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1. INTRODUCTION 

1.1 Overweight and Obesity 

The World Health Organization (WHO) defines overweight and obesity as statuses of 

abnormal fat mass accumulation that are accompanied by elevated health risks [151]. The 

degree of corpulence of adults can be classified using the body mass index (BMI), which is 

calculated by dividing the patient’s weight in kilograms by the patient’s squared height in 

meters. According to the WHO, overweight in adults is defined as BMI ≥ 25 kg/m² and 

obesity as BMI ≥ 30 kg/m² [151]. 

𝐵𝑀𝐼 =
𝑤𝑒𝑖𝑔ℎ𝑡 [𝑘𝑔]

𝑠𝑞𝑢𝑎𝑟𝑒𝑑 ℎ𝑒𝑖𝑔ℎ𝑡 [𝑚2]
 

In the last decades, excess weight has spread in a pandemic manner with more than 1.9 

billion adults being overweight worldwide in 2016, 650 million of whom were obese, 

making up 39 % and 13 % of the population, respectively [151]. In Germany, 67.1 % of males 

and 53.0 % of females are overweight, as found by the DEGS1 study of the Robert Koch 

Institute in 2013 [99]. Not only adults are affected: an alarming 15.4 % of German children 

are overweight and 5.9 % are obese [124]. 

On a personal level, excess weight is caused by an imbalance in food energy intake and 

energy expenditure [10; 30]. While a few cases of obesity are a result of genetic syndromes 

or secondary due to an endocrine disorder, the main cause can be seen in the social and 

economic development in the industrialized countries [10; 40]. 

Obesity can lead to diverse malfunctions and diseases such as arterial hypertension, 

coronary artery disease, stroke, diabetes, several kinds of cancer, arthritis and adverse 

respiratory effects as well as psychological issues [40; 56]. This susceptibility to secondary 

diseases leads to a remarkable reduction in life expectancy. Peeters et al. estimated that 

due to overweight, 40-year-old, non-smoking men and women in the U.S. lose 3.3 and 3.1 

years of life expectancy [108]. This is furthermore aggravated in obese subjects, with 7.1 

and 5.8 years, respectively [108]. 



INTRODUCTION 

2 
 

These numbers underline the importance of an effective treatment of obesity. The state-

of-the-art therapy of obesity is multimodal. Its basis is a dietary change combined with 

physical exercise. These measures are furthermore reinforced by patient empowerment 

through education and behavior modifications.[101; 150] 

However, not all patients reach their targeted weight under conservative therapy and the 

majority is not capable of maintaining the weight loss over long periods of time [150; 152]. 

The outcome of bariatric surgery is superior to conservative obesity therapies regarding 

weight loss, comorbidities and mortality [25]. However, bariatric surgery is expensive and 

carries the risk of complications [25]. In addition to the unsatisfactory treatment options, 

current prevention strategies for children and adolescents have shown to only achieve 

weak effects [11]. 

The pandemic spread of obesity and the variety of adverse effects necessitate more 

sophisticated therapies and prevention strategies for obesity. The development of which 

requires more basic research on energy homeostasis and adipose tissue regulation, to 

better understand the disease and its causes. 

 

1.2 The Adipose Tissue 

For centuries the adipose tissue (AT) was assumed to be an organ, whose sole purposes 

were energy storage and mechanical support. In the last decades, however, the AT has 

undergone a renaissance as a subject of scientific interest. Driven by the pandemic spread 

of obesity, this development has revealed a variety of previously unknown adipose tissue 

functions, opening new fields of research. 

 

1.2.1 Adipose Tissue Types and Functions  

AT can be classified into white adipose tissue (WAT) and brown adipose tissue (BAT) based 

on histological and functional characteristics. The WAT is the predominant type of AT in 

humans and accounts for its mechanical and metabolic, but also endocrine functions 

effecting energy homeostasis, blood pressure and the immune system [41; 116]. While 

WAT is responsible for storing and mobilizing energy, BAT is capable of expending energy 
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in a process called non-shivering thermogenesis. This study, however, focuses on the WAT 

as the predominant AT in humans and site of obesity. Therefore, in this study the term 

“adipocytes” refers to “white adipocytes” only. 

 

1.2.2 Development, Growth and Plasticity 

Prenatal Development 

The embryonic origin of the WAT is complex and still not fully unraveled. Recent lineage 

tracking studies suggest that progenitor cells originate from the mesoderm and the neural 

crest, depending on the anatomical location.[121]  

The formation of the AT has been described in multiple histological studies. In 1980, 

Hausman et al. gave an overview on the development of the AT that is still up to date. The 

model describes mesenchymal cell cluster formation and blood vessel sprouting as tightly 

associated processes, leading to the formation of primitive fat lobuli. Further growth of the 

vasculature into areas of connective tissue determines the definitive adipose lobuli.[57] 

Only a few years later, Poissonnet et al. could concretize this model by showing that the fat 

lobuli form at a gestational age of 14 to 23 weeks, with the first definable structure being 

a small blood vessel surrounded by an aggregation of dense mesenchymal masses. A 

network of capillaries originates from each of these vessels, serving as a key structure for 

the differentiating mesenchymal cells around it and thereby defining the future fat lobuli. 

From then on, further growth of the AT is described to occur through enlargement of the 

existing lobuli rather than de novo formation.[111; 112] 

Both authors emphasized a close relationship between the formation of adipocytes 

(adipogenesis) and blood vessels (angiogenesis) in prenatal development.  
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Postnatal Growth 

Further growth of the WAT can either occur by the formation of new adipocytes 

(hyperplasia) or through enlargement of the existing cells (hypertrophy). Several studies 

have found that both hyperplasia and hypertrophy of adipocytes occur in humans. 

However, the contribution of each of these processes to tissue growth varies depending on 

the observed point in life.[53; 79; 83; 96] 

A longitudinal study published in 1977 by Hager et al. on normal-weight infants found that, 

at the age of 1 month, the average body fat percentage is 16.2 %, rising to 27.1 % at the 

age of 12 months [53]. Interestingly, their data suggests this remarkable increase in the 

first year of life to be exclusively due to a growth in cell size [53]. These findings were 

supported in other publications [79; 96], while another study suggests hyperplasia in the 

first year to be crucial for the development of later obesity [13]. 

Studies covering later phases of development find further growth of WAT in early childhood 

and school age, to be predominantly due to hyperplasia while only small changes in 

adipocyte size are described. In adolescence, however, hypertrophy of adipocytes becomes 

a major factor in WAT growth again.[79; 83; 96] 

Comparing boys and girls, changes in adipocyte size and number begin at puberty, with girls 

obtaining larger adipocytes, higher total adipocyte numbers and greater body fat 

percentages [96; 149]. 

Many authors describe a point in development, at which the total adipocyte number 

culminates and then remains constant. These findings indicate that a definite individual 

adipocyte number, which persists throughout the entire adult life, might be determined in 

childhood. However, the age at which this individual adipocyte number might be reached 

is uncertain. While most authors suggest a plateau at the transition from late adolescence 

to early adulthood [79; 96; 130], also earlier ages have been described [83].  

It should be noted that the body fat percentage varies significantly throughout childhood. 

These changes are explained by different phases of growth and weight gain, which are not 

further explicated in this study.[149] 
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Lifelong Plasticity 

As the body’s most important energy depot, the WAT retains high adaptability throughout 

life to match temporal demands. In times of net energy intake, expansion of the WAT 

occurs mainly through hypertrophy. Equivalently, atrophy of the adipocytes can be 

observed in declining tissue.[5]  

With fat mass and adipocyte number remaining relatively constant in adulthood, it was 

long thought that there was no de novo formation of adipocytes [120]. However, many 

authors have reported proliferation and differentiation of isolated preadipocytes in vitro 

[61; 102; 114]. 

In 2008, Spalding et al. published concrete evidence for the active turnover of adipocytes 

in WAT. They estimated that 8.4 % of all adipocytes are renewed annually. This finding 

proves that WAT is not only capable of expanding through hypertrophy of existing 

adipocytes, but holds the distinct capability of self-renewal from stem cells in vivo. An 

obvious prospect of this discovery is the possibility of treating obesity by tilting the balance 

between adipocyte death and renewal and therefore reducing the total adipocyte 

number.[130] 

In addition, these findings are of great importance to the field of stem cell research. As an 

easy-accessible, ubiquitous tissue, the WAT has become a meaningful source of stem cells 

for autologous therapy and tissue engineering.[147]  

 

1.2.3 Cell Types in the White Adipose Tissue 

The most frequent cell type in the WAT are adipocytes. These parenchymal cells are 

spherically shaped and contain one large lipid droplet (unilocular cells). The rest of the 

cytoplasm is reduced to a thin layer around the lipid droplet with the small nucleus located 

in the periphery.[91] 

Although most of the WAT is made up of mature, lipid-filled adipocytes, a plethora of other 

cell types can be found. Among these are adipose tissue-derived stem cells, preadipocytes 

(committed progenitors of the adipocytes), cells associated to the vasculature like 

endothelial cells, pericytes and smooth muscle cells as well as immune cells [19]. This 
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heterogeneous group of cells is based on established isolation methods and is referred to 

as stromal vascular cells (SVCs) [19]. In addition, neurons extend into the WAT and 

contribute to its metabolic regulation [159]. 

 

 

Figure 1: Cell types of the white adipose tissue. The figure displays an overview of the cells in 
the white adipose tissue and their classification into major groups.  

 

1.2.4 Adipogenesis is linked to the Vasculature  

It has long been known that precursor cells with potential for adipogenic differentiation 

reside in the adipose tissue [61] and are capable of self-renewal [102; 114]. While it has 

been clearly shown that preadipocytes and the adipose tissue stem cells are capable of 

proliferation and adipogenic differentiation in vitro and in vivo, it is not clear to what extent 

each cell population contributes to the actual turnover in WAT [19]. Both cell types are very 

similar to each other and not all authors differentiate between them. Thus, the 

nomenclature in the literature is inconsistent and to be handled with care. According to 

Cawthorn et al., preadipocytes and the adipose tissue stem cells differ in a small subset of 

surface markers and transcriptional markers, most importantly peroxisome proliferator-

activated receptor γ (PPARγ), a nuclear hormone receptor essential for adipogenic 

differentiation [19]. 

Using genetically marked mice, Tang et al. showed in 2008 that preadipocytes expressing 

PPARγ reside in the vasculature of the WAT. They positively stained these cells for the mural 

cell markers SMA, PDGFRβ and NG2 indicating that they were cells of the vasculature. 

Furthermore, they isolated the SVCs from the WAT and sorted them by PDGFRβ expression 

using flow cytometry. Interestingly, the PDGFRβ+ SVCs showed a higher adipogenic 
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potential in vitro and in vivo compared to the PDGFRβ- SVCs. While a subset of the mural 

cells in the WAT expressed PPARγ, no PPARγ expressing cells could be found in the 

vasculature of other tissues. Taken together, these findings implicate that the vasculature 

of the WAT itself may resemble a unique niche for potent adipocyte progenitors.[137] 

The study reinforces a report from 2004 by Farrington-Rock et al. showing that at least 

some of the pericytes from the vasculature in WAT could undergo adipogenic 

differentiation in vitro [35]. Using a similar approach to Tang et al., Gupta et al. analyzed 

the expression of Zfp423 in WAT [52], a zinc-finger protein they had previously shown to 

be elevated during adipogenesis and regulate PPARγ [51]. They found a subset of Zfp423 

expressing pericytes, thus reproducing the observation that these pericytes might 

resemble preadipocytes [52]. However, they also found a few endothelial cells that 

expressed Zfp423, raising the question whether these too could undergo a transition or 

dedifferentiation and successive adipogenesis [52]. 

While these studies focused on the potential of vascular cells to provide new adipocytes, 

Planat-Benard et al. demonstrated that cells residing in the WAT also hold the ability to 

differentiate into cells of the vasculature in vitro and improve neovascularization in the 

mouse ischemic hindlimb model. In addition, they dedifferentiated adipocytes and showed 

them to be able to differentiate into endothelial cells in vitro and in vivo. Moreover, these 

dedifferentiated adipocytes were equally effective as the isolated SVCs cells in the mouse 

ischemic hindlimb model. While it remains unknown if these mechanisms are of actual 

relevance in WAT, these works have shown adipocytes and vascular cells in the adipose 

tissue to be intensely intertwined and suggest that both cell types might share a common 

progenitor cell. [110] 

Figure 2 provides a simplified overview of the differentiation capacities of the major cell 

populations discussed above. While not displayed in the figure, it is well known that 

pericytes [16] and at least a subset of endothelial cells are capable of proliferation [64]. 

Findings of a recent study even suggest a contribution of bone-marrow-derived cells to the 

turnover in WAT [118].  
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Figure 2: Simplified overview of the differentiation capabilities of major cell populations 
in the white adipose tissue. Depicted are the adipocytes, the undifferentiated preadipocytes and 
adipose tissue stem cells as well as pericytes and endothelial cells resembling the vasculature. The 
arrows indicate possible differentiation or proliferation capacities of these major cell populations 
and are labeled with the first study providing evidence for the respective pathway. Based on: 
Farrington-Rock et al. 2004 [35], Gupta et al. 2012 [52], Hollenberg and Vost 1968 [61], Ng et al. 
1971 [102], Planat-Benard et al. 2004 [110] and Poznanski et al. 1973 [114]. 

 

In 2003, Fukumura et al. presented evidence for the interdependence of angiogenesis and 

adipogenesis on a molecular level [44]. They found that preadipocytes with impaired 

adipogenic potential, due to a lack of PPARγ, showed significantly lower angiogenesis in 

vivo [44]. In addition, treatment with an anti-VEGF-receptor antibody reduced adipogenic 

differentiation in vivo, supposedly by influencing paracrine signaling through endothelial 

cells [44]. This finding is in line with an earlier study, which demonstrated that the inhibition 

of angiogenesis reduced the AT mass [117]. 

Taken together, these studies present the adipose tissue as a highly plastic tissue and 

adipogenesis and angiogenesis as intensely intertwined processes occurring at the same 

location simultaneously. The vasculature can therefore be thought of as a niche for stem 

cells from which adipocytes and vascular cells can be recruited. 
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1.3 Adipose Tissue Angiogenesis 

Angiogenesis is the formation of new blood vessels from existing ones and thereby differs 

from vasculogenesis, which describes the process of de novo blood vessel formation. While 

the latter is mainly thought to occur during embryogenesis, angiogenesis plays an 

important role throughout life.[1; 23] 

 

1.3.1 The Cells of the Adipose Tissue secrete Angiogenic Factors 

Of the plethora of cells in the WAT many are capable of secreting angiogenic factors and 

thereby regulate the vasculature. The contributions of the different cell types to the 

angiogenic expression of the factors analyzed in the present study are depicted in Figure 3.  

 

Figure 3: The cells of the adipose tissue secrete angiogenic factors. Depicted are adipocytes, 
adipose tissue stem cells and inflammatory cells as key producers of angiogenic factors which act 
in a paracrine manner on endothelial cells. ANGPT1 = angiopoietin-1, ANGPT2 = angiopoietin-2, 
FGF1 = fibroblast growth factor 1, FGF2 = fibroblast growth factor 2, VEGFA = vascular endothelial 
growth factor A. Based on: Jonker et al. 2012 [65], Lauvrud et al. 2017 [84], Lemoine et al. 2013 
[86], Thomas and Augustin 2009 [140] and Volz et al. 2016 [147].  
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1.3.2 The Angiogenic Factors analyzed in this Study 

Vascular Endothelial Growth Factor A 

Vascular endothelial growth factor A (VEGFA) is the best-known and most relevant member 

of the vascular endothelial growth factors (VEGFs). It is furthermore the most abundant 

member of the VEGF-family in human WAT [142]. The VEGFA gene contains 8 exons and 

encodes for multiple isoforms by alternative splicing [55; 143]. The shorter isoforms, most 

notably VEGFA121 and VEGFA165, are bioactive when secreted, while the longer isoforms 

VEGFA189 and VEGFA206 are bound to the extracellular matrix (ECM) and take effect upon 

liberation [105]. The VEGFA isoforms form (homo)dimers and have been shown to bind to 

the Vascular Endothelial Growth Factor Receptors 1 (VEGFR1, also known as Flt-1) and 2 

(VEGFR2, also known as KDR) [71; 105]. Both VEGFR1 and VEGFR2 are receptor tyrosine 

kinases and expressed on endothelial cells [71]. While the activation of VEGFR2 transduces 

the angiogenic effects of VEGFA, VEGFR1 is thought to mainly function as a decoy and thus 

representing a negative regulator of angiogenesis [71].  

VEGFA is known to act in a paracrine manner [7; 12]. It represents a specific endothelial cell 

mitogen without enhancing the proliferation of other cell types of the vasculature [38]. 

Deletion of a single VEGF allele in mice causes severe vascular defects and death in utero 

between embryonic day (E.) E.11 and E.12 demonstrating the pivotal role of VEGFA in 

vascular development [17; 37].  

 

Fibroblast Growth Factors 1 and 2 

The family of the fibroblast growth factors (FGFs) consists of 18 members, all of which bind 

to tyrosine kinases receptors called fibroblast growth factor receptors (FGFRs) [8; 144]. 

FGFRs are not only expressed on endothelial cells, but can be found on the surface of a 

plethora of cells regulating proliferation, differentiation, survival and migration [8; 144]. 

Hence, FGF signaling is not only a key player in angiogenesis, but also in adipogenesis, 

myogenesis, ossification, development of the inner ear, cerebral and cerebellar structures, 

cardiac valve formation, limb development, pulmonary and neurite branching as well as 

many more endocrine and metabolic regulations [8].  
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While most other FGFs have signal peptides and are secreted by exocytosis [8], it is 

assumed that FGF1 and FGF2 are directly secreted over the plasma membrane, each via 

distinct mechanisms [103]. When transported out of the cell, the lion’s share of the FGFs 

act in a paracrine manner [8]. The paracrine function is caused by HSGAG-binding, which 

limits diffusion and keeps the FGFs near the expressing tissue [8].  

FGF1 [93] and FGF2 [127] are endothelial mitogens [42]. Recently Yu et al. found that FGF2-

FGFR1 signaling regulates c-MYC and thereby hexokinase 2 expression in endothelial cells 

[156]. They furthermore showed that this induction of hexokinase 2, a rate-limiting enzyme 

of glycolysis, was essential for endothelial cell proliferation and migration [156].  

 

Angiopoietin-1, Angiopoietin-2 and Tunica Interna Endothelial Cell Kinase 

The angiopoietins represent another system of factors regulating angiogenesis. There are 

four known angiopoietins termed 1, 2, 3 and 4, all of which bind to the tunica interna 

endothelial cell kinase (TEK), which is often referred to as Tie-2 [140]. TEK is expressed by 

endothelial cells, endothelial precursors, hematopoietic stem cells, a subset of 

macrophages [140] and pericytes [138]. 

Angiopoietin-1 (ANGPT1) is a TEK agonist resulting in autophosphorylation, while 

angiopoietin-2 (ANGPT2) is mainly considered as a receptor antagonist [140]. Since 

angiopoietin-3 is only found in mice and its human ortholog angiopoietin-4 is mainly 

expressed in lungs [33], both were not analyzed in this study. ANGPT1 and ANGPT2 are 

both secreted glycoproteins and act on endothelial cells [140]. While ANGPT1 acts 

paracrine and is mainly produced by mesenchymal cells, ANGPT2 is predominantly 

expressed in endothelial cells and has autocrine functions [140]. 

First substantial insight into the angiogenic functions of TEK was achieved through loss-of-

function analyses showing that homozygous mutations of TEK resulted in embryonic death 

before E.9.5 [31] or E.10.5 [122] in mice. The embryos displayed endothelial defects, 

vascular malformations, hemorrhage and growth restrictions particularly regarding cardiac 

development [31; 122]. Interestingly, mice lacking ANGPT1 died by E.12.5 with a similar, 

yet milder, phenotype [135]. In contrast, loss-of-function mutations of ANGPT2 in mice did 

not lead to embryonic death and the mice appeared normal at birth [47]. Nevertheless, 
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adult angiogenesis and vessel remodeling were impaired in the retina and hyaloid 

vasculature [47]. ANGPT2 overexpression, on the other hand, resulted in a phenotype 

reminiscent of mice lacking TEK or ANGPT1 [95]. These gene-targeting analyses led to the 

establishment of ANGPT1 and ANGPT2 as antagonists on TEK. 

In line with these observations, ANGPT1 was shown to stabilize blood vessels via trans-

association of TEK in adjacent endothelial cells [43; 119]. Furthermore, ANGPT1-TEK-

signaling can enhance proliferation of endothelial cells in vitro [20; 70]. 

The effect of ANGPT2 on TEK, however, is complicated. While the gene-targeting analyses 

suggested ANGPT2 to be a TEK antagonist, a wide variety of studies have found evidence 

for an activation of TEK depending on concentration [75] and context [76], albeit to a lesser 

extent than ANGPT1 [157]. Whether ANGPT2 exhibits proangiogenic or antiangiogenic 

functions can also depend on the relation to other angiogenic factors [60; 90; 95].  

 

1.3.3 Cellular Steps of Sprouting Angiogenesis 

There are two types of physiologic angiogenesis: sprouting angiogenesis and 

intussusceptive angiogenesis. Sprouting describes the formation of a new blood vessel by 

endothelial cell proliferation and migration from an existing vessel towards an angiogenic 

stimulus. Intussusception, on the other hand, describes the process of splitting an existing 

blood vessel by invading interstitial tissue with the vessel wall extending into the lumen 

and thereby separating two daughter vessels. Although intussusception is thought to occur 

in all tissues and organs, it is poorly understood and its relevance unclear.[1; 18]  

Therefore, this chapter focuses on spouting angiogenesis, gives a brief overview of its 

cellular processes and displays key functions of the angiogenic factors analyzed in the 

study. The basic cellular steps of sprouting angiogenesis are presented in Figure 4. The 

quiescent vessel is stabilized by pericytes, which provide cell surviving signals for the 

endothelial cells and inhibit their proliferation [18]. Together both cell types produce the 

basement membrane (Figure 4 A) [18]. 

Sprouting is initiated when a quiescent vessel is influenced by angiogenic factors (Figure 4 

B) [18; 147]. These can be produced by nearby tissue in need of oxygen or with elevated 
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metabolic demand [113]. Destabilization begins with pericytes detaching from the 

basement membrane and degrading the ECM via matrix metalloproteinases (MMPs) in 

response to ANGPT2 [18]. Influenced by VEGFA, the endothelial cells loosen their 

intercellular junctions leading to vascular permeability and enabling migration [18; 23]. 

Migration occurs along the gradient of growth factors, primarily ANGPT1, ANGPT2, FGF2 

and VEGFA [23]. It is aided by the degradation of the ECM by proteases expressed in 

endothelial cells in response to FGF1 and FGF2 [132] and by adipose tissue stem cells [67]. 

The endothelial cell with the highest VEGFR2-signaling develops filopodia and leads the 

migration, becoming the tip cell of the sprout [1; 113]. These filopodia highly express 

VEGFR2 themselves and substrate binding leads to intracellular actin filament contraction 

resulting in gradient dependent migration [1]. In response to VEGFA, the tip cell produces 

delta-like canonical Notch ligand 4 (DLL4) which activates Notch-signaling in the nearby 

endothelial cells, leading to downregulation of VEGFR2 and upregulation of VEGFR1, thus 

lessening VEGFA stimulation and resulting in stalk cell phenotype [9]. As VEGFA 

concentrations and endothelial neighborships are in flux, these tip cell and stalk cell 

phenotypes are not permanent but rather dynamic [9]. In contrast to the stalk cells, the tip 

cells highly express ANGPT2 while downregulating TEK. Instead of binding to TEK, ANGPT2 

binds to integrins and thereby regulates tip cell migration [36]. While the tip cell guides the 

migration, the stalk cells elongate the sprout through proliferation [113] and form tubes 

[9] (Figure 4 C). ECM degradation further augments the process by releasing bound VEGFA 

and FGF2 [23]. 

Eventually, the tip cells of nearby sprouts meet, leading to a loss of the migratory 

phenotype and the adjacent sprouts undergo anastomosis to form a continuous vessel 

circuit (Figure 4 D) [59; 113]. Blood flowing through the newly established vessel supplies 

oxygen and lowers VEFGA levels [1] thus inhibiting further proliferation [23]. Tightening of 

endothelial cell contacts, pericyte and smooth muscle cell recruitment and the deposition 

of a basement membrane are essential for vessel maturation [1; 23; 147], a process 

mediated by ANGPT1-signaling through TEK amongst others (Figure 4 E) [23; 147]. If, 

however, the oxygen supply is insufficient and high concentrations of VEGFA and ANGPT2 

prevail, the sprouting process continues [59; 113].  
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Figure 4: Sprouting angiogenesis and the involvement of the factors analyzed in the 
study. (A) Quiescent vessel. (B) Sprout initiation with selection of a tip cell. (C) Sprout elongation 
and tip guidance. (D) Sprout anastomosis. (E) Vessel stabilization and reestablishment of 
quiescence. Hypoxic tissue and gradient of angiogenic factors are indicated as fading shades of 
yellow. ANGPT1 = angiopoietin-1, ANGPT2 = angiopoietin-2, FGF1 = fibroblast growth factor 1, FGF2 
= fibroblast growth factor 2, VEGFA = vascular endothelial growth factor A. Based on: Adair & 
Montani 2010 [1], Blanco & Gerhardt 2013 [9], Carmeliet & Jain 2011 [18], Clapp et al. 2009 [23], 
Potente et al. 2017 [113], Volz et al. 2016 [147]. 
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1.3.4 Angiogenesis in Obesity 

As the WAT becomes obese, many processes are altered leading to impaired tissue 

functions, which on their part resemble the basis of systemic diseases. These alterations 

include tissue hypoxia, inflammation, fibrosis and angiogenesis. Importantly, these 

alterations do not manifest independently from one another, but rather facilitate each 

other resulting in a pathological tissue remodeling process [22; 26]. 

A short-term tissue growth, for example during a period of high calorie intake, leads to 

tissue growth by adipocyte hyperplasia and hypertrophy with concomitant angiogenesis. 

WAT growth necessitates ECM remodeling, which features collagen turnover [26]. 

Correspondingly, collagen VI, which is known to surround adipocytes [29; 97; 106], is 

induced during adipocyte differentiation [123] and metabolic stress [73]. 

If, as in the case of obesity, the WAT grows extensively over long periods of time, the 

persistent stress of unhealthy WAT growth leads to deteriorated adaptations. For instance, 

obese WAT has been shown to be hypoxic in mice [155] and humans [107]. In line with 

these observations, hypoxia-inducible factor 1- alpha (HIF-1α), a key regulator of cellular 

responses to hypoxia, was elevated in the WAT of obese mice [155] and declined after 

bariatric surgery in morbidly obese humans [14]. Although VEGFA is a target gene of HIF-

1α [72], transgenic overexpression of HIF-1α in mice has been shown to cause fibrosis and 

inflammation without angiogenic response [54]. Among other factors, HIF-1α 

overexpression resulted in elevated expression of the collagen type VI alpha-1 chain 

(COL6A1) in subcutaneous WAT [54]. In addition, COL6A1 expression was elevated in the 

ob/ob model [54], a commonly used murine model of obesity in which the mice exhibit a 

defect in the leptin gene causing severe WAT accumulation, and the closely related db/db 

obesity model [73]. Correspondingly, collagen VI has been found in higher amounts in the 

WAT of obese patients undergoing bariatric surgery [29] and COL6A3 mRNA, the transcript 

for a different collagen VI subunit, was shown to correlate positively with BMI in a cross-

sectional study [106] and to be elevated upon overfeeding [3]. However, there is also a 

report with contrasting results [97] and an association has not been found in children [136]. 
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While obese patients have been shown to have higher serum levels of VEGFA and ANGPT2 

[68; 128], it is not certain if the expression of angiogenic factors is elevated or decreased in 

the obese WAT itself. Results from WAT expression studies of angiogenic factors in ob/ob 

mice are not entirely consistent and differ in part from results obtained in diet-induced 

murine obesity and human obesity (Table 1).  

Table 1: Overview over the results of studies comparing the adipose tissue angiogenic 
expression in obesity in different settings. The findings are summarized as ↑ = elevated 
expression in obese vs. lean, ↓ = reduced expression in obese vs. lean and – = expression 
unchanged between obese and lean. * = ex vivo expression, ANGPT1 = angiopoietin-1, ANGPT2 = 
angiopoietin-2, FGF1 = fibroblast growth factor 1, FGF2 = fibroblast growth factor 2, VEGFA = 
vascular endothelial growth factor A. 

factor genetically-induced 
murine obesity 

diet-induced murine 
obesity 

human obesity 

ANGPT1 ↓ Dallabrida 2003 [27] 

↓ Voros 2005 [148] 

↓ Halberg 2009 [54] 

↓ Voros 2005 [148] 

 

 

↑ Pasarica 2009 [107] 

↓ Pellegrinelli 2014* 
[109] 

ANGPT2 ↓ Cohen 2001 [24] 

- Dallabrida 2003 [27] 

↑/– Voros 2005 [148] 

- Voros 2005 [148] 

 

 

 

FGF1  ↑ Jonker 2012 [65] ↑ Mejhert 2010 [98] 

FGF2 –/(↓) Voros 2005 [148] ↓/(–) Voros 2005 [148] 

↓ Kim 2015 [77] 

↑ Teichert-Kuliszewska 
1992* [139] 

↓ Mejhert 2010 [98] 

VEGFA ↑ Miyazawa-Hoshi-
moto 2005 [100] 

- Voros 2005 [148] 

- Ye 2007 [155] 

↓ Halberg 2009 [54] 

- Voros 2005 [148] 

↓ Lijnen 2006 [89] 

↑ Ye 2007 [155] 

↑ He 2011 [58] 

↓ Fain 2004* [34] 

↓ Pasarica 2009 [107] 

↓ Goossens 2011 [49] 

↑ Tinahones 2012 
[142] 
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1.4 Aim of the Study 

Given the pandemic spread of obesity, the adipose tissue has experienced a renaissance as 

a subject of scientific interest. With more and more children gaining excess weight and 

childhood being a sensible phase for WAT development, it is important to understand its 

physiologic growth and early alterations. 

As adipogenesis and angiogenesis are intertwined processes, it seems reasonable to 

investigate angiogenesis to further understand the underlying processes of WAT 

expansion. While most of our knowledge about angiogenesis stems from animal models 

and investigating aberrant tumor angiogenesis, little is known about the regulation of 

angiogenesis in the WAT during the early development of children. The aim of this study is 

to determine the angiogenic state in the WAT of children by measuring the expression of 

known angiogenic factors and to detect associations with hallmarks of physiologic or 

abnormal growth.
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2. MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Biological Materials 

Patient Collective 

WAT and blood samples were obtained from children in cooperation with the Division of 

Pediatric Surgery, Department of General and Visceral Surgery, University Medical Center 

Ulm, according to a conjointly designed standard operating procedure. An elective surgical 

intervention between the 20th of March and the 30th of October 2015 was defined as the 

inclusion criterion. Exclusion criteria were systemic inflammation, malignant disease, 

genetic syndrome and metabolic disorder. Tissue was also not used for further analysis 

when it could not be macroscopically identified as WAT with certainty. 

Written informed consent was obtained from the patient’s parents in advance. The study 

was approved by the ethical review committee of Ulm University (ethics application No. 

368/13 – “Einfluss des Alters und der anatomischen Lokalisation auf die Funktion und die 

Expandierfähigkeit des Fettgewebes”). All patient data were anonymized. 

Within this study WAT samples from n = 26 subjects were collected. Materials from n = 19 

additional subjects were provided by Benedikt Haggenmüller resulting in a total of n = 45 

patients. Since frequent referencing to it in this study necessitates simplification, the 

collective of patients will be referred to as Ulm Childhood AT Collective (UCC) in the 

following.  
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2.1.2 Equipment 

Aluminium cooling block Roche, Basel 

CryoPure Tubes 1.8 ml Sarstedt, Nümbrecht 

Histosette II with lid Simport, Beloeil 

LightCycler capillaries (20 µl) Roche, Basel 

Metal molds Sakura, Tokio 

Microscope cover glasses Menzel, Braunschweig 

Microscope slides VWR, Darmstadt 

Monovette EDTA KE/1.2 ml vacutainer Sarstedt, Nümbrecht 

Monovette EDTA KE/2.7 ml vacutainer Sarstedt, Nümbrecht 

Monovette Serum Z/1.2 ml vacutainer Sarstedt, Nümbrecht 

Monovette Serum Z/2.7 ml vacutainer Sarstedt, Nümbrecht 

Multipipette Plus Eppendorf, Hamburg 

Pasteur pipette glass 15 cm VWR, Darmstadt 

Pipette tip 1.250 µl Sarstedt, Nümbrecht 

Pipette tip 20 µl Sarstedt, Nümbrecht 

Pipette tip 200 µl Sarstedt, Nümbrecht 

Plastic jar (1000 ml, sterile) Nalge Nunc, Rochester 

Precellys Lysing Kit CKMix Bertin Technologies, Montigny 
le Bretonneux 

SafeSeal microtube 0.5 ml Sarstedt, Nümbrecht 

SafeSeal microtube 1.5 ml Sarstedt, Nümbrecht 

SafeSeal microtube 2 ml Sarstedt, Nümbrecht 

Screw-top jar (100 ml, sterile) Simax, Sázava 

Surgical disposable scalpel No. 21 B. Braun, Melsungen 



MATERIALS AND METHODS 

20 
 

TC Dish 60, Standard Sarstedt, Nümbrecht 

Tube 15 ml Sarstedt, Nümbrecht 

Tube 50 ml Sarstedt, Nümbrecht 

 

2.1.3 Instruments 

A 120 S scale Sartorius, Göttingen 

Biofuge pico Heraeus, Hanau 

BSB 3A laminar flow cabinet Gelaire, Sydney 

BX 300 microscope Will Wetzlar, Wetzlar-Nauborn 

BZ-9000 microscope Keyence, Osaka 

Comfort freezer (-20 °C) Liebherr, Bulle 

Cyber-shot DSC-WX80 Sony, Tokio 

Diavert microscope Leitz, Wetzlar 

GT 40 liquid nitrogen tank Air liquide, Paris 

Herefreeze HFU T series freezer (-80 °C) Heraeus, Hanau 

Kelvitron t Heating Ofen Heraeus, Hanau 

KT 3L 16 refrigerator (4 °C) Bosch, Gerlingen 

Leica Autostainer XL Leica, Wetzlar 

Leica CM1850 microtome Leica, Wetzlar 

LightCycler 2.0 real-time PCR system Roche, Basel 

NanoDrop 2000 spectrophotometer Thermo Fisher Scientific, Waltham 

PIPETBOY acu pipette controler Integra Biosciences, Fernwald 

PTC-200 Peltier Thermal Cycler MJ Research, Watertown 

Reference Pipette 0.5 - 10 µl Eppendorf, Hamburg 
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Reference Pipette 10 - 100 µl Eppendorf, Hamburg 

Reference Pipette 100 - 1000 µl Eppendorf, Hamburg 

Reference Pipette 2 - 20 µl Eppendorf, Hamburg 

Reference Pipette 50 - 200 µl Eppendorf, Hamburg 

RH - 12E tissue processor Sakura, Tokio 

Samsung Galaxy S4 mini smartphone camera Samsung, Seoul 

TissueLyser LT Qiagen, Hilden 

Varifuge 3.0RS Heraeus, Hanau 

Vortex Genie 2 vortexer Bender&Hobein, Zürich 

Vortexer CAT.NO. 34524-200  Cenco instrumenten b.v., Breda 

 

2.1.4 Reagents and Enzymes 

Acetic acid 30 % Merck, Darmstadt 

Ammonium chloride (NH4Cl) Sigma-Aldrich, St. Louis 

Ampuwa sterile water Fresenius Kabi, Bad Homburg 

Chloroform VWR, Radnor 

Dithiothreitol (DTT) Life Technologies, Carlsbad 

DMEM:F12 (1:1) (1x) Life Technologies, Carlsbad 

dNTP Mix Life Technologies, Carlsbad 

D-pantothenic acid hemicalcium salt Sigma-Aldrich, St. Louis 

Dulbecco’s Phosphate-Buffered Saline 
(DPBS) (1x) 

Life Technologies, Carlsbad 

Eosin (2C-140) Waldeck GmbH & Co. KG, Münster 

Ethanol absolute Sigma-Aldrich, St. Louis 

First strand buffer (5x) Life Technologies, Carlsbad 
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Formaldehyde solution min. 37% GR Merck, Darmstadt 

Histosec pastilles (without DMSO) Merck, Darmstadt 

Hydrochloric acid 25 % Merck, Darmstadt 

Mayer's hemalaum solution Merck, Darmstadt 

Random Primer Life Technologies, Carlsbad 

RNase-Free water Qiagen, Hilden 

SuperScript II reverse transcriptase Life Technologies, Carlsbad 

TRI Reagent Zymo Research, Irvine 

Xylene (Xylol reinst, Merck 8685) Merck, Darmstadt 

 

2.1.5 Solutions 

eosin staining solution distilled water 
+ 6 vol% eosin 
+ 0,3 vol% acetic acid 3% 
 

fixation solution DPBS 
+ 4 vol% formaldehyde 
 

 

2.1.6 Kits 

Direct-zol™ RNA MiniPrep Zymo Research, Irvine 

FlexiGene® DNA Kit (250) Qiagen, Hilden 

LightCycler FastStart DNA MasterPLUS SYBR 
green I 

Roche, Basel 
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2.1.7 Primers 

All Primers were acquired from Thermo Fischer Scientific (Ulm), except the VEGFA primer, 

which was from Eurofins MWG Operon and generously provided by Vera Münch (Ulm). 

Before usage, the primers were tested in a quantitative polymerase chain reaction (qPCR) 

with a positive control. Subsequently, an agarose gel electrophoresis was performed to 

validate product lengths and to exclude unspecific side products. 

target primer direction primer sequence (5’ - 3’) 

36B4 forward TGCATCAGTACCCCATTCTATCAT 

 
reverse AGGCAGATGGATCAGCCAAGA 

ANGPT1 forward TGAGACCCAGGTACTAAATCAAACTTCTCGAC 

 
reverse TGAAGAAGTTGCTTCTCTAGCTTGTAGGTG 

ANGPT2 forward ACAGCAGAATGCAGTACAGAACCAGACG 

 
reverse CAAGTCTCGTGGTCTGATTTAATACTTGGGCT 

COL6A1 forward CCCGGAGACGATAACAACGACATTGCAC 

 
reverse GACGAAGTCCTTGGCAATCTCGAAGTTCTG 

FGF1 forward GACCAGCACATTCAGCTGCAGCTCAGTG 

 
reverse ACAAACATTCCTCATTTGGTGTCTGTGAGCCG 

FGF2 forward CGACCCTCACATCAAGCTACAACTTCAAGCAG 

 
reverse AGCCAGTAATCTTCCATCTTCCTTCATAGCCA 

HPRT forward GAGATGGGAGGCCATCACATTGTAGCCCTC 

 
reverse CTCCACCAATTACTTTTATGTCCCCTGTTGACTGGTC 

TEK forward CTAGAAGTACACCTGCCTCATGCTCAGCC 

 
reverse CAGTTCACAAGCCTTCTCACACGTCCTTCC 

VEGFA forward CTTGCCTTGCTGCTCTACCT 

 
reverse AGCTGCGCTGATAGACATCC 

VWF forward GACCAAAGAGTCTCCATGCCCTATGCCT 

 
reverse AGATGCCCGTTCACACCACTGTTCTCCA 
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2.1.8  Software 

Software Version Supplier 

BZ-Analyzer 2.1 Keyence, Osaka 

GIMP 2.8.16 The GIMP Development Team 

GraphPad Prism  6.01 GraphPad Software, La Jolla  

ImageJ 1.50b. Wayne Rasband and National 
Institutes of Health 
 

Inkscape 0.92.2 Free Software Foundation Inc., Boston 

LightCycler software  4.1.1.21 Roche, Basel 

Microsoft Office 2016 

 

Microsoft, Redmond 

MRI Adipocyte Tool 

 

MRI's Redmine 

Nanodrop 2000/2000c software 1.4.2 Thermo Fisher Scientific, Waltham 
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2.2 Methods 

2.2.1 Primary Material of the Ulm Childhood AT Collective 

Anthropometric Data 

Information concerning gender, diagnosis, height, weight and age of the patients were 

taken from the record of the pediatric surgeons. Birth weight and height as well as further 

measurements, existing diagnoses and possible confounders were transcribed from the 

patients’ checkup-booklets, if available. The parents were questioned concerning 

comorbidities and regular medication of the patients as well as the duration of 

breastfeeding. The waist circumference was measured with a measuring tape midway 

between the lowest rib and the iliac crest directly before the operation with the undressed 

and relaxed patient lying on the back under anesthetic.  

 

Blood Samples 

Fasting blood samples were drawn after onset of anesthesia with support of the 

anesthesiologists. Blood volumes were obtained depending on the patient’s age: 0.5 – 1 ml 

from neonates (younger than four weeks), 1 – 2 ml from infants (aged 1 – 12 months) and 

2 – 5 ml from children older than one year. The blood samples were drawn with a 

vacutainer containing EDTA for the isolation of DNA and a clotting activator vacutainer for 

serum analysis. The blood samples were processed, frozen at -80 °C and not further used 

within this study. 
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Tissue Preparation 

WAT samples were taken at the incision site from the subcutaneous depot directly after 

the surgical incision and transferred into 50 ml tubes containing 25 ml DMEM:F12. The 

samples were transported to the laboratory and then transferred into 6 cm dishes under 

sterile conditions. Using tweezers and surgical disposable scalpels, large pieces of 

connective tissue, big vessels and lymph nodes were removed if present. Afterwards the 

remaining tissue was weighed. Depending on the weight, the tissue was then split for 

further processing (Table 2). 

Table 2: Preparation procedures performed depending on the weight of the tissue. After 
preparation, varying amounts of the adipose tissue samples of the Ulm Childhood Adipose Tissue 
Collective were apportioned to different procedures. The procedures that were performed and the 
used amounts of tissue depended on the total weight of the tissue. SVCs = stromal vascular cells. 

total weight of the tissue procedure 

<100 mg isolation of RNA 

100-200 mg isolation of RNA (70-100 mg), formalin fixation and 
paraffin embedding (30-100 mg) 

>200 mg isolation of RNA (70-100 mg), formalin fixation and 
paraffin embedding (30-100 mg), isolation of SVCs by 
collagenase digestion (remaining tissue, not further shown 
in this study) 

 

Tissue Asservation for RNA Isolation 

The tissue for RNA analysis was transferred into a CryoPure tube, immediately snap frozen 

in liquid nitrogen and stored at -80 °C until isolation.  
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2.2.2 Histological Analysis 

Sample Preparation 

The tissue samples for the histological analysis were transferred into histosettes and fixated 

in a screw-top jar containing 100 ml fixation solution (4 % formaldehyde) for at least 3 h. 

The cassettes were then dehydrated using a tissue processor with the following protocol. 

Tissue processor protocol 1 h in 70 % ethanol 

 1 h in 95 % ethanol 

 1 h in 95 % ethanol 

 1 h in 100 % ethanol 

 1 h in 100 % ethanol 

 1 h in 100 % ethanol 

 2 h in xylol 

 2 h in xylol 

 xylol until further processing 

 

After dehydration, the samples were transferred into three jugs containing molten paraffin 

wax in a heating oven (65 °C) for 1 h respectively. The infiltrated samples were then placed 

in molds and embedded in paraffin wax. 

 

Sample Sectioning and H&E Staining 

Tissue sectioning and haematoxylin and eosin (H&E) staining of the samples was performed 

by Alexandra Killian supported by the Institute of Pathology (Head: Prof. Dr. Peter Möller), 

University Medical Center Ulm. 

Before sectioning, the embedded samples were kept on ice to ease cutting. The samples 

were sectioned with Leica CM1850 microtome into 3 µm thick sections, which were then 

carefully transferred into a water bath (45 °C). Subsequently, the sections were placed on 

super frost slides and dried at 42 °C on a heating plate. The temperature was then elevated 

to 60 °C for 30 min. The samples were deparaffinized and H&E stained using a Leica 

Autostainer XL with the following program. 
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Autostainer protocol 3 x 120 s in xylol 

 1 x 30 s in 100 % ethanol 

 1 x 30 s in 90 % ethanol 

 1 x 30 s in 80 % ethanol 

 1 x 30 s in 70 % ethanol 

 1 x 20 s in distilled water 

 2 x 120 s in haematoxylin 

 1 x 120 s in tap water 

 1 x 45 s in hydrochloric acid 0,075 % 

 2 x 60 s in tap water 

 2 x 90 s in eosin staining solution 

 1 x 20 s in distilled water 

 1 x 20 s in 70 % ethanol 

 1 x 20 s in 80 % ethanol 

 1 x 45 s in 90 % ethanol 

 1 x 45 s in 100 % ethanol 

 1 x 60 s in 100 % ethanol 

 2 x 30 s xylol 

 xylol until further processing 

 

Histology samples were then mounted on glass slides and sealed with a coverslip. 

 

Determination of the Adipocyte Size 

To analyze the adipocyte size, pictures of each slide were taken with a BZ-9000 microscope 

at 10x magnification and white balanced with the BZ-Analyzer software. The adipocyte size 

was measured using Image J and the MRI Adipocyte macro. First, a field of 500 µm x 500 

µm was chosen. The outline of each adipocyte was circled and added to the macro’s regions 

of interest manager (Figure 5). Cells that were either cut off by the boundaries of the 

chosen field or not fully intact were not evaluated. The area and feret diameter (largest 

caliper in a two-dimensional plane) of every cell was measured. Cells with an area smaller 
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than 100 µm² were excluded, to rule out the smaller SVCs or adipocytes that are only cut 

in their very periphery by the sectioning of the samples. For every patient, fields of 500 µm 

x 500 µm were chosen and analyzed, until at least 100 adipocytes were measured. The 

means of the adipocyte area and feret diameter were calculated for every patient and are 

used in all further analyses. 

 

Figure 5: Exemplary Determination of Adipocyte Size with Image J and the MRI Adipocyte 
Tool. The picture represents a 500 µm x 500 µm large field of a haematoxylin and eosin stained 
section of the adipose tissue sample from a patient of the Ulm Childhood Adipose Tissue Collective, 
taken at 10 x magnification. Clearly identifiable and intact adipocytes that were not cut off by the 
border were numbered and circled in yellow. Subsequently, adipocyte area and feret diameter 
were measured using Image J.   
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2.2.3 Methods of Molecular Biology 

RNA Isolation 

For tissue RNA isolation, up to 100 mg of WAT, previously stored at -80 °C, were transferred 

into Precellys Lysing Kit CKMix Preps containing 1000 µl TRI Reagent and disintegrated using 

a TissueLyser. The suspension was then transferred into 1.5 ml microtubes and 200 µl 

chloroform were added. The tube was shaken, incubated at room temperature for 5 min 

and then centrifuged for 5 min at 16000 gn. Subsequently, the supernatant was transferred 

into a new 1.5 ml microtube and 300 µl absolute ethanol (sample to ethanol, 1:1) were 

added. After vortexing the samples for 3 s, the RNA was purified using the RNA Zymo kit 

according to the supplier’s instructions. Following purification, the concentration of RNA 

was measured with a NanoDrop 2000 spectrophotometer. 

 

Reverse Transcription 

The reverse transcription of all RNA samples was performed with SuperScript II reverse 

transcriptase. Volumes containing 1 µg of RNA were transferred into 0.5 ml microtubes on 

ice and RNase free water was added until a total volume of 11 µl was reached. In addition, 

1 µl of random primer was added to each tube. The samples were then vortexed, heated 

to 85 °C for 3 min in a thermal cycler and immediately stored on ice afterwards. 

Subsequently, 5 µl 5x First Strand Buffer, 2.5 µl DTT, 1.5 µl RNase free water, 1 µl dNTPs 

(10mM) and 1 µl SuperScript II reverse transcriptase were added to each tube and the 

mixture was vortexed. The samples were then placed in a thermal cycler and the reverse 

transcription was performed using the following protocol. 

Thermal cycler settings 15 min at 25 °C 

 50 min at 42 °C 

 15 min at 70 °C 

 4 °C until further processing 
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After the reverse transcription, 177 µl of Ampuwa sterile water were added to each sample 

resulting in a total volume of 200 µl (corresponding to 5 ng/µl). The samples were then 

vortexed and stored at -20 °C. 

 

Quantitative Real-time Polymerase Chain Reaction 

For the (qPCR) the LightCycler FastStart DNA MasterPLUS SYBR green I kit was used to 

indirectly quantify mRNA levels via cDNA transcripts. All preparation steps were performed 

on ice. First, the LightCycler-Mix was created according to the supplier’s instructions. Next, 

LightCyler-Primer-mixtures were prepared in 0.5 ml microtubes for all primers investigated. 

LightCyler-Primer-Mix (one qPCR-reaction) 2,23 µl LightCycler-Mix 

 1,10 µl primer (5 µM forward & reverse) 

 6,67 µl sterile water 

 

For each qPCR-reaction 9 µl LightCycler-Primer-Mix and 1 µl sample cDNA (5 ng) were 

transferred into a 20 µl LightCycler capillary resting in an aluminum cooling block. The 

capillaries were then sealed and centrifuged for 2 min at 280 gn. After centrifugation, the 

qPCR was performed with a LightCycler 2.0 system according to the following protocol. 

LightCycler protocol initial denaturation 10 min at 95 °C  

 40 cycles 10 s at 95 °C  

  5 s at 60 °C  

  15 s at 72 °C  

  fluorescence measurement 

 final denaturation 1 s at 95 °C  

 cool down 15 s at 60 °C  

 melting curve acquisition 0.05 °C/s to 95 °C 

continuous measurement 
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Melting curves were acquired to ensure the specificity of the measurements. Expression 

data were calculated using the comparative CT method and normalized to the geometric 

mean of the mRNA levels of 36B4 and HPRT as internal control genes [145]. 

𝑟𝑒𝑙. 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 = 2−𝛥𝐶𝑇𝑥 

ΔCTx = 𝐶𝑇𝑥 − √𝐶𝑇36𝐵4 ∗ 𝐶𝑇𝐻𝑃𝑅𝑇 

 

2.2.4 Statistical Data Analysis 

From its structural design (transversal, descriptive), the study resembled a cross-sectional 

analysis. Due to the novel design of the study, there was no previous data enabling a prior 

sample size calculation. Structural limitations of the study are reviewed in the discussion 

(4.1, p.63). 

The statistical data analysis was performed using GraphPad Prism software version 6.01. 

The specific statistical tests that were used depended on the respective data and are thus 

presented in the chapters below. The significance level (α) was set to 0.05 for all analyses.  

 

2.2.4.1 Patient Characteristics 

Preterm Infants 

With 15 patients (33 %), infants born preterm (gestational age < 37 weeks) represented a 

large group in the UCC. It is well-known that preterm babies are less developed than their 

chronologically equally old counterparts. With gestational ages down to 25 + 4 [weeks + 

days], prematurity had to be accounted for. To adjust the age for prematurity, the 

difference between the determined due date (40 weeks) and the actual date of birth was 

subtracted from the chronological age.[32] 

𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑎𝑔𝑒 = 𝑐ℎ𝑟𝑜𝑛. 𝑎𝑔𝑒 − (𝑑𝑢𝑒 𝑑𝑎𝑡𝑒 − 𝑏𝑖𝑟𝑡ℎ 𝑑𝑎𝑡𝑒) 

  



MATERIALS AND METHODS 

33 
 

The age was corrected for all 15 patients born preterm and for the 11 patients born on 

term, whose gestational ages were known. For the remaining 19 patients born on term, a 

birth at due date (40 + 0) had to be assumed. Through the age correction, 4 patients have 

a negative age. All further calculations, tables and graphs use the corrected age exclusively. 

 

Population Reference Data 

To account for changes during development, the anthropometric parameters were 

adjusted for sex and age. For this purpose, the percentiles and standard deviation scores 

(SDS) for height, weight and BMI of all patients were determined using the original data 

and method of the Kromeyer-Hauschild et al. reference population published in 2001 [81].  

Since the Kromeyer-Hauschild study only provides population data beginning with an age 

of 0, the ages of the 4 patients whose ages were corrected to negative values were set to 

0, to determine the closest BMI-SDS and percentile. As suggested in the publication, 

underweight was defined as 3. – 10. percentile and severe underweight as < 3. percentile. 

Equivalently, overweight was defined as 90. – 97. percentile and obesity as > 97. 

percentile.[81] 

As there are no well-established population reference data for waist circumference at the 

ages of the patients in the UCC, no adjustments were performed [82]. 

 

Data Analysis 

The anthropometric data were tested for Gaussian distribution by comparison of the mean 

and median and interpretation of frequency distribution histograms. In addition, the data 

were tested using the D’Agostino & Pearson omnibus and the Shapiro-Wilk normality tests. 

Since most of the data did not follow a normal distribution, nonparametric tests 

(Spearman's rank correlation, Mann-Whitney-U-test) were chosen for further analyses.  
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2.2.4.2 RNA Expression Data 

As shown in (2.2.3), all RNA expression data were calculated relative to internal control 

genes. To rule out artificial results due to outliers, expression values greater or smaller than 

3x the standard deviation (SD) from the mean of the respective gene were excluded (1 in 

ANGPT1, 1 in ANGPT2, 1 in COL6A1, 1 in TEK, 1 in VEGFA). In the same manner as with the 

patient characteristics, the expression data were then tested for Gaussian distribution by 

comparison of the mean and median, interpretation of frequency distribution histograms 

and using the D’Agostino & Pearson omnibus and the Shapiro-Wilk normality tests. Since 

most of the relative expression values did not follow a normal distribution, nonparametric 

tests (Spearman's rank correlation, Mann-Whitney-U-test) were chosen for further 

analyses. A log-transformation was not performed, as the comparative CT method already 

includes logarithmic calculation.



RESULTS 

35 
 

3. RESULTS 

3.1 The Ulm Childhood Adipose Tissue Collective 

In total, the UCC consists of 45 patients. The operations providing the patient material were 

herniotomies, orchidopexies, a cholecystectomy and an excision of an urachal cyst. The 

anatomical location of WAT removal was the surgical incision, that is subcutaneous WAT 

from either inguinal (inguinal herniotomies and orchidopexies) or umbilical site (umbilical 

herniotomies, cholecystectomy, excision of urachal cyst). With 40 samples (89 %) the 

majority of the tissue samples were taken from inguinal AT, most of which derived from 

inguinal herniotomies. 

 

 

Figure 6: Operations providing the patient material of the Ulm Childhood Adipose Tissue 
Collective acquired between the 20th of March and the 30th of October 2015. 40 tissue 
samples (89 %) were taken from subcutaneous AT at inguinal site (inguinal herniotomies and 
orchidopexies, shown in shades of blue) and 5 tissue samples (11 %) derived from subcutaneous AT 
at umbilical site (umbilical herniotomies, a cholecystectomy and an excision of an urachal cyst, 
shown in shades from yellow to orange). AT = adipose tissue. 

 

Distribution of the Tissue among the Experiments 

The amount of tissue received ranged from 12.40 mg to 1.27 g. Since the tissue had been 

apportioned among RNA isolation, histological analysis and isolation of the SVCs for cell 

culture according to Table 2 (p. 26), tissue RNA was isolated from all 45 patients, whereas 

histological analyses could only be performed with material from 35 patients.  
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Anthropometric Parameters 

Table 3: Anthropometric parameters of the Ulm Childhood Adipose Tissue Collective. The 
Samples were acquired between the 20th of March and the 30th of October 2015. The data are 
given as mean ± SD, median and range. SDS and percentile values are calculated using population 
reference data. SD = standard deviation, SDS = standard deviation score. Derived from: Gaebler et. 
al. 2019 [46]. 

 n mean ± SD median range 

gender 45 36 male, 9 female 

corrected age [y] 45 1.51 ± 2.18 0.24 -0.04 – 9.23 

weight [kg] 45 8.94 ± 6.30 5.62 2.07 – 25 

weight-SDS 45 -0.05 ± 1.26 0.21 -2.53 – 2.55 

weight percentile 45 49.98 ± 33.59 58.32 0.57 – 99.46 

height [cm] 45 72.10 ± 24.83 61 42 – 131 

height-SDS 45 -0.29 ± 1.40 0.03 -3.97 – 2.56 

height percentile 45 45.75 ± 31.87 51.20 0.00 – 99.48 

BMI [kg/m²] 45 15.16 ± 1.96 15.43 10.63 – 18.28 

BMI-SDS 45 0.09 ± 1.08 0.06 -1.74 – 2.61 

BMI percentile 45 52.69 ± 31.90 52.39 4.09 – 99.55 

waist circumference [cm] 45 38.94 ± 7.25 38.5 25 – 57 

 

General characteristics of the UCC are presented in Table 3. With 36 (80 %) boys and 9 

(20 %) girls, sex was unevenly distributed in the patient collective. Besides gender, age was 

also unequally distributed within the patient collective. 27 patients (60 %) were infants 

(< 12 months of age), whereas the residual 18 patients were between 1.1 and 9.2 years old. 

This resulted in a large discrepancy between the mean and median, 1.51 and 0.24 years, 

respectively. Correspondingly, the age associated body dimensions, notably weight, height 

and BMI, were equally affected. The means and medians of the age adjusted SDS values, 

however, differed only slightly, indicating a more even distribution of the body measures 

for age. 
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Figure 7: Body dimensions plotted against age. Every dot resembles a single patient of the Ulm 
Childhood Adipose Tissue Collective acquired between the 20th of March and the 30th of October 
2015. Statistical analyses were performed as Spearman's rank correlations. Significant p values are 
indicated in bold. BMI = body mass index, SDS = standard deviation score, rs = Spearman's rank 
correlation coefficient. 
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These indications were further supported by the findings presented in Figure 7. As 

expected, weight (Figure 7 A) and height (Figure 7 C) showed a very high positive 

correlation with age using nonparametric Spearman's rank correlation analyses. 

Consistently, waist circumference also showed a high positive correlation with age (Figure 

7 G). Furthermore, there was a significant, low positive correlation of BMI and age (Figure 

7 E). The positive correlations for weight, height and BMI were lost after adjusting the data 

for age and sex (Figure 7 B, D and F). In total, 5 children were underweight, 3 overweight 

and 1 child was obese. It is furthermore noteworthy that 15 patients (33 %) were born 

preterm (< 37 week of gestation), making preemies a considerably large group inside the 

UCC. 

 

3.2 Histology 

 

Figure 8: Pictures of representative adipose tissue sections. (A and B) Both pictures are taken 
at 10 x magnification and represent a 300 µm x 300 µm large field of a haematoxylin and eosin 
stained section of the adipose tissue sample from a patient with small (A) and a patient with large 
(B) adipocytes of the Ulm Childhood Adipose Tissue Collective acquired between the 20th of March 
and the 30th of October 2015. Taken from: Gaebler et. al. 2019 [46]. 

 

In total, histological analyses could be performed in 35 patients, with all tissue samples 

resembling the spherical, univacuolar appearance of adipocytes in WAT. Figure 8 presents 

representative pictures of H&E stained AT sections of two patients, demonstrating the 

distinct heterogeneity in adipocyte size within the patient collective. The mean adipocyte 
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size was determined using Image J (2.2.2 p. 28). Table 4 gives an overview of the adipocyte 

size statistics in the UCC. In contrast to the anthropometric parameters, the distributions 

of the adipocyte sizes were consistent with Gaussian distribution and passed the 

D’Agostino & Pearson omnibus and the Shapiro-Wilk normality tests. However, since all 

following analyses were performed together with the not normally distributed patient 

characteristics and expressions of angiogenic factors, nonparametric tests were used. 

Table 4: Adipocyte sizes in the Ulm Childhood Adipose Tissue Collective. The adipocyte sizes 
were determined using histological analyses. The results are given as adipocyte diameter and area, 
each shown with mean ± SD, median and range. The collective was acquired between the 20th of 
March and the 30th of October 2015. SD = standard deviation. 

 n mean ± SD median range 

adipocyte diameter [µm] 35 56.9 ± 10.6 56.7 39.7 – 88.9 

adipocyte area [µm²] 35 1747 ± 735 1642 863 – 4176 

 

Figure 9 presents Spearman's rank correlation analyses of the adipocyte sizes with general 

patient characteristics. The results of the correlation analyses with adipocyte area and 

diameter were very similar and adipocyte area and diameter showed a strong correlation 

with each other (area vs. diameter: rs = 0.978, p < 0.001, n = 35). Since in the literature the 

adipocyte size is often given as diameter due to varying methods, only the diameter data 

were used in the following analyses for better comparability.  

Adipocyte diameter correlated positively with age, waist circumference, weight, height and 

BMI (Figure 9 A, C, E and G). Interestingly, the adipocyte diameter correlated strongest with 

waist circumference. These moderate positive correlations with weight, height and BMI 

lessened after adjusting the data for age using reference population data (Figure 9 D, F and 

H) and significance is lost with weight-SDS and height-SDS. The positive correlation 

between BMI-SDS and adipocyte diameter, however, remains significant. 
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Figure 9: Adipocyte diameter against body dimensions. Every dot resembles a single patient 
of the Ulm Childhood Adipose Tissue Collective acquired between the 20th of March and the 30th 
of October 2015. Statistical analyses were performed as Spearman's rank correlations. Significant p 
values are indicated in bold. BMI = body mass index, SDS = standard deviation score, rs = Spearman's 
rank correlation coefficient. Modified from: Gaebler et. al. 2019 [46]. 
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3.3 Endothelial Cell Marker – von Willebrand Factor 

 

Figure 10: VWF against anthropometric parameters. Every dot resembles a single patient of 
the Ulm Childhood Adipose Tissue Collective acquired between the 20th of March and the 30th of 
October 2015. Statistical analyses were performed as Spearman's rank correlations. Significant p 
values are indicated in bold. VWF = von Willebrand factor, BMI = body mass index, SDS = standard 
deviation score, rs = Spearman's rank correlation coefficient. 
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Von Willebrand factor (VWF) is specifically expressed and constitutively secreted by 

endothelial cells. Hence, its expression can be used as a marker for the vascularity of a 

tissue (4.2.2, p. 66). 

Figure 10 depicts diagrams and results of Spearman's rank correlation analyses of the VWF 

expression with the anthropometric parameters introduced above. VWF expression did not 

correlate with standard measurements of child growth like age, weight and height (Figure 

10 A and C, not shown). However, VWF expression correlated positively with 

measurements suggesting excess weight, notably waist circumference, weight-SDS and 

BMI-SDS (Figure 10 B, D and F). There was no significant correlation of VWF with height-

SDS (data not shown). Noteworthy, VWF did not correlate with adipocyte size (Figure 10 

G).  

 

3.4 Remodeling Marker – COL6A1 

Collagen VI has been shown to surround adipocytes and to be involved in adipose tissue 

remodeling (1.3.4, p.15). Figure 11 shows the results of correlation analyses of COL6A1 

expression with the anthropometric parameters of the patient collective and VWF 

expression. COL6A1 expression showed no significant correlation with age, weight and 

weight-SDS (Figure 11 A, C and D) as well as height and height-SDS (data not shown). 

However, COL6A1 expression showed a low positive correlation with waist circumference 

and BMI (Figure 11 B and E). The association with the age adjusted BMI-SDS slightly missed 

the significance level (Figure 11 F). COL6A1 expression showed a moderate positive 

correlation with VWF expression (Figure 11 H). Like VWF, COL6A1 expression showed no 

correlation with adipocyte size (Figure 11 G). 
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Figure 11: COL6A1 against anthropometric parameters and VWF. Every dot resembles a 
single patient of the Ulm Childhood Adipose Tissue Collective acquired between the 20th of March 
and the 30th of October 2015. Statistical analyses were performed as Spearman's rank correlations. 
Significant p values are indicated in bold. COL6A1 = collagen type VI, alpha-1, VWF = von Willebrand 
factor, BMI = body mass index, SDS = standard deviation score, rs = Spearman's rank correlation 
coefficient. 
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3.5 Expression of Angiogenic Factors 

To identify angiogenic regulation during growth, the relative mRNA tissue expression 

values of a subset of angiogenic factors were analyzed and plotted against the 

anthropometric parameters introduced above. Specifically, these angiogenic factors were: 

FGF1, FGF2, ANGPT1, ANGPT2 and VEGFA. In addition to these secreted factors, the 

angiopoietin receptor TEK was analyzed. All these factors were quantified on mRNA basis 

using the comparative CT method (2.2.3, p. 31). 

 

Angiogenic Factors and Age 

Figure 12 presents the relative expressions of the selected subset of angiogenic factors 

plotted against age along with the results of the corresponding Spearman's rank correlation 

analyses. The angiogenic factors FGF1 and FGF2 both showed positive correlations with age 

(Figure 12 A and B), with FGF2 reaching a strong Spearman's rank correlation coefficient of 

rs = 0.75. ANGPT1, on the other hand, showed no significant correlation with age (Figure 12 

C). Its counterpart ANGPT2, however, correlated negatively with age (Figure 12 D), reaching 

a correlation coefficient of rs = -0.65. The angiopoietin receptor TEK showed no significant 

correlation with age (Figure 12 E). The supposedly best-known proangiogenic factor, 

VEGFA, also showed no significant correlation with age (Figure 12 F). The angiogenic factors 

ANGPT1, TEK and VEGFA all displayed a positive trend, with VEGFA only barely failing the 

significance level. Noteworthy, the two factors, which presented considerable correlations 

with age, FGF2 and ANGPT2, showed the strongest change from infancy to ages larger than 

1 year. 

 



RESULTS 

45 
 

 

Figure 12: Angiogenic factors against age. Every dot resembles a single patient of the Ulm 
Childhood Adipose Tissue Collective acquired between the 20th of March and the 30th of October 
2015. Statistical analyses were performed as Spearman's rank correlations. Significant p values are 
indicated in bold. FGF1 = fibroblast growth factor 1, FGF2 = fibroblast growth factor 2, ANGPT1 = 
angiopoietin-1, ANGPT2 = angiopoietin-2, TEK = Tunica interna endothelial cell kinase, VEGFA = 
vascular endothelial growth factor A, rs = Spearman's rank correlation coefficient. Modified from: 
Gaebler et. al. 2019 [46]. 
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Angiogenic Factors and Weight 

 

Figure 13: Angiogenic factors against weight. Every dot resembles a single patient of the Ulm 
Childhood Adipose Tissue Collective acquired between the 20th of March and the 30th of October 
2015. Statistical analyses were performed as Spearman's rank correlations. Significant p values are 
indicated in bold. FGF1 = fibroblast growth factor 1, FGF2 = fibroblast growth factor 2, ANGPT1 = 
angiopoietin-1, ANGPT2 = angiopoietin-2, TEK = Tunica interna endothelial cell kinase, VEGFA = 
vascular endothelial growth factor A, rs = Spearman's rank correlation coefficient. 

 

Figure 13 shows the expression data of the angiogenic factors plotted against weight and 

displays the results of the corresponding correlation analyses. As with age, the relative 

tissue expression of FGF1 and FGF2 both showed positive correlations with weight (Figure 

13 A and B), and again FGF2 showed the stronger correlation. In line with the age 

correlation data, the ANGPT1 expression showed no significant correlation with weight 

(Figure 13 C). Consistently, ANGPT2 correlated negatively with weight (Figure 13 D) in a 
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similar strength as with age. As with the correlation analyses with age, TEK and VEGFA 

showed no significant correlations with weight (Figure 13 E and F). Not only did all factors 

under study correlate with weight in the same manner as they did with age, but also the 

strengths of the correlation coefficients were almost identical. Furthermore, all factors 

showed similar results when correlated with height (not shown). 

 

Angiogenic Factors and Waist Circumference 

 

Figure 14: Angiogenic factors against waist circumference. Every dot resembles a single 
patient of the Ulm Childhood Adipose Tissue Collective acquired between the 20th of March and 
the 30th of October 2015. Statistical analyses were performed as Spearman's rank correlations. 
Significant p values are indicated in bold. FGF1 = fibroblast growth factor 1, FGF2 = fibroblast growth 
factor 2, ANGPT1 = angiopoietin-1, ANGPT2 = angiopoietin-2, TEK = tunica interna endothelial cell 
kinase, VEGFA = vascular endothelial growth factor A, rs = Spearman's rank correlation coefficient. 
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Figure 14 displays correlation analyses and diagrams of the angiogenic expressions against 

waist circumference. As with the previous anthropometric parameters, both FGF1 and 

FGF2 showed a positive correlation with waist circumference (Figure 14 A and B), with FGF2 

reaching a strong correlation coefficient of rs = 0.77. Besides this association, waist 

circumference was furthermore correlated positively with ANGPT1 and negatively with its 

counterpart ANGPT2 (Figure 14 C and D). This finding was moreover supported by the 

positive correlation of waist circumference with the expression of the angiopoietin 

receptor TEK (Figure 14 E). As in all previous analyses, VEGFA showed only a positive trend, 

but no significant correlation with waist circumference (Figure 14 F). 

 
Angiogenic Factors and BMI 

Figure 15 presents the expression of the angiogenic factors versus BMI and gives the results 

of the accompanying correlation analyses. FGF1 and FGF2 both correlated positively with 

BMI (Figure 15 A and B). In contrast to the previous correlations with age, weight and 

height, the angiopoietins showed aberrant results. ANGPT1 correlated positively with BMI 

(Figure 15 C), while there was no significant correlation for ANGPT2, which only showed a 

negative trend (Figure 15 D). Moreover, TEK correlated positively with BMI (Figure 15 E). 

As in the previous analyses, there was no significant correlation with VEGFA (Figure 15 F). 
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Figure 15: Angiogenic factors against BMI. Every dot resembles a single patient of the Ulm 
Childhood Adipose Tissue Collective acquired between the 20th of March and the 30th of October 
2015. Statistical analyses were performed as Spearman's rank correlations. Significant p values are 
indicated in bold. FGF1 = fibroblast growth factor 1, FGF2 = fibroblast growth factor 2, ANGPT1 = 
angiopoietin-1, ANGPT2 = angiopoietin-2, TEK = tunica interna endothelial cell kinase, VEGFA = 
vascular endothelial growth factor A, BMI = body mass index, rs = Spearman's rank correlation 
coefficient. 
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Angiogenic Factors and BMI-SDS 

 

Figure 16: Angiogenic factors against BMI-SDS. Every dot resembles a single patient of the Ulm 
Childhood Adipose Tissue Collective acquired between the 20th of March and the 30th of October 
2015. Statistical analyses were performed as Spearman's rank correlations. Significant p values are 
indicated in bold. FGF1 = fibroblast growth factor 1, FGF2 = fibroblast growth factor 2, ANGPT1 = 
angiopoietin-1, ANGPT2 = angiopoietin-2, TEK = tunica interna endothelial cell kinase, VEGFA = 
vascular endothelial growth factor A, BMI = body mass index, SDS = standard deviation score, rs = 
Spearman's rank correlation coefficient. Modified from: Gaebler et. al. 2019 [46]. 

 

Figure 16 shows diagrams of the angiogenic factors plotted against BMI-SDS accompanied 

by the results of the corresponding correlation analyses. While FGF1 and FGF2 showed a 

positive correlation with BMI (Figure 15 A and B), these correlations were lost using the 

BMI-SDS and thereby adjusting for age and sex (Figure 16 A and B). In contrast to the 

correlations of the fibroblast growth factors, the positive correlation of ANGPT1 with BMI 

remained stable with BMI-SDS (Figure 16 C). As with BMI, ANGPT2 showed no significant 
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correlation with BMI-SDS (Figure 16 D). TEK expression, however, correlated positively with 

BMI-SDS (Figure 16 E), lessening only slightly in the strength compared to its correlation 

with BMI (Figure 15 E). VEGFA showed no significant correlation with BMI-SDS (Figure 16 

F). 

 

Angiogenic Factors and Adipocyte Size 

 

Figure 17: Angiogenic factors against adipocyte size. Every dot resembles a single patient of 
the Ulm Childhood Adipose Tissue Collective acquired between the 20th of March and the 30th of 
October 2015. Statistical analyses were performed as Spearman's rank correlations. Significant p 
values are indicated in bold. FGF1 = fibroblast growth factor 1, FGF2 = fibroblast growth factor 2, 
ANGPT1 = angiopoietin-1, ANGPT2 = angiopoietin-2, TEK = tunica interna endothelial cell kinase, 
VEGFA = vascular endothelial growth factor A, rs = Spearman's rank correlation coefficient. Modified 
from: Gaebler et. al. 2019 [46]. 
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Figure 17 presents diagrams plotting the expression of the angiogenic factors against 

adipocyte size along with the results of the associated correlation analyses. Both FGF1 and 

FGF2 showed a positive correlation with adipocyte size (Figure 17 A and B). Furthermore, 

ANGPT1 correlated positively with adipocyte size (Figure 17 C). On the other hand, TEK and 

VEGFA showed no significant correlations with adipocyte size (Figure 17 E and F). ANGPT2 

decreased with increasing adipocyte size, however, the correlation was insignificant (Figure 

17 D). 

 

Angiogenic Factors and the Endothelial Cell Marker VWF 

Figure 18 shows the expression of the angiogenic factors versus VWF expression and 

provides the results of the corresponding correlation analyses. FGF1 and FGF2 correlated 

positively with VWF (Figure 18 A and B). Likewise, ANGPT1 showed a positive correlation 

with VWF (Figure 18 C). ANGPT2, however, did not correlate with VWF (Figure 18 D). As 

expected, the angiopoietin receptor TEK, which is expressed on endothelial cells (s. 1.3.2, 

11), showed a high positive correlation with the endothelial cell marker VWF (Figure 18 E). 

In contrast to all previous analyses, VEGFA showed a positive correlation with VWF (Figure 

18 F).  
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Figure 18: Angiogenic factors against VWF. Every dot resembles a single patient of the Ulm 
Childhood Adipose Tissue Collective acquired between the 20th of March and the 30th of October 
2015. Statistical analyses were performed as Spearman's rank correlations. Significant p values are 
indicated in bold. FGF1 = fibroblast growth factor 1, FGF2 = fibroblast growth factor 2, ANGPT1 = 
angiopoietin-1, ANGPT2 = angiopoietin-2, TEK = tunica interna endothelial cell kinase, VEGFA = 
vascular endothelial growth factor A, VWF = von Willebrand factor, rs = Spearman's rank correlation 
coefficient. Modified from: Gaebler et. al. 2019 [46]. 
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Angiogenic Factors and the Remodeling Marker COL6A1 

Figure 19 presents the expression of the angiogenic factors versus the expression of the 

remodeling marker COL6A1 and displays the results of the associated correlation analyses. 

FGF1 and FGF2 both correlated positively with COL6A1 (Figure 19 A and B). In addition, 

ANGPT1 showed a positive correlation with COL6A1 (Figure 19 C). ANPGT2 did not correlate 

with COL6A1 (Figure 19 D). However, TEK and COL6A1 correlated positively (Figure 19 E). 

On the other hand, VEGFA showed no significant correlation with COL6A1 (Figure 19 F). 

 

Figure 19: Angiogenic factors against COL6A1. Every dot resembles a single patient of the Ulm 
Childhood Adipose Tissue Collective acquired between the 20th of March and the 30th of October 
2015. Statistical analyses were performed as Spearman's rank correlations. Significant p values are 
indicated in bold. FGF1 = fibroblast growth factor 1, FGF2 = fibroblast growth factor 2, ANGPT1 = 
angiopoietin-1, ANGPT2 = angiopoietin-2, TEK = tunica interna endothelial cell kinase, VEGFA = 
vascular endothelial growth factor A, COL6A1 = collagen type VI, alpha-1, rs = Spearman's rank 
correlation coefficient. 
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3.5.1 Summary of the Angiogenic Expression Results 

The aim of the present study was to investigate the angiogenic expression in the WAT of 

children. As angiogenesis and adipogenesis are tightly linked and the expression of 

angiogenic factors changes in obesity (1.3.4, p.15), the relative expression values were 

correlated with hallmarks of growth and obesity as well as tissue characteristics to identify 

potential associations in children. Indeed, the analyzed factors showed distinct 

correlations. Table 5 provides a summary of the correlation data of the angiogenic factor 

expressions against the anthropometric parameters, the adipocyte size as well as VWF and 

COL6A1 expression that were shown in detail previously in this chapter. 

Table 5: Overview of the correlation results of the angiogenic expressions with 
anthropometric parameters, VWF and COL6A1 in the Ulm Childhood Adipose Tissue 
Collective. The patients were recruited between the 20th of March and the 30th of October 2015. 
Statistical analyses were performed as Spearman's rank correlations. ↑ = significant positive 
correlation, ↓ = significant negative correlation, – = no significant correlation, FGF1 = fibroblast 
growth factor 1, FGF2 = fibroblast growth factor 2, ANGPT1 = angiopoietin-1, ANGPT2 = 
angiopoietin-2, TEK = tunica interna endothelial cell kinase, VEGFA = vascular endothelial growth 
factor A, circ. = circumference, BMI = body mass index, SDS = standard deviation score, adi. = 
adipocyte, VWF = von Willebrand factor, COL6A1 = collagen type VI, alpha-1. 

 

 

Both FGF1 and FGF2 showed significant, positive correlations with anthropometric 

parameters which rose with age, notably weight, waist circumference, BMI, adipocyte size 

and age itself. However, they did not significantly correlate with BMI-SDS. ANGPT1 and its 

receptor TEK did not correlate significantly with age and weight, but were positively 

associated with waist circumference, BMI and BMI-SDS. Furthermore, ANGPT1 also showed 
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FGF2 ↑ ↑ ↑ ↑ – ↑ ↑ ↑

ANGPT1 – – ↑ ↑ ↑ ↑ ↑ ↑

ANGPT2 ↓ ↓ ↓ – – – – –

TEK – – ↑ ↑ ↑ – ↑ ↑

VEGFA – – – – – – ↑ –
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a positive correlation with adipocyte size. ANGPT2 correlated negatively with age, weight 

and waist circumference, but had no significant associations with other patient 

characteristics. VEGFA showed no significant correlation with any anthropometric 

parameter, however, like all angiogenic factors except for ANGPT2, correlated positively 

with VWF expression. FGF1, FGF2, ANGPT1 and TEK correlated positively with COL6A1 

expression. 

Before the distinct correlations of the angiogenic factors are reviewed in the discussion, 

some specific aspects of the angiogenic expression are picked out and analyzed in detail. 
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3.5.2 Angiogenic Factor Expression – Specific Aspects 

Infancy vs. Childhood 

FGF1, FGF2 and ANGPT2 showed significant correlations with age (Figure 12 A, B and D). 

Interestingly, these factors presented the greatest changes in their expression during the 

first year of life. For further investigation, the patients of the UCC were classified by age 

into infants (≤ 1 y) and children (> 1 y). Subsequently, the expressions of FGF1, FGF2 and 

ANGPT2 were compared between the two groups using Mann-Whitney-U-test. The results 

are presented in Figure 20. 

 

Figure 20: FGF1, FGF2 and ANGPT2 expression of infants and children of the Ulm 
Childhood Adipose Tissue Collective. The patients were recruited between the 20th of March 
and the 30th of October 2015. The data are presented as mean + standard deviation. Statistical 
analyses were performed as Mann-Whitney-U-test. Significant p values are indicated in bold and 
marked by asterisks. ** = p < 0.01, *** = p < 0.001. FGF1 = fibroblast growth factor 1, FGF2 = 
fibroblast growth factor 2, ANGPT2 = angiopoietin-2. 
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As suggested by the results of the correlation analyses, FGF1 and FGF2 were significantly 

higher expressed in children than in infants (Figure 20 A and B), while ANGP2 expression 

was significantly lower in children (Figure 20 C). The mean relative FGF1 expression was 

1.5-fold higher in children compared to infants (0.035 vs. 0.024), while FGF2 expression was 

a marked 2.9-fold higher (1.133 vs. 0.396). On the other hand, the mean relative ANGPT2 

expression halved from infancy to childhood (0.128 vs. 0.064). 

There were no significant differences in the expressions of the angiogenic factors 

comparing the premature infants and the infants born on term (data not shown).  

 

Spotlight on the Angiopoietins 

As ANGPT1 and ANGPT2 can act differentially on TEK (s. 1.3.2, p. 12), the ratios of the 

relative expression values were calculated by dividing ANGPT1 by ANGPT2 expression. The 

ratios were then plotted against the anthropometric parameters as shown in Figure 21, 

which also presents the respective correlation analyses.  

ANGPT1/2 correlates stronger with basic anthropometric parameters than ANGPT1 or 

ANGPT2 alone (age, weight, height and waist circumference, adipocyte size only slightly 

more). It correlates weaker with BMI than ANGPT1 but stronger than ANGPT2. However, 

unlike ANGPT1, ANGPT1/2 did not show a significant correlation with the for age and sex 

adjusted weight-SDS, height-SDS and BMI-SDS (data not shown). 
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Figure 21: ANGPT1/2 against basic anthropometric parameters. Every dot resembles a single 
patient of the Ulm Childhood Adipose Tissue Collective acquired between the 20th of March and 
the 30th of October 2015. Statistical analyses were performed as Spearman's rank correlations. 
Significant p values are indicated in bold. ANGPT1/2 = relative angiopoietin-1 expression divided by 
relative angiopoietin-2 expression, BMI = body mass index, rs = Spearman's rank correlation 
coefficient. 
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Figure 22: ANGPT2 expression against FGF1, FGF2, ANGPT1 and VEGFA expression. Every 
dot resembles a single patient of the Ulm Childhood Adipose Tissue Collective acquired between 
the 20th of March and the 30th of October 2015. Statistical analyses were performed as Spearman's 
rank correlations. Significant p values are indicated in bold. FGF1 = fibroblast growth factor 1, FGF2 
= fibroblast growth factor 2, ANGPT1 = angiopoietin-1, ANGPT2 = angiopoietin-2, VEGFA = vascular 
endothelial growth factor A, rs = Spearman's rank correlation coefficient. 

 

As ANGPT2 has been proclaimed to act proangiogenic when other growth factors are 

present (s. 1.3.2, p. 12), ANGPT2 expression was plotted against and correlated with FGF1, 

FGF2, ANGPT1 and VEGFA expression. The results are presented in Figure 22. ANGPT2 

showed no significant correlation with its counterpart ANGPT1 or with FGF1 (Figure 22 C 

and A). However, it correlated negatively with FGF2 and VEGFA expression (Figure 22 B and 

D). 

 

VEGFA  

While VEGFA expression did not correlate with any of the anthropometric parameters, it 

showed a positive correlation with VWF (Figure 18). To shed a light on other possible 

associations, the VEGFA expression was plotted against and correlated with the expression 

of the other angiogenic factors investigated in the study. The results are presented in Figure 

23. 



RESULTS 

61 
 

 

 

Figure 23: VEGFA plotted against the other angiogenic factors. Every dot resembles a single 
patient of the Ulm Childhood Adipose Tissue Collective acquired between the 20th of March and 
the 30th of October 2015. Statistical analyses were performed as Spearman's rank correlations. 
Significant p values are indicated in bold. VEGFA = vascular endothelial growth factor A, FGF1 = 
fibroblast growth factor 1, FGF2 = fibroblast growth factor 2, ANGPT1 = angiopoietin-1, ANGPT2 = 
angiopoietin-2, ANGPT1/2 = angiopoietin-1 expression divided by angiopoietin-2 expression, TEK = 
tunica interna endothelial cell kinase, rs = Spearman's rank correlation coefficient. 

 

VEGFA expression showed a positive correlation with FGF1 and FGF2 (Figure 23 A and B). 

However, there was no significant correlation of VEGFA with ANGPT1 expression (Figure 23 

C). In contrast to this, VEGFA correlated negatively with ANGPT2 expression and positively 

with TEK expression (Figure 23 D and F). In addition, VEGFA expression showed a positive 

correlation with the ANGPT1/2 quotient (Figure 23 E), reaching a stronger correlation 

coefficient than with each of the single angiopoietins. 
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In contrast to all other factors under study (data not shown), VEGFA expression differed 

significantly when grouping the patients of the UCC by gender, with boys presenting a 

1.8-fold higher relative VEGFA expression than girls (p = 0.048, n = 35 and 9). To find out 

how relevant the influence of gender was to the results presented above, all correlation 

analyses involving VEGFA were performed again using data from boys only. This resulted in 

no substantial change (difference in rs of ± 0.1 or change in significance) in the correlation 

results of VEGFA with the other angiogenic factors. However, in contrast to the previous 

analyses, excluding the girls led to a significant positive correlation of VEGFA with age (rs = 

0.359, p = 0.034, n = 35) and COL6A1 (rs = 0.515, p = 0.002, n = 35). All other correlations 

with anthropometric parameters remained non-significant. 
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4. DISCUSSION 

4.1 Structural Design, Patient Collective and Limitations 

From its structural design (transversal, descriptive), the study resembles a cross-sectional 

analysis. However, the population under study was, strictly speaking, limited to children 

undergoing elective surgery at the Division of Pediatric Surgery, Department of General and 

Visceral Surgery, University Medical Center Ulm after application of the exclusion criteria 

(2.1.1, p. 18). This resulted in an uneven distribution in multiple patient characteristics.  

First, with 36 (80 %) boys and 9 (20 %) girls, sex was unevenly distributed in the patient 

collective. This was presumably a result of the indications for elective surgery, as inguinal 

hernias occur predominantly and cryptorchidisms (undescended testes) evidently occur 

exclusively in boys [62]. The uneven sex distribution with more boys was similar to that of 

comparable cross-sectional studies on the WAT in children [83; 136]. It should be noted, 

that differences in the adipose tissue of boys and girls are thought to mainly begin with 

puberty [96; 149] and all patients in the UCC were still prepubertal. 

Second, the collective included a high amount of 15 preemies (33 %). As inguinal hernias 

and cryptorchidisms are both linked to prematurity [62; 104], a disproportionately high 

recruitment was unsurprising, yet potentially influenced the developmental stage at a 

chronological age. To account for prematurity, the corrected ages were calculated for all 

patients whose gestational age at birth was known (2.2.4.1, p. 32). The gestational age of 

19 patients (42 %) was unknown and an age correction could thus not be performed. The 

effect of this inaccuracy, however, was supposedly small, as they were the older children 

in the collective and none were reported to be born premature. 

Third, age was unequally distributed within the collective. With 27 patients (60 %) with 

corrected ages smaller than 1 year versus 18 older children (40%), infants constituted the 

largest group in the collective. Furthermore, the average corrected age of the infants was 

very low with 1.7 months. Presumably, this unequal distribution was in part influenced by 

some of the diagnoses and their link to prematurity. In addition, the department of 

pediatric surgery of the University of Ulm medical department performed more elective 

surgery on small children in general. Elective surgery on larger children was more often 
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performed as ambulant operations in doctor’s offices than in the clinic, except for bigger 

surgical interventions which, however, often fulfilled exclusion criteria (for example 

operations on patients with cancer or inflammatory bowel diseases). 

 

Body Dimensions 

Weight and height showed a very high positive correlation with age and their distributions 

were reminiscent of published percentile curves [81]. The significant low positive 

correlation for BMI with age was presumably influenced by the large number of infants. 

The indicated trend (rise in the BMI until the age of about 1.5 years and adjacent decline) 

likewise resembles the characteristics of published percentile curves [81]. In line with this 

observation, the correlations for weight, height and BMI were lost after adjusting the data 

for age and sex. Therefore, it was assumed that there were no major confounders resulting 

in an unproportioned recruitment of children being too large or too small for their age at 

the observation time point. 

While waist circumference is an important parameter in adults [125] and influences 

metabolism in prepubertal children and adolescents [6; 94], there are no established 

population reference data for waist circumference in very young children [82]. Therefore, 

waist circumference was of interest, but could not be adjusted for age and was used as 

absolute number in all analyses. 

 

Adipose Tissue Samples 

The WAT depots differ in many aspects. Adipocyte size is larger in subcutaneous compared 

to visceral WAT [85; 146]. Blood vessel density, on the other hand, is higher in visceral WAT 

[85; 146], although in one study this association was lost when normalizing to adipocyte 

density [85]. Endothelial cells from the visceral depot of obese subjects exhibit a more 

angiogenic and inflammatory phenotype than their subcutaneous counterparts [146] and 

the expression of angiogenic factors differs in part between subcutaneous and visceral 

depots [85; 146]. Nevertheless, fat graft explants are reported to have similar angiogenic 

potency [85].  
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The present study is limited to subcutaneous WAT for reasons of accessibility. Furthermore, 

the adipose tissue samples were large enough for a histologic determination of the 

adipocyte size only in 35 of the 45 patients.  

 

mRNA Tissue Expression 

As the tissue samples of the UCC were in part very small, RNA extraction was chosen to 

guarantee a safe and specific basis for factor analysis. Hence, all expression data in the 

present study are confined to the mRNA level and cannot provide information about the 

factors’ protein levels or activity. Many of the analyzed factors are bound to ECM [8; 105] 

and are therefore not assessed by the mRNA approach. On the other hand, mRNA might 

better reflect the current state of the tissue. Lastly, mRNA only shows tissue expression of 

growth factors while also circulating factors could contribute to WAT angiogenesis [2]. 

 

4.2 Findings of the Study 

4.2.1 Adipocyte Size 

From 35 of the 45 patients in the UCC the tissue samples were sufficient for histologic 

measurement of adipocyte size. The mean adipocyte area and feret diameter were 

calculated for each of these patients (2.2.2, p. 27). The results of the correlation analyses 

with adipocyte area and diameter were almost identical and adipocyte area and diameter 

showed a strong correlation with each other (area vs. diameter: rs = 0.978, p < 0.001, n = 

35). Both adipocyte area and diameter are often used measurements in the microscopic 

size determination in the literature. However, determination of adipocyte size by other 

methods, for example via Coulter counter, provides diameter data. Thus, for better 

comparability, the diameter data were presented in all analyses. It is noteworthy that, due 

to the limitation of the histological analyses to a two-dimensional plane, the adipocytes are 

cut at a given section and the largest diameter in this section will in most cases not 

represent the truly largest diameter of the adipocyte. Thus, these values must be 

considered as an approximation rather than an exact calculation.  
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In the UCC, the adipocyte size correlated positively with age and all directly measured body 

dimension (weight, height, waist circumference) as well as BMI. This was expected, as the 

adipocyte size is known to increase with age, especially in the first year [96]. Interestingly, 

after adjusting for age and sex, adipocyte size positively correlated with BMI-SDS but not 

with weight-SDS and height-SDS. This link between BMI-SDS and adipocyte size reinforces 

the presumption of obesity-associated adipocyte hypertrophy beginning in early childhood 

and is in line with a recent finding in older children [83]. 

 

4.2.2 Endothelial Cell Marker von Willebrand Factor 

Of the cells in the WAT, VWF is specifically expressed and constitutively secreted by 

endothelial cells [87; 115]. To get an idea of the vascularity of the WAT, VWF tissue 

expression was determined on mRNA level. It should be noted that, while VWF is frequently 

used as a marker for the capillary density by immunostaining in multiple tissues, its mRNA 

expression varies depending on the tissue and the hierarchy of the vascular tree [154]. 

However, its mRNA expression can be used as a measure for vascularization [92] and has 

been proclaimed as marker for activated endothelium [158]. Nevertheless, it remains a 

surrogate marker. 

In the UCC, VWF expression did not correlate with age, weight or height. In contrast, it 

correlated positively with waist circumference, weight-SDS, BMI and BMI-SDS, all of which 

can be considered measurements of obesity. Thus, this suggested a link between excess 

weight and vascularity of the subcutaneous WAT in young children. This is in line with the 

general concept of simultaneous growth of the adipose tissue and its vasculature.  

There is evidence for a differential expression of VWF in the adipose tissue of obese vs. lean 

children [88; 160] and obese children have been shown to have higher circulating levels of 

VWF and a higher risk for developing early platelet activation [48; 129]. 

Interestingly, adipocyte size and VWF both correlated with BMI-SDS but not with each 

other. A possible explanation could be that there are two distinct types of fat mass 

accumulation in the UCC, one featuring larger adipocytes and the second variant exhibiting 

a growth of the vasculature and perhaps of adipocyte number but without adipocyte 
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hypertrophy. As the study design did not allow the calculation of an individual total 

adipocyte number, this question could not be further addressed. 

 

4.2.3 The Remodeling Marker Collagen VI 

Collagen VI surrounds adipocytes [29; 97; 106], is induced during adipocyte differentiation 

[123] and metabolic stress [3; 73]. Therefore, COL6A1 mRNA was determined as a WAT 

remodeling marker. 

COL6A1 expression showed no significant correlation with age, weight and weight-SDS as 

well as height and height-SDS. In contrast, COL6A1 expression showed a positive 

correlation with waist circumference and BMI as well as a positive trend with BMI-SDS. This 

is in line with three studies on adults which reported a positive correlation of BMI with 

COL6A1 or COL6A3 mRNA, the transcript for a different collagen VI subunit, in the tissue 

[106; 131] and isolated adipocytes [106]. The only study that investigated collagen VI 

expression in children, Tam et al. 2012, did not find a difference in the expression of 

COL6A1 or COL6A3 between normal and overweight children [136]. 

COL6A1 expression did not significantly correlate with adipocyte size in the present study. 

This is in line with two studies investigating the COL6A3 expression in adults [50; 106], while 

another reported a higher expression of COL6A3 in smaller vs. larger adipocytes [28]. It 

should be noted that COL6A1 [29] and COL6A3 [97] are predominantly expressed by SVCs 

rather than adipocytes. 

Overall, the associations between COL6A1 and the anthropometric parameters were 

reminiscent of those from VWF and indeed COL6A1 expression correlated strongest with 

VWF expression. Taken together, this raises the question if adipose remodeling, when 

addressed by determination of COL6A1 mRNA, is more closely related to cells of the 

vasculature than to adipocytes. 
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4.2.4 The Angiogenic Factors 

To investigate the regulation of angiogenesis in the WAT of developing children, the mRNA 

expression of known angiogenic factors was determined and correlation analyses were 

performed with the anthropometric parameters as well as the adipocyte size, the blood 

vessel marker VWF and the remodeling marker COL6A1. Interestingly, the tissue 

expressions of the factors showed differential correlations, suggesting diverse roles. In the 

following, the results are discussed for each family of factors.  

 

Vascular Endothelial Growth Factor A 

VEGFA is the most abundant member of the VEGF-family in human WAT [142]. In the 

present study, VEGFA did not correlate significantly with any anthropometric parameter. 

Moreover, there was no correlation with adipocyte size or COL6A1. This suggested that 

VEGFA mRNA expression is not altered on the tissue level in the examined phase of 

development. The findings are in line with a report from Tam et al. 2012, who did not find 

a change in VEGFA expression between obese and lean children [136].  

Evidently, this does not exclude a pivotal role of VEGFA in WAT angiogenesis. In contrast, 

despite no associations to anthropometric parameters, VEGFA expression correlated 

positively with VWF expression. Furthermore, it showed positive correlations with FGF1, 

FGF2 and TEK, as well as a negative correlation with ANGPT2. This suggested ties to both 

other angiogenic systems under study as well as an association to VWF and thereby to 

vascularity. Still, the latter could be due to a direct effect of VEGFA, as it has been shown 

to induce VWF expression in endothelial cells in vitro [158]. It is worth mentioning, that the 

primer in the present study was designed to amplify all VEGFA isoforms. Hence, the overall 

VEGFA expression was assessed, but the contributions of the single isoforms, which are 

known to possess distinct properties [105], could not be discriminated. 

The significant difference in the VEGFA expression between boys and girls was unexpected, 

because most differences in the WAT development are thought to begin with puberty [96; 

149]. In addition, it was the only factor that was differentially regulated between the sexes. 

As the association did not follow an identifiable pattern with anthropometric parameters 

and only barley passed the significance level, a correlation by chance is not unlikely. When 



DISCUSSION 

69 
 

the correlation analyses were performed with the boys only, VEGFA showed a significant 

positive correlation with age and COL6A1 indicating potential associations. These results, 

however, must be validated by further studies that might or might not replicate the 

findings. 

 

Fibroblast Growth Factor 1 and 2 

FGF1 and FGF2 correlated with a multitude of the body dimensions analyzed in the present 

study. Both correlated positively with age, weight, height, waist circumference and BMI, 

indicating a general upregulation during growth. Interestingly, the greatest difference in 

FGF1 and FGF2 expression was between infants (≤ 1 y) and older children (> 1 y). The mean 

FGF1 and FGF2 expressions were 1.5-fold and 2.9-fold higher in children compared to 

infants, respectively. This corresponds to an important developmental phase of the WAT: 

in the first year of life, the fat mass rises from 0.7 kg at birth to 2.8 kg resulting in an increase 

in body fat percentage from 16 % to 28 % mainly due to growth in the subcutaneous depot 

[149]. Most of the infants in the UCC were very young and only two were older than 6 

months, mainly limiting the finding to a comparison between infants in the first months to 

older children. Nevertheless, the elevated expression of the FGFs closely resembles the 

pronounced WAT growth in this sensible phase of development. 

Overall, FGF2 correlated stronger with age, weight, height, waist circumference and BMI 

than FGF1. Both FGFs positively correlated with adipocyte size, a finding that has been 

previously reported for FGF2 in cattle [153]. Furthermore, FGF1 and FGF2 expressions 

showed a positive correlation with COL6A1 and VWF, linking them to adipose tissue 

remodeling processes and vascularity. Both FGFs did not correlate with BMI-SDS, the 

measurement defining overweight in children [81]. 

Beside their angiogenic properties, FGF1 and FGF2 have been found to also regulate WAT 

turnover. FGF2 has been shown to enhance adipogenesis in vitro [69; 77] and aids WAT 

formation in vivo [78]. Hutley et al. found FGF1 to be of even greater importance for 

adipogenesis than FGF2, suggesting it to be a key regulator of adipogenesis [63]. In 2012, 

Jonker et al. showed that FGF1 has metabolic functions and is induced in response to high 

fat diet in mice [65]. They demonstrated that FGF1 knockout mice under high fat diet 
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developed a pronounced diabetic phenotype with profound insulin resistance and 

displayed a pathologically remodeled WAT with decreased vascular density and massive 

macrophage infiltration [65]. Moreover, they could show that FGF1 expression is controlled 

by PPARγ via a PPAR response element within the promoter region of the FGF1 gene and 

that the PPARγ ligand rosiglitazone elevated FGF1 expression in WAT while PPARγ knockout 

mice demonstrated decreased FGF1 expression [65]. 

Thus, the multiple positive correlations of the FGFs might stem from an enhanced 

adipogenesis. Nevertheless, their expression also correlated with VWF, suggesting at least 

a partial involvement in angiogenesis. It should be noted that, like VEGFA, FGF2 has been 

shown to induce VWF expression in endothelial cells in vitro [158].  

The CT values of FGF2 were the lowest of all analyzed factors in the study, correspondingly 

its expression was the highest. This suggests that FGF2 might play a crucial role in the WAT 

development at the observed age. However, the results are confined to the subcutaneous 

WAT and FGF1 has been shown to be higher expressed in omental WAT [45]. 

 

Angiopoietins and TEK 

The angiopoietin system showed the most versatile associations of all factors in the present 

study. Whether ANGPT2 activates or blocks TEK and functions pro- or antiangiogenic is still 

a matter of debate and possibly context-dependent (1.3.2., p. 12). In the present study, 

ANGPT2 was the only factor that correlated negatively with age, weight, height and waist 

circumference. The greatest decrease in ANGPT2 expression was between infants and older 

children. In this regard, the expression pattern was almost an exact contrast to that of the 

FGFs. There was no correlation of ANGPT2 with BMI, BMI-SDS, adipocyte size, COL6A1 and 

VWF. In fact, ANGPT2 was the only angiogenic factor whose expression did not correlate 

with VWF. This was especially surprising, as both ANGPT2 and VWF are expressed by 

endothelial cells and even stored in the same cellular organelles, the Weibel-Palade bodies 

[39]. However, there is evidence that endothelial VWF and ANGPT2 synthesis are 

reciprocally intertwined, possibly explaining this finding [115]. 

ANGPT2 has been proclaimed to exhibit pro- or antiangiogenic functions depending on the 

relation to other angiogenic factors, primarily VEGFA [60; 90; 95]. In this study, ANGPT2 
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expression was not associated with FGF1 and ANGPT1 expression, but correlated 

negatively with FGF2 and VEGFA expression, the putatively most potent angiogenic factors. 

Thus, there was no evidence for a proangiogenic role of ANGPT2 in this study.  

It should be noted that most reports of a proangiogenic activity of ANGPT2 stem from 

artificial settings such as tumor angiogenesis [60], administration of recombinant factor 

[90] or induced overexpression [4]. These conditions, with in part very high levels of 

ANGPT2, might not be present in the physiologic growth of children. 

In contrast, one might be tempted to speculate about an antiangiogenic role of ANGPT2 in 

the respective setting and that the high expression values in infants could resemble an 

antiangiogenic block that gets lifted after the first months of age. The design of the present 

study, however, cannot answer this question and functional studies are desirable to 

address this issue. 

Unlike the expression of the FGFs and ANGPT2, ANGPT1 expression did not correlate with 

age, weight or height. In contrast, it correlated positively with measurements associated 

with excess weight like waist circumference, BMI and BMI-SDS. Moreover, the correlation 

results of the expression of TEK, the receptor through which ANGPT1 transduces its effects, 

were alike with almost identical correlation coefficients. The similarity between ANGPT1 

and TEK correlations could have been due to a direct interaction, as long-term treatment 

with ANGPT1 is known to elevate TEK expression [21].  

Despite a possible expression by pericytes [138], TEK expression is mostly restricted to 

endothelial cells [140]. Thus, the very strong correlation of TEK with VWF was unsurprising 

and, like VWF, TEK expression did not correlate with adipocyte size. ANGPT1, on the other 

hand, correlated positively with VWF and adipocyte size. Both ANGPT1 and TEK expression 

correlated positively with COL6A1. 

Of all analyzed systems of angiogenic factors in this study, ANGPT1–TEK is the only one that 

positively correlated with BMI-SDS, the bona fide measurement for excess weight during 

childhood. This is in accordance with a report from Pasarica et al. 2009, who found a higher 

ANGPT1 expression in the WAT of obese vs. lean patients [107]. On the other hand, there 

are contrasting reports in genetically [27; 54; 148] and diet-induced [148] murine models 

of obesity. Of special interest is the finding in ob/ob mice by Dallabrida et al. 2003, who 
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linked low ANGPT1 expression to weight change, independent of direction [27]. As the 

cross-sectional design of the present study could not provide information on whether the 

patients were in a phase of weight gain, loss or stability, this question could not be 

addressed.  

There are two possible explanations for the higher ANGPT1 expression with BMI-SDS in the 

UCC. First, patients with higher BMI-SDS do not show signs of further WAT and blood vessel 

growth (as VEGFA and the FGFs do not correlate with it) and the higher ANGPT1 and TEK 

expression are linked to an already pronounced vascular network and maintain its stability 

via a strong ANGPT1-TEK-signaling.  

While angiogenic factors involved in destabilization and sprouting angiogenesis (mainly 

VEGFA and ANGPT2) did not correlate with BMI-SDS, this does not exclude further growth 

through vessel enlargement, a known effect of ANGPT1 [21; 74; 141]. Moreover, WAT in 

obesity has been shown to have less capillaries but instead more large blood vessels [131] 

and larger vessels are reported to express more TEK [126; 140]. Thus, a second explanation 

for the positive correlations of ANGPT1 and TEK with BMI-SDS could be that a further 

growth of the WAT does not only feature an adipocyte hypertrophy, but also an 

enlargement of the existing vasculature. However, as the present study provides no data 

on weight change or a histological assessment of capillary density and blood vessel size, 

further research must address these questions. 

 

4.3 Implications of the Study and Prospects 

The present study identifies associations between the expression angiogenic factors in the 

subcutaneous WAT of children and their anthropometric parameters that have not been 

reported so far. Interestingly, the expressions of the analyzed factors did not change 

uniformly, but rather showed distinct correlations. In a simplified overview, one can 

interpret two groups of factors: the first comprises factors whose expression changes with 

measurements primarily linked to a normal development. As such, FGF1 and FGF2 

correlated positively with age, height and weight, while ANGPT2 showed a negative 

correlation. The second group, ANGPT1 and its receptor TEK, correlated positively with 

BMI-SDS, the measure defining childhood obesity. Factors from both groups correlated 
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with anthropometrics that can suggest excess weight but also change during physiologic 

growth like BMI and waist circumference. While these findings are limited to the expression 

in subcutaneous WAT at the respective age, they nevertheless implicate that differences in 

WAT biology might go hand in hand with distinct angiogenic factors. Therefore, research 

on angiogenic expression in the WAT should investigate multiple factors.  

The most pronounced changes in the expression of FGF1, FGF2 and ANGPT2 were found in 

the first two years of life. These findings furthermore stress the importance of this early 

phase of WAT development and could encourage further research to investigate changes 

in tissue biology. Although study designs are very limited for ethical and accessibility 

reasons as well as by the small amounts of tissue, functional analyses are desirable. These 

could focus on whether the differences in angiogenic expression mRNA level are associated 

with differences in quantitative cellular tissue composition, the capacity for progenitor cell 

proliferation and differentiation as well as effectivity in angiogenesis models. 

Although it is not a routinely assessed measure in children and there are no established 

population reference data for it at the young ages of the UCC [82], waist circumference 

showed strong correlations with the angiogenic expression in WAT. In fact, it was the body 

dimension with the highest correlation coefficient with FGF1, FGF2, ANGPT1 and VEGFA 

expression as well as adipocyte size, although only by a small margin.  

Waist circumference is an important risk factor for cardiovascular diseases and mortality in 

adults [125] and a defining parameter of the metabolic syndrome. Furthermore, it has been 

linked to blood pressure, lipoprotein levels and insulin resistance in children [6; 94]. In 

contrast to the BMI, it provides information on fat mass distribution [82] and is easy to 

measure. Thus, future studies should consider assessing waist circumference when 

collecting data for studies on the WAT in children even at low ages. 

An interesting finding of the present study was the positive correlation of VWF, ANGPT1 

and TEK expression to BMI-SDS, linking obesity to the WAT vasculature at this young age. 

From its design, however, the present study could not differentiate whether the high 

ANPGT1 and TEK expressions resembled growth of the vasculature by vessel enlargement 

or were a sign of an already intense vascular network.  
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WAT expansion can occur in a healthy or an unhealthy manner [133]. The latter featuring 

inflammation, fibrosis and altered angiogenesis [26]. As the present study did not 

investigate inflammation, fibrosis and metabolism, it was not possible to link the elevated 

ANGPT1 and TEK expression to healthy or pathological tissue growth. 

 

Prospects – WAT Angiogenesis as Therapeutic Target 

As described in the introduction (1.3.4, p. 15), there is a plethora of reports of altered WAT 

angiogenesis in obesity. The results stem from various settings and seem to contradict each 

other. While tissue expansion necessitates the adequate growth of its vasculature, it is fair 

to say that the literature does not provide evidence for uniformly up- or down-regulation 

of angiogenesis in its pathologic state – obesity. This might be due to differing roles of single 

growth factors and depend on the stage of obesity [134].  

As adipogenesis and angiogenesis are tightly associated, the idea emerged to modulate the 

WAT mass by targeting its vasculature. With some studies reporting elevated and some 

decreased angiogenic expression in obesity, it was not entirely clear whether pro- or 

antiangiogenic treatment inhibits AT expansion, resolves the pathologic remodeling 

process and improves metabolism.  

Reminiscent of tumor therapy, a variety of studies investigated the effect of antiangiogenic 

treatment of obesity in animal models and found positive effects by using known 

antiangiogenic agents like TNP-470 [27; 117], by targeting VEGF-signaling [134] or by 

inducing AT endothelial cell apoptosis [80] among other angiogenesis modulators [15]. 

However, the metabolic effects were mixed, possibly because of differing models, varying 

impact of the treatment and distinct effects on white or brown AT or depot [15; 86]. 

On the other hand, impaired WAT angiogenesis was proclaimed to cause the pathologic 

remodeling process and function [133]. Thus, proangiogenic regimens were carried out to 

treat the adverse effects of obesity. VEGFA overexpression in the AT of mice resulted in 

reduced weight gain, improved metabolic parameters in response to high fat diet and 

decreased HIF-1α and collagen VI levels [134]. Likewise, ANGPT2 overexpression limited 

weight gain and improved the metabolic status through enhanced angiogenesis [4]. 

Moreover, db/db mice treated with an ANGPT1 variant had smaller visceral fat pads, a 
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decreased fat droplet diameter and a higher vascular density along with an ameliorated 

inflammation and an improved insulin sensitivity [66]. 

As both pro- and antiangiogenic strategies have shown positive and negative effects, it has 

been proclaimed that the right therapy might depend on the stage of obesity [134] or on 

the individual metabolic status [15; 86]. In addition, it is unclear which targets are the most 

suitable for modulating AT angiogenesis, a problem complicated by discrepancies among 

different species and models of obesity. To address these questions, further research needs 

to unravel the regulations and interplay of the angiogenic factors in more detail, link them 

to respective phases of growth as well as onset and aspect of disease.  
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5. SUMMARY 

Given the pandemic spread of obesity, the white adipose tissue (WAT) has become of 

special scientific interest and many studies have been carried out to unravel the processes 

of its expansion. WAT growth exhibits multiple features such as an increase in adipocyte 

number and size, remodeling of the extracellular matrix and growth of the vasculature. 

These processes are influenced by a variety of growth factors. In contrast to a multitude of 

studies on adults or with animal models, the number of studies analyzing the expression of 

growth factors in the WAT of children is limited. With 27 infants, the present study is unique 

among the few and sheds light on a sensitive phase of WAT development. In addition, this 

was the first study analyzing the angiogenic expression in infant WAT on a panel of factors.  

The present cross-sectional study might not be entirely representative due to some 

unevenly distributed patient characteristics and a selection bias as only children 

undergoing elective surgery were included. However, as patients with systemic diseases 

were excluded from the study and the measured anthropometric parameters were in line 

with reference data, there was no indication of major confounders. 

To get an overview of tissue vascularity and WAT turnover, the expression of von 

Willebrand factor (VWF) and collagen type VI, alpha-1 (COL6A1) was measured. Both VWF 

and COL6A1 were associated with each other and correlated positively with measurements 

of excess weight in children. Together with the larger adipocyte size, these findings suggest 

that already at a young age the biology in the WAT changes with fat mass accumulation. 

Yet, it remains unclear if these changes in the WAT of children at the observed age already 

feature the pathologic alterations found in obese adults. 

As the growth in WAT is known to be tightly related to its vasculature, the expression of a 

subset of angiogenic factors was analyzed. Vascular endothelial growth factor A (VEGFA) 

expression showed no significant correlations with the anthropometric parameters. 

Nevertheless, it correlated positively with the endothelial marker VWF and was associated 

with many other angiogenic factors in the study. Thus, it might still play a pivotal role in 

WAT angiogenesis, even if it was not associated with any of the anthropometric parameters 

analyzed in this study. 
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In contrast to VEGFA, the fibroblast growth factors 1 and 2 (FGF1 and FGF2) correlated 

positively with age and many body dimensions associated with growth, such as weight, 

height, body mass index (BMI), waist circumference and adipocyte size. Moreover, they 

also correlated with COL6A1 expression and were thus linked to WAT remodeling. As FGF1 

and FGF2 are linked to both adipogenesis and angiogenesis, it was not certain which 

process contributed to the elevated expression. However, as both correlated with VWF, a 

contribution to angiogenesis was presumed. 

Angiopoietin-2 (ANGPT2) expression correlated negatively with age, weight, height and 

waist circumference. Thus, its expression contrasted the expression pattern of the FGFs. 

While ANGPT2 has been reported to possess context-dependent proangiogenic effects, 

there was no evidence for a proangiogenic effect in the present study, as its expression did 

not correlate with VWF and even correlated negatively with the known angiogenic factors 

FGF2 and VEGFA. On closer inspection, the greatest changes in FGF1, FGF2 and ANGPT2 

expression were found between infants and older children. This suggested the transition 

from infancy to childhood to be an important phase in WAT biology.  

The expression levels of angiopoietin-1 (ANGPT1) and its receptor, the tunica interna 

endothelial cell kinase (TEK), did not correlate with age, weight and height. In contrast, they 

correlated positively with measurements associated with excess weight like waist 

circumference, BMI and BMI-standard deviation score (BMI-SDS). In fact, ANGPT1 and TEK 

were the only factors that correlated positively with BMI-SDS, the measurement defining 

overweight and obesity during childhood. ANGPT1 expression was furthermore associated 

with adipocyte size. Factors linked to sprouting angiogenesis (FGF2, VEGFA and ANGPT2) 

showed no association to BMI-SDS, while ANGPT1, known to cause vessel enlargement, 

correlated positively with BMI-SDS. Thus, an intriguing hypothesis emerging from these 

findings is whether adipocyte hypertrophy, aligned with an increase in vessel size due to 

ANGPT1-TEK-signaling, reflects the basis for elevated BMI-SDS at this age. On the other 

hand, as age and body dimensions strongly correlated with the expression of the FGFs, 

which are known to be involved in adipogenesis and progenitor cell proliferation, an 

increase in adipocyte number seems fitting over longitudinal development. However, 

further research is necessary to validate these findings and should investigate blood vessel 

size distribution. Moreover, longitudinal cohorts and functional analyses are desirable. 
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