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Abstract 
In modern society overfeeding is common. Overfeeding often results in overweight and obesity, 

which in turn can cause various metabolic complications and comorbidities. One of the 

consequences of obesity can be adipose tissue fibrosis, which interferes with the organ 

functionality.  

In this project, the transcriptomic changes of the epididymal white adipose tissue (eWAT) and 

inguinal white adipose tissue (iWAT) in male CL57BL/6J mice have been characterised during 

the early stages of diet-induced obesity-associated fibrosis development. The characterisation 

was accomplished using RNA sequencing (RNA-Seq), where the data were subjected to various 

analyses including differential expression analyses, hierarchical clustering and pathway 

analyses along with integrated motif activity response analyses (ISMARA). The eWAT expansion 

happened through hypertrophy, resulting in the tissue being hypoxic and inflamed along with 

progressively developing fibrosis. The iWAT was expanding through both hyperplasia and 

hypertrophy, causing the tissue to be hypoxic and only marginally inflamed. Development of 

early fibrosis was not observed in the iWAT. Lastly, a list of 61 transcription factors were 

identified that might be important drivers of early fibrosis development in eWAT. 
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Resume 
I moderne samfund er overspisning almindeligt. Overspisning fører ofte til overvægt og fedme, 

som til gengæld kan forårsage forskellige metaboliske komplikationer og komorbiditeter. En af 

konsekvenserne af fedme kan være udvikling af fibrose i de adipøse væv, hvilket interfererer 

med vævsfunktionaliteten.   

I dette projekt karakteriseres de transkriptomiske forandringer i det epididymale hvide fedtvæv 

(eWAT) og det inguinale hvide fedtvæv (iWAT) i han CL57BL/6J mus under de tidlige stadier af 

diætinduceret fedme-associeret fibrose. Karakteriseringen blev opnået ved brug af RNA-

sekvensering (RNA-Seq), hvor dataene undergik forskellige analyser, herunder differentiel 

ekspressionsanalyser, hierarkiske grupperingsanalyser, pathway analyser samt integrerede 

motivaktivitet responsanalyser (ISMARA). Det viste sig at eWAT ekspanderede gennem 

hypertrofi, hvilket resulterede i hypoxia, inflammation og begyndende fibroseudvikling. 

Desuden viste det sig, at iWAT ekspanderede gennem både hypertrofi og hyperplasi, hvilket 

resulterede i hypoxia og marginal vævsinflammation. Der blev ikke påvist begyndende udvikling 

af fibrose i iWAT. Afslutningsvist blev der identificeret 61 potentielle transskriptionsfaktorer, 

der kunne have en betydning for udviklingen af fibrose i eWAT. 
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Introduction 
Since 1980, the prevalence of obesity and overweight have doubled (1). It is estimated that 

nearly half of the world's population is overweight, and a third is obese (1, 2). The overall health-

care treatment costs of obese individuals in the US were increased by 14.3 percentage from 2005 

to 2010 (3). Thus, obesity does not only constitute a significant health risk by increasing the risk 

of developing various comorbidities (1, 4-9) but likewise burdens the economics of society (2).  

Measures of obesity 
The most common measure of obesity is body mass index (BMI), although measures such as 

waist circumference (WC) and waist to hip circumference ratio (WHR) appear more useful re-

garding abdominal obesity (2). BMI is calculated as weight divided by height squared with 

weight in kilogram and height in meter. An individual with a BMI of 18.5-24.9 kg/m2 is consid-

ered normal weighted, whereas an individual with a BMI of 25.0-29.9 kg/m2 and 30.0-34.9 

kg/m2 is considered overweight and obese, respectively (2). Variations in adult BMIs are at-

tributed to a combination of biological and environmental factors, with genetics and epigenetics 

accounting for approximately 70% (2). 

Comorbidities of obesity 
The cause of gaining weight is a result of that the energy intake exceeds the energy expenditure. 

If the positive energy balance becomes chronic, obesity may develop along with various 

metabolic conditions, commonly termed “metabolic syndrome” (10-12), and obesity-related 

comorbidities (2). The metabolic conditions of the metabolic syndrome are abdominal obesity, 

hypertension, low serum cholesterol levels and high-density lipoprotein (HDL), high serum TAG 

levels, and elevated fasting blood glucose levels (2). Metabolic syndrome is defined as a 

combination of at least three of the beforementioned metabolic conditions (2).   

As mentioned initially, obesity constitutes a major health risk by increasing the risk of develop-

ing various comorbidities. One of the comorbidities is type 2 diabetes mellitus (T2DM) (2), con-

sidered to be the most significant comorbidity of obesity. There is controversy regarding the 

main cause of T2DM, one potential cause is free fatty acid (FFA)-induced oxidative stress pro-

moted by reactive oxygen species production (2), whereas another is reductions in plasma 

adiponectin levels (13). Persisting T2DM is associated with additional complications, including 

cardiovascular diseases (CVD), peripheral vascular diseases (PVD), stroke, neuropathy, 

nephropathy and retinopathy (2, 14).  
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Long-term obesity is associated with exacerbation of cardiac function (15), ventricular mass en-

largement (15), and potentially systolic dysfunction (16), atrial dilatation (16) and atrial fibril-

lation (17). An additional obesity-associated CVD is cardiomyopathy (18), which is characterised 

by diastolic dysfunction and hypertrophy of the left ventricle (18). 

Another of the comorbidities of obesity is non-alcoholic fatty liver diseases (NAFLDs), which in-

clude hepatic steatosis, fibrosis, cirrhosis, and non-alcoholic steatohepatitis (2). Considerable 

attributes to NAFLDs are obesity and insulin resistance (2). 

Kidney-comorbidities of obesity includes chronic kidney disease, abnormal renal parameters, 

obesity-related glomerulopathy, and increased albumin excretion rates (AER) (2).  

Other obesity comorbidities are gastroesophageal reflux disease (2), cancers (2, 19), along with 

multiple airways and gonadal disorders (2). Airway disorders include obesity hypoventilation 

syndrome and obstructive sleep apnoea syndrome (2). 

Adipocytes and adipose tissues 
Every existing mammal has a variety of adipose tissues (AT); predominantly, these are white 

adipose tissues (WAT). WAT is further divided into subcutaneous WAT (SAT) and visceral WAT 

(VAT). Another type of adipose tissue that exists in most mammals is brown adipose tissues 

(BAT). White adipocytes and brown adipocytes are most abundant in WAT and BAT, 

respectively.  

White adipocytes are specialised lipid storage facilitating cells that typically are characterised 

by their few mitochondria and a unilocular droplet, and origin from Pax7-/Myf5- stem cells (20) 

(Figure 1). Whenever there is a shortage of nutritional intake, triacylglycerols (TAGs) are 

released from the white adipocytes in response to organismal fasting (12, 21).  

Brown adipocytes are quite different from white adipocytes, not only by having more abundant 

mitochondria; brown adipocytes origin from Pax7+/Myf5+ stem cells (20) (Figure 1). They can 

like white adipocytes store lipids but are unable to properly mobilise them in response to 

signalling induced by starvation (20). The brown adipocytes are, however, responsible for the 

thermogenic program. Through the action of uncoupling protein 1 (UCP1), brown adipocytes 

uncouple ATP synthase in their mitochondria, by facilitating a proton leakage in the inner 

mitochondrial membrane. By doing so, they convert the energy from the mitochondrial 

electrochemical gradient into thermal energy (20, 22, 23). UCP1 mediated thermogenesis is also 

referred to as non-shivering thermogenesis (23, 24). 
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The final type of adipocytes is beige adipocytes. Beige adipocytes and white adipocytes share 

mesenchymal stem cells as their ancestor, the Pax7-/Myf5- stem cells (20) (Figure 1). However, 

although they share the same ancestor, only the beige adipocytes can adopt both brown- and 

white-like phenotypes. They do so in response to cold and warmth exposure (23, 25), 

respectively.   

In the modern era, the majority of Homo sapiens are insured regular meals, resulting in frequent 

nutritional intake, which exceeds the expenditure by the active metabolism (12, 26). When 

energy intake exceeds energy expenditure, the AT expands by enlargement of the exciting 

adipocytes by a process known as hypertrophy (12, 27, 28) or through another process known 

as hyperplasia (28, 29) (Figure 2). Hyperplasic adipose tissue expansion is characterised by an 

increase in the number of adipocytes through differentiation of adipose tissue-resident 

fibroblast-like preadipocytes into mature adipocytes (29). Hypertrophic adipose tissue 

Figure 1. Origin of the different adipocytes. Brown adipocytes origin from Pax7+/Myf5+ stem cells, the same ancestor 
as myocytes, whereas white and beige adipocytes origin from Pax7-/Myf5- stem cells. Additionally, it is believed that 
white adipocytes can transdifferentiate into beige adipocytes. Figure from Rosen et al. 2014 (20). 
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expansion is associated with increased free fatty acid release, pro-inflammatory cytokines, 

recruitment of immune cells along with hypoxia and fibrosis (28). Additionally, hypertrophic 

adipose tissues are associated with decreased adiponectin expression and impairments to the 

insulin sensitivity (28). Relative to hypertrophy, hyperplasia is associated with decreases in free 

fatty acid release, pro-inflammatory cytokines, recruitment of immune cells, hypoxia and fibrosis 

along with increases in adiponectin expression and amelioration of insulin sensitivity (28), 

whereas hyperplasic AT expansion is thought to be healthier than hypertrophic AT expansion 

(28).  

Figure 2. Characteristics of adipose tissue expansion through hypertrophy and hyperplasia. The adipose tissue can 
expand through two processes: hypertrophy and hyperplasia. Hypertrophic adipose tissue expansion happens through 
enlargement of current adipocytes and is associated with increased free fatty acid release, pro-inflammatory cytokines, 
recruitment of immune cells along with hypoxia and fibrosis. Additionally, hypertrophic adipose tissues are associated 
with decreased adiponectin expression and impairments to the insulin sensitivity. Hyperplasic adipose tissue expansion 
is characterised by an increase in number of adipocytes through differentiation of adipose tissue-resident fibroblast-
like preadipocytes into mature adipocytes. Relative to hypertrophy, hyperplasia is associated with decreases in free 
fatty acid release, pro-inflammatory cytokines, recruitment of immune cells, hypoxia and fibrosis along with increases 
in adiponectin expression and amelioration of insulin sensitivity. Figure from Choe et al. 2016 (28). 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=4829583_fendo-07-00030-g002.jpg
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Adipogenesis 
Differentiation of preadipocytes into mature adipocytes are termed adipogenesis. In an in vitro 

model proposed by Siersbæk et al. 2012 (30), adipogenesis occurs through two waves of 

transcription factor (TF)-coordinated enhanceosome assembly (Figure 3). Enhanceosomes are 

enhancer-associated protein-complexes consisting of multiple TFs and cofactors collaborating 

to activate transcription successfully. In the model, key adipogenic TFs include the CCAAT-

enhancer-binding protein (CEBP) family members CEBPα and CEBPβ, along with peroxisome 

proliferator-activated receptor gamma (PPARγ) (30, 31). CEBPβ binds to various genomic 

hotspots (30, 31), genomic regions occupied by multiple TFs (30), shortly after the initiation of 

adipogenesis, pioneering early enhanceosome assembly by modulating chromatin accessibility 

and facilitating recruitment of early adipogenic TFs (30, 32), including glucocorticoid receptor 

(GR), retinoid X receptor (RXR), Stat5a, CEBPδ (31, 33).  

As the early adipogenic wave finalises, the late adipogenic wave is initiated. Many of the hotspots 

occupied by early adipogenic TFs are passed on to late adipogenic TFs. It has been suggested by 

Siersbæk et al. 2012 (30) that pioneering complexes in early adipogenesis containing CEBPβ 

remodel chromatin accessibility at PPARγ binding sites to subsequently assist with the bind of 

PPARγ (30-32). Furthermore, several early hotspots are located near the PPARγ gene, clearly 

underlining its importance (30). Aside from PPARγ, another important late adipogenic TF is 

CEBPα. Interestingly, most of the regulatory regions to which PPARγ binds are also bound by 

Figure 3. Illustration for the two adipogenic waves for transcription factor-mediated enhanceosome assembly. CEBPβ 
can interact with relative closed chromatin, whereas CEBPβ pioneers the early enhanceosome assembly by modulating 
chromatin accessibility. Figure from Lefterova et al. 2014 (31). 
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CEBPα (29). Together, PPARγ and CEBPα, act in synergy to finalise the second adipogenic wave 

and thus adipogenesis, producing fully mature adipocytes (29, 30).  

Previously it was thought that whenever a precursor cell, e.g. a preadipocyte, differentiates into 

a mature cell, e.g. an adipocyte, it is entirely devoted to that lineage. However, recent studies 

suggest that adipocytes can de-differentiate into the fibroblast-like precursors and serve as 

precursors for entirely different cell lineages (34-38). An example of reversible de-

differentiation of adipocytes is adipocytes in the mammary gland that de-differentiate into 

preadipocyte-like cells during pregnancy and lactation and re-differentiate back into adipocytes 

during involution of the mammary gland (37). Considering some cells can de-differentiate and 

re-differentiate into different cells, perhaps cell types should be defined from cellular plasticity.  

Animal models of obesity 
Considering the contemporary pandemic-scale health issue of obesity that humanity is facing, 

proper animal models of diet-induced obesity are required. Most commonly are small rodents 

used; these include mice, rats and marginally also hamsters. Mice and rats are frequently used 

when investigating diet-induced and age-related obesity (39). When deciding for an animal 

model, the essential goal is to find an animal with similar overall physiology and anatomy as 

Homo sapiens while being unambiguously breedable (39). Ideally, nonhuman primates can be 

used as they bear remarkable resemblances to Homo sapiens. Nonhuman primates have 

previously been used to study age-related obesity, diabetic and pre-diabetic treatments in 

clinical trials along with different metabolic disorders (40). Although nonhuman primate models 

can provide invulnerable insights into the details of certain aspects of obesity (40), mouse and 

rat models are still widely used within the field of research as they har easily genetically modified 

and provide results relatable to humans within a reasonable timeframe (39, 41, 42). Rodents are 

most commonly used for experimental purposes at an age-interval ranging between eight and 

twelve weeks (43). For academic institutions, the cost is a relatively high determining factor re-

garding the chosen age-interval (43), although they are not fully mature and still under develop-

ment (44).  

Adipose tissue state and adipocyte identity marker genes 
Multiple genes specific to adipocytes and the AT can be used to verify both the identify and state 

of the adipose tissue. The expression of genes from processes such as lipid metabolism, uptake 

and transport are strong adipocyte identity marker genes. Examples of such genes are fatty acid 
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binding protein 4 (Fabp4), lipoprotein lipase (Lpl), perilipin 1 (Plin1), and patatin-like phospho-

lipase 1 (Pnpla1).  

Fabp4 encodes the protein fatty acid binding protein 4 (FABP4), also known as adipocyte Protein 

2 (AP2) (45). FABP family members can reversibly bind long-chain fatty acids, eicosanoids along 

with other lipids (45) and are proposedly involved in processes including lipid transport, lipid-

mediated signalling, amongst others (45). Elevated serum levels of FABP4 are associated with 

obesity and a multiple of obesity-associated comorbidities (45). 

Lpl encodes the protein lipoprotein lipase (LPL) that catalyses the hydrolysis of TAGs to non-

esterified FFAs and 2-monoacylglycerol from chylomicrons and very low-density lipoproteins 

and is thus an indicator of adipocytic lipid uptake (46). 

Plin1 encodes the protein perilipin 1 (PLIN1); a lipid-coated protein unique to adipocytes. PLIN1 

is thought to be involved in both inflammation and homeostasis of lipid metabolism (47). In cows 

at least, low expression of PLIN1 is associated with increased lipid mobilisation and expression 

of pro-inflammatory cytokines through the nuclear factor kappa B (NFκB) pathway (47). 

Pnpla1 encodes the protein adipose triglyceride lipase (ATGL) that is involved in intracellular 

TAG lipolysis together with hormone-sensitive lipase (HSL) and monoglyceride lipase (MGL) 

(48). ATGL is thus an indicator of adipocytic lipolytic activity. 

Expression of genes encoding adipokines and AT-related TFs are strong indicators of the state 

of the AT and will be introduced below. 

Adipokines 
Cytokines secreted by adipocytes are termed adipokines, the first of which that was discovered 

was leptin in 1994 (49). Since 1994 hundreds of adipokines have been discovered, one of which 

is adiponectin (50). 

Adiponectin, the gene product of Adipoq, is uniquely expressed by adipocytes in the AT and is 

secreted into the circulation, where it is involved in insulin sensitisation of some peripheral 

tissues, including the liver and muscles, by binding to its receptors, AdipoR1 and AdipoR2 (51-

54). The signalling of AdipoR1 and AdipoR2 is mediated through activation of AMPK and PPARα 

(55), resulting in fatty acid oxidation, glucose uptake and lactate production (52, 56-59).  

Leptin, the gene product of Lep, is involved in regulating energy homeostasis in the body by 

signalling through its receptor, obesity receptor b (ObRb); ObRb is mainly expressed in the 

hypothalamus (60), but is also, present on all types of immune cells (60). There is a total of six 

isoforms of the ObRs: ObRa-f (60). The isoform ObRb is the longest of the isoforms with the 
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greatest signal transduction capability (60). The isoform ObRe lacks intracellular domains, 

whereas it is secreted as a soluble receptor that can regulate serum concentrations of leptin  

(60). The remaining four receptor isoforms, ObRa, ObRc, ObRd and ObRf, are expressed on 

various cells, yet have less signal transduction capabilities relative to ObRb, as they contain 

fewer motifs necessary to activate their signal transduction pathway; ObRa is the most 

commonly expressed isoform (60). Leptin signalling is mainly mediated through the JAK/STAT 

signal transduction pathway (60). Secretion of leptin is regulated majorly by the amount of 

energy stored as lipids in ATs along with sudden changes in energy intake (61-66). Thus serum 

levels of leptin approximate the amount of fat stored in the ATs. Interestingly, decreases in leptin 

levels result in neuroendocrine mechanisms to counteract the change by increasing hunger and 

decreasing energy expenditure, amongst others, complicating cases of weight loss (64).   

Adipose tissue-related transcription factors 
Many TFs are involved in the regulation of processes of AT cells, some of which are mentioned 

below. 

Members of the erythroblast transformation-specific (ETS) TF family are involved in a wide va-

riety of biological and cellular processes including apoptosis, differentiation, proliferation, me-

tastasis, migration, signalling pathways, amongst others (67). ETS-related gene (Erg) and eryth-

roblast transformation-specific 2 Ets2 are two of the genes encoding ETS TF family members. Erg 

encodes the TF ETS-related gene (ERG), whereas Ets2 encodes erythroblast transformation-spe-

cific 2 (ETS2) (68). ETS TFs are defined by a highly conserved DNA-binding domain (DBD) 

termed the Ets domain (68). The ETS domain folds into a helix-turn-helix DNA-binding motif that 

binds to the DNA motif 5’-GGA(A/T)-3’ (68). Most ETS TFs bind as a monomer to their genomic 

binding domain, where they are inhibited by flanking inhibiting DNA sequences (68). Enhance-

ment of the ETS DBD activity and specificity is required to disinhibit ETS, which is achieved by 

kinase-mediated phosphorylation, amongst others (68). ETS TFs, including ETS2, has been 

shown to be functionally important for adipogenesis and possibly in regulating adipose tissue 

mass (69). 

The gene product of Hif1a is the TF hypoxia-induced factor 1-alpha (HIF-1α) that is expressed in 

most cells and is under normal circumstances ubiquitinated (12, 70). This ubiquitination induces 

proteasome-mediated degradation of HIF-1α (12, 70). In normoxic (normal oxygen saturation) 

conditions, HIF-1α proline and asparaginyl residues are hydroxylated, leading to a highly 

increased affinity to a ubiquitin ligase complex, thus facilitating proteasome-mediated 
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degradation (12, 70). However, during hypoxia, e.g. in association with hypertrophic AT 

expansion (12, 27, 70), ubiquitination of HIF-1α is inhibited, as the proline and asparaginyl 

residues are not hydroxylated, resulting in reduced turnover of HIF-1α, and thus, increased 

abundance and activity (12, 70).  

The TF family of NFκB includes the five structurally similar proteins: NFκB1, NFκB2, RelA, RelB 

and c-Rel (71). NFκB expression is amongst others induced by HIF-1α, leading to the expression 

of pro-inflammatory genes, encoding pro-inflammatory cytokines, chemokines, amongst others 

in hypoxia-associated hypertrophic AT (12, 27, 71). Transcription of NFκB target genes is medi-

ated by binding of hetero- or dimerised NFκB to κB regulatory regions (71, 72). Usually, NFκB is 

sequestered in the cytoplasm by an inhibitor of kappa B (IκB) protein (71).  Activation of NFκB 

can happen through either the canonical or noncanonical pathway, both important for regulation 

of immune and inflammatory responses (71). NFκB activation through the canonical pathway 

involves IκB kinase (IKK)-induced ubiquitin-dependent proteasome degradation of IκBα (71, 

73). Contrarily, activation of NFκB through the noncanonical pathway involves NFκB inducing 

kinase (NIK)-induced processing of NFκB2 precursor to produce mature NFκB2 (71, 74, 75). 

The transforming growth factor beta (TGFβ) superfamily consists of TGFβ, bone morphogenetic 

proteins (BMP), growth/differentiation factors (GDF), and activins, all of which control multiple 

processes in the AT including inflammation and adipogenesis (76). TGFβ itself is a cytokine that 

inhibits adipogenesis (76) and is involved in proliferation, differentiation and inflammation in a 

vast variety of cells and tissues (77-79) and is additionally considered to be pro-fibrotic (80). 

TGFβ family members signals through their receptors TβR1 and TβR2 (80), both of which exists 

as homodimers in the plasma membrane (81). When bound by ligand, the two receptor homodi-

mers assembly into a complex, where TβR2 phosphorylates and activates TβR1, resulting in sub-

sequent downstream signalling through the TGFβ/Smad signalling pathway (76, 80). 

From high-fat diet exposure to adipose tissue fibrosis 
Some of the processes involved in the progression of diet-induced obesity towards a more 

pathological state are hypoxia (70), inflammation (27, 82) and fibrosis (27, 83). These processes 

are described below. 

Hypertrophic adipose tissue expansion-related hypoxia 
Obese AT is typically associated with decreased local oxygen saturation, attributed to decreases 

in AT blood flow (84), leading to a hypoxic response (12, 27, 70). As mentioned earlier, during 

hypoxia, ubiquitination of HIF-1α is inhibited, as the proline and asparaginyl residues are not 
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hydroxylated, resulting in reduced turnover of HIF-1α and thus increased abundance. HIF-1α 

target genes include vascular endothelial growth factor A (VEGFA), which encodes vascular 

endothelial growth factor (VEGF); an angiogenic protein that stimulates angiogenesis (12, 70). 

The newly synthesised VEGF, induced by HIF-1α upregulation of VEGFA, acts as a mitogen in a 

paracrine manner on nearby vascular endothelial cells, thus stimulating angiogenesis (12, 85). 

Furthermore, adipogenesis is repressed under hypoxic conditions, where HIF-1α-regulated 

genes suppress PPARG2 expression (12, 86-88).  It has also been shown that hypoxia induces 

necrosis and apoptosis in adipocytes (12, 89). Whenever an adipocyte, under hypoxic conditions, 

is unable to maintain the minimal requirement of ATP production, it becomes necrotic (12, 90). 

Necrosis could, in turn, induce pro-inflammatory M1 adipose tissue macrophages (ATM) 

recruitment through inflammation (12, 27, 88) along with transdifferentiation of anti-

inflammatory M2 ATM into M1 ATM (12, 91). Additionally, hypoxia-induced expression of 

macrophage migration inhibition factor (MIF) in adipocytes and preadipocytes, inhibits 

macrophages from migrating away from the hypoxic tissue (88). M1 ATMs tend to surround 

necrotic adipocytes with a crown-like structure to collectively engulf them (12, 86) (Figure 2). 

HIF-1α also induces expression of NFκB in most cells of the AT (92), ultimately causing an 

inflammatory response, by further inducing the expression of pro-inflammatory genes, encoding 

pro-inflammatory cytokines, chemokines, amongst others (12, 27, 71).  

Inflammatory immune cells in mouse adipose tissues 
Although virtually every type of immune cell is present in the AT with varying phenotypes and 

proportions in lean and obese AT (93-97), macrophages are identified as being a major 

contributor to AT inflammation during DIO (95). Mediators of M1 ATM polarisation are 

adipokines, cytokines and chemokines secreted by adipocytes and immune cells (98, 99). M1 

ATMs themselves secrete tumour necrosis factor alpha (TNF-α) and interleukin-6 (IL-6) that is 

associated with decreased systemic insulin sensitisation (95, 100) and further recruitment of 

M1 polarised ATMs, constituting a positive feedback loop (100). Adipocytes themselves have 

also been shown to secrete lower levels of TNFα, IL-6, and C-C motif chemokine ligand 2  (CCL2) 

(12, 101), whereas they induce M1 polarisation of macrophages (20). M1 polarised macrophages 

are predominantly abundant in obese adipose tissues, whereas M2 macrophages are dominating 

in the lean adipose tissues (20) (Figure 4). 

In the early steps of AT inflammation, in visceral fat depots at least, T cells have been shown to 

have an essential function (102-105). T cells can be divided into two overall classes: CD8+ and 
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CD4+ T cells. CD8+ T cells are also termed cytotoxic T cells. CD4+ T cells can be divided further 

into T regulatory cells (Tregs) and T helper cells (Ths) (105). At least three Th subtypes have 

been discovered: Th1, Th2 and Th17. Th1 cells are induced by IL-12 and secrete the pro-

inflammatory cytokine IFNγ, whereas Th2 cells are induced by IL-4 and secrete IL-4, IL-5, IL-10 

and IL-13. Th17 cells are induced by both IL-6 and TGFβ and secrete IL-17 (105). IL12 is typically 

produced by antigen-presenting cells such as macrophages and dendritic cells (106). Additional 

subtypes that are believed to have a function regarding AT inflammation are Th9 and Th22 (105, 

107, 108). Regarding DIO-related inflammation, the proportion of pro-inflammatory T cells such 

as CD4+ and CD8+ T is increased, whereas the proportion of anti-inflammatory T cells such as 

Tregs is decreased (105) (Figure 4).  

B cells have been shown to be important in chronic inflammation. They can like T cells be divided 

into distinct subsets. These subsets are B1 and B2 cells (109, 110). B1 cells typically produce IgM 

antibody, although they can produce IgA in the gut (111, 112), whereas B2 cells produce 

antibodies to T dependent antigens (109). B2 cells can be divided further into subsets of mature 

Figure 4. Proportions of immune cells in lean and obese adipose tissues. In lean adipose tissues the dominating immune 
cells are M2 polarised macrophages in addition to regulatory T cells and eosinophils. In obese adipose tissues the 
dominating immune cells are M1 polarised macrophages and mast cells, along with helper T cells (CD4+) and cytotoxic 
T cells (CD8+). Figure from Rosen et al. 2014 (20). 



 Bachelor thesis by 
 Jakob Jersild Nielsen  
 

Page 17 of 54 
 
 

transitional and follicular B cells along with marginal zone B cells (109, 113). Like T cells, B2 

cells are capable of producing a variety of cytokines, some of which are Th1-like and some that 

are Th2-like. The Th1-like cytokines include IFNγ, IL-12 and TNFα, whereas the Th2-like 

cytokines include IL-2, IL-4 and IL-13 (109). Additionally, some B cells produce the anti-

inflammatory cytokine IL-10 (114, 115).  

IFNγ, the secretory product of Th1 and some B2 cells, binds toll-like receptors (TLRs) on M1 

ATMs, causing an increase in cytokine secretion, thus favouring chronic low-grade AT 

inflammation (100, 109, 116, 117) that eventually results in AT fibrosis (27, 96). 

Diet-induced obesity-related fibrosis 
Fibrosis is characterised by excessive extracellular matrix (ECM) deposition and is usually con-

sidered to be pathogenic, due to the reduction in organ functionality that typically associates 

with fibrosis (12, 118-121). New research does, however, question the definitive pathogenicity 

of AT fibrosis, suggesting both an adaptive and a maladaptive function of AT fibrosis (12, 83). 

The adaptive function of AT fibrosis is associated with an extensive shift in ECM composition in 

early obesity, where it stiffens and becomes less flexible, thereby limiting adipocyte hypertro-

phy. The hypertrophic limitation does, in turn, preserve adipocyte function (12, 83). Paradoxi-

cally, it also results in an ectopic fat deposition that could lead to amongst others, hepatic fibrosis 

(12, 122, 123). The maladaptive function of AT fibrosis is related to obesity-associated metabolic 

dysregulation where insulin-resistant subjects have been shown to have increased subcutane-

ous AT fibrosis relative to insulin-sensitive subjects (12, 83, 124).  

The ECM is composed of a variety of structurally important protein, including collagens and ad-

hesion proteins (125). Some of the AT adhesion proteins are fibronectin, elastins, laminin, along 

with proteoglycans such as decorin and perlecan (125). Collagens typically associated with fi-

brosis are type I, III and VI (125). Alterations in the ECM composition trigger integrin-mediated 

signalling pathways that are involved in cell-cell cohesion and regulation of a variety of pro-

cesses including cell differentiation, proliferation, migration along with apoptosis and induction 

of gene transcriptions (125).  

Other proteoglycans include matrix metalloproteinases (MMPs). MMPs regulate tissue architec-

ture and are responsible for the degradation of ECM components such as collagens (125), thus 

the enzymatical activities partially determine the turnover of collagens. MMPs such as MMP-2 

and MMP-9 can release TGFβ as a substrate-cleavage fragment from some ECM complexes, a 

previously introduced pro-fibrotic factor (125).  
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During obesity the transcriptional expression of some matricellular proteins is differentially ex-

pressed (125). Matricellular proteins are ECM proteins that do not contribute to the structure of 

the ECM, directly (126), but rather work indirectly by modulating cellular functions by interact-

ing with structurally important ECM components such as collagens, along with cell-surface re-

ceptors, proteases and hormones (125, 126). The matricellular proteins include amongst others: 

osteopontins, secreted proteins acidic in nature-rich cysteine (SPARCs), thrombospondins 

(THBS) 1 and 2, along with Cyr61/CTGF/NOV (CCN) family members (125, 126). THBS1 is fur-

thermore a regulator of TGFβ (125). Matricellular proteins might therefore be tremendously in-

volved in progressive development of fibrosis by indirectly modulating the ECM composition, 

making them potential drug targets to hinder exacerbation of obesity-related comorbidities.  

Aim of the study 
This project aims to characterise the changes in the adipose tissue transcriptome during the 

early stages of adipose tissue fibrosis development in male mice during diet-induced obesity. 

These changes will be characterised in two major, but functionally different, white adipose 

tissues; the epididymal white adipose tissue (eWAT) and the inguinal white adipose tissue 

(iWAT). 

Methods and Materials 
Experimental setup 
Male CL57BL/6J mice (Taconic Biosciences), with a starting age of 10 weeks, were fed either a 

high-fat diet (HFD) (Research Diets, #D12492) or a control low-fat diet (LFD) (Research Diets, 

#D12450B) for 12 weeks. Six mice from each group were sacrificed by cervical dislocation at 

week 0 (initiation of the experiment), week 6 and week 12, and inguinal white fat depots (iWAT) 

along with epididymal white fat depots (eWAT) was dissected and snap-frozen. 

RNA extraction and purification 
The adipose tissues, eWAT and iWAT, were isolated from the mice that were sacrificed by cervi-

cal dislocation, washed in PBS, followed by transferring them to Eppendorf tubes and snap 

freezing them in liquid nitrogen. The isolated tissues were homogenised in TRI Reagent (Sigma, 

TRI Reagent, T9424) using a FastPrep-24 5G Homogenizer (MP Biomedicals). The tissue lysates 

were transferred to new Eppendorf tubes on ice and added 0.2 volume chloroform (Sigma-

Aldrich, Chloroform), vortexed for 30 seconds, then incubated for 15 minutes. Once finished 

incubating, the lysates were centrifuged at 10000rcf for 10 minutes at 4°C. The upper phase of 
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the lysates was transferred to new Eppendorf tubes on ice. There was added 0.6 volume of 96% 

vol. ethanol (GPR Rectapur, Ethanol 96 % vol) to the tubes, followed by a brief vortex and 

centrifugation. The contents of the tubes were loaded onto EconoSpin columns (Epoch Life 

Science, EconoSpin All-In-One Silica Mini Spin Columns) and centrifuged at 13000rcf for 30 

seconds at RT. Afterwards, the columns were washed three times with RPE buffer, by 

centrifuging the columns at 13000rcf for 30 seconds at RT between each wash. The flowthrough 

of the columns was discarded. Once the last wash was completed, the columns were centrifuged 

dry at 13000rcf for 2 minutes at RT and were subsequently transferred to new Eppendorf tubes 

where they were incubated with open lids for 10 minutes at RT. To elute the RNA, a 30 µL drop 

of DEPC-treated water was placed onto the middle of the columns and incubated for 2 minutes 

at RT. After the incubation, the columns were centrifuged at 16000rcf for 1 minute at RT. The 

Eluted RNA was transferred to new Eppendorf tubes on ice, and the RNA concentration and 

quality were measured utilising a Spectrophotometer ND-1000 (NanoDrop) with 1µL of eluted 

RNA.  

RNA integrity 
To determine the RNA integrity of the samples, a 5300 Fragment Analyzer (Advanced Analytical) 

was used. Before preparing the samples, the FA was rinsed with 0.5M NaOH according to 

manufactures instructions in order to remove RNases. Samples with concentrations above the 

recommended maximum of 500µg/µL were diluted to achieve a concentration below the 

recommended maximum. The samples were loaded onto the first 11 columns’ wells of a 96 deep 

well PCR plate (non-skirted plate) along with SS RNA diluent marker (Advanced Analytical). To 

the last columns’ well of each row, SS RNA ladder (Advanced Analytical) along with SS RNA 

diluent marker was added. Additionally, a droplet of mineral oil was added to each of the used 

wells. 

cDNA synthesis 
Eppendorf tubes were placed on ice and added 1 µg RNA in DEPC-treated water to a total volume 

of 7µL, followed by 1µL DNase I (Invitrogen, 10U/µL DNase I) and 2µL DNase buffer (Invitrogen, 

5X First Strand Buffer diluted 2:1 with DEPC-water). They were mixed by snapping the tubes 

and briefly centrifuged. Afterwards, the tubes were incubated for 15 minutes at 37°C. Once done 

incubating, the tubes were placed on ice and added 3 µg random hexamers, vortexed and 

centrifuged briefly. Next, the samples were incubated at 85°C for 5 minutes and placed on ice 

immediately after. Each of the samples was added a premix containing 5µL 5x1st Strand Buffer 
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(Invitrogen, 5X First Strand Buffer), 2.5µL dithiothreitol (Invitrogen, 0.1M DTT), 2.5µL 

deoxyribonucleotide triphosphate (MBI Fermentas, dNTP mix, 10mM each), 1µL Reverse 

Transcriptase (Invitrogen, M-MLV Reverse Transcriptase) and 1µL DEPC-treated water. The no 

Reverse Transcriptase samples were added additional DEPC-treated water instead of Reverse 

Transcriptase. After the addition of premix, they were incubated twice, once for 10 minutes at 

RT, and once for 1 hour at 37°C. Finally, the samples were added 200µL MilliQ water and stored 

at -80°C. 

cDNA-qPCR 
A 384 well plate (LightCycler 480 Multiwell Plate 384, white, Roche) was loaded with sample 

cDNA and MilliQ water in triplicates corresponding with a loading scheme prepared beforehand. 

After loading the plate with the samples, the plate was centrifuged at 1100rcf for 30 sec. To each 

of the wells, a mastermix containing FastStart Essential DNA Green Master (Roche), 5’ primer, 3’ 

primer and MilliQ water was added. Afterwards, the plate was centrifuged at 1100rcf for 30sec, 

wrapped in both LightCycler 480 sealing foil (Roche). The qPCR reactions where run on a 

LightCycler 480 Instrument II (Roche) under the following conditions: 2 min preincubation at 

95°C and 45 cycles of 95°C for 15 sec; 60°C for 45 sec; 72°C for 45 sec. After the qPCR reactions, 

a melting curve was constructed by heating the samples from 60°C to 97°C. 

RNA-Seq 
Tubes were loaded with 1µg of sample RNA along with MilliQ water and handed off for prepping, 

where all the samples were prepped according to the manufacturer’s instructions and subjected 

to paired-end sequencing on an Illumina NovaSeq 6000 sequencer. Subsequent data processing 

was performed in Unix and R. 

Data processing 
Initially, the data was processed in Unix using a script developed by Jesper Grud Skat Madsen1 

in order to conduct basal quality control of samples along with aligning the RNA-Seq data. The 

script utilises STAR (127) to align the RNA-Seq data, which generates BAM files. After the initial 

processing, quality control parameters were checked, and large files were downsampled to equal 

size randomisation using Samtools (128). Subsequently, gene read counting was performed us-

ing iRNA-Seq (129). In R, principal component analyses were performed on the RNA-Seq count 

data to determine if initial sample patterns can be established. Differential expression analyses 

 
1 Department of Biochemistry and Molecular Biology, University of Southern Denmark, Odense M 5230, Denmark. 



 Bachelor thesis by 
 Jakob Jersild Nielsen  
 

Page 21 of 54 
 
 

were performed on the data output from iRNA-Seq using DESeq2 (130). The transcriptional lev-

els of the selected genes were visualised in bar plots by normalising the gene counts to their 

transcript length and sequencing depth to transcripts per kilobase million (TPM). Hierarchical 

clustering and visualisation of clusters were performed on differentially expressed genes using 

pheatmap (131). Furthermore, pathway analyses were performed on the differentially ex-

pressed genes using clusterProfiler (132) and rWikiPathways (133). Integrated System for Motif 

Activity Response Analysis (ISMARA) (134) was used to identify potential TFs that could be im-

portant in regulating diet-induced obesity-related fibrosis. 

Results And Discussion 
High-fat diet induces weight gain in mice and their major adipose tissues  
To characterise transcriptional changes in CL57BL/6J mice adipose tissues (AT) during diet-

induced obesity (DIO)-related early development of AT fibrosis, mice were fed a high-fat diet 

(HFD) to induce weight gain. As a control, mice were fed a low-fat diet (LFD). Both groups of 

mice were weighed at different time points during the experiment; at week zero, five, six, eight, 

ten and twelve. These weights are plotted in a scatter plot together with their means (Figure 5A). 

The mice from the experiment fed with a HFD is seen to gradually increase their weight during 

the time course experiment relative to the mice fed with an LFD (Figure 5A). Although the HFD 

mice increase weight relative to the LFD mice, it is first at week eight and forwards that the 

weight of the HFD fed mice is significantly different from the weight of the LFD fed mice (Figure 

5A). It is observable that the LFD fed mice gain weight relative to the week zero mice (Figure 

5A), suggesting they are not fully developed at the time of the initiation of the experiment and 

thus are immature in terms of age.  

At week zero, six and twelve, six mice from each dietary group were sacrificed and their 

epididymal white fat depots (eWAT) and inguinal white fat depots (iWAT) were dissected. To 

investigate whether diet the HFD caused weight gain at the tissue level as well, the tissues were 

weighed. The weights of the dissected eWAT and iWAT are plotted in a scatter plot together with 

their means (Figure 5B).  

It is observable that there are weight increases from the week zero tissue dissections relative to 

the tissue dissections from the LFD fed mice at both time points after initiation of the experiment 

(Figure 5B). The developmental processes ongoing in CL57BL/6J mice at the age of ten weeks  

(age of the mice at the initiation of the experiment) include increase of bone mass along with 
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development of the immune system and the nervous system (43). Specifically regarding the 

development of the nervous system, the mouse spinal cord, olfactory structures and 

hippocampus continuously develops until 11 weeks of age (43). Applying samples from the week 

zero mice as controls can thus potentially produce biased results when investigating diet-

induced transcriptional changes, considering the ongoing developmental processes.  

Interestingly, the age at which mice are commonly used for experimental purposes is from eight 

to twelve weeks (43), although many developmental processes are still ongoing, including 

increase of bone mass along with development of the immune system and the nervous system. 

A study published in Burlington Academic Press (44) defines CL57BL/6J mice as being mature 

from three to six months of age (44). Using mice with a starting age between three and six 

months in the experiment might therefore reduce transcriptional discrepancies attributed to 

Figure 5. Diet-induced weight changes of mice and their fat depots. (A) Data illustrating the weight development of the 
mice (n = 6) sacrificed at week 0, week 6 and week 12. Horizontally is the time after initiation of the experiment in 
weeks. Vertically is the weight of the mice in gram. Weights associated to mice from the week 0 group are coloured in 
red, whereas mice fed with a LFD or a HFD are coloured in green and blue, respectively. (B) Data illustrating the weight 
development of eWAT (upper) and iWAT (lower) of the mice (n = 6) sacrificed at week 0, week 6 and week 12. 
Horizontally is the time after initiation of the experiment in weeks. Vertically is the weight of the tissues in gram. Tissues 
from the week 0 group are coloured in red, whereas tissues from mice fed with a LFD or a HFD are coloured in green 
and blue, respectively. Transparent points (small) are the weights of individual mice plotted as jitters. All non-
transparent points (large) are means of the weights. Error bars indicate standard error of mean. All * denotations 
indicate that the HFD mean is significantly different from the LFD mean at the indicated time point (p < 0.05). P values 
are calculated using a Student’s t-test. 
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various developmental processes, and thus more clearly elucidate the diet-induced 

transcriptional changes of dietary exposure to a HFD or a LFD. 

Tissue weights of eWAT and iWAT from the HFD group are increased in comparison to the LFD 

group (Figure 5B). The weight difference between eWAT of the HFD fed and LFD fed mice 

sacrificed at week six and twelve are shown to be significant, whereas only the weight difference 

between iWAT of the HFD fed and LFD fed mice sacrificed at week twelve are shown to be 

significant (Figure 5B). Comparing tissue weight gain of the dissected iWAT and eWAT depots, 

eWAT seems to have gained most weight at week six, with no or little weight gain from week six 

to twelve (Figure 5B, upper). In contrast, there could be a tendency of gradual weight gain during 

the time course experiment applying for iWAT, where the weight has increased from week six to 

twelve (Figure 5B, lower). It is known that the adipogenic potential, i.e. de novo differentiation 

of preadipocytes to adipocytes, of iWAT is greater compared to eWAT (135). With weight gain, 

iWAT depots expand by both hyperplasia and hypertrophy (136), whereas eWAT expands by 

hypertrophy exclusively (136). Thus, the significant changes in tissue weights at week 6 for 

eWAT might be a result of early tissue hypertrophy.  

Less variance amongst eWAT replicates than iWAT replicates 
In order to establish sample variance similarities before more extensive analyses, tissue-wise 

principal component analyses (PCA) are conducted on the RNA-Seq data (Figure 6).  

It is observed that the eWAT tissue sample replicates (Figure 6A) cluster closer together than 

the iWAT tissue sample replicates (Figure 6B) and therefore have less variance between the 

replicates. Although, some discrepancies between replicates can be expected due to a 

combination of biological and technical variances, the overall variance within the iWAT dataset 

can lead to less significant discoveries when performing differential expression (DE) analyses. 

The points representing the eWAT HFD samples are located to the right of the points 

representing the remaining samples (Figure 6A), indicating differences between the 

transcriptomes of the eWAT HFD samples relative to the eWAT week zero and eWAT LFD 

samples. Furthermore, the points representing the eWAT week twelve HFD samples seem to be 

shifted more to the right relative to the points representing the eWAT week six HFD samples 

(Figure 6A), indicating that there are more differences between the transcriptomes of the eWAT 

week twelve HFD samples than the eWAT week six HFD samples relative to the eWAT week zero 

and eWAT LFD samples. Considering there is extensive variance between the eWAT week zero 
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samples and as the points representing the eWAT LFD samples are located approximate to 

points representing the eWAT week zero samples (Figure 6A), no strong suggestions can be 

made regarding their transcriptomes. However, it seems that there is a slight top-left shift of the 

points representing the eWAT week twelve LFD samples relative to the points representing the 

eWAT week six LFD samples (Figure 6A). 

No strong suggestions can be made regarding the iWAT samples considering the large variance 

between the replicates, although, there seem to be a marginal vertical shift of the points 

representing the iWAT week twelve HFD samples relative to the points representing the 

remaining samples (Figure 6B). The variance between the iWAT replicates is probably caused 

by the dissections. The iWAT is subcutaneous fat depot that is localised approximate to muscles, 

whereas iWAT dissections might contain some skin and muscle. Variable proportions of AT, skin 

and muscle can cause huge variances among replicates. Additional practice dissecting mouse 

ATs will potentially minimize replicate variances. 

More significant transcriptional changes in eWAT than iWAT of LFD-fed mice 
To investigate the transcriptional changes in male CL57BL/6J mouse AT attributed to early-life 

development and dietary change of chow-diet to LFD by performing tissue-wise DE analyses 

followed by hierarchical clustering of the differentially expressed genes and pathway analyses 

of the clusters of differentially expressed genes.  
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Figure 6. Tissue-wise principal component analysis of RNA-Seq data. (A) PCA plot of eWAT samples. Horizontally is the 
first principal component (PC1) which explains 40.2% of the variance within the dataset. Vertically is the second 
principal component (PC2) which explains 28.7% of the variance within the dataset. (B) PCA plot of iWAT samples. 
Horizontally is the first principal component (PC1) which explains 35% of the variance within the dataset. Vertically is 
the second principal component (PC2) which explains 28.7% of the variance within the dataset. The points are coloured 
according to time of sacrifice and diet group. 
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The tissue-wise DE analyses are conducted on combinations of the week zero and the week six 

and twelve LFD RNA-Seq data (Figure 7). Specifically, the following conditions were compared: 

eWAT week six LFD samples with eWAT week zero samples (Figure 7A); eWAT week twelve LFD 

samples with eWAT week zero samples (Figure 7B); eWAT week twelve LFD samples with eWAT 

week six LFD samples (Figure 7C); iWAT week six LFD samples with iWAT week zero samples 

(Figure 7D); iWAT week twelve LFD samples with iWAT week zero samples (Figure 7E); iWAT 

week twelve LFD samples with iWAT week six LFD samples (Figure 7F). Differentially expressed 

genes with LFCs greater than zero are upregulated in the first-mentioned conditions relative to 

the last-mentioned conditions, whereas differentially expressed genes with LFCs less than zero 

are downregulated in the first-mentioned conditions relative to the last-mentioned conditions.  

There are observed 2209 significant transcriptional differences between the eWAT week six LFD 

samples and the eWAT week zero samples, of which 648 genes are significantly upregulated and 

1561 genes are significantly downregulated (Figure 7A); 1635 significant transcriptional 

Figure 7. Transcriptional changes of mouse adipose tissues in response to a low fat diet (LFD). Differential expression 
analyses of (A) eWAT week six LFD vs eWAT week zero samples, (B) eWAT week twelve LFD vs eWAT week zero 
samples, (C) eWAT week twelve vs eWAT week six LFD samples, (D) iWAT week six LFD vs iWAT week zero samples, 
(E) iWAT week twelve LFD vs iWAT week zero samples, and (F) iWAT week twelve vs iWAT week six LFD samples. 
Vertically is the log2 fold change. Horisontally is the mean of the normalised counts. Significant (FDR > 0.05) and non-
significant differentially expressed genes are coloured in red and grey, respectively. P-values are corrected for multiple 
testing by the Benjamini-Hochberg procedure. 
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differences are observed between the eWAT week twelve LFD samples and the eWAT week zero 

samples, of which 412 genes are significantly upregulated and 1223 genes are significantly 

downregulated (Figure 7B); 193 significant transcriptional differences are observed between 

the eWAT week twelve LFD samples and the eWAT week six LFD samples, of which 92 genes are 

significantly upregulated and 101 genes are significantly downregulated (Figure 7C); 23 

significant transcriptional differences are observed between the eWAT week twelve LFD 

samples and the eWAT week six LFD samples, of which 12 genes are significantly upregulated 

and 11 genes are significantly downregulated (Figure 7D); 81 significant transcriptional 

differences are observed between the eWAT week twelve LFD samples and the eWAT week six 

LFD samples, of which 50 genes are significantly upregulated and 31 genes are significantly 

downregulated (Figure 7E); 80 significant transcriptional differences are observed between the 

eWAT week twelve LFD samples and the eWAT week six LFD samples, of which 45 genes are 

significantly upregulated and 35 genes are significantly downregulated (Figure 7F). 

In total, between the mentioned eWAT conditions, there are 3030 unique significant 

differentially expressed genes, of which 878 of the genes are significantly upregulated and 2152 

Figure 8. Hierarchical clustering of significant differentially expressed genes identified through differential expression 
analyses on eWAT LFD and week zero samples. The significant differentially expressed genes are divided into ten 
clusters. The clusters have been appointed appropriate colours according to the visible light spectrum (red, orange, 
yellow, lime green, spring green, cyan, dodger blue, dark blue, orchid purple and deep pink). The genes are coloured 
according to TPM values that are scaled by row.  
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of the genes are significantly downregulated (Figure 7A-C).  For the mentioned iWAT conditions, 

160 of the significant differentially expressed genes are unique, of which 88 of the genes are 

significantly upregulated and 72 of the genes are significantly downregulated (Figure 7D-F).   

The low amount of significant differentially expressed genes for the iWAT conditions are 

explained by the variance between the replicates (Figure 6B).  

In order to investigate which biological processes the gene products of the significant 

differentially expressed genes across the time course experiment are related to, a pathway 

analysis was performed. First, the significantly regulated genes were clustered according to 

similar expression patterns, and then each cluster was subjected to pathway analysis. This 

allows for identification of biological processes that can be attributed to down- or upregulated 

genes across the time course experiment. Considering only a few significant differentially 

expressed genes were identified for the iWAT LFD and week zero samples, hierarchical 

clustering will only be performed on the significant differentially expressed genes identified for 

the eWAT LFD and week zero samples (Figure 8). The pathway analysis of the eWAT LFD 

Figure 9. Pathway analysis of gene clusters defined through hierarchical clustering of significant differentially 
expressed genes in the low fat diet intervention group. Horizontally are the gene clusters as seen in Figure 10. Vertically 
are the names of the top 5 pathways associated with the significant differentially expressed genes in each cluster. Each 
point represents a pathway in a cluster, sized according to the number of genes associated with the pathway and 
coloured according to the adjusted probability value. The adjusted probability values are determined using the 
Benjamini–Hochberg procedure of false discovery rate. 

Prostaglandin Synthesis and Regulation

Proteasome Degradation

Fatty Acid Beta Oxidation

TCA Cycle

mRNA processing

Striated Muscle Contraction

Oxidative phosphorylation

Electron Transport Chain

..........
Hierarchical clusters

Gene
counts

20

40

60

0.01

0.02

0.03

Adjusted
p−value

Pathway analysis of clusters, eWAT LFD



 Bachelor thesis by 
 Jakob Jersild Nielsen  
 

Page 28 of 54 
 
 

hierarchical clusters is performed relative to the WikiPathways reference database (137). An 

alternative to the WikiPathways reference database is the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) pathway reference database (138). The KEGG pathway reference database is, 

however, infrequently updated according to known literature relative to the WikiPathways 

reference database.  

The top five pathways associated with genes of each cluster are illustrated in a dot plot (Figure 

9). Each point represents a pathway in a cluster, sized according to the number of differentially 

expressed genes associated with the pathway and coloured according to the adjusted probability 

value. The adjusted probability values are determined using the Benjamini–Hochberg procedure 

of false discovery rate (139). 

The cluster with the most significant differentially expressed genes is cluster six, whose genes 

are associated with pathways associated with the electron transport chain, oxidative 

phosphorylation, striated muscle contraction, tricarboxylic acid cycle also known as the citric 

acid cycle, and fatty acid beta oxidation (Figure 9). The genes in cluster four, nine and ten are 

associated with mRNA processing, whereas the genes of cluster three are associated with 

proteasome degradation (Figure 9). The genes in cluster one and eight are associated with 

processes of prostaglandin synthesis and regulation (Figure 9). Interestingly, many of the 

significant differentially expressed genes are associated with metabolic and mRNA processing 

pathways, suggesting that eWAT of mice with an age of ten weeks is still undergoing many 

developmental transcriptional changes. As only few significant differentially expressed genes 

were identified for iWAT, either caused by the high variance between iWAT sample replicates or 

by the suggestion that iWAT of mice with an age of ten weeks is fully developed, ageing-

associated transcriptional changes are not identifiable. Further analyses are required to uncover 

the main cause of the lack of ageing-associated transcriptional changes of iWAT.  

In summary, 3030 unique differentially expressed genes are identified between the eWAT LFD 

and week zero samples. Of these 3030 unique differentially expressed genes, 878 are 

significantly upregulated and 2152 are significantly downregulated. Between the iWAT LFD and 

week zero samples, 160 unique significant differentially expressed genes are identified, of which 

88 of these are significantly upregulated and 72 are significantly downregulated. A pathway 

analysis of the differentially expressed genes for the eWAT conditions, revealed that they encode 

genes associated with metabolism, mRNA processing, proteasome degradation along with 

prostaglandin synthesis and regulation. 
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HFD exposure induces transcriptional changes of both eWAT and iWAT in mice 
To investigate the impact of HFD exposure on adipocyte genes of eWAT and iWAT, and to verify 

their identity as adipose tissues, selected adipose tissue and adipocyte marker genes were 

plotted (Figure 11). The groupings of the bar plots are visualized according to time of sacrifice 

and diet group.  

The genes that were selected in order to tissue identity are Adipoq, Erg, Ets2, Fabp4, Lep, Lpl, 

Plin1, Pnpla2 and Pparg that encodes ADIPOQ, ERG, ETS2, FABP4, LEP, LPL, PLIN1, ATGL and 

PPARγ, respectively. Adipoq and Lep are chosen as they are important adipokines; Erg, Ets2 and 

Pparg are chosen as they are transcription factors (TFs) involved in adipogenesis, amongst 

others; Fabp4, Lpl, Plin1 and Pnpla2 are chosen considering they involved in lipid metabolism. 

Only the expression level of Lep changes significantly from eWAT week zero to eWAT week six 

HFD (Figure 11A). The expression levels of Adipoq, Erg, Fabp4, Plin1, Pnpla2 and Pparg from the 

eWAT week twelve HFD samples are significantly lower relative to the LFD group (Figure 11A), 

while considered being unchanged or marginally decreased between the eWAT week six HFD 

and LFD samples (Figure 11A). The transcriptional changes in eWAT suggest increased lipid 

mobilisation (47) and tissue inflammation (47) along with decreased lipolytic activity (47, 48, 

54) of the adipocytes in the eWAT. The significantly decreased expression levels of Fabp4 and 

Pparg from the eWAT week twelve HFD samples relative to the week zero samples (Figure 11A), 

additionally suggest a decreased lipolytic activity (140) of the adipocytes of eWAT. No 

transcriptional changes between any of the eWAT samples are observed for Ets2 and Lpl (Figure 

11A). The transcriptional level of Lep is significantly increased from both the eWAT week six and 

twelve HFD samples relative to the week zero samples (Figure 11A), while the transcriptional 

changes of Lep between the eWAT HFD and LFD samples of both week six and twelve are not 

significant (Figure 11A). Increases in Lep transcription indicates increased storage of lipids. 

Opposite of the eWAT samples, most of the selected genes show transcriptional increases 

between the HFD samples relative to the LFD samples in the iWAT (Figure 11B). The 

transcriptional levels of Erg, Ets2, Fabp4, Lep and Lpl are significantly increased in iWAT week 

twelve HFD samples relative to LFD samples (Figure 11B). Additionally, the transcriptional 

levels of Ets2, Lip and Lpl are significantly increased in iWAT week twelve HFD samples relative 

to week zero samples (Figure 11B), all of which suggest increased adipocytic lipid uptake from 

chylomicrons and VLDL (46) and AT expansion through hyperplasia (69). No transcriptional 

changes between iWAT samples are observed for Adipoq, Plin1, Pnpla2 and Pparg (Figure 11B).  
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To summarise, the transcriptional changes of the selected genes in the eWAT suggest increased 

lipid mobilisation and tissue inflammation along with decreased lipolytic activity of the 

adipocytes, whereas the transcriptional changes of the selected genes in the iWAT suggest 

increased adipocytic lipid uptake and adipogenesis, suggesting that eWAT expands through 

hypertrophy and iWAT expands through hyperplasia. 

Figure 11. Adipocyte identity marker genes. (A) Visualisations of adipocyte identity marker genes from eWAT presented 
as bar plots. Horizontally are the time points of which the mice were sacrificed. Vertically are the transcripts per 
kilobase million (TPM). (B) Visualisations of adipocyte identity marker genes from iWAT presented as bar plots. 
Horizontally are the time points of which the mice were sacrificed. Vertically are the transcripts per kilobase million 
(TPM). Gene transcript counts from week zero mice, are coloured in red, whereas gene transcript counts from mice fed 
with a LFD and a HFD are coloured in green and blue, respectively. Error bars indicate standard error of mean. All * 
denotations indicate that there is a significant difference between the mean at the indicated time point and week zero 
(p < 0.05). All # denotations indicate that there is a significant difference between the LFD and HFD means (p < 0.05), 
P values are calculated using a Student’s t-test.  
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Proportion of HFD-induced significant differential expressions increase with time 
To investigate the DIO-related transcriptional changes in mouse adipose tissues, DE analyses are 

conducted tissue-wise on LFD and HFD samples from each time point after the initiation of the 

experiment (Figure 12). The following conditions were compared: eWAT week six HFD samples 

with eWAT week six LFD samples (Figure 12A); eWAT week twelve HFD samples with eWAT 

week twelve LFD samples (Figure 12B); iWAT week six HFD samples with iWAT week six LFD 

samples (Figure 12C); iWAT week twelve HFD samples with iWAT week twelve LFD samples 

(Figure 12D).  

Figure 12. Obesity induced transcriptional changes in mouse adipose tissue. Differential expression analyses of (A) 
eWAT week six HFD samples vs eWAT week six LFD samples, (B) eWAT week twelve HFD samples vs eWAT week twelve 
LFD samples, (C) iWAT week six HFD samples vs iWAT week six LFD samples, (D) iWAT week twelve HFD samples vs 
iWAT week twelve LFD samples. Vertically is the log2 fold change. Horisontally is the mean of the normalised counts. 
Significant (FDR < 0.05) and non-significant differentially expressed genes are coloured in red and grey, respectively. 
P-values are corrected for multiple testing by the Benjamini-Hochberg procedure.  
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In total, 1003 significant transcriptional changes are observable between the eWAT week six 

HFD samples and the eWAT week six LFD samples, whereas 757 of these are significant 

upregulations and 246 are significant downregulations (Figure 12A). Increasingly, there are a 

total of 6496 significant transcriptional changes between the eWAT week twelve HFD samples 

and the eWAT week twelve LFD samples, whereas 3327 are significant upregulations and 3169 

are significant downregulations (Figure 12B).  

Between the iWAT week six HFD samples and the iWAT week six LFD samples there are a total 

of 71 significant transcriptional changes, whereof 24 are significant upregulations and 47 are 

significant downregulations (Figure 12C). Increasingly, there are 2195 significant 

transcriptional changes between the iWAT week twelve HFD samples and the iWAT week twelve 

LFD samples, of which 1263 are significant upregulations and 932 are significant 

downregulations (Figure 12D).  

Seemingly, DIO-related significant expression differences are more abundant in eWAT than in 

iWAT, probably explained by large variances between iWAT sample replicates (Figure 6B). 

Additionally, the amount of significant expressional changes increases with the duration of HFD-

exposure of the mice. 

To further investigate the impact DIO has on the expression levels of genes in mouse adipose 

tissues, the significant differentially expressed genes are divided into clusters, tissue-wise 

(Figure 13).  

The TPM values of the significant differentially expressed genes from the eWAT HFD and week 

zero samples increases over time in the red, lime green, spring green, and light blue clusters 

(Figure 13A), whereas they might encode pro-inflammatory and pro-fibrotic proteins. Opposite, 

the TPM values of the significant differentially expressed genes from the eWAT HFD and week 

zero samples decrease over time in the yellow, blue and purple clusters (Figure 13A), whereas 

they might encode anti-inflammatory and anti-fibrotic proteins. The TPM values of the 

significant differentially expressed genes from the eWAT samples in the orchid cluster increases 

from week zero to week six and decrease from week six to week twelve (Figure 13A).  

The TPM values of the significant differentially expressed genes from the iWAT HFD and week 

zero samples increases over time in the red, lime green and spring green clusters (Figure 13B), 

suggestively encoding pro-adipogenic proteins. Whereas, the TPM values of the significant 

differentially expressed genes from the iWAT HFD and week zero samples decreases over time 

in the yellow, light blue and blue clusters (Figure 13B), suggestively encoding anti-adipogenic 
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proteins. The TPM values of the significant differentially expressed genes from the iWAT 

samples in the purple and orchid clusters increases from week zero to week six and decrease 

from week six to week twelve (Figure 13B). Additionally, the decrease in the TPM values from 

week six to week twelve observed for the genes in the purple and orchid clusters resemble the 

decrease in TPM values from week six to week twelve observed for the genes in the blue cluster 

(Figure 13B).  

Pathway analyses are conducted on the genes in each cluster, tissue-wise. The pathway analyses 

of the hierarchical clusters are performed relative to the WikiPathways reference database. The 

top five pathways associated with genes of each cluster are visualised in dot plots for eWAT HFD 

samples (Figure 14) and iWAT HFD samples (Figure 15). Each point represents a pathway in a 

cluster, sized according to the number of genes associated with the pathway and coloured 

according to the adjusted probability value. The adjusted probability values are determined 

using the Benjamini–Hochberg procedure of false discovery rate. 

Figure 13. Tissue-wise hierarchical clustering of significant differentially expressed genes. The significant differentially 
expressed genes from (A) eWAT and (B) iWAT are divided into eight clusters each. The clusters have been appointed 
appropriate colours according to the visible light spectrum (red, yellow, lime green, spring green, light blue, blue, 
purple and orchid). The genes are coloured according to TPM values that are scaled by row (for each gene). Adjacent 
to the hierarchical clusters are the mean TPM changes of the genes within each cluster plotted according to duration 
of HFD-exposure. 
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The significant differentially expressed genes in the red cluster, determined from the eWAT 

samples, are associated with the following pathways: IL-3 signalling, spinal cord injury, 

microglia pathogen phagocytosis, DNA replication and TYROBP casual network (Figure 14); all 

of which are related to inflammatory responses and proliferation of immune cells (137, 141). 

The pathways of the red cluster non the less have adjusted probability values of less than 0.01, 

whereas it is unlikely that they have occurred by chance (Figure 14). The significant 

differentially expressed genes in the lime green cluster are associated with pathways including 

chemokine signalling, EGFR1 signalling, insulin signalling, kit receptor signalling and TYROBP 

casual network, and have adjusted probability values of less than 0.01 (Figure 14). The 

mentioned pathways from the lime green cluster are associated with inflammatory responses, 

Figure 14. Pathway analysis of gene clusters defined through hierarchical clustering of significant differentially 
expressed genes in the eWAT high fat diet group. Horizontally are the gene clusters as in Figure 13A. Vertically are the 
names of the top 5 pathways associated with the significant differentially expressed genes in each cluster. Each point 
represents a pathway in a cluster, sized according to the number of genes associated with the pathway and coloured 
according to the adjusted probability value. The adjusted probability values are determined using the Benjamini–
Hochberg procedure of false discovery rate. 
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the formation of immune cells such as lymphocytes,  and insulin signalling in general (137). Both 

the genes in the red and lime green cluster are upregulated during DIO (Figure 13A). The genes 

in the blue cluster are downregulated in response to DIO (Figure 13A). Pathways associated with 

genes in the blue cluster include adipogenesis genes, amino acid metabolism, electron transport 

chain, nuclear receptors, and fatty acid biosynthesis, and have adjusted probability values of less 

than 0.03 (Figure 14). These pathways are involved in the adipogenesis and metabolic processes 

(137, 141). Significant differentially expressed genes in the purple and yellow clusters are 

involved in the following pathways: alpha6-beta4 integrin signalling and white fat cell 

differentiation, respectively (Figure 14). The alpha6-beta4 integrin signalling pathway has an 

adjusted probability value greater than 0.04 (Figure 14) and is involved in mediating signals 

from the ECM (125, 137). The pathways of white fat cell differentiation have a probability value 

between 0.04 and 0.03 (Figure 14) and are involved in adipogenesis (137). The genes in the 

spring green, light blue and orchid clusters are not associated with any currently known 

pathways (Figure 14). Overall, the pathways associated with significant differentially expressed 

genes, determined through DE analyses of combinations of the eWAT HFD and week zero 

samples, suggest that DIO causes upregulation of pro-inflammatory genes and perhaps some 

pro-fibrotic genes along with downregulation of genes involved in adipogenic and metabolic 

processes in the eWAT. 

The significant differentially expressed genes in the red cluster, determined through DE analyses 

of the iWAT HFD and week zero samples, are associated with pathways including focal adhesion-

PI3K-Akt-mTOR-signalling, primary focal segmental glomerulosclerosis along with 

prostaglandin synthesis and regulation (Figure 15); they all have adjusted probability values of 

approximately 0.03 (Figure 15). The beforementioned pathways are involved in cell 

proliferation, differentiation and paracrine signalling, along with tissue growth (137). The genes 

of the yellow cluster are associated with mRNA processing (Figure 15); the process has an 

adjusted probability value of approximately 0.02 (Figure 15). The significant differentially 

expressed genes in the spring green cluster are additionally associated with mRNA processing, 

with an adjusted probability value of less than 0.01, along with cytoplasmic ribosomal proteins, 

with an adjusted probability value of approximately 0.01 (Figure 15). The genes in the light blue 

and blue clusters are additionally associated with cytoplasmic ribosomal proteins, with adjusted 

probability values approximately equal to or less than 0.01, respectively (Figure 15). The genes 

in the light green cluster are also associated with pathways of cytoplasmic ribosomal proteins in 
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addition to type II interferon signalling (IFNG) (Figure 15), proposedly suggesting a marginally 

inflammatory state of the iWAT (137); both of these pathways have adjusted probability values 

of less than 0.01 (Figure 15).  

To summarise; the pathways associated with the significant differentially expressed genes, 

determined through DE analyses of eWAT HFD and week zero samples, suggest that DIO causes 

inflammation, increased immune cells proliferation along with decreases in metabolic pathways 

and probably inhibition of adipogenesis in the eWAT; the pathways associated with the 

significant differentially expressed genes, determined through DE analyses of iWAT HFD and 

week zero samples, suggest that DIO causes increased adipogenic AT expansion and probably a 

slightly inflammatory state in the iWAT; additionally, prolonged HFD-exposure probably leads 

to exacerbation of DIO-related complications. 

Figure 15. Pathway analysis of gene clusters defined through hierarchical clustering of significant differentially 
expressed genes in the iWAT high fat diet group. Horizontally are the gene clusters as in figure 13B. Vertically are 
names of the top 5 pathways associated with the significant differentially expressed genes in each cluster. Each point 
represents a pathway in a cluster, sized according to the number of genes associated with the pathway and coloured 
according to the adjusted probability value. The adjusted probability values are determined using the Benjamini–
Hochberg procedure of false discovery rate. 
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Increased expression of inflammation marker genes in eWAT but not iWAT 
To investigate the inflammatory state of the tissues, selected inflammation marker genes were 

plotted in bar plots (Figure 16A-B). The groupings of the bar plots are visualised according to 

time of sacrifice and diet group as in previous bar plots.  

The transcriptional levels of adhesion G protein-coupled receptor E1 (Adgre1) and integrin alpha 

M (Itgam) are used as indicators of macrophage presence, whereas the transcriptional levels of 

Cd4 and Cd8a are used as indicators of the presence of T helper cells (Th) and cytotoxic T cells, 

respectively. The transcriptional levels of Ccl2, C-X-C motif chemokine 12 (Cxcl12), Il1b, Nfkb1 and 

Tnf are used as indicators of general inflammation. Interferon gamma (Infg) and Il2 are used as 

an indicator of Th1 presence, Il2, Il4, Il5 and Il10 are used as indicators of Th2 presence, while 

Il6 is used as an indicator of Th17 presence.  

The transcriptional levels of the macrophage marker genes in the eWAT are both increasing 

according to the amount of time the mice have been exposed to an HFD (Figure 16A). The 

increases in the transcriptional levels of the macrophage marker genes are significantly 

increased in the eWAT HFD samples relative to the eWAT LFD samples twelve weeks after the 

initiation of the experiment (Figure 16A), suggesting an obesity-related increased presence of 

macrophages in the eWAT. There is an increase in the transcriptional levels of the general 

inflammatory markers Ccl2, Cxcl12, Il1b, Nfkb1 and Tnf in eWAT HFD samples relative to eWAT 

LFD samples; the transcriptional differences between the eWAT week twelve HFD and eWAT 

week twelve LFD samples of the general inflammatory markers are significant (Figure 16A), 

suggesting increased DIO-related inflammation. The T helper cell (Cd4) and cytotoxic T cell 

(Cd8a) markers are both considered not significant differentially expressed (Figure 16A). There 

is no transcriptional difference between the marker genes for Th1, Th2 and Th17 cells, except 

Il10 (Figure 16A), this suggests little to no DIO-related proportional changes of the Th cells. The 

Th2 cell marker, Il10, is differentially expressed in eWAT week twelve HFD samples relative to 

eWAT week twelve LFD samples (Figure 16A). Interestingly, this suggests a power-struggle 

between pro-inflammatory and anti-inflammatory cells. The levels of the general inflammatory 

markers do, however, indicate that the pro-inflammatory cells are on the winning side, 

suggestively due to a cumulative effect of all released pro- and anti-inflammatory cytokines.  

There are contradictory results regarding the transcriptional differences of the macrophage 

gene indicators; the transcriptional levels of Adgre1 increase in iWAT HFD samples relative to 

iWAT LFD samples, while the transcriptional levels of Itgam do not change between the iWAT 
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samples (Figure 16B). There are significant transcriptional differences of Adgre1 between iWAT 

week twelve HFD samples and iWAT week twelve LFD samples in addition to between iWAT 

week twelve HFD samples and iWAT week zero samples (Figure 16B). There are significant 

transcriptional increases of the general inflammation marker, Ccl2, between the iWAT week 

twelve HFD samples and iWAT week zero samples in addition to between iWAT week twelve 

LFD samples and iWAT week zero samples (Figure 16B). There is an observable significant 

transcriptional difference of Nfkb1 between the iWAT week twelve HFD and LFD samples 

(Figure 16B), which could suggest decreased iWAT inflammation. The transcriptional levels of 

Cd4 and Cd8a from the iWAT week twelve HFD and LFD samples are significantly different from 

each other, in addition to the transcriptional levels of Cd4 from the iWAT week twelve samples 

relative to the iWAT week zero samples (Figure 16B); this suggests a DIO-related proportional 

decrease of both T helper cells and cytotoxic T cells. There are seemingly no significant 

transcriptional differences between any of the T helper cell subtype-specific marker genes from 

the iWAT HFD and LFD samples from any given time point (Figure 16B). It is suggested that there 

might be a decrease in the amount of T helper and cytotoxic T cells presence in the iWAT, yet 

that the transcriptional levels of the Th subtype-defined cytokines are maintained by immune 

cells other than Th cells, possibly cytokine producing Th-like B2 cells. 

In summary, the eWAT seems to be highly inflamed, whereas the iWAT does not. The absence of 

inflammation in the iWAT is explainable by increased hyperplasic AT expansion. Additionally, 

there seem to be proportional changes to the immune cells in eWAT in response to DIO, while it 

is suggested that there are fewer proportional changes to the immune cells of iWAT. 

Early development of fibrosis in eWAT but not iWAT 
To investigate if the tissues are in a fibrotic state, selected fibrosis marker genes were plotted 

(Figure 17A-B). The groupings and the colouring of them are identical to those of the previous 

bar plots.  

Figure 16. Inflammation marker genes. (A) Visualisations of transcripts of inflammation marker genes from eWAT 
samples presented as bar plots. Horizontally are the times of which the mice were sacrificed. Vertically are the 
transcripts per kilobase million. (B) Visualisations of transcripts of inflammation marker genes from iWAT presented 
as bar plots. Horizontally are the times of which the mice were sacrificed. Vertically are the transcripts per kilobase 
million (TPM). Gene transcript counts from week zero mice, are coloured in red, whereas gene transcript counts from 
mice fed with a LFD and a HFD are coloured in green and blue, respectively. Error bars indicate standard error of mean. 
All * denotations indicate that there is a significant difference between the mean at the indicated time point and week 
zero (p < 0.05). All # denotations indicate that there is a significant difference between the LFD and HFD means (p < 
0.05), P values are calculated using a Student’s t-test. 
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Col1a1, Col3a1 and Col6a1 are commonly considered pro-fibrotic collagens (125), whereas they 

will be used as indicators of a switch in ECM composition in addition to Mmp2, Mmp9 and 

Mmp14. Decorin (Dcn) and fibronectin (Fn1) are ECM adhesion proteins (125) and will be used 

as an indicator of ECM-cell adhesions. Dcn will further be used as an indicator of ECM abundance, 

as it is involved in the folding of ECM components (125). Hif1a will be used as an indicator of 

early ECM remodelling, whereas Ctgf, Lysyl oxidase (Lox) and Tgfb1 will be used as general 

indicators of fibrosis. Lox will in addition to Dcn be used as an indicator of ECM abundance, due 

to its ability to cross-link collagens (125). It is observed that all fibrosis marker genes, expect for 

Ctgf and Mmp9, are significantly upregulated in eWAT week twelve HFD samples relative to 

eWAT week twelve LFD samples; all of these, except for Dcn, are also significantly upregulated 

in eWAT week twelve HFD samples relative to eWAT week zero samples (Figure 17A). Col6a1 is 

additionally significantly upregulated in eWAT week six HFD samples relative to eWAT week 

zero samples (Figure 17A). All of which suggests that there has been a shift in the ECM 

composition to a more stiff ECM and that there is an increased abundance of the ECM 

components. Additionally, it is suggested that the turnover of ECM components is modulated, 

due to the transcriptional increase of Mmp2 and Mmp14 and the transcriptional decrease of 

Mmp9 (Figure 17A). The transcriptional levels of Ctgf are significantly decreased in eWAT week 

six HFD samples relative to eWAT week six LFD samples, but not between eWAT week twelve 

HFD and LFD samples (Figure 17A). Ctgf is considered to be important if not essential for the 

development of fibrosis in multiple organs (125), whereas it can be postulated to likewise have 

an important role in the development of AT fibrosis. The significant downregulation of Ctgf in 

eWAT week six HFD samples relative to eWAT week six LFD samples is interesting, especially as 

the transcriptional level evens out in the eWAT week twelve samples (Figure 17A). It is proposed  

that the onset of fibrosis in the eWAT occurs within the experimental timeframe; however, that 

prolonged HFD exposure is required to develop fibrosis in the eWAT.  

Genes including Col1a1, Col3a1, Col6a1 and Hif1a are significantly upregulated in iWAT week 

twelve HFD samples relative to iWAT week twelve LFD samples (Figure 17B), suggesting an 

early ECM remodelling in response to a hypoxic environment; Hif1a is also significantly  

upregulated in iWAT week six HFD samples relative to iWAT week six LFD samples (Figure 17B). 

The transcriptional levels of the beforementioned genes are also significantly upregulated in 

iWAT week twelve HFD samples relative to iWAT week zero samples (Figure 17B). Col6a1 is also 

significantly upregulated in iWAT week six samples relative to iWAT week zero samples, while 
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Hif1a is significantly upregulated in iWAT week twelve samples relative to iWAT week zero 

samples (Figure 17B). Upregulation of Hif1a in iWAT could indicate that iWAT not only expands 

through hyperplasia, but also hypertrophy. Ctgf is significantly upregulated in iWAT week twelve 

HFD samples relative to iWAT week twelve LFD samples, and Tgfb1 is significantly upregulated 

in iWAT week six HFD samples relative to iWAT week six LFD samples (Figure 17B); both of 

which suggest that there is ongoing tissue remodelling, possibly even onsetting fibrosis. The 

transcriptional levels of Lox are significantly upregulated in iWAT week twelve HFD samples 

relative to iWAT week twelve LFD samples, along with in iWAT week six and twelve HFD samples 

relative to iWAT week zero samples (Figure 17B), suggesting DIO-related increase in collagen 

cross-linking. The transcriptional levels of the genes Dcn, Fn1, Mmp2 and Mmp14 do not 

significantly change among any of the iWAT samples (Figure 17B). Increased abundance of some 

of the beforementioned genes is known to be associated with the development of fibrosis, 

whereas their transcriptional levels indicate that fibrosis is not under development in the iWAT. 

The transcriptional levels of Mmp9 are significantly decreased in iWAT week six HFD samples 

relative to iWAT week six LFD samples, along in iWAT week six and twelve HFD samples relative 

to iWAT week zero samples. No significant transcriptional difference is observable for Mmp9 

between iWAT week twelve HFD and LFD samples. The expressions of Mmp9 indicate that DIO 

might have an early effect on the transcriptional levels of Mmp9.  

To summarise, DIO seemingly causes hypoxia in both eWAT and iWAT in addition to hypoxia-

related remodelling of the ECM. The ECM of the eWAT seems to be subjected to more extensive 

remodelling than the iWAT. The lack of significant differential expression of genes encoding 

adhesion proteins and MMPs between the iWAT samples, but not the eWAT samples, suggest 

that the turnover of ECM components attribute to the development of fibrosis. Additionally, only 

eWAT seems to be in the early process of developing fibrosis in response to twelve weeks of HFD 

exposure.  

Figure 17. Fibrosis marker genes. (A) Visualisations of transcripts of fibrosis marker genes from eWAT samples 
presented as bar plots. Horizontally are the times of which the mice were sacrificed. Vertically are the transcripts per 
kilobase million. (B) Visualisations of transcripts of fibrosis marker genes from iWAT presented as bar plots. 
Horizontally are the times of which the mice were sacrificed. Vertically are the transcripts per kilobase million. Gene 
transcript counts from week zero mice, are coloured in red, whereas gene transcript counts from mice fed with a LFD 
and a HFD are coloured in green and blue, respectively. Error bars indicate standard error of mean. All * denotations 
indicate that there is a significant difference between the mean at the indicated time point and week zero (p < 0.05). 
All # denotations indicate that there is a significant difference between the LFD and HFD means (p < 0.05), P values 
are calculated using a Student’s t-test. 
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Identification of fibrosis-related transcription factors 
To identify potential TFs that might be important in the development of DIO-related fibrosis, a 

list of known human TFs from Integrated analysis of Motif Activity and Gene Expression changes 

of transcription factors (IMAGE) (142) is converted to mouse TFs and cross-referenced with the 

significant differentially expressed genes of the time-course experiment. Here, only eWAT is 

considered, as only few significant regulated genes were identified for iWAT. Cross-referring the 

list of TFs from IMAGE with genes that are significantly regulated across time points yielded a 

list of 339 significant TFs that might be important drivers of for example early fibrosis 

development in eWAT.  

To narrow the list down even further, the motif activity of the identified TFs were analysed using 

the computational tool Integrated System for Motif Activity Response Analyses (ISMARA) (134). 

ISMARA returned 207 TFs along with motif activities, which was subjected to hierarchical 

clustering factors (Figure 18) in order to identify patterns of TF motif activities. The motif 

activity of the TFs in the red cluster is increasing over time (Figure 18); the motif activity of the 

TFs in the yellow cluster increases from week zero to week six and decreases from week six to 

week twelve (Figure 18); the motif activity of the TFs in the green cluster decreases over time 

(Figure 18); the motif activity of the TFs in the blue cluster increases from week zero to week 

Figure 18. Hierarchical clustering of significant differentially expressed transcription factors encoding transcription 
factors that potentially are important for diet-induced obesity-related fibrosis in eWAT. The significant differentially 
expressed genes are divided into five clusters. The clusters have been appointed appropriate colours according to the 
visible light spectrum (red, yellow, green, blue and purple). The genes on the heatmap are coloured according to motif 
activity values from an ISMARA analysis that are scaled by row (for each gene). 
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six, and decreases from week six to the week twelve (Figure 18); the motif activity of the TFs in 

cluster five decreases from week zero to week six, and increases from week six to week twelve 

(Figure 18).  

To identify which clusters contain genes potentially involved in the early development of 

fibrosis, a pathway analysis is performed on the genes in each cluster relative to the 

WikiPathways reference database. The pathways associated with genes of each cluster are 

illustrated in a dot plot (Figure 19).  

The TFs of the red cluster are associated with the following processes from the WikiPathways 

reference database: focal adhesion-PI3K-Akt-mTOR-signalling, primary focal segmental 

glomerulosclerosis along with prostaglandin synthesis and regulation (Figure 19). The 

remaining clusters contain TFs involved in mRNA processing, type II interferon signalling in 

addition to cytoplasmic ribosomal proteins (Figure 19). The red cluster contains 61 TFs and is 

the strongest candidate for containing TFs involved in the early development of fibrosis. These 

TFs are listed in a table (Table 1) and ranked according to the importance of the motifs of the 

Figure 19. Pathway analysis of gene clusters defined through hierarchical clustering of significant differentially 
expressed transcription factors in the high fat diet group. Horizontally are the gene clusters as seen in Figure 18. 
Vertically are the names of the pathways associated with the significant differentially expressed genes in each cluster. 
Each point represents a pathway in a cluster, sized according to the number of genes associated with the pathway and 
coloured according to the adjusted probability value. The adjusted probability values are determined using the 
Benjamini–Hochberg procedure of false discovery rate. 
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transcription factors for explaining the expression variance of the samples. The yielded list of 

TFs that might have an important role in driving the early stages DIO-associated fibrosis 

development, could be evaluated according to known literature and subjected to experiments, 

to assess their roles in driving the early stages DIO-associated fibrosis development. 

Conclusion 
Through analyses of transcriptional data of the epididymal white adipose tissue (eWAT) and the 

inguinal white adipose tissue (iWAT) over time from low fat diet (LFD) fed and high fat diet 

(HFD) fed male CL57BL/6J mice, it is suggested that eWAT expands through hypertrophy and 

that iWAT dominantly expands through hyperplasia in response to diet-induced obesity (DIO). 

Through pathway analyses of differentially expressed genes in addition to visualisation of 

specific inflammation and fibrosis marker genes, it is suggested that eWAT of HFD fed mice is 

hypoxic, inflamed, and progressively developing fibrosis, whereas iWAT of HFD fed mice is 

Table 1. List of potential transcription factors that could be important in regulating diet-induced obesity-related 
fibrosis in eWAT. The transcription factors are determined through cross-referencing of significant differentially 
expressed genes encoding transcription factors with the ISMARA data output, followed by hierarchical clustering of the 
transcription factors with their motif activities (ISMARA output). Left of the transcription factor symbols are the 
ranking number. Right of the transcription factor symbols are the Z-score of the transcription factors, which 
summarises the importance of the motifs of the transcription factors for explaining the expression variance of the 
samples. 

  Gene symbol Significance   Gene symbol Significance   Gene symbol Significance 
1 Spi1 7.708204 23 E2f3 2.061875 45 Klf15 0.632309 
2 Spic 6.726792 24 Hoxd9 1.956608 46 Nfkb2 0.608011 
3 E2f2 4.768437 25 Fos 1.933533 47 Hoxd10 0.593620 
4 Tfeb 4.195818 26 Sox10 1.706079 48 Mecom 0.562360 
5 Srebf1 4.195818 27 Tcf4 1.631428 49 Thra 0.561779 
6 Usf2 4.195818 28 Gsc 1.574483 50 Hoxc10 0.559648 
7 Usf1 4.195818 29 E2f8 1.483798 51 Gata6 0.550883 
8 Nfkb1 3.074219 30 Foxp2 1.469449 52 Alx4 0.549593 
9 Rel 3.074219 31 Tcf7l2 1.446891 53 Zfp652 0.463805 

10 Runx2 2.853135 32 Zbtb4 1.437698 54 Id4 0.459128 
11 Elf1 2.811837 33 Nfix 1.262048 55 Pou3f3 0.385962 
12 Elf2 2.811837 34 Zfp143 1.246625 56 Gzf1 0.384026 
13 Elf4 2.811837 35 Smarcc2 1.246625 57 Hoxc4 0.282234 
14 Irf8 2.626542 36 Six5 1.246625 58 Msx2 0.277152 
15 Xbp1 2.326791 37 Sox4 1.143136 59 Foxd3 0.265851 
16 Runx1 2.320822 38 Stat6 1.127362 60 Plagl1 0.182722 
17 E2f1 2.308149 39 Homez 1.006333 61 Cdc5l 0.099108 
18 Hmga1 2.245060 40 Egr1 0.973112    
19 Mybl2 2.198223 41 Fosb 0.936059    
20 Rora 2.174508 42 Prrx1 0.911639    
21 Egr2 2.087807 43 Batf 0.749740    
22 Tfdp1 2.087807 44 Trp63 0.713989    
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hypoxic and marginally inflamed, only. It is suggested that what drives the development of 

fibrosis is not only increased extracellular matrix (ECM) component deposition but also 

modulated turnover of ECM components, through differential expression of matrix 

metalloproteinases (MMPs) such as MMP2, MMP9 and MMP14, adhesion proteins including 

decorin and fibronectin, collagens including collagen type I, III and VI, amongst others. It is 

additionally thought that the transcription factor (TF) transforming growth factor beta has a 

central role in adipocytic fibrogenesis, as observed in other organs. Lastly, a list of 61 potentially 

fibrosis-related TFs were identified through cross-referencing of integrated motif activity 

response analysis (ISMARA) data with significant differentially expressed genes, hierarchical 

clustering of the motif activity of the TFs encoded by significant differentially expressed genes 

along with a pathway analysis of the genes of each cluster. 

In future experiments, the timeframe of this projects experiment setup could be extended in 

order to characterise both the early and late stages of DIO-associated fibrosis. Complementary 

to the experiment, chromatin immunoprecipitation sequencing could be conducted to assess the 

genome-wide interactions of selected TFs to the DNA. Alternatively, a knock-out experiment 

could be set up to determine the role of a selected TF in the early and/or late stages of DIO-

associated fibrosis. 

The next step would be to evaluate the yielded list of TFs according to known literature and the 

importance of the motifs of the TFs for explaining the expression variance of the samples from 

this projects data, and to select a TF thought to be an important driver of development of DIO-

associated fibrosis. Afterwards, ideas concerning a future experimental setup should be 

consulted with colleagues, in order to work out a realistic approach. 
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