
proteins exist as SLC superfamily which currently consists of over 400 genes and more than 60
families'3*. Categorisation of genes into the SLC superfamily is based on biological function, while
members of each family harbour approximately 20 to 25% sequence similarity!33-134, The SLC
proteins are highly expressed in the liver, kidneys, intestines, and the brain!33-13>, The expression
of these proteins in metabolically active organs identifies their role in metabolism and their
association to diseases. Some of the diseases described due to defective SLC proteins are
neurological disorders, neuropathic disorders, and metabolic disorders such as type 2 diabetes and

obesity®.

LAT1/SLC7A5 (Large Amino Acid Transporter 1/Solute Carrier Family 7 Member 5), a transporter of
neutral amino acids, is one of the SLC proteins which has been associated with obesity

development!3¢-137  SLC7AS5 is an activator of the mammalian target of rapamycin complex 1
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(mTORC1) which is important in cellular metabolism and signalling of nutrients such as amino
acids and glucose3®138, When nutrients are abundant in the cell, mTORC1 promotes processes
such as lipid, protein, and nucleotide biosynthesis. Upon nutrient starvation, the activity of
MTORC1 is halted. Dysregulation of the mTOR signalling pathway has been implicated in ageing,
cancer, neurodegenerative and metabolic diseases like obesity39-140, Mucosal-associated
invariant T (MAIT) cells are innate cells involved in immune defence and have been previously
shown to be dysregulated in obesity!®’. A study conducted on MAIT cells isolated from obese
patients showed defective mTORC1 signalling. In addition, glycolysis, which is dependent on the
mMTORC1 signalling was impaired. Further investigation revealed that there was reduced SLC7A5-
mediated amino acid transport. Overall, the results show that dysregulation in obesity is due to a
reduction in the influx of amino acids by SLC7AS5, leading to defective mTORC1 signalling in the
cells'®. In other studies, the rs113883650 variant in the SLC7A5 gene was associated with the risk

of obesity in infants!41-142,

The Solute Carrier Family 7 Member 11 (SLC7A11) is important in glutamine metabolism and the
extracellular uptake of cysteine for glutathione (GSH) biosynthesis!**144 The knockdown of
SLC7A11 was conducted to determine its role in the adipogenic differentiation of mesenchymal
stem cells (MSCs). The results obtained demonstrated that adipogenesis was reduced in
knockdown cells when compared with the control cells. Additionally, silencing of SLC7A11 was
shown to decrease the expression of PPARY, which is a key regulator of adipogenesis'4>. DIO was
shown to cause ferroptosis (iron-dependent programmed cell death) and cardiac injury in mice®4®.
The ferroptosis and cardiac injury was promoted by overexpressed miR-140-5p in adipose tissue
macrophages (ATMs) and ATM-derived exosome from the obese mice. The study revealed that

miR-140-5p targeted and silenced SLC7A11, inhibiting the synthesis of GSH by SLC7A11%,

Solute Carrier Family 7 Member 10 (SLC7A10) is a transporter of small neutral amino acids (i.e.,
alanine, serine, cysteine)'#’. In a recent study of severely obese adults who underwent bariatric
surgery, SLC7A10 was shown to be upregulated in the visceral and subcutaneous adipose tissues
following fat loss, and significantly higher in the visceral adipose in comparison to the
subcutaneous depot. SLC7A10 was inversely associated with waist-to-hip ratio, adipocyte
hypertrophy and insulin resistance. To further elucidate the role of SLC7A10 in obesity, the

authors obtained zebrafish with a splice-site, loss of function mutation. Following 8 weeks of
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overfeeding, the mutant zebrafish gained approximately 38% of their body weight when
compared with their wildtype counterparts, further demonstrating the inverse proportion
between SLC7A10 and adiposity. Upon histological analyses, the adipose tissue of the mutant
zebrafish displayed about 49% larger adipocytes in comparison to the wildtype, while the liver

tissue showed no obvious differences between the loss-of-function and wildtype zebrafish?4,

Considering the above-mentioned roles of the SLC transporters, the SLC7A8 gene identified in an
unbiased genome-wide transcriptomic study of human ASC undergoing adipogenesis by Ambele et
al., 2016, is a SLC protein not previously described in this context which may play a critical role in

the development of obesity.

2.6 Adipogenesis and obesity

In addition, to excess and/or dysfunctional adipose tissue, adipogenesis can produce obesity-
related metabolic effects. Adipogenesis is the process in which mature adipocytes are formed
from the proliferation and differentiation of adipocyte precursor cells®. The process of
adipogenesis is divided into stages which entail mesenchymal precursor cells going through
commitment phase, becoming growth-arrested preadipocytes, going through clonal expansion,
undergoing terminal differentiated and finally, becoming mature adipocytes. Although a paucity of
literature remains pertaining to the underlying biological and molecular processes in adipogenesis,
several transcription factors and stimulators which are important in the differentiation of

preadipocytes to mature adipocytes have been identified?148-150,

Mesenchymal stromal/stem cells (MSCs) are multipotent cells which can differentiate into various
lineages such as adipocytes, osteoblasts, chondrocytes, and myoblasts>*>°-151, The MSC adipocyte
progenitor cells express platelet-derived growth factor alpha and/or beta (PDGF-a and/or PDGF-
B)*1>2, The mesenchymal progenitors undergo a phase of commitment in which cells become
restricted to the adipogenic lineage***°. It was previously postulated that the preadipocyte to
adipocyte transition is irreversible*!°. Recent studies, however, provide contrary evidence,
indicating that mature adipocytes can de-differentiate and return to their adipocyte precursor

state153-154

The commitment phase is facilitated by bone morphogenetic protein 4 (BMP4) and due to BMP4

signalling, the committed preadipocytes precursors express the transcription activator zinc-finger
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protein 423 (ZNF423), an important protein in determining cell fate of preadipocytes®*. During the
commitment phase, several pathways such as the wing-less related integration site (WNT) and
WNT1-inducible-signalling pathway protein 2 (WISP2) are inhibited®'*>>. The WNT pathway plays a
key role during embryonic development and in adults as well. Additionally, the pathway is
significant in maintenance and control of stem cells*>. Signalling by WNT pathways is mediated
through canonical and non-canonical pathway. During adipogenesis, the canonical WNT pathway
maintains uncommitted and undifferentiated precursor cells, preventing adipogenic
differentiation®®. Dickkopf (DKK) and axis inhibition protein 2 (AXIN2) are expressed during
preadipocyte differentiation, inhibiting the WNT pathway and thus, inducing commitment and

differentiation of preadipocytes into mature adipocytes®!°>.

The canonical WNT pathway activates the WISP2 pathway. The activation of WISP2, like WNT
pathway, suppresses commitment of preadipocytes into adipocytes'®®. WISP2 inhibits adipocyte
commitment by preventing the ZNF423 transcription co-activator from entering the nucleus by
forming a protein complex with ZNF423, which blocks ZNF423 from activating preadipocytes from
undergoing commitment. BMP4 through its SMAD binding complex dissociates the WISP2-ZNF423

complex, allowing entry of ZNF423 into the nucleus and inducing commitment®°®,

Following commitment, the preadipocytes go into growth arrest and differentiate into an
adipocyte?. After induction of adipogenesis, preadipocytes go through several rounds of cell
division during mitotic clonal expansion to permanently leave the cycle!*®. BMP4 binds to its
receptors and signals the activation of a downstream transcription factor, SMAD family member 4
(SMAD4) which induces transcription of peroxisome proliferator-activated receptor-Y (PPARY) in

the differentiating adipocyte?.

Adipogenic induction is initiated by CCAAT/enhancer-binding protein beta and delta (C/EBPB and
C/EBPS), followed by the main adipogenesis transcription factors PPARY and C/EBP alpha
(C/EBPa)'®°. Induction of PPARY and C/EBPa can be suppressed by the WNT pathway, preventing
differentiation of adipocytes®*°. PPARY transcription factor is regarded the master regulator of
adipogenesis as it plays a major role in the differentiation of adipocyte precursor cells to mature
adipocytes. Its expression is also required for the maintenance of mature adipocytes**>°, PPARY
has two isoforms; PPARY-1 whose function is not well documented, while PPARY-2 is required for

adipogenesis™. PPARY is coordinated in synergy with C/EBPa to activate differentiation; that is,
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PPARY binds to the C/EBPa gene promoter, activating its expression and vice versa, creating a
positive feedback loop to facilitate adipogenic differentiation®#48, At least 90% of PPARY
deoxyribonucleic (DNA) binding motifs can also bind C/EBPa, suggesting that adipocyte
differentiation by PPARY and C/EBPa involves binding of these factors to adjacent gene targets'®’.
Activation of PPARY and C/EBPa, and lipid accumulation, induce the expression of GLUT4 and
adipocyte fatty-acid binding protein (AP2), which are markers adipocytes in the early stages of
differentiation and is important in maintaining insulin sensitivity in normal adipocytes?*>°, Upon
completion of adipocyte differentiation, the mature adipocyte expresses all markers of adipocyte
differentiation and hormones leptin and adiponectin, and lipases such as adipose triglyceride

lipase (ATGL) and lipoprotein lipase (LPL)>%.

In obesity, adipogenic capacity is reduced, contributing to the metabolic decline observed in obese
individuals'®°. Gremlin-1 (GREM1) was found to be an antagonist of BMP4, and it was expressed at
high levels in hypertrophic obesity. This results in a defect during commitment phase of
preadipocyte formation, potentially reducing adipogenic capacity’®®. Hypertrophic obese
individuals exhibited great hypermethylation at the CpG islands in the ZNF423 gene which
correlated to reduced expression of the gene in the preadipocytes. The results obtained from the
study indicate that changes in the epigenetic profile and transcriptional regulation may explain
impairments observed in adipogenesis of obese individuals®>°. The WISP2 protein was shown to be
highly upregulated in preadipocytes and in individuals of hypertrophic obesity, thereby inhibiting

adipogenic differentiation and the activation of PPARYZ€0,

2.7 Animal models of obesity

Most studies conducted to understand obesity and the process of adipogenesis use cell lines or
preadipocyte precursor cells from animal models such as rodents*161, Mice models have also been
shown to be susceptible to developing obesity, hyperglycaemia and insulin resistance when fed on
a HFD162 Gene differences that exist between different mouse strains influence their
susceptibility to developing DIO. Similarly, the susceptibility of rats to DIO is dependent on the
strain. However, the most utilised rat strains are outbred and thus, exhibit great genetic
variation'®3, The SWR/J and A/J inbred mouse strains are resistant to developing obesity and
associated metabolic complications when fed on an obesogenic diet!®3. The C57BL/6J mouse

strain, however, is typically used as it is a good model to mimic metabolic disorders associated

Page | 23



with obesity. In this strain, the body mass of mice increases with age as observed in humans'®. In
contrast to mice on HFD, mice fed on a control diet do not develop obesity nor obesity-related
metabolic disorders®31%> Furthermore, these models of DIOare useful for studying chronic
inflammation'®, C57BL/6J mice fed on a high-fat diet are increasingly susceptible to developing

obesity, hyperglycaemia, hyperinsulinaemia, prediabetes and impaired glucose tolerance

(IGT)4161,167-168

2.8 Rationale for study

The SLC7A8 gene was identified to be a potential role player in the early stages of adipogenesis!2.
However, a paucity of literature exists on the role of SLC7A8 in adipogenesis and obesity
development. Therefore, this study aims to contribute new knowledge on SLC7A8 in the context of
obesity and adipogenesis by investigating the function of the gene in obesity development using
C57BL/6) mouse model of diet-induced obesity as well as its functional role in human adipose

derived stromal/stem cell (ASC) adipogenesis in vitro.
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3.1 Abstract

Adipogenesis, through adipocyte hyperplasia and/or hypertrophy, leads to increased adiposity,
giving rise to obesity. A genome-wide transcriptome analysis of in vitro adipogenesis in human
adipose-derived stromal/stem cells identified SLC7A8 (Solute Carrier Family 7 Member 8) as a
potential novel mediator. The current study has investigated the role of SLC7A8 in adipose tissue
biology using a mouse model of diet-induced obesity. Slc7a8 knockout (KO) and wildtype (WT)
C57BL/6J mice were fed either a control diet (CD) or a high-fat diet (HFD) for 14 weeks. On the
HFD, both WT and KO mice (WTHFD and KOHFD) gained significantly more weight than their CD
counterparts. However, KOHFD gained significantly less weight than WTHFD. KOHFD had
significantly reduced levels of glucose intolerance compared with those observed in WTHFD.
KOHFD also had significantly reduced adipocyte mass and hypertrophy in inguinal, mesenteric,
perigonadal, and brown adipose depots, with a corresponding decrease in macrophage
infiltration. Additionally, KOHFD had decreased lipid accumulation in the liver, heart,
gastrocnemius muscle, lung, and kidney. This study demonstrates that targeting Slc7a8 protects
against diet-induced obesity by reducing lipid accumulation in multiple organs and suggests that if

targeted, has the potential to mitigate the development of obesity-associated comorbidities.
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3.2 Introduction

Obesity is characterised by an excess accumulation of adipose tissue when energy intake exceeds
energy expenditure. The expansion of adipose tissue in obesity occurs either through adipocyte
hyperplasia or hypertrophy. The result is dysfunctional adipose tissue mainly due to adipocyte
hypertrophy, which leads to adverse metabolic consequences and chronic inflammation®. The
distribution of adipose tissue in obesity plays an important role in the development of obesity-
associated comorbidities. Accumulation of fat in intra-abdominal depots (visceral depots) gives
rise to insulin resistance and is also associated with an increased risk of cardiovascular diseases?.
Subcutaneous white adipose tissue (WAT) is the most common adipose tissue in healthy lean
individuals and serves as a metabolic sink for excess lipid storage3. Brown adipose tissue takes up
fatty acids from the circulation to generate heat, which helps to clear plasma triglycerides thereby
reducing the accumulation of lipid in visceral depots®. In obesity, where the storage capacity of
adipose tissue is exceeded either due to an inability to produce new adipocytes (limited
hyperplasia) or to expand further (limited hypertrophy), excess fat is redistributed to peripheral
organs such as the liver and skeletal muscle which increases the risk of metabolic-associated
syndromes such as hyperglycaemia, hyperinsulinemia, atherosclerosis, dyslipidemia and systemic
inflammation3>. Hypertrophy in brown adipose tissue (BAT) may impair its function in acting as a
sink for excess blood glucose and clearance of free fatty acids from circulation, thereby
contributing to the development of insulin resistance and hyperlipidemia in obesity3. Therefore,
mitigating adipocyte hypertrophy in both WAT and BAT depots is paramount to improving

metabolic health.

Inflammation is a key consequence of adipose tissue expansion that occurs during weight gain and
contributes to the development of chronic low-grade systemic inflammation seen in obesity. This
expansion of adipose tissue is characterized by increased infiltration of immune cells, with a
predominance (around 60%) of macrophages, in response to chemokines that are produced by
hypertrophic adipocytes®. The majority are derived from circulating monocytes with a small
proportion coming from the proliferation of adipose tissue resident macrophages’. Tissue resident
macrophages present in normal or lean adipose tissue are of the M2 anti-inflammatory
macrophage phenotype that express markers such as mannose receptor (CD206) and are thought

to be responsible for maintaining tissue homeostasis®. Macrophage infiltration in adipose tissue
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appears as crown-like clusters which is believed to signify an immune response to dying or dead
adipocytes®. These infiltrating macrophages undergo a phenotypic switch to a M1 pro-

inflammatory phenotype?°.

In addressing obesity, several studies have suggested countering the process of fat cell formation
(adipogenesis) to combat obesity development. These have led to several molecular determinants
being described as playing an important role in adipogenesis!. Except for PPARy'*13, molecular
determinants of adipogenesis have proven to be of limited clinical utility. Therefore, more
research is needed to identify new molecular determinants of adipogenesis which could play a role
in obesity development and as serve potential therapeutic targets. We have previously
undertaken a comprehensive comprehensive unbiased transcriptomic analysis of human adipose-
derived stromal/stem cells undergoing adipogenesis and identified several novel genes and
transcription factors with a possible role in this process!**°. One of the novel genes identified was
SLC7A8 (Solute Carrier Family 7 Member 8), not previously described in the context of
adipogenesis and/or obesity, that was significantly upregulated in the early phase of adipogenesis
and declined significantly as the process progresses'®. This suggested a role for this gene in the

early stages of adipogenesis as a potential driver of adiposity and consequently obesity.

The SLC7A8 gene encodes a large neutral amino acid transporter small subunit 2 (LAT2) with 535
amino acids and it is located on 14q11.2'%%, The gene is highly expressed in the kidneys and
intestines!’. Mutations in SLC7A8 have been implicated in age-related hearing loss'® and
aminoaciduria'®. Furthermore, SLC7A8 has been reported to be highly expressed in oestrogen
receptor-positive breast cancer?® and has also been previously shown to be implicated in cataract
formation when defective?l. Since SLC7A8 has not been described in the context of obesity or
adipogenesis, the aim of this study was to investigate the functional role of SLC7A8 in weight
gain/obesity and lipid accumulation in various tissues and organs (such as perigonadal,
mesenteric, inguinal subcutaneous, and interscapular brown adipose tissues and the liver, kidneys,
heart, brain, lungs, and gastrocnemius muscle) using a mouse model of diet-induced obesity.
Macrophage infiltration profiling in some of these tissues (i.e., perigonadal, mesenteric, inguinal
subcutaneous, and interscapular brown adipose tissues and the liver, kidneys, and gastrocnemius

muscle) was also performed.
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3.3 Materials and methods

3.3.1 Animals

This study was approved by the Research Ethics Committee, Faculty of Health Sciences and the

Animal Ethics Committee, University of Pretoria (Ref. No.: 474/2019).

Slc7a8 heterozygous (B6.129P2-Slc7a8tm1Dgen/), #005842) C57BL/6J and inbred wildtype
C57BL/6J mating pairs obtained from The Jackson Laboratory (Jackson Laboratory, Bar Harbour,
ME, USA) were used to generate Slc7a8 wildtype (WT) and knockout (KO) genotypes. Genotypes
were confirmed by PCR (supplementary methods S1). Both WT and KO mice were fed either a
high-fat diet (HFD; D12492) or control diet (CD; D12450J) from Research Diets, Inc. (New
Brunswick, New Jersey, United States of America) for a period of 14 weeks, with termination time
points at weeks 5 and 14. Weekly measurements of weight, food consumption and calorie intake
were done. Unless otherwise stated, the nomenclature used for the different genotypes on either
a CD or HFD for 14 weeks will be WTCD (wildtype mice on control CD), WTHFD (wildtype mice on
HFD), KOCD (Slc7a8 Knockout mice on control CD) and KOHFD (S/c7a8 knockout mice on HFD).

Glucose tolerance and insulin sensitivity tests

Glucose tolerance tests (GTT) and insulin sensitivity tests (IST) were performed in both KO and WT
mice prior to introducing them to either CD or HFD. Mice were fasted for 4 hours, and the baseline
glucose concentration measured. A 45% D-(+)- glucose solution (G8769) (Sigma-Aldrich, St. Louis,
Missouri, United States of America) was then administered interperitoneally at 1.5 mg/g body
weight and an insulin solution (Sigma-Aldrich, St. Louis, Missouri, United States of America) at
0.8mU/g body weight for GTT and IST, respectively. Blood from the tail vein was used to measure
glucose concentration at 15, 30, 60, 90 and 120 minutes using an Accu-Check Instant Blood

Glucose Meter (Roche Diagnostics, Basel, Switzerland).

3.3.2 Histology and immunohistochemistry of mouse tissues and organs

Mice on either CD or HFD were euthanised at week 5 and 14 followed by the collection of white
adipose tissue from the inguinal (iWAT), perigonadal (pWAT) and mesenteric (mMWAT) depots;

interscapular brown adipose tissue (BAT); and liver, kidneys, heart, brain, lungs, and
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gastrocnemius muscle. A 10% formalin fixed paraffin embedded (FFPE) tissue sections were

processed for histological analysis.

FFPE tissue sections were cut using a microtome and baked at 62°C for 20 minutes followed by
haematoxylin and eosin (H&E) staining using a Leica Autostainer XL (Leica Microsystems, Wetzlar,
Germany). Slides were mounted with DPX (distyrene, plasticiser, xylene) and imaged using an
Axiocam 305 color microscope camera (ZEISS, Oberkochen, Germany) and ZEN 2.6 blue edition

software (ZEISS).

Immunohistochemical analysis of macrophages was performed as previously described??. Briefly,
tissue sections were stained with F4/80 rat anti mouse antibody clone A3-1 (Bio-Rad Laboratories,
Sandton, Johannesburg, South Africa). FFPE sections were baked overnight at 54°C, followed by
dewaxing in xylene. The sections were then hydrated through a series of ethanol concentrations,
rinsed with distilled water and treated with 3% hydrogen peroxide for 5 minutes at 37°C. Heat-
induced epitope retrieval was performed in citrate buffer pH 6,1 (Dako Target Retrieval Solution
51699, Dako, Carpinteria, California, United States of America) using a 2100 Retriever Unit
(Electron Microscopy Sciences, Hatfield, Pennsylvania, United States of America). The sections
were rinsed in PBS/Tween buffer and treated with 5% Normal Goat Serum (Dako X0907) for 30
minutes after which they were incubated overnight at 4°C with a 1:25 dilution of F4/80
monoclonal rat anti-mouse antibody BM8 (#14-4801-82) (Thermo Fisher Scientific) or 1:100 F4/80
rat anti mouse antibody clone A3-1 (Bio-Rad Laboratories, Sandton, Johannesburg, South Africa).
The sections were rinsed in PBS/Tween buffer before incubating for 60 min in 1:200 goat anti-rat
IgG (H+L) antibody conjugated to horseradish peroxide (HRP) (#31470) (Invitrogen, Thermo Fisher
Scientific). The slides were then developed in 3,3’ diaminobenzidine (DAB) chromogen to visualise

F4/80 protein staining. All images were taken and analysed at 20x magnification.

3.3.3 Statistical and image analyses

Images from H&E and immunohistochemical staining were analysed using Imagel) Fiji

(https://imagej.nih.gov/ij/download.html) or Aperio ImageScope version 12.4.3.5008 software

(Leica Biosystems, Wetzlar, Germany). Morphometric analysis of the various tissue sections was
estimated by measuring the diameter of at least 120 cells distributed across the tissue viewed on a

single microscope slide. Semi-quantitative analysis of F4/80 staining using ImageJ Fiji was done
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according to the protocol described by Crowe and Jue, 201923 to quantify macrophages in the

tissues.

Statistical analyses were conducted using GraphPad Prism 5 (GraphPad Software, San Diego,
California). Values are expressed as mean + SEM. One-way ANOVA followed by Bonferroni
corrections was used to compare means between three or more categories. When comparing two
means, a two-tailed unpaired Student’s t-test was used. Two-way ANOVA with Bonferroni
corrections was used where necessary. Statistically significant results are indicated as *P<0.05,

**P<0.01, ***P<0.001.

3.4 Results

3.4.1 Deficiency in Slc7a8 protects against diet-Induced Obesity

WT and KO mice gained significantly more weight at 14 weeks on HFD than did WTCD (p<0.05 to
p<0.001) and KOCD (p<0.05 to p<0.001), respectively (Figure 3-1a). No significant differences were
observed between WT and KO mice on CD. Interestingly, KOHFD gained significantly (p<0.05 to
p<0.001) less weight than WTHFD, which was evident from week 3 (Figure 3-1a). Significant weight
gain in WTHFD was associated with significantly larger (p<0.001) iWAT, pWAT, mWAT, BAT, and
liver compared with WTCD and KOHFD. Only the pWAT of KOHFD was significantly larger than in
KOCD14 (Figure 3-1d). WTHFD and KOHFD mice appeared visibly larger in size when compared to
their respective lean counterparts (Figure S3-1). Total food consumption of WTHFD was
significantly greater than that of WTCD (p<0.001) and KOHFD (p<0.01) (Figure 3-1b). Energy intake
increased significantly between WTCD and WTHFD (p<0.01 at week 5 and p<0.001 from week 6 to
week 14) and between KOCD and KOHFD (p<0.05 at week 3, p<0.01 at week 4, and p<0.001 from
week 5 to 14) (Figure 3-1c). A significant difference (p<0.001) in cumulative caloric intake was
observed between WTHFD and KOHFD from week 9 to week 14. No significant differences in

calorie intake were seen between KOCD and WTCD.
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Figure 3-1: Effect of Slc7a8 deletion on body weight and caloric intake. (a) WTHFD gained significantly more weight throughout
the 14-week period starting from week 2 than did WTCD (p < 0.05 to p < 0.001). KOHFD gained significantly more weight than KOCD
(p < 0.05). The difference in weight gain between WTHFD and KOHFD was significant starting in week 3, with the p-value decreasing
gradually from p < 0.05 to p < 0.001. WTCD and KOCD showed no differences in weight. (b) Total cumulative food consumption was
significantly greater in WTHFD than in WTCD (p < 0.001) and KOHFD (p < 0.01). Energy intake increased significantly (from p < 0.01
at week 5 to p < 0.001 from week 6 to week 14) between WTCD and WTHFD. (c) A significant difference (p < 0.001) in caloric intake
was observed between WTHFD and KOHFD from week 11 to week 14. Comparisons between KOCD and KOHFD revealed significant
differences in calorie intake, with p < 0.05 at week 3, p < 0.01 at week 4, and p < 0.001 from week 5 to 14. No significant differences
in caloric intake were seen between KOCD and WTCD. (d) WTHFD showed significantly larger (p < 0.001) iWAT, pWAT, mWAT, BAT,
and liver compared to WTCD and KOHFD. Week 1-5: N = 18 for WTCD, WTHFD, and KOHFD and N = 17 for KOCD; week 6—8: N = 12
for WTCD, WTHFD, and KOHFD and N = 11 for KOCD; week 9-12: N = 6 for WTCD, WTHFD, and KOHFD and N = 5 for KOCD; week
13-14: N =5 for WTCD, WTHFD, and KOCD and N = 6 for KOHFD. *p<0.05, ** p<0.01, *** p<0.001.
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3.4.2 Deficiency in Slc7a8 has no effect on glucose and insulin metabolism but significantly

improves glucose tolerance when on HFD

WT and KO mice showed no difference in metabolism of exogenous glucose (Figure 3-2a,b) or
insulin (Figure 3-2c,d) prior to introducing them to the experimental diets. However, significantly

elevated glucose levels (p<0.01) were observed for the KO mice at 30 min.
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Figure 3-2: Effect of genotype on glucose tolerance and insulin sensitivity tests. GTT and IST were conducted before introducing
the C57BL/6J wildtype and Slc7a8 knockout mice to CD or HFD. (a,c) No significant differences were observed in GTT or IST between
the WT and KO mice except for significantly higher glucose levels (p < 0.01) observed for the KO mice at 30 min with the GTT. (b,d)
No significant differences were observed between the areas under the curve (AUCs) for WT and KO mice during GTT and IST. GTT: N
=47 for WT and N = 48 for KO; IST: N = 47 for WT and N = 44 for KO. **p<0.01.

After 5 weeks on experimental diets, no significant difference was observed in glucose metabolism
between WT and KO on either the CD or HFD (Figure 3-3a,b). However, at 14 weeks, WTHFD had
significantly higher glucose levels than KOHFD and WTCD starting from 30 min (Figure 3-3c).
Although WTHFD had a larger AUC than KOHFD and WTCD, this was not statistically significant

(Figure 3-3d). No significant differences were observed between the AUCs of WTCD5, WTHFD5,
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KOCD5, and KOHFD5 when compared to their 14-week counterparts (WTCD14, WTHFD14,
KOCD14, and KOHFD14; Figure 3-3b,d).

_ GTT

g 3000+
3 40

£

£

= 30

2 © 2000
s =2

k= 20 <

=

2 1 (4]

2

8

2 LB T T T T

o 0 30 60 90 120

Time (minutes)

» )
—= WTCD5 WTHFD5 fe QSQ
- KOCD5 -+ KOHFD5 + ©
(a) (b)
GTT
g 4000+
= 0 T 3000
=}
£ ' 2000
] E
5 o
§ e 1000
o
(=)
3 0 T T T T
o 0 30 60 90 120 .
Time (minutes)
Ul Ol Gl
N’ N N N
o N o N
—+ WTCD14 — WTHFD14 & X & 3
) + O
~ KOCD14 KOHFD14
(c) (d)

Figure 3-3: Glucose tolerance and insulin sensitivity tests of animals on experimental diet. (a) No significant differences were
observed after experimental feeding between WT and KO mice on either CD or HFD at 5 weeks. (c) WTHFD showed significantly
higher glucose levels than KOHFD (p < 0.05, 0.01) and WTCD (p < 0.05, 0.001) at 14 weeks. (b,d) No significant differences were
observed between WTCD5, WTHFD5, KOCD5, and KOHFD5 and their respective 14-week counterparts. N = 6 for WTCD5, WTHFDS5,
KOCD5, KOHFD5, WTCD14 WTHFD14, and KOCD14 and N =5 for KOHFD14. *p<0.05, **p<0.01, ***p<0.001.

3.4.3 Sic7a8 deletion attenuates adipocyte hypertrophy in white and brown adipose depots

Two representative microscopic images of each adipose tissue depot are depicted in Figure 4. The
PWAT from WTCD (Figure 3-4a) and KOHFD (Figure 3-4b) had significantly smaller (p<0.001)
adipocytes (A) than did WTHFD (Figure 3-4c), as indicated in Figure 3-4d. The number of
adipocytes per field was significantly higher in WTCD (p<0.001) and KOHFD (p<0.05) than in
WTHFD (Figure 3-4e). The iWAT in WTHFD (Figure 3-4h) had a significant increase (p<0.001)
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(Figure 3-4i) in adipocyte hypertrophy compared with that in KOHFD (Figure 3-4g) and WTCD
(Figure 3-4f). Similarly, a significant increase (p<0.001) was observed in the adipocyte size of
MWAT from WTHFD (Figure 4m) in comparison with those from KOHFD (Figure 3-41) and WTCD
(Figure 3-4k), Figure 3-4n. The number of adipocytes per field was significantly lower in the mWAT
(p<0.01) (Figure 3-4j) and iWAT (p < 0.001) (Figure 3-40) of WTHFD than in those of WTCD, as well
as in the mWAT (p<0.01) and iWAT (p < 0.001) of WTHFD than in those of KOHFD. Lipid droplet
accumulation was greater in the BAT of WTHFD (Figure 3-4r) than in that of WTCD (Figure 3-4p)
and KOHFD (Figure 3-4q). Additionally, as early as 5 weeks on the experimental diet, adipocyte
hypertrophy was greater in WTHFD than in KOHFD and WTCD in pWAT, mWAT, and iWAT, and
larger lipid droplets were observed in the BAT of WTHFD (Figure S3-2).
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Figure 3-4: Adipocyte size distribution across the various adipose tissue depots. H&E-stained sections of perigonadal WAT (pWAT)
(d) revealed that the WTHFD (c) had significantly larger (p<0.001), adipocytes than WTCD (a) and KOHFD (b). The number of
adipocytes per field was significantly smaller in WTHFD than KOHFD (p<0.05) and WTCD (p<0.001), (e). Similarly, adipocyte
diameter of WTHFD (h), of inguinal subcutaneous WAT (iWAT) was significantly greater (p<0.001), (i), than that of WTCD (f), and
KOHFD (g). Conversely, the number of adipocytes per view was significantly lower (p<0.001) in WTHFD compared to WTCD and
KOHFD, (j). Significant (p<0.001) adipocyte hypertrophy (n) was also observed in mWAT of WTHFD, (m), compared to WTCD, (m)
and KOHFD, (l). Additionally, significantly (p<0.01) fewer adipocytes were viewed per field in WTHFD compared to WTCD and
KOHFD, (o). Sections of the BAT revealed that WTCD (p), and KOHFD (q), had smaller lipid droplets compared to those observed in
WTHFD (r). Magnification = 20X, Scale bar =200 pm. Key: A = adipocyte. N = 120 adipocytes

3.4.4 Deletion of Slc7a8 reduces liver steatosis in diet-induced obese mice

Liver sections from WTHFD (Figure 3-5c) showed lipid accumulation, which could be categorised as
microvesicular (circled, Figure 3-5c) and macrovesicular (indicated in black arrow, 3-Figure 5c)
steatosis. This phenomenon was absent in liver sections of WTCD (Figure 5a), while macrovesicular
steatosis observed in KOHFD (Figure 3-5b) had smaller lipid droplets than that in WTHFD (Figure
S3-3).

(@) (b) (©

Figure 3-5: Lipid accumulation in the liver. H&E-stained liver sections showed the presence of micro- and macrovesicular steatosis
in WTHFD (c), which was reduced in KOHFD (b) and absent in WTCD (a). Magnification = 20x. Scale bar = 200 um.
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3.4.5 Deficiency in Slc7a8 decreases lipid accumulation in gastrochnemius muscle

Skeletal muscle myocyte atrophy was observed in WTHFD (Figure 3-6¢), which had significantly
smaller myocytes (p < 0.001) (Figure 3-6g) than WTCD (Figure 3-6a). The deletion of Slc7a8
increased myocyte size in KOHFD (Figure 3-6b) compared to WTHFD (Figure 3-6g). Accumulation of
perimuscular adipose tissue (PMAT) (Figure 3-6f) was greater in WTHFD than in KOHFD (Figure 3-
6e) and WTCD (Figure 3-6d). At week 5, the KOHFD had significantly larger myocytes (p<0.001) and

less adipose tissue than WTHFD (Figure S3-4).
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Figure 3-6: Effect of Sic7a8 deletion on adipose tissue accumulation and myocyte atrophy in gastrocnemius muscle. Myocyte
atrophy was observed in WTHFD (c) when compared to WTCD (a) and KOHFD (b). WTHFD had significantly smaller (p < 0.001) (g)
myocytes than WTCD. Greater perimuscular adipose tissue (PMAT) accumulation was seen in WTHFD (f) than in WTCD (d) and
KOHFD (e). N = 120 myocytes. ***p<0.001.

3.4.6 Deficiency in Slc7a8 reduces accumulation of epicardial adipose tissue

The increase in the accumulation of epicardial adipose tissue (EAT—white adipose tissue)
observed in WTHFD (Figure 3-7c) compared to WTCD (Figure 3-7a) was decreased following the
deletion of S/c7a8, KOHFD (Figure 3-7b). Larger lipid droplets were observed in the brown/beige
adipose tissue (a property of epicardial adipose tissue) in WTHFD (Figure 3-7f) than in that in

WTCD (Figure 3-7d) and KOHFD (Figure 3-7e).
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Figure 3-7: Effect of SIc7a8 on epicardial adipose tissue accumulation in the heart. H&E-stained heart sections showed a greater
accumulation of epicardial adipose tissue, seen as a brown/beige adipose depot, in the WTHFD (c) compared to WTCD (a) and
KOHFD (b). The images demonstrate that the WTHFD (f) mice had more connective tissue (cardiac muscle fibres) than WTCD (d)
and KOHFD (e). Magnification = 20x. Scale bar = 200 um.

3.4.7 Deficiency in Slc7a8 reduces lipid accumulation in the ganglion layer in diet-induced obese

mice

In the cerebral cortex, lipid droplets were seen in KOHFD (Figure 3-8b) and WTHFD (Figure 3-8a),
but not in WTCD (Figure 3-8c).

o 3 o o o

Figure 3-8: Effect of SIc7a8 deletion on lipid droplet accumulation in brain tissue. H&E-stained sections of brain tissue showed
lipid droplets in the cerebral cortices of KOHFD (b) and WTHFD (c) that were not seen in that of WTCD (a). Magnification = 20x.
Scale bar =50 um.
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3.4.8 Deficiency in Slc7a8 reduces lipid accumulation in the kidney

Lipid droplet accumulation was reduced in KOHFD (Figure 3-9b) to the level observed in WTCD
(Figure 3-9a). WTHFD showed visibly larger lipid droplets (Figure 3-9c).

(b)
Figure 3-9: Effect of SIc7a8 deletion on lipid accumulation in the kidneys. H&E-stained sections showed that accumulation of lipids
(black arrows) was greater in WTHFD (c) than in WTCD (a) and KOHFD (b). Magnification = 20x. Scale bar = 200 um.

3.4.9 Deficiency in Slc7a8 reduces adipose tissue accumulation in the lungs

Histological analysis of the lungs showed greater accumulation of adipose tissue in WTHFD (Figure
3-10c) than in WTCD (Figure 3-10a). The accumulation of adipose tissue in DIO appeared to be
reduced in KOHFD (Figure 3-10b). Lipid accumulation in the lungs was observed as early as week 5,

with more adipose tissue in WTHFD and KOHFD than in WTCD (Figure S3-5).
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Figure 3-10: Effect of SIc7a8 deletion on lipid accumulation in the lungs. H&E-stained lung sections showed the accumulation of
adipose tissue in the lungs, which was greater in WTHFD (c) than in KOHFD (b) and WTCD (a). Magnification = 20x. Scale bar = 50
pm.
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3.4.10 Deficiency in Slc7a8 reduces white adipose tissue inflammation in DIO

Immunohistochemical staining for F4/80, a mouse macrophage marker, was performed to assess
the presence of macrophages in pWAT, mWAT, iWAT and brown adipose tissue. Deletion of Slc7a8
significantly decreased macrophage infiltration (indicated by black arrows) in the pWAT (Figure 3-
11c; p < 0.01), mWAT (Figure 3-11h; p < 0.05), and iWAT (Figure 3-11k; p < 0.01) of KOHFD (Figure
3-11a,f,i) compared with those of WTHFD (Figure 3-11b,g,j). No significant difference was
observed in the brown adipose macrophage inflammation profile (Figure 3-11n) between WTHFD
(Figure 3-11m) and KOHFD (Figure 3-11l). Figure 3-11d,e shows the negative controls for KOHFD

and WTHEFD, respectively, in perigonadal adipose tissue.
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Figure 3-11: Effect of Sic7a8 deletion on macrophage infiltration in adipose tissue. KOHFD (a) showed a significant decrease in
macrophage infiltration (indicated by black arrows) in pWAT (p<0.01), (c) compared to WTHFD (b). (d,e) represent the negative
controls for KOHFD and WTHFD, respectively, in perigonadal adipose tissue. A significant decrease in macrophage infiltration in
MWAT (p<0.05) (h) was observed in KOHFD (f) compared to WTHFD (g). A significant decrease in macrophage infiltration in iWAT
(p<0.01) (k) was observed in KOHFD (i) compared to WTHFD (j). No significant differences in macrophage infiltration in brown
adipose tissue (n) were observed between KOHFD (l) and WTHFD (m). Magnification = 40x. Scale bar = 20 um. N = 5 fields. *p<0.05,
**p<0.01.
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3.4.11 Deficiency in Slc7a8 reduces inflammation in the liver

Deficiency in Slc7a8 resulted in a significant (p < 0.05) (Figure 3-12c) reduction in macrophages in
the liver from KOHFD, Figure 3-12a, compared to WTHFD (Figure 3-12b). Figure 3-12d,e show
negative control staining of KOHFD and WTHFD, respectively; no staining for macrophages was

detected in these controls.
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Figure 3-12: Effect of Slc7a8 deletion on the presence of macrophages in the liver. WTHFD (b) had significantly greater infiltration
(p < 0.05) (c) of macrophages than KOHFD, (a). Negative controls for KOHFD (d) and WTHFD (e); no macrophages were detected.
Magpnification = 40x. Scale bar = 20 um. N = 10 fields. * p < 0.05.

3.4.12 Deficiency in Slc7a8 has no effect on the presence of macrophages in the kidney or

gastrocnemius muscle in DIO

The presence of macrophages in the kidney of KOHFD (Figure 3-13a) and WTHFD (Figure 3-13b)

was similar (Figure 3-13c). This observation was the same for the gastrocnemius muscle of KOHFD
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(Figure 3-13d) and WTHFD (Figure 3-13e), with no statistical difference in macrophage profile

between them (Figure 3-13f).
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Figure 3-13: Effect of s/c7a8 on macrophage infiltration profiles of the kidney and gastrocnemius muscle. KOHFD (a) had slightly
fewer macrophages infiltrating into the kidney (c) than WTHFD (b). However, no significant differences were noted between KOHFD
and WTHFD. No significant differences (f) were observed in infiltration between the gastrocnemius muscles of KOHFD (d) and
WTHFD (e). Magnification = 40x. Scale bar = 20 um. N =5 fields.

3.5 Discussion

Obesity is characterised by excessive accumulation of adipose tissue and is associated with the
development of metabolic syndromes affecting many organs and tissues in the body. The search
for molecular factors that play a role in attenuating lipid accumulation in conditions such as diet-
induced obesity is paramount to identifying good candidates for therapeutic interventions that
mitigate the development of obesity associated comorbidities. Studies of adipogenesis in human-
derived stromal/stem cells in vitro have served as an excellent model for identifying molecular

factors with a potential role in adipocyte formation and lipid accumulation/metabolism*¥4, This
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study investigated the role of a previously identified novel human adipogenic gene, SLC7A8 4 in
diet-induced obesity, and its effect on adipose tissue accumulation in different organs and tissues.
To achieve this, slc7a8 knockout (KO) and wildtype (WT) C57BL/6 mice were fed either a HFD or

nutrient matched CD for 14 weeks followed by the analyses of different parameters.

Weight gain, food, and caloric intake between WTCD and KOCD were similar, indicating that
Slc7a8 deletion had no effect on food intake, caloric consumption, or weight gain on a normal diet.
WTHFD gained significantly more weight (p<0.001) than WTCD starting from week 3 (Figure 3-1a),
with a significantly higher caloric intake (p<0.01 to p<0.001) than WTCD (Figure 3-1c). Total food
consumption was not significantly different during the 14-week period except at week 8, where
food consumption in WTHFD was significantly higher (p<0.05). This indicates that the occurrence
of diet-induced obesity was due to an increase in caloric intake when on HFD. Interestingly, the
Slc7a8-deficient genotype on HFD (KOHFD) gained significantly less weight (p<0.05 to p<0.001)
than the WTHFD starting from week 3 (Figure 3-1a). This suggests that Slc7a8 deletion was
protective against diet-induced obesity. The significant decrease in weight gain in KOHFD was
accompanied by significantly lower tissue mass of iWAT, mMWAT, pWAT, BAT, and liver compared
with those in WTHFD (Figure 3-1d). Strikingly, it was observed that KOHFD gained significantly
more weight (p<0.05 to p<0.001) than KOCD from week 8, and this corresponded to a significantly
larger pWAT in KOHFD than in KOCD (Figure 3-1d). This indicates that weight gain by KOHFD was
due to pWAT expansion and suggests that pWAT was the primary site of lipid accumulation in the

KO phenotype.

BAT in WTHFD (Figure 3-4r) displayed enlarged lipid droplets compared with those in WTCD
(Figure 3-4p). A recent study showed that following 20 weeks of feeding mice on an HFD, lipid
accumulation did not influence the function of brown adipose tissue. However, the authors
speculated that if the period of HFD feeding were to be extended, a malfunction of BAT would be
observed in obese mice?*. We observed in the current study that KOHFD (Figure 3-4q) attenuated
adipocyte hypertrophy and lipid accumulation in BAT. This suggests that S/c7a8 deletion could be

protective against the long-term effects of BAT hypertrophy and malfunctioning caused by DIO.

Furthermore, it was observed that WTHFD had a significantly greater caloric intake than KOHFD
(Figure 3-1c) while food consumption was similar, except at week 11, when a significant difference

(p<0.05) was observed. It is possible that the deletion of Slc7a8 regulated weight gain on HFD by
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burning calories quicker than WTHFD, since both KOHFD and WTHFD had similar caloric intake up
to week 8 (Figure 3-1c), but as early as week 5, adipocyte hypertrophy was already significantly
greater in WTHFD than in KOHFD (Figure S3-2). Additionally, food and caloric intake was similar
between KO and WT on a normal diet, with differences observed only on HFD; this could suggest

satiety in KOHFD, as caloric intake significantly decreased after week 8 (Figure 3-1c).

Adipose tissue expansion in obesity is commonly associated with conditions such as
hyperglycaemia, impaired glucose tolerance, and insulin resistance?®. To investigate the effect of
Slc7a8 deletion on the metabolism of exogenous glucose and insulin, GTT and IST were performed
on all animals (KO and WT) prior to introducing them to an experimental diet (Figure 3-2a,b).
Importantly, there was no significant difference between the KO and WT mice for either test. This
shows that the deletion of Slc7a8 had no effect on their ability to metabolise glucose and insulin
efficiently. However, significantly higher levels of blood glucose were seen in KO mice at 30 min of
the GTT (Figure 3-2a), which later returned to normal, without any change in the AUC between KO
and WT (Figure 3-2b). Both WTCD and KOCD at 5 and 14 weeks showed similar trends in glucose
metabolism (Figure 3-3a,c), with no difference in the AUC (Figure 3-2b,d), suggesting that glucose
metabolism was unaltered in slc7a8-deficient mice on a normal diet. Under conditions of DIO,
WTHFD showed significantly higher levels of glucose intolerance than WTCD, and this effect was
significantly improved in KOHFD, with blood glucose levels returning to baseline levels at the end
of the GTT (Figure 3-3c). This demonstrated that S/c7a8 deletion significantly improved glucose

metabolism in DIO.

WTHFD showed significantly larger adipocytes in the pWAT, mWAT, and iWAT (Figure 3-4) than
WTCD. The adipose tissue hypertrophy in WTHFD may increase susceptibility to hyperglycaemia.
In an obese phenotype, insulin signalling is usually impaired, which results in reduced glucose
uptake by muscles and thus increased glucose levels in the circulation?®. pWAT was significantly
larger (p<0.001) than iWAT and mWAT in WTHFD (Figure S3-6), which may be suggestive of pWAT
being the main site of lipid accumulation in this group, as was observed in the KO group.
Abdominal/visceral obesity is critical to the development of metabolic syndrome, and
accumulation of adipose tissue in the abdomen correlates with metabolic syndrome more than
lipid accumulation in the subcutaneous depot?’. The larger pWAT in WTHFD may thus have been

responsible for the glucose intolerance observed in these mice. Lipid accumulation in the liver
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presented as microvesicular steatosis (characterised by small lipid droplets in the cytoplasm of
hepatocytes) and macrovesicular steatosis (large lipid droplets) (Figure 3-5), which are both
important in the development of nonalcoholic fatty liver disease (NAFLD)?%-2%, and were observed
in WTHFD but not in WTCD. The presence of lipid droplets in WTHFD liver could be due to the
redistribution of excess lipid to peripheral organs such as the liver or muscles seen in the obese
phenotype, when the storage capacity of adipose tissue is exceeded®®. The liver has previously
been reported to be the major site for storage of free-fatty acids (FFA) released from white
adipose tissue in an obese phenotype®. Furthermore, the vast majority of hepatic triglycerides in
obese individuals with NAFLD are from FFA released from adipose tissue3!. The observations made
in our study indicate that KOHFD attenuates both macrovesicular and microvascular steatosis seen

in WTHFD, suggesting that S/c7a8 deletion could be protective against NAFLD in DIO.

DIO is often associated with the recruitment and accumulation of macrophages in adipose depots.
The F4/80 antibody is a marker for macrophages in mouse tissues!®3? and was utilised in this
study. Adipose tissues from obese WTHFD mice showed significantly more macrophages, which
indicates increased inflammation when compared to KOHFD (Figure 3-11). Thus, Slc7a8 deletion
significantly improves the inflammatory profile of adipose tissues in DIO. The liver tissue sections
in WTHFD showed significantly elevated levels of macrophages. The observed histopathological

changes in liver which occur due to DIO were improved by S/c7a8 deletion in KOHFD (Figure 3-12).

Apart from metabolic syndromes that are associated with excess adipose tissue accumulation,
obese individuals are also prone to developing pulmonary disorders such as chronic obstructive
pulmonary disease (COPD) or asthma33. In DIO, the lungs of WTHFD showed an increase in adipose
tissues accumulation which was reduced in KOHFD (Figure 3-10). A previous study showed that
accumulation of adipose tissue in the lungs increased with an individual’s body mass index (BM1)34.
Additionally, an increase in adipose tissue affects the structure of the lungs, resulting in the
blockage of airways and causing inflammation which ultimately gives rise to pulmonary disease3*
34 We observed that the deletion of S/c7a8 attenuates adipose tissue accumulation in DIO, and

this could mitigate the development of obesity associated lung pathologies.

DIO resulted in a significant reduction in gastrocnemius muscle myocyte size in WTHFD compared
to WTCD, and the deletion of S/ic7a8 decreased this effect of DIO (KOHFD) on myocytes size (Figure

3-6g). Additionally, peri-muscular adipose tissue accumulation, which was observed to increase in
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muscle of WTHFD, decreased in KOHFD (Figure 3-6e,f). Peri-muscular adipose tissue has previously
been shown to promote age- and obesity-related muscle atrophy by increasing muscle
senescence®. Hence, a decrease in lipid accumulation due to Slc7a8 deletion in our study suggests
an improvement in DIO associated muscular disease. Conversely, there was no significant

difference in the gastrocnemius muscle macrophage profile between WTHFD and KOHFD.

The development of cardiovascular diseases is associated with an increase in adiposity®. In DIO,
the heart of WTHFD showed greater accumulation of epicardial adipose tissue, which was found to
decreased in the absence of Sic7a8, KOHFD (Figure 3-7). Epicardial adipose tissue is located
between the myocardium and epicardium and has properties of brown or beige adipose tissue. It
is important for maintaining energy homeostasis and thermoregulation of the heart3’. However,
accumulation of epicardial adipose tissue is associated with increasing BMI and poses a risk for the

development of cardiovascular disease3®.

Renal injury and disease have been associated with obesity and studies in mice have documented
renal morphological changes due to HFD?*#!, An accumulation of lipid droplets in the kidneys was
observed in DIO in WTHFD, suggesting that an increase in body weight could contribute to renal
abnormalities. Lipid accumulation was reduced in KOHFD (Figure 3-9), suggesting that Sic7a8

deletion may improve kidney health in DIO.

3.6 Conclusions

This study has demonstrated that deletion of S/c7a8 in mice is protective against DIO by
significantly reducing adipose tissue mass and lipid accumulation in multiple organs and tissues,
and results in improved glucose tolerance in diet-induced obesity. Furthermore, our histological
findings revealed that the negative effects of DIO on different organs and tissues are improved
with Slc7a8 deletion, suggesting that this gene may contribute to the development of some
obesity-associated comorbidities. Overall, the results from this study suggest that S/c7a8 might be
a potential therapeutic target for controlling DIO, as well as for mitigating the development of
some of the pathophysiological conditions associated with obesity. Nevertheless, further studies
will be required to provide additional knowledge on how Slc7a8 regulates plasma parameters such
hormones, lipids, and the cytokine inflammatory profile in DIO to reduce lipid accumulation in

multiple organs and tissues.
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3.7 Supplementary data

3.7.1 Supplementary methods

3.7.1.1 51: Genotyping of mice

Genomic DNA was extracted from tail biopsy of mouse pups using the KAPA Mouse Genotyping Kit
(Wilmington, Massachusetts, United States of America) and the KAPA Express Extract Protocol.
The extractions were performed in a volume of 100 ul and was set up as follows: 88 ul PCR-grade
water, 10 pl of 10X KAPA Extract Express buffer, 2 ul of 1 U/ul KAPA Express Extract enzyme and
approximately 2 mm of mouse tail tissue. Enzymatic lysis was performed in the Applied
Biosystems 9700 thermal cycler (Foster City, California, United States of America) at 75°C for 10
minutes and enzyme inactivation at 95°C for 5 minutes. The DNA extracts were subsequently

diluted 10-fold in 10 mM TRIS-HCL (pH 8.5).

To determine the wildtype, heterozygous and knockout SLC7A8 genotypes, the following gene-
specific primer sequences were used: 5'- CAAATGCCAGCTGTCCTGACCTCAC-3’ forward primer for
the wildtype allele, 5'-GGGTGGGATTAGATAAATGCCTGCTCT-3’ forward primer for the knockout
allele and 5’-CAGACTTAGGGATGGTGACGCCTAG-3" for the common reverse primer. All
oligonucleotides used in the study were synthesised by Integrated DNA Technologies (Coralville,
lowa, United States of America). The PCR reaction mixture consisted of 6.5 pl of PCR-grade water,
12.5 pl of the KAPA2G Fast Genotyping buffer, 1.25 ul of both the 10 uM wildtype forward primer
and 10 pM knockout forward primer, 2.5 ul of 10 uM common reverse primer and 1 ul of the
diluted DNA extract. The PCR amplifications were performed in a total volume of 25 pl and cycled
in the ABI Applied Biosystems 9700 thermal cycler. The thermal cycling conditions used were as
such: 95°C for 3 minutes followed by 95°C for 15 seconds, 60°C for 15 seconds, 72°C for 15
seconds and a final extension for 2 minutes at 72°C. After amplification, 10 pl of each amplicon
was separated on a 2% agarose gel alongside a Thermo Scientific FastRuler Low Range DNA ladder
(Waltham, Massachusetts, United States of America). Electrophoresis was performed in 1 x TAE
(diluted from UltraPure 10 x TAE buffer (ThermoFischer Scientific, Waltham, Massachusetts,
United States of America) at 120V for 40 minutes. The gel was stained with Ethidium Bromide
Solution, Molecular Grade (Promega, Madison, Wisconsin, United States of America) and viewed

under UV light using the Molecular Imager Gel Doc XR System (Bio-Rad, Hercules, California,
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United States of America). The expected amplicon sizes were 206bp for the wildtype allele and

390bp for the knockout allele. Only wildtype and knockout mice for the SLC7A8 gene were used in

the study.

3.7.2 Supplementary figures

(b)

(c) (d)
Figure S3-1: Mice used in the study. (a) Represents KOCD14 mice. (b) KOHFD14 mice (c) WTCD14 mice (d) WTHFD14 mice. The
images demonstrate that KOHFD14 and WTHFD14 mice are larger in size than their control diet counterparts, KOCD14 and

WTCD14, respectively.
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Figure S3-2: Adipocyte hypertrophy at 5 weeks. Adipocyte diameter of WTHFD, c, in pWAT was significantly larger than WTCD, a
(p<0.001) and KOHFD, b (p<0.05). In iWAT, WTHFD, g, adipocyte hypertrophy was significantly greater (p<0.05) than WTCD, e and
KOHFD, f. WTHFD, k in mWAT showed significantly larger adipocytes than WTCD, i (p<0.001) and KOHFD, j (p<0.05). Accumulation
of enlarged lipid droplets were observed in WTHFD, o than WTCD, m and KOHFD, n.
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(b) (0
Figure $S3-3: Lipid droplets in the liver at 5 weeks. WTHFD, ¢, and KOHFD, b, had lipid droplets in the tissue, while none were
observed in WTCD, a.
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Figure $S3-4: Myocyte sizes at 5 weeks. Significantly larger myocytes (p<0.001), g, were observed in the WTCD, a, and KOHFD, b, in
comparison to those in the WTHFD, c. The distribution of peri-muscular adipose tissue shows that greater accumulation of the
adipose was observed in WTHFD, f, compared to WTCD, d and KOHFD, e.

Figure S3-5: Accumulation of adipose tissue in the lungs. Greater accumulation was observed in WTHFD, ¢, and KOHFD, b, in
comparison to WTCD, a.
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Figure S3-6: Adipocyte diameter in the various adipose tissue depot. (a) Perigonadal adipose tissue in WTHFD is significantly larger
(p<0.001) than inguinal and mesenteric adipose tissues.
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4.1 Abstract

The expansion of adipose tissue through adipocyte hypertrophy leads to obesity. We
previously showed that S/lc7a8 knockout (KO) in mice protects against diet-induced obesity
and attenuates adipocyte hypertrophy in different lipid depots. Here we investigated the
possible mechanisms of reduced adipocyte hypertrophy by (a) lipid transport and
metabolism and (b) plasma metabolites. The results in KO mice showed that attenuation of
adipocyte hypertrophy in the perigonadal (pWAT) and brown adipose tissues (BAT) occurs
through increased in lipolysis, in addition to browning (in BAT), and by passive or slow lipid
uptake in the mesenteric adipose tissue (MWAT). The reduced adipocyte hypertrophy in KO
mice led to significantly lower and higher leptin and adiponectin levels,
respectivelycompared with. Furthermore, KO mice had significantly lower levels of the
proinflammatory cytokines IL-a, IP-10, KC, , IL-7 and MIP-1a, and significantly higher levels of
the anti-inflammatory cytokine IL-5 when compared with WT. This study effectively
demonstrates a possible fat depot-specific mechanism of adipocyte hypertrophy reduction
in KO with a corresponding improvement in plasma metabolic profile and a reduction in

inflammatory state during obesity development.
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4.2 Introduction

Adipose tissue is an active endocrine organ which is fundamental in mediating intracellular
signalling resulting in the synthesis and secretion of various fatty acids, lipids and
adipokines®. Obesity, which is a consequence of expanding and dysfunctional adipose tissue,
is important in the development of metabolic syndromes?3. The primary role of white
adipose tissue is to store lipids and release them during fasting periods*. However, when
there is constant lipid influx, adipocytes become hypertrophic®. Both adipocyte hypertrophy
(increase in cell size) and adipocyte hyperplasia (increase in cell number) lead to adipose
tissue expansion with the former being the main contributor to adipose tissue expansion and
dysfunction in obesity*. Adipocyte hypertrophy in various adipose depots (subcutaneous or
visceral) has serious metabolic consequences in disease development®. Subcutaneous
adipose tissue (SAT) makes up most of the adipose tissue, accounting for approximately
80%’. It acts as a reservoir for excess lipid storage and when storage capacity is exceeded
due to reduced hyperplasia or increased hypertrophy, lipids are stored in ectopic sites such
as liver or skeletal muscle®. Visceral adipose tissue (VAT), also considered as a type of ectopic
fat, is important in the onset of visceral obesity. Hypertrophy of VAT increases susceptibility
to the development of metabolic syndrome including hyperinsulinaemia, dysglycaemia,

dyslipidaemia and systemic inflammation®2.

Over the past two decades, a tremendous amount of research has been conducted on
adipogenesis to identify potential mediators and/or drivers of lipid accumulation during
adipocyte hypertrophy or hyperplasia®*3. A study by Ambele et al. (2016) investigated the
transcriptome of human adipose-derived stromal cells undergoing adipogenesis and
identified Solute Carrier Family 7 Member 8 (SLC7A8) as a potentially novel gene involved in
this process but which had not previously been described either in the context of
adipogenesis or obesity.? SLC7A8 encodes a large neutral amino acid transporter small
subunit (LAT2) protein which transports small and large neutral amino acids across the cell
membrane*. Moreover, LAT2 is essential in amino acid exchange and reabsorption of
neutral amino acids!>?6. Functional studies of S/lc7a8 in a mouse model of diet-induced
obesity showed that a deficiency in this gene significantly protects against diet-induced

obesity with a significant attenuation of adipocyte hypertrophy in various adipose depots?’.
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Additionally, the deletion of this gene was found to reduce lipid accumulation and storage in
non-lipid storage organs like the liver'” which can potentially produce liver steatosis and
insulin resistance. Overall, the results demonstrated that Slc7a8 plays an important role in

obesity development.

Furthermore, various proteins secreted by adipose tissue such as fatty acid binding protein 4
(FABP4) for example, have been associated to the development of metabolic disorders such
as obesity, insulin resistance, hypertension, and dyslipidaemia®!°. FABP4 interacts with
other proteins such as cluster of differentiation 36 (CD36) to facilitate fatty acid transport,
import and metabolism?°. The expression of FABP4 is regulated by peroxisome proliferator-
activated receptor-Y (PPARY) and CCAAT/enhancer-binding protein alpha (C/EBPa)?!. PPARY
and C/EBPa are vital in controlling the differentiation of adipocyte precursor cells into
mature adipocytes3?224, Expression patterns of PPAR and C/EBP can be correlated to the
pathogenesis of obesity?>?¢. Genes involved in lipolysis such as adipocyte triglyceride lipase
(ATGL), which has a high specificity for triglycerides, are important in regulating fatty acid
storage and release from adipocytes?’. Reduced expression of ATGL has been associated
with adipocyte hypertrophy in obese subjects?®. Adipocyte hypertrophy is important in
adipose tissue inflammation as it induces the activity of pro-inflammatory cytokines and

chemokines during obesity development, as well as macrophage infiltration2°-31,

Cytokines act as signalling molecules to regulate pro- and anti-inflammatory function, while
chemokines are proteins in the cytokine family whose function is to induce the migration of
immune cells such as leukocytes?®31. Adipokines (cytokines which are secreted by adipose
tissue) play an important role in low-grade chronic inflammation associated with obesity32.
Leptin is a hormone primarily produced by adipocytes and its function is to regulate
reproduction, appetite, body weight and metabolism3?33, Leptin levels in circulation
correspond to the amount of energy stored and total body fat, and are therefore elevated in
obese individuals®. In obesity however, energy homeostasis is not well regulated due to the
inability of the brain to respond effectively to leptin signals, thereby leading to leptin
resistance in obese individuals®*. The subcutaneous adipose depot has been shown to be the
major source of leptin in circulation333>, Adiponectin, like leptin is mainly synthesised by

adipose tissue and is involved in regulating glucose homeostasis and lipid metabolism?3®.
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Adiponectin levels are inversely correlated to adiposity, and levels of adiponectin are

reduced significantly in individuals with obesity3®.

It has been shown that IL-6 may act as an anti-inflammatory cytokine by promoting the
production of interleukin-10 (IL-10), a phenomenon which has been observed in female mice
during the early stages of diet-induced obesity (DIO)3’. The relationship between
inflammation and obesity is supported by the high levels of circulating proinflammatory
cytokines in obese individuals3%38, An inflammatory response in metabolic cells such as
adipocytes can be triggered by an accumulation of cholesterol in the bloodstream, leading to
a perturbation of metabolic homeostasis®®. The observed trend is that total cholesterol
increases with increasing body mass index (BMI), and thus obese individuals tend to have
higher cholesterol levels in comparison to their leaner counterparts3®4°, In an Slc7a8
knockout model, a decrease in macrophage infiltration into different adipose depots was
observed, thus suggesting a decrease in local inflammation when compared with the

wildtype counterpart under condition of DIOY.

To provide a better understanding of the role of Sic7a8 in the development obesity at the
molecular level, this study investigated the possible mechanism of reduced adipocyte
hypertrophy by lipid transport in various adipose depots of Slc7a8 deficient mice under
condition of DIO and its overall effect on plasma metabolic profile in this phenotype. The
goal is that targeting adipocyte hypertrophy may provide long lasting beneficial effects in

combating obesity and some of its associated metabolic disorders.

4.3 Materials and Methods

4.3.1 Animal model

The animal model, experimental diet, housing and care are similar to those previously
described!’, with minor modifications. The heterozygous and wildtype SLC7A8 (Slc7a8tm1bgen)
C57BL/6J mice strain mating pair were sourced from The Jackson Laboratory (Bar Harbor,
Maine, United States of America) and were used to generate SLC7A8 wildtype (WT) and
knockout (KO) genotypes. The genotypes were confirmed using standard PCR. The study was

approved by the Research Ethics Committee, Faculty of Health Sciences and the Animal
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Ethics Committee, Faculty of Veterinary Sciences, University of Pretoria (Ref. No.: 474/2019).
Both the WT and KO mice were fed on either a high-fat diet (HFD; D12492) or control diet
(CD; D12450)J) sourced from Research Diets, Inc. (New Brunswick, New Jersey, United States
of America), for a period of 5 and 14 weeks, and thereafter mice were euthanised at the
respective weeks using isoflurane Isofor (Safeline Pharmaceuticals, Weltevreden Park,
Johannesburg, South Africa) and cardiac puncture was performed to collect blood samples.
Blood was collected into EDTA tubes and immediately centrifuged at 21.1 x g for 10 minutes
to collect plasma, which was stored at -80°C until it was used for analyses. The nomenclature
used for the different genotypes on either a CD or HFD is WTCD (wildtype mice on control
CD), WTHFD (wildtype mice on HFD), and KOHFD (knockout mice on HFD).

4.3.2 RNA isolation and RT-gPCR

Total RNA was isolated from the perigonadal, mesenteric and brown adipose tissues'’ of 14-
week WTCD, KOHFD and WTHFD mice using the E.Z.N.A.® Total RNA kit (Omega Bio-Tek Inc.,
Georgia, United States of America) according to the manufacturer’s recommendations. The
integrity of the RNA was assessed using the Agilent 2200 TapeStation (Agilent Technologies,
California, United States of America) following the manufacturer’s instructions. cDNA
synthesis was done using the SensiFAST cDNA synthesis kit (Bioline, London, United
Kingdom), with 1ug RNA input of perigonadal and mesenteric adipose tissues (pWAT and
mWAT, respectively), and 200ng RNA input of brown adipose tissue (BAT) as BAT had lower
RNA concentrations in comparison to WAT. Three biological replicates and two technical
replicates were used for each tissue isolated from mice of the different genotypes. The
thermal cycling conditions were performed in an Applied Biosystems 9700 thermal cycler
(Applied Biosystems, Waltham, Massachusetts, United States of America) in a total reaction
volume of 20ul. RT-gPCR was carried out in the QuantStudio 6 Real-Time PCR System
(Thermo Fisher Scientific, Waltham, Massachusetts, United States of America) using
TagMan® Fast Advanced Master Mix and TagMan® Gene Expression assays (Thermo Fisher
Scientific). The following commercial probes were used: PparY (Mm00440940_m1), Fabp4
(MmO00445878_m1), Cd36 (Mm00432403 m1l), Atgl/Pnpla2 (MmO00503040 m1), Ucpl
(Mm01244861_m1) and Gapdh (Mm99999915 gl1) (Thermo Fisher Scientific, Waltham,

Massachusetts, United States of America). A total of 100 ng cDNA was used in a final volume
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of 20ul. The comparative CT method was used, and the thermal cycling conditions were set
to the instrument standard protocol with the following conditions: uracil-DNA glycosylase
activation at 50°C for 2 minutes, polymerase activation at 95°C for 10 minutes, 40 cycles of
denaturation at 95°C for 15 seconds and annealing and extension at 60°C for 1 minute. The
delta delta CT (2-22¢Y) method was used to quantify the fold change (FC) expression of each

gene.

4.3.3 Measurement of plasma hormones and lipid

Plasma leptin, adiponectin, and cholesterol concentrations were quantified as previously
described?’ using the following commercially available kits: Mouse/Rat Leptin Quantikine
ELISA kit (MOBOOB; R&D Systems, Minneapolis, Minnesota, United States of America),
Mouse Adiponectin/Acrp30 Quantikine ELISA kit (MRP300; R&D Systems, Minneapolis,
Minnesota, United States of America), and Cholesterol Assay HDL and LDL/VLDL kit
(ab65390; Abcam Cambridge, United Kingdom) as described in the manufacturer’s manual.
For the leptin and adiponectin assays, diluent was added to each well, followed by the
addition of samples. The plates were incubated for 2 and 3 hours, respectively. Mouse leptin
or adiponectin conjugate was added to the wells and incubated for 1 hour, followed by a
substrate solution (which produces a blue colour which can be measured on the microplate
reader) and then a stop solution (to stop the colour development). For the cholesterol assay,
samples and Total Cholesterol reaction mix were added to each well and incubated for 60
minutes at 37°C. For leptin and adiponectin, the plates were read at 450nm using a BioTek
PowerWaveX microplate reader (BioTek, Winooski, Vermont, United States of America). A
standard curve was generated using the Quantikine kit standards. Total cholesterol was
measured using a Luminescence Spectrometer LS50 (PerkinElmer, Waltham, Massachusetts,

United States of America) with excitation and emission (Ex/Em) set at 535/587nm.

4.3.4 Measurement of plasma chemokines and cytokines

Chemokines and cytokines in plasma were quantified using the Milliplex® MAP Mouse
Cytokine/Chemokine Magnetic Bead Panel-Premixed 25-plex (MCYTOMAG-70K-PMX; The

Merck Group, Darmstadt, Germany) according to the manufacturer’s recommendations as
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previously described®”. The 25 measured chemokines and cytokines are as follows:
granulocyte colony stimulating factor (G-CSF), granulocyte-macrophage colony stimulating
factor (GM-CSF), interferon gamma (IFN-y), interleukins (IL-1a, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-7,
IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17), interferon-y inducible protein 10 (IP-
10), tumor necrosis factor alpha (TNF-a), monocyte chemoattractant protein 1 (MCP-1),
keratinocyte chemoattractant (KC) macrophage inflammatory protein 1 alpha (MIP-1a),
macrophage inflammatory protein 1 beta (MIP-1B), macrophage inflammatory protein 2
(MIP-2), regulated on activation normal T cell expressed and secreted (RANTES). To prepare
the assay, the plate was incubated with wash buffer for 10 minutes at room temperature.
Following removal of the wash buffer, the sample wells were filled with assay buffer and
25uL of sample was added. The premixed beads were subsequently added, and the plate
was sealed and allowed to incubate overnight at 4°C. The following day, the plate was
washed to remove unbound beads and then incubated with detection antibodies. This was
followed by the addition of Streptavidin-Phycoerythin solution and a 30-minute incubation
at room temperature. The plate was washed, and beads were resuspended with sheath
fluid. 100ul of the resuspended beads were used and the plate was run on the Bio-Plex 200

System (Bio-Rad Laboratories, Hercules, California, United States of America).

4.3,5 Statistical analysis

Statistical analyses were conducted using GraphPad Prism 5 (GraphPad Software, San Diego,
California). Values are expressed as mean + SEM. Mann-Whitney t-test was used to compare
means of two groups. Statistically significant results are represented as *P<0.05, **P<0.01,

***p<0.001.

4.4 Results

4.4.1 Expression of genes involved in lipid metabolism and adipogenesis across various

adipose tissue depots

In comparison to WTCD, the pWAT of WTHFD showed no change in the expression of PparY

(FC 1.1), which is the master regulator of adipogenesis, or the lipolytic enzyme Atg/ (FC 1.0),
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that has a high specificity for triglycerides and plays a key role in lipid droplet degradation in
adipocytes, (Figure 4- 1A). However, expression of PparY regulated lipid transporter genes
Fabp4 (FC 3.1) and Cd36 (FC 3.1) increased while Ucpl was not expressed in the pWAT of
either WTHFD and WTCD (Figure 4-1A). The Sic7a8 deletion (KOHFD) led to high expression
of PparY (FC 14.0), Cd36 (FC 13.6), Fabp4 (FC 14.5), and a remarkably high level of Atgl (FC
158.3) in pWAT, but still Ucpl was not expressed (Figure 4-1D). In the mWAT of WTHFD,
there was no expression of Atgl, Ucpl or PparY, while Cd36 (FC 93.1) and Fabp4 (FC 94.1)
were increased (Figure 4-1B). Deletion of Slc7a8 (KOHFD) markedly downregulated Cd36 (FC
0.1) and Fabp4 (FC 0.1), with no detectable expression of Atgl, PparY or Ucp1 (Figure 4-1E).
BAT in WTHFD showed high expression of PparY (FC 17.1), Ucp1 (FC 98.9), Cd36 (FC 15.7),
Fabp4 (FC 95.2) and Atgl (FC 3.6) (Figure 4-1C). Meanwhile, deletion of Slc7a8 (KOHFD) led
to subtle changes in PparY (FC 0.9) and Ucp1 (FC 1.3), while Fabp4 (FC 2.4), Cd36 (FC 14.1)
and Atgl (FC 5.9) all increased (Figure 4-1F).
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Figure 4-1: Effect of SIc7a8 deletion on gene expression profiles in perigonadal, mesenteric and brown adipose depots.
(a) Expression of Atgl, Fabp4, Cd36, PparY and Ucp1 in the perigonadal adipose tissue of WTHFD compared with WTCD, (d)
and in KOHFD compared with WTHFD. Ucp1 (a and d) was not expressed in WTCD, WTHFD or KOHFD. (e) The expression of
Fabp4 and Cd36 was higher in mWAT of WTHFD compared with WTCD, and KOHFD. (b and e) Ucp1, Atgl and PparY were
not expressed in WTCD, WTHFD or KOHFD. (c) The expression of Fabp4, Cd36, PparY, Atgl and Ucpl1 was higher in brown
adipose tissue of WTHFD in comparison to WTCD, (f) while Atgl Cd36, FAbp4 and Ucpl expression was higher in KOHFD
compared with WTHFD. (N=3 for all experimental groups).
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4.4.2 Plasma leptin

Plasma leptin levels in animals on HFD were significantly higher (p<0.05) as early as week 5
(WTHFD5) when compared with controls, WTCDS5, and the deletion of Sic7a8 reduces the
high plasma leptin level (KOHFD5), although to a level that is not statistically significant
(Figure 4-2). Prolonged feeding on either diet from week 5 to 14 showed no significant
change in plasma leptin levels in animals on CD (WTCD5 and WTCD14), while the levels
increased significantly (p<0.05) in animals on HFD (WTHFD5 and WTHFD 14). The deletion of
Slc7a8 resulted in a slight increase in leptin levels from weeks 5 to 14 on HFD (KOHFD5 and
KOHFD14) but most importantly, it significantly decreased (p<0.05) leptin levels compared
with WTHFD14. WTHFD14 had significantly higher (p<0.05) leptin levels than WTCD14
(Figure 4-2).
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Figure 4-2: Effect of Sic7a8 deletion on plasma leptin concentrations. Leptin levels observed between WTCD5 and
WTHFDS5 were significantly different (p<0.05) while no significant changes were observed between KOHFD5 and WTHFD5 or
during prolonged feeding in WTCD (WTCD5 and WTCD14) and KOHFD (KOHFD5 and KOHFD14). However, prolonged
feeding for 14 weeks significantly increased (p<0.05) leptin levels in WTHFD (WTHFD5 and WTHFD14), which was
significantly reduced (p<0.05) when S/c7a8 was deleted (WTHFD14 and KOHFD14). Experimental feeding for 14 weeks
displayed a significant difference (p<0.05) between WTCD14 and WTHFD14. N=4 for KOHFD14 and WTHFD14; N=5 for
WTCD14; N=6 for WTCD5, KOHFD5 and WTHFD5.
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4.4.3 Plasma adiponectin

Adiponectin levels in plasma did not change significantly in WT animals on the different diets
(WTCD5 and WTHFD5) or between WTHFD5 and KOHFD5. However, under prolonged
feeding for 14 weeks on the respective diets, adiponectin levels significantly decreased in
both WTCD (WTCD5 and WTCD14; p<0.05) and WTHFD (WTHFD5 and WTHFD14; p<0.01) but
not in KOHFD (KOHFD5 and KOHFD14), which showed a slight increase (Figure 4-3). Contrary
to the decrease in adiponectin levels observed in WTHFD14, the deletion of Slc7a8

(KOFHD14) led to a significant increase (p<0.05) in adiponectin (Figure 4-3).

Adiponectin concentration (ng/ml)

Figure 4-3: Effect of Slc7a8 deletion on plasma adiponectin levels. There was no significant difference in adiponectin levels
between WTCD5 and WTHFDS5, or between WTHFD5 and KOHFD5. Adiponectin levels significantly decreased under
prolonged feeding for 14 weeks in WTCD14 and WTHFD14 compared withtheir respective counterparts on week 5.
Meanwhile, there was a slight increase in adiponectin with prolonged feeding of KOHFD14. The deletion of Sic7a8
(KOHFD14) significantly increased adiponectin levels during prolonged feeding on HFD compared with WTHFD14. N=4 for
KOHFD14; N=5 for WTCD5, WTCD14 and WTHFD14; N=6 for WTHFD5 and KOHFD5.

4.4.4 Plasma total cholesterol

Analysis of plasma total cholesterol levels showed that there were no significant differences

between WTCD and WTHFD, or between KOHFD and WTHFD at week 5 (Figure 4-4).
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Although there was a slight but non-significant increase in total cholesterol after prolonged
feeding for 14 weeks in all experimental groups (WTCD14, WTHFD14 and KOHFD14), there
was still no significant difference between WTCD14 and WTHFD14 or between WTHFD14
and KOHFD14 (Figure 4-4).
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Figure 4-4: Effect of Slc7a8 deletion on plasma total cholesterol concentrations. Total cholesterol levels did not
significantly change WTCD and WTHFD at 5 or 14 weeks, even though there was a slight increase at week 14. Total
cholesterol in KOHFD was slightly higher than WTHFD at both weeks 5 and 14, although this was not statistically significant.
N=6 for WTCD5, WTHFD5 and KOHFD5; N=5 for, WTCD14, KOHFD14 and WTHFD14.

4.45 Effect of Slc7a8 deletion on the kinetics of cytokine and chemokine production as

measured in plasma

The effect of DIO on plasma cytokine levels was evaluated at two time points over a period
of 14 weeks. Table S1 indicates the various cytokines and the concentrations that were
determined across the various groups in the 14-week period. Cytokines levels were
measured in 5 different animals in each experimental group (WTCD, WTHFD and KOHFD) at
both weeks 5 and 14. However, it is important to note that due to inherent biological
variability between individual animals, not all the animals in the same experimental group

had detectable levels of cytokines in plasma and as a result the number of animals with
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detectable plasma levels of each cytokine may differ in each experimental group. However,
the number of animals with detectable levels of each cytokine measured in all experimental
groups was at least 3 (n=3), unless otherwise stated. Of the 25 different
cytokines/chemokines analysed, GM-CSF, IL-1B, IL-12 p70, IL-15 and MCP-1 were not

detectable in plasma in any of the experimental groups.

For IL-1a and IP-10, there was no significant change in concentration at week 5 when
comparing WTCD5 and WTHFD5 and between KOHFD5 and WTHFD5 (Figure 4-5a,b).
Prolonged feeding increased IL-1a and IP-10 levels in all experimental groups at week 14
compared with their respective counterparts in week 5, with that in WTHFD14 showing a
significant increase (p<0.05). Deletion of Slc7a8 slightly reduced IL-1a and IP-10 levels under
prolonged DIO compared with wildtype controls (KOHFD14 vs WTHFD14) (Figure 4-5a,b).

KC levels were significantly lower (p<0.05) in WTHFD5 compared with WTCD5 but did not
change between KOHFD5 and WTHFD5. Experimental feeding for 14 weeks increased KC
levels across all experimental groups and significantly so in WTHFD14 (p<0.01) and KOHFD14
(p<0.05) when compared their respective 5-week counterparts. At week 14, the KC levels in
WTHFD14 were significantly higher (p<0.05) compared with WTCD14, while the deletion of
Slc7a8 (KOHFD14) reduced KC levels when compared with WTHFD14, but not significantly
(Figure 4-5c).

MIP2 plasma concentrations were measured in WTCD5 and KOHFD5 but were not
detectable in WTHFD5 which seemed to increase only later as was measured at 14 weeks
post experimental feeding (Figure 4-5d). KOHFD14 showed slightly higher MIP2 levels when
compared with WTHFD14, which was not significant. MIP2 levels were similar between
WTCD14 vs WTHFD14, and WTHFD14 vs KOHFD14. However, WTCD14 showed significantly
elevated MIP2 levels (p<0.05) compared with WTCD5 (Figure 4-5d).

There were no significant differences in RANTES levels between WTCD5 and WTHFD5, or
between KOHFD5 and WTHFD5, although KOHFD5 showed higher levels than WTHFD5.
Following 14 weeks of experimental feeding, RANTES levels in WTCD (WTCD14 vs WTCD5)
and KOFHD (KOHFD14 vs KOHFD5) did not change significantly, while they increased in
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WTHFD from 5 to 14 weeks, albeit not significantly. Deletion of Slc7a8 (KOHFD14) did not
alter RANTES levels (WTHFD14) (Figure 4-5e).

INF-Y was not detected in WTCD14 or WTHFD14 (Figure 4-5f). No significant differences
were seen in INF-Y between the WTCD5 and WTHFD5 at week 5, but INF-Y was higher in
KOHFD5 compared with WTHFD5 although not significantly (Figure 4-5f).

The kinetics of IL-2 production increased proportionately across all experimental groups
from week 5 to 14, although this was not statistically significant (Figure 4-5g). Furthermore,
the IL-2 concentrations between WTCD and WTHFD as well as WTHFD and KOHFD were

similar at both week 5 and week 14 (Figure 4-5g).

The IL-6 concentrations did not change between WTCD5 and WTHFD5 but increased in
KOHFD5 compared with WTHFDS5 albeit not statistically significant (Figure 4-5h). Prolonged
feeding led to an increase of IL-6 levels in WTCD14 and WTHFD14 but not in KOHFD14 which
showed a decrease compared with their respective week 5 counterparts. However, there

was no change in IL-6 levels between KOHFD14 and WTHFD14 (Figure 4-5h).

IL-7 concentrations were slightly high in WTHFD5 compared with WTCD5 and were similar in
KOHFD5 and WTHFD5 (Figure 4-5i). Prolonged feeding led to significantly increased IL-7
levels in WTCD14 (p<0.05), and increased levels in WTHFD14 but not in KOHFD14. KOHFD14
had reduced IL-7 levels compared with WTHFD14 (Figure 4-5i).

IL-9 concentrations increased from week 5 to 14 in all the experimental groups although this
was not statistically significant (Figure 4-5j). The deletion of S/ic7a8 led to higher levels of IL-9
at week 5 (KOHFD5) compared with WTHFD5. IL-9 was not detected in WTCD after 5 weeks
but increased to measurable levels at week 14 on experimental feeding. No significant

changes in IL-9 levels were observed between KOHFD14 and WTHFD14 (Figure 4-5j).

The levels of IL-12 p40 did not significantly change from week 5 to 14 in any of the
experimental groups. However, IL-12 p40 concentration was lower in WTHFD than WTCD

and higher in KOHFD compared with WTHFD both at weeks 5 and 14 (Figure 4-5k).
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There was a slight increase in IL-17 cytokine production in WTCD and WTHFD from week 5 to
14 while that of KOHFD did not change (Figure 4-5l). The deletion of Slc7a8 increased IL-17 in
KOHFD5 compared with WTHFD5 but remained stable even after prolonged feeding at week
14, while it increased in WTHFD14 (Figure 4-5l).

MIP-1a concentrations were elevated in WTHFD5 compared with WTCD5 and significantly
elevated (p<0.05) when compared with KOHFD5 (Figure 4-5m). WTCD14 and KOHFD14
MIP1-a levels were higher than their week 5 counterparts, while WTHFD14 displayed lower
MIP-1a levels than WTHFD5. Meanwhile, deletion of Sic7a8 (KOHFD) resulted in slightly
lower MIP-1a levels in KOHFD14 than WTHFD14 (Figure 4-5m).

MIP-1B concentrations in WTCD5 were greater than in WTHFD5 (Figure 4-5n). WTCD14,
WTHFD14 and KOHFD14 had higher MIP-1B levels in comparison to their 5-week
counterparts. MIP-1B concentrations were reduced in KOHFD14 compared with WTHFD14
(Figure 4-5n).

TNF-a was not detected in WTCD5 and WTHFD5 but increased to detectable levels after 14
weeks on experimental feeding in WTCD14 and WTHFD14, while higher concentrations of
TNF-a in KOHFD5 decreased after prolonged feeding in KOHFD14 (Figure 4-50). The kinetics
of IL-4 production from week 5 to 14 in WTHFD and KOHFD did not change except for the

WTCD which increased significantly (p<0.05) on week 14 (Figure 4-5p).

IL-5 production from week 5 to 14 significantly increased (p<0.05) in WTCD, while the
observed increase in KOHFD14 and decrease in WTHFD14 compared with their 5-week
counterparts were not statistically significant. Deletion of Slc7a8 significantly increased IL-5

(p<0.05) in KOHFD14 compared with WTHFD14 (Figure 4-5q).

IL-10 levels were similar in all experimental groups between week 5 and 14, except for
KOHFD that showed much higher levels at week 5 (KOHFD5) compared with WTHFD5 and
KOHFD14 (Figure 4-5r), which is similar to the pattern of IL-6 levels measured in these
experimental groups (Figure 4-5h). There was no change in IL-10 levels between KOHFD14

and WTHFD14 (Figure 4-5r).
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IL-1a. concentration (pg/mL)

MIP2 concentration (pg/mL)

IL-13 levels were lower in WTHFD5 compared with WTCD5 and KOHFD5. At week 14,

WTCD14, WTHFD14 and KOHFD14, IL-13 levels were higher, although not significantly,

compared with their week 5 counterparts. (Figure 4-5s). The deletion of Slc7a8 (KOHFD14)

resulted in higher IL-13 levels than WTHFD14 (Figure 4-5s). The concentration of G-CSF was

higher in WTHFD5 when compared with WTCD5, with no significant differences between

WTHFD5 and KOHFD5. WTCD14 had elevated levels of G-CSF in comparison to WTCD5, while

G-CSF was lower in WTHFD14 compared with WTHFD5. KOHFD14 had higher G-CSF levels in

comparison to WTHFD14 (Figure 4-5t).
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Figure 4-5: Effect of Sic7a8 deletion on plasma cytokine production. (a) IL-1a increased from week 5 to 14 in WTCD,
WTHFD and KOHFD with only WTHFD14 being statistically significant (p<0.05). (b) IP-10 showed a significant increase
(p<0.05) only in WTHFD from week 5 to 14, however, KOHF14 was lower than WTHFD14. (c) KC significantly increased in
WTHFD (p<0.001) and KOHFD (p<.05) from week 5 to 14 but did change between KOHFD14 and WTHFD14. (d) MIP2
increased significantly (p<0.05) from week 5 to 14 only in WTCD, however, the levels in KOHFD14 and WTHFD14 did not
differ. (e) RANTES increased significantly (p<0.05) from week 5 to 14 only in WTHFD, meanwhile the levels in KOHFD and
WTHFD were similar. (f) INF-Y levels did not change much from week 5 to 14 in KOHFD while WTCD14 and WTHFD14 had
no detectable plasma levels (N=2 for WTHFD5). (g) IL-2 levels increased from week 5 to 14 in WTCD, WTHFD and KOHFD but
none were statically significant. (h) IL-6 levels increased from week 5 to 14 in WTCD and WTHFD, while decreasing in KOHFD
from week 5 to 14. (i) IL-7 levels increased from 5 to 14, with higher levels in WTCD14 and WTHFD14 but no change in
KOHFD14. KOHFD14 IL-7 levels were reduced in WTHFD14. (j) IL-9 concentrations increased in WTCD, WTHFD and KOHFD
from week 5 to 14 (N=2 for WTHFD5). (k) IL-12 p40 levels were not significantly different from week 5 to 14 in all
experimental groups. (I) A slight increase in IL-17 cytokine production was observed in WTCD and WTHFD from week 5 to
14 while that of KOHFD did not change. (m) At 5 weeks. MIP-1 a was significantly elevated (p<0.05) in WTHFD compared
with KOHFD. From 5 to 14 weeks, there was no change in the MIP1-a concentrations of WTCD, reduction in WTHFD and an
increase in KOHFD. (n) The MIP-1B concentrations increased in WTCD, KOHFD and WTHFD from 5 to 14 weeks, while MIP-
1B was undetectable in WTCD5 (N=2 for KOHFD5). (o) TNF-a was not detected in WTCD5 and WTHFD5 but increased to
detectable levels in WTCD14 and WTHFD14 respectively, while TNF-a increased from WTCD5 to WTCD14 (N=2 for KOHFD5).
(p) IL-4 did not significantly change from week 5 to 14 in WTHFD and KOHFD, but WTCD14 levels increased significantly
(p<0.05) compared with WTCD5. (q) IL-5 in WTCD14 increased significantly (p<0.05) when compared with WTCD5, while at
week 14, IL-5 levels in KOHFD14 were significantly higher (p<0.05) compared with WTHFD14. (r) No significant changes in
IL-10 levels were observed between WTCD and WTHFD, while IL-10 reduced from KOHFD5 to KOHFD14. (s) IL-13 levels
increased in WTCD, WTHFD and KOHFD from week 5 to week 14. (t) G-CSF levels were increased in WTCD, reduced in
WTHFD, and remained similar in KOHFD from 5 to 14 week.
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4.5 Discussion

A high expression of PparY, Cd36 and Fabp4 with no detectable expression in Ucp1 observed
in pWAT of WTHFD suggests that adipocyte hypertrophy seen in WTHFD resulted from
increased lipid uptake due to adipogenesis (Figure 4-1A) while reduced adipocyte
hypertrophy in pWAT of KOHFD may be due to increased lipolysis by Atgl lipolytic activity. A
previous study showed that the development of obesity in mice on HFD was as a result of
adipocyte hypertrophy in white adipose depots caused by a low expression of ATGL?8. The
mWAT in WTHFD did not express PparY, Ucp1 or Atgl, while there was an increase in Fabp4
and Cd36 (Figure 4-1B) suggesting that adipocyte hypertrophy in this phenotype is due to an
increase of lipid uptake via lipid transporters independent of adipogenesis. Similarly, mWAT
in KOHFD did not express PparY, Ucpl or Atgl, while there was a decrease in the expression
of Fabp4 and Cd36 (Figure 4-E) compared with WTHFD, indicating that reduced adipocyte
hypertrophy in KOHFD could be from a decrease in lipid uptake because of the very low
expression levels of lipid transporters. These results suggest that Atg/ lipolytic activity is
important in regulating lipid fluxes in perigonadal tissue as opposed to the mesenteric depot

as previously observed in other studies*2.

BAT in WTHFD showed very high expression of Ucpl and Fabp4, followed by PparY and
Cd36, then Atgl (Figure 4-1C), suggesting adipocyte hypertrophy of BAT in WTHFD could be
due to lipid uptake by Fabp4 and Cd36 through adipogenesis but with limited lipolysis.
Conversely, BAT in KOHFD showed no change in PparY expression with a slight increase in
Ucp1, while Cd36, Fabp4 and Atgl were even higher (Figure 4-1F) than in WTHFD, suggesting
that attenuation of adipocyte hypertrophy in BAT could be both by increasing lipolysis and
browning activity. Moreover, in KOHFD, Atgl was higher than Fabp4 which is indicative of
higher lipolysis than lipid uptake, resulting in reduced adipocyte hypertrophy in the brown
adipose depot. The expression of Ucpl was slightly higher in Slc7a8 deficient animals
compared with the wildtype counterparts on HFD which indicates an induction of diet-
induced thermogenesis due to an increase in energy expenditure in response to high-caloric
intake, which has been previously reported***. Previous studies have proposed that
defective diet-induced thermogenesis may increase predisposition to obesity, and therefore

improving thermogenesis may induce weight loss*>#. It is therefore possible that increased
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thermogenic capacity and lipolytic activity are possible mechanisms through which
adipocyte hypertrophy is limited in BAT of Slic7a8 deficient mice during period of diet
induced obesity (KOHFD). In summary, our molecular data suggest the mechanism of
attenuation of adipocyte hypertrophy in KOHFD is depot dependent and differs between the
pWAT, mWAT and BAT.

The impact of reduced adipocyte hypertrophy in Sic7a8 deficient mice (KOHFD) on plasma
metabolites was evaluated at weeks 5 and 14, and then compared with the wildtype
counterparts (WTHFD) at the same time points. Plasma leptin levels increases from 5 to 14
weeks and were only significant in WTHFD (p<0.01) but not in KOHFD. The increase in
plasma leptin levels correspond to the increase in weight gain previously observed in both
KOHFD and WTHFD from 5 to 14 weeks, which was significantly higher in WTHFD compared
with KOHFDY?. Previous research has also demonstrated an increase in leptin levels with
increasing adiposity3%34, Leptin levels in DIO often suggest the presence of leptin resistance
whereby despite sufficient levels of leptin, it does not pass the blood-brain barrier to
regulate appetite34. In addition, high levels of leptin are correlated with insulin resistance.
Importantly, at week 14, leptin levels in KOHFD14 were significantly lower (p<0.01) than in
WTHFD14 (Figure 4-2). The significant reduction in leptin concentration in KOHFD14 may

suggest the lack of SIc7a8 is protective against the early onset of leptin resistance in DIO.

Plasma adiponectin concentrations decreased significantly from weeks 5 to 14 in WTHFD
(P<0.01) and WTCD (P<0.05) while it increased in KOHFD, but not significantly (Figure 4-3).
The results obtained in WTHFD animals are consistent with previous findings which indicate
that adiponectin levels decrease with increasing body mass3%3¢, Adiponectin has been shown
to improve insulin sensitivity and it is postulated that sensitivity is improved by adiponectin
regulating lipid and glucose homeostasis3®*8, Decreased adiponectin levels in circulation
have been shown to correlate with insulin resistance®®, which may imply that the WTHFD in
this study are highly susceptible to developing insulin resistance. Furthermore, WTCD14 had
significantly lower (p<0.05) adiponectin levels than WTCD5. A previous study showed that
lower adiponectin levels correlated to increasing BMI*® This, however, is contrary to our
previous findings which showed that weight in the WTCD mice remained similar between

weeks 5 and 14'7. Moreover, other studies have demonstrated that adiponectin levels
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increase with age®®>l. The adiponectin paradox has been described which associates high
adiponectin to increasing age and development of disease, but the underlying mechanisms
are currently unknown®>2, Taking the existing paradox into consideration, it would be
imperative to conduct more studies in the future which explain the reduction in the
adiponectin levels in an older, lean, and presumably healthy subject such as WTCD14.
Finally, significantly higher (P<0.05) plasma adiponectin levels were measured in KOHFD14
compared with WTHFD14, is a positive indicator to show that deficiency in S/ic7a8 can
significantly improve plasma adiponectin levels to regulate lipid and glucose metabolism in
DIO, thereby protecting against the development of insulin resistance. Together, leptin and
adiponectin levels measured in Slc7a8 knockout phenotype showed great promise in
targeting the function of this gene/protein in combating the early onset of insulin resistance

and the development of T2D in condition of DIO.

Levels of total plasma cholesterol increased from week 5 to 14 in both S/c7a8 deficient
(KOHFD) and wildtype (WTHFD) mice (Figure 4-4). People with obesity are reported to have
elevated total cholesterol levels when compared with the lean counterparts®®3,
Furthermore, obesity is often correlated with high levels of low-density lipoprotein (LDL),
referred to as bad cholesterol, and low high-density lipoprotein (HDL), so-called good
cholesterol. In an obesity phenotype, an increase in triglycerides and disruptions in
cholesterol metabolism may provoke inflammation in adipocytes3®%. However, we did not
assess the levels of LDL and HDL cholesterol in this study, but it would be important to

understand the distribution of these metabolites in KOHFD compared with WTHFD.

Cytokines inflammatory profile of Sic7a8 deficient mice in DIO were measured both at week
5 and 14 (Figure 4-5). The proinflammatory cytokines GM-CSF, IL-1B, IL-12 p70, IL-15 and
MCP-1 were not detected in the plasma of either KOHFD and WTHFD, thus, suggesting that
these cytokines may not play an active role during weight gain in DIO, or the 14-week period
is not sufficient to produce detectable levels of these cytokine in plasma. The
proinflammatory cytokines IL-a, IP-10 and KC were significantly elevated in WTHFD14 mice,
suggesting a proinflammatory milieu in wildtype animals during weight gain which may
contribute to the pathophysiology of obesity. Importantly, these cytokines were greatly

reduced in KOHFD14, indicative of a protective effect against chronic inflammation during
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weight gain in Slc7a8 deficient animals. The proinflammatory cytokines, RANTES, IL-6, IL-7,
MIP-1a and MIP-1 were also higher in WTHFD14 than in KOHFD14. These cytokines showed
weak but consistent correlation with the obesity phenotype (WTHFD). The reduction of
these cytokines in KOHFD14 suggests a reduced inflammatory state. Furthermore, it could
be possible that a longer experimental period of more than 14 weeks may be required to
show a strong and significant association of reduced inflammation in Slc7a8 deficient
animals. Animals deficient in Slc7a8 (KOHFD14) had significantly higher IL-5 levels, in
addition to high IL-13 and G-CSF plasma levels compared with WTHFD14. These cytokines
have been shown to have anti-inflammatory properties®*>> and therefore, the high
concentration in the plasma confers a beneficial anti-inflammatory response to weight gain

in DIO in Slc7a8 deficient animals.

This study has provided some suggestions into the mechanistic role of S/lc7a8 in adipocyte
hypertrophy and its effect on plasma metabolites level, however, this data should be
interpreted with caution due to some limitations of the study such as the absence of
western blot experiments to confirm protein expression of the reported genes. Furthermore,
Slc7a8 being a solute transporter, protein expression to investigate the involvement of
mTOR activation and/or PPARY/Akt signalling pathways in Slc7a8 mediated function was not
performed and should therefore be considered in future studies to establish the detailed
molecular signalling mechanism through which S/c7a8 mediate lipid transport and

metabolism in adipose tissues for possible intervention to curb obesity development.

4.6 Conclusions

This study has demonstrated that the possible mechanism of lipid transport and attenuation
of hypertrophy in adipose tissues in Slc7a8 deficient phenotype is fat-depot dependent and
results to a beneficial effect in this phenotype by improving the plasma metabolic profiles of
leptin and adiponectin. Additionally, a decrease in the proinflammatory cytokines IL-a, IP-10,
KC, IL-7 and MIP-1a, and a decrease in the IL-5 anti-inflammatory cytokine is suggestive of a
decrease in cytokine-mediated inflammation which is normally associated with the

pathophysiology of obesity development.
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4.7 Supplementary data

Table S4-1: The concentration (pg/ml) of plasma cytokines in WTCD, WTHFD and KOHFD at 5 and 14 weeks of
experimental feeding.

WTCD14 WTHFD14 KOHFD14 WTCD5 WTHFD5 KOHFD5
GM-CSF - - 57.24 (N=1) - - -
3.12 (N=2) 6.50 (N=1) 5.05 +1.01 1.50£0.65 | 1.05+0.86 4.41+1.29
INF-Y (N=3) (N=3) (N=2) (N=3)
IL-la 244.00 + 433.60 +31.48 344.60 + 9831+ 82.64 +31.98 261.70 ¢
81.80 (N=5) (N=5) 140.00 (N=5) | 46.33 (N=4) (N=3) 128.50 (N=4)
IL-18 0.86 + 0.59 2.48 +1.68 6.92 + 6.08 - 0.25 (N=1) 0.64 £ 0.39
(N=2) (N=3) (N=2) (N=3)
IL-2 7.31+0.74 7.71+1.03 7.98 +1.32 4.99+0.37 | 5.10+0.34 5.96 +0.42
(N=5) (N=5) (N=5) (N=5) (N=5) (N=5)
IL-4 2.27+0.18 2.01+0.12 2.10£0.26 1.71+£0.09 | 2.14+0.29 2.20 £0.55
(N=5) (N=5) (N=5) (N=5) (N=5) (N=5)
IL-5 44.48+15.14 | 8.70+1.46 2859+7.11 | 7.48+139 | 26.10+13.82 | 13.57+3.62
(N=5) (N=5) (N=5) (N=5) (N=5) (N=5)
IL-6 11.00 * 3.05 12.44 +3.40 12.13+2.24 | 854+1.81 | 7.82+1.16 14.96 + 5.37
(N=5) (N=5) (N=5) (N=5) (N=5) (N=5)
IL-7 11.82 £5.56 7.97 +3.88 3.64+1.27 0.84+0.18 | 3.22+2.32 3.93+3.03
(N=4) (N=5) (N=4) (N=4) (N=4) (N=3)
IL-9 14230 + 279.8+29.26 | 267.00 + 98.05 159.61 53.53 +47.18 132.70 +
49.81 (N=5) (N=3) (N=5) (N=2) 66.52 (N=3)
(N=1)
IL-10 22.34+1.80 27.76 +3.40 28714540 | 18.61+0.91 | 20.10+1.02 | 41.17 +20.29
(N=5) (N=5) (N=5) (N=5) (N=5) (N=5)
IL-12 (p40) | 14.77 £1.77 9.70 £3.41 16.18 +3.12 | 12.44+2.41 | 8.39+2.64 18.08 + 3.68
(N=4) (N=4) (N=4) (N=3) (N=4) (N=4)
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WTCD14 WTHFD14 KOHFD14 WTCD5 WTHFD5 KOHFD5
IL-12 (p70) - - - - - 123.31 (N=1)
IL-13 10.95 + 1.89 7.73 £1.80 13.57+2.52 | 9.79+2.82 | 6.11+1.66 7.17 £1.92
(N=5) (N=5) (N=5) (N=4) (N=4) (N=5)
IL-15 621.3+66.98 | 251.0+123.8 103.82 (N=1) - 857.84 (N=1) | 150.36 (N=1)
(N=2) (N=2)
IL-17 6.23 +0.98 7.58 +1.31 6.88 +2.45 3.57+0.38 | 4.38+0.69 7.48 +3.90
(N=5) (N=5) (N=5) (N=5) (N=5) (N=5)
IP-10 173.60 + 313.20+£29.43 | 216.60+43.26 | 14650+ | 194.3+28.27 184.90 +
32.24 (N=5) (N=5) (N=5) 14.24 (N=5) (N=5) 46.17 (N=5)
KC 118.90 + 244.50 £29.03 | 213.20+52.19 | 75.01+6.21 | 50.46+8.38 | 59.94 +13.03
16.70 (N=5) (N=5) (N=5) (N=5) (N=5) (N=5)
MCP-1 - 8.98 +3.86 41.84 +13.05 - - 32.84 (N=1)
(N=2) (N=3)
MIP-1a 92.50+11.02 | 87.16+31.19 | 76.77+11.71 80.03 + 118.90 + 39.57 +12.41
(N=4) (N=3) (N=5) 22.78 (N=3) | 16.70 (N=5) (N=5)
MIP-1B 47.93+13.02 | 62.49+13.65 | 55.12+4.314 | 40.99 (N=3) | 22.05(N=1) | 32.09(N=2)
(N=3) (N=3) (N=4)
MIP-2 165.70 + 155.40 + 18.38 | 181.20 £+46.48 | 71.66 (N=3) - 231.14 (N=3)
16.44 (N=4) (N=5) (N=4)
RANTES 28.45+2.96 | 40.08+6.21 37.38+4.69 | 26.40+4.08 | 23.94+2.34 | 40.50+11.35
(N=5) (N=5) (N=5) (N=5) (N=5) (N=5)
TNF-a 4.69+2.22 3.68£0.70 10.92 + 6.04 - 2.47 (N=1) 21.13 (N=2)
(N=2) (N=4) (N=2)
G-CSF 621.20 + 499.10 +50.98 | 606.10£+49.77 | 520.30% 613.80 + 623.80 +
149.80 (N=5) (N=5) (N=5) 102.80 173.10 (N=5) | 122.00 (N=5)
(N=5)
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5.1 Abstract

Adipose tissue expansion through adipogenesis can lead to adverse metabolic and health
consequences. Solute Carrier Family 7 Member 8 (SLC7A8) is a potential mediator of adipogenesis,
and gene deletion studies have shown its absence to be protective against diet-induced obesity,
adipocyte hypertrophy and to improve metabolic parameters. Thus, the current study investigated
the effect of inhibiting SLC7A8 function with 2-Aminobicyclo-(2,2,1)-heptane-2-carboxylic acid
(BCH) treatment at different time points in the early stages of adipogenic differentiation in human
adipocyte-derived stromal cells (ASCs) on adipogenesis in vitro. Inhibition of SLC7A8 function on
days 0 and 3 of adipogenic induction led to a reduction in lipid droplet formation in the adipocytes
when compared with the untreated induced cells and this was statistically significant (p<0.05)
when SLC7A8 function was inhibited on day 0. Additionally, the reduction in lipid droplet
formation in these cells corresponded to the downregulation of PPARY, FABP4, CD36 and SLC7AS,
thereby suggesting inhibition of SLC7A8 function suppressed adipogenesis. PRDM16 expression
was similar in day O treated and untreated induced cells but was much higher on day 3 treated
cells suggesting an increase in browning activity. This shows the inhibition of SLC7A8 function on
days 0 and 3 post-induction led to decrease in white adipogenesis in addition to increase browning
activity in day 3 treated cells. The results demonstrate that SLC7A8 plays a vital role in the early
stages of adipogenesis in terms of browning activity, white adipogenic differentiation capacity and

in determining the overall phenotype of the mature adipocyte.
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5.2 Introduction

Obesity is associated with an increased risk of severe health consequences. An imbalance in
energy homeostasis, wherein calorie consumption exceeds energy expenditure, can result in
obesity development?. During a positive energy balance, adipose tissue expands to accommodate
the excess energy’. In obesity, the size of adipocytes increases due to an accumulation of excess
triglycerides making it to become larger as a result of storing more fat, a process known as
hypertrophy?. However, when the adipose tissue reaches its maximum capacity to store fat, it
becomes dysfunctional and can lead to the development of metabolic disorders such as insulin
resistance, type 2 diabetes, and cardiovascular disease?3. Adipose tissue expansion during obesity
can also be due to formation on new adipocytes and thus, increased number of adipocytes; this is

known as hyperplasia or adipogenesis?3.

Adipogenesis is the process by which adipocyte precursor cells (preadipocytes) differentiate into
mature adipocytes®. Several transcription factors are needed for successful adipogenic
differentiation to produce mature and functional adipocytes3. Peroxisome proliferator-activated
receptor gamma (PPARY) is the master regulator of adipogenesis and without its expression, the
precursor cells are incapable of becoming adipocytes®“. CCAAT/enhancer binding protein alpha
(C/EBPa) is another important transcription factor in adipogenesis, and it promotes the expression
of PPARY%. In addition to PPARY and C/EBPa, many other genes involve in lipid metabolism and
transport play an important role in the formation of a mature adipocyte phenotype>®. Various
studies have been conducted to aid our understanding of adipogenesis and to identify other
important genes that may be involved in this process #7-°. The Solute Carrier Family 7 Member 8
(SLC7AS8) is one of those novel genes identified with no previous role in adipogenesis *°. Functional
studies in a mouse model showed knockout of Slc7a8 significantly protects against diet induced
obesity and reduce adipocyte hypertrophy at different fat depots*!. Thus, suggesting Slc7a8 could

play an important role obesity development through lipid metabolism and adipocyte formation.

SLC7A8 encodes a LAT2 protein, which is a sodium-independent transporter of small and large
neutral amino acids across the cellular membrane!?13, The amino acids transported by LAT2
include alanine, threonine, cysteine, tryptophan, leucine, and tyrosine!3!4, Amino acids are
important in synthesising proteins which are vital in various cellular processes such as cell growth

and proliferation®!®, Various studies have shown that dietary manipulation and restriction of
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certain amino acids affects energy homeostasis and may be important in reducing body weight®-
8 Increased levels of circulating branched-chained amino acids (BCAAs) such as tryptophan and
leucine have been reported in obese subjects, while decreased intake of BCAAs was shown to
promote weight loss'®2°, A previous study showed that the quantity of BCAAs was higher in
mature adipocytes in comparison to preadipocytes and that catabolism of BCAA was important in
fuelling adipogenic differentiation?!. Considering that some of the BCAA transported by LAT2 such
as leucine and tryptophan have been reported to play a role in body weight and adipogenesis, it
would be important to understand how the inhibition of SLC7A8/LAT2 function in adipose derived

stromal/stem cells affect adipocyte formation through the process of adipogenesis.

2-Aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH) is an inhibitor of L-type amino neutral
amino acid (LNAA) transporters including LAT222, Its mode of inhibition is by depleting amino acids
in the cell or reducing the uptake of LNAA such as leucine into cells by reducing glutamine efflux
which is key in regulating the uptake of leucine, and thus depriving cells of amino acids which are
required for insulin signalling, protein synthesis, cell growth and proliferation?223, In this study, we
investigated the effect of BCH inhibition of SLC7A8/LAT2 function in ASCs on adipogenesis in vitro
and if the timing of inhibition in the early stages of adipogenesis is important to the overall

process.

5.3 Materials and methods

5.3.1 Ethics statement

The study was approved by the Faculty of Health Sciences Research Ethics Committee, University

of Pretoria, South Africa (reference number 474/2019).

5.3.2 Adipocyte isolation

Adipocyte-derived stromal cells (ASCs) were isolated from human subcutaneous adipose tissue
from individuals undergoing liposuction as described?*, with some modifications. The cells used in
the study were previously cryopreserved in liquid nitrogen at the Institute for Cellular and
Molecular Medicine (ICMM), University of Pretoria and were thawed before use. Three different

ASC cultures were used in the study with each culture derived from a single individual. The ASC
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cultures were A270620-01A P5F1, A280621-01B P4F1 and A280621-01R P5F1. The

nomenclature/labelling of cultures are described in Figure 5-1.

Cell type: .
A (Adipocyte-derived Date of isolation Tissue . :
stromal cell) (DDMMYY) number assage reeze

\
| \

A270620-01A P5F1

Site of Passage Number
isolation: number of times
A (Abdomen) the
B (Breast) cultures
R (Arm) were
frozen

Figure 5-1: Nomenclature of adipocyte-derived stromal cell (ASC) cultures. The nomenclature represents how ASC cultures are
labelled at the Institute for Cellular and Molecular Medicine, University of Pretoria.

1.1.1.1 Adipocyte expansion, characterisation, and differentiation

The ASCs were cultured in a T75 flask, in complete culture medium which comprised of Dulbecco’s
Modified Eagle’s Medium (DMEM) (GIBCO, Thermo Fisher Scientific, Massachusetts, United
States), 2% penicillin/streptomycin (pen/strep) (GIBCO, Thermo Fisher Scientific, Massachusetts,
United States) and 10% foetal bovine serum (FBS) (GIBCO, Thermo Fisher Scientific,
Massachusetts, United States), and incubated at 37°C in 5% CO, Forma CO; water jacketed 3111TF
incubator (Thermo Fisher Scientific, Massachusetts, United States) until 80-90% confluent. Once
confluent, the cells were dissociated from the wells using 0.25% trypsin EDTA (GIBCO, Thermo
Fisher Scientific, Massachusetts, United States) for 10 minutes at 37°C. This was followed by
deactivating the trysin-EDTA with 2mL complete DMEM (equivalent to medium in the plate wells).

The suspension was centrifuged at 300xg for 5 minutes, and the resulting pellet was resuspended
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in DMEM and used for isolation. Immunophenotypic analysis of the ASCs was performed using
flow cytometry. A 100ul of the resuspended pellet was incubated with 5ul of each of the
monoclonal antibodies (mouse anti-human CD73-PB450, CD105-PE, CD90-FITC, CD34-PC7, CD-36
APC, CD44 APC-AF750 and CD45-K0O525 (Beckman Coulter, Brea, United States) and incubated for
15 minutes at 37°C. The antibodies were quantified on a CytoFlex Flow Cytometer (Beckman
Coulter, Brea, United States) and analysed on the Kaluza version 2.1 Analysis Software (Beckman
Coulter, Brea, United States). To prepare the cells for differentiation, ASCs were seeded at 5000
cells/cm? in 6-well plates and grown to approximately 90% confluency. For adipogenic induction,
the cells were washed twice with phosphate-buffered saline (PBS)/2% pen/strep and cultured with
adipogenic medium which constituted of complete DMEM, 10ug/mL human insulin (GIBCO,
Thermo Fisher Scientific, Massachusetts, United States), 1uM dexamethasone, 0.5M 3-isobutyl-
methylxanthine (GIBCO, Thermo Fisher Scientific, Massachusetts, United States) and 200uM

indomethacin (Sigma-Alddrich, Missouri, United States).

5.3.2.1 BCH treatment of ASC undergoing adipogenesis

ASCs were cultured in adipogenic medium and treated with 100ul of BCH (Sigma-Alddrich,
Missouri, United States) dissolved in IN ammonium hydroxide (NH4OH) for a period of 72 hours (3
days). Following treatment, the ASCs were washed twice with PBS/2% pen/strep to remove the
BCH treatment and then re-cultured in adipogenic medium only. The BCH treatment was done at
different timepoints as illustrated on Figure 5-2: Three days before adipogenic induction (-3DI
BCH) (Figure 5-2A), on day 0 of adipogenic induction (DOl BCH) (Figure 5-2B) and three days after
induction (+3DI BCH) (Figure 5-2C). Control experiments include ASCs grown in adipogenic medium
without BCH treatment (Figure 5-2D), and non-induced ASCs grown in the complete DMEM (Figure
2E). Adipogenic differentiation for all cells was for a period of 21 days. Following differentiation,
the cells were dissociated using 0.25% trypsin EDTA (GIBCO, Thermo Fisher Scientific,
Massachusetts, United States) for 10 minutes at 37°C. This was followed by deactivating the
trypsin-EDTA with 2mL complete DMEM (equivalent to medium in the plate wells). The suspension

was centrifuged at 300xg for 5 minutes, and the resulting pellet was used for RNA isolation.
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Figure 5-2: Inhibition of SLC7A8 function with BCH treatment in differentiating ASCs. ASCs undergoing adipogenic differentiation
were treated at different timepoints: 3 days before adipogenic induction, A; on day 0 of induction, B and 3 days after induction, C.
Controls include adipogenic induced ASCs without BCH treatment, D and non-induced ASCs cultured in normal growth medium, E.

5.3.3 Microscopy imaging of differentiated adipocyte

Microscopy was used to confirm lipid droplet accumulation during adipogenesis in both the
induced and non-induced cells. All cells were stained with 2.5pug/mL of 4', 6-diamino-2-
phenylindole, dihydrochloride (DAPI) (Life Technologies, Thermo Fisher Scientific, California, United
States) overnight at 37°C for nucleus detection. The next day, the cells were stained with 50 ng/mL
of Nile Red (Life Technologies, Thermo Fisher Scientific, California, United States) and incubated for
20 minutes to stain lipid droplets. Following incubation, the plates were washed twice with
PBS/2% pen/strep and viewed on the AxioVert Al inverted fluorescence microscope (Carl Zeiss
AG, Jena Germany) using an AxioCam ICm 1 camera (Carl Zeiss AG, Jena Germany) on the Zen Blue
2.3 software (Carl Zeiss AG, Jena Germany). The images were captured at 5X and 20X

magnification.
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Figure 5-3: The fluorescent microscopy images of the differentiated adipocytes. A representative image of only the stained nuclei,
A, that of the lipid droplets, B, and the adipocyte with both the nuclei and lipid droplets, C. Magnification = 5X, scale bar = 100uM.

The images captured on 5X magnification with only the formation of lipid droplets (Figure 5-3B)

were used on Image) Fiji (https://imagej.nih.gov/ij/download.html) to semi-quantitatively analyse

the lipid droplets. Analysis and quantification were performed according to the protocol described
by Adomshick et al., 2020?°. Ten different images captured across the microscope slide were used

for analysis. The analysis was performed as follows:

1. Upload image to Imagel by selecting “File”, and then “Open”.
2. Convert the colour image to grayscale by selecting “Image”, “Type” and then “8-bit”.
3. Convert the grayscale image to a binary image by selecting “Image”, “Adjust” and

“Threshold”.
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a. The threshold setting is important to separate pixels according to the object of
interest from the background signal®®.
b. The threshold is manually selected between the minimum value of 0 and maximum
value of 255, depending on the signal intensity.
c. The threshold settings used were “Default” and “B&W” (black and white) colours.
d. Once the threshold settings have been established, select “Apply”.
4. To analyse, select “Analyze”, then “Analyze Particles” using the default settings; “Size: 0-
Infinity” and “Circularity: 0.00-1.00”, then Select “OK”.

5. To count, select “Analyze” then “Measure”.

5.3.4 RNA isolation and RT-gPCR

Total cellular RNA was isolated after 21 days of adipogenic induction from the induced ASCs
treated with BCH, induced ASCs treated with NH4OH (without BCH), induced and non-induced
ASCs in complete DMEM. RNA isolation was performed using the E.Z.N.A.® Total RNA kit (Omega
Bio-Tek Inc., Georgia, United States) in accordance with the manufacturer’s instructions. The
integrity of the RNA was assessed using the Agilent 2200 TapeStation (Agilent Technologies,
California, United States of America) following the manufacturer’s instructions. The cDNA was
synthesised using 1pug RNA with the SensiFAST cDNA synthesis kit (Bioline, London, United
Kingdom). The concentration and purity of the cDNA was determined using the Nanodrop ND-
1000 Spectrophotometer (ThermoFischer Scientific Waltham, Massachusetts, United States of
America). PCR reactions were prepared in a total reaction volume of 20ul using the CelGREEN
Universal qPCR mix (Celtic Molecular Diagnostics, Cape Town, South Africa), with primer
concentrations of 10uM and cDNA concentration of 100ng/ul. The primer sequences used for
specific gene target were purchased from IDT Oligos (Integrated DNA Technologies, lowa, United
States) and are as follows: PPARY (forward: 5’-CGTGGATCTCTCCGTAAT-3’; reverse: 5'-
TGGATCTGTTCTTGTGAATG-3’), FABP4 (forward: 5’-ATCAACCACCATAAAGAGAAA-3’; reverse: 5'-
AACTTCAGTCCAGGTCAA-3’), SLC7A8 (forward: 5'- GTAGCCCTGAAGAAAGAGATCG-3’; reverse: 5'-
ATTCTCCAGCACTCCCTTTG-3’), PRDM16 (forward: 5-CAGCACGGTGAAGCCATTC-3’; reverse: 5'-
GCGTGCATCCGCTTGTG-3’), GUSB (forward: 5-GATCGCTCACACCAAATC-3’; reverse: 5’'-
TCGTGATACCAAGAGTAGTAG-3’), TBP (forward: 5-CCGAAACGCCGAATATAA-3’; reverse: 5’-
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GGACTGTTCTTCACTCTTG-3’) and YWHAZ (forward: 5-TGACATTGGGTAGCATTAAC-3’; reverse: 5'-
GCACCTGACAAATAGAAAGA-3’). RT-gPCR was performed in the LightCycler 480 Il (Roche, Basel,
Switzerland) under the following PCR conditions: denaturation at 95°C for 5 minutes and 45 PCR
cycles at 95°C for 30 seconds, 62°C for 30 seconds, and 72°C for 30 seconds. The Ct values
obtained after amplification were used to quantify the fold expression of each gene using the
delta delta CT (2—22¢Y) method. The Ct values for PPARY, FABP4, CD36, SLC7A8 and PRDM16 were
normalised using the Ct values of the reference genes; GUSB, TBP and YWHAZ. Thereafter, the
untreated induced cells were normalised to the noninduced cells. For both treatment time points
on day 0 and day 3, BCH treated induced cells were normalised to the NHsOH treatment induced

cells.

5.3.5 Statistical analysis

The statistical analyses were conducted using GraphPad Prism 5 (GraphPad Software Inc., San
Diego, United States). All the values are expressed as mean * SEM. A paired t-test was used to
compare means between two categories. The results which statistically significant are indicated as

*p<0.05, **p<0.01, ***p<0.001.

5.4 Results

5.4.1 ASC characterisation and adipocyte differentiation

ASCS were positive for CD105, CD44, CD90 and CD73 (Figure 5-4A), whilst negative for CD45, CD36
and CD34 (Figure 5-4B)?728, The red peaks on the graphs are indicative of the unstained ASCs
which act as the negative control while the green bars represent the ASCs stained with the
antibodies. A shift of the green peaks to the right from the red peaks indicate positive staining and

antibody binding to the epitopes (Figure 5-4).
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Figure 5-4: Immunophenotype data of the ASCs. The ASCs were positive for the CD73, CD105, CD44 and CD90 while negative for
CD36, CD34 and CD45.

Following the 21-day induction period, the ASCs were successfully induced into adipocytes, with

lipid droplet formation observed in induced cells but not in the non-induced ASCs (Figure 5-5). The

cells treated with BCH three days prior to induction (Figure 5-5A), and cells treated only with

NH4OH (Figure 5-5B) differentiated and formed lipid droplets. Similar results were observed in the

cells treated with BCH and NH4OH on the day of induction (Figures 5-5C and 5-5D. respectively),

and three days after induction (Figures 5-5E and 5-5F, respectively). The formation of lipid droplets

was seen in the differentiated cells which were induced in the absence of BCH or NH4OH

treatment (Figure 4G), while the non-induced cells lacking the lipid droplets are illustrated on

Figure 5-5H.
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Figure 5-5: Microscopic images of ASCs differentiated into adipocytes. The images were captured 21 days after inducing ASCs to
differentiate into adipocytes. BCH and NH4OH treated cells 3 days before induction are shown in A and B, respectively. BCH and
NH40H treated cells on day 0 of induction are represented by C and D, respectively. Three days post induction, the cells treated
with BCH and NH4OH are shown in E and F, respectively. G is representative of the control induced cells which were neither treated
with BCH nor NH4OH, while H represents non-induced cells. Magnification= 20X, scale bar = 100uM.

5.4.2 Semi-quantification of lipid droplet formation

The number of lipid droplets formed after 21 days of adipogenic differentiation did not differ
significantly when comparing DOl BCH with -3D1 BCH (p=0.34), or +3DI BCH (p=0.59). However,

there was a significant difference in lipid droplet formation between DOl BCH and the untreated
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induced cells (p<0.05). Furthermore, there was no significant difference in lipid droplet
accumulation when comparing -3D1 BCH with +3DI BCH (p=0.33), -3DI BCH and untreated induced
cells (p=0.68), and +3DI BCH and untreated induced (p=0.10). The untreated induced cells had

more lipid droplets compared with the BCH treated cells (Figure 5-6).
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Figure 5-6: Semi-quantification of number of lipid droplets formed in differentiated adipocytes. The amount of lipid droplets
formed in the adipocytes did not differ between DOl BCH and -3D1 BCH (p=0.34), DO1 and +3DI BCH (p=0.59), -3D1 BCH and +3DlI
BCH (p=0.33), -3D1 BCH and untreated induced (p=0.38), and +3DI BCH and untreated induced (p=0.10) and were statistically
different between DOI BCH and the untreated induced cells (p<0.05), N=3 for -3D1 BCH, DOI BCH, +3DI BCH and untreated induced.
*p<0.05.

5.4.3 RT-gPCR

On day 21 of differentiation, the expression of PPARY, FABP4, CD36 and SLC7A8 was lower in the
DOl BCH and +3DI BCH when compared with the untreated induced cells (Figure 5-7A, B, C & D,
respectively). PPARY expression was lower in DOl BCH (p=0.18) and +3DI BCH (p=0.20) when
compared with the untreated induced cells, and p=3.20 between DOl BCH and +3DI BCH (Figure 5-
7A). DOI BCH expressed more FABP4 than +3DI BCH (p=0.46) while FABP4 was decreased in DOI
BCH (0.20) and +3DI BCH (p=0.19) when compared with the untreated induced cells (Figure 5-7B).
DOl BCH CD36 expression was higher (p=0.70) than in +3DI BCH and the expression of DOl BCH
(p=0.39) and +3DI BCH (p=0.36) was reduced in comparison to the untreated induced cells (Figure
5-7C). SLC7A8 expression was similar between DOl BCH and +3DI BCH (p=0.91), and DOl BCH
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(p=0.24) and +3DI BCH (p=0.47) SLC7A8 expression was lower than that observed in the untreated
induced cells (Figure 5-7D). PRDM16 expression was higher in +3DI BCH compared with DOl BCH
(p=0.51) and the untreated induced (p=0.36) cells. P=0.91 between DOl BCH and untreated

induced (Figure 5-7E).
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Figure 5-7: Gene expression in adipogenic differentiated BCH-treated ASCs. PPARY; A, FABP4; B, CD36; C and SLC7A8; D was
higher in the untreated induced cells compared with the BCH treated cells. PRDM16 was higher in the +3DI BCH cells compared
with the DOI and the untreated induced cells, E. N=3 for DOI BCH, +3DI BCH and induced (untreated).
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5.5 Discussion

The prevalence of obesity continues to increase worldwide. Efforts to identify genes and proteins
that are important in obesity to serve as potential therapeutic targets for alleviating the burden of
disease are of paramount importance. Studies in our group have led to the identification of Sic7a8
gene as important player in adipogenesis and functional studies has shown the deletion of thisin a
murine model significantly protects against diet induced obesity!!. This study investigated the role
of SLC7A8 in the early stages of adipogenesis by inhibiting it function with BCH treatment and
semi-quantitatively analyse the overall effect on the formation of adipocytes. Additionally, the

timing of inhibition of SLC7A8 function on the overall differentiation process was investigated.

To ensure that differentiation was successful and lipid droplets had formed in the differentiated
cells (Figures 5-6A-G), non-induced cells (Figure 5-6H) which were grown in complete medium
without adipogenic components were included in the study. The non-induced cells are illustrated
by an auto-florescent signal on the cytoskeleton, with no formation of lipid droplets and
adipocytes. Further analysis of differentiated cells showed that BCH treatment on the day of
induction (DOl BCH) or 3 days post-induction (+3DI BCH) led to a decrease in lipid droplet
accumulation in adipocytes which was significantly lower (p<0.05) SLC7A8 function was inhibited
on the same day of adipogenic induction (DOl BCH). The inhibition of SLC7A8 function 3 days
before induction (-3DI BCH) still led to similar amount of lipid droplets formed compared with
those in the untreated induced cells (Figure 5-6). This suggests that the function of SLC7A8 protein
is important for adipogenic differentiation and the inhibition of function to decrease adipogenesis
is only effective when the differentiation process has been initiated. Moreover, the yield in lipid
droplet formation appears to be greatly affected when SLC7A8 function is inhibited on day 0 than

on day 3.

The expression of PPARY was downregulated in DOl BCH and +3DI BCH treated cells when
compared with the untreated cells (Figure 5-7A). PPARY is the master regulator of adipogenesis
and is a vital component in the differentiation of preadipocytes to mature adipocytes3“. This
indicates that SLC7A8 inhibition led to decrease expression of PPARY, resulting in a reduction in
adipogenic differentiation potential of preadipocytes. This can be seen by the decrease in lipid
droplet accumulation in the adipocytes formed in the BCH treated cells (Figures 5-7A, C and E)

versus the untreated induced cells (Figure 5-7G). The expression of FABP4 was downregulated in
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both +3DI BCH and DOI BCH cells compared with untreated induced cells (Figure 5-7B). FABP4 is
highly expressed in adipocytes and it is highly induced during adipogenic differentiation?®. It is
important in maintaining adipocyte homeostasis and regulating adipogenesis by interacting with
PPARY3%31, Furthermore, it interacts with proteins such as CD36 to transport, import and
metabolise lipids3%32. The expression of CD36 was also downregulated in DOl BCH and +3DI BCH
compared with untreated induced cells (Figure 5-7C). CD36 was previously showed to promote the
differentiation of preadipocytes into mature adipocytes and its expression was upregulated
following adipocyte differentiation33. Another study showed an increase in CD36 expression
correlated with an increase in FABP4, and that CD36 interacts directly with FABP4 to facilitate fatty
acid import, transport and metabolism34. These results demonstrates that the inhibition of SLC7A8
function in the early stages of differentiation greatly decreased lipid uptake and accumulation by
downregulating lipid transporters (FABP4 and CD36). The expression of SLC7A8 was reduced in the
+3DI BCH and DOI BCH in comparison to the untreated induced cells (Figure 5-7D). A previous
study has shown that PPARY and the amino acid transporters L-type amino acid transporter 1
(LAT1) and LAT2/SLC7A8 have a relationship that is directly proportional in the human placenta®.
The study demonstrated that PPARY stimulates LAT1 and LAT2, and when the expression of PPARY
protein was downregulated, the expression of both LAT1 and LAT2 reduced®. Thus, the results
corroborate with findings in this study where inhibition of SLC7A8 function with BCH treatment led
to the downregulation of PPARY and SLC7A8. PRDM16 expression was upregulated in the +3DI
BCH cells when compared with the DOI BCH cells, and the untreated induced cells (Figure 5-7E)
that both had similar expression levels. PRDM16 induces thermogenesis and it is responsible for
browning white adipose tissue3>. In the brown and beige adipose tissues, PRDM16 is highly
expressed and it is a crucial component in maintaining proper structure and function of brown
adipose phenotype3>. Knockdown or knockout of Prdm16 was shown to diminish the expression of
brown adipose phenotype, without preventing overall adipogenesis3¢-3’. Our results demonstrate
that inhibiting SLC7A8 function in ASCs induced to undergo adipogenic differentiation such as in

+3DI BCH cells promotes browning in addition to decreasing overall adipogenesis.

Overall, the results suggest that the amino acids transported by SLC7A8 are required for the
differentiation of preadipocytes and that timing is critical to the function of SLC7A8 in the early

stages of adipogenic differentiation as inhibition of function can only decrease adipogenesis (DOI
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BCH) or could decrease adipogenesis while at the same time promote white adipose tissue

browning (+3DI BCH), which will be more beneficial in combating obesity.
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Chapter 6. General discussion and conclusion

6.1 Discussion

The prevalence of obesity is expected to increase over the next few years affecting approximately
18% of men and more than 21% of women by the year 2025, while affecting over 250 million
children and adolescents by 2030%2. The fundamental cause of obesity is excessive consumption
of calories and reduced energy expenditure, resulting in adipose tissue expansion arising from an
increase in adipocyte hypertrophy or hyperplasia3=. In an effort to continuously identify genes and
transcription factors involved in adipogenesis, SLC7A8 was identified as a potential early marker of
adipogenesis in a transcriptome analysis of human ASCs and was also observed to share common
pathways with obesity-related pathophysiological conditions®. SLC7A8 is a transporter of neutral
amino acids such as tyrosine, tryptophan and leucine’. Solute Carrier proteins such as SLC7AS,
SLC7A10 and SLC7A11 which belong to the same superfamily as SLC7A8, have previously been
shown to play a role in adipogenesis and/or the onset of obesity®!. A previous study showed that
a decrease in amino acid transport by SLC7A5 resulted in impaired mTORC1 signalling which
subsequently led to the metabolic dysregulation observed in obesity!2. Considering that SLC7A8
had neither been described in the context of obesity nor adipogenesis, we sought to annotate its

functional role in obesity and adipogenesis.

The findings reported in Chapter 3 demonstrated a strong correlation between the presence of
the Sic7a8 gene and obesity, supporting the hypothesis that this gene is involved in obesity
development. The results showed that the deletion of Sic7a8 in mice subjected to conditions of
diet-induced obesity led to significant reduction in weight gain (p<0.001), accompanied by
significant attenuation of adipocyte hypertrophy in the perigonadal, inguinal subcutaneous,
mesenteric and brown adipose depots, reduced lipid accumulation in non-lipid storage tissues and
organs (i.e. liver, gastrocnemius muscle, heart, brain, kidney, lungs), improved glucose tolerance,
and decreased macrophage infiltration into adipose tissues. Overall, the results obtained clearly
demonstrate a role of Slc7a8 in obesity development, which had not previously been described
prior to this study. This important finding on Sic7a8 role in obesity development led to further
investigation in Chapter 4 of the possible molecular mechanisms underlying the prevention of

adipocyte hypertrophy in the various adipose tissue depots of Slc7a8 knockout mice and how the
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effect it has on circulating plasma hormones, lipid and cytokines, which are important biochemical

parameters that are dysregulated in obesity.

The findings reported in Chapter 4 show that the mechanism of prevention of adipocyte
hypotrophy in Sic7a8 knockout mouse varies across the perigonadal, mesenteric and brown
adipose depots. In pWAT and BAT, prevention of adipocyte hypotrophy seemed to occur because
of increased lipolytic activity in addition to increased thermogenic activity in BAT, while in mWAT,
it was due to reduced lipid uptake into the adipose tissue. Moreover, prevention of adipocyte
hypotrophy in the Sic7a8 knockout phenotype significantly improved metabolic profiles of
adiponectin and leptin, while promoting the anti-inflammatory cytokines and decreasing pro-
inflammatory cytokines response in obesity development. Thus, targeting S/c7a8 not only
significantly protects against diet induced obesity development through a fat-depot specific
mechanism of preventing adipocyte hypertrophy, but also reverses the negative effect of

metabolic dysregulation and inflammation profiles that characterize obesity development.

Finally, the effect of inhibiting SLC7A8 function in ASCs during adipogenic differentiation was
assessed in Chapter 5. The results showed inhibition of SLC7A8 function reduced lipid droplet
formation, reduced adipogenic capacity and decreased adipocytes formation in cells induced to
undergo adipogenic differentiation. Furthermore, it was observed that the timing of inhibiting
SLC7A8 function during the early stages of adipogenesis seems to be crucial in the way in which it
affects the differentiation process. Inhibition of SLC7A8 function either on day 0 (day of induction)
or day 3 post-adipogenic induction led to reduced lipid formation in the mature adipocytes with a
corresponding downregulation in PPARY, FABP4 and CD36 expression when compared with
untreated control induced cells. The reduction in lipid accumulation in mature adipocytes was
significant when inhibition occurred on day 0 of adipogenic induction. Conversely, the inhibition of
SLC7A8 function in cells prior to them being induced to differentiate did not affect the formation
of mature adipocytes as lipid accumulation was similar to that in induced untreated control. This
strongly suggest SLC7A8 function in adipogenesis is critical when the differentiation process has
been initiated. Importantly, the inhibition of SLC7A8 function on day 3 of adipogenic
differentiation led to increase in preadipocyte browning activity via the upregulation of PRDM16,
whose expression levels did not change between day 0 SLC7AS8 inhibition and untreated control

differentiated cells. This observation is very significant in targeting SLC7A8 function in modulating
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lipid accumulation as it suggests inhibition of function on day 3 not only decreases adipogenic
capacity, but in addition may also increase the formation of beige adipocytes within white adipose

depots, thereby mitigating the potential of adipose tissue dysfunction in obesity development.

6.2 Conclusion

Even with an increase in the number of anti-obesity drugs available on the market, the prevalence
and incidence of obesity keeps rising globally. Therefore, it is important to continuously search for
new molecular targets for anti-obesity drug development. Bearing in mind that obesity is a
systemic disease, the current study has demonstrated the potential clinical utility of SLC7A8 as a
suitable therapeutic target for anti-obesity drug development that specifically target the
prevention of adipocyte hypertrophy in various fat depots, reduce lipid accumulation in various
body tissues and organs while at the same time improving metabolic health and decreasing

inflammation that contributes to the pathophysiology of obesity.

6.3 Limitations of the study

1. The study focused mainly on annotating the functional role of SLC7A8 in obesity
development and thus the role of SLC7A8 in various gene-gene interactions and other
molecular pathways was not investigated.

2. Subcutaneous adipose tissue was not included in the study, and it is an important depot in
the onset of obesity. Including this tissue would have provided additional knowledge on
the possible mechanism of adipocyte hypertrophy prevention in this depot which is
primary site for lipid storage in obesity development.

3. Some data lacked statistical support for the differences. To potentially improve this in
future, the study duration may be elongated longer than 14 weeks for the mouse studies.
For BCH-related studies, a higher concentration or volume can be explored for SLC7A8

inhibition.
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6.4 Future studies

1. To investigate the role of SLC7A8 in nutrient signalling pathways such as the mTOR
signalling pathway which is important in adipose tissue biology and obesity
development.

2. To use radiolabelled amino acid uptake assays to characterise the amino acids
transported by SLC7A8 and taken up by adipocytes during adipogenesis.

3. For therapeutic purposes, it will be important to explore miRNA or siRNA knockdown of
SLC7A8 or functional inhibition of the protein in condition of obesity development and
to determine whether it would yield similar results as observed in the knockout model.
This would aid to inform of the potential of miRNA or siRNA therapeutics for alleviating

obesity and/or improving metabolic health.
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Thank you very much for uploading the following manuscript to the MDPI
submission system. One of our editors will be in touch with you soon.

Journal name: Genes

Manuscript ID: genes-2302882

Type of manuscript: Article

Title: Investigating the mechanism of Slc7a8 deletion on the prevention of
adipocyte hypertrophy and its effect on plasma metabolite levels

Authors: Reabetswe R. Pitere, Michael Sean Pepper, Melvin Ambele *
Received: 9 March 2023

E-mails: reabetswe.pitere@tuks.co.za, michael.pepper@up.ac.za,
melvin.ambele@up.ac.za

You can follow progress of your manuscript at the following link (login
required):
https://susy.mdpi.com/user/manuscripts/review_info/9489bd8d8f778a20ea773c5ac41943a5

The following points were confirmed during submission:

1. Genes is an open access journal with publishing fees of 2400 CHF for an
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manuscript, if accepted, will be published under an open access Creative
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agree to pay the Article Processing Charges as described on the journal
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publishing.

Please note that you may be entitled to a discount if you have previously
received a discount code or if your institute is participating in the MDPI
Institutional Open Access Program (IOAP), for more information see
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provide proof that | have obtained the necessary copyright permission.
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b. My manuscript is submitted on the understanding that it has not been
published in or submitted to another peer-reviewed journal. Exceptions to

this rule are papers containing material disclosed at conferences. | confirm
that | will inform the journal editorial office if this is the case for my
manuscript. | confirm that all authors are familiar with and agree with
submission of the contents of the manuscript. The journal editorial office
reserves the right to contact all authors to confirm this in case of doubt. |

will provide email addresses for all authors and an institutional e-mail

address for at least one of the co-authors, and specify the name, address and
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