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ABSTRACT 

Brown adipose tissue (BAT) and beige adipocytes offer an appealing prospect to 

combat obesity and associated metabolic diseases through its thermogenic capacity. A 

state of low-grade chronic inflammation is described in obesity with increasing 

evidence that inflammation directly alters the thermogenic activity of BAT. As such, 

gut-derived lipopolysaccharide (LPS) could be among the triggers of pro-

inflammatory status and may contribute to BAT dysfunction in obesity as it has been 

previously reported to be elevated in obesity. In contrast, Activation of GPR120, a G 

protein-coupled receptor, by TUG-891 or other agonists mediates anti-inflammatory 

actions and enhances the metabolic activity of BAT, representing a potential treatment 

to reduce adipocyte dysfunction in obesity. Therefore, the aims of this thesis were (1) 

to investigate the effects of LPS on brown adipocyte biology and secretory function, 

(2) to identify the impact of LPS on the induction of beige adipocytes, (3) to explore 

GPR120 activation via TUG-891 as therapeutic potential against brown adipocyte 

dysfunction. With the use of cutting-edge laboratory technology, the outcome of this 

study elucidated that LPS is a potent inhibitor of the brown phenotype, insulin 

sensitivity, mitochondrial function and the browning process in white adipocytes. 

Additionally, the analysis of a wide spectrum of LPS effects revealed that 

thermogenesis and extracellular matrix (ECM)-receptor interaction are among the top 

downregulated pathways as well as inflammatory microenvironment results from 

cytokine secretion from brown adipocytes themselves. BAFF, CXCL5, CXCL16 and 

MMP3 were identified as novel brown adipocyte-secreted cytokines and may target 

thermogenic potential of brown adipocytes. Finally, TUG-891, a GPR120 agonist, 

showed effectiveness in reversing LPS damaging actions. In conclusion, this study 

provides evidence that LPS-induced inflammation directly alters the thermogenic 

components of brown adipocytes at transcriptional and functional levels. Targeting 

GPR120 via TUG-891 offers a promising strategy to protect against the detrimental 

effects of LPS. Ultimately, combating the effects of inflammation in BAT could help 

in reducing obesity and its consequences. 
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Chapter 1. Introduction and Aims 
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1.1 Adipose Tissue: BAT, WAT and Beige  

Overview 

Adipose tissue (AT) is a dynamic endocrine organ that controls whole-body energy 

balance; it plays intrinsic roles in storing and unleashing calories and the regulation of 

metabolic homeostasis, and thermogenesis (1–4). The body’s ability to accumulate 

lipids is an evolutionary strategy to store energy in order to sustain relatively long 

periods of food scarcity (5,6). AT constitutes about 20 % of the body weight and is 

considered the largest endocrine organ in humans (7,8). Mammals have two main 

classes of AT: brown AT (BAT) and white AT (WAT). These act together to maintain 

a balance between fat accumulation and energy expenditure (9). AT serves as an 

essential coordinator of glucose homeostasis (1). In addition, AT regulates cell 

function in many other tissues from the immune system to the liver, pancreas, 

hypothalamus and kidneys (10–13).  As such, AT is known to impact metabolic 

diseases, the immune system and cancer predisposition (10–13). AT has a 

multifunctional nature on account of adipocyte derived factors, namely lipid 

derivatives and a group of secretory proteins known as adipokines. These adipokines 

include a set of chemokines and cytokines such as inflammatory mediators including 

tumour necrosis factor alpha  (TNFα), interleukin 6 (IL6) as well as anti-inflammatory 

mediators such as adiponectin (3,14–18). It is thought that there is a link between 

obesity and undesirable changes in the expression of adipokines including up-

regulation of TNFα, IL6 and down-regulation of adiponectin (17). With its secretion 

of over 100 different adipokines, cytokines, and chemokines, AT is a key endocrine 

organ that links metabolism and immunity (16,19). A deeper understanding of 

adipocyte biology is therefore crucial to understand the pathophysiological grounds of 

obesity and its comorbidities including metabolic diseases such as Type 2 Diabetes 

(T2DM). Furthermore, a targeted manipulation of adipose physiology offers a 

potential strategy to treat these conditions. 

BAT, WAT and Beige Adipose 

1.1.2.1 Origin and Location 

During the postnatal period, between the 4th and 6th months of human life (20,21), 

there is a substantial growth of WAT, while the onset of functional BAT formation 

takes place during the prenatal stage. Functional BAT in prenatal stage is a prerequisite 
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for immediate protection and effective adaptation to the cold challenge of the extra-

uterine environment in the majority of mammals including humans (20,22). BAT and 

WAT are both derived from mesenchymal stem cells (MSCs), originating in the 

mesoderm (23). MSCs are multipotent stem-cells which can self-renew and originate 

myocytes, chondrocytes, osteocytes, neurons, besides adipocytes (24). Whether the 

adipocytes are white or brown is determined through different developmental 

pathways whereby the microenvironment contributes to the generation of mature 

adipocytes (24–26).  

White adipocytes are derived from the myogenic factor 5 (Myf5)-negative lineage in 

mice and humans (27). Studies have demonstrated that white adipocytes in the 

interscapular and retroperitoneal area can be descended from Myf5-positive 

progenitors (Figure 1.1.2.1.2)  (28). Classical brown adipocytes develop from Myf5-

positive precursors, which is in common with myocytes (25). Moreover, cells with 

some BAT characteristics have been found within white depots. These present a 

brown-like phenotype, while still keeping some classical white fat gene expression. 

This in turn introduced the concept of beige adipocytes (also called brite, which means 

brown in white) (4,29). Beige adipocytes have been demonstrated to be distinct from 

classic brown adipocytes, in that they are not derived from the Myf5-positive lineage 

in mice and humans (4,30). They arise from white adipocyte transdifferentiation which 

leads morphologically and histochemically to a “browning” appearance (29,31). The 

origins of beige cells are not entirely known although there are multiple suggestions 

including being derived from resident stem cells in WAT depots (32), recruitment of 

stem cells in WAT from other tissues (33) or transdifferentiation of mature white 

adipocytes (34). Beige and brown adipocytes share similar molecular expression. 

However, some beige markers were identified to be specific for beige adipocytes such 

as T-Box 1 (TBX1), Cbp/p300-Interacting Transactivator with Glu/Asp-rich Carboxy-

Terminal Domain 1 (CITED1) and Transmembrane Protein 26 (TMEM26). It is 

noteworthy that molecular expression differences between beige and brown 

adipocytes are controversial (35,36). Figure 1.1.2.1.1 shows a simplified illustration 

of the origin of white, brown and beige adipocytes. 
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Figure 1.1.2.1.1 White, Beige and Brown Adipocytes Are Derived from Distinct Precursor Cells 
and Have Distinct Morphological Characteristics.  
White adipocytes originated from Myf5 negative mesenchymal precursor. Beige adipocytes appear 
under stimulation including adrenergic activation or cold exposure. Brown adipocytes originated from 
Myf5 positive mesenchymal precursor. UCP1: uncoupling protein 1. PPARγ: peroxisome proliferator-
activated receptor gamma. Adapted from (37). 

Genetic lineage tracing has been leveraged in mice to determine the development of 

adipose tissue. Surprisingly, these reports demonstrated that a single adipose depot 

can comprise adipocytes from different lineages (28,38,39). In addition, 

microenvironment niches such as depot related cues impact the development of 

adipose tissue.  This has been evidenced by transplantation of the same adipocyte 

precursors in different regions of mice which gave rise to functionally different 

adipose tissues (26). While such lineage tracing cannot be performed in humans, 

relevant information can nonetheless be derived from multipotent mesenchymal 

adipocyte progenitors present within adipose tissue (40,41). In several studies, it was 

observed that human adipocyte precursor cells produce multiple functional subtypes, 

and that the human brown/beige fat differentiation process is cell autonomous and 

depot related (40–42). Also, PR-domain zinc-finger protein 16 (PRDM16), together 

with CCAAT/enhancer binding protein ß (C/EBPβ) form a lineage switching 

transcriptional complex that enhances brown fat differentiation, whilst suppressing 

muscle cell differentiation from mice and humans (43,44). Recently, it has also been 

reported that primate-specific lncRNA, namely LINC00473, appears early in the 

development of human thermogenic adipocytes, affecting the fundamental aspects of 

thermogenic adipocyte physiology necessary for the development and function of 

human thermogenic adipose tissue. This is because it increases with differentiation 
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and is strongly induced by the activation of UCP1-expressing thermogenic adipocytes 

(45).  

AT is distributed throughout the body and anatomical locations of BAT and WAT 

depots are distinct (46), and is shown in humans and rodents in Figure 1.1.2.1.2. BAT 

depots in rodents and human infants are primarily found in inter- and subscapular, 

axillary and cervical areas (11,47). For a long time, in humans, BAT was thought to 

be possessed only by newborn infants and that it regressed shortly after birth. 

However, it has now been proved that BAT exists in adult humans, although its 

detectable amount strongly decreases with age, body mass and season (48–55). The 

existence of BAT is evidenced by PET/CT-scanning (Positron Emission Tomography 

associated with Computed Tomography), which has revealed the presence of BAT, 

principally in the interscapular area and in supraclavicular, suprarenal and 

paravertebral regions as well as in the neck of healthy men exposed to a cold 

temperature. These data were later confirmed with the safer magnetic resonance 

imaging (MRI) technique as it does not require the use of radioisotopes (42,50–

52,56,57).  

WAT covers various distinct regional depots and the distribution of fat between these 

depots influences the risk of different metabolic disorders (58–61). The two main 

WAT depots are: subcutaneous (SAT) and visceral (VAT). SAT, which makes up 

about 85 % of all body fat in humans, is found just beneath the skin (60,61). VAT can 

include omental, mesenteric or peritoneal fat and it is stored deeper within the 

abdominal cavity and surrounds a number of internal organs, including the liver, 

pancreas and intestines (61). The distribution of WAT throughout the different depots 

seems to be more important than the total adipose tissue mass in contributing to the 

risk of developing obesity-associated diseases (61). VAT accumulation has a much 

higher association with an adverse metabolic, dyslipidemic and atherogenic obesity 

phenotype, whilst SAT accumulation is more benign (62). In addition to the major 

WAT depots, there are multiple smaller depots, with distinct functions and metabolic 

disease association. Among these, inter-/intramuscular adipose tissue (63), bone 

marrow adipose tissue (64) and pancreatic fat (65). 
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Figure 1.1.2.1.2 Distribution of Adipose Tissue in Mice and Humans.  

Mammalian adipose tissue is distributed throughout the body in distinct depots. White adipose tissue 

depots store excess energy as triglycerides, while brown adipose tissue depots dissipate energy through 

the production of heat. Adapted from (61,66). 

1.1.2.2 Histology and Morphology 

AT is a loose connective tissue and has a heterogeneous nature. It fills spaces between 

other tissues and organs, helping to keep certain organs in place. Adipocytes, the lipid-

filled cells, constitute the major cellular component of the AT and are held in a 

framework of collagen fibres. AT also consists of various other cells including stem 

cells, preadipocytes, endothelial cells and immune cells such as macrophages, 

neutrophils, lymphocytes (11,67,68). AT is innervated by the sympathetic nervous 

system (SNS), with BAT being more highly innervated and vascularized than WAT 

(69–71). 

Adipocytes of white adipose tissue are spherical when isolated. When completely 

differentiated, a white adipocyte is large, between 50 and 150 μm in diameter, and 

contains a single huge droplet of triglycerides filling almost the entire cell; therefore, 

they are called unilocular. The periphery of the cell includes the nucleus and a few 

mitochondria (Figure 1.1.2.1.1) (11,70,72,73). Larger adipocytes are generally more 

highly metabolic and release more factors attracting immune cells (74).  
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In comparison, brown adipocytes are polygonal or ellipsoid cells and much smaller 

(15-60 μm in diameter), with their nucleus occupying a central position. The colour of 

BAT is due to both the large number of mitochondria (containing cytochrome 

pigment) dispersed among the lipid droplets, and the large number of blood capillaries 

in this tissue (7,11,75,76). Brown adipocytes contain many small lipid inclusions to 

store triglycerides, and are therefore called multilocular (7,11). This increases the 

surface exposed to lipases to allow easy access to lipids that can be rapidly catabolised 

(75). 

At a morphological level, beige cells appear to be an intermediate between brown and 

white adipocytes. For example, they have a predominant lipid vacuole in the 

cytoplasm and many mitochondria (76). They express high levels of thermogenetic 

markers and adopt a multilocular appearance upon prolonged stimulation by cold or 

specific intracellular signalling pathways (36,77). 

1.1.2.3 Function and Regulation  

Animals such as C. elegans, Drosophila and sharks store lipids in gut cells, body fat 

and liver respectively (5,6,78). The development of specialised fat depots in mammals 

implicates a high level of coordination among these fat tissues and other organs to 

regulate food intake, lipid absorption and transport, fatty acid biosynthesis and 

oxidation in order to maintain the homeostatic balance. Adipocytes facilitate placing 

adipose tissue at the centre of nutritional homeostasis as they are metabolically active 

cells, responding to both nervous and hormonal stimuli. Also, they release hormones 

and various other biologically active substances called adipokines or batokines to fulfil 

their function (79,80).  

WAT works as a storage repository for lipids from which fatty acids are easily 

mobilized during periods of energy restriction or increased physical activity to provide 

enough fuel for energy synthesis in the form of Adenosine triphosphate (ATP). 

Whereas VAT is packed between the organs, SAT helps shape the body surface and 

functions as padding for the body, and cushions regions subject to repeated mechanical 

stress such as the palms, heels, and toe pads. It conducts heat poorly and provides 

thermal insulation for the body (7). In addition, white adipocytes (including both SAT 

and VAT) are involved in a range of functions beyond fat storage including:  secretion 

of cell-signalling molecules (adipokines), cytokines such as TNFα, Plasminogen 
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activator inhibitor 1 (PAI-1), IL6, and hormones such as leptin, adiponectin, and 

resistin (11,81,82). 

Together with beige adipocytes, BAT, as the thermogenic tissue, is active not only in 

rodents and newborn humans, but also in adult humans. It uniquely specialises in 

expending energy as heat instead of generating ATP, playing an important role in the 

regulation of body temperature especially when an organism is in need of extra heat, 

e.g. postnatally, during entry into a febrile state, and during arousal from hibernation 

(75). This non-shivering thermogenic property is derived from the ability of 

uncoupling protein 1 (UCP1) to dissipate the mitochondrial membrane potential, 

leading to the uncoupling of oxidative phosphorylation from ATP synthesis. 

Overall, WAT serves as storage depots for neutral fats, primarily triglycerides (long-

chain fatty acyl esters of glycerol), while BAT functions to generate heat through 

UCP1. Different types of adipocytes work together as key regulators of the body’s 

overall energy homeostasis. The coordination of BAT and WAT functions is a 

prerogative for achieving a balance between energy storage and consumption of 

excessive fatty acids. With obesity, this equilibrium is compromised through WAT 

expansion and BAT repression, which increases the risk of several metabolic disorders. 

With a growing epidemic of obesity and its associated health problems, including 

diabetes and heart disease (83,84), adipocytes and adipose tissue constitute a major 

area of medical research. Brown and beige adipocytes offer a promising means of 

tackling obesity and its consequences, and it is thus the focus of this thesis. The 

sections that follow outline in greater depth the main functional characteristics and 

regulatory pathways of thermogenic cells.  

Thermogenesis 

Thermogenesis is the process of dissipating energy through metabolic processes, from 

chemical energy to thermal energy. This process is classified into obligatory or 

adaptive (facultative) thermogenesis (85). Obligatory thermogenesis is the heat that 

results from sustaining all critical metabolic processes involved in maintaining the 

body in its living state (86). Adaptive thermogenesis includes shivering or non-

shivering, and is a regulated process for active heat production in response to external 

stimuli so as to ensure survival (87,88). The shivering type occurs in muscles, while 

the non-shivering is mainly a function of BAT and WAT upon acquisition of brown-
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like features (89,90). In this thesis, the term thermogenesis is used to describe adaptive 

non-shivering thermogenesis. BAT thermogenesis is facilitated by multilocular lipid 

stores, the exceptionally large mitochondrial content of brown adipocytes and the 

enriched vascular and nerve supply to this tissue. Adaptive non-shivering 

thermogenesis can be induced by cold or diet and requires BAT to be activated (89). 

In addition to the classical BAT response, white adipocyte ‘browning’ can occur in 

response to certain conditions such as chronic cold exposure and exercise (91,92). The 

browning process refers to the emergence of adipocytes with high thermogenic 

activity in WAT known as ‘beige’, or ‘brite’ adipocytes. Beige adipocytes are 

associated with increased energy expenditure, decreased body weight and increased 

insulin sensitivity (93). Humans are susceptible to browning of their WAT as it was 

reported that omental WAT biopsies obtained from patients affected by 

pheochromocytoma, a catecholamine secreting tumour, are enriched with beige cells 

(94).  

Thermogenesis and the recruitment process in thermogenic cells are controlled by the 

simultaneous occurrence of lipogenesis and lipolysis or glycolysis and 

gluconeogenesis (75,86). The enormous energy requirements of thermogenesis imply 

that for the most part free fatty acids go through lipolysis as the main process of 

substrate production (75). Thermogenesis is regulated mainly by sympathetic control 

and thyroid hormone (75).  

UCP1, also called thermogenin or SLC25A7, is the key factor behind thermogenesis. 

It is a transmembrane protein located in the inner membrane of the mitochondria of 

BAT and beige adipocytes (95,96). The uncoupling activity of UCP1 is due to its 

ability to transport protons across the inner mitochondrial membrane during cellular 

respiration, in particular when it binds to free fatty acids (FFAs), which are acute 

regulators of this transporter (97). Cellular respiration involves a series of oxidative 

phosphorylation (OXPHOS) processes which are coupled with ATP synthesis as a 

final energy product (98). However, some of the energy dissipation as heat occurs 

during OXPHOS (98). This partial uncoupling of respiration from ATP synthesis, also 

known as ‘proton leak’, can be mediated by UCP1 and by other mitochondrial inner 

membrane proteins, such as adenine nucleotide translocase (ANT) (98,99). For 

instance, following exposure to cold, the induction of UCP1 in BAT mediates a 

‘proton’ leak thereby uncoupling OXPHOS from ATP generation to produce heat (75). 

Mechanistically, UCP1 decreases the proton gradient generated in OXPHOS by 
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increasing the permeability of the inner mitochondrial membrane, enabling the protons 

pumped into the intermembrane space to return to the mitochondrial matrix. Hence, 

the proton flux cannot reach the ATP synthase machinery which results in heat 

production instead of ATP synthesis (68,100,101). The “short circuit” in the proton 

gradient caused by UCP1 means less efficient OXPHOS with increased fat oxidation. 

It also means that fuel consumption can be accelerated and is independent of the 

saturating concentration of ATP (93). Hence, all of the biochemical steps of 

mitochondrial fuel oxidation (Krebs cycle and electron transport chain (ETC)) are 

accelerated, and the inherent inefficiencies in their reactions result in heat production 

which ultimately reduces feed efficiency (ratio of weight gain to food intake) 

(93,102,103). Accordingly, mice on high fat diet with deleted UCP1 rapidly increased 

their body mass index (BMI) as compared to the control at thermoneutrality (90).  

The expression and activity of UCP1 are substantially controlled by the sympathetic 

nervous system (SNS) via the stimulation of β3-adrenergic Receptor (β3-AR) (104). 

The family of β-adrenergic receptors (β-AR) are cell membrane receptors which 

belong to the superfamily of G-protein-coupled receptors (GPCRs) (105). In the 

absence of β-adrenergic signalling, mice are unable to maintain their core temperature 

(106). Figure 1.1.2.3.1 represents a simplified picture of thermogenesis function. 
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Figure 1.1.2.3.1 Summary of Thermogenesis Control.  

Norepinephrine (NA) released by the activated SNS (by cold or diet) acts on adrenoceptors, primarily 
the β3, which is followed by adenylyl cyclase (AC) activation through G proteins, and thus stimulates 
the generation of cAMP, which in turn activates protein kinase A (PKA). PKA acts to activate different 
factors at transcriptional levels, which leads to increased Ucp1 gene expression. PKA also activates 
hormone sensitive lipase (HSL) and perilipin (the protein that covers the intra-cellular lipid droplets) 
triggering activation of the former and dissociation of the latter from the lipid droplets, thus activating 
lipolysis of triacylglycerol (TG) stored in lipid droplets. Released fatty acids (FA) are directed to the 
mitochondria where they eventually fuel the respiratory chain (oxidative phosphorylation (OXPHOS) 
processes). UCP1 dissipates the proton gradient generated by the respiratory chain, leading to a release 
of energy as heat (thermogenesis). CM, chylomicrons; VLDL, very low-density lipoproteins; LPL, 
lipoprotein lipase. Adapted from (107).  

The β3-ARs are the adipocyte specific adrenergic receptors and are expressed in both 

brown and white adipocytes in rodents and in BAT in humans (108,109). They respond 

to epinephrine and norepinephrine induction. CL-316,243 (CL) is a selective β3-AR 

agonist. CL-treatment of rodent white adipocytes causes these cells to adopt a beige 

phenotype, similar to observable characteristics after cold accumulation (34,110). 

However, stimulating β3-adrenergic receptors in humans did not lead to a significant 

emergence of beige cells in white tissues (111). Under stimuli, such as cold 

temperature exposure, norepinephrine is released by the SNS, and binds to the ß3-AR 

(111). This activates adenylyl cyclase via receptor coupling to the Gαs subfamily of 

heterotrimeric G proteins, which increases the levels of cyclic adenosine 

monophosphate (cAMP) and protein kinase A (PKA) activation. This pathway 

mediates the thermogenic signal including lipolysis, the release of lipids from the lipid 

droplets (109). PKA phosphorylates Hormone-Sensitive Lipase (HSL), which in turn 

converts triacylglycerol into free fatty acids (FFAs) (75,109). Full induction of HSL 
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activity requires PKA-mediated phosphorylation of perilipins (PLINs), the proteins 

that covers the intra-cellular lipid droplets (112). Phosphorylated perilipin is also 

needed to fully activate adipose triglyceride lipase (ATGL), the rate-limiting step 

enzyme for lipolysis (112). ATGL performs the first step of triglyceride lipolysis, the 

hydrolysis of triglycerides into diacylglycerides and FAs (112). Finally, 

monoacylglycerol lipase (MGL) culminates the lipolysis process by hydrolysing 

monoacylglycerol into glycerol and FFAs (112). The fatty acids are then directed to 

the mitochondria for combustion, activating UCP1 and thermogenesis (75). In addition 

to the three lipases mentioned above, β3-AR activation of the thermogenic pathway 

mediates lipoprotein lipase (LPL) induction, another key enzyme that governs the 

release and deposition of fatty acids (75,113). Thus, synthesis and release of LPL 

occurs, which breaks down the triglycerides in the lipoproteins/chylomicrons in the 

circulation to provide further fatty acids as a fuel for combustion in the mitochondria 

(113). Lipids absorbed via LPL are suggested to be the main source of fatty acids in 

BAT (114). Additionally, glucose uptake from the circulation is stimulated via β3-AR 

activation. After cytosolic conversion to pyruvate, the glucose is also combusted in 

the mitochondria. Glucose uptake is thus a consequence of sympathetic activity and 

not of thermogenesis. The increased glucose uptake during thermogenesis is due to an 

activation of expression of the gene for the glucose transporter GLUT1. This is, 

therefore, a fundamentally different process from the glucose uptake into the tissue 

(and in other insulin-sensitive tissues), which is stimulated by insulin and results from 

a transfer of the glucose transporter GLUT4 from intracellular vesicles to the plasma 

membrane(101).  

Mitochondrial fatty acid oxidation (FAO) is the main fuel for thermogenesis. It is 

produced by actions of the acyl-CoA synthase 1 (ACSL1) and the carnitine palmitoyl 

transferase (CPT) system. ACSL converts long-chain fatty acids (LCFAs) into 

LCFAs-CoA which is subsequently converted into LCFAs-carnitine by CPT-1ß 

through a trans-esterification reaction of the fatty acyl group. Acylcarnitines are 

carried into the mitochondrial matrix by the carnitine/acylcarnitine translocase 

(CACT). CPT-2 then reverts the LCFA-acylcarnitine into LCFAs-CoA which are then 

moved to the mitochondrial inner membrane space and beta-oxidized. This produces 

nicotinamide adenine dinucleotide (NAD) + hydrogen (H) (NADH) and flavin adenine 

dinucleotide + H (FADH) generation. NAD and FAD transfer the electrons to the 

electron transport chain allowing the proton pumps to create the proton gradient for 
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either ATP production or thermogenesis. If thermogenesis takes place, the heat 

produced is rapidly distributed in the body by the blood.  

Transcriptional Regulation of UCP1 

Various transcriptional regulatory pathways have been reported to control 

thermogenic function, mainly affecting UCP1 transcription. The main pathways have 

been shown to be critical for both WAT and BAT, despite the fact that they arise from 

different origins and have opposing functions and morphological differences. They 

both require members of groups of transcription factors for maintaining functional 

characteristics of their mature adipocytes. Pathways include transcription factors such 

as:  

- Basic-leucine zipper protein transcription factor family called CCAAT 

(cytosine-cytosine-adenosine-adenosine-thymidine)/enhancer-binding protein 

(termed C/EBP) including (C/EBPα, C/EBPβ, and C/EBPδ) (93,115).  

- The transcription factor Peroxisome proliferator activated receptor gamma 

(PPARγ) (93,115). 

- cAMP response element binding protein (CREB) (93,115). 

The regulatory factors of UCP1 transcription are displayed in Figure 1.1.2.3.2  In fact, 

the presence of PPARγ and C/EBPs is indispensable for brown and beige adipogenesis 

and their sustained expression has a fundamental effect in conserving the 

characteristics of mature adipocytes (46). However, PPARγ and C/EBPα expression 

leads stem cells to differentiate to white adipocytes (43,116,117). Consequently, 

PPARγ and C/EBPs are essential but not the exclusive factors required for the 

formation and maintenance of brown/beige adipocytes. Instead, brown/beige cell fate 

is decided by expression of PPARγ activator 1α (PGC-1α) and PR domain zinc-finger 

protein 16 (PRDM16). PGC-1α functions as thermogenesis regulator but it does not 

determine adipocytes’ lineage (118,119), while PRDM16 is compulsory for both 

processes (25,120). The following section provides more in-depth descriptions of the 

function of thermogenesis regulators. 

C/EBPβ and C/EBPδ are induced at the early stage of adipocyte differentiation and 

they increase the expression of C/EBPα (121). C/EBPα is required for transcription of 

the β3-AR gene during adipogenesis which plays a major role in regulating lipolysis 

and adaptive thermogenesis (122). Deletion of C/EBPα in mice leads to failure in 
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accumulating lipids in brown adipose tissue and in expressing UCP1 (75,123). 

Moreover, C/EBPβ may compensate for C/EBPα absence in brown adipocyte 

development (123). Expression of C/EBPβ (but not other C/EBP isoforms) is 

stimulated in BAT during cold accumulation and   adrenergic induction (124). 

Additionally, increased and sustained expression of C/EBPβ in white adipocytes 

promotes the expression of BAT characteristic genes (125). Upstream signals which 

lead to activation of C/EBPβ gene expression involve phosphorylation of CREB (126), 

mitogen-activated protein kinase (MAPK) and glycogen synthase kinase-3 β (GSK3β) 

(127,128).  

CREB is localized in the nucleus and acts as a transcription factor, which binds to the 

cAMP response element (CRE) of the promoters of its target genes, upon 

phosphorylation by different receptor-activated protein kinases, including PKA (129). 

CREB phosphorylation may determine cell fate because it has collective effects on a 

series of genes, for example it is sufficient to induce adipogenesis in preadipocytes 

(126,130). In brown adipocytes, CREB mediates transcription of a series of key genes 

under adrenergic control which positively regulate brown adipocyte proliferation and 

differentiation. Also, increased levels of cAMP following adrenergic stimulation 

triggers the PKA-mediated CREB phosphorylation and activation along with 

recruitment of the transcriptional machinery at a number of thermogenesis genes 

including UCP1 and iodothyronine deiodinase 2 (DIO2), which contain functional 

CREB binding sites (127,129,130).  

PPARγ, a member of the nuclear hormone receptor superfamily, is the key 

transcription factor that is necessary for both white and brown adipogenesis and has a 

fundamental role in the maintenance of mature adipocytes (43). There are three 

different isoforms of PPARγ: PPARγ1, 2 and 3. PPARγ2 is the most expressed isoform; 

it heterodimerizes with the retinoid X receptor (RXR), recruits cofactor proteins and 

unfolds the Deoxyribonucleic acid (DNA) structure in specific regions. This enables 

gene transcription and adipocyte differentiation (30). PPARγ can however be 

regulated at multiple levels, prompting brown adipocyte-specific target gene 

expression (131). Studies have shown that mice with a dominant-negative mutation of 

PPARγ (P465L) have defects in BAT but not WAT function (132). PPARγ can be 

activated by natural ligands such as oxidized and unsaturated fatty acids, 

prostaglandins, or by synthetic agonists including thiazolidinedione (TZD) drugs such 

as rosiglitazone (133). Rosiglitazone is a known ‘browning agent’: It increases mRNA 
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and protein levels of UCP1 in murine white adipocytes causing increased 

mitochondrial function, norepinephrine-induced thermogenesis capacity and 

multilocularization of white adipocytes (30,134–136). In humans, Rosiglitazone 

increases UCP1 content and BAT features in vivo (77,137).  

Figure 1.1.2.3.2 Transcriptional Regulators of UCP1 Expression.  

The different response elements of the UCP1 gene. ATF-2 (activating transcription factor 2), β-ARs (β-
adrenoceptors), cAMP (cyclic adenosine monophosphate), C/EBPβ (CCAAT-enhancer binding protein 
β), CRE (cAMP response element), CREB (cAMP response element binding protein), DIO2 
(Iodothyronine deiodinase 2), ERRα (estrogen-related receptor α), FA (fatty acid), PGC-1α (PPAR 
coactivator-1α), p38 MAPK (p38 mitogen-activated protein kinase), PKA (cAMP-dependent protein 
kinase A), PPAR (peroxisome proliferator-activated receptor), pRB (retinoblastoma protein), PRDM16 
(PRD1-BF1-RIZ1 homologous domain containing 16), RXR (retinoid X receptor), T3 
(triiodothyronine), T4 (thyroxine), TR (thyroid receptor), TRE (thyroid response element), UCP1 
(uncoupling protein 1). Adapted from (129).  

The activity of PPARγ is coordinated by a coactivator called peroxisome proliferative 

activated receptor gamma coactivator 1 alpha (PGC1α). It plays a pivotal role in the 

regulation of energy metabolism by integrating diverse environmental and 

physiological cues that signal energy needs and promote thermogenesis. PGC1α is 

identified as a transcriptional regulator of UCP1 that acts at the UCP1 gene promoter 

which is specifically induced by cold and is essential for cAMP-mediated induction 

of UCP1 gene transcription (93). In context of the PKA–CREB pathway, activation of 

PGC1α during cold exposure stimulates expression of UCP1, electron transport chain 

genes and mitochondrial biogenesis (75,93,102,138,139). Also, PGC1α expression is 

directly and indirectly activated by p38 MAP kinase-mediated stimuli. p38 MAP 
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kinase increases upon PKA-cAMP activation. Increased PGC1α levels are mediated 

through activating transcription factor 2 (ATF2), which, following phosphorylation by 

p38 MAPK, drives gene transcription of both UCP1 and PGC1α itself through the 

cAMP-regulatory elements (129). In addition to PPARγ, PGC1α interacts with several 

nuclear hormone receptors including estrogen-related receptors (ERRα) and nuclear 

respiratory factors (NRFs)(127,129,140). Another level of PGC1α regulation is 

represented by several steroid receptor coactivators (SRC) such as SRC-1 and SRC-2, 

which respectively enhances or inhibits PGC1α- PPARγ interactions (141). 

Interestingly, PGC1α in muscle cells regulates the expression of irisin, a membrane 

protein that is secreted into the plasma, especially after physical exercise. In mice, 

released irisin, induces high thermogenic activity and beige cell formation in WAT 

depots (142).  

PGC1α is also a dominant regulator of other essential processes associated with 

determination of adipocyte fate and brown adipocyte differentiation in both mice and 

humans including mitochondrial biogenesis, oxidative metabolism and acquisition of 

an insulin-sensitive cellular status (43,77,119,127,140,143). This is a cell-autonomous 

requirement for PGC1α in brown adipocytes, since immortalized brown fat cells 

lacking PGC1α display a blunted induction of thermogenic genes in response to cAMP 

(43,119). Also, deletion of the PGC1α gene leads to a significant decrease in capacity 

for cold-induced adaptive thermogenesis (118). However, many non-cAMP-

dependent classical brown fat cell-selective genes are still expressed normally, and the 

fat differentiation program itself is unaltered in the absence of PGC1α (43). 

Furthermore, the direct antagonism of PGC-1α by receptor-interacting protein 140 

(RIP140), a corepressor for nuclear receptors, leads to repression of genes involved in 

thermogenesis regulation (131,144). Collectively, PGC1α is a crucial regulator of 

adaptive thermogenesis, however, it is not an essential determinant of brown fat 

identity (43,118,119).  

PRDM16, a protein with seven zinc-finger domains through which it binds specific 

DNA regions, is a key factor enriched in classical brown fat relative to WAT (43,127). 

PRDM16 is required for the identity and function of brown fat phenotype in vitro and 

in vivo, and is sufficient to promote visceral fat browning in response to β-adrenergic 

induction (36). It directly promotes the complete program of brown fat differentiation, 

including activation of thermogenic genes (e.g. UCP1, PGC1α, and Deiodinased2 



17 

(DO2)), mitochondrial genes, and other classical BAT genes (e.g. cell death-inducing 

DFFA-like effector A (CIDEA) and Elongation of very long chain fatty acids protein 

(ELOVL3)) (145,146). Moreover, artificially introduced PRDM16 induces UCP1-

expressing brown adipocytes in WAT depots (93). Further studies demonstrated that 

PRDM16’s main mechanism of action in adipocytes is by direct binding and 

coactivation of proteins such as PGC1α, and PPARγ (25) and together with C/EBPβ, 

form a lineage-switching transcriptional complex that promotes brown fat 

differentiation and suppresses myocytes differentiation (44). PRDM16 is considered 

as a critical brown adipocyte lineage marker which inhibits specific white fat gene 

expression (such as resistin and angiotensinogen) (146,147). In mice, depletion of 

PRDM16 from cultured brown adipocytes leads to the expression of a myocyte 

phenotype in BAT, total loss of the brown fat characteristics and negatively affects 

thermogenic activity (25,145). Additionally, PRDM16- expressing cells show induced 

uncoupled cellular respiration in response to cAMP that is comparable to typical 

brown adipocytes. In fact, PRDM16 strongly coactivates the transcriptional activity 

of PGC1α and PGC1β, as well as PPARα and PPARγ, through direct physical 

interaction (36,145,146). PRDM16 also directly interacts with zinc finger protein-516 

(Zfp516), a transcription factor which binds to the proximal region of the UCP1 gene 

promoter to play a role in regulating UCP1 gene expression (148). Zfp516 enhances 

BAT development and WAT browning while suppressing myogenesis. PRDM16 

expression in brown fat is induced in response to cold exposure or adrenergic 

stimulation via the cAMP pathway (69). In addition, Lysine-specific demethylase 1 

(LSD1) interacts with Zfp516 to promote UCP1 transcription and to function as a 

coactivator at other BAT-enriched genes, such as PGC1α. LSD1 is necessary for 

adipogenesis of brown adipocytes as well as thermogenesis activation and its ablation 

has been shown to lead to whitening features of brown fat including impairments of 

the BAT program and BAT development, as well as reducing thermogenic activity 

and promoting obesity (149,150). 

In addition to the response to cAMP induced kinases, which establishes a first, rapid 

mechanism of thermogenesis regulation, there are other layers of regulation of UCP1 

transcription. Some of them have been identified to regulate both classical and beige 

cells in a similar way. Trio-dothyronine (T3) directly activates the expression of 

thermogenic genes including transcription of the UCP1 gene via thyroid receptor (TR) 
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binding site in the enhancer region; it also functions centrally to activate BAT. The 

capacity of cAMP-driven signals to induce the expression of thyroxine 5’-deiodinase 

(T4) in brown adipocytes, and therefore to provide active intracellular production of 

T3, contributes to UCP1 gene transcriptional regulation (127).  

Another protein involved in the thermogenic program is Fibroblast growth factor 21 

(FGF21) (151) which positively regulates glucose uptake in adipocytes (152). 

Activation of cAMP-induced kinases including PKA and p38 MAPK, following β-

adrenergic stimulation, induces brown/beige adipocytes to secrete FGF21 (153). 

Secreted FGF21 has endocrine and autocrine effects, which increase expression of 

UCP1 and other thermogenic genes in adipose tissues, at least in part, by enhancing 

adipose tissue PGC1α protein levels (153,154). Additionally, deletion of FGF21 in 

mice impairs activation of an adequate thermogenic program after exposure to cold 

temperatures (154). Finally, there are other factors which have been reported to 

regulate adaptive thermogenesis. These include brown- and beige-fat recruiters and 

activators; for instance, irisin which promotes browning via an inter-organ crosstalk 

between skeletal muscle and WAT (142,155). Another example is Bone 

morphogenetic protein 8b (Bmp8b), which is produced by mature brown fat cells and 

functions to amplify the thermogenic response of brown adipocytes to adrenergic 

activators (156). Furthermore, atrial natriuretic peptide, brain-type natriuretic peptide 

(157), and inflammatory markers such as Interleukin 6 (IL6) and Interleukin 1 (IL1β)

(158) are factors that have been reported to regulate adaptive thermogenesis.  

Lipid Handling 

As highlighted above, lipids and FAs are the primary substrate for oxidation in brown 

adipocytes during thermogenesis. In brown adipocytes, lipids are packed into 

intracellular triglyceride stores, forming many lipid droplets from which FA can be 

released for energy metabolism. In this context, prior to FA storage in adipocytes lipids 

derived from nutrients are absorbed in the intestine and transported into the blood 

stream via lipoprotein forms such as chylomicrons to reduce hydrophobicity and 

regulate FA release. In the blood stream, lipoprotein lipase (LPL) catalyses the 

hydrolysis of the triglycerides from the chylomicrons into monoacylglycerol and free 

fatty acids that can be internalized by the brown adipocytes by different fatty acid 

transporter proteins (FATPs) and cluster of differentiation 36 (CD36) expressed on 
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the cytoplasmic membrane (159). In the cytoplasm, fatty acid binding proteins (FABP) 

such as FABP4, also known as aP2, bind to the internalized fatty acids to protect 

against their lipotoxicity to cellular structures (160). aP2 expression is highly induced 

during adipocyte differentiation and highly expressed in mature adipocytes compared 

to pre-adipocytes and therefore is considered a marker of differentiated adipocytes 

(160,161). Adipocytes can also generate lipids from glucose in a process called de 

novo lipogenesis. Glucose is taken up into the cell by the glucose transporter (GLUT4) 

(21,75). Via the glycolytic pathway, glucose is first converted to pyruvate and then 

decarboxylated by the pyruvate dehydrogenase complex, generating acetyl coenzyme 

A (acetyl-CoA)(21,75). De novo fatty acid synthesis is subsequently initiated by 

acetyl-CoA carboxylase (ACC), which converts acetyl-CoA, into malonyl-CoA. The 

enzyme fatty acid synthase (FAS) converts malonyl-CoA into palmitate, a 16 carbon 

saturated fatty acid (21,75,112). Fatty acid chains of palmitate molecules are extended 

by elongase enzymes such as elongation of very long chain fatty acids protein 3 

(ELOVL3), which are located on the membrane of the endoplasmic reticulum. 

ELOVL3 is highly expressed in BAT and its transcription and activity increases upon 

cold accumulation to re-pack intracellular triacylglycerides (TG) into lipid droplets 

and maintain lipid homeostasis. Therefore, ELOVL3 is considered one of the markers 

of brown adipocytes (112,162–166). 

After elongation, fatty acids are desaturated through the introduction of double bonds 

in determined positions of the chain by desaturase enzymes such as stearoyl-CoA 

desaturase (SCD). Following reduction of FAs, they can be oxidised or stored. For 

storage, FAs are esterified and stored in lipid droplets in the form of triacylglycerides 

(112) . Triacylglycerides are then packaged into lipid droplets surrounded by a 

phospholipidic layer where specific proteins, such as Cell death-inducing DFFA 

(CIDEA), perilipins (e.g PLIN5) and adipose triglyceride lipase (ATGL), control lipid 

droplet enlargement and lipolysis.  

CIDEA plays an important role in metabolism and programmed cell death (167). Its 

mRNA is upregulated during BAT adipogenesis and is considered a brown adipocyte 

marker (144,162). In mice, it has been reported to be a regulator of Ucp1 function in 

BAT (168), and a negative regulator of lipolysis in human white adipocytes (169,170). 

Mice lacking the CIDEA gene are resistant to diet induced obesity (168). Interestingly, 

studies showed that diet-induced obesity led to downregulation of CIDEA 

transcription in WAT of mice and humans (171,172). Accordingly, CIDEA gene 
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expression was the most highly expressed gene in WAT after weight loss (173). A 

polymorphism in the CIDEA gene has also been found to be associated with obesity 

(174).

Perilipins contribute to lipolysis regulation by phosphorylation-dependent and -

independent pathways by interactions with different domains of the protein 

(71,112,136,175). BAT is rich in Perilipin-5 (PLIN5) and one of the upregulated genes 

in browning of WAT (163,176,177). It is considered to have a protective role against 

lipotoxicity (178). PLIN5 binds adipose-triglyceride lipase (ATGL) and the ATGL 

activator, α-β-hydrolase domain-containing protein 5 (ABHD5), thus providing a 

mechanistic link between PLIN5 and lipolysis (179). Interestingly, expression of 

PLIN5 can promote either triglyceride storage or fatty acid oxidation (179). As such, 

to promote efficient fatty acid catabolism, PLIN5 is reported as an important molecular 

link that couples the coordinated catecholamine activation of the PKA pathway and of 

lipid droplet lipolysis with transcriptional regulation via PGC1α and eventually 

preventing mitochondrial dysfunction (180). On the other hand, to shift the 

metabolism of cells from fatty acid storage to oxidation, PLIN5 expression in adipose 

tissue is up-regulated by PPARα as part of an expression program to trigger FA 

oxidation (181,182).  

1.1.2.4 Brown Adipocyte Differentiation in vitro

Adipogenesis, the differentiation of pre-adipocytes into adipocytes, is a complex 

process characterized by changes in cell morphology, gene expression, hormone 

sensitivity, and secretory capacity (183), and is regulated by pathway crosstalk of 

transcription factors (183). The fundamental alterations in gene transcription involve 

changes in the two principal adipogenic factors, PPARγ and C/EBPα (46), interacting 

with different corepressors and coactivators to determine adipocyte function (184). 

During the adipogenesis process two main stages occur: determination and 

differentiation. Determination is the first phase which ends with the irreversible 

conversion of the pluripotent stem cells into committed pre-adipocytes that have 

partially lost the differentiation potential (185). In vivo, the events occurring between 

these two stages remain unclear. However, proliferation of committed pre-adipocytes, 

which are cultured to confluence in vitro, is strongly reduced because of contact 

inhibition, even when no stimuli is applied to induce the final differentiation (123). 

These cells express the pre-adipocyte factor-1 (Pref-1) that prevents adipocyte 
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differentiation in its soluble active form (186). The re-entry in the cell cycle is then 

induced by hormonal stimuli, for instance: in-vitro culture of adipocyte differentiation 

requires insulin and trio-dothyronine (T3) which are hormones that induce adipose-

specific gene transcription (187,188). Dexamethasone, a synthetic glucocorticoid, is 

also added because it supports insulin actions in adipose differentiation (189,190). 

Similarly, a compound that increases intracellular levels of cAMP is included in the 

differentiation cocktail, usually a non-specific inhibitor of phosphodiesterases called 

3- isobutylmethylxanthine (IBMX) (183,191) Indomethacin, cyclooxygenase-2 

inhibitor, is frequently used in culture systems to enhance adipogenesis at the cost of 

decreasing osteoprogenitor output (192); it increases C/EBP and PPARγ expression in 

a prostaglandin-independent way (192). Thiazolidinediones (TZDs) such as 

Rosiglitazone, the activators of PPARγ, can also be added to stimulate adipogenesis 

and differentiation (193). Whilst not all brown adipocyte cell lines require 

Rosiglitazone for differentiation, it is needed in white adipocyte cell lines to induce 

differentiation. Rosiglitazone also has browning effects on white adipocytes with 

increased UCP1 levels and multilocularisation (30,77,134–137).  

Differentiation is finally reached upon activation of a cascade of transcriptional factors 

where, the most important are PPARγ and C/EBPs (123). At this stage, fully 

differentiated brown adipocytes display high levels of UCP1, CIDEA and multiple 

other characteristic BAT markers. However, beige cells show molecular signatures 

distinct from both white and brown adipocytes. Among beige selective genes, there 

are the developmental transcription factor 15 (Tbx15) and plasma membrane proteins 

such as transmembrane protein 26 (TMEM26) as well as markers known to be 

important in immune and inflammatory response pathways i.e. TNF receptor 

superfamily member 9 (CD137) (31,194). In addition, platelet-derived growth factor 

receptor-α (PDGFR-α) is a marker for white adipocyte precursor cells with the 

potential ability to differentiate into beige adipocytes (32). However, the substantial 

distinction between typical brown and inducible beige adipocytes is that the former 

express UCP1 at high levels without any stimulation, while beige adipocytes induce 

UCP1 only after cold exposure or β-adrenergic stimulation (30,93). Despite 

originating from two different lineages thermogenesis in both brown and beige 

adipocytes is triggered by the same stimuli that leads to UCP1 activation (195). In

vivo, activation of the thermogenic program in both cells is fundamentally under the 

control of the SNS after being triggered by cold exposure through norepinephrine 
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activated ß-adrenergic receptors. In vitro, physiological activation can be mimicked 

pharmacologically by using β adrenergic ligands to trigger specific genes reputed to 

promote the program for heat production (196,197). For instance, CL-316243, a 

selective β3 adrenergic ligand, is commonly used to induce UCP1 in both classical 

brown and beige adipocytes. CL-316243 increases BAT lipolysis and thermogenesis, 

WAT browning and the metabolic rate (34,198). It was shown in studies to improve 

insulin sensitivity following oral administration in vivo in rodents (199–201).  

1.2 BAT Dysfunction in Obesity and Type 2 Diabetes 

Obesity is described by the World Health Organisation (WHO) as an abnormal or 

excessive fat accumulation that may impair health. It affects more than 1.9 billion 

adults worldwide and is currently considered a global epidemic (202). Body mass 

index (BMI) is the most accepted and used anthropometric criteria to diagnose obesity. 

BMI is calculated based on an individual's weight in kilograms divided by the height 

in meters squared. According to World Health Organisation (WHO) classifications as 

shown in Table 1.2.1 , BMI can be used to classify people as underweight, overweight 

or obese (203)  

Classification BMI (kg/m2) 

Underweight < 18.5 

Normal range 18.5-24.9 

Overweight 25.0-29.9 

Obese ≥ 30.0 

Class I 30.0-34.9 

Class II 35.0-39.92 

Class III ≥ 40.0 

Table 1.2.1 The International Classification of Underweight, Overweight and Obesity According 
to BMI.  
Morbid obesity can be defined as BMI ≥ 40.0, or class II with significant comorbidities (203).  

Obesity is associated with many disturbances in multiple organs including dysfunction 

of the adipose tissue which links metabolism and immunity (16,204). For instance, 

undesirable changes in adipokine expression are linked to obesity including up-

regulation of inflammatory markers and down-regulation of adiponectin (17).  
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While the presence of BAT is associated with metabolic health, the amount of BAT is 

reduced in obesity with many studies demonstrating that obese individuals have 

reduced BAT compared with their lean counterparts (205–207). Further evidence has 

demonstrated that reduced BAT is reversible with weight-loss (208–211). Cold-

induced thermogenesis is also severely impaired in BAT from obese humans and diet-

induced obese mice (212,213). In addition, it has been indicated that higher BAT 

content is correlated with improved insulin sensitivity and protection against excess 

adiposity in both humans and animal models (207,214–217), with BAT glucose uptake 

rates highly reduced in obese individuals compared to healthy individuals (213). BAT 

transplantations have cemented this evidence in mice, whereby transplant models that 

increase BAT mass also improve glucose metabolism, increase insulin sensitivity, and 

reduce adiposity and body mass (218–221). BAT activation has been proposed as a 

potential strategy to combat obesity by converting energy from nutrients to heat 

through thermogenesis. As such, understanding how obesity impacts BAT and brown 

adipocytes function is essential to combat the obesity epidemic. 

In the state of obesity, adipose tissue is remodelled. Different components contribute 

to the adipose tissue remodelling depending on the metabolic status, giving it striking 

plasticity to expand and regress through the course of its life. Adipogenesis and 

vascularisation are closely linked (222–224), and the plasticity feature of adipose 

tissues thus requires an intimate crosstalk between adipocytes and vascular endothelial 

cells. This cellular crosstalk is facilitated by components of the extracellular matrix 

(ECM), which co-ordinate adipose tissue remodelling to either develop, keep stable, 

or even undergo apoptosis (225). That coordination is necessary to ensure the 

appropriate oxygen and nutrient supply as well as the clearance of toxic waste products. 

The plasticity of the adipose vasculature reflects the balanced actions between 

pro/anti-angiogenic factors, which collectively determine expansion or regression of 

the vasculature (223). These coordinated and balanced functions are compromised in 

obesity (226). 

Angiogenesis 

Angiogenesis is a highly regulated process since the formation of new vessels requires 

endothelial cell proliferation triggered by pro-angiogenic stimuli, and extracellular 

matrix (ECM) components such as proteinases to degrade existing capillary walls 
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(225,226). Both WAT and BAT produce various proangiogenic factors, adipokines, 

and cytokines that induce neovascularization, maintenance, and remodelling of the 

vasculature (223).  

WAT remodelling in obesity includes an increase in the number (hyperplasia) or size 

(hypertrophy) of adipocytes which leads to the formation of a dysfunctional adipose 

tissue (227–229). The hypertrophic growth of the adipose tissue is not accompanied 

by a similar expansion rate of angiogenesis (230). The impaired formation of new 

blood vessels causes an imbalanced production of overlapping angiogenic factors and 

inhibitors contributing to the dysfunction of the tissue. Dysfunctional WAT presents 

with features of necrosis and hypoxia, as well as larger adipocytes which favour 

expression of pro-inflammatory factors. This contributes to chronic, low-grade 

inflammation and fibrosis, that is present in obesity and counts as a major player in 

adipose tissue dysfunction which leads to insulin resistance (IR) (74,231–233). There 

are many factors that contribute to this chronic inflammation with hypoxia in WAT 

during the expansion and acute inflammatory insults. Gut-derived factors such as 

Lipopolysaccharide (LPS) worsen the impairment and possibly leading to insulin 

resistance and Type 2 diabetes mellitus (T2DM) (233–237). As such, vascularisation 

in adipose tissues appears as a key element in the morbidity of obesity (222,238). 

While WAT is associated with obesity-related morbidities, BAT is a thermogenic 

organ that can counteract the obese phenotype (75). BAT contains a significantly high 

density of vascular networks. These serve to meet the demands of the high 

thermogenic activity of BAT which requires a particularly high flow rate of blood to 

accomplish both release of heat as well as supply of oxygen and other essential 

substrates (232).  

Chronic cold exposure leads to the remodelling of BAT and subcutaneous WAT, and 

is also associated with angiogenesis and an increase in vascular density, resulting in a 

dramatic increase in the metabolic rate, mitochondrial biogenesis, and fatty acid 

oxidation (223,239–241). The up-regulation of pro-angiogenic factors and down-

regulation of anti-angiogenic factors are associated with cold-induced WAT browning 

and increased BAT activity in mice (240). Thus, brown adipocytes generate 

angiogenic factors such as vascular endothelial growth factor (VEGF) and nitric oxide 

(NO), which facilitate BAT angiogenesis and vascularisation (240,242–244). A study 

showed that this process is reduced in obese mice resulting in a whitening of BAT and 

loss of thermogenic activity (245). It is also suggested that brown adipocytes may have 
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a vasoprotective role that might be mediated by the secretion of hydrogen peroxide 

(H2O2), which inhibits vessel contractions in nearby vascular cells (246). The full list 

of angiogenic factors secreted from brown adipocytes is yet to be identified. In WAT, 

however, many pro-angiogenic factors are identified such as VEGFs, angiopoietins 

(Ang 1 and Ang 2), matrix metalloproteinases, leptin, and plasminogen activators 

(230). 

Among known angiogenic factors, VEGF plays a crucial role in the coordination of 

vasculogenesis, angiogenesis, remodelling, and vascular leakage under both 

physiological and pathophysiological states especially in adipose tissue (247–249). 

During hypoxia, expression levels of VEGF are upregulated by hypoxia-inducible 

factor (HIF)-triggered transcription (250–252). Also, induction of VEGFA can be a 

result of adrenergic stimulation via PGC1α activation (240). This PGC1α-induced 

proangiogenic effect could be adipose tissue-specific because PGC1α works through 

PPARɣ, upstream of PGC1α, to have a proangiogenic effect in adipocytes, but not in 

endothelial cells. Indeed, activation of PPARɣ in adipocytes stimulates adipogenesis 

in parallel with the expression of pro-angiogenic factor VEGFA (253). This paradox 

indicates the complexity of the regulation of adipose tissue angiogenesis under 

different conditions.  

Inhibition of VEGF receptor subtype 2 (VEGFR2) blocks cold-induced angiogenesis 

and damages thermogenic capacity in both WAT and BAT, indicating that angiogenic 

remodelling of BAT is one of the important processes for thermoregulation (240). 

Also, overexpression of VEGF in BAT of transgenic mice results in higher 

vascularisation and marked expansion of this adipose depot with increased UCP1 

expression and higher thermogenic activity (254,255). Furthermore, when fed a high 

fat diet, transgenic mice with overexpression of VEGF exhibited less ectopic fat 

deposition, reduced inflammation, improved blood lipid profiles as well as higher 

glucose tolerance and insulin sensitivity compared to wild-type mice (256,257). 

However, overexpression of active HIF1α triggers fibrosis and inflammation rather 

than an appropriate angiogenic response (258,259). 

Studies have shown that a high fat diet is associated with hypoxia in adipose tissues 

of rodents (260,261). However, in humans, separate studies obtained inconsistent 

results regarding oxygen tension in adipose tissue between lean and obese subjects 

(262–264). One study in humans found that levels of VEGF-A expression are lower 

in adipose tissue (lateral from the umbilicus) from obese compared to lean (264), while 
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another study showed that VEGF-A expression was greater in adipose tissues (omental 

and subcutaneous) from insulin-sensitive obese versus both lean and insulin-resistant 

subjects (226). However, blood flow in obese subjects was not increased 

proportionally to fat mass expansion (264,265), which suggests that adipose tissue in 

obese humans fails to sufficiently induce adequate angiogenesis. Collectively, 

angiogenesis is massively affected in obesity and is mediated by secreted angiogenetic 

factors from adipose tissue. The identification of these secreted angiogenesis factors 

from adipocytes represents an important aspect to study. That is particularly important 

in brown adipocytes because impaired angiogenesis in BAT could lead to brown 

adipocyte dysfunction, which has further implications in the context of obesity and 

associated disorders. 

Extracellular Matrix (ECM) 

The extracellular matrix (ECM) is a network of different proteins and proteoglycans 

that fills the spaces between cells. ECM binds cells and tissues together providing the 

structural support to adipocytes. It also controls essential actions in adipocytes for 

standard differentiation, migration, cell adhesion, repair, survival, and development, 

and it seems that its remodelling is required for healthy adipose tissue expansion (266). 

An excess of ECM components (such as collagens, elastin, and fibronectin) causes 

fibrosis which is a result of excessive lipid accumulation in obesity, besides immune 

cell infiltration and inflammation. Fibrosis in BAT may also impair thermogenesis 

(267) and cause local hypoxia, potentially leading to insulin resistance (268). 

Although the ECM is well-described in WAT, few studies focus on the BAT ECM 

and its remodelling in pathophysiological conditions.  

ECM consists of a large variety of components. The prime components of ECM in 

adipose tissue are collagens (type I, II, III, IV and VI), fibronectin, and a small amount 

of laminin (68,269,270). However, several components, such as a disintegrin and 

metalloproteinase domain-containing protein (ADAMs), osteopontin (OPN), 

hyaluronan (HA), thrombospondins (THBS1), matrix metalloproteases (MMPs), and 

tissue inhibitor of metalloproteinases (TIMPs), play an important role in the ECM 

remodelling and adipose tissue function (68,271). 

Alterations in the expression of collagens impact the functionality of adipose tissue. 

For instance: collagen V (COL5) levels are increased in human obesity where it seems 
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to exert an antiangiogenic function (272). Also, excessive presence of collagens in the 

WAT was reported in obese mice and humans (273) and collagen VI has been 

recognized as one of the most important collagen types involved in the development 

of WAT fibrosis (274). The different types of collagen are encoded by specific genes. 

The main types of collagen in the ECM in adipose tissue are encoded by six genes: 

COL6A1, COL6A2, COL6A3, COL6A4, COL6A5, and COL6A6 (275). Collagen VI 

ablation in mouse obese models improves WAT expansion and plays a protective role 

against the development of a diabetic phenotype (276). In addition, collagen VI is 

reported to be upregulated in brown adipocytes in response to cAMP induction (277). 

Overexpression of COL6A3 in rodents induces BAT inflammation and fibrosis and 

also reduces energy expenditure (267).  

Thrombospondin1 (THBS1) is another relevant component of ECM which is known 

to be highly induced in insulin-resistant obese mice and humans (278–281). One study 

in mice showed that treatment with recombinant THBS1 suppresses insulin signalling 

in the cultured muscle cell, which could represent crosstalk between the WAT and 

skeletal muscle in obesity (282). Therefore, treatments against THBS1 may be a 

beneficial therapy. 

Adhesion of the cells as well as signalling between cells and the ECM are mediated 

by transmembrane receptors, called integrins. Integrins are the major tissue receptors 

for ECM proteins. Together with other focal adhesion proteins, they regulate cellular 

motility and mediate both inside-out and outside-in signalling (266). Two major 

families of integrins consist of α and ß, which include eighteen and eight subunits, 

respectively, that compose different forms of integrin heterodimers (283). Although 

the function of integrins in adipose tissue is still not fully known, there are reports 

which indicate an important role. As such, abnormal integrin expression may be linked 

with insulin-resistance and malformed vascularisation (271). For example, deletion of 

ß2 integrin is associated with modulation of glucose homeostasis and attraction of 

neutrophils to adipose tissue in mice (284), while ablation of α2ß1 integrin induces 

vascularisation in the muscles of obese mice (285). 

In addition, CD44 is a ubiquitously expressed cell surface transmembrane 

glycoprotein on adipocytes and it interacts with different components of the ECM 

(286). It regulates different cell functions like cell–cell and cell–matrix interactions. 

CD44 is involved in development of inflammation and insulin-resistance in obesity 

(287). CD44 deficiency or treatment with an anti-CD44 antibody leads to positive 
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effects on metabolism, such as amelioration of insulin resistance in a diabetic mouse 

model, and decreases in blood glucose levels and macrophage infiltration under high-

fat diet (288).  

Remodelling of the ECM is facilitated by enzymes that degrade and regulate 

modifications of the ECM composition (289). These include matrix 

metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs). The 

involvement of TIMPs and MMPs in the pathogenesis of obesity was suggested by the 

differential pattern of their expression in two different mouse models of obesity (290). 

Moreover, ADAM10 (A disintegrin and metalloproteinase domain-containing protein 

10) is known to inhibit angiogenesis by modulating Notch signalling (291). ADAM10 

was found to be upregulated in obese mice and its silencing ameliorated insulin 

sensitivity (292). 

In addition, obese plasmatic membrane rupture of hypertrophic adipocytes and 

accumulation of ECM components cause necrotic adipocyte death. The rupture leads 

to lipid leakage and release of molecules, that recruit macrophages, which in turn 

sustain inflammation and promote insulin-resistance (271,293). 

Collectively, the ECM and integrins are important regulators of insulin action. They 

are, however, less studied in relation to brown adipocyte dysfunction. Therefore, it is 

important to study factors that modulate ECM physiology in BAT as these may be 

novel therapeutic targets to treat the underlying insulin resistance associated with as 

Type 2 Diabetes (T2DM). 

1.3 Insulin Resistance in Thermogenic Tissue 

The link between obesity and development of insulin resistance and T2DM is well 

established, although the detailed mechanism is still not entirely understood. It is also 

known that T2DM status is classically defined by insulin resistance in peripheral 

tissues, and the inability of pancreatic ß-cells to release adequate levels of insulin into 

the circulation to regulate glycaemia, two features related to obesity status (294–297). 

However, not all obese individuals develop insulin resistance and T2DM, highlighting 

the great influence of various predisposing factors.  

Initial onset of insulin resistance in obesity could be a result of WAT dysfunction and 

its inability to cope with the high demand for lipid storage, resulting in excess 

circulating free fatty acids and accumulation of lipotoxic metabolites such as 
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diacylglycerol, ceramides and long-chain fatty acyl-CoA in adipose and non-adipose 

tissues. This process is termed ectopic fat deposition and eventually leads to low grade 

inflammation and apoptosis (298–300). Lipotoxic metabolites lead to direct inhibition 

of insulin signalling through serine phosphorylation of insulin receptor substrate (IRS) 

proteins and activation of inflammatory pathways (301–303). Apoptosis is a factor 

that contributes to adipose tissue dysfunction by reducing WAT capacity to adequately 

buffer lipids. Moreover, apoptosis derived lipotoxic metabolites further trigger a local 

inflammatory response, which directly hinders insulin sensitivity (304). Increasing 

BAT thermogenesis, however, would enhance lipolysis and therefore contribute to 

preventing fat deposition in peripheral tissues that are non-specialized in fat storage 

(305). Indeed, rodents and humans with high content of brown and induced beige fat 

depots have higher insulin sensitivity, improved glucose homeostasis and resistance 

to obesity (53,57,219,306–308). In the obese state, the capacity of thermogenesis is 

reduced (50,213,309,310). Therefore, it is important to understand the mechanism 

behind this reduction as well as brown adipocyte dysfunction to enhance insulin 

sensitivity. 

Activation of inflammatory pathways represents a good candidate for involvement in 

thermogenic tissue dysfunction and promoting insulin resistance since the pro-

inflammatory cytokines have consistently been proved to cause insulin resistance in 

WAT (14,311). However, their effects are less known in BAT. Elevated inflammatory 

marker levels in diet-induced obese mice are suggested to be responsible for BAT 

insulin resistance via AKT (protein kinase B) and Extracellular Signal-Regulated 

Kinase (ERK) pathways (312). For instance, the TNFα mechanism to impair insulin 

responses involves disturbances in the activation of the MAP-kinases, Insulin 

Receptor Substrate-2 (IRS-2) and AKT (313–315). Mammalian target of rapamycin 

complex 2 (mTORC2), which activates inflammation, sustains thermogenesis via 

AKT-induced glucose uptake and glycolysis in BAT (316,317). These 

interconnections underscore the importance of metabolic signalling pathways in BAT 

during thermogenesis and point out the necessity of establishing mechanisms through 

which inflammation modifies BAT biology. This will be reviewed in more details 

below. 
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1.4 Inflammatory Signalling and Adipose Tissue Biology 

Low-grade chronic inflammation in WAT, mediated by the secretion of a range of 

inflammatory cytokines, has long been recognised as a main feature in obesity, termed 

metabolic inflammation or ‘metainflammation’ (81,204,318). Many pathologies are 

associated with this inflamed state, including T2DM, cancer, heart disease, and 

neurodegenerative diseases. Additionally, inflammation has been shown to impact the 

thermogenic capacity of brown and beige adipocytes (313–315,319). In comparison 

to WAT, relatively little is known about the inflammatory status of BAT in physiology 

and pathophysiology and how it affects thermogenesis. However, it is known that the 

inflammatory microenvironment is affected by cytokines secreted from immune cells 

as well as by adipocytes. In fact, pro-inflammatory signals also represent an important 

component of the thermogenic potential of brown and beige adipocytes and could 

contribute to adipocyte dysfunction in obesity (320–323).  

In adipose tissue of individuals categorised as ‘normal weight’ via their BMI as well 

as metabolically unaffected obese individuals, both BAT and WAT accommodate 

innate immune cells - mainly M2 macrophages - that secrete anti-inflammatory 

molecules (such as IL-10 and IL-4) and serve primarily an antigen presenting role 

(204,324,325). These molecules also participate in heat generation. For instance: IL-

4, IL-33 and IL-13 are secreted by innate lymphoid cells, mast cells and eosinophils. 

These three cytokines are upregulated in cold-induced thermogenesis and promote 

UCP1 expression and browning of WAT (325–328). IL-13, which possesses anti-

inflammatory traits, provokes growth differentiation factor 15 (GDF15) expression 

which is reported to reduce obesity by triggering thermogenesis, lipolysis, and 

oxidative metabolism in mice (329,330), and also averts inflammation (331). In 

subcutaneous WAT (scWAT), it is known that M2 macrophages are involved in 

adaptive thermogenesis. Throughout chronic cold exposure, adipocyte-derived 

adiponectin triggers M2 macrophage proliferation. In turn, depletion of macrophages 

or adiponectin leads to lack of adaptation by reducing cold induced browning in 

scWAT (332). Activated M2 macrophages also participate in the browning impacts of 

both adrenomedullin2 (ADM2) and meteorin-like (Metrnl), causing a subsequent rise 

in UCP1 transcription in adipocytes (333). ADM2 is synthesized by white adipocytes, 

and its expression has been shown to be reduced in adipose tissues of obese mice (333). 
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These data provide evidence of a relationship between adaptive thermogenic reactions 

and anti-inflammatory transcriptional regulation in adipose tissue (334). 

In the obese state, hypertrophic adipocytes in both WAT and BAT display 

perpetuation of their endocrine activity with increased levels of apoptosis as well as 

increased immune cell count, i.e. presence of macrophages, neutrophils and mast cells 

(212,323,335,336). In fact, inflammation due to infiltration by macrophages and other 

immune cells is recognised as a key contributor to WAT pathophysiology in adiposity 

including insulin resistance and other alterations in metabolism (337,338). Similar to 

WAT, it is thought that there is recruitment of immune cells in BAT as a result of 

elevated lipolysis and the release of fatty acids from stored TG in adiposity (339). In 

diet-induced obese mice, after being obese for six months, BAT showed an elevated 

immune response, involving infiltration with leukocytes, monocytes, M1 

macrophages, and cytokine release (340–343). However, BAT shows more resistance 

to macrophage infiltration than WAT in diet-induced obese mice as these immune 

cells take longer to become evident and have a lower impact on BAT (342,343). 

Moreover, the transcription of inflammatory mediators is lower in BAT than WAT, 

regardless of diet (312,342), presenting additional evidence that BAT is typically more 

resistant to inflammation. Eventually, inflammatory alterations and enhanced 

manifestation of inflammation indicators (including TNFα and F4/80) are apparent in 

BAT after a persistent high calorie intake (212,312,344,345). 

Recent studies have indeed identified infiltrated immune cells in BAT and 

inflammatory processes as contributors to BAT dysfunction. During this 

inflammation, macrophage populations distribute in the tissue forming crown-like 

structures (CLS) (346–348). These macrophages adopt an M1 phenotype which is 

suggested to play a crucial role in controlling adaptive thermogenesis (212,349), and 

together with the dysfunctional adipocytes themselves secrete pro-inflammatory 

molecules like IL1ß, TNFα, monocyte chemoattractant protein-1 (MCP1) and IL6. 

Thus recruiting and activating more immune cells which sustain the inflammatory 

state and contribute to insulin resistance (81,336,350–352). Inflammatory state also 

directly alters thermogenic activity in obesity and associated metabolic disorders by 

impairing the energy expenditure mechanism and glucose uptake. For instance, 

inflammation of BAT caused by infiltrated macrophages reduces thermogenesis and 

UCP1 activation (212,349). Whereas experimental depletion of pro-inflammatory 
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macrophages removes the repression of cold-induced up-regulation of UCP1 found in 

obesity (212). However, how macrophages affect thermogenesis and BAT biology is 

controversial (325). In addition, the increased expression of pro-inflammatory markers 

in BAT such as Fractalkine, TNFα and MCP1 in obese murine models co-occurs with 

reduced UCP1 levels and key thermogenesis indicators as well as shortage of fatty 

acids which act as substrates for thermogenesis (341,353,354). Also, it is reported that 

IL1β reduces the cAMP-mediated induction of UCP1 expression (320), cold-induced 

thermogenesis in adipocytes in vivo via sirtuin-1 inhibition (SIRT1) (355) and WAT 

browning (356). Besides the direct actions of pro-inflammatory cytokines on brown 

adipocytes, some of these factors are thought to hinder stimulation of adrenergic 

receptors, activation of the sympathetic nervous system and thus regional increases of 

norepinephrine. 

Further evidence suggests that inflammation also influences browning capacity of 

WAT. In this context, among the different types of WAT, subcutaneous depots are 

more predisposed to browning and acquisition of thermogenic characteristics 

(120,357,358). It can be speculated that differences in susceptibility to inflammation 

between different fat depots is one of the factors behind this variation since the 

tendency for inflammation in visceral is higher than in subcutaneous WAT (359–361). 

In fact, visceral WAT tissue has a higher content of innate immune cells (360,362,363)

compared to subcutaneous WAT which has higher lipid handling capacity (364,365). 

Thus, distribution of WAT appears to be a factor that influences cardio-metabolic risk, 

likely because of disparity of the inflammation susceptibility. Individuals with 

lipodystrophic syndromes address this fact, as these individuals display a loss of 

femoroglutea or subcutaneous fat, and therefore increased lipid deposition in visceral 

WAT results in worsening metabolic and cardiovascular risk (366,367). It is indeed 

demonstrated that infiltrated macrophages and other immune cells in subcutaneous 

WAT negatively impact the ability of precursor cells to differentiate into thermogenic 

active beige adipocytes because of pro-inflammatory cytokine secretion and 

generation of an inflammatory microenvironment (368). Also, the prominence of 

inflammation-driven suppression of the formation of beige adipocytes in adiposity has 

been underscored by research of the interplay between α4-integrin receptor on pro-

inflammatory macrophages and vascular cell adhesion molecule-1 (VCAM-1) on 

adipocytes. These interactions decrease transcription of UCP1 via the extracellular 
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signal-regulated kinase (ERK) pathway. Moreover, the repression of α4 integrin 

results in augmentation of beige adipocyte formation and protects against metabolic 

impairment in the regulation of obese AT, which highlights a considerable 

contribution of ECM molecules (330). This mechanism establishes a self-sustained 

cycle of inflammation-driven impairment of the beige phenotype in obesity. 

Heightened inflammation is proposed to act as a key player in the whitening of BAT 

that results after extended consumption of high-fat diet at thermoneutrality. This 

conversion of brown adipocytes to unilocular cells, comparable to white adipocytes, 

is a consequence of an incorporation of various elements that involve provoking 

macrophage infiltration, brown adipocyte decease, and CLS generation. Whitened 

BAT display CLS formation encircling adipocytes that comprise of augmented 

endoplasmic reticulum, cholesterol crystals and some deteriorating mitochondria, and 

become encompassed by multiplied collagen fibrils. The analysis of BAT gene 

expression shows that whitened BAT exhibits a robust inflammatory reaction and 

stimulation of nucleotide-binding oligomerization domain-like receptor-3 

inflammasome (NLRP3) (348). Furthermore, the multimodular adaptor protein p62 is 

implicated in several roles including inflammation, and it participates in controlling 

energy metabolism via regulating mitochondrial function in BAT, which is a further 

marker of the significance of inflammation and immune cell signalling pathways in 

BAT biology (369). 

During chronic inflammation of adipose tissue in obesity, angiogenesis plays an 

important role and promotes immune cell infiltration (370). For instance, Ang-2, an 

angiogenic factor, upregulates several pro-inflammatory pathways that can lead to 

leukocyte recruitment through NFκB signaling interaction (371). Immune cells in turn 

also communicate with endothelial cells by releasing angiogenic factors, e.g. VEGF, 

angiopoietins, fibroblast growth factor and transforming growth factor (TGF-ß) 

(372,373). This indicates a close relationship between inflammation and angiogenesis 

in obesity (374). Also, ECM components facilitate adhesion of immune cells to the 

endothelium, which is one of the key steps in the inflammatory process (370). 

Adhesion molecules play a communication role in the inflammatory process and can 

have a role in immune cell infiltration, e.g. intracellular adhesion molecule (ICAM-1), 

vascular cellular adhesion molecule (VCAM-1), and integrins (375). 

Overall, the inflammatory state including the combination of CLS, apoptotic 

adipocytes and circulating pro-inflammatory cytokines during obesity is strongly 
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associated with an escalated risk of insulin resistance complications such as T2DM 

and cardio-metabolic disorders (351,352,360). Also, inflammation is a modulator of 

insulin responses in BAT and is strongly linked to UCP1 expression and 

thermogenesis. Despite, BAT appearing to be less susceptible to developing 

inflammation than WAT (342), evidence suggests that inflammation directly alters the 

thermogenic activity of brown/beige fat depots by impairing its capacity of energy 

expenditure and glucose uptake (323,336). In fact, brown adipocytes themselves have 

recently being recognized to play an effective endocrine role. They can secrete 

multiple factors including inflammatory modulators which contribute to the systemic 

consequences of BAT activity (80). 

BAT Is an Active Inflammatory Secretory Tissue 

Adipocytes release a large number of hormones and cytokines, known as adipokines 

that communicate signals between different fat depots and distal tissues/organs (376). 

For instance, leptin, the satiety hormone, is secreted in response to food ingestion by 

white adipocytes and controls dietary intake by suppressing the appetite centre in the 

hypothalamus (377–379). Another adipokine released by adipocytes into the blood 

stream is adiponectin which is encoded by the ADIPOQ gene (376,380). It has anti-

inflammatory effects and promotes lipid oxidation (381), thus enhancing insulin 

sensitivity and preventing obesity (381,382). Indeed, levels of circulating adiponectin 

are decreased in obese subjects and increase after weight loss (383). In addition, the 

secretory role of brown/beige adipocytes is involved in regulating the systemic 

influence of BAT activity. For instance, studies have shown it to be involved in the 

beneficial effects of BAT transplantation in rodents (214–216,218–221,384,385). 

Several brown/beige adipocytes-derived molecules, grouped under the name brown 

adipokines or batokines, that practice paracrine or autocrine effects have been 

identified. These factors include inflammatory modulators, which are associated with 

BAT recruitment when thermogenic activity is stimulated as well as actions on other 

tissues and organs.  

Factors with documented anti-inflammatory actions that are released by brown/beige 

adipocytes positively influence systemic metabolism and convey the beneficial 

metabolic effects of BAT activation. In fact, induction of thermogenesis and/or 

browning of white adipocytes (e.g. by cold exposure) is associated with upregulation 
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of brown/beige adipocyte secretion of these factors with anti-inflammatory effects. 

These factors themselves stimulate thermogenesis, including: fibroblast growth factor 

21 (FGF21) (151,153), follistatin (Fst) (386), c-terminal fragment of SLIT2 protein 

(SLIT2-C)(387), C-X-C motif chemokine ligand-14 (CXCL14) (388), vascular 

endothelial growth factor A (VEGFA) (240,242), lipocalin prostaglandin D synthase 

(L-PGDS) (389), growth and differentiation factor 15 (GDF15) (331). Other positive 

effects of these factors involve:  

 Improving glucose metabolism and weight regulation in addition to prevention 

of hyperglycaemia and hyperlipidaemia by FGF21 (390,391). 

 Sensitising effects in response to insulin and protection against diet-induced 

obesity and enhancement of adipocyte differentiation by Fst (386).  

 Regulation of glucose metabolism and an increasing of M2- macrophages in 

BAT by CXCL14 (388,392,393).  

 Protecting against obesity and increasing basal metabolic rates and lipid 

utilization in BAT by L-PGDS (389,394).  

 Reducing food intake, body weight and adiposity, and improving glucose 

tolerance under normal and obesogenic diets as well as inhibition of local 

inflammatory pathways originating from macrophages by GDF15 

(331,395,396). 

Whereas pro-inflammatory factors, which are also secreted from brown adipocytes 

themselves under certain conditions (e.g. obesity state), contribute to impairing 

thermogenesis of BAT and browning capacity of WAT, they are also linked to 

deleterious impacts on metabolism. Examples of these pro-inflammatory cytokines 

include: chemerin (397), endothelin 1 (ET1) (398), retinol-binding protein 4 (RBP4) 

(398), growth differentiation factor (GDF8/myostatin) (399), fractalkine 

(CX3CL1)(353), and classic pro-inflammatory cytokines such as IL6, MCP1, TNFα

and IL1 (344). Both chemerin and ET1 increase in obesity, are associated with a rise 

in inflammation markers, are components of the metabolic syndrome and are down 

regulated in response to cold exposure or during adrenergic stimulation (397,398,400–

405). GDF8 and CX3CL1 inhibit WAT browning, thermogenesis and metabolic 

activity of BAT as well as play a role in the recruitment of immune cells and 

exacerbation of the inflammatory state (353,399,406–411). The increase in levels of 
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MCP1, TNFα and IL1 is accompanied by repression of thermogenesis genes and 

mitochondrial respiration in BAT (344).  

There are also cytokines, which play pleiotropic roles in inflammation, reported to be 

released from brown adipocytes. These include IL6 and Insulin-Like Growth Factor-

1 (IGF-1) which are both increased upon cold exposure or following adrenergic 

stimulation (412–414). IGF-1 also leads to proliferation and differentiation of 

preadipocytes and IGF-1 signalling integrates immune-metabolic interactions to 

facilitate macrophage activation status (225,412,413,415,416). IL6, classically a pro-

inflammatory cytokine, leads to increased UCP1 expression and M2 macrophage 

polarization in BAT, and enhanced browning of WAT (417,418). However, this is in 

opposition to the fact that IL6 is a potent pro-inflammatory cytokine, demonstrated by 

elevation of plasma IL6 in obesity and diabetes, in addition to reduced levels in weight 

loss (419–421). Moreover, it acts as a key pro-inflammatory cytokine in obese adipose 

tissue, macrophage polarization, and T cell regulation via signal transducer and 

activator of transcription 3 (STAT3), triggering subsequent insulin resistance and 

aggravating diet induced obesity (422). Furthermore, as anticipated for IL6, owning 

to its classical function as a pro-inflammatory cytokine, its ablation leads to abolition 

of pro-inflammatory signalling in the obese state (421). With respect to browning 

induction, IL6 is involved in stimulating inguinal WAT atrophy by promoting WAT 

lipolysis and browning (423).  

It is important to determine the role of each inflammatory cytokine in insulin resistance. 

Also, the identification of novel brown adipokines forms an interesting aspect of 

obesity research. This is explained by its ability to direct drug discovery approaches 

for managing obesity and its associated chronic metabolic diseases. It was therefore 

explored in this project. 

In addition, understanding the mechanisms that lead to the dysfunction of thermogenic 

adipose tissue including triggers to initiate the upregulation of pro-inflammatory 

factors and associated consequences are essential. This is especially useful to 

determine the effect of such mechanisms on thermogenesis in order to identify 

therapeutic target strategies against obesity. This may involve the utilisation of BAT 

thermogenesis and conversion of white fat cells into thermogenic brown-fat-like 

adipocytes. Thus, inflammatory signals represent an important area to investigate in 

brown adipocytes. Therefore, it has been the main focus of this thesis, utilising 
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lipopolysaccharide (LPS)/endotoxin to activate inflammatory related pathways. 

Indeed, gut-derived LPS is increased in obesity because of the alterations to the gut 

microbial composition and the resulted leaky gut, causing endotoxemia state (448). 

Endotoxemia exacerbates the adipose tissue dysfunction in obesity leading to insulin 

resistance and T2DM (233–237). The following section discusses in further details 

LPS activated pathway and its relation to obesity progression and adipose tissue 

dysfunction. 

LPS-TLR4 Activation Pathway Relevance to Activation of Inflammation 

in Brown and White Adipose Tissue 

BAT interaction with immunity and inflammatory signalling components is evidenced 

by its expression of relevant receptors, including innate immune system receptors such 

as toll like receptors (TLRs), and nucleotide-oligomerisation domain-containing 

proteins (NODs). Free fatty acids (424), reactive oxygen species (ROS)(425), and 

cytokines themselves (426) are some examples of activators of immune system 

receptors and the subsequent pro-inflammatory cytokine synthesis and secretion. In 

fact, stimulation of the innate immune receptors by immune and metabolic clues 

conveys a negative effect of pro-inflammatory pathways on BAT thermogenesis (344). 

For instance, studies have shown that activation of TLR4 or TNF receptors by LPS or 

TNFα, respectively, diminish UCP1 in BAT of mice in vivo and in vitro studies 

(355,427). Moreover, stimulation of TLR4 hinders β3-adrenergic-induced browning 

of WAT, whereas TLR4-ablation sustains thermogenic capacity (356). Also, the Nod-

like receptor 3 (NLRP3) inflammasome multiprotein complex controls inflammation 

and macrophage actions by splitting IL1β and IL-18 precursors into their active forms. 

Stimulation of NLRP3 in macrophages impairs UCP1 and adaptive thermogenesis 

stimulation of white adipocytes and mitochondrial respiration, while NLRP3 ablation 

protects against UCP1 decrease. The effect is mediated by IL-1 as suppressing the IL-

1 receptor in adipocytes maintains thermogenesis activity (356). Some of these 

inflammatory inducers could cause further perturbation of WAT browning in 

comparison to thermogenesis in BAT. For example, depletion of the intestinal 

microbiota or LBP (LPS-binding protein) leads to greatly enhanced WAT browning 

while having only a minor effect on classical BAT (428,429). This might be a 
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consequence of a higher basal level of inflammation in subcutaneous WAT compared 

to BAT (322,323,343).  

It has been reported that the innate immune system can recognise an overload of 

nutrient intake as a danger event in obesity through pattern recognition receptors 

(PRRs) in adipose tissue: PRRs initiate inflammatory and stress responses, 

contributing to the chronic low-grade inflammation (430). A significant body of 

evidence suggests that much of this association can be attributed to the TLR family. 

In particular, TLR4, a transmembrane receptor which belongs to a unique family of 

PRRs, senses excessive nutrients and their derivatives, such as saturated long-chain 

fatty acids, modified LDLs and ceramides (431–433). Activated TLR4 stimulates the 

inflammatory response and expression of pro-inflammatory cytokines via different 

adaptor molecules such as myeloid differentiation primary response protein 88 

(MyD88) and TIR domain-containing adaptor inducing interferon-β (TRIF) (431,434) 

(Figure 1.4.2.1). MyD88 and TRIF are signalling adaptors that lead to activation of 

mitogen-activated protein kinases (MAPKs) and transcription factors such as nuclear 

factor kappa B (NFκB), and subsequent induction of cytokines (431,435). Thus, 

activation of TLR4, upregulates signalling pathways of IKKβ–NFκB (inhibitor of 

nuclear factor (NF)-κB (IκB) kinase-β–NF-κB) and JNK–AP1 (Jun N‑ terminal 

kinase–activator protein-1) (436,437). Activation of these pathways by different 

upstream stimuli inhibits PPARɣ activity via MAPKs (438,439) (Figure 1.4.2.1), 

supressing the expression of adipogenic genes such as C/EBPs. Also, this activation 

leads to an enhanced imbalance between storage and release of fatty acid into the 

circulation and eventually inhibits insulin signalling leading to insulin resistance 

(338,436). In fact, JNK, IKK+ (IkB kinase +) and IRF3 (interferon regulatory factor-

3) are among the main inflammation regulators in obesity (81,440–442). Deletion of 

IKK+ or IRF3 results in a reduction of inflammatory markers in adipose tissues and 

enhanced WAT browning with increased UCP1 expression and energy expenditure, 

while there are only minor effects on BAT (440,443).  

To activate TLR4, one potential stimulus is lipopolysaccharide (LPS) which binds to 

CD14 (cluster of differentiation 14) on the cell membrane to activate TLR4 in adipose 

tissue (444,445). This is facilitated by the LPS-binding protein (LBP), an acute-phase 

protein produced in the liver, which recognizes LPS in the bloodstream and presents 

it to CD14 (444). Thus, serum LBP and pro-inflammatory cytokines link the immune 

response of the host to LPS in systemic circulation. As highlighted above, obesity-
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associated chronic inflammation is linked with reduced insulin responses in white and 

brown adipose tissue as well as reduced brown adipocytes function. Systemic LPS, a 

key activator of inflammation, is known to be increased in obesity and T2DM 

(446,447). As such, LPS poses an intriguing primary insult to investigate in BAT and 

brown adipocytes as it activates inflammation contributing to metabolic consequences 

in obesity through TLR4. To date, this mechanism has not been described in detail and 

it was therefore one of the main focuses of this thesis.

Figure 1.4.2.1 Schematic Representation of TLR4-Mediated Signalling Pathways. 

TLR4 utilizes four adapters; MyD88, TIRAP/MAL, TRIF and TRAM. The MyD88-dependent pathway 
controls inflammatory responses, while TRIF mainly mediates type I IFN responses. The MyD88-
dependent pathway requires TIRAP/MAL to be activated and recruits IRAK4 and TRAF6 which 
activate TAB, leading to activated TAK1. Activated TAK1 then activates IKKβ which is followed by 
translocation of activated- NFkB into the nucleus. At the same time TAK1 activates MAPK which leads 
to the activation of AP-1. Both NFkB and AP-1 induce pro-inflammatory cytokines transcription. The 
TRIF -dependent pathway requires TRAM to be activated and recruits TRAF6 and RPI1 which mediate 
NFkB and AP-1 activation. In addition, TRIF interacts with TBK1, which together with IKKi mediate 
phosphorylation of IRF3. Then, IRF3 translocate into the nucleus and together with activated NFkB 
and AP-1 induce type I IFN. Secreted inflammatory cytokines including IL6, TNFα, and IL1 combined 
with the activation of MAPK predispose to the insulin resistance. (Ub) ubiquitination; (P) 
phosphorylation, (GRB-2) growth factor receptor-bound 2; (PI3) phosphatidylinositol (adapted from 
(435)). 

LPS is the product of gut bacteria as it is the primary component of the cell wall (outer 

membrane) of gram-negative bacteria (448). It is a biologically active endotoxin which 

may enter the bloodstream and exert crucial effects (449–455). When binding to its 
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receptor in adipose tissue, namely TLR4, it can stimulate an inflammatory response 

and therefore enhance inflammation-associated chronic disorders such as obesity 

(430). Indeed, it is now recognised that diet is a key player in the composition of gut 

microbiota constituents and systemic uptake of gut microbiota derivatives (456). Also, 

the development of obesity is associated with alterations in gut microbial composition 

and activity as well as increasing gut permeability which is called ‘leaky gut’. Studies 

have found that the ‘leaky gut’ triggers a transition of numerous endogenous damage-

associated molecular patterns (DAMPs) and microbiota-derived pathogen-associated 

molecular patterns (PAMPs) into the circulation, therefore they stimulate their 

corresponding PRRs like TLR4 in many tissues, including WAT and BAT (431–433).

Ultimately, both DAMPs and PAMPs influence immune function and inflammatory 

response in obesity and related disorders (457), which in turn stimulate fat 

accumulation and increased insulin resistance.  

Studies have identified that LPS may directly contribute to inflammation-dependent 

obesity and insulin resistance in both rodents and humans. Accumulating evidence 

indicates that LPS has an important role in the onset and progression of obesity in both 

rodents and humans based on the fact that plasma LPS concentration is significantly 

elevated in the obesity state and named 'endotoxemia' (454). Moreover, cross sectional 

and longitudinal data indicate elevated systemic endotoxin levels in conditions of 

obesity, T2DM, coronary artery disease and fatty liver disease. Furthermore, in these 

studies, circulating LPS is observed to be positively associated with inflammatory 

cytokines as well as lipids, including total cholesterol, triglycerides, and LDL-

cholesterol, but negatively associated with HDL-cholesterol (446,458–462). Also, 

study subjects with metabolic disease, who were given a single high fat meal, were 

shown to not only change their systemic lipids levels substantially, but also increase 

their systemic levels of LPS (461). In addition, it has been demonstrated that 

endotoxemia may initiate hyperinsulinemia, as a direct association between increasing 

systemic LPS and insulin secretion (463). Hyperinsulinemia is a condition in which 

there are high levels of circulating insulin relative to the level of glucose. This may, 

therefore, lead to insulin resistance development. Correspondingly, alterations in the 

gut microbiota after antibiotic treatment reduces the LPS levels in both the caecal 

content and serum, and also results in decreased inflammation, improved glucose 

intolerance, as well as reduced obesity and fat accumulation (464,465). The full details 

of how LPS affects BAT and brown adipocyte activity and lipid-driven metabolic 
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diseases has not been fully addressed in the field. In addition, the role of TLR4 in these 

tissues has not been studied in detail. Research on the detailed role of TLR4 is 

important to identify new targets to combat obesity as TLR4 recognises host- derived 

factors as “danger” signals and has a significant impact on the pathogenesis of non-

infectious, inflammatory diseases of the host such as obesity and related lipid 

abnormalities (466,467). 

1.5 Adipose Mitochondrial Function in the Pathophysiology of Metabolic 

Disease  

Mitochondrial function is essential for maintaining physiological cellular processes. 

They are the cells’ powerhouses, generating energy in the form of ATP, and possess 

their own DNA and protein synthesis machinery (468–470). Mitochondria are highly 

dynamic; varying from single structures to inter-connected networks constantly 

undergoing fission and fusion events (471). They are responsible for many vital 

activities at cellular levels such as nutrient oxidation and ATP production via oxidative 

phosphorylation, reactive oxygen species (ROS) synthesis and detoxification, 

regulation of mitochondrial matrix and calcium homeostasis, metabolite synthesis and 

catabolism, organelle transport and cell signalling, and some types of apoptosis 

(470,472,473). To perform these actions, they undergo numerous stringent 

mechanisms including mitochondrial dynamics, motility, protein homeostasis, 

biogenesis and mitophagy (471). The folds of the mitochondrial inner membrane, 

which are called cristae and give the characteristic wrinkled shape to the inner 

membrane, provide a large amount of surface area to accommodate various reactions 

(474). 

Mitochondrial dynamics involve continuous fission and fusion of mitochondria. These 

dynamics facilitate the turnover of damaged mitochondria by mitophagy, exchange of 

matrix content and the division of organelles during mitosis; combined, these 

processes maintain the functionality of the mitochondrial network (475). Cells with 

high fusion-to-fission rates form networks of interconnected mitochondria, whereas 

low fusion-to-fission rates lead to the  production of many fragmented mitochondria 

(476). In BAT, mitochondrial fission acts in synergy with fatty acid-induced 

uncoupling to activate heat production in response to adrenergic stimuli (477,478). 

Fission is operated by dynamin related protein 1 (DRP1) and mitochondrial fission 1 
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protein (FIS1). FIS1 recruits DRP1 to translocate to the outer mitochondrial membrane 

where it aggregates into rings that encircle and constrain the membranes resulting in 

fission (474). In contrast, the main fusion mechanism includes autosomal dominant 

optic atrophy-1 (OPA1) and mitofusion 2 (MFN2). MFN2 is a GTPase located in the 

outer mitochondrial membrane, where it facilitates tethering between adjacent 

mitochondria, while OPA1 controls the fusion of inner mitochondrial membranes 

(479). Indeed, mitochondrial dynamics change with nutritional conditions and are 

important to maintain healthy mitochondrial function; mitochondria under caloric 

excess maintain a fragmented state, whereas mitochondria under caloric restriction 

stay primarily in a fused state (480).

Mitochondrial biogenesis is the process of increasing the number of mitochondria 

through growth and division (481). It is induced in WAT as a result of imbalance 

between cellular energy demands and ATP production (481). Such imbalance can be 

a consequence of internal or external stimuli, for instance inflammation or caloric 

restriction. In addition, as one of the hallmarks of adaptive recruitment of thermogenic 

capacity during cold acclimation, expression of mitochondrial biogenesis genes is 

strongly increased. Also, the induction of mitochondrial biogenesis is one of the 

characteristics of the differentiation programme of brown adipocytes, which is 

fundamentally different from the adipogenesis of white adipocytes (102). The key 

factor that regulates mitochondrial biogenesis is PGC1α through co-activation of 

nuclear respiratory factor 1 (NRF1), which in turn regulates the mitochondrial 

transcription factor A (TFAM) and the expression of DNA polymerase (POLG) and 

OXPHOS genes, necessary for mitochondrial gene expression and replication (482–

484). Mitochondrial biogenesis is impaired in conditions of high oxidative stress and 

inflammation. This can generate mutations in the mitochondrial genome, reduce the 

number of mitochondria, impair oxidative capacity, further increase ROS production 

and adversely impact general mitochondrial function and insulin signalling (480,485). 

In brown adipocytes, healthy mitochondria are essential for effective thermogenesis 

through the inner mitochondrial membrane protein UCP1. It dissipates the energy 

stored in the mitochondrial electrochemical gradient as heat, “uncoupled” from ATP 

synthesis. The colour of brown fat reflects the high iron content of mitochondria as 

BAT is a mitochondria packed tissue compared to WAT (69). Another important role 
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for mitochondria in both BAT and WAT is the regulation of lipolysis in times of 

starvation or energy demands, which has been addressed above (58).  

In general, mitochondrial dysfunction describes inefficient and/or insufficient ATP 

production since the primary role of mitochondria is energy production in the form of 

ATP (472,486). However, an abnormality in any mitochondrial function can be termed 

mitochondrial dysfunction, and has the potential to produce severe metabolic 

alterations and contribute to insulin resistance. Substantial evidence indicates that 

impairments of mitochondrial function and biogenesis are directly implicated in 

metabolic disorders such as obesity, T2DM and cardiac diseases. In fact, inflammation 

and obesity are both associated with mitochondrial dysfunction and alteration in 

mitochondrial mass (468,487). For instance, in WAT in obesity, reports showed 

reduction in the rate of mitochondrial biogenesis, oxidative metabolic pathways, and 

oxidative phosphorylation proteins, and a correlation with pro-inflammatory cytokines 

(488). Furthermore, mitochondrial efficiency is altered by pro-inflammatory cytokines 

which influence energy homeostasis in human white adipocytes. TNFα drastically 

impacts mitochondrial functions in 3T3-L1 adipocytes, whereas IL1β and IL6 have 

limited effects. Also, stimulation of the macrophages-NLRP3 inflammasome lessens 

UCP1 activation and mitochondrial respiration in primary adipocytes potentially via 

IL-1, whilst the loss of NLRP3 preserves UCP1 and adaptive thermogenesis capacity 

in adipocytes (356,489,490). The stimulation of pattern recognition receptors in brown 

adipocytes, including activation of TLR4 by LPS, and the following augmented 

inflammation results in dysfunctional mitochondria and inhibition of mitochondrial 

respiration with decreased UCP1 transcription levels (344) and supressed browning 

capacity of white adipocyte in response to adrenergic activation (355). The mechanism 

of such effects are expected to include a retardation of SIRT1 function (355). 

Additionally, the loss of TLR4 maintains mitochondrial function and thermogenesis 

in WAT (356). However, these studies do not detail the wider effects of LPS on 

mitochondria of different models of brown adipocytes. 

Mitochondrial dysfunction in adipocytes is suggested to be a primary cause of adipose 

tissue inflammation, adipocyte enlargement and insulin resistance (491–495). 

According to this hypothesis mitochondrial dysfunction and reduced fatty acid 

oxidation through impaired ß-oxidation in adipocytes leads to adipocyte enlargement 

because of triglyceride accumulation. This also increases intracellular build-up of 

lipotoxic molecules such as diacylglycerol and ceramides, which stimulate pro-
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inflammatory signalling and directly alter insulin action (491–495). Moreover, 

dysfunctional mitochondria in adipocytes results is pseudo-hypoxia with substantial 

aggregation of hypoxia-inducible factor 1α (HIF-1α), which initiates inflammation 

and fibrosis in adipose tissue (496,497). Interestingly, there is adipose tissue depot-

specific discrepancy in mitochondrial number and respiration, linking mitochondrial 

functionality to obesity associated complications (498). Correspondingly, changes in 

mitochondrial functionality in BAT could be efficiently linked with impaired 

thermogenesis and energy expenditure in obesity and higher vulnerability to acquire 

obesity induced insulin resistance. A model of chronic systemic inflammation in mice 

presents high levels of systematic pro-inflammatory cytokines and abnormal 

regulation of both innate and adaptive immune responses. Using this mouse model, 

mitochondrial swelling is exhibited as well as impaired cristae, in addition to 

decreased cold-stimulated thermogenic capacity and UCP1- reliant mitochondrial 

respiration (499). Moreover, low grade inflammation in BAT during obesity increases 

reactive oxygen species (ROS) generation and the subsequent oxidative stress, which 

is reported to cause mitochondrial dysfunction (500–504). Furthermore, increased 

levels of ROS itself directly stimulates stress kinases (505) and pro-inflammatory 

signalling, leading to the compromised function of insulin receptor substrate proteins 

by their phosphorylation at serine residues (485,506,507). Further studies in BAT 

ascertain the coexistence of higher levels of inflammation and ROS production in the 

obese state, but this is associated with the doubling of mitochondria respiration in 

comparison to lean mice. It is possible that if the obesogenic factors were continued 

for longer, mitochondria would ultimately fail to adapt to obesity stress and 

thermogenic function would be eventually be perturbed (341). It is worth considering 

that ROS generation does not always negatively impact BAT function. In this context, 

an intrinsic rise in mitochondrial ROS levels is reported in activated BAT 

thermogenesis in vivo. Also, pharmacological diminution of mitochondrial ROS 

results in hypothermia in response to cold accumulation, and suppresses UCP1-

dependent induction of whole body energy expenditure (508). Dysfunctional 

mitochondria as a consequence of the loss of TFAM results in death of adipocytes 

coincident with inflammation in WAT and a whitening of BAT with reduced energy 

expenditure. BAT whitening in these mice is essentially elucidated by defects in 

mitochondrial electron transport chain function, decreased fatty acid oxidation, and 

excess circulating fatty acids, rather than a transformation of brown to white 
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adipocytes (509). These outcomes underline the link between mitochondrial function 

and inflammation and indicate mitochondria dysfunction resulting in increased 

inflammation which could eventually lead to a vicious cycle. 

Collectively, the evidence set out above highlights the impact of mitochondrial 

alterations in BAT dysfunction with close link to inflammation and the pathogenesis 

of obesity, which are in turn associated with insulin resistance and cardiometabolic 

diseases. 

1.6 Anti-Inflammatory Pathways and BAT Function 

Current obesity therapies such as lifestyle modification (diet and exercise) and 

pharmacotherapy are important. However, their effectiveness is limited in terms of 

weight loss, improving metabolic profile and subsequently minimising the risk of 

obesity and insulin resistance, T2DM and cardiovascular diseases. Therefore, it is 

necessary to develop more effective therapeutic strategies by identifying novel targets 

to treat obesity. In fact, alleviating the inflammation state can reverse adipose tissue 

dysfunction in obesity, playing an essential role in developing strategies to prevent 

progression of metabolic diseases. Consequently, it has been demonstrated that a 

diminished inflammatory response can restore insulin sensitivity. Targeting 

inflammation in diet-induced obese mice leads to a decrease in adipocyte area, 

macrophage infiltration and pro-inflammatory gene expression, along with JNK and 

NFkB activation and increased insulin sensitivity via increased AKT phosphorylation 

(510–514). In addition, suppression of inflammation could offer a mechanism to 

enhance BAT activity, implicating the related benefits on weight loss. For instance, 

factors associated with the AMPK-related kinase family, which inhibit inflammation, 

are linked with maintaining UCP1 expression and enhanced BAT thermogenesis 

(515–517). Dysregulation of these anti-inflammatory kinases leads to induction of 

insulin resistance in BAT via impairment of the PP2A-AKT pathway (515,516). This 

provides evidence to support the use of an anti-inflammatory mechanism to develop 

anti-obesity therapies. One potential approach is dietary intervention which can have 

anti-inflammation activity (e.g. curcumin, epicatechin, etc), leading to enhanced 

insulin sensitivity as well as increased energy expenditure and body temperature in 

response to cold (510,518). Free fatty acids (FFAs) provide another example of dietary 

constituents that function as inflammation modulators. FFA actions are mediated by 
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cell-surface receptors G protein-coupled receptors (GPCRs) which are active 

stimulators for members of the rhodopsin like sub-family, including GPR40, GPR41, 

GPR43, GPR84, and GPR120 (519,520). Short-chain FA (less than 6 carbons) are 

ligands for GPR41 and GPR43, and medium-chain FAs (6-12 carbons) for GPR84. 

Long chain FAs (12 or more carbons) can activate GPR40 and GPR120 (519,521). 

GPR120 is of particular interest as it mediates actions that counteract inflammation 

and enhance metabolism, and as such will be discussed further in the following section. 

G Protein-Coupled Receptor 120 (GPR120) 

GPR120 positively impacts metabolic health. In enteroendocrine cells, for instance, 

activated GPR120 stimulates glucagon-like peptide-1 (GLP-1) secretion both in vitro

and in vivo, which is followed by the elevation of insulin levels in the systemic 

circulation (522). In fact, activated GPR120 results in elevation of the intracellular 

calcium concentration, which plays a significant role in triggering GLP-1 hormone 

secretion from enteroendocrine cells and activation of extracellular signal-regulated 

kinase (ERK) and phosphatidylinositol 3-kinase/ protein kinase B (PI3K/AKT) 

pathways. It has been shown that the capacity of GPR120 ligands to induce AKT 

phosphorylation was revoked with GPR120 knockdown or by supressing PI3 kinase 

(522,523). Also, in brown fat, it stimulates mitochondrial respiration via intracellular 

calcium release, which leads to mitochondrial depolarisation and fragmentation. This 

is accompanied by mitochondrial UCP1 activation, which is able to act synergistically 

with mitochondrial fragmentation to enhance respiration. GPR120 activation by the 

agonist TUG- 891 increases fat combustion in BAT thereby decreasing fat mass (524). 

Furthermore, in the BAT of mice lacking GPR120, UCP1 expression is reduced along 

with plasma FGF21 levels which contributes to defective thermogenesis (525). 

GPR120 deficiency diminishes expression of genes involved in nutrient metabolism 

and leads to obesity and metabolic disorders including glucose intolerance and hepatic 

steatosis in mice fed a high-fat diet (524,526). This highlights the positive role of 

GPR120 on stimulating metabolism. 

High expression of GPR120 is found within adipocytes, therefore, it is expected to 

have profound effects in both BAT and WAT functions. It is more abundant in brown 

compared to white adipose tissue, and it is one of the genes that is increased following 

cold exposure in both BAT and subcutaneous WAT of mice (163). Indeed, a role for 
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GPR120 in BAT activation and WAT browning in response to cold via induction of 

FGF21 (a thermogenic promoting hormone) secretion, has also been confirmed (527). 

In mice on high fat diet-feeding, GPR120 is upregulated in the stromal vascular 

fraction (SVF) of adipose tissue (which contains macrophages) and in Kupffer cells in 

liver (528). Investigations in humans show that WAT of obese individuals express 

higher levels of GPR120 compared to lean individuals (526).  

GPR120 plays a role in the process of adipogenesis as its expression levels are 

increased and regulated by PPARγ during differentiation of 3T3-L1 adipocytes and 

human white adipocytes (528,529). Also, GPR120 expression increases during brown 

adipocyte differentiation (524) and the GPR120 agonist, TUG-891, has been found to 

promote differentiation (530). Deletion of GPR120 in mice suppresses adipogenesis 

which manifested by decreased adipogenic and lipogenic gene expression levels 

including Adipocyte Protein 2 (aP2), PPAR-γ, and sterol regulatory element binding 

protein 1 (SREBP-1) (526,529,531). 

There is involvement of GPR120 in inflammation processes. Importantly, GPR120 

mediates anti-inflammatory and insulin sensitising effects of ω3-FAs (n-3 

polyunsaturated fatty acids, n-3PUFAs) including in adipocytes and macrophages 

(528,532). In fact, ω3-FAs have anti-inflammatory effects and may significantly 

impact chronic inflammatory diseases including obesity-related disorders (533). An 

ω3-enriched diet, in non-obesogenic non-inflammatory conditions, produces oxylipins, 

which possess an anti-inflammatory response in both WAT and BAT with a 

macrophage modulation effect, but with no effect on inflammatory cytokine release 

(534). In addition, a non-selective synthetic GPR120-agonist GW9508 significantly 

inhibits the ability of LPS, the TLR4 ligand, to stimulate inflammatory responses in 

macrophages. Thus, GW9508 inhibits LPS-stimulated phosphorylation of IKKβ and 

JNK, preventing IκB degradation, and inhibits TNFα and IL6 secretion. GW9508 is a 

GPR120 and GPR40 agonist but is a functional GPR120-specific compound in 

macrophages and adipocytes because they do not express GPR40. All of these anti-

inflammatory effects of GW9508 are completely abrogated by knockdown of GPR120 

(528). Another effect of activation of GPR120 involves induction of VEGF-A in 3T3-

L1 adipocytes through a GPR120-PPARγ pathway. This suggests a role for GPR120 

as a promoter of angiogenesis which may itself have an anti-inflammatory function in 

adipocytes. Angiogenesis inducers show anti-inflammatory properties given the fact 

that secretion of a number of inflammation-related adipokines are upregulated by 
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hypoxia, which in turn is the principle physiological stimulus that induces 

angiogenesis (535,536). Also, GPR120 knockout mice are insulin resistant with 

features of increased inflammation in adipose tissue, along with reduced insulin 

signalling. Since chronic inflammation is an important feature in the pathogenesis of 

insulin resistance and obesity-related disorders, the anti-inflammatory effect of 

GPR120 activation could enhance insulin sensitisation and prevent obesity 

complications. However, the role of GPR120 and its connection to inflammatory 

pathways in brown adipocytes is not fully understood. Specifically, the implications 

of GPR120 activation by TUG-891 as a strategy to combat the inflammation in brown 

adipocytes is not known. Therefore, one of the main aims for this thesis is to improve 

the understanding of the processes that mediate BAT dysfunction which may have 

pharmacological applications.  
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1.7 Hypothesis, Aims and Objectives 

The hypothesis for this research is to suggest: LPS mediates metabolic dysfunction of 

brown adipocytes and impairs the browning process through activation of 

inflammatory pathways and dysregulation of mitochondrial function. Whilst this 

thesis has also explored whether the activation of GPR120 by TUG-891 to protect 

against the effects of LPS-mediated inflammation in brown adipocytes. As such, this 

thesis aims were to:  

1. Investigate the influence of LPS through the TLR4 innate immune pathway on 

classical characteristics of brown adipocytes.  

2. Explore the wide-spectrum effects of LPS-induced damage on brown 

adipocytes through TLR4.  

3. Define the impact of LPS on mitochondrial function in brown adipocytes. 

4. Assess the phenotype of brown fat-associated gene expression in the 

development of human obesity and study LPS interference during the 

browning process in human white adipocytes. 

5. Evaluate the inflammatory modulation effects of TUG-891, a GPR120 agonist, 

to reduce the damaging effects of LPS on the cellular metabolism and 

mitochondria.  

In order to ascertain the above aims, the following objectives were carried out 

1. Determine how inflammatory stimuli, such as LPS, affect brown adipocyte 

biology, and how LPS impacts thermogenic features through TLR4 in brown 

adipocytes, which are currently unclear. To investigate this, wild-type brown 

adipocytes and TLR4 knockout brown adipocytes were cultured and treated 

with LPS throughout differentiation. Protein and RNA samples were collected 

and studied through Western Blotting and qRT-PCR, and functional assays 

including lipid handling profile and glucose uptake were conducted to study 

the LPS-mediated stress. 

2. Identify the wider effects of LPS-mediated inflammation in brown adipocytes 

to consider novel therapeutic targets. This was investigated by culturing wild-

type brown adipocytes and TLR4ko brown adipocytes with LPS throughout 



50 

differentiation. Comprehensive transcriptomic and proteomic techniques were 

used to study this in further detail. 

3. Characterise the effects of LPS-mediated stress on mitochondrial function. As 

such to undertake this, immortalised brown adipocytes were exposed to an LPS 

stressor over the period of differentiation. Once differentiated, various 

important parameters of mitochondrial health were investigated such as 

mitochondrial encoding genes, mitochondrial respiration, mitochondrial 

membrane potential, production of reactive oxygen species, mitochondrial 

number and mitochondrial dynamics. 

4. Ascertain the extent of brown fat gene expression changes in obesity and how 

they progress during weight gain. For this objective, adipose tissue from 

abdominal subcutaneous and omental depots were isolated from a large female 

cohort and expression evaluated. Also, to examine the effect of LPS on 

browning capacity, human primary white adipocytes from obese and lean 

subjects were differentiated with and without LPS. Following RNA isolation, 

genes encoding proteins involved in the browning process, inflammation and 

mitochondrial function, including mitochondrial biogenesis, oxidative 

phosphorylation, mitochondrial dynamics, and antioxidant action were 

assessed using qRT- PCR. 

5. Lastly, to elucidate how GPR120 activation by TUG-891 impacts LPS 

mediated-effects on brown adipocytes, brown adipocytes cultured with the 

ligand TUG-891, LPS, or a combination of the two were used over the course 

of differentiation of brown adipocytes. As before, different parameters of 

brown adipocyte biology were assessed for indicators of improvement in 

adipocyte function. These measures include quantification of key 

inflammatory, brown fat and mitochondrial genes and proteins, mitochondrial 

respiration, dynamics, and membrane potential. This was to determine whether 

TUG-891 may reduce the risk of LPS-induced brown adipocyte dysfunction 

via different mechanisms. 
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Chapter 2. Materials and Methods 
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In this chapter, the overall methods used in this thesis are outlined. Any methods that 

are specific to a particular chapter are described within the chapter itself. 

2.1 Cell Culture and Differentiation 

Mouse Cell Lines 

Cell lines were generated as previously described (163). In brief, isolated pre-

adipocytes from murine interscapular BAT and subcutaneous WAT were 

immortalized by retroviral-mediated expression of temperature-sensitive SV40 large 

T-antigen H-2kb-tsA58. In addition, conditionally immortalised BAT TLR4-/- cell 

lines were generated beforehand, using the same procedure but with cultures prepared 

from the adipose tissue of TLR knockout mice (537).  

These conditionally immortalised pre-adipocyte cell lines were cultured at 33 °C in 

growth media containing DMEM/F12 (#D8437, Sigma-Aldrich, UK), fetal bovine 

serum (FBS 10 % v/v) (#10500064, Gibco, Fisher Scientific, UK) and 

penicillin/streptomycin (pen/strep 1 % v/v) (#15140122, Gibco, Fisher Scientific, UK). 

Cultured pre-adipocytes were grown in T75/T175 flasks and incubated at 33 °C, 5 % 

CO2. Cells were passaged at 80 % confluence and experiments were conducted 

between passages 4-10. 

Once cells were 80 % confluent in the flasks, they were trypsinised and plated onto 6 

or 12 well plates, pre-coated with 0.01 % gelatin, and left at 33 °C, 5 % CO2 until they 

reached 90 % confluence, at which point they were transferred into a 37 °C incubator 

for an additional 24 hours. After this, the cells were induced to differentiate using 

specific protocols for brown or white adipocytes. Differentiation protocols were 

carried out without penicillin/streptomycin to avoid any possible impact on 

mitochondrial function. The following sections demonstrate the protocols used to 

differentiate these white adipocytes and the immortalized brown AT cell lines. 

White Adipocyte Culture, Differentiation and Treatment 

Confluent pre-adipocytes of a cell line derived from murine subcutaneous white AT 

were differentiated according to the following protocol. The differentiation media for 

WAT was prepared using Advanced DMEM/F12 (#12634010, Gibco, Fisher 

Scientific, UK) and supplemented with FBS (10 %), insulin (1 μg/mL) (#I9278, 

Sigma-Aldrich, UK), T3 (0.1 nM) (#T6397 Sigma-Aldrich, UK), dexamethasone (250 
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nM) (#D2915, Sigma-Aldrich, UK), IBMX (0.5 mM), (#I5879, Sigma-Aldrich, UK), 

hydrocortisone (1 μM) (#H0888, Sigma-Aldrich, UK) and rosiglitazone (5 μM) 

(#CAYM71740-10, VWR International Ltd., UK) for 72 hours. Hereafter, cells were 

kept in a maintenance medium: Advanced DMEM/F12 supplemented with FBS 

(10 %), insulin (1 %), T3 (0.1 nM), and rosiglitazone (5 μM) for 48 hours. Afterwards, 

the maintenance medium (without Rosiglitazone) was replenished every 2 days until 

differentiation was complete (8-12 days). 

Immortalized Brown Adipocyte Culture, Differentiation and Treatment 

Pre-adipocytes derived from immortalized brown AT cell line (imBAT) or BAT 

TLR4-/- cell line (TLR4ko.BAT) were differentiated using an induction medium 

containing advanced DMEM/F12 supplemented with FBS (10 %), insulin (1 μg/mL), 

T3 (1 nM), dexamethasone (250 nM), IBMX (0.5 mM) and indomethacin (30 μM) for 

a total of 48 hours. Cells were then cultured in a maintenance medium: Advanced 

DMEM supplemented with FBS (10 %), insulin (1 μg/mL) and T3 (1 nM) for complete 

differentiation (8-12 days). 

Primary Brown and White Adipocyte Isolation, Culture, Differentiation 

and Treatment 

Primary brown adipose tissue was obtained from mice by Prof. Mark Christian and I 

carried out the tissue digestion and primary brown adipocyte isolation. Briefly, as 

previously described (538,539), interscapular BAT and subcutaneous WAT were 

dissected from 4 to 10-week old mice type C57BL/6. The tissues were digested in a 

Krebs-Ringer bicarbonate buffer (KRB) solution (# K4002 Sigma-Aldrich, UK), 

containing 0.2 % collagenase Type II (#LS004177, Lorne Laboratories Ltd, UK) and 

1.5 % BSA (#A9418-100G, Sigma-Aldrich, UK), and then vortexed every 10 minutes 

to mix. After 45 minutes, 5 mL of FBS was added for every 45 mL of digested tissue 

to stop the enzymatic activity of collagenase. The tissues were centrifuged at 1000 

rpm for 7 minutes at RT and the supernatant was discarded. The stromal vascular 

fraction was re-suspended in DMEM/F12, penicillin/streptomycin 1 % and FBS 10 % 

(growth media), filtered through a 40 μm strainer (#22363547, Fisher Scientific, UK) 

and plated in tissue culture flasks or dishes. 
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Growth media was refreshed every other day until cells reached 80-90 % confluence. 

Following trypsinisation, 4 – 5 x 104 cells per well were plated onto a gelatine-coated 

12-well cell culture plate. At 100 % confluence differentiation was induced. The 

differentiation protocol required the addition of induction media to the cells for 3-4 

days. The induction media were composed of advanced DMEM/F12 supplemented 

with FBS (10 %), insulin (1 μg/mL), T3 (1 nM), dexamethasone (500 nM), IBMX 

(250 µM), Rosiglitazone (2 µM) and indomethacin (30 μM). This induction medium 

was used for both white and brown adipocytes; indomethacin was omitted for white 

adipocyte differentiation. 

Hereafter, induction medium was replaced with first maintenance media for 48 hours. 

First maintenance media was composed of advanced DMEM/F12 supplemented with 

FBS (10 %), insulin (1 μg/mL), T3 (1 nM), and Rosiglitazone (2 µM). 

Cells were then switched to the second maintenance media and kept for at least 48 

hours prior to experiments. The second maintenance medium was composed of 

advanced DMEM/F12 supplemented with FBS (10 %), insulin (1 μg/mL), T3 (1 nM). 

Spheroid Brown Adipocyte Culture, Differentiation and Treatment 

A 3D adipocyte spheroid cell culture model was used in this thesis in addition to the 

2D-models of immortalised and primary brown adipocyte cells. 3D culture is expected 

to better represent the structural complexity and cellular environment of fat tissue. It 

is previously reported that 3D adipocyte spheroids express and release higher levels 

of adiponectin compared to 2D culture and respond to stress, either culture-related or 

toxin-associated, by secreting pro-inflammatory adipokines. In addition, 3D spheroids 

derived from brown adipose tissue (BAT) express BAT markers better than 2D 

cultures derived from the same tissue (539). This 3D model has not been studied in 

the context of brown adipocytes inflammation. Therefore, it was interesting to see 

whether the same response of monolayer cell culture systems could be reproduced in 

the 3D-cell culture model.  

In brief, pre-adipocytes self-organize into spheroids in hanging drops and upon 

transfer to low attachment plates, were differentiated according to the imBAT 

differentiation protocol described above. This resulted in imBAT pre-adipocytes 

maturing into brown adipocytes and accumulating large lipid droplets that expanded 

with time. More specifically, immortalised wild type brown adipocytes were used to 
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form hanging droplets. Droplets consisting of 75×105 cells per mL of pre-adipocyte 

growth media mixed with 20 % of Methyl cellulose (# M0512, Sigma-Aldrich, UK) 

were deposited on the underside of the lid of a cell culture plate using a pipette at 

20 µL (15000 cell) per droplet. The lid was then inverted and placed on a tissue culture 

plate containing PBS for humidity for 48 hours, to allow spheroid formation by 

allowing cells to coalesce and generate an extracellular matrix within the spheroid. 

Following this, the spheroids were transferred to 24-well low attachment plates (#3473, 

Corning, Appleton Woods, UK) (5 spheroids per well) to prevent the attachment of 

spheroids to well surfaces. Differentiation media (induction media followed by 

maintenance media) was added, and the differentiation protocol outlined above was 

carried out as usual. Attention was taken to keep individual spheroids separated to 

avoid any alteration of the phenotype as a result of spheroid fusion. 

Cell Culture Treatments 

Lipopolysaccharide (LPS) from Escherichia coli O55:B5 (#L6529, Sigma-Aldrich, 

UK) was used. LPS doses of 100 ng/mL or 1000 ng/mL were in the experiments, as 

indicated in figure legends. 

TUG-891, a GPR120 ligand, was used at a dose of 10 µM (#4601, Tocris, BIO-

TECHNE LTD, UK). 

CL316243, a β3 adrenergic receptors ligand, was used at a dose of 10 µM (#1499, 

Tocris, BIO-TECHNE LTD, UK). 

2.2 RNA-Isolation, Quantification and qRT-PCR 

RNA processing was performed following the below protocol, unless otherwise 

specified. 

RNA Extraction 

Total RNA was extracted from cell culture samples using the Trizol method whereby 

after removing the medium, cells were washed with PBS and then Trizol® reagent 

(#T9424 Sigma-Aldrich, UK) was added. Samples were collected by scraping and 

were then homogenized and transferred into RNase-free tubes. To avoid ribonuclease 

(RNase) contamination RNase-free tips, tubes and DEPC-treated water were used. 
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Moreover, disposable gloves were worn at all times and the surfaces and pipettes were 

cleaned with RNase Away. Samples were then incubated at room temperature (RT) 

for 5 minutes to allow the complete dissociation of the nucleoprotein complex. 

Chloroform (#J67241.AP, VWR International Ltd., UK), (0.2 x Trizol volume) was 

added and samples were vigorously shaken for 15 seconds, incubated at RT for 3 

minutes and centrifuged at 13,000 rpm for 30 minutes at 4 °C. The lower red 

phenolchloroform phase and the interphase, resulting from phase separation, were 

discarded. The upper aqueous phase was transferred into a new RNase-free tube and 

100 % Isopropanol (#BP2618-212, Fisher Bioreagents, UK) (0.5 x Trizol volume) was 

added to precipitate the RNA. Samples were incubated for 10 minutes at RT and RNA 

was pelleted by centrifuging at 13,000 x rpm for 30 minutes at 4 °C. The supernatant 

was removed and the pellet was washed with 75 % ethanol (1 mL) (#10428671, Fisher 

Scientific, UK) before being centrifuged at 13,000 x rpm for 30 minutes at 4 °C. The 

supernatant was removed, and the pellet air-dried and re-suspended in 10 μL of RNase-

free water (# BP561-1, Fisher Bioreagents, UK).  

RNA Quantification 

RNA quantification was performed using a spectrophotometer (Nanodrop ND-1000, 

Labtech, UK), measuring at an absorbance of 260 nm. The ratios between the two 

absorbances 260/280 nm and 260/230 nm were measured to give an estimate of RNA 

purity. A value between 1.8 and 2.1 for both ratios was accepted as suitable RNA 

purity for use. 

DNAase Treatment 

To remove DNA contamination, 1000 ng of cellular RNA was dissolved into 4 μL of 

RNase-free water and treated with 0.5 μL of 10x DNase I buffer (#AMP-D1 DNase I 

kit, Sigma-Aldrich, UK) and 0.5 μL of amplification grade DNase I (#AMP-D1 DNase 

I kit, Sigma-Aldrich, UK). After 15 minutes of incubation at RT, the reaction was 

stopped by adding 0.5 μL of stop solution (#AMP-D1 DNase I kit, Sigma-Aldrich, 

UK) and incubating at 65 °C for 10 minutes to inactivate the DNase I. 
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cDNA Synthesis 

In the reverse transcription reaction, RNA is converted into cDNA through a reverse 

transcriptase enzyme (DNA polymerase RNA-dependent), in the presence of 

nucleotides. The reaction results in RNA-DNA hybrid products. The newly 

polymerized DNA will work as a template in the next amplification step through 

classic PCR or Quantitative Real-Time PCR reaction. The product amplified is 

proportional to the initial amount of RNA. In this thesis the reagents for the reverse 

transcription reaction were: Moloney Murine Leukemia Virus Reverse Transcriptase 

(M-MLV) and random hexamers for total RNA reverse transcription using SIGMA-

ALDRICH mRNA reverse transcription kit (#M1302-40KU) according to the 

manufacturer’s instructions. 

Briefly, master mix was prepared to reverse transcribe for n+1 samples to reverse 

transcribe was prepared. For each sample, this contained: 1 μL random hexamers 

(#SO142, Thermo Scientific, UK), 1 μL dNTPs (#U1511, Promega uk ltd), and 

RNase-free water (4.5 μL) up to 12 μL final volume. Samples were then incubated at 

70 °C for 10 minutes to allow random hexamer annealing to the RNA. After this, they 

were instantly removed into ice. The following step involved the preparation of a mix 

for n+1 samples containing for each sample M-MLV Buffer (2 μL), M-MLV (1 μL), 

RNAse OUT (0.5 μL) (#10777019, Invitrogen, UK), and RNase-free water up to 20 

μL final volume of reaction. Following the manufacturer’s recommended protocol, 

reverse transcription reaction conditions were 10 minutes at 25 °C followed by 50 

minutes at 37 °C, and finally 80 °C for 10 minutes. 180 μL of RNase-free water was 

added to each sample to make the solution up to 200 μL. The obtained cDNA was 

stored at -20 °C. 

Primer Design 

Primers for mRNAs of specific genes were designed using the Primer BLASTtool 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/), and their characteristics were 

evaluated through USCS Genome In-silico PCR (http://genome.uscs.edu/cgi-

bin/hgPcr). These included: size of product between 70 and 150 nucleotides, melting 

temperature around 60 °C and GC content around 55 %. Primers for mRNAs of 

specific proteins were designed so that one was complementary to a sequence of an 

exon-exon junction, in order to exclude amplification of any residual contaminating 
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genomic DNA. Primers were synthesised by Sigma Aldrich and 100 μM stocks were 

made by dissolving the nucleic acids powder in nucleic acid nuclease-free water and 

stored at -20 °C. The primers used are listed in supplementary table 2.1 in Appendix.  

Quantitative Real Time PCR (qRT-PCR) 

Quantitative Real-Time PCR allows DNA amplification and its simultaneous 

quantification is possible by using particular fluorescent systems. It is based on a 

classic PCR, where, during the exponential phase, the number of amplified DNA 

copies is proportional to the initial cDNA quantity and to the fluorescence emitted by 

the fluorophore. Thus, through this technique it is possible to measure the absolute or 

relative expression of a particular gene.  

SYBR Green I fluorescence dye was used for Real-time PCR in this project (#S4438-

500RXN Sigma-Aldrich, UK). This fluorophore is an asymmetrical cyanine dye able 

to bind the DNA. DNA-dye-complex absorbs blue light with a maximum wavelength 

(λ) of 497 nm and emits green light (λmax= 520 nm). SYBR Green molecules 

preferentially bind to double stranded DNA intercalating in its minor grooves, hence, 

fluorescence intensity increases with PCR product accumulation at every cycle. 

Following the manufacturer’s recommended protocol, the reaction mix was prepared 

in different tubes for every reference gene and gene of interest with a volume for n+1 

samples. Each one contained: 7.5 μL SYBR Green I mix, 0.15 μL forward and reverse 

primer for protein-encoding genes of interest, ROX reference dye 0.02 μL, RNase 

free-water up to the 15 μL final volume. 12 μL of this mix was added to each well 

along with 3 μL of each cDNA sample (or RNA-free water as non-template control), 

these were mixed in a 96-well PCR plate in duplicates. These reaction components 

were scaled down three times when using 384-well PCR plates. 

Hereafter, quantitative real-time PCR (qRT-PCR) reactions were carried out using an 

ABI 7500 fast sequence detection system, 96-well (Applied Biosystems, UK) or a 

QuantStudio™ 5 Real-Time PCR System, 384-well (Applied Biosystems, UK). These 

reactions were performed at 95 °C for 2 minutes followed by 40 cycles at 94 °C for 

34 seconds, 60 °C for 34 seconds and a final step at 72 °C for 30 seconds at which 

data were obtained. Following this, a step for a melting curve was added to evaluate 

the presence of single or multiple products.  
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The expression of the gene of interest was normalised to that of the housekeeping gene 

L19, enabling the calculation of delta threshold cycle (ΔCt) values (where ΔCt = Ct of 

L19 subtracted from Ct of gene of interest). Gene expression data was then expressed 

based on the following formula: 

mRNA expression = 2–ΔCt, where ΔCt = target gene – L19. 

2.3 Protein Isolation, Quantification and Immunoblotting  

For harvesting protein, 1.2 x 106 cultured adipocytes were serum starved for 24 hours, 

rinsed once with ice cold PBS and lysed in 100 µL of ice-cold ×1 RIPA buffer (#5872S 

RIPA Buffer (10X), CST, New England Biolabs LTD, UK) supplemented with ×1 

Protease/Phosphatase Inhibitor Cocktail (#5872 Protease/Phosphatase Inhibitor 

Cocktail (100X), CST, New England Biolabs LTD, UK) and 1 mM 

phenylmethylsulfonyl fluoride (PMSF) (#M145-5G, PMSF Proteomics Grade, VWR 

International Ltd, UK). Cell lysates were rotated for 10 minutes at 4 °C. Homogenates 

were then centrifuged (12,000 rpm, 15 minutes, 4° C) and the supernatant collected, 

avoiding the upper lipid layer. The protein was assayed immediately or frozen at -

80 °C. 

Determination of Protein Concentration (Bradford Protein Assay) 

Protein content of the supernatant was determined using a Coomassie Plus Protein 

Assay Kit (#23236 Coomassie Plus ™, Thermo Scientific, UK). This kit involves a 

colorimetric method for total protein quantitation based on the Bradford method. 

When coomassie dye binds protein, maximum absorption occurs from 465 nm to 595 

nm with a concomitant colour change from brown to blue. Briefly, 10 mg/mL bovine 

serum albumin (BSA) (#421501J, VWR Chemicals, UK) stock solution was prepared 

and was used for protein standard dilutions. The BSA dilution range was between 0 - 

25 μg/mL. Tested protein samples were diluted 1/400 – 5/400 (v/v) in distilled water 

depending on the initial protein content ensuring that colour of each sample fits within 

the standard curve. A protein dye reagent concentrate containing Coomassie dye was 

then added to the standard dilutions and to tested samples at a ratio of 1/5. Tubes were 
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incubated at room temperature for 15 minutes, vortex mixed and loaded in duplicates 

into a 96-well transparent assay plate. Plates were read at 595 nm using a 

nanospectrophotometer (GeneFlow, UK). Standard curves were generated from the 

optical density of the BSA standards and were used to calculate the protein 

concentration of tested samples. 

Preparation of SDS-polyacrylamide Gel and Required Solutions 

Sodium dodecyl sulfate polyacrylamide gel (SDS-polyacrylamide gel) composes of 

two phases: stacking gel on top and resolving (separating gel) gel on the bottom as 

described below. Resolving gels were added into the cassettes and overlayed with 

isopropanol. Once gels were set, the isopropanol was removed, stacking gels were 

added, and combs inserted. 

Stacking gel was prepared following the recipe below to prepare 5 mL: 

H2O 2.975mL

Acylamide/Bis-acrylamide (30 %/0.8 % w/v) (#A3699-5X100ML, 

Sigma-Aldrich, Germany) 

1.25mL 

0.5M TRIS–HCL (PH=8.8) 

Prepared by adjusting pH of Tris-Base (#10376743, Fisher Scientific, 

UK) with hydrochloric acid (#CHE2124, Scientific Laboratory Supplies 

LTD., UK) 

50L 

10 % (w/v) Sodium dodecyl sulfate (SDS) (#L3771-25G, Sigma-

Aldrich, Germany) in distilled water. 

670L 

10 % (w/v) ammonium persulfate (AP) (#A3678-100G, Sigma-Aldrich, 

Germany) in distilled water.  

50L 

Tetramethylethylenediamine (TEMED) (#1610801, Bio-Rad 

Laboratories LTD, UK) 

5L 

Resolving gel was prepared following the recipe below to prepare 10 mL of 10 % 

acylamide: 

H2O 3.8mL 

Acylamide/Bis-acrylamide (30 %/0.8 % w/v) (#A3699-5X100ML, Sigma-

Aldrich, Germany) 

3.4mL 
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1.5M TRIS-HCL (PH=8.8) Prepared by adjusting pH of Tris-Base 

(#10376743, Fisher Scientific, UK) by hydrochloric acid (#CHE2124, 

Scientific Laboratory Supplies LTD., UK) 

2.6Ml 

10 % (w/v) SDS (#L3771-25G, Sigma-Aldrich, Germany) in distilled water. 100L 

10 % (w/v) ammonium persulfate (AP) (#A3678-100G, Sigma-Aldrich, 

Germany) in distilled water. 

100L 

TEMED (#1610801, Bio-Rad Laboratories LTD, UK) 10L 

Running buffer was prepared by mixing 30 g Tris-Base (#10376743, Fisher Scientific, 

UK) with 144 g of glycerin (#G8898-1KG, Sigma-Aldrich, Germany) and 10 g of SDS 

(#L3771-25G, Sigma-Aldrich, Germany) in 1 litre of distilled water. 

Washing buffer: 10× TBST was prepared by mixing 24.2 g Tris-Base (#10376743, 

Fisher Scientific, UK) with 80 g sodium chloride (S9625-1KG, Sigma-Aldrich, 

Germany) into 1 litre of distilled water, adjusting the pH to 7.6 and adding 10 mL of 

tween-20 (#P1379-500 mL, Sigma-Aldrich, Germany). 

SDS-polyacrylamide Gel Electrophoresis and Immunoblotting (Western 

blotting) 

After mixing the samples with ×1 loading dye (#EC-887, 5X Protein Loading Buffer, 

National Diagnostics, USA), and heating them (5 minutes, 95 °C) to denature the 

proteins, giving the antibody access to its epitope, 30 μg of protein was separated by 

10 % SDS-PAGE gel along with a protein molecular weight standard ladder. The gel 

was run at 100 volts for about 1.5 hour until the ladder reached the bottom of the gel. 

Proteins were then transferred to a PVDF membrane (#1704272/#1704275 Trans-

Blot® TurboTM RTA Mini/Midi PVDF Transfer Kit, BIO-RAD Laboratories LTD, 

UK) using a Trans-Blot Turbo Transfer System (Bio-Rad), semi-dry turbo transfer 

(1.3 A for 7 minutes) after immersing the PVDF membrane and the sandwich paper 

layers in ×1 transfer buffer (#170-4272, BIO-RAD Laboratories LTD, UK). The 

assembly of the blotting sandwich in the cassette consists of paper, gel, membrane and 

then paper from top to bottom.  
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After protein transfer, membrane blots were blocked with 5 % BSA (#421501J, VWR 

Chemicals, UK) dissolved in TRIS-buffered saline, 0.1 % Tween 20 (TBST) for 1 

hour at RT. After blocking, membranes were incubated overnight at 4 °C with protein-

specific primary antibody, or as per manufacturer’s instructions. This was followed by 

×3 washing with ×1 TBST for 10 minutes each and then incubation for 1 hour at RT 

with horseradish peroxidase (HRP)-conjugated secondary antibodies. A further three 

washes with ×1 TBST for 10 minutes each were then carried out. Dilutions of primary 

and secondary antibodies were previously optimized and dilutions are listed in Table 

2.3.3.1 below. Protein bands were visualized through a chemiluminescence detection 

system using ECL Prime Western Blotting Detection Reagent (#RPN2236, ECL 

Prime, GE Healthcare, UK) using a G:Box (Syngene, Cambridge, UK). Densitometry 

was conducted using ImageQuant LAS 4000 Software (GE Healthcare, UK). Equal 

protein loading was confirmed by examining expression of a reference protein such as 

ß-actin protein or GAPDH. 
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Protein 
Primary antibody 

(Dilution) 

Provider 

(Cat.No) 

Secondary antibody 

(Dilution) 

Provider 

(Cat.No) 

UCP1 
Rabbit anti-UCP1 

(1:1000) 

Sigma-Aldrich 

(#U6382) 

Goat anti-Rabbit HRP  
(1:2000) 

Dako  
(P0448) 

pAKT  Rabbit anti- Phospho AKT 
(Ser 473)  
(1:1000)  

Cell Signalling  
(#9271)  

Goat anti-Rabbit HRP  
(1:2000)  

Dako  
(P0448)  

AKT  Rabbit anti-AKT  
(1:1000)  

Cell Signalling  
(#9272)  

Goat anti-Rabbit HRP  
(1:2000)  

Dako  
(P0448)  

β -Actin Mouse anti- β-Actin HRP  
(1:5000)  

Santa Cruz  
(sc-47778)  

- - 

SDHA
Rabbit anti- SDHA 

(1:1000) 

Cell Signalling  
(#5839) 

Goat anti-Rabbit HRP  
(1:2000)  

Dako  
(P0448)  

MT-CO1
Mouse anti- MT-CO1 

(1:1000) 

Abcam 

(#Ab14705) 

Goat anti-mouse HRP  
(1:2000)  

Dako  
(P0447)  

pDRP1 

Rabbit anti-Phospho-DRP1 

(Ser637)  

(1:500) 

Cell Signalling  
 (#4867S) 

Goat anti-Rabbit HRP  
(1:1000)  

Dako  
(P0448)  

DRP1 

Mouse Anti-Drp1  

(1:500) 

BD Transduction 

Laboratories 

(#611739) 

Goat anti-mouse HRP  
(1:1000)  

Dako  
(P0447)  

OPA1 

Mouse Anti-OPA1 

(1:1000) 

BD Transduction 

Laboratories 

(#612607) 

Goat anti-mouse HRP  
(1:2000)  

Dako  
(P0447)  

GAPDH 
Mouse anti-GAPDH 

(1:1000) 

GeneTex 

(#GTX627408) 

Goat anti-mouse HRP  
(1:2000)  

Dako  
(P0447)  

c-jun 
Rabbit anti-Phospho-c-Jun 

(Ser73) Antibody (1:1000) 

Cell Signalling  
 (#9164) 

Goat anti-Rabbit HRP  
(1:2000)  

Dako  
(P0448)  

NFkB 
Rabbit anti-Phospho-NF-

κB p65 (Ser536) (1:500) 

Cell Signalling  
 (##3031) 

Goat anti-Rabbit HRP  
(1:2000)  

Dako  
(P0448)  

Table 2.3.3.1 Primary and Secondary Antibodies Used for Western Blotting. 

Oxygen Consumption and Seahorse Cell Mito-Stress Test 

Cellular respiration can be either aerobic or anaerobic. Aerobic respiration occurs 

when oxygen is used to oxidise fatty acids for ATP and/or heat generation through 
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UCP1, while anaerobic respiration leads to ATP-generation via glycolysis, which 

produces lactic acid.  

The Seahorse XF Analyzer provides a method to estimate these metabolic events by 

monitoring real time changes in concentrations of oxygen and protons (acidification) 

in the extracellular media. These concentrations are measured by two different 

embedded fluorophore probes in polymers at the bottom of sensor cartridges, which 

take place on top of each well of the cell culture plate; one probe is sensitive to oxygen 

and the other one to protons. Inside the instrument, the sensor is lowered to less than 

3 μL of media above the cell monolayer (Figure 2.3.4.1), creating a 

“microenvironment”, which allows almost immediate detection in any small changes 

in oxygen and proton concentrations. 

Figure 2.3.4.1 Seahorse XF Analyzer in the Measuring (left) Phases and the Resting (right).  

Black box shows on a large scale the probes of the sensor cartridge (solid red box), a piston equipped 
with sensors for O2 and protons enclosed in a small volume of medium over the cells. The piston is 
then raised, allowing O2 to re-equilibrate and injections to be made before the cycle is repeated. 

The detection, based on the decreases in the fluorescence intensity of the sensors, 

arises as a result of stimulation of the fluorophores by a light diffused by optic fibres 

that insert themselves into each sensor sleeve during the measurements. The emission 

of the excited fluorophores is captured back via the optical fibres. When the sensor 

detects a 10 % drop in oxygen or proton concentration, the instrument lifts the sensor, 
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allowing the media to mix, restoring the baseline and avoiding cell damage. 

Measurements can be repeated several times and the oxygen consumption rate (OCR) 

and extracellular acidification rate (ECAR) can be calculated. There are 4 ports 

surrounding the sensor probe sleeve in which different drugs can be preloaded and 

injected sequentially in the same experiment to study their effect on cell metabolism. 

For instance, the mito-stress test is used in this thesis to study different aspects of 

mitochondrial function. It consists of the successive delivery of 3 compounds which 

systematically shut down different components of the electron transport chain, 

allowing several measures of mitochondrial respiration, including basal respiration, 

ATP-linked respiration, proton leak respiration and spare respiratory capacity and 

provides information on how the cells respond to stress, as shown in Figure 2.3.4.2. 

The compound oligomycin inhibits ATP synthase, and the resulting OCR is used to 

derive ATP-linked respiration (by subtracting the oligomycin rate from baseline 

cellular OCR) and proton leak respiration (by subtracting non-mitochondrial 

respiration from oligomycin rate). Next, the ionophore Carbonyl cyanide 4-

(trifluoromethoxy) phenylhydrazone (FCCP) disrupts the mitochondrial membrane 

potential as it collapses the inner membrane gradient, driving the electron transfer 

chain (ETC) function to its maximal rate, and maximal respiratory capacity is derived 

by subtracting none-mitochondrial respiration from the FCCP OCR. Finally, 

Rotenone/Antimycin A inhibits complex I action and complex III action, thereby 

effectively arresting all mitochondrial respiration, revealing non-mitochondrial 

respiration. Hence, basal respiration is derived by subtraction of non-mitochondrial 

respiration from baseline cellular oxygen consumption. With each additional 

compound, the cell must increase its reliance on glycolysis to meet ATP demand and 

sustain life.  
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Figure 2.3.4.2 Mitochondrial Functions Determination by the Seahorse XF Cell Mito-Stress.  

Test profile of the key parameters of mitochondrial respiration. Sequential injections of 
pharmacological inhibitors measure basal respiration, ATP production (after oligomycin injection), 
proton leak (after oligomycin injection), maximal respiration (after FCCP injection), Reserve capacity 
or spare respiratory capacity (after FCCP injection), and non-mitochondrial respiration (after Antimycin 
A/Rotenone injection). Figure from (https://doi.org/10.1371/journal.pone.0177951.g001) 

Respiration rate was measured using a Seahorse XF24 Extracellular Flux Analyzer 

(Seahorse Bioscience). Immortalised mouse brown pre-adipocytes imBAT were 

seeded onto gelatine-coated 24-well V28 PS Culture Microplates (#100882-004, 

Agilent Technologies Ltd UK Ltd) at a density of 5,000 cells/well, grown and 

differentiated using the standard protocol outlined above, and treated throughout 

differentiation with or without LPS (100 ng/mL, E. Coli O55:B5, Sigma, #L6529), 

with or without TUG-891 (10 µM, Tocris, #4601). Each experimental group consisted 

of at least 5 replicates, with the experiment repeated on at least 2 separate occasions.  

The assay was conducted in sterile, unbuffered Assay Media prepared with Seahorse 

base media (Seahorse Bioscience, #102365-100) at 37 ºC (pH 7.4), and supplemented 

with Sodium Pyruvate (1 mM, Sigma, # S8636), Glucose (10 mM, Sigma, #G8769). 

Mature adipocytes were washed twice in this supplemented seahorse media to fully 

remove the maintenance media, and were then incubated for 40 minutes at 37 ºC with 

no CO2. 

After a calibration step (30 minutes) and an equilibration step (30 minutes), the assay 

protocol consisted of 3 cycles of the following, previously optimized, steps: mix (5 

minutes), wait (2 minutes), measure (2 minutes), which were completed before and 

after each injection of Oligomycin (Sigma, #O4876), FCCP (Sigma, #C2920-10MG), 

Antimycin A (Sigma, #A8674-25MG) and Rotenone (Sigma, #R8875-1G). Stocks of 
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these chemicals were prepared in Dimethyl Sulfoxide (DMSO) (Sigma, D1435-500 

mL) and aliquoted and frozen at -20 ºC. Freeze-thaw cycles were avoided at all times. 

Dilutions were prepared in the assay media and loaded into a sensor cartridge 

(#100850-001, Agilent Technologies Ltd UK Ltd) that is placed on top of the cell 24-

well V28 PS Culture Microplates. The cartridge, pre-incubated overnight or for at least 

2 hours with the calibrant solution (#100850-001, Agilent Technologies Ltd Uk Ltd) 

at 37 °C without CO2 was inserted first in the instrument to allow calibration of the 

probes. 

Reagents were injected at the appropriate volume of a ten-fold concentrated stock 

solution to give the following previously optimized and determined final in-well 

concentrations. For imBAT cells these were 1 μM Oligomycin, 0.5 μM FCCP, 0.5 μM 

Rotenone/Antimycin A. For primary brown adipocytes, these were 2.5 μM 

Oligomycin, 1 μM FCCP, 2 μM Rotenone/Antimycin A.  

Prior to experiments, reagent concentrations, seeding density and the assay protocol 

time were optimised as per the manufacturer’s recommendations.  

Oxygen consumption rate (OCR) values were collected from the machine. The 

respiration parameters of 3 individual OCR measurements were collected. Parameters 

were calculated as per the following equations: 

Basal Respiration = (Last rate measurement before first injection) – (Non-

Mitochondrial Respiration Rate) 

Proton Leak = (Minimum rate measurement after Oligomycin injection) – (Non-

Mitochondrial Respiration 

Spare Respiratory Capacity = (Maximal Respiration) – (Basal Respiration) 

ATP Production = (Last rate measurement before Oligomycin injection) – (Minimum 

rate measurement after Oligomycin injection) 

Coupling Efficiency = (ATP Production Rate) / (Basal Respiration Rate) × 100 

For OCR response to injection of each compound, data was normalised to the protein 

content (Bradford assay) or cell number of each well to account for well-to-well 

variability in cell number. 

2-Deoxyglucose Uptake 

Glucose uptake in differentiated imBAT adipocytes was evaluated via cellular 

incorporation of [3H]-2-deoxyglucose. Following differentiation and treatment on 6-
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well plates, 48 hours prior to the assay, cells were incubated in serum-free low glucose 

media (#22320022, Gibco, Fisher Scientific) supplemented with 2 % BSA (#A9418-

100G, Sigma-Aldrich, UK).  

On the day of assay (day 10 of differentiation), imBAT cells were washed 3 times with 

warmed PBS and allowed to equilibrate in low glucose KHB buffer (containing 0.01 % 

BSA, 5 mmol/L glucose (#G7021, Sigma-Aldrich, UK) and 10 mM HEPES 

(#15630049, Fisher Scientific, UK), pH 7.4) at 37 ºC for 3 hours. Adipocytes were 

then incubated a further 30 minutes with KRH buffer without glucose or BSA (10 mM 

HEPES, pH 7.4) at 37 ºC in the absence (basal control) or presence of 100 μM insulin 

(#I9278, Sigma-Aldrich, UK) during the last15 minutes. Immediately after, media was 

discarded and 1 mL of labelling mixture (consists of 1 µ/mL of Ci/mL [3H]-2-

deoxyglucose (PerkinElmer, NET328A001MC) and 100 nM cold 2-deoxyglucose 

(#D8375-1G, Sigma-Aldrich, UK) in ×1 KRH buffer, at 37 ºC) was added for a further 

20 minutes. To terminate the assay, cells were then washed 3 times with ice-cold PBS, 

lysed and harvested in 400 μL RIPA buffer with a cell scraper. Radioactivity was 

evaluated via scintillation counting of the lysates, 300 µL cell lysate was transferred 

to 4 mL of scintillation fluid (Beta-Plate Scint, PerkinElmer) and radioactivity 

(becquerels, Bq) was counted using a scintillation counter. Results in counts per 

minute (CPM) were normalised to total protein content (the remaining 100 µL cell 

lysate was used to quantify protein) and glucose uptake calculated in cpm/mg protein 

relative to the basal control.  

Preparation of 5x KHB (1l)

The following reagents were added separately (each one allowed to dissolve before 

adding the next one) in listed order to 900 mL distilled and autoclaved water (dH2O) 

in a 1 litre beaker containing a sterile magnet stir bar. The final volume was adjusted 

to 1000 mL with dH2O and stored at 4 ºC for later use. 

Chemical 5X (mM) 5X (g/l) 

NaCl 555 32.532 

KCl 23.5 1.752 

MgSO4 10 1.204 

Na2HPO4 6 0.852 



69 

2.4 Enzyme-linked Immunosorbent Assay (ELISA) 

C-X-C Motif Chemokine Ligand 5 (CXCL5/ LIX) and B-Cell Activating 

Factor (BAFF/ BLyS/ TNFSF13B) 

The quantitative sandwich enzyme immunoassay technique was used to perform this 

assay on culture supernatant (conditioned media). A monoclonal antibody specific for 

analyte including mouse BAFF (#MBLYS0, R&Dsystems, USA) or LIX (#MX000, 

R&Dsystems, USA) was pre-coated onto a microplate. Standards and samples were 

pipetted into the wells and any analyte present was bound by the immobilized antibody. 

After washing away any unbound substances, an enzyme-linked polyclonal antibody 

specific for the analyte was added to the wells. Following a wash to remove any 

unbound antibody-enzyme reagent, a substrate solution was added to the wells and 

colour developed in proportion to the amount of analyte bound in the initial step. The 

colour development was stopped and the intensity of the colour measured. 

Cell culture supernatant was retrieved and centrifuged at 3000 RPM for 10 minutes at 

4 ºC to remove debris and assayed immediately or stored at - 80 ºC until use. Six 

standard dilutions were prepared according to manufacturer’s instruction. Cell culture 

supernatant samples were diluted 1/10 for LIX measurements while no dilutions were 

required for BAFF. Standards and supernatant samples (40 μL/well each for BAFF, 

50 μL/well each for LIX) were loaded into the wells in duplicate and incubated at 

room temperature on a plate shaker for 2 hours at 500 rpm. Plates were washed 4 times 

with 400 μL Washing Buffer. 100 µL for LIX or 120 µL for BAFF of analyte conjugate 

was added to each well and incubated at room temperature on a plate shaker for 2 

hours. Afterwards, wells were washed with 400 μL Washing Buffer and 200 μL for 

LIX or 120 µL for BAFF of Substrate Solution was added to each well. Plates were 

incubated at room temperature for 10 minutes and 100 μL Stop Solution for LIX or 

120 µL for BAFF were applied to stop the reaction. A plate reader (PheraStar FS 

microplate reader (BMG Labtech)) was used at 450 nm with correction at 570 nm for 

determining the optical density. A standard curve based on the standard dilutions 

optical density was generated. The concentrations of analyte in the samples were 

calculated using the standard curve. This assay has a detection range from 1.8-7.8 

pg/mL for BAFF and 15.6 - 1,000 pg/mL for LIX. 
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Matrix Metalloprotease (MMP3) 

MMP3 was measured using Abcam’s MMP3 SimpleStep ELISA® kit (# ab203363) 

which is designed for the quantitative measurement of MMP3 in cell culture 

supernatant. 

This assay employs an affinity tag labelled capture antibody and a reporter conjugated 

detector antibody which immunocapture the sample analyte in solution. This entire 

complex (capture antibody/analyte/detector antibody) is in turn immobilized via 

immunoaffinity of an anti-tag antibody coating the well.  

To perform the assay, cell culture supernatant was collected and centrifuged at 3000 

RPM for 10 minutes at 4 ºC to remove debris and assayed immediately or stored at - 

80 ºC until use. Eight standard dilutions were prepared according to the manufacturer’s 

instruction. Samples were diluted 1:10. Samples or standards were added to the wells 

(50 µL/well), followed by the antibody cocktail (50 µL/well). After incubation for 1 

hour on a plate shaker at 400 rpm, the wells were washed with 350 µL washing buffer 

to remove unbound material. TMB substrate was then added (100 µL) and during 

incubation was catalysed by HRP, generating blue colouration. This reaction was then 

stopped by the addition of Stop Solution (100 µL) completing any colour change from 

blue to yellow. Signal was generated proportionally to the amount of bound MMP3 

and the intensity was measured at 450 nm using a plate reader (PheraStar FS 

microplate reader (BMG Labtech)). This assay has a detection range of 18.8 pg/mL - 

1200 pg/mL. 

C-X-C Motif Chemokine Ligand 16 (CXCL16) 

CXCL16 in cell culture supernatant was measured using the DuoSet ELISA 

Development kit. To perform the assay, cell culture supernatant was collected and 

centrifuged at 3000 RPM for 10 minutes at 4 ºC to remove debris and assayed 

immediately or stored at - 80 ºC until use. DuoSetAncillary Reagent Kit 2 (# DY008, 

R&D Systems) was used as complementary kit to perform the assay. Firstly, plates 

were coated with diluted capture antibody (100 μL per well) to the working 

concentration (2 µg/mL) in PBS without carrier protein and incubated overnight at 

room temperature. Wells were then washed three times with Wash Buffer (400 μL). 

After the last wash, plates were blocked by adding 300 μL of Reagent Diluent to each 

well and incubated at room temperature for 1 hour. Wells were washed again and 
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plates were ready for sample addition. Samples were diluted 1:3 and seven standard 

dilutions were prepared according to manufacturer’s instruction. 100 μL of sample or 

standards in Reagent Diluent per well were added to each well, covered with an 

adhesive strip and incubated for 2 hours at room temperature. After washing each well 

three times with Wash Buffer (400 μL), the Detection Antibody (100 μL), diluted in 

Reagent Diluent (12.5 ng/mL), was added to each well and covered with a new 

adhesive strip and incubated for further 2 hours at room temperature. Washing was 

performed again prior to addition of Streptavidin-HRP (100 μL) to each well and 

incubated for 20 minutes at room temperature in the absence of direct light. The final 

wash was performed before incubating 100 μL of Substrate Solution in each well for 

20 minutes at room temperature without direct light. 50 μL of Stop Solution was added 

to each well and thoroughly mixed. Using a plate reader (PheraStar FS microplate 

reader (BMG Labtech)) at 450 nm and at 570 nm for corrections, the optical density 

of each well was determined immediately. This assay has a detection range of 15.6 – 

1000 pg/mL. 

Calculation of ELISA Results 

The duplicate readings for each standard, control (if used), and sample were averaged 

and the average zero standard optical density subtracted. A standard curve was created 

by reducing the data using graphpad prism or ELISA analysis website 

(https://elisaanalysis.com/app) to generate a four parameter logistic (4-PL) curve-fit 

to produce the most precise fit possible of the data. When samples were diluted, the 

concentrations read from the standard curve were multiplied by the dilution factor for 

each analyte.  

2.5 Oil Red-O Staining 

Following the growth and differentiation of adipocytes, as described above, Oil Red-O 

(ORO) stock solution was prepared by dissolving 0.5 g of ORO powder (#O0625, Sigma-

Aldrich, UK) in 200 mL absolute isopropanol in a 56 ºC water bath for 1 hour, and left 

stirred overnight. A working ORO solution was then prepared by diluting ORO stock with 

6:4 ratio in distilled water to make a 60 % solution, which was then stirred well for 10 

minutes and left to stand for a further 10 minutes before being filtered through a 0.22 μm 

filter.  
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Media were removed from each well, and cells were washed twice with PBS before being 

fixed with 4 % paraformaldehyde for 15 minutes at room temperature. Paraformaldehyde 

solution (4 %) in PBS (#sc-281692, Insight Biotechnology Ltd, UK) was removed and 

cells were washed twice with PBS for 5 minutes at room temperature, before being stained 

with working ORO solution and incubated at room temperature for 40 minutes. The ORO 

solution was discarded and cells were quickly washed with 60 % isopropanol in distilled 

water. Finally, cells were further washed with PBS until the excess dye had gone. Cells 

were then viewed under a light microscope to assess lipid accumulation in lipid droplets, 

and digital photographs were taken. 

2.6 Immunohistochemistry (IHC) 

For IHC preparation, spheroids were washed with PBS and immediately placed into 

4 % paraformaldehyde for fixation. Spheroids were processed overnight using a 

routine processing cycle on a Thermo scientific Excelsior tissue processor prior to 

embedding. Spheroids were sectioned at 4 μm, using a Leica RM2235 rotary 

microtome and Wax ribbons were transferred onto a warm water bath (43-45 °C) and 

spread on the microscope glass slide before drying for at least one hour at 45 °C. 

Haematoxylin and Eosin staining was performed in addition to UCP1 staining. 

Haematoxylin and Eosin (H&E) Stain  

Haematoxylin and eosin staining of brown spheroids to assess morphology was 

performed by Dr. Sean James (Arden Tissue Bank, University Hospital Coventry & 

Warwick). Images were taken using a light microscope connected to a digital camera 

(Nikon Microscope Camera Control Unit, DS-L3). To perform the haematoxylin stain, 

the slides were deparaffinised by bathing three times in Xylene, three times in 

isopropyl alcohol (sequentially: 100 %, 95 % and 80 %) for 3 minutes each and rinsed 

in deionized water for 5 minutes. Hereafter, the slides were stained with Mayers 

Haematoxylin for 3 to 10 minutes. The staining was blued by immersion of the 

sections by rinsing in tap water for 2-3 minutes. Staining was differentiated by 

repeated brief immersion of the slides up to 12 times in 0.5 % acid alcohol solution, 

followed by two rinses in tap water and one in deionized water, for 2 minutes each 

time. The slides were then stained with eosin for 30 seconds and immersed 3 times in 

95 % isopropyl alcohol, 3 times in 100 % isopropyl alcohol for 5 minutes each time, 
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and 3 times in Xylene for 15 minutes. Spheroid sections were then cover-slipped using 

Permount, which was allowed to dry overnight under fume hood prior to imaging.  

UCP1-Staining 

UCP1 staining was performed by Dr. Sean James at UHCW. Briefly, the spheroid 

sections on the prepared slides, described above, were deparaffinised and re-hydrated 

via the following process. The sections were placed in a rack and washed in Xylene 

three times for 5 minutes, then in 100 % isopropanol for 2 minutes, followed by 70 % 

isopropanol for 2 minutes. Sections were rinsed for at least 2 minutes in running 

distilled water. Heat-induced antigen retrieval was carried out via a Pickcell Antigen 

retrieval unit, in which sections were immersed in sodium citrate pH 6 buffer solution 

for 2 hours at 90 °C. Sections were placed on a moisture chamber and rinsed with 

TBS-T. Novolink Polymer Detection System (#RE7140CE, Leica microsystems Ltd., 

UK) was employed to achieve immunohistochemically staining of the UCP1 epitope, 

as per the manufacturer’s protocol, summarised thus: Two drops (100 μL) of 

peroxidase were placed onto the tissue sections to ensure coverage of the sample, for 

5 minutes. Sections were then flooded with TBS-T twice for 5 minutes, before being 

incubated with 2 drops of Protein Block for 20 minutes to inhibit non-specific staining. 

Sections were washed twice with TBS-T for 5 minutes. UCP1 anti-rabbit antibody 

(#ab10983, Abcam, UK) was diluted (1:500 or 1:1000 vol/vol) in TBS-T for 

optimization of the staining. This was determined to be optimized at 1:1000. Thus, 

200 μL of diluted primary antibody was placed on the slides. Sections were incubated 

for 2 hours at room temperature. Excess primary antibody was removed by a thorough 

rinse with TBS, twice, for 5 minutes. Sections were then incubated with 2 drops of 

post-primary block for 30 minutes, prior to being washed with TBS-T for 5 minutes 

each wash. Sections were then incubated with 2 drops of Polymer solution for 30 

minutes. After this, sections were washed again twice with TBS-T for 5 minutes per 

wash. Diaminobenzidine (DAB) working solution was made by adding 50 μL of 

chromagen to 1 mL of Novolink DAB substrate. Approximately 2-3 drops of DAB 

working solution were added to the slides for 7 minutes. Sections were rinsed 

thoroughly in deionised water for 5 minutes, and lightly counterstained by immersion 

in Haematoxylin for 5 minutes, to highlight UCP1-staining. Haematoxylin staining 

was developed and blued in running water for 5 minutes. Sections were dehydrated 
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via graded isporopyl alcohol (70 %, 80 % and 3x 100 % IPA), and cleared in Xylene 

and mounted with coverslips. Finally, images were produced on a 3D Histech 

Panoramic Midi digital slide scanner; all sections were scanned using a 3D Histech 

Panoramic Midi digital slide scanner to produce high resolution digital scans of the 

tissue; these scans were performed at x40 optical resolution. Staining was not observed 

when the UCP1 primary antibody was omitted.  

2.7 Determination of Mitochondrial Membrane Potential Through Confocal 

Microscopy 

ImBAT cells were seeded on to gelatine-coated 35 mm glass bottom culture dishes 

(MatTek corporation), grown and differentiated with/without LPS (100 ng/mL), as 

described above. Differentiated imBAT adipocytes were incubated for 30 minutes at 

37 ºC with Mito-Tracker Green FM (125 nM; Thermo Fisher, #M7514 Invitrogen™) 

and MitoTracker Red CMXRos (250 nM; Thermo Fisher, #M7512 Invitrogen) in 

phenol-free media (DMEM/F-12, #11039047 Gibco) without FBS. The cells were 

washed three times with media and imaged in HEPES-buffered media (pH 7.35) using 

a spinning disk confocal microscope (PerkinElmer, UltraVIEW VoX) with x40 oil 

objective (Nikon, 1.30, Plan Fluor) and a 488 nm, 561 nm excitation filter. The Z 

system, attached to an inverted fluorescence microscope fitted with x2 Hamamatsu 

Orca-R2 interline CCD, was used to observe cells which were maintained at 37 ºC 

throughout the imaging process. Live cell imaging was performed for 10 minutes to 

monitor mitochondrial morphology. Control cells were monitored to correct for 

potential photobleaching, and corrected total cell fluorescence (CTCF, integrated 

density - (area of selected cell × mean fluorescence of background)) of around 50 cells 

per condition was quantified using ImageJ. 

2.8 Statistical Analysis 

Statistical analyses were undertaken using SPSS or Graphpad prism. The latter being used 

to plot graphs. Data were reported as mean ± standard error of the mean (SEM), unless 

otherwise specified. Comparisons between samples were performed via two-tailed t-tests, 

one-way ANOVA or two-way ANOVA, followed by Tukey’s multiple correction test. 

The specific test selected depended on the design of the experiment, the number of 

samples (two or more than two) involved and the assumption that the data came or did not 
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come from a normal distribution. p < 0.05 was considered to be statistically significant, 

with significance levels being indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, 

unless otherwise specified. The test used in each experiment is detailed in each figure 

legend. Peter Kimani, a statistician at Warwick Medical School was consulted in regards 

to what the appropriate tests were to perform.  
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Chapter 3. Lipopolysaccharide Mediates Biological 

Alteration in Brown Adipocytes 



77 

3.1 Introduction 

Chronic inflammation in WAT at both local and systemic levels is now well 

recognized to be associated with obesity and its comorbidities (318,430). It is 

characterized by high levels of expression and secretion of pro-inflammatory 

cytokines/chemokines along with infiltration of immune cells, including macrophages, 

and is thought to contribute to obesity-associated comorbidities, such as insulin 

resistance and diabetes (14,15,81,540). 

The underlying mechanisms of WAT inflammation in obesity have been the focus of 

intense research (311,430,541). Comparatively, little is known about the underlying 

mechanisms of BAT inflammation in the context of obesity and its contribution to 

brown adipocyte dysfunction and associated disorders. However, there is increasing 

evidence that inflammation directly alters the thermogenic activity of brown fat by 

impairing its capacity for energy expenditure and glucose uptake (323,336,542). 

Activation of pattern recognition receptors (PRRs) has not been comprehensively 

studied in BAT, while in WAT/adipocytes is shown to mediate white adipose 

inflammation (432).  

PRRs are part of the innate immune system and function to detect invading pathogens 

and subsequently initiate a signalling cascade of distinctive inflammatory and immune 

responses in the host cells (466,543). PRRs can recognise dysregulations of the 

immune system and equally metabolism. The homeostasis of both systems is essential 

for survival (432,544). A role of PRR activators in this immune-metabolism 

relationship has been identified in several organs and cell types including WAT (545–

548), liver, muscle (547,548), and pancreatic β-cells (548). Activators of PPRs  

include excess of (a) nutrients such as saturated fatty acids (344,549), or (b) 

endogenous molecules produced from metabolic stress and tissue injuries, for instance: 

ceramides (550), and high mobility group box 1 (551), or alteration of intestinal 

microbiota (454,552). Excess of these PPRs ligands occurs in obesity through multiple 

means leading to PRR activation. 

One major family of PRRs is Toll-like receptors (TLR). TLRs are transmembrane 

receptors composed of extracellular leucine-rich repeat motifs and a cytoplasmic Toll/ 

interleukin-1 receptor (TIR) homology domain (435). Ten and twelve functional TLRs 
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have been identified in humans and mice, respectively. The particular bacterial or viral 

pathogen-associated molecular patterns (PAMP) that individual TLRs detects have 

been characterized. Each TLR recognizes a different ligand. For example, TLR2 and 

TLR4 recognize lipoprotein and lipopolysaccharide (LPS), respectively (435,543). 

Various TLRs, including TLR4, have been detected in white and brown adipocytes 

(344,426,545,553). TLR2 and TLR4 expression levels are upregulated with increased 

BMI in obesity and type 2 diabetes mellitus (T2DM) in humans (554). Activation of 

TLRs, specifically TLR4 and TLR2, is involved in metabolic functions and the 

inflammatory response in obesity. It induces a pro-inflammatory status, resulting in 

white adipocyte dysfunction and disturbed homeostasis of whole body metabolism 

(436,545,546,548,553). 

Activation and subsequent upregulation of TLR4 generates innate immune responses 

by inducing signalling cascades of kinases and several transcription factor activations. 

These cascades lead to enhanced inflammation with secretion of pro-inflammatory 

cytokines including IL6, MCP1 and TNFα, and phosphorylation of p65 and NFκB 

(19,436,553,555,556). Deletion of TLR4 leads to beneficial metabolic effects in vitro

with reduced inflammatory response and improved insulin sensitivity in 3T3-L1 

adipocytes, and in vivo with observations of lower body weight, subcutaneous and 

visceral WAT compared to wild type mice (436,555,556).  

Gut-derived LPS is a potent agonist of TLR4. It is an abundant glycolipid of the outer 

membrane of gram-negative bacteria and is composed of oligosaccharides and 

acylated-saturated fatty acids (426). Obesity influences circulating levels of LPS by 

altering gut microbiota growth and composition as well as gut permeability (347,557–

559). Consequently, LPS is absorbed alongside dietary lipids and its levels are 

elevated in obesity, resulting in a low-grade chronic inflammation and insulin 

resistance (446,555). Little is known about the effects of LPS on brown adipocytes. 

However, Bae et al. have reported that activation of pattern recognition receptors in 

brown adipocytes induces inflammation through NFB and MAPK signalling 

pathways, and suppresses basal and isoproterenol-induced UCP1 expression and 

mitochondrial respiration (344). This will ultimately impact thermogenesis capacity, 

leading to metabolic dysfunction. However, this report did not completely address the 
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role of TLR4, the LPS receptor, in UCP1 down regulation. Also, the response to LPS 

in other brown adipocyte models has not been explored. 

Research in this area is essential to uncover novel targets in BAT for obesity treatment 

and prevention. Therefore, the aim of this study was to determine the direct in vitro

effect of LPS in brown adipocytes on the following: 

- Insulin sensitivity 

- TLR4-dependent inflammation 

- The main biological brown characteristics, thermogenesis 

- Lipid metabolism 
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3.2 Methods 

Murine brown pre-adipocytes (imBAT cells/primary cultures/spheroids) and TLR4 

knockout brown pre-adipocyte (TLR4ko.BAT) cells were differentiated into mature 

adipocytes over 8 days with or without LPS 100 ng/mL or 1000 ng/mL (100 ng/mL if 

not indicated), according to the differentiation protocol described in the methods 

section (Chapter 2). Hereafter, RNA and protein were harvested for qRT-PCR and 

Western blotting. Also, the cells were harvested to assess triglyceride levels inside the 

cells. Cells were analysed for glucose uptake or studied with a Seahorse XF Analyser 

to determine impact on mitochondrial function. Immunofluorescence cell imaging 

using a spinning disk confocal microscope was conducted to assess Glut4 and lipid 

droplets.  

Glycerol Assay  

imBAT cells were grown and differentiated until day 10 in phenol-red free 

DMEM/F12 (#11039-021, Gibco, The UK) with/without LPS. Cells were washed 

once with PBS and incubated in phenol red free DMEM/F12 without any 

supplementation overnight prior to treatment. Cells were washed once prior to adding 

media supplemented with/without CL316,243, a β3-adrenoreceptor (β3-AR) agonist, 

with/without LPS. Conditioned media were collected at 2, 4, 8, 10 and 12 hours and 

were assayed immediately.  

Prior to the assay Free Glycerol Reagent (#F6428, Sigma, UK) was reconstituted in 

40 mL of ultrapure distilled water and pre-warmed to 37 °C. A dilution series of 

glycerol (#G7793, sigma, UK) was prepared ranging from concentration of 4 µg/dL 

to 260 µg/dL. 100 µL of standards or conditioned media (samples) were pipetted in 

duplicate into wells of a transparent 96-well plate. 150 µL of diluted Free Glycerol 

Reagent was added into each well. The plate was then covered and incubated at 37 °C 

for 15 minutes. Finally, the absorbance was measured using PheraStar FS microplate 

reader (BMG Labtech); at wavelength of 540 nm. The concentration for each sample 

was then calculated based on interpolation of a standard curve of known glycerol 

concentrations. 



81 

Triglyceride Assay  

Total cellular triglyceride levels in imBAT cells were determined with the triglyceride 

colorimetric assay kit (#10010303, Cayman Chemical, UK) according to the 

manufacturer’s instructions. Briefly, (≈18 × 106) cells were washed in BPS and 

scraped using a rubber policeman, centrifuged (1000×g at 4 °C) and resuspended in 1 

mL of cold diluted standard diluent. Samples were then sonicated (20× at one second 

bursts) and centrifuged at 10000 ×g for 10 minutes at 4 °C. Supernatants were kept in 

ice and assayed immediately. Standard dilutions were prepared in diluted standard 

diluent ranging from 3.123 mg/dL to 200 mg/dL.  Each sample or standard (10 µL) 

was added to the designated wells on a transparent 96-well plate. Diluted enzyme 

mixture solution (150 µL) was added to each well. The plate was then covered, placed 

on a shaker for five minutes to mix and incubated for 10 minutes at room temperature. 

Finally, the absorbance was measured using PheraStar FS microplate reader (BMG 

Labtech); at a wavelength of 540 nm. The concentration for each sample was then 

calculated based on interpolation of a standard curve of known triglyceride 

concentrations. 

Nile Red Staining of Lipid Droplets and Fluorescence Microscopy 

Brown adipocytes were plated on glass coverslips and differentiated as described in 

the methods section (Chapter 2). Cells were fixed with 4 % paraformaldehyde for 30 

minutes, and lipid droplets were visualized after Nile Red staining (1 µg/mL) (#N3013, 

Sigma-Aldrich, UK) by spinning disk confocal microscopy (PerkinElmer, UltraVIEW 

VoX) with 100x oil objective (Nikon, 1.30, Plan Fluor) and a 488 nm, 405 nm 

excitation filter.  

Briefly, fixed cells were washed with PBS before Nile Red staining solution diluted 

in PBS to 1 µg/mL (stock concentration: 1 mg/mL in methanol) was added to the cells 

(0.5 mL of staining solution per coverslip). The cells were then incubated for 15 

minutes at room temperature and protected from light by covering the culture plate 

with foil. The staining solution was aspirated from the cells and washed three times 

with PBS (0.5 mL of PBS per coverslip was added and incubated for 5 minutes at 

room temperature with protection from light). Finally, to mount the cover slips, they 

were lifted out of the well and placed cell side down on a slide with a drop of mounting 

medium which was left to set overnight in the dark (Invitrogen™ ProLong™ Gold 
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Antifade Mountant with DAPI, #P36935, Fisher Scientific). (7.5 µL of mounting 

medium was placed on a slide and the edge of the coverslip was touched with a tissue 

to remove excess PBS). The edges of the coverslip were sealed with clear nail varnish.  

Quantification of lipid droplet-containing cells in control and LPS-treated cells was 

performed in 20 cells per group using ImageJ (FIJI. (version 1.52i)). The lipid droplet 

parameters assessed were LD area (μm2) and number as they were measured directly 

by the area measure function of ImageJ. Then, lipid content was calculated by dividing 

average lipid droplets area in each cell against total cell area.  

3.3 Results 

Characterization of a Mouse TLR4-knockout Brown Adipocyte 

(TLR4ko.BAT) Cell Line  

This study examined the key LPS-TLR4 pathway in brown adipocytes biology. To 

investigate the specificity of TLR4 signalling in responses to LPS, experiments were 

performed in both wild type and TLR4 knockout brown adipocytes (TLR4ko.BAT). 

This required initial characterisation and validation of the TLR4ko.BAT. To 

investigate whether the absence of TLR4 affects adipocyte differentiation capacity, 

TLR4ko.BAT cells were stimulated to differentiate in vitro. TLR4ko.BAT cells 

differentiated and assumed the classical morphology of mature adipocytes (Figure 

3.3.1.1). 
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Undifferentiated
(pre-adipocytes)

Differentiated
(Mature adipocytes)

TLR4koBAT

A. B.

Figure 3.3.1.1 TLR4 Knockout Brown Adipocyte Cell Line Differentiation.  

(A) Pre-adipocytes of mouse TLR4 ko BAT were differentiated into (B) mature TLR4 ko brown 
adipocytes. Photos are taken with a 20x magnification. 

In addition, expression of the mature adipocyte marker fatty acid binding protein 4 

(aP2) (Figure 3.3.1.2, A) was highly induced upon differentiation in all the 

investigated cells. Similarly, the brown AT markers uncoupling protein 1 (UCP1) and 

cell death inducing DFFA like effector a (CIDEA) were highly induced upon 

differentiation of the brown adipocytes (Figure 3.3.1.2, C, D). 
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Figure 3.3.1.2 Expression of Adipocyte-Associated Genes in TLR4 Knockout Brown Adipocyte 
Cell Line. 

 TLR4 koBAT cells were grown and differentiated. The expression of (A) aP2, (B) TLR4, (C) UCP1, 
and (D) CIDEA, in Pre-adipocytes (Undiff) was analysed by q-RT PCR and compared with mature 
adipocytes (Diff). Data are presented as mean fold change ± standard error of mean. Unpaired t test was 
used for comparisons. * P ≤ 0.05. aP2; fatty acid binding protein 4. UCP1; uncoupling protein 1. CIDEA; 
cell death inducing DFFA like effector a. TLR4: Toll-Like Receptor 4. Undif: undifferentiated. Diff: 
differentiated.  

Wild Type Brown Adipocyte Differentiation in 2D and 3D Culture 

Next, wild type brown adipocyte differentiation was investigated to confirm expected 

morphology and other markers of mature adipocytes. In this context, on the very first 

day, before applying induction media, imBAT cells and primary cultures showed a 

flatter and more compact shape (Figure 3.3.2.1, A1, B1) while Haemotoxylin and 

Eosin (H & E)-stained spheroids showed no lipid droplets (Figure 3.3.2.1, C1). 

Around day 4 lipid droplets started to develop and became larger and more numerous 

with the progression of differentiation. 

Figure 3.3.2.1, A2 below represents Oil Red O staining of imBAT cells which show 

successfully differentiating cells. Figure 3.3.2.1, B2 shows differentiated primary 

brown adipocytes. There were, however, no additional wells to perform Red O 
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staining. In any case, the images clearly show fully differentiated brown adipocytes. 

Finally, in the 3D spheroid culture model, differentiated lipid droplet-containing 

brown adipocytes are present in H & E stained sections Figure 3.3.2.1, C3.  

Similarly, all three models showed highly induced differentiation makers of brown 

adipocytes including aP2 and UCP1 which confirmed that imBAT cells (Figure 

3.3.2.1, A3, A4) primary cultures (Figure 3.3.2.1, B3, B4) and spheroids had 

efficiently differentiated (Figure 3.3.2.1, C3, C4). 
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Figure 3.3.2.1 Wild-Type Brown Adipocyte Differentiation.  

Pictures with a 20x magnification of undifferentiated (Undiff) imBAT cells (A1), primary cultures (B1), spheroids (C1) and differentiated (Diff) imBAT cells (A2), primary 
cultures (B2), spheroids (C2) pictures. imBAT cells were stained with Oil Red O and pictures were taken.  Spheroids were stained with H&E staining and pictures were taken. 
Expression of mature adipocyte-associated genes including aP2 gene expression levels in imBAT cells (A3), primary cultures (B3) and spheroids (C3), and UCP1 gene 
expression levels in imBAT cells (A4), primary cultures (B4) and spheroids (C4). Data are presented as mean fold change ± standard error of mean. Unpaired t test was used 
for comparisons. * P ≤ 0.05. aP2; fatty acid binding protein 4. UCP1; uncoupling protein 1.  
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LPS Administration to Brown Adipocytes Directly Induced Insulin 

Resistance 

To test the hypothesis that LPS drives adipocyte insulin resistance in obesity and 

causes brown adipocyte dysfunction, the first step was to establish whether in vitro

LPS administration could directly induce insulin resistance in brown adipocytes. 

Therefore, imBAT cells were treated with two different doses of LPS (100 ng/mL, 

1000 ng/mL). As shown in (Figure 3.3.3.1, D), differentiating imBAT cells with both 

LPS doses resulted in insulin resistance, as evidenced by significant reductions in the 

uptake of insulin-induced radio-labelled glucose (100 nM) compared with control 

adipocytes (-66.03 %, P<0.0001 with LPS 100 ng/mL, -66.73 %, P<0.0001 with LPS 

1000 ng/mL). 

This functional observation of insulin resistance was accompanied by reduced 

phosphorylated protein expression of Serine/Threonine Kinase AKT, a key step in the 

insulin signalling cascade. The higher dose of LPS completely blocked insulin-

stimulated AKT (Ser 473) phosphorylation. (FC=-2.63, P<0.05 with LPS 100 ng/mL, 

Figure 3.3.3.1, E1, E2). Thus, differentiating imBAT with both LPS doses resulted in 

impaired insulin signalling and adipocyte glucose uptake. 

In addition to the protein levels, differentiating multiple brown adipocyte cell models 

(imBAT cells, primary brown adipocytes, and spheroids) with LPS (100 ng/mL) 

reduced gene expression of GLUT4 (solute carrier family 2 (facilitated glucose 

transporter), member 4) (Figure 3.3.3.1, A1, B1, C1) with a maximum decrease of 

FC=-29.94, P<0.001 with LPS 100 ng/mL in spheroids. GLUT4 is the insulin-

regulated glucose transporter. In contrast, investigations of GLUT1 (Solute carrier 

family 2 (facilitated glucose transporter), member 1) showed that LPS treatment 

resulted in increased expression in spheroids and primary cultures although in imBAT 

cells levels were similar to the control adipocytes (Figure 3.3.3.1, A2, B2, C2). 

GLUT1 facilitates the basal transport of glucose across the plasma membranes of 

mammalian cells. The GLUT1 transporter is distributed in most tissues, whereas the 

GLUT4 transporter is exclusive to muscle and fat (560).
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Figure 3.3.3.1 Effect of LPS on Brown Adipocyte Insulin Sensitivity.  
ImBAT cells, primary cultures and spheroids were differentiated with/without LPS (100 ng/mL or 1000 ng/mL). (A1, B1, C1) GLUT4 gene expression levels in 
imBAT cells, primary cultures and spheroids, respectively. (A2, B2, C2) GLUT1 gene expression levels in imBAT cells, primary cultures and spheroids, respectively. 
(D) Glucose uptake and (E1, E2) AKT protein expression and densitometry in imBAT cells following an acute dose of insulin (100 nM). (E1) Image of AKT and 
loading control β-actin Western blot membranes. For protein densitometry and gene expression, results are expressed as a fold change from control cells. For glucose 
uptake normalised counts per minute to total protein content are shown.  Bars represent mean ± standard error of the mean. *p<0.05, **p<0.01, *** p<0.001, **** 
p<0.0001 compared to CTRL. Unpaired T Test was used for comparisons. GLUT4: solute carrier family 2 (facilitated glucose transporter), member 4; AKT (Ser 
473); Serine/Threonine Kinase; CTRL: control.
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LPS Increased Inflammatory Gene Expression 

The impact of LPS on inflammation was then assessed via measurement of the pro-

inflammatory cytokines interleukin 6 (IL6), chemokine (C-C motif) ligand 2 (CCL2/ 

MCP1) in wild type brown and TLR4ko.BAT adipocytes. 

LPS induced IL6 mRNA by a 600-800 % increase, and MCP1 mRNA by a 400-600 % 

increase in LPS-treated imBAT cells relative to control (Figure 3.3.4.1, A, B). This 

was indeed also the case in primaries and spheroids, with LPS treatment resulting in 

induction of mRNA of IL6 (1000 % and 21,400 % respectively, Figure 3.3.4.2, A, C) 

and MCP1 (8,600 % and 5,900 % respectively, Figure 3.3.4.2, B, D).  

As expected, LPS did not induce IL6 or MCP1 when differentiated TLR4ko.BAT cells 

were treated with LPS throughout differentiation supporting that TLR4 mediates the 

inflammatory actions of LPS in brown adipocytes (Figure 3.3.4.1, C, D). 
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Figure 3.3.4.1 Effect of LPS on Inflammation of Brown Adipocyte Cell-Line.  
ImBAT cells and TLR4ko.BAT cells were differentiated with/without LPS (100 ng/mL or 1000 ng/mL). 
(A, C) IL6 gene expression levels in imBAT and TLR4ko.BAT cells, respectively. (B, D) MCP1 gene 
expression levels in imBAT and TLR4ko.BAT cells, respectively. Data are expressed as a mean fold 
change from control cells ± standard error of the mean. One-way ANOVA was used for comparisons. 
*p<0.05, **p<0.01. CTRL; control. IL6; interleukin 6. MCP1; chemokine (C-C motif) ligand 2. 
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Figure 3.3.4.2 Effect of LPS on Primaries and Spheroids Brown Adipocyte Inflammation.  

Primary brown adipocytes and spheroids were differentiated with/without LPS (100 ng/mL). (A, C) IL6 
gene expression levels in primary cultures and spheroids, respectively. (B, D) MCP1 gene expression 
levels in primary cultures and spheroids, respectively. Data are expressed as a mean fold change from 
control cells ± standard error of the mean. T Test was used for comparisons. ***p<0.001, ****p<0.0001. 
CTRL; control. IL6; interleukin 6. MCP1; chemokine (C-C motif) ligand 2. 

LPS Reduced UCP1, the Main Brown Fat Marker, in Brown Adipocytes  

Given that LPS induced inflammation and insulin resistance in wild type brown 

adipocytes but had no inflammatory effect on TLR4ko.BAT, and in line with previous 

investigation (344), the possibility of perturbing the brown adipocyte phenotype 

through TLR4 was investigated.  

UCP1 mediates thermogenesis, the fundamental function of brown adipocytes, to 

uncouple oxidative phosphorylation from ATP synthesis to produce heat, and is 

known to be regulated at the transcriptional level (561). Therefore, it was determined 

whether TLR4 activation by LPS in brown adipocytes affects UCP1 mRNA 

expression. CL316,234, the β3-selective adrenergic receptor agonist, was added for 5 

hours before mRNA-harvesting to induce UCP1 expression. That was to study the 

effect of differentiating brown adipocytes with LPS on UCP1 induction through TLR4 

in addition to the UCP1 basal levels. Activation of TLR4 by LPS throughout 
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differentiation suppressed both basal and CL-induced UCP1 mRNA expression 

(Figure 3.3.5.1, A, C). UCP1 suppression was apparent from day 5 of differentiation 

through until day 9 when harvested. (Figure 3.3.5.1, B, C).  

Figure 3.3.5.1 Effect of LPS on UCP1 Gene Expression.  

ImBAT and TLR4ko.BAT cells were differentiated with/without LPS (100 ng/mL or 1000 ng/mL). 
mRNA was harvested on day 0, day 2, day 5, day 9. On day 9 mature adipocytes were treated 
with/without CL 316,234 (10µM) for 5 hours. UCP1 gene expression levels where the CL induction is 
shown in imBAT cells (A), TLR4ko.BAT cells (C) respectively. UCP1 gene expression levels on day 
0, day 2, day 5, day 9 in imBAT cells (B), TLR4ko.BAT cells (D) respectively. Data are expressed as 
a mean fold change from control cells ± standard error of the mean. One-way ANOVA was used for 

comparisons. *p<0.05, **p<0.01, **** p<0.0001 Compared to CTRL in absence of CL, ƒƒƒƒ p<0.0001 
Compared to CL-treated CTRL. ## p<0.01, ### p<0.001, #### p<0.0001    Compared to LPS100 in 
absence of CL, ×× p<0.01 Compared to LPS1000 in absence of CL. UCP1, uncoupling protein 1.
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The morphology of differentiated imBAT cells and TLR4ko.BAT cells was 

determined  and both control and LPS-treated cells showed the typical morphology of 

mature adipocytes with many lipid droplets and both groups looked healthy (Figure 

3.3.5.3). This normal morphology was consistent with expression of the adipocyte 

differentiation marker aP2 which was similarly upregulated upon differentiation for 

both control and LPS-treated brown adipocytes (Figure 3.3.5.2). This indicates that 

the effect of LPS on UCP1 suppression was specific and cannot be attributed to cell 

death or inhibition of differentiation. 

Suppression of UCP1 by LPS was further examined at the protein level. Western blot 

analysis and relative quantification confirmed that UCP1 protein expression was 

suppressed by LPS-activated-TLR4 in imBAT cells under both basal (FC=-1.74, 

P<0.05, Figure 3.3.5.4) and CL treatment (FC=-2.89, P<0.001 , Figure 3.3.5.5).  

In contrast, there were no changes in UCP1 expression in response to LPS when TLR4 

was deleted. Neither dose of LPS altered basal UCP1 mRNA at any stage during 

differentiation (Figure 3.3.5.1) or affected CL-induced UCP1 mRNA (Figure 3.3.5.1). 

Similarly, UCP1 protein expression was not affected by LPS at basal (Figure 3.3.5.4) 

or with CL stimulus (Figure 3.3.5.5) in TLR4ko.BAT. 

Taken together, these results support that LPS does not adversely affect cell 

morphology and viability. Stimulation of brown adipocytes with LPS suppresses both 

basal and CL-induced UCP1 gene and protein expression predominantly mediated 

through TLR4. 
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Figure 3.3.5.2 aP2 in Brown Adipocyte.  

ImBAT and TLR4ko.BAT cells were differentiated with/without LPS (100 ng/mL or 1000 ng/mL). On 
day 9 mature adipocytes were treated with/without CL 316,234 (10µM) for 5 hours. (A) aP2 gene 
expression levels in imBAT cells. (B) aP2 gene expression levels in TLR4ko.BAT cells. Results are 
expressed as a mean fold change from control cells ± standard error of the mean. One-way ANOVA 
was used for comparisons. CTRL; control. aP2: fatty acid binding protein 4. 

Figure 3.3.5.3 Mature Brown Adipocyte Differentiation Pictures Under LPS Treatment.  
ImBAT and TLR4ko.BAT cells were differentiated with/without LPS (100 ng/mL). Pictures with a 20x 
magnification of undifferentiated (Undiff) imBAT cells (A1), TLR4ko.BAT cells (B1), and 
differentiated control (CTRL) imBAT cells (A2), TLR4ko.BAT cells (B2) pictures. LPS-treated 
imBAT cells (A3) and LPS-treated TLR4ko.BAT cells (B3). imBAT were stained with Oil Red O and 
pictures were taken.   
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Figure 3.3.5.4 LPS-Activated TLR4 Suppresses UCP1 Protein Expression. 
 ImBAT and TLR4ko.BAT cells were differentiated with/without LPS (100 ng/mL or 1000 ng/mL). 
Brown adipocytes were serum starved for 24 hours before protein harvesting.  (A) imBAT image of 
UCP1 and loading control β-actin Western blot membranes and (A1) densitometry. (B) TLR4ko.BAT 
image of UCP1 and loading control β-actin Western blot membranes and (B1) densitometry. Data are 
expressed as a fold change from control cells. Bars represent mean ± standard error of the mean. One-
way ANOVA was used for comparisons. *p<0.05, *** p<0.001 compared to CTRL. CTRL; control. 
Undiff; undifferentiated. UCP1; uncoupling protein 1. 
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Figure 3.3.5.5 LPS-Activated TLR4 Suppresses both Basal and CL-Induced UCP1 Protein 
Expression. 

 ImBAT and TLR4ko.BAT cells were differentiated with/without LPS (100 ng/mL or 1000 ng/mL). 
Brown adipocytes were serum starved for 24 hours and treated with/without CL 316,234 (10 µM) before 
protein harvesting.  (A) imBAT image of UCP1 and loading control β-actin Western blot membranes 
and (A1) densitometry. (B) TLR4ko.BAT image of UCP1 and loading control β-actin Western blot 
membranes and (B1) densitometry. Data are expressed as a fold change from control cells. Bars 
represent mean ± standard error of the mean. One-way ANOVA was used for comparisons. **p<0.01, 
*** p<0.001 compared to CTRL. ƒƒƒ p<0.001 compared to CL-treated CTRL. # p<0.05 compared to 
LPS in absence of CL.  CTRL; control. UCP1; uncoupling protein 1. 

Next, because PGC1 is a master regulator of brown adipocyte thermogenesis and 

UCP1 gene expression, the levels of different PGC1 family member transcripts were 

monitored, including peroxisome proliferative activated receptor, gamma, coactivator 

1 alpha (PGC1α) and PPARG coactivator 1 beta (PGC1β). 

Similar to UCP1, activation of TLR4 by both LPS doses throughout differentiation 

suppressed both basal and CL-induced mRNA expression of PGC1α and PGC1β in 

wild type cells. In contrast, differentiating TLR4ko.BAT with LPS had no effect on 

either PGC1α or PGC1β gene expression (Figure 3.3.5.6, C, D). This indicates that 

TLR4 mediates LPS-mediated suppression actions on UCP1 levels at least in part by 

downregulating the upstream regulators PGC1α and PGC1β. 
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Figure 3.3.5.6 Effect of LPS on PGC-1 Gene Expression.  

ImBAT and TLR4ko.BAT cells were differentiated with/without LPS (100 ng/mL or 1000 ng/mL). On 
day 9 mature adipocytes were treated with/without CL 316,234 (10µM) for 5 hours. PGC1α gene 
expression levels in imBAT (A) and TLR4ko.BAT cells (C), respectively. PGC1β gene expression 
levels in imBAT (B) and TLR4ko.BAT cells (D), respectively. Data are expressed as a mean fold 
change from control cells ± standard error of the mean. One-way ANOVA was used for comparisons. 

*p<0.05, ***p<0.001,**** p<0.0001 Compared to CTRL in absence of CL, ƒƒƒƒ p<0.0001 Compared 
to CL-treated CTRL. ## p<0.01, ### p<0.001, #### p<0.0001    Compared to LPS100 in absence of 
CL, × p<0.05, ×× p<0.01 Compared to LPS100 in absence of CL. UCP1, uncoupling protein 1. CTRL; 
control. Nd: not determined. PGC1α; peroxisome proliferative activated receptor, gamma, coactivator 
1 alpha. PGC1β; PPARG coactivator 1 beta. 

Finally, receptor-interacting protein 140 (RIP140) gene expression levels in imBAT 

cells was observed. RIP140 is known to have opposing actions to PGC1 and blocks 

the beiging program in WAT, preventing the expression of brown fat genes and 

inhibiting a triacylglycerol futile cycle, with important implications for energy 

homeostasis  (562). Interestingly, RIP140 mRNA expression was increased when 

differentiating imBAT were treated with both LPS doses (FC=4.47, P<0.001 with 

LPS100 ng/mL, FC=4.66, P<0.001 with LPS1000 ng/mL, Figure 3.3.5.7). This 

m
R

N
A

P
G

C
1

/L
1

9
(F

o
ld

C
h

a
n

g
e

)

CL CL CL CL
0

1

2

3

imBAT/PGC1

m
R

N
A

P
G

C
1

/L
1

9
(F

o
ld

C
h

a
n

g
e

)

***

****

** **

##

Undiff

CTRL

LPS100

LPS 1000

m
R

N
A

P
G

C
1

/L
1

9
(F

o
ld

C
h

a
n

g
e

)

m
R

N
A

P
G

C
1

/L
1

9
(F

o
ld

C
h

a
n

g
e

)



99 

indicates that RIP140 could be key to the potent suppression of thermogenesis by LPS 

and it indicates the wide range of affected factors.   

Figure 3.3.5.7 Effect of LPS on RIP140 Gene Expression.  

ImBAT cells were differentiated with/without LPS (100 ng/mL or 1000 ng/mL). RIP140 gene 
expression levels in imBAT cells were assessed using qRT-PCR. Data are expressed as a mean fold 
change from control cells ± standard error of the mean. One-way ANOVA was used for comparisons. 
***p<0.001 Compared to CTRL. CTRL; control. RIP140; Receptor-interacting protein 140. 

LPS Reduced UCP1 Expression in Other Wild Type Brown Adipocytes 

Models 

After determining the inhibitory actions of LPS on UCP1 expression in the 

immortalised brown adipocyte cell line, whether LPS had the same effect on other 

models of brown adipocytes investigated. This included primary brown adipocytes 

and a 3D spheroid model. These two models closely represent the physiological brown 

adipocyte state. Thus, both primary brown adipocytes and spheroids were 

differentiated with or without LPS, the TLR4 ligand. 

Primary brown adipocytes showed the typical morphology of mature brown 

adipocytes full of lipid droplets (Figure 3.3.6.1, A) with classic aP2 induction upon 

differentiation (Figure 3.3.6.1, A4) in cells differentiated with or without LPS 

compared to undifferentiated. Similarly, H&E immunohistochemical staining of 

spheroids equally showed lipid droplets (Figure 3.3.6.1, , B) in differentiated spheroids 

with or without LPS compared to undifferentiated spheroids, along with aP2 mRNA 

induction upon differentiation (Figure 3.3.6.1,.B4) 
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Figure 3.3.6.1 Differentiation of LPS-Treated Wild Type Primary Brown Adipocytes and 
Spheroids. 

 Pictures with a 20x magnification of undifferentiated (Undiff) primary brown adipocytes (A1), 
spheroids (B1) and differentiated control (CTRL) primary brown adipocytes (A2), spheroids (B2). LPS-
treated primary cultures (A3) and LPS-treated spheroids (B3).  Spheroids were stained with H&E 
staining and pictures were taken. Expression of mature adipocyte-associated genes including aP2 gene 
expression levels in primary cultures (A4) and spheroids (B4). Data are presented as mean fold change 
± standard error of mean. One-way ANOVA was used for comparisons. aP2; fatty acid binding protein 
4. 

Consistent with the findings using imBAT cells, LPS stimulation throughout 

differentiation greatly suppressed both basal and CL-induced mRNA expression of 

UCP1 and PGC1α in both primary brown adipocytes (Figure 3.3.6.2. B) and brown 

adipocyte spheroids (Figure 3.3.6.2.D). Further investigations of UCP1 expression in 

spheroids by immunohistochemistry showed clear evidence of reduced UCP1 

expression in differentiated spheroids with LPS compared to control spheroids (Figure 

3.3.6.3, Figure 3.3.6.4). 
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Figure 3.3.6.2 Effect of LPS on UCP1 and PGC1α Gene Expression.  

Primary brown adipocytes and spheroids were differentiated with/without LPS (100 ng/mL)). On day 
9 mature adipocytes of both models were treated with/without CL 316,234 (10µM) for 5-hours. UCP1 
gene expression in primaries (A), spheroids (C) respectively. PGC1α gene expression in primaries (B), 
spheroids (D) respectively. Data are expressed as a mean fold change from control cells ± standard error 

of the mean. One-way ANOVA was used for comparisons. **p<0.01, *** p<0.001, **** p<0.0001 
Compared to CTRL in absence of CL, ƒƒƒƒ p<0.0001 Compared to CL-treated CTRL. ## p<0.01 
Compared to LPS in absence of CL. UCP1, uncoupling protein 1. PGC1α; peroxisome proliferative 
activated receptor, gamma, coactivator 1 alpha.
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Figure 3.3.6.3 UCP1 Staining, in Murine Brown Adipocyte Spheroids by Immunohistochemistry.  

Sectioned spheroids were incubated without (A1, A2, A3)/with (B1, B2, B3) UCP1 primary antibody 
and staining was detected using an HRP/DAB detection kit. Sections were counterstained using 
hematoxylin. Pictures taken with a 20x magnification. B2 appears more stained compared to B3 which 
indicates LPS reduced UCP1 in brown adipocytes spheroids.  

Figure 3.3.6.4 UCP1 Staining Quantification, in Murine Brown Adipocytes Spheroids by 
Immunohistochemistry.  

At least 3 stained spheroids at dilution 1:1000 for UCP1 antibody were quantified. Data are expressed 

as mean ± standard error of the mean. Unpaired t test was used for comparisons. ****p<0.0001 
Compared to CTRL. CTRL, control. UCP1, uncoupling protein 1. 
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LPS Reduced Expression of Key Brown Fat Genes 

Similar to UCP1, when wild type brown adipocytes were treated with LPS throughout 

differentiation, suppression was observed for gene expression of cell death inducing 

DFFA like effector a (CIDEA) (FC=-14.11 with LPS 100 ng/mL, P<0.0001, FC=-5.49 

with LPS 1000 ng/mL Figure 3.3.7.1, A), perilipin 5 (PLIN5) (FC=-4.50, P<0.01 with 

LPS 100 ng/mL, FC=-24.18, P<0.01 with LPS 1000 ng/mL, Figure 3.3.7.1, B), and 

Elongation of very long chain fatty acids protein 3 (ELOVL3) (FC=-24.84, P<0.0001 

with LPS 100 ng/mL, FC=-13.93, P<0.0001 with LPS 1000 ng/mL, Figure 3.3.7.1, C). 

In contrast, mRNA for CIDEA, PLIN5 and ELOVL3 was not altered in TLR4ko.BAT 

cells by differentiating cells with LPS (Figure 3.3.7.1, D, E, F),. This further supports 

that LPS is playing a role as an inhibitor of brown adipocyte characteristics through 

TLR4 and likely eventually causing a whitened brown adipocyte phenotype.  

Figure 3.3.7.1 Effect of LPS on Key Brown Fat Gene Expression. 

 ImBAT or TLR4ko.BAT cells were differentiated with/without LPS (100 ng/mL or 1000 ng/mL). 
CIDEA gene expression levels in (A)imBAT. (D) TLR4ko.BAT. PLIN5 gene expression levels in 
(B)imBAT. (E) TLR4ko.BAT. ELOVL3 gene expression levels in (C)imBAT. (F) TLR4ko.BAT.  Data 
are expressed as a mean fold change from control cells ± standard error of the mean. One-way ANOVA 
was used for comparisons. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 Compared to CTRL. CTRL; 
control. CIDEA; cell death inducing DFFA like effector a. PLIN5; perilipin 5. ELOVL3; Elongation of 
Very Long Chain Fatty Acids Protein 3. 
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LPS Impaired Lipid Metabolism 

Functional assays were undertaken to determine the impact of LPS on glycerol 

metabolism. Glycerol levels were lower in media collected from brown adipocytes 

differentiated with LPS when stimulated with CL for 8 hours compared to CL-

stimulated control cells (Figure 3.3.8.1, A). However, the basal levels were unaffected 

by LPS. Furthermore, the total cellular triglyceride levels were higher in the brown 

adipocytes differentiated with LPS (Figure 3.3.8.1,B). Thus, LPS appears to promote 

triglyceride retention in brown adipocytes which could indicate elevated levels of 

lipogenesis rather that lipolysis being affected in the basal state.  

Figure 3.3.8.1 LPS Effects on Lipid Metabolism in Brown Adipocytes.  

ImBAT cells were differentiated with/without LPS (100 ng/mL or 1000 ng/mL). (A) Released Glycerol 
into conditioned media (B) Total cellular triglyceride levels. Measurements are expressed as mean ± 
standard error of the mean. One-way ANOVA was used for comparisons. ****p<0.0001 Compared to 
CTRL in absence of CL, ƒƒƒƒ p<0.0001 Compared to CL-treated CTRL. ## p<0.01, ### p<0.001, #### 
p<0.0001 Compared to LPS100 in absence of CL, ×××× p<0.0001 Compared to LPS1000 in absence 
of CL. 
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Triglycerides are stored in lipid droplets (LDs), the major cellular organelles for the 

storage of neutral lipids. Among cellular organelles, LDs are uniquely composed of 

an organic phase of neutral lipids surrounded by a phospholipid monolayer. A wide 

range of proteins interact with lipid droplets to regulate their size and control the 

storage and release of lipid. In light of LPS affecting brown adipocyte triglyceride 

content and the CL-induced release of glycerol, the effect of LPS on LD biology was 

investigated by confocal microscopy. Representative images are shown in (Figure 

3.3.8.2). The analysis showed that areas occupied with LDs in LPS-treated adipocytes 

was significantly increased compared with controls. The ratio of area covered by LD 

was increased by 38 % with LPS100 and 52 % with LPS1000 treatment compared to 

control cells (Figure 3.3.8.3). However, the average LD area in the measured 20 

control cells was comparable with LPS treated cells (Figure 3.3.8.3). In contrast, the 

number of LDs was significantly higher in LPS treated cells -there was 1.8 fold 

increase in the number of LDs in LPS-treated  cells compared to control cells (Figure 

3.3.8.3). Therefore, the augmentation of lipid content inside LPS-treated cells was due 

to increased mean LD number in these cells. Overall, LPS appears to enhance lipid 

storage inside brown adipocytes.  
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DAPI Nile Red Merged

Control

LPS100

LPS1000

Figure 3.3.8.2 Confocal Microscopies of Brown Adipocytes Treated with or without LPS 100 ng/mL or LPS 1000 ng/mL.  

Representative confocal images of control (left panel) and LPS-100 (middle panel) and LPS1000 (right panel). Images are shown at 100x magnification imBAT cells 
immunostained with Nile-red (green) and DAPI (blue). 
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Figure 3.3.8.3 Effect of LPS on Lipid Droplets (LD).  

Lipid content, number and area of LD are calculated through confocal microscopy analysis (n=20). Data are expressed as median of lipid content, and bars represent 
max and minimum values. Data are expressed as mean ±SEM for number and area per LD. One-way ANOVA was performed for statistical comparison. *p<0.05, 
**p<0.01, ****p<0.0001 
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3.4 Discussion 

BAT has a unique feature in energy expenditure through the process of thermogenesis 

and its existence was rediscovered in adult humans. Therefore, it is considered as an 

interesting aspect to study for obesity management and prevention and there is an 

intensive research on this fat depot to address its physiology and function (563). 

Although it is well recognized that obesity is associated with chronic inflammation 

both systemically and locally in WAT, chronic inflammation is less studied in BAT. 

Specifically, the effect of inflammatory activators on brown adipocyte activity and 

factors related to thermogenesis in these cells has not been studied in detail.  

This chapter has explored the impact of LPS on brown adipocytes to provide insight 

into how gut derived LPS inflammation may induce brown adipocyte dysfunction. 

These studies utilised 2D models including an immortalized brown cell line (imBAT) 

and primary brown adipocytes, as well as a 3D model represented by spheroids, to 

investigate how LPS induces an inflammatory response in brown adipocytes.  

Furthermore, these studies identified how perturbation of prominent features of brown 

adipocyte function including thermogenesis regulation, represented by reduced UCP1 

in the different models is impacted. The findings from these studies also identified that 

in brown adipocytes LPS elicits inflammatory markers along with impairing insulin 

sensitivity and lipid handling mechanism. 

The effects of LPS on brown adipocytes appear to be mediated by TLR4, evidenced 

by the use of TLR4ko.BAT cells leading to compromised action of LPS of cellular 

dysfunction in such cells. This highlighted that TLR4Ko.BAT cells could eliminate 

the actions of LPS on thermogenesis UCP1, the main brown adipocytes marker, at 

both gene expression and protein levels.  

In order to investigate the effect of LPS in brown adipose tissue, inflammatory 

transcription markers were measured following chronic LPS treatment through 

differentiation. Detected by qRT-PCR, mRNA expression of the inflammatory 

chemokine MCP1 and cytokine IL6 were upregulated in different models of wild type 

brown adipocytes (2D and 3D models). MCP1 is a chemotactic agent which plays a 

profound role in macrophage infiltration into the adipose tissue, and causes adipose 
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inflammation (564,565). IL6 is a cytokine that is associated with insulin resistance in 

skeletal muscle and liver (566,567). This upregulation of inflammatory markers is 

expected to be as a result of activation of the NFB and MAPK signalling pathways 

upon TLR4 induction by LPS, as denoted in various cell types including white 

adipocytes (446,448,454,568). The activation of inflammatory pathways upon LPS 

treatment in BAT and cultured immortalised brown adipocytes is in agreement with a 

previous study (344). However, LPS-induced inflammatory markers in 3D brown 

adipocyte spheroids has not been reported before. Prior study demonstrated that gene 

expression of selected PRRs including TLR4 were increased in BAT in obesity, which 

correlated with augmented pro-inflammatory cytokine/chemokine gene expression 

levels. In their study, activation of PRRs stimulated MCP1, IL6 and RANTES levels 

in immortalised brown adipocytes via upregulating of NFkB and MAPK pathways as 

downstream of TLR4 activation by LPS. However, in previous study, immortalised 

brown adipocytes were only treated with LPS (1000 ng/mL) for 12-15 hours post-

differentiation with no further observations of other models, and as such the chronic 

impact of LPS treatment during differentiation of brown adipocytes was not 

investigated and the LPS effect on different cell models was not addressed. 

Consequently, this current data enhances the evidence that LPS is a potent 

inflammatory stimulator of brown adipocytes and when applied chronically it 

profoundly inhibits brown adipocyte function including primary and 3D spheroids 

brown adipocyte. 

In parallel with stimulation of the inflammatory response, reduction in both insulin-

stimulated glucose uptake and GLUT4 mRNA expression suggested greater insulin 

resistance with LPS treatment. In this context, the observed reduction in insulin-

stimulated AKT phosphorylation in differentiated cells with LPS indicated that LPS 

acted on the AKT pathway to disturb insulin signalling. Similarly, Song et al. revealed 

that LPS decreased phosphorylation levels of Akt/PKB and glycogen synthase kinase 

3 beta (GSK3b) upon insulin stimulation in 3T3-L1 adipocytes (553). AKT is known 

to mediate the responses of glucose transport, glycogen synthesis, protein synthesis, 

and antilipolytic effects of insulin (569). Therefore, these findings suggest that LPS 

induces inflammation and hence triggers insulin resistance in brown adipocytes. In 

recent years, a relation between low-grade chronic inflammation and insulin resistance 

has been established in different cells and organs with activation of TLRs considered 
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to contribute to diet induced obesity, enhanced tissue inflammation, and insulin 

resistance (426,436,545,546,548,570).  

It is further reported that nutritional fatty acids, other activators of TLR4 whose 

circulating levels also rise in obesity, signal to white adipocytes and macrophages to 

induce inflammation and insulin resistance (436,571). Studies have also demonstrated 

that lack of TLR4 activation, leads to protection against insulin resistance with reduced 

inflammation in endothelial cells, liver and fat; and reduced susceptibility to high-fat 

diet induced obesity compared with the WT control mice (426,436,571–574). 

Inhibition of TLR4 signalling is in tandem with both lack of inflammatory signalling 

in adipose cells or tissue and macrophages as well as improvements of insulin 

sensitivity. This is suggested to result from the blunted capacity of fatty acids but may 

also be affected by interruptions of LPS actions. In these prior studies in-vivo, 

inflammation in BAT was not reported.  Therefore, the role of LPS-mediated actions 

in BAT in inflammation, insulin resistance, and altered energy expenditure in brown 

adipocytes was studied. Overall, it can be speculated that LPS, which increases in 

obesity, is a molecular link for nutrition overload and inflammation, and that the innate 

immune system participates in the regulation of energy balance and insulin resistance 

in response to changes in the nutritional environment. 

The effect of LPS on the wild type brown adipocytes involved suppression of basal 

and CL316,243 -induced UCP1 mRNA and protein expression, to a great extent 

through activation of TLR4. Whilst further analysis sought to examine TLR4 in LPS-

mediated down-regulation of thermogenesis markers using TLR4ko.BAT cells. The 

critical role of TLR4 is supported by the fact that TLR4ko.BAT cells were not affected 

by LPS as shown in data obtained by qRT-PCR and western-blotting investigations. 

In fact, the effect of LPS on basal UCP1 expression in wild type brown adipocytes 

was obvious as early as day 2 of differentiation at gene expression levels, whereas this 

was not observed in TLR4ko.BAT cells. This clearly indicates that activation of TLR4 

by LPS in the brown adipocytes diminishes the main cellular characteristics and 

ultimately impairs their thermogenesis capability. Also, the possible mechanisms for 

TLR4-mediated suppression of UCP1 is through the NFB and JNK pathway. 

Impairing thermogenesis capability of brown adipocytes by LPS was further observed 

by reduced expression of key markers of brown fat through differentiation including 
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CIDEA, ELOVL3 and PLIN5. In line with these findings, it was also reported in 

immortalised brown adipocytes that LPS reduced basal and isoproterenol-induced 

UCP1 mRNA and protein expression with more pronounced suppression under the 

isoproterenol-stimulated condition. Also, PPARγ and PGC1α expression was 

suppressed by LPS, both of which are important regulators of expression of UCP1. It 

was suggested that the suppression of UCP1 promoter activity mediated this LPS 

action.  

The current studies further explored the effect of LPS on brown adipocyte cell 

morphology and lipid accumulation was investigated via Oil Red-O staining and 

fluorescence images. Both the cell morphology and lipid droplets looked healthy by 

Oil Red-O staining in control and LPS-treated cells. Quantification of fluorescence 

images of stained lipid droplets demonstrated that LPS treatment affected the cells. It 

was also demonstrated that LPS enhanced triglyceride accumulation inside the cells 

by increasing LD numbers and decreasing glycerol released by CL-stimulated 

lipolysis. That indeed can lead to less free fatty acids available for thermogenesis and 

increased risk of metabolic dysfunction as brown adipocyte cells become 

compromised. Also, this inhibition of glycerol by LPS release, might be downstream 

of PGC1 gene expression inhibition, as PPAR response elements regulate glycerol 

metabolism (575,576). In fact, this study’s current data showed both PGC1α and 

PGC1β were reduced by LPS treatment at basal and CL-treated levels in imBAT cells. 

These findings demonstrate that brown adipocytes differentiated in the presence of 

LPS selectively suppressed UCP1, display enhanced lipid accumulation, and reduced 

lipid release.  
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Figure 3.4.1 Schematic of Investigated LPS Actions in Brown Adipocytes. 

 LPS activation of TLR4 signal leads to activation of innate immune responses (including NFkB, JNK 
and subsequent pro-inflammatory cytokine secretion) and inhibition of insulin signal transduction, 
through AKT phosphorylation. Most importantly, LPS supresses UCP1, the main thermogenic factor, 
and the expression of some other brown adipocyte markers (e.g., ELOVL3, PLIN5 and Cidea).  

Taken together, this chapter supports findings by previous investigations which 

demonstrate that a role of selected PRR activation in inducing inflammation and 

downregulation of UCP1 expression in brown adipocytes. Here, these data were 

further expanded and established novel findings to indicate that that activation of the 

LPS-TLR4 pathway induces a pro-inflammatory response via TLR4, leading to 

suppression of insulin sensitivity, attenuated UCP1 expression, and expression of 

other key markers of brown adipocytes (e.g., ELOVL3 and CIDEA) as well as 

increased lipid accumulation in brown adipocytes in culture. Figure 3.4.1 summarises 

the findings of this chapter outlining the mechanism of how LPS impacts the function 

of BAT cells. These results suggest that LPS-mediated inflammation in brown 

adipocytes may be a potential target to modulate BAT function for obesity treatment 

and prevention. 

This chapter has highlighted that identifying the wider effect of LPS on brown 

adipocytes is important to design strategies that target individual cytokine/chemokines 

to reverse brown adipocyte cellular dysfunction. Such strategies could enhance the 

functions of brown adipocytes, which the next chapter explores in further detail. 
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Chapter 4. The Effect of Lipopolysaccharide (LPS) on 

Brown Adipocyte Whole Transcriptome and Cytokine 

Secretion through TLR4 
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4.1 Introduction 

Brown Adipose Tissue (BAT) Is a Secretory Organ 

The secretory role of BAT has received little attention in comparison to other functions 

such as the activity of mitochondria, influence of fatty acids in heat generation, as well 

as thermogenesis as means to transfer energy from food into heat. However, in recent 

years, growing evidence suggests that brown adipocytes and BAT have an active 

secretory role, which could contribute to improving systemic health. This reflects the 

capability of BAT to act as an endocrine organ by producing hormones which can 

communicate to distal tissues as well as mediating autocrine and paracrine effects. 

Additionally, experimental evidence from BAT transplantation indicates that BAT has 

systemic effects by secreting bioactive regulatory molecules with hormonal actions 

which could reverse metabolic abnormalities in high-fat diet-induced obese, insulin-

resistant mice (384,577–579).  

BAT can release many factors that contribute to autocrine, paracrine and endocrine 

functions and may be required for intercellular communications in obesity and related 

disorders. Most of these factors modulate hypertrophy and hyperplasia of BAT as well 

as innervation and angiogenesis processes that are all associated with BAT recruitment 

when thermogenesis is activated (80). Most reports of BAT secreted factors have 

focused on cells other than brown adipocytes as the source, whilst it has been identified 

that such cells secrete: fibroblast growth factor 21 (FGF21), neuregulin-4 (NRG4), 

and angiogenic factors (80,277,542); although the full specific secretory profile of 

brown adipocytes is yet to be identified. 

Thermogenesis; Regulation and Role of Secreted Factors  

Thermogenesis is heat production by burning calories and it is necessary for warm-

blooded species (86). It also can be obligatory or adaptive to ensure normal 

performance in coping with different environmental conditions and challenges (86). 

Obligatory thermogenesis happens when heat is produced by obligate metabolic 

processes for the basic functioning of the organism (86). Adaptive thermogenesis can 

be classified as shivering (mainly in muscles) and non-shivering and is a controlled 

process for stimulating heat production (75). Non-shivering thermogenesis is the 

unique function in brown and beige adipose tissue and is mainly controlled by the 
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sympathetic nervous system via norepinephrine secretion in response to cold or dietary 

stimuli (75,89,93). The key element for non-shivering thermogenesis is the 

mitochondrial uncoupling protein 1 (UCP1). It is located in the inner membrane of 

mitochondria, particularly in brown adipocytes and beige adipocytes (75,93). 

Activation of UCP1 and thermogenesis in these adipocytes leads to an increase in 

calorie combustion and is expected to improve overweight conditions, providing a 

potential mechanism for treating obesity and its associated metabolic disorders (90). 

In activated thermogenesis, UCP1 functions to dissipate the mitochondrial membrane 

potential leading to uncoupling of oxidative phosphorylation from ATP synthesis. 

That is because it increases the proton permeability in the oxidative respiratory chain 

so that the protons pumped in the intermembrane area stay in the mitochondrial matrix. 

Therefore, the proton flux cannot reach the ATP synthase machinery leading to heat 

generation instead of ATP synthesis (96,100). This mechanism and therefore nutrient 

consumption can be protracted at a higher rate and independently of ATP saturating 

concentration. 

On the molecular level, UCP1 is classically controlled by ß-adrenergic receptors (ß-

ARs) which are located on the cell membrane, coupled with Gαs-proteins. The β3-

adrenergic receptors are expressed at higher levels on adipocytes and fat tissue than 

other type of cells and tissues (75). As the diagram in Figure 4.3.5.1 explains: under 

stimuli, such as cold exposure or overfeeding, norepinephrine is released by the SNS, 

and binds to the ß-AR. This leads to a conformational change in the receptor and with 

a resultant activation of the coupled G protein and Adenylate Cyclase (AC); The Gαs 

subunit of the coupled G protein activates the AC by replacing guanosine diphosphate 

(GDP) with guanosine triphosphate (GTP) and dissociates from the Gßɣ subunits. 

Activation of AC causes a raise in cAMP and PKA activation. PKA then stimulates 

lipid catabolism processes by phosphorylating both lipolysis agents on lipid droplets: 

protein perilipin 1A (PLIN1) and the Hormone-Sensitive Lipase (HSL), which in turn 

converts triacylglycerol into free fatty acids (FFAs) activating UCP1 and 

thermogenesis. FAs level appears to be critical for thermogenesis which activates FAs 

entry to the mitochondria. Acyl-CoA synthetase (ACS) mediates the conversion of 

FAs to acyl-CoA and specifically directs them towards the mitochondrial matrix to 

undergo fatty acid oxidation (FAO) via the carnitine palmitoyl transferase1 (CPT1) 

system. FAO is thought to be a major contribution to thermogenesis. CPT-1ß is 
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considered to be responsible for a trans-esterification reaction of the fatty acyl CoA to 

form acylcarnitine in brown adipocytes. The carnitine/acylcarnitine translocase 

(CACT) transports the acylcarnitines into the mitochondrial matrix where CPT-2 

reconverts the acyl carnitine into acyl-CoA which are then transferred into the 

mitochondrial inner membrane space and ß-oxidized and enter the tricarboxylic acid 

cycle (TCA-cycle). This generates nicotinamide adenine dinucleotide (NAD) + 

hydrogen (H) (NADH) and flavin adenine dinucleotide + H (FADH) which transfer 

the electrons to the electron transport chain allowing the proton pumps to create the 

proton gradient for ATP production or thermogenesis (112). 

In brown adipocytes, PKA phosphorylates transcription factors including cAMP 

response element binding protein (CREB). CREB directly activate UCP1 expression 

or indirectly by upregulating PR domain containing 16 (PRDM16) or zinc finger 

protein 516 (Zfp516) (72,580). In addition, activation of protein kinase A (PKA) 

following β-adrenergic stimulation, leads to p38 mitogen-activated protein kinase 

(MAPK) activation and induces brown adipocytes to become a source of FGF-21 

through phosphorylation of activating transcription factor 2 (ATF2). 

Thermogenesis in brown adipocytes is affected by environmental stimuli and 

regulated by multiple factors secreted by other organs or by BAT and brown 

adipocytes themselves. These factors can modulate different levels along the 

thermogenesis pathway. For instance, pro-inflammatory cytokine IL1β reduces the 

cAMP-mediated induction of the UCP1 expression (320), cold-induced thermogenesis 

in adipocytes in vivo via sirtuin-1 inhibition (SIRT1) (355), and WAT browning (356). 

Another example is FGF21, a brown adipokine and key factor in the regulation of 

energy homeostasis that regulates PGC1α and browning of white adipose tissues in 

adaptive thermogenesis (154). 

Identification of the molecular actions of different factors on the thermogenesis 

pathway is important as these factors could modulate BAT activity and hence 

contribute to the systemic consequences. This also forms an interesting aspect of 

obesity research as it could lead to the identification of novel brown fat factors to direct 

drug discovery approaches and ultimately improve metabolic health. 
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Extracellular Matrix (ECM) and Thermogenesis 

Studies suggest activity of brown adipocytes is influenced by their microenvironment, 

which is determined by extracellular matrix (ECM) molecules. These molecules, 

including collagens and fibronectin, are non-cellular components of tissues, provide 

mechanical support and mediate various signalling pathways (581,582). The main 

components of the ECM in adipose tissue are collagen (type I, IV, and VI), laminin 

(LN1,8), fibronectin (FN), hyaluronan, and proteoglycan (583). Also, the ECM is able 

to interact with transmembrane receptors such as integrins and play significant roles 

in many important biological processes such as adhesion, migration, cell motility, cell 

proliferation and differentiation, and regulation of gene expression (582). 

The communication between adipocytes and their environment increases during the 

inflammatory responses, possibly leading to adipose tissue fibrosis. While often 

fibrosis is thought to occur following an injury, in adipose tissue an inflammatory 

cascade triggered by changes in metabolism such as in obesity  initiates the 

maladaptive fibrotic repair process fibrosis impairs adipocyte plasticity and is closely 

associated with obesity and insulin resistance (271,584). Also, abnormal ECM 

remodelling in WAT is identified to accompany the development of obesity (585,586). 

ECM remodelling suppression contributes to improved systemic insulin sensitivity 

through the activation of AMPK and inhibition of transforming growth factor‐β (TGF‐

β)/Smad3 signalling (587). Interestingly, microfibril-associated glycoprotein 1 

(MAGP1), a component of ECM microfibrils, is protective against the effects of 

metabolic stress of TGF-, and its absence predisposes to metabolic dysfunction. 

MAGP1 prevents TGF- negative effects on PPAR‐and PRDM‐16‐related activation 

of PGC‐1α as well as UCP1 transcription and thus on thermogenesis (588). Moreover, 

the overexpression of collagen VI (a cleaved fragment of the α-3 chain of collagen VI 

(Col6a3)), named endotrophin, in mice stimulates fibrotic collagen deposition in WAT 

and BAT and triggers adipose inflammation and insulin resistance, while genetic 

knockout mice exhibit symptoms of systemic metabolic dysfunction when fed a high‐

fat diet (267,276). In addition, a peptide derived from collagen alpha‐1 (III) chain 

(CO3A1) is found to significantly increase UCP1 and PGC‐1α gene expression levels 

(589). Finally, the capacity to generate brown adipocytes from bone marrow-derived 

mesenchymal stem cells (bmMSCs) appears to be dependent on the microenvironment 
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which is dimensionally shaped by ECM molecules, where collagen IV mediates higher 

UCP1 expression and thus higher thermogenic activity (590). All these discoveries 

highlight the vital function of ECM in modulating metabolic homeostasis and adipose 

tissue functions. 

Additional Effects of LPS on Brown Adipocyte Activity 

The previous chapter identified a TLR mediated reduction of brown adipocyte function 

by LPS.  Whilst the impact of LPS on thermogenesis, the main characteristic of the 

brown phenotype, is also likely to influence wider aspects of brown adipocyte biology. 

This may involve other brown adipocyte cellular components (e.g. immune, 

inflammatory, endothelial and other factors), whose interaction and activity could 

directly or indirectly affect meeting thermogenic demands. However, little is currently 

known about brown fat cellular responses in the inflammatory state, including the 

response to inflammatory stimulus such as LPS and what various released factors are 

modulated. There is meanwhile evidence to suggest that high-fat diet leads to 

upregulation of gene expression of inflammatory and immune markers in BAT 

(312,340). Also, current evidence demonstrates secretion of IL6, MCP1, TNFα and 

Rantes from brown adipocytes in response to activation of pattern recognition 

receptors (344). However, it is not known what other factors are affected within BAT 

and specifically within brown adipocytes under the inflammatory state.  

The Importance of Identifying Novel Factors Secreted from Brown 

Adipocytes and the Wide Influence of LPS on Brown Adipocytes 

The identification of BAT-adipokines or Batokines in addition to providing basic 

information regarding physiology and metabolism, might allow the discovery of 

circulating BAT biomarkers. Also, profiling the modulated secreted factors in 

response to LPS and exploring the role of TLR4 in mediating such effect might direct 

drug discovery approaches. That is critical for developing safe therapeutic strategy to 

manage obesity and its associated chronic metabolic diseases such as T2DM and/or 

dyslipidaemia.  
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Therefore, the aim of this chapter was to investigate the wider range of in vitro LPS 

effects by: 

- Identifying new factors secreted by brown adipocytes 

- Identifying LPS-induced changes in gene expression levels and secreted 

factors in brown adipocytes. 

- Investigating the role of TLR4 in mediating LPS effects in brown adipocytes 

Subsequently, sequencing (mRNA gene analysis) was performed to explore the 

differences in gene expression upon LPS treatment in differentiated (mature) 

brown adipocytes (wild type: wt.BAT). mRNA sequencing was also performed on 

TLR4 knockout brown adipocytes (TLR4ko.BAT) to investigate the TLR4 

deletion effect on the LPS-response and the potential LPS effects not mediated 

through TLR4 receptors in brown adipocytes. Furthermore, detection of an array 

of secreted cytokines was also performed on brown adipocytes to explore 

extracellular signalling molecules that are modulated by LPS treatment and might 

mediate cell to cell communication and many other biological processes. 
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4.2 Methods 

Mouse Adipocyte Cell Lines Differentiation 

Mouse brown adipocytes WT and TLR4 KO were seeded in 6-well plates and 

differentiated with or without LPS as described in the method’s chapter (Chapter 2). 

RNA Isolation, Purification and Quantification 

Medium was removed and cells were washed with PBS, lysed in 1 mL of TRI 

reagent® and transferred into RNase-free tubes. Samples were incubated at room 

temperature (RT) for 5 minutes to allow the complete dissociation of the nucleoprotein 

complex. Extraction was performed immediately or samples were stored at -80 °C. 

Chloroform (0.2 mL, TRI reagent®:Chloroform 5:1 v/v) was added and samples were 

vigorously shaken for 15 seconds, incubated at RT for 5 minutes and centrifuged at 

12,000 x g for 30 minutes at 4 °C. The upper aqueous phase was transferred into a new 

RNase-free tube and extraction was continued using a silica column-based isolation 

method (ISOLATE II RNA Mini Kit #BIO-52071, Bioline) according to 

manufacturer’s instructions. Briefly, RNA was bound to the column, then DNA was 

digested. Hereafter, the silica membrane was washed and dried. Finally, RNA was 

eluted in 20 μL RNase-free water. Samples (1 μL) were then quantified in duplicate 

using a spectrophotometer (Nanodrop ND-1000, labtech) at 260 nm absorbency. 

Quality Control Measurements and Sequencing  

Eluted RNA (4 μL) for each sample were sent to the Genomics Research Facility at 

the School of Life Sciences, The University of Warwick. At the Genomics lab, the 

RNA integrity of each sample was tested using Agilent 2100 Bioanalyser (RNA Nano 

(5-500 ng/μL)-Chip service).  Samples with sharp 28S and 18S peaks, 28S/18S rRNA 

ratio above 0.9 and RNA Integrity Number (RIN) above 7.5 were deemed suitable to 

be sent for sequencing (Supplementary Table 4.1). At least 2 μg of RNA were sent to 

BGI Tech Solutions Co. Limited (Hong Kong) for sequencing. Sequencing was done 

by looking at the transcriptome (mRNA) changes, using Poly (T) oligo-attached 

magnetic beads to purified Poly (A)-containing mRNA molecules from total RNA. 

The reads were 20 M PE100, so 4 Gb data per sample. 
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Cell Culture Supernatant Collection  

Differentiated adipocytes in each well of 6-well plates were incubated in 1 mL of 

serum-free media for 24 hours prior to the assay. Media was collected from each well 

and particulates were removed by centrifugation at 3,000 x g for 10 minutes at 4 °C. 

The assay was performed immediately or samples were aliquoted and stored at -80 °C.  

Array Determination of Secreted Mouse Cytokines 

Secreted mouse cytokines were determined using the Proteome Profiler Array, Mouse 

XL Cytokine Array Kit (#ARY028, R&D systems) according to manufacturer’s 

instructions to screen for the presence of 111 different cytokines in the media of 

mature mice brown adipocytes treated with or without LPS. Briefly, membranes were 

blocked, then incubated with samples overnight at 4 °C on a rocking platform shaker. 

Hereafter, membranes were washed and incubated with Detection Antibody Cocktail 

for 1 hour at room temperature on a rocking platform shaker. Streptavidin-HRP was 

then added into each sample and incubated for 30 minutes at room temperature. Finally, 

Chemi Reagent Mix was evenly added onto each membrane for 1 minute to visualise 

cytokines of interest (dots) and detected using automated chemiluminescence digital 

imaging (Syngene's GeneSys). Densitometry was conducted using ImageQuantLAS 

4000 Software (GE Healthcare, UK). 

RNA Sequence Analysis 

Data analysis was carried out with the assistance of Dr. Nigel Dyer (University of 

Warwick) and Dr. Mohammad Tauqeer Alam (University of Warwick). 

Principal Component Analysis (PCA) was performed prior to differential expression 

analysis to evaluate variation among the samples. Briefly, PCA is a method used to 

reduce the dimension of large data sets by considering only those variables that inflict 

large variance to the data. The component accounting for the largest variation is 

plotted along the X-axis; the second largest is plotted on the Y-axis etc. If samples 

present pronounced differences in terms of unique biological characteristic, for 

instance cell type or level of differentiation, this will be a primary component of 

variance. Each sample will scatter in different areas of the PCA plot corresponding 

to their biology eventually clustering with samples presenting similarity for that 
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characteristic. This method is particularly useful to assess the quality of the samples 

and therefore the reliability of the results that can be obtained by their analysis for a 

specific experiment. For instance, if RNA quality inflicts further variation to the 

samples, these will no longer cluster based on their biology and can be removed from 

the data analysis. PCA analysis was performed using ‘prcomp’ function in R and in 

the PCA plot the first two principal components (PC), capturing the maximum 

variation in the data, were plotted in X and Y axis respectively. 

mRNA sequencing technology targets all polyadenylated (poly-A) transcripts of the 

transcriptome and allows identification of either known or unknown genes and their 

eventual novel splicing isoforms expressed in the system analysed. For the purpose 

of this study we compared gene expression of total RNA between LPS treated 

differentiated brown adipocytes and non-treated differentiated brown adipocytes. 

Both WT and TLR4ko differentiated cells were used. The sequencing was performed 

using BGI Tech Solutions Co., Ltd.  

The raw fastq sequencing data were aligned to the mouse genome 

(Mus_musculus.GRCm38.84) using STAR aligner ("STAR --readFilesCommand 

zcat --runThreadN 16 --genomeDir Mus_musculus.GRCm38.84 --readFilesIn 

my_sample_1.fq.gz my_sample_2.fq.gz --outFileNamePrefix my_bamfile.bam --

outSAMtype BAM SortedByCoordinate"). The aligned bam files were used to 

produce the readcount data using htseq-count tool ("htseq-count -f bam -s reverse -i 

gene_id -m intersection-nonempty my_bamfile.bam 

Mus_musculus.GRCm38.84.gtf >my_countfile.txt"). The read count data were 

further analysed with background correction and normalization by DESeq2 package 

in R in order to obtain the list of differentially expressed genes (DEGs) in LPS treated 

samples with reference to the controls for both cell lines. Wald test was used for 

differential expression analysis and we used adjusted p-value (padj) <0.05 as a 

threshold.  

Volcano plots R package was used. The base 2 log of the fold change was plotted 

against the adjusted p value as calculated by DESeq2 using the default “BH” option. 

This builds on a standard R function for adjusting P values which is documented here: 

https://stat.ethz.ch/R-manual/R-devel/library/stats/html/p.adjust.html.  

Scatter X-y plots were produced using R package. The base 2 log of the average gene 

expression for each gene of the control and LPS-treated samples was plotted against 
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each other.  Points associated with genes where the adjusted p value is less than 0.05 

are marked in red. p values and adjusted p values were calculated by DESeq2 as for 

volcano plots (see above).  

Gene ontology (GO) analysis, to perform this analysis: Top 500 up/down regulated 

DEGs ensemblID mRNA accession numbers with adjusted p-value < 0.05 were 

submitted separately to DAVID Bioinformatics Resources 6.8 (Database for 

Annotation, Visualization and Integrated Discovery) for separate analysis of 

functional classification (591). The output GO terms were used for interrelationship 

analysis and or visualized as a scatter plot or interactive graph using REViGO. Only 

GO terms with adjusted P < 0.05 were plotted (Benjamini)(592). 

Heatmaps were produced after preparing gene of interest lists. The lists were 

submitted with normalized gene expression values to heatmapper online tool: 

http://www2.heatmapper.ca/expression/

 Average Linkage was used as clustering Method was and Pearson as Distance 

Measurement Method. Rows represent the different genes and each column 

represents a sample. The clustering tree is shown on the left. For the relative gene 

expression level of each sample a different colour of the red-green scale is assigned. 

Red represents an expression level below the mean, green colour represents 

expression above the mean (593). 

KEGG Pathways analysis hierarchical clustering tree of KEGG pathways was 

produced by ShinyGO online tool http://bioinformatics.sdstate.edu/go/ by separately 

submitting a list of up or downregulated genes with adjusted p-value < 0.05 for 

wt.BAT or TLR4ko.BAT (594). In this hierarchical clustering tree, related KEGG 

terms are grouped together based on how many genes they share. The size of the 

solid circle corresponds to the enrichment FDR. 

KEGG Pathways analysis were visualized using Pathview online tool 

https://pathview.uncc.edu/home. Mouse was selected as the species, the pathway to 

be looked at was checked, and the type of gene identifier which was identified as 

ensemblID. The lists of up/downregulated genes with adjusted P < 0.05 were 

submitted (595). 
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4.3 Results  

RNA-Sequencing results  

Principal Component Analysis 

In order to test the hypothesis that in vitro LPS administration directly drives a wide 

range of transcriptional changes in brown adipocytes through TLR4 and to identify 

new secreted factors by brown adipocytes, RNA-sequence was performed. For this 

purpose, imBAT cells were treated with LPS (100 ng/mL). The first step of the RNA 

analysis was to examine variation among samples. In Figure 4.3.1.1 below the 

Principal component analysis (PCA) plots were performed on mRNA sequencing 

normalized gene data for wt.BAT (Panel A) and for TLR4ko.BAT (Panel B) data. 

As shown in Figure 4.3.1.1, A, in wt.BAT, where PC1 corresponds to the largest 

variation (91 %), the samples clustered so that untreated mature brown adipocytes 

(control) grouped on the left side (red dots) and the LPS-treated mature brown 

adipocytes (blue dots) on the right side. This is a preliminary indicator that LPS-treated 

wt.brown adipocytes have clearly different gene expression profiles, reflecting the 

biological influence of LPS treatment. PC2 reveals a 3 % variation among samples for 

mRNA sequencing of wt.BAT, which might be due to secondary factors such as 

quality of RNA. In addition, in TLR4ko.BAT, PC1 explains only 47 % of variation 

while PC2 explains 19 % of the variation among samples for mRNA sequencing of 

TLR4ko.BAT data (Figure 4.3.1.1, B). This is an early indication of differences 

between LPS effects on wt.BAT and TLR4ko.BAT. 

In conclusion, the PCAs revealed the high quality of the data obtained by the mRNA 

sequencing, so that all samples were included for statistical and integrative data 

analysis. 
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Figure 4.3.1.1 PCA Plots of mRNA Sequencing Analysis.  

(A) PCA plot for wt.brown adipocytes on the basis of mRNA sequencing read count data. The PCA 
was performed on all samples and all expressed genes revealing the distribution of samples according 
to LPS-treatment (PC1) and variation among samples (PC2). PC1 explains 91 % of the variation and 
PC2 explains 3 % of the variation. (B) PCA plot for TLR4ko.brown adipocytes on the basis of mRNA 
sequencing read count data. The PCA was performed on all samples and all genes. PC1 explains 47 % 
of the variation and PC2 explains 19 % of the variation. 

Differential Gene Expression Profiling Was Impacted by LPS 

For the purpose of this study differentially expressed genes (DEGs) between Control 

and LPS-treated mature brown adipocytes were determined. The volcano plot in 

(Figure 4.3.2.1, A, C), shows that there are much bigger fold changes seen when wild 

type (wt) cells are treated with LPS than the TLR4-knockout (ko) cells. In this context, 

as shown in the plot (Figure 4.3.2.1, C), for TLR4 knockout cells there are no genes 

presenting a log2fold change lower than -1 and higher than +1 with an adjusted P-

value lower or equal to 0.05. In addition, x-y plots (Figure 4.3.2.1, B, D) illustrate the 

magnitude of the gene expression for both control and LPS-treated adipocytes as pairs. 

At adjusted p value lower or equal to 0.05, there are 6911 genes with a significantly 

changed expression (red dots) for wt cells, while there are 684 genes with a 

significantly changed expression (red dots) for TLR4 knockout cells. Once more, the 

changes in the expression were notably higher in WT cells. As a result, both the 

volcano plots and the x-y plots show in different ways that upon LPS treatment, there 
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is a big difference in the number of genes where the change in expression is considered 

to be significant between wt.BAT and TLR4ko.BAT. 

Finally, 3485 genes were identified as significantly upregulated upon LPS-treatment 

and 3127 genes are significantly downregulated upon LPS-treatment in mature 

wt.BAT. In addition, in mature TLR4ko.BAT upon LPS-treatment, 175 genes were 

significantly upregulated and 210 genes were significantly downregulated. This shows 

that ablating TLR4 largely blocked the LPS effect in brown adipocytes as only 4.3 % 

(151 genes) upregulated in wt.cells, were also upregulated in TLR4ko.cells and only 

6.7 % (148 genes) were downregulated in wt.cells as well as TLR4ko.cells. (Figure 

4.3.2.2) 

Figure 4.3.2.1 Genes Differentially Expressed between Control and LPS-Treated Brown 
Adipocytes (A,B: wt Brown Adipocytes), (C,D: TLR4 Ko Brown Adipocytes).  

A, C: volcano plots are generated using log2 fold-change against -log10 (p-value) displaying the 
distribution of differentially expressed genes. The red line shows where p = 0.05 with points above the 
line having p < 0.05 and points below the line having p > 0.05.  Vertical blue line is at fold-change 
equal absolute 2 (log2= 1). B, D scatter x-y plots pairwise comparison of the gene expression levels of 
control vs LPS-treated brown adipocytes. The red dots are genes where the change in expression is 
considered significant. Both graphs are showing in different ways a confirmation of much less change 
in expression as a result of LPS treatment in TLR4 ko cells compared to control. 
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Figure 4.3.2.2 Venn Diagram. 

Comparing genes being up/downregulated in LPS-treated cells compared to control cells of wT.BAT 
with genes being up/downregulated in LPS-treated cells compared to control cells of TLR4ko.BAT . A. 
Summarizing number of upregulated genes with WT.BAT and TLR4ko.BAT. B. Summarizing number 
of downregulated genes with wT.BAT and TLR4ko.BAT. 

In order to analyse the general profiling, heatmaps (Figure 4.3.2.3, Figure 4.3.2.4) and 

tables in appendix (supplementary Tables 4.2, Table 4.3) of top up/down regulated 

genes were created to demonstrate the major changes occurring in response to LPS. 

A brief examination of the most affected genes in wt.BAT (Figure 4.3.2.3) clearly 

shows inflammatory mediators upregulated including C-X-C motif chemokine ligand 

5 (CXCL5/ LIX), TNF superfamily member 11 (Tnfsf11), decorin (Dcn) and NLR 

family pyrin domain containing 2 (Nlrp2). In contrast, UCP1, the key thermogenesis 

gene is downregulated. In addition, fatty acid metabolic process (Acot11), lipid 

catabolic process (Aspg) and solute carrier family 40 member 1 (Slc40a1) are among 

the top 50 downregulated genes in response to LPS. These genes are beige/ brown 

markers reported to be enriched in BAT and induced after cold acclimatization in 

WAT (162,163). This clearly confirms the profound changes that occur with LPS 

treatment in relation to the main characteristic genes of brown adipocytes and hence 

full pathways analysis was later performed. 

In comparison with the most affected genes in TLR4ko.BAT (Figure 4.3.2.4), neither 

UCP1 nor any other well-characterised brown fat gene markers were identified in the 

down-regulated genes. Also in TLR4ko.BAT, it was observed that some of the up-

regulated genes were related to negative regulation of inflammatory response such as 

immediate early response 3 (Ier3), 5' nucleotidase, ecto (Nt5e) and free fatty acid 

A. B.Upregulation Downregulation
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receptor 4 (Ffar4), whilst top downregulated genes where related to inflammatory and 

immunity response such as chemokine (C-X-C motif) ligand 9 (CXCL 9), Sp110 

nuclear body protein (Sp110) and interferon inducible GTPase 1 (Iigp1).  
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Figure 4.3.2.3 The Most 50 Regulated Genes in wt.BAT.  

Rows represent the different genes and each column represents a sample. For the relative gene 
expression level of each sample a different colour of the red-blue scale is assigned. Red represents an 
expression level above the mean, blue colour represents expression below the mean 
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Figure 4.3.2.4 The Most 50 Regulated Genes in TLR4ko.BAT.  

Rows represent the different genes and each column represents a sample. For the relative gene 
expression level of each sample a different colour of the red-blue scale is assigned. Red represents an 
expression level above the mean, blue colour represents expression below the mean. 
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The range of log2FoldChange was smaller compared to wt.BAT. This is a clear 

indication that TLR4 mediates most of the profound LPS actions in brown adipocytes. 

LPS Influenced Metabolism and Immunity Related Gene Ontology (GO) 

Term Enrichment Analysis of DEGs of Brown Adipocytes  

Statistically enriched terms gave insights into biological pathways that were likely to 

be highly active by comparing them to the frequency at which those GO terms 

appeared in the transcriptome. GO terms associated with the top 500 significant DEGs 

(upregulated/downregulated) for both wt.BAT and TLR4ko.BAT were identified. 

Resulting GO terms fall into three parts: BP: Biological Processes, CC: Cellular 

Component and MF: Molecular Function. REVIGO online tool is used to summarize 

GO categories. Both supplementary tables in appendix (supplementary table 4.4, 

supplementary table 4.5) and graphs (Figure 4.3.3.1, Figure 4.3.3.2, Figure 4.3.3.3, 

Figure 4.3.3.4) showed only significant GO categories (P < 0.05) after applying 

Benjamini multiple testing correction. In total, 52 GO terms are reported as 

statistically significant in the 'biological process' category. (supplementary table 4.4). 

Among the different GO terms of upregulated genes in this category, several enriched 

terms are compatible with the fact that LPS is an inflammatory agent. The identified 

biological process categories are related to molecular mechanisms associated with 

inflammation (response to cytokine, positive regulation of protein kinase B signalling); 

immune response (response to lipopolysaccharide, extracellular matrix organization), 

and stress response (response to hypoxia, response to mechanical stimulus). Other 

important biological processes mediated by upregulated genes are cell adhesion, 

angiogenesis and oxidation-reduction process (Figure 4.3.3.1, A). Molecular functions 

mediated by upregulated genes refer also to enhanced extracellular, inflammation and 

stress activation (Figure 4.3.3.1, B). Cellular component of the upregulated genes 

included various extracellular activity (Figure 4.3.3.1, C) All these GO terms are 

directly connected to events taking place during brown adipocyte inflammation. 

GO terms associated with downregulated genes are enriched for various terms related 

to different categories of transcriptional regulation. Between these categories are 

interferon regulation, metabolic process, glucose metabolism and various 

mitochondrial function aspects (Figure 4.3.3.2, A, B, C). Approximately 25 GO terms 
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appear involved in mitochondrial activity in which genes within these categories were 

down-regulated. 

TLR4ko.BAT, when treated with LPS, was associated with upregulated genes related 

to GO categories of extracellular activity and down-regulated genes related to GO 

categories of immune response and mitochondrial function (Figure 4.3.3.3, Figure 

4.3.3.4). However, this was to a much lesser extent compared to wt.BAT. This 

suggests that LPS exercises its effect on brown adipocytes mainly through TLR4, but 

it still appears to have some residual cellular effects in the absence of the TLR4 

receptor. 

These results indicate that the brown adipocytes when treated with LPS, differentially 

express genes involved in inflammation, immune response, glucose metabolism 

mediated by mitochondrial function and stress response related pathways. The 

findings are consistent with the inhibition of brown adipocytes activity by LPS 

treatment. 
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Figure 4.3.3.1 GO Enrichment Analyses Summarized and Visualized Using REVIGO Derived from Upregulated Genes in wt.BAT.  

(A) Significantly enriched GO terms related to biological processes in wt.BAT vs. LPS treatment. (B) Significantly enriched GO terms related to cellular component 
in wt.BAT vs. LPS treatment. (C) Significantly enriched GO terms related to molecular function in wt.BAT vs. LPS treatment. GO terms are represented by circles 
and are clustered according to semantic similarities to other GO terms in the gene ontology (more general terms are represented by larger size circles, and adjoining 
circles are most closely related). Circle size indicates to the frequency of the GO term in the underlying GOA database (Barrell et al. 2009), whereas colour indicates 
the log10P-value for the enrichment derived from DAVID GO analysis (red higher, blue lower). Only significant GO terms with adjusted P < 0.05 following multiple 
testing correction (Benjamini) are plotted. Full data sets are available for Supplemental Table 4.4. 
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(A) WT.BAT Biological Process GO Associated with Top 500 Up Regulated Genes
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(B) WT.BAT Cellular Component GO Associated with Top 500 Up-Regulated Genes
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(C) WT.BAT Molecular Function GO Associated with Top 500 Up-Regulated Genes
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Figure 4.3.3.2  GO Enrichment Analyses Summarized and Visualized Using REVIGO Derived from Downregulated Genes in wt.BAT  

(A) Significantly enriched GO terms related to biological processes in wt.BAT vs. LPS treatment. (B) Significantly enriched GO terms related to cellular component 
in wt.BAT vs. LPS treatment. (C) Significantly enriched GO terms related to molecular function in wt.BAT vs. LPS treatment. GO terms are represented by circles 
and are clustered according to semantic similarities to other GO terms in the gene ontology (more general terms are represented by larger size circles, and adjoining 
circles are most closely related). Circle size indicates to the frequency of the GO term in the underlying GOA database (Barrell et al. 2009), whereas colour indicates 
the log10P-value for the enrichment derived from DAVID GO analysis (red higher, blue lower). Only significant GO terms with adjusted P < 0.05 following multiple 
testing correction (Benjamini) are plotted. Full data sets are available for Supplemental Table 4.5 
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(A) WT.BAT Biological Process GO Associated with 500 down-Regulated Genes
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(B) WT.BAT Cellular Component GO Associated with 500 Down-Regulated Genes
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(C) WT.BAT Molecular Function GO Associated with 500 Down-Regulated Genes 
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Figure 4.3.3.3 GO Enrichment Analyses Summarized and Visualized Using REVIGO Derived from Upregulated Genes in TLR4ko.BAT Cells   

(A) Significantly enriched GO terms related to biological processes in TLR4ko.BAT vs. LPS –treated cells. (B) Significantly enriched GO terms related to cellular 
component in TLR4ko.BAT vs. LPS –treated cells. (C) Significantly enriched GO terms related to molecular function in TLR4ko.BAT vs. LPS –treated cells. GO 
terms are represented by circles and are clustered according to semantic similarities to other GO terms in the gene ontology (more general terms are represented by 
larger size circles, and adjoining circles are most closely related). Circle size indicates to the frequency of the GO term in the underlying GOA database (Barrell et 
al. 2009), whereas colour indicates the log10P-value for the enrichment derived from DAVID GO analysis (red higher, blue lower). Only significant GO terms with 
adjusted P < 0.05 following multiple testing correction (Benjamini) are plotted. Full data sets are available for Supplemental Table 4.6 
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(A) TLR4KO.BAT BP GO Associated with 500 Up-Regulated Genes
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(B) TLR4KO.BAT CC GO Associated with 500 Up-Regulated Genes
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(C) TLR4KO.BAT MF GO Associated with 500 Up-Regulated Genes
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 Figure 4.3.3.4 GO Enrichment Analyses Summarized and Visualized Using REVIGO Derived from Downregulated Genes inTLR4ko.BAT Cells  

 (A) Significantly enriched GO terms related to biological processes in TLR4ko.BAT vs. LPS –treated cells. (B) Significantly enriched GO terms related to cellular 
component in TLR4ko.BAT vs. LPS –treated cells (C) Significantly enriched GO terms related to molecular function in TLR4ko.BAT vs. LPS –treated cells. GO 
terms are represented by circles and are clustered according to semantic similarities to other GO terms in the gene ontology (more general terms are represented by 
larger size circles, and adjoining circles are most closely related). Circle size indicates to the frequency of the GO term in the underlying GOA database (Barrell et 
al. 2009), whereas colour indicates the log10P-value for the enrichment derived from DAVID GO analysis (red higher, blue lower). Only significant GO terms with 
adjusted P < 0.05 following multiple testing correction (Benjamini) are plotted. Full data sets are available for Supplemental Table 4.7 
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TLR4KO.BAT BP GO Associated with 500 Down-Regulated Genes 
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TLR4KO.BAT CC GO Associated with 500 down-Regulated Genes
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TLR4KO.BAT MF GO Associated with 500 Down-Regulated Genes 
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TLR4 Mediates LPS Potent Actions on KEGG Enrichment of DEGs 

ShinyGO was used to assess the statistical significance of KEGG pathways associated 

with differentially expressed genes as described in the methods section above. The 

KEGG enrichment analyses are shown as a hierarchical clustering tree in Figure 

4.3.4.1. In the tree below, related KEGG pathways are grouped together based on how 

many genes they share. The size of the solid circle corresponds to the enrichment false 

discovery rate (FDR). In this figure, top 50 significant pathways (at FDR <0.05) 

associated upregulated/downregulated DEGs are showed for either wt.BAT or 

TLR4ko.BAT. This analysis of KEGG pathway classes reveal that in wt.BAT: 

extracellular matrix (ECM)-receptor interaction is one of the most significant 

pathways associated with upregulated DEGs with 42 % (35 genes) of total genes in 

this pathway upregulated (Figure 4.3.4.1). In addition, the most significant KEGG 

pathways associated with upregulated genes are:  

- Focal adhesion which regulate binding to the ECM 

- Advanced glycation end products (AGE)- receptor for advanced glycation end 

products (RAGE) signalling pathway in diabetic complications. Its activation 

is reported to be the possible mechanism that initiates diabetic complications. 

That is because it leads to NF-kB activation and subsequent expression of pro-

inflammatory cytokine’s genes such as IL1, IL6 and TNFα and a variety of 

atherosclerosis-related genes, including VCAM-1, tissue factor, VEGF, and 

RAGE (596,597).   

- TNF signalling pathway and PI3K-Akt signalling pathway.   

Thermogenesis is the most significant pathway associated with downregulated DEGs 

with downregulation of 42 % (96 genes) of total genes involved in the thermogenesis 

pathway. Moreover, mitochondrial function related pathways are among the most 

significant downregulated pathways including Citrate cycle (TCA cycle), Oxidative 

phosphorylation, fatty acid metabolism, pyruvate metabolism, mitophagy and 

autophagy. Likewise, a significant reduction in DNA replication pathway is shown in 

the results. Similarly, downregulation of DEGs appears to be associated with other 

pathways known to be involved in the main functions that distinguishes the brown 

adipocytes being energy expending cells such as fatty acid degradation and PPAR 

signalling. Other significantly decreased pathways seem less obviously expected to be 
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associated with reduced DEGs as Huntington disease (HD) and Parkinson's disease 

(PD). 

To investigate the role of TLR4 in mediating the above mentioned LPS effects on 

KEGG related pathways, the following data was collected. In total in wt.BAT: 169 

significant identified KEGG pathways are associated with upregulated genes and 57 

significant pathways are associated with downregulated genes (at FDR < 0.05). While 

in TLR4ko.BAT: 38 identified pathways are associated with upregulated genes and 28 

pathways are significant in downregulated genes (FDR < 0.05). Yet again, the effect 

of LPS in TLR4ko.BAT is lower compared to the LPS effect on wt.BAT. The Table 

4.3.4.1 shows KEGG pathways that appeared in both cell types with the number and 

percentage of mapped genes in each pathway. All significantly enriched KEGG 

pathways and corresponding P-values are listed in appendix (Supplementary Table 4.8, 

Supplementary Table 4.9, Supplementary Table 4.10, Supplementary Table 4.11). 
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(A) wt. BAT Upregulated Genes (top 50) (B) wt. BAT Down-Regulated Genes (top 50) 

(C) TLR4ko.BAT Upregulated Genes (top 50) (D) TLR4ko.BAT Down-Regulated Genes (top 50) 

Figure 4.3.4.1 KEGG Pathways Hierarchical Clustering Tree. 

 In this tree related GO terms are grouped together based on how many genes they share. The size of the solid circle corresponds 
to the enrichment FDR. Top 50 KEGG pathways associated with (A) upregulated genes in wt.BAT, (B) downregulated genes in 
wt.BAT, (C) upregulated genes in TLR4ko.BAT, (D) downregulated genes in TLR4ko.BAT. 
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Table 4.3.4.1 below shows the comparison between wt.BAT and TLR4ko.BAT with 

regard to the KEGG functional category associated with upregulated genes (Table 

4.3.4.1, A), and downregulated genes for reported functional category in both wt.BAT 

and TLR4ko.BAT. This table clearly shows the limited effects of LPS in 

TLR4ko.BAT. Only protein processing in the endoplasmic reticulum pathway, which 

is associated with downregulated DEGs, is similarly affected in both wt and TLR4.ko 

brown cell. This is an indication of a non TLR4-dependant mechanism mediating 

regulation of this pathway. Although some pathways associated with up/down-

regulated DEGs are significantly enriched in TLR4ko.BAT, that is to a much lower 

extent than wt.BAT in terms of number of participated genes in each pathway and fold 

change values of each gene. This suggests that TLR4-receptor in brown adipocytes 

mediates almost all LPS actions.  
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Table A. 
Functional Category associated 

with upregulated genes 
Total 
genes

Genes in 
wt.BAT 

list 

%wt.BAT 
of total 
genes in 
the list 

Genes in 
TLR4ko.BAT 

list 

%TLR4ko. 
BAT of total 

genes in the list 

Focal adhesion 198 88 44 11 6 
AGE-RAGE signalling pathway 
in diabetic complications

101 44 44 10 10 

Pertussis 76 33 43 5 7 
Renal cell carcinoma 68 29 43 5 7 
ECM-receptor interaction 83 35 42 11 13 

Relaxin signalling pathway 129 52 40 10 8 
Small cell lung cancer 92 36 39 8 9 
TNF signalling pathway 110 43 39 6 5 
Amoebiasis 103 40 39 8 8 
Fluid shear stress and 
atherosclerosis 

142 55 39 7 5 

MicroRNAs in cancer 142 54 38 7 5 
PI3K-Akt signalling pathway 353 123 35 15 4 
Pathways in cancer 532 173 33 19 4 
Human papillomavirus infection 348 94 27 15 4 
Metabolic pathways 1301 281 22 51 4 

Table B. 

Functional Category associated 
with downregulated genes

Total 
genes

Genes in 
wt.BAT 

list 

%wt.BAT 
of total 
genes in 
the list 

Genes in 
TLR4ko.BAT 

list 

%TLR4ko.BAT 
of total genes in 

the list 

Oxidative phosphorylation 131 58 44 7 5 
Carbon metabolism 119 52 44 7 6 
Ferroptosis 41 14 34 5 12 
PPAR signalling pathway 84 25 30 7 8 
Glutathione metabolism 64 17 27 6 9 
Influenza A 161 42 26 12 7 
Ribosome 129 32 25 14 11 
Protein processing in 
endoplasmic reticulum

162 40 25 38 23 

NOD-like receptor signalling 
pathway 

197 48 24 12 6 

Insulin resistance 109 26 24 6 6 
Hepatitis C 158 37 23 11 7 
Epstein-Barr virus infection 216 49 23 10 5 
Metabolic pathways 1301 295 23 39 3 
Measles 142 32 23 10 7 
Necroptosis 176 38 22 9 5 

Table 4.3.4.1 Comparison between KEGG Functional Category Associated with Upregulated 
DEGs (A.) or Downregulated DEGs (B.) in wt.BAT and TLR4ko.BAT   
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Thermogenesis  

The thermogenesis signalling pathway was associated with the identified KEGG 

pathways. In fact, it was the most significantly down-regulated pathway in KEGG 

analysis and the Figure 4.3.5.1. presents the output thermogenesis diagram. 

UCP1, the master regulator of thermogenesis, is one of the significantly down-

regulated DEGs (log2FoldChange = -5.8) as it can be seen in the Figure 4.3.5.1, A and 

the heatmap in Figure 4.3.5.2. This seems to be accompanied by disturbances with 

expression levels of both oxidative respiratory chain complexes and ATPase enzymes 

and indicates mitochondrial dysfunction upon LPS treatment. 

Upstream to UCP1, the analysis showed that LPS decreased AC (e.g. Adcy10: 

log2FoldChange ≈ -3, adjusted P-value ≤0.0001, Figure 4.3.5.1). Activation of AC is 

usually part of the first step following ß3-ARs stimulation by cold, overfeeding or 

other sympathetic nervous system stimuli capable of triggering norepinephrine release 

(75). Thus, a decrease in AC will interrupt subsequent intracellular signal transduction 

to activate UCP1 transcription. In fact, the expression of a gene related to lipolysis 

(HSL) was also significantly decreased by LPS (log2FoldChange = - 0.2, adjusted P-

value ≤0.0001, Figure 4.3.5.1) which is downstream to AC activation and expected to 

lead to reduced available FFAs to activate UCP1. Whereas LPS significantly increased 

the level of PKA (log2FoldChange = 0.23, adjusted P-value ≤0.0001), PLIN1 

(log2FoldChange = 0.24, adjusted P-value ≤0.0001), ACS (e.g. Acsl6: 

log2FoldChange = 2.75, adjusted P-value ≤0.0001), CPT1 (e.g. CPT1c: 

log2FoldChange ≈ 1, adjusted P-value ≤0.0001) perhaps to compensate for the 

reduction of AC and HSL. Under normal conditions, activation of AC causes an 

increase of cAMP and PKA activation. PKA then stimulates lipid catabolism 

processes by phosphorylating both PLIN1 and HSL, lipolysis agents in lipid droplets, 

which in turn converts triacylglycerol into free fatty acids (FFAs) to activate UCP1 

and thermogenesis. FFA levels are critical for thermogenesis either directly or 

indirectly. ACS mediates indirect FFA actions on UCP1 through the conversion of 

FAs to acyl-CoA and specifically directs them toward the mitochondrial matrix to 

undergo fatty acid oxidation (FAO) via the CPT1 system. FAO is also thought to be a 

major contributor to thermogenesis. CPT-1ß is responsible for a trans-esterification 

reaction of the fatty acyl CoA to form acylcarnitine in brown adipocytes allowing the 

proton pumps to create the proton gradient for ATP production or thermogenesis (112). 
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Thus, LPS-dependant upregulation of PKA, PLIN1, ACS, CPT1 has the capacity to 

increase the availability of FFA, but it is still not capable of compensating the 

dysregulation of the pathway evidenced by the reduced UCP1 levels and ultimately 

negatively affecting thermogenesis. 

In addition, this data showed that LPS increased the level of CREB but no subsequent 

increase in PRDM16 was observed. Upregulated PKA typically phosphorylates CREB 

which then either directly activates UCP1 expression or indirectly by upregulating 

PRDM16 and Zfp516 (72,580). Here, PRDM16 was expectedly decreased 

(log2FoldChange ≈ -1, adjusted P-value ≤0.0001). This strongly suggests that LPS 

induces the whitening of brown adipocytes as PRDM16 is one of core transcriptional 

regulators of classical BAT development and has key roles in the regulation of 

inducible brown fat. In one study, the reduction of PRDM16 levels has no effect on 

morphological differentiation of these cells, but causes an almost complete 

suppression of brown fat-selective genes, including UCP1 mRNA and protein, while 

leaving intact the expression of genes common to both white and brown fat cells such 

as PPARγ and aP2 (245). This whitening effect of LPS is further supported by the fact 

that it also diminished expression of PPARα (log2FoldChange = -1.3, adjusted P-value 

≤0.0001) and PGC1 (e.g. PGC1α log2FoldChange = -1.5, adjusted P-value ≤0.0001),  

both are brown fat selective genes that are important regulators of fatty acid oxidation 

(598–600). Specifically, PGC-1α is the master regulator of brown adipocyte program 

(142,598). It is strongly induced by cold exposure and β-adrenergic signalling, playing 

a role in inducing UCP1 gene expression and co-ordinately increasing mitochondrial 

gene expression and function (119,599). Also, ectopic expression of PGC1α in white 

adipocytes induces acquisition of BAT features, including expression of mitochondrial 

and fatty acid-oxidation and thermogenic genes. Therefore, decreasing PGC1α by LPS 

is a clear indication of a compromised physiological commitment to the brown 

adipocyte lineage (77,143).   
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Figure 4.3.5.1 The Thermogenesis Pathway in KEGG Pathway Analysis in (A) wt.BAT, (B) 
TLR4ko.BAT. 

(A) wt.BAT 

(B) TLR4ko.BAT 

e: expression, +p: phosphorylation,        : direct relation ,         : indirect link or unknown relation 

e: expression, +p: phosphorylation,        : direct relation ,         : indirect link or unknown relation 
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Strikingly, most selected brown fat DEGs were specifically reduced in wt.BAT cells 

differentiated with LPS as the heatmap below shows (Figure 4.3.5.2). For example, 

Elovl3 a very long chain fatty acid elongase that is enriched in brown compared to 

white fat and is implicated in brown fat hyperplasia (165,601), was reduced by LPS 

(log2FoldChange = -1.05, adjusted P-value ≤0.0001). CIDEA, a gene predominantly 

expressed in brown fat where it has key roles in lipid droplet dynamics (144) was 

decreased by LPS (log2FoldChange = -1.4, adjusted P-value ≤0.0001). In addition, 

several other key brown fat genes were significantly reduced by LPS treatment, such 

as Fgf21 (log2FoldChange = - 2.9, adjusted P-value ≤0.0001) which has important 

roles in promoting a brown fat phenotype (153) , and Slc40a1 (log2FoldChange = -

5.1, adjusted P-value ≤0.0001), an isozyme of the long-chain fatty acid-coenzyme A 

ligase family that has the capacity to convert free long-chain fatty acids into fatty acyl-

CoA esters and also functions as a fatty acid transporter (163,602,603). LPS also 

reduced the mRNA levels for many genes of mitochondrial oxidative phosphorylation, 

that are known to be enriched in brown fat cells and tissue. In particular, Cox8b, a 

highly brown fat-selective mitochondrial gene was less expressed (log2FoldChange = 

- 0.74, adjusted P-value ≤0.0001) in LPS differentiated brown adipocyte cultures.  

Interestingly, Nrip1 (known as RIP140), a negative regulator of brown adipocytes that 

represses the “Brown-in-White” Adipocyte program (562) was increased with LPS 

treatment (log2FoldChange ≈ 0.5, adjusted P-value ≤0.0001). Overall, there is a set of 

genes that have been altered indicating the whole brown fat program is affected in 

wt.BAT cells. In comparison, TLR4ko.BAT cells did not show notable alteration in 

brown fat genes when differentiated with LPS (Figure 4.3.5.1, Figure 4.3.5.2). This 

shows nearly all BAT-associated genes are down-regulated by LPS in TLR4-

dependent manner. 
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Figure 4.3.5.2 Heatmap of DEGS of Brown Fat Genes upon LPS-Induction in (A) wt.BAT, (B) TLR4ko.BAT.  

Key genes are highlighted as examples. Rows represent the different genes and each column represents a sample. For the relative 
gene expression level of each sample a different colour of the red-green scale is assigned. green represents an expression level above 
the mean, red colour represents expression below the mean.
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B. TLR4ko.BATA. wt.BAT
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In addition, thermogenesis pathway analysis in the present study Figure 4.3.5.3 

revealed an increase in p38 expression (p38delta (p38δ): log2FoldChange ≈ 2.15, 

p38beta (p38β): log2FoldChange ≈ 1) appears to be accompanied by reduction of 

PGC1α (log2FoldChange ≈-1.5), ATF2 (log2FoldChange ≈-0.35) and FGF21 

(log2FoldChange ≈-2.9) which subsequently reduces UCP1. Physiologically, 

activation of PKA following β-adrenergic stimulation, leads to p38 mitogen-activated 

protein kinase (MAPK) activation and induces brown adipocytes to produce FGF21 

through ATF-2 phosphorylation. p38 MAPK activation also increases PGC1α which 

regulates mitochondria biogenesis and triggers the transcription of thermogenic genes, 

in particular UCP1. Activation of ATF-2 by p38 MAPK additionally play a role as the 

cAMP sensor that increases expression of the PGC1α gene itself in brown adipose 

tissue (153,604–606). However, in the present study it is likely that the elevated p38 

(p38β and p38δ), caused by LPS activation of TLR4, may lead to reduced 

thermogenesis rather than enhancing it, but would need further study at the protein 

level (Figure 4.3.5.3). Although this suggested role for p38 is opposite to the positive 

role of p38 mentioned above that has been repeatedly reported in literature 

(75,604,607), it is in line with an unexpected opposite role for p38 in a report by 

Valladares et al. Here, the authors demonstrated that TNFα inhibits the expression of 

UCP1 through p38 activation, and when a p38 inhibitor is used, UCP1 activity is 

restored (427). Also, Bae et al. provide support that activation of p38 following LPS 

treatment in brown adipocytes is accompanied by reduced thermogenesis and UCP1 

expression, although the relationship between p38 and thermogenesis was not 

discussed (344). Moreover, Matesanz et al. found that. p38α blocks BAT 

thermogenesis. However, the suggested mechanism, through p38δ inhibition, is 

opposite to what data in the present study suggest.(608) 

Deletion of TLR4 completely attenuates LPS effects on the thermogenesis pathway 

and the genes involved Figure 4.3.5.3, and at the same time there is no increase in p38 

following LPS stimulation in TLR4ko.BAT Figure 4.3.5.3. Although there are some 

contradictions in the available data concerning the role of p38 there are clear 

indications of both pro- and anti-thermogenic actions. How these different actions 

affect BAT biology needs further investigation. In this context, it seems like p38 acts 

differently in different situations. Activation of p38 as part of innate immune system 

inflammatory response (TNFα, LPS) appears to negatively affect thermogenesis by a 
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mechanism yet to be identified, probably dependant on changes of other 

signals/factors under such situation. 

Overall, this data suggests potential therapeutic prospects of targeting p38β and p38δ 

for treatment of obesity and increased thermogenesis. Future studies examining the 

effects of selective p38β and p38δ targeting at the protein level with in vivo

investigations to determine what other factors are involved in p38 actions will 

elucidate the functional roles of these two p38MAPKs in the thermogenesis process 

and will guide future therapeutic strategies. 
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Figure 4.3.5.3 Toll-Like Receptor Pathway in KEGG Pathway Analysis in (A) wt.BAT, (B) 
TLR4ko.BAT. 

(A) WT.BAT 

(B) TLR4 KO.BAT 
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Extracellular Matrix (ECM)-Receptor Interaction  

ECM, which contains the non-cellular components of the tissue that are found to play 

a role in energy homeostasis with direct influence on UCP1, was among the most 

upregulated pathways upon LPS treatment in brown adipocytes. Specifically, the 

ECM-Receptor interaction pathway in brown adipocytes is significantly enriched in 

the KEGG enrichment analysis in wt.BAT. There are 35 DEGs involved in the ECM 

interaction, which has 83 total genes mapped to KEGG pathways; as such 42 % of 

them are upregulated upon LPS treatment. The heatmap in figure represents these 

genes, which include collagen genes which were significantly up-regulated in wt.BAT 

when treated with LPS, for example: (Col1a1: FC=2.5, Col1a2: FC=1.93, Col6a2: 

FC=1.9, and COL6A3: FC≈1, P ≤0.001). Similarly, the included integrins in the 

heatmap were significantly up-regulated (Itga2: FC=3.5, Itgb8: FC=2.5, and Itga11 

FC=1.5, P ≤0.001). In contrast, most laminins were down-regulated (Lama5: FC=-

1.88, Lamc2 FC=-1.29, P ≤0.001) and nephronectin (Npnt FC=-1.88, P ≤0.001). In 

comparison, for TLR4ko.BAT only 13 DEGs involved in the ECM interaction 

(heatmap in Figure 4.3.6.1) and 13 % of total genes in ECM interaction pathway are 

upregulated, but to a much lower extent than wt.BAT. For example: Col1a1: FC=0.42, 

Col6a3: FC=0.23 (P ≤0.001).  
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Figure 4.3.6.1 Heatmap of DEGS of Extracellular Matrix (ECM)-Receptor Interaction upon LPS-
Induction in wt.BAT.  

Rows represent the different genes and each column represents a sample. For the relative gene 
expression level of each sample a different colour of the red-green scale is assigned. Green represents 
an expression level above the mean, red colour represents expression below the mean. 
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Figure 4.3.6.2 Heatmap of DEGS of Extracellular matrix (ECM)-Receptor Interaction upon LPS-
Induction in TLR4ko.BAT.  

Rows represent the different genes and each column represents a sample. For the relative gene 
expression level of each sample a different colour of the red-green scale is assigned. Green represents 
an expression level above the mean, red colour represents expression below the mean. 

Collectively, the differentially expressed genes in this pathway were generally 

significantly upregulated upon LPS treatment in wt.BAT but not in TLR4ko.BAT. 

This can be clearly seen in the Figure 4.3.6.3 which represents the overview of affected 

genes along the pathway. It is clear that the interactions between ECM components 

and integrins were differentially regulated because of TLR4 deletion. Therefore, these 

results demonstrate that the communication between brown adipocytes and the 

extracellular matrix is enhanced with elevated LPS levels, mostly mediated by TLR4. 

These results provoke the hypothesis that peptides derived from ECM‐related proteins 

are greatly altered upon LPS treatment, which possibly act as important players in 

impairing BAT activation and thermogenesis through TLR4. 
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Figure 4.3.6.3 Extracellular Matrix (ECM)-Receptor Interaction Pathway in KEGG Pathway 

Analysis in (A) wt.BAT, (B) TLR4ko.BAT.

(A) WT.BAT 

(B) TLR4 KO.BAT 
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LPS-Induced Cytokine Secretion by Brown Adipocytes 

LPS Activates Secretion of Multiple Cytokines in wt.BAT Cells 

The RNA-sequence analysis showed modulation of gene expression for a wide range 

of factors upon LPS-treatment which contributes to various functions. As many of the 

factors identified have the capacity to be secreted, a focused secretome analysis was 

undertaken. Proteome Cytokine Arrays were conducted on conditioned serum-free 

media collected after 48 hours to avoid the significant contribution of cytokines 

present in the serum media supplement. The cells were visibly healthy prior to media 

collection (conditioned media) and serum deprivation did not affect cell morphology 

or appearance during this time course. 

A Proteome Cytokines Array analysis was used to investigate the cytokines secreted 

by brown adipocytes in the absence and presence of LPS treatment. The secreted 

cytokines and how LPS affect cytokine secretion by brown adipocytes are shown in 

Figure 4.3.7.1 . This investigation was undertaken using two types of wild type brown 

adipocytes, the imBAT cell line and primary brown adipocytes. In addition, 

TLR4ko.BAT conditioned media was collected to examine TLR4-depended-LPS 

effects on cytokine secretion. 

Interestingly, mature wild type brown adipocytes (both wt.imBAT and primary 

cultures) demonstrated the ability to secrete various cytokines with no stimulus. This 

is in agreement with increasing evidence that BAT performs a secretory role releasing 

factors such as fibroblast growth factor 21 (FGF21), and angiogenic factors that 

contribute to autocrine, paracrine and endocrine functions and may be required for 

intercellular coordination and tissue remodelling (80). 

Forty-three different cytokines were identified as secreted by brown adipocytes in this 

study. Adiponectin, Retinol-Binding Protein 4 (RBP4), Chemerin, Tissue factor and 

FGF21 are some of the cytokines previously reported to be secreted from brown 

adipocytes, and therefore they provide validation of the data. From this study a set of 

cytokines are reported to be secreted from cultured brown adipocytes in vitro for the 

first time (at the time of writing my thesis) such as IL-28A/B, IGFBP-6, Complement 

Factor D and others shown in the table below. Table 4.3.7.1.  
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These novel cytokines are involved in immune and inflammatory responses including 

CCL6/C10, CCL12/MCP-5, IL-4, IL-7, LIF, CXCL5 (LIX), M-CSF, GMP-140/ 

CD62P. While others belong to Insulin-like growth factor binding family such as 

IGFBP-6 and WISP-1. In addition, LDL R, NARC-1/PCSK9 are factors known to be 

involved in regulation of cholesterol homeostasis.  

Cytokines secreted by wt. mature brown adipocytes

Ref. Ref. 

(609)

(610–613)

(344)

(344)

No reports 

(542)

No reports 

(397)

(18)

(75)(277)

(18)

(18)

(277)

(18)

(80,542)

No reports 

(18)

(18)

(18)

No reports 

No reports 

No reports 

A3,4 Adiponectin  

A7,8 Angiopoietin-1 

A17,18 CCL2/MCP1 

A21,22 CCL5/RANTES 

B3,4 CCL6/C10 

B5,6 CCL11/Eotaxin 

B7,8 CCL12/MCP-5 

C5,6 Chemerin 

C9,10 Tissue Factor 

C13,14 Adipsin 

C19,20 CXCL1/KC 

D3,4 CXCL10/IP-10 

D11,12 Cystatin C 

D21,22 Endostatin 

E3,4 FGF-21 

E7,8 Gas 6 

E15,16 HGF 

E23,24 IGFBP-2 

F1,2 IGFBP-3 

F5,6 IGFBP-6 

F11,12 IL-1ra/IL-1F3 

F17,18 IL-4 

No reports 

No reports 

(542)

No reports 

(75,80)

No reports 

(614,615)

No reports 

No reports 

(277)

(18)

(18)

(605)

(18)

No reports 

(616)

(75)

No reports 

(18)

(617)

No reports 

F23,24 IL-7 

G19,20 IL-28A/B 

G21,22 IL-33 

G23,24 LDL R 

H1,2 Leptin 

H3,4 LIF 

H5,6 Lipocalin-2/NGAL 

H7,8 LIX 

H9,10 M-CSF 

H11,12 MMP-2 

H19,20 Osteopontin (OPN) 

I5,6 PTX3 

I7,8 OSF-2/ Periostin 

I11,12 Proliferin 

I13,14 NARC-1/PCSK9 

I17,18 RBP4 

I21,22 Resistin 

J5,6 GMP-140/ CD62P 

J7,8 Serpin E1/PAI-1 

J19,20 VEGF 

J21,22 WISP-1/CCN4 

Table 4.3.7.1 Cytokines Secreted by wt. Mature Brown Adipocytes with References for the 
Previously Reported Ones and No Reports for the Novel Ones. 
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1. 2. 3. 

wt.BAT (Immortalized cell line, imBAT) wt.BAT (Primaries) TLR4ko.BAT

A.
CONTROL

B.
LPS

C.

D.

Cytokines secreted by mature brown adipocytes
(wt.imBAT, wt. primaries, TLR4ko.BAT)

Cytokines induced by LPS 
(wt, primaries)

A3,4 Adiponectin
A7,8 Angiopoietin-1
A17,18 CCL2/MCP-1
A21,22 CCL5/RANTES
B3,4 CCL6/C10
B5,6 CCL11/Eotaxin
B7,8 CCL12/MCP-5
C5,6 Chemerin
C9,10 Tissue Factor
C13,14 Complement 3
C19,20 CXCL1/KC
D3,4 CXCL10/IP-10
D11,12 Cystatin C
D21,22 Endostatin
E3,4 FGF-21
E7,8 Gas 6
E15,16 HGF
E23,24 IGFBP-2
F1,2 IGFBP-3
F5,6 IGFBP-6
F11,12 IL-1ra/IL-1F3
F17,18 IL-4

F23,24 IL-7
G19,20 IL-28A/B
G21,22 IL-33
G23,24 LDL R
H1,2 Leptin
H3,4 LIF
H5,6 Lipocalin-2/NGAL
H7,8 LIX
H9,10 M-CSF
H11,12 MMP-2
H19,20 Osteopontin (OPN)
I5,6 PTX3
I7,8 OSF-2
I11,12 Proliferin
I13,14 NARC-1
I17,18 RBP4
I21,22 Resistin
J5,6 GMP-140
J7,8 Serpin E1/PAI-1
J19,20 VEGF
J21,22 WISP-1/CCN4

A7,8 Angiopoietin-1
A13,14 BAFF
A17,18 CCL2/MCP-1
B5,6 CCL11/Eotaxin
B19,20 CD14
C19,20 CXCL1/KC
C21,22 CXCL2/MIP-2
D3,4 CXCL10/IP-10
D7,8 CXCL13/BLC
D9,10 CXCL16

D21,22 Endostatin
E9,10 G-CSF
F21,22 IL6
G15,16 IL-23
H5,6 Lipocalin-2/NGAL
H7,8 LIX/CXCL5
H13,14 MMP-3
I11,12 Proliferin
J17,18 VCAM-1/CD106

Only in imBAT Only in primaries

D1,2 CXCL9/MIG H15,16 MMP-9

No effect for LPS but the basal level is high in TLR4koBAT 
(i.e. in TLR4ko. BAT Control)

A17,18 CCL2/MCP-1
B5,6 CCL11/Eotaxin
C19,20 CXCL1/KC
D3,4 CXCL10/IP-10
D9,10 CXCL16
D21,22 Endostatin

E15,16 HGF
F21,22 IL6
H5,6 Lipocalin-2/NGAL
H7,8 LIX
H13,14 MMP-3
I11,12 Proliferin

E.

Cytokines reduced by LPS 
(wt, primaries)

E3,4 FGF-21 J19,20 VEGF

A
ngio

poiti
n-1

B
A
FF/B

LyS
/T

N
FSF13

B

C
C
L2/

JE
/M

C
P1

C
C
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Figure 4.3.7.1 Media Cytokine Array for wt.brown Adipocytes (both 1.imBAT and 2.Primary Cultures), 
and 3.TLR4ko.BAT. 
 A1, A2, A3 shows immunoblots for imBAT, Primary cultures and TLR4ko.BAT respectively. BI, B2, B3 shows 
LPS effect immunoblots for imBAT, Primary cultures and TLR4ko.BAT respectively. C1, C2, C3 shows 
densitometry of cytokine-induction LPS effect against control. D1. shows the distribution of cytokines in the blots. 
D2, D3 table of secreted cytokines by mature adipocytes, induced cytokines by LPS treatment. E1, E2 shows 
densitometry of cytokine-reduction LPS effect against control. imBAT data represent the mean of three 
experiments ± SEM. *P < 0.05, ** P < 0.01, ***P < 0.001 control vs. LPS. Two-tailed unpaired Student’s t-test. 
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In addition, differentiating cells with LPS led to induction of secretion of many 

cytokines by both wt.imBAT and primaries, but not TLR4ko.BAT. Nineteen cytokines 

were identified to be induced by LPS as shown in Figure 4.3.7.1. This is in line with 

significant upregulation of DEGs of most of these cytokines upon LPS treatment 

identified from the RNA-sequence analysis in wt.BAT (Figure 4.3.7.3). None of these 

cytokines have been previously reported to be elevated upon LPS treatment in cultured 

brown adipocytes apart from MCP1 and IL6 (344). However, many of these cytokines 

are angiogenesis-related factors (about 4.5 fold increase in Angiopoietin-1 and 

chemokine (C-X-C motif) ligand 1 (CXCL1/KC), 55 fold increase for matrix 

metallopeptidase 3 (MMP3), 14 fold increase for C-X-C motif chemokine ligand 16 

(CXCL16), 5 fold increase for Proliferin). 

In line with the RNA-sequence analysis revealing upregulation of ECM-receptor 

interaction partners, different members of ECM fibrous proteins and integrin 

signalling pathways were also upregulated by LPS treatment in the secretome analysis 

including vascular cell adhesion molecule-1 (VCAM-1) (5.5 fold increase), Endostatin 

(4.5 fold increase), and MMP3. Recently, the interaction between α4-integrin on pro-

inflammatory macrophages and VCAM-1 on adipocytes was reported as a novel 

mechanism through which inflammatory signalling can supress beige adipogenesis 

and UCP1 gene expression (330,336). Thus, the present study provides new insight 

into these pathways with elevated LPS levels a candidate to trigger such effects of 

VCAM-1 by directly affecting brown adipocytes rather than only activating 

macrophages.  

The upregulation of secreted angiogenesis modulators and members of ECM 

molecules is accompanied by the typical response to exposure to an inflammatory 

agent such as LPS  Figure 4.3.7.1. This includes the interleukin signalling pathway 

with the increase of IL6 (12 fold) and IL23a (3.5 fold), and inflammation mediated by 

chemokine and cytokine signalling pathways with increases in Eotaxin (14 fold) and 

CXCL1/KC (4.5 fold), and finally Toll receptor signalling pathway with increase in 

secretion of CD14 (4 fold). Together these data indicate that brown adipocytes are key 

components in immunity and the inflammatory response of adipose tissue. 

LPS treatment reduced FGF21 and VEGF release from brown adipocytes (Figure 

4.3.7.1, E). This is consistent with both FGF21 and VEGF being reduced in DEGs 

upon LPS treatment from the RNA-sequence analysis in wt.BAT (Figure 4.3.7.1, E). 
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Both FGF21 and VEGF are reported to play a role in BAT thermogenesis regulation 

and increase UCP1 levels. In fact, compromising of VEGF actions decreases BAT 

activity with reduced vascular density (618–620). VEGF loss and capillary rarefaction 

in BAT were found to precede mitochondrial loss and the development of the whitened 

BAT phenotype (621). Therefore, LPS-mediated reduction of their levels provides 

further evidence of the negative impact of LPS on brown adipocyte activity and 

thermogenesis. 

In TLR4ko.BAT adipocytes (Figure 4.3.7.1, B), LPS did not induce the secretion of 

any cytokines. However, the basal levels of LPS-induced cytokines in TLR4ko.BAT 

seem to be higher than wt.BAT for unknown reasons. This could be a consequence of 

technical issues related to differences in blot production or imaging technique as this 

was not accompanied by higher gene expression in RNA-sequence analysis (Figure 

4.3.7.3). Equally, the higher basal levels may be due to biological reasons related to 

TLR4 deletion. To confirm the mechanisms involved, further experiments would need 

to be undertaken. Further research is necessary to identify the role of these elevated 

cytokines when differentiating brown adipocytes with LPS in dysfunction of BAT in 

obesity and associated comorbidities. 

In the current study four cytokines were investigated further. They were chosen 

because of high secretion and expression, and large response to LPS which suggest a 

potential important role in brown adipocytes dysfunction. These cytokines are B-cell 

activating factor (BAFF/BLyS/TNFSF13B), CXCL16, CXCL5 (LIX) and MMP3. 

Their increase upon LPS treatment in media was confirmed by ELISA (Figure 4.3.7.2) 

and significant gene expression upregulation in both qRT-PCR and DEGs in RNA-

sequence analysis as shown in Figure 4.3.7.3. 

CXCL5 was the most highly upregulated DEG (log2FoldChange = 10, P≤0.0001) in 

RNA-sequence analysis and its induction was confirmed by qRT-PCR (Figure 4.3.7.3). 

 In addition, CXCL5 secretion massively increased in media upon LPS treatment in 

brown adipocytes with an increase of 21-fold change, P<0.05 detected by a proteome 

array analysis as well as an increase of 9.8-fold change, P<0.001 detected by ELISA 

assay (Figure 4.3.7.2). MMP3 was the second most upregulated gene with LPS 

treatment in the set of DEGs from RNA-sequence data (log2FoldChange = 8, 

P≤0.0001) and confirmed by qRT-PCR (with average of 500-fold change induction, 

P<0.01). This was accompanied by induced MMP3 secretion into media in LPS-

stimulated brown adipocytes in a proteome array (with 55-fold change, P<0.05) and 
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ELISA measurements (50-fold change, P<0.001). BAFF and CXCL16 were among 

the most highly upregulated DEGs in RNA-sequence analysis in wt.BAT 

(log2FoldChange = 1.65, P≤0.001, log2FoldChange = 3.46, P≤0.001, respectively) 

(Figure 4.3.7.3). Their induction was further confirmed by qRT-PCR with maximum 

increase of 8.28-fold change for BAFF (P<0.001), and 15.22-fold change (P<0.001) 

for CXCL16 (Figure 4.3.7.3). 

In tandem with that, an increase of both BAFF and CXCL16 secretion in media upon 

LPS treatment in brown adipocytes was detected by proteome array with 7.3-fold 

change (P<0.05) and 14.6 fold change (P<0.05), as well as by ELISA data indicating 

an increase of 12.5-fold change (P<0.001), 13.26-fold change (P<0.001), respectively 

(Figure 4.3.7.2). 

Figure 4.3.7.2 Testing Control vs LPS Treatment in Media by ELISA for Novel Cytokines.  

BAFF (A1. in imBAT, B1. in primary brown adipocytes), CXCL16 (A2. in imBAT, B2. in primary 
brown adipocytes), LIX (A3. in imBAT, B3. in primary brown adipocytes), MMP3 (A4. in imBAT, B4. 
in primary brown adipocytes). ELISA imBAT, Primary brown adipocyte data represent the mean of 
three (total n=6 each treatment), two experiments (total n=5 each treatment), respectively ± SEM.  Two-
tailed unpaired Student’s t-test was performed to test significance: ** P < 0.01, ***P < 0.001 control 
vs. LPS 

A sub-list of cytokines that were included in the proteome array were further explored 

at gene level by comparing with DEGs from RNA-sequence analysis; these are 

represented in the heatmap (Figure 4.3.7.3) highlighting the factors mentioned above. 

In addition, there are many other factors of interest in the context of adipocytes and 

metabolic diseases. For instance, upregulated genes included resistin (Retn; 

A1. A2. A3. A4.

B1. B2. B3. B4.
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log2FoldChange = 1.32, P≤0.0001) and adiponectin (Adipoq; log2FoldChange = 0.68, 

P≤0.0001). Both resistin and adiponectin have a well-recognized inflammatory 

function in white adipocytes with an anti- inflammatory role for the former and pro-

inflammatory effects for the latter (15). Amphiregulin (Areg; log2FoldChange = 1.84, 

P≤0.0001) is reported to be downregulated in BAT compared to subcutaneous WAT 

at thermoneutrality and it is typically a part of immune system response as a product 

of IL-33/Group 2 innate lymphoid cells (ILC2s) (163,327). Interleukin 33 (IL33; 

log2FoldChange = 2.95, P≤0.0001) is a controversial cytokine with reports indicating 

that it limits the development of spontaneous obesity by increasing numbers of ILC2s 

and eosinophils. This coincides with beiging and energy expenditure in the WAT of 

mice but not BAT, while deletion of IL-33 leads to opposite effects (327,328,622). 

Pentraxin related gene (Ptx3; log2FoldChange = 3.03, P≤0.0001) is a pro-

inflammatory adhesion molecule reported to be upregulated upon cAMP treatment of 

brown adipocytes (277). Also among the downregulated genes were delta like non-

canonical Notch ligand 1 (Dlk1; log2FoldChange = -2.24, P≤0.0001) which is an 

established inhibitor of adipogenesis and reported to be one of the few genes more 

highly expressed in WAT compared to BAT (162). Interleukin 15 (IL15; 

log2FoldChange = -1.58, P≤0.0001) has a pleiotropic influence on mitochondrial 

function and thermoregulation with reports of activation of BAT UCP1 gene 

expression and thermogenesis genes, while opposing data suggested an inhibitory role 

of WAT browning in obesity(322). RANTES (CCL5; log2FoldChange = -1.66, 

P≤0.0001) is a pro-inflammatory cytokine involved in insulin resistance (542). 

Deletion of TLR4 clearly attenuated the LPS-mediated effect. This suggests that TLR4 

facilitates most of the cellular response caused by LPS. However, the changes in this 

particular set of genes expression were not translated to cytokine secretion detected by 

proteome array. It is possible the proteome assay was not sensitive enough to detect 

such changes, or their transcription might be blocked by certain physiological process. 

More research is needed to understand the influence of these LPS-TLR4 triggered 

alteration in gene expression. 
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Figure 4.3.7.3 Cytokines Heatmaps from RNA-Sequencing and q-RT PCR to confirm RNA-sequencing results for Selected Novel Cytokines. 

for C1. Wt.imBAT cells, C2. TLR4ko.BAT cells. q-RT PCR to confirm RNA-sequencing results for BAFF (D1. in imBAT cells, E1. in primary cultures), CXCL16 (D2. in 
imBAT cells, E2. in primary cultures), LIX (D3. in imBAT cells, E3. in primary cultures), MMP3 (D4. in imBAT cells, E4. in primary cultures). q-RT PCR imBAT, primary 
cultures data represent the mean of three (total n=9 each treatment), two experiments (total n=6 each treatment), ± SEM. *P < 0.05, ** P < 0.01, ***P < 0.001 control vs. LPS. 
Two-tailed unpaired Student’s t-test. Rows in heat maps represent the different genes and each column represents a sample. For the relative gene expression level of each 
sample a different colour of the red-green scale is assigned. Green represents an expression level above the mean, red colour represents expression below the mean 
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wt. imBAT TLR4ko.BAT

C1. C2.

D1. D2. D3. D4.

E1. E2. E3. E4.

. 
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4.4 Discussion 

BAT presents an important target to treat obesity and related disorders. Understanding 

brown adipocyte physiology has great potential for treating the underlying dysfunction 

which occurs in the progression of obesity. As such, establishing an array of 

physiologically secreted factors which can be altered by inflammatory markers present 

in the obese state is an important aspect, and can lead to novel targets to prevent brown 

adipocyte dysfunction and improve metabolism. Therefore, a wide range of LPS-

mediated effects was investigated at the gene expression and secreted protein levels. 

This was important to determine the effects of LPS beyond its role in repressing 

features of the thermogenesis programme (described in the previous chapter). The 

main outcome is LPS is a potent stimulator of a cascade of detrimental effects on 

brown adipocytes including upregulating pathways involved in inflammation and 

cancer, mainly through TLR4, but it still appears to have limited effects in the absence 

of the TLR4 receptor. 

Differentiation of brown adipocytes with LPS led to the induction of genes related to 

inflammation, cancer, immune response and stress response related pathways, 

alongside inhibition of mitochondrial function and glucose metabolism. Alterations in 

gene expression were investigated by intensive RNA-sequence analysis for genes 

associated with gene-ontology and KEGG pathways. In fact, insulin resistance and 

increased predisposition to T2DM is promoted by immune response and stress 

response which include a transition in macrophage polarization from an alternative 

M2 activation state maintained by STAT6 and PPARs to a classical M1 activation 

state driven by NFκB, AP1, and other signal-dependent transcription factors that play 

crucial roles in innate immunity (81). Interactions among adipocytes and adipose-

resident immune cells enhance adipocyte lipolysis and secretion of lipids, as well as 

adipocyte and immune cell production of multiple pro-inflammatory factors with 

drops in anti-inflammatory markers. Negative effects of these alterations on peripheral 

target tissues can subsequently induce insulin resistance and hyperinsulinemia, 

hyperglycemia, hyperlipidemia, and vascular injury and cell death, all of which are 

associated with oxidative stress and cancer development and/or progression (13). 

Therefore, given the current findings LPS-mediated inflamed adipose tissue could 

impact the tumour microenvironment, which potentially associated with the strong 
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relationship between adiposity and a variety of tumours. These findings that LPS acts 

as an upstream modulator of such pathways are consistent with the fact that obesity is 

generally characterized by low-grade chronic inflammation and increases the risk of 

cancer as well as risk of T2DM (13,81,348). 

ECM-receptor interaction was among the pathways with upregulated genes upon LPS 

treatment as well, with increased gene expression and secreted factors. Secretion was 

studied by performing a proteome array. ECM-receptor interaction pathway activation 

indicated the abnormal expression of extracellular matrix receptor in LPS-treated 

brown adipocytes, which might lead to paracrine effects in vivo through downstream 

stimulation of secretion of multiple mediators. For instance, in other cell types, the 

increase in collagen and fibronectin leads to increased inflammation and fibrosis 

through the activation of integrin receptors, and the possible downstream 

consequences of activation of integrin molecules can be activation of ERK, AKT, JNK 

(266,582). However, the role of integrin and other ECM receptors in brown adipose 

tissues has not been studied before. These results also showed that peptides derived 

from ECM‐related proteins are greatly altered upon LPS treatment which could act as 

important players in impairing BAT activation and thermogenesis. It could also be 

speculated that these peptides are being upregulated to enhance supporting structural 

networks of brown adipocytes to form new blood vessels in an attempt to compensate 

for LPS-damage and meet functional thermogenic demands. Nevertheless, brown 

adipocytes eventually fail to deal with LPS stress due to down regulation of the main 

brown fat characteristics described in chapter 1, including UCP1 downregulation at 

basal and CL-induced level. It should be noted that this induction is not attributable to 

a central effect and is completely independent from the central nervous system since 

these brown adipocytes are cultured in-vitro and are not influenced by exposure to 

adrenergic agonists. 

Differentially expressed genes (DEGs) downregulated by LPS treatment were related 

to the suppression of brown adipocyte activity. Thermogenesis was the most 

significant pathway associated with downregulated DEGs when investigating KEGG 

pathways. There was almost total inhibition of the brown adipocytes program as all 

well-established brown genes were supressed by LPS in a TLR4-dependent manner. 

Interestingly, Huntington disease (HD) and Parkinson's disease (PD) related gene 

groups were downregulated by LPS. Both HD and PD are associated with high energy 
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expenditure and weight loss (623,624). WAT of HD mice presents brown-like features 

such as a high level of  UCP1 (625) and a PD model is reported to be associated with 

activation of BAT-mediated thermogenesis and increased expression of UCP1 (624). 

This may explain why the HD and PD pathways are negatively enriched in LPS-treated 

brown adipocytes and provide further support of negative LPS impact on brown 

adipocytes and impairment of thermogenesis. 

p38 appears to play an important role in LPS-mediated down regulation of 

thermogenesis. There is contradictory data concerning its role which is indicative of 

both pro- and anti-thermogenic actions. How these different actions affect BAT 

biology needs further investigation. In this context, p38 acts differently under different 

situations, with activation of p38 as part of the innate immune system inflammatory 

response (TNFα, LPS) appearing to negatively affect thermogenesis by a mechanism 

yet to be identified, probably dependant on changes in other signals/factors. Overall, 

the present data suggests a controversial potential therapeutic prospect by targeting 

p38β and p38δ for treatment of obesity and increasing thermogenesis. Future studies 

examining the effects of selective p38β and p38δ targeting at the protein level with in 

vivo investigations as to what other factors are involved in p38 actions will elucidate 

the functional roles of these two p38MAPKs in the thermogenesis process, and will 

guide future therapeutic strategies. 

Only limited effects of LPS in TLR4ko.BAT were observed. TLR4-dependent actions 

of LPS are evidenced by the fact that nearly all BAT-associated genes are down-

regulated by LPS in wt.BAT and when knocking out TLR4, this downregulation was 

eliminated. Although some pathways associated with up/down-regulated DEGs are 

significantly enriched in TLR4ko.BAT, it was to a much lower extent than wt.BAT in 

terms of number of genes in each pathway and fold change values of each gene. This 

suggests that the TLR4-receptor in brown adipocytes mediates almost all LPS actions 

and indicates that deletion of TLR4 massively attenuates the LPS effect. Following 

proteome array analysis, four novel cytokines were selected for further study due to 

their high level of secretion, expression and large response to LPS. This suggest a 

potential important role in brown adipocyte dysfunction, and as such these cytokines 

were studied further: 

BAFF, TNF superfamily ligand (TNFSF13B), is a transmembrane protein from which 

a soluble BAFF form can be released into media. BAFF is mainly produced by cells 
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of the immune system including monocytes, macrophages, neutrophils, dendritic cells, 

and T lymphocytes, and is found to be elevated in autoimmune diseases (626,627). 

Interestingly, BAFF is also reported to be involved in obesity-related metabolic 

disorders such as insulin resistance and oxidative stress (628–630). In white 

adipocytes and adipose tissue, it is reported to be secreted and acts as an adipokine 

that regulates inflammation in obesity (631). It is secreted from white adipocytes under 

inflammatory stimulus such as TNFα treatment and increases their cytokine secretion 

(632). Deletion of BAFF results in reduced diet-induced obesity and reduced 

circulating inflammatory cytokines (628,631). Hence, BAFF appears to play an 

important role in obesity and related metabolic dysfunction. However, there is a lack 

of understanding regarding the cellular influence of BAFF in the development of 

systemic inflammation in obesity. This study is the first to show the secretion of BAFF 

from brown adipocytes. BAFF induction upon LPS treatment in brown adipocytes 

could indicate its role in brown adipocyte inflammation as well as in thermogenesis 

during obesity. Having confirmed the secretion of BAFF by brown adipocytes, 

understanding its role in brown adipose tissue and the possible mechanisms by which 

it could regulate BAT activity might provide therapeutic opportunities to target 

obesity-related chronic diseases. 

CXCL16 is a transmembrane chemokine involved in in leucocyte recruitment, with a 

role  in kidney diseases, atherosclerosis, and liver injuries (633). In addition, it is an 

angiogenic factor that induces angiogenesis via extracellular signal-regulated kinase 

pathways (633). CXCL16 is found to be higher in serum of obese compared to lean 

mice with lower expression in WAT of lean mice. As angiogenesis accompanies 

adipogenesis in obesity development and almost all its related disorders (e.g T2DM, 

cardiovascular disorders and malignancies), it is possible that altering angiogenesis 

through modulating CXCL16 action may offer a novel therapeutic approach to 

ameliorate the development of obesity (634). In fact, angiogenesis modulators were 

demonstrated to reduce adipose tissue mass and prevent obesity. They also are 

reported to positively affect energy balance and energy expenditure (635–638). 

However, given that adipose tissue is one of the biggest tissues in the body, effective 

angiogenesis-targeted therapy would probably require systemic delivery of 

angiogenesis modulators, which may lead to many side effects. In addition, the 

metabolic state of adipose tissue must be considered. Thus, it is important to identify 
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and study new potential targets such as CXCL16. CXCL16 is reported to be secreted 

from brown adipocytes under stimulation of bone morphogenetic protein 8b (BMP8b) 

(18). However, this is the first time its secretion has been found to be subject to LPS 

stimulation. Further studies are needed to investigate the role of CXCL16 in BAT 

remodelling and thermogenesis in inflammatory conditions such as obesity and 

associated disorders.  

LIX/CXCL5 is known as LPS-induced CXC chemokine (LIX). It amplifies a pro-

inflammatory cytokine response and has been linked to tumour progression as it 

promotes breast cancer cell proliferation (639). It is reported to be secreted from 

WAT-resident macrophages and it is suggested to link inflammation in obesity and 

insulin resistance. This is because CXCL5 is dramatically increased in the serum of 

human obese patients with insulin resistance compared to lean subjects and it 

decreases with weight loss. Furthermore, neutralizing CXCL5 leads to protection 

against obesity-induced insulin resistance (640,641). Its secretion by brown 

adipocytes has not been reported previously. CXCL5 is a potential candidate for the 

whitening of brown adipocytes in obesity by making them less responsive to insulin. 

This needs further investigation to determine if CXCL5 inhibition can help in treating 

obesity and associated disorders.  

MMP3 is a member of the Matrix Metalloproteinase family that are responsible for 

the degradation of ECM proteins. This family is involved in wound healing, 

angiogenesis, and tumour cell metastasis. MMP imbalance is associated with the 

pathophysiology of obesity and T2DM in humans (266) and MMP3 is upregulated in 

obese animals (642). MMP3 is reported to be secreted from brown adipocytes 

following BMP8b treatment (18). The expression and secretion of MMP3 in response 

to LPS could indicate an important role in modulating BAT biology and possibly 

reduced thermogenesis. However, further studies are needed to explore the 

consequence of MMP3 production by brown adipocytes in BAT function as well as 

obesity. 

Collectively, the current study further strengthens the ideology that BAT acts as a 

major endocrine organ that can participate in driving systemic chronic inflammation 

and obesity-related metabolic diseases. In addition, the data supports that LPS is a 

potent player in obesity and has a negative impact on brown adipocyte activity and the 

vascular network regulating thermogenic demands. Furthermore, the findings indicate 
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that LPS-mediated inflammation and associated changes with ECM components could 

lead to fibrosis in BAT during the development of obesity. Thus, it raises the 

possibility that an increase in angiogenesis and adipogenesis in obesity can cause 

brown adipocyte hyperplasia and the development of inflammation can lead to fibrosis 

and whitening of brown adipocytes. To a large extent, these negative effects of LPS 

appear to be mediated by TLR4. However, further studies are needed to confirm that 

inhibition of the TLR4 pathway or more practically up/downstream of TLR4 pathway 

activation can be used as a therapeutic target. In addition, follow up investigations on 

the cytokines identified in this study (BAFF, LIX, CXCL16, MMP3) is warranted to 

explore their therapeutic potential. Overall, these results suggest LPS is a major player 

in inflammation induced adipocyte dysfunction, impacted by conditions of obesity and 

its comorbidities possibly exacerbated by induction of brown adipocyte inflammation. 

Hence, interventions in LPS-activated pathways harbour the potential to provide novel 

strategies to increase BAT activity as a therapeutic target for obesity.
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Chapter 5. Lipopolysaccharide Mediates Mitochondrial 

Alteration in Brown Adipocytes 
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5.1 Introduction 

Inflammation and obesity are closely linked with alteration in mitochondrial function 

and mass (468,487). There is a suggestion that mitochondrial dysfunction in 

adipocytes is a primary cause of, adipocyte enlargement and insulin resistance (497). 

In this context, mitochondrial dysfunction and fatty acid oxidation in adipocytes leads 

to adipocyte enlargement due to triglyceride accumulation (497). Furthermore, 

adipocyte mitochondrial dysfunction leads to pseudo-hypoxia with enhanced 

accumulation of the hypoxia-inducible factor 1α (HIF-1α), which elevates adipose 

tissue inflammation and fibrosis (496,497). Similarly, an alteration of mitochondrial 

capacity in BAT could be functionally associated with defective thermogenesis and 

energy expenditure in obesity and an increased risk to develop obesity-induced insulin 

resistance (344). That may arise as mitochondria are present in large numbers within 

BAT and they play an important role in BAT thermogenesis. In general terms, energy 

production in eukaryotic cells (primarily in the form of ATP) occurs in the 

mitochondrion through OXPHOS or the electron transport chain (ETC) which is 

comprised of several inter-membrane proteins (complex I, II, III, IV and ATP synthase) 

located in the inner mitochondrial membrane. In this process, reducing agents NADH 

and FADH2 (generated from upstream pathways such as glycolysis, Kreb’s cycle and 

fatty acid beta-oxidation) are oxidized to NAD and FAD by complex I/ complex II, 

generating electrons, which are carried over from complex I of the ETC to II and so 

on to IV and O2, generating H2O. In parallel to this, protons are pumped from the 

matrix through to the inter-membrane space to produce an electrochemical gradient 

that will become the driving force for the ATP synthase complex to produce ATP from 

ADP (485). UCP1 is an inter-membrane protein plays an important role in lowering 

this electrochemical gradient and increasing the proton leak by utilizing protons 

energy for thermogenesis, this is referred to as uncoupled OXPHOS. This is 

particularly relevant in the obesity state when there is imbalance between energy 

demand and supply. As such, uncoupling efficiency means fuel consumption can be 

accelerated and is independent of ATP saturating concentration to meet the energy 

demand (617). 

In prior mouse models of chronic systemic inflammation, there is increased systemic 

inflammatory cytokine levels and abnormal regulation of both innate and adaptive 

immune responses. Furthermore, in this situation mitochondrial fuse is detected with 
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severe damage of the cristae, in addition to reduced cold-induced thermogenic 

capacity and UCP1-dependent mitochondrial respiration (499). Additionally, low 

grade BAT inflammation in obesity is noted as a contributor to excess reactive oxygen 

species (ROS) production and associated oxidative stress, which may cause 

mitochondrial dysfunction (500–504). Further investigations in BAT in obese mice 

has affirmed increased inflammation and ROS generation, accompanied by a  doubling 

of mitochondria respiration compared to lean counterparts (341). It is possible to 

speculate that under prolonged weight gain in mice, mitochondria become 

increasingly dysfunctional  with their thermogenic capacity ultimately compromised 

(341). Further evidence linking inflammation and mitochondrial dysfunction was 

demonstrated by deletion of the mitochondrial transcription factor A (TFAM) 

resulting in adipocyte cell death coincident with inflammation in WAT and a 

whitening of BAT with decreased energy expenditure. BAT whitening in these mice 

is mainly explained by impairments of mitochondrial electron transport chain function, 

reduced fatty acid oxidation, and increased circulating fatty acids, rather than a 

conversion of brown to white adipocytes (509). These alterations in mitochondria 

during inflammation in WAT are further demonstrated by a downregulation of 

mitochondrial biogenesis, oxidative metabolic pathways, and oxidative 

phosphorylation proteins in obesity, and a negative correlation with pro-inflammatory 

cytokines (488). In fact, pro-inflammatory cytokines have a significant influence on 

modulating mitochondrial efficiency leading to effects on energy homeostasis in 

human white adipocytes. For instance, TNFα dramatically alters 3T3-L1 adipocyte 

mitochondrial functions, whereas IL1β and IL6 have more modest effects. In general, 

how inflammatory markers mediate mitochondrial dysfunction in BAT is less studied. 

It has, however,  been demonstrated that activation of the NLRP3 inflammasome in 

macrophages attenuates UCP1 induction and mitochondrial respiration in cultures of 

primary adipocytes possibly via IL-1, while the absence of NLRP3 is protective for 

UCP1 and adaptive thermogenesis capacity in adipocytes (356,489,490).  

The activation of pattern recognition receptors in brown adipocytes and subsequent 

increased inflammation leads to mitochondrial dysfunction and suppression of 

mitochondrial respiration with reduced UCP1 expression levels and repressed white 

adipocyte browning capacity in response to adrenergic stimulation (344,355,356). 

Moreover, deletion of TLR4 protected mitochondrial function and thermogenesis in 
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WAT (356). It has been proposed that the effect of LPS on brown adipocytes causes 

mitochondrial dysfunction (344). Therefore, this current study was to further 

investigate the chronic effect of LPS mitochondrial dysfunction which has not been 

studied in depth before. 

In Chapter Three, activation of TLR4 by LPS in brown adipocytes attenuated both 

basal and CL-induced UCP1 levels with a reduction in key brown fat gene expression 

levels. The objectives of this chapter were to determine broader range of abnormalities 

in mitochondrial function in wild-type LPS-treated brown adipocytes cell model with 

a specific focus on: 

- Investigation of mitochondria oxidative stress. 

- Definition of mitochondria dynamics and biogenesis. 

- Evaluation of mitochondria respiration and bioenergetics. 
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5.2 Methods 

Immortalized brown pre-adipocytes (imBAT) were differentiated into mature 

adipocytes over 8 days with or without LPS 100 ng/mL or 1000 ng/mL; E. Coli 

O55:B5, Sigma, L6529 (100 ng/mL if not indicated), according to the differentiation 

protocol described in the methods section (Chapter 2). Hereafter, RNA and protein 

were harvested for qRT-PCR and Western blotting according to methods described in 

the methods section (Chapter 2). DNA was harvested for mitochondrial DNA-copy 

number assessments as described below. Also, cells were studied with a Seahorse XF 

Analyser to determine impact on mitochondrial function. Fluorescence live cell 

imaging using a spinning disk confocal microscope was conducted to assess 

mitochondrial membrane potential according to methods outlined in the methods 

section (Chapter 2). ATP measurements were performed in live cells as detailed 

below. Functional assays to determine reactive oxygen species (ROS), superoxide 

dismutase (SOD) and catalase activity were undertaken as described below after 

harvesting the cells. 

Mitochondrial DNA (mt-DNA) Copy Number Evaluation 

Total DNA was extracted from cell lysates containing approximately 1x106 brown 

adipocytes differentiated over 8 days with or without LPS 100 ng/mL, according to 

differentiation protocol, using DNeasy Blood and Tissue Mini Kit (#69504 Qiagen, 

UK) in accordance with the manufacturer’s instructions. RNase treatment was 

performed to eliminate possible RNA contamination. DNA was eluted with 100 μL 

AE buffer and quantified using a spectrophotometer (Nanodrop ND-1000, Labtech). 

10 ng of DNA was used to determine relative amounts of mitochondrial DNA copy 

number through qRT-PCR in an ABI Prism7500 thermo cycler (Life Technologies) 

with use of SYBR Green JumpStart Taq ReadyMix (#S4438 Sigma-Aldrich, UK). 

Mitochondrial (mtND1) and nuclear (RIP140) gene primers in table below were used 

to determine relative amounts of mitochondrial DNA. Each sample was measured in 

duplicate. The mitochondrial number was calculated based on the following formula:  

mtDNA copy number = 2∆CT, where ∆Ct = mtND1 - RIP140 
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Gene  
ND1 Forward  

Reverse 
5' –ATTTATCTCAACCCTAGCAGAAACAAA- 3' 
5' – AAACCCTGATACTAATTCTGATTCTCCTT - 3' 

RIP140 Forward  
Reverse 

5' –GAACCTGGGCTTTTGAATGG- 3' 
5' –GTTTTGGTCAGTCTTGGAGAGTCTT- 3' 

Reactive Oxygen Species (ROS) Assay 

Immortalised pre-brown adipocytes were seeded onto gelatin-coated 96-well black 

opaque cell culture plates at a density of 10,000 cells/well. Cells were grown and 

differentiated in phenol-free media (DMEM/F-12, #11039047 Gibco) according to the 

standard protocol and differentiation was carried out with or without LPS (100 or 1000 

ng/mL, E. Coli O55:B5, Sigma, L6529). A fluorescence assay was used to indicate 

ROS levels within the live cells, by using non-fluorescent H2DCFDA, which is 

converted to highly fluorescent 2',7'-dichlorofluorescein (DCF) upon cleavage of the 

acetate groups by intracellular esterases and oxidation. Adherent cells were washed 

with 1x HBSS buffer (#14065056 Gibco) and incubated with diluted H2DCFDA stain 

to final concentration 60 µM in HBSS (# D399, Invitrogen, H2DCFDA were dissolved 

in ethanol) for 20 minutes at 37 ºC. Dye Solution was removed, cells were washed 

with 1x HBSS buffer and maintained in 1x HBSS buffer in the presence and absence 

of H2O2 (75 µM). Fluorescence was read with a PheraStar FS microplate reader (BMG 

Labtech) at 485/535 nm excitation/emission immediately and every 10 minutes up to 

one hour with cells were maintained at 37 ºC. For background correction, cells with 

no DCF and were used. Fluorescence measurements for each treatment group were 

plotted as an indication of ROS levels. Both DCF stain concentration, incubation time 

and H2O2 concentration were optimized prior to experiment.   

Endogenous Antioxidant Activity Assays (SOD Assay & Catalase Assay) 

The activity of endogenous antioxidants superoxide dismutase (SOD) and catalase was 

assessed with a colorimetric method, using OxiSelectTM Superoxide Dismutase 

Activity Assay (STA-340) and OxiSelectTM Catalase Activity Assay (STA-341) Kits 

(Cell Biolabs). Following brown adipocyte differentiation with or without LPS (100 

or 1000 ng/mL, E. Coli O55:B5, Sigma, L6529) according to the standard protocol, 

1.2 x 106 adherent cells were washed 3 times with ice-cold PBS, harvested with a cell 
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scraper in 1 mL of cold Lysis buffer (10 mM Tris, pH 7.5, 150 mM NaCl, 0.1 mM 

EDTA). Samples were then homogenised, centrifuged and stored at -80ºC until 

assayed. All assays were performed within 1 month of sample collection and were 

conducted according to manufacturer’s instructions. Absorbance was read using a 

PheraStar FS microplate reader (BMG Labtech) at 490 nm for SOD activity and at 520 

nm for catalase activity.  

SOD activity was calculated based on optical density as illustrated in the following 

formula: SOD activity (inhibition %) = (ODblank – ODsample)/ ODblank × 100 

The concentration of active Catalase was determined by interpolation of a catalase 

standard curve (ranging from 0 – 1600 Units/mL) where plate reader analysis software 

(PheraStar FS) was used with a 4 parameter logistic curve fitting program to calculate 

a second order polynomial regression for each sample, and Catalase activity in 

Units/mL value for each sample were collected. 

ATP Assay 

Immortalised brown pre-adipocytes were seeded onto gelatin-coated 96-well white 

opaque cell culture plates at a density of 10,000 cells/well. Cells were grown and 

differentiated according to the standard protocol and the differentiation carried out 

with or without LPS (100 or 1000 ng/mL, E. Coli O55:B5, Sigma, L6529). 

Bioluminescent determination of ATP abundance was conducted using EnzyLightTM 

ATP Assay Kit (BioAssay Systems, EATP-100) following the manufacturer’s 

instructions for adherent cells. Luminescence was read using a PheraStar FS 

microplate reader (BMG Labtech), and ATP concentrations determined based on 

interpolation of a standard curve of known ATP concentrations ranging from 0 − 30 

μM.  
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5.3 Results 

LPS Administration Up-Regulated Oxidative Stress 

Oxidative stress was assessed via fluorescence measurement of DCF dye as 

representative of total levels of reactive oxygen species (ROS). LPS markedly 

increased total ROS which rose by up to 50 % when exposed to oxidative agent 

Hydrogen peroxide (H2O2), while the basal levels were unaltered (Figure 5.3.1.1). 

H2O2 causes a high stress condition which leads to a great increase in ROS production 

(643,644); as LPS-treated cells were less able to cope with H2O2-induced stress, ROS 

production was significantly higher in these cells compared to control cells. This 

increase in ROS under stress may indicate suppression of the capacity of endogenous 

antioxidant systems in cells differentiated with LPS. 

The expression of primary antioxidant enzymes, which neutralise or prevent the 

formation of free radicals, including Glutathione peroxidase (Gpx1, Gpx2), catalase 

(CAT), and superoxide dismutase (SOD) was investigated. In addition to 

peroxiredoxins (PRDX3) which neutralize small amounts of peroxides; these enzymes 

use their interior active site cysteine residues to reduce target molecules (645). As 

expected, Catalase showed a marked decrease with LPS treatment, both in terms of 

mRNA transcript levels (27 % with LPS 100 ng/mL, 69 % LPS 1000 ng/mL (P<0.001); 

Figure 5.3.1.2, B) and a striking decrease in activity (92 % with LPS 100 ng/mL 

(P<0.0001), 99 % LPS 1000 ng/mL (P<0.0001); Figure 5.3.1.1, B). The activity of 

endogenous antioxidant superoxide dismutase (SOD) was significantly impaired with 

LPS treatment (27 % with LPS 100 ng/mL (P<0.01), 48 % LPS 1000 ng/mL 

(P<0.0001); Figure 5.3.1.1,  B), while LPS treatment resulted in no change in SOD2 

mRNA transcript levels (Figure 5.3.1.2, A).  



190 

Figure 5.3.1.1 Effect of LPS on Brown Adipocyte Oxidative Stress.  

ImBAT cells were differentiated with/without LPS (100 ng/mL or 1000 ng/mL) (A) Fluorescence 
intensity as representative of Total reactive oxygen species (ROS) using DCFDA dye (60µM) with or 
without oxidative agent H2O2 (75 µM)(n=12), (B) Superoxide dismutase (SOD) activity (n=3), (C) 
Catalase (CAT) activity (n=3). Data are expressed as mean ± standard error of the mean. Two-way 
ANOVA was used for comparisons in ROS assay. One-way ANOVA was used for comparisons in SOD 
and CAT assays.  **p<0.01, ****p<0.0001 compared to CTRL in absence of H2O2, ƒ p<0.05, ƒƒ p<0.01, 
ƒƒƒ p<0.001, compared to H2O2-treated CTRL, #### p<0.0001 compared to LPS100 in absence of 
H2O2, ×××p<0.001, ××××p<0.0001 compared to LPS1000 in absence of H2O2. CTRL; control. 

Transcript levels of other endogenous antioxidants were investigated including PRDX, 

Gpx1 and Gpx3. The three antioxidant enzymes were reduced when differentiating 

cells with LPS at both doses, PRDX (up to 3-fold decrease, P <0.05, Figure 5.3.1.2, 

E), Gpx1 (up to 2-fold decrease, P <0.01, Figure 5.3.1.2, C), Gpx3 (up to 5-fold 

decrease, P <0.0001 Figure 5.3.1.2, D). 

Ultimately, the reduction in endogenous antioxidants caused by differentiating brown 

adipocytes with LPS compromises antioxidant defence systems and is the underlying 

cause of reduced capability to cope with oxidative stress induced by H2O2 and leading 

to higher ROS levels compared to control cells. 

S
O

D
A

c
ti

v
it

y
(u

n
it

s
)

A. B.

C.

0 10 20 30 40 50 60 70 80

4×10 4

6×10 4

8×10 4

1×10 5

Reactive Oxygen Species

Time (min)

CTRL

LPS100

LPS1000

CTRL H2O2 (+)

LPS100 H2O2 (+)

LPS1000 H2O2 (+)

###

####

####

####

####

####

#### ####
####



191 

Figure 5.3.1.2 Effect of LPS on Brown Adipocyte Antioxidants Enzymes.  

ImBAT cells were differentiated with/without LPS (100 ng/mL or 1000 ng/mL). mRNA expression 
levels of (A) SOD2 (n=3), (B) Catalase (n=3), (C) GPX1 (n=3), (D) GPX3 (n=3) and (E) PRDX (n=3). 
Data are expressed as mean ± standard error of the mean. one-way ANOVA was used for comparisons. 
*p<0.05,  **p<0.01, ***p<0.001, ****p<0.0001 Compared to CTRL. SOD2; Superoxide dismutase 2. 
Gpx1: glutathione peroxidase 1. Gpx3: glutathione peroxidase 3. PRDX: peroxiredoxin3. CTRL; 
control 

LPS Administration Resulted in Alteration in Mitochondrial Proteostasis  

Given that LPS resulted in increased ROS accumulation in response to H2O2 and 

impaired endogenous antioxidant response, the possibility of damage to mitochondrial 

protein translation was investigated. Abnormal mitochondrial proteostasis occurs as a 

result of mitonuclear protein imbalance when protein synthesis from mitochondrial 

DNA (mtDNA) is not matched by protein synthesis from nuclear DNA (nDNA). In 

this instance LPS led to adverse effects on mitochondrial protein translation, as 

evidenced by decreased absolute levels of succinate dehydrogenase complex subunit 

A (SDHA) protein (approximately 1.6-fold decrease, P<0.01) and gene expression 
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levels (approximately 1.5-fold decrease, P<0.05)(Figure 5.3.2.1, A, C1, C2) , when 

imBAT cells were differentiated with LPS. Also, LPS reduced mRNA expression 

levels of MtDNA-encoded cytochrome c oxydase subunit 1 (MT-CO1) 

(approximately 3-fold decrease maximum, P<0.01)(Figure 5.3.2.1, B), however, MT-

CO1 protein absolute variations were less obvious (Figure 5.3.2.1, D1, D2). The 

protein ratio indicated an increase of mitochondrial protein encoded by mitochondrial 

DNA (MT-CO1) versus nuclear DNA-encoded mitochondrial protein (SDHA), 

although this increase was not significant (Figure 5.3.2.1, E). As a result, LPS induces 

mitonuclear protein imbalance which possibly disturbs mitochondrial proteostasis.  
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Figure 5.3.2.1 Mitochondrial Protein Abundance (Denoted by Mitochondrial MT-CO1 to Nuclear 
SDHA Protein Ratio) in imBAT following Differentiation with/without LPS (100 ng/mL, 1000 
ng/mL).  
mRNA expression levels of (A) SDHA (n=3), (B) MT-CO1 (n=3). Western blot membrane images of 
(C1) SDHA and loading control GAPDH, (D1) MT-CO1 loading control GAPDH. Densitometry of 
absolute levels of SDHA (C2) and MT-CO1 (D2). (E) Densitometry of relative levels of mitochondrial 
MT-CO1 to nuclear SDHA protein. Data are expressed as fold change from control, and bars represent 
means ± standard error of the mean. Two-way ANOVA was used for comparisons.  **p<0.005, 
compared to CTRL. CTRL; control. SDHA; Succinate dehydrogenase complex subunit A, MT-CO1; 
MtDNA-encoded cytochrome c oxydase subunit 1. GAPDH; glyceraldehyde-3-phosphate 
dehydrogenase. 

LPS Administration Resulted in Deterioration in Mitochondrial 

Dynamics 

LPS appears to reduce mitochondrial dynamic indicators evidenced by investigations 

on both gene expression and protein levels. In this context, the expression of genes 

associated with mitochondrial fission were reduced, including Dynamin-1-like protein 
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(DRP1; 3.2-fold decrease; P<0.001, Figure 5.3.3.1 A) and Mitochondrial fission 1 

(FIS1; 1.8-fold decrease; P<0.01 Figure 5.3.3.1 B) when differentiating imBAT cells 

with LPS. Similarly, genes associated with mitochondrial fusion including Mitofusin 

2 (MFN2; 2.4-fold decrease; P<0.001, Figure 5.3.3.1 D) and mitochondrial dynamin 

like GTPase (OPA1; 3-fold decrease; P <0.05, Figure 5.3.3.1 C) were reduced when 

differentiating imBAT cells with LPS.

Figure 5.3.3.1 Effect of LPS on Genes Involved in Mitochondrial Dynamics in Brown Adipocytes.  

ImBAT cells were differentiated with/without LPS (100 ng/mL or 1000 ng/mL). Mitochondrial fission 
genes: DRP1 gene expression levels (A) and FIS1 gene expression levels (B). Mitochondrial fussion 
genes: OPA1 gene expression levels (C)  and MFN2 gene expression levels (D). Data are expressed as 
a mean of fold change from control cells. Bars represent means ± standard error of the mean. *p<0.05, 
**p<0.01, *** p<0.001, **** p<0.0001 compared to CTRL. One-way ANOVA was used for 
comparisons. CTRL; control. MFN2: Mitofusin 2; OPA1: mitochondrial dynamin like GTPase; DRP1: 
Dynamin-1-like protein; FIS1: Mitochondrial fission 1 protein. 

These changes in gene expression were accompanied by alterations in proteins 

associated with mitochondrial dynamics. Investigations of phosphorylated 

mitochondrial fission protein p-DRP1 showed a reduction (1.2-fold decrease; Figure 

5.3.3.2 A A1) in imBAT cells differentiated with LPS as well as both forms of 

mitochondrial fusion proteins: OPA1 (long OPA1 (L-OPA1) and short OPA1 s-OPA1) 

(3.4-fold decrease; P<0.01 Figure 5.3.3.2 B2 B3). However, the ratio between L-

OPA1/S-OPA1 did not change Figure 5.3.3.2, B1. 
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Figure 5.3.3.2 Effect of LPS on Proteins Involved in Mitochondrial Dynamics in imBAT.  

ImBAT cells were differentiated with/without LPS (100 ng/mL, 1000 ng/mL). Mitochondrial 
dynamics-associated protein expression and densitometry including fission protein DRP1 (A, A1) and 
fusion protein OPA1 (B, B1, B2, B3) in imBAT cells. (A) Image of p-DRP1, total-DRP1 and loading 
control GAPDH Western blot membranes. (B) Image of L-OPA1, S-OPA1 and loading control GAPDH 
Western blot membranes. Results are expressed as a mean of fold change from control cells.  Bars 
represent means ± standard error of the mean. **p<0.01, compared to CTRL. One-way ANOVA was 
used for comparisons. CTRL; control. P-DRP1: phosphrylated Dynamin-1-like protein; DRP1: 
Dynamin-1-like protein; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; OPA1: mitochondrial 
dynamin like GTPase. L-OPA1: long OPA1; S-OPA1, short OPA1. 
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LPS Administration Resulted in Alteration in Expression of Genes 

Associated with Mitochondrial Biogenesis and Oxidative Phosphorylation 

and Other Important Functions 

Following the investigation of LPS on mitochondrial dynamics, the impact of LPS on 

transcript levels of genes associated with a range of mitochondrial functions 

(biogenesis, oxidative phosphorylation, uncoupling and general mitochondrial 

capacity) was investigated in brown adipocytes.  

Mitochondrial biogenesis is the process through which mitochondria merge (become 

larger through fusion) and divide (become smaller through fission) to produce new 

mitochondria, conserving function and disposing of faulty mitochondrial DNA. 

Mitochondrial biogenesis is regulated by multiple genes and adequate execution of 

mitochondrial biogenesis protects mitochondrial DNA quality and function. The 

expression of genes involved in mitochondrial biogenesis was lower when 

differentiating the brown adipocytes with LPS compared to control cells. This was the 

case for tested genes including DNA polymerase gamma (POLG; 1.72-fold decrease; 

P<0.01, Figure 5.3.4.1, A), transcription factor A (TFAM; 4.3-fold decrease; P<0.001, 

Figure 5.3.4.1, B) and nuclear respiratory factor 1 (NRE1; 10-fold decrease; P<0.0001, 

Figure 5.3.4.1, C). Gene expression levels of LPS-treated adipocytes are shown in 

Figure 5.3.4.1, as fold-change relative to control cells.  
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Figure 5.3.4.1 Effect of LPS on Genes Involved in Mitochondrial Biogenesis in Brown Adipocytes.  

ImBAT cells were differentiated with/without LPS (100 ng/mL or 1000 ng/mL). (A) POLG gene 
expression levels. (B) TFAM gene expression levels. (C) NRF1 gene expression levels. Data are 
expressed as a mean of fold change from control cells. Bars represent means ± standard error of the 
mean. *p<0.05, **p<0.01, *** p<0.001, **** p<0.0001 compared to CTRL. One-way ANOVA was 
used for comparisons. CTRL; control. POLG; DNA polymerase gamma, catalytic subunit. TFAM; 
transcription factor A, mitochondrial. NRF1; nuclear respiratory factor 1.

The expression of mRNA levels of genes involved in oxidative phosphorylation 

(OXPHOS), the primary pathway in mitochondria for energy production in the form 

of ATP, was investigated. These include oxidase subunit 4 isoform 1 (COX4I1), 

Cytochrome c, ATP synthase subunit 8 (ATP8) and NADH dehydrogenase subunit 1 

(ND1). Differentiating imBAT cells with LPS reduced gene expression of all tested 

genes with ≈ 1.5-fold decrease in COX4I1 (P<0.01, Figure 5.3.4.2, A) and 

Cytochrome c (Figure 5.3.4.2, B), 6.6-fold decrease in ATP8 (P<0.05, Figure 5.3.4.2, 

C), and 2-fold decrease (P<0.05) in ND1 (Figure 5.3.4.2, D). This reduction of 

expression level of these OXPHOS genes when differentiating brown adipocytes with 

LPS indicates impaired oxidative capacity which is closely linked to insulin actions 

(646). 
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Figure 5.3.4.2 Effect of LPS on Genes Involved in Mitochondrial Oxidative Phosphorylation in 
Brown Adipocytes. 

ImBAT cells were differentiated with/without LPS (100 ng/mL or 1000 ng/mL). (A) COX4I1 gene 
expression levels. (B) Cytochrome c gene expression levels. (C) ATP8 Synthase gene expression levels. 
(D) ND1 gene expression levels. Data are expressed as a mean of fold change from control cells. Bars 
represent means ± standard error of the mean. *p<0.05, **p<0.01, *** p<0.001, **** p<0.0001 
compared to CTRL. One-way ANOVA was used for comparisons. CTRL; control. COX4I1; oxidase 
subunit 4 isoform 1. ATP8; ATP synthase subunit 8. ND1; NADH dehydrogenase subunit 1.  

In addition, the expression of genes required for other basic mitochondrial functions 

were investigated. Therefore, the expression of Carnitine palmitoyltransferase 1B 

(CPT1β) which mediates mitochondrial fatty acid oxidation, the major contribution 

for thermogenesis, and citrate synthase (CS), the key enzyme of oxidative metabolism 

and Krebs Cycle were determined. The expression of both CS and CPT1β was 

significantly reduced when imBAT cells were differentiating with LPS with 14-fold 

decrease for CPT1β (Figure 5.3.4.3, B) and 3.8-fold decrease for CS (Figure 5.3.4.3, 

A). This means reduced capacity for oxidative phosphorylation in LPS-treated brown 

adipocytes.
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Figure 5.3.4.3 Effect of LPS on Genes Involved in Other Mitochondrial Function in Brown 
Adipocytes.  

ImBAT cells were differentiated with/without LPS (100 ng/mL or 1000 ng/mL). (A) CS gene 
expression levels. (B) CPT1β gene expression levels. Data are expressed as a mean of fold change from 
control cells. Bars represent means ± standard error of the mean. *p<0.05, **p<0.01, *** p<0.001 
compared to CTRL. One-way ANOVA was used for comparisons. CTRL; control. CS: citrate synthase. 
CPT1β: carnitine palmitoyltransferase 1B

Effect of LPS on Mitochondrial Bioenergetics 

A 78 % reduction in mitochondrial copy number was revealed when brown adipocytes 

were differentiated with LPS (P<0.05, Figure 5.3.5.1, C). To understand the 

implications of differentiating brown adipocytes with LPS on mitochondrial function, 

a Seahorse extracellular flux analyser was used to measure basal oxygen consumption 

rate (OCR) in live cells as an indicator of aerobic respiration in live cells. Higher OCR 

levels indicate that cells are preferentially producing ATP through oxidative 

phosphorylation, the more efficient form of energy production. Also, using a confocal 

microscope, live cell imaging was undertaken to assess mitochondrial membrane 

potential. Prior to imaging, cells were incubated with MitoTracker Green FM (MTG) 

and MitoTracker Red CMXRos (MTR), which stain mitochondria independent of and 

dependent on membrane potential, respectively. Relative intensity (MTR/MTG) of 

these stains was then used as a measure of mitochondrial polarization. 

As shown in Figure 5.3.5.1, A1, A2 LPS altered the OCR and led to 44 % overall 

reduction in basal respiration in imBAT cells (P<0.0001). It also decreased CL-

induced OCR respiration in these cells (Figure 5.3.5.1,.E) Analysing normalized OCR 

m
R

N
A

C
S

/L
1

9
(F

o
ld

C
h

a
n

g
e

)

m
R

N
A

C
P

T
1

/L
1

9
(F

o
ld

C
h

a
n

g
e

)



200 

results following application of mito-stress test chemicals provided information on 

aspects of mitochondrial function, as described in Figure 5.3.5.1, A1. 

LPS treatment reduced spare respiration capacity, an indicator of long-term cellular 

survival and function, by 58.9 % relative to control. ATP production (Figure 5.3.5.1, 

A5) was reduced but without impaired bioenergetic efficiency (data not shown). 

Interestingly, proton leak (Figure 5.3.5.1,A4) and mitochondrial membrane potential 

(Figure 5.3.5.1, B1, B2) were reduced by LPS treatment (demonstrated by fading of 

the MTR signal while the MTG signal remained intense in Figure 5.3.5.1, B1), 

indicating that reduced mitochondrial uncoupling is not related to mitochondrial 

efficiency.  

A summary of the results obtained on the effect of treatments on mitochondrial 

dysfunction is provided in Table 5.3.5.1, indicating that LPS induces mitochondrial 

dysfunction. 
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Figure 5.3.5.1 Effect of LPS on Basal Mitochondrial Bioenergetics in Brown Adipocytes.  

ImBAT cells were differentiated with/without LPS (100 ng/mL or 1000 ng/mL) (A1) Time-lapse of aerobic capacity as measured by oxygen consumption 
rate (OCR) during a seahorse mitochondria stress test in which pharmacological inhibitors oligomycin (oligo), carbonyl cyanide p-trifluoromethoxy-
phenylhydrazone (FCCP) and a combination of rotenone (Rot) & antimycin A (Anti A) were added sequentially, as indicated. (A2) Basal oxygen consumption 
rate (OCR), (A3) Spare respiratory capacity (SRC), (A4) proton leak, (A5) ATP-production.  (B1). Representative confocal microscopies images of live cells 
of control (left panel) and LPS-treated brown adipocytes (right panel) brown adipocyte stained with MitoTracker Green FM (125 nM) and MitoTracker Red 
CMXRos (250 nM). Images are shown at 40x magnification, (B2) mitochondrial membrane potential (MMP; expressed as relative fluorescence signal)
calculated through confocal microscopy analysis of fluorescence intensity of MTR/MTG (n=70) and plotted relative to control, (C) mitochondrial DNA copy 
number in imBAT (D) ATP abundance. (E) Time-lapse of aerobic capacity as measured by oxygen consumption rate (OCR) under CL-treatment. Data
represent means ± standard error of the mean. *p<0.05, **p<0.01, *** p<0.001 compared to CTRL. Unpaired t test was used for comparisons. One-way 
ANOVA was used was used for Time-lapse seahorse assay. CTRL; control  
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Function Description Result  
Basal 
respiration 

An indicator of oxidative phosphorylation 
and oxygen consumption used to meet 
cellular ATP demand and resulting from 
mitochondrial proton leak. Shows energetic 
demand of the cell under baseline 
conditions. 

44 % reduction in 
LPS-treated cells 
relative to control 
(P<0.0001) 

Spare 
respiratory 
capacity 
(SRC) 

Indicator of the capability of the cell to 
respond to an extra energetic demand under 
stressful conditions as well as how closely 
the cell is to respiring to its theoretical 
maximum. In other words, it is the amount 
of extra ATP that can be produced by 
oxidative phosphorylation in case of a 
sudden increase in energy demand. The 
cell’s ability to respond to demand can be 
an indicator of cell fitness, flexibility, 
survival and function. 

58.9 % reduction in 
LPS-treated cells 
relative to control 
(P<0.05) 

Proton leak Remaining basal respiration not coupled to 
ATP production. Proton leak can be a sign 
of mitochondrial damage or can be used as 
a mechanism to regulate the mitochondrial 
ATP production.  
In brown adipocytes, proton leak in the 
mitochondrial inner membrane dissipate 
proton motive force as heat because of a 
high content of mitochondrial UCP1 (up to 
8 % of total mitochondrial protein) (647). 

32 % reduction in 
LPS-treated cells 
relative to control 
(P<0.001) 

ATP 
production 

The decrease in oxygen consumption rate 
upon injection of the ATP synthase 
inhibitor oligomycin represents the portion 
of basal respiration that was being used to 
drive ATP production. Shows ATP 
produced by the mitochondria that 
contributes to meeting the energetic needs 
of the cell. 

55 % reduction in 
LPS-treated cells 
relative to control 
(P<0.001) 

Table 5.3.5.1 Summary of Mitochondrial Characteristics following LPS Treatment.  
Basal respiration, Spare respiratory capacity, Proton leak and ATP production were all assessed in 
imBAT cells following differentiation with/without LPS (100 ng/mL). 

Effect of LPS on Global Mitochondrial Transcriptome through TLR4 

In the previous Chapter, RNA-sequencing was performed to explore a wide range of 

LPS-effects and identify TLR4 receptor involvement in LPS actions on wild type and 

TLR4 knockout brown adipocytes. To perform RNA-seq, brown adipocytes were 

grown and differentiated with/without LPS (100 ng/mL), followed by RNA extraction 
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and RNA analysis as described earlier (Chapter 4). Gene ontology (GO) analysis was 

performed by submitting the top 500 up-/down-regulated DEGs to DAVID (at 

adjusted P-value <0.05). When searching for all GO terms containing the word 

“mitochondria” in all the GO outcomes (only GO with adjusted P-value <0.05 were 

considered), nine associated GO terms were defined, all of which were associated with 

top 500 significantly down regulated DEGs and shown in Table 5.3.6.1. GO:0005739 

which refers to mitochondrion cellular component had the highest percentage with 115 

significantly repressed genes (23.7 % of total genes in the list). All of these 

mitochondrial associated GO terms were associated with cellular component terms 

apart from mitochondrion organization which belongs to biological process terms. In 

contrast, for analysis of TLR4ko.BAT, only one term (GO:0005739: mitochondrion) 

appeared in the search and was significantly enriched in response to LPS. It was 

associated with downregulated DEGs, but to a much lower extent than wt.BAT (Table 

5.3.6.1).  

Wt.BAT 

GO GO Description 
Count 
DEGs 

%DEGs 
Adjusted P-
value 

GO:0005739 mitochondrion 115 23.711 8.20504E-23

GO:0005743 mitochondrial inner membrane 45 9.2784 3.28536E-16

GO:0005759 mitochondrial matrix 18 3.7113 8.46401E-05

GO:0031966 mitochondrial membrane 10 2.0619 0.01402986

GO:0042645 mitochondrial nucleoid 7 1.4433 0.014613056

GO:0005750 mitochondrial respiratory chain complex 
III 

4 0.8247 0.025936507

GO:0007005 mitochondrion organization 10 2.0619 0.012133365

TLR4ko.BAT 
GO:0005739 mitochondrion 51 14.912 0.001272359

Table 5.3.6.1 Enriched Gene Ontology Terms Associated with “Mitochondria”. 

To further investigate the overall LPS effect on mitochondrial gene expression, 

mitochondrial gene sets with important aspects of mitochondrial biology were defined 

by searching for all gene ontology terms containing the word “mitochondria”/ 

“respiration” on GO-terms outcome (resulted from submitting all top 1000 altered 

genes together (500up+500down)) and plotting the associated DEGs using the 

heatmapper online tool (as outlined in Methods of Chapter 4). 
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The effect of LPS is evident in all figures of wt.BAT including effects on genes 

associated with mitochondrial respiratory function (Figure 5.3.6.1), mitochondrial 

biological processes (Figure 5.3.6.2) and mitochondrial membrane associated genes 

(Figure 5.3.6.3). Conversely, the LPS effect is almost negligible on TLR4ko.BAT 

which indicates that TLR4 mediates the majority of LPS actions on mitochondrial 

genes. 

Twenty-two genes were included in assessment of mitochondrial respiratory function, 

and 77.2 % of these genes were significantly downregulated by LPS treatment (Figure 

5.3.6.1). FOXRED1, (FAD dependent oxidoreductase domain containing 1), which 

functions as a chaperone protein required for the function of mitochondrial complex I, 

was among the genes repressed by LPS (log2FoldChange = -0.67, adjusted P-value 

<0.05). FOXRED1 was not significantly affected by LPS in TLR4ko.BAT. 

Thirty three genes were included in assessment of mitochondrial biological processes, 

and 93.9 % of these genes were significantly downregulated by LPS treatment (Figure 

5.3.6.2). This list included genes vital for mitochondrial function with UCP1, the main 

thermogenesis factor, at the top of the down regulated genes (log2FoldChange = -5.83, 

adjusted P-value <0.05), as well as PGC1α, the master regulator of UCP1 (Ppargc1a, 

log2FoldChange = -1.49, adjusted P-value <0.05). Chchd10, coiled-coil-helix-coiled-

coil-helix domain containing 10, was also reduced by LPS (log2FoldChange = -1.57, 

adjusted P-value <0.05). Chchd10 encodes a mitochondrial protein that is enriched at 

cristae junctions in the intermembrane space and plays a role in cristae morphology 

maintenance and oxidative phosphorylation. Genes that regulate mitochondrial 

dynamics were also affected, including fusion genes MFN2 (log2FoldChange = -0.51, 

adjusted P-value <0.05) and OPA1 (log2FoldChange = -0.42, adjusted P-value <0.05). 

None of these genes were significantly altered by LPS in TLR4ko.BAT. 
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Figure 5.3.6.1 Heatmaps from RNA-Sequencing for Genes Associated with Mitochondrial 
Resperatory Function in wt.BAT cells (left panel) and TLR4ko.BAT cells (right panel) 

Rows represent the different genes and each column represents a sample. For the relative gene 
expression level of each sample a different colour of the red-green scale is assigned. green represents 
an expression level above the mean, red colour represents expression below the mean.
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Figure 5.3.6.2 Heatmaps from RNA-Sequencing for Genes Associated with Mitochondrial 
Bilogical Processes in wt.BAT cells (left panel) and TLR4ko.BAT cells (right panel) 

Rows represent the different genes and each column represents a sample. For the relative gene 
expression level of each sample a different colour of the red-green scale is assigned. green represents 
an expression level above the mean, red colour represents expression below the mean.

Eighty-six genes were included in the assessment of mitochondrial membrane function 

and 82.4 % of these genes were significantly downregulated by LPS treatment as in 

Figure 5.3.6.3. CYP27A1, cytochrome P450 family 27 subfamily A member 1, 

encodes a member of the cytochrome P450 superfamily of enzymes, and was inhibited 

by LPS in wt.BAT cells (log2FoldChange = -2.88, adjusted P-value <0.05). CYP27A1 

is involved in overall cholesterol homeostasis and its impaired levels by LPS could 

indicate increased risk of obesity and diabetes complications. Pdk4, pyruvate 

dehydrogenase kinase 4, which contributes to the regulation of glucose metabolism, 

was also reduced (log2FoldChange = -1.98, adjusted P-value <0.05). LPS did not 

significantly impact either CYP27A1 or Pdk4 in the absence of TLR4. 

Next, oxidative phosphorylation (OXPHOS), the primary role of the mitochondria, 

was investigated. OXPHOS is the culmination of a series of energy transformations 

that generate most of the living cell's ATP from food, known as cellular respiration 

(648). OXPHOS was one of the significantly enriched KEGG pathways associated 

with downregulated genes Figure 4.3.4.1 in Chapter 4. To understand, in more detail, 

the effects of LPS on transcriptional regulators of oxidative phosphorylation, the 
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illustration charts below were plotted using the Pathview online tool (Figure 5.3.6.4, 

Figure 5.3.6.5).  

This current data highlights (Figure 5.3.6.4) that overall genes involved in 

transcription of ETC complexes were reduced by LPS in wt.BAT. For instance:  

 Ubiquinone oxidoreductase subunit A13 (NDUFA13) which is required for 

complex I assembly and electron transfer activity (log2foldchange = -1.21, 

adjusted P-value <0.05)  

 Succinate dehydrogenase complex flavoprotein subunit A (SDHA) which 

encodes a major catalytic subunit of succinate-ubiquinone oxidoreductase, 

complex II (log2foldchange = -0.41, adjusted P-value <0.05)  

 Ubiquinol-cytochrome c reductase core protein 2 (UQCRC2) which is part of 

the ubiquinol-cytochrome c reductase complex (complex III) (log2foldchange 

= -0.58, adjusted P-value <0.05)  

 Cytochrome c oxidase subunit 6A2 (COX6A2) which is the terminal enzyme 

of the mitochondrial respiratory chain (complex IV), catalyzes the electron 

transfer from reduced cytochrome c to oxygen (log2foldchange = -1.49, 

adjusted P-value <0.05). 

  ATPase H+/K+ transporting subunit beta (ATP4B) which belongs to a family 

of P-type cation-transporting ATPases and is a proton pump that catalyzes the 

hydrolysis of ATP coupled with the exchange of H(+) and K(+) ions 

(log2foldchange = -2.17, adjusted P-value <0.05).  

In comparison, TLR4ko.BAT cells showed minimal changes in genes associated with 
ETC complexes in terms of fold change and number of altered genes of each complex 
(Figure 5.3.6.5)
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Figure 5.3.6.3 Heatmaps from RNA-Sequencing for Genes Associated with Mitochondrial Membrane Function in 
wt.BAT cells (left panel) and TLR4ko.BAT cells (right panel) 

Rows represent the different genes and each column represents a sample. For the relative gene expression level of each 
sample a different colour of the red-green scale is assigned. green represents an expression level above the mean, red colour 
represents expression below the mean.
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Figure 5.3.6.4 Changes in Oxidative Phosphorylation Gene Expression under LPS Treatment in wt.BAT. 
 (A.) Schematic diagram of the process of oxidative phosphorylation. Boxes represent EC Numbers (Enzyme Commission: EC; numbers do not specify enzymes, but enzyme-
catalysed reactions). Red boxes represent upregulated EC and Green boxes represent downregulated EC. Grey/white boxes represent unchanged EC. 7.1.1.2 NADH: ubiquinone 
reductase (H+-translocating), 1.6.99.3: NADH dehydrogenase, 1.3.5.1: succinate dehydrogenase, 7.1.1.8: quinol-cytochrome-c reductase, 1.9.3.1: cytochrome-c oxidase, 7.1.2.2: 
H+-transporting two-sector ATPase, 7.2.2.19 H+/K+-exchanging ATPase and 3.6.1.1inorganic diphosphatase. (B.) Different genes involved in various reactions of oxidative 
phosphorylation, red boxes represent upregulated genes and green boxes represent downregulated genes.  
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Figure 5.3.6.5 Changes in Oxidative Phosphorylation Gene Expression under LPS Treatment in TLR4ko.BAT.  
(A.) Schematic diagram of the process of oxidative phosphorylation. Boxes represent EC Numbers (Enzyme Commission: EC; numbers do not specify enzymes, but enzyme-
catalysed reactions). Red boxes represent upregulated EC and Green boxes represent downregulated EC. Grey/white boxes represent unchanged EC.7.1.1.2 NADH: ubiquinone 
reductase (H+-translocating), 1.6.99.3: NADH dehydrogenase, 7.1.1.8: quinol-cytochrome-c reductase, 1.9.3.1: cytochrome-c oxidase, 7.1.2.2: H+-transporting two-sector 
ATPase, (B.) Different genes involved in various reactions of oxidative phosphorylation, Red boxes represent upregulated genes and Green boxes represent downregulated 
genes.
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Evidently, LPS downregulated ETC complexes in wt.BAT cells which will disturb the 

electrochemical gradient and eventually lead to less available ATP for the biological 

functions of the cells. Also, it raises the possibility that reduced levels of ETC complexes 

can make the complexes become easily saturated with electrons and excess electrons are 

instead pumped directly to oxygen, generating ROS, especially with accompanied 

reduction of inter-membrane proteins known as uncoupling proteins (UCPs). That is 

because UCPs play an important role in lowering this electrochemical gradient, either by 

utilizing it to produce heat (as in the case of UCP1 in brown adipose tissue which is 

reduced by LPS as indicated above) or by facilitating proton leak to prevent excess ROS 

formation (UCP2 and 3) (485,649,650). This is similar to what occurs in the obesity state 

when there is an excess supply of electrons and low oxygen utilization (high nutrient 

supply and low energy demand), but it is triggered by LPS alone in this current study.  

Altogether, these findings indicate that LPS leads to global repression of mitochondrial 

transcriptome through TLR4. 
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5.4 Discussion 

In this present chapter, it was hypothesized that LPS-TLR4 activation impairs brown 

adipocyte mitochondrial function in a similar manner to white adipocytes, leading to 

metabolic cellular dysfunction. This was following observations of LPS acting to 

attenuate both basal and CL-induced UCP1 levels with a reduction in key brown fat gene 

expression levels (outlined in previous chapters), Thus, immortalised mouse brown 

adipocytes were treated with LPS to test the direct effect on mitochondrial function. 

Several findings were established through these studies, firstly, LPS impairs 

mitochondrial bioenergetics, secondly, it also diminishes oxidative phosphorylation 

capacity and finally that LPS induces oxidative stress. These findings demonstrate that 

increased LPS levels, when delivered in vitro, can directly trigger mitochondrial damage 

and cause dysfunctional bioenergetics. As such, this has the capacity to impair the 

utilization of readily available lipids as a fuel supply of brown adipose tissue 

thermogenesis and the capacity to maintain the unique property of brown adipocytes 

mediated by UCP1 to uncouple oxidative phosphorylation from ATP synthesis to produce 

heat. This is evidenced by (1) Inhibition of mitochondrial oxidative phosphorylation at 

transcription levels (2) Reduced bioenergetic efficiency (3) Increased oxidative stress 

features. 

The key outcome of this chapter was that incubation of brown adipocytes with LPS 

through differentiation led to a reduction in oxidative phosphorylation which the cell 

would normally be primarily reliant on for energy requirements. In other words, LPS 

compromises the main mitochondrial function and ATP production.  Decreased oxidative 

phosphorylation pathway capacity was established by being one of the KEGG pathways 

associated with significantly downregulated genes in unbiased RNA-sequence analysis of 

wt.BAT cells. The importance of this finding is tied to the fact that decreased expression 

of genes encoding key enzymes in oxidative metabolism and mitochondrial function are 

also present in adipose tissue of  T2DM patients and “prediabetic” insulin resistant 

subjects (651,652); along with impaired structure and function of mitochondria 

(506,646,653–655). LPS dependant decreased expression of genes related to oxidative 

phosphorylation in wt BAT cells is also in line with obesity associated downregulation of 
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transcription levels of genes that were involved in oxidative phosphorylation in human 

white adipose tissue, which suggests that obesity can trigger such effect in BAT (650). 

Interestingly, deletion of TLR4 completely prevented LPS effects on the oxidative 

phosphorylation pathway which indicates that TLR4 is the main mediator of all actions 

of LPS on this pathway. Therefore, the LPS-TLR4 pathway could represent a target to 

investigate for preventing deleterious LPS effects on mitochondria and ultimately obesity 

complications.  

Secondly, reduced bioenergetic efficiency was evidenced by attenuated basal and CL-

stimulated oxygen consumption rate, uncoupled respiration from proton leak, maximal 

respiration and ATP-coupled respiration. Real-time measurements of oxygen 

consumption rate were assessed by Seahorse XF-bio analyser in live cells and followed 

by calculations to measure different aspects of mitochondrial function including spare 

respiration capacity, ATP production and proton leak. This inadequacy of mitochondrial 

bioenergetic could be explained by deteriorated mitochondrial membrane potential or 

uncoupling action. Mitochondrial membrane potential was measured by analysing images 

obtained by confocal microscopy. This data of reduced bioenergetics efficiency in LPS-

treated BAT cells through differentiation can be put in context with previous studies 

stating that basal oxygen consumption per gram of adipose tissue being found to be higher 

in lean subjects than in obese subjects (656), and the maximal respiration rates of 

mitochondria and mitochondrial respiration being negatively correlated with body mass 

index (BMI) values (657,658), which could ultimately mean LPS triggers these actions 

on mitochondrial bioenergetic in obesity in adipose tissue.  

In addition, in the current study LPS mediated suppression of transcription of 

mitochondrial biogenesis genes could explain TLR4-mediated LPS downregulation of 

UCP1 as there was a reduction in mRNA of biogenesis mitochondrial genes including 

PGC-1α which coactivates the transcription factor PPARγ which stimulates the promoters 

of target genes, such as UCP1 (77,143). However, it has been reported that LPS activation 

of TLR4 did not lead to changes in mitochondrial biogenesis genes including nuclear 

respiratory factor 1 (NRF-1) and transcription factor A (TFAM), and two nuclei encoded 

mitochondrial genes, cytochrome c oxidase subunit IV a (Cox4a) and cytochrome b-c1 

complex subunit 6 (Uqcrh) (344). This difference in the effect of LPS effect can be a result 
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of duration of LPS treatment; previous investigations applied acute LPS treatment on 

differentiated brown adipocytes for 12–15 hours, while in this study LPS treatment was 

chronic and the brown adipocytes were differentiated with LPS from day one. 

Moreover, in this chapter, application of LPS throughout differentiation of wt.BAT cells 

resulted in sustained conditions of oxidative stress and down-regulation of antioxidant 

enzyme transcription in tandem with decreased mitochondrial number. In fact, LPS 

compromised antioxidant defence systems represented by different antioxidant enzymes 

and was the underlying cause of reduced capability to cope with oxidative stress induced 

by H2O2 and leading to higher ROS levels compared to control cells. Indeed, LPS-induced 

oxidative stress as well as LPS-mediated impairment of transcription of mitochondrial 

biogenesis genes are possibly the reason behind the observed decrease in mitochondrial 

number. That is because sustained conditions of high mitochondrial oxidative stress and 

further increased ROS production are known to compromise mitochondrial DNA quality 

and adversely impact general mitochondrial function and insulin signalling (480,485,659), 

and in this instance either through defective protein translation, redox signalling or some 

other unknown mechanism resulted in the metabolic phenotype observed. Further 

research is required to elucidate this interaction, and specifically the relationship between 

LPS and brown adipose mitochondria and thermogenesis.  

In summary, this study provides direct, a novel mechanism where by increasing weight 

gain, which changes adipose tissue function, may cause BAT mitochondrial dysfunction 

due to Gut-derived LPS induced inflammation. Also, LPS mediates downregulation of 

UCP1 expression with mitochondrial dysfunction including reduced mitochondrial 

oxidative phosphorylation and mitochondrial biogenesis, leading to suppressed 

mitochondrial respiration in immortalized brown adipocytes, and may initiate and/or 

exacerbate the metabolic syndrome. These results suggest that LPS-mediated 

inflammation in brown adipocytes and lowering LPS levels in circulation (either through 

diet, pharmacotherapy and/or surgery) may be potential therapeutic targets to modulate 

BAT function for obesity treatment and prevention, and warrant further investigation.  
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Chapter 6. Lipopolysaccharide Reduces the Browning Process 

in Human Adipocytes 
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6.1 Introduction 

Beige (brown-in-white) adipocytes, which have a brown phenotype yet present in WAT, 

are formed through the browning process which is induced following a response to cold 

adaptation or other stimuli (93). The formation of beige adipocytes occurs in parallel with 

increased production of healthy mitochondria, via mitochondrial biogenesis, and constant 

fusion and fission to maintain their shape, distribution and size in order to function 

optimally and carry out quality control processes (197,660,661). Transcriptional 

regulation plays an important role in managing mitochondrial biogenesis and dynamics, 

with key proteins involved in these processes highly regulated at the transcriptional level 

(470,481,662,663). Beige phenotype stimulation is an interesting subject because of the 

widespread prevalence of obesity and its related diseases; it can aid weight loss and reduce 

morbidity risk by encouraging energy dissipation rather than energy storage. In this 

context, many studies demonstrate that obese individuals have reduced BAT/ beige 

compared with their lean counterparts (205–207,664). Studies have detailed that higher 

content of BAT/beige is correlated with improved insulin sensitivity in both humans and 

animal models (207,214–216,664,665), with BAT glucose uptake rates highly reduced in 

obese individuals compared with healthy individuals (213). BAT transplantations have 

supported this evidence in mice, whereby transplant models that increase BAT mass also 

improve glucose metabolism, increase insulin sensitivity, and reduce adiposity and body 

mass (218–221).  

Despite these prior studies highlighting that the beige phenotype is reduced in obesity, 

and that this is associated with many negative health impacts, there is limited 

understanding as to the mechanism behind it. It is suggested that a combination of high 

ambient temperature, leptin receptor deficiency, β-adrenergic signalling impairment, and 

lipase deficiency contribute to chronic inflammation and brown adipocyte death observed 

in obesity (348). Further studies show inflammatory mediators impact the function of 

BAT, e.g. TNFα inducing insulin resistance, and pro-inflammatory cytokines from 

macrophages suppressing the thermogenic activity of BAT (313–315,319). Therefore, 

these aforementioned studies indicate it would be important to consider the direct impact 

of inflammatory mediators on the beige phenotype. For instance, LPS triggers chronic 
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inflammation in adipocytes which represents a potential mechanism to impair the 

browning process as it is prevalent in obese individuals and dysfunctional adipocytes 

themselves contribute to this inflammation (666). As mentioned earlier, LPS enters the 

bloodstream in the obese state because of an abnormal permeability of the gut wall, known 

as ‘leaky gut’, causing induction of a persistent inflammatory state and secretion of 

inflammatory cytokines. In fact, consumption of one high fat meal is enough to increase 

serum LPS (461,464,667,668). Data from the study of mouse adipocytes in the previous 

chapters of this thesis showed a direct effect of LPS on impairing brown adipocyte 

function. Furthermore, it has been reported that LPS-induced TLR4 activation prevents 

WAT browning (669), however this study only investigated cAMP-induced browning 

with no use of browning agents such as rosiglitazone. In line with this, LPS-binding 

protein (LBP), which facilitates the binding of LPS to its receptor TLR4, has been 

identified as a negative regulator of the browning process (429), providing further 

evidence that the LPS pathway may be responsible for the reduced beige phenotype in 

obese individuals. These previous investigations into the impact of LPS on adipocyte 

browning have neglected to assess the direct impact of LPS on the browning capacity of 

white adipocytes in vivo and in vitro, especially in humans. Such research will provide 

information about impairments in the ability of brown adipocytes to provide protection 

against obesity and disease. 

Thus the next step in this thesis was to investigate the effect of LPS on the browning 

process utilising both in vitro and in vivo human data. In addition, addressing 

mitochondrial biogenesis and dynamics at the transcriptional level in response to LPS to 

provide insight into the impact on beige cells and their mitochondrial health. The specific 

aims of the study were to:  

1. Investigate the difference in expression levels of brown fat genes in lean, overweight 

and obese cohorts as well as the correlation between the expression of brown fat genes 

and inflammatory/mitochondrial genes within these cohorts. 

2. Study the impact of LPS on the beige genotype in mouse and human white adipocytes 

following stimulation with a browning agent.  
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3. Determine the impact of LPS on mitochondrial gene expression in the beige genotype 

of mouse and human adipocytes, and examine the relationship between serum LPS and 

both mitochondrial genes and brown fat genes. 
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6.2 Methods 

Ethics and Study Design 

Women participants (n=128; BMI: 17.6 – 47.7 kg/m2, age: 18-46) undergoing elective, 

non-emergency abdominal surgeries at University Hospital Coventry and Warwickshire 

(UHCW), Coventry, UK, were recruited to take part in this study. All participants were 

non-diabetic, pre-menopausal, Caucasian women; any subjects taking thiazolidinediones 

or other medication known to affect mitochondrial function were excluded. Adipose tissue 

biopsies from abdominal subcutaneous (Sc) and omental (Om) fat depots were obtained, 

alongside serum samples.  

This study was approved by the Ethics Committee of the University Hospital Coventry 

and Warwickshire NHS Trust Research and Development Department, Number 

SK06/9309. All participants in the study provided written and informed consent in 

accordance with the Declaration of Helsinki and had adipose tissue collected at University 

Hospital Coventry and Warwickshire NHS Trust. 

Blood Biochemistry and Anthropometry 

Biochemical and anthropometric measurements were performed at the time of surgery. 

Fasted blood samples were collected, aliquoted and stored at -80 oC until assayed. Serum 

glucose, HbA1c, insulin and lipids were determined at George Eliot Hospital laboratory. 

Height (cm), weight (kg) and body fat mass data were also collected. 

Primary Human Pre-Adipocyte Isolation  

Abdominal and subcutaneous adipose tissue was digested with collagenase to isolate pre-

adipocyte cells, as previously described (670). Sterile conditions in a category 2 tissue 

culture room were used and to minimise lysis of fat the procedure was carried out as soon 

possible after collecting the adipose tissue (within 1 hour). Between 3 cm3 and 10 cm3 of 

WAT was placed in a 50 mL centrifuge tube containing 10 mL collagenase (mL, 

Worthington, UK), pre-warmed to 37 °C. The WAT was cut with sterile scissors until the 

fat pieces were no bigger than 2 mm in diameter. The centrifuge tube was placed in a rack 
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in a shaking water bath at 37 °C for 30 minutes and shaken vigorously by hand at 10 

minute intervals to form a smooth lipid and collagenase mixture. This mixture was filtered 

through sterile cotton mesh into a sterile 50 mL centrifuge tube and centrifuged at 2000 

rpm for 5 minutes. The supernatant was discarded then the pellet containing preadipocytes 

was resuspended in 5 mL lysis buffer, incubated at room temperature for 5 minutes and 

then centrifuged at 2000 rpm for 5 minutes. The supernatant was discarded and the 

remaining pellet was resuspended in 5 mL primary adipocyte growth media and 

transferred to a 75 cm2 tissue culture flask (T75) (corning, UK) containing 15 mL primary 

adipocyte growth media that had been pre-incubated in a 37 °C, 5 % CO2 humidified 

incubator for 15 minutes. The flask was labelled and stored in a 37 °C, 5 % CO2

humidified incubator and the media was changed every 48 hours. 

Primary Human Pre-Adipocyte Differentiation and Treatment 

Isolated human primary preadipocytes were grown until 80 % confluent in culture flasks 

(T75) (corning, UK) in growth media DMEM/F12 (#11039-021, Gibco, The UK) which 

contains 10 % FBS (#s1810-500, Biowest), 1 % Penicillin/streptomycin (#10378-016, 

Invitrogen), 1 % L-Glutamine (#25030-081, Gibco), Fibroblast growth factor-basic (FGF-

basic), recombinant human 5 ng/mL (#VXPHG0026, Fisher Scientific), Transferrin 10 

ng/mL (#VX0030124SA, Fisher Scientific). This growth media was changed every other 

day. 

At 80 % confluency, cells were washed with sterile phosphate buffered saline (PBS) pre-

warmed to 37 °C and incubated with 5 mL 0.05 % trypsin – EDTA (#25300-062, Life 

Technologies) for 5 minutes. Cells were then seeded on to gelatin-coated 12-well plates 

(Corning) at 4000 cells/cm2 with 2 mL primary adipocyte growth media in each well. 

Growth media was changed every 48 hours until 100 % confluence. Two days post 

confluence, cells were treated with differentiation media for 6 days with media change 

every other day. LPS (100 ng/mL, E. Coli O55:B5, Sigma#L6529) was added to the 

relevant wells at this step. The differentiation media DMEM/F12 (#11039-021, Gibco, 

The UK) was supplemented by 3 % FBS (#s1810-500, Biowest), 1 % 

Penicillin/streptomycin (#10378-016, Invitrogen), 5 µg/mL insulin (#I2643, SIGMA-

ALDRICH, UK), 1 nM Triiodo-L-thyronine  (#T6397, SIGMA-ALDRICH, UK), 2 µM 
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rosiglitazone (#71740, Cayman Chemical, Cambridge, UK), 0.25 mM 3-Isobutyl-1-

methylxanthine (#I5879, SIGMA-ALDRICH, UK), 500 nM Dexamethasone (#D4902, 

SIGMA-ALDRICH, UK), 1.7 mM Pantothenate (#P5155, Sigma-Aldrich, UK), 3.3 mM 

Biotin (#B4639, Sigma-Aldrich, UK). 

Cells were then treated with nutrition media for 8 days with media change every other 

day. LPS continued to be added to the relevant wells at this step. The nutrition media 

DMEM/F12 (#11039-021, Gibco, The UK) was supplemented by 3 % FBS (#s1810-500, 

Biowest), 500 nM Dexamethasone (#D4902, SIGMA-ALDRICH, UK), 1.7 mM 

Pantothenate (#P5155, Sigma-Aldrich, UK), 3.3 mM Biotin (#B4639, Sigma-Aldrich, 

UK). No Penicillin/streptomycin were added at this step. 2 µM rosiglitazone (#71740, 

Cayman Chemical, Cambridge, UK) was added only to the relevant wells and removed 

completely 72 hours prior to harvesting. 

RNA Isolation  

For adipose tissue, 100 mg of frozen tissue was homogenised in 1 mL TRI Reagent® 

(#T9424 Sigma-Aldrich, UK). For cell culture, cells were washed with PBS and lysed in 

1 mL of TRI Reagent. Samples were then processed for RNA extraction and 

quantification followed by cDNA Synthesis and qRT-PCR as described in methods 

section (Chapter 2). 

Statistical Analysis 

Statistical analyses were performed using the SPSS 21.0 software and GraphPad Prism 

7.04. Data were examined for normality according to the D'Agostino & Pearson normality 

test. Visual inspection of the data histograms, normal Q-Qplots and box plots was 

examined, with skewness and kurtosis z-values accepted at (-1.96-1.96) (Carmer,1998; 

Cramer& Howitt,2004, Doane &Seward, 2011). Comparisons of cohorts with different 

BMIs were performed via one-way ANOVA (if parametric) or Kruskal–Wallis test (if 

non-parametric) followed by Tukey's (if parametric) or Dunn's (if non-parametric) 

multiple comparisons test to define significant differences between individual groups. For 

Pearson correlation analyses, data were log-transformed prior to analysis if non-
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parametric. Two-way ANOVA, followed by Tukey’s multiple comparison test, was 

performed for all comparisons between different cell culture treatments. P-values of <0.05 

were considered statistically significant. Data are reported as mean ± standard deviation 

(SD) with statistical differences compared to control indicated with *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001 unless otherwise specified. 
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6.3 Results 

Anthropometric and Metabolic Variables for Study Participants 

Clinical, anthropometric and biochemical data collected for lean (n=44), overweight 

(n=49) and obese (n=37) cohorts are shown in Table 6.3.1.1.  

HDL was significantly decreased in both overweight (p<0.05) and obese (p<0.01) cohorts 

compared to lean. Insulin was significantly increased in overweight (p<0.01) and obese 

(p<0.001) cohorts compared to lean. 

Lean Overweight Obese 

n 44 49 37 

Age, years 32.1±0.8 31.5±0.1 31.2±1 

BMI 22.2±1.9 27.4±1.3*** 35.3±4.7*** ƒƒƒ 

Glucose (mmol/l) 3.6±0.1 3.7±0.1 3.9±0.1 

LDL (mmol/l) 4.6±0.2 4.5±0.2 4.1±0.2 

HDL (mmol/l) 1.7±0.1 1.6±0.1* 1.5±0.1** 

TGs (mmol/l) 3.1±0.2 3.2±0.1 3.2±0.2 

Insulin (pmol/l) 39.79±5 65.36±5.96** 84.56±9.20*** ƒƒƒ 

Table 6.3.1.1 Clinical Characteristics of Participants According to Group.  

Data are presented as mean ± standard error of the mean, apart from BMI which is presented as mean ± 
standard deviation. All serum samples were taken in a fasted state. Between group comparisons one-way 
ANOVA (if parametric distribution) or the Kruskal-Wallis (if not parametric distribution) test were used to 
test significance: *p<0.05, **p<0.01, ***p<0.001 for lean vs overweight and lean vs obese, ƒ p<0.05, ƒƒ 
p<0.01, ƒƒƒ p<0.001 for overweight vs obese. BMI: body mass index, TGs: triglycerides. LDL: low-density 
lipoproteins. HDL: High-density lipoprotein. 

BMI Correlation with BAT Genes 

To investigate whether there was a relationship between BMI and the beige phenotype, 

the expression levels of key brown fat genes cell death-inducing DFFA-like effector A 

(CIDEA), ELOVL fatty acid elongase 3 (ELOVL3), perilipin 5 (PLIN5) and Solute 

Carrier Family 27 Member 2 (SLC27A2) were determined in both subcutaneous and 
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omental adipose tissue samples from subjects with a range of BMIs. UCP1, the main 

thermogenic marker, was not detectable in these samples. This might be due to a generally 

low expression of UCP1 in WAT. A strong negative correlation between BMI and brown 

fat genes was observed (Figure 6.3.2.1), with a maximum r value of -0.446 (P<0.0001).

In addition, brown fat gene expression was significantly decreased in obese compared to 

lean subjects, and there was a significant decrease between overweight and obese subjects 

in both subcutaneous and omental tissue samples for ELOVL3 (FC= -1.65 (P<0.05), FC= 

-1.52 (P<0.01), respectively). This decrease can be seen in Figure 6.3.2.2 below 

Figure 6.3.2.1 BMI Correlates with Reduced Brown Adipose Tissue Genes.  

The expression of key brown fat genes: CIDEA, ELOVL3, PLIN5 and SLC27A2 was measured in 
subcutaneous (Sc) and omental (Om) fat depots by RT-PCR using L19 as a housekeeping gene. Correlations 
were calculated using normalized gene expression values in the entire patient cohort (n=130) for Sc or Om 
tissue samples. All genes had a strong negative correlation with BMI.  Linear trend line is shown with 
Pearson correlation statistic (r) and *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. If non-parametric, 
variables were log-transformed prior to correlation analysis to improve normality. CIDEA: cell death-
inducing DFFA-like effector A, ELOVL3: fatty acid elongase 3, PLIN5: perilipin 5. 
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Figure 6.3.2.2 Key Brown Fat Genes are Decreased with BMI.

CIDEA (A1, A2), ELOVL3 (B1, B2), PLIN5 (C1, C2) and SLC27A2 (D1, D2) were measured in lean 
(n=44), overweight (n=49) and obese (37) participants using RT-PCR with L19 as a housekeeping gene. 
Data represent mean ± standard error of the mean. The one-way ANOVA test (if parametric distribution) 
or the Kruskal-Wallis (if not parametric distribution) test was used to test significance levels: *p<0.05, 
**p<0.01, ***p<0.001 compared to lean control. CIDEA: cell death-inducing DFFA-like effector A, 
ELOVL3: fatty acid elongase 3, PLIN5: perilipin 5.  

Inflammatory Markers and the Relation with BMI 

To determine if inflammation was increased with BMI, inflammatory markers interleukin 

6 (IL6), tumour necrosis factor alpha (TNFα), monocyte chemotactic protein-1 (MCP1) 

and interleukin 1 beta (IL1β) were measured in lean, overweight and obese groups in both 

subcutaneous and omental fat depots (Figure 6.3.3.1). All inflammatory markers were 

significantly upregulated in obese participants compared to lean, with a maximum 3-fold 

difference observed with IL1β.  
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Figure 6.3.3.1 Inflammatory Markers Are Increased with BMI.

Key inflammatory markers IL6 (A1, A2), TNFα (B1, B2), MCP1 (C1, C2) and IL1β (D1, D2) were 
measured in lean (n=44), overweight (n=49) and obese (37) participants using qRT-PCR with L19 as a 
housekeeping gene. Data represent mean ± standard error of the mean. The one-way ANOVA (if parametric 
distribution) or the Kruskal-Wallis (if not parametric distribution) test was used to test significance levels: 
*p<0.05, **p<0.01, ***p<0.001 compared to lean control. IL6: interleukin 6, TNFα: tumour necrosis factor 
alpha, MCP1: monocyte chemotactic protein-1, IL1β interleukin 1 beta. 

Inflammatory Genes Correlate with Reduced BAT Genes 

As the expression of both BAT-associated genes was shown to decrease with increasing 

BMI, while inflammatory genes were shown to increase with increasing BMI, the direct 

relationship between the two was investigated. The Pearson correlation test was carried 

out to determine any significant correlations. This highlighted that there was a strong 

negative correlation between the BAT and inflammatory genes in omental adipose tissue, 

with a less apparent negative correlation present in subcutaneous adipose tissue ( 

Table 6.3.4.1). 
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IL6 MCP1 TNFα IL1β 

Pearson’s r P value Pearson’s r P value Pearson’s r P value Pearson’s r P value 

CIDEA 

Sc -0.01 0.91 0.01 0.93 -0.05   0.55 0.03 0.78 

Om -0.33 *** 
2.00E-

04 
-0.31 ***

6.00E-

04 
-0.12   0.21 -0.40 **** 7.25E-06 

ELOVL3

Sc -0.23 ** 0.01 -0.16 0.08 -0.06   0.52 -0.13 0.17 

Om -0.33 ***  
2.00E-

04 
-0.30 ***

7.00E-

04 
-0.05   0.62 -0.35 *** 1.00E-04 

PLIN5 

Sc -0.20 * 0.03 -0.05 0.58 -0.26 **
3.00E-

03 
-0.16 0.08 

Om -0.26 ** 
3.00E-

03 
-0.22 * 0.02 -0.17   0.05 -0.23 * 0.01 

SLC27A2
Sc 0.07 0.47 0.004 0.96 -0.10   0.28 0.10 0.28 

Om -0.13 0.19 -0.12 0.19 0.01   0.91 -0.29 ** 1.00E-03 

Table 6.3.4.1 Correlation of Inflammatory Genes with BAT Genes.

The correlation of inflammatory genes IL6, MCP1, TNFα and IL1β with brown adipose tissue (BAT) genes 
CIDEA, ELOVL3, PLIN5 and SLC27A2 was assessed using the Pearson Correlation test. If non-parametric, 
variables were log-transformed prior to correlation analysis to improve normality. Significant correlations 
are highlighted, *p<0.05, **p<0.01, ***p<0.001 and **** p<0.0001. CIDEA: cell death-inducing DFFA-
like effector A, ELOVL3: fatty acid elongase 3, PLIN5: perilipin 5. IL6: interleukin 6, TNFα: tumour 
necrosis factor alpha, MCP1: monocyte chemotactic protein-1, IL1β interleukin 1 beta. 

BAT Genes Correlation with Mitochondrial Dynamic and Biogenesis Genes 

To investigate if BAT genes are associated with mitochondrial genes, the correlation 

between BAT genes (CIDEA, ELOVL3, PLIN5 and SLC27A2) and genes related to 

mitochondrial dynamics, biogenesis and other important mitochondrial functions were 

investigated.  

BAT genes were positively correlated with some mitochondrial dynamics, biogenesis, 

oxidative phosphorylation and oxidative metabolism genes (Table 6.3.5.1). MFN2, the 

fusion gene, had the largest positive correlation with all BAT genes in omental and 

subcutaneous tissue (maximum r =0.64 (P<0.0001)). In addition, both CIDEA and 
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ELOVL3 were positively correlated with fission and fusion genes (Table 6.3.5.1). 

Biogenesis genes were only positively correlated with ELOVL3 in omental tissue apart 

from PGC1α which was correlated with SLC27A2 (Table 6.3.5.2). Both COX4 and citrate 

synthase, key enzymes of oxidative phosphorylation and oxidative metabolism and Krebs 

Cycle, consequently, were positively correlated with all BAT-genes in omental and 

subcutaneous tissue  (Table 6.3.5.3). 

Fission Fusion 

FIS 1 DRP1 MFN
2 

OPA1

Pearson’s 
r 

P value Pearso
n’s r 

P value Pearso
n’s r 

P value Pearso
n’s r 

P value

CIDEA Sc 0.33*** 2.55E-04 0.18* 0.04 0.39**** 9.60E-06 0.16 0.09 

Om 0.08 0.38 0.19* 0.03 0.38**** 2.14E-05 0.17 0.05 

ELOVL3 Sc 0.47**** 3.31E-08 0.31*** 5.40E-04 0.55**** 3.11E-11 0.32*** 2.67E-
04 

Om 0.10 0.25 0.28** 2.10E-03 0.43**** 8.57E-07 0.31*** 4.49E-
04 

PLIN5 Sc 0.20* 0.03 0.09 0.34 0.64**** 1.90E-15 0.07 0.43 

Om 0.01 0.95 -0.02 0.78 0.32*** 3.33E-04 -0.04 0.70 

SLC27A2 Sc 0.07 0.46 0.02 0.78 0.10 0.26 0.07 0.45 

Om 0.05 0.60 0.14 0.13 0.05 0.60 0.13 0.16 

Table 6.3.5.1 Correlation of BAT Genes with Mitochondrial Dynamics Genes.  

The correlation of brown adipose tissue (BAT) genes (CIDEA, ELOVL3, PLIN5 and SLC27A2) with 
mitochondrial fission (FIS1, DRP1) and fusion genes (MFN2, OPA1) was assessed using the Pearson 
correlation test.  If non-parametric, variables were log-transformed prior to correlation analysis to improve 
normality. Significant correlations are highlighted, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.  
CIDEA: cell death-inducing DFFA-like effector A, ELOVL3: fatty acid elongase 3, PLIN5: perilipin 5, 
FIS1: mitochondrial fission 1, DRP1: dynamin-related protein 1, MFN2: mitofusin 2. OPA1: mitochondrial 
dynamin like GTPase.  
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Biogenesis 

PGC1α Nrf1 TFAM 

Pearson’
s r 

P value Pearson’s 
r 

P value Pearson’s 
r 

P value 

CIDEA Sc -0.05 0.59 0.05 0.62 0.06 0.53 

Om 0.10 0.27 0.12 0.19 0.13 0.16 

ELOVL3 Sc 0.01 0.92 0.12 0.19 0.20* 0.03 

Om 0.19* 0.04 0.29*** 9.85E-04 0.19* 0.04 

PLIN5 Sc -0.12 0.19 0.06 0.55 -0.06 0.49 

Om -0.02 0.86 0.09 0.31 -0.05 0.57 

SLC27A2 Sc 0.28** 2.00E-03 0.07 0.42 0.03 0.74 

Om 0.41**** 3.61E-06 0.11 0.26 0.08 0.42 

Table 6.3.5.2 Correlation of BAT Genes with Mitochondrial Biogenesis Genes.  

The correlation of brown adipose tissue (BAT) genes (CIDEA, ELOVL3, PLIN5 and SLC27A2) with 
mitochondrial biogenesis genes was assessed using the Pearson correlation test.  If non-parametric, variables 
were log-transformed prior to correlation analysis to improve normality. Significant correlations are 
highlighted, *p<0.05, **p<0.01, ***p<0.001.  CIDEA: cell death-inducing DFFA-like effector A, ELOVL3: 
fatty acid elongase 3, PLIN5: perilipin 5, PGC1α: peroxisome proliferator-activated receptor gamma 
coactivator 1-alpha, NRF1: nuclear respiratory factor 1, TFAM: mitochondrial transcription factor A. 
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Cox4 SOD2 CS 

Pearson’
s r

P value Pearson’s 
r

P value Pearson’s 
r

P value 

CIDEA Sc 0.37**** 2.82E-05 0.23* 0.01 0.31*** 4.95E-04

Om 0.50**** 4.56E-09 -0.20* 0.03 0.65**** 7.65E-16

ELOVL3 Sc 0.48**** 1.40E-08 0.17 0.06 0.52**** 4.40E-10

Om 0.46**** 9.27E-08 -0.09 0.31 0.65**** 1.41E-15

PLIN5 Sc 0.51**** 1.23E-09 0.17 0.07 0.27** 2.22E-03

Om 0.30*** 7.17E-04 -0.19* 0.03 0.40**** 4.67E-06

SLC27A2 Sc 0.01 0.91 0.17 0.06 0.30*** 7.74E-04

Om 0.30*** 8.78E-04 -0.01 0.92 0.56**** 3.98E-11

Table 6.3.5.3 Correlation of BAT Genes with Mitochondrial Genes. 

The correlation of brown adipose tissue (BAT) genes (CIDEA, ELOVL3, PLIN5 and SLC27A2) with 
reactive oxygen species clearance gene (SOD2), oxidative phosphorylation gene 4 (Cox4) and the key 
enzyme of oxidative metabolism and Krebs Cycle genes (CS) was assessed using the Pearson correlation 
test. If non-parametric, variables were log-transformed prior to correlation analysis to improve normality. 
Significant correlations are highlighted, *p<0.05, **p<0.01, ***p<0.001.  CIDEA: cell death-inducing 
DFFA-like effector A, ELOVL3: fatty acid elongase 3, PLIN5: perilipin 5, SOD2: superoxide dismutase 2. 
COX4: cytochrome c oxidase subunit. CS: citrate synthase.  

Inflammatory Genes Correlate with Mitochondrial Genes 

To investigate if mitochondrial genes were associated with inflammatory genes, the 

correlation between inflammatory genes (IL6, MCP1, TNFα, IL1β) and mitochondrial 

fission (FIS1, DRP1), fusion (MFN2, OPA1), biogenesis (PGC1α, NRF1, TFAM), 

reactive oxygen species clearance (SOD2), oxidative phosphorylation (Cox4) and the key 

enzyme of oxidative metabolism and Krebs Cycle gene (CS) were investigated. It was 

identified that the inflammatory genes were positively correlated with fission (FIS1) 

(Table 6.3.6.1), whilst they were negatively correlated with fusion gene (MFN2) (Table 

6.3.6.1), biogenesis (Table 6.3.6.2), oxidative phosphorylation and oxidative metabolism 

genes (Table 6.3.6.3). 

In general, there was no correlation between inflammatory genes and mitochondrial 

biogenesis genes, however, NRF1 showed significant positive correlation with 

inflammatory genes in subcutaneous samples (Table 6.3.6.2). Similarly, SOD2 showed a 
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significant positive correlation with inflammatory genes in subcutaneous samples (Table 

6.3.6.3). This positive correlation might be part of a protective mechanism against 

increased inflammation. 

Fission Fusion 

FIS 1 DRP1  MFN2  OPA1 

Pearson’s 
r 

P 
value 

Pearso
n’s r 

P 
value 

Pearso
n’s r 

P 
value 

Pearson’
s r 

P 
value 

IL6 Sc -0.01 0.94 0.04 0.69 -0.21* 0.02 0.18* 0.05 

Om 0.03 0.78 0.01 0.91 -0.34*** 1.20E-
04 

0.03 0.77 

MCP1 Sc -0.08 0.39 -0.04 0.69 -0.24** 6.00E-
03

0.00 0.97 

Om 0.04 0.62 0.00 1.00 -0.36*** 3.16E-
05 

0.00 1.00 

IL1β Sc 0.20* 0.03 0.01 0.92 -0.22* 0.01 0.08 0.36 

Om 0.31*** 4.40E-
04

0.07 0.47 -0.44**** 3.67E-
07

-0.05 0.58 

TNFα Sc 0.33** 1.52E-
04

0.23* 0.01 -1.88* 0.04 0.19* 0.03 

Om 0.37**** 2.03E-
05 

0.33*** 1.38E-
04 

-0.11 0.24 0.345** 7.70E-
05 

Table 6.3.6.1 Correlation of Inflammatory Genes with Mitochondrial Dynamics Genes.

The correlation of inflammatory genes (IL6, MCP1, TNFα, IL1β) with mitochondrial fission (FIS1, DRP1) 
and fusion genes (MFN2, OPA1) was assessed using the Pearson correlation test.  If non-parametric, 
variables were log-transformed prior to correlation analysis to improve normality. Significant correlations 
are highlighted, *p<0.05, **p<0.01, ***p<0.001.  IL6: interleukin 6, TNFα: tumour necrosis factor alpha, 
MCP1: monocyte chemotactic protein-1, IL1β interleukin 1 beta, FIS1: mitochondrial fission 1, DRP1: 
dynamin-related protein 1, MFN2: mitofusin 2. OPA1: mitochondrial dynamin like GTPase.  
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biogenesis 

PGC1α Nrf1 TFAM 

Pearson’s 
r 

P value Pearso
n’s r 

P value Pearso
n’s r 

P value 

IL6 Sc -0.06 0.48 0.18* 0.04 0.16 0.08 

Om 0.18* 0.05 0.02 0.87 -0.02 0.79 

MCP1 Sc 0.00 0.99 0.20* 0.03 0.00 0.97 

Om 0.10 0.28 0.07 0.43 -0.02 0.83 

IL1β Sc 0.02 0.80 0.24** 6.00E-03 0.10 0.29 

Om 0.05 0.62 0.05 0.61 0.06 0.54 

TNFα Sc 0.08 0.40 0.40**** 4.69E-06 0.26** 4.00E-03 

Om 0.02 0.81 0.52**** 4.47E-10 0.44**** 2.87E-07 

Table 6.3.6.2 Correlation of Inflammatory Genes with Mitochondrial Biogenesis Genes.

The correlation of inflammatory genes (IL6, MCP1, TNFα, IL1β) with mitochondrial biogenesis genes was 
assessed using the Pearson correlation test.  If non-parametric, variables were log-transformed prior to 
correlation analysis to improve normality. Significant correlations are highlighted, *p<0.05, **p<0.01, 
***p<0.001 and ****p<0.0001.   IL6: interleukin 6, TNFα: tumour necrosis factor alpha, MCP1: monocyte 
chemotactic protein-1, IL1β interleukin 1 beta, PGC1α: peroxisome proliferator-activated receptor gamma 
coactivator 1-alpha, NRF1: nuclear respiratory factor 1, TFAM: mitochondrial transcription factor A. 
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Cox4 SOD2 CS 

Pearson’s 
r 

P value Pearso
n’s r 

P value Pearso
n’s r 

P value 

IL6 Sc -0.07 0.42 0.63**** 6.59E-15 -0.06 0.48 

Om -0.21* 0.02 0.65**** 1.36E-16 -0.22* 0.02 

MCP1 Sc -0.15 0.10 0.13 0.14 0.00 0.99 

Om -0.30*** 4.92E-04 0.54** 6.75E-11 -0.20* 0.02 

IL1β Sc -0.10 0.28 0.54**** 4.23E-11 0.02 0.80 

Om -0.36**** 4.17E-05 0.053 0.56 -0.25** 7.00E-03 

TNFα Sc -0.12 0.19 0.18* 0.05 -0.08 0.40 

Om -0.06 0.49 0.079 0.38 0.12 0.18 

Table 6.3.6.3 Correlation of Inflammatory Genes with Mitochondrial Genes.

The correlation of inflammatory genes  (IL6, MCP1, TNFα, IL1β) with reactive oxygen species clearance 
gene (SOD2), oxidative phosphorylation gene (4 (Cox4) and the key enzyme of oxidative metabolism and 
Krebs Cycle genes (CS) was assessed using the Pearson correlation test. If non-parametric, variables were 
log-transformed prior to correlation analysis to improve normality. Significant correlations are highlighted, 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. IL6: interleukin 6, TNFα: tumour necrosis factor alpha, 
MCP1: monocyte chemotactic protein-1, IL1β interleukin 1 beta, SOD2: superoxide dismutase 2. COX4: 
cytochrome c oxidase subunit. CS: citrate synthase.  

LPS Induces Inflammation in Mouse Adipocytes and Primary Human 

Adipocytes 

Following the correlation of inflammatory genes with BAT genes from in vivo adipose 

tissue samples, the direct impact of LPS (an inducer of inflammation) on in vitro mouse 

adipocytes and primary human adipocytes was investigated.  

Mouse cells were treated with 100 ng/mL or 1000 ng/mL LPS, and/or 2 µM rosiglitazone 

to induce browning, 10 µM CL to induce UCP1 expression in order to mimic the beige 

phenotype, or combinations of these. Similarly, human cells were treated with 100 ng/mL 

LPS, 2 µM rosiglitazone to induce browning, 10 µM isoproterenol to induce UCP1 

expression in order to investigate the beige phenotype, or combinations of these.  

Following treatment, the gene expression of adipocyte protein 2 (aP2) was measured. 

Given that aP2 gene expression levels did not significantly change between different 
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treatments, it was accepted that treatments had not impacted differentiation in all tested 

cells which include mouse sWAT immortalized cell line (Figure 6.3.7.1, A), and mouse 

primary sWAT (Figure 6.3.7.1, B) and human primary adipocytes from lean (Figure 

6.3.7.2, A1, A2) and obese (Figure 6.3.7.2, B1, B2).  

Figure 6.3.7.1 Effect of Inflammatory and Adipocyte Browning Treatments on Mouse Adipocyte 
Differentiation.  

Immortalized white sWAT (A, n=3) and primary white sWAT (B, n=3) primary human adipocyte cells were 
grown and differentiated with/without 2 µM rosiglitazone (Rosi) to promote browning, 100 ng/mL 
lipopolysaccharide (Lps100), or a combination of the two and treated with/without UCP1 inducer, 10 µM 
CL. Adipocyte Protein 2 (aP2) gene expression was measured as a marker of differentiation using q-rt-PCR 
using L19 as a housekeeping control. Data represent mean ± standard error of the mean. The two-way 
ANOVA test was used to test significance levels, no significant differences were determined. 
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Figure 6.3.7.2 Effect of Inflammatory and Adipocyte Browning Treatments on Primary Human 
Adipocyte Differentiation.

Lean (A1/A2, n=4) and obese (B1/B2, n=3) primary human adipocyte cells were grown and differentiated 
with/without 2 µM rosiglitazone (Rosi), 100 ng/mL lipopolysaccharide (Lps100), or a combination of the 
two and treated on the day of the experiment with UCP1 inducer, 10 µM isoproterenol (Iso) (A2/B2) or 
vehicle (A1, B1). Adipocyte Protein 2 (aP2) gene expression was measured as a marker of differentiation. 
Data represent mean ± standard error of the mean. The two-way ANOVA test was used to test significance 
levels; no significant differences were determined.
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As expected, inflammatory genes IL6 and MCP1 were significantly upregulated with LPS 

treatment, with a maximum 15-fold increase (P<0.0001) observed in human primary 

adipocytes (Figure 6.3.7.4). The maximum fold increase observed in immortalized mice 

primaries was 60 (P<0.0001) (Figure 6.3.7.3, A). In addition, rosiglitazone, the browning 

stimulator, reduced the inflammatory response – more clearly for MCP1 in human cells 

(Figure 6.3.7.4, B1, B2) and IL6 in the mouse cell line (Figure 6.3.7.3, A). For mouse 

primary adipocyte cultures both IL6 and MCP1 were reduced in response to LPS with 

rosiglitazone treatment (Figure 6.3.7.3, B, B1). In fact, rosiglitazone is one of the 

thiazolidinedione class of PPAR-γ ligands which has established anti-inflammatory 

activity through its ability to antagonize nuclear factor κB (NFκB) and AP1 signalling 

pathways (671,672). The cellular targets of this anti-inflammatory PPAR function are not 

only inflammatory cells of the immune system but also resident and structural cells of the 

adipose tissue that play significant roles during inflammation (673). Thus, this observed 

anti-inflammatory role for rosiglitazone when used with LPS in differentiating brown 

adipocytes is in agreement with findings in other cell types. However, it is not clear how 

long an anti-inflammatory response would be maintained after withdrawal of the 

rosiglitazone. Therefore, an alternative explanation is that beige adipocytes are less 

responsive to inflammation than white adipocytes. This may be a more acceptable 

explanation because the rosiglitazone as a browning inducer changes the transcription to 

brown fat genes program.  
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Figure 6.3.7.3 Effect of Inflammatory and Adipocyte Browning Treatments on Mouse Adipocyte 
Inflammation. 

Immortalized white sWAT (A, n=3) and primary white sWAT (B, n=3) adipocytes were grown and 
differentiated with/without 2 µM rosiglitazone (Rosi) for ‘beiging’ effect, 100 ng/mL or 1000 ng/mL 
lipopolysaccharide (Lps100, LPS1000), or a combination of the two. Inflammatory genes interleukin 6 (IL6) 
and monocyte chemotactic protein-1 (MCP1) are measured using q-rt-PCR using L19 as a housekeeping 
control. Data represent mean ± standard error of the mean. The two-way ANOVA test was used to test 
significance levels, **p<0.01, ***p<0.001, ****p<0.0001 compared to control, †† p<0.01, ††† p<0.001 
compared to Rosi treatment. × p<0.05, ×× p<0.01, ××× p<0.001 and ×××× p<0.0001 compared to LPS 
treatment 
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Figure 6.3.7.4 Effect of Inflammatory and Adipocyte Browning Treatments on Primary Human Adipocyte Inflammation.

Lean (A1/B1, n=4) and obese (A2/B2, n=3) primary human adipocyte cells were grown and differentiated with/without 2 µM rosiglitazone (Rosi), 100 ng/mL 
lipopolysaccharide (Lps100), or a combination of the two. Inflammatory genes interleukin 6 (IL6), monocyte chemotactic protein-1 (MCP1) were measured by 
RT-PCR using L19 as a housekeeping control. Data represent mean ± standard error of the mean. The two-way ANOVA test was used to test significance levels; 
*p<0.05, **p<0.01, ***p<0.001 compared to control, † p<0.05, †† p<0.01, ††† p<0.001 and †††† p<0.0001 compared to Rosi treatment. × p<0.05, ×× p<0.01, 
××× p<0.001 and ×××× p<0.0001 compared to LPS treatment 
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LPS Effects on Adipocyte Browning 

As the expression of inflammatory genes correlated with BAT genes, and LPS was noted 

to upregulate the inflammatory genes, the direct impact of LPS on BAT gene expression 

was next investigated. Firstly, the impact of LPS on brown fat genes was investigated in 

mouse white adipocytes using two cell models, immortalized and primary cultures. 

Secondly, the lean and obese primary human adipocytes were studied. White adipocytes 

were grown and differentiated with/without 2 µM rosiglitazone (to promote the beige 

phenotype), 100 ng/mL LPS (and 1000 ng/mL for immortalized cells), or a combination 

of the two.  

In the mouse adipocyte models, LPS treatment greatly reduced the expression of BAT 

genes in beige (Rosi-treated) adipocytes. This included CIDEA, ELOVL3 and PLIN5 in 

immortalized sWAT (Figure 6.3.8.1, A) and primary cultures (Figure 6.3.8.1, B), 

compared to browned cells. rosiglitazone treatment markedly upregulated all BAT genes 

by a maximum of 10-fold for immortalized sWAT, and 200-fold for primary sWAT. 

However, this was significantly reduced when LPS was included in the treatment (Figure 

6.3.8.1). 

In human primary adipocytes LPS treatment reduced the expression of the BAT genes 

CIDEA, PLIN5 and SLC compared to control. rosiglitazone treatment significantly 

upregulated all BAT genes by a maximum of 18-fold. Similar to mouse adipocytes, this 

was significantly reduced when LPS was included in the treatment (Figure 6.3.8.2). The 

data showed that generally, the cells from lean patients show a greater browning response 

than those from obese while LPS effect was less obvious in obese cells. This was 

particularly clear for SLC and ELOVL3 in obese cells where the browning response was 

minimal or absent. It is possible that obese cells already have reduced browning capacity 

and therefore are less impacted by LPS.  
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Figure 6.3.8.1 Impact of LPS on Mouse Adipocyte Browning.  

Immortalized white sWAT (A/A1/A2, n=3) and primary white adipocytes sWAT (B/B1/B2, n=3) were 
grown and differentiated with/without 2 µM rosiglitazone (Rosi) -for beiging effect-, 100 ng/mL or 1000 
ng/mL lipopolysaccharide (Lps100 or Lps1000), or a combination of the two. Browning genes: cell death-
inducing DFFA-like effector A (CIDEA), ELOVL fatty acid elongase 3 (ELOVL3), perilipin 5 (PLIN5) 
and Solute Carrier Family 27 Member 2 (SLC27A2) were analysed using q-RT-PCR with L19 as a 
housekeeping control. Data represent mean ± standard error of the mean. The two-way ANOVA test was 
used to test significance levels; ***p<0.001, ****p<0.0001 compared to control, † p<0.05, †† p<0.01, ††† 
p<0.001, †††† p<0.0001 compared to Rosi treatment. × p<0.05, ××× p<0.001 compared to LPS treatment 
.
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Figure 6.3.8.2 Impact of LPS on Human Primary Adipocyte Browning.  

Lean (A1/B1/C1/D1) and obese (A2/B2/C2/D2) primary human adipocytes were differentiated with/without 2 µM rosiglitazone (Rosi), 100 ng/mL 
lipopolysaccharide (LPS100) or a combination of the two. Browning genes cell death-inducing DFFA-like effector A (CIDEA), ELOVL fatty acid 
elongase 3 (ELOVL3), perilipin 5 (PLIN5) and Solute Carrier Family 27 Member 2 (SLC27A2) were analysed using qRT-PCR with L19 as a 
housekeeping control. Data represent mean ± standard error of the mean. The two-way ANOVA test was used to test significance levels; *p<0.05, 
**p<0.01, ***p<0.001 compared to control, † p<0.05, †† p<0.01, ††† p<0.001 compared to Rosi treatment. × p<0.05, ×××× p<0.0001 compared to LPS 
treatment. 
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LPS Effects on Thermogenesis-Associated Genes in Beige Cells 

As it was observed that LPS reduced the level of genes involved in the browning of 

adipocytes, the impact of LPS on the ability of beige cells to function correctly was next 

investigated by measuring the gene expression of UCP1 and PGC1α. UCP1 is the main 

thermogenic marker and distinguishes brown and beige adipocytes from white adipocytes, 

and PGC1α is its master regulator. 

Mouse white adipocytes from both an immortalized cell line and primary adipocyte 

cultures were used during this study. Also, primary human adipocytes from lean and obese 

subjects were studied. Both mouse and human adipocytes were differentiated to activate 

beige adipocytes and stimulated to induce an adrenergic response, which should induce 

UCP1 and PGC1a expression if the cells are functioning correctly. As such, on day eight 

mouse cells were fully differentiated and treated with/without 10uM CL; similarly, human 

cells were fully differentiated on day 14 and were treated with/without 10uM 

isoproterenol (Iso). 

CL treatment in mouse cell models and Iso treatment in human adipocytes increased the 

expression of both UCP1 and PGC1α; in mouse immortalized cells (Figure 6.3.9.1, A1, 

A2) and primary cultures (Figure 6.3.9.1, B1, B2) and in human cells from lean (Figure 

6.3.9.2, A1, B1) and obese (Figure 6.3.9.2, A2, B2). However, LPS treatment reduced the 

expression of both genes in the presence and absence of rosiglitazone, indicating that LPS 

reduces the browning effect and therefore the capacity of adipocytes to respond to an 

adrenergic stimulus (Figure 6.3.9.2). Similar to the previously tested brown fat genes, it 

seems that lean cells are generally more responsive to the browning treatment compared 

with obese cells (Figure 6.3.9.1). 
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Figure 6.3.9.1 Impact of LPS on Beige Mouse Adipocyte Function.  

Immortalized white sWAT (A/A1, n=3) and primary white adipocytes sWAT (B/B1, n=3) were grown and 
differentiated with/without 2 µM rosiglitazone (Rosi) to induce beiging effects, 100 ng/mL or 1000 ng/mL 
lipopolysaccharide (Lps100), (Lps1000) or a combination of the two. Differentiated cells were treated 
with/without CL (10 µM) at day 8. Main BAT genes Uncoupling Protein 1 (UCP1) and Peroxisome 
proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) were analysed using qRT-PCR with 
L19 as a housekeeping control. Data represent mean ± standard error of the mean. The two-way ANOVA 
test was used to test significance levels; *p<0.05, **p<0.01, ***p<0.001 compared to control, † p<0.05, †† 
p<0.01, ††† p<0.001 compared to Rosi treatment. # compared to CL, × compared to Rosi+CL. 
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Figure 6.3.9.2 Impact of LPS on Beige Adipocyte Function.
Lean (A1/A2/B1/B2) and obese (A3/A4/B3/B4) primary human adipocytes were differentiated with/without 2 µM rosiglitazone (Rosi), 100 ng/mL 
lipopolysaccharide (LPS100) or a combination of the two. When fully differentiated, cells were treated with/without 10 µM isoproterenol (Iso) on day 
14. Main BAT genes Uncoupling Protein 1 (UCP1) and Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) were analysed 
using qRT-PCR with L19 as a housekeeping control. Data represent mean ± standard error of the mean. The two-way ANOVA test was used to test 
significance levels; *p<0.05, **p<0.01, ***p<0.001 compared to control, † p<0.05, †† p<0.01, ††† p<0.001 compared to Rosi treatment, × p<0.05, 
×××× p<0.0001 compared to LPS, ## p<0.01, ### p<0.001 and #### p<0.0001 compared to Iso treatment. ƒƒƒƒ p<0.001   compared to Rosi+Iso 
treatment.
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LPS Effect on Mitochondrial Function of Mouse Beige Adipocytes 

After observing that treatment with LPS reduced UCP1 gene expression, as the main 

thermogenic marker in beige adipocytes (Rosi-treated), a Seahorse extracellular flux 

analyser was used to measure basal oxygen consumption rate (OCR) as an indicator of 

the rate of aerobic respiration. This was used to investigate the functional consequences 

of LPS treatment. Also, given that obesity represents a chronic stress to adipocytes, it 

became necessary to understand the functional implications of LPS treatment when 

adipocyte mitochondria are under stress. Therefore, a Seahorse Mito Stress Test was 

performed after differentiating both white (control) and beige (Rosi-treated) adipocytes 

with LPS treatment. 

As expected, OCR of beige adipocytes was higher than OCR of white adipocytes (Figure 

6.3.10.1, A). Also, as shown in Figure 6.3.10.1, LPS treatment reduced basal OCR in both 

types of adipocytes: white (control) and beige (Rosi-treated) (Figure 6.3.10.1, A1). 

Similarly, spare respiratory capacity (SRC) was reduced with LPS treatment (Figure 

6.3.10.1, A2). When using CL to induce an adrenergic response, there was also significant 

reduction in OCR in both types of adipocytes (Figure 6.3.10.1, B) 

Overall, this data provides evidence of a negative influence of chronic LPS treatment on 

the browning capacity of white adipocytes.    
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Figure 6.3.10.1 Effect of LPS on Aerobic Capacity Under Stress or 
Adrenergic Stimulus.  
Time-lapse of aerobic capacity as measured by oxygen consumption rate (OCR) 
during (A) a seahorse mitochondria stress test or (B) Cl, adrenergic stimulus
performed after differentiated cells with/without 2 µM rosiglitazone (Rosi) -for 
beiging effect-, 100 ng/mL lipopolysaccharide (Lps100) or a combination of the 
two. Values were normalised to protein content of each experimental well to 
account for inter-well cell number variability. Basal Mitochondrial Bioenergetics 
were calculated including :(A1) Basal oxygen consumption rate (OCR) and (A2) 
Spare respiratory capacity (SRC). Error bars represent SEM. The two-way 
ANOVA test was used to test significance levels; *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001 compared to control, †† p<0.01, ††† p<0.001 and 
†††† p<0.0001 compared to Rosi treatment. ƒ p<0.05, ƒƒ p<0.01 and ƒƒƒƒ 
p<0.0001. CTRL: Control. 
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LPS Effect on Expression of Genes Associated with Mitochondrial Dynamics 

To further understand the impact of LPS on beige adipocyte biology, the effect on 

mitochondria-associated gene expression was assessed with a focus on genes required for 

fission and fusion events in both mouse and human adipocytes. 

Fission genes dynamin-related protein 1 (DRP1) and mitochondrial fission 1 (FIS1), as 

well as fusion genes mitofusin 2 (MFN2) and mitochondrial dynamin like GTPase (OPA1) 

were analysed in mouse cells from two models including immortalized white adipocytes 

and primary cultures, and primary human adipocytes from lean and obese subjects 

following differentiation with rosiglitazone, LPS or a combination of the two.  

Higher levels of mitochondrial dynamic-related gene expression were measured in beige 

adipocytes compared with white adipocytes. This increase can be seen in both Figure 

6.3.11.1 and Figure 6.3.11.2 upon rosiglitazone treatment in mouse and lean human cells. 

The increase was less clear in human primary adipocytes derived from obese subjects. 

This observation in mitochondrial dynamic related genes following rosiglitazone is in line 

with recent findings that rosiglitazone ameliorates adipogenesis in 3T3 cells under 

oxidative stress conditions by improving mitochondrial biogenesis, dynamics and 

respiration (674). 

In mouse cells, LPS significantly reduced the expression of all mitochondrial dynamic 

genes in beige adipocytes (rosiglitazone-treated) from both models, suggesting that LPS 

reduces the ability of the adipocytes to maintain healthy mitochondria following a 

browning stimulus (Figure 6.3.11.1).  

Similarly, in human cells LPS significantly reduced the expression of all mitochondrial 

dynamic genes in both the presence and absence of rosiglitazone, further supporting that 

LPS reduces the ability of the adipocytes to maintain healthy mitochondria and undergo 

browning (Figure 6.3.11.2). Furthermore, once again it is clear that the lean fat-derived 

adipocytes were more sensitive to the effects of rosiglitazone compared to those derived 

from obese individuals. 
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Figure 6.3.11.1 Impact of LPS on the Expression of Genes Associated with Mitochondrial Dynamics in Mouse Adipocytes.  

Immortalized white sWAT (A/A1/A2/A3, n=3) and primary white adipocytes sWAT (B/B1/B2/B3, n=3) were grown and differentiated with/without 2 µM 
rosiglitazone (Rosi) -for beiging effect-, 100 ng/mL or 1000 ng/mL lipopolysaccharide (Lps100), (Lps1000) or a combination of the two. Mitochondrial fission 
genes dynamin-related protein 1 (DRP1) (A,B) and mitochondrial fission 1 (FIS1) (A1,B1), as well as fusion genes mitofusin 2 (MFN2) (A2,B2) and mitochondrial 
dynamin like GTPase (OPA1) (A3,B3) were analysed by RT-PCR, with L19 as a housekeeping control. Data represent mean ± standard error of the mean. The 
two-way ANOVA test was used to test significance levels; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to control, † p<0.05, †† p<0.01, ††† p<0.001 
compared to Rosi treatment. × p<0.05, ××× p<0.001, and  ×××× p<0.0001 compared to LPS100, φφφ p<0.001, φφφφ p<0.0001  compared to LPS1000. 
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Figure 6.3.11.2 Impact of LPS on the Expression of Genes Associated with Mitochondrial Dynamics in Human Adipocytes.  

Following differentiation of lean (A1/B1/C1/D1, n=4) and obese (A2/B2/C2/D2, n=3) primary human adipocytes with 2 µM rosiglitazone (Rosi), 100 ng/mL 
lipopolysaccharide (Lps100) or a combination of the two, mitochondrial fission genes dynamin-related protein 1 (DRP1) and mitochondrial fission 1 (FIS1), as 
well as fusion genes mitofusin 2 (MFN2) and mitochondrial dynamin like GTPase (OPA1) were analysed via RT-PCR, with L19 as a housekeeping control. Data 
represent mean ± standard error of the mean. The two-way ANOVA test was used to test significance levels.; *p<0.05, **p<0.01, ***p<0.001 compared to control, 
† p<0.05, †† p<0.01, ††† p<0.001 compared to Rosi treatment. × p<0.05, ×× p<0.01, and  ×××× p<0.0001 compared to LPS.
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LPS Effect on the Expression of Mitochondrial Biogenesis Genes 

Mitochondrial biogenesis genes DNA polymerase gamma (POLG), nuclear respiratory 

factor 1 (NRF1) and mitochondrial transcription factor A (TFAM) were analysed by qRT-

PCR following the differentiation of mouse immortalized and primary adipocyte cultures 

as well as primary human adipocytes in the presence of rosiglitazone, LPS or a 

combination of the two.  

Rosiglitazone, the browning stimulus, appeared to upregulate these genes, most evident 

in lean human cells. This is in agreement with documented improved insulin sensitivity 

with rosiglitazone, accompanied by dramatically increased mitochondrial biogenesis and 

remodelling, including shape and size in the white adipocytes of obese mice (134–

136,675). However, none of these studies were conducted in human cells.  

LPS treatment mainly reduced expression of POLG in both mouse models in the absence 

and present of rosiglitazone, suggesting that LPS negatively impacts POLG in the 

production of new mitochondria in adipocytes (Figure 6.3.12.1, A, B). There was no clear 

effect of LPS treatment on NRF1 and TFAM in mouse cells (Figure 6.3.12.1, A1, B1, A2, 

B2)..  

In human cells, LPS treatment reduced expression of all genes both in the presence and 

absence of rosiglitazone, suggesting that LPS negatively impacts the production of new 

mitochondria in adipocytes (Figure 6.3.12.2). As seen in the above investigated genes, the 

effect of LPS was clearer in cells from lean subjects. 
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Figure 6.3.12.1 The Impact of LPS on the Expression of Mitochondrial Biogenesis Genes in Mouse 
Adipocytes. 

Immortalized white sWAT (A/A1/A2/A3, n=3) and primary white adipocytes sWAT (B/B1/B2/B3, n=3) 
were grown and differentiated with/without 2 µM rosiglitazone (Rosi) -for beiging effect-, 100 ng/mL or 
1000 ng/mL lipopolysaccharide (Lps100), (Lps1000) or a combination of the two. Mitochondrial biogenesis 
genes DNA polymerase gamma (POLG), nuclear respiratory factor 1 (NRF1) and mitochondrial 
transcription factor A (TFAM) were measured using RT-PCR with L19 as a housekeeping control. Data 
represent mean ± standard error of the mean. The two-way ANOVA test was used to test significance levels; 
*p<0.05, **p<0.01, ***p<0.001 compared to control, † p<0.05, †† p<0.01, ††† p<0.001 compared to Rosi 
treatment.
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Figure 6.3.12.2 The Impact of LPS on the Expression of Mitochondrial Biogenesis Gene Expression.  

Primary human adipocytes were differentiated with/without rosiglitazone (Rosi), 100 ng/mL lipopolysaccharide, or a combination of the two. Mitochondrial 
biogenesis genes DNA polymerase gamma (POLG), nuclear respiratory factor 1 (NRF1) and mitochondrial transcription factor A (TFAM) were measured using 
qRT-PCR with L19 as a housekeeping control. Data represent mean ± standard error of the mean. The two-way ANOVA test was used to test significance levels; 
*p<0.05, **p<0.01, ***p<0.001 compared to control, † p<0.05, †† p<0.01, ††† p<0.001 compared to Rosi treatment. × p<0.05, ×× p<0.01 compared to LPS.
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LPS Effect on Other Important Mitochondrial Genes 

To understand the impact of LPS on mitochondrial efficiency, the genes involved in 

oxidative phosphorylation - cytochrome c oxidase subunit 4 (COX4), Citrate synthase 

(CS) and carnitine palmitoyltransferase 1b (CPT1β), were investigated. In addition, genes 

involved in the clearance of reactive oxygen species: catalase (CAT) and superoxide 

dismutase 2 (SOD2), were analysed via qRT-PCR following treatment of mouse 

immortalized sWAT, mouse primary sWAT or lean and obese primary human adipocytes 

with rosiglitazone, LPS or a combination of the two.  

First, significantly higher levels of CS, CPT1β and COX4 expression were measured in 

beige adipocytes compared to white adipocytes. This can be attributed to the fact that 

beige adipocytes have more mitochondria than white adipocytes, hence higher gene 

expression required for basic mitochondrial functions. This increase can be seen in both 

Figure 6.3.13.1 and Figure 6.3.13.2 upon rosiglitazone-treatment in mouse cell lines, 

mouse primary adipocytes and human primary adipocytes originated from lean subjects. 

The increase was less clear in human primary adipocytes prepared from obese subjects, 

which supports a decreased browning capacity in these cells. 

In addition, gene expression levels of CS, CPT1β and COX4 were significantly blunted 

following LPS treatment in mouse beige (rosiglitazone -treated) adipocytes from two 

models; immortalised cell line and primary cells (Figure 6.3.13.1). Similarly, human beige 

(rosiglitazone-treated) adipocytes from lean and obese subjects showed a significant 

decline in expression of all these genes due to being differentiated with LPS (Figure 

6.3.13.2). This data further supports that LPS negatively impacts the fundamental role of 

beige adipocytes in adaptive thermogenesis through acting to damage their mitochondrial 

function.  

However, LPS effects on white adipocytes were less pronounced in all adipocytes from 

either humans or mice. For instance, in mouse cells, under LPS treatment both CS and 

COX4 transcription levels were decreased, albeit not significantly (Figure 6.3.13.1), and 

CPT1β transcription levels were not affected (Figure 6.3.13.1). In human cells, LPS 

significantly reduced COX4 expression levels from both obese and lean subjects (Figure 
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6.3.13.2, B1, B2). The reduction in CS gene expression levels were not significant (Figure 

6.3.13.2, A1, A2), and no change was observed for CPT1β (Figure 6.3.13.2, C1, C2). 

Figure 6.3.13.1 The Impact of LPS on Important Mitochondrial Genes in Mouse Cells.

Immortalized white sWAT (A/A1/A2, n=3) and primary white adipocytes sWAT (B/B1/B2, n=3) were 
grown and differentiated with/without 2 µM rosiglitazone (Rosi) -for beiging effect-, 100 ng/mL or 1000 
ng/mL lipopolysaccharide (Lps100), (Lps1000) or a combination of the two. Mitochondrial genes genes 
Citrate synthase (CS), cytochrome c oxidase subunit 4 (COX4) and carnitine palmitoyltransferase 1b 
(CPT1β) were measured using qRT-PCR with L19 as a housekeeping control. were measured using qRT-
PCR with L19 as a housekeeping control. Data represent mean ± standard error of the mean. The two-way 
ANOVA test was used to test significance levels; *p<0.05, **p<0.01, ***p<0.001 compared to control, † 
p<0.05, †† p<0.01, ††† p<0.001 compared to Rosi treatment. ×× p<0.01 compared to LPS100, φφ p<0.01, 
φφφ p<0.001 compared to LPS1000. 
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Figure 6.3.13.2 The Impact of LPS on Important Mitochondrial Genes in Human Cells.
Primary human adipocytes were differentiated with/without rosiglitazone (Rosi), 100 ng/mL lipopolysaccharide, or a combination of the two. Mitochondrial genes 
Citrate synthase (CS), cytochrome c oxidase subunit 4 (COX4) and carnitine palmitoyltransferase 1b (CPT1β) were measured using qRT-PCR with L19 as a 
housekeeping control. Data represent mean ± standard error of the mean. The two-way ANOVA test was used to test significance levels; *p<0.05, **p<0.01, 
***p<0.001 compared to control, † p<0.05, †† p<0.01, ††† p<0.001 compared to Rosi treatment. × p<0.05, ×× p<0.01 and ××× p<0.001 compared to LPS.
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Reactive oxygen species (ROS) are natural by-products of cellular oxidative 

metabolism and play important roles in obesity stress. Mitochondria are widely 

recognized as a source of reactive oxygen species (ROS) and over-production of ROS 

leads to an overwhelmed antioxidant system and oxidative stress. Therefore, 

regulation of ROS levels via the integration of ROS production and consumption by 

mitochondrial antioxidant pathways is necessary to maintain mitochondrial and 

cellular health. Both SOD2 and CAT function as part of the reactive oxygen species 

clearance system. Hence, their gene expression levels in beige adipocytes were 

investigated.  

Activity of the endogenous antioxidant CAT was significantly impaired with LPS 

treatment in beige adipocytes from mice in both tested mouse cell models, including 

the immortalized cell line and primary adipocytes (Figure 6.3.13.3), and from lean 

human adipose samples (Figure 6.3.13.4). The reduction in CAT expression with LPS 

treatment was less clear in obese cells (Figure 6.3.13.4, A2). In addition, beige 

adipocytes showed a significant augmentation in transcription of CAT compared to 

white adipocytes (Figure 6.3.13.4). White adipocytes also exhibited significantly 

lower levels of CAT for mouse (Figure 6.3.13.3, A1) and lean human cells (Figure 

6.3.13.4,A1), but not obese cells (Figure 6.3.13.4,A2). 

Conversely, endogenous antioxidant superoxide dismutase 2 (SOD2) showed a 

variable response. Beige adipocytes from the immortalized cell line showed a slight 

increase in response to LPS, significant for the higher dose (LPS1000) (Figure 6.3.13.3, 

A2). Beige adipocytes from mouse primary adipocytes were not affected by LPS. 

Human adipocytes from lean subjects treated with LPS exhibited a marked increase in 

SOD2 in terms of mRNA transcript levels in response to LPS, and obese cells showed 

similar but minimal response (Figure 6.3.13.4). Also, only beige adipocytes from 

mouse primary adipocytes increased levels of SOD2 compared to white cells, while 

there was either no observed effect or levels were reduced in beige cells for the other 

tested cell models. In white adipocytes, LPS led to a significant enhancement of SOD2 

transcription in both mouse (Figure 6.3.13.3, A2, B2) and human cells (Figure 6.3.13.4, 

B1, B2). 
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Figure 6.3.13.3 The Impact of LPS on Reactive Oxygen Species Clearance Genes in Mouse White 
Adipocytes. 

Immortalized white sWAT (A/A1/A2, n=3) and primary white adipocytes sWAT (B/B1/B2, n=3) were 
grown and differentiated with/without 2 µM rosiglitazone (Rosi) -for beiging effect-, 100 ng/mL or 
1000 ng/mL lipopolysaccharide (Lps100), (Lps1000) or a combination of the two. Mitochondrial 
Reactive oxygen species clearance genes Catalase (CAT), and Superoxide dismutase 2 (SOD2) were 
measured using qRT-PCR with L19 as a housekeeping control. Data represent mean ± standard error 
of the mean. The two-way ANOVA test was used to test significance levels; *p<0.05, **p<0.01, 
***p<0.001 compared to control, † p<0.05, †† p<0.01, ††† p<0.001 compared to Rosi treatment. ×××× 
p<0.0001 compared to LPS100, φφφ p<0.001 compared to LPS1000. 
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Figure 6.3.13.4 The Impact of LPS on Reactive Oxygen Species Clearance Genes in Human Cells.

Primary human adipocytes were differentiated with/without rosiglitazone (Rosi), 100 ng/mL 
lipopolysaccharide, or a combination of the two. Mitochondrial reactive oxygen species clearance genes 
Catalase (CAT), and Superoxide dismutase 2 (SOD2) were measured using qRT-PCR with L19 as a 
housekeeping control. Data represent mean ± standard error of the mean. The two-way ANOVA test 
was used to test significance levels; *p<0.05, **p<0.01, ***p<0.001 compared to control, † p<0.05, †† 
p<0.01, ††† p<0.001 compared to Rosi treatment. × p<0.05, ×× p<0.01 and ××× p<0.001 compared to 
LPS. 
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writing this thesis, the work is still ongoing with Alice Murphy at NTU to measure 

these LPS levels and continue this study. 
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6.4 Discussion

This study aimed to investigate the impact of LPS on adipocyte browning both in vitro 

and in vivo. To explore this, RNA was extracted from immortalized sWAT and 

primary sWAT adipocyte cultures from mice. Also, RNA was extracted from human 

lean, overweight and obese adipose tissue and from cultured primary human 

adipocytes. Gene expression of inflammatory, BAT and mitochondrial genes was 

analysed to assess the impact of LPS on the browning process. The results from these 

investigations support that LPS directly impacts the browning process in adipocytes, 

as evidenced by: (1) LPS treatment significantly reduced beige -associated gene 

expression in primary adipocytes; (2) LPS treatment significantly reduced the 

signalling of beige cells; (3) LPS treatment significantly reduced the expression of 

genes associated with mitochondrial dynamics, biogenesis and oxidative 

phosphorylation in primary adipocytes.  

The relationship between BMI and BAT gene expression in WAT was investigated in 

a human cohort, observing a strong negative correlation between the two. Also, a 

positive correlation was seen between BMI and inflammatory genes. This is in line 

with recognised impairment of BAT function in obese humans compared to lean, 

where BAT activity in response to cold and insulin are severely blunted in obesity 

(213,676). It has also been reported that overweight people have lower BAT activity, 

and the activity is (re)gained after weight loss (101,677). Furthermore, these 

correlations are consistent with earlier described findings in men, where BMI and 

percentage of body fat had significant negative correlations with BAT activity and 

UCP1 levels upon exposure to cold (52,206). Similarly, negative correlation was 

observed in the expression of CIDEA with increased BMI in obese subcutaneous 

tissues (664,678).  

In addition, this current study demonstrated a strong negative correlation between the 

BAT and inflammatory genes in omental adipose tissue, with a less apparent negative 

correlation present in subcutaneous adipose tissue. In fact, higher expression of 

inflammatory markers was documented in the adipose tissue of obese patients 

compared with lean subjects, and this expression was reduced after weight loss (679–

681). However, the relationship between inflammatory markers and BAT genes in 

humans has not been described in the literature prior to this current study. There is 
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evidence that inflammatory processes occurring in the adipose tissue environment can 

modify their beige plasticity, impair the capacity of browning in these depots and 

favour the local release of damaging signals (205,213,336,368,429,502). LPS is a 

known mediator of inflammation in white adipose tissue and as such could trigger the 

reduction in beige phenotype in the obese state, where systemic LPS levels are known 

to be high (446,682,683). 

In order to study the browning process, cells were treated with rosiglitazone as 

browning agent. Rosiglitazone is a peroxisome proliferator-activated receptor (PPARγ) 

activator and known browning agent. PPARγ agonists increase UCP1 mRNA and 

protein levels in mouse white adipocytes with increased norepinephrine induced 

thermogenesis and mitochondrial function (134,135,198,675,684,685), increase 

UCP1 content and/or multilocularization in WAT in vivo (136,685,686), and increase 

UCP1 mRNA in human adipocytes (137,687,688). Thus, in this study rosiglitazone 

was used as a valid approach to induce the browning process. As expected, treatment 

with the browning agent rosiglitazone on both mouse and human adipocytes led to the 

induction of BAT genes in white cultures which is an indication of conversion of white 

to brown-like phenotype or beige adipocytes. Also, a novel finding was that key BAT 

gene expression in beige adipocytes (rosiglitazone-treated) was significantly reduced 

with LPS treatment including UCP1, CIDEA, PLIN5 and ELOVL3 in mouse and 

human cells. Furthermore, the impact of LPS on the responsiveness of beige cells to 

an adrenergic stimulus similar to cold exposure was determined. CL316243 or 

isoproterenol, which induce thermogenesis features, were used to test the effect of LPS 

on acquisition of the brown genotype in response to an adrenergic stimulus. 

Isoproterenol- or CL-treated beige cells showed reduced to no capacity to induce 

UCP1 transcription in response to adrenergic stimulus when differentiated with LPS 

treatment. This indicates that LPS reduces adipocyte browning as well as the ability 

of beige adipocytes to respond to an adrenergic stimulus by inducing non-shivering 

thermogenesis. This is in line with previous studies in mice (356,669), however this 

result is the first to demonstrate the ability of LPS to directly inhibit browning 

(stimulated by rosiglitazone) in both mouse and human adipocytes. This highlights the 

potent effects of LPS to supress the induction of browning process which would be 

relevant to conditions of elevated LPS such as obesity. It provides evidence that 

counteracting LPS actions represents a therapeutic target to aid activation of WAT-



263 

browning which will benefit weight loss.  In addition, the effect of LPS on the 

browning capacity was more pronounced in adipocytes from lean subjects than obese. 

This has not been identified before, but is likely due to obese subjects expressing lower 

levels of each BAT gene which has been demonstrated both in our studies and in 

previous reports (50,310,684). This is important, as it suggests that obese subjects may 

be less susceptible to potential browning treatments that are currently being studied 

(689). 

Our studies indicated that LPS significantly reduces the expression of genes associated 

with mitochondrial dynamics, biogenesis and oxidative phosphorylation in beige 

adipocytes from both mice and humans. Healthy mitochondria utilise oxidative 

phosphorylation as the more efficient form of energy production, relying on 

mitochondrial biogenesis and a balance of fission and fusion in order to do this 

(660,690). The reduction in expression of genes controlling mitochondrial dynamics, 

biogenesis and oxidative phosphorylation with LPS treatment in this study highlights 

a potential mechanism for the role of LPS in the development of T2DM in obese 

patients. During obesity, LPS is able to cross from the gut to the circulation due to 

increased permeability of the gut wall (691). This raises the possibility that once LPS 

reaches the adipose tissue, it not only reduces both the number and function of beige 

adipocytes, but also directly compromises mitochondrial health. Studies have shown 

that reduced mitochondrial health induces metabolic stress, causes an accumulation of 

ROS and promotes pro-inflammatory cytokine production (692). These processes are 

known to impair insulin signalling and, over time, induce insulin resistance leading to 

development of type 2 diabetes (693). As such, these results further support previous 

reports that suggested LPS could contribute to the development of insulin resistance 

type 2 diabetes in obese patients (446,694–699), albeit through a different mechanism 

where  not only can LPS increase an inflammatory response it can also can act as an 

inhibitor of cellular browning. In addition, similar to BAT gene expression, LPS had 

a more pronounced impact on adipocytes from lean subjects compared to obese. This 

may have arisen as systemic LPS levels are increased in obese subjects, and therefore 

these adipocytes may already have been exposed to the insult in vivo. As such, 

treatment with rosiglitazone had a reduced impact on BAT and mitochondrial genes 

in adipocytes from obese subjects, and further treatment with LPS resulted in less of 

a change in expression than was seen in cells from lean subjects. 
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In conclusion, the findings in this study indicate that LPS may play a key role in both 

the browning of adipocytes and the pathogenesis of type 2 diabetes. As such, targeting 

LPS may be a viable option to prevent the development of type 2 diabetes via 

increasing the number of beige adipocytes, improving the function of beige cells, and 

improving mitochondrial health and efficiency.  
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Chapter 7. TUG-891 Reverses Lipopolysaccharide 

Mediated Biological and Mitochondrial Alterations in 

Brown Adipocytes 
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7.1 Introduction 

Strategies that target the inflammatory state may have the potential to reverse adipose 

tissue dysfunction and prevent progression of metabolic diseases. Suppression of 

inflammation using pharmacological agents, with reduction of pro-inflammatory 

cytokines and macrophage infiltration in WAT, improves AKT-phosphorylation in 

response to insulin along with improved body weight and fat mass (511–514). The 

evidence of beneficial effects from pharmacological agents on insulin response in 

BAT by reversing inflammation is less established. Additionally, there is also 

evidence that dietary intervention can cause anti-inflammatory activity, which leads 

to enhanced insulin sensitivity.  

Fatty acids (FA) are an example of dietary constituents that act as inflammation 

modulators. Importantly, Omega-3 fatty acids (ω3-FAs: n-3 polyunsaturated fatty 

acids (n-3PUFAs)) have anti-inflammatory effects and may significantly impact 

chronic inflammatory diseases including obesity related disorders (533). An ω3-

enriched diet, in non-obesogenic non-inflammatory conditions, leads to synthesis of 

oxylipins which have an anti-inflammatory response in both WAT and BAT with a 

macrophage modulation effect, but with no influence on inflammatory cytokine 

secretion (518). FFAs are active stimulators for members of the rhodopsin-like family 

of G protein-coupled receptors (GPCRs) including GPR40, GPR41, GPR43, GPR84, 

and GPR120 (519,520).  

GPR120 is of special interest because it is highly expressed in both BAT and WAT as 

well as its documented anti-inflammatory properties. In fact, TUG-891, GPR120 

agonism, has been reported in macrophages and white adipose tissue to exert potent 

anti-inflammatory effects with activated ERK phosphorylation. In addition, GW9508, 

a non-selective agonist of GPR120, significantly inhibits the ability of LPS to 

stimulate inflammatory responses in macrophages. Thus, GW9508 inhibited LPS-

stimulated phosphorylation of IKKβ and JNK, prevented IκB degradation, and 

inhibited secretion of pro-inflammatory cytokines (TNFα and IL6) (528). However, 

the consequences of GPR120 activation in BAT on inflammatory signalling has not 

been fully understood. Moreover, Christian and co-workers have shown previously 

reported that GPR120 positively impacts metabolic health by stimulating 

mitochondrial respiration in brown fat via intracellular Ca2+ release which results in 
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mitochondrial depolarization and fragmentation(524). This occurs along with 

mitochondrial UCP1 activation, which may act synergistically with mitochondrial 

fragmentation to increase respiration. GPR120 activation by the agonist TUG-891 

upregulates fat combustion in BAT thereby reducing fat mass, while GPR120 

deficiency diminishes expression of genes involved in nutrient metabolism (524). 

Moreover, GPR120 deficiency leads to obesity, glucose intolerance, and hepatic 

steatosis in mice fed a high-fat diet (526). Importantly, GPR120 mediates the anti-

inflammatory and insulin sensitizing effects of ω3-FAs by inhibition of inflammatory 

pathways and cytokine secretion in adipocytes and macrophages (528,532). A role for 

GPR120 in BAT activation and WAT browning in response to cold via FGF21 

secretion has also been confirmed (527). 

Collectively, TUG-891 has effects on BAT mitochondrial function and overall 

metabolic health and represents a candidate to investigate its capacity to counteract 

LPS-induced dysfunction of mitochondria and brown adipocytes. Therefore, the 

objectives of this chapter were to: 

1. Provide evidence to target GPR120 in human brown/ beige adipocytes.  

2. Determine the effects of TUG-891 on brown adipocyte biology. 

3. Assess whether there are protective effects of TUG-891 against LPS actions on 

both brown adipocyte alterations and mitochondrial dysfunction. 

4. Identify possible pathways through which TUG-891 acts to provide cellular 

protection in brown adipocytes. 
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7.2 Methods 

Brown pre-adipocyte (imBAT/Primaries/Spheroids) were differentiated into mature 

adipocytes over 8-10 days with or without LPS 100 ng/ml or 1000 ng/ml (100 ng/ml 

if not otherwise indicated), with or without TUG-891 (10 M) according to the 

differentiation protocol detailed in the general methods section (Chapter 2). RNA and 

protein were harvested for qRT-PCR and Western Blotting to look at changes in levels 

of key markers of brown fat, inflammatory and mitochondria. Cells were analysed for 

glucose uptake to study insulin response in the presence and absent of LPS, TUG-891 

and their combinations. Brown adipocyte were also studied with a Seahorse XF 

Analyser to determine the impact of LPS, TUG-891 and their combinations on 

mitochondrial function. Live cell imaging using a spinning disk confocal microscope 

was conducted to assess how mitochondrial membrane potential is affected by using 

MitoTracker Green FM (MTG) and MitoTracker Red CMXRos (MTR). Conditioned 

media was collected for Proteome Profiler Array assay and ELISA assays. Proteome 

Profiler Array assay was used to investigate how TUG-891 could alter the response to 

LPS in terms of cytokines secretion. ELISA assays were used to confirm secretion of 

selected highly secreted cytokines including BAFF, CXCL16, CXCL5 and MMP3.   
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7.3 Results 

GPR120 Is Expressed in Human Brown/Beige Adipocytes 

GPR120 is recognized as a brown-fat-associated gene in mice. In humans, it is 

however not so clear in if it is expressed and has the same role as a brown-fat-

associated gene. Therefore, it was of interest to investigate whether there is correlation 

with other human brown fat genes to elucidate this. In addition, GPR120 correlations 

with inflammatory genes were explored to identify the relationship between 

transcription of GPR120 and inflammatory markers as this has not been done before 

in humans. 

Positive correlations were observed between GPR120 and three of the four 

investigated brown fat genes in subcutaneous WAT (Table 7.3.1.1). This included 

positive correlation with PLIN5 (P<0.01), ELOVL3 (P<0.0001) and SLC27A2 

(P<0.01). However, in omental WAT, only ELOVL3 positively correlated with 

GPR120 gene expression (P<0.05). This could be due to omental tissue being less 

susceptible to browning compared to scWAT and therefore displaying a reduced 

correlation with the brown phenotype (700).   

CIDEA PLIN5  ELOVL
3 

 SLC27A
2 

Pearson’s 
r 

P 
value 

Pearson’s 
r 

P 
value 

Pearson’s 
r 

P 
value 

Pearson’s 
r 

P 
value 

GPR120 Sc 0.13 0.15 0.29** 1.00
E-03

0.55**** 2.893
5E-11

-0.26** 3.70
E-03

Om 0.12 0.19 0.10 0.25 0.22* 0.02 -0.10 0.30 

Table 7.3.1.1 GPR120 Gene Expression Correlation with Brown Fat Genes. 

The correlation of brown adipose tissue (BAT) genes (CIDEA, ELOVL3, PLIN5 and SLC27A2) with 
GPR120 was assessed using the Pearson correlation test.  If non-parametric, variables were log-
transformed prior to correlation analysis to improve normality. Significant correlations are highlighted, 
*p<0.05, **p<0.01 and ****p<0.0001.  CIDEA: cell death-inducing DFFA-like effector A, ELOVL3: 
fatty acid elongase 3, PLIN5: perilipin 5, GPR120: G protein-coupled receptor 120. 

Interestingly, negative correlations were observed between GPR120 and inflammatory 

genes IL6 (P<0.05) and MCP1 (P<0.05) in subcutaneous WAT (Table 7.3.1.2). This 

is in agreement with previous findings highlighting that GPR120 is down-regulated in 

obesity (an inflammatory state) and after a fatty meal (701). It also supports GPR120 

as a brown fat marker as it positively correlates with brown fat genes and it negatively 

correlates with inflammatory genes. 
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IL6 MCP1 TNFα IL1β 

Pearson’s 
r 

P 
value 

Pearson’s 
r 

P 
value 

Pearson’s 
r 

P 
value 

Pearson’s 
r 

P 
value 

GPR120 Sc -0.20* 0.03 -0.20* 0.03 0.16 0.07 -0.10 0.28 

Om -0.06 0.48 -0.20* 0.03 0.07 0.46 0.17 0.07 

Table 7.3.1.2 GPR120 Gene Expression Correlation with Inflammatory Genes.  

The correlation of genes (IL6, MCP1, TNFα, IL1β) with GPR120 was assessed using the Pearson 
correlation test.  If non-parametric, variables were log-transformed prior to correlation analysis to 
improve normality. Significant correlations are highlighted, *p<0.05, **p<0.01 and ****p<0.0001. IL6: 
interleukin 6, TNFα: tumour necrosis factor alpha, MCP1: monocyte chemotactic protein-1, IL1β 
interleukin 1 beta, GPR120: G protein-coupled receptor 120. 

In order to determine how an inflammatory state impacts GPR120 expression, both 

human and mouse primary adipocytes were treated with LPS. This caused a significant 

reduction in GPR120 expression (P<0.01), with beige adipocytes being more affected 

than white (Figure 7.3.1.1), and lean more affected than obese (Figure 7.3.1.2). As a 

result, LPS appeared to play a direct role in reducing GPR120 gene expression. This 

further supports GPR120 as a brown marker and at least at the transcriptional level, it 

is under browning program control. 

Figure 7.3.1.1 Impact of LPS on GPR120 Gene Expression in Beige Mouse Adipocytes.  
Immortalized white sWAT (A2, n=3) and primary white adipocytes sWAT (B, n=3) were grown and 
differentiated with/without 2 µM rosiglitazone (Rosi) -for beiging effect-, 100 ng/ml or 1000 ng/ml 
lipopolysaccharide (Lps100 or Lps1000), or a combination of the two. GPR120 was analysed using q-
RT-PCR with L19 as a housekeeping control. ***p<0.001 compared to control,  †† p<0.01 and ††† 
p<0.001 compared to Rosi treatment.  
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Figure 7.3.1.2 Impact of LPS on GPR120 Gene Expression of Human Primary Adipocytes.  
Lean (left paned) and obese (right paned) primary human adipocytes were differentiated with/without 
2µM rosiglitazone (Rosi), 100 ng/ml lipopolysaccharide (LPS100) or a combination of the two. 
GPR120 was analysed using qRT-PCR with L19 as a housekeeping control. Data represent mean ± 
standard error of the mean. The two-way ANOVA test was used to test significance levels; *p<0.05, 
**p<0.01, ****p<0.0001 compared to control,  †† p<0.01 and †††† p<0.0001 compared to Rosi 
treatment. ×× p<0.01, ××× p<0.001 and ×××× p<0.0001 compared to LPS treatment. 

Brown Adipocyte Differentiation in the Presence of TUG-891 and/or LPS 

Before studying the effect of TUG-891 on brown adipocyte biology, the impact of 

chronic presence of TUG-891 and/or LPS on differentiation of brown adipocytes of 

different models including 2D, 3D was explored. Using spheroids as a 3D model 

provides valuable information about brown adipocyte responses in a closer 

environment to their physiological state. 

Prior to the application of induction media, imBAT cells and primary brown 

adipocytes showed a flat and more compact shape (Figure 7.3.2.2; A1, B1) while 

spheroids when sectioned and stained with H&E staining showed no lipid droplets 

(Figure 7.3.2.2; C1), suggesting all cells were not differentiated. Around day 4 lipid 

droplets started to develop and become larger and more numerous with the progression 

of differentiation. On day 8, all the cells were considered fully differentiated, including 

cells differentiated in the presence of TUG-891, LPS or combination of the two. This 

was judged based on both morphology and induction of aP2. This suggests that the 

treatments do not impact differentiation. 

Photographs were taken of imBAT adipocytes (Figure 7.3.2.2; A2, A3,A4, A5) to 

show lipid accumulation using Oil Red-O staining demonstrating successful 
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differentiation of cells under the different treatments used. Similarly, further digital 

images (Figure 7.3.2.2; B2, B3,B4, B5) also show differentiated primary brown 

adipocytes with each treatment. Due to the limited number of cells obtained for 

primary BAT culture, it was not possible to plate additional wells to perform Oil Red-

O staining as a comparator for all treatment regimens each day. Despite this, the 

images clearly show fully differentiated brown adipocytes under the different 

treatments. Finally, the spheroid cell model also shows differentiated brown 

adipocytes full of lipid droplets with H&E staining (Figure 7.3.2.2; C2, C3,C4, C5). 

Similarly, the induction of the adipocyte marker aP2 confirmed that imBAT, primaries 

and spheroids efficiently differentiate in the presence of each treatment (Figure 

7.3.2.1). 

Figure 7.3.2.1 aP2 Expression in Brown Adipocytes.  
ImBAT, primaries, spheroids were differentiated with/without LPS (100 ng/ml), 891 (10 M) or 
combination of 891 and LPS. aP2 gene expression levels in imBAT (A), primaries (B) and spheroids 
(C). Results are expressed as a fold change from control cells. Bars represent means ± standard error of 
the mean. Two-way ANOVA was used for comparisons. CTRL; control. aP2: fatty acid binding protein 
4, 891:TUG-891. 
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1. Undiff 2. CTRL 3. LPS100 4. 891 5. 891+LPS100

A. imBAT

B. Primaries

C. Spheroids

Figure 7.3.2.2 Morphology of Brown Adipocytes Differentiated in the Absence and Presence of TUG-891 and/or LPS.  
Pictures of undifferentiated imBAT (A1), primaries (B1), spheroids (C1). Control (A2, B2, C3), LPS treated (100 ng/ml) (A3, B3, C3), TUG-891 treated (A4, B4, C4), TUG-
891+LPS (100 ng/ml) (A5, B5, C5) differentiated brown adipocytes of imBAT, primaries, spheroids for each treatment.20x magnification. imBAT were stained with Oil Red 
O. Spheroids were stained with H&E. CTRL: Control, 891:TUG-891. 
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TUG-891 Administration to Brown Adipocytes Reduces LPS-Induced 

Insulin Resistance 

To test the hypothesis that TUG-891 has a positive role on brown adipocyte biology 

and could reverse brown adipocyte insulin resistance, induced via LPS, the first step 

was to establish whether in vitro TUG-891 administration could directly reverse 

insulin resistance in imBAT cells. As shown in Figure 7.3.3.1, both doses of LPS (100 

ng/mL and 1000 ng/mL) induced insulin resistance in imBAT cells evidenced by 

significant reductions in uptake of radio-labelled glucose following an acute dose of 

insulin (100 nM) compared with control adipocytes (FC=-2.94, P<0.0001, FC=-3.01, 

P<0.0001). Conversely, culturing cells with TUG-891 enhanced insulin sensitivity as 

labelled glucose uptake rate was doubled compared to control adipocytes (FC=1.85, 

P<0.0001). In addition, cells treated with a combination of LPS and TUG-891 led to 

partial reversal of LPS-induced insulin resistance at both doses of LPS. Notably, the 

capability of TUG-891 to restore insulin sensitivity was higher with the lower LPS 

dose  (100 ng/ml: FC=2.28, P<0.001) compared to higher dose (1000 ng/mL) (Figure 

7.3.3.1, D)  

This functional observation of LPS-induced insulin resistance was accompanied by 

reduced phosphorylation of the Serine/Threonine Kinase AKT in response to insulin 

treatment, a key step in the insulin signalling cascade (FC=-2.63, P<0.01, Figure 

7.3.3.1; E1, E2). Treating imBAT cells with a combination of TUG-891 and LPS 

resulted in increased phosphorylation of AKT after an acute dose of insulin (100 nM) 

compared to LPS-treated cells alone (FC= 2.17, P<0.05). The higher dose of LPS 

(1000 ng/mL) resulted in undetectable p-AKT, which was restored to detectable levels 

by treatment in the presence of TUG-891. 

Gene expression of solute carrier family 2 (facilitated glucose transporter), member 4 

(GLUT4) was investigated as this is the insulin-regulated glucose transporter. 

Differentiating different models of brown adipocytes (imBAT, primaries, spheroids) 

with LPS (100 ng/mL) reduced GLUT4 gene expression levels by maximum of 97 % 

(P<0.0001). TUG-891 partially restored decreased GLUT4 by LPS treatment in all 

three tested cells models (2.25-fold increase in imBAT (P<0.05), 2-fold increase in 
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primaries and 10-fold increase in spheroids (P<0.05)) (Figure 7.3.3.1, A1, B1, C1). 

Solute carrier family 2 (facilitated glucose transporter), member 1 (GLUT1) catalyses 

the transport of glucose across the plasma membrane under basal conditions. Unlike 

the consistent changes observed for GLUT4, GLUT1 expression varied across the 

different cell models. LPS alone decreased GLUT1 gene expression in imBAT cells, 

whereas it increased GLUT1 gene expression in both spheroids and primaries. Also, 

TUG-891 alone did not alter GLUT1 gene expression in imBAT but increased GLUT1 

in both spheroids and primaries. Although there is a lack of a consistent response of 

GLUT1 to LPS and TUG-891 treated separately, a combination of LPS and TUG-891 

significantly increased GLUT1 gene expression levels compared to LPS treatment 

alone in all tested cell models (1.75-fold increase in imBAT (P<0.05), 2.6-fold 

increase in primaries (P<0.05) and 3-fold increase in spheroids (P<0.05)).(Figure 

7.3.3.1 A2, B2, C2).  

Thus, differentiating brown adipocytes with TUG-891 alleviated impaired insulin 

signalling and adipocyte glucose uptake induced by LPS, with stronger effects in 

reversing the lower LPS lower dose. 
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Figure 7.3.3.1 Effect of TUG-891 (891) on Brown Adipocyte Insulin Sensitivity.  
ImBAT, primaries and spheroids were differentiated with/without LPS (100 ng/ml, 1000 ng/ml), 891 
or combination of 891 and LPS. (A1, B1, C1) GLUT4 gene expression levels in imBAT, primaries, 
spheroids respectively. (A2, B2, C2) GLUT1 gene expression levels in imBAT, primaries, spheroids 
respectively. (D) Glucose uptake of 2-DG and (E1, E2) AKT protein expression and densitometry in 
imBAT following acute dose of insulin (100 nM). (E1) Image of AKT and loading control β-actin 
Western blot membranes. For protein densitometry and gene expression, results are expressed as fold 
change relative to control cells. For glucose uptake normalised counts per minute to total protein content 
are shown.  Bars represent means ± standard error of the mean. *p<0.05, **p<0.01, *** p<0.001, **** 
p<0.0001 compared to CTRL. ƒ p<0.05, ƒƒ p<0.01, ƒƒƒ p<0.001 compared to LPS. Two-way ANOVA 
was used for comparisons. GLUT4; solute carrier family 2 (facilitated glucose transporter), member 4, 
GLUT1; solute carrier family 2 (facilitated glucose transporter), member 1. AKT; Serine/Threonine 
Kinase. CTRL; control. 2-DG; 2-Deoxyglucose. 891:TUG-891 

TUG-891 Administration to Brown Adipocytes Reduces LPS-Induced 

Inflammation 

It has been demonstrated that GPR120 agonists have anti-inflammatory effects 

(528,533). In order to investigate the consequences of GPR120 activation on 

inflammatory signalling in BAT, inflammatory markers were studied following 
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GPR120 and LPS treatment in this study. As expected, differentiating brown 

adipocytes in the presence of LPS induced the expression of inflammatory markers 

including IL6 and MCP1 in imBAT (IL6: FC=67.24 , P<0.0001, Figure 7.3.4.1, A1) 

(MCP1: FC=4.36, P<0.0001, Figure 7.3.4.1, A2), primary brown adipocytes (IL6: 

FC=10.9, P<0.0001, Figure 7.3.4.1, B1) (MCP1: FC=86.44, P<0.0001, Figure 7.3.4.1, 

B2) and brown adipocyte spheroids (IL6: FC=214.15, P<0.0001, Figure 7.3.4.1, C1) 

(MCP1: FC=59.8, P<0.0001, Figure 7.3.4.1, C2). This was accompanied by the 

phosphorylation of NFB in primaries (Figure 7.3.4.1, B3, B4) and c-Jun in imBAT 

cells (FC=1.62, P<0.0001, Figure 7.3.4.1, A3, A4) upon LPS treatment for only 30 

minutes. Unfortunately, phosphorylated NFB was not detectable in imBAT, while 

phosphorylated c-Jun was not detectable in primaries. 

Co-administration of TUG-891 with LPS significantly reduced LPS-induction of 

inflammatory gene expression of both IL6 and MCP1 in imBAT (IL6: FC=-1.81, 

P<0.0001, Figure 7.3.4.1, A1) (MCP1: FC=-1.47, P<0.01, Figure 7.3.4.1, A2), 

primaries (IL6: FC=-1.42, P<0.05, Figure 7.3.4.1, B1) (MCP1: FC=-1.41, P<0.05, 

Figure 7.3.4.1, B2) and spheroids (IL6: FC=-2.73, P<0.0001, Figure 7.3.4.1, C1) 

(MCP1: FC=-3.46, P<0.0001, Figure 7.3.4.1, C2). In line with this, TUG-891 reduced 

the phosphorylation of NFkB in primaries (Figure 7.3.4.1, B3, B4) and c-Jun in 

imBAT upon LPS treatment (FC=-1.26, P<0.05, Figure 7.3.4.1, A3, A4).  

Ultimately, these results suggest that TUG-891 activation of GPR120 has anti-

inflammatory effects that oppose LPS actions at JNK/IKKβ level in all tested brown 

adipocytes models.  
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Figure 7.3.4.1 Anti-Inflammatory Effects of TUG-891 (891) on Brown Adipocytes.  

ImBAT, primaries and spheroids were differentiated with/without LPS (100 ng/ml), LPS (1000 ng/ml), 891 
(10 M) or combination of 891 and LPS. (A1, B1, C1) IL6 gene expression levels in imBAT, primaries, 
spheroids respectively. (A2, B2, C2) MCP1 gene expression levels in imBAT, primaries, spheroids 
respectively. (A3, A4) Phospho-c-Jun protein and densitometry in imBAT following acute dose of LPS (100 
ng/ml), 891 (10 nM) or combination of 891 and LPS. (A3) Image of phospho-c-Jun and loading control β-
actin Western blot membranes. (B3, B4) Phospho-NFkB protein and densitometry in primary brown 
adipocytes following acute dose of LPS (100 ng/ml), 891 (10 M) or combination of 891 and LPS. (B3) Image 
of phospho-c-Jun and loading control β-actin Western blot membranes. For gene expression and protein 
densitometry, results are expressed as a fold change from control cells. Bars represent means ± standard error 
of the mean. *p<0.05, **p<0.01, *** p<0.001, **** p<0.0001 compared to CTRL. ƒ p<0.05, ƒƒ p<0.01, ƒƒƒ 
p<0.001 compared to LPS. Two-way ANOVA was used for comparisons. CTRL; control. NFkB; nuclear 
factor κ B or RelA (p65), c-Jun; transcription factor activator protein-1 Ser73.  
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TUG-891 Administration to Brown Adipocytes Enhances UCP1 

Expression 

After observing the positive effects of TUG-891 on opposing LPS actions including 

insulin resistance and inflammation, the next step was to investigate any potential 

effect on features of thermogenesis, the main characteristic of brown adipocytes. 

Therefore, modifications of UCP1 gene expression and protein levels when 

differentiating cells were treated with TUG-891 were explored. Strikingly, TUG-891 

significantly promoted UCP1 gene expression in imBAT (FC=1.76, P<0.05, Figure 

7.3.5.1; A), primaries (FC=6.67, P<0.05, Figure 7.3.5.1; B).and spheroids (FC=1.81, 

P<0.001, Figure 7.3.5.1; C). This is also in line with an increase in UCP1 protein levels 

in imBAT cells when differentiated with TUG-891 (FC=1.51, P<0.05, Figure 7.3.5.1; 

D, E). Also, immunohistochemical staining of UCP1 in spheroids was increased with 

TUG-891 treatment (Figure 7.3.5.1; B2 vs B4). Thus, TUG-891 appears to enhance 

the expression of UCP1, the main thermogenesis protein, in brown adipocytes. 

Figure 7.3.5.1 Effects of TUG-891 (891) on UCP1 in Brown Adipocytes.  

ImBAT, primaries and spheroids were differentiated with/without 891 (10 M). (A, B, C) UCP1 gene 
expression levels in imBAT, primaries, spheroids respectively. (D, E) UCP1 protein expression and 
densitometry in imBAT. (D) Image of UCP1 and loading control β-actin Western blot membranes. For 
gene expression and protein densitometry, results are expressed as a fold change from control cells. 
Bars represent means ± standard error of the mean. *p<0.05, **p<0.01, *** p<0.001 compared to CTRL. 
Unpaired T.Test was used for comparisons. CTRL; control. UCP1; uncoupling protein 1. 891:TUG-
891. 
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This new positive effect of TUG-891 on UCP1 induction in brown adipocytes was 

further investigated to demonstrate whether it has any influence on reversing UCP1-

reduction upon LPS treatment in these brown adipocytes in vitro. Hence, imBAT, 

primaries and spheroids were differentiated with/without LPS (100 ng/ml), TUG-891 

(10 µM) or combinations of TUG-891 and LPS. Interestingly, TUG-891 partially 

reversed LPS-dependent reduction of UCP1 gene expression levels as it led to notable 

increase when used in combination with LPS. This was the case for all tested models 

of adipocytes including imBAT (FC=4.75, P<0.05, Figure 7.3.5.2; A) primaries 

(FC=15, P<0.05, Figure 7.3.5.2; B) and spheroids (FC=3.4, P<0.0001, Figure 7.3.5.2; 

C), (Figure 7.3.5.3; B3 vs B5).

Figure 7.3.5.2 Effects of TUG-891 (891) on UCP1 Gene Expression in LPS-Treated Brown 
Adipocytes.  
ImBAT, primaries, spheroids were differentiated with/without LPS (100 ng/ml), 891 (10 M) or 
combination of 891 and LPS. (A, B, C) UCP1 gene expression levels in imBAT, primaries and 
spheroids respectively. Results are expressed as a fold change from control cells. Bars represent means 
± standard error of the mean. *p<0.05, **p<0.01, *** p<0.001 **** p<0.0001 compared to CTRL. ƒ 
p<0.05, ƒƒ p<0.01, ƒƒƒ p<0.001, ƒƒƒƒ p<0.0001  compared to LPS. Two-way ANOVA was used for 
comparisons. CTRL; control. UCP1; uncoupling protein 1. 891:TUG-891

UCP1 immunostaining of spheroids, in Figure 7.3.5.3, revealed that in the 

differentiating spheroid model, TUG-891 protected the cells from reduced UCP1 

levels occurring upon LPS treatment. The brown colour is the UCP1 stain and the 

darker the colour, the more UCP1 inside the cells. Co-treatment of TUG-891 with LPS 

treatment resulted in cells with increased UCP1 compared to LPS treated cells (Figure 

7.3.5.4). The upper panel of (Figure 7.3.5.3; A1, A2, A3, A4, A5) shows that there 

was no staining in the absence of anti-UCP1 antibody indicating that the staining is 

specific for the anti-UCP1 antibody. Overall, TUG-891 not only increases UCP1 

expression in brown adipocytes, but also reduces the deleterious effects of LPS and 

considerably increases UCP1 levels.
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Figure 7.3.5.3 UCP1 Staining, in Murine Brown Adipocyte Spheroids by Immunohistochemistry.  
Sectioned spheroids were incubated without (A1, A2, A3, A4, A5)/with (B1, B2, B3, B4, B5) UCP1-primary antibody and staining was detected using an HRP/DAB detection 
kit. Sections were counterstained using haematoxylin. Pictures taken with a 40x magnification.  B4 appears more stained compared to B2 which indicate 891 increased UCP1 
levels in brown adipocyte spheroids. B5 appears more stained compared to B3 which indicates the combination of 891 with LPS protected brown adipocyte spheroids from 
LPS-reduced UCP1. 
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Figure 7.3.5.4 UCP1 Staining Quantification, in Mouse Brown Adipocytes Spheroids By 
Immunohistochemistry.  

At least 3 stained spheroids at dilution 1:1000 for UCP1 antibody were quantified. Data are expressed 
as mean ± standard error of the mean. Unpaired t test was used for comparisons. *** p<0.001 compared 
to CTRL. ƒ p<0.05 compared to LPS. Two-way ANOVA was used for comparisons. CTRL; control. 
UCP1; uncoupling protein 1, 891:TUG-891. 

TUG-891 Administration to Brown Adipocytes Enhances Brown Fat 

Gene Expression 

Following the findings that TUG-891 increased UCP1, the main thermogenic protein 

in brown adipocytes, other key brown fat genes markers were explored. These 

included CIDEA, PLIN5, and ELOVL3. TUG-891 increased CIDEA gene expression 

levels in imBAT cells by 33 % (Figure 7.3.6.1, A1) and spheroids by 20.4 % (Figure 

7.3.6.1, A2), while it did not have an effect in primaries (Figure 7.3.6.1, A3). However, 

the observed increase in CIDEA gene expression with TUG-891 was not statistically 

significant in any of the three models. PLIN5 gene expression levels significantly 

increased with TUG-891 treatment in imBAT cells (FC=1.23, P<0.05 Figure 7.3.6.1; 

A2) and primaries (FC=1.94, P<0.01 Figure 7.3.6.1; B2), however the increase in 

spheroids was not statistically significant (Figure 7.3.6.1; C2). ELOVL3 gene 

expression levels significantly increased with TUG-891 treatment in imBAT 

(FC=2.38, P<0.0001 Figure 7.3.6.1; A3), primaries (FC=3.01, P<0.001 Figure 7.3.6.1; 

B3) and spheroids (FC=5.09, P<0.0001 Figure 7.3.6.1; C3). 
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Generally, the combination of TUG-891 and LPS enhanced CIDEA gene expression 

in brown adipocytes compared with LPS-treated cells as there was 65 % increase in 

imBAT cells (Figure 7.3.6.1; A1), 147 % increase in primaries (Figure 7.3.6.1, B1), 

and 521 % increase in spheroids (Figure 7.3.6.1; C1). However, this increase was only 

statistically significant in primaries (P<0.01). In parallel, PLIN5 gene expression 

levels were restored when differentiating the brown adipocytes with TUG-891 and 

LPS compared to LPS alone as there was 77.4 % increase in imBAT cells (P<0.05, 

Figure 7.3.6.1; A2), 131 % increase in primaries (P<0.05, Figure 7.3.6.1; B2), 937 % 

increase in spheroids (P<0.05, Figure 7.3.6.1; C2). In line with restoration of CIDEA 

and PLIN5, ELOVL3 gene expression levels was restored when differentiating the 

brown adipocytes with TUG-891 and LPS compared to LPS alone as there was 523 % 

increase in imBAT (P<0.001, Figure 7.3.6.1; A3), 283 % increase in primaries 

(P<0.05, Figure 7.3.6.1; B3), 4586 % increase in spheroids (P<0.001 Figure 7.3.6.1; 

C3).  

From these findings, TUG-891 appears to enhance expression of brown fat genes 

including (PINL5 and ELOVL3) and partially reverse the deleterious effects of LPS 

on the reduction of CIDEA, PLIN5 and ELOVL3 in brown adipocytes. It is 

noteworthy that the percentage restoration due to TUG-891 was always higher in the 

spheroid model. As this model provides a 3D culture environment closer to the 

physiological status, it supports the potential for TUG-891 to have a potent brown fat 

gene-inducing action in vivo. 
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Figure 7.3.6.1 Effect of TUG-891 (891) on Brown Fat Genes in Brown Adipocytes.  

ImBAT cells, primaries and spheroids were differentiated with/without LPS (100 ng/ml), 891 or 
combination of 891 and LPS. (A1, B1, C1) CIDEA gene expression levels in imBAT cells, primaries, 
and spheroids, respectively. (A2, B2, C2) PLIN5 gene expression levels in imBAT cells, primaries, and 
spheroids, respectively. (A3, B3, C3) ELOVL3 gene expression levels in imBAT cells, primaries, and 
spheroids, respectively. Results are expressed as a fold change from control cells. Bars represent means 
± standard error of the mean. *p<0.05, **p<0.01, *** p<0.001, **** p<0.0001 compared to CTRL. ƒ 
p<0.05, ƒƒ p<0.01 compared to LPS. Two-way ANOVA was used for comparisons. CTRL; control. 
CIDEA; cell death inducing DFFA like effector a. PLIN5; perilipin 5. ELOVL3; elongation of very 
long chain fatty acids protein 3, 891:TUG-891. 

Gene expression analysis for GPR120, itself a brown fat maker and the receptor for 

TUG-891, revealed a significant increase with TUG-891 treatment in primaries (200 

%, P<0.0001, Figure 7.3.6.2, B), however no increase was detected in imBAT cells or 

spheroids (Figure 7.3.6.2, A, C). Nevertheless, GPR120 gene expression levels were 
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restored when differentiating the brown adipocytes with TUG-891 and LPS compared 

to LPS alone in spheroids (733 %, P<0.05) (Figure 7.3.6.2; C). 

It is possible that the increased GPR120 levels contribute to the positive effects of 

TUG-891 on UCP1 and other brown fat genes. However, a larger number of samples 

is needed to confirm this conclusion. 

Figure 7.3.6.2 Effect of TUG-891 (891) on GPR120 Gene Expression in Brown Adipocytes.  

ImBAT cells, primaries and spheroids were differentiated with/without LPS (100 ng/ml), 891 or 
combination of 891 and LPS. (A, B, C) GPR120 gene expression levels in imBAT cells, primaries, and 
spheroids, respectively. Results are expressed as a fold change from control cells. Bars represent means 
± standard error of the mean. *p<0.05, **p<0.01, *** p<0.001, **** p<0.0001 compared to CTRL. ƒ 
p<0.05 compared to LPS. Two-way ANOVA was used for comparisons. CTRL; control. GPR120; free 
fatty acid receptor 4, 891:TUG-891. 

Effect of TUG-891 Administration to Brown Adipocytes on Reactive 

Oxygen Species Clearance 

Next, oxidative stress processes were explored via measurement of antioxidant 

enzymes levels as an indicator including catalase (CAT) and superoxide dismutase 2 

(SOD2) gene expression. 

SOD2 showed a marked increase in terms of mRNA transcript levels when 

differentiating imBAT cells, primaries and spheroids with LPS. A combination of 

TUG-891 and LPS treatment during the differentiation of brown adipocytes resulted 

in similar levels of SOD2 expression to LPS alone (Figure 7.3.7.1; A2, B2, C2). 

However, the mRNA expression of the antioxidant catalase was significantly impaired 

with LPS treatment during differentiation of imBAT cells, primaries and spheroids 

(Figure 7.3.7.1; A1, B1, C1), and TUG-891 seems to restore catalase gene expression 

and reverse LPS actions on catalase levels imBAT cells (FC=1.60, Figure 7.3.7.1; A1), 
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primaries (FC=1.47, P<0.05, Figure 7.3.7.1; B1) and spheroids (FC=2.58, P<0.05, 

Figure 7.3.7.1; C1). 

Collectively, TUG-891 protected the anti-oxidant role of catalase which was impaired 

when LPS is present which would influence mitochondrial function. 

Figure 7.3.7.1 Effect of TUG-891 (891) on Catalase (CAT) and Superoxide Dismutase 2 (SOD2) 
in Brown Adipocytes.  

ImBAT cells, primaries and spheroids were differentiated with/without LPS (100 ng/ml), 891 or 
combination of 891 and LPS. (A1, B1, C1) CAT gene expression levels in imBAT cells, primaries, and 
spheroids, respectively. (A2, B2, C2) SOD2 gene expression levels in imBAT cells, primaries, and 
spheroids, respectively. Results are expressed as a fold change from control cells. Bars represent means 
± standard error of the mean. *p<0.05, **p<0.01, *** p<0.001, **** p<0.0001 compared to CTRL. ƒ 
p<0.05 compared to LPS. Two-way ANOVA was used for comparisons. CTRL; control, 891:TUG-891. 
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Effect of TUG-891 Administration on the Expression of Genes Involved 

in Mitochondrial Biogenesis, and Protein Depletion 

In order to determine the impact of LPS on mitochondrial biogenesis, gene expression 

of PPARG coactivator 1 alpha (PGC1α), DNA polymerase gamma (POLG), 

transcription factor A (TFAM) and nuclear respiratory factor 1 (NRE1) were measured 

across each cell type. LPS treatment reduced expression of every gene measured in 

each cell type, with a maximum decrease of -89 % (P<0.001) observed in expression 

levels of PGC1α in spheroid model as shown in Figure 7.3.8.1 as fold-change of 

control cells.  

Differentiating imBAT, primaries and spheroids with a combination of LPS and TUG-

891 blunted the repression induced by LPS on genes involved in mitochondrial 

biogenesis. This is evidenced by an increase in mitochondrial biogenesis gene 

expression levels in cells treated with combination of LPS and TUG-891 compared to 

LPS by a 213 % maximum increase in PGC1α (P<0.01), 108 % maximum increase in 

POLG (P<0.0001), 117 % maximum increase in TFAM (P<0.001) and 64 % 

maximum increase in NRF1 (P<0.01). The increase was statistically significant in 

imBAT cells when investigating PGC1α (Figure 7.3.8.1; A1) and POLG (Figure 

7.3.8.1, A2), in primaries when investigating POLG (Figure 7.3.8.1, B2), and in 

spheroids when investigating POLG (Figure 7.3.8.1, C1), TFAM (Figure 7.3.8.1, C3), 

NRF1 (Figure 7.3.8.1, C4).  
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Figure 7.3.8.1 Effect of TUG-891 (891) on Genes Involved in Mitochondrial Biogenesis in Brown Adipocytes. 

ImBAT cells, primaries and spheroids were differentiated with/without LPS (100 ng/ml), 891(10 M) or combination of 891 and LPS. (A1, B1, C1) PGC1α gene expression 
levels in imBAT cells, primaries, and spheroids, respectively. (A2, B2, C2) POLG gene expression levels in imBAT cells, primaries, and spheroids, respectively. (A3, B3, C3) 
TFAM gene expression levels in imBAT cells, primaries, and spheroids, respectively. (A4, B4, C4) NRF1 gene expression levels in imBAT cells, primaries, and spheroids, 
respectively. Results are expressed as a fold change from control cells. Bars represent means ± standard error of the mean. *p<0.05, **p<0.01, *** p<0.001, **** p<0.0001 
compared to CTRL. ƒ p<0.05, ƒƒ p<0.01, ƒƒƒ p<0.001, ƒƒƒƒ p<0.0001 compared to LPS. Two-way ANOVA was used for comparisons. CTRL; control. PGC1α; PPARG 
coactivator 1 alpha. POLG; DNA polymerase gamma, catalytic subunit. TFAM; transcription factor A, mitochondrial. NRF1; nuclear respiratory factor 1, 891:TUG-891. 
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In addition, adverse effects on mitochondrial protein translation were observed when 

differentiating imBAT cells were treated with LPS. Succinate dehydrogenase complex 

subunit A (SDHA) protein levels were decreased when imBAT cells were 

differentiated with LPS. However, LPS effects on MtDNA-encoded cytochrome c 

oxidase subunit 1 (MT-CO1) protein levels were less obvious. The ratio indicated 

evidence of an increase of mitochondrial protein encoded in mitochondrial DNA (MT-

CO1) versus nuclear DNA-encoded mitochondrial protein (SDHA), albeit none 

significant (Figure 7.3.8.2, C).  

Differentiating imBAT cells treated with a combination of LPS and TUG-891 lessened 

effects observed with LPS alone on SDHA levels (Figure 7.3.8.2, A1, A2). but did not 

affect MT-CO1 (Figure 7.3.8.2, B1, B2). Also, when using a combination of LPS and 

TUG-891, compared to LPS alone. Mitochondrial protein encoded in mitochondrial 

DNA (MT-CO1) increased compared to nuclear DNA-encoded mitochondrial protein 

(SDHA). However, further investigations using a larger number of samples are needed 

to confirm these results. 
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Figure 7.3.8.2 Mitochondrial Protein Abundance (Denoted by Mitochondrial MT-CO1 to Nuclear SDHA Protein Ratio) in imBAT Cells following Differentiation 
with/without LPS (100 ng/ml, 1000 ng/ml), 891(10 M) or combination of 891 and LPS.  

Image of SDHA and loading control GAPDH (A1), MT-CO1 and loading control GAPDH (B1) Western blot membranes. Densitometry of absolute levels of SDHA (A2) and 
MT-CO1 (B2). (C) Densitometry of relative levels of mitochondrial MT-CO1 to nuclear SDHA protein. Data are expressed as fold change from control, and bars represent 
means ± standard error of the mean. Linear mixed model was fitted so that random effects can be included since samples were loaded on different gels.  *p<0.05, compared to 
CTRL. ƒ p<0.05, compared to LPS 100. # p<0.05, compared to LPS 1000. CTRL; control. SDHA; Succinate dehydrogenase complex subunit A, MT-CO1; MtDNA-encoded 
cytochrome c oxydase subunit 1. GAPDH; glyceraldehyde-3-phosphate dehydrogenase, 891:TUG-891. 
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Effect of TUG-891 Administration on Mitochondrial Dynamics 

LPS appears to reduce indicators of mitochondrial dynamics evidenced by 

investigations on both gene expression and protein levels. In this context, 

mitochondrial fission genes including Dynamin-1-like protein (DRP1) and 

Mitochondrial fission 1 protein (FIS1) had reduced expression when differentiating 

imBAT cells, primaries and spheroids in the presence of LPS. Similarly, mitochondrial 

fusion genes including both Mitofusin 2 (MFN2) and mitochondrial dynamin like 

GTPase (OPA1) had reduced expression levels when differentiating imBAT cells, 

primaries and spheroids with LPS (Figure 7.3.9.1). 

Differentiating brown adipocytes with TUG-891 increased expression of Drp1 

compared to control cells by 34 % (P<0.05) in imBAT cells, 112 % in primaries 

without being statistically significant and 7396 % (P<0.0001) in spheroids. TUG-891 

also significantly recovered reduced DRP1 levels by LPS as the data indicated an 

increase in DRP1 in combination of LPS and TUG-891 compared to LPS treatment 

alone by 42.8 % (P<0.05) increase in imBAT cells, 254.6 % (P<0.05) in primaries and 

10455 % (P<0.001) in spheroids (Figure 7.3.9.1; A, B, C). In line with this observed 

TUG-891 effect on DPR1, differentiating brown adipocytes with combinations of LPS 

and TUG-891 resulted in a reduction of the LPS effect and restoration of other gene 

expression levels involved in both fission and fusion. This included recovered FIS1-

levels from the decrease induced by LPS as the data indicated 36.5 % (P<0.05) 

increase in imBAT cells, 203 % (P<0.0001) in primaries and 273.8 % (without being 

significant) in spheroids (Figure 7.3.9.1; A, B, C). Similarly, mitochondrial fusion 

gene expression of MFN2 and OPA1 was recovered from the effect of LPS by TUG-

891 co-administration as the data showed 52.9 %, and 147 % increase of MFN2 and 

OPA1 respectively in imBAT cells, 39.4 % and 142.5 % of MNF2 and OPA1 

respectively in primaries, and 90.6 % and 97 % of MFN2 and OPA1 respectively in 

spheroids. The restoration was significant for MFN2 in imBAT (P<0.01) and for 

OPA1 in imBAT (P<0.001) and in primary cells (P<0.01)  (Figure 7.3.9.1; A , B, C). 
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Figure 7.3.9.1 Effect of TUG-891 (891) on Genes Involved in Mitochondrial Dynamics in Brown 
Adipocytes. 

ImBAT cells, primaries and spheroids were differentiated with/without LPS (100 ng/ml), 891(10 M) 
or combination of 891 and LPS. Gene expression levels of mitochondrial fission genes: DRP1, FIS1, 
and mitochondrial fusion genes MFN2 ,OPA1 in imBAT (A), primaries (B) and spheroids (C). Results 
are expressed as a fold change from control cells (n=3 for each treatment). Bars represent means ± 
standard error of the mean. *p<0.05, **p<0.01, *** p<0.001, **** p<0.0001 compared to CTRL. ƒ 
p<0.05, ƒƒ p<0.01, ƒƒƒ p<0.001, compared to LPS. Two-way ANOVA was used for comparisons. 
CTRL; control. MFN2: Mitofusin 2; OPA1: mitochondrial dynamin like GTPase; DRP1: Dynamin-1-
like protein; FIS1: Mitochondrial fission 1 protein, 891:TUG-891. 
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These changes in gene expression were accompanied by alterations in the protein 

levels of factors that control mitochondrial dynamics. Investigation of phosphorylated 

mitochondrial fission protein p-DRP1 showed a reduction in imBAT cells 

differentiated with LPS (Figure 7.3.9.2; A, A1) as well as both forms of mitochondrial 

fusion protein OPA1 (long OPA1 (L-OPA1) and short OPA1 s-OPA1). However, the 

ratio between L-OPA1/S-OPA1 did not change (Figure 7.3.9.2; B, B1, B2, B3). 

Figure 7.3.9.2 Effect of TUG-891 (891) on Protein Involved in Mitochondrial Dynamics in imBAT 
Cells. 

ImBAT cells were differentiated with/without LPS (100 ng/ml, 1000 ng/ml), 891(10 M) or 
combination of 891 and LPS. Protein expression and densitometry including fission protein DRP1 (A, 
A1) and fusion protein OPA1 (B, B1, B2, B3) in imBAT cells. (A) Image of p-DRP1, total-DRP1 and 
loading control GAPDH Western blot membranes. (B) Image of L-OPA1, S-OPA1 and loading control 
GAPDH Western blot membranes. Results are expressed as a fold change from control cells. Bars 
represent means ± standard error of the mean. *p<0.05, **p<0.01, ***p<0.001 compared to CTRL. ƒ 
p<0.05 compared to LPS 100, # p<0.05, ## p<0.01, ### p<0.001. Two-way ANOVA was used for 
comparisons. CTRL; control. P-DRP1: phosphorylated Dynamin-1-like protein; DRP1: Dynamin-1-
like protein; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; OPA1: mitochondrial dynamin like 
GTPase. L-OPA1: long OPA1; S-OPA1, short OPA1. 
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When differentiating imBAT cells with TUG-891 and LPS in combination, TUG-891 

restored p-DRP1 protein levels with the lower dose of LPS. However, it failed to 

reverse the effect on p-DRP1 with LPS at the higher dose (Figure 7.3.9.2; A, A1).  

Both L-OPA1 and S-OPA1 protein levels were significantly restored when 

differentiating imBAT cells with TUG-891 and LPS in combination compared to LPS 

alone. However, the L-OPA1/S-OPA1 ratio was not affected by LPS and TUG-891 

treatments (Figure 7.3.9.2; A, A1). 

Effect of TUG-891 Administration on Other Mitochondrial Functions  

Following findings of TUG-891 protective effects against LPS in brown adipocytes 

with regard to mitochondrial dynamics and biogenesis, indicators that reflect other 

mitochondrial functions were investigated. This included mRNA gene expression of 

Cytochrome c oxidase subunit 4 isoform 1 (COX4I1) which is involved in oxidative 

phosphorylation, carnitine palmitoyltransferase 1B (CPT1β) which mediates 

mitochondrial fatty acid oxidation, the major contributor for thermogenesis, citrate 

synthase (CS), the key enzyme of oxidative metabolism and the Krebs Cycle, and 

PPARG Related Coactivator 1 (PRC) which is a functional relative of PPAR-gamma 

coactivator 1. 

Each one of CS, CPT1β, COX4I1 gene expression level was significantly reduced 

with differentiating imBAT cells, primaries and spheroids with LPS (Figure 7.3.10.1). 

The greater changes were in spheroids in CS (maximum FC= -9.9, P<0.0001, Figure 

7.3.10.1) and CPT1β (maximum FC=-16.5, P<0.001, Figure 7.3.10.1).  

Differentiating these different brown adipocyte models with combinations of LPS and 

TUG- TUG-891 reversed LPS-dependent effects to different extents on CS, CPT1β, 

COX4I1 gene expression level (Figure 7.3.10.1). In this context, combined TUG-891 

and LPS treatment recovered CS levels by 40.7 % in imBAT cells (P<0.05), 106 % in 

primaries (P<0.05) and 180.3 % (P<0.01) in spheroids (Figure 7.3.10.1; A1, A2, 

A3),compared to LPS alone. Similarly, CPT1β levels recovered from the LPS effect 

with using combination of TUG-891 and LPS by 115 % in imBAT cells (P<0.05), 

184.5 % in primaries (P<0.01) and 499 % in spheroids (Figure 7.3.10.1; B1, B2, B3). 

Finally, COX4I1 levels were partially restored from the LPS effect using a 
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combination of TUG-891 and LPS with a 47.6 % increase in imBAT cells, 54.4 % in 

primaries (P<0.05) and 114.4 % in spheroids (P<0.05) (Figure 7.3.10.1; D1, D2, D3). 

In addition, TUG-891 increased CPT1β gene expression levels in imBAT and 

spheroids compared to control cells (Figure 7.3.10.1; A2). In contrast, PRC levels did 

not seem to be affected by either LPS, TUG-891 or their combinations except 

reduction in PRC levels with TUG-891 treatment in imBAT cells which was not 

significant (Figure 7.3.10.1; C1, C2, C3). 
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Figure 7.3.10.1 Effect of TUG-891 (891) on Genes Involved in Key Mitochondrial Functions in Brown Adipocytes. 

ImBAT cells, primaries and spheroids were differentiated with/without LPS (100 ng/ml), 891(10 M) or combination of 891 and LPS. CS gene expression levels (A1, B1, C1) 
in imBAT cells, primaries, and spheroids, respectively, and CPT1β gene expression levels (A2, B2, C2) in imBAT cells, primaries, and spheroids, respectively. (A3, B3, C3) 
PRC gene expression levels in imBAT cells, primaries, and spheroids, respectively and (A4, B4, C4) COX4I1 gene expression levels in imBAT cells, primaries, and spheroids, 
respectively. Results are expressed as a fold change from control cells. Bars represent means ± standard error of the mean. *p<0.05, **p<0.01, *** p<0.001, **** p<0.0001 
compared to CTRL. ƒ p<0.05, ƒƒ p<0.01, compared to LPS. Two-way ANOVA was used for comparisons. CTRL; control. CS: citrate synthase (CS). CPT1β: carnitine 
palmitoyltransferase 1B. PRC. PPARG Related Coactivator 1. COX4I1: Cytochrome c oxidase subunit 4 isoform 1. 891:TUG-891 
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TUG-891 Administration Prevented the Inhibitory Action of LPS 

To understand the functional implications of differentiating brown adipocytes in the 

presence of TUG-891 on mitochondrial function, a Seahorse extracellular flux 

analyzer was used to measure basal oxygen consumption rate (OCR) as an indicator 

of aerobic respiration in live cells. Also, using a confocal microscope, live cell imaging 

was undertaken to assess mitochondrial membrane potential. Prior to imaging, cells 

were incubated with MitoTracker Green FM (MTG) and MitoTracker Red CMXRos 

(MTR), which stain mitochondria independent of and dependent on membrane 

potential, respectively. Relative intensity (MTR/MTG) of these stains was then used 

as a measure of mitochondrial polarization.  

As shown in Figure 7.3.11.1, LPS altered OCR and reduced basal respiration in both 

imBAT cells (FC=-1.81, P<0.01, Figure 7.3.11.1; A3) and primaries (FC=-1.18, 

without being significant, Figure 7.3.11.1; B3). ATP production was reduced in 

imBAT cells (FC=-2.25, P<0.01, Figure 7.3.11.1; A3) and primaries (FC=-1.23, 

without being significant, Figure 7.3.11.1; B3) but without impaired bioenergetic 

efficiency (data not shown). Interestingly, LPS treatment reduced both proton leak 

(Figure 7.3.11.1; A5, B5) and mitochondrial membrane potential (demonstrated by 

fading of the MTR signal while the MTG signal remained intense in Figure 7.3.11.2), 

indicating reduced mitochondrial uncoupling is not related to mitochondrial efficiency.  

Differentiating brown adipocytes with TUG-891 increased OCR and basal respiration 

in both imBAT cells (FC=1.31, P<0.05, Figure 7.3.11.1; A) and primaries (FC=1.38, 

without being significant, Figure 7.3.11.1; B), while ATP production was not affected 

(Figure 7.3.11.1; A3, B3), and no effect on bioenergetic efficiency was observed (data 

not shown). Proton leak was higher with TUG-891 compared to control imBAT cells, 

while it was decreased in primary cells (Figure 7.3.11.1; A5, B5). In addition, the 

effect of TUG-891 on MTR signal was limited with a tendency to be increased 

compared to control cells (Figure 7.3.11.1). Thus, long-term TUG-891 treatment 

increased respiration with no obvious effect on different measured respiration 

parameters.  
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TUG-891 treatment partially protected the cells from the reductions in OCR and basal 

respiration caused by LPS in both imBAT (FC=1.81, P<0.01, Figure 7.3.11.1; A) and 

primaries (FC= 1.70, P<0.01, Figure 7.3.11.1; B). ATP production was higher when 

differentiating brown adipocytes were treated with TUG-891 and LPS in combination 

compared to LPS alone in imBAT cells (FC=1.98, P<0.05, Figure 7.3.11.1; A3) 

primaries (FC= 2.18, P<0.001, Figure 7.3.11.1; B3), but without effects on 

bioenergetic efficiency (data not shown). Proton leak was higher with LPS and TUG-

891 in combination compared to LPS treatment in imBAT cells. In addition, this 

combination of both LPS and TUG-891 reversed fading of the MTR signal, indicative 

of reversing the LPS-dependent mitochondrial depolarization effect (Figure 7.3.11.1),

which could explain the TUG-891-dependent increase in respiration and opposing 

LPS effects on respiration. The findings of effects of combinations of LPS and TUG-

891 on different respiration parameters is summarised in Table 7.3.11.1. 
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Figure 7.3.11.1 Effect of TUG-891 on Aerobic Capacity under Stress and Mitochondrial Bioenergetics.  

Time-lapse of aerobic capacity measured by oxygen consumption rate (OCR) during a seahorse mitochondria stress test performed on (A1) ImBAT cells/ (B1) primaries which 
were differentiated with/without LPS (100 ng/ml), 891(10 M) or combination of 891 and LPS. Pharmacological inhibitors oligomycin (oligo), carbonyl cyanide p-
trifluoromethoxy-phenylhydrazone (FCCP) and a combination of rotenone (R) & antimycin A (A) were added sequentially, as indicated. Basal respiration rate for on (A2) 
ImBAT cells/ (B2) primaries. ATP abundance for (A3) ImBAT cells/ (B3) primaries. Spare respiratory capacity for (A4) ImBAT cells/ (B4) primaries. Proton leak for (A4) 
ImBAT cells/ (B4) primaries. OCR values were normalised to protein content for imBAT cells and to cell number for primaries of each experimental group to account for inter-
well cell number variability. Mitochondrial Bioenergetics values express fold change from control mean. Means are shown with Error bars represent standard error of the mean. 
*p<0.05, **p<0.01, *** p<0.001, **** p<0.0001 compared to CTRL. ƒ p<0.05, ƒƒ p<0.01, ƒƒƒ p<0.001compared to LPS. Two-way ANOVA was used for comparisons. 
CTRL; control. SRC: Spare respiratory capacity, 891:TUG-891. 
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Figure 7.3.11.2 Confocal Microscopies of Differentiated imBAT Cells without (A)/with LPS (100 
ng/ml) (B), 891(10 M) (C) or Combination of 891 and LPS (D).  
Representative images are shown at 40x magnification, stitched images of 9 different places of each 
sample. live Brown adipocytes stained with Mitotracker Green FM (125 nM) and Mitotracker Red 
CMXros (250 nM). And (E) plotted relative to control. Means are shown with Error bars represent 
standard error of the mean. *p<0.05, **** p<0.0001 compared to CTRL. ƒƒ p<0.001compared to 
LPS.Two-way ANOVA was used for comparisons. CTRL; control. 
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Table 7.3.11.1 Effect of TUG-891 on Mitochondrial Function.  

Basal respiration, ATP production, spare respiratory capacity (SRC), proton leak and mitochondrial 
efficiency ratio was measured differentiated with/without LPS (100 ng/ml), 891(10 M) or combination 
of 891 and LPS. Results are displayed as percentage relative to control values as a heatmap where red 
cells indicate an increase and green or black cells indicate lower or similar values to control, 
respectively. *p<0.05, **p<0.01, *** p<0.001, **** p<0.0001 compared to CTRL. ƒ p<0.05, ƒƒ p<0.01, 
ƒƒƒ p<0.001compared to LPS. Two-way ANOVA was used for comparisons. CTRL; control. 

These results on OCR need additional confirmation to examine TUG-891 effects on 

reversing LPS damaging actions on different parameters of respiration.  
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LPS-Induced Secretion of Cytokines by Brown Adipocytes is Inhibited by 

TUG-891 

From Chapter 4  in this thesis, Proteome Cytokines Array investigations of 

differentiated brown adipocytes led to identification of upregulated secreted cytokines 

with LPS treatment. This included angiogenesis-related factors (e.g. CXCL1/KC, 

MMP3, CXCL16), different members of ECM fibrous proteins and integrin signalling 

pathways (e.g. VCAM-1, Endostatin, MMP3), and the typical response to exposure to 

an inflammatory agent such as LPS (e.g IL6, IL23a, Eotaxin, CXCL1/KC and CD14) 

(Figure 7.3.12.1). 

TUG-891 interestingly, reduced the basal levels of almost all secreted cytokines by 

mature adipocytes including those involved in immune and inflammatory responses 

such as CCL6/C10, CCL12/MCP-5, IL-4, IL-7, LIF, CXCL5 (LIX), M-CSF, GMP-

140/ CD62P. This provides further evidence of the potent role of TUG-891 as an anti-

inflammatory factor even at the basal level. 

In addition, differentiating cells treated with a combination of LPS and TUG-891 led 

to reduced secretion of many cytokines by both imBAT cells and primaries (Figure 

7.3.12.1). The reduction was most noticeable for CXCL16, Proliferin, CXCL10/IP-10 

(which are angiogenesis-related factors), VCAM-1, Endostatin (which are involved in 

ECM fibrous proteins and integrin signalling pathways), and IL-23, CD14, Lipocalin-

2/NGAL (which have immune and inflammatory roles).  
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1. 2. Cytokines secreted by mature brown adipocytes
(wt.imBAT, wt. primaries,)

imBAT Primaries

A.
CONTROL

A3,4 Adiponectin
A7,8 Angiopoietin-1
A17,18 CCL2/MCP-1
A21,22 CCL5/RANTES
B3,4 CCL6/C10
B5,6 CCL11/Eotaxin
B7,8 CCL12/MCP-5
C5,6 Chemerin
C9,10 Tissue Factor
C13,14 Complement 3
C19,20 CXCL1/KC
D3,4 CXCL10/IP-10
D11,12 Cystatin C
D21,22 Endostatin
E3,4 FGF-21
E7,8 Gas 6
E15,16 HGF
E23,24 IGFBP-2
F1,2 IGFBP-3
F5,6 IGFBP-6
F11,12 IL-1ra/IL-1F3
F17,18 IL-4

F23,24 IL-7
G19,20 IL-28A/B
G21,22 IL-33
G23,24 LDL R
H1,2 Leptin
H3,4 LIF
H5,6 Lipocalin-2/NGAL
H7,8 LIX
H9,10 M-CSF
H11,12 MMP-2
H19,20 Osteopontin
(OPN)
I5,6 PTX3
I7,8 OSF-2
I11,12 Proliferin
I13,14 NARC-1
I17,18 RBP4
I21,22 Resistin
J5,6 GMP-140
J7,8 Serpin E1/PAI-1
J19,20 VEGF
J21,22 WISP-1/CCN4

B.
LPS

C.
TUG-891

Cytokines induced by lps
(wt.imBAT, wt. primaries)

A7,8 Angiopoietin-1
A13,14 BAFF
A17,18 CCL2/MCP-1
B5,6 CCL11/Eotaxin
B19,20 CD14
C19,20 CXCL1/KC
C21,22 CXCL2/MIP-2
D3,4 CXCL10/IP-10
D7,8 CXCL13/BLC
D9,10 CXCL16
D21,22 Endostatin

E9,10 G-CSF
F21,22 IL6
G15,16 IL-23
H5,6 Lipocalin-2/NGAL
H7,8 LIX/CXCL5
H13,14 MMP-3
I11,12 Proliferin
J17,18 VCAM-1

D.
TUG-891

+LPS

Cytokines reduced by 891
(wt.imBAT, wt. primaries)

A3,4 Adiponectin
A7,8 Angiopoietin-1
A17,18 CCL2/MCP-1
B3,4 CCL6/C10
B5,6 CCL11/Eotaxin
B7,8 CCL12/MCP-5
C5,6 Chemerin
C9,10 Tissue Factor
C13,14 Complement 3
C19,20 CXCL1/KC
D3,4 CXCL10/IP-10
D11,12 Cystatin C
D21,22 Endostatin
E7,8 Gas 6
E15,16 HGF
E23,24 IGFBP-2
F1,2 IGFBP-3
F5,6 IGFBP-6
F11,12 IL-1ra/IL-1F3
F17,18 IL-4
F23,24 IL-7

G19,20 IL-28A/B
G21,22 IL-33
G23,24 LDL R
H1,2 Leptin
H3,4 LIF
H7,8 LIX
H9,10 M-CSF
H11,12 MMP-2
H19,20 Osteopontin
(OPN)
I5,6 PTX3
I7,8 OSF-2
I11,12 Proliferin
I13,14 NARC-1
I17,18 RBP4
I21,22 Resistin
J5,6 GMP-140
J7,8 Serpin E1/PAI-1
J19,20 VEGF
J21,22 WISP-1/CCN4

E.

F.

Cytokines reduced by 891+LPS compared to LPS
(wt.imBAT, wt. primaries)

A13,14 BAFF
A17,18 CCL2/MCP-1
B19,20 CD14
C19,20 CXCL1/KC
D3,4 CXCL10/IP-10
D9,10 CXCL16
D21,22 Endostatin
E9,10 G-CSF

F21,22 IL6
G15,16 IL-23
H5,6 Lipocalin-2/NGAL
H7,8 LIX
H13,14 MMP-3
I11,12 Proliferin
J17,18 VCAM-1

Figure 7.3.12.1 Media Cytokine Array for Brown Adipocytes (both 1.imBAT cells and 
2.primaries).  
ImBAT cells/ primaries were differentiated with/without LPS (100 ng/ml), 891(10 M) or combination 
of 891 and LPS. A1, A2 shows immunoblots for imBAT cells and Primaries, respectively. BI, B2 shows 
LPS effect immunoblots for imBAT cells and Primaries respectively. C1, C2 shows 891 effect 
immunoblots for imBAT cells and Primaries, respectively. D1, D2 shows LPS and 891 combination 
effect immunoblots for imBAT cells and Primaries, respectively. E. shows the distribution of cytokines 
in the blots. F1, F2 shows densitometry of the cytokines induced by LPS and they show control, LPS, 
891, LPS and 891 combination effect in imBAT cells and primaries, respectively. Top right table 
represent secreted cytokines by mature adipocytes, followed by induced cytokines by LPS treatment. 
Then by induced cytokines by 891-treatment and finally 891 effect against LPS cytokines induction.  
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The four cytokines followed up earlier in chapter 4 (BAFF, CXCL16, LIX and MMP3) 

were also further investigated. Secretion levels were measured by ELISA (Figure 

7.3.12.2) and gene expression levels by qRT-PCR (Figure 7.3.12.3) in order to 

establish whether TUG-891 has further effects in opposing LPS.  

BAFF, CXCL16, LIX and MMP3 concentrations in conditioned media were decreased 

when a combination of LPS and TUG-891 was used in differentiating imBAT, with 

62 % decrease in BAFF (P<0.01, Figure 7.3.12.2; A1), 49.8 % decrease in LIX 

(P<0.01, Figure 7.3.12.2; A2), 61.6 % decrease in CXCL16 (P<0.0001, Figure 

7.3.12.2; A3) and 79.5 % decrease in MMP3 (P<0.0001, Figure 7.3.12.2; A4) 

compared to LPS alone. In parallel, these results were reproducible in primaries in 

response to being differentiated with a combination of LPS and TUG-891 with a 67.5 % 

decrease in BAFF (P< 0.01, Figure 7.3.12.2; B1), 55.2 % decrease in LIX (P< 0.01, 

Figure 7.3.12.2; B2), 71.1 % decrease in CXCL16 (P< 0.0001, Figure 7.3.12.2; B3) 

and 57.4 % decrease in MMP3 compared to LPS alone (P< 0.0001, Figure 7.3.12.2; 

B4). Further confirmation was obtained when observing the response of spheroids to 

a combination of LPS and TUG-891 compared to LPS alone, with 56.4 % decrease in 

BAFF (P<0.05, Figure 7.3.12.2; C1), 63.6 % decrease in LIX (P<0.01, Figure 7.3.12.2; 

C2), 78.2 % decrease in CXCL16 (Figure 7.3.12.2; C3, P<0.0001) and 60.7 % 

decrease in MMP3 (P<0.0001, Figure 7.3.12.2; C4).  
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Figure 7.3.12.2 Selected Cytokines Measured by ELISA in Media of imBAT Cells.  

ImBAT cells/ primaries or spheroids were differentiated with/without LPS (100 ng/ml), 891(10 M) or combination of 891 and LPS. BAFF (A1. in imBAT cells, B1. in 
primaries, C1 in spheroids), LIX (A2. in imBAT cells, B2. in primaries C2 in spheroids), CXCL16 (A3. in imBAT cells, B3. in primaries, C3 in spheroids), MMP3 (A4. in 
imBAT cells, B4. in primaries, C4. in spheroids). ELISA imBAT cells, Primaries and spheroids data represent the mean of three (total n=6 each treatment), two experiments 
(total n=5 each treatment), two experiments (total n=6 each treatment), respectively. Error bars represent standard error of the mean. Two-way ANOVA was used for 
comparisons. *p<0.05, **p<0.01, *** p<0.001 **** p<0.0001 compared to control. ƒ p<0.05, ƒƒ p<0.01, ƒƒƒ p<0.001, ƒƒƒƒ p<0.0001 compared to LPS. BAFF: B-cell 
activating factor, CXCL16: C-X-C motif chemokine ligand 16, LIX (CXCL5): chemokine (C-X-C motif) ligand 5. MMP3: matrix metallopeptidase 3. 
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This reduction in conditioned media concentrations of these tested cytokines was 

accompanied by significant downregulation of gene expression detected by qRT-PCR 

analysis. In this context, differentiating imBAT with a combination of LPS and TUG-

891 caused a decrease in gene expression levels of BAFF by 3.6 % (Figure 7.3.12.3; 

A1),  LIX by 95.5 % (P<0.01, Figure 7.3.12.3; A3), CXCL16 by 24.8 % (P<0.01, 

Figure 7.3.12.3; A2) and MMP3 by 10 % (Figure 7.3.12.3; A4) compared to LPS alone. 

Similarly, reductions in gene expression levels were also observed in differentiating 

primaries exposed to a combination of LPS and TUG-891 with 27.3 % decrease in 

BAFF (P<0.01, Figure 7.3.12.3; B1), 34.9 % decrease in LIX (P<0.01, Figure 7.3.12.3; 

B3), 27.3 % decrease in CXCL16 (P<0.01 Figure 7.3.12.3; B2) and 27.6 % decrease 

in MMP3 (P<0.001, Figure 7.3.12.3; B4), compared to LPS alone. Consistently, 

differentiated spheroids with a combination of LPS and TUG-891 compared to LPS 

had lower gene expression of BAFF with 55.5 % decrease (P<0.01, Figure 7.3.12.3; 

C1), LIX with 59.1 % decrease (P<0.01, Figure 7.3.12.3; C3), CXCL16 with 47.3 % 

decrease (P<0.01, Figure 7.3.12.3; C3) and MMP3 with 87.5 % decrease, compared 

to LPS alone (P<0.01, Figure 7.3.12.3; C4). This effect of TUG-891 on reducing LPS 

actions, and decreasing gene expression levels of BAFF, CXCL16, LIX and MMP3, 

was statistically significant except for BAFF in imBAT cells (Figure 7.3.12.3; A1). 
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Figure 7.3.12.3 Selected Cytokines Gene Expression in imBAT Cells.  

ImBAT/ primaries or spheroids were differentiated with/without LPS (100 ng/ml), 891(10 mM) or combination of 891 and LPS. BAFF (A1. in imBAT, B1. in primaries and 
C1 in spheroids), CXCL16 (A2. in imBAT, B2. in primaries and C2 in spheroids), LIX (A3. in imBAT, B3. in primaries, C3 in spheroids), MMP3 (A4. in imBAT, B4. in 
primaries, C4 in spheroids). q-RT PCR imBAT, Primaries and spheroids data represent the mean of three (total n=9 each treatment), two experiments (total n=6 each treatment), 
two experiments (total n=6/7 each treatment), Error bars represent standard error of the mean.. *P < 0.05, ** P < 0.01, ***P < 0.001 compared to control. ƒ p<0.05, ƒƒ p<0.01, 
ƒƒƒ p<0.001, ƒƒƒƒ p<0.0001 compared to LPS. Two-ways ANOVA was used for comparisons. BAFF: B-cell activating factor, CXCL16: C-X-C motif chemokine ligand 16, 
LIX (CXCL5): chemokine (C-X-C motif) ligand 5. MMP3: matrix metallopeptidase 3, 891:TUG-891. 
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Overall, it was observed that the brown adipocytes secreted BAFF, CXCL16, LIX and 

MMP3 into conditioned media when induced by LPS. The addition of TUG-891 to the 

LPS treatment reduced the level of secretion of these factors. This was consistent 

across the three brown adipocyte models to great extent with decreased gene 

expression of these cytokines when TUG-891 was used alongside LPS instead of LPS 

alone. This is an indication that secretion of BAFF, CXCL16, LIX and MMP3 from 

brown adipocytes is likely to be regulated at the gene expression level. 
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7.4 Discussion  

The purpose of this study was to evaluate any therapeutic potential and mechanisms 

of action of TUG-891, GPR120 agonist, against LPS-effects on brown adipocyte 

biology and mitochondrial dysfunction. To establish this, TUG-891 actions were 

comprehensively evaluated using three in vitro models of brown adipocytes. The 

central novel outcome from this chapter was that TUG-891 enhanced brown adipocyte 

features and opposed the effects of LPS on inflammatory markers and mitochondrial 

function. This was evidenced by the association of TUG-891 with induction of UCP1, 

the main thermogenic protein, at both the gene expression and protein levels and it 

was able to reverse the downregulation of UCP1 by LPS. Furthermore, TUG-891 

reversed the action of LPS on inflammation and oxidative stress in tandem with 

mitochondrial protein depletion and dramatic alterations in biogenesis and dynamics 

of mitochondria.  

The therapeutic potential of the GPR120 agonist TUG-891 was explored. TUG-891 is 

a more selective and potent agonist for GPR120 than previously used ligands such as 

a-linolenic acid, GW9508, and NCG21 (702,703). Brown adipocytes differentiated 

with TUG-891 exhibited increased UCP1 expression at both the gene and protein level 

in 2D and 3D cellular models. Furthermore, other key brown fat genes, mainly 

ELOVL3 and PLIN5 were increased with TUG-891 treatment, indicating augmented 

brown adipocyte activity. These novel results are in line with previous studies that 

observed positive effects of GPR120 activation on the brown fat phenotype. For 

instance, stimulation with GW9508, a non-selective GPR120 agonist, upregulated 

thermogenic genes such as ELOVL3, Dio2 and others in BAT of mice, without 

changing body weight and food intake (527). In addition, this chapter highlighted 

TUG-891 was capable of reducing or completely preventing deleterious effects of LPS 

on key brown adipocytes markers involved in thermogenesis. Its thermogenic 

protective effects included recovered UCP1, CIDEA, ELOVL3 and PLIN5 gene 

expression along with clear UCP1 restoration when immunohistochemical stain was 

used in spheroids.  

Furthermore, TUG-891 clearly enhanced the uptake of glucose by brown adipocytes 

without a major effect on AKT, GLUT1 or GLUT4, which could indicate another 

mechanism might be involved in this enhanced response to insulin in vitro. However, 



311 

in cells treated with LPS, TUG-891 improved the insulin response by reversing the 

LPS-dependent inhibition of AKT and GLUT4. This is an indication that the 

mechanism underlying improved insulin sensitivity with TUG-891 in LPS treated cells 

is via the AKT pathway and GLUT4. These insulin sensitizing effects following 

GPR120 activation were previously described in primary white adipose tissue, 3T3-

L1 adipocytes and macrophages through GLUT4 (528,533,704). Also, it was 

previously reported that ω3-FAs supplementation with high fat diet (HFD) improved 

glucose tolerance in WT animals compared to both WT and GPR120ko-animals on 

HFD alone, whilst ω3-FAs supplementation did not have an effect in the GPR120ko 

animals. In light of this current data, it can be speculated that GPR120 activation by 

ω3-FAs in these WT animals opposed LPS  induced glucose intolerance caused by the 

HFD and led to this improvement in insulin response (528,533). These studies 

investigated the insulin response to TUG-891 in vivo, and as such this chapter is the 

first to show this response in isolated brown adipocytes. Collectively, this chapter 

combined with previous research highlight that activation of GPR120 by TUG-891 

inhibits LPS-mediated insulin resistance. It is therefore possible that a wide range of 

diseases mediated by any number of pathways affected by LPS can be targeted via 

GPR120 agonists. 

Interestingly, this chapter demonstrated that TUG-891 has potent anti-inflammatory 

effects in brown adipocytes. As expected, it reduced LPS-upregulated gene expression 

of inflammatory cytokines including IL6 and MCP1. Also, the reduced levels of the 

phosphorylated forms of both NFkB and c-Jun protein levels in response to LPS were 

restored by TUG-891. Strikingly, the expected anti-inflammatory effects of TUG-891 

were further supported by the data of proteome cytokines array investigations; TUG-

891 not only reduced mature adipocyte basal secretion levels of almost all cytokines 

involved in immune and inflammatory responses, but also lowered LPS-dependent 

secretion of many cytokines. Consistently, all the novel cytokines (BAFF, CXCL16, 

LIX and MMP3) further analysed and demonstrated that concentrations in conditioned 

media and at the gene expression level were more similar to control cells when using 

TUG-891 with LPS than using LPS alone. This is in line with the reported effects of 

docosahexaenoic acid (DHA), an ω-3-FA and agonist GPR120, which abolishes LPS-

mediated phosphorylation and activation of IκB kinase (IKK) and c-Jun N-terminal 

kinase (JNK) in macrophages; upon GPR120 knockdown, DHA has no effect (533). 
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This chapter shows that TUG-891 plays an important role in the control of 

inflammation and subsequent cytokine secretion and raises the possibility that many 

inflammatory disease states (including obesity, diabetes, cancer and cardiovascular 

disease) could potentially be attenuated by targeting GPR120 via TUG-891. This is 

important because low doses of ω3-FAs are largely clinically ineffective, even in the 

context of combination therapy (533). Should fish oils prove impractical as therapeutic 

agents, the identification of the synthetic mimetic TUG-891 as a potent GPR120 

ligand by the current study suggests that it could provide the same and greater anti-

inflammatory effects, which could be further explored to obtain clinical benefits. 

To further elucidate the effects of TUG-891 on brown adipocyte function and the 

consequence of long term activation of its receptor GPR120, oxygen consumption and 

mitochondrial activity was assessed. TUG-891 not only induced increased O2

consumption in brown adipocytes as reported before (524) but also relieved the 

inhibition of O2 consumption caused by LPS which has not been reported before this 

chapter. This is also in line with increased O2 consumption in mice upon stimulation 

with GW9508, a non-selective GPR120 agonist (527). This new positive effect of 

TUG-891 identified by this chapter on the O2 consumption rate when co-administered 

with LPS could be due to direct activation of mitochondrial UCP1 in the chronic 

treatment in addition to activation of GPR120. From previous findings in other cell 

types; similar to oleate and other long-chain fatty acids (LCFAs),  TUG-891 relieves 

the natural inhibition of UCP1 by GDP (705–707), thereby leading to increased UCP1 

activity and uncoupled mitochondrial respiration.   

To investigate the mechanism through which TUG-891 signalling could increase 

brown adipocyte respiration and reverse LPS effects, mitochondrial functions were 

analysed. Chronic TUG-891 treatment increased mitochondrial membrane potential 

(MMP) resulting in mitochondrial polarization. Mitochondrial function is directly 

linked to mitochondrial polarization state. Intact mitochondria are polarized, i.e. they 

sustain a highly charged membrane potential for full functionality (708,709). 

Mitochondria were co-stained with the MMP-sensitive MitoTracker CMXRos (MTR) 

and the MMP-insensitive MitoTracker Green (MTG) (710), and the relative ratio of 

MTR/MTG was used as a measure of mitochondrial depolarization. TUG-891 

stimulation resulted in an increase in the MTR/MTG ratio in LPS-treated brown 
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adipocytes, which is indicative of enhanced mitochondrial polarization. TUG-891 also 

improved mitochondrial dynamics including fission and fusion and biogenesis which 

were reduced by LPS. These results suggest that TUG-891 signalling could recover 

decreased metabolic activity of brown adipocytes, due to LPS, by stimulation of 

mitochondrial function. 

This study has some limitations, namely, an in vitro study design which, though 

selected because it would minimise interference of confounders, does not necessarily 

reflect the phenomenon as it would occur in vivo. It is noteworthy that the spheroid 

model used is more representative of the in vivo state. However, further research is 

required to elucidate this interaction, and specifically the relationship between LPS, 

TUG-891 and brown adipose biology and mitochondria. 

In conclusion, this study provides direct, novel evidence, that TUG-891, an agonist of 

the free FA receptor GPR120, is linked with improved brown adipocyte metabolism, 

direct stimulation of BAT activity, and insulin sensitizing effects through reversing of 

gut-derived LPS effects. Its action in this context was mainly through inhibiting LPS-

dependent inflammation, which resulted in improved brown adipose thermogenesis 

indicators and alleviated mitochondrial dysfunction. Further studies are needed to 

investigate the safety of TUG-891 and the potential of increased BAT activity in 

humans. Thus it can be anticipated that TUG-891 is a promising therapeutic strategy 

to increase BAT activity and oppose low grade inflammation, thereby reducing obesity 

and associated disorders. 
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Chapter 8. Final Conclusions 
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The current predictions indicate that the rate of obesity pandemic is going to continue 

to grow (711). Obesity is associated with various metabolic pathologies and underlie 

the majority of common causes of illness and death; including T2DM, cancer and 

cardiovascular disease (712,713). Therefore, the findings of this thesis are valuable for 

in-depth understanding of the biology of obesity to effectively develop novel treatment 

strategies and prevention measures. This thesis explored the alterations in 

characteristic aspects of thermogenesis in murine and human adipocytes following 

chronic activation by an inflammatory stimulus, LPS, and a treatment considered to 

reduce inflammation, TUG-891. The in vitro and in vivo studies in this thesis allowed 

further understanding of brown adipocyte biology in inflammatory conditions beyond 

detecting changes in selected markers or solely using one model of adipocytes as in 

previous studies (344,356). Further experimental research also highlighted the effect 

of LPS on the browning process of human white adipocytes as well as adipose tissue. 

In addition, the protective effects of TUG-891 against mitochondrial dysfunction and 

the suppression of thermogenesis features caused by inflammation were investigated, 

as well as identifying a potential molecular pathway through which TUG-891 may act. 

This has direct relevance to the current obesity pandemic (711,714–716) as impaired 

adipose tissue thermogenesis appears to play a main role in developing obesity 

(50,52,205,310,323,717).  

Reviewing previous studies have highlighted that increased LPS in adiposity may 

increase pro-inflammatory cytokines in WAT and contribute to the pathogenic risk of 

obesity associated metabolic disorders (446,447,458–462). So far, few studies have 

investigated LPS-induced inflammation in BAT, the specialised tissue in energy 

expenditure, in contrast to WAT, which stores energy. Although there is evidence that 

LPS-mediated inflammation may negatively impact gene expression of UCP1, the 

main thermogenic protein, alongside other brown adipocyte genes and mitochondrial 

respiration in brown adipocytes as well as WAT browning (344,669). However, the 

chronic effect of LPS on various models of brown adipocytes themselves, the detailed 

role of TLR4 or the wide spectrum of LPS effects were not addressed before. No study 

to date has investigated the direct influence of LPS on the browning process of white 

adipocytes, the induction of UCP1 in WAT, or the associated impact on the production 

of mitochondria, especially in human adipocytes and tissues (429,669). Also, in 

humans, these studies were limited in number or looked at mixed gender populations 
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(429,669). Chapters 3-6 of this thesis therefore shed light on the broader effects of 

LPS on brown adipocytes and their mitochondria along with the role of TLR4 in 

mediating LPS actions, highlighting novel factors which may be targeted in order to 

reduce the inflammation-induced brown adipocyte dysfunction. 

Previous reports showed that anti-inflammatory modulators could play an essential 

role in reducing inflammation-induced brown adipocyte dysfunction, thus promoting 

metabolic health in obesity and associated disorders (718). However, these studies 

have not addressed how anti-inflammatory modulators may influence brown 

adipocyte function. GPR120 was determined as being of particular interest due to its 

role in controlling brown fat adipogenesis, thermogenesis, stimulating mitochondrial 

respiration, browning of WAT and improving metabolic health (163,524). As such, 

GPR120 activation by TUG-891 was investigated in Chapter 7 as a strategy to combat 

the consequences of inflammation in brown adipocytes. To perform the investigations 

for this thesis, models of mouse and human cell culture as well as in vivo human tissue 

samples were studied using different analytical laboratory practices. 

The initial studies in this thesis investigated the effects of activation of the LPS-TLR4 

pathway on thermogenesis related features of brown adipocytes during their 

differentiation. These studies carried out in 2D cell lines are in accord with prior 

studies, noting the work presented here also investigated the effects of LPS in 3D 

spheroids model, as well as TLR4ko.BAT cells. This thesis is the first to study the 

chronic effect of LPS in 3D spheroids which more closely resemble the complexity of 

adipose tissue than 2D culture. Thus, 3D spheroids, created by scaffold-free method, 

are able to illustrate the mechanisms of metabolic disease on a more realistic level 

(719). These spheroid results confirmed the response to LPS observed in 2D cell 

culture, providing further evidence that this process is likely to occur in vivo. In 

addition, using murine TLR4ko.BAT cells enabled the exploration of LPS signalling 

in the absence of the TLR4 receptor in brown adipocytes, which has not been done 

before. Overall, the data provides direct evidence for TLR4-mediated detrimental 

downregulation in key brown fat genes involved in thermogenesis under chronic LPS 

treatment, with striking elimination of LPS actions with TLR4-deletion. As such, 

modulating TLR4-mediated response to LPS represents an important aspect to study 

in order to reduce obesity and its associated disorders. 
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Since it was evident in Chapter 3 that LPS activated the TLR4 pathway and 

inflammation in brown adipocytes, Chapter 4 of this thesis investigated further the 

broad extent of LPS effects and how LPS affected pro and anti-inflammatory 

adipokines release. Brown adipocyte responses to LPS were explored, utilising a 

comprehensive unbiased RNA-sequence analysis combined with protein secretome 

assay in order to evaluate the activity of brown adipocytes in the context of 

inflammation. This approach revealed the capability of brown adipocytes to express 

and secrete many factors, which has not been reported before this current thesis. Also, 

a number of novel BAT adipokines were observed to be released in response to LPS, 

including BAFF, CXCL5, CXCL16 and MMP3. These four cytokines displayed high 

response to LPS which suggest a prominent role in brown adipocyte dysfunction. Use 

of the TLR4ko.BAT cells suggested that the induction of these cytokines was mostly 

mediated by TLR4 pathway. Also, the analysis of the data showed that the 

development of LPS-induced inflammation can lead to fibrosis and whitening of 

brown adipocytes with a broad-spectrum of affected pathways including upregulation 

of ECM components and downregulation of thermogenesis as well as aspects of 

mitochondrial function. These findings underscore how brown adipocytes themselves 

act as a secretory endocrine system and are components of the immune response, 

linking metabolism and immunity by driving systemic chronic inflammation. The 

identified novel secreted factors may participate in altering insulin signalling and other 

metabolic processes seen in obesity. As such, these cytokines represent prospective 

biomarkers to evaluate BAT activity as well as novel therapeutic targets to reduce 

brown adipocyte dysfunction in conditions that involve increased LPS such as obesity. 

Hence, interventions in LPS-activated pathways harbour the potential to provide novel 

strategies to increase BAT activity as a therapeutic target for obesity. However, further 

studies are required to address the role of these cytokines in brown adipocyte 

dysfunction as well as the crosstalk with other hormone and insulin signalling 

pathways. This can be achieved by treating brown adipocytes with each of the 

identified cytokines and monitoring the changes in brown adipocyte biology. 

Additional investigations are also invaluable to validate using any of these novel 

cytokines as indicator of brown adipocytes health in adiposity and related disorders. 

In addition, the analysis carried out in Chapter 4 highlighted that various pathways 

involved in regulating mitochondrial function were disrupted in brown adipocytes 
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treated with LPS. Given the instrumental role of mitochondria in BAT thermogenesis 

and metabolic homoeostasis (473,654,720–723), this was investigated in more depth 

in Chapter 5. The effects of pro-inflammatory mediators on mitochondrial function 

have been studied in various cell types including white adipocytes (724–726), however 

the relationship in brown adipocytes has up until now remained largely unknown. As 

such, a number of techniques including ROS assays, Seahorse analysis, confocal 

imaging and RNA-sequence were used to study the metabolic and dynamic events that 

occur in brown adipose mitochondria following their differentiation with LPS. Here, 

this thesis shows for the first time that in brown adipocytes, LPS plays a pivotal role 

in contributing to mitochondrial dysfunction. This was demonstrated by chronic LPS 

treatment reducing the ability of mitochondria to compensate for stress, as shown by 

increased ROS production and downregulation of antioxidant function. In addition, 

decreased mitochondrial membrane potential, proton leak, and impaired mitochondrial 

dynamics were observed in cells differentiated with LPS. RNA-sequence analysis 

revealed that TLR4 appears to mediate most of the LPS-induced mitochondrial 

dysfunction, at least at a transcriptional level. This is the first time this has been 

described in brown adipocytes, supporting previous studies that demonstrate the 

crosstalk between LPS-induced inflammation and mitochondria in brown adipocytes. 

Collectively, the findings outlined in this chapter highlight the TLR4 pathway as a link 

between increased LPS levels and impaired functionality of mitochondria in brown 

adipose tissue, with potential implications for systemic lipid toxicity and metabolic 

disease. Further investigations into pathways involved in this crosstalk may allow the 

development of new pharmacological interventions, which could consequently 

improve cellular and general health in obesity. 

As the conducted research in prior chapters in this thesis identified the potent effects 

of LPS on brown adipocyte biology and mitochondrial function, further analysis was 

undertaken in chapter 6 to examine the impact of LPS on the browning capacity of 

white adipocytes and physiologic functions of beige adipocytes. The direct impact of 

LPS on the production of beige cells and their mitochondrial health was evaluated, 

utilising in vitro mouse and both in vivo and in vitro human cells from lean and obese 

primary adipocytes. Expression levels of genes encoding key brown fat markers, 

mitochondrial fission and fusion, antioxidant defences, and mitochondrial biogenesis 

were studied. The data showed for the first time in human adipocytes that LPS 
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perturbed mitochondrial health, exacerbated in conditions of weight gain, which 

reduced the browning capacity of white adipocytes and the production of functional 

beige adipocytes. In parallel, human tissue samples from obese subjects, which are 

known to have increased LPS, displayed reduced expression of BAT markers 

compared to their lean counterparts. These results are the first to identify a correlation 

between BAT genes and inflammatory genes across a range of BMIs. This correlation 

supports the literature speculation that inflammatory genes may be associated with 

brown gene expression (310,664). These new findings suggest that the previously seen 

impact of weight loss in enhancing browning of adipocytes is mediated by 

significantly reduced levels of circulating LPS (208–211,447,727,728). Future 

investigations into thermogenesis, bioenergetic capacity and ROS production as well 

as characterisation of adipose tissue morphology on an individual basis, would allow 

us to examine how closely the gene expression analyses reflect browning capacity and 

mitochondrial function. It is also important to underline that the adipocytes from obese 

individuals possessed a lower browning capacity and mitochondrial functionality than 

those from lean individuals. A possible reason for this could be the increased level of 

inflammation in obese individuals (662,729). This finding has implications in the 

search for therapies that induce browning in the adipose tissue of obese individuals, 

as agents that are known to induce browning in lean individuals may not have the same 

effect in obese individuals. Also, as the cohort in this thesis included overweight and 

obese participants, it also permitted for the characterisation of changes of both key 

brown fat genes and mitochondrial genes during the progression of obesity. However, 

future studies should investigate this further. Causation research involving 

longitudinal studies which incorporate participants with a range of BMIs are required 

to understand how early impairment of browning capacity may develop with weight 

gain. Moreover, a study considering participants from all BMI weight categories over 

a longer period of time would indicate whether a decreased browning capacity 

precedes weight gain and enhances a tendency for gaining weight, or if it is a symptom 

related to over-nutrition. 

This thesis generated murine and human data outlined in Chapter 3-6, revealing the 

strong negative impact of LPS on brown adipocytes and therefore its potential effect 

on the progression of obesity. As such, Chapter 7 of this thesis sought to examine 

specific pharmaceutical agents to ameliorate LPS-induced brown adipocyte 
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dysfunction. Such pharmaceutical agents may provide substantial clinical benefits 

given outlook that the alarming rates of obesity are not going to drop. Recent evidence 

from rodent studies has implicated agonism of the free fatty acid receptor GPR120 in 

improved metabolic health outcomes through weight loss, improved glucose tolerance, 

improved mitochondrial function and decreased inflammation (524,526). This thesis 

is the first to show evidence that in human WAT samples a cross-talk between 

transcriptional regulation of GPR120 and inflammatory genes, highlighting the 

relevance of GPR120 as an anti-inflammatory mediator to maintain metabolic 

homeostasis in humans. Further to this, in vitro analysis revealed that GPR120 was 

downregulated following chronic LPS treatment, suggesting that GPR120 is a beige 

and BAT specific gene regulated in a similar manner to other brown fat markers such 

as UCP1. Given these results, the effect of GPR120 agonism, TUG-891, on improving 

brown adipocyte function by reversing LPS actions was explored in different models 

of brown adipocytes. The use of TUG-891 throughout differentiation of murine brown 

adipocytes lessened LPS-induced damage on key features of healthy brown adipocytes, 

in addition to improving insulin responses and mitochondrial function. Furthermore, 

the use of TUG-891 to activate GPR120 reversed the secretion of the novel cytokines 

identified in Chapter 4, in response to chronic LPS treatment. This demonstrates the 

potential of TUG-891 as a promising therapeutic strategy to prevent LPS-mediated 

brown adipocyte dysfunction. In order to investigate this further, the role of GPR120 

within the mechanism of TUG-891 protection against LPS should be explored with 

the use of GPR120koBAT cells. In addition, the beneficial mechanism of TUG-891 

should be confirmed in humans. 

Final Summary 

In conclusion, this thesis has provided a better understanding of LPS-induced 

inflammation on brown adipocyte dysfunction and the browning process, as well as 

insights into protective effects of anti-inflammatory mediators. This thesis identified 

novel data, providing evidence for: 

1. The suppressive effect of LPS on the thermogenic activity of murine brown 

adipocytes which appears to operate via TLR-4 mechanism 

2. The new pathways activated by LPS that contribute to dysfunction of brown 

adipocytes and novel LPS-induced secreted cytokines of murine brown 

adipocytes 
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3. The LPS-induced mitochondrial dysfunction in murine brown adipocytes 

mostly mediated via LPS-TLR4 pathway on at least transcriptional level 

4. The LPS-dependent inhibition of the browning process and production of beige 

adipocytes in murine as well as human primary white adipocytes and human 

WAT 

5. TUG-891 therapeutic benefit to mitigate LPS induced BAT dysfunction 

As such, the aims set out at the beginning of this thesis have been accomplished and 

contributions have been made to new areas within the fields of metabolism, adipocyte 

tissue research and immunology. Collectively, the results suggest that LPS is a potent 

inhibitor of physiological brown and beige adipocyte function and that targeting LPS 

may be a viable option to prevent the development of metabolic diseases. In addition, 

TUG-891 was identified as a potential therapeutic strategy to reverse the effects of 

LPS. These findings can guide subsequent investigations to develop novel therapeutic 

strategies to ameliorate LPS induced adipocyte dysfunction, and support to ease the 

medical and socio-economic burden of human obesity and its complications. 
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Appendix 

Supplementary Table 2.1 Primer Sequences 

Primer sequences for mouse genes 

Gene Primer sequence 

Product 

length 

(bp) 

aP2 Forward 

Reverse 

5’- ACACCGAGATTTCCTTCAAACTG -3’ 

5’- CCATCTAGGGTTATGATGCTCTTCA -3’ 

88 

UCP1 Forward  

Reverse 

5’- TACCCAAGCGTACCAAGCTG -3’ 

5’- ACCCGAGTCGCAGAAAAGAA -3’ 

97 

CIDEA Forward  

Reverse 

5’- CACGCATTTCATGATCTTGGA -3’ 

5’- GTTGCTTGCAGACTGGGACAT -3’ 

74 

PLIN5 Forward  

Reverse 

5’- ATGTCCGGTGATCAGACAGC-3’ 

5’- CCACCACTCGATTCACCACA-3’

82 

ELOVL3 Forward  

Reverse 

5’- GGATGACGCCGTAGTCAGAT-3’ 

5’- GACAGAATGGACGCCAAAGT-3’ 

217 

GPR120 Forward  

Reverse 

5’- CCCCTCTGCATCTTGTTCC -3’ 

5’- GATTTCTCCTATGCGGTTGG -3’ 

102 

TLR4 Forward  

Reverse 

5’- TCTGGGGAGGCACATCTTCT-3’ 

5’- AGGTCCAAGTTGCCGTTTCT-3’ 

110 

MCP1 Forward  

Reverse 

5’-CCAATGAGTAGGCTGGAGAGC-3’ 

5’- ACCCATTCCTTCTTGGGGTC-3’ 

119 

IL6 Forward  

Reverse 

5’-CTCTGGGAAATCGTGGAAAT-3’ 

5’-CCAGTTTGGTAGCATCCATC-3’ 

134 

L19 Forward  

Reverse 

5’-GAGCACATCCACAAGCTGAA-3’ 

5’-TTTCGTGCTTCCTTGGTCTT-3’ 

95 

PGC1α Forward 

Reverse 

5’- GATGGCACGCAGCCCTAT -3’  

5’- CTCGACACGGAGAGTTAAAGGAA -3’  

70 

Cytochrome 

c 

Forward 

Reverse 

5' - CAGCTACCCATGGTCTCATCGT - 3' 

5' - CTGGAAACCCCTCCGAATG - 3' 

70 

ND1 Forward 

Reverse 

5' –ATTTATCTCAACCCTAGCAGAAACAAA- 3' 

5' – AAACCCTGATACTAATTCTGATTCTCCTT - 3' 

79 

COX4 Forward 

Reverse 

5' –CAGCGGTGGCAGAATGTTG- 3' 

5' –ACACCGAAGTAGAAATGGCTCTCTT- 3' 

71 
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ATP8 

synthase 

Forward 

Reverse 

5' –

CAATTATCTCATCAATAATTACCCTATTTATCTTA- 

3' 

5' –GGTTGTTAGTGATTTTGGTGAAGGT- 3' 

98 

TFAM Forward 

Reverse 

5' –

CAATTATCTCATCAATAATTACCCTATTTATCTTA- 

3' 

5' –CCTTTTTTTCTGCTTCTGGTAGCT- 3' 

93 

NRF1 Forward 

Reverse 

5' – CGT TTG CTT CGG AAA CTC AGA- 3' 

5' –CAA TCG CTT GCT GTC CCA C- 3' 

67 

PGC1β Forward 

Reverse 

5' – TGCGGAGACACAGATGAAGA- 3' 

5' – GGCTTGTATGGAGGTGTGGT- 3' 

182 

PRC Forward 

Reverse 

5' – GGCCCAGCACAGGAAGTAGTC- 3' 

5' – CAAGAAAGGAGGCGGAGAGAA- 3' 

77 

CPT1β Forward 

Reverse 

5' – ACCACATCCGCCAAGCA- 3' 

5' – TTCCTCAGCTGTCTGTCTTGGA- 3' 

69 

Catalase  Forward 

Reverse 

5' – GCTGAGAAGCCTAAGAACGCAAT- 3' 

5' – CCCTTCGCAGCCATGTG- 3' 

65 

SOD2 Forward 

Reverse 

5' –GAACAATCTCAACGCCACCG- 3' 

5' –GCTGAAGAGCGACCTGAGTT- 3' 

80 

RIP140 Forward 

Reverse 

5' – GAACCTGGGCTTTTGAATGG- 3' 

5' – GTTTTGGTCAGTCTTGGAGAGTCTT- 3' 

116 

GPX3  Forward 

Reverse 

5’-CCGGGGACAAGAGAAGTCTA-3’ 

5’-TCGATGGTGAGGGCTCCATA-3’ 

81 

PRDX3  Forward 

Reverse 

5’-TCTGCCCAAGGAAAGTCAGC-3’ 

5’-TAAAATAGGGCGCGTGCTGG-3’ 

79 

soluble Sod1 Forward 

Reverse 

5’-TCCACGTCCATCAGTATGGG-3’ 

5’-AACATGCCTCTCTTCATCCGC-3’ 

110 

DRP1 Forward 

Reverse 

5’-TCACACCAAAAACAAGCTTTACAC-3’ 

5’-GGATTGGCTCAGGGCTTACC-3’ 

100 

CS Forward 

Reverse 

5’-CAACCCGGCTCTTGGGAG-3’ 

5’-TTCGTGGAAGAAGCACTGGC-3’ 

76 

OPA1 Forward 

Reverse 

5’-TCAGCTGGCAGAAGATCTCA-3’ 

5’-TGAGCAGGATTTTGACACAGTCT-3’ 

106 

MFN2 Forward 

Reverse 

5’-CCTACATCCAAGAGAGCGCC-3’ 

5’-GACCTGCTCTTCCGTGGTAA-3’ 

83 

FIS1 Forward 

Reverse 

5’-CAAAGAGGAACAGCGGGACT-3’ 

5’-ACAGCCCTCGCACATACTTT-3’ 

95 

POLG Forward 5’-GAGCCCCACTGTAGAATCCG-3’ 94 
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Reverse 5’-TTGCTGCTTCCCCTGTTCAA-3’ 

ND6 Forward 

Reverse 

5’-GGATTGGGGTAGCGGCAATA-3’ 

5’-CCGCAAACAAAGATCACCCA-3’ 

72 

SDHA Forward 

Reverse 

5’-TGCGGCTTTCACTTCTCTGT-3’ 

5’-TTCATGATCCACCACTGGGT-3’ 

93 

MT-CO1 Forward 

Reverse 

5’-GACTTGCAACCCTACACGGA-3’ 

5’-CCGGTTAGACCACCAACTGT-3’ 

97 

GPX1 Forward 

Reverse 

5’-GTGCAATCAGTTCGGACACCA-3’ 

5’-CACCAGGTCGGACGTACTTG-3’ 

77 

BAFF 

(Tnfsf13b) 

Forward 

Reverse 

5’-CCCAAAACACTGCCCAACAA-3’ 

5’-CCCGAGGAATTGCAAGCTGA-3’ 

88 

MMP3 Forward 

Reverse 

5’-TTCCAGGTGTTGACTCAAGGG-3’ 

5’-TTCCAACTGCGAAGATCCAC-3’ 

83 

CXCL16 Forward 

Reverse 

5’-CCAGATACCGCAGGGTACTT-3’ 

5’-GGACTGCAACTGGAACCTGATA-3’ 

91 

CXCL5(LIX) Forward 

Reverse 

5’-GCGTTGTGTTTGCTTAACCG-3’ 

5’-GTTTAGCTATGACTTCCACCGT-3’ 

110 

GLUT4 Forward 

Reverse 

5’- CTATTCAACCAGCATCTTCGAG -3’ 
5’- CTACTAAGAGCACCGAGACC -3’ 

140 

GLUT1 Forward 

Reverse 

5’- GACGGGCCGCCTCATGTTGG -3’ 
5’- GCTCTCCGTAGCGGTGGTTCC -3’ 

110 



325 

Primer sequences for Human genes 

Gene Primer sequence 

Product 

length 

(bp) 

L19 Forward 

Reverse 

5’- GCGGAAGGGTACAGCCAA-3’

5’- GCAGCCGGCGCAAAA-3’ 

77 

UCP1 Forward  

Reverse  

5’- GTGTGCCCAACTGTGCAATG-3’

5’- CCAGGATCCAAGTCGCAAGA-3’ 

95 

CIDEA Forward  

Reverse 

5’- CATGTATGAGATGTACTCCGTGTC-3’

5’- GAGTAGGACAGGAACCGCAG-3’ 

90 

PLIN5 Forward  

Reverse 

5’- GTGGATCACTTCCTGCCCAT-3’

5’- CTCCTCTGATCCTCCACCGA-3’ 

95 

ELOVL3 Forward  

Reverse 

5’- AAGGAACGCAAGGGCTTCAA-3’

5’- TGCCCCCAGGATACTGAAGA-3’ 

81 

SLC27A2 Forward  

Reverse 

5’- AAGGCCCCGGTTTCTAAGAA-3’

5’- TTAAAGCCCTCCTCCACCAG-3’ 

90 

aP2 Forward 

Reverse 

5’- TGTTGCAGAAATGGGATGGAAA-3’

5’- CAACGTTCCCTTGGCTTATGCT-3’ 

134 

MCP1 Forward 

Reverse 

5’-CAGCAGCAAGTGTCCCAAAG-3’

5’-GAATCCTGAACCCACTTCTGCTT-3’ 

93 

IL6 Forward 

Reverse 

5’- AGTAGTGAGGAACAAGCCAGA-3’

5’- GTCAGGGGTGGTTATTGCATC-3’ 

102 

TNFα Forward 

Reverse 

5’- GCTGCACTTTGGAGTGATCG-3’

5’- GTCACTCGGGGTTCGAGAAG-3’ 

109 

IL1β Forward 

Reverse 

5’- CGCCAGTGAAATGATGGCT-3’

5’- GAGGGCAGAGGTCCAGGTC-3’ 

110 

GPR120 A2 Forward  

Reverse 

5’- CCAAAATTTTACAGATCACAAAGGC-3’

5’- ATCTGGTGGCTCTCCGAGT-3’ 

76 

CS Forward 

Reverse 

5’- CAGGGTATCAGCCGAACCAA -3’

5’- TTGCTGCAACACAAGGTAGC-3’ 

85 

CPT1β Forward 

Reverse 

5’- AGGAGCCCTCTCATGGTGAA-3’

5’- TGGCGTGGATGATGTTTCCC-3’ 

103 

PGC1α Forward 

Reverse 

5’- TGAAGAGCGCCGTGTGATT-3’

5’- CAGTTCTGTCCGTGTTGTGTCA-3’ 

61 
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FIS1 Forward 

Reverse 

5’- AAGACGTAATCCCGCTGTTCC-3’

5’- TGACATCCGTAAAGGCATCG-3’ 

78 

DRP1 Forward 

Reverse 

5’- TGTCTTCTTCGTAAAAGGTTGCC-3’

5’- ACAAGCATCAGCAAAGTCTGG-3’ 

108 

MFN2 Forward 

Reverse 

5’- GCAGCTTGTCATCAGCTACAC-3’

5’- ATGAGCAAAGGTCCCAGACAG-3’ 

76 

OPA1 Forward 

Reverse 

5’- AGGGAACAGCTCTGAAAGCAT-3’

5’- TCACTTGGTGTGCCTTTAGCA-3’ 

104 

NRF1 Forward 

Reverse 

5’- TGGTCATCTCACCTCCCTGT-3’

5’- GAATGCCAACCACGGTCA-3’ 

102 

TFAM Forward 

Reverse 

5’- ACCCATATTTAAAGCTCAGAACCC-3’

5’- CCAACGCTGGGCAATTCTTC-3’ 

70 

COX4I1 Forward 

Reverse 

5’- ACCTCTGTGTGTGTACGAGC-3’

5’- ACGCCGATCCATATAAGCTGG-3’ 

78 

catalase Forward 

Reverse 

5’- CTTCGACCCAAGCAACATGC-3’

5’- CGGTGAGTGTCAGGATAGGC-3’ 

90 

SOD2 Forward 

Reverse 

5’- CGTCACCGAGGAGAAGTACC-3’

5’- TTCAGTGCAGGCTGAAGAGC-3’ 

78 

POLG Forward 

Reverse 

5’- GCCTTGCAGATCACCAACCT-3’

5’- TGGGGCAAGTCATTCAGACC-3’ 

71 
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Supplementary Table 4.1: RNA Integrity Number (RIN) and 28s/18s rRNA Ratio 

of the Samples Used in RNA-sequence Analysis 

Sample ID RIN 28s/18s rRNA ratio  

wt.BAT CTRL1 8.10 1.3 

wt.BAT CTRL2 7.90 1.2 

wt.BAT CTRL3 7.60 1.3 

wt.BAT LPS1 9.20 1.3 

wt.BAT LPS2 9.10 1.5 

wt.BAT LPS3 9.20 1.4 

TLR4ko.BAT CTRL1 9.10 1.7 

TLR4ko.BAT CTRL2 9 1.7 

TLR4ko.BAT CTRL3 9.40 1.6 

TLR4ko.BAT LPS1 9.20 2.1 

TLR4ko.BAT LPS2 8.50 1.7 

TLR4ko.BAT LPS3 9.20 2.1 
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Supplementary Table 4.2 wt.BAT Top 50 Up-Regulated and Down-Regulated Genes in Response to LPS 

Symbol EnsemblID Full Gene Title log2FoldChange Padj

Cxcl5 ENSMUSG00000029371 chemokine (C-X-C motif) ligand 5(Cxcl5) 10.26 4.21E-109

Mmp3 ENSMUSG00000043613 matrix metallopeptidase 3(Mmp3) 8.62 5.25E-12

Saa3 ENSMUSG00000040026 serum amyloid A 3(Saa3) 8.00 0

Lgi2 ENSMUSG00000039252 leucine-rich repeat LGI family, member 2(Lgi2) 7.72 0

Mmp9 ENSMUSG00000017737 matrix metallopeptidase 9(Mmp9) 7.55 4.45E-09

Nat8 ENSMUSG00000030004 N-acetyltransferase 8 (GCN5-related)(Nat8) 7.53 1.81E-08

Serpinb2 ENSMUSG00000062345 serine (or cysteine) peptidase inhibitor, clade B, member 2(Serpinb2) 7.52 1.79E-39

Serpina3i ENSMUSG00000079014 serine (or cysteine) peptidase inhibitor, clade A, member 3I(Serpina3i) 7.45 3.62E-17

Nos2 ENSMUSG00000020826 nitric oxide synthase 2, inducible(Nos2) 7.23 3.94E-36

Spon1 ENSMUSG00000038156 spondin 1, (f-spondin) extracellular matrix protein(Spon1) 7.18 6.91E-80

Npy1r ENSMUSG00000036437 neuropeptide Y receptor Y1(Npy1r) 6.78 2.13E-22

Nat8f5 ENSMUSG00000079494 N-acetyltransferase 8 (GCN5-related) family member 5(Nat8f5) 6.66 4.25E-06

Chl1 ENSMUSG00000030077 cell adhesion molecule L1-like(Chl1) 6.53 8.58E-06

Tnfsf11 ENSMUSG00000022015 tumor necrosis factor (ligand) superfamily, member 11(Tnfsf11) 6.35 1.18E-48

Csmd1 ENSMUSG00000060924 CUB and Sushi multiple domains 1(Csmd1) 6.19 6.6E-39

Clstn2 ENSMUSG00000032452 calsyntenin 2(Clstn2) 6.16 0.000055

Lcn2 ENSMUSG00000026822 lipocalin 2(Lcn2) 6.15 0

Camp ENSMUSG00000038357 cathelicidin antimicrobial peptide(Camp) 6.12 1.26E-07

Nat8f3 ENSMUSG00000051262 N-acetyltransferase 8 (GCN5-related) family member 3(Nat8f3) 6.07 9.95E-11

Slpi ENSMUSG00000017002 secretory leukocyte peptidase inhibitor(Slpi) 6.05 8.27E-10

Ecscr ENSMUSG00000073599 endothelial cell surface expressed chemotaxis and apoptosis regulator(Ecscr) 5.99 0.0000248

Gm11476 ENSMUSG00000085596 predicted gene 11476(Gm11476) 5.94 0.0000297

Pi16 ENSMUSG00000024011 peptidase inhibitor 16(Pi16) 5.92 0.000035

Fndc1 ENSMUSG00000071984 fibronectin type III domain containing 1(Fndc1) 5.91 3.11E-201

Adamts3 ENSMUSG00000043635 a disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin 
type 1 motif, 3(Adamts3) 

5.89 4.66E-10

Dcn ENSMUSG00000019929 decorin(Dcn) 5.89 0
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Cxcl1 ENSMUSG00000029380 chemokine (C-X-C motif) ligand 1(Cxcl1) 5.72 0

Cd38 ENSMUSG00000029084 CD38 antigen(Cd38) 5.69 4.94E-06

Wfdc17 ENSMUSG00000069792 WAP four-disulfide core domain 17(Wfdc17) 5.69 0.0000815

Il12a ENSMUSG00000027776 interleukin 12a(Il12a) 5.66 0.0005639

Mgam ENSMUSG00000068587 maltase-glucoamylase(Mgam) 5.62 6.38E-09

Nlrp2 ENSMUSG00000035177 NLR family, pyrin domain containing 2(Nlrp2) 5.59 0.0010793

Bdkrb1 ENSMUSG00000041347 bradykinin receptor, beta 1(Bdkrb1) 5.53 0.2474558

Gm16998 ENSMUSG00000097069 predicted gene, 16998(Gm16998) 5.46 0.0014086

Clec2g ENSMUSG00000000248 C-type lectin domain family 2, member g(Clec2g) 5.37 4.88E-08

A2m ENSMUSG00000030111 alpha-2-macroglobulin(A2m) 5.20 2.46E-07

Serpina3g ENSMUSG00000041481 Serine protease inhibitor A3G 5.13 1.31E-38

Lif ENSMUSG00000034394 leukemia inhibitory factor(Lif) 5.09 6.26E-42

Adamdec1 ENSMUSG00000022057 ADAM-like, decysin 1(Adamdec1) 5.05 0.0000706

Ccl11 ENSMUSG00000020676 chemokine (C-C motif) ligand 11(Ccl11) 5.00 5.5E-17

Galnt16 ENSMUSG00000021130 UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-
acetylgalactosaminyltransferase 16(Galnt16) 

4.98 1.55E-29

Spns2 ENSMUSG00000040447 spinster homolog 2(Spns2) 4.89 9.92E-48

Vstm2a ENSMUSG00000048834 V-set and transmembrane domain containing 2A(Vstm2a) 4.78 6.37E-77

Mctp2 ENSMUSG00000032776 multiple C2 domains, transmembrane 2(Mctp2) 4.77 4.04E-29

4931431B13Rik ENSMUSG00000108354 RIKEN cDNA 4931431B13 gene(4931431B13Rik) 4.73 5.54E-29

Cyp7b1 ENSMUSG00000039519 cytochrome P450, family 7, subfamily b, polypeptide 1(Cyp7b1) 4.70 1.28E-58

Cd55 ENSMUSG00000026399 CD55 molecule, decay accelerating factor for complement(Cd55) 4.68 0.0004955

Clec14a ENSMUSG00000045930 C-type lectin domain family 14, member a(Clec14a) 4.63 1.08E-08

Agtr1a ENSMUSG00000049115 angiotensin II receptor, type 1a(Agtr1a) 4.62 3.32E-48

Ccrl2 ENSMUSG00000043953 chemokine (C-C motif) receptor-like 2(Ccrl2) -3.16 1.82E-19

Esm1 ENSMUSG00000042379 endothelial cell-specific molecule 1(Esm1) -3.19 9.96E-06

Tnr ENSMUSG00000015829 tenascin R(Tnr) -3.20 0.0138428

Mpeg1 ENSMUSG00000046805 macrophage expressed gene 1(Mpeg1) -3.26 0

Mmd2 ENSMUSG00000039533 monocyte to macrophage differentiation-associated 2(Mmd2) -3.26 0.0002624

Phf11a ENSMUSG00000044703 PHD finger protein 11A(Phf11a) -3.28 3.12E-39
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Misp ENSMUSG00000035852 mitotic spindle positioning(Misp) -3.29 6.31E-13

Trim66 ENSMUSG00000031026 tripartite motif-containing 66(Trim66) -3.29 5.66E-44

Slc22a12 ENSMUSG00000061742 solute carrier family 22 (organic anion/cation transporter), member 
12(Slc22a12) 

-3.32 8.96E-09

1700047G03Rik ENSMUSG00000099349 RIKEN cDNA 1700047G03 gene(1700047G03Rik) -3.36 0.0416131

Rgs9bp ENSMUSG00000056043 regulator of G-protein signalling 9 binding protein(Rgs9bp) -3.37 0.0354142

Lmo7 ENSMUSG00000033060 LIM domain only 7(Lmo7) -3.39 6.09E-11

Coro6 ENSMUSG00000020836 coronin 6(Coro6) -3.41 5.47E-23

Ifit2 ENSMUSG00000045932 interferon-induced protein with tetratricopeptide repeats 2(Ifit2) -3.45 0

Acot11 ENSMUSG00000034853 acyl-CoA thioesterase 11(Acot11) -3.62 1.99E-43

Heatr9 ENSMUSG00000018925 HEAT repeat containing 9(Heatr9) -3.64 0.0004891

Kif19a ENSMUSG00000010021 kinesin family member 19A(Kif19a) -3.73 0.0174269

Gm17757 ENSMUSG00000099241 GTPase, very large interferon inducible 1 pseudogene(Gm17757) -3.79 0.0102869

Gm11967 ENSMUSG00000084819 predicted gene 11967(Gm11967) -3.80 0.0015263

Gabbr2 ENSMUSG00000039809 gamma-aminobutyric acid (GABA) B receptor, 2(Gabbr2) -3.81 9.55E-08

Gm5431 ENSMUSG00000058163 predicted gene 5431(Gm5431) -3.82 3.64E-41

Pstpip1 ENSMUSG00000032322 proline-serine-threonine phosphatase-interacting protein 1(Pstpip1) -3.95 0.0055912

Gm13293 ENSMUSG00000086006 predicted gene 13293(Gm13293) -3.99 0.0063796

Shisa8 ENSMUSG00000096883 shisa family member 8(Shisa8) -4.01 3.97E-06

Serpinb9f ENSMUSG00000038327 serine (or cysteine) peptidase inhibitor, clade B, member 9f(Serpinb9f) -4.07 0.0038369

Lncenc1 ENSMUSG00000078952 long non-coding RNA, embryonic stem cells expressed 1(Lncenc1) -4.08 0.0215485

Aspg ENSMUSG00000037686 asparaginase(Aspg) -4.12 0

Cbfa2t3 ENSMUSG00000006362 core-binding factor, runt domain, alpha subunit 2, translocated to, 3 
(human)(Cbfa2t3) 

-4.21 0.0150364

Pou3f1 ENSMUSG00000090125 POU domain, class 3, transcription factor 1(Pou3f1) -4.21 0.0156682

Rn7sk ENSMUSG00000065037 RNA, 7SK, nuclear(Rn7sk) -4.33 7.26E-33

Slc22a14 ENSMUSG00000070280 solute carrier family 22 (organic cation transporter), member 14(Slc22a14) -4.37 0.010842

Ifi209 ENSMUSG00000043263 interferon activated gene 209(Ifi209) -4.46 1.82E-209

AA467197 ENSMUSG00000033213 expressed sequence AA467197(AA467197) -4.50 0.0062224

Tgtp1 ENSMUSG00000078922 T cell specific GTPase 1(Tgtp1) -4.51 2.26E-190

2310015D24Rik ENSMUSG00000099411 RIKEN cDNA 2310015D24 gene(2310015D24Rik) -4.78 2.91E-06
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Pycard ENSMUSG00000030793 PYD and CARD domain containing(Pycard) -4.89 0.0015631

Ptch2 ENSMUSG00000028681 patched 2(Ptch2) -4.94 1.93E-22

Ptpn22 ENSMUSG00000027843 protein tyrosine phosphatase, non-receptor type 22 (lymphoid)(Ptpn22) -5.11 0.0055038

Slc40a1 ENSMUSG00000025993 solute carrier family 40 (iron-regulated transporter), member 1(Slc40a1) -5.11 1.52E-48

Akr1b7 ENSMUSG00000052131 aldo-keto reductase family 1, member B7(Akr1b7) -5.16 0.002958

Slco4a1 ENSMUSG00000038963 solute carrier organic anion transporter family, member 4a1(Slco4a1) -5.19 0.2736572

Cngb3 ENSMUSG00000056494 cyclic nucleotide gated channel beta 3(Cngb3) -5.19 2.06E-16

Hspa1a ENSMUSG00000091971 heat shock protein 1A(Hspa1a) -5.37 0

Nptx1 ENSMUSG00000025582 neuronal pentraxin 1(Nptx1) -5.52 3.65E-06

Itgbl1 ENSMUSG00000032925 integrin, beta-like 1(Itgbl1) -5.68 0.0000621

Ucp1 ENSMUSG00000031710 uncoupling protein 1 (mitochondrial, proton carrier)(Ucp1) -5.83 3.35E-69

Rpph1 ENSMUSG00000092837 ribonuclease P RNA component H1(Rpph1) -6.39 2.75E-06

Depp1 ENSMUSG00000048489 RIKEN cDNA 8430408G22 gene(8430408G22Rik) -6.58 5.86E-09

Hamp2 ENSMUSG00000056978 hepcidin antimicrobial peptide 2(Hamp2) -6.66 3.51E-06

Rmrp ENSMUSG00000088088 RNA component of mitochondrial RNAase P(Rmrp) -8.66 3.49E-12
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Supplementary Table 4.3 TLR4ko.BAT Top 50 Up-Regulated and Down-Regulated Genes in Response to LPS 

Symbol EnsemblID Full Gene Title log2FoldChange Padj

Smtnl2 ENSMUSG00000045667 smoothelin-like 2(Smtnl2) 1.10 0.000477625

Reep1 ENSMUSG00000052852 receptor accessory protein 1(Reep1) 0.96 0.0086887

Eno2 ENSMUSG00000004267 enolase 2, gamma neuronal(Eno2) 0.95 2.24871E-25

Nos2 ENSMUSG00000020826 nitric oxide synthase 2, inducible(Nos2) 0.93 7.39376E-35

Nptx1 ENSMUSG00000025582 neuronal pentraxin 1(Nptx1) 0.91 0.001556311

Fads6 ENSMUSG00000044788 fatty acid desaturase domain family, member 6(Fads6) 0.89 0.005687121

Cda ENSMUSG00000028755 cytidine deaminase(Cda) 0.84 0.007741615

Sema3g ENSMUSG00000021904 sema domain, immunoglobulin domain (Ig), short basic domain, secreted, 
(semaphorin) 3G(Sema3g) 

0.83 7.35075E-40

Ddit4 ENSMUSG00000020108 DNA-damage-inducible transcript 4(Ddit4) 0.81 1.54453E-05

Depp1 ENSMUSG00000048489 RIKEN cDNA 8430408G22 gene(8430408G22Rik) 0.81 6.06471E-06

Peg10 ENSMUSG00000092035 paternally expressed 10(Peg10) 0.78 5.13538E-09

Ptgs2 ENSMUSG00000032487 prostaglandin-endoperoxide synthase 2(Ptgs2) 0.77 1.12308E-14

Wt1 ENSMUSG00000016458 Wilms tumor 1 homolog(Wt1) 0.76 0.036492313

Ankrd37 ENSMUSG00000050914 ankyrin repeat domain 37(Ankrd37) 0.76 0.000756988

Prelid2 ENSMUSG00000056671 PRELI domain containing 2(Prelid2) 0.75 0.014083621

Kcne4 ENSMUSG00000047330 potassium voltage-gated channel, Isk-related subfamily, gene 4(Kcne4) 0.75 0.001186705

Cacna1g ENSMUSG00000020866 calcium channel, voltage-dependent, T type, alpha 1G subunit(Cacna1g) 0.75 0.01136443

Ndrg1 ENSMUSG00000005125 N-myc downstream regulated gene 1(Ndrg1) 0.73 1.09619E-40

Cox4i2 ENSMUSG00000009876 cytochrome c oxidase subunit IV isoform 2(Cox4i2) 0.72 0.002871741

Ier3 ENSMUSG00000003541 immediate early response 3(Ier3) 0.72 6.96494E-18

Asap3 ENSMUSG00000036995 ArfGAP with SH3 domain, ankyrin repeat and PH domain 3(Asap3) 0.72 0.001244513

Egln3 ENSMUSG00000035105 egl-9 family hypoxia-inducible factor 3(Egln3) 0.68 2.99036E-74

Selenbp2 ENSMUSG00000068877 selenium binding protein 2(Selenbp2) 0.68 0.001053065

Tppp ENSMUSG00000021573 tubulin polymerization promoting protein(Tppp) 0.66 0.021491241

Pafah1b3 ENSMUSG00000005447 platelet-activating factor acetylhydrolase, isoform 1b, subunit 3(Pafah1b3) 0.66 0.007736998

Kcnb1 ENSMUSG00000050556 potassium voltage gated channel, Shab-related subfamily, member 1(Kcnb1) 0.64 1.36837E-09
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Smad7 ENSMUSG00000025880 SMAD family member 7(Smad7) 0.64 1.69268E-07

Selenbp1 ENSMUSG00000068874 selenium binding protein 1(Selenbp1) 0.63 2.42532E-30

Ptp4a3 ENSMUSG00000059895 protein tyrosine phosphatase 4a3(Ptp4a3) 0.63 1.81658E-15

Slc25a34 ENSMUSG00000040740 solute carrier family 25, member 34(Slc25a34) 0.63 1.3725E-14

Nt5e ENSMUSG00000032420 5' nucleotidase, ecto(Nt5e) 0.62 3.17624E-07

Ano1 ENSMUSG00000031075 anoctamin 1, calcium activated chloride channel(Ano1) 0.62 9.92744E-07

H2-Q7 ENSMUSG00000060550 histocompatibility 2, Q region locus 7(H2-Q7) 0.61 0.024665881

Rcor2 ENSMUSG00000024968 REST corepressor 2(Rcor2) 0.60 0.000139115

Ffar4 ENSMUSG00000054200 free fatty acid receptor 4(Ffar4) 0.58 1.9457E-11

Ablim2 ENSMUSG00000029095 actin-binding LIM protein 2(Ablim2) 0.58 0.000618033

Rassf6 ENSMUSG00000029370 Ras association (RalGDS/AF-6) domain family member 6(Rassf6) 0.56 0.040743571

Fndc1 ENSMUSG00000071984 fibronectin type III domain containing 1(Fndc1) 0.55 5.45979E-14

Gja1 ENSMUSG00000050953 gap junction protein, alpha 1(Gja1) 0.54 1.04827E-08

0610040F04Rik ENSMUSG00000087341 RIKEN cDNA 0610040F04 gene(0610040F04Rik) 0.54 0.000228934

Epm2a ENSMUSG00000055493 epilepsy, progressive myoclonic epilepsy, type 2 gene alpha(Epm2a) 0.53 0.030847481

Nxph4 ENSMUSG00000040258 neurexophilin 4(Nxph4) 0.52 0.001588004

Uaca ENSMUSG00000034485 uveal autoantigen with coiled-coil domains and ankyrin repeats(Uaca) 0.52 1.36993E-05

Aatk ENSMUSG00000025375 apoptosis-associated tyrosine kinase(Aatk) 0.52 0.029953321

Ak4 ENSMUSG00000028527 adenylate kinase 4(Ak4) 0.51 1.00772E-13

Ppp1r3c ENSMUSG00000067279 protein phosphatase 1, regulatory (inhibitor) subunit 3C(Ppp1r3c) 0.51 2.68786E-10

Aspg ENSMUSG00000037686 asparaginase(Aspg) 0.50 3.45579E-07

Ntsr2 ENSMUSG00000020591 neurotensin receptor 2(Ntsr2) 0.50 0.033676204

Loxl2 ENSMUSG00000034205 lysyl oxidase-like 2(Loxl2) 0.50 5.22934E-23

Abcc4 ENSMUSG00000032849 ATP-binding cassette, sub-family C (CFTR/MRP), member 4(Abcc4) -0.36 3.28334E-06

Ifi202b ENSMUSG00000026535 interferon activated gene 202B(Ifi202b) -0.37 6.29452E-09

1810014B01Rik ENSMUSG00000097412 #N/A -0.37 1.20912E-16

Hcar2 ENSMUSG00000045502 hydroxycarboxylic acid receptor 2(Hcar2) -0.37 0.045408051

Ptrh2 ENSMUSG00000072582 peptidyl-tRNA hydrolase 2(Ptrh2) -0.37 0.013705007

Pdia3 ENSMUSG00000027248 protein disulfide isomerase associated 3(Pdia3) -0.38 3.14675E-22

ND2 ENSMUSG00000064345 NADH dehydrogenase subunit 2(ND2) -0.39 0.010720021
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Spp1 ENSMUSG00000029304 secreted phosphoprotein 1(Spp1) -0.40 0.000148989

Samd9l ENSMUSG00000047735 sterile alpha motif domain containing 9-like(Samd9l) -0.40 1.1278E-07

Car6 ENSMUSG00000028972 carbonic anhydrase 6(Car6) -0.40 0.033816653

Calhm6 ENSMUSG00000046031 family with sequence similarity 26, member F(Fam26f) -0.40 0.031519832

Xaf1 ENSMUSG00000040483 XIAP associated factor 1(Xaf1) -0.43 4.23955E-05

Irgm2 ENSMUSG00000069874 immunity-related GTPase family M member 2(Irgm2) -0.43 3.74228E-09

ND4 ENSMUSG00000064363 NADH dehydrogenase subunit 4(ND4) -0.43 0.021622309

Ccl9 ENSMUSG00000019122 chemokine (C-C motif) ligand 9(Ccl9) -0.44 3.0759E-07

Nucb2 ENSMUSG00000030659 nucleobindin 2(Nucb2) -0.45 8.1322E-10

Ifit3 ENSMUSG00000074896 interferon-induced protein with tetratricopeptide repeats 3(Ifit3) -0.47 1.95739E-10

Dhx58 ENSMUSG00000017830 DEXH (Asp-Glu-X-His) box polypeptide 58(Dhx58) -0.47 3.77128E-05

Ifit1 ENSMUSG00000034459 interferon-induced protein with tetratricopeptide repeats 1(Ifit1) -0.48 4.3021E-14

Gbp11 ENSMUSG00000092021 guanylate binding protein 11(Gbp11) -0.49 0.000139115

Ly6e ENSMUSG00000022587 lymphocyte antigen 6 complex, locus E(Ly6e) -0.49 7.14391E-27

Ifitm3 ENSMUSG00000025492 interferon induced transmembrane protein 3(Ifitm3) -0.50 6.06067E-05

Oasl2 ENSMUSG00000029561 2'-5' oligoadenylate synthetase-like 2(Oasl2) -0.50 2.99381E-13

Irf7 ENSMUSG00000025498 interferon regulatory factor 7(Irf7) -0.50 1.91164E-10

Phf11d ENSMUSG00000068245 PHD finger protein 11D(Phf11d) -0.51 1.07439E-06

Sfxn2 ENSMUSG00000025036 sideroflexin 2(Sfxn2) -0.51 0.002871741

Rsad2 ENSMUSG00000020641 radical S-adenosyl methionine domain containing 2(Rsad2) -0.52 0.018073136

Gbp3 ENSMUSG00000028268 guanylate binding protein 3(Gbp3) -0.52 1.33548E-09

Ifi44 ENSMUSG00000028037 interferon-induced protein 44(Ifi44) -0.52 1.3925E-06

Igtp ENSMUSG00000078853 interferon gamma induced GTPase(Igtp) -0.53 1.66093E-08

COX2 ENSMUSG00000064354 cytochrome c oxidase subunit II(COX2) -0.54 0.002135606

Zbp1 ENSMUSG00000027514 Z-DNA binding protein 1(Zbp1) -0.54 5.07275E-08

Plscr2 ENSMUSG00000032372 phospholipid scramblase 2(Plscr2) -0.55 0.001727827

COX3 ENSMUSG00000064358 cytochrome c oxidase subunit III(COX3) -0.57 0.008277581

Iigp1 ENSMUSG00000054072 interferon inducible GTPase 1(Iigp1) -0.57 9.17617E-16

Gm4951 ENSMUSG00000073555 predicted gene 4951(Gm4951) -0.57 9.79837E-05

Hmga2 ENSMUSG00000056758 high mobility group AT-hook 2(Hmga2) -0.58 0.000559895
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Derl3 ENSMUSG00000009092 Der1-like domain family, member 3(Derl3) -0.58 1.52356E-06

Fam166a ENSMUSG00000026969 family with sequence similarity 166, member A(Fam166a) -0.58 0.029139402

Tmem88 ENSMUSG00000045377 transmembrane protein 88(Tmem88) -0.59 0.00619638

Ifit3b ENSMUSG00000062488 interferon-induced protein with tetratricopeptide repeats 3B(Ifit3b) -0.63 5.7009E-10

Rtp4 ENSMUSG00000033355 receptor transporter protein 4(Rtp4) -0.64 8.23142E-17

Apol9a ENSMUSG00000057346 apolipoprotein L 9a(Apol9a) -0.70 0.000558274

Cxcl9 ENSMUSG00000029417 chemokine (C-X-C motif) ligand 9(Cxcl9) -0.71 2.19361E-15

ATP6 ENSMUSG00000064357 ATP synthase F0 subunit 6(ATP6) -0.71 2.90293E-06

F5 ENSMUSG00000026579 coagulation factor V(F5) -0.75 0.027231346

Mgp ENSMUSG00000030218 matrix Gla protein(Mgp) -0.81 0.01522529

Sp110 ENSMUSG00000070034 Sp110 nuclear body protein(Sp110) -0.82 0.021313948

Apol9b ENSMUSG00000068246 apolipoprotein L 9b(Apol9b) -0.89 2.99946E-05

Cd74 ENSMUSG00000024610 CD74 antigen (invariant polypeptide of major histocompatibility complex, class II 
antigen-associated)(Cd74) 

-1.09 0.001525062
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Supplementary Table 4.4 GO Enrichment Analyses Summarized Using REVIGO 

Derived from Up-Regulated Genes in wt.BAT 
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Supplementary Table 4.5 GO Enrichment Analyses Summarized Using REVIGO 

Derived from Down-Regulated Genes in wt.BAT 

mm 
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Supplementary Table 4.6 GO Enrichment Analyses Summarized Using REVIGO 

Derived from Up-Regulated Genes in TLR4ko.BAT 
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Supplementary Table 4.7 GO Enrichment Analyses Summarized Using REVIGO 

Derived from Down-Regulated Genes in TLR4ko.BAT 
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Supplementary Table 4.8 Significantly Enriched KEGG Pathways Associated 

with Top Up-Regulated Genes and Corresponding P-values in wt.BAT 

Enrichment 
FDR 

Mapped 

DEGs 

Total 

genes
% 

Functional Category

1.67E-08 36 79 45.57 EGFR tyrosine kinase inhibitor resistance

5.13E-08 34 75 45.33 Glioma

9.03E-19 88 198 44.44 Focal adhesion

2.15E-05 22 50 44.00 N-Glycan biosynthesis

1.93E-09 44 101 43.56 AGE-RAGE signalling pathway in diabetic complications

2.45E-07 33 76 43.42 Chronic myeloid leukemia

2.45E-07 33 76 43.42 Pertussis

4.18E-07 32 74 43.24 Bacterial invasion of epithelial cells

1.99E-06 29 68 42.65 Renal cell carcinoma

2.45E-07 35 83 42.17 ECM-receptor interaction

1.31E-10 54 129 41.86 Ribosome

2.23E-06 30 72 41.67 Adherens junction

9.52E-15 81 199 40.70 Proteoglycans in cancer

1.46E-09 52 129 40.31 Relaxin signalling pathway

6.73E-06 29 72 40.28 Melanoma

3.77E-12 71 180 39.44 Axon guidance

1.58E-05 28 71 39.44 P53 signalling pathway

1.09E-06 36 92 39.13 Small cell lung cancer

1.16E-07 43 110 39.09 TNF signalling pathway

3.63E-07 40 103 38.83 Amoebiasis

2.01E-09 55 142 38.73 Fluid shear stress and atherosclerosis

1.65E-05 29 75 38.67 Pancreatic cancer

4.63E-08 47 122 38.52 Sphingolipid signalling pathway

6.20E-09 54 142 38.03 MicroRNAs in cancer

9.99E-07 39 103 37.86 Chagas disease (American trypanosomiasis)

1.65E-07 46 123 37.40 Lysosome

4.08E-06 36 97 37.11 Prostate cancer

2.30E-05 31 84 36.90 ErbB signalling pathway

6.96E-07 44 121 36.36 Neurotrophin signalling pathway
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3.00E-05 33 93 35.48 TGF-beta signalling pathway

8.46E-11 81 231 35.06 Ras signalling pathway

2.64E-06 43 123 34.96 Osteoclast differentiation

6.66E-16 123 353 34.84 PI3K-Akt signalling pathway

6.64E-10 75 216 34.72 Regulation of actin cytoskeleton

1.93E-09 72 209 34.45 Rap1 signalling pathway

1.15E-10 84 245 34.29 Human cytomegalovirus infection

1.25E-07 58 170 34.12 Hepatocellular carcinoma

8.96E-07 53 159 33.33 Wnt signalling pathway

8.88E-07 54 163 33.13 Hepatitis B

4.53E-11 97 294 32.99 MAPK signalling pathway

9.03E-19 173 532 32.52 Pathways in cancer

3.38E-06 52 162 32.10 Protein processing in endoplasmic reticulum

6.46E-06 54 174 31.03 Cellular senescence

3.17E-06 62 205 30.24 Kaposi sarcoma-associated herpesvirus infection

3.38E-06 65 219 29.68 Viral carcinogenesis

1.58E-05 58 197 29.44 Chemokine signalling pathway

6.73E-06 66 228 28.95 Human immunodeficiency virus 1 infection

9.88E-06 67 235 28.51 Human T-cell leukemia virus 1 infection

1.83E-06 94 348 27.01 Human papillomavirus infection

1.06E-06 281 1301 21.60 Metabolic pathways
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Supplementary Table 4.9 Significantly Enriched KEGG Pathways Associated 

with Top Down-Regulated Genes and Corresponding P-values in wt.BAT 

Enrichment 
FDR 

Mapped 
DEGs 

Total 
genes 

% Functional Category

9.76E-22 96 227 42.29 Thermogenesis

4.07E-14 58 131 44.27 Oxidative phosphorylation

8.16E-14 295 1301 22.67 Metabolic pathways

1.02E-13 72 189 38.10 Huntington disease

6.18E-13 58 140 41.43 Parkinson disease

8.99E-13 52 119 43.70 Carbon metabolism

7.93E-12 58 148 39.19 Non-alcoholic fatty liver disease (NAFLD)

2.13E-10 22 32 68.75 Citrate cycle (TCA cycle)

2.63E-10 23 35 65.71 DNA replication

5.15E-10 50 130 38.46 Spliceosome

5.15E-10 60 171 35.09 Alzheimer disease

1.82E-08 24 44 54.55 Aminoacyl-tRNA biosynthesis

1.19E-05 29 77 37.66 Biosynthesis of amino acids

7.77E-05 33 101 32.67 Glucagon signalling pathway

1.08E-03 35 123 28.46 Cell cycle

1.52E-03 43 165 26.06 RNA transport

1.68E-03 42 161 26.09 Influenza A

1.70E-03 14 33 42.42 Base excision repair

1.78E-03 10 19 52.63 2-Oxocarboxylic acid metabolism

2.27E-03 34 124 27.42 AMPK signalling pathway

2.62E-03 18 51 35.29 Fanconi anemia pathway

2.62E-03 48 197 24.37 NOD-like receptor signalling pathway

2.83E-03 14 35 40.00 Fructose and mannose metabolism

3.36E-03 25 84 29.76 PPAR signalling pathway

3.36E-03 25 84 29.76 Peroxisome

4.56E-03 35 135 25.93 Purine metabolism

4.58E-03 15 41 36.59 Homologous recombination

4.98E-03 24 82 29.27 RNA degradation

4.98E-03 40 162 24.69 Protein processing in endoplasmic reticulum

5.00E-03 16 46 34.78 Proteasome

5.00E-03 10 22 45.45 Mismatch repair

5.16E-03 20 64 31.25 Central carbon metabolism in cancer

6.67E-03 33 129 25.58 Autophagy

8.37E-03 49 216 22.69 Epstein-Barr virus infection

1.20E-02 14 41 34.15 Ferroptosis

1.26E-02 32 129 24.81 Ribosome

1.63E-02 13 38 34.21 Pyruvate metabolism

1.65E-02 37 158 23.42 Hepatitis C

1.80E-02 11 30 36.67 Glyoxylate and dicarboxylate metabolism

2.25E-02 17 58 29.31 Lysine degradation

2.31E-02 25 98 25.51 Phosphatidylinositol signalling system
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2.33E-02 15 49 30.61 Cysteine and methionine metabolism

2.50E-02 28 115 24.35 Oocyte meiosis

2.50E-02 32 136 23.53 Apoptosis

2.50E-02 32 136 23.53 Apelin signalling pathway

2.50E-02 28 115 24.35 Thyroid hormone signaling pathway

2.58E-02 15 50 30.00 Fatty acid degradation

3.35E-02 18 66 27.27 Glycolysis / Gluconeogenesis

3.81E-02 16 57 28.07 Fatty acid metabolism

4.14E-02 26 109 23.85 Insulin resistance
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Supplementary Table 4.10 Significantly Enriched KEGG Pathways Associated 

with Top Up-regulated Genes and Corresponding P-values in 

TLR4ko.BAT 

Enrichment 
FDR 

Genes 
in list 

Total 
genes 

% Functional Category 

8.19E-15 17 66 25.76 Glycolysis / Gluconeogenesis

4.80E-14 19 103 18.45 HIF-1 signalling pathway

1.04E-09 16 119 13.45 Carbon metabolism

4.01E-09 51 1301 3.92 Metabolic pathways

2.36E-08 9 33 27.27 Starch and sucrose metabolism

3.37E-07 8 32 25.00 Galactose metabolism

3.37E-07 11 77 14.29 Biosynthesis of amino acids

5.87E-07 8 35 22.86 Fructose and mannose metabolism

5.87E-07 11 83 13.25 ECM-receptor interaction

5.66E-06 9 64 14.06 Central carbon metabolism in cancer

2.92E-05 10 101 9.90 Glucagon signalling pathway

2.92E-05 10 101 9.90 AGE-RAGE signalling pathway in diabetic complications

7.26E-05 6 32 18.75 Pentose phosphate pathway

7.44E-05 9 90 10.00 Protein digestion and absorption

2.09E-04 10 129 7.75 Relaxin signalling pathway

3.09E-04 9 109 8.26 Insulin resistance

5.53E-04 8 92 8.70 Small cell lung cancer

1.16E-03 8 103 7.77 Amoebiasis

1.35E-03 11 198 5.56 Focal adhesion

1.54E-03 15 348 4.31 Human papillomavirus infection

1.71E-03 15 353 4.25 PI3K-Akt signalling pathway

2.34E-03 19 532 3.57 Pathways in cancer

2.37E-03 7 90 7.78 IL-17 signalling pathway

3.10E-03 8 124 6.45 AMPK signalling pathway

4.51E-03 5 49 10.20 Amino sugar and nucleotide sugar metabolism

4.76E-03 5 50 10.00 Arginine and proline metabolism

5.58E-03 8 138 5.80 Insulin signalling pathway

7.08E-03 6 82 7.32 RNA degradation

1.11E-02 2 5 40.00 Neomycin, kanamycin and gentamicin biosynthesis

1.64E-02 5 68 7.35 Renal cell carcinoma

2.39E-02 7 142 4.93 MicroRNAs in cancer

2.39E-02 7 142 4.93 Fluid shear stress and atherosclerosis

2.40E-02 4 48 8.33 Type II diabetes mellitus

2.40E-02 5 76 6.58 Pertussis

2.46E-02 6 110 5.45 TNF signalling pathway

2.46E-02 5 78 6.41 Salmonella infection

2.81E-02 5 81 6.17 Rheumatoid arthritis
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Supplementary Table 4.11 Significantly Enriched KEGG Pathways Associated 

with Top Down-Regulated Genes and Corresponding P-values in 

TLR4ko.BAT 

Enrichment 
FDR 

Genes in 
list 

Total 
genes 

% Functional Category 

3.06E-31 38 162 23.46 
Protein processing in endoplasmic 
reticulum 

1.52E-06 14 129 10.85 Ribosome

1.76E-04 6 27 22.22 Protein export

1.95E-04 9 80 11.25 Antigen processing and presentation

3.39E-04 12 161 7.45 Influenza A

1.10E-03 7 61 11.48 Cytosolic DNA-sensing pathway

1.10E-03 11 158 6.96 Hepatitis C

1.54E-03 12 197 6.09 NOD-like receptor signalling pathway

1.62E-03 10 142 7.04 Measles

1.85E-03 39 1301 3.00 Metabolic pathways

5.33E-03 7 84 8.33 PPAR signalling pathway

5.43E-03 5 41 12.20 Ferroptosis

5.43E-03 9 142 6.34 Fluid shear stress and atherosclerosis

5.79E-03 6 64 9.38 Glutathione metabolism

1.17E-02 5 50 10.00 N-Glycan biosynthesis

1.88E-02 9 176 5.11 Necroptosis

1.88E-02 5 57 8.77 Legionellosis

2.14E-02 10 216 4.63 Epstein-Barr virus infection

2.25E-02 5 61 8.20 Glycerolipid metabolism

2.25E-02 7 119 5.88 Carbon metabolism

2.28E-02 3 19 15.79 Steroid biosynthesis

3.11E-02 5 68 7.35 RIG-I-like receptor signalling pathway

3.32E-02 7 131 5.34 Oxidative phosphorylation

4.49E-02 8 175 4.57 Tuberculosis

4.59E-02 14 418 3.35 Herpes simplex virus 1 infection

4.64E-02 6 109 5.50 Insulin resistance

4.64E-02 2 9 22.22 Vitamin B6 metabolism
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